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A Note on Safety
Notice of Disclaimer: Many of the topics, projects, and materials discussed in this journal are
inherently hazardous to life, health, and property. Please do not undertake the utilization or
implementation of any of the information presented herein unless you have an appropriate level of
experience. While care has been taken to assure the accuracy of the material presented, neither the
editor nor the authors may be held liable for any damages and/or injuries resulting from the use or
misuse of information.
Glassware: Treat all glassware under vacuum with respect. Safety glasses should be worn at all
times to protect your eyes from flying glass should the glassware break and implode. Large glass
vessels should be screened with a suitable protective screen. A piece of polycarbonate plastic (e.g.
Lexan) is satisfactory. Before each use, check all vacuum glassware for scratches, cracks, chips or
other mechanical defects that could lead to failure. Consult a qualified technical glassblower
concerning repairs of damaged glassware.
High Voltage and X-rays: High voltage experimenters are naturally drawn to vacuum because of the
many interesting phenomena that may be studied in vacuum. High voltage safety is discussed in a
number of amateur oriented publications such as the ARRL’s “Radio Amateur’s Handbook.” An
additional concern is the generation of x-rays by high voltage discharges in evacuated vessels. While
not a great concern in rough vacuum conditions and voltages of 10 kV or so, higher voltages at
milliTorr level pressures can produce harmful levels of x-rays under certain conditions. A simple
radiation monitor should be available to check your experiments for radiation. When working with
devices intended to produce radiation, a regular dosimetry program should be maintained by the
experimenter in order to monitor dosage over time.
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I began working on this compilation several years ago. The pace of work has been intermittant to say the
least. As with The First Five Years, changes in my application software on operating systems have made
editing some portions of the work very trying. Other time sinks have included our move from New
Hampshire to the rural midcoast of Maine, my retirement and a new infatuation with amateur radio.
This compilation contains all of the content of volumes 6-10 of the Bell Jar save for the time sensitive
items (for sale listings and the like) and the entire very late Volume 10, Numbers 3 & 4. This last issue of
the journal was produced in an electronic version only and is available for download on the Articles &
Publications page of my web site.
In the editing process I did correct a few errors but didn’t attempt any substantial updates. For items like
product vendors and links, those are maintained on the website. As before, I have also grouped articles by
topic so referring to a related article shouldn’t be difficult. Each article does have information on the
original date of publication.
I also want to express my thanks to all of those experimenters who have contributed articles to the Bell Jar.
Without them the publication would have been sorely lacking in diversity.
Steve Hansen
December 2011
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Concepts
Leaks: The Good, the Bad and the Ugly
What leaks are, how to classify them and how to make useful leaks

This article was originally presented in Volume 7, Number 1
INTRODUCTION
When a vacuum chamber is evacuated with a pumping system, the rate of pressure decline will slow and eventually, for
all practical purposes, cease. The minimum pressure that the system reaches is called the base pressure.
The job of the vacuum pump is to remove gas molecules from the system. In theory, a high vacuum pump should be
able to remove each and every molecule that wanders into its inlet. In practice, the system itself is continuously
contributing a seemingly infinite number of molecules and the pump has to contend with this load.
What this means is that a 1 liter chamber has more gas than the 1 liter’s worth. There is gas that has adhered
(adsorbed) to the walls of the chamber. There is gas that is within some of the materials that make up the system and that
will, at reduced pressures, evolve into the chamber. Some materials will turn to gas (vaporize) at low pressures. Finally,
some gas will enter the system through holes, cracks and other gaps in the system’s walls.
In some cases gases are introduced intentionally into a vacuum system. This is the case with sputtering systems, ion
sources and chemical vapor deposition systems, to name but a few examples.
Each of these gas sources is a leak. The bad ones are termed real leaks. In these the offending gas is transmitted into
the system through an actual channel from the outside world. The ugly ones are a result of gas sources within the system.
These may result from poor materials choices or contamination of the vacuum surfaces by, for example, finger prints.
These internal sources of gas are termed virtual leaks. The intentional leaks, the good ones, are the ones that are used to
introduce process gases into the system.
Good, bad or ugly, the common denominator is that leaks represent the ingress of gas molecules, at some given rate,
into the vacuum system.
In this article we’ll discuss how to differentiate between real and virtual leaks, how leaks are sized, and how to make
and size intentional, predictable leaks.
IDENTIFYING LEAKS

Pressure
Abnormal
Pumpdown

Normal
Pumpdown

Time

Figure 1.1 - Normal & Abnormal Pumpdowns

The performance of a vacuum system is dependent upon a
whole host of parameters: the type and size of the pump, the
size of the chamber, the length and directness of the lines
between the pump and the chamber, and so forth.
If you have a system that you run on a regular basis, you
will get an understanding of how quickly it pumps down and
what the base pressure is. If you make a change to the
system (perhaps it’s just a matter of having opened the
system or perhaps you put some new fixtures in or
appendages on the system) you might notice that it doesn’t
behave as well as it did. What you might observe is a slower
pumpdown and a poor base pressure. The differences are
illustrated in Figure 1.1.
A lesson to be learned is that it is useful and frequently
important to keep notes of your system’s performance. If
you don’t have a baseline, you won’t know when something
is amiss.
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At this point we know something is wrong with the
system. However, the pumpdown profile won’t reveal what
the problem is. It could be contaminated pump oil or it could
Pressure
be a partially closed valve. Or, it could be a leak.
Here is where an additional system feature is valuable.
Real Leak
This feature is an isolation valve that is located at or near the
pump inlet. If the system is pumped to its base pressure and
the isolation valve is closed, the pressure in the system above
the valve will rise at some rate. (Obviously this requires that
Virtual Leak
the gauge be located above the valve where it should be
anyway.) The rate and form of this pressure rise profile is
indicative of the size and type of leak.
This is another place where a baseline is important: every
Time
system will exhibit some pressure rise. The baseline will let
you know when it is abnormally high. If the pressure
rate-of-rise is not abnormal, then you will have to look
Figure 1.2 - Differentiating Leaks
elsewhere for the problem. This could be a pump problem or a
leak below the isolation valve.
If the pressure is rising abnormally, use your watch and
record the pressure at a succession of equal time intervals. Try to let the pressure rise a couple of orders of magnitude and
then plot the results on a linear scale.
Referring to Figure 1.2, a real leak will yield a linear pressure rate-of rise curve. The slope of the curve is a function
of the leak rate and the volume of the system: the larger the leak, the steeper the slope; the larger the volume, the
shallower the slope. We will quantify this later in the article.
The leak can be through an actual hole or channel, say a crack in a weld, a badly seated gasket or some other aperture.
Or the leak can be a result of the gas from the outside room permeating through some component of the system.
Elastomers, as are used in O-ring seals, are permeable to gases. There’s no actual hole but gas molecules can work their
way through the bulk of the material. Different elastomers have varying permeabilities: silicone is really bad with regard
to this while Viton is relatively non-permeable. Permeation is selective as well: helium will work its way through a gasket
much more easily than nitrogen.
Minimizing permeation leaks is a matter of selecting the correct elastomers (or other organics) and then minimizing
the exposed areas of those permeable materials.
Permeation is not restricted to organics. At very low pressures, getting into the ultrahigh vacuum realm, permeation
through glass and metals can start to become a problem.

Material
10-6
10-2
1
10
--------------------------------------------------------------------------------------------------------Water
-110
-60
-15
15
Mercury
-40
45
120
190
Octoil
35
125
200
235
DC-704
50
145
210
250
Cadmium
125
270
380
----Zinc
175
350
--------Lead
425
710
--------Silver
680
1050
--------Tin
820
1200
-------Copper
850
1250
--------Carbon
1900
2400
--------Tungsten
2400
3250
--------Table 1.1 - Vaporization Temperatures for Selected Materials at Various Pressures. Numbers across the top are
pressures in Torr. Values in the columns below the pressures are the vaporization temperatures in °C. These values
have been derived from vapor pressure curves from several sources and are rounded off.
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Getting back to the rate-of-rise test, if the slope gets shallower as time goes on, you probably have a virtual leak. For
example, gas trapped in a threaded hole under a bolt will leak out slowly causing the pressure to rise. Eventually the gas
will all leak out (since this is a finite source) and the leak will appear to go away. This sort of situation can be verified by
repumping the system and then looking again at the pressure rate-of-rise. Since the gas has already been dissipated, the
virtual leak will no longer be present. It is for this reason that you can buy special bolts and screws for vacuum use that
have holes drilled through them.
Moisture and surface contamination (finger prints, etc.) will have a similar effect. Eventually these will cease to be
gas sources if the system is pumped for a long enough period of time. (Depending upon the level of vacuum required, it
may be a very long time.)
You have to be cautious of the vapor pressures of the various materials that make up the system components as
inappropriate choices can result in virtual leaks. Organics within the chamber will be sources of virtual leaks. If you are
trying to get vacuum levels below 10-6 Torr, you have to be concerned about metals and metal alloys that have high vapor
pressure constituents.
Table 1.1 on the previous page lists a number of representative materials that might be found in vacuum systems along
with their vaporization temperatures at several selected pressures. It can be seen that water is a problem at almost any
pressure: at 10-2 Torr, water will vaporize at any temperature over -60 °C.
Brass, an alloy of copper and zinc, is usually an acceptable vacuum material for medium vacuum work. However, zinc
has a fairly high vapor pressure. Thus, if a brass component is used at 10-6 Torr in an application where the brass will be
heated to a temperature of over 165 °C, the zinc will freely vaporize. A similar situation will be seen with cadmium
plated hardware.
Copper is a pretty safe material given its low vapor pressure. Aluminum, stainless steel and other “high vacuum”
materials similarly have very low vapor pressures.
If your virtual leak source is due to a basic materials incompatibility, then no amount of pumping is going to rid the
system of that problem.
To conclude this section, what you’ll probably find in your rate-of-rise test is a mixture of low-level real and virtual
leaks that are harmless to your application (and which would probably take forever to fix anyway), and occasional nasty
leaks that have to be fixed. These nasty things will also be combinations of real and virtual leaks. Now we’ll look at how
to size a leak.
SIZING LEAKS
As stated before, leaks represent molecules entering the system. Therefore, the proper way to specify a leak is in language
that relates to how many molecules per unit time are being admitted. However, talking about x molecules per second is a
bit inconvenient as no other common vacuum measurement uses molecules as a unit. To get around this we have to go to
the gas laws and Avogadro’s number. The relationship that everyone learns in high school chemistry goes as follows:
A container of 22.4 liters volume at 0 °C and one standard atmosphere pressure (760 Torr)
will contain Avogadro’s number of molecules, i.e. about 6.02 x 10 23 molecules. This number of
molecules is termed a mole and will have a mass in grams equivalent to the atomic mass of the
particular gas as measured in atomic mass units (AMU).
For example, a 22.4 liter vessel of nitrogen (atomic mass 28) at standard conditions (0 °C and 760 Torr) will contain
Avogadro’s number of molecules and the gas will have a mass of 28 grams. The same container of helium will contain 4
grams of that gas.
If the temperature and pressure in the vessel are not standard, then the ideal gas law is invoked to adjust for the
deviation from standard conditions. If the gas is at a higher pressure (but at standard temperature), there will be a
proportionally larger number of molecules. If the gas is at a higher temperature (but at standard pressure), then there will
be fewer molecules. (One caveat: make sure that you make temperature adjustments with Kelvin (absolute) units.)
The bottom line here is that if volume, temperature and pressure are specified, it is then possible to determine how
many molecules are in the volume. This gets us to terms that we can use in vacuum practice as we always talk in terms of
volumes, pressures and temperatures.
For vacuum purposes, the above relationship is normalized to more convenient volume units, i.e. liters or cubic
centimeters. What we end with are standard condition volumes.
Using liters, the standard condition volume term is the Torr-liter. This represents the molecules contained in a one liter
volume at a pressure of 1 Torr. Not stated but understood is a standard temperature of 0 °C. Adjusting from the
relationship of 22.4 liters of gas at 760 Torr and 0 °C equals 6.02x1023 molecules, one Torr-liter would then contain about
3.5 x 1019 molecules.
1-4
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Using cubic centimeters, the standard condition volume term is the std cc (scc). This represents the number of
molecules contained in a 1 cc volume at a pressure of 760 Torr. A standard temperature of 1 °C is also understood. Going
back to the pressure/temperature/volume relationship for a mole of gas, a std. cc contains about 2.7 x 10 19 molecules.
In vacuum practice there is a term called throughput which is usually abbreviated as Q. This was briefly discussed in
the very first issue of tBJ. Throughput is simply the number of standard condition volume units that flow in a given
period of time. Thus we have the usual terms of Torr-liters/second (T- sec) and standard cubic centimeters per second
(Std. cc/sec) or minute (sccm).
The convention for which set of units you pick is usually based on the application. Q within the vacuum system is
usually specified in terms of T- sec since pressures are usually measured in Torr and volume in liters. Leaks are usually
quantified in terms of Std. cc/sec. Q from intentional leaks (i.e. flow control devices) is usually specified as Std.
cc/minute (sccm) or, for high flows, Std. liters/minute (slm). Some handy conversions are:
1 Torr-liter 1.32 Std. cubic centimeter (scc)
1 Torr-liter/sec = 79 Std. cubic centimeters/min (sccm)
Another term you will run into for leak rates is Atmosphere cc/sec (or Atm. cc/sec). This is about equivalent to sccm
except that the pressure reference is the prevailing ambient pressure (usually near 760 Torr unless you live in Denver or
Albuquerque).
Since all of these terms relate to molecular quantity, thence to the actual mass of the gas, standard condition
volumes are also called mass quantities and standard condition volumetric flow is also called mass flow.
RELATIONSHIP BETWEEN Q, PRESSURE and SPEED
Again going back to Volume 1, Number 1, there is a simple way of tying some basic vacuum units together in a useful
way. In the term T- sec we have pressure (Torr) times speed (liters/sec). Thus, mass flow is equal to speed (e.g.
pumping speed or line conductance) times pressure:

Q=P%S
Please refer back to that issue for a few examples of how this is applied within vacuum systems. Suffice it to say that this
is like Ohm’s law:
I= E
R

where I (current), which represents electrons per unit time, is analogous to Q (molecules per unit time), E (voltage) is
analogous to pressure, and 1/R (reciprocal resistance or conductance) is analogous to speed.
DETERMINING THE SIZE OF A LEAK
With that bit of grounding behind us, it is fairly straightforward to quantify the size of a leak in units such as sccm by
using the pressure rate-of-rise measurement discussed above. As noted:
{ A pressure rise over time indicates a leak.
{ A linear rate-of-rise indicates a constant leak rate, typical of real leaks.
{ The slope of the curve is a function of both the size of the leak and the volume of the system.
Knowing that the Q of the leak is related to pressure, volume and time, we can determine the size of the leak from the
rate-of-rise curve (pressure change with time) assuming we know the volume of the system. Of course, since we are
measuring the mass flow, Q, as standard condition volumetric flow, we also have to adjust for these standard conditions.
The relationship that does this is:
Q(sccm) = 79

273
273 + T

V P
t

The guts of this equation is in the right hand set of brackets where ∆P is the change in pressure in Torr, t is the time, in
seconds, over which the change in pressure occurred, and V is the volume of the chamber in liters. The units here are
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Torr % liters + seconds. The left hand brackets give us the temperature adjustment factor where 273 is 0 °C in Kelvin
units and T is the temperature of the gas in the chamber, also in K. Finally, the 79 is the conversion from T- sec to sccm.
The biggest uncertainty here is the volume of the system. With a rule and a bit of time, a reasonable volume
determination can be made.
THERMAL MASS FLOW CONTROLLERS
Now we’ll start to talk about the good leaks, the intentional sort that are used to admit gases into vacuum systems. The
gases may be used to control pressure or they may be used to produce a plasma or promote a chemical reaction. There are
various forms of leaks that are suitable for doing this. Needle valves are one common form. The main problem with
needle valves or other simple low conductance leaks is that it is not easy to determine with any sort of precision the Q of
the leak at any particular setting.
Precision leaks are a big deal in industry. Semiconductor vacuum process equipment, as one example, would not
produce anything but junk were it not for the accurate and repeatable leaks that are used to admit the reaction gases to the
systems. These are a far cry from the common needle valve.
The most common type of device for this purpose is the thermal mass flow controller (T-MFC or simply MFC). As
the name implies, these rather clever instruments work by measuring the rate at which the molecules flowing through a
sensor tube transport heat. Figure 1.3 shows a typical 3 inch footprint commercial MFC with a schematic diagram of the
internal workings.
There are 4 major components in an MFC: the mass flow sensor, the flow bypass, a control valve and the electronics.
The mass flow sensor consists of a short length (on the order of an inch) of small-bore capillary tubing. The small
diameter of the tube ensures that the gas traverses the tube in viscous, laminar flow. This simply means that the molecules
flow parallel to the axis of the tube without turbulence. This makes the device repeatable.
Placed around the tube are a pair of windings that act as heaters and, by monitoring the resistances of the windings,
the temperature of the tube at those locations. Each of the windings is attached to a bridge circuit that maintains each of
the windings at a specific temperature (i.e. each winding is held at a constant resistance). When the gas enters the sensor
tube, the first heater warms the gas to some temperature. The molecules of the gas transport the heat down the tube.
Figure 1.3 - Thermal Mass Flow Controller. Left, a commercial MFC.
Photo courtesy of MKS Instruments, Inc.
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At any given gas flow, each of the heaters will have some amount of power delivered to it to maintain the desired
temperature. If the gas flow rises, the first heater will require more power to maintain the constant temperature. From this,
more heat will be transported to the second heater (more molecules per unit time) and its power will be decreased. The
bridge circuit looks at how much power is required by the heaters and provides an output that, after linearization and
scaling, is directly proportional to the gas’ mass flow.
The skinny tube can only transport so much gas, usually just a few sccm. To handle larger mass flows a bypass
element is placed in parallel to the flow sensor tube. The bypass is just another laminar flow path and it is sized so that
there is a constant splitting ratio between the two paths. The bypass serves exactly the same function as a shunt does in a
ampere meter. By using bypasses of various sizes, MFCs can be produced that have full scale flows from one to
thousands of sccm.
What I’ve described thus far is the metering size of the device. To actually control the mass flow a control valve is
introduced along with the appropriate closed-loop circuitry. To make the device work, you place it in the gas line and
apply a control voltage (usually a 0-5 volt signal) to get the desired flow output.
Since MFCs work on the basis of the thermal properties of the gas, they are sensitive to the gas type. When you buy
one you have to specify not only the sccm range but also the gas type. Manufacturers provide correction factors for
hundreds of different gases. Each correction factor is a constant that is referenced to nitrogen = 1.
Thermal MFCs are great instruments but their prices ($500 range for bargain basement instruments to $1000 for a
good general purpose MFC) are prohibitive for most amateur uses. Next we’ll discuss a simple approach.
SIMPLE CAPILLARY LEAKS
A piece of capillary tubing can be used as a reasonably good and predictable leak. First, the diameter and aspect ratio of
the tube (small and long with respect to diameter) assures that the gas is in laminar flow for virtually its entire length and,
by knowing the dimensions and inlet and outlet pressures, it is possible to calculate the Q of the tube with reasonable
precision.
The equation that is used to calculate Q for long, round tubes was developed independently by Hagen and Poiseuille
and is therefore called the Hagen-Poiseuille equation. It is:
Q=

d 4
128l

P1 + P2 (
P1 − P2 )
2

where d is the diameter of the tube, η is the viscosity of the gas, l is the length of the tube, P1 is the inlet pressure and P2
is the outlet pressure.
When using this (or any other) equation, you have to get the units right. Most of the recent references that I have seen
state the Q in Pascal-meters/second (one Pa is equivalent to 7.5 milliTorr). Given that, d and l are in meters, η is in
Pa-sec, and P1 and P2 are in Pa. I’ve listed the viscosities of several gases in Table 1.2 in units of Pa-sec. along with the
equivalents in Torr-min. This will permit you to get Q in sccm using units of cm and Torr.
Table 1.2 - Viscosity Data for Selected Gases

Gas
Viscosity (x10-4 Pa-sec) Viscosity (x10-8 T-min)
-----------------------------------------------------------------------------------------Argon
0.229
0.286
Butane
0.076
0.095
Deuterium
0.126
0.158
Helium
0.199
0.249
Hydrogen
0.090
0.112
Nitrogen
0.180
0.225
Oxygen
0.207
0.259
Propane
0.082
0.102
Source: Perry’s Chemical Engineers’ Handbook, Robert H. Perry and Don
W. Green, 6th Ed., McGraw-Hill Book Co., 1984. Data valid at 300K.
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As an example, a 36 inch length of 0.007 inch inside diameter capillary tubing, with vacuum at one end and 760 Torr
at the other, will have a calculated Q of about 4.5 sccm with nitrogen at room temperature.
MAKING A SIMPLE CAPILLARY LEAK
Figure 1.4 shows a simple implementation of a controllable capillary leak. The leak itself if a length of stainless steel
hypodermic tubing. I got a selection of tubes in 2 and 3 foot lengths from Small Parts, Inc., 13980 N.W. 58th Court, P.O.
Box 4650, Miami Lakes, FL 33014, (800)-220-4242.
After selecting the correct size and length of tubing for my application (more on this in the next section), I sealed each
end of the tube in a brass hose barb. While doing this I placed a piece of 1/8" id neoprene automotive hose over the
capillary. This was mainly for mechanical protection. The downstream end of the capillary was screwed into a brass
KF16 flange. The upstream end was fitted to an inline sintered metal filter (Speedaire or equivalent, available from
hardware stores), a pressure gauge, and an inlet connector. Gas is supplied from a regulated source.
I only needed one gauge as my application as the downstream end of the tube is at vacuum. This is because P2 is
essentially zero.
By varying the inlet pressure over a moderate range, the Q of the leak can be changed quite substantially. Doubling
the inlet pressure from 0 psig (nominally 760 Torr at sea level) to 15 psig (nominally 1520 Torr) will result in a 4x
variation in mass flow.
One problem with using a conventional Bourdon-type gauge is that it will not compensate for atmospheric pressure
variations: it’s referenced to the prevailing atmospheric pressure. If your needs don’t include high precision you can
probably live with this. If not there are a couple of alternatives. One would be to have a barometer nearby. You could
then develop a correction table for variations in atmospheric pressure. More convenient would be to use a simple
differential pressure gauge, such as a Dwyer Magnehelic® gauge with one port connected to the vacuum chamber, the
other to the inlet end of the capillary. As long as the vacuum is on the order of a few Torr or less, the gauge will
accurately (!2% of full scale per Dwyer’s specification sheet) monitor the absolute upstream pressure. Magnehelics with
ranges up to 30 psi are available.

Epoxy
Cement

Capillary Tube

Pressure
Gauge

Brass Hose Adapter

Hose
Adapter

Capillary
Tube

Adapter - KF16
to 1/8 NPT

Hose
Adapter

PSIG
0

15

Gas Inlet,
Regulated

1/8 Inch
Neoprene Hose

Inline Sintered
Metal Filter

Figure 1.4 - Capillary Leak
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AN APPLICATION
My specific application is shown in Figure 1.5. This shows the inlet manifold that I have added to my 2 inch CVC
diffusion pump. The arrangement was designed to permit me to introduce a variety of gases into the system, monitor the
inlet pressure of the diffusion pump (to ensure that it reaches a good base pressure without any gas being introduced and
that the inlet doesn’t rise to too high a pressure with gas flowing) and control the pressure at the chamber. I also added a
simple vent valve.
The manifold is a stackup of several standard vacuum fittings. Starting at the pump, I made an adapter for the CVC’s
inlet flange from a 6 inch to 2-3/4 inch “zero-length” CF adapter that I had obtained as surplus. This large flange also is
used to mount the entire assembly through the top of my vacuum bench.
Above the adapter is a 2-3/4 CF to KF40 adapter. Using all KF components above this part makes it easy to rearrange
the reset of the manifold. At the pressures I’m working at (10-5 Torr, give or take) the elastomeric seals don’t pose a
problem.
The high vacuum gauge I use is an old CVC Philips-type cold cathode gauge. It has a 1/2 inch tubulation which I soft
silver soldered into a KF40 to 1/4 NPT (female) adapter tee (MKS Instruments, Inc. part number 100319605). I drilled
out the threaded hold to accept the gauge connection.
Above this is a KF40 butterfly valve. This is a surplus unit that I got with a defective internal O-ring seal. The valve
serves as a throttle and does not need to fully seal anyway. Next is another KF40 to 1/4 NPT adapter tee. To the 1/4 inch
port I have attached a Speedaire filter with a flare adapter, flare cap and O-ring. This is the vent. Also attached is the
KF16
flange
that
goes
to
the
capillary
leak.

Vent (Flare Adapter
with Cap and O-ring)

To Chamber

Sintered Metal
Filter

KF40 to 1/4 NPT
Adapter Tee
Capillary Leak

KF16 and KF40
Flanges & Clamps

KF40 Butterfly
Valve

KF40 to 1/4 NPT
Adapter Tee, Modified

Cold Cathode
Ion Gauge

Adapter - 2-3/4 CF
to KF40

Adapter Flange

2 Inch Diffusion Pump

Figure 1.5 - Pressure Measurement and Control Manifold for a Small Diffusion Pump
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Operation is as follows:
{ With gas closed off to the leak (via a valve, not shown, at the upstream end of the capillary), the
system is pumped to base pressure. The butterfly valve is open.
{ When the base pressure has been reached, the gas flow is started by opening the valve upstream of the
capillary. Pressure at the inlet of the capillary is adjusted to just above atmospheric pressure (low flow).
Chamber pressure (gauge not shown) and pump inlet pressure (ion gauge) are monitored.
{ If things have been sized correctly, the ion gauge should indicate a low enough pressure for proper
operation of the pump and the chamber pressure should be lower than desired.
{ The butterfly valve is partially closed to raise the chamber pressure. If this is not adequate, the gas
pressure is increased in small increments to admit more gas into the manifold.
While the above could be accomplished with a needle valve, the capillary ensures that the flow rate will never be so high
as to cause a large gas burst to enter the system. I hate cleaning up after a diffusion pump dump.
Looking at some calculations, the pump has a rated speed of 105 liters/sec at the pump’s inlet flange. With 4.5 sccm
of nitrogen flowing, the inlet pressure (P = Q/S) should be about 0.5 milliTorr. To achieve a 10 milliTorr chamber
pressure at the 4.5 sccm flow rate, the manifold conductance will have to be reduced to about 6 liters/sec. The stack of
KF40 manifold fittings probably gets the conductance down to around 10 liters/sec by themselves. The butterfly valve
does the rest.

The Speed of Sound, Shock Tubes and Potato Cannons
This article originally appeared in Volume 8, Number 2.
INTRODUCTION
The inspiration for this article came from my stumbling into a number of Web sites that were dedicated to the art of
making potato cannons, also known as “spudzookas.” Being a devotee of plasma guns it seemed that an article that tied
together potato guns, plasma accelerators and the various uses of sonic flow and shock waves might be of interest to the
readership. First we’ll get some basics out of the way then we’ll get to a number of examples and applications.
THE SPEED OF SOUND
The accepted value for the speed of sound (CS) in air under normal conditions is about 320 meters/second. Many years
ago it was noted that the speed of sound was greater in the summer than in the winter. Researchers empirically
determined that this temperature dependence amounted to an upward change of about 60 cm per second for every degree
C increase in temperature. Expressed more precisely, with every property given its proper due, we have

P
Cs = !

1
2

where γ is the ratio of the molar specific heat of the gas at constant pressure to the molar specific heat of the gas at
constant volume (cp/cv), ρ is the gas density and P is the gas pressure.
NOZZLES AND SONIC FLOW
Consider the configuration of Figure 1.6. Here there is a piece of tubing with an orifice mounted in the tube. P1 and P2
refer to the pressures to the left and right of the orifice respectively.
Obviously, if P1 = P2 there will be no flow of gas through the tube. If P1 is increased slowly (with P2 remaining
constant) gas will flow through the orifice. The amount of gas flow (the mass flow) will now be a complex function of γ,
orifice geometry, temperature, P1 and P2. (See the previous article for a detailed discussion of mass flow.)
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The orifice, since it has a cross-sectional area less than that of the tubing, serves to increase the velocity of the gas that
is flowing through the tube. Bernoulli found that as velocity increases, pressure falls:

P + V 2 = Constant
!
2
This velocity/pressure relationship can be shown with the familiar experiment where one blows air between two parallel
sheets of paper and the sheets move toward each other.
Bernoulli’s law is only valid for constant density flow and for gases. If the flow is not too great the gas is, for all
practical purposes, incompressible.
Going back to the orifice, if the pressure P1 continues to increase relative to P2 , a point will be found where the
velocity of the gas through the orifice becomes sonic. That is, the gas velocity reaches the speed of sound. This condition
occurs when P1 is about twice P2.
It turns out that the gas velocity cannot exceed the speed of sound. So, further increases in P1 only increase the density
of the gas going through the orifice. Since the density is directly proportional to the pressure, the mass flow becomes
directly proportional to P1:
Q (mass flow) = kP1 when P1 m 2P2
Because the density is now increasing, the gas has become
compressible.
This sonic flow condition, also called choked flow, can be used
as the basis for some types of mass flow meters and controllers.
The value of k can be calculated or it can be experimentally
derived.
A good set of laboratory exercises involving mass flow
measurements, including using orifices, has been developed by the
Colorado School of Mines and can be viewed on the Web at
http://www.mines.edu/academic/courses/
eng/EGGN383/mel2/flow/.

P1

P2

Figure 1.6 - Orifice

EFFUSION vs HYDRODYNAMIC FLOW
The July, 1970 Scientific American Amateur Scientist Column described a simple molecular beam apparatus that was
made from copper pipe fittings. This particular device produced a beam of sulfur molecules.
Figure 1.7 shows this type of source. Known an effusive or Knudsen source, the molecular beam is produced from the
vapor generated by heating a solid material. The vapor is formed into a beam by means of an aperture and one or more
skimmers. Since the beam has to progress unimpeded from the source, the pressure in the system has to be very low
(Kn>1) in order to provide a suitably long mean free path. (For an explanation of Kn, the Knudsen number, see the inset
at the bottom of this page.) This means that the system has to be in molecular flow. Under these conditions the molecules
just sort of wander (effuse) through the orifice: there is no significant mass transport (i.e. no effective flow) and the
velocity distribution of the molecules in the beam is determined by the oven temperature. This can be many hundreds of
meters per second.
Now let’s say that we increase the pressure in the source area while the region outside of the source is still at very low
pressure. As the source pressure goes into the viscous flow regime (Kn<0.01) the gas is expanded isentropically* and, as
the collision frequency of the molecules decreases (pressure declines) the beam becomes supersonic. The beam velocity
can then be characterized by a Mach number greater than one (the Mach number (Mn) is the ratio of the flow velocity to
the local sonic velocity).
In the effusive source, the flow velocity is zero so the Mach number is also zero. This may seem contradictory as,
after all, there is a high velocity beam. It’s just that in molecular flow (Kn>1) there are no hydrodynamic effects, just the
random motion of molecules. Chance permits some of them to get through the orifice.
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Figure 1.7 - Effusive Source

SHOCK WAVES IN VACUUM SYSTEMS
One of the most commonly found devices that incorporates a nozzle and produces a supersonic beam of vapor is the
diffusion pump. Referring to Figure 1.8 on the next page, a heater boils the oil in the diffusion pump. The oil vapor is
directed through a chimney to the downward-facing nozzle. The oil molecules in the vapor jet impart a directed motion to
gas molecules that enter the inlet of the pump. This directed motion is downward, toward the pump outlet.
In order for there to be a pumping action, the velocity of the oil molecules has to be much higher than that of the
incoming gas molecules.
If we look at the pressures within the pump, the lowest will be at the inlet and the highest will be within the chimney.
The backing pressure will be somewhere in between. T.A. Delchar [1] provides an excellent overview of the operation.
I’ll draw on his text in the following.
The supersonic, high pressure region of oil vapor coming from the nozzle overtakes the gas molecules which only
have sonic velocities. The vapor will achieve supersonic velocities if the ratio of critical back pressure (pC) to the oil’s
vapor pressure (pV) is in the range of 0.48 to 0.58 (typical values for most pump fluids). The ratio is determined by the
following:

pc
2
pv =  + 1


(−1 )

What is the Knudsen Number?

For today’s hydrocarbon and synthetic pumping fluids, γ is
about 1.0.
The supersonic stream of vapor creates a pressure rise
which forms a steep and stable wave front - a shock wave.
The shock wave acts as a seal across the inlet of the pump
which prevents the pumped gas molecules from migrating
(backstreaming) back toward the inlet (see Figure 1.8). If the
backing pressure is too high, the shock front will move
closer to the nozzle and the wave will no longer extend
across the width of the inlet. Thus the seal disappears and
there will be a sudden increase in inlet pressure. The point at
which this occurs is called the critical backing pressure. The
critical backing pressure is lower than the critical back
pressure and will usually be in the range of about 0.3 to 1.0
Torr for today’s pumps and fluids.
Unintentional shock waves can be set up in vacuum
systems by, for example, the quick opening of a valve or

The Knudsen number (Kn) is the ratio of mean free
path (λ) and the radius of tube (a) through which the
gas molecules are flowing:
Kn = λ/a
The value of the Knudsen number is an indication of
the flow regime that exists within the system:
{ For Kn< 0.01 the gas is in viscous flow (mean
free path much shorter than the tube radius).
{ For 0.01<Kn<1.0 the gas is in transition flow.
{ For Kn>1 the gas is in molecular flow (mean free
path is longer than the tube radius).

*This is one of those wonderful thermodynamic terms. Properly defined it’s a change of state with constant entropy i.e. energy in the
form of work is exchanged with the environment without friction losses. An example would be ideal expansion in a turbine with the
result that work is released through the turbine shaft.
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breaking a line seal. These can present problems in, for example, synchrotron beamlines where accidentally produced
shock fronts can achieve Mach 20 [2].
SHOCK TUBES
Shock tubes are devices that produce shock waves for the study of such things as aerodynamic phenomena. The
development of shock tubes was driven by the need to study the reentry of nose cones (especially the ones carrying
nuclear warheads) into the atmosphere. Reentry velocities can reach Mach 20 and the shock wave can achieve a
temperature of several thousand degrees. Under these conditions the gas no longer obeys the ideal gas law. The Wright
brothers’ wind tunnel and its immediate descendants aren’t adequate to produce these conditions.
Shock tubes may be driven by high pressure gas that is admitted by a fast acting valve (usually a burst disk or
diaphragm) or by a capacitor discharge. We’ll talk about the former type first.
Shock Formation
The best description I have found for the operation of a shock tube is contained on the Web page of the Welsh
Development Agency’s Center for Explosion Studies (http://neumann.dph/aber.ac.uk/research/what/ shockinfo.html).
The author, in turn, references the model of Manfred Becker of the Fachhochschule Ostfriesland’s Laboratory for Fluid
Dynamics located in Emden, Germany. (More about that later.) Figure 1.9 depicts the sequence of events in shock tube.
“Here, a rigid piston accelerates into a motionless gas in a duct; the acceleration is approximated by a series of small
instantaneous increases of velocity occurring after short, finite time intervals. After the first impulsive acceleration at say
t=1, a pressure wave moves along the duct and affects a mass A of gas. This mass starts to move at the piston velocity
and has its pressure increased slightly; between t=1 and t=2, the pressure and velocity of A is further increased due to the
second acceleration of the piston, the original wave has by now reached B and imparts a pressure and velocity pulse to
this mass. This process then continues as shown in the diagram, each pressure wave moving at the local sound speed with
respect to the gas through which it passes. However, the masses nearest the piston have both higher velocities and higher
temperatures (due to higher pressures) and consequently much
higher pressure-wave speeds relative to the duct than masses
further away. This causes the pressure waves nearer the piston
Oil Vapor
to overtake those further downstream; eventually all the
Jet
Inlet
pressure waves coalesce to form a single steep pressure
gradient or shock wave.
“Unlike a sound wave, this large amplitude disturbance
changes the physical nature of its supporting gas and so it
acquires non-linear characteristics; it also travels at supersonic
Shock
speed relative to the gas in front. From simplified theory, these
Front
large pressure, density and temperature gradients should
become infinite; however before this occurs, viscous and heat
conduction effects intervene to produce a shock with large,
but finite gradients across it.
“By applying a similar argument to that given above to the gas
behind an accelerating piston, it can be shown that in this
region a series of weak expansion waves propagate into the
gas and travel at the local sound speed away from the piston.
However, in this case each wave travels into a cooling gas
with continually decreasing sound speed. Hence, these waves
have continuously decreasing speeds and form a gentle and
continuously decreasing gradient of pressure, density and
temperature, termed the rarefaction fan.
Figure 1.8 - Shock Front Formation in a Diffusion
“Across a typical shock wave of say Mach 4.0, the
Pump
temperature increases from 290K to 1600K, the pressure
increases from 1 atmosphere to 20 atmospheres and the
density about 3 times.”
The complete version of the above excerpt contains a series of equations with enough γ’s and references to enthalpy to
make a thermodynamicist proud. One conclusion is that the shock front is a very narrow region - only a few molecular
mean free paths in width.
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Figure 1.9 - Shock Formation in a Shock Tube

The trick in all of this is to get the slug of gas moving fast enough, quick enough to compress and heat. Conventional
valves won’t work as they are too slow. The most common mechanism is the burst diaphragm. In its usual form this is a
steel or aluminum disk which has an “X” pattern etched into one surface. When mounted in the shock tube, the
diaphragm separates the tube into two parts: a high pressure reservoir and the downstream shock formation & test region.
With the diaphragm in place, the reservoir is pressurized with the working gas (question: often light gases such as helium
are used - why?). When the pressure reaches some critical value, the diaphragm will rupture along the grooves that were
etched in the disk. The disk will open up like a petal, resulting in an even and sudden release of the gas.
Typically, shock tubes are fairly large affairs. The tube may be about 10 cm in diameter and perhaps 10 meters in
length. Working pressures can range from nearly 1000 to over 2000 psi.
Figure 1.10 shows some example configurations of shock tubes. Double burst diaphragms are usually used as they
enhance the shock wave in the experiment region. Diameter reductions are common and frequently a nozzle will be
placed between the shock tube and test area. Because the test area is in a larger diameter area beyond the tube, these
devices are called shock tunnels. Not shown is the “dump” which is a large tank into which the explosive force of the
shock wave is dissipated.
Because of the high temperatures and pressures achieved by the driver gas, the shock tube can also be used for the
study of ionization and certain chemical reactions.
A lot of good examples of working shock tube installations are on the Web. An old, but still quite useful book on
shock tubes is Fundamental Data Obtained from Shock-Tube Experiments [3]. Along with lots of fluid dynamics theory
and associated math, this book covers shock tube configurations, the use of shock tubes in chemistry, plasma physics and
gaseous detonations.
MAKING A SIMPLE SHOCK TUBE
Before you get all excited and start looking around for lengths of 4 inch diameter, 3000 psi test tubing and high pressure
air compressors, W. Garen, G. Paal and S. Tiedeken of the aforementioned Fachhochschule Ostfriesland have developed
a simple shock tube that would be suitable for amateur construction [4]. This tube was developed for the study of weak
shocks (up to about Mach 3) and gets around the problem of fabricating burst diaphragms. Figure 1.11 shows the
approach. The key feature of this tube is the diaphragm replacement, a rubber bulb. The authors used a pipette bulb but I
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Figure 1.10 - Shock Tube Configurations

would imagine that a search of the local pharmacy, supermarket or hardware store could result in something equally
usable. An infant “snot sucker” comes to mind. The authors describe the operation as follows (slightly edited):
“A small tube ends in a rubber bulb and is positioned on the centerline of the cylindrical shock tube with a diameter of
45mm and a length of 2500mm. The small tube leads to an electro-magnetic valve and a small pressure reservoir. By
increasing the pressure within the bulb, the bulb grows to the inner diameter of the shock tube. By further pressure
increase the bulb forms a cylinder and only its non contacting part will grow even further. Now the shock tube is
separated in a low and a high pressure chamber.
“The values of the high and low pressure can be chosen according to the desired Mach number. Of course, the desired
driver pressure has to be lower than the bulb pressure. As a result, the tension in the bulb material at the high pressure
side is reduced, in contrast to the low pressure side. That means, a strong resulting force acts on the bulb in the direction
of the low pressure tube. This force is compensated by the friction force between the rubber cylinder and the inner shock
tube wall.
“After evacuation of the pressure reservoir the valve is opened and a rarefaction wave travels to the bulb. As a result
the rubber bulb detaches from the shock tube wall. Because of the high value of the friction coefficient (glass-rubber) the
front of the rubber cylinder still sticks to its fixed position until the last moment, when the blockade between the high and
low pressure chamber is suddenly lifted and an annular opening is created. This somewhat complicated action produces
shock waves in the range of 1 < M < 3 according to the chosen conditions. This device works because its opening time
(in the order of some milliseconds) is independent of the much slower opening time of the electro-magnetic valve.” The
paper notes some typical operating parameters:
{ Low pressure (test) side - 75 mbar
{ High pressure (driver) side - 502 mbar
{ Bulb pressure - 785 mbar
The above resulted in a shock velocity of Mach 1.2.
I will leave it to others to figure out what might be done with such an apparatus. The authors, I believe, were looking
at interactions of weak shock waves with dense gases and heavy vapors. Their set up included a Schlieren apparatus and
CCD camera. Since shock waves are fast moving pressure disturbances, shock tubes are a natural application for high
speed Schlieren photography. These techniques have been discussed several times in Scientific American’s Amateur
Scientist Column. I can imagine some really nifty projects.
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Figure 1.11 - Shock Tube without Diaphragm. Adapted from Ref. 4.

POTATO CANNONS
The modern incarnation of my old carbide cannon is the potato cannon, sometimes called the spudzooka. The classic
version consists of a piece of heavy wall PVC pipe into which a potato is jammed. A small volume is left behind the
potato at the breach end. Before capping the breech, one of several types of flammable vapor (hair spray, propane, etc.) is
squirted into the space. The cap is then screwed in and the vapor/air mixture is ignited with a barbecue grill variety piezo
device. The resulting explosion generates a pressure of about 20 psi which expels the potato at a velocity of a couple
hundred feet per second.
For the real spud enthusiast, this will not do. Higher pressures and velocities are needed. The resulting device is the
pneumatic spudzooka, an example of which is diagrammed in Figure 1.12. Here there are two concentric tubes. The
smaller tube is the barrel and the space between the two tubes acts as a high pressure reservoir. A spring-loaded fast
acting piston valve is placed at the breech end of the device. The piston is sized such that there is some clearance around
the piston. Gaskets are applied to each side as shown. Charging and firing are controlled by a conventional 3-way
solenoid valve.

Sliding Piston
with Gaskets & Spring
Charge

Pressure Reservoir

Air Connection
100 psi

P2

P1

Dump

Fire
Spud

Barrel

Solenoid
Valve

Figure 1.12 - Pneumatic Spud Cannon
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The operation goes as follows:
{ The potato is forced through the muzzle to a position close to the piston but leaving some
space behind the potato.
{ Air is bled in via the solenoid valve. As soon as pressure starts to build, the piston seals against the
rearward end of the barrel keeping the pressure behind the potato at 1 atmosphere. Leakage
around the piston equalizes P1 and P2.
{ When the pressure has built up to about 100 psi (a recommended safe value for schedule 80 PVC
pipe) and the cannon is ready to fire, the solenoid valve is de-energized. This causes P1 to drop
which results in the piston slamming rearward, opening the breech end of the barrel.
{ With full pressure behind the potato, it blows out of the barrel at a speed of several hundred
feet per second.
The more intrepid and diligent potato cannoneers have achieved muzzle velocities approaching Mach 0.8. Potatoes
colliding with objects such as trees are reported to leave no residue, save a film of starchy dust.
One experimenter is trying to exceed Mach 1 with his cannon. Based on what we now know about shock tubes, is this
a possibility?
HYPERSONIC PEA SHOOTERS
The device [5] shown in Figure 1.13 was described in Volume 5, Number 2. I have included it here because of important
similarities and differences with the potato cannon.
This type of device has been used to accelerate small beads (4 to over 40 mils in diameter) to speeds in the range of
2000 to 6000 meters/sec (i.e. from about Mach 6 to Mach 19). Projectiles driven to such speeds can be used to simulate
micrometeorite impacts on spacecraft. The device consists of a sandwich of 3 plates, securely bolted together; a plastic
backing plate into which is imbedded a pair of thick copper or brass electrodes; another plastic plate which has a chamber
in which a wire or foil element is exploded; a metal plate to which is mounted a barrel. The discharge of a capacitor bank
(a few kilojoules at several kV) explodes the wire or foil, driving the projectile out of the barrel. The barrel should be
coupled to a vacuum chamber which would also contain the target. Suitable hypodermic tubes and projectiles (e.g. 1/64"
dia. chrome steel balls) may be obtained from Small Parts, Inc. of Miami Lakes, Florida. Needless to say, the device
needs to be securely bolted together, a blast shield must be placed between the device and the operator, and precautions
must be taken to keep the operator from becoming part of the electrical circuit.
As with the spudzooka, a compressed gas is used to drive a projectile. However, the exploding wire creates much
higher pressures at significantly higher temperatures. Hence the ability to reach such high Mach numbers.
A more sophisticated bead accelerator [6] is shown in Figure 1.14. The main component is the familiar coaxial plasma
gun about which I have written so much. Added to the gun is a compression coil and an aperture over which is placed a
thin plastic rupture film in which are imbedded a quantity of small beads.
The tapered helical compression coil is axially
mounted at the muzzle of the coaxial gun. The small
end of the coil is electrically attached to the outer
electrode of the gun. The large end of the coil is left
Barrel floating. A cylindrical plastic insulator is interposed
Hypodermic Tubing
between the outer conductor and the coil to avoid
shorting out the coil.
Projectile
When a capacitor is discharged across the coaxial
Top Plate - Steel (3/8" Thick)
electrodes, a high temperature plasma is formed. The
current loop that is formed by the two electrodes and
Chamber Plate - Plastic (1/4" Thick)
the plasma causes the plasma to be accelerated toward
the open end of the tube. Just like the quickly released
Electrode (1 of 2)
slug of gas that produces a shock wave in a shock tube,
the moving plasma does the same in the coaxial gun.
When the plasma exits the coaxial electrodes, a
Backing Plate - Plastic (1/2" Thick)
Wire or Foil Element
current path is formed between the end of the central
electrode and the helical coil producing a current flow
Figure 1.13 - Small Bead Accelerator
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Figure 1.14 - Coaxial Accelerator with Compression Coil for Hyper Velocity Impact Studies. From Ref. 6.

in the coil which, in turn, produces a time varying magnetic field producing a compression as the gas reaches the small
diameter end of the coil.
As the plasma moves through the coaxial gun it pushes, or “snow plows,” gas ahead of it. The gas is cooler than the
plasma and, since it reaches the rupture film first, it will produce a lower level of erosion on the beads than would the hot
plasma.
This type of accelerator was developed at NASA, Huntsville, Alabama. A similar device is in use at the Technical
University at Munich. For this one the capacitor bank delivers about 40 kJ to the accelerator. Pressures of 1 gigaPascal
exist in the muzzle area and beads with diameters of 50 to 250 microns have been accelerated to velocities of up to
20,000 meters/sec.
The flight path in the vacuum chamber is about 5 meters and, just before the beads hit the target, they pass through a
very thin nitrocellulose film. The holes in this film can be examined to determine the diameter, hence mass, of the
individual beads.
The more modest coaxial guns that have been described in these pages in the past could be easily adapted for
hypervelocity impact studies.
ELECTROMAGNETIC SHOCK TUBES
The preceding discussions of shock tubes and magnetically driven plasma guns show that the plasma technique can
produce higher temperatures and shock velocities that can be achieved by the conventional shock tube. However, the
masses that can be accelerated are lower (i.e. big slugs of gas at hundreds of psi as opposed to smaller slugs of gas at
pressures usually well under 1 atmosphere).
The electrically driven shock tube had its origins with R.S. Fowler in 1951. His shock generator consisted of a
T-shaped tube with a pair of electrodes placed at the top of the T. When a capacitor was discharged between the
electrodes the gas was ionized and expanded, creating a shock wave that progressed down the leg of the T. In 1957 A.C.
Kolb modified the Fowler tube by placing the lead to one of the electrodes along the length of the top of the T. The
magnetic field produced by this simple “backstrap” modification gave a magnetohydrodynamic (MHD) boost to the
plasma. (This is another manifestation of the magnetic component of the Lorentz force (F=J X B) where the current loop
(J) formed by the backstrap and discharge gap produces a magnetic field (B) perpendicular to the page the combined
effect of which is a force on the plasma (F) directed down the leg of the T.)
The Kolb T-tube is depicted in Figure 1.15. A microfarad or two at 10 to 20 kV will power a respectable Kolb shock
tube. Typical tube diameters range from 0.5 to 1 inch. The tubes may be made of Pyrex or quartz.
Another, later, configuration involves a conical arrangement of the electrodes as shown in Figure 1.16. This
arrangement, developed by Pax, Seemann and Thornton is claimed to produce a cleaner plasma with less attenuation of
the shock wave than is the case with the T-tube. Tube diameters are in the 2 inch range.
Plasma shock tubes have the disadvantage of being somewhat unpredictable. With the conventional gas driven tubes
the shock strength can be calculated since the gas pressure is known and the other physical parameters can be measured
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Figure 1.15 - Kolb's T-Tube Plasma Shock Tube

or calculated. In the case of the plasma tubes, various diagnostics (e.g. spectrographic and time of flight) must be
employed to determine what the tube did. Figure 1.17 shows a typical facility.
As noted, the plasma tubes do have the advantage of higher shock speeds (Mach 100 to 200 range), temperatures
(well over 20,000 K) as well as compactness. Various gases may be seeded into the tube for spectrographic analyses that
are applicable to the study of things like stellar atmospheres.
Other configurations of shock tube are also possible. For example, the shock tube can be double ended so that the
shocks collide with each other. Related devices include MHD power generators (where a moving plasma is used to
produce electric power) and ion propulsion systems. References 7, 8, 9 and 10 include extensive information on plasma
dynamics and shock tubes. More up to date information can be found in various conference proceedings and journals.
The Web is a variable source of information, but one item currently accessible is a project by Allen White at Ohio State
University. He has a Kolb-type shock tube and is studying the attenuation of the shock wave when it encounters a dc
plasma that is struck within the arm of the tube. (Check out White’s page at http://rclsgi.eng.ohio-state.edu/~white-a/.
There are several photographs of the apparatus along with a brief description.)
SUMMARY
Hopefully this article provided some appreciation for
how the speed of sound plays into such diverse things
as vacuum apparatus, mass flow metering, shock tubes,
hypervelocity projectile accelerators and potato
cannons. What I think the reader might do with this is
unclear. As for me, I am assembling a conical shock
tube (to go along with my coaxial gun) and I have the
parts in hand for a fairly impressive spudzooka.
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Figure 1.16 - Conical Electrode Arrangement
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Figure 1.17 - Shock Tube Facility at the Gas Dynamics Laboratory, Northwestern Univ.
From Ref. 7, used with permission.
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How Fast do Little Particles Fall in Vacuum?
This article originally appeared in Volume 9, Number 3/4.
Almost everyone is familiar with the “penny and feather” vacuum demonstration. In this classic classroom exercise a
penny and feather are held at the top of a long clear glass or plastic tube. With atmospheric pressure inside the tube the
penny and feather are released together and the penny, being denser and thus less affected by air drag, will fall at a much
faster speed than that of the feather. The next step in the demo is to repeat the drop test with the gas in the tube
substantially exhausted with a vacuum pump. Without the drag of air, both articles fall at essentially the same speed.
This demonstration not only teaches something about drag but it also clearly refutes the commonly held belief that
gravity somehow doesn’t exist in a vacuum environment (a belief resulting, no doubt, from the early days of the space
program where Walter Cronkite was always talking about the weightless vacuum environment of space).
The motion of small particles in vacuum has become important in terms of contamination control in semiconductor
vacuum process equipment. A way of controlling the migration of small particles is by moving and processing the wafers
in a low pressure environment. Thus the vacuum not only makes the processing environment cleaner, it also inhibits the
drifting of the small particles that always exist in some number, even in a modern cleanroom. How much the particles
will drift or float determines how much of this stuff will waft onto the surface of the wafers. That the particles stay put is
important.
Figure 1.18 on the next page shows the time required for particles of different sizes to fall one meter under varying
degrees of vacuum, starting at atmospheric pressure. Note that at pressures of 10-5 Torr or less even 100 Å particles will
fall one meter per second, and larger particles will fall faster. (Large particles will simply fall ballistically, at the
acceleration of gravity.) Thus, an atmosphere with a pressure below 10-5 Torr means that particles 100 Å or larger can
only be transported ballistically, and are not likely to be transported onto the critical wafer surface by random air currents
or Brownian drift.

Figure 1.18 - Fall Time vs. Pressure for Small Particles. Cecil J. Davis, et al., 1993. Public domain.
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Cartesian Divers: Clever Physics Demo, Toy and Pressure Gauge
This article originally appeared in Volume 10, Number 1/2.
INTRODUCTION
Liquid manometers (e.g. barometer, McLeod manometer, U-tube devices) were covered in some detail in Volume 5,
Number 3 and also the First Five Years Compilation. Left out at that time were a whole class of related devices based on
the so-called Cartesian diver principle. This article will start by describing the diver as a toy and physics demonstrator.
Then we will see how the diver principle can be applied to vacuum gauges and, in the next article, even to pressure
controllers.
THE DIVER AS AN EDUCATIONAL TOOL
We’ll start with a description of the Cartesian Diver. The following is taken from a text, The International Library of
Technology - Pneumatics (International Textbook Company, London, 1906):
“The device shown in Fig. 1.19 illustrates the elasticity of air and the transference of pressure in all directions in
water. It is called the Cartesian diver and consists of a glass jar nearly filled with water, I having a rubber bulb at the
top filled with air. The image in the jar is made of glass and is hollow, the weight being less than that of an equal
volume of water, so that it will float at the top of the jar. The tail of the image has a hole in it, the water being
prevented from getting inside of the image by the pressure of the air within it. If the bulb is squeezed, the air in it
will be forced out) creating a pressure on the water which, being transferred in all directions, causes the water to
flow into the tail of the image, compressing the air inside and thus causing it to fall to the bottom of the jar. When
the pressure on the bulb is released, the air flows back into the bulb, the pressure on the water is removed, and the air
within the image expands; the image again becoming lighter than water, rises to the top of the jar.”
The origin of the name “Cartesian diver” is obscure. Richard Frazier in his Web article A Philosophical Toy [1]
writes:
“For nearly a decade I have challenged my students (grades 7-9) to answer the question, “How did the Cartesian Diver
get its name?” The students who have taken up this challenge have returned with little more than a description of the
device and a conviction that the name is eponymous, that “Cartesian” is derived from the name of the French
mathematician and philosopher Rene Descartes (1596-1650). Never has a student found a documented link between the
diver and Descartes although some science activity books suggest Descartes was the inventor (Vilenkin in Kikoin, 1980).
We have recently made a more concerted effort to pursue the question and have posted queries by electronic and regular
mail to science educators, to researchers at science museums, and to historians and philosophers of science. We have
examined works about and by Descartes but have not yet uncovered any direct connection. Several of our scholarly
contacts have very generously provided suggestions, references, and even speculations. What we have concluded up to
now is that a description of the diver is quite difficult to find in Descartes’ main body of work. If a connection does exist,
it must be extremely obscure. One of our early references speaks, however, as if the device (called a Cartesian Devil)
were well known (Triewald, 1731). Descriptions of hydrostatic phenomena and designs for diving apparatus (such as
diving bells) did appear in Descartes’ era (Damerow et al, 1992, Marx, 1990, Tokaty, 1971).
Hydrostatics did provide important analogies for thinkers like Galileo in the development of concepts of free fall
(Damerow et al, 1992). Descartes contributed important ideas to the debate about motion before the development of
Newtonian mechanics and would have certainly been in a position to reflect upon the many phenomena illustrated by the
diver (Damerow et al, 1992, Garber, 1992, Shea, 1991). However, it is one of Galileo’s students, Raffaelo Maggiotti,
who is given credit for first describing the Cartesian diver or devil in writing (Rose, 1970). In a short pamphlet Maggiotti
(1648, reprinted in Targioni-Tozzetti, Giovanni , 1780) speaks of the device as “my invention” (“L’invention mia non
consiste nel caldo, o ned freddo; ma nella Renitenza all Compressione”). The diver has been falsely ascribed to Descartes
(Damerow, 1994). The French do not refer to the diver as Cartesian but rather as ludion, a word derived from the Latin
meaning actor, jester, wandering entertainer (Feral, 1994).
“As a teacher, I am intrigued by the obscure beginnings of such a well-known object in classroom science. I have
often wondered how many other classic demonstrations, experiments, and pieces of apparatus live on in schools as
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taken-for-granted rituals and relics of scientific knowledge. The nearly obsessive quest this year for the diver’s origin has
tempted me with digression into the many dilemmas of how best to promote children's learning of science. It is my
students’ best guess, however, as to why the toy was named for Descartes that suggests one route out of that quandary
and that provides the focus of this article. Their answer, in a historically naive way, is a very good answer and may, after
all, connect us with the very best of reasons for using philosophical toys in schools.
The diver is named after a great philosopher because it makes us think.
Think about what?
About explanations and evidence and about weight, pressure, movement and matter, water, gravity, floating and
sinking, and forces and a vacuum.”
Another common toy is the Galileo thermometer or thermoscope which appears to have some similarity to the
Cartesian diver. These have become very popular as functional decorative items. Figure 1.20 shows one of these devices.
However, the Galileo thermometer’s operation depends on the density changes in the thermometer’s liquid fill induced by
changes in ambient temperature. As the temperature changes, the floats, all of which have differing effective densities,
will rise or fall. Therefore, the thermoscope is more closely related to the hydrometer.
As part of his class on the Cartesian diver, Richard Frazier asks his students how the diver works. The answers can be
grouped into several theories. Of course, only one is correct.
The Heaviness Theory: Squeezing the bottle forces water into the diver. More water makes the diver heavier and causes
it to sink. Releasing the bottle allows the compressed air trapped in the diver to push the excess water out. The diver
becomes light enough to float again.
The Air Theory: Air makes things float. When the air by volume of an object is reduced to a certain point, there's not
enough air to hold the object up and the object sinks. The diver works
because squeezing the bottle compresses the air to the point where it
cannot hold up the diver. When the bottle is released, the air expands
again to the point where it can hold the diver up.
The Pressure-Current Theory: Squeezing the bottle puts pressure on
the water inside. The water tries to go up out of the mouth of the bottle.
This can be seen when squeezing the bottle without a lid. When the lid is
on, the water rebounds and carries the diver down. Releasing the bottle
reverses this current.
The Pressure-Force Theory: Squeezing the bottle puts pressure on the
water inside. Because the force of squeezing cannot move the water
since it is enclosed, the force is transmitted to the diver and pushes it
down. This transmitted force disappears when the squeezing stops and
the diver returns to a floating position.
The Volume-Displacement Theory: Floating and sinking involves a
relationship between the weight of an object and the weight of the water
it displaces. For floaters, the weight of the floating object is equal to the
weight of the water displaced. For sinkers, the weight of the sinking
object is greater than the weight of the water displaced. The diver uses
the pressure to cause different amounts of water to be displaced and thus
change back and forth from being a floater to a sinker. The different
amounts of displaced water seem to go in and out of the diver.
Frazier’s Web page goes into much detail on the students’ thinking
and the testing of their hypotheses. Frazier is also still looking for the
definitive history behind the naming of the toy. Anyone with better ideas
than those presented above are welcome to report them to the editor. I’ll
route them to Mr. Frazier.
NO END TO NOVELTY: THE DIVER TOY
A quick perusal of the patent literature will show many variants on the
diver. Here are some examples.
McGoughy (U.S. Patent 2,525, 232, issued 1950) describes a
submarine shaped diver (see Figure 1.21) that is enclosed within a sealed
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tank having a motor driven bellows that raises and lowers the
pressure of the air above the water thus causing the submarine
to rise and fall.
Kaga and Kobayashi (U.S. Patent 4,448,409, issued 1984)
detail a fish-shaped diver (see Figure 1.22) with a bellows (70)
as part of the air chamber. The bellows actuates a flipper (86) in
response to pressure changes. I found what I thought was a very
unusual diver toy in U.S. Patent 4,756,692 by Leslie Pranger,
issued in 1988 (see Figure 1.23). Here’s part of the description:
“An apparatus for primarily aiding in teaching born-again
Christian religious beliefs includes a base and a hollow
structure mounted in upstanding fashion on the base. The
structure defines a chamber representing a person’s body.
Liquid contained in the chamber represents the person’s spirit
and its color represents the state of the person’s spirit. A pair of
valves are respectively mounted to the base and structure. One
valve communicates with the chamber bottom and is operable
to drain liquid therefrom, representing the death of the person’s
spirit. The other valve communicates with the chamber middle
and is operable to drain portions of the liquid therefrom,
displaying the state of the person's spirit. A buoyant character
representing the person's soul is movably disposed in the
chamber and represents the separateness of the person’s soul
from the person’s body and spirit and the aliveness of the
person’s soul. An object in the form of a buoyant plastic ball
representing a state of unconfessed sin is movably disposed in
the chamber.”

Figure 1.20 - Galileo Thermometer

I was very disappointed to find that the motion of the “divers” is controlled by means of strings 60 and 64.
VACUUM GAUGES BASED ON THE CARTESIAN DIVER
In 1933 John Dubrovin described a low pressure gauge based on the Cartesian diver principle (see Figure 1.24). The
gauge consists of a glass vessel in which is placed a glass or metal float tube that is closed at the top and open at the
bottom. This tube is floated in mercury. The glass vessel is connected to the vacuum system by means of a flexible
connection, typically a rubber hose.
To use the gauge, the vacuum system is first evacuated to a low base pressure. During this evacuation the gauge
tube is laid over on its side such that the entire volume is evacuated.
Once this is accomplished, the gauge tube is righted and the pressure inside the float will equal the pressure
outside. As the pressure in the gauge above the float is increased, the float will be pushed into the mercury.

Figure 1.21 - Diving Toy of Kaga and Kobayashi

Figure 1.22 - McGoughy’s Diver
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Figure 1.23 - Teaching Aid Apparatus of Pranger

The zero position of the float is defined as follows:
!m − !f
L
!m

h0 =

where h0 is the height of the float above the mercury, ρm is the density of mercury, ρf is the density of the material that the
diver float is composed of (typically steel or glass) and L is the length of the diver float tube.
The pressure relationship is defined as follows:
P=

D 22 −D 21
D 21

g! m (h 0 − h )

where P is the pressure in Torr (mmHg), provided the working fluid is mercury, D1 is the inner diameter of the float, Ds is
the outer diameter of the float, g is the acceleration due to gravity (980.7 cm/sec2) and h is the height of the float above
the mercury. If a fluid other than mercury is used, the pressure is in dynes/cm2 and the density of the working fluid must
be used in the term ρm.
Roth [2] provides derivations for the above equations. He also gives one example: for a gauge with a stainless diver
with D1 of 1 cm and Ds of 1.05 cm, a pressure change of 1 Torr would result in a position change h of 1 cm. Such a gauge
would be usable for reading pressure changes of as little as 0.1 Torr (1 mm height change). This is about 10 times the
useful sensitivity of a U-tube manometer.
Of historical interest is Dubrovin’s original design (see Figure 1.25). In the zeroing condition the diver is supported
by a thread above the level of the mercury. When the system has been pumped to its fullest extent the thread is severed
using a burning lens. This removes the necessity of tilting the gauge but it also requires a sunny day and a southern
exposure.
An improvement on the Dubrovin gauge is shown in Figure 1.26. In this configuration a connecting tube with
stopcock is provided to allow the evacuation of the diver without having to tip the device. During zeroing the stopcock is
left open. Once the desired pressure has been reached the stopcock is closed and the gauge operates in the same manner
as the Dubrovin gauge.
Roger Gilmont developed another variation on the Dubrovin gauge with the configuration shown in Figure 1.27. This
gauge requires tilting but for precise zeroing of the scale (not shown) there is in the bottom of the gauge cylinder an
adjustable o-ring sealed piston. To adjust the diver relative to the scale, the adjustment screw is turned one way or the
other until the proper alignment is reached. Another feature is the plastic cap at the lower end of the diver. This cap acts
as a bumper to minimize the possibility of breakage to glass divers. The orifice in the cap slows the transfer of fluid
during pressure changes which slows down the motion of the diver. A depiction of Gilmont’s gauge from his patent is
shown in Figure 1.28.
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Figure 1.24 - Dubrovin Gauge

Figure 1.25 - Dubrovin’s Original Configuration
(1933)

Figure 1.26 - Improved Dubrovin Type Gauge
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Figure 1.27 - Gilmont Gauge

Figure 1.28 - Illustration from Gilmont’s Patent
(3,261,207)
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From Cartesian Divers to PID Pressure Control
This article originally appeared in Volume 10, Number 3/4.
INTRODUCTION
In the previous article we looked at Cartesian divers and how they evolved into pressure measurement devices. In this
article we will see how the Cartesian diver can be used as a simple pressure control device. The article will conclude with
a look at more contemporary methods of controlling pressure within vacuum systems.
THE CARTESIAN DIVER AS A PRESSURE CONTROLLER
In the previous article we concluded with Gilmont’s Cartesian diver manometer as described in his U.S. patent 3,261,207.
This patent alse describes a pressure controller based on the Cartesian diver principle. The relevant illustrations are
contained in Figure 1.29 on the next page. The text that follows is adapted from the description contained in the patent
and is specific to the device in the right-most illustration.
Figure 1.29 depicts the invention as adapted for functioning as a control device (“manostat”) to regulate the vacuum
applied to a system.
The housing 2' is similar to that of the pressure gauge version except that the two outlet openings 6a and 6b are
provided at the upper end of the tube 4' with the opening connected to a nozzle 60 which extends downward into the
upper section of the tube 4', terminating in valve orifice 62. The float 16' is comprised of a thin-walled body 18' having
an internal diameter only slightly less than the tube 4'. The lower end of the body 19' is constricted to form an opening
34' which has a small cross-sectional area as compared with the main body of the tube 18'.
The upper end of the body 18' has a soft elastomeric cap 24' that is in line with the opening of the nozzle 62. The
device is connected to the system being controlled via port 6a and port 6b is connected to the vacuum pump. As the
system is evacuated the pressure in the upper section of the chamber 4' is reduced and the float 16' rises. When the
vacuum reaches a predetermined value the float will rise and the cap will contact the nozzle, closing the opening 62 and
cutting off the vacuum pump from the system being controlled. When the pressure in the system rises, the float will fall
opening the nozzle and the process will repeat as necessary to maintain a constant pressure in the system. Operation is
enhanced by making the system more dynamic by introducing a small bleed in the system. This improves the sensitivity
of the control. The control pressure is determined primarily by the amount of gas that is present in the float 18'. Fine
adjustment is achieved by means of the position of the piston 36' which is set by knob 44'. Moving the piston upward will
raise the pressure set point, lowering will reduce the pressure.
Figure 1.30 shows a contemporary version of a Cartesian diver vacuum controller. This one is made by Ace Glass
Corporation of Vineland, NJ.
For the remainder of this article we will skip to the present and look at automated systems for active closed loop
pressure control of vacuum systems. A prerequisite for full understanding of the following is the article “Leaks, the
Good, the Bad and the Ugly.”
MANUAL PRESSURE CONTROL
Consider the vacuum system shown in Figure 1.31. When the throttle valve (a variable conductance) is open and the leak
valve (another variable conductance) is closed, the chamber will settle at a base pressure determined by the pump’s
throughput* and the sum of the sources of gases within the system. These would be from real and virtual leaks,
permeation and outgassing and represent the overall gas load presented to the pump.
If we want the chamber to reach a specific pressure then we would open the leak valve by some amount, perhaps just
under the desired pressure. Then we could close the throttle valve by some amount to get the system to the desired
pressure.
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Figure 1.29 - Gilmont’s Cartesian Diver Pressure Controllers
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Figure 1.30 - Ace Glass 8741 Vacuum Regulator. “Increased sensitivity and versatility over other models, mercury requirement is
reduced to 20-30cc. A control point within 1mm Hg can be fine-tuned
by adjusting the height of the pump-out tubulation. The Cartesian
driver float drops away from pump-out orifice on an increas- ing
system pressure and reseals it when the reference pressure set within
large bulb is reattained. Reference pressure is easily set. The spherical joint allows the attitude of the orifice to be adjusted to accomodate
a small continuous leak without hunting of the float.” $430.12 in 2007.

While this technique will achieve the result of realizing a specific pressure in the chamber, there are a number of
deficiencies:
y As system conditions change it will be necessary to continuously monitor and adjust the pressure
control elements.
y The process requirements may require multiple gases as would be the case for a reactive process.
Simple metering (conductance) valves cannot perform this task.
y It may be necessary to independently control the flow of each of the incoming gases while also
controlling pressure.
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Figure 4 - Figure 1.31 - Manual Pressure Control Elements

1-30
Copyright 2011, Stephen P. Hansen
No redistribution is permitted.

Gas
Supply

Reference Number: SF1211

Pressure
Reading

Error

LO

Vacuum Chamber

P

Deviation

I

HI

D
Set Point Input

Pressure
Gauge
Gas
Supply
Proportioning
Valve

Figure 5 -

Throttle Valve

To Pump

Figure 1.32 - System with Upstream PID Pressure Control

CLOSED LOOP CONTROL
In “Leaks: the Good, the Bad and the Ugly” we saw how closed loop control is applied in a mass flow controller with the
control input being supplied by the flow sensor with a solenoid proportioning valve as the variable flow control element.
The same approach can be applied on a larger scale to a vacuum system. Figure 1.32 above represents an extension to the
previous example with closed loop pressure control. This particular configuration is referred to as upstream pressure
control. This is because we are driving a valve that is upstream of the chamber.
Proportioning valves are an important element in vacuum systems. Figure 1.33 depicts the general configuration of a
solenoid proportioning valve.
This type of valve uses the magnetic field developed by a solenoid to move a magnetic armature that is within the
valve. A flat spring centers the armature and also provides a countering force to the magnetic field. The usual
arrangement is normally closed - when no current is applied to the solenoid the face of the armature rests on the orifice.
This face may have an elastomeric material to seal the valve or it may be a metal-non sealing configuration.

Solenoid
Control
Voltage

Armature

Spring
Figure 6 -

Orifice

Figure 1.33 - Solenoid Proportioning Valve
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It should be noted that control valves of this type are not meant to be positive shut off devices. If a positive shutoff is
required, there should be a dedicated isolation valve downstream of the control valve.
The action of the valve is as a variable conductance with very high resolution. Proportioning valves are designed to
be used as part of a closed loop control system with constant feedback. They are not designed as “set and forget” valves
as the armature position will wander without constant correction.
The orifice is sized to the flow range required by application, and manufacturers will offer a range of flows and
guidelines for selection. A typical offering would be several ranges from 10 sccm to 10,000 sccm. withthe flow rating
based on the orifice size under typical upstream and downstream pressure conditions with nitrogen gas. A detailed
discussion of orifices is contained in another previous article, “The Speed of Sound, Shock Tubes and Potato Cannons.”
PID CONTROL
PID stands for Proportional - Integral - Derivative. Referring back to Figure 1.32, the box on the left hand side is the
pressure controller. This controller has two inputs. The first is for the setpoint. This is the adjustment for the desired
system pressure. The second is the actual pressure input from the vacuum system’s pressure gauge. The application
usually requires a capacitance gauge due to the need for accuracy, response speed and gas-type insensitivity.
These two signals feed into an error circuit. The error circuit determines the difference between the two inputs and
then provides an output related to the error. To the left of the error element is a deviation indicator that provides the
operator with a graphical representation of the magnitude of the error and whether the error is on the high side of the
setpoint or below. The error signal then progresses to the PID circuitry. The PID elements function as follows:
Proportional: This element provides a response that is instantaneous and is a directly proportional to
the amount of error. It is also called gain. If the proportional setting is too low, there will only be a
weak response to a large error. Conversely a high proportional setting will produce too large a response
to a small error with the result that the system may become unstable and oscillate.
Integral: This element provides an additional signal that is directly related to the length of time that an
error signal has existed. For example, if the pressure almost reaches the setpoint but there exists a
persistent error, the integral element will integrate the error with time and provide a correction.
Derivative: This element provides a signal that is proportional to the rate of change of the error signal.
It slows down the response as the system approaches the setpoint. This element is used to reduce the
amount of overshoot that may be produced by the other elements but will also slow down the overall
time for the system to reach the setpoint.
As a thought experiment, think about your actions when you step into a small shower stall and turn the water on after
entering. You become part of a closed loop control system and unconsciously are using each of the elements described
above. Depending upon the temperature of the water, your proportional element may be set very high.
Some representative response curves are shown in Figure 1.34. “A” represents the ideal response to the setpoint
change. The response in “B” is slow with no overshoot. In this case the derivative element would be fairly strong. In the
case of “C” the system reaches the setpoint quickly but overshoots and oscillates about the setpoint for a few cycles.
Increasing the proportional term would probably drive the system into oscillation. “D” also overshoots but the system
settles fairly quickly. Finally, “E” represents a very slow response system with a persistent error that requires attention
from the integral element.
The type of response that is applicable to a given vacuum system is highly dependent upon the application. In some
cases overshoot is not desirable but on the other hand, time is money and getting to setpoint quickly can be very important in terms of manufacturing efficiency.
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Figure 1.34 - System Response to Various PID Controller Settings.

Upstream control is the simplest pressure control mode and can permit a single gas (or a premix of gases) to enter the
system. Common examples of systems using upstream control include freeze dryers and single gas sputter deposition.
Both require accurate pressure control and a specific gas for the process - nitrogen for freeze drying and argon for
sputtering.
RATIO UPSTREAM CONTROL
This configuration is required where it is necessary to control pressure and also introduce multiple gases where the mass
flows of the gases have to be supplied in a specific ratios due to reaction requirements .
One of the most common examples of a process that uses ratio control is reactive sputtering. The parameters that
must be controlled are the chamber pressure and the ratio of argon to the reactive gas (oxygen or nitrogen). A typical
ratio for this application might be 95% argon to 5% oxygen.
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Figure 1.35 - Ratio Upstream Control
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The solution is to replace the simple proportioning valve with a pair of mass flow controllers. Each gas is controlled
by one of the MFCs in such a way that the proper mass ratios are maintained.
Referring to Figure 1.35, the output of the pressure controller is fed to a ratio control device. This simply apportions
the total signal required between the two MFCs. If MFC “A” is defined as the master controller that is delivering some
time varying Q, then MFC “B” will deliver some constant fraction of what “A” is delivering. The net result is a constant
split or ratio of Q between the two MFCs but the total flow is adjusted in response to the pressure controller.
DOWNSTREAM CONTROL
This is the most complex and flexible of the pressure control methods. Downstream control is utilized when it is
necessary to control the absolute quantities of each gas admitted to the system while also controlling pressure. Each gas
will be controlled by an MFC, each one of which is providing a specific Q. This setup only controls the gas input to the
system, not the pressure.
The pressure is controlled with a motorized throttle valve that is located between the chamber and the pump. The
name of this configuration is derived from the fact that the pressure control element is downstream of the chamber.
Figure 1.36 depicts this configuration.
Downstream control is commonly used with processes such as chemical vapor deposition and reactive etching where
the reactant gases must be admitted not only in a specific ratio but also at a specific rate. This precludes ratio control as a
method. In addition to this, the process pressure also has to be controlled within tight limits. Some processes may also
change the gas flow rates during the process or introduce other gases through additional flow controllers.
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Figure 1.36 - Downstream Control
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Sputtering
Sputtering Basics
Steve Hansen

This article originally appeared in Volume 8, Number 3/4.
INTRODUCTION
A number of articles in previous issues have covered the topic of vacuum evaporation (these are all contained in the First
Five Years compilation). Another method of deposition is sputtering. Sputtering is the method by which many metallic
and insulating thin film coatings are applied to semiconductor devices (principally the conductor traces), jewelry,
automobile parts, architectural glass, etc.
Evaporation is a physical deposition process that involves heating a material up to the point where the vapor of that
substance is freely evolved. At low pressures (typically below 10-4 Torr) the molecules of that substance travel directly
away from the source and then condense on the article which is to be coated. Evaporation is a good technique for many
metals and some inorganic compounds (aluminum, copper, magnesium oxide, etc.) but is not useful for organics,
refractory materials and substances that either have too low a vapor pressure or which decompose or react at the elevated
temperatures required for evaporation.
Sputtering is also a physical process but relies on a different mechanism. In this brief overview we’ll look at the
evolution of the understanding of the sputtering mechanism and will discuss some configurations of sputtering systems.
WHAT IS SPUTTERING?
Sputtering is a material transfer process that occurs between electrodes in a glow discharge system. The process was first
observed by W.R. Grove in 1852. His paper, a wonderful piece of experiment and observation, is included elsewhere .
Sputtering was first thought to be an electrochemical process, where the biased electrodes and glow discharge were
analogous to anode, cathode and electrolyte of a plating cell. A true understanding of the fundamental processes behind
sputtering took the better part of a century after Grove’s early studies.
Chapman [1] notes that the term sputtering has its origins in the Dutch word “sputteren” and means “To spit out in
small particles and with a characteristic explosive sound” and the word is commonly used in English to indicate confused
and uncontrolled speech, as in “to sputter and stutter.” Applied to the vacuum deposition process, the word is an attempt
to describe the way that matter is ejected from the cathode of the discharge apparatus.
In 1938 John Strong [2] noted “Although the sputtering phenomenon at the cathode of a glow discharge has been
known for a long time, the mechanism of the process is not fully understood even now. There are two current theories of
sputtering. One of these holds that the emission of metal by the cathode is pure thermal evaporation due to high
temperatures attained in areas of molecular dimensions. These temperatures are produced by the energy of impinging
ions. The other theory invokes a mechanism for transferring the energy of the gas ion into energy of a metal molecule
which is similar to the mechanism by which the energy of a light quantum is transformed to energy of an emitted
electron. However, in spite of its being incompletely explained, sputtering is understood empirically, and its practical
application for obtaining metal films on glass is simple.”
In 1956 Holland [3] noted that “The literature on cathodic sputtering is one of the most voluminous of any in the
field of science, and yet our knowledge of the mechanism by which metals and metal compounds are removed from a
cathode surface is unsatisfactory. Various explanations have been advanced to account for the removal of atoms from a
cathode surface under the bombardment of positive ions, but as yet no theory capable of being applied over a wide range
of disintegration conditions has been evolved.” He then goes on to describe possible electrochemical and physical
interactions. We now know that sputtering is primarily a physical process although there can be chemical interactions.
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THE SPUTTERING PROCESS
Figure 1.37 shows the situation in a simple two electrode configuration. A glow discharge is established between two
electrodes. The proper condition is in the abnormal glow region (See The First Five Years, pages 3-64 through 3-66)
where there is sufficient current to cover the cathode with the glow. (This is facilitated by shielding the unused - back and
sides - portion of the cathode with an insulator as shown.) The glow discharge plasma consists of electrons and gas ions.
The ions, positively charged, will be accelerated toward the cathode. When an ion hits the cathode, an atom of the
material comprising the cathode will be ejected. This ejected atom will then propagate at high speed away from the
cathode with some of them arriving at the substrate. (See item ‘I’ in the figure.) In a sputtering system, the cathode
surface is called the target as this is what the ions aim toward.
Ideally, the target atoms that impinge on the substrate will get there without any intervening collisions with gas
molecules. This requires a mean free path on the order of the target to substrate distance. If the mean free path is short, a
situation as shown in item ‘II’ will result with the target atom being deflected and slowed down by the collision. Target to
substrate separations are usually on the order of a few cm so pressures in the range of a few milliTorr are generally
selected. (Remember, too low a pressure and the discharge will go out.)
In some cases these collisions can be desirable. For example, if an irregular substrate is to be coated, a
non-collimated cloud of target atoms will provide a more uniform coating. This is often employed when coating samples
that will be examined under a scanning electron microscope. Here the pressures may be in the tenth of a Torr range where
mean free path is more like a millimeter.
The choice of the operating gas is important. It should provide a fairly massive ion as the sputtering rate increases
with heavier target ions. It should be easy to ionize and it should be non-reactive (more on that attribute in a moment).
Finally it should be fairly plentiful and inexpensive. Argon meets these requirements well and it is pretty much the
standard sputtering gas.
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Figure 1.37 - The Sputtering Mechanism

Concerning the non-reactive aspect, if a reactive gas (it could be the residuals of an air environment, e.g. nitrogen,
oxygen, etc.) is present in the system, there will be reactive ions in the space between the target and the substrate. A
target atom, say aluminum, could react with the gas ions and form a compound such as aluminum oxide or aluminum
nitride. The reactions can happen in the target-substrate gap (see item ‘III’ in the figure), at the target surface, or at the
substrate surface. To avoid this it is important to reduce the amount of reactive residuals to very low levels. The simplest
approach is to pump the chamber down to base pressure (if only a mechanical pump is used, this would be on the order of
a few milliTorr), purge with argon, repump and repeat the process several times. This is usually good enough for non
critical applications. For high quality films it is necessary to pump the system to very low base pressures (at least 10-6
Torr and, for semiconductor processes, more like 10 -9 Torr).
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In some cases this ability to produce reacted species is important and is one of the reasons why sputtering has
become an important process in the electronics industry. For example, if you want to produce a thin film capacitor, a pure
film of aluminum (one plate of the capacitor) can be produced by sputtering in pure argon. When enough thickness has
been built up, a bit of oxygen (usually around 5%) is bled in with the argon to produce an aluminum oxide dielectric.
When enough of the insulating layer has been produced, the oxygen is shut off and the process reverts to depositing pure
aluminum, forming the other plate of the capacitor. By just changing the gas mixture, a three layer structure is produced.
This variant of sputtering is called reactive sputtering.
Finally, if the polarity of the electrodes is reversed, the argon ions will impinge on the substrate and will cause some
of the substrate to be removed. This “ion milling” process is often used to clean a substrate prior to the sputter deposition
step.
MAGNETRON SPUTTERING
One of the most commonly encountered sputtering configurations is the magnetron configuration. This is depicted
schematically in Figure 1.38. As the name implies, a magnetic field is introduced by placing one or more permanent
magnets behind the target. This arrangement produces a planar magnetron - opposing poles are present across the surface
of the target. Assuming a circular configuration, the south pole appears as a centrally located disk, the north pole is a ring
that surrounds the south pole.
The magnetic field serves to concentrate the electrons, hence the ionization, to a toroidal region in close proximity to
the target. This improves the stability of the discharge, especially at low pressures, and increases the flux of ions thereby
increasing the efficiency of the process.
The figure shows another change from the simple arrangement of Figure 1.37. Here the anode is moved away from
the substrate where it is now coplanar with the target/cathode. The substrate is now completely out of the plasma, a
feature that can be important if the substrate is sensitive to having lots of charged stuff hanging around.
CITED REFERENCES
[1] Brian Chapman, Glow Discharge Processes, John Wiley & Sons, NY, 1980.
[2] John Strong, Procedures in Experimental Physics, Prentice-Hall, NY, 1938 (available as a reprint from Lindsay
Publications, Bradley, IL).
[3] L. Holland, Vacuum Deposition of Thin Films, Chapman and Hall, London, 1966.
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Simple Sputtering Apparatus and Procedures from Early Publications
This article originally appeared in Volume 9, Number 1.
INTRODUCTION
This article presents some practical sputtering apparatus from books and manuals published between 1930 and the late
1950s. Please note that these examples do not necessarily represent current understanding or best current practices in
terms of technique or safety.
The Deposition of Metals by Cathode Sputtering (From NBS Circular 389, 1930)
A reprint of the complete circular, which covers chemical silvering and evaporation as well as sputtering, can be
obtained from Lindsay Publications of Bradley, IL. Lindsay has it under the title “How to Make Mirrors.”
This method for the preparation of reflecting surfaces is particularly useful as a process for half-silvering and for
depositing metals other than silver. Platinum is easily applied in this way and a surface is obtained which, while not so
good a reflector as a freshly deposited silver surface, is largely free from any tendency to tarnish, even when used as a
front surface reflector.
The apparatus for this process is shown in Figure 1.39. The chamber which must be exhausted during the process of
sputtering is made of a base plate of aluminum and glass and a glass bell jar with the joints made tight by soft wax. If an
aluminum base plate is used it may serve as the anode. The connection for evacuating is brought out through the base
plate and the pressure must be reduced to approximately 0.001 mmHg. The cathode, which should be a thin sheet or wire
grid of the metal to be deposited, and the surface to be coated should be parallel, approximately 25 mm apart. A 10,000
volt transformer (one-eighth kilowatt is satisfactory) furnishes
the current (note: the transformer must be current limited
either with a series resistance or by using a constant current
transformer such as a neon sign transformer - Ed.); and it is
advisable, although not absolutely necessary, to rectify the
current, either by kenotron or by a simple mechanical rectifier
driven by a synchronous motor. If no rectifier is used the
anode should preferably be of aluminum.
The initial deposit from a new cathode plate is sometimes
not satisfactory because of foreign material present on the
plate which is thrown down. Consequently it may be necessary
to discard the first mirror which is prepared. In another
method which has been successfully tried, the surface to
receive the film is covered with a piece of paper attached to an
iron armature. The paper protects the surface and is allowed to
receive the initial deposit, after which it is withdrawn by a
magnet acting on the armature through the walls of the bell jar.
For cathode sputtering the surface should be thoroughly
cleansed in the same manner as for chemical deposition*.
Nutting (no reference provided in the original text) has
Figure 1.39 - Apparatus for the
produced by cathode sputtering mirrors as large as 28 cm (11
production of mirrors by cathode
inches) square with the transmission equal to the reflection.
sputtering
Regarding his method he says that a 41 cm (16 inch) bell jar
* Cleansing the Surface: If the surface is old and not been previously coated or is greasy from handling, it should be first cleansed
with alcohol or some similar solvent. Following this it should be scrupulously cleaned with nitric acid. A swab may be made by
winding absorbent cotton cotton on the end of a glass rod, with sufficient thickness of cotton so that there is no danger of scratching.
With such a swab and pure nitric acid, to which a little distilled water may be added, every part should be cleansed again. To rinse off
the nitric acid, ordinary water may be used at first, followed by distilled water.
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(cheese cover) was placed on a heavy plane base plate about 51 cm (20 inches) in diameter and 76 cm (3 inches) thick,
specially made by the Pittsburgh Plate Glass Co. The 28 cm (11 inches) platinum cathode was laid on a sheet of glass
supported by 25 mm (1 inch) posts on the base plate and discharged upward on to the plate to be coated which was
supported on posts about 51 mm (2 inches) above it. The cover was pierced for the electrical connections (from a 10,000
volt transformer), the exhaust tube to pump, and the gas inlet. For joint grease a special solution of crude rubber in lard
was made (! - Ed.).
The obtaining of good mirrors was found to be largely a matter of keeping the (hydrogen) gas pressure carefully
regulated so that the dark space just reached the mirror at all times. Some quantitative results (which served as a guide in
timing the apparatus) are given in volume 2 of the Abridged Scientific Publications from the Research Laboratory of the
Eastman Kodak Co., 1915-16).
Many metals can be deposited by this method. Platinum, gold, silver, or copper can be deposited without great
difficulty. Aluminum is deposited very slowly, and it is for this reason that its use for a base plate is recommended when
depositing other metals.
Sputtering (Excerpt from Chapter IV of “Procedures in Experimental Physics,” 1938)
John Strong was a pioneer in vacuum coating processes (as well as a myriad of other laboratory techniques). Although
severely dated, this book belongs on the bookshelf of every amateur experimenter. Lindsay Publications of Bradley, IL
has reprinted the complete book as a rugged paperback. The following excerpt is drawn from pages 160-164 of the book.
While the apparatus described is rather crude by today’s state of the art, it is very similar to the apparatus that one may
buy for the metal sputter coating of electron microscope samples. - Ed.
Sputtering can be carried out successfully under a wide variety of conditions. For example, the pressure of the glow
discharge may range from 1 down to 0.01 mm. The cathode is naturally made of the metal to be sputtered, although its
shape may vary considerably. The anode is usually aluminum or iron. The glow discharge is preferably produced by a
direct potential, although an alternating potential may be used. The residual gas in the sputtering chamber may be air,
hydrogen, argon, or other gases. (The sputtering rate with helium is extremely low, and this gas is used for glow
discharges where sputtering is to be avoided.) The surface to be sputtered is usually placed tangent to the boundary of the
cathode dark space, although it may lie within or beyond it. The low pressure required can be obtained with a mechanical
pump of small capacity on a tight system or diffusion pump on
a system equipped with a regulating leak.
A typical setup for the sputtering process is shown in
Figure 1.40. The sputtering chamber is usually a glass bell jar
with a hole in the top for the cathode connection. It may be
made from an old bottle with the bottom cut out and the base
ground flat. It is best to have a glass plate for the base,
although a metal one (preferably iron) will suffice. An
aluminum plate can be used to cover any exposed metal parts
which may give trouble by sputtering. It is advisable to heat
all aluminum before it is used in order to drive off the machine
oils which may be contained in it. Glass cylinders and plates,
as shown in Figure 1.40, are useful in confining the discharge.
If these plates and cylinders are not used, the outgassing
induced by the discharge may give rise to foreign substances
deleterious to the film produced.
The cathode is fitted in the top of the bell jar as shown. It
is pulled up against the square end of the depending glass tube
by the connector wire. This wire is secured by wrapping it
around the top end of the tube, where it is sealed with wax.
The use of a milliammeter to measure the discharge
current is advisable when making partially transmitting coats.
When the sputtering equipment has been calibrated, this
current serves as an index to determine proper exposure for
obtaining the correct ratio of transmission and reflection.
For work in which high reproducibility in the film
Figure 1.40 - Reprinted with permission.
thickness is required, it is advisable to use a fast pump and to
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wash the bell jar with gas. Inasmuch as the first part of the sputtering may be erratic and the discharge unsteady, it is well
to cover the mirror with mica until sputtering has definitely started and become stable. This mica is mounted on pivots
with an attached iron armature, so that it can be operated with the help of a magnet through the walls of the bell jar; or it
may be operated by tipping the whole system.
The pressure for sputtering is usually adjusted so as to give a dark space of about the same length as the distance of
the mirror from the cathode.
The cathode should be shaped so that the boundary of the dark space is roughly parallel to the mirror surface. For flat
or nearly flat mirrors the cathode is made flat, while for strongly curved mirrors it should be correspondingly curved. A
U-shaped sheet cathode can be used for coating the two sides of a plate at once, and a central wire can be used to coat the
inside of tubes, provided that their length is not much greater than their diameter. Conversely, a cylindrical cathode can
be used for coating the outside of tubes.
E.O. Hulbert has recently made a study of sputtering. He determined the rates of sputtering in a residual atmosphere
of air at a pressure giving a 5 cm dark space. The voltage he used was 1000 to 3000 volts and the current 50
milliamperes. The cathode was 5 cm in diameter and 2 to 4 cm from the surface coated. His results are given in Table 1.3.
Table 1.3
Metals

Time

Sb, Bi, Cd, Au, Au, Pb, Pt,
Ag, Sn, Zn

Opaque coating in 1 hr.

Co, Cu, Ir, Fe, Ni, Sc, Te

Opaque coating in 2 hrs.

Mo, Ta, W

Opaque coating in several
hrs.

Al, Be, C, Cr, Mg, Si

Extremely low sputtering rate

Frank Lee on Sputtering
This is one section from Lee’s Experiments in High Vacuum dating from the 1960 timeframe. - Ed.
Sputtering is a method of coating objects with a metal film by deposition from a gas discharge. When a gas discharge is
produced, the metal of the electrode gradually evaporates into the gas. The principles are not well understood. The metal
plates out on any nearby surface. The metals most easily sputtered are the low melting noble metals such as silver, gold
and palladium. Highly reactive metals such as aluminum and magnesium do not sputter well. Almost any gas including
air may be used for the atmosphere.
The pressure in the chamber is usually adjusted to give a dark space roughly as long as the distance of cathode to
object. AC or DC current may be used, DC being preferred. If DC is used the silver cathode of course must be connected
to the negative terminal. The voltage required ranges from 1000 to 15000 volts. Silver will produce an opaque coating in
about one hour. The illustration from Frank Lee’s booklet is in Figure 1.41 on the next page.
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Figure 1.41 - Frank Lee’s Sputtering
Chamber - Reprinted with permission.

Simple Sputter Apparatus
Steve Hansen

This article originally appeared in Volume 9, Number 2.
The previous article presented some practical sputtering apparatus from books and manuals published between 1930 and
the late 1950s. This article will look at some easy to build sputtering systems for depositing metal films on small
substrates.
A very common small-scale application for sputtering is for the deposition of gold conductive coatings on samples in
scanning electron microscopy (SEM). Many samples are nonconductive and, when the SEM’s electron beam impinges on
the sample’s surface, it becomes negatively charged. The accumulated charge will then distort the beam as the analysis
progresses. As a result, the SEM image becomes distorted.
SEM sputter coaters are available from a number of suppliers [1]. They are usually table-top units that contain a
mechanical vacuum pump, dc power supply (rf is used in some cases - we’ll discuss rf sputtering in the next installment),
argon flow controller, pressure gauge and a small chamber with the sputtering target and substrate fixture. Such units
usually have prices in the range of $5,000 to $20,000.
A homemade SEM sample coater was described by R. B. Bolon in 1975 [2]. His apparatus was assembled inside a
commonly available plastic desiccator. Figure 1.42 illustrates Bolon’s chamber with its fixturing.
Bolon used phenolic tubing (try to find something a bit better as phenolic outgasses rather badly) to support the
target and brass electrode platforms. The cathode support was made to telescope so that the target to substrate distance
could be adjusted (1.5 cm separation at 0.1 Torr worked well). The target (0.05 mm gold foil) was bonded to the cathode
with conductive silver epoxy.
Bolon’s power supply (see Figure 1.43) is interesting in that it provides a low current reverse bias on the alternate
half cycle. His step up transformer was rated at 600 volts and 120 mA and the original circuit had no means to control the
primary voltage. Given the wide availability of microwave oven transformers (about 3 kV at several hundred mA) these
are an excellent alternative but there should be a way to reduce the secondary voltage to a more appropriate level. This
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puts fewer demands on the current limiting
Cathode Feedthrough
resistors that have to be placed in the secondary
(Threaded hardware with O-ring)
circuit. (Do not connect a microwave oven
transformer that is not equipped with current
limiting resistors to a sputtering apparatus. You
will get currents that are excessively high resulting
Plastic Vacuum
in damage to the target, substrate and possibly the
Desiccator
chamber.) Two current limiting resistors were
used: R1 (2.5k at 25 watts) provides a higher
Ceramic
current; R2 (10k at 25 watts) is for lower current
Sleeve
Cathode
sputtering. Note that the output of this supply is
positive i.e. the hot lead gets connected to the
Target Foil
substrate holder of Figure 1. Flip the diode (and
Substrate
ammeter connections) if a negative output is
Anode/Substrate
desired.
Platform
R3 and R4 (50k and 200k) are 2 watt resistors
that provide the previously mentioned reverse bias
Epoxy
during the alternate half cycle. Bolon’s article
states that this reverse current, about 5% of the Anode Feedthrough
forward, helps to keep the sample clean and also
stabilizes the glow discharge. I have not seen any
other reference to this but I would appreciate any
comments from others who are more familiar with
sputter than I am about this feature of the supply.
Figure 1.42 - Sputter Apparatus Based on
My sputtering power supply is as described except
Plastic Desiccator. Adapted from Ref. 2.
that I have not yet tried the reverse bias
component.
Since Bolon was only sputtering gold it was
not necessary to use anything other than air as the sputtering gas. Argon would be required for sputtering reactive metals.
My simple chamber and its associated fixturing is shown in Figure 1.44. The chamber is the same Ace Glass, Inc.
addition funnel (catalog number 5822-15) that I use for a lot of vacuum apparatus. (See, for example, Vol. 2, No. 4 or
page 2-26 of the First Five Years compilation.) The feedthrough for the cathode is a 25mm Ace-Thred that is sized for a
1-inch diameter rod or tube. Target to substrate separation is easily adjusted with the Ace feedthrough. Substrates up to
about 2 inches in diameter can be accommodated in this little chamber.
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Figure 1.43 - DC Power Supply. Adapted from Ref. 2.
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[2] R.B. Bolon, Inexpensive dc sputtering system for scanning electron microscopy, Review of Scientific Instruments, 46
(10), pg. 1421, October 1975.
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On the Electro-Chemical Polarity of Gases
By W. R. GROVE, Esq., M.A., F.R.S.

Received January 7, - Read, Apri1 1, 1852
Reprinted from Philosophical Transactions, Royal Society London, Vol. 142, pp. 87-101 (1852)

The different effect of electricity upon gases and liquids has long been a subject of interest to physical inquirers. There
are, as far as I am aware, no experiments which show any analogy in the electrization of gases to those effects now
commonly comprehended under the term electrolysis. Whether gases at all conduct electricity, properly speaking, or
whether its transmission, is not always by the disruptive discharge, the discharge by convection, or something closely
analogous, is perhaps a doubtful question but I feel strongly convinced that gases do not conduct in any similar manner to
metals or electrolytes.
In a paper published in the year 1849 [1], I have shown that hydrogen or atmospheric air intensely heated, showed no
sign of conduction for voltaic electricity even when a battery of very high intensity was employed.
In the Eleventh, Twelfth and Thirteenth Series of FARADAY’s Experimental Researches, the line of demarcation
between induction across a dielectric and electrolytic discharge is repeatedly adverted to; induction is regarded as an
action of continuous particles, and as a state of polarization anterior to discharge, whether disruptive, as in the case of
dielectrics, or electrolytic, as in electrolytes. See 1164-1298-1345-1368, &c.
Mr. GASSIOT, in a paper published in the year 1844 [2], has shown that the static effects, or effects of tension,
produced by a voltaic battery, are in some direct ratio with the chemical energies of the substances of which the battery is
composed; in other words, that in a voltaic series, whatever increases the decomposing power of the battery when the
terminals are united by an electrolyte, also increases the effects of tension produced by it, when its terminals are
separated by a dielectric.
In none of the above papers, and in no researches on electricity of which I am aware, is there any experimental
evidence that the polarization of the dielectric is or may be chemical in its nature, that, assuming a dielectric to consist of
two substances having antagonist chemical relations, as for instance, oxygen and hydrogen, the particles of the oxygen
would be determined in one direction, and those of the hydrogen in the other; the only experimental result bearing on this
point with which I am acquainted, is the curious fact which was observed by Mr. GASSIOT and some other electricians
who experimented with him in the year 1838, viz. that when two wires forming the terminals of a powerful battery were
placed across each other, and the voltaic arc taken between them, the extremity of the wire proceeding from the positive
end of the battery was rendered incandescent, while the negative wire remained comparatively cool; it was at that time
believed that there was some effect exhibited here extra the voltaic circuit. Shortly afterwards I showed that with all, or at
all events a great number of metals, the positive terminal was more heated than the negative, and that the portion of the
crossed wire which was positive became more incandescent than that of the negative, from the greater heating effect
developed at the point when the disruptive discharge took place. I suggested as an explanation of this phenomenon, the
possibility that in air, as in water, or other electrolyte, the oxygen or electro-negative element was determined to the
positive terminal, and that from the union of the metal with that oxygen a greater heating effect was developed. This, with
some other impressions, I mentioned in a letter to my friend Dr. SCHÖNBEIN, not intended for publication, but which
shortly afterwards found its way into print [3].
Though by no means thinking that this explanation was in every respect satisfactory, there were many arguments in
its favour, and the fact strongly impressed my mind as evincing a very striking difference in character between the effect
of the discharge at the positive and negative terminals, and as presenting, as far as it went, a distant analogy to the effect
of electrolysis.
In the year 1848, while experimenting with Mr. GASSIOT with a nitric acid battery consisting of 500 well insulated
cells, I made the following experiment: -Two wires of platinum 1/40th of an inch in diameter, forming the terminals of
the battery, were immersed in distilled water; the negative wire was then gradually withdrawn until it reached a point a
quarter of an inch distant from the surface of the water. A cone of blue flame was now perceptible, the water forming its
base, and the point of the wire its apex; the wire rapidly fused, and became so brilliant that the cone of flame could be no
longer perceived, and the globule of fused platinum was apparently suspended in air and hanging from the wire; it
appeared sustained by a repulsive action like a cork ball on a jet d’eau, and threw out scintillations in a direction away
from the water. The surface of the water at the base of the cone was depressed and divided into little concave cups, which
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were in a continual agitation. When the conditions were reversed and the negative wire immersed, the positive wire
being at the surface, similar phenomena ensued, but not nearly in so marked a manner; the cone was smaller, and its base
much more narrow in proportion to its height.
This experiment, the beautiful effect of which requires to be seen to be appreciated, indicates a new mode of
transmission of electricity partaking of the electrolytic and disruptive discharges. Not possessing a battery of this
enormous intensity, I have not been able to examine this phenomenon more in detail; but I have from time to time made
many other experiments on the voltaic arc taken in various gaseous media, with the view of ascertaining the state of the
intervening media anterior to, during, and after the discharge; these experiments have hitherto given me no results of any
value. In the voltaic arc, the intense heat developed so affects the terminals and so masks the proper electrical effect, that
the difficulty of isolating the latter is extreme; and I have latterly sought for some modified form of electric discharge
which should be intermediate between the voltaic are and the ordinary Franklinic discharge, or that from the prime
conductor of a frictional machine; for something, in short, which should yield greater quantitative effects than the
electrical machine, but not dissipate the terminals, as is done by the voltaic arc.
An apparatus, to which M. DESPRETZ was kind enough to call my attention recently at Paris, seemed to promise me
some aid in this respect. It was constructed by M. RUHMKORFF, on the ordinary plan for producing an induced current,
viz. a coil of stout wire round a soft iron core, with a secondary coil of fine wire exterior to it, having an ingenious
self-working contact breaker attached; from the attention paid to insulation in the construction of this apparatus, very
exalted effects of induction could be procured. Thus in air rarefied by the air-pump, an aurora or discharge of 5 or 6
inches long could be obtained from the secondary coil, and in air of ordinary density a spark of one-eighth of an inch
long.
I procured one of these apparatus from M. RUHMKORFF; the size of the coil portion of the apparatus is 6.5 inches
long, 4 inches diameter; the length of the wires forming the coils are (I give M. RUHMKORFF’S measurements) solid wire,
30 metres long, 2 millimetres diameter, 200 convolutions; fine wire, 2500 metres long, 1/4 metre diameter, 10,000
convolutions. These measurements will only be taken as approximative, and indeed the exact size is immaterial to the
consideration of the experiments which I am about to detail. I will not give my experiments in the order in which I made
them, as I should have to describe many fruitless ones, but I will place first that which I consider the most important and
fundamental.
1st. On the plate of a good air-pump was placed a silvered copper plate, such as is ordinarily used for
Daguerreotypes, the polished silver surface being uppermost. A receiver, with a rod passing through a collar of leathers,
was used, and to the lower extremity of this rod was affixed a steel needle, which could thus be brought to any required
distance from the silver surface; a vessel containing potassa fusa was suspended in the receiver, and a bladder of
hydrogen gas was attached to a stopcock, another orifice enabling me to pass atmospheric air into the receiver in such
quantities as might be required. (See a figure and description of the apparatus at the end of this paper.) A vacuum being
made, hydrogen gas and air were allowed to enter the receiver in very small quantities, so as to form an attenuated
atmosphere of the mixed gas: there was no barometer attached to my air-pump, but from separate experiments I found the
most efficient extent of rarefaction for my purpose was that indicated by a barometric height of from half to
three-quarters of an inch of mercury; and except where otherwise stated, a similarly attenuated medium was employed for
all the following experiments.
Two small cells of the nitric acid battery, each plate exposing 4 square inches of surface, were used to excite the coil
machine, and the discharge from the secondary coil was taken between the steel point and the silver plate. The distance
between these was generally =0.1 of an inch, but this may be considerably varied. When the plate formed the positive
terminal, a dark circular stain of oxide rapidly formed on the silver, presenting in succession yellow, orange and blue
tints, very similar to the successive tints given by iodizing in the ordinary manner a Daguerreotype plate. Upon the poles
being reversed and the plate made negative, this spot was entirely removed, and the plate became perfectly clean, leaving,
however, a dark, polished spot occasioned by molecular disintegration, and therefore distinguishable from the remainder
of the plate.
The experiment was repeated a great many times, and with varying proportions of gas and I found that with
proportions varying from equal volumes of hydrogen and air to those of one volume of the former to two and a half of the
latter, the experiments succeeded; better, I should say, when there was rather an excess of hydrogen as compared with the
equivalent of oxygen in the atmospheric air; about one volume of hydrogen to one and a half of air succeeded well; when
excess of air was present, oxidation took place whether the plate was positive or negative, and when excess of hydrogen
was present no oxidation took place.
2nd. I experimented with an air vacuum (to borrow an expression of Dr. FARADAY), and found that oxidation took
place whether the plates were positive or negative, but in different degrees; when the plate was positive, a small circular
spot was rapidly formed, quickly deepening in colour, and apparently eating into the plate; when the plate was negative, a
large diffuse spot was formed, the oxidation was more slow, and the plate not so rapidly corroded.
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3rd. I now operated with a hydrogen vacuum; when the plate was clean no discoloration took place, the plate
retained its polish, though after a long continuance of the discharge a molecular change was perceptible, producing a
frosted appearance to the mercurialized portions of a Daguerreotype.
When the plate had been previously oxidated by the discharge in an air vacuum, the oxidation was rapidly and
beautifully cleared off by the discharge in the hydrogen vacuum, and this whether the plate was positive or negative, the
effect being, however, better and more rapidly produced in the latter case.
4th. I substituted respectively for the steel needle, wires of copper, silver and platinum, and found the effect
produced by all and with nearly equal facility; if there were any difference, the platinum point was the least efficient; this
may be due to the peculiar effect of platinum in itself combining the gases, or to its inoxidizable character, the oxygen
being thrown off from its surface, and not uniting with, it as with the more oxidable metals; the flame or luminous
appearance which surrounded the wire when the platinum was negative, was larger and more diffuse than with the other
metals.
5th. As air, notwithstanding its containing a great excess of nitrogen, gave an effect of oxidation at both electrodes,
though different in degree, I increased the proportion of nitrogen by passing into the receiver nitrogen which had been
formed by the slow combustion of phosphorus, the phosphorous acid having been well washed away, and potash being
always in the receiver; no more air was allowed to be present than the very small quantity contained in the apertures of
the stopcock; with this mixture, viz. a maximum of nitrogen and a minimum of oxygen, and rarefied as before, a similar
effect was produced to that shown in the mixture of air and hydrogen, the positive plate being oxidated by the discharge,
and the spot when made negative being reduced. The effect of reduction was not so rapid or so readily produced as when
hydrogen was used, but was very decided.
6th. With nitrogen, as much deprived of oxygen as I could procure, the colours of oxidation were not exhibited, but a
dark spot apparently due to disintegration was produced, which was not removed by the plate being made negative; if,
however, the coloured spot was produced by the plate being made positive in an air vacuum they were removed by the
plate being made negative in a nitrogen vacuum, leaving, however, a darker spot than that which was exhibited when
they were reduced in hydrogen. Even when produced in an air vacuum, and then a very perfect exhaustion effected, such
as would reduce the mercury in the barometer to the height of 1/20th of an inch, the spot was partially reduced when the
plate was made negative.
7th. An oxyhydrogen vacuum was formed, the gases being in the proportion in which they form water; and thanks to
the attenuated atmosphere, it was easy to take the discharge in this mixture without producing detonation or any sudden
combination of the gases, a possibility pointed out by GROTTHUS [4]. With this mixture the effect took place as with the
mixture of atmospheric air and hydrogen. I expected it to have been more efficient, but it was rather less so than the
mixture of air and hydrogen; whether it be that the presence of nitrogen lessens the tendency to combine of the gases
oxygen and hydrogen, and thus enables the electrical polarization and discharge to operate more efficiently, whether the
nitrogen has a specific effect in aiding the electrochemical effect, as I have shown it has in one peculiar case [5], or
whether any unknown effect of nitrogen is concerned, I do not undertake to pronounce; I can only say that in. several
repetitions of the experiment, it appeared to me that the mixture of atmospheric air and hydrogen was more efficient in
exhibiting this phenomenon than that of oxygen and hydrogen.
8th. Different proportions of oxygen and hydrogen were employed, and here also I found that within a tolerably wide
margin I could vary the proportion of the gases; three volumes of hydrogen to one volume of oxygen I found to be a very
efficient mixture.
9th. I now substituted for the silver plate, plates of the following metals: - bismuth, lead, tin, zinc, copper, iron and
platinum, the former three metals being burnished, the latter polished.
Bismuth showed the effect nearly, if not quite as well as silver; it was oxidated in an air vacuum, reduced in a
hydrogen vacuum, and oxidated or reduced in the mixed gas according as it formed the positive or negative terminal.
Lead oxidated easily, but the spot of oxide could with difficulty be reduced. Tin, zinc and copper required the
admission of a great quantity of air to produce oxidation; and I could not succeed in reducing the oxide by the electrical
discharge, at least so as to restore the polish of the plate; a blackening effect was in some degree produced. Iron was not
oxidated until the receiver was nearly filled with air, and then a small spot of rust was formed which I could not reduce.
With all the metals a slight whitish film like the mercurialized portion of a Daguerreotype was visible beyond the circle
marked by the discharge when the plate was rendered positive, which film was removed by negative electrolization in a
hydrogen vacuum; it seemed to me that this film as well as others among those I have described, was affected by light,
but I did not turn aside to examine this effect. Platinum showed no effect either of oxidation or reduction.
10th. As it was impossible to operate with an atmosphere of chlorine with the apparatus which I possessed, and
wishing to vary the electro-negative element, I iodized a silver plate by the vapour of iodine to a deep blue colour, and
then made it negative in an atmosphere of hydrogen; the iodine was beautifully removed in circle or disc opposite the
point which formed the positive terminal.
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11th. I now substituted for the coil apparatus a very good electrical machine, the cylinder of which was 16 inches
diameter, and the prime conductor of which, when the machine was properly excited, gave a spark of 8 inches long. With
this machine, and in an attenuated atmosphere of one volume hydrogen plus two of atmospheric air, I produced the
effects of oxidation and reduction very distinctly, the plate being in turn connected with the conductor and with the
ground; but the comparative minuteness of the spot after many turns of the machine, showed the great superiority of the
coil machine for producing quantitative effects over the ordinary electrical machine; and I question whether I should have
detected the phenomenon with the latter, had I not become previously well acquainted with it by the former apparatus.
Probably an extensive series of the water battery or a steam hydroelectric machine would succeed equally well, or better
than the coil machine.
12th. A solution of hyposulphite of soda removed the spots formed by electrization from the silver plate just as it
removes the iodine from an iodized plate.
13th. In some of the above experiments I remarked a tendency in the spots produced by the discharge, to show
circles or zones of oxidation in different degrees, and in a more marked manner than would be accounted for by the
different colours of the thin films of oxide formed. I determined to examine this effect, and selected, after some
experiments, an atmosphere of one volume oxygen mixed with four volumes of hydrogen, and attenuated by the air-pump
as in the previous experiments. The plate was made positive, and the point was placed successively opposite different
portions of the silver plate, at distances of 1/50th, 2/50ths, 3/50ths, 4/50ths and 5/50ths of an inch. The results are given,
as nearly as I can copy them, in the accompanying Plate, figs. 1 to 5. The colour of the central spot was a yellow-green in
the centre, surrounded by a blue-green, then a clear ring of polished silver, then an outer ring crimson, with a slightly
orange tint on the inner side and deep purple on the outer; the exterior portion of the spot was, as far as my eye could
judge, of a colour complementary to the interior of the external ring and the central portion of the spot of a colour
complementary to the exterior portion, of the ring. The colours varied with the time, density of gas and other conditions,
but generally showed this complementary tendency. Symptoms of a faint polished ring were visible beyond the outer
ring, and could be rendered more distinct by breathing on the plate. As the distance between the point and the plate was
increased the colours became fainter, and the rings more diffuse, and beyond the distance I have given nearly lost their
defined character; but the first three distances or those of 1/50th, 2/50ths and 3/50ths of an inch, gave very beautifully
defined rings. The luminous appearance on the needle in these experiments extended from three-fourths of an inch to an
inch from the point. Frequently a small polished speck was visible, exactly opposite the point of the needle. See fig. 6.
When the plate was made negative, the other conditions being the same, a polished space appeared opposite the point of
the needle, surrounded by a dusky and ill-defined areola; its colour, when regarded from a point opposite the incident
light., was brown tinged with purple; and when in the same direction as the light, a greenish white, similar to the tint seen
on mildew or on some of the lichens: these spots were very different from the positive spots and in some degree the
converse of them; but they were not nearly so well defined or capable of being produced with the same uniformity. I
have endeavoured. to represent one of them at fig. 7.
14th. In order to ascertain whether the polished ring intervening between the oxidated central spot and oxidated
external ring were a mere negation of effect or an antithetic polar effect, such as would occasion reduction, I formed in an
air vacuum two large spots on a silver plate, with one the plate being made negative, and with the other positive,
oxidating them until they began to pass from deep orange to purple. I then perfectly exhausted the receiver, swept it with
the gas employed in the last experiment, and then took the discharge in a vacuum of that, gas, viz. one volume oxygen +
four hydrogen; the plate being positive and the needle 2/50ths of an inch over the centre of each spot in turn, a ring of
clear polish was formed rapidly in both the dark discs, just at the distance where the ring of polish appeared in the last
experiment. I then exposed a clean portion of the plate to the needle without any other change, and on allowing the
discharges to pass, formed the rings just as in the last experiment.
15th. I examined some of the spots with an achromatic microscope, magnifying 200 diameters; I could not, however,
discover any feature which the naked eye did not show, or any peculiar molecular state; the polishing scratches on tile
plate were highly magnified, but the electrized spots only showed more dimly the colours or the lights and shadows
which they exhibited to the naked eye.
16th. I took the discharge on a silver plate in vacua of the following gases respectively: - Oxygen, protoxide of
nitrogen, deutoxide of nitrogen, carbonic acid, carbonic oxide and olefiant gas.
The first four gases presented nothing remarkable, the plate was oxidated whether positive or negative, as in a
vacuum of atmospheric air. In the protoxide of nitrogen the colour of the discharge was a beautiful crimson on both
terminals.
In deutoxide of nitrogen a greater tendency to reduction was shown when the plate was negative than in the other
three gases, and there was a tendency to the formation of rings. In carbonic oxide the plate was oxidated when positive,
and the oxide reduced when negative, just as with a vacuum of air and hydrogen, but rather more slowly; with a mixture
of five volumes of carbonic oxide and one volume of oxygen, the rings were formed very distinctly, particularly if the
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plate was made negative first, and then positive. The luminous spot on the plate, when positive in this gas, was coloured
green.
When the plate was negative in olefiant gas it darkened, showing the rings of colour produced by thin plates, and
very distinct from the other rings of which I have spoken. After a short time a pulverulent deposit was formed on the
plate, giving brilliant sparks or stars of light which were not shown by any other gas.
This deposit was too minute for analysis, but I have no doubt, from the gas used and the appearances presented, it
was carbon.
I have given in the above experiments the conditions under which they succeeded best; but upon repetition, although
the exact volumes of gases and other conditions were carefully attended to, they sometimes required a slight alteration to
succeed, variations taking place from causes which I could not detect; thus it was sometimes necessary to add a little
more hydrogen, sometimes a little more oxygen or air, to alter slightly the state of attenuation in the gas, &c.
The necessarily varying condition of the battery, and the state of the contact :breaker, slight impurities in the gases or
on the surface of the plates would be quite sufficient to account for those irregularities. I mention them for the guidance
of any one who may wish to repeat the experiments; a very little practice will enable any electrician to have the results at
his command. When there is too great a proportion of air or oxygen, oxidation takes place at both poles; when too much
hydrogen, reduction takes place at both; and to effect oxidation or reduction by reversing the direction of the discharge,
an intermediate condition is requisite; so if the gas be not sufficiently attenuated the oxidation is too rapid, and the plate
too much corroded to bring out the effects clearly; if too much attenuated, too long a time is required and the effect is
feeble and indistinct.
I have above selected all the experiments which I consider material in this, I believe, new class of phenomena. The
spots produced by electrical disclaims, both on conducting bodies and on electrics, have been before noticed and
experimented on, one class by PRIESTLEY [6], and another class by KARSTEN [7] and others, but as far as I am aware no
distinct electrochemical action in dry gases, depending upon the antithetic state of the terminals and presenting a definite
relation of the chemical to the electrical actions in gaseous media, has been pointed out. I now proceed to consider the
relation which these results bear to other electrical phenomena.
As may be gathered from my opening remarks, the experiments above detailed appear to me to furnish a previously
deficient link in the chain of analogy connecting dielectric induction with electrolysis. The only satisfactory rationale
which I can present to my own mind of these phenomena is the following. The discharges being interrupted (as is evident
from the nature of the apparatus, and may be easily proved by agitating a mirror near them and regarding their reflected
images in the moving mirror), the gaseous medium is polarized anterior to each discharge, and polarized not merely
physically, as is generally admitted, but chemically, the oxygen or cation being determined to the positive terminal or
anode, and the hydrogen or cation being determined to the negative terminal or cathode; at the instant preceding
discharge there would then be a molecule or superficial layer of oxygen or of electro-negative molecules in contact with
the anode, and a similar layer of hydrogen or of electro-positive molecules in contact with the cathode, in other words,
the electrodes in gas would be polarized as the electrodes in liquid are. The discharge now takes place, by which the
superficial termini of metal or of oxide, as the case may be, are highly ignited or brought into a state of chemical
exaltation at which their affinities can act; the anode thus becomes oxidated, and the cathode, if an oxide, reduced. I have
elsewhere [8] shown strong reasons for assuming that the electric or voltaic discharge, the moment polarity is subverted,
may be regarded as an intensely heated state of the electrodes, and of the intermedium across which it passes; and my
present explanation is perfectly consistent with and derivable from my previous views of the disruptive discharge.
Two other theories might be proposed to account for the phenomena I am considering; the one, that, the disruptive
discharge itself is analogous to the electrolytic, and that the oxygen and hydrogen are reciprocally transferred by the
discharge itself; this would not,, I think, be consistent with the generally known facts connected with the discharge, and is
entirely ineffectual in explaining the experiments 2nd and 3rd, where either the positive or negative terminal can be made
either to oxidize or reduce, according to the nature of the chemical medium present, while these experiments are entirely
in accordance with, and the results of them flow as a necessary consequence of, the view first advanced. The other theory
which may be advanced is, that by dielectric induction the gases may be bodily separated, a layer, not molecular, but
corporeal or voluminous, if I may be allowed these expressions, of oxygen being developed on the side next the anode,
and one of hydrogen next the cathode, the gas intervening between the terminals being thus divided, as it were, into two
halves: this would certainly be a most curious phenomenon, but I believe it to be so inconsistent with the vast mass of
accumulated facts in electrical science, and likely to have produced in cosmical phenomena so many results which, if
existing, must long ere this have been detected, that I will not do more than advert to it.
I have adopted the views which I have first stated as being the least removed from ordinary theories or modes of
regarding electrical phenomena, and because in the present instance I can present the phenomena in no other way which
is in the least degree satisfactory to my own mind, which this view to me well accounts for them. Assuming then for the
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present this view, we get a close approximation, I may say an identity of the state of polarization in gaseous
non-conducting dielectrics, and in electrolytes anterior respectively to discharge or to electrolysis.
FARADAY observes, Experimental Researches, 1164, “In an electrolyte induction is the first state, and decomposition
the second.” My present experiments show, I believe, that in induction across dielectrics there is a commencement, so to
speak, of decomposition, a polar arrangement not merely of the molecules, irrespective of their chemical characters, but a
chemical alternation of their forces, the electro-negative element being determined or directed, though not travelling in
one direction, and the electro-positive in the opposite direction.
This arrangement is only evidenced at present, as it is in electrolysis, by the action at the polar extremities or termini
of the dielectric; possibly future researches may show, by the action of polarized light, by magnetism or some other
means of analysis, that the polarity extends, as we theoretically believes it does, through the whole intervening matter.
In the Experiment No. 5 with oxygen and excess of nitrogen, reduction takes place by the effect of negative
electricity and heat, at least there seems every reason from analogy to believe that the effect of the nitrogen is only
negative, protecting the plate from oxygen, or at furthest catalytic, aiding the reduction as sulphuric acid aids the
electrolysis of water. Upon the state of association of the gases in what is generally called mixture, I venture an opinion
with the greatest diffidence. I have always inclined to the opinion that the difference between physical admixture, as it is
termed, of gases and chemical union, is one of degree, and the views of DALTON ever presented to my mind grave
difficulties [9]. My present results seem to me in favour of the chemical view as otherwise we can scarcely imagine
electricity as effecting in the instances given a merely physical separation; it may indeed be said that there is composition
and decomposition produced by the same discharge, but this is very difficult to conceive, and can hardly apply to the
cases of oxygen with nitrogen and of carbonic oxide.
In the experiments I have detailed, the flame or visible effect of the electric discharge coincided with the chemical
effect; when the plate was positive, a small globule of flame of a purple colour was visible on the part of the plate
attacked, and , a bluish flame extended over an inch or more of the needle. When the plate was negative, a wider and less
defined disc of blue flame extended over the part of the plate opposed to the positive point, like a splash of liquid thrown
upon it, and a pencil of light appeared on the point. Sometimes, but not always, this flame avoided the oxidated portion,
probably from its inferior conducting power; and when this was the case reduction took place in a much slighter degree,
or not at all; sometimes, and I observed this particularly with bismuth, the flame attached itself to the oxidated portion,
and then reduction immediately followed. Here, as in all the electrical phenomena that I can call to mind, we get the
visible effects of electricity associated with physical changes in the matter acting, changes of state in the terminals,
polarization of the intervening medium, or both [10]. These experiments furnish additional arguments for the view which
I have long advocated, which regards electricity as force or motion, and not as matter of a specific fluid [11].
The chemical polarity of gases shown, as I believe, in this paper, associates itself with an experiment which I made
known in a lecture at the London Institution in the year 1843 [12], and which was subsequently verified by Mr. GASSIOT
[13] with more perfect apparatus than I possessed, viz. that when discs of zinc and copper are closely approximated, but
not brought in contact, and then suddenly separated, effects of electrical tension are exhibited, the one disc making the
electroscope diverge with positive, and the other with negative electricity, showing that the effects ascribed by VOLTA to
contact can be produced without contact and by mere approximation, the intermediate dielectric being polarized, or a
radiation analogous, if not identical, with that which produces the images of M OSER taking place from plate to plate.
The present experiments also associate themselves with the gas battery, where, through an electrolyte is used as the
means of making the action continuous, or producing what is called current electricity, the initiating effect is gaseous
polarity, the films of gas in contact with the respective plates of platinum having antithetic chemical and electrical states.
The results detailed in Experiment 13th appear to open a new field of research. PRIESTLEY observed concentric
circles produced by the electrical discharge from a powerful Leyden battery, which be describes as consisting of minute
cavities and globules of fused metal [14]. In my experiments there is an alternation of oxidation and reduction, a medium
capable of producing both being present; the lateral effect and complementary colours have to my mind something
closely resembling the phenomena of interference in light, although from the polar character of the force, it is difficult to
imagine any precisely analogous condition of electricity. The discharge taking place from different parts of the needle
and extending from its point to a considerable distance over its surface, would give different lengths for the lines of
polarization and discharge to the different parts of the disc on the silver plate affected by the discharge; and assuming
electricity to be propagated by undulations, there would be interference; but instead of alternations of light and darkness
we get alternations of positive and negative electricity. The ring of polished metal between the central spot and the
exterior ring, quite distinguishes these rings from the ordinary colours of thin plates, i.e. colours, the annular succession
of which depends only on the different thicknesses of the film; here doubtless the colours of the oxidated portions are
colours of thin plates. Experiment 14 shows clearly that the action by which the polished ring is formed is a polar action
of the discharge, and not a mere absence of action.
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When the plate is negative, the effect is, as I have observed, less marked and more uncertain; but in this case it
should be recollected that the visible discharge issues from the point, and does not extend, or extends to a very small
degree, over the surface of the needle.
If the phenomena were such that the central portion were always clear, while around it was one, and only one circle
of oxide, it might be accounted for by the hypothesis, that the lines of polarization and discharge between a point and flat
surface, assume the form of a hollow cone, but a cone of negative bounded by cones of positive action, still gives the idea
of some lateral fits or phases of undulation.
The high rarefaction of the medium by the discharge, and its intermitting character, might occasion pulsations by the
inrushing of the surrounding gas, and thus vacua in circles might be formed at the places where the action of oxidation is
rendered null; but this view is, I think, inadmissible; it does not account for the effects obtaining only in certain mixtures,
it does not account for the reducing action, the, plate being positive, and presents other difficulties. The point involved in
Experiments 13 and 14, though not perhaps the least valuable one given in this paper, presents apparently a wide field of
inquiry; I therefore will not further dilate on it at present, and hope to make it the subject of future investigation.
December 27, 1851

POSTSCRIPT
April 24th
I may, I trust, be permitted to add to this paper one or two experiments on the subject list discussed. Assuming that the
alternations of oxidation and reduction were produced by interference in consequence of the discharge proceeding from
successive points of the terminal or terminals, a difference of effect might be anticipated if the electricity passed from a
point only, and not from a line as was the case in Experiment 13. I therefore sealed a platinum wire 1/60th of an inch in
diameter into a piece of glass tubing, and then ground the extremity to a flat surface, so that the section only of the wire
was exposed; this wire was placed opposite, and at 0.07 of an inch distance from the polished silver plate, in a mixture of
one volume of oxygen with five volumes of hydrogen attenuated until the barometer stood at half an inch; discharges
from the secondary coil were then passed, the plate being positive, and a round dark spot of oxide formed represented at
fig. 8; the platinum sealed in glass was then removed and the steel needle substituted for it all else, viz. plate, gas,
barometer height, &c., being the same: the system of rings represented at fig. 9 was now produced.
Another experiment was made, directed to the same point: a wire of copper 0.04 inch diameter, and a thread of glass
of the same diameter were attached by sealing-wax at their extremities in a horizontal position 0.025 of an inch from
different parts of a silver plate, being insulated from the silver by the wax interposed at the extremities. The gaseous
mixture and barometric height being the same as in the last experiment, and the silver plate made positive, when the
platinum wire sealed in glass was brought near the plate, and the discharge passed, a spot similar to fig. 8 was formed;
but when the coated point of platinum was brought over the copper wire at 0.02 inch distance, a figure consisting of two
separated semicircles was formed having spots in the bisection of the chords, as shown at fig. 10, the portion between the
spots and the semicircular line of oxide being of polished silver. With the glass thread the effect was the same, but
produced with greater difficulty and not so well defined.
In many repetitions of these experiments which I have made, I have invariably produced the alternately polished and
oxidated rings from the bare wire, and have not procured them from the coated wire, except to a very slight degree, and
under certain circumstances, which, at far as I could trace, were as follows: 1st. When the extremity of the wire was very near the plate, so that it had a sensible magnitude with reference to the
intervening space, a slight formation of minute rings could be detected at the commencement of the experiment.
2nd. When the experiment was long continued, or when the coated platinum wire bad been used for previous
experiments, a set of rings, not consisting of an alternation of oxidated and polished rings, but of annuli of different,
degrees of oxidation, were formed.
When the experiment is continued for some time, a dark deposit is formed on the glass around the extremity of the
platinum wire, given an extended conducting surface; and this may be the reason why such rings are formed, though
these rings, in all the cases which I have observed, differ broadly from the rings formed by the bare needle or wire, not
having the interposed spaces of perfectly bright silver; and in all the cases the difference of effect produced by the coated
and the bare wire is very marked; in by far the greater number of experiments, when proper precautions are taken, not the
slightest formation of rings takes place with the coated wire; with the bare wire, in the gaseous mixture last mentioned, I
have always seen them formed.
Thus there are three systems of rings which may be formed by the discharge. First, rings such as those seen in the
ordinary cases of thin plates ; these I have only observed with olefiant gas; though probably there are many other
conditions in which they may be produced. Secondly, rings formed by the superposition of layers of oxides, possibly
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arising from the fact that at certain definite periods portions of the plate become by oxidation inferior conductors, and
other portions are attacked, and being at a different distance undergo a different molecular change by oxidation. Thirdly,
and to me far the most interesting set of phenomena are presented by the rings alternately bright and oxidated, showing
effects of oxidation and reduction by the same current on the same plate, and which only take place in certain gaseous
mixtures, of which, up to this time, one volume oxygen + five volumes hydrogen is the most efficient which I have
obtained.
I cannot at present see any better mode of explaining these phenomena than by regarding them as analogous to the
phenomena of interference in light, though doubtless if this be a right view, the very different modes of action of light
and electricity would present very numerous phenomenal distinctions. Alternations of opposite polar electrical actions in
the discharges passing in the same direction are, I think, very clearly shown in these experiments and this appears to me a
result worthy of attention.
Though acquainted with NOBILI’s beautiful experiments on the formation of coloured rings by deposition in
electrolyzed liquids, yet as I was working on gases it did not occur to me to refer to his memoirs [15]; I have done so
since making the experiments given in this Postscript, and find that with regard to the rings so formed by electrolysis, he
suggests interference as a possible explanation.
The dark space in the discharge to which FARADAY has called attention, may possibly be connected with these
phenomena. I have observed, that in a well-exhausted receiver containing a small piece of phosphorus, the discharge is
throughout its course striated by transverse non-luminous bands, presenting a very beautiful effect, and a yellow deposit,
which, as far as I have yet examined it seems to be allotropic phosphorus, is deposited on the plate of the air-pump and on
the neighbouring substances; to show this effect well the needle should be positive and the plate negative, and the
distance between them about an inch.
I could dilate much further on these experiments, but have already trespassed perhaps too far for a Postscript.
Variations in the form of the terminals, in the nature of the gas, vapour, or gaseous mixture, in the density of the gas, in
the intensity and quantity of the discharge, in the nature of the plate, &c. will occur to those who may feel inclined to
repeat these experiments, and if I am not oversanguine, promise results of much interest.

DESCRIPTION OF THE PLATE
Figures 1 to 10 show the spots and rings in the order referred to: it should be observed that printed figures give but a very
imperfect notion of the actual effects.
Fig. 11 is the coil apparatus, the contact breaker being in front.
Fig. 12. The air-pump, of a construction which I proposed many years ago, and have found most useful for electrical or
chemical experiments on gases.
P. An imperforate piston, with a conical end, which, when pressed down, fits accurately the end of the tube, the apex
touching the valve V, which opens outwards.
A. Aperture for the air to rush from the receiver when the piston has been drawn beyond it.
B. Bladder containing the gas to be experimented on.
The piston-rod works air-tight in a collar of leathers, and the operation of the pump will be easily understood without
further description. If it be required to examine the gas after experiment, a bladder, or tube leading to a pneumatic trough,
can be attached at the extremity over the valve V.
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Education
Vacuum pumps that are used in the HVAC trade offer an economical path for medium vacuum experiments. This article
details a simple manifold and chamber options for a simple vacuum system that is suitable for the hobbyist and educator.
Please visit the Educational Products page (http://www.belljar.net/educational/eduproducts.htm) for more information
and ideas.

HVAC Vacuum Pump, Manifold & Chambers
Steve Hansen
This is an updated version of an article that appeared in Volume 7, Number 1.
INTRODUCTION
This article describes a simple and relatively inexpensive bell jar type system that is suitable for hobbyists as well as
middle and high school classroom use. It is based on a two-stage refrigeration service vacuum pump and a readily available plastic belljar/baseplate assembly. With a modest complement of hardware store plus some specialty items, the pump
and bell jar can be integrated into a flexible system which also includes a rudimentary provision for pressure control. I
have built a number of these systems for the American Vacuum Society's education outreach program and the results
have been good. An example of one of these is shown in the photograph below. The pump is a JB Industries DV-85N
rated at 3 cfm.
PUMP AND MANIFOLD

Figure 1.45 - Pump with Manifold
and Bell Jar.

I have used any number of the pumps that are offered to the refrigeration service
trade. In years past two major manufacturers were JB Industries and Robinair.
These manufacturers still have a strong presence but there is now a plethora of
Chinese import pumps. These vary wildly in quality and ruggedness so as a rule
I'd recommend the USA built pumps, especially Robinair's 2 stage 6 cfm pump
model 15600. The remainder of this article will use the Robinair as the basis for
the platform. (My pump is an older model in red, the newer Robinair
"CoolTech" pumps are blue.) The pump has a rated base pressure of 20
milliTorr and with a tight and clean system this is readily achieved.
The pump comes with a tee inlet fitting equipped with ½ inch and 1/4 inch
male SAE flare fittings (MFL). The ½ inch fitting is vertical and provides a
good conductance path to a vertically oriented manifold. The first task is to
adapt the flare to 1/4-inch pipe thread and this is done using a 1/2 female flare
adapter to 1/4" male NPT. The flare connection can be sealed either with a
copper flare gasket or with an o-ring that is inserted into the female flare fitting.
The manifold, as shown below, has three primary components that are
connected with a 1/4" brass cross: a KF16 flange for the attachment of a gauge,
a 1/8" needle valve with 1/4" hose barb for gas inlet control and a KF40 flange
for the chamber connection. The 1/4 MFL fitting on the pump's inlet manifold is
used with the provided o-ring sealed cap as the vent valve. All threads are sealed
with "5 minute" epoxy. A picture of the completed manifold is shown in Figure
1.46 on the next page.
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ADAPTING A PLASTIC BELLJAR
Nalge Company manufactures a low cost vacuum bell jar and base plate
under their Nalgene brand. These are available from a variety of science
supply houses for about $120. Edmund Scientific Co. has this item as
catalog number 3071338. A drawback of this simple chamber is the little
(low conductance) side port that is used for evacuation. I have developed a
modification of the baseplate as shown in the Figure 1.47 below.
Start by drilling a 9/16" hole in the exact center of the baseplate (this is
easy from the underside). I use an auger bit in a hand brace - the plastic is
soft and cuts easily. Tap the hole (3/8 NPT) from the bottom and only run
the tap deep enough such that the nipple is just a bit loose when the end of
the nipple is flush with the top of the plate. Coat the threads of the nipple
with clear epoxy and screw the nipple into the hole. Then feed more clear
epoxy into the area around the nipple. Use toothpick or other thin implement to break bubbles and work the epoxy into the volume. Don’t use fast
setting epoxy! I also rough up the plastic in this area with a Dremel tool
prior to gluing to give the epoxy something to grab to. When the area
Figure 1.46 - Manifold.
around the nipple is filled, slide the washer over the nipple, fill the remaining threads with epoxy and install the 3/8 to 1/4 adapter. I strongly recommend doing a dry assemby first if for nothing more than practice. Leave this assembly upside down until the epoxy has
cured. As for that tiny side port on the base plate, attach a short length of flexible rubber tubing and pinch it closed with a
pinchclamp

Figure 1.47 - Base Plate Details.

Figure 1.48 on the next page has pictures of the completed baseplate and the belljar and baseplate mounted on the
manifold and pump. Note that the plastic used in the Nalge product is gassy so only modest base pressures will be achievable. This should be in the 100-150 milliTorr range
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Figure 1.48 - Base Plate Fitting and Complete Assembly.

GAUGING
The system shown in Figure 1.45 has a Bourdon gauge for measuring pressure. The Bourdon is a standard piece of equipment for the AVS’s high school outreach program but is of limited use in many applications. The Bell Jar website and the
Compilations have details on commercial and homemade thermal conductivity gauges i.e. thermocouple and Pirani.
These will operate over the normal operating range of this system (10 milliTorr to a few Torr). The commercial gauge
tubes are generally supplied with either 1/8” NPT or KF16 ports. For the pipe thread gauges a KF16 to 1/8” female NPT
adapter flange will be required (along with clamp and center ring). KF16 ported gauge tubes will connect to the manifold
directly.
OPERATING PROCEDURE
Read the manufacturers' manuals and precautions as supplied with the pump and the chamber. Place the rubber gasket on
the bell jar base plate. Ensure that it is flat and centered between the molded ribs. Place the bell jar on the gasket, centering it.
Pumpdown
Ensure that the valves are in the following positions:

y
y
y
y

Pump isolation valve (1/4 turn valve on pump body): Open (handle vertical)
Needle valve: Closed
Main vent (threaded O-ring sealed cap at the pump inlet): Closed
Baseplate vent (pinched tube): Closed

Turn on the pump and monitor the pumpdown via a gauge. At about 1 Torr the sound from the pump will change from a
gurgling sound to a clicking sound. If you are pumping moist air, open the gas ballast valve to prevent water from
condensing in the pump. Turn off the gas ballast when the moisture has been dealt with in order to get the best base
pressure.
Venting
Turning the pump off without isolating the pump or quickly (a second or two or less) venting will result in pump oil
backing up through the manifold into the chamber. The best method is to:

y
y
y

Close the pump isolation valve while the pump is operating.
Vent the chamber and manifold.
When the chamber is at atmospheric pressure, turn off the pump and open the isolation valve.
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Do not stop and restart the pump while under vacuum. This puts a high load on the pump. If the chamber is to be opened
and repumped, it is not necessary to turn the pump off. Just control the pumping action by opening and closing the isolation valve.
Pressure Control
The chamber may be set to any pressure from full vacuum to just below atmosphere by using the needle valve (lower
pressures) or the needle valve and isolation valve (higher pressures). At lower pressures, simply open the needle valve to
raise the pressure. You will note that even with the needle valve fully open, the pressure remains fairly low. Further
increases may be obtained by throttling the pump by partially closing the isolation valve. The needle valve may be used
to admit other gases into the system. Under no circumstances should the system be used with flammable, corrosive, toxic
or oxidizing gases.
ADAPTER FOR GLASS CHAMBERS
The standard KF40 flange permits a wide variety of apparatus to be attached to the manifold. The glass tubes offered
elsewhere on this site, for example, are examples of the types of apparatus that can be used with this pumping system. To
attach glass tubing a compression adapter is required. I have standardized on a 1-3/8 inch coupling as brass couplings in
this size will mate directly to a KF40 x 1.625” braze flange. Rather than brazing I use tin-silver solder. This flows easily,
is strong and is also easy to rework, should that be desired. A coupling assembly is shown in Figure 1.49 along with a
complete assembly with glass discharge tube.

Figure 1.49 - Adapter for Glass Tube Chambers.
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A Home Made Sprengel Pump
Carrol “Chick” Watkins

This article originally appeard in Volume 6, Number 1.
Carrol “Chick” Watkins of New Bern, North Carolina was attracted to this publication through Bob Templeman’s article
on x-ray production. He writes:
“Creating x-rays with vacuum tubes has been a subject of much interest to me for most of my life. In 1936 (I am
rather long in the tooth) I built a Sprengel pump out of glass tubing. The design came from Popular Science magazine.
As you probably know, this is an antique laboratory device that enables the evacuation of small vessels by dripping
droplets of mercury through capillary tubing, the mercury droplets acting as pistons. It takes forever but significant
vacuum levels can be obtained. (A sketch of the pump is on the next page.)
“With this set up I was able to create Crookes and Geissler tubes. I used a Model T Ford ignition coil as my high
voltage source and a Bunsen burner coupled to a stove for my glass work. Electrodes were made from incandescent light
bulb wires. Sealing wax was used to seal glass to rubber tubing. Very low tech but amazingly everything worked.
“Although such tubes were available commercially, it was a lot more fun making my own, using water vapor, stove
gas or mercury vapor as the ionizing medium. I also constructed a low pressure mercury arc tube. With this old pump,
x-ray levels could be obtained and it was fascinating to see the glass tubing fluoresce when these levels of vacuum were
obtained.
“Now I have a professionally built Sprengel pump and a 200 kV Oudin coil. But, I have done very little with these
over the past few years. High vacuum combined with high voltage has always fascinated me and I believe that combining
these technologies can lead to fascinating surprises.
“While I have also tried old refrigerator and air conditioner compressors, I have found their ranges to be rather
limited. And, the price of a new mechanical vacuum pump is out of sight. So I will probably stick with the Sprengel
device.”
Chick adds that he is a retired avionics engineer and has spent the past several years collecting and refurbishing
World War 2 aircraft bombsights and instrumentation. He has restored many Norden bombsights for museums, dealers
and collectors - a task only possible because he spent 50 years “ratpacking” a few hundred pounds of spare parts.
Finally, it should go without saying that mercury, due to its toxicity, should be approached with caution and full
knowledge of its proper handling.
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Figure 2.1 - Sprengel Pumps
Main drawing: Carrol Watkins’ Sprengel pump from 1936.
Above: Sprengel pump per The Electrical Experimenter,
Nov. 1917. Illustration courtesy of Lindsay Publications.
Right: Illlustration of Sprengel pump from turn of century
physics textbook.
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High Vacuum with Mechanical Pumps
A Summary of Work Done by Bruce Kendall and Others

This article appeared in Volume 8, Number 2.
INTRODUCTION
It’s common knowledge that even the best 2-stage rotary vane mechanical pump won’t, in actual practice, achieve a
pressure lower than about 10-3 Torr. To do better one has to add some sort of high vacuum pump i.e. diffusion,
turbomolecular, ion, cryogenic, sorption, etc.
One reason for this that the gas that is being pumped transitions from viscous flow to molecular flow in the vicinity of
10-3 Torr and the mechanical pump, which ceases to work when the gas loses fluid-like behavior, simply stops pumping
molecules. In order to achieve any practical pumping speed you have to introduce a pump (like the diffusion pump) that
can pump gases that are in the molecular flow regime.
Another factor is that what the pump is pumping. Let’s say that the pump is connected to a 1 liter chamber. Assuming
that the chamber, at the beginning of the evacuation cycle, is filled with room air, the pump will be drawing out nitrogen,
oxygen, some water vapor, argon, carbon dioxide, argon and all of the other gases that make up room air. But there is
more to the task than just removing 1 liter’s worth of air.
Assuming that the system is pretty free of real leaks (i.e. no holes in the tubing or chamber) the pressure in the
chamber will stop declining when we get to that apparent 10-3 Torr limit.
If we now look at what’s in the chamber, we’ll find that
the composition of the “air” in the chamber is a lot
different from what we started with. Instead of being
mostly comprised of nitrogen and oxygen, the main gas
that will be found is water vapor. Next there will be lots of
hydrocarbon residuals. At some lower level will be the
Desorbing
leftovers of the molecules that make up most of normal
Water
Molecules
atmospheric pressure air.
Figure 2.2 shows what’s happening. As the pump
Backstreaming
reaches its low pressure limit, it has actually removed most
Pump Oil
of the air that was in the chamber. What it has to contend
Vapor
with are the water molecules that are desorbing from the
walls of the chamber and the oil molecules that are now
backstreaming from the pump.
Permanent
Gases
In principle, the water molecules will eventually be
pumped away as there is a finite supply of them. However,
we usually don’t have hours or days to spare to wait for the
water residuals to decline. Baking can speed things up a lot
but it is a real complication and may not be compatible
with some set ups. Finally, even if we can get rid of the
Oil-Sealed
water, the oil vapor is available in essentially an unlimited
Mechanical
quantity and will continue to keep us from getting a low
Pump
ultimate pressure.
The answer to this dilemma is to insert something in the
line between the pump and the chamber that can efficiently
capture (pump) the oil and water molecules. This brings us
to the topic of traps.
TRAPS
Traps of various types were discussed in Volume 4,
Number 3 (Phil Danielson, Backstreaming from Oil-Sealed
Mechanical Pumps) and in The First Five Years. Here the
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main concern was the reduction of backstreamed oil vapor for the purpose of reducing contamination. Examples include
keeping oil films from forming on optical surfaces or simply to keep backstreamed mechanical pump oil from
contaminating the oil used in the diffusion pump.
Bruce Kendall, with the assistance of D.R. David [1] used traps to achieve a somewhat different end. They wanted to
produce a fairly simple, student-proof high vacuum system for teaching topics such as electron physics. The goals
included:
{ Base pressure in low 10-4 range achievable in less than 2 minutes
{ No tricky-to-operate or expensive high vacuum pump
{ Using commonly available parts or parts that can be produced economically in a small machine shop
{ Long life with low maintenance
{ Clean, oil-free vacuum to avoid poisoning or contamination of electron emitters or electrodes
{ No need for cryogenic liquids (liquid nitrogen)
The system that Kendall and David produced used a common 2-stage rotary vane vacuum pump in conjunction with a
zeolite trap of original design. There are some special design requirements and these are discussed in the next section.
SYSTEM DESIGN SPECIFICS
Figure 2.3 is a schematic description of the system. One key aspect of the design is the minimization of elastomeric
tubing which would act as a significant source of permeation leaks. The line to the pump is copper tubing with a length of
metal bellows to isolate vibration.
In the original design, all of the major components were incorporated into a machined aluminum manifold. This
included all of the valves. The innards of 3/4” brass bellows valves were used for the roughing and foreline valves, the
innards of a 1-½" butterfly valve was used for the main valve and machine screws with adapted o-ring seals served as the
vent and gas leak. The gauges were likewise attached directly to this manifold block. The use of the manifold came from
the fact that multiple systems could be easily manufactured using a programmed milling machine. This entire assembly
could be made from individual components provided that the connections are soldered, brazed or welded.
The foundation for the homebuilt zeolite trap was a lipless stainless steel kitchenware beaker 3 inches in diameter and
4-½ inches deep. The zeolite, Linde 13X, was crushed and then bonded using a high temperature silicone adhesive
(Columbine Formulation No. 6, probably no longer available). An important characteristic of the adhesive is to be able to
withstand bakeout temperatures of 300° C. As shown in the figure there are several concentric surfaces that are coated
with the zeolite. The surfaces that aren’t part of the beaker should be made from copper in order to enhance thermal
conductivity if the trap is operated cold. The trap was sealed to the aluminum manifold block with a neoprene gasket.
Mechanical clamps held the beaker in place.
The chamber used was a piece of 6” diameter T-shaped Corning glass process pipe with beaded ends. The T
configuration permits two in-line access ports plus the evacuation port.
OPERATION
The operating procedure is similar to that of any high vacuum system. The valves are sequenced to keep the trap under
vacuum at all times, bypassing the trap when initially evacuating the chamber.
An interesting point involves the proper use of the foreline valve. Kendall found that the lowest base pressures would
be achieved with this valve partially closed. This is because the pump backstreams vapors that the zeolite has to handle.
By reducing the backstreaming, the zeolite performs more efficiently. The valve adjustment is performed when the
system reaches base pressure with the valve opened. When the pressure stabilizes, the foreline valve is closed to the point
where the pressure, as indicated by the ion gauge, reaches its lowest value.
The trap requires a 300° C, 1 hour bakeout initially and whenever the pumping performance falls off. They found that,
in normal lab use with proper operation, that the bakeout interval would be many weeks.
Kendall and David evaluated the system with and without liquid nitrogen cooling of the trap. Performance with and
without cryogenic cooling were reported as follows (chamber volume of 0.4 liters):
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Figure 2.3 - Vacuum System Schematic

1. No cooling:
y Pressure after 2 min. y Ultimate vacuum -

2x10-4 Torr
5x10-5 Torr

2. Trap chilled:
y Pressure after 2 min. y Ultimate vacuum -

4x10-5 Torr
4x10-6 Torr

SUMMARY
Kendall and David built a number of the systems as described above. The systems worked well in the school lab
environment and Bruce has a couple of systems that are still running on a regular basis.
Kendall also did some other research toward improving the base pressure capabilities of mechanical pumps. This
work is reported in Reference 2. The work included degassing the oil under vacuum, evacuating the exhaust line (careful,
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this impairs the pump’s lubrication) and using gases that are less soluble in oil (e.g. helium). References 3 and 4 cover
some of the associated teaching apparatus that were used with these systems.
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The Editor Rebuilds His Vacuum System
Steve Hansen

This article originally appeared in Volume 8, Numbers 3 & 4.
Way back in the very first issue I described my primary vacuum system. That description is now contained in the Vols.
1-5 compilation on pages 1-40 through 1-42. To summarize what I said in the original article:
The two main features of the system are a large glass chamber (9" od x 3/8" wall by 17" tall) which may be evacuated
by the mechanical pump and a separate port which is connected to the inlet of a small (2") three-stage oil diffusion pump.
The rationale for this division was simple: no experiments or uses were foreseen which would require a vacuum quality
better than 10 to 20 mTorr in the large chamber. Also, any of the high vacuum applications would be satisfied by smaller
chambers which could be readily affixed to the diffusion pump port. When working on “dirtier” experiments in the jar,
the diffusion pump may be isolated very easily by pinching off the rubber foreline tube with a woodworkers clamp.
Likewise, when using the diffusion pump, the jar is isolated by blanking off its outlet port.
Except for the vent, there are no valves in the system. (The obvious inconvenience is that the diffusion pump must be
cooled down before opening the system.) Again, given my requirements (this is a pastime, not a production line), this is
no problem and it keeps things simpler. Gauging is with a thermocouple gauge in the foreline. A cold cathode (Philips)
ion gauge is used in the high vacuum side.
The cabinet for the system consists of a pair of steel tool stands, each about 21 inches wide by 16 inches deep by 34
inches high. These were obtained from W. W. Grainger Co., a wholesaler in industrial supplies. I bolted the two cabinets
side by side with the intervening panels removed.
The top surface is 3/4" plywood with a plastic laminate (i.e. FormicaTM) surface. As there is some amount of high
voltage circuitry within the enclosure (including charge storage capacitors) the cabinet is well grounded. The resulting six
legged cabinet is solid if a bit weird to level.
The mechanical pump is a Welch model 1402 belt driven rotary unit obtained from surplus. To simplify maintenance
and to isolate vibrations from the rest of the system, the forepump is mounted on a wooden base with casters. To fit the
forepump, I cut out the bottom panel of the right cabinet. As the cabinets are made from flat and angle stock and are
assembled with machine screws, the side panel next to the mechanical pump may be easily removed to extract the pump
for servicing.
My requirements have not really changed much but when a few years ago I came across a newer diffusion pump, (a
60s vintage CVC pump to replace my 50s vintage NRC) I figured it was time to upgrade things a bit.
OVERVIEW & CHAMBER DETAIL
Figure 2.4 is a sketch of the system as it now stands. My requirements really haven’t changed much and that is reflected
in the new layout. The most significant change is the incorporation of my plasma focus device (“Mini-F,” described in
Vol. 7, Nos. 3 & 4 and in this compilation) in the stand. As shown in Figure 2.4, the energy storage capacitor (60 µF at
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Figure 2.4 - System Layout
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10 kV) is located within the cabinet and the spark gap switch and vacuum chamber are mounted on the counter top. The
vacuum connection is via a KF40 flange that is mounted on the counter top adjacent to the Mini-F. The other end of the
flange is connected by a length of Vardex® wire-reinforced PVC tubing to the mechanical pump. When the Mini-F is not
in use, a KF40 blank flange is placed on this port. This is less elegant than using a valve but, given the frequency of
opening/closing this line, is really no less convenient
The large glass chamber is unchanged. For reference, it is detailed in Figure 2.5. The chamber, as noted, is a Pyrex
cylinder. A fixed 1-inch thick aluminum plate, 10 inches square, serves as the baseplate. Four 1¼ inch holes are drilled in
this plate: one is the exhaust port, two are for electrical feedthroughs and one is for the chamber vacuum gauges: a tee
(not shown) permits the attachment of a Granville-Phillips convection Pirani (Convectron®) gauge and an MKS Baratron®
capacitance manometer. (The Pirani gauge has a range of 1000 Torr to about 1 milliTorr, permitting reasonably accurate
measurement of pressure across the full working range of the chamber. The capacitance manometer permits precision
measurements below 10 Torr.) The plate also has four threaded holes for the ½-inch threaded tie-down rods and four
blind holes, ¼-20, for the attachment of fixtures within the chamber.
A similarly sized top plate is used to seal the top end of the cylinder. This plate only has one opening, in line with the
front lower port. I use this port for the attachment of glow discharge and pseudospark electron beam sources that project
their beams into the chamber. This port is drilled and tapped for a 2-3/4 inch CF flange which I misuse by substituting an
O-ring for the copper gasket. The O-ring gets squashed between the knife edge of the flange and the flat surface of the
aluminum plate.
The seals between the plates and the cylinder are afforded by 1/8-inch thick Buna gaskets, cut from 10 inch sheets
purchased from Kurt J. Lesker (not in the catalog but available on inquiry) with circular holes slightly smaller than the id
of the cylinder. There is also a 1/8 inch thick aluminum aperture plate over the gaskets (outside dimensions the same as
the overall dimensions of each end plate with an opening just larger than the cylinder outside diameter. These aperture
plates are largely cosmetic but they do keep the gaskets in order.
From a safety perspective be sure to provide a shield around the chamber. I have a three sided LexanTM shield. The
corners are joined with light self-stick plastic angles (the stuff you buy to protect outside corners in your home). Your
shield should be transparent and easy to remove and replace (otherwise you won’t use it).
The plates will not seal to the cylinder during initial pump down without some help, hence the aforementioned
threaded rods. When everything is assembled, the assembly is pulled together by tightening four wing nuts.
MANIFOLD
The manifold is detailed in Figure 2.6. This assembly includes the vent valve, a foreline vacuum gauge, and the
connections to the mechanical pump, main chamber and the diffusion pump.
Most of the rigid tubing is 3/4-inch copper water tube, soldered with tin-silver solder. The manifold is secured to the
aluminum baseplate by means of a salvaged brass O-ring flange (Veeco, I think), sized to accommodate 1” copper tubing
(1-1/8” od). A 1” to 3/4" reducing fitting is used to adapt the flange to the manifold tubing. The 3/4" manifold tubing
passes through the reducer far enough to project a couple of inches above the baseplate. A tube coupling mates this tube
to a standard 5/8" id brass compression fitting (Kurt J. Lesker).
This compression fitting serves a couple of purposes. First, small apparatus may be affixed to the pumping line in
place of the chamber by using a 5/8" tubulation. Second, with a 5/8" plug inserted into the compression fitting, the
chamber line is blanked off. This is desirable when using the diffusion pump. Of course, a valve would offer a higher
degree of convenience as a chamber shut off feature but the compression fitting serves two purposes at a tenth the price.
I did put a small (5/8-inch) brass isolation valve in the diffusion pump foreline. This valve is kept closed at all times
the high vacuum pump is not in use in order to minimize contamination of the high vacuum section of the system. When
the diffusion pump is used, the chamber is blanked off and the foreline valve is opened.
The vent is made from an old 1-5/8 inch brass bellows valve that I had kicking around. This is a bit of a waste of so
large a valve and sort of negates the cost savings I made elsewhere. Oh well. Since it’s only a vent, any small valve will
work as long as it can be made vacuum tight. I did take advantage of the size of the valve by drilling and tapping a hole
in its side, below the seal, for a simple thermocouple gauge. This gauge is used to monitor the foreline pressure. As
shown in the figure, the valve is mounted to the counter top where the handle is conveniently placed for the operator.
The connection from the valve to the manifold is by a short piece of 3/4 inch id pvc tubing. (The hardware store stuff
will work since the connection is so short - about 2 inches - that there is no worry of the tube collapsing under vacuum.)
The atmosphere side of the valve incorporates a simple sintered metal air filter (a Speedaire filter for compressed air
lines - about 5 bucks at the hardware store - works fine) which serves to keep dust and dirt out of the system when it is
vented.
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Figure 2.5 - Chamber Detail
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Figure 2.6 - Manifold

The hose barbs (there are four) are standard brass barbs that are available at the hardware store. I turned off the pipe
threads so that they could be soldered to the copper tube fittings.
HIGH VACUUM PUMP & MANIFOLD
The high vacuum side of the system is considerabley cleaned up compared to the older system. Before, I had a kluged
together high vacuum manifold that was fabricated from 1½-inch copper tubing. The high vacuum gauge, an old CVC
Philips cold cathode gauge, was mounted inside the cabinet where it was hard to reach for servicing and impossible to
move.
In the new system I wanted to mount the pump inlet as close as possible to the counter top surface and have the inlet
compatible with standard high vacuum fittings. I improvised an adapter for the CVC pump’s flange from a CF 6-inch to
2-3/4 inch zero-length adapter plate that I obtained from surplus. A bolt circle had to be drilled to match the pump’s bolt
pattern and the pump’s O-ring assembly was retained. The pump was mounted on the 6-inch side of the flange leaving
the 2-3/4 inch CF upper side for the vacuum connections. Figure 2.7 shows the arrangement.
Apparatus may be attached directly to the adapter plate’s 2-3/4 inch CF fitting with either the standard copper gasket
(a real pain unless you need the integrity of an all-metal seal) or with a flat, reusable Viton gasket. Take a guess which I
use.
To make things even easier, I affixed a 2-3/4 CF to KF40 adapter to the plate and it is to the KF fitting that I attach
everything.
In the high vacuum side I made no provision for a liquid nitrogen cold trap. Hence, unless other precautions are taken,
some of the pump oil will backstream into the high vacuum chamber. Figure 4 shows an arrangement that I use to achieve
a clean high vacuum. I simply mounted a zeolite trap (Varian, obtained as surplus from OE Technologies) between the
pump and the chamber. (The pump, as originally supplied, had a small zeolite trap that could be attached to the inlet
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Figure 2.7 - High Vacuum Manifold

flange. The zeolite was contained in a little basket which could be removed for baking. However, my mounting
arrangement precluded its use as the basket could no longer be extracted.) The trap appears to be effective, although it
most certainly reduces the pumping speed. No particular bother here as my apparatus are small and my vacuum
requirements, in terms of pressure are minimal - the 10-5 Torr range is fine for anything that I do. The trap can be baked
with an internal cartridge heater while under vacuum. To keep the high vacuum side clean when not in use, I pump down
the entire high vacuum side and then seal it off.
Also shown in Figure 4 is a KF40 adapter tee that holds my venerable Philips cold cathode gauge. The adapter is the
type made by MKS Vacuum Products (I got it from a local electronics surplus store that often has vacuum components)
that has a 1/8 or 1/4 inch NPT tapped hole in the side. I bored the hole out and soldered the gauge’s tubulation to the tee.
As before, there is no provision for roughing the high vacuum side. I have to cool the pump before venting and
making any changes. Fortunately the CVC pump has a quick cool water coil arranged around the pump’s boiler. Running
some water through that cools the pump down real fast. At some point I’ll probably add a separate, supplementary pump
for roughing (heaven knows, I have enough extra mechanical pumps kicking around) with the appropriate isolation
valves. Someday.....
ADDENDUM
I parted this system out in the fall of 2008 in preparation for our move from NH to Maine. The newer system will be
described during the course of 2009.
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A Puff Piece
Single shot and repetitive pulse valves for gas introduction and pressure control
Steve Hansen

This article originally appeared in Volume 10, Numbers 1 & 2.
INTRODUCTION
In my continuing puttering with plasma guns and small plasma focus devices I reached a decision point with my 3 kJ
Mini-F (see Volume 7, Numbers 3 and 4 and elsewhere in this compilation) with regard to the most appropriate pressure
control and triggering mechanism.
In that article I stated that a gas inlet has to be provided for the working gas (usually argon but it could be deuterium
(for neutron production), neon, helium, krypton, etc.) and that the gun may be operated in either of two modes - triggered
capacitor or pulsed gas. Figure 2.8 depicts the possible configurations.
In the case of the first method, the gas pressure is maintained at a fixed value, usually in the range of a few Torr,
where the device will fire when the spark gap that is in series with the capacitor is triggered. Here the working gas can be
fed at some rate through either a capillary leak or a needle valve while the chamber is being pumped. This represents a
dynamic mode and ensures a constant flushing of the working gas and any byproducts. An alternative is static filling
where the pump and chamber are isolated from each other and gas is admitted up to the point of the operating pressure.
This is usually recommended for the more precious gases as multiple shots can be obtained from one fill.
Since the gap between the inner and outer electrodes will break down at less than the full rated voltage of the
capacitor, a spark gap switch is provided to initiate the discharge at the proper time. To maintain a steep current front, the
spark gap must be of very low resistance and multiple, simultaneously triggered, gaps are sometimes used.
In the case of the second method, the gun is pumped to a pressure below that where the interelectrode gap will fire.
This is generally below about 10 to 20 milliTorr. To fire the gun a puff of gas is injected via a fast acting solenoid valve.
In this method the capacitor is directly connected to the gun’s electrodes - no spark gap is required.

Inner
Electrode

Outer
Electrode

Insulator

Breakdown Initiating
Electrode

Control
Valve
To Vacuum
Pump

Capacitor
DC Charging
Supply

Gas
Inlet
Triggered
Spark Gap

Figure 2.8 - Plasma Focus Device
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I started with the triggered spark gas since my gun was evacuated with only a mechanical pump and reaching a low
enough pressure to guarantee that the capacitor would not unexpectedly discharge was an iffy proposition. I have since
connected a high vacuum pump to the Mini-F and it is now a simple task to quickly reach sub-milliTorr base pressures.
In the following I will cover some specialized as well as easily obtainable pulse valves that can be used for
introducing gases at relatively slow repetition rates (“puff” valves) as well as fast cycling pulse valves.
SLOW CYCLING, FAST RESPONSE PUFF VALVES
For the fast introduction of gas puffs in plasma devices, a valve of the configuration of Figure 2.9 is fairly common [1].
This type of valve works by the principle of diamagnetic repulsion. A capacitor (not shown) is discharged into coil 12
creating a magnetic field that repels an aluminum ring 14 which rests above the coil. The aluminum ring is allowed to
accelerate through a predetermined distance, thereby achieving a large velocity before striking a plastic (e.g. nylon)
poppet 16. The poppet is then driven off an O-ring 17, opening the valve and permitting gas to flow from the gas inlet 18
and out the gas outlet 19.
Mechanically, this type of valve is fairly simple and is well within the construction capabilities of an amateur with a
modest assortment of metalworking tools.
This valve will have a very fast turn on characteristic. The
closing of the valve will be slower and the shut off will be
dependent upon the strength of the spring and mass of the
poppet.
If it is desired to better control the actual amount of gas
admitted (dose) then another approach may be more
applicable. (This is somewhat of a diversion as the type of
valve that is about to be described is of more use in medical
applications.)
Figure 2.10 [2] is a cross sectional view of what the
inventor, Erkki Heinonen, terms a variable orifice pulse valve.
There are two parts to the valve which operate in sequence.
The gas to be dosed is supplied in the inlet connector opening
2 of the left hand pulse. A spring 6 holds a ferromagnetic
armature 7 with elastomeric seal against the opening to the
intermediate volume 13. The application of a pulse to the
Figure 2.9 - Puff Valve
solenoid coil 8 will draw the armature away from the opening
of the intermediate volume. The strength of the current
determines the size of the gap (this varying gap is the variable orifice) and, hence, how much gas goes into the
intermediate volume.
With the conclusion of the pulse, a certain amount of gas is in volume 13. This may be as small as a few microliters.
At this point solenoid 18 is pulsed and the armature of the right hand valve opens delivering what was in the intermediate
volume out of the valve through port 23 or 24.

Figure 2.10 - Heinonen’s Variable
Orifice Pulse Valve
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A BIT OF RECYCLING
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Figure 2.11 - Hansen’s Puff Valve

In making a puff valve for Mini-F I figured a conventional
2-way solenoid valve might be a good starting point. At a local
surplus outlet I found a decent looking ASCO brass-bodied
solenoid valve model 104R for seven bucks. My scheme is
shown in Figure 2.11.
With no power to the valve’s coil, gas flows from a needle
valve on one port to a small volume (about 1 cc at the moment)
thereby charging the volume with gas. This charging period
can be set with the needle valve to the better part of a minute as
the charging period for the 60 µF, 10 kV capacitor is about a
minute.
A cycle timer (I have a fancy surplus thing but one can be
put together quite cheaply with a pair of 555 timers, relay and a
handful of resistors and capacitors) is set to energize the coil at
an interval slightly longer than the capacitor charging period.
When the solenoid is energized, gas flows from the volume to
the chamber.
Because of the design of the valve, when the valve
mechanism is moving there is a brief period of bleed-through
from the needle valve port to the outlet. With a low gas flow
through the needle valve this has little impact on the overall
operation.
Figure 2.12 depicts the profile of the pressure curve in the
chamber during operation. With the valve coil unenergized,
there is no gas flow into the chamber and the system is at base
pressure. In this condition the interelectrode gap in the Mini-F
is nonconducting. During this period the volume receives its

gas charge.
When the solenoid is energized, the gas is quickly dumped into the chamber and the pressure rises. Soon thereafter
the solenoid is de-energized and the chamber returns to base pressure.
As I noted, during the motion of the armature there is a bit of leakage from the needle valve port. This, and the
orifice restriction in the valve create for a brief period a slower fall of pressure back toward base. Once the solenoid is
de-energized, the pressure falls more
quickly.
If the charging pressure in the
volume is about 5 psig (around 1000
Torr), the required storage volume to
bring my 1500 cc chamber to 5 Torr is:
P
Peak Pressure

1000 Torr x Storage Volume (cc) = 5
Torr x 1500 cc

Valve Closed

which works out to 7.5 cc.
I’ve not yet done anything
resembling a thorough characterization of
the valve or the performance of Mini-F
with this valve scheme but the general
functionality is there. I will have some
detailed characterization data in the
future.

Base Pressure
Recovery
Base Pressure
Pressure Rise
Valve Actuation

t

Figure 2.12 - Pressure Profile
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Figure 2.13 (left) - Fuel Injector Valve (Bosch)
Figure 2.14 (above) - Cutaway of Fuel Injector Valve (Bosch)

THE VERSATILE FUEL INJECTOR VALVE
Fuel injectors have received a reasonable amount of attention as vacuum pulse valves. Unlike the valves cited above, fuel
injectors (see Figure 2.13) can operate at very fast repetition rates and can therefore be used in a similar fashion as needle
valves. Figure 2.14 is a cutaway of a typical injector valve (Bosch).
Referring to Figure 2.14 and without going into a lot of detail, the fluid (gasoline in the usual automotive
application) enters the o-ring sealed port at 18. When the valve solenoid 9 is pulsed through terminals 10 the armature
assembly 6 is pulled into the field of the coil overcoming the force exerted by spring 16. The movement of the armature
causes the plunger 5a to draw away from the nozzle and valve seat 3.
A couple of excellent papers [3,4] have been published concerning the use of fuel injector valves as gas pulse valves.
I will summarize here some of the key points and conclusions.
{

{

{
{

Most fuel injector valves open with a current of 2.1 amps. However, the control circuitry quickly drops
the current to a sustaining level of about 0.6 amps. Continued operation at the opening current level will
burn out the coil (more on the control circuits below). In normal use the fuel will provide cooling to the
solenoid. This is not the case with gases and the coil can burn out in just a few seconds.
Pulse width, duration and repetition rate may be adjusted to provide the desired flow. Operation is
generally stable at pulse widths above a few milliseconds. Duty cycles should generally be below
75%. Pulse repetition rates can be in the hundreds.
Metallic seat seals in Bosch and Bendix valves of that vintage had leak rates on the order of 10 -5 to 10-6
liters/sec. Open conductances were on the order of 2 x 10-2 liters/sec at 1 atm inlet pressure.
New valves come with a coating of an oily protectant. This has to be removed with solvent prior
to vacuum use.

I have picked up a few injector valves over the past few years but have not yet really had a chance to do anything
definitive with them. I did do some research on the drive circuits and got really frustrated trying to locate the Motorola
MC3848 IC drivers that everyone seems to recommend. This circuit provides the dual step current that is required to keep
the coil from burning out. Not to be deterred, I did find a substitute circuit, the National LM1949 which was easily
procured from Newark Electronics.
Figure 2.15 shows a typical application circuit per the National Semiconductor Data Book. Figure 2.16 shows
waveforms for this circuit.
Pulse width and repetition rate are controlled by the input to Pin 1. This signal can be provided by a simple
555-based timer circuit. The timer function (Pin 8) is what controls the transition from the initial opening current to the
sustaining level. This transition will occur after the passage of one time constant (RTCT). RT can be in the range of 1k to
240k ohms and the capacitance range is limited by stray capacitance considerations and leakage. A typical value would
be 0.1 µF with a resistance to give a 4 millisecond dwell.
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Figure 2.15 - Typical Application Circuit for the National LM1949 Injector Drive Controller

CITED REFERENCES
[1] Peterson, Gus G., Fast Acting Double Puff Valve, U.S. Statutory Invention Registration H1962 H, issued 5 June,
2001. The example shown in Figure 2 is Peterson’s example of prior art.
[2] Heinonen, Erkki, Variable Orifice Pulse Valve, U.S. Patent 6,032,667, issued March 7, 2000.
[3] B.R.F. Kendall, Pulsed Gas Injection for On-Line Calibration of Residual Gas Analyzers, J. Vac. Sci. Technol. A (1),
Jan/Feb 1987.
[4] J.L. Dobson and B.R.F. Kendall, Controllable Leaks Using
Electrically Pulsed Valves, J. Vac. Sci. Technol. A 8(3), May/Jun
1990.
ADDENDUM
I found another type of fuel injector that does not require the fancy
driver circuit. These use a constant current coil rather than the
peak and hold. These take the full battery (12 volt) potential. The
coils have a resistance of about 12-15 ohms which give a coil
current of about 1 amp. The specifications say that these are a little
bit slower (2 ms turn on vs 1.5 ms for the peak and hold type).
I looked through the specs and the most inexpensive injector
with the lowest specified fuel flow was one for a 1996 Honda 1.6
liter DX.
I rigged up a simple driver circuit and the valve performed
well. At some point I’ll do a more quantitative study.

Figure 2.16 - National LM1949
Circuit Waveforms
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Design Differences in Thermocouple Vacuum Gauges
Axel Schmetzke

This article originally appeared in Volume 9, Number 1.
A number of readers have commented on the completeness and accuracy of various specifications concerning
thermocouple gauge tubes as published in this journal. Axel Schmetzke has taken a detailed look at the situation and, in
this article, presents what appears to be a deeper perspective.
INTRODUCTION
Thermocouple (or T/C) vacuum gauges provide a relatively inexpensive means for monitoring the pressure in the foreline
region of a vacuum system, and they are therefore particularly appealing to vacuum hobbyists. It is thus no wonder that
T/C gauges have been the subject of discussion in several previous contributions to the Bell Jar. In the 1992 autumn
issue, Steve Hansen describes the basic function and construction of T/C gauges as well as a simple op-amp based circuit
for a home-brew gauge [1]. In a later issue, the same author furnishes a more detailed thermocouple tube calibration
table, which includes the technical specifications for three popular T/C tubes: DV-6M, 531, and 6343 [2]. Several readers
responded with comments and suggestions concerning T/C gauge circuitry [3].
Steve’s description of T/C gauges is similar to that provided in many other sources, such as the Handbook of Vacuum
Science and Technology [4], Practical Vacuum Techniques [5], High Vacuum Techniques [6], as well as the catalog of
Thermionics [7] and the Kurt J. Lesker Company [8]. Essentially (so the common description goes), a T/C tube, the key
component of a T/C gauge, consists of a heated filament, to which a thermocouple is welded at midpoint. The voltage
across the thermocouple wires is indicative of the filament’s temperature, which varies with the pressure: the lower the
pressure, the fewer the molecules to carry away the heat and the higher the voltage. As Figure 2.17 shows, the
connections between the T/C gauge and the associated circuit consist of four wires: two wires to supply a constant
current (either AC or DC) to the filament, and two wires to measure the voltage across the T/C.
Great was my surprise when I inspected the two Veeco thermocouples gauges in an older Veeco residual gas analyzer
vacuum unit, of which I took proud ownership after being the highest bidder at an online auction. When I inspected its
T/C gauges, I discovered that each of its two T/C tubes was connected to its controller by only three wires. I observed the
same phenomenon in a Hastings T/C gauge. How could this possibly be? Did one of the wires serve both to supply the
filament current and to pass on the T/C output. This appeared to be a highly unlikely explanation: It would imply that
one of the T/C wires would run parallel to half of the heating wire, thereby drawing some of the heating current itself.
DESIGN DIFFERENCES

Figure 2.17 - Basic T/C Circuit as Commonly
Described

Puzzled to the hilt, I decided that some serious investigating
was called for. Turning to further books on the subject, my
suspicion that there must be a significant difference in design
among the various T/C gauges got soon confirmed: Guthrie
hints that some “gauge tubes do not use a separate wire for
heating the thermocouple junction” [9]. Steinherz gets a bit
more specific by referring to a variation in which “the heater
power (is passed) directly through two thermocouples” [10].
O’Hanlon acknowledges the existence of both three- and
four-wire versions of T/C gauge tubes [11]. In case of the
former, AC is used for the heating function and a
center-tapped transformer is required. From the original
patent description concerning a “temperature change
compensated thermal measuring device,” I further learned
that a third, unheated thermocouple provides for
compensation for ambient temperature fluctuations [12].
Two articles by Benson shed further light on the picture
[13] [15]: There are two major types of thermocouple gauges.
In the first type, discussed by Steve Hansen and focused on
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by most other authors, a single thermocouple measures the temperature of a separate heated filament to which it is
attached. According to its inventor, Voege [16], Benson refers to this type of indirectly heated T/C gauge as a Voege-type
gauge. In the second type of T/C gauge, developed by Hastings, several (typically two) thermocouples, called a
thermopile, are directly heated. (The device may thus be called a Hastings-type or thermopile gauge). A third, unheated
thermocouple is added to compensate for changes in ambient temperature.
HASTINGS-TYPE (THERMOPILE) T/C GAUGE
Principle
Let me begin this section by correcting a common misconception, to which I have been prey myself until recently: It is
not at the junction of two different metals (or alloys), that, when heated, a voltage (electromotive force) is induced in the
thermocouple. Rather, it is the temperature change (or “gradient”) along each of the thermocouples’ wires that creates an
electric potential between their hot and cold ends (or “junctions”). This potential varies between the two wires due to the
characteristics of the dissimilar metals involved. The net result is a difference in electric potential between a
thermocouple’s cold junctions—a potential that can be measured with a sensitive voltmeter (Seebeck effect) [17].
What creates the temperature gradient along the T/C wires that make up the heater section of Hastings-type T/C
tubes? At their cold junctions, the T/C wires are attached to relatively heavy metal pins, which effectively dissipate heat.
Thus the cold ends of both T/C wires are close to ambient temperature. At their hot junctions, where the T/C wires are
farthest away from heat-sinking studs, the heat caused by the AC current does not dissipate so readily. Here, the
temperature depends largely on the density of the surrounding gas molecules. The lower the pressure, the fewer
molecules there are to carry away the heat.
Figure 2.18 describes the arrangement of the thermocouples within the T/C tube and the external circuitry required to
make it work.
For the purpose of heating, the two heated T/Cs, H1 and H2, are connected in series. Heating requires an AC power
supply that feeds a constant current into the heating circuit. At point M, a third, unheated thermocouple (C) of equal
design connects to the heated pair. The DC voltmeter between this third thermocouple and the center tap of the
transformer functions as the pressure indicator. The arrangement of the three thermocouples is such that, essentially,
thermocouple H1 and H2 are parallel voltage sources which are in series with C. (H1 and H2 are connected at M as well
as at S1/S2 via the low-resistance transformer winding.) Since the polarity of C opposes that of H1/H2, the DC voltmeter
measures the output difference between H1/H2 and C. The net effect of this arrangement is that the contribution of
ambient temperature variations to the system is internally cancelled; the pressure reading is largely independent of
changes in room or equipment temperature. (Relatively rapid temperature fluctuations affect the output of all three
thermocouples; since the thermocouples’ cold junctions attach to relatively massive supporting studs, they are slower to
respond to transient temperature changes then the hot junctions. This would cause temporarily false pressure readings if it
were not for the compensating effect of C. [12])
Operational characteristics
Benson describes thermopile T/C gauges as
rugged in construction, which enables them
to withstand heavy shock and vibration. No
damage will be caused by the sudden inrush
of air as it occurs when an evacuated tube is
suddenly exposed to atmospheric pressure.
Hastings-type tubes tend to operate at a
rather low heater temperature (in case of the
DV-5M as low as 50° C above ambient
temperature), which not only minimizes
decomposition of vapors and filament
contamination but also allows them to be
operated at atmospheric pressure [13].
However, according to the engineers at
Teledyne Hastings Instruments, the
operation of their T/C tubes at atmospheric
pressure is not to be recommended-not

Figure 2.18 - Basic T/C Sensor
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Figure 2.19 - Basic Hastings-type (Thermopile) T/C Circuit

because this might damage the tubes (which it does not), but because the sensitivity of their T/C tubes is reduced above
100 Torr [14].
Benson points out that low heater power also keeps convection currents to a negligible minimum [15]. If convection
currents were to occur, the spatial position of a T/C tube, with its uneven geometry, would effect the cooling of the
heated thermopile-an undesirable effect in vacuum measurement applications (unless it is constructively exploited in such
devices as the ConvectronTM developed by Granville-Phillips).
Benson’s article reflects the state of affairs in the 1950s and 1960s. I am not sure whether these positive
characteristics are not also shared by modern versions of Voege-type T/C tubes. The 6343 tube (KJL equivalent 1518),
for example, requires but 15-18 mA heater current, which is close to that required by low-powered Hastings-type tubes.
Certain design differences result in different sensitivity ranges. While housing size has some impact, it is mainly the
size of the T/C wire and, to a lesser degree, the temperature at which it is operated that determine a tube’s sensitivity
range. For example, the DV-4, which uses wires as small as they can be economically produced, measures a range from
100 to 20,000 mTorr, while the DV-3, with a wire eight times as thick, covers the 1 to 1000 mTorr range [15].
The response time to sudden increases in pressure is impressively fast for some tubes (e.g., 40 msec. for the DV-4D
and 60 msec. for the DV-6M), which makes them well suited for certain control operations (e.g., the closing of the
valves). T/C tubes respond more slowly to decreases in pressure (160 msec. for the DV-4D and 2.9 sec. for the DV-6M).
There is a strong relationship between a tube’s heater temperature and its response time: the lower the former, the slower
the latter.
Technical Specifications
In my experience, vacuum hobbyists scouring the surplus/used equipment market for T/C gauge tubes are likely to find
mostly those of the Hastings type. During a three-month long search, I managed to accumulate 7 Hastings-type tubes
(two Veeco DV-1M, three DV-4AM, one DV 5M and one DV-6M) but only one Voege-type device. Tubes
manufactured by Hastings-Raydist are color-coded. For the sake of easy replacement, the base of a specific tube type
comes in a specific color. As Table 1 shows, several other companies produce equivalent replacements for some of the
Hastings-Raydist tubes. Table 2 provides some basic technical specifications for the various tube types. Most of this
information is provided by Teledyne Electronic Technology Hastings Instruments [18], some is drawn from other sources
[7] [8] [13] [15] [19], and a few pieces stem from my own observations.
The DC output into the (typical) 55-Ohm load varies among tube types. For the most popular tubes, the output is 10
mV at high vacuum. According to one source [7], the approximate voltage output at atmospheric level lies somewhere
between 1.5 and 2.1 mV. These figures do not coincide with my own measurements. At atmospheric pressure, I observed
only .7 mV output for the DV-1M and no more than .1 mV output for the DV-5M and the DV-6M. Perhaps this
discrepancy is due to my tubes’ age. I would guess that all of these tubes are somewhere between 20 to 40 years old, and
they all have been previously used in applications unknown to me.
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Table 1
Hastings T/C
Tube Equivalents

It appears that all Hastings-type tubes (and at least some Voege-type tubes) come with a standard octal (8-pin) base.
Unfortunately, the pin allocations reported in different sources do not always coincide.
According to the information furnished by Thermionics, pin 3 and 5 are the heater pins, and pin 1 and 7 are the T/C
pins, for their TG-100 tube (an equivalent to Veeco’s DV-1M and Hastings DV-3M); for their TG-600M (Hastings
DV-6M equivalent), this pin allocation is reversed [7]. Steve reports the same reversed allocation also for the DV-4M [1].
The information provided by Hastings Instruments states that all the tubes (except for the DV-23 and DV-24) have the
same pin arrangement: pins 3 and 5 for the heater, and pin 7 for the T/C DC output [18]. My own observations support
the latter information: Both my Veeco gauge (with a DV-1M tube) as well as my Hastings gauge (with a DV-6M tube)
supply the heater current into pins 3 and 5, and the T/C output to the meter is at pin 7. My DV-4AM and DV-5M also
seem to work properly when wired accordingly. I conclude that the information furnished by Hastings Instruments is the
most trust-worthy, and I assume that the pin arrangement depicted in Figure 2.20 is the standard for all single-digit
Hastings-Raydist T/C tubes and their equivalents.
CONCLUSION
I hope that this article may turn out to be useful to some
readers, especially to those who, like myself, tend to spend a
lot of time with surplus vacuum equipment—trying to
understand it and attempting to get it to work. Table 2 with
the T/C specifications would be far less complete if it had not
been for the friendly support of Charlie Fulmer from
Teledyne Electronic Technology Hastings Instruments. Yet, a
few gaps remain. If any of the readers have information that
could fill these gaps, or that could be used to expand the
table, please let me know. Perhaps, in some later Bell Jar
issue, Steve will let me publish the updated version.

Table 2 - Characteristics of Hastings T/C Tubes
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Allocations for
Hastings-Raydist
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DV-3, DV-4, DV-5,
DV-6, DV-8 and
equivalents (bottom
view).
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POSTSCRIPT
When I contacted Thermionics to get clarification on the pin allocations of their T/C tubes, the correctness of my
conclusion was confirmed: For the TG-600M (Hastings DV-6M equivalent), the pin allocation is incorrectly stated in the
company’s catalog. Pin 3 and 5, not pin 1 and 7, are the heater pins, and pin 7 provides the T/C DC output.
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More on Microwave Ovens
Useful parts from junk microwave ovens; Examples of scientific
applications for home microwave ovens
“The First Five Years” presented some material on microwave ovens. The material in this article is from a follow-on that
appeared in Volume 6, Number 1.
There are two themes: 1) Useful things that can be done with the components and materials from mostly-dead ovens and
2) Examples of oven conversions that were deemed unique enough to merit the issuance of patents. The first theme is
dealt with by Jack Herron, an avid vacuum nut. I handle the second theme. - Ed.

In Praise of Junkery
Jack Herron

The parsimonious practical picker of pre-used parts will be frequently familiar with a fair number of fabulous founts of
formerly high-priced - well, junk. But I digress.
Back in Volume 2, No. 1 of this publication, Steve wrote about the uses of a discarded microwave oven. His goal was
to acquire the necessary components of reasonably powerful microwave generator, and he made mention of the fact that
many of the parts are reasonably interchangeable. He suggested the acquisition of several of these discarded appliances,
in order to piece together the generator, for which he then went on to describe several interesting uses. From my
perspective, I sure would love for someone brighter than I to describe an accelerator using one!
I must be tighter than Steve, for I have not let one of these beasties slip through my fingers since. I put together the
generator, and found it both useful and fun, the last perhaps a more pertinent descriptor! I expect to have more uses for it
in the future and I have been kicking around the possibility of using an oven pumped cavity to excite a copper-vapor
laser. This may be pretty far fetched, but may be worth trying!
I am not going to be suggesting the collection of parts other than those Steve suggested, just more uses for them.
Perhaps you have a use for microprocessor controller boards stuffed with house numbered parts, but I don’t. I will
occasionally scrounge a piezo-electric or triac device, but I have more than enough switches, light bulbs, fans and the
like. Some little parts do find universal usage in projects, like the fuse holders and power cords. I never seem to have
enough power cords.
POWER SUPPLY COMPONENTS
So we’re down to the core parts consisting of the transformer, and related circuitry. Can we use them for something other
than microwaves? You bet! Let’s take the transformer first. These usually are rated at about 1300 to 2000 vac, current
limited at 250 milliamps and up, depending on the rated power consumption of the appliance (which can be found listed
on a small plate or label on the rear of the unit). It’s perfect for powering a magnetron, but does it have other uses? For
one thing, just try pricing a moderate power high voltage plate transformer for that tube-type amateur radio project. Do
you want to use getters within a sealed vacuum project, or heat internal metallic portions for outgassing? Then you'll need
to build a modest rf generator for induction heating, and this transformer has just the voltage and current capability for
that kind of project.
The same high frequency (ideally, you should use the industrial frequency of 13.56 MHz) generator is suitable for
powering rf-pumped lasers, rf sputtering apparatus and plasma generators.
The transformer also has more than enough current for such low drain applications as proportional counters, Geiger
counters and photomultiplier tubes. Such a hefty power supply will translate into less need for regulation as load
variations in these small drain devices wind up swamped by the low impedance of the supply.
Steve mentioned that the diode and capacitor are incorporated into some kind of single component pulse circuit in
some of the newer ovens. I must be getting older junk, because I have never scrounged anything but the discrete diode
and cap. Let’s look at the cap first.
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These will usually be rated at about 1 mfd at around 2000 volts ac. The fast charge-discharge ac rating puts
considerable stress on the capacitor and must be interpreted very differently than the typical dc rating you find on most
capacitors. To safely achieve this rating, a cap must withstand about three times the peak ac voltage. 2000 volts rms is
about 2800 volts peak, so this cap is capable of holding off upwards of 8 kV. This should be derated a bit as we don’t
know the manufacturer’s safety factor. That said, the typical cap should be good for one microfarad at 6000 volts dc. In
this semiconductor era this is not a common capacitor and making use of oven capacitors can help you to avoid bigger
than necessary dents in your pocketbook should you need a high voltage filter capacitor or a storage device for pulse
work.
The oven diode usually takes the form of a black plastic part about 0.5 inches square by 1 inch long, with spade
connectors on each lead. I believe they are normally rated at about 12 kV dc and one amp. These diodes are multi-chip
devices, so your usual ohmmeter test will show one to be open both ways since the number of diode forward voltage
drops will exceed the battery voltage in most ohmmeters. About the only thing an ohmmeter test will establish is that the
diode is not shorted. Continuity either way means it is trash, as opposed to useful junk. Now, try pricing a 12 kV, one
amp diode, and you will agree that this is a cheap source for parts for high voltage power supplies, Marx generators and
other shocking toys!
THE MAGNETRON
Now let’s suppose the magnetron is the bad part in our junked oven. Toss it? Not just yet. Let’s pull this baby apart as an
educational exercise, if nothing else. With a little bit of care, one can remove two ceramic donut magnets. These are
useful in sputtering devices and shop floor trash collection, just to mention a few possibilities. The tube itself has multiple
pressed-on aluminum cooling fins. This may be just scrap metal, but let’s do some conjecturing. As you remove these,
you will find them to be very malleable. Now, aluminum is at its best in terms of heat conduction and oxidation resistance
in the pure form. It is only alloyed to increase its strength. Since the fins have no mechanical requirement, but do
function as heatsinks at high temperature, and since I find them to be very soft when removed, I am inclined to think that
they are of pure, rather than alloyed aluminum. I haven’t been able to verify this, but I am interested in trying the stuff
out in vacuum evaporation, especially since you have to pay a premium for evaporation-grade aluminum.
At this point we are down to the bare tube. This is a copper cylinder about 2 inches in diameter, give or take
depending on the type of tube. At each end of the copper cylinder is a ceramic insulator with either one (anode end) or
two (cathode/filament end) electrical feedthroughs. The ceramic insulators are sealed to an appropriate metal, which is
then welded to the copper cylinder. If you carefully cut the ends off, leaving about 1/8" of copper attached to the sealing
metal, you will have two lead- in assemblies, very high vacuum rated, with edges that can be silver-soldered or brazed to
any metal apparatus needing them. (A minute in a small lathe will make the ends nice and square.) Electrically isolated
feed-throughs are difficult to make, and not cheap to buy.
Are we done yet? Looking inside the remaining copper portion you will find stamped copper vanes dividing the area
into many small resonant cavities. They will have little resemblance to the neat round cavities described in the textbooks,
but are much cheaper to make. Having satisfied our curiosity, I will note that the copper is OFHC (oxygen free high
conductivity) copper, the form of choice for high vacuum work. This remaining chunk is oddly shaped, but I’m not
chunking it just yet, as I know of no source of OFHC copper for the experimenter. I just might have a use for it someday.
A Conjecture
Let me tell you about a source of reasonably priced titanium, then we’ll blue-sky with this remaining piece of stuff from
the magnetron.
Reactive Metals Studio, Inc. (P.O. Box 890, Clarkdale, AZ 86324 (520) 634-3434 email: reactive@sedon.net) is a
supplier of jewelry materials to those who fabricate earrings and such of titanium. Titanium is used because it can be
electrolytically oxidized to develop interference colors. Be thankful to them for, without their artistic enterprise, finding
small amounts of titanium would be exorbitantly expensive. $21.38 will get you their titanium starter kit, containing a
two page info sheet on the oxidizing technique, two 3"x 6" sheets of titanium (22 and 26 gauge), 3 ft. of 16 gauge wire,
10 ft. of 18 gauge wire, 12 ft. of 20 gauge wire, 20 ft. of 24 gauge wire and 3 inches of 1/8" diameter tubing. Since they
have a $25 minimum order, you can throw in another $3.60 for a second 3" x 6" sheet of 22 gauge and let them keep the
change. They will hit you with a $3.00 handling charge, and $4.50 for shipping, with any overage on the shipping
refunded by check. You might even try making some jewelry!
Returning to the magnetron tube, with the two electrode feed-through from the you can build a nude TSP (titanium
sublimation pump). If your experiment will permit it, you can use the soldered portion of the feed-through as a common
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return, thus permitting a two filament unit. Choosing the right size Ti wire might permit using the filament winding of the
oven transformer as the power source.
With the feedthroughs, the two magnets and the titanium sheet, you have the makings of a titanium ion pump. Two of
the oven transformers in series will provide the voltage and current needed. Four oven diodes will provide full-wave
rectification, and one of the oven caps will filter the supply. The current through such a pump is proportional to the
pressure, so you have a Penning gauge out of it also.
All this from someone else’s discards! Now all you have to do is convince your wife to let you bring stuff BACK
from the dump!

Scientific Apparatus Using Domestic Microwave Ovens
Steve Hansen

What follows are descriptions of three devices that are built around substantially unmodified microwave ovens. Each of
these is a patented device and complete details may be found by acquiring a copy of the full patent.
THE PLASMA-PREEN
In the article Microwave Miscellany in “The First Five Years,” I mentioned the Plasmatic Systems, Inc. Plasma-Preen
microwave etching system. This system is shown in the current issue of the Kurt J. Lesker catalog. On the chance that
this device was covered by a US patent, I did a search using the on line USPTO patent database. Sure enough, it’s
described in patent 4,804,431 (Microwave Plasma Etching Machine and Method of Etching, Aaron Ribner). I then
downloaded a full copy of the patent.
The conversion details are very simple. A Pyrex chamber with appropriate fixturing is placed in the oven cavity and a
means for adjusting the oven power output is incorporated in the magnetron’s power supply. Figure 3.1 is taken from
Figure 5 of the patent. This shows the oven with a cylindrical chamber, forming a barrel reactor. In the commercial
configuration, the cylinder is of Pyrex, 4.1 inches in diameter by 6 inches long.
The other configuration uses a rectangular chamber mounted to the floor of the oven. In the previously referenced
article I noted that the chamber looked like a Pyrex baking dish. Sure enough! Figure 3.2 is a drawing of the rectangular
chamber showing the dish with water cooled base plate. Note that a silicone gasket is used. Silicone is not a good
absorber of microwave energy and is relatively impervious to the reactive gases that are used in plasma etching (typically
oxygen or CF4). The water cooled base permits this chamber to be used with higher microwave powers.
In the commercial configuration, the chambers are either 8" x 6" x 2" or 9" x 7" x 3". Check your local Walmart for
availability.
The power regulation used in the Plasma Preen is very simple: a 10 ohm, 25 watt rheostat placed in series with the
primary of the power transformer. This has the effect of varying both the filament and cathode potential of the
magnetron. For reference, the prototype unit described in the patent is a Whirlpool 1200XS.

Figure 3.1 - Microwave Plasma Etching Machine

12&14 - existing timer and duty cycle controls; 16 existing rotating antenna; 18 - Pyrex barrel chamber; 24 chamber support legs; 20 - gas inlet tube; 22 - vacuum
exit tube; 26 - holder; 28 - object being etched. From US
Patent 4,804,431, Figure 5.
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Figure 3.2 - Rectangular Plasma Etching
Chamber

402 - inverted Pyrex baking dish; 404 - machined
aluminum base plate; 406 - flat silicone O-ring;
408 - copper or aluminum cooling line secured
with thermally conductive adhesive 410; 411 gas inlet; 412 - vacuum exit; 416 & 418 - gas
inlet & exhaust dispersion tubes. From US Patent
4,804,431, Figures 10 and 11.

Figure 3.3 - Fluxless Soldering Sample Pretreating System

12 - plasma chamber (e.g. microwave oven cavity); 14 - downstream process chamber; 19 - perforated
aluminum plate; 20 - sample. From US Patent 5,499,754, Figure 1.
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FLUXLESS SOLDERING SYSTEM
US Patent 5,499,754, Fluxless Soldering Sample Pretreating System (Stephen Bobbio, Nicholas Koopman, Sundeep
Nangalia) describes a downstream reactor for activating circuit board bonding pads with atomic fluorine prior to
soldering. This eliminates the need for corrosive chemical fluxes. A diagram of the apparatus is shown in Figure 3.3.
The apparatus has two chambers. The first chamber is connected to the gas source and contains the plasma. The
second chamber contains the sample. One end is connected to the plasma chamber and the other to the vacuum pump.
This downstream configuration is often used in plasma-based etch processes where it would be undesirable to
immerse the sample directly in the plasma.
As described, a fluorine-containing gas (such as SF6) is introduced into the plasma chamber (12). The plasma within
this chamber dissociates the gas thereby producing chemically-active atomic fluorine. The fluorine atoms then flow to the
process chamber (14) which, being directly connected to the vacuum, is at a lower pressure than is the plasma chamber.
A perforated aluminum plate (19) is placed between the chambers. This has the effect of confining the plasma to the first
chamber while allowing the neutral atoms to pass through. In the process chamber the fluorine reacts with the sample
(20).
ULTRAVIOLET STERILIZER
US Patent 5,166,528, Microwave-Actuated Ultraviolet Sterilizer (Thurston C. Le Vay) describes a system for the surface
sterilization of articles such as baby bottles, contact lenses, toothbrushes and other articles. Since the process takes under
one minute, it is not likely that the articles will be subjected to high temperatures from the action of the microwaves.
In the device, the microwaves serve two purposes. The first is to excite a number of leadless ultraviolet lamps that are
contained within the oven’s cavity along with the articles that are to be sterilized. Additionally, it is claimed that the
microwave energy, at the levels found in home microwave ovens, assists in the sterilization process. Figure 3.4 shows
this invention.
An example of a lamp is shown in the right hand side of Figure 3.4. This is nothing more than an evacuated quartz
tube in which a small amount of mercury has been contained. In order to enhance the UV emission, a small piece of
nichrome or tungsten wire is placed within the bulb, acting as an antenna. These wires should be about 1 to 5 mils in
diameter and one to two inches long. The pressure in the bulb should is specified as about 1 Torr.

Figure 3.4 - Microwave-Actuated Ultraviolet Sterilizer

Left: 2 - microwave oven; 4 - UV bulbs; 14 - item to be sterilized.
Right: Detail of UV bulb. 16 - quartz envelope; 17 - UV emitting gas (Hg + Ar or Ne at 1 Torr);
18 - resistive wire. From US Patent 5,166,528, Figures 1 and 2.
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Projects with Microwave Ovens
Drying wood with microwaves and vacuum, microwave plasma reactor
Quick Drying of Woodturnings
Earle Rich
Earle was one of a handful of subscribers that could almost be considered to be a neighbor, at least when I lived in New
Hampshire. In the spring of 1998 I received an email from Earle describing his work and I promptly drove over to see
him and his shop. The following describes his foray into mixing vacuum, microwaves and the craft of woodturning. - Ed.
This article originally appeared in Volume 7, Number 2.
For the past 6 months, I've been attempting the craft of woodturning, specifically, making wooden bowls from green
wood. After monitoring the internet newsgroup rec.crafts.woodturning I found that the usual recommended procedure is
to rough turn the bowl, leaving 1/2 inch or so wall thickness, and then set it aside for a few months in a paper or plastic
bag to slowly dry. The goal is to dry it so that it doesn’t crack or distort too much. Slow drying inside the bag minimizes
differential drying where the edges or base shrink more than other parts.
Some woodturners have been experimenting with microwave oven drying, but the trick is to not overdo it and there is
still a problem with differential drying. One turner out on the west coast was trying to dry in a vacuum, but wasn’t having
too much success. Since I have access to lots of surplus vacuum equipment, I decided to give it a try.
My first chamber was a 14" diameter by 24" high by 3/8" wall Pyrex tube. I made end pieces out of 3/4" Plexiglas and
for good measure added a load cell to weigh the bowl during drying (see Figure 3.5). I also incorporated a temperature
monitor. The vacuum pump was a Welch 2-stage rotary oil pump salvaged from a helium leak detector. It worked, but the
pump didn’t handle the water vapor very well as the oil became contaminated rather quickly. It was obvious I didn’t
know much about vacuum systems.
The temperature sensor showed that the bowl temperature dropped quickly as a result of evaporative cooling. As a
result, the rate of moisture evaporation also decreased. To counter the evaporative cooling effect I added an infrared lamp
inside the chamber. Now the problem was that, since the surface of the bowl became dry before the inside, the dry wood
was now an insulator and kept the heat from reaching the inside of the wood. There was still a problem with uneven
drying and distortion.
Well, if nothing else, I am not a quitter. My next experiments involved removing the bowl periodically, microwaving
it to heat it up, and subjecting it to vacuum again. At this time I also added a simple cold trap to try to intercept the water
vapor before it got to the pump. That helped, but was quite a hassle and wasn’t very convenient.
Total Mass
(grams)

Figure 3.5 - Water Loss in a Vacuum
Microwave Dryer.
6-inch diameter maple salad bowl
22 inHg vacuum
Microwave power: 1175 watts, 50%
duty cycle (approx. 17 sec. on,
17 sec off.)
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My next thought was, “why not put a vacuum chamber inside the microwave oven?” Mentioning this to the
newsgroup got a few bricks thrown my way, but I didn’t let that slow me down. My first chamber made with flat
Plexiglas was a partial success, but 3/8-inch plastic was not nearly stiff enough to keep joints and door gaskets vacuum
tight. The next chamber was made of 5/8 and 3/4-inch Plexiglas with mitered joints. I also used stainless bolts to further
secure the edges and fresh RTV sealer before assembly. The microwave oven was a town dump salvaged unit, so I had
no misgivings with punching holes in it. The vacuum connection was a bolted on bulkhead fitting (brass) with a copper
nipple going to a tee connector for ball valves.
The pump I am using now is a double cylinder diaphragm pump made by Gast. Being an oil-free (dry) pump, it
tolerates moisture better than the Welch. Even with small leaks in the system, I have no problem getting down to -25
inHg, a level that seems completely adequate for this task since the microwave energy easily gets the wood to
temperatures in the 150 °F range.
With this success, I next set about to improve the cold trap. My best one is a 6" diameter stainless bellows clamped
between two plates of high density polyethylene. Below that is a Plexiglas tube 5 inches in diameter and 6 inches long
that accumulates the water. The whole cold trap is immersed in a 5 gallon bucket of cold water. Since I’m trying to make
something anyone can duplicate, I also made one out of an apple juice bottle. This works well too.
Now I have something that really works. It’s amazing the amount of water that can come out of a bowl. Typically
about 1/3 to 1/2 the weight is water. The best thing is that I can turn a green bowl (maple, birch, beech, etc.) and have it
ready for finishing in less than 1 hour. Other turners usually take 3 to 6 months to get to this point.
I have gotten a lot of encouragement from the newsgroup since I make regular postings on my progress. I’ve also
gotten lots of good advice, particularly on the need for a cold trap. I recently subscribed to the Bell Jar, and the first issue
I read had very pertinent articles on microwave ovens, freeze drying, and a good explanation of the triple point of water
(Volume 6, Number 1).
Since my process takes so much time out of the woodturning experience, I have been advised to “patent it as soon as
possible,” publish in wood working magazines, sell plans, sell equipment, etc. Since I don’t believe in the patent system
for individuals, that leaves the last few options.
First, I am not quitting my day job. I’m not going to get rich out of this. I'm having fun and some recognition, and that
is mostly enough. I plan on writing a manual so people can duplicate this work, and since my sister is a professional
videographer specializing in special interest videos, I will also go that route. This has turned out to be a really a fun
project, taken on for the sheer enjoyment of applying a scientific approach to an old craft. The surprise was that it has
solved a real problem. Being new to woodturning, I didn’t realize that it couldn't be done because it never had been done.
Some advantages to being ignorant!

Microwave Plasma Reactor Update
While we are on the subject of microwaves, I thought that this would be a good time to provide an update on my
microwave reactor.
My last report was in the Spring 1995 issue (Volume 4, Number 2) which is now in “The First Five Years.” The only
major change to it is the design of the quartz tube that is immersed in the microwave cavity. Instead of a side arm that
introduces the gas, it is a straight tube that goes from top to bottom of the oven. The gas inlet is therefore from below the
oven cavity. The configuration is shown in the figure at the top of this page.
The photo of Figure 3.6 on the next page shows the device in action. The plasma in the tube is violet/red, indicative of
the working gas - air. The glow in the downstream chamber is yellow/green, indicative of recombining oxygen.
The microwave power is controlled by means of a 20 ohm/100 watt rheostat that is placed in series with the oven’s
power transformer. This simple method varies the power to both the filament and to the magnetron’s plate. It seems to
work quite well.
Getting the plasma to strike is a problem. A common way to do this is to use an induction coil or Tesla coil to “kick
start” the discharge: once the discharge initiates it will keep going. I took a cruder approach and simply inserted a short
length of small diameter tungsten wire into the discharge tube. Acting as an antenna, a high enough field is created
around the wire to initiate the discharge.
Now that it’s built, all I have to do is find something useful to do with it.
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Downstream Plasma Reactor
Figure 3.6. Photo of Plasma Reactor in
Operation (right); Pictorial of System (below).
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Plasma Chemistry, Freeze Drying & Other Applications
A Small Reactor for Plasma Polymerization
Using propane for more than cooking burgers
Steve Hansen

This article originally appeared in Volume 8, Number 1.
INTRODUCTION
In a number of previous articles I’ve described my attempt at a microwave frequency plasma reactor. I have gotten this
thing up to the level of functioning as a wicked hot plasma tube. Microwave leakage as well as problems related to
starting and sustaining the discharge over a wide range of operating conditions has slowed progress on doing anything
useful with it.
Partly as a result I decided to put together something that would operate at lower frequencies (60 Hz line frequency
to 10s of kHz). About a year ago I got my hands on a discarded piece of process glassware which, with the help of my
friends Wayne Martin and Noshir Motivala of M&M Glassblowing, was transformed into something that I hoped would
be a multipurpose chamber for studying various aspects of plasma chemistry. In this article I’ll discuss a bit about the
process of plasma polymerization, the apparatus, what I’ve managed to do so far with it and some other examples from
the patent literature.
PLASMAS AND POLYMERS
Some properties of the glow discharge have been covered in these pages in some detail before. What hasn’t been
discussed is the chemistry that can be done with glow discharges.
When a gas is ionized, a number of things can happen. The molecules will lose electrons and therefore become more
susceptible to participating in chemical reactions. The molecules can also split into pieces and reform into other
molecules. Some of these changes may be permanent, some may be temporary.
As one example, if a discharge tube containing the inert gas argon is excited, the discharge will create argon ions
(Ar+, Ar++ and Ar+++). Once the excitation is stopped, the electrons in the plasma will recombine with the argon ions and
you will have what you started with.
In the case of oxygen the plasma will create not only ionized oxygen (e.g. O2+ and O+) but also neutral molecules of
atomic oxygen (O) and ozone (O3), both of which are much more reactive than pure oxygen. However, they are unstable
and will therefore only persist for a relatively short period of time after the source of excitation has been removed. Both
atomic oxygen and ozone are well known for their abilities to attack organic materials.
Ashing is a process that takes advantage of this. In a plasma asher, oxygen is directed into a plasma chamber where
the active species are created. The item to be ashed may be placed in the plasma or it may be located downstream of the
plasma. The advantage of the latter is that the article being ashed is subjected to just the active electrically neutral
molecules as opposed to also being bombarded by high energy ions that exist in the plasma.
In biology plasma ashing can be used to remove tissue from bone. In semiconductor processing ashing is used to
quickly remove photoresist without having to resort to polluting and toxic chemical stripping agents. The byproducts
from photoresist ashing are CO, CO2 and H2O - pretty harmless stuff unless you are Al Gore.
In the case of plasma polymerization, the glow discharge causes simple organic molecules to combine into more
complex molecules. One starts with a monomer, a single, small molecular unit (mono=single, mer=part). If you stick two
monomers together you get a dimer. A monomer attached to a dimer yields a trimer and a few of these things stuck
together results in an oligomer. (Not at all related to the plain old gomer, which was only found in episodes of The Andy
Griffith Show.) Finally, joining lots of these things together yields a polymer.
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Figure 3.7 - Plasma Reactor

3-11
Copyright 2011, Stephen P. Hansen
No redistribution is permitted.

Reference Number: SF1211

Things that we normally think of mainly as fuel gases (methane, ethane, propane, etc.) are all examples of monomers
and each may be used to form hydrocarbon polymers. Fluorocarbon monomers such as tetrafluoroethylene can also be
used to make fluorinated polymers.
Since it comes in convenient disposable cans available at the local hardware store, I decided to see what I could do
with propane, C3H8.
THE REACTOR
Reactors for plasma polymerization are basically 2 electrode discharge tubes with one end connected to the monomer gas
source and the other to the vacuum pump. Usually there will be some set of devices for measuring or controlling the
pressure as well as a device for metering the monomer.
There is one problem with these reactors: the deposited polymer films are insulating and, as they build up on the
substrates, they will also form an insulating layer on the electrodes, eventually decreasing their efficiency to zero.
There are a few ways around this. One is to flow a non-reacting cover gas (like argon) over the electrode surfaces.
This keeps the monomer away from the electrodes without wrecking the process. The other way is to excite the electrodes
with high frequency power. This changes the coupling of the electrodes to the gas from resistive to capacitive. As
everyone knows, the impedance of a capacitor decreases as the frequency is increased.
At this point it is no longer even necessary for the electrodes to be inside the chamber. They can be attached to the
outside as long as the chamber material is a decent dielectric (e.g. glass or fused silica). Usually these reactors will be fed
by frequencies in the MHz range, usually the industrial frequency of 13.56 MHz.
Not having a 25 to 100 watt rf generator and matching network around I figured I’d try an electronic neon
transformer. These are rated at up to about 50 watts input with maximum outputs of 5 to 35 mA. The operating frequency
is usually in the 20 kHz range - not high but perhaps, I figured, high enough to get some reasonable degree of coupling.
More on that after a description of the chamber.
THE CHAMBER
The chamber is shown in Figure 3.7. The main part of the chamber was fabricated from a single length of 100mm inside
diameter Pyrex process pipe. This is a heavy wall type of tube that can be joined to other similar pieced by means of a
rubber boot that is slipped over the enlarged (beaded) ends and then compressed with a clamp ring. To keep the glass
beads from directly contacting each other (which could cause chipping or breakage) a Teflon liner is interposed between
the two ends.
As can be surmised, the process pipe was cut into two unequal pieces to make the upper and lower parts of the
chamber. The lower piece has a 50mm diameter tail. At the side of this tail is an 11mm Ace Thred® (Trademark of Ace
Glass Inc.) to which can be affixed a vacuum gauge. (I recently cleaned out an old lab at work and got to keep a few
vintage items, including a 100 Torr MKS Baratron® capacitance manometer, a flow controller and some readouts. They
quickly found their way to this project.) The lower end of the tail is terminated in a 25mm Ace Thred. This is the vacuum
pump connection.
The upper part of the chamber is configured for various electrode options which will be detailed in the next section.
At the top of the chamber is a 25mm Ace Thred port through which the monomer is fed. It can also be used to attach
other appendages. At the sides are two diametrically opposed 11mm Ace Threds. These are used as electrical
feedthroughs.
The inlet and outlet fittings are made from stainless steel KF25 flanges and tubing. I cut these from a surplus length
of KF25 piping. The tubing has a 25mm outside diameter and will therefore make a nice fit with the Ace Threds.
The whole chamber assembly is mounted in a vertical orientation. The lower end passes through a hole in my
countertop. A set of four steel rods support a piece of hardwood which has a hole cut in it so that a fairly tight fit is made
with the wide part of the lower section. A steel hose clamp, padded with several turns of rubber electrical tape, keeps the
glassware from slipping through the counter. The pump is out of the way, under the counter.
Because of the gases that are passed through the chamber, the pump must be vented to the outside. Also, even if you
consider the inlet gases to be safe, the plasma reactions may produce byproducts that are nastier.
ELECTRODE CONFIGURATIONS
This section will describe a number of electrode configurations using both resistive and capacitive coupling. While
discharges with each of these has been demonstrated, I have only actually tried polymerization with a couple of
configurations.
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Some of these configurations, especially the
downstream ones, may not be applicable to
polymerization studies. However, they may be useful in
other plasma applications. For example, I used a simple
glow discharge treatment to improve the wettability of
some small metal components.
Parallel Plate Electrodes: Figure 3.8 shows the parallel
plate configuration. The rectangular electrodes are
fabricated from thin aluminum sheet. (Please note that
all of the internal conductive surfaces should be made
from either stainless steel or aluminum to minimize the
sputtering of metal. By all means avoid materials with a
high sputter yield such as copper.) Each plate is affixed
to a 3/8-inch diameter aluminum rod by means of a #8
pan head aluminum screw.
In this configuration, the plasma is formed between
the plates. Test substrates should either be placed
between the plates or just below them as indicated by
the cross hatched pattern.
With the plates having a sizable area and located
fairly close together, the selection of the power supply
is critical.

Gas Connection

KF25 Fittings

Electrode Plates Aluminum, 2.5 x 4 inches
Electrode Holders (2) 3/8" Diameter Aluminum Rod

Wire Leads

Substrate Support Perforated Paper Disk

Cylindrical Hollow Electrodes: Referring to Figure 3.9,
the monomer is admitted through a hollow electrode
formed by the inlet tubing. The opposing electrode is
also of cylindrical form, although much larger in area.
Samples may be placed within the discharge region or
below the lower electrode, out of the plasma, for
experiments with downstream processing.
Capacitive Coupling: Perhaps the most straightforward configuration is shown in Figure 3.10. Here
the upper and lower necks are tightly wrapped with a
band (an inch or so wide) of conductive foil, each of
which is connected to a power supply lead. The
discharge then occupies the virtually the entire
chamber. One problem is that the grounded pressure
gauge, which is located fairly close to the lower
electrode, also acts as an electrode, draining some
power away from the main discharge. This can be
corrected by moving the gauge away and connecting it
with a reasonable length of non-conductive tubing. The
fitting that goes through the Ace Thred should be
nonconductive. (Note: this sort of situation is death for
filament-type gauges such as Pirani and thermocouple
gauges. The high voltage will often get into the
electronics and wreck the gauge.)

Figure 3.8 - Parallel Plate Configuration

Gas Connection
Electrode
Connection

Cylindrical Aluminum
Electrode

Plasma Region

Electrode
Connection
Downstream
Region

Capacitive Coupling, Downstream: Figure 3.11 shows
an arrangement with a supplemental chamber, 1 inch in
diameter and about 10 inches long. This piece inserts
into the 25 mm fitting at the top of the main chamber
and has an 11 mm fitting at the top for the gas inlet.
Two foil electrodes are fitted to this tube. Because of

Figure 3.9 - Coaxial Electrodes
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the decreased cross sectional area, this arrangement can produce a more intense discharge for a given amount of input
power. The small plasma volume pretty much prohibits inserting samples within the plasma. However, it can be used in
downstream processing.
POWER SOURCE
Any current limited dc or ac high voltage power supply may be used with any of the internal electrode (resistive coupled)
configurations. As noted before, the gradual build up of insulating polymer layers on the electrodes will eventually
impede operation and the electrodes will have to be cleaned or replaced.
High frequencies permit capacitive coupling through a dielectric barrier and are preferred for this type of application.
Most research and industrial plasma polymerization systems use frequencies in the MHz range although some go as low
at some 10s of kHz.
Not having a suitable rf power supply (I have an old high frequency 100 watt transmitter that was made for
intelligence operatives. I’ve never gotten around to building a matching network for plasma work.) I attempted to use an
electronic neon sign transformer that I had kicking around. This supply, manufactured by DNF, had been obtained from
Eurocom, Inc. of Irving, TX (800-888-0932; www.eurocom-inc.com). Rated at 6 kV and 30mA at about 20 kHz, it
seemed just about right. There was only one problem: most of these things have protective circuits that shut them down
when the load has either too high a resistance (open circuit) or too low (short circuit). This is to protect them from
overloads or excessively high reflected power, the
latter a problem for high frequency devices. For
running neon signs, these protections are useful. In
Gas Connection
the case of my plasma reactor, the parallel plates
looked too much like a short and the capacitively
coupled configurations looked too much like opens.
As a result the supply would almost immediately shut
down. (Conventional iron core neon transformers are
current limited by design and reflected power is not a
problem.)
Electrode Ring
I then did some looking for electronic
Connecting Wire
transformers that were more tolerant. A small unit by
Bertonee (now Ventex I think) did not advertise
Plasma Region
shut-off protection. I got a 3 kV, 20 mA unit from
Eurocom and it worked nicely in all modes. Here’s
where I learned another thing: often these
transformers have current ratings that indicate
equivalency to the light output from a 60 Hz
transformer. The high frequency units produce more
light for a given current therefore the real output is
often less than the label rating. My Bertonee really
puts out around 5 mA. This unit is Eurocom part
number NPS-12-08. It costs about $20. You need a
12 volt, 1 amp wall adapter which costs about another
ten dollars.
Another manufacturer is Transfotec (TFT) of
Québec, Canada. Their literature states “TFT
electronic power supplies operate as a constant
current source and automatically adjust to tube length
(including electrodes) from short circuit (0 length) to
Connecting Wire
the maximum value.” An email to them about my
Electrode Ring
application brought no response. (Should I have been
surprised?)
I found a distributor for TFT’s products, Tubelite
Company of Moonachie, NJ (800-505-4900;
www.tubelite.com). They sent me two units of
Figure 3.10 - Capacitive Coupling
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different model types: 5000 volt at 35 mA
(TFT-P-Kube-5000-35) and 6000 volt at 30 mA
(TFT-04-6000-30). They also double billed me but that’s
another story.
The bottom line is that both of these transformers
worked well and the current ratings seem to be closer to
real mA than 60 Hz equivalent mA. However, for the
configuration of Figure 5, the little Bertonee produced a
more brilliant discharge.

Gas Connection
11mm Ace Thred with
Hose Connector

Electrode Ring

Plasma Region
Connecting Wires

RESULTS TO DATE
25mm Diameter Pyrex Tube

I hooked up a gas supply consisting of a small propane
tank, portable heater pressure regulator (Paulin 3015)
and a mass flow controller (MKS Type 1159, 0 to 36
sccm). Flow set point was controlled with an MKS Type
247 4-channel readout. Pressure was monitored with a
100 Torr MKS Type 722 Baratron® transducer and
PDR-C-1 readout. My initial attempts went something
like this:
With a 2 inch diameter glass disk substrate supported
midway
between, and parallel to the parallel plate
Downstream
electrodes I pumped the system down with no gas flow.
Region
The TFT 30 mA transformer was turned on and I got a
healthy discharge between the plates. System pressure at
this point was about a tenth of a Torr.
I began to admit propane at about 25 sccm and the
pressure rose to around 0.8 Torr. The discharge changed
color and was a bit dimmer. The electrodes began to turn
a brownish color (fairly quickly) while nothing
significant appeared to form on the glass substrate.
Just to see what happened at different flows and
pressures, I reduced the flow to about 1 sccm. As the
pressure went below a half Torr, the discharge got more
intense and the discharge became very animated: lots of
apparent swirling motion either from the gas flow or
factors related to the discharge, or both.
At this point I began to notice the formation of small,
stringy brownish particles which collected on the
Figure 3.11 - Capacitively Coupled
horizontal surface of the paper disk that supported the
Downstream Configuration
substrate. Also, I began to collect a non-uniform milky
colored deposit on the substrate.
Increasing the flow rate reduced the particle formation but I didn’t observe any improvement in film deposition on
the substrate, although my electrodes were well covered and the chamber was showing signs of film buildup.
The capacitive coupled configuration of Figure 3.10 resulted in less particle formation and lots of buildup on the
chamber where the electrodes were placed. I have not tried the configurations of Figures 3.8 and 3.11.
Obviously there are some issues related to flow rate, pressure and position of the substrate. Referring to the only
plasma chemistry text that I have [1], I learned the following:
1.
2.
3.
4.
5.

Low pressure/low flow are preferable to high pressure/high flow at low powers for improved monomer conversion.
Low pressures also yield higher deposition rates on substrates placed midway between electrodes relative to the
deposition rates on the electrodes.
In the polymerization of ethylene (C2H4), the polymer may be obtained as an oil, powder or film.
At low pressures and low monomer flow rates, the polymer is present both as a powder and a film.
At high pressures and high flow rates, an oily film is obtained. Only at low pressure and high flow rate is a solid,
pinhole free film deposited.
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In the future I’ll be trying more experiments with various pressure and flow parameters, electrode configuration, and
substrate location to see under what conditions I get a continuous film on the substrate. I’ll also be trying 1,1,1,2
tetrafluoroethane as a monomer. This stuff is readily available as “dust remover spray” from office supply stores and
Radio Shack. I have accidentally produced polymer films and powder in the past with this stuff; maybe I can do the same
under more controlled conditions.
Also, a real limitation in these experiments was the relatively low power output of the inverter style neon sign
transformers. Much better results may be obtained with adapted power inverters as described in Volume 10, Numbers 3
& 4, now available on line
REFERENCE
[1] Herman V. Boenig, Plasma Science and Technology, Cornell, New York, 1982, pg. 109.

Cover Illustration from Volume 8, Number 1. This is from US Patent 5,262,208 “Gas plasma treatment for archival
preservation of manuscripts and the like” by Svetlana A. Krapivina, Georgy Z. Paskalov and Alexander K. FIlippov.
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ADDENDA
The following is from Volume 8, Numbers 3&4.
On a number of occasions I’ve mentioned my microwave reactor and I decided to try some polymerization experiments
with that. The set up is shown in Figure 3.12 below.
For my first experiments I simply fed “pure” (torch grade, no dilution) propane into the quartz reactor tube by way of
a needle valve. As far as process conditions go, I was flying blind as I’d not moved my flow controller or capacitance
manometer from the other set up. As is typical with simple microwave reactors, getting the discharge going and
maintaining it were the major challenges. Once the discharge was initiated I would adjust the needle valve to get varying
conditions of flow and pressure. A piece of wire inserted into the tube acted as an antenna and aided considerably in
starting and maintaining the discharge.
In the previous article I noted some rules of thumb
Connection to Pump
relating to polymer formation. I’ll restate them here:
1.
Mini Chamber

2.
Glass Substrate

O-Ring and Compression Seal

3.
Baseplate

4.
Plasma

Oven Cavity

Quartz Tube,
22 mm Dia.
Antenna

5.
Magnetron &
Waveguide

Low pressure/low flow are preferable to high
pressure/high flow at low powers for improved
monomer conversion.
Low pressures also yield higher deposition
rates on substrates placed midway between
electrodes relative to the deposition rates on
the electrodes.
In the polymerization of ethylene (C2H4), the
polymer may be obtained as an oil, powder or
film.
At low pressures and low monomer flow rates,
the polymer is present both as a powder and a
film.
At high pressures and high flow rates, an oily
film is obtained. Only at low pressure and high
flow rate is a solid, pinhole free film deposited.

Items 3-5 are depicted in Figure 3.15 (adapted from H.
Kobayashi, M. Shen and A.T. Bell, Research Contract
AD-762, 480, Office of Naval Research, 15 June 1973).

Oven Case

Propane Inlet

Oily Film

Figure 3.12 - Capacitively Coupled
Downstream Configuration

In my primitive experiment, I was able to produce a thick,
really foul smelling oily film on the glass substrate. It reminded
me a bit of cod liver oil. Backing off on the gas flow I began to
get a solid film, but the discharge got touchy indicating that I
was heading into the unstable discharge region. As for the
reactor tube itself, a thin, light brown film was built up during
the course of the experiments. This film was just barely soluble
in acetone and methyl ethyl ketone indicating a fairly high
degree of polymerization.
All of that aside, my minimally shielded microwave
reactor still scares me.

Pressure

Unstable
Discharge

Rigid Film

Powder &
Film

Gas Flow

Figure 3.13 - Polymer Properties Based
on Discharge Conditions
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Frozen Free Radicals
This article originally appeared in Volume 9, Numbers 3 & 4.
One of the Amateur Scientist columns that I have in my print collection but which I seem to have forgotten until I ran
across it in CD-ROM format is the column of July 1963, How to Generate Free Radicals and Collect them for Analysis.
This was especially interesting in light of my messing around with plasma polymerization. The experimental apparatus
was devised by Fred Swift and Figure 3.14 is a schematic depiction of his set up.
Before progressing too far, “frozen free radicals” has nothing to do with anarchists who escaped a prison train in
Siberia. Rather the term refers to an extremely reactive species that contains an unpaired electron. The generation of free
radicals is part of the process of making plasma polymers (see inset on the previous page).
Getting back to Mr. Swift, C.L. Stong wrote:
Among the most interesting constituents of matter are the molecular fragments known as free radicals, the
ephemeral debris of molecules shattered by some energetic process such as heat, ultraviolet light, chemical
reaction or electric discharge. When isolated and preserved, some free radicals emit light spontaneously. Others
exhibit strange patterns of spectral absorption. All are highly reactive chemically. Free radicals can be generated
in quantity merely by striking a match. The flame consists of a seething atmosphere of both molecular fragments
and whole molecules that continuously collide, merge, dissociate and recombine while migrating toward the
cool surrounding air, where the end products of the reaction emerge as a mixture of stable molecules. At the
temperature of flame and at normal atmospheric pressure few fragments escape immediate collision with their
neighbors, and none survive for more than a few thousandths of a second. Although the generation of free
radicals poses no difficulty, the problem of unscrambling the mixture and preserving the unstable reaction
products is another matter.
Reasonably stable free radicals were prepared by chemical methods at the turn of the century, but
techniques for coping with the more interesting and reactive types are a recent development. In one ingenious
procedure raw material in the form of gas at low pressure is piped through a high-frequency electromagnetic
field that breaks up the molecules; the free radicals then migrate into an evacuated vessel and condense on a cold

Stopcock

To Diffusion
Pump

RF Coil
CCl4

Dry Ice &
Acetone

Condensate
Ice &
Water

Dry Ice &
Acetone

Liquid
Nitrogen

Figure 3.14 - Fred Swift’s Free Radical Generator

3-18
Copyright 2011, Stephen P. Hansen
No redistribution is permitted.

Reference Number: SF1211

surface [see “Frozen Free Radicals,” by Charles M. Herzfeld and Arnold M. Bass; SCIENTIFIC AMERICAN,
March, 1957]. An apparatus based on this principle was constructed last year by Fred Swift of Maquoketa, Iowa,
now a student at the State University Iowa. Instead of using a single condensing surface Swift equipped his
system with a series of three traps: U-shaped glass tubes that are maintained at progressively lower temperatures.
The apparatus was constructed primarily for decomposing carbon tetrachloride into free radicals and collecting
the more less stable reaction products according to the temperature at which each condenses.
Referring to Figure 3.14, this apparatus consisted of a glass source reservoir, a stopcock for controlling the flow of source
vapor (and also the pressure at the source), a plasma activation section (using inductively coupled RF from a homemade
600 watt, 14 MHz generator), a sequence of three successively colder traps (ice/water at 0 °C, dry ice/acetone mix at -79
°C and liquid nitrogen at -197 °C) and a high vacuum pumping system.
Swift tried several source materials but settled on carbon tetrachloride (CCl4) based on its vapor pressure
compatibility with his system. By cooling the carbon tet with dry ice/acetone in a dewar and with appropriate control of
the stopcock he could maintain a pressure of about 5 Torr
in the plasma tube.
The purpose of the three stage trap is to selectively
collect the various reaction byproducts. Swift reported a
decomposition rate of about 10 ml/hr. A clear, viscous oil
collected in the first trap. Analysis with a homebrew IR
spectrophotometer showed significant peaks at 11.8, 12,
12.3, 13, 13.4 and 13.6 microns. Over time the oil
crystallized into colorless crystals that melted between 65
and 67 °C.
The second trap collected two fractions. Melting point
and IR spectrum analysis showed this residue to be
composed of hexachloroethane and tetrachloroethylene.
The third trap collected two products, one condensing at
the entrance to the U, the other collecting at the bottom.
The principal constituents were tetrachloroethylene and
Figure 3.15 - Photomicrograph of a polymer film
carbon
tetrachloride.
Some
hexachloroethane,
produced in the editor’s reactor.
dichloroacetylene and dichlorocarbene also formed. The
latter material would react with air to form phosgene.
My reactor, when fed with propane, would - depending upon the flow rate and pressure - deposit continuous films,
particles, and/or an obnoxious smelly liquid. Figure 3.15 is a photomicrograph of a piece of film formed in the reactor.
The width of the sample is about 0.5mm. There is a distinct grain which I think is associated with the gas flow direction
(this needs verification) and some pinholes are evident.

A Cyberworld of Polymer Fun
This is the subtitle for the Macrogalleria (http://www.pslc.ws/macrog.htm) a site provided by the University of
Southern Mississippi’s School of Polymers and High Performance Materials. Following the links to the page on free
radicals (http://pslc.ws/macrog/radical.htm) you will find the following introduction:
One of the most common and useful reaction for making polymers is free radical polymerization. It
is used to make polymers from vinyl monomers, that is, from small molecules containing carboncarbon double bonds. Polymers made by free radical polymerization include polystyrene,
poly(methyl methacrylate), poly(vinyl acetate) and branched polyethylene. But enough introduction.
What is this reaction, and how does it work?
From there you will find an illustrated tutorial complete with animated chemical reactions. It almost makes organic
chemistry understandable.
(URLs updated March 2009)
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Plasma Ashing
Steve Hansen

This article orginally appeared in Volume 9, Numbers 3 & 4.
The use of plasmas to remove or clean materials has become a common industrial and analytical technique. Two terms
are often encountered and confused: ashing and etching.
Ashing is the complete removal of organic matter by use of an oxygen or oxygen rich plasma. If the sample contains
no mineral matter it will totally ash away, leaving no residue (ash). The by-products of this process, carbon oxides (CO,
CO2) and water vapor, are pumped away by the vacuum pump. The sample may be placed in the plasma or the sample
may be placed in a downstream region where the active species is the electrically neutral but active atomic form of
oxygen (monatomic O).
Etching is the controlled removal of layers or partial layers of material and is usually confined to semiconductor or
related thin film applications where metal or dielectric films are removed as part of the wafer manufacturing process. The
reactive agent is selected according to the material being removed. These materials are usually quite nasty to deal with in
terms of toxicity.
Ashing is also found in the semiconductor industry where it is applied to photoresist removal. However, it is also
applicable to biological sample preparation. 80
SOME BACKGROUND
An excellent resource for plasma ashing is “Techniques and Applications of Plasma Chemistry edited by John R.
Hollahan and Alexis T. Bell (John Wiley, 1974). (This book is out of print but used copies may be found though tBJ’s
Recommended Books web page.) Chapter 8 by Richard S. Thomas deals with the use of chemically reactive gaseous
plasmas for the preparation of microscopy (optical, TEM and SEM) specimens. Organic specimens contain some
inorganic mineral matter and the ashing process can be used to remove the organic material leaving a mineral matrix.
This mineral matrix can either be left intact or pulverized. The former is used when preparing a specimen for microscopic
analysis where the structure of the original sample is retained. This technique is also called microincineration. The latter
is done to concentrate the mineral matter for chemical analysis.
The alternative (and older) methods for ashing are furnace ashing and wet-chemical ashing , the latter also called
digestion. Either of these methods is rather harsh as compared with the kinder, gentler plasma method that works without
high temperatures or harsh liquid chemicals (which will also introduce contaminants). The downside of plasma ashing is
that it can be a slow process. Thomas, in his chapter, describes a number of uses for plasma ashing:
y
y
y
y
y
y

Ashing cellulose air filters to recover airborne particulates (e.g. asbestos)
Recovery of asbestos particulates from lung tissue
Recovery of incipient airborne particulates from cigars to determine if there are any materials that
could generate harmful byproducts when the cigar is smoked (sounds like lawyer fodder)
Separation of microscopic calcareous or siliceous skeletal material from marine plankton
Preservation of 3-dimensional mineral structure in biological specimens such as bacterial spores, rice
hulls, etc.
For specimens with a small, widely dispersed mineral concentration, thin specimens suitable for
microscopy can be ashed. Applications include biological tissue and plant matter.

The usual gas for ashing is oxygen. Air can be used in some applications, however the ashing rate is decreased. On
the other hand, air plasmas are easier on delicate samples. Heating of the sample will increase the ashing rate but this
should be done with caution as damage may result to the specimen. Temperatures to 150 °C are common.
THE EDITOR’S ASHER
To make a simple asher I modified my plasma polymerization rig as described in an earlier article by adding a new upper
section. The complete assembly is shown in Figure 3.16 on the next page. The plasma is generated in the 1-inch diameter
tube at the top. As the power source I used a Transfotec (Québec, Canada) electronic neon sign transformer, model
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TFT-P-Kube-5000-35). This is a 5000 volt, 35 mA unit. This unit is available in the United States from Tubelite
Company of Moonachie, NJ (800-505-4900; www.tubelite.com).
The coupling to the plasma is capacitive via two 2-inch long rings that were fabricated from 1-inch copper water
tube. I put a lengthwise slit in each tube and compressed them a bit so that they would stay in place on the 1-inch glass
tubing of the plasma source. The wiring to the power supply should be short and direct. Take care to keep these wires
from contacting metal objects or you’ll get some significant leakage.
My initial experiments have been with the sample downstream of the plasma. I fabricated a simple wire tripod to
hold the sample as shown in the figure. Since I do not have a pump that is prepped for oxygen service I used room air as
the process gas. The air is admitted via a needle valve and sintered metal filter (Speedaire type, normally used for
compressed air lines). Operating pressure has been in the 1 to 2 Torr range.
An initial stab at ashing is shown in the microphotographs of Figure 3.17. A piece of leaf was the subject (randomly
taken from one of my wife’s indoor plants). I exposed the leaf to the active gas stream for about 2 hours. In the photos
you can see areas where the ashing process has removed the organic matter in a number of places leaving a matrix of
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Figure 3.17 - Photomicrographs of
Partially Ashed Leaf

thicker areas. My fixturing and general level of microscopy technique are pretty crude so I’m sure that I lost some finely
detailed structures in all of this.
The next steps will be to try some other types of sample (insect wings and bits of skin might be good subjects) and
improve the fixturing in the reactor. I am also fabricating a heated stage in hopes that I can increase the ashing rates. Also
the low power output of the neon transformer has been upped by using a modified 700 watt inverter as described in
Volume 10, Numbers 3 & 4.
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Freeze Drying: The art of prolonging the life of dead stuff
Steve Hansen
This article originally appeared in Volume 6, Number 1.
INTRODUCTION
The subject of freeze drying of biological materials was briefly mentioned in the Spring 1996 issue of this journal.
Freeze drying is a very interesting process and one with a set of fascinating applications, many of which might be of
interest to the amateur. Preserving the freshness of coffee and making astronaut food are couple of the well known
examples of freeze drying. Freeze drying is also used in the manufacture of pharmaceuticals (I speak only of the legal
sort) and for the preservation of animal specimens. Museums use freeze drying as an alternative to taxidermy for the
preservation of animal specimens ranging in size from near-microscopic critters to alligators. Soft-shelled animals such as
worms and spiders are particularly good subjects for freeze-drying. In the commercial world there are at least a couple of
companies will sell you freeze-dried rattlesnakes or even freeze-dry your dear departed pet so you can keep it curled up
on the sofa in perpetuity (and never have to feed it again or take it for a walk). Medical schools are now using
freeze-dried organs for study purposes. After drying, the tissue is impregnated with silicone resin. This gives the organ a
“natural” feel (yuck) without the awful smell and handling problems associated with formaldehyde- soaked dead matter.
The freeze-drying process itself is quite instructive in that it vividly demonstrates such physical processes as adiabatic
cooling, sublimation, pumping by condensation, etc.
This article will cover the basics of the freeze drying process and will include a couple of simple experiments that can
be conducted with any reasonably good rough-pumped vacuum system. A follow-on article will include the design of one
or two small freeze dryers that may be assembled from readily available components.
FREEZE DRYING AND THE PHASES OF WATER
Freeze drying is a way of preserving organic matter. The basic idea is to stabilize a substance by removing essentially all
of the water from that substance. This is done by lowering the temperature of the material until it is in a totally solid state,
placing it in a low pressure environment, and then extracting the water by sublimation. By subliming the water (that is, by
establishing a set of conditions that allow the solid ice to turn directly to water vapor without going through a liquid
phase), the structure of the material is maintained.
Some products are also preserved by evaporative drying where the water is removed by simple evaporation at
atmospheric pressure. This tends to collapse the cellular structure, the result of which is a distorted (microscopically and
macroscopically) version of the original.
The conditions which result in sublimation are shown in the phase diagram of water. This is depicted in Figure 3.18.
At normal atmospheric pressure it can be seen that, as the temperature rises from sub-freezing, water goes from a solid
state (ice) through water and then to a vapor as the water boils. If, however, the water is frozen and then the pressure is
dropped to some level below about 4.5 Torr, the water will avoid the liquid phase as the temperature is increased. This is
the pressure-temperature regime in which freeze drying operates.
The intersection of the three phases is the triple point. This exists when the pressure is about 4.5 Torr and the
temperature is just above zero degrees C. Thus, if you were holding a glass of ice water while floating along under a high
altitude balloon at 50 km above sea level, the water would be boiling. I won’t offer any conjectures on what would be
happening to you!
Since there is a phase boundary between the solid and vapor phases at temperatures below freezing, sublimation can
occur at higher pressures. This is simply a function of the vapor pressure of water. However, the process will be slow.
This effect can be observed by placing an ice cube in your freezer and noting that the size of the ice cube decreases over a
period of days or weeks. There is no melting, it just evaporates. In freeze drying, the low pressure by itself speeds up the
process. Additionally, it actually permits the sample to be heated, further speeding up the process.
ADIABATIC COOLING
If a gas undergoes a rapid expansion, the temperature of the gas will drop. Likewise, if a gas is compressed rapidly, the
temperature will rise. This effect is seen in tire pumps and is the principle behind refrigerators and air conditioners. This
is called an adiabatic process and is related to the rate at which energy is added to, or taken away from, a system. Were
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the process to go slowly (e.g. slowly pumping up a tire), we have an isothermal process where the temperature remains at
the ambient value.
In the case of freeze drying, we have a frozen sample that is introduced into a vacuum system. At low pressures, the
evaporation rate increases resulting in adiabatic cooling which serves to keep the temperature of the sample low or, even
reduce the temperature even further.
AN EXPERIMENT
Before getting into freeze dryers further, we’ll do a simple experiment that will tie a few concepts together. Figure 3.19
shows the set up that I put together. It consists of a small glass chamber with an O-ring connection through which can be
inserted a thermometer. I have indicated an 11 mm Ace-Thred for this connection but a rubber stopper will work just as
well. Depending upon the diameter of the thermometer stem, some sort of bushing will have to be fabricated to allow the
stem to fit the 11 mm fitting.
The thermometer can be a liquid column glass thermometer, metal dial type, or electronic. The only requirement is
that it have a probe that can be inserted into the chamber and a range that goes down to at least -40 °C. The open end of
the chamber goes to a simple manifold that includes a medium vacuum gauge (thermocouple, Pirani, etc.) and a
To Pump

Figure 3.19 - Experimental Set Up
Gauge

Thermometer
Sample

Copper Pipe Fittings:
a) Empty
b) Loosely packed with zeolite

38mm Glass Tube
with 11mm Ace-Thred

1-1/2" Compression
Fitting
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Cooling Experiment

connection to the vacuum pump. (For the time being, ignore the reference to zeolite in the figure. We’ll touch on that
later.)
Prior to putting the thermometer in the chamber, affix a small wad of cotton to the bulb. This can be held in place with
a short length of wire. Now dip the cotton in water. Don’t go overboard with the water for this experiment as the water
will eventually end up in the pump. (You could operate the pump with the gas ballast open to minimize water
accumulation in the pump. However, with the pump I used, the base pressure would only go to a couple Torr. Since the
water liberated will be small, I kept the ballast valve shut.) When everything is together, start the pump and begin to
monitor pressure and temperature over time.
The curves I obtained are shown in Figure 3.20. With regard to pressure, it should drop fairly quickly to below 1
Torr. You might see the pressure “hang” for a bit at several Torr. This would be due to the rapid vaporization of the water
which adds to the gas load and slows pumping. The thermometer reading will show the adiabatic cooling effect. Fairly
quickly the reading will drop to well below zero, indicating that the water has also frozen. In my set up, the temperature
bottomed out at about -30 °C.
The temperature stayed at this level for quite a period of time, indicating ongoing sublimation of the water. However,
the pressure also dropped, indicating a lower rate of water evolution from the cotton.
After about 2 hours, as the cotton proceeded to dry, the temperature started to rise. Finally, as the water is totally
dissipated, the temperature returned to the room ambient of 20
Gauge Connection
degrees.
Sample Flask (One
From this it can be seen that, once the sample is frozen and is
of Three)
placed in a low pressure environment, adiabatic cooling keeps
the sample frozen. If we wanted to speed up the process, we
could even heat the specimen without concern of melting. (There
may be other reasons to avoid additional heating. However,
pharmaceuticals are usually warmed to about +40 °C in the final
stages of drying in order to drive off the more tightly bound
water. This is called secondary drying.)
Pump
Connection

THE FREEZE DRYER
What was described above is a basic freeze dryer. Its major
deficiency is how it handles the outgoing water vapor. With a
large vapor load, the pump will have a hard time reaching base
pressure and the oil will eventually become grossly
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contaminated with water, even with the gas ballast engaged. Thus, a “real” freeze dryer will have some sort of trap, or
condenser, to catch the water before it gets to the pump.
A simple glass laboratory freeze dryer is shown in Figure 3.21. The condenser is an in-line device that is chilled to a
lower temperature than that of the sample. This is usually in the range of -50 to -70 °C. Such temperatures can be reached
with an alcohol/dry ice slurry or with a mechanical refrigerator.
What the condenser actually does is to set up a pressure differential between the sample and the condenser. This
creates a pumping action that draws the water away from the sample. Were the sample colder than the condenser, the
migration would be in the wrong direction. This is also exactly how high vacuum liquid nitrogen traps and cryo pumps
work. Figures 3.22 and 3.23 show the overall structure and operation of a freeze dryer in the context of the system
elements, the associated temperatures, and the vapor pressure curve for water.
MAKING A SIMPLE FREEZE DRYER
In this section we will actually try to freeze dry something. The freeze dryer itself will be the same apparatus used for the
adiabatic cooling experiment. To be proper and to avoid contaminating the pump oil with water, we will also add a
condenser. One approach would be to add a chilled section in the line to the pump, just like what we’ve been talking

Figure 3.23 - Vapor Pressure to Temperature Relationship
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about. However, I didn’t have any liquid nitrogen or dry ice hanging around and I didn’t want to go out foraging for the
stuff. This brings us to another approach.
As most vacuum folks know, zeolites are great materials for pumping. Cooled to cryogenic temperatures, these porous
ceramic molecule traps can pump most gases with great efficiency, all the way to the bottom of the medium vacuum
range. In forelines, room temperature zeolite traps can absorb backstreamed oil. Applied to a freeze dryer, zeolite
molecular sieves are quite efficient at trapping the water vapor when operated at room temperature.
In fact, some commercial freeze dryers use zeolites instead of refrigerated condensers. The choice will be driven by
application and economics. Where lots of water has to be collected, zeolite traps become expensive to build and maintain.
Refrigerated traps have higher capacities for a given volume and are easier to regenerate (vent, warm, and drain) whereas
the zeolite has to be baked for a few hours at several hundred degrees. The efficiency of zeolites also declines after a
number of cycles, requiring replacement. On the other hand, refrigeration systems that operate at -50 to -70 degrees are
also expensive and cranky. For small scale applications, zeolites are cost effective and handy to use.
So, while I didn’t have any cryogenic stuff in my lab, I did have a big can of 13-X sieve. Modifying the apparatus of
Figure 3.19 simply involved pouring some dry sieve into the copper manifold. A piece of screen kept the sieve from
getting into the chamber. Also, since zeolites are ceramic and tend to generate abrasive dust particles, the tube to the
pump included a filter made from a cotton plug.
My only attempt at freeze drying (at this point) is shown in Figure 3.24. I took a small piece of cucumber (about a
quarter of a slice), froze it in the kitchen freezer and then quickly transferred the frozen cuke to the vacuum chamber.
While pumping I noted some bubbling, indicating that the slice wasn’t quite cold enough. (I later checked the freezer’s
temperature and it was only a few degrees below 0 °C.) Pumping continued for a couple of days. When the chamber
pressure leveled off (at about 16 milliTorr), I ended the experiment. The freeze dried cuke bore a good resemblance to the
original but was light as a feather. Oh...it tasted pretty good.
I did a few other samples including flower buds, leaves, etc. with this set up. The results have been mixed, again
mainly (I presume) due to the mediocre efforts of our freezer. On the plus side, the zeolite seems to have performed well
since the pump’s oil and base pressure have not degraded, even without using the gas ballast.
FURTHER READING
Rolland Hower’s Freeze-Drying Biological Specimens: A Laboratory Manual (Smithsonian Institution, 1979) is an
excellent reference. The book describes the freeze-drying process, practical apparatus of varying complexity (including
one based on a chest-type home freezer), photos of preserved specimens, representative process cycles (20 hours for a
praying mantis, 7 days for a small snake, 9 months for an alligator) and descriptions of related processes including the
preservation of documents and wooden marine archeological materials. I believe that the book is still in print and you
should be able to order it through your local bookseller. The book is now out of print but can be purchased through
Amazon’s used book sellers.
A search of the internet will result in a fair number of sites with material on freeze drying. There are also a number of
patents related to freeze drying equipment and processes. As examples, the next page has illustrations from two relevant
patents. One system uses a refrigerated condenser. The other uses a zeolite trap.

Figure 3.24 - Hansen’s First Attempt at Freeze Drying
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Figure 3.25 - Freeze Dryer with Portable
Refrigerating Unit (David T. Sutherland)

11 - compressor; 19 - condenser; 23 - ports;
25 - spigots to which sample containers may
be attached; 24 - vacuum pump. From US
Patent 3,950,963, Figure 1.

Figure 3.26 - Freeze Dryer using Molecular Sieves (Martin C. Parkinson)

10 - bulk drying chamber; 22 - attached sample container; 42 - molecular sieve condenser
containing molecular sieve columns. From US Patent 5,035,065, Figure 1.
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Two Freeze Drying Chambers
A simple chamber for microscopic observations of the freeze drying process and
a bigger general purpose chamber
Steve Hansen

This article originally appeared in Volume 7, Number 2.
INTRODUCTION
This article presents designs for a couple of freeze dryers, one of moderate size, the other much smaller. The latter is a
microchamber that can be used with a microscope to view the actual process of freeze drying. The other chamber can be
used to dry larger biological specimens. My major problem with both of these was how to freeze the specimens. Simple
solutions for each will be described.
A MICRO FREEZE DRYING APPARATUS
This apparatus was inspired by an article in Review of Scientific Instruments [1]. Here the authors describe a chamber in
which the sample is viewed by an optical microscope. Light is transmitted through the chamber to the microscope
objective. This permits microscopic observation of sample throughout the drying process.
The instrument, which they term an OTA (optical thermal analyzer), is fairly sophisticated. The microscope is
connected to a video camera where the images are captured on a PC. Sample temperature is controlled and the PC is
equipped with image analysis capabilities.
My version is shown in Figure 3.27. The chamber is fabricated from a 2-inch bore stainless steel shaft collar
(Grainger 1L653, about $20). A piece of Plexiglas, 3 inches in diameter and 1/8-inch thick serves as the bottom window.
A 3-inch diameter x 6.5 mm optical window (Edmund Scientific F43894, about $16) serves as the upper window. I
redrilled and tapped the set screw hole to accommodate a 1/4-inch pipe thread to 3/8-inch hose adapter.
The lower window was drilled in four places for two 1/4-20 threaded standoffs and two 1/4-20 bolts. A neoprene
gasket is sandwiched between the collar and the window to provide a vacuum seal.
The upper window rests on another neoprene gasket. Gravity and atmospheric pressure hold this window in place and
maintain the seal.

Figure 3.27 - Freeze Drying
Micro Chamber
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My microscope arrangement consists of an adapted rack & pinion mount, surplus objective (5x), a coupling tube, and
a video camera. Fixturing inside the chamber consists of a transparent stage that is set high enough to permit the
microscope to focus on the sample. The 5x objective, with a 3/4 inch working distance, is compatible with the current
design.
I found that the best way (for me, anyway) to freeze small samples is with a can of component cooler (aka Quick
Freeze, etc.) which can be obtained from Radio Shack and other electronic outlets. This canned refrigerant will quickly
get the sample to about -40 °C and will keep the sample cold enough to allow you to get the specimen into the chamber
and pump it down.
I have included no provision for monitoring or controlling sample temperature but these features could be easily
added by anyone with reasonable cleverness. Some sort of small thermoelectric heater/cooler could be used for this.
Given the small size of the sample, there is no need for a condenser on this chamber. The evolved water can be easily
tolerated by a good mechanical pump.
Since I’m no biologist, this is about as far as I’m going with this device. Perhaps someone with interests in that area
would find the microscopic study of freeze drying an interesting pursuit.
A MEDIUM SIZED CHAMBER
I set about to make a larger chamber in order to try freeze drying flowers for my wife. One of her hobbies is making dried
flower arrangements. It’s also big enough for small animal specimens: spiders are supposed to be quite amenable to
preservation by freeze drying but forget about preserving your pet cat or dog. At the moment, this one is only partially
completed but all of the elements have been tested.
The chamber is a 4.5 qt. stainless steel beaker of 6.5" id x 7.5" length (U.S. Plastics Corp. (1-800-537-9724) 85135,
about $20). I fashioned the chamber door from 1/2-inch thick gasketed Plexiglas. The chamber is mounted such that it is
in a horizontal position.
My big problem was how to freeze the specimens. The kitchen refrigerator’s freezer compartment only gets to about
-15 °C. I tried to integrate the chamber with a retired air conditioner but the result was inefficient and bulky. It could,
however, get to about -25 °C. I also played around with thermoelectric coolers of varying sizes but they lacked “oomph”
and presented other problems in terms of getting a sufficient temperature differential across without resorting to elaborate
heatsinking schemes on the hot side. Since external cooling of the sample is only required initially, I thought of just
spraying the sample with Radio Shack component cooler. But, at $9 per can this solution was too expensive.
Luckily, there is a very common and cheap material that can be used to cool the specimen (provided it is used with
some precautions): propane. So, I built a cooling loop of 1/2-inch copper water tube within the chamber. Each end goes
through a KYNARTM vacuum tight feedthrough (U.S. Plastics Corp. 61287, about $7) at the back of the chamber (see
Figure 2). KYNAR was selected for its ability to handle low temperatures. I had to ream out the feedthrough so that the
copper tube would pass though the pipe-threaded portion. Home made Viton gaskets were used to seal the connectors to
the chamber.
The propane is supplied as a liquid to the cooling loop. This is done by connecting a copper tube to a small inverted
propane tank. Since propane is combustible and can cause suffocation, the outlet has to go to the outside world, well
away from the house (and any neighbors’ houses). I guess that the inventive experimenter could integrate this open-loop
refrigeration system with a barbecue grill, a memorial with an intermittently operating eternal flame, or a patio light.
It would, of course, be possible to build a proper closed-loop refrigeration system around the coil but my uses would
be infrequent enough that it would be hard to justify the effort.
Figure 2 shows a top view of the chamber. The aluminum shelf, which is about 4 inches wide by 5 inches long, is
attached to a copper bar by means of several #10 machine screws. The copper bar, 1/4 inch thick by 2 inches wide is
soldered to the 1/2" copper water tube. The whole assembly goes to about -40 °C quite quickly when a few ounces of
liquid propane are introduced into the loop. In setting up the system make sure that the cooling loop is at the low point in
the system so that the liquid propane doesn’t drain out. There is no need to maintain a constant flow.
While I haven’t done it yet, a temperature probe should be installed on the plate. Heat loss can be minimized by
wrapping the chamber with rubber foam insulation.
I have not yet addressed the issue of a proper condenser/trap. Given that the items that will be placed in the freeze
dryer will contain relatively small total amounts of water, a zeolite trap should work fine. More on that later.
REFERENCE
[1] J. Bayard, H. Cléris and S. Varnier, Microchamber for optical observation of freeze-drying phenomena, Review of
Scientific Instruments, 68 (12), pg. 4593, December 1997.
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Figure 3.28 - Medium Chamber (Top view)

Figure 3.29 - Medium Chamber (End view)
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Homemade Propane Refrigeration System
Nyle Steiner

The previous section described a small freeze drying chamber with a simple refrigerated shelf for the initial quick
freezing of the sample. To minimize complexity I made the system open-loop and used propane as the refrigerant. Such
an open-loop system is fine so long as the exhaust is properly vented and operation is for short periods. Beyond that, one
needs a closed-loop system. To get temperatures sufficiently low for freeze dryers and vapor traps, the usual refrigerants
that are found in household systems are not adequate. Also, for general messing around, the new (suitable for inhaling
by Al Gore) refrigerants are quite pricey.
A while back I picked up a couple of surplus “cold finger” type refrigeration systems that were rated at -60 °C. The
nameplate indicated that the refrigerant was R-290, common propane. Some searching on the Web for information on
propane as a refrigerant led me to an interesting site operated by a person named Leny (“Spark, Bang, Buzz!!! Leny’s
Page of Guy Things”). An email exchange revealed that Leny was really Nyle Steiner, the same person who contributed
the article on a hand operated peristaltic vacuum pump to Scientific American’s Amateur Scientist column back in August
1966 (“Hand pumped discharge tube”). This article describes the simple propane-based refrigerators that Nyle has
experimented with. While Nyle cautions that his systems do not make for practical refrigerators, the common use of
R-290 in commercial low-temperature refrigerators does invite some further experimentation. -Ed.
This article originally appeared in Volume 8, Number 1.
INTRODUCTION
There is no intention here to imply that any of the procedures discussed here are safe, legal or even sane. I take no
responsibility for what anyone may do with this information. The environmentalists have made the process of
refrigeration into a big Three Ring Circus. It is my understanding though that propane is not on their hit list YET!!;
however, the regulations that they have brought about are so stringent that one should never underestimate the ease of
being a criminal when involved with any refrigeration activities. Yes, there are high pressures involved, and I know that
propane (R-290) is flammable and explosive and that there are many reasons for a system of this nature to not be suitable
for many domestic uses. So please spare me from letters and comments about my stupidity. This is not a plan for a
practical, safe, reliable refrigerator. It’s sole purpose was to observe a working refrigeration process using materials
obtained from the nearest hardware store. The materials used are crude by refrigeration standards and the possibility of
leaks are high, making this a project to strongly consider being done out of doors.
I have always been fascinated by any process of refrigeration. I also enjoy doing experiments whereby I can make
some exotic phenomenon work without the use of exotic and proprietary materials that have to be supplied or controlled
by an exotic place or people. Making the process of refrigeration happen using materials from the local hardware store
would be a fascinating project indeed.
There are some fairly common substances that make good refrigerants. Propane is one of them and is classified as
R-290. The ban on R-12 greatly intensifies my fascination of being able to use ordinary propane, from the hardware
store, as a refrigerant in a home built experiment. I decided to build a simple system to see if I could get something frosty
in my own garage. The system I built does not constitute a usable refrigerator and is very crude. The effect that propane
has on the oil, the pump or how long the pump will last is totally unknown to me at present. Any information on this
subject is certainly welcome. I felt that the project would be a total success if It could cause even a tiny spot, anywhere
on the system, to get frosty. My best expectations were greatly exceeded when the entire cold side of the system,
including all the fittings and valves, frosted up in just two or three minutes. It makes the kind of cold that grabs your
fingers when touched.
A SIMPLE TEST
Before getting into the more complex system I’ll describe a simple experiment using just a can of propane, and a
thermometer. The canister of propane was fitted with a valve from a used brazing kit and had a rubber hose. The
thermometer was of the glass mercury type that read down to -30 °F. I pointed the rubber hose at the bulb of the
thermometer and opened the valve for a few seconds, spraying it with liquid propane. The thermometer fell, in a few
seconds, below the -30 °F mark and went clear down into the bulb.
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The chart below details the pressure-temperature relationship for propane. Note that the vacuum pressure is expressed in
units of common refrigeration terminology, i.e. gage (atmosphere referenced) vacuum.
Pressure-Temperature Relationship for
Propane (R-290)
Pressure (inches of Hg)

Temperature (°F)

0
2
4
6
8
10
12
14
16
18
20
22

-43.7
-46.6
-49.6
-52.8
-56.3
-60.0
-64.0
-68.4
-73.2
-78.7
-85.0
-92.6

A REAL SYSTEM
The next step was to make the refrigeration system after observing the dramatic refrigerant quality that propane has.
There was one exception made to using common hardware store materials and that was in making use of an existing
refrigerator pump that I had laying around for more than a decade. I went to the hardware store and purchased 15 feet of
¼" copper tubing, 4 small brass valves and various fittings, etc. I also got a 14 oz. can of propane, the kind used on a
blowtorch for soldering copper pipe.
Figure 3.30 below shows how it was built. The 15 foot length of copper tubing was chosen arbitrarily and cut in the
middle. A valve (V3) was inserted to be used as the expansion valve. This is the valve that takes the place of the normally
used capillary tube. The valve has to be adjusted all the time as the temperature changes and is quite critical. This is one
of many reasons why this system is not about to replace the refrigerator in my kitchen. The adjustment is easy though

Figure 3.30 - Diagram of

Refrigeration System
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because of the two pressure meters that are installed. The reason for having the other three valves is to make the system
capable of evacuating itself prior to the addition of the propane.
Since I didn’t have a special cooling radiator, the coiled tubing on the hot side was immersed in a pan of tap
temperature water to keep it cool. The picture is mostly self explanatory. The tubing on the right is the same as that on the
left, but looks white because it is covered with frost. The operation procedure follows.
1. Start by evacuating the system. V1 and V3 open, V2 and V4 closed. Run the pump for a few minutes. At first
air will be exiting from V1. After a while it will diminish to nothing. The meter that I used for M2 happened to
be the type that also reads vacuum. The system evacuated to below 20".
2. Close V1 and open V2. The system is now running with most of the air removed. Connect the propane
canister through a high pressure rubber hose to the inlet barb on V4. Having a fitting on the canister with a
valve, as described above, is helpful. Open V4 and the valve on the propane canister until both meters read
about 70 or 80 psig. V4 and the valve on the propane canister can now be closed and the rubber hose removed
from the barb on V4. The system is now charged.
3. Close V3 most of the way until you get a reading on M2 of between 15 and 20 psig. This seems to be the
optimal settings on my system. M1 should rise to 200 or more psig. Within seconds, the copper tube on the low
pressure side of V3 should start to frost up. As the system runs, you will need to keep on top of the pressure
setting on the meters by adjusting V3. The system has been a thrill to operate in spite of this. In Section V below
I will describe improved form of V3; as it stands it is a very crude expansion control.
4. After a while, the water that is cooling the hot side will get warm and the efficiency of the system will
diminish, making a change of water desirable.
A picture of the system in operation is shown in Figure 3.31below.
I weighed the propane canister before and after filling the system. Using a kitchen food scale, I could see that approx.
1 oz. of propane had been used.
The psig pressure readings given for the meter readings above, mean pressure in pounds per square inch as compared
to atmospheric pressure. This is called gage (g) scale. Pressure readings sometimes are given as psia. This means pressure
in pounds per square inch as compared to an absolute (a) vacuum. Thus, the difference between a reading listed as psig
and one listed as psia would be roughly 14 to 15 psi. The psia reading would be higher because it includes atmospheric
pressure.

Figure 3.31 - Refrigeration
System in Operation
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Figure 3.32 - Crimped Tube
Expansion Valves

WHAT IS HAPPENING?
Propane is compressed by the compressor into the hot side or high pressure side tubing. The propane, like any gas tends
to get hot. If the tubing is kept cool, the high pressure propane will condense under the pressure into a liquid. Condensing
tends to make it even hotter, but the idea is to cool it down; in this case we are using water. This tubing full of room
temperature liquid is now the same thing as the canister full of propane. When the expansion valve is opened just a little,
the high pressure liquid propane squirts into the cold or low pressure side tubing and vaporizes - just like it did when it
was squirted on the thermometer. Any time a liquid vaporizes, it tends to absorb heat and make things that it comes in
contact with very cold. The vapor finally finds its way to the input side of the pump where it is compressed again.
IMPROVING PERFORMANCE
As noted above, the expansion valve (V3) is very touchy and requires constant adjustment. I didn’t want to substitute a
piece of capillary tubing as adjustments would require replacing the tubing with pieces of varying length. So, I just took a
piece of standard tubing and crimped it with pliers. Varying degrees of conductance could be obtained by the simple
application of pliers. I used a refrigeration service manifold to monitor the pump intake temperature while squeezing the
copper tube. I tend to shoot for about 15 to 20 psig. This squeezed tube seems to be very consistent and always works

Figure 3.33 - Hand-Pumped
Refrigeration System
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every time I turn on the system. The copper does have to be squeezed very tight before it works as an expansion valve.
Figure 3.32 shows a few examples of crimped tubing.
A HAND-PUMPED VERSION
Just to try something simpler, I substituted a bicycle pump for the electric refrigeration compressor. I used a commercial
expansion valve but a squeezed tube as mentioned above would have worked as well. The results are shown in Figure
3.33.

A High Altitude Chamber for Biological Studies
Take Your Pets to New Heights
Steve Hansen
This article originally appeared in Volume 6, Number 3/4.
Way back in September of 1965, Scientific American’s The Amateur Scientist column ran an interesting article on building
and using a high altitude chamber. The device, designed by David E. Smucker, a high school student in Wheaton,
Illinois, was fairly sophisticated. The chamber itself was made from a 30 gallon steel tank. Three pumps were used to
produce and maintain environments simulating altitudes to 30,000 ft. above sea level. One pump, a piston-type
refrigeration compressor, was used to evacuate the chamber. Another served to recirculate the air in the chamber through
a bed of sodium hydroxide (to control the concentration of carbon dioxide) and calcium chloride (to control the water
content). A third pump acted as an emergency backup to the recirculating pump.
The temperature in the chamber was controlled with a heat exchanger coil/fan assembly in the chamber. Water of the
desired temperature was circulated through the heat exchanger. Pressure was measured with a mercury manometer and
could be automatically controlled to an altitude of 15,000 ft. (400 Torr) using a modified bellows-type pressure control
switch. Air was admitted constantly through a leak valve.
Smucker used the chamber to observe the effects of high altitude (10,000 ft.) exposure on the weight and red cell
count of albino rats. The experiment ran for 96 days including observation periods. There were 2 control rats and 2
experimental rats. The article detailed the procedure and the results.
Thinking that a simple high altitude chamber might be of interest to some readers of this journal, I put together the
simple system that is illustrated in Figure 3.34. The system could be used to study the effects of altitude on small animals
and/or plants.
The chamber is made from two mixing bowls: the bottom bowl is of stainless steel (available from US Plastic Corp.,
800-537-9724, as catalog number 84104) and the top bowl is a Pyrex 5 liter bowl, available from just about any
homegoods or hardware store. The bowls are close enough in size that a rubber gasket (sheet stock available from the
hardware store) will seal the two together quite effectively. The total cost for the bowls and gasket should be no more
than $30.
Holes can be cut in the stainless bowl to permit the incorporation of feedthroughs. I used 1/4" brass hose barbs,
epoxied in place. I was a bit concerned about the ability of the steel bowl to withstand vacuum but the only effect was a
very slight bowing of the flat bottom. There are probably a lot of other applications where a simple chamber setup like
this would be handy.
Vacuum is provided by a dry-vane vacuum pump which I obtained as surplus from C&H Sales (800-325-9465) for
about $50. Be sure to get a pump that is rated for continuous service.
Rather than have a pressure switch that maintains pressure by cycling the pump on and off, I used a simple vacuum
regulator made by Control Devices and available through local Grainger outlets as catalog number 5Z763. The valve,
model number VR25, costs about $5. Details on this valve are shown in Figure 3.35. The valve is a proportional relief
valve that must have air going through it to operate. Figure 3.35 has the guidelines, Figure 3.34 shows the proper position
of the valve in the system. You will have to do a bit of juggling between the needle inlet leak valve and the pressure
control valve but, once set, the control valve works quite nicely. You will notice that much more air goes through the
control valve than through the leak.
I’ve shown the pressure monitor as a simple 0-30 in. Hg Bourdon gauge. Bear in mind that the gauge and control
valve are both atmosphere referenced. If your atmospheric pressure changes due to meteorological conditions, the
absolute pressure in the chamber will change accordingly. Also, if you are not at sea level, the reference will be whatever
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Figure 3.34 - High Altitude
Chamber
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altitude (pressure) you are at. The following table gives a reasonable correspondence (i.e. as good as I could do in
looking at a small graph) between altitude above sea level, absolute pressure, and the Bourdon gauge reading.
Altitude (ft.)

0
5,000
10,000
15,000
20,000
25,000

Absolute
Pressure (Torr)
760
625
525
425
350
275

Bourdon
Gauge (in. Hg)
0
5.4
9.4
13.4
16.4
19.4

The dry pump easily got the system up to Mt. Everest altitudes.
A good alternative to the Bourdon gauge would be a pocket altimeter. Edmund Scientific (800-728-6999) has a unit
that goes to 15,000 ft. and has a zero adjustment. It is their catalog number Y34,544 and costs $32.95.
As for regulating the temperature of the chamber to conditions other than ambient, heat lamps above the chamber or a
reptile tank heater under it would be workable. If cooler temperatures are desired, the lower bowl could be placed in
chilled water.
The incoming air quality can be changed by coupling an appropriate device between the ambient and the needle valve.
Driers, bubblers, sources of toxic gases (kidding!), etc. can be placed in series. Liquid nutrients can also be introduced
periodically by dipping the inlet into a water solution. This will draw the solution into the chamber. I have shown a
couple of pinch valves which can be used to isolate the chamber if it is desired to have a closed system.
A second, atmospheric pressure, chamber might be useful in some experiments. This chamber would be attached to
the inlet of the needle valve. Air would first pass through the atmospheric chamber and then through the needle valve into
the low pressure chamber. The first chamber would act as a control: same atmosphere, same air flow (mass flow), similar
air composition, but at normal pressure.

Figure 3.35 - Vacuum Relief Valve
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I’m no biologist so I am not sure what I’m going to do with this thing. If I can find an interested science teacher
locally, I might loan it out for a class project.
For anyone doing high altitude biological studies, if the experiment involves animals please be reasonable and keep
the simulated altitudes something less that what would render a Sherpa unconscious.
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Coaxial Plasma Accelerators
Mini-F: A Small Plasma Focus Device
Steve Hansen

This article originally appeared in Volume 7, Number 3/4.
INTRODUCTION
Those who have followed this publication know of my fondness for coaxial plasma guns. I constructed my first gun
sometime around 1972 and reported on it in the earlier compilation. For reference, Figure 3.36 shows the configuration.
This gun one was in use until recently when I began an entire rebuild of my main vacuum bench.
While a number of interesting effects could be observed with the gun (I had some great pictures of multiple beams
proceeding from an analyzing magnet placed at the muzzle of the gun but put them in some safe place and can’t find a
single one), the physical and electrical arrangement was inadequate to produce a true dense focus and, hence, beam
energy was low.
A few years ago I purchased a low inductance single-terminal capacitor with specs. adequate for a real dense plasma
focus coaxial gun: 59 F (measured) at 10 kV (2950 Joules) and an inductance of under 0.035 H.
As my model, I used the 3.3 kJ UNU/ICTP (United Nations University Training Program on Plasmas and Laser
Technology) device which was developed at the University of Malaya in Kuala Lampur, Malaysia, and a smaller 2 kJ
device that was also developed at the same university [1]. The bigger device was designed for fusion studies using
deuterium as the fill gas. The smaller device was for x-ray studies with argon.
I simplified the configuration somewhat with the one capacitor in place of several and by placing the gun and spark
gap directly over the capacitor, eliminating the need to couple with multiple parallel coaxial cables.
My main interest is not so much with fusion and x-ray generation but rather with the properties of the beam. The next
article goes into some detail on materials modification with coaxial guns. Those readers that are interested in the general
operation of these guns and for their use in fusion studies should refer to the above cited articles as well as to other
articles in the compilations.
CONSTRUCTION
Figure 3.37 shows the gun in cross section. The drawing is
to scale and dimensions can be assessed based on the data
given below. The device is assembled on a 6-inch square
piece of ¼-inch thick brass plate. To provide some
thickness I soldered a 3-inch diameter by ½-inch thick
brass disk in the center of the brass plate. To provide a
passageway for the pumpout port I cut a ¾-inch diameter
hole at the perimeter of the disk prior to soldering. (Please
note that a thicker piece of brass or aluminum would save
the effort of doing all of this. Some construction choices
were made on the basis of materials on hand.) The hole for
the pumpout is drilled and tapped for ¼-inch pipe thread.
The feedthrough/insulator assembly is the tricky part. I
ended up using a 25mm Ace Glass Co. (800-692-3333)
Ace-Thred that was cut from one end of a chromatographic
column (e.g. Ace #5820-34). An Ace nylon bushing and
O-ring is also required (#7506-10). The Ace fittings have a
bore of 25mm. Since I wanted to use standard ¾-inch
copper water tube (0.875-inch diameter) for the center
(anode) conductor, I pressed a piece of 1-inch od,
1/16-inch wall stainless steel seamless tubing over the
copper tube where the electrode will be within the glass
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Figure 3.36 - The Author’s 1972 Coaxial Gun
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Figure 3.37 - Mini-F Coaxial Gun Assembly Detail
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insulator. The vacuum-side end of the stainless tube was soldered to the copper tube. The insulator should extend about
30-35 mm above the base.
The insulator tube has an outside diameter of 1-¼ inches. I sealed the tube to the base plate with a compression fitting
that I fashioned from a brass slip-joint sink drain fitting. A large brass or aluminum washer would serve just as well. The
compression fitting simply squeezes an o-ring between the fitting, the base plate and the insulator tube. The fitting is
secured with six #8 machine screws that are drilled (not through the plate!) on a 1.95-inch bolt circle. The bottom of the
center electrode is capped with a ¾-inch copper cap.
The outer electrode is made from 3-inch copper water tube about six inches in length. (The ends of the inner and outer
electrodes should be coplanar.) The base of the outer electrode is captured in a 3-inch copper cap which, in turn, is
affixed to the brass disk with four #8 machine screws.
It is not essential to have the outer electrode be a solid cylinder. As shown in Figure 4, I cut a wide slot in the
electrode to permit visual access to the inner electrode/insulator area. I also drilled a hole in the inner electrode should I
want to conduct any experiments with the electron beam that propagates downward through the electrode from the pinch
region. Several ¼-inch diameter rods (6 or 8) can also be used in place of the cylindrical outer electrode.
A gas inlet has to be provided for the working gas. The gun may be operated in either of two modes. The first is with
the gas pressure at a fixed value, usually in the range of a few Torr. Here the working gas is fed at some rate through
either a capillary leak or a needle valve. (A static fill is recommended for the more precious gases.) Since the gap
between the inner and outer electrodes will break down at less than the full rated voltage of the capacitor, a spark gap
switch is provided to initiate the discharge at the proper time. The spark gap is rather crude and just consists of opposing
carriage bolt heads. I have not shown the trigger electrode.
In the case of the second mode, the gun is pumped to a pressure below which the interelectrode gap will fire. This is
generally below about 10 to 20 milliTorr. To fire the gun a puff of gas is injected via a fast acting solenoid valve.
In either case, a gas inlet is required and it should introduce the gas at the base of the insulator. In this design, the gas
is directed through a port drilled for 1/8-inch pipe thread fittings. I milled a ¼-inch wide slot from the inlet hole to the
center hole to deliver the gas.
Figure 3 shows the base plate in top and bottom views. Shown in the top view are the ground rails on which the base
plate is mounted via four 4-¼ inch long standoffs. The ground rails are the same length as the capacitor (about 16 inches
for the cap that I have) and are drilled at each end with the holes coinciding with the capacitor’s four mounting holes. In
my arrangement, the capacitor is below a wooden cabinet top, the bolts holding the capacitor against the worksurface and
also acting as the ground connections to the capacitor. There is also a 1/8-inch thick aluminum plate with a 2.5-inch hole
for the center (hot) terminal. This plate is sandwiched between the ground rails and the cabinet top. Figure 4 shows the
mounting arrangement in cross-sectional detail.
Figure 3.39 shows the complete assembly, less the chamber. Not shown are the brass bellows valve and pressure
gauge that are attached to the KF25 pumpout port. I also have not shown the chamber. The one now in use is along the
lines of the chamber shown in the drawing a the coaxial gun of Vol. 6, No. 3/4, an Ace Glass 1.5 liter “funnel”
(#5822-15).
CITED REFERENCES
[1] S. Lee and P.H. Sakanaka, Eds., Small Plasma Physics Experiments, World Scientific, Singapore, 1988.
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Materials Modification with the Coaxial Plasma Gun
Using high speed pulsed plasmas to alter surface characteristics and to implant adherant
coatings
Steve Hansen
This article originally appeared in Volume 7, Number 3/4.
INTRODUCTION
Among the several devices that can be used to produce neutrons one is the dense plasma focus, a specific example of the
coaxial plasma gun. The coaxial gun can be used for other applications involving fast moving plasmas.
Plasma guns were originally developed as high specific impulse thrusters for spacecraft and these, in turn, evolved
from the electromagnetic launcher. Ouderkirk, et al. provide an overview of this evolution in U.S. Patent 5,332,625:
“The idea of a large metal mass accelerator often called an electromagnetic launcher (EML) was
demonstrated in the late 1800s and utilized the repulsion between two current carrying loops. This type
of launcher is still used to illustrate the electromagnetic repulsion phenomena in basic physics classes
today. The use of these EMLs as guns was shown around the turn of the century and consisted of
multiple coil solenoidal accelerators and laminated iron projectiles. Numerous attempts to produce
large solid projectile guns with this method failed because of the difficulty of generating and switching
the large amounts of power required.
“Another class of known EMLs used to accelerate projectiles is the rail gun. This apparatus consists
of two parallel conducting rails with a sliding conductor. The projectile is placed perpendicular to, and
in contact with, the rails. A current, passing from one rail through the sliding conductor and then
through the second rail, generates a magnetic field which acts on the sliding conductor to push and
accelerate it along the rails.
“This apparatus requires high current levels and suffers from sliding conductor problems, as the
metal to metal contact is not reliable and leads to severe arcing. The next advancement to the railgun
was to use a plasma. This replaced the sliding metal contact and propelled the projectile. Modern
railgun research has been principally in this area.
“A relatively recent improvement to the railgun is the coaxial plasma gun. Coaxial electrodes
utilizing high energy capacitive discharges have existed since the early 1960s. Such devices, usually
operated at a reduced atmosphere, use a static gas prefill or a “puffed” gas as the working material to
generate the plasma. Energy, in for example a capacitor bank, is connected across the electrodes, causes
the gas to breakdown, and forms a highly ionized plasma which is accelerated down the gun by the
resulting Lorentz forces. Such electromagnetic plasma accelerators were intensively developed in the
1960s, principally for two applications: propulsion and nuclear fusion. The goal of this work was to
efficiently produce high velocity pulsed plasma. Prefill gas systems lead to dense plasma focus which is
useful for fusion applications. Puffed gas systems produce a directed slug of plasma and are useful in
space thruster applications. Development has continued in these areas with added applications for high
power switches and as a source of x-rays, ions, and electrons.”
While it was the production of thrust that initially drove the development of these devices, the plasma itself became an
object of study. A related device is the electrodynamically driven shock tube wherein a plasma gun (several
configurations have been used) is used to produce a high temperature, hypersonic shock wave which propagates down a
tube. Shock tubes are used to observe the effects of magnetic propulsion on shock velocity, for the development of
instrumentation for the measurement of shock velocities and to examine the visible radiations that are produced by the
luminous shock fronts. A typical shock tube facility is shown in Figure 3.40.
While hypersonic shock waves can be produced by physical means (for example by the fast escape of pressurized gas
from a reservoir into a vacuum tube by means of a fast acting valve or burst diaphragm) or by chemical explosives, these
methods can produce shock velocities of only up to about 25 times the speed of sound (Mach 25). Electrodynamic shock
tubes can provide shock velocities in excess of Mach 100.
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Figure 3.40 - Shock Tube Facility at the Gas Dynamics Laboratory,
Northwestern Univ. From Plasma Physics and Magnetofluidmechanics,
Ali Bulent Cambel, McGraw-Hill, 1963. Used with permission.

Beyond the study of the shock itself, the fast moving front can be used to study chemical interactions at high
velocities and aerodynamic phenomena (e.g. for studying the re-entry phases of ballistic missiles and planetary probe
spacecraft).
A fast moving plasma, when it strikes a target, will cause some modification to the surface of the target. The target
will also accumulate a deposit of the materials that comprised the plasma. A simple example of such effects can be seen
in the earlier compilation. Here the target substrate (glass) was placed very close to the muzzle of the plasma gun and the
effects were quite destructive.
This article will concern itself with materials modification as can be performed with pulse plasma guns. I will rely
heavily on the published literature, especially patents, for this. The thing that the amateur should bear in mind is that this
type of investigation is leading edge while the equipment is fairly simple and a great deal of fun to play with. In other
words, this is an area where you can do some real research without even having to go to the government trough. Of
course, never forget that these coaxial guns rely upon lethal doses of current and voltage to operate.
SURFACE MODIFICATION BY ACCELERATED PLASMA OR IONS
The following has been excerpted from U.S. Patent 5,389,195 “Surface modification by accelerated plasma or ions” by
Andrew J. Ouderkirk, Douglas S. Dunn, Edward C. Yu and Susan N. Bohlke and assigned to 3M Corporation. The patent
was issued on February 14, 1995. The patent describes a surface modification process which provides a means of rapidly
heating a thin layer of a polymer surface or a thin coating of material on a coated substrate and the various surface
properties that are produced by the process. I have freely rearranged the text to make it more appropriate for the
purposes of this publication and have also tried to minimize the number of legalisms, duplications and stock phrases that
tend to pervade patent texts. -Ed.
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Background
Ion implantation has been used for some time to modify the surface properties of various materials such as metals,
polymers, and coatings. The use of directed energetic ion beams to improve adhesion, create texture, enhance wear or
scratch resistance, make polymers conductive, and increase optical transmission has been reported. Ion implantation has
not been used for improving adhesion by melting an underlying semicrystalline polymer. Ion implantation cross-links or
degrades the polymer without melting.
Other surface modification processes are well known. For example E-beam, corona and plasma treatment have been
used to increase the adhesion of coatings to surfaces, etch material, and change the chemistry of the surface. These
methods, as well as ion implantation, are either continuous or long pulse length processes. Their low energy flux results
in a low heat transfer rate, and as such they are not appropriate for surface modification as exemplified by the present
invention. Most of these treatments affect polymer surfaces in a fairly gross manner, and any thermal modification which
takes place, affects the bulk of the polymer and not just the surface. The process of the present invention is an advance
over these earlier processes of surface modification because its short pulse length, high fluence, and high intensity allow
a thin surface treatment of a material and thus does not affect the bulk physical or chemical properties of the material.
U.S. Patent Number 4,822,451 (Ouderkirk et al.) describes a process for the surface modification of semi-crystalline
polymers where the polymers can have predetermined amounts of their surfaces rendered quasi-amorphous by irradiation
with high energy pulses, such as, for example, by an excimer laser. This process essentially involves energy transfer
alone (the greatest particle mass being e-beam irradiation).
The article Comparative Status of Pulsed Ion Implantation by J. Gyulai and I. Krafcsik (Nuclear Instruments and
Methods in Physics Research B37/38, 1989, pp. 275-279) describes an experimental exploration of the effects of pulsed
ions on doping and annealing of materials. Metals, ceramics and organics are considered as targets for the pulsed ions.
Generally, at least one thousand pulses were used and the study used primarily boron ions. The work is primarily
performed on metal surfaces and semiconducting surfaces, although organic surfaces are generally described.
Summary of the Invention
The invention is a process for directing pulses of plasma or ions or a scanned beam of plasma or ions including a plasma
of high intensity, high fluence ions and charged and neutral particles to impact a thin surface layer of an object, to thus
alter the chemistry, crystal morphology, topography, or density of said surface layer, employing plasma generated from a
gas, liquid, or solid source. This surface modification process provides a means of rapidly heating a thin layer of polymer
surface or a thin coating on a substrate, and it utilizes a pulsed ion or pulsed plasma source. One such source, never
before used in this type of process, is referred to as a coaxial plasma gun. Another aspect of the invention is the various
surface modifications produced by such a process, and the process of ablating surfaces by the action of such pulses.
Detailed Description of the Invention
Pulses or directed (e.g., scanned) beams of plasma or high energy ions may be directed against various surfaces with a
variety of beneficial effects. The pulses may be used to ablate or etch various surfaces or writing on surfaces. The pulses
may be used to alter the chemistry or physical properties of surfaces, particularly organic surfaces, and more particularly
synthetic organic polymeric surfaces. The pulses may alter the crystalline state of semicrystalline polymers and in some
polymers may crosslink a surface region of the polymer without the presence of any crosslinking agents. The invention
will be described with respect to these and other effects of the pulse projecting processes described herein.
A unique, thin, quasi-amorphous surface layer on a semi-crystalline polymer was described in U.S. Pat. No. 4,879,176
(Ouderkirk et al.), and the process for producing such a surface was described in U.S. Pat. No. 4,822,451 (Ouderkirk et
al.). This quasi-amorphous surface layer is formed by radiation of sufficient intensity and energy density and of very
short time duration to cause rapid heating of only the surface layer of the polymer. The process of that invention does not
teach or suggest the use of coincident mass transfer and energy transfer to effect the formation of the quasi-amorphous
zones or areas.
The present invention is a process for treating or altering surfaces, and (on appropriate semicrystalline surfaces) for
producing a similar quasi-amorphous surface layer and also for producing other surface modifications to polymers as
well as to thin coatings of materials on various substrates. The process utilizes a plasma or ion directing device,
especially preferred is a coaxial plasma gun (e.g., railgun) as a source of accelerated plasma generated from a gas, liquid
or solid source.
The process of the present invention, with proper control, can be used to etch polymers (or materials on the surface of
polymers), melt the surface of polymers, produce the above mentioned quasi-amorphous surface on polymers, crosslink
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the surface of certain polymers (e.g., especially polyethylene terephthalate and fluorine polyester), add or modify
chemistry at and to the surface of polymers, improve adhesion to the surface of polymers, and etch applied coatings or
layers from the surface of polymers. It can also be used to sinter organic dispersion coatings, crystallize inorganic
coatings, and anneal inorganic coatings on various substrates. The process requires the projection of a plasma having a
molecular weight of at least 1 (e.g., H) at the intended surface.
There are two necessary conditions required of the energy source to provide the treatment of the present invention.
Both high intensity (high power per unit area) and high energy density are required. These requirements assure that a
substantial amount of heat generated in the very thin surface of treatment in a very short time stays in the surface during
the short increments of the process, often referred to as a pulse. The effect of these requirements is to concentrate energy
into the surface layer. Thermal diffusion, from the thin treatment layer into the bulk, reduces this concentration of energy
and makes the process less efficient. It is, therefore, required that only a small amount of heat be dissipated into the bulk
during treatment. The more heat that is transferred to the bulk during surface treatment, the less efficient the process
becomes until so much heat goes into the bulk that the process no longer works. Because of this requirement, most
non-pulsed or long pulse length energy sources such as flame treatment, low to moderate intensity ion implantation,
conventional UV lights, corona treaters, sputtering and vapor deposition apparatus, and the like will not work.
High energy pulses of ions or plasmas can be produced by either magnetic or electrostatic accelerators. Within these
categories, the following devices can be used as sources for surface thermal modification:
Electrostatic accelerators:
Ion beam accelerators
Magnetically insulated ion diodes
Magnetic accelerators:
Coaxial plasma guns (railguns)
Magnetically assisted plasma shock generators.
The text goes on to describe the characteristics and limitations of the above methods.
The coaxial plasma gun is the instrument of choice in the present invention and is capable of producing the short pulse
width, high intensity, high energy density required for this process. The effective pulse width of the plasma should be in
the range of 10 nanoseconds to either 1 millisecond or 100 microseconds to assure rapid thermal excitation of the affected
surface layer. The efficiency of the process can be increased by pre-heating the surface to be treated. The intensity of the
plasma source should be over 1000 watts/cm2, or better over 100,000 watts/cm2. The energy density of the plasma must
be in the range of 1 mJ/cm2 to 1,000 J/cm2 with the lower energy densities achieved by increasing the distance between
the gun and the material to be treated or by reducing the gun discharge energy. A general range for the fluence used in the
present invention is 1 mJ/cm2 to 103 J/cm2 with an effective pulse duration of 10 nanoseconds to 1 millisecond.
An “effective pulse” can be generated by scanning with a focused beam. By controlling the dwell time of the beam on
a given area., the effect of the beam may be the same as a pulse of the fluence range required in the present invention.
Repeated effective pulses may be generated on an area by repeated scanning of that area. For many treatments 1 to 5
effective pulses are sufficient, 1 to 10 or 1 to 20 effective pulses may be needed in other treatments and for ablation, 1 to
500 or even 1 to 1000 effective pulses may be necessary.
The coaxial plasma puff gun preferred in the practice of the present invention is conventional in both the electrical
and mechanical layout and similar to the one described in J.N. Feugeas, et al., Nitrogen Implantation of AISI 304
Stainless Steel with a Coaxial Plasma Gun. (See Figure 3.41). The power to the gun of this invention (See Figure 3.42) is
provided from a bank of three parallel 33 F, 10 kV, 20 nH capacitors. These capacitors are connected to the breech of
the gun with a parallel plate bus. The gun itself consists of a 1 inch (2.5 cm) diameter copper rod in the center of a 2 inch
(5.1 cm), 1/16 inch (0.159 cm) wall copper tube. The two electrodes have equal length of 6 inches (15.24 cm). The gun
acts as both the high voltage switch and the accelerator. The process is initiated with a pulse of gas from an electrically
driven automotive fuel injector. The gas is provided with a back pressure to the valve of between 20 and 300 psi, and the
valve is set to a pulse width of between 0.2 and 10 ms. The longer pulse width is required to initiate discharge at lower
capacitor voltages. The gun operates at a background pressure of less than 1 mTorr, typically 2x10-4 Torr. Generally the
pulsing apparati operate at less than 0.8 bar, less than 0.4 bar, and often less than 0.05 bar. The gas pulse is radially
distributed by a PTFE disk behind a flange supporting the outer electrode, fills the gap between the two electrodes at the
breech of the gun, is ionized by the high field between the electrodes, and begins to discharge the capacitor. The current
flowing from the capacitor through the electrodes and the plasma, electromagnetically accelerates the plasma down the
barrel formed by the coaxial electrodes. The nominal 1 microsecond duration, 500-1000 J of energy, plasma pulse, leaves
3-48
Copyright 2011, Stephen P. Hansen
No redistribution is permitted.

Reference Number: SF1211

the gun at a velocity of about 100,000 m/s, spreads out in an approximate 30° cone with a near Gaussian radial energy
profile, and strikes the surface of the material being treated. The plasma transfers energy to the surface, quickly raising
the surface temperature, and initiates a range of effects depending on its intensity and energy density. This plasma can
originate from solid, liquid, or gaseous material and may be either inert or chemically reactive, depending on the material
used to start the plasma discharge as described above. When the accelerated plasma strikes a material, the surface
simultaneously experiences high temperatures (>10,000 K) and pressures (>10 atmospheres) for several microseconds.
This process creates unique structural and or chemical changes in the exposed surface.
The normal application of the coaxial plasma gun for the processes described in this invention requires operation in a
vacuum at a pressure of less than 10-2 Torr. If the capacitor is electronically switched or triggered, then pressures up to
600 Torr (about 0.8 bar) may be used.
The use of a coaxial plasma gun to treat polymeric surfaces can produce a variety of effects depending on process
parameters such as the particular polymer being treated, the energy of the impinging plasma, the chemical reactivity of
the plasma, and other physical or chemical process conditions. The variation of conditions allows control over the desired
treatment. For example, polymeric surfaces can be etched away, selectively through a mask, by the use of a relatively
large amount of energy in the plasma pulse. A lesser energy will melt a thick layer of the surface and cause the polymer
to flow. Still lesser energy will create a quasi-amorphous thin layer. Various conditions can cause cross-linking of
certain polymeric surfaces, or add chemistry to the surface.
Polymer etching is useful in various applications including multilayer circuit board production, imaging, forming
features for light control film and for priming polymer surfaces. Dry etching technology is preferred in
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This paper* describes a coaxial plasma gun used as an ion implanter, and showed that the resulting implanted
stainless steel had better wear properties than the untreated material. The gun had copper electrodes of 17.5
and 50 mm diameters and 70 mm in length. Substrates could be placed 20 to 400 mm from the pinch region.
The fill gas for these experiments was nitrogen and the pressure could be controlled over the range of 0.1 to 1
Torr with a typical value of 0.25 Torr. The capacitor bank could store up to 1 kJ at a maximum voltage of 25
kV. Ion flux measurements showed a value of 4.3x10 15/cm2/discharge at 40 mm from the pinch position.
Exposing the substrate to 40 discharges, the researchers noted a 42x reduction in wear rate. XPS analysis
showed a constant nitrogen presence of about 7½% to a depth of at least 0.3 m, mostly as Fe2N. This is
consistent with an ion beam with a continuous energy spectrum ranging from a few keV to about 500 keV.
Surface melting also contributes to this uniformity.
*J.N. Feugeas, et al, "Nitrogen Implantation of AISI 304 Stainless Steel with a Coaxial Plasma Gun", J. Appl. Phys. 64,
(5), September, 1988, p. 2648
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Figure 3.42 - General Arrangement
of Ouderkirk’s Coaxial Plasma Gun

these applications because it is capable of producing structures with a high aspect ratio and resolution and with fewer
environmental concerns than wet chemical etching techniques. Additionally, wet chemical methods tend to have specific
chemistries for different polymers. Dry etching techniques are much less sensitive to polymer chemistry, and the same
process can be applied to a wide range of polymers. In the past the greatest limitation of dry etching has been process
speed, particularly where large volumes of polymer must be etched. The present inventive process possesses the
requirements that many industrial etching processes require; that is, both the capability of dry etching and high process
speed. Clear images with resolutions of less than 10-4 m (a line with a thickness of less than 10-4 m) may be readily
achieved.
It has been found that the rapid thermal processing of the present invention improves the adhesion of coatings to
semicrystaline polymers by two mechanisms. The first is that the elimination of crystallinity allows a coating to diffuse
into the surface. This effect is substantial in polymers with as little as 5% crystallinity. The second mechanism is thought
to be most noticeable in oriented, highly crystalline polymers such as polyethylene terephthalate, (PET), and biaxially
oriented polypropylene (BOPP). The adhesion in these cases is higher because the amorphous surface is tougher than the
oriented, semicrystalline polymer. The increased fracture resistance of the amorphous polymer can increase coating
adhesion by 5 to 20 times. There are two important features to mechanism two: 1) the semicrystalline polymer can be
amorphized before or after the coating is applied, and 2) unlike most surface modifications for improved adhesion,
mechanism two is sometimes partially reversible by thermal treatment.
The present process can also be used to etch away applied coatings, selectively if desired. Thus metallic coatings on
polymers can be etched away using either a contacting or non-contacting mask, leaving desirable patterns or printing.
The accelerated coaxial plasma gun can also be used to treat various coatings on any substrate. It is possible to sinter
organic dispersion coatings, crystallize inorganic coatings or anneal inorganic coatings by the choice of proper process
parameters on substrates of polymers, metals, inorganics or ceramics.
The process of the present invention is thus seen to be a versatile, useful tool for surface modification. Because of the
short pulse, high intensity, and high fluence properties of the impinging plasma, heat is delivered to the surface layer
faster than heat diffuses into the bulk polymer, leaving the bulk underlying material unaffected.
There are ranges of useful processes in which the present invention may be used. One of the more useful processes
involves the formation of patterned images of metal on polymer (or other surfaces). The patterned images may be in the
form of decoration or functional design (e.g., circuitry). One process involves the use of the pulses of ions or plasma in
an imagewise pattern against a surface comprising a carrier layer and over that a top coat of a metal or inorganic oxide
layer. On the top coat layer is a predetermined pattern of an energy absorbing material (e.g., ink, pigment loaded
polymer, graphite, etc.). The surface is pulsed with sufficient intensity of ions or plasma to etch (ablate) the metal or
inorganic oxide where there is no energy absorbing material present. The pulsed ions or plasma should not be at such an
intensity and duration, however, that both the energy absorbing material and the underlying metal or inorganic oxide is
completely etched away. The treated surface may be in the form of films, sheets, fibers, particles or bulk articles.
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The surface which is to be ablated or etched by the pulsed ions or pulsed plasma may comprise many different
materials, both organic and inorganic. Organic materials may be any solid organic such as natural or synthetic polymeric
material. Inorganic materials such as ceramics (e.g., SiO2, TiO2, etc.), glasses, metals, composites, layered materials (e.g.,
metal coated polymers, metal coated ceramics, polymer coated ceramics, etc.), and the like may be used in the practice of
the invention.
“Polymers,” as used in the present invention, may include both inorganic or organic polymers. Organic polymeric
materials include, for example, polyesters (e.g., polyethyleneterephthalate), polyfluorene, polyimide, polyamides,
polycarbonates, polyolefins, polyepoxides, polysiloxanes, polyethers, polyetherimides, polysulfones, polyurethanes,
polyvinyl resins (e.g., polyvinyl chloride, polyvinylidene chloride, polyvinyl alcohol), fluorinated and/or chlorinated
polymers (such as polytetrafluoroethylene), polyvinyl acetals, and other film forming polymers, both natural and
synthetic polymers. Inorganic polymers include such materials as glasses and ceramics. Polymers, unless otherwise
restricted include both organic and inorganic polymers.
Where the substrate (carrier layer) is a semicrystalline polymer (or polyimide, which displays some semicrystalline
characteristics), a similar product may be produced in a different way. The semicrystalline (or polyimide) polymeric
substrate may be coated with a layer of metal or inorganic oxide. The coating may be done in any manner as by vapor
deposition, sputtering, sol coating, etc. and will generally be at a coating thickness of 1 to 500 nm. The pulsing of ions or
plasma in a patterned (imagewise) distribution against the coating layer (of metal or inorganic oxide). The energy and
duration of the pulsing must be insufficient to significantly ablate the coating. Preferably there is no ablation at all.
However, the energy and duration should be sufficient to create a quasi-amorphous state in the polymer beneath the
pulsed areas of the coating (see U.S. Pat. Nos. 4,872,451; 4,868,006; 4,879,176; and 4,902,378 for the definition and
qualities of a quasi-amorphous polymer). The creation of the quasi-amorphous areas under the coating changes the
strength of adhesion of the coating with respect to areas that have not been rendered quasi-amorphous. The weaker bond
areas (where not pulsed) can be selectively stripped from the carrier layer. In general, the effect of the pulsed ions or
plasma on semicrystalline materials, within the fluence ranges of the present invention, is to increase adherence to that
surface.
A stripping type process can also be performed by first pulsing (with ions or plasma) in a patterned fashion the surface
of a semicrystalline or polyimide material (preferably a film, sheet or flat material). This produces quasi-amorphous
zones in the pulsed areas with semicrystalline materials and appears to produce a similar effect on polyimides. The metal
or inorganic oxide layer may then be deposited over the surface (preferably by a process of atomic or molecular
deposition such as vapor deposition or sputtering). Again, the deposited material more strongly bonds to the
quasi-amorphous areas. This relative bonding strength may change by as little as a factor of 2 or as much as a factor of 12
or more. The material deposited onto unpulsed areas may be more readily stripped from the surface (as by the use of an
adhesive tape applied to the coating). This leaves a pattern of the coating on the surface which corresponds to the pattern
of the pulsing.
These processes leave discernible fingerprints in the final article that can be used to identify which type of process
was used to form the final article. Where the pulsed ions or plasma was used to ablate areas of the coating (metal or metal
oxide) from a semicrystalline or polyimide carrier layer, quasi-amorphous zones can be found in the areas free of the
coating but not in areas where the coating remains in a pattern. This condition exists immediately after the process of
forming the article. If the article is subsequently heated or annealed, the quasi-amorphous areas will revert to their
semicrystalline state.
If the article is formed by patterned pulsing of the semicrystalline surface, before or after application of the coating,
and then subsequent stripping of the coating from non-pulsed areas, the quasi-amorphous regions will be under the
coating, but not in the coating free areas. Again, the quasi-amorphous zones can be converted to semicrystalline material
by heating or annealing.
Generally, the effects of pulsed ions and plasma within the controlled fluence range of the present invention, can have
unique effects upon polyester (e.g., polyethylene terephthalate) and polyfluorene polyester substrates. In addition to
formation of quasi-amorphous zones, the pulsed ions and plasma form crosslinked regions on the surface of the polymer.
The crosslinking can occur over a depth of less than 100 nm, usually only
to a depth of 5 to 50 nm, with the quasi-amorphous zone extending from 100 to 1000 nm in depth. This surface zone
characterization for the polyester and polyfluorene polyester materials is unique and can provide improved abrasion
resistance.
Examples
The majority of examples to follow exemplify using the puffed accelerated coaxial plasma gun with stationary samples.
However, the accelerated plasma pulses can be used to treat continuous lengths of material by advancement of the
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material through a targeted area as shown in Example 62. The accelerated coaxial plasma gun would be operated in a
repeat pulse mode while the sample to be treated would be moved either step-wise or continuously into the path of the
plasma pulses. The timing of the system would be varied such that any area of sample receives one or more pulses.
Processing speeds of 400 feet/minute (130 m/minute) or greater can be obtained by pulsing the plasma at rates of only 10
times per second. Wide widths could be treated using a gun of larger dimensions or multiple guns in parallel.
The following test procedures were used in all of the examples unless otherwise specified.
Plasma power measurement: The front of a Gentec ED-550 pyroelectric calorimeter was masked to a 0.23 cm2 aperture
using razor blades. This power meter was placed at the center line of the travel path of the plasma, 79 cm from the
muzzle of the gun. The energy of the plasma accelerator’s 100 F capacitor was changed by the charge voltage. Energy
measurements averaged over 10 pulses were 0.55, 0.67, 0.78, 0.90 and 1.02 J/cm2 at capacitor voltages of 5, 5.5, 6, 6.5,
and 7 kV, respectively. This calibration curve was then used to calculate the plasma energy striking the samples being
treated.
Film thickness: Thickness measurements were made with an Ono Sokki Co. Ltd. (Japan) model EG-225 gauge.
Examples of Polymer Etching
Example 1
A three mil (0.076 mm) thick stainless steel stencil having 2 to 4 mm wide openings was placed in contact with a 7 x 17
cm sample of 54 micrometer thick skived polytetrafluoroethylene (PTFE) film. The film was exposed through the stencil
to 500 pulses of plasma (0.2 pulses per second) at an energy density of 1.1 J/cm2 /pulse. 25 4 micrometers of the PTFE
was etched in the open areas of the stencil. This demonstrates that PTFE can be etched with the pulsed plasma to generate
relief structures.
Example 2
The linearity of the rate of etching as a function of the number of plasma pulses was measured for PTFE. Using the same
plasma conditions and polymer film as described in Example 1, three 7.5 x 40 cm sections of film were exposed to an
increasing number of pulses. The etch depth was measured to be 6, 14, and 27 micrometers for 100, 250, and 500 pulses
respectively. From this result, the etching rate is constant at 54 nm per pulse.
Example 3
The rate of etching was measured as a function of plasma energy. The samples and conditions were the same as described
in Example 2, only 500 pulses were used and the plasma energy was varied. The etching rate at 0.7, 0.93, and 1.1 J/cm2
was 22, 40, and 60 nanometers per pulse, respectively. Hence, the etching rate increases disproportionately at higher
energy densities.
Example 4
Using the polymer film and plasma conditions described in Example 1, holes were plasma etched into PTFE. A sample of
PTFE was vapor coated with 50 nm of Cu as a conductive layer. An ArcherTM (Radio Shack) resist decal, number
276-1577 with 5 mil (0.13 mm) diameter holes was applied to the film, and the laminate was exposed to 1000 pulses of
plasma. The decal was removed with solvent, and SEMs were taken of the structure. A 5 mil (0.13 mm) diameter hole
was produced in the film by the exposure to the plasma. The wall of the hole was smooth and appeared free of any
structure due to the etching process itself.
Example 5
A sample of ½ inch (1.27 cm) wide 3M brand 92 polyimide tape was exposed on the polyimide side to accelerated
plasma pulses under the same conditions as described in Example 1. 10 micrometers of the original 46 micrometer total
thickness of the polyimide was etched by the process. The polyimide was covered with a loosely bound layer of carbon.
This demonstrates that accelerated plasma can effectively etch polyimide to form relief structures or vias in thin film.
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Examples of Polymer Melting
Example 6
A sample of 110 micrometer thick porous nylon film, Polyamide 6 ID from Akzo Corp., with average pore size of 0.1
micron, was exposed to 1 pulse of argon plasma at an energy density of 1.37 J/cm2 /pulse. SEM micrographs showed the
surface pores of the film to be partially closed to a depth of 1 micron.
Example 7
A sample of 127 micrometer thick unoriented porous polypropylene film, made according to U.S. Pat. No. 4,726,989,
with average pore size of less than 0.1 micron, was exposed to 1 pulse of argon plasma at an energy density of 1.37 J/cm2
/pulse. SEM micrographs showed the surface pores of the film closed to a depth of 0.75 to 1.0 microns.
Example 8
A sample of 125 micrometer thick unoriented porous polyethylene film, made according to U.S. Pat. No. 4,539,256, with
average pore size of less than 0.1 micron, was exposed to 1 pulse of argon plasma at an energy density of 1.37 J/cm2
/pulse. SEM micrographs showed the surface pores of the film closed to a depth of 1.5 microns.
Examples of Creating Quasi-Amorphous Surfaces
Example 9
4 mil (0.102 mm) thick biaxially oriented PET with no slip agents from 3M Co. was exposed to one accelerated argon
plasma pulse, at an energy density of 0.16 J/cm2 /pulse. The reflectivity of this film as well as an untreated PET film was
measured, using an integrating sphere optical configuration, with a Lambda 9 spectrophotometer from Perkin Elmer over
the wavelength range of 300-1000 nm. These measurements showed that a broad decrease in reflectivity occurred on
accelerated plasma exposure of the PET which is indicative of an outermost layer of a quasi-amorphous material.
Example 10
4 mil (0.102 mm) thick biaxially oriented PET film as used in Example 9 was exposed to 1 accelerated helium plasma
pulse at an energy density of 0.55 J/cm2 /pulse. The reflectivity of this sample exhibited interference fringes in the region
300-1000 nm. From the spacing of the interference fringes the thickness of the amorphous layer produced on accelerated
plasma exposure was estimated to be 800-900 nm. This accelerated plasma treated PET was also examined by ATR
spectroscopy (KRS-5 reflection element at a 45° angle of incidence) in the wavelength region 6250-7692 nm. From the
decrease in peak absorbance of the crystalline absorption band of PET at 7463 nm the thickness of the amorphous layer
produced by accelerated plasma exposure was calculated to be 835 nm. In both estimates of the amorphous film thickness
the refractive index of the amorphous layer produced by accelerated plasma treatment was assumed to be 1.55.
Example 11
Extrusion cast PET from 3M resin ER662000 was dissolved in o-chlorophenol and spin coated on a 75 mm diameter
polished silicon wafer metallized with 100 nm of e-beam evaporated gold. The cast PET film was thermally crystallized
in vacuum at 175 °C for 2 hours. After crystallization the film had a thickness of 71 nm. The PET film was then exposed
to 1 accelerated argon plasma pulse with an energy density of 0.42 J/cm2/pulse. Depth profiling of this film by IR
spectroscopy indicated that the top 33 nm of this film had been amorphized by this exposure. The IR depth profiling
procedure is described in U.S. Pat. No. 4,822,451 (Ouderkirk et al.). Samples of this accelerated plasma treated PET thin
film were then exposed to chloroform vapor and examined by IR reflection-absorption spectroscopy (also described in
U.S. Pat. No. 4,822,451). An absorption band at 13175 nm in these IR spectra indicated the presence of chloroform
trapped in the accelerated plasma amorphized layer on the surface of the PET film. Although the chloroform slowly
diffused out of the treated PET at room temperature, IR spectra indicated that 27% of the chloroform remained in the thin
film 1140 hours after initial exposure, thus showing the barrier properties of the treated film.
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Example 12
PET film number OR478400 from 3M Co. was dissolved in o-chlorophenol and spin coated on a 75 mm diameter
polished silicon wafer, thus producing an amorphous PET sample. This sample was then exposed through a stainless steel
template to 1 accelerated argon plasma pulse with an energy density of 2.0 J/cm2 /pulse. The treated areas developed a
dark blue image of the template. The sample was then dipped in methylene chloride to dissolve the amorphous PET, and
the template pattern showed up clearly, confirming the accelerated plasma pulse converted the amorphous PET into a
crosslinked structure which was insoluble in the solvent.
Examples of Improved Coating Adhesion
Example 13
4 mil (0.102 mm) thick biaxially oriented PET film as used in Example 9 was exposed to 1 accelerated argon plasma
pulse at an energy density of 0.42 J/cm2 /pulse. The treated film was then metallized with an 80 nm thick electron beam
evaporated silver film. The effect of the accelerated plasma amorphization of the PET prior to metallization on adhesion
was determined by performing a number of 180° peel tests on untreated and accelerated plasma treated areas of the
metallized PET. The peel tests were done at a peel rate of 6 inches/min (13.2 cm/minute) using an Instrumentors, Inc.
Model SP 101A slip/peel tester with 1 inch (2.54 cm) wide strips of KaptonTM tape attached to the metallized film
samples. The tape used for these measurements was coated with a thermoplastic polyamide adhesive (Union Camp
Uni-rezTM 2645). In attaching the tape to the metallized PET the samples were exposed to temperatures in the range of 70
to 90 degrees C for 5-10 seconds. The average peel force required to remove the Ag from the untreated PET was 70 g/in.
(27.6 g/cm). The average peel force measured during the testing of the accelerated plasma treated areas was 602 g/in.
(237 g/cm). In addition, the metal could not be removed from the accelerated plasma treated areas by the testing
procedure used here. This indicates at least an 8.6 times increase in Ag film adhesion due to the presence of the
accelerated plasma amorphized PET film on the surface.
Example 14
5 mil (0.127 mm) thick polytetrafluoroethylene film was exposed to 1 accelerated argon plasma pulse at an energy
density of 0.15 J/cm2 /pulse. An 80 nm thick Al film was then electron beam evaporated on the treated polymer film. The
effect of the accelerated plasma exposure prior to metallization on the Al adhesion was determined by peeling 1 inch
(2.54 cm) wide strips of the metallized polymer off of Number 966 DS4 pressure sensitive adhesive from 3M Co. that
had been transferred to strips of 10 mil (0.254 mm) thick aluminum sheet. The average peel force required to remove the
Al from untreated areas of the film was 412 g/in. (162 g/cm). In the accelerated plasma treated areas the average peel
force increased to 911 g/in. (359 g/cm) and the Al was only incompletely removed from the teflon indicating that the Al
adhesion had increased by at least a factor of 2.2 times.
Example 15
2 mil (0.051 mm) thick biaxially oriented polypropylene film (BOPP) number TX-200-2-C from Trea Industries was
exposed to 1 accelerated argon plasma pulse at an energy density of 0.42 J/cm2 /pulse. An 80 nm thick Al film was then
electron beam evaporated on the treated polymer film. The effect of the accelerated plasma exposure prior to
metallization on the Al adhesion was determined as in Example 14. In the untreated areas of the Al/BOPP, the average
peel force required to remove the Al was 641 g/in. (252 g/cm). The average peel force increased to 1621 g/in. (638 g/cm)
in the treated areas. Again the Al was only incompletely removed by the peel testing in the accelerated plasma treated
areas indicating an increase in Al adhesion by a factor of at least 2.5 times.
Example 16
4 mil (0.1 mm) thick biaxially oriented PET was exposed to 1 accelerated helium plasma pulse with an energy density of
0.55 J/cm2 /pulse. 100 nm thick Al films were then electron beam evaporated on treated and untreated PET films. The
effect of the accelerated plasma exposure prior to metallization on the Al adhesion was determined as in Example 13. In
the untreated areas the average peel force required to remove the Al from the polymer was 37 g/in. (14.6 g/cm). In the
accelerated plasma treated areas the average peel force increased to 132 g/in. (52 g/cm) and the Al was not removed from
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the polymer indicating that the Al adhesion had increased by at least a factor of 3.6 times on accelerated plasma treatment
of the PET.
Examples 17-21
2 mil (0.051 mm) thick BOPP was metallized with a 00 nm (?) thick film of electron beam evaporated Al. Pieces of this
Al metallized BOPP were then exposed to accelerated argon plasma pulses over a range of plasma energies. The effect of
this accelerated plasma treatment on the Al adhesion was determined as in Example 14. The results are listed in Table 1.
TABLE 1

Example

Plasma Energy Peel Strength
J/cm2
(g/in)
417

Peel Strength
(g/cm)

17

0

164

18

0.1

378

149

19

0.3

>1739

>685

20

0.6

>1728

>680

21

0.8

>1535

>604

For all samples exposed to plasma pulses with an energy density equal to or greater than 0.3 J/cm2, the Al could not be
removed from the BOPP with the peel test procedure used here, indicating that the peel strengths listed above are only
lower limits for the actual values.
Example 22
4 mil (0.102 mm) thick polytetrafluoroethylene film was exposed to 2 pulses of accelerated argon plasma with an energy
density of 0.085 J/cm2 /pulse. The effect of the accelerated plasma treatment on the adhesion of pressure sensitive
adhesives to the surface was evaluated by 180° peel tests. 1 inch (2.54 cm) wide strips of a high tack adhesive tape
number 622 from 3M Co. were peeled from treated and untreated areas of the film. The treated samples had an average
peel force of 2221 g/in. (874 g/cm), while untreated samples had an average peel force of 213 g/in. (84 g/cm) resulting in
a ten fold increase in adhesion properties.
Examples of Etching of Applied Coatings
Various polymer samples with nonmetal oxide and metal thin film coatings were surface treated by exposure to
accelerated plasma pulses. The plasma pulses were fired at the sample target located 79 centimeters downstream. The
energy density incident on the sample surface was varied from 73 to 980 mJ/cm2 per pulse with a pulse to pulse
reproducibility of 12%. The process was operated at pressures of 0.15 mTorr or less and used He (90 psi) as the process
gas.
Removal of the thin film coating, without extensive damage to the underlying substrate, was observed on samples
receiving plasma pulses at an energy flux equal to or greater than a critical threshold. This threshold varied depending
upon the coating material and thickness as well as substrate type.
Selective thin film removal can be done by masking the sample from the plasma pulse using either a noncontact
method such as a stencil or the direct contact application of a thin coating to the sample surface. All samples were
masked with a thin (approximately 1/16 inch [1.59 mm] wide) felt-tip marker line drawn vertically down the center of the
sample area.
The effect of the accelerated plasma pulse to image by selective thin film removal was measured by line resolution.
Resolution was defined as being the thin film border remaining adjacent to the marker line drawn on the samples. The
width of this border was measured using an optical microscope at 450X with a 2.75 micron per division reticule. These
values have a relative error of 20%. The samples all showed the best resolution values at the highest energy used for
treatment. This measurement of resolution is an lower limit since the ink line was not perfectly sharp.
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Examples 23-27
Cu films were electron beam evaporated to thicknesses of 38, 76, 114, 190 and 380 nm on 4 mil (0.102 mm) thick
biaxially oriented PET film (3M Co.). Samples of each Cu thickness were treated by exposure to 1 accelerated helium
plasma pulse at each of the following energy densities: 73, 172, 325, 450, 570, 640, 820, 930, and 980 mJ/cm2. The
threshold for Cu removal occurred at an energy density of 325 mJ/cm2 for the three thinnest Cu films and at 640 mJ/cm2
for the 190 and 380 nm films. The best imaging was observed at the highest energy density tested, 980 mJ/cm2, with
resolutions varying from 41 microns on the 38 nm Cu film to 127 microns on the 380 nm film. The results are shown in
Table 2.
TABLE 2
Metal Etch ing Results
Threshold
Highest
Energy Density
Resolution
(mJ/cm2)
(microns)

Example

Copper
Thickness
(nm)

23

38

325

41

24

76

325

48

25

114

325

55

26

190

640

72

27

380

640

127

Experimental observation suggested that the mechanism for metal etching by accelerated pulsed plasma treatment was
partially a result of delamination between the substrate and its thin film layer. Therefore, copper etching was studied on
various polymer films which were known to have differing adhesion to copper. The substrates included a range of
commodity polymers commonly vapor or sputter coated.
Examples 28-32
Cu films were electron beam evaporated on 2 mil (0.051 mm) thick biaxially oriented polypropylene film (BOPP) as in
Example 16, to the same thicknesses and received the same treatment as Examples 23 to 27. As predicted by qualitative
adhesion comparisons, copper was etched at lower energy densities on BOPP than on PET. All samples exhibited lower
threshold and improved resolution values at equivalent Cu thicknesses. The results are shown in Table 3.
TABLE 3
Threshold Metal Etching Results
Copper
Energy
Maximum
Highest
Exam- Thickness Density Energy Density Resolution
ple
(nm)
(mJ/cm2)
(mJ/cm2)
(microns)
28

38

172

930

8

29

76

325

930

22

30

114

325

820

22

31

190

450

980

41

32

380

570

980

77

Examples 33-37
Pieces of 2 mil (0.054 mm) thick low density polyethylene (LDPE) number SF-30 from Consolidated Thermoplastics
Co., Arlington Heights, Ill., were deposited with thin films of electron beam evaporated Cu. The samples received the
same coating thicknesses and treatment as Examples 23-27. This system exhibited image resolution values similar to
those of Examples 28-32 (Cu/BOPP) despite significantly higher threshold values for metal etching. The threshold values
measured were comparable to those for copper on PET. The highest resolution was obtained at an energy density greater
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than this threshold and was at 980 mJ/cm2 in these examples. Table 4 lists the measured values along with their
associated Cu thicknesses.
TABLE 4

Example

Copper
Thickness
(nm)

Metal Etch ing Results
Threshold
Highest
Energy Density
Resolution
(mJ/cm2)
(microns)

33

38

325

11

34

76

325

14

35

114

325

19

36

190

325

28

37

380

570

63

Examples 38-42
A series of copper metallized polyimide films were treated to include a system with high metal/polymer adhesion
properties relative to the previous examples and to demonstrate etching on a thermoset substrate. Similarly to Examples
23-27, Cu films were electron beam evaporated on 2 mil (0.054 mm) thick PI film (pyromellitic
dianhydride/oxydianiline). As predicted, Cu/PI was the most difficult in the series to image. The threshold energy density
required was almost double that of any other system. The highest resolution was obtained at an energy density greater
than this threshold and was at 980 mJ/cm2 in these examples. In addition, imaging to within a specification of <100
microns was limited to thicknesses of 114 nm. These results are shown in Table 5.
TABLE 5

Example

Threshold
Copper
Thickness Energy Density
(mJ/cm2)
(nm)

Highest
Resolution
(microns)

38

38

640

55

39

76

570

93

40

114

640

99

41

190

640

187

42

380

820

181

Examples 43-47
Ag, Al, Ni, Cr and SiO2 thin films were electron beam evaporated to a thickness of 80 nm on 4 mil (0.102 mm) thick
biaxially oriented PET from 3M Co. The samples were treated as previously described for Examples 23-27. This was
done to quantify the effect of differing thin film types. The thickness of 80 nm was selected as being a typical depth
requiring metal etching. These samples can be compared to Example 24.
The inorganic SiO2 was expected to have the lowest adhesion to PET and was demonstrated to be the easiest system to
image. The most difficult system was Cr/PET which required a threshold energy almost 3 times greater than the others
studied and had the lowest resolution of the metals tested. The highest resolution was obtained at an energy density
greater than this threshold and was at 980 mJ/cm2 in these examples. The results for all five systems are summarized in
Table 6.
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TABLE 6

Example

Coating

43

Al

Metal Etch ing Results
Threshold
Highest
Energy Density
Resolution
(mJ/cm2)
(microns)
325

28

44

Ni

325

55

45

Cr

930

94

46

Ag

325

38

47

SiO2

325

19

Example 48
A 65-70 nm Ag film was electron beam evaporated on 7 mil (0.18 mm) thick PET film from 3M Co. The Ag film was
then printed with Cavcure 2-Process Black UV cure ink from Cavanagh Corporation, Flemington, N.J., to produce a grid
pattern of 30 micron lines with 10 mil (0.254 mm) center-to-center spacing. The sample was exposed to one argon
accelerated plasma pulse at an energy density of 1.4 J/cm2. The untreated sample had a conductivity of 4.4 mhos per
square measured by an LEI Model 1010 Contactless Conductivity Probe from Lehighton Electronics, Inc., of Lehighton,
Pa., and a transmission of <1% at a wavelength of 550 nm measured by a Lambda 9 UV/VIS/NIR Spectrophotometer, by
Perkin Elmer Co. The imaged sample displayed a 1.5 mhos per square conductivity but at a transmission of 52%. The
line resolution was measured to be 5 microns by optical microscopy techniques as previously described.
Example 49
An Al thin film was electron beam evaporated to a thickness of 30-35 nm on 1.6 mil (0.041 mm) thick biaxially oriented
polypropylene (BOPP) from 3M Co. The Al film was then printed with CavcureTM 2-Process Blue UV curable ink in a
50% screen pattern with 125 lines per inch (49 lines/cm) spacing. The sample was treated as in Example 48 but at an
energy density of 900 mJ/cm2. The unmasked metal was removed by the exposure to the plasma pulse to reproduce an
imaged metallic half-tone.
Example 50
50-100 nm thick aluminum was electron beam evaporated on a 3 mil (0.076 mm) nonwoven substrate (3M Sasheen
ribbon). The Al film was then printed on with a solvent based ink in a pattern containing 0.25 mm minimum line widths
and dot diameters. The sample was exposed to one accelerated He plasma pulse at an energy density of 3.3 J/cm2. The
treatment selectively removed the non-ink covered Al coating reproducing the printed image.
Examples 51-59
As previously mentioned, selective thin film removal can be done by masking the sample from the plasma. All prior
examples described the use of a surface coating. A sample can also be masked using the shadow of a stencil. As
previously described in Example 23, a sample was prepared by depositing 38 nm of Cu on PET and then was treated with
1 accelerated helium plasma pulse through a 1 cm high by 2.54 cm wide aperture placed 4-5 mm in front of the sample.
Table 7 lists the area demetallized at each of the treated energy densities.
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TABLE 7
Demetallized Dimensions
Width
Height
(mm)
(mm)

Example

Energy Density
(mJ/cm2)

51

73

-

-

52

172

-

-

53

325

23.5

7.75

54

450

23.75

9.25

55

570

23.75

9

56

640

23.75

9

57

820

24.5

9.25

58

930

24.75

9.75

59

980*

25

10

*sample showed nearly squared corners (all others rounded)
Example 60
30-35 nm of aluminum was electron beam evaporated on 1.6 mil (0.041 mm) thick biaxially oriented polypropylene
(BOPP) from 3M Co. The Al side was then printed with Cavcure 2-Process Green UV curable ink to produce a pattern
with 3 point numerals with 5 mil (0.127 mm) wide lines. The printed metallic film was subsequently vapor-coated with
an additional 100 nm of Al. The sample was exposed to one accelerated helium plasma pulse at an energy density of 520
mJ/cm2. The Al remained on the areas that were ink printed. The Al film that was deposited on the metallized surface was
etched down through to the underlying polymer substrate. This demonstrates the ability to selectively remove thin films
by accelerated plasma treatment due to differences in surface adhesion.
Example 61
1.2 mil (0.03 mm) thick BOPP from 3M Co. was printed with Suncure #5 process blue UV curable ink from GPI, to
produce a pattern of 6 mil circular lines and spaces. The ink side was deposited with 100 nm of electron beam evaporated
aluminum. The metallized film was then exposed to one accelerated argon plasma pulse at an energy density of 0.12
J/cm2. This treatment selectively removed the aluminum from the BOPP where there was no ink printing. This
demonstrates the ability to selectively remove thin film coatings with accelerated plasma by varying the threshold energy
for demetallization of the sample rather than by blocking the plasma with a mask.
Example 62
A 30-35 nm aluminum film was electron beam evaporated onto a continuous 6 inch wide roll of 1.6 mil (0.041 mm)
BOPP from 3M Co. The metallized film was printed using Cavcure 2 process yellow UV curable ink to produce a pattern
of multiple line widths of 0.07 to 4 mm. The sample roll was inserted in a web handling system in the vacuum chamber.
The drive roll of the system was connected to a computer controlled Parker series 2100 Compumotor, which drove the
web at a constant rate of 6.25 ft/min (190 cm/minute) at a distance of 36 cm from the gun. The coaxial plasma gun was
operated in a repeat pulse mode of 1.9 seconds/pulse and was timed to treat the sample through a 6.3 cm high by 16.4 cm
wide aperture with less than 0.3 cm overlap. Each pulse had an energy density of 0.8 J/cm2. A 6 meter length of material
exposed to the accelerated plasma pulses was shown to reproduce the printed pattern across the entire web, thus
demonstrating the use of the coaxial plasma gun for continuous processing. This process is useful on any polymeric
surface, whether semicrystalline or not. Polyimide substrates are particularly desirably used in this process.

Example 63
65 micron average diameter glass beads with a 500 to 1000 A coating of silver were prepared according to standard wet
silver plating techniques. A layer of these beads were adhered to the surface of a PET film with 3M Shipping-Mate
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labeling adhesive. The bead layer was then exposed to 1 pulse of accelerated argon plasma at an energy density of 4.08
J/cm2. The top half of the silver on the beads was etched off, leaving a very good retroreflector.
Example of Sintering of Organic Dispersions
Example 64
A thin film of fluorinated ethylene propylene dispersion (DuPont FEP 120) was coated on 4 mil (0.102 mm) thick
biaxially oriented PET film and was exposed to 1 accelerated helium plasma pulse with an energy density of 0.32 J/cm2
/pulse. SEM examination of untreated and accelerated plasma treated areas of the teflon film showed that the accelerated
plasma had sintered the teflon particles (approximately 100-150 nm diameter) into a smooth, continuous film (i.e., no
detectable individual particles after accelerated plasma exposure).
Further Reading
The following references are cited in this patent.
Tyutner et al., Electrical Conductivity of Polyethylene Terephthalate Under the Action of Low-Energy Electrons,
Polymer Science (USSR); vol. 24; No. 1; ; abstract only.
J.N. Feugeas et al., Nitrogen Implantation of AISI 304 Stainless Steel With a Coaxial Plasma Gun, J. Appl. Phys. 64(5) 1
Sep. 1988, pp. 2648-2651.
Y. Shimotori et al., Preparation and Characteristics of ZnS Thin Films by Intense Pulsed Ion Beam, J. Appl. Phys. 63(3)
1 Feb. 1988, pp. 968-970.
J. Gyulai et al., Comparative Status of Pulsed Ion Implantation, Nuclear Instruments and Methods in Phys. Res., pp.
275-279 (1989).
M. Sokolowski, Deposition of Wurtzite Type Boron Nitride Layers by Reactive Pulse Plasma Crystallization, Journal of
Crystal Growth 46 (1979) pp. 136-138. Describes a scientific study on the use of a coaxial plasma generator to crystallize
thin layers of boron nitride.
Methods of Experimental Physics Vol. 9, Part A, Academic Press (1970).
General Dynamics Astronautics Final Contract Report NAS-5-1139, May 15, 1962, The Use of a Coaxial Gun for
Plasma Propulsion.
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SURFACE TREATMENT OF METALS BY SHOCK-COMPRESSED PLASMA
The following has been excerpted from U.S. Patent 5,5750,205 “Surface Treatment of Metals by Shock-Compressed
Plasma” by Sergei Gennadievich Shashkovsky, Alexander Semyonovich Kamrukov, Dmitry Vyacheslavovich Chepegi
and Victor Vladimirovich Bandurkin. The patent was issued on May 12, 1998. The patent describes a method for surface
treating a metallic substrate to enhance its corrosion resistance. The method consists of applying to the surface of the
substrate a pulse treatment with a beam of dense high-temperature radiation generated by a coaxial plasma accelerator
of the erosion type. The method provides for rapid heating of the surface region of the substrate to modify its
metallurgical structure, without substantial heating of the underlying bulk thereof, followed by rapid cooling, whereby
crystal nucleation and growth are suppressed and phase segregation and separation of substrate additives or compounds
is avoided.
By “coaxial plasma accelerator of the erosion type” the inventor means an “accelerator including coaxial anode and
cathode separated by a dielectric plug the material of which serves to generate the plasma, the discharge current being
derived from a capacitor power storage bank.” More simply put, the gun operates at a constant pressure as opposed to
having a puff of gas injected by a pulse valve (see Figure 3.41). As before I have freely rearranged the text to make it
more appropriate for the purposes of this publication and have also tried to minimize the number of legalisms,
duplications and stock phrases that tend to pervade patent texts. -Ed.
Brief Summary
This invention relates generally to the surface treatment of metals, particularly various types of steel, to improve
corrosion resistance.
It is known that steel substrates, even treated substrates of the so-called “stainless” type, are vulnerable to
environmental corrosion which, ultimately, can cause the substrate to degrade to such an extent that total failure ensues.
Conventional attempts to solve this problem include (i) providing a protective surface layer on the substrate to prevent
contact between the substrate and its immediate environment, (ii) treatment of the immediate environment to render it less
corrosively aggressive, and (iii) treatment of the steel itself to increase its inherent resistance to corrosive attack.
An example of a protective surface layer, particularly when the substrate is intended to be painted, is a phosphate
coating over which a coat of primer is usually applied before the topcoat is applied. An example of treatment of the
substrate is the incorporation of alloying ingredients to enhance corrosion resistance. Stainless steel is an example of such
a material. However, penetrative corrosive attack is still possible along grain boundaries, particularly following
high-temperature heat treatment or welding.
Other methods of protection include modification of the surface structure of the substrate material by nitriding, high
temperature heat treatment and laser beam treatment. However, these methods have been found to be either expensive,
inefficient, or limiting in treating only small localized areas or parts. Laser beam treatment additionally requires a
complex system of focusing the beam on the substrate. A further disadvantage is low absorption of radiation by the
substrate material. Broad-beam pulse treatment is also known, typically using ultra-violet radiation from quartz discharge
lamp sources, but such lamps suffer from a restricted power output, typically in the range 104 to 105 W/cm2. This has
been found insufficient for the formation of the ultra-fine grain structure necessary for effective corrosion resistance.
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High-energy ion bombardment may also be used, usually generated by a coaxial plasma accelerator using a feed of
pulsed gas, typically hydrogen or helium. However, limitations of operational parameters in terms of pressure and voltage
restrict the depth of the modified surface structures produced.
It is therefore an object of the present invention to provide a method for improving the corrosion resistance of metal,
particularly steel, substrates by modification of their surface structure to avoid problems associated with known methods.
In accordance with one aspect of the present invention is a method for surface treating a metal substrate to enhance its
corrosion resistance, which comprises the step of pulse treating the substrate surface with a beam of dense
high-temperature radiation generated by a coaxial plasma accelerator of the erosion type. Preferably, the plasma
accelerator is operated under conditions whereby the radiation beam is self-focused.
In accordance with another aspect of the present invention is a metallic substrate treated by a method which comprises
the step of applying to the surface of the substrate a pulse treatment with a beam of dense high-temperature radiation
generated by a coaxial plasma accelerator of the erosion type.
In such accelerators, plasma having the required properties is generated by injection of the initial portion of plasma
into the interelectrode space, giving rise to discharge of the previously-charged capacitor bank on the electrodes. A small
portion of the dielectric plug is thereby evaporated and the resulting vapor is ionized and heated by the discharge current.
The plasma is accelerated along the electrodes, axial acceleration being influenced by interaction of radial components of
the discharge current with the azimuthal component of the magnetic field. Thus, as a consequence of the Hall effect, and
interaction of the longitudinal Hall effect current with the azimuthal magnetic field, the electromagnetic force which
draws the accelerating plasma towards the cathode includes a radial component which compresses the plasma beam
towards the accelerator axis. This focuses a part of the plasma flux longitudinally. The accelerated plasma beam is
thereby focussed externally of the accelerator and a compact area of shock-compressed plasma (or “plasma focus”) is
generated. The shock-wave mechanism effectively avoids loss of energy in more conventional methods of plasma heating
and enables efficient production of high-energy radiation with the required power characteristics.
Preferably, in order to provide optimum surface structure for enhanced corrosion resistance, the method according to
the present invention is carried out under conditions of power current density of 105 to 107 W/cm2 of surface under
treatment for a time period between 10-3 to 3x10-4 seconds. These conditions enable an ultra-fine grain structure to be
produced at the surface of the metal substrate to a depth of up to approximately 50 microns, thereby providing enhanced
corrosion resistance. At treatment times longer than 3x10-4 s, an increase in the thickness of the surface treatment zone is
achieved but the grain structure is coarser. Hence, the corrosion resistance is not significantly affected. Furthermore,
transitional zones may be formed between the surface structure and the underlying bulk of the substrate, resulting from
high-temperature tempering. This is undesirable. At current densities less than 105 W/cm2, the required ultra-fine grain
structure is not achieved, whereas at densities greater than 107 W/cm2 considerable overheating of the melt occurs,
accompanied by growth of hydrodynamic instability, evaporation and melt splashing. The optimum combination of
current density and treatment time depends on the chemical nature of the substrate material and its physical heat
properties.
The chemical nature of the gaseous atmosphere has been found immaterial and the preferred pressure thereof is
generally within a range of 1 to 105 Pa. The operative voltage for an accelerator of the erosion type is relatively low,
typically from about 800V up to about 5 kV. This represents an advantage over accelerators of the gas type.
Generally speaking, the method of the present invention provides rapid heating of the surface region of the substrate
to modify its metallurgical structure, without substantial heating of the underlying bulk of the substrate, followed by rapid
cooling at a rate of approximately 106 to 107 K/s (°C/s). Under such conditions, crystal nucleation and growth are
suppressed and phase segregation and separation of substrate additives or components is avoided; as a result a frozen
metastable solid solution is obtained at the substrate surface, having a high degree of homogeneity.
The invention will now be further illustrated by the following examples.
Example 1
Samples of low-carbon steel were pulse treated at a pressure of 1 Pa (about 7 milliTorr) by radiation from the plasma
focus zone of a coaxial plasma accelerator of the erosion type. The parameters of the radiation beam were as follows:
Time: 2x10-4 s
Current Density: 5x105 W/cm2
The structure of the resulting modified layer was that of an ultra fine-grain dispersion of low-carbon martensite. The
depth of the layer was 10-20 microns. The change in corrosion resistance was evaluated according to the current of
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self-dissolution of the samples during tests in a standard three-electrode cell of synthetic sea water under various
conditions of electrolyte aeration.
The results are shown in the following table:
TABLE 8
Deg ree of

Aerati on

Min.

Small

Med.

Large

Dissolution current
(treated samples)
1 A/cm2

0.17

0.96

9.2

23

Dissolution current
(untreated control
samples) 1 A/cm2

1.1

4.5

22

26

Ratio of increase in
corrosion resistance
(control/treated)

6.5

4.7

2.4

1.1

The change in corrosion resistance is related to the change in grain size of the treated zone. The most significant increases
are observed under conditions of low aeration of the electrolyte, that is, when the quantity of dissolved oxygen is
relatively small.
Example 2
Samples of 06x13 T steel (13% Cr) were treated by pulse plasma under a pressure of 1 Pa by a plasma current obtained
by a coaxial plasma accelerator of the erosion type. The parameters of heat flow and the method of evaluation of
corrosion resistance are analogous to those of Example 1.
The carbide phase does not exist in the structure of the obtained modified layer, and crystallization is partial.
The treated samples spontaneously adopted the passive state with dissolution currents close to those for 08x18 T steel
(18% Cr). For untreated samples of 06x13 T steel, self-passivation was absent.
The improvement of passivation and the decrease of the self-dissolution current reflect a more uniform distribution of
chrome and the increase of efficiency of the cathode process due to the increase in density of dislocations in the structure
of the material after treatment.
Example 3
Samples of 08x25 T steel and 08x25 H10 T steel were treated similarly to Example 1.
In the resulting layer (the so-called “white” layer), a crystalline structure was not found. The possibility of suppression of
the tendency to grain-boundary corrosion was studied. The tests were conducted according to the conditions specified by
the State Standard of the USSR, 9.914-91. Untreated samples, after thermal treatment (annealing), showed a tendency to
grain-boundary corrosion. After treatment, this tendency was fully suppressed.
Although the present invention is described in connection with various types of steel, it may be adapted for
application to other materials, giving consideration to the purpose for which the present invention is intended.
IV. TWO ADDITIONAL EXAMPLES
There are a couple of papers by researchers from the Institute of Physics at the Chinese Academy of Sciences in Beijing
that are concerned with the deposition of coatings where the electrode materials play a role in the formation of the films.
Their apparatus is depicted schematically in Figure 3.43.
In High Power Density Pulsed Plasma Deposition of Titanium Carbonitride (P.X. Yan, S.Z. Yang, B. Li and X.S.
Chen, J. Vac. Sci. Technol. A 14(1) Jan/Feb 1996, 115-117) the authors use a plasma gun with a titanium inner electrode
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and a graphite outer electrode. With nitrogen as the working gas, the atoms in the plasma react to permit the deposition of
Ti(CN) on a steel substrate.
At this point I should mention that there is no need for the outer electrode of a coaxial gun to be a continuous
cylinder. A common arrangement is to have six rods of, say, ¼-inch diameter serve as the outer electrode. This makes
fabrication much simpler (and cheaper & neater) than trying to hollow out a solid slug of graphite. It also permits better
visual access to the discharge region.
The authors point out that Ti(CN) combines the wear properties of titanium carbide (TiC) with the low friction and
chemical resistance of titanium nitride (TiN). Usually these materials are deposited using chemical vapor deposition
(CVD) at high temperatures (hundreds of degrees) in a vacuum furnace. Plasma assisted CVD is also used and provides
for a lower process temperature. Ion plating and pulsed arc techniques have also been used, however the film adhesion
qualities are poorer.
In the plasma gun method, the authors noted a 4x increase in the microhardness of a #45 steel substrate after 1 to 2
pulses. Conditions in the gun were 10-3 Pa before the pulse and 10-1 Pa just after. The capacitor bank (unfortunately
neither the capacitance nor the energy were noted) was charged to 2-4 kV for the tests. Measured parameters for the
plasma were: electron temperature of 105 to 106 K, electron density of 1014 to 1016 cm-3 and a maximum plasma velocity
of 30-50 km/s. Pulse width was long, about 60 microseconds.
The second paper Room Temperature Synthesis of Cubic Boron Nitride Films by Pulse High Energy Density Plasma
(P.X. Yan, S.Z. Yang, B. Li and X.S. Chen, Journal of Crystal Growth 148 (1995), 232-235) describes the deposition of
this material as a film on silicon wafers. Here both of the electodes were fabricated from graphite and the working gas
was a 50/50 mixture of B2H6 and nitrogen. The normal method for the deposition of this film uses CVD at about 1000 °C.
Again the capacitor specifications were not given but the charging voltages for the tests ranged from 15 to 25 kV.
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Figure 3.43 - General Arrangement of the Chinese
Academy of Science’s Coaxial Plasma Gun
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Mass Spectrometers
Home Built Mass Spectrometers
The Development of a Simple Quadrupole Gas Analyzer
Carl A. Helber

This article originally appeared in Volume 6, Number 2.
INTRODUCTION
About a year ago I thought it was time to use some of the vacuum equipment that I had been collecting for many years.
The kind of project that appealed to me involved working with ion beams in some manner. I had already done some work
with electron beams which are easy to produce but I had no feel for what to expect in the ion field. The books pertaining
to ions weren't of much practical help in telling me what to expect in the way of the magnitude of the ion current that
could be obtained or in providing any design details for building an ion source. So the first step was to build something
and make some measurements. I’d either get some measurable results from which to take the next step or nothing would
show up in which case I'd return to writing computer programs. A programmer friend of mine suggested that it would be
much easier to just write a computer program to simulate the ion optics. My reply was that I could also simulate a dining
program but that after I ran it I’d still be hungry! So I set out to build hardware.
STEP ONE - TIME-OF-FLIGHT
A simple Time-of-Flight mass spectrometer seemed like a good starting point. A beam of electrons from a tungsten
filament (Ι had saved some tungsten wire) perpendicular to the axis of the vacuum enclosure would be directed into a
cylindrical chamber where electrons would collide with residual gas molecules and ionize them. A repeller with a
positive potential would push the resultant positive ions along the axis of the enclosure (a brass tube) toward a cylindrical
electrode with a negative potential with respect to the ionization chamber. This is similar to a simplified Bayard-Alpert
ionization gauge except that instead of collecting the ions on a wire, they are directed along the axis of the enclosure. An
important provision in this project was to build most of the equipment using equipment and materials on hand or easily
available at the local hardware store. The extraction cylinder was thus formed from a one inch diameter brass tube
originally intended as a shower curtain rod. Success!
Measurable ion currents were collected on an electrode about eight to ten inches down stream from the exit orifice of
the ionization chamber. An extraction potential of about 100-200 volts was sufficient. The detector was an ordinary 199.9
millivolt full scale DVM.
These inexpensive units can have input impedances of over 1012 ohms with bias currents of the order of 2 picoamps.
A 1000 Megohm resistor across the voltmeter input provides a crude 199.9 picoamp full scale current meter. The ion
currents generated using this equipment were in the nanoamp range! This was indeed encouraging. The next step was
devising a way of discriminating the time of arrival of the various ions. Before doing this it was desirable to get an idea
of the flight times of various likely ions. So the first thing to do was to work out the expected ion velocities. Here is
where mathematical software came in handy. I used Mathcad, a product of Mathsoft, Inc. of Cambridge, MA. It went like
this:
The velocity of an ion falling through a potential of E volts is:
E
v = 1.38(10 6 ) % m

0.5

cm/sec

where m is the mass in AMU.
The graphs of Figure 4.1 on the next page are plots of velocity for several energies and masses ranging from 4 to 60
AMU. These graphs show that the velocities are going to be in the range of a half a million to over five million
centimeters per second. If the flight tube is a half meter in length (I don’t have a lot of room in my shop), then it will be
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Figure 4.1 - Ion Velocities in cm/sec vs Mass in AMU. Left plot is log scale for velocity, right is linear scale. Dashed line
is for 100 eV, dotted line is for 30 eV, solid line is for 10 eV.

necessary to handle flight times as short as 50/7x10-7 seconds (~0.7 ms) for helium ions at 100 volts acceleration. In
addition this time interval needs to be resolved to better than one divided by the mass number in order to be able to
resolve one mass unit. At mass 50 the flight time is about two million centimeters per second or 2.5 µs with a resolution
requirement of better than 0.05 µs. These things don't seem impossible with relatively simple equipment until the next
step and trying to figure out how to make accurate time measurements on such tiny currents. At this point it becomes
apparent that a very high gain, very fast, current amplifier that has a low output impedance is needed so that fast IC gates
can be used. Unfortunately that amplifier is the dynode assembly of an electron multiplier. I didn’t have one available so
it was time to review options.
STEP TWO - MAGNETIC SEPARATION
Maybe a magnetic mass separation approach would be fruitful. I’d saved some old electromagnetic focus coils from very
early TV sets and knew that each one contains about 4500 turns of No. 29 gauge copper wire around a roughly two inch
diameter core. It so happened that I had an iron bar 1-3/4 inches in diameter and enough other iron to build a complete
electromagnet with a half inch air gap. This is just right to accommodate the small dimension of X-Band waveguide
(which I had also saved). Assuming that most of the ampere-turns are consumed by the air gap, it looked as though it
would be possible to develop a magnetic flux density of 2000 to 2500 gauss without overheating the coils. Now it was
time to see whether flux densities of this magnitude could lead to a working mass spectrometer. Back to Mathcad.
The radius of curvature of the path of a singly charged ion accelerated by a potential E is given by:
r = 145(Em ) 0.5/B

cm

where E is in volts, m is in AMU and B is the magnetic field in
Gauss. Figure 4.2 is a graph showing a few reasonable parameter
values.
The radius of the magnet pole pieces in centimeters is
1.75x2.54/2 = 2.22. It is obvious that the values of flux density
easily achievable with the electromagnet are not capable of bending
a beam of 100 eV ions through 90o except for the very light ones. So
it is necessary to check out smaller deflection angles. The deflection
angle is given by:
 = 2 arctan

Figure 4.2 - Radius of Curvature in cm vs Mass
in AMU at 100 eV. Solid line is for 1000 Gauss,
dotted line is for 2000 Gauss.

radians

This is depicted in Figure 4.3 for B equal to 2000 Gauss.
By restricting the ion energies to 50 volts max. it should be
possible to use a deflection angle of 60o and still handle ions up to
60 AMU. The mass selection can be made by adjustment of B or E.
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It should be pointed out here that this arrangement involves
geometrical considerations. The ions emerge from a physically
defining aperture and are resolved at the detection end by a similar
aperture. To get good resolution it is necessary to use small
apertures - at least in the direction in which the magnetic field
moves the beam. Tiny circular apertures are impractical because
they severely restrict the available ion current. It is necessary to
resort to narrow slits. A focusing means must also be provided.
The first design that led to some ion separation used narrow
slits cut into disks of 0.010” brass shim stock. The part of the unit
that was in the magnetic field was a piece of X-Band waveguide
with a 60o bend, the center of which coincided with the center of the
magnetic field. A crude Faraday cage was mounted behind the exit
slit. Results were not spectacular but changing the magnetic field
Figure 3 - Deflection Angle in Radians vs Mass in
strength did run the detected ion current from some very low value
AMU at 2000 Gauss. Solid line is at 50 eV, dotted
to a peak and back down again to a low value. In fact, one run
line is at 100 eV, dashed line is at 200 eV.
revealed two peaks.
The problem here was twofold. First I had no good way of
measuring the flux density accurately in order to calculate what mass is being detected. Second, the hysteresis present in
the magnet made repeating measurements difficult. The most important lesson here was the realization of how
detrimental beam aberrations can be. Any defocusing of the beam affects the achievable mass resolution in a negative
way.
Going back to the curves of Figure 4.3, what they indicate is that a change of one mass unit at mass=28 results in
roughly three degrees of beam deflection. This isn’t bad but the entrance slit had to be to .032 inches wide to get a
measurable ion current. Beam aberrations make things difficult.
The plan was to use a simple three disk Einzel lens following the ion source slit to focus the beam on the Faraday
cage slit. The image distance from the source slit was much shorter than the object distance to the detector resulting in a
magnification of the beam width - definitely not good for resolution. Severe spherical aberration in the Einzel lens further
deteriorated the mass resolution.
In spite of the foregoing, it was possible to demonstrate the control of an ion beam which was the initial objective of
this effort. As is usual with home experimentation, the goals keep shifting in the direction of further refinement.
It appeared that any substantial improvement in performance would require a stronger ion beam and a more sensitive
detector. A Burr-Brown 3522 op-amp helped with the latter but getting a stronger ion beam might be rather elusive.
During the course of browsing the Internet in search of any hints for constructing an improved ion source, I chanced
upon the home page of Professor Peter Williams in the Chemistry Department at Arizona State University. It was through
his kind advice and guidance that I finally achieved my original goal. He suggested an excellent book for those inclined
to build experimental equipment entitled “Building Scientific Apparatus” [1]. It proved to be extremely helpful.
STEP THREE - ELECTROSTATIC SEPARATION: WIEN FILTER
One of the intriguingly simple mass filters referred to in this book is a Wien Filter. It is an inline configuration in which a
set of electrostatic deflection plates produce an E-field perpendicular to the magnetic field - both of these being
perpendicular to the axis of the ion beam. For a given beam energy (measured in electron volts) only a narrow range of
masses can traverse the fields and exit through the output aperture. Dr. Williams warned me of the problems this
deceptively simple approach would encounter but ventured that I’d probably try it to see for myself. He was absolutely
right! It is very difficult to achieve the highly uniform fields required for this scheme to work. The results were poor but
he had suggested that a quadrupole mass spectrometer (also referred to in Moore) was much more tolerant of beam
characteristics. Even though I had briefly considered this approach at the beginning of the project, it looked too difficult
and it didn't appear to be amenable to simple analysis like the other approaches. What I am about to describe is the effort
that resulted in the present design.
STEP FOUR - ELECTROSTATIC SEPARATION: QUADRUPOLE FILTER
A quadrupole mass spectrometer uses a saddle-field lens (one whose electric field in three dimensions looks like a saddle)
that is created with simultaneously supplied ac and dc potentials. In the absence of ac the only stable position for a
charged particle in the lens is directly on its center axis. The slightest movement from the center will subject it to an
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accelerating or decelerating force. If the particle is a positive ion and moves toward a positive pole (one of four
symmetrically spaced rods with opposite rods connected electrically), it will be pushed back toward the axis.
If the positively charged particle moves toward a negative rod, it will experience an attraction and keep going until it
hits the rod. Because the ion has mass, it cannot accelerate instantaneously and therefore it must take a finite amount of
time to travel a given distance toward the rod. If during the period that the ion is moving to a rod, if that rod reverses its
polarity, the ion will reverse its course and move back toward the center.
The time to travel to the rod is, of course, dependent upon the mass of the ion, its charge, and the intensity of the
electrostatic field. It turns out that there is a combination of dc and ac potentials along with the ac frequency that will
capture (resonate) an ion of a given mass and constrain it to remain within the quadrupole assembly. All other masses,
given sufficient time, will strike one of the rods.
The axial motion of the ion is what determines how long the ion will remain in the assembly. It has to remain long
enough so that an ion one resolvable unit higher or lower will not make it through the quadrupole.
OK, where does one start? Moore and a 1963 paper by Woodward and Crawford [2] provided the foundation. The
equations for the voltages applied to the two pairs of rods are:

V1 = Vdc + Vrf cos 2ft and V2 = −Vdc − Vrf cos 2t
The optimum ratio of Vdc/Vrf is given as approximately 0.17. The selected mass for singly charged ions is given as:
m = 0.14

V rf
r2f2

AMU

where r is in cm and f is in MHz.
This can be rewritten to show how Vrf depends upon the other parameters:

V = 7.14mr 2 f 2
It turns out that circularly cylindrical rods arranged so that the inscribed diameter of the assembly is 0.86 times the
diameter of the rods provide a good approximation to the desired saddle-field. Quarter-inch diameter brass rods seem like
a good starting point. The inscribed radius r will be 0.273 cm. As usual, Mathcad can help to make further dimension
selections. Figure 4.4 shows plots for peak rf voltage with quarter-inch rods.
Preliminary tests using a waveform generator capable of providing 10 volts p-p into a 50 ohm load showed that a
bifilar coil wound on a toroidal ferrite core could produce 1.5 MHz sine waves with peak values of 80 to 90 volts when
using a few turns for the primary. Thus a 1.5 Mhz driver could allow mass selection up to 60 AMU. At these levels it
appeared possible to build a relatively simple circuit to drive the rods. Diodes would be used to obtain the dc voltages and
these would be summed with the rf.
A schematic for the resulting design is shown in Figure 4.5. The 1N4148 diodes are capable of rectifying peak RF
voltages up to 80 volts to produce the DC needed. The transformer
consists of a two turn primary of #26 enameled wire wound over a
bifilar secondary of 70 turns of #26 wire on a Micrometals T 80-6
core. The tuning capacitors shown in the schematic tune the unit to
2Mhz. (The tests being described in this article were done at 1.5
MHz.)
The 50K Trimpots adjust the dc to peak rf ratio. Tuning the
unit to select a given mass is done simply by adjusting the drive
level from the waveform generator. The Q of the resonant
transformer is quite high (over 100) so that a square wave can be
used as the drive if desired. At this point the results of the first set of
tests will be presented.
FIRST RUN TEST RESULTS
The first run results for 1/4” diameter rods, 2” long are shown in
Figure 4.4 - Peak RF Voltage for Quarter-Inch
the Mathcad plot of Figure 4.6. The variable yj is the relative ion
Rods. Inscribed radius is 0.273 cm. Dashed line is current detected and mj is the DC voltage converted to AMU. Note
for 1.0 MHz, dotted line is for 1.5 MHz, Solid line is the relatively poor mass resolution and the change in sensitivity that
for 2.0 MHz.
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Figure 4.5 - Quadrupole Mass Spectrometer RF Driver Circuit.

occurs as the mass increases. This result led to further analysis to see how to improve the resolution. (Originally a
demonstration of the presence of two peaks would have been declared a victory and the project put to bed in favor of
some other endeavor but goals change easily.)
OPTIMIZING THE QUADRUPOLE SENSOR
The original estimation of mass resolution as a function of assembly length and ion axial velocity was based on a
heuristic approach that argued that the number of rf cycles that the ion should remain in the quadrupole should be equal
to or greater than the mass number. The 2" long 1/4" diameter rods selected for the first design looked reasonable until a
decimal point error was discovered! No wonder the first results were as they were. (Back to Mathcad for some more
analysis.)
Woodward and Crawford [2] cite design equations given by
W. Paul who devised the approach. The maximum axial velocity (in
volts) that an ion can have so that it will remain in the quadrupole
assembly long enough to be selected is:

U~4.2(10 −2 )f 2 L2 m

Figure 4.6 - Spectrum Showing Ion Current
vs Mass. 1/4" diameter rods, 2" long.

where U is the axial voltage, f is the oscillator frequency in MHz, L
is the rod length in cm and ∆m is the mass resolution in AMU.
(Note, U is frequently used for voltage, especially in the German
literature.)
Getting sufficient ion current to work with has been a problem
using the existing equipment and low values of Uaxial don’t help the
situation. A set of curves showing the allowable maximum for Uaxial
as a function of several selectable parameters should be useful in
improving the design. Figure 4.7 is the Mathcad plot showing this.
It became obvious that the quadrupole assembly must be
longer, at least 10 cm, and that a resolution of 0.2 AMU wasn’t
going to be easy. Operating at a higher frequency would be
beneficial but the effect on the required peak rf voltage would have
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to be examined. Back to Mathcad. Figure 8 shows
the peak rf voltage required for mass 60 for rod
diameters of 1/8”, 5/32” and 1/4”.
OK, 1/8” rods 4” long (~10 cm) operating at 2
MHz looks like a good possibility. It might be
possible to go to 3 MHz but this is about the limit for
the simple driver that is already being used. Multiple
mass resonances were obtained with this design but
the collection of data point by point proved to be
very tedious. A much easier method for detecting the
presence of various ions was to use an analog panel
meter at the output of the ion current amplifier. It
was then easy to quickly find peak readings as the rf
drive was changed - just like the old S-meters used
for tuning Ham radios.
FABRICATION
Figure 4.7 - Allowable Axial Velocity (Expressed as Voltage)
vs Frequency for Various Rod Lengths and Resolutions.

Fabrication was generally driven by what was on
hand. Screws were 2-56, 4-40 or 6-32. The outer
case was a brass tube, 1-1/2” outside diameter of the
type sold for railings. I used Bradford tubing from
Home Depot. Brass brazing rod of various diameters worked for bringing out connections to the electrodes of the ion
source. The rods were drilled and tapped for 2-56 screws to allow for the attachment of wires. These were terminated
with a seven pin connector that communicated with the outside world. Almost all of the pieces were designed with a view
to being machined on a lathe. Insulating elements were mostly epoxy-glass printed circuit board material with the copper
removed. This was probably the weakest point in the system because of outgassing from the laminate material. Copper
was used is places where it was felt that temperatures might be too high to use aluminum or where soldering was required
to join two pieces. The largest collet available for my lathe was 5/8” which worked out well for handling 1/2” copper
water pipe.
The epoxy glass disks were turned to a diameter slightly smaller than the inside diameter of the outer case so that the
assembly would slide easily into the tube. The end caps were either brass or aluminum. In the case of the exit end of the
device, a disk of 1/4” thick aluminum was used. The vacuum seal to the case was an O-ring that fit into a groove in a
brass ring that was soldered to the outer tube. Six 6-32 cap screws fastened the disk to the outer case. Feedthroughs were
Selectro FT-SM Press-Fit Teflon terminals. Three of these were used: two for connecting the quadrupole rods to the rf
driver circuit and one for bringing out the center element of the Faraday cage. These terminals were not completely
vacuum tight and had to be covered with epoxy
or Glyptal to make a good seal.
Given the outgassing from the organics, the
limited speed of my vacuum system, and a few
residual leaks, no effort was made to provide for
introducing gases into the system. Water was
always present but none of the test runs lasted
long enough to remove most of it.
A sketch of the main elements of the ion
source is shown in Figure 4.9. The biggest
problem is the filament. A 0.005” diameter
tungsten wire takes over two amps to reach a
milliamp or so of electron emission at a
temperature of about 2500 K. The brass posts
upon which it is mounted using 2-56 steel screws
get very hot. These were originally supported by
an epoxy-glass disk but the disk tended to char
even though it in turn was fastened to a thick
Figure 4.8 - Peak RF Volate vs Frequency Required for Mass
copper slug. A disk of mica sandwiched between
60 with Various Diameter Rods at 0.2 AMU Resolution.
the epoxy-glass disk and the copper slug which is
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Figure 4.9 - Ion Source and Quadrupole Details
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Figure 4.10 - Disassembled Quadrupole Mass Spectrometer

part of the anode structure helped the situation. The only insulation the filament posts contact is the mica. The use of finer
tungsten wire (e.g. 0.002” diameter) should probably be investigated.
A repeller electrode is placed behind the filament in the current instrument in an effort to direct the electrons into the
anode chamber. Its effectiveness needs further investigation. A photo of the quadupole mass spectrometer is shown in
Figure 4.10.
SOME RESULTS
The approximate electrode potentials found to provide measurable ion currents are shown in Figure 4.11. Further work
needs to be done to refine these potentials but they were successful in providing data that could be analyzed to point the
way to improved performance.
Two sets of spectrum data are shown in Figure 4.12. Again, these were taken on a point by point basis and the
resulting data files were plotted using Mathcad. Taking point by point data proved to be very tedious and difficult to take
fast enough because of drifts in the filament emission and in the resonant frequency of the rf driver circuit due to
temperature changes during operation. Neither of these problems is particularly difficult to solve but I needed some
results to see if it was even worth considering further design changes. Note that with the ion repeller set at +48 volts with
respect to the grounded exit aperture the axial velocity of the ions is too high to expect good mass resolution. But it was a
start.
The two plots of Figure 4.12 were obtained for different ratios
of Vdc/Vrf. The literature says that the optimum ratio is 0.16784 and
that mass resolution degrades as the ratio is reduced. The data seem
to bear this out. The ordinates in both cases are in picoamps.
Measured ion current below the equivalent of mass 15 become very
large and erratic - I can’t explain this except to guess that the
resolution is so poor below this number that the roughly 50 eV ions
are not filtered by the quadrupole filter. The voltages are so low in
this region that they have little influence in affecting the paths of
the energetic ions. At zero volts on the quadrupole, adjustments of
the ion source potentials can be made that allow electrons to get to
the Faraday cage.
CONCLUDING COMMENTS
Where does all this lead? Well, I did get to play with ions and I was
able to move them around in at least a qualitatively predictable
fashion. I was able to measure picoamp currents and I did learn
Figure 4.11 -Ion Source Schematic with
Electrode Potentials.
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something about designing a couple of mass spectrometers and about why some types are easier to build than others. And
finally, I saw something work - not just a simulation.
What’s next? Maybe I’ll build a higher voltage driver with more precise control of the potentials and their ratios. I’ll
probably design and build a filament emission regulator to remove that source of drift and I’ll likely design a data logging
interface so that my computer can do the scanning and data plotting without my help.
Before doing any of this, however, I need to do a lot more experimenting with ion sources. In this regard, I want to
recommend a software program that I downloaded from the Internet called “EFIELD” [3]. It was written by Dr. Alex
Tolmachev, a researcher associated with the Russian Academy of Sciences. This program let me check out the properties
of the ion source configuration I used. The program lets you plot ion trajectories for various combinations of electrode
potentials and even plots the electric field contours and field lines for you. It proved to me how difficult it is to get the
field uniformity needed by the Wien Filter.
Having some insight into how electrode potentials affect ion trajectories does a lot for ones willingness to start up the
vacuum system for checking a modified design. Once the pump down starts there is little one can do but change
potentials. The guidance EFIELD provided was invaluable.
REFERENCES
1. John H. Moore, Christopher C. Davis, and Michael A. Coplan, Building Scientific Apparatus (Addison- Wesley,
1983).
2. C.E. Woodward and C.K. Crawford, Design of a Quadrupole Mass Spectrometer, MIT, 1963.
3. Alex Tolmachev, EFIELD. This DOS-based freeware program may be downloaded from the Web site of the Charged
Particle Optics Group, Delft, the Netherlands at http://wwwdo.tn.tudelft.nl/bbs/software/index.htm. You may not be able
to download this with Netscape 3.0 or Microsoft Explorer. However, the Mosaic browser and Netscape 2.0 worked.
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Figure 4.12 - Mass Scans. Left plot is for Vdc/Vrf = 0.137, right is for Vdc/Vrf = 0.16.
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Discharge Tubes, Ion & Electron Beams and Plasma Devices
Discharge Tube Experiments with AC Potentials
Timothy Raney

This article originally appeared in Volume 6, Number 2.
The author is a member of the Tesla Coil Builders of Richmond (Virginia). Tim notes that he has just started to make
discharge tubes on his own and his article shows that a number of interesting effects can be observed without a lot of
complicated apparatus. -Ed.
INTRODUCTION
This is a summary of experiments with a discharge tube placed in a strong magnetic field. The ionization of a low
pressure gas (air) with an alternating current (ac) of high potential and the associated effects was observed. Most
“classic” discharge tube experiments show ionization with dc and the formation of the cathode dark space, positive
striations and other phenomena. However, energizing a discharge tube with high potential ac is interesting in its own
right.
APPARATUS AND EXPERIMENTAL PROCEDURE
The tube was constructed from Pyrex tubing, 30 cm long. The electrodes were 1/16-inch diameter tungsten rods. The
exhaust port was made by first blowing a hole in the side of the tube and then attaching a smaller diameter (0.6 cm) Pyrex
tube. The tungsten was cut to length using an abrasive disk and the ends were then finished on a abrasive wheel. Before
sealing the tungsten to the discharge tube, a Pyrex sleeve was first fused to the rod [1]. The resulting discharge tube
turned out to be very rugged.
The equipment for operating the discharge tube consisted of a refrigeration compressor connected as a vacuum
pump, a mount for the tube and a 9000 volt, 30 mA neon sign transformer. A small Tesla coil could also be used. For dc
experiments, the output of the transformer can be rectified with a solid state rectifier or with a vacuum diode such as a

Figure 4.13 - Discharge Tube
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1B3GT. When experimenting with magnetic deflection, the tube was mounted in a fixture that held it perpendicular to the
magnetic field. The figure below shows the general setup. Magnets with fields of 500 to about 2000 Gauss may be used.
Mine was a gap magnet rated at 2000 Gauss. A series current limiting power resistor (100k to 500k ohms range) was
used to limit tube heating. The experimental procedure consisted of exhausting the tube to approximately 10 to 20 Torr
and applying the ac potential from the transformer, with and without the applied magnetic field. The tube and magnet are
depicted in Figure 4.13.
DATA AND OBSERVATIONS
The high potential ionizes the gas in the tube (air) and creates a plasma. At the pressures that I am operating the tube at,
the plasma is in the form of a thin streamer that traverses the length of the tube. The plasma streamer was purplish-blue in
color, the characteristic color for air at low pressure) and remained steady - it did not undulate of appear to move except
for where there was some minor turbulence near the exhaust port (Ed. note - turbulence only exists in the viscous flow
regime and tends to disappear at pressures below about 10 Torr.) The plasma streamer can also appear as sections
separated by “nodes” where ionization was not discernible (no visible glow). This effect could very well represent a
standing wave in the plasma - it does not appear when operating the tube with dc potential.
Once a magnetic field was applied as shown in the figure, the plasma streamer appeared to divide into two distinct
branches between the magnet poles when an ac potential was applied. With a dc potential, the plasma streamer would
stay as a single strand, its direction of deflection being determined by the polarity of current and magnetic field. With the
ac potential, the streamer recombined as soon as it was away from the influence of the magnet.
CONCLUSION
These experiments showed various effects when using a high ac or dc potential to ionize air to create a plasma within a
discharge tube. These effects included plasma beam branching when the tube was subjected to a magnetic field and
possibly the existence of standing waves in the plasma streamer. This project illustrates a few of many interesting
experiments that are possible with simple discharge tubes.
REFERENCES
1. John Strong, Procedures in Experimental Physics. Most recently this had been available as a reprint from Lindsay
Publications, Bradley, IL. It was taken out of print in the early 2000s.

Those Cool Bands in the Positive Column
A General Introduction to Striations and Their Causes
Reginald Smith

This article originally appeared in Volume 10, Number 1/2.
INTRODUCTION
Every vacuum and ionized gas experimentalist from amateurs to professionals is always awed by the beauty of the DC
glow discharge. The highlight of such discharges is almost always the positive column, the bright and elongated region of
zero space charge otherwise known as plasma. However, a cursory investigation soon reveals the positive column is not
the quiet and stable region it appears. Eventually you will change the pressure or current of the DC discharge and watch
the uniform positive column break up into alternating regions of light and darkness. This transition is usually abrupt. If
you are observant you may also see the same alternating dark and bright regions moving along the positive column from
the anode towards the cathode.
These “bands” or “snakes” are formally known as striations. Striations are the manifestations of ionization waves in
plasmas caused by various instabilities. They are called ionization waves because their movement causes periodic bright
regions of ionized atoms followed by darker regions where electrons do not have the kinetic energy to ionize atoms.
We’ll return to these technicalities later. First, let’s get a bit more general information about striations.
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STRIATIONS AND THEIR MANIFESTATIONS
The oldest record I have of a scientific paper dealing with striations is one by A. Wullmer in 1874 [1]. Note that this is
several decades before Irving Langmuir coined the term plasma in 1927. Thus the investigation of striations is one of the
oldest parts of the discipline of plasma physics. However, many books on gaseous electronics or plasma physics do not
mention striations or only do so in passing. This reflects in part that after more than 125 years a comprehensive theory of
striations still eludes us.
There are two manifestations of striations in the positive column: stationary and moving. Stationary striations are
often considered moving striations with zero frequency but a nonzero wave number [2]. Stationary striations appear
mainly in molecular gases such as hydrogen, nitrogen, and air. They appear more rarely in inert gases unless there is an
impurity or there is some molecular gas in the mixture. Stationary striations were the first identified and investigated
since you need no special apparatus to view them but they are harder to describe theoretically.
Moving striations are by far the most common type of striation. They frequently appear in both inert and molecular
gas discharges. They are not as familiar though because they can move at velocities in excess of 100 m/s and you usually
need special apparatus to view them. Viewing methods include running the current output from a plasma through a
spectrum analyzer to detect their distinct frequencies, strobe lights, or by placing two photodiodes along the axis of the
discharge at different points and plotting their output on a dual trace oscilloscope to reveal the sinusoidal pattern of the
positive column.
CAUSES OF STRIATIONS
Being known for over 125 years it would seem that striations should be well understood both experimentally and
theoretically. That is however not the case. True understanding only began in the 1960s [3]. As I said earlier, striations
are caused by a plasma instability. These instabilities can include from those caused by diffusion of charged particles and
different electron energy distributions or temperatures. Put simply, the positive column under certain conditions of
current and pressure is “unstable” will allow small oscillations in the gas to grow into ionization waves. For several
decades there were attempts to describe striations according to a linear stability theory [2]. Recently, however, a
nonlinear stability approach similar to chaos theory is being advocated and describes striations as an instance of “pattern
formation” resulting from nonlinear causes instead of linear ones [4]. (For an introduction to nonlinear concepts please
see [5]).

Figure 4.14 - Striations. Photos by the Author. (Due to the low contrast, the images have been modified for

publication.)
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Striations have long been known to exist only in certain regions of pressure and current (a chart of the necessary
pressure and current conditions for striations is shown in [6]). A complete theory will have to account for the various
appearances of striations in these regions and the absence of striations outside of these regions.
STRIATIONS AND PRACTICAL PHYSICS
Striations were first recognized in the glow discharge but received increased scrutiny with the advent of gas-discharge
lasers. Often a gas-discharge laser’s working region corresponds with the region of excited striations. Probably the most
familiar examples of practical applications of the knowledge of striations are in fluorescent lamps. Since fluorescent
lamps are discharge tubes they can, under certain conditions, excite striations. This is visible often as a slowly moving
chain of light and dark bands in a broken fluorescent tube. These striations are caused by a defect in the ballast, the coil
that provides the proper current limiting impedance in the lamp. Perhaps by experimenting with the ballast in a
fluorescent lamp you can induce striations. (I haven’t tried yet and I only advocate you doing so if you are familiar with
lamps and possible high voltage dangers.) For more information on striations in fluorescent lamps see [7] and [8].
So over 125 years after their discovery striations still confound interest investigators at the frontier of science.
However, they will always be a natural and prominent feature of the positive column for any experimentalist at all levels.
CITED REFERENCES
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An X-Ray Tube Prototype
Timothy Raney

This article originally appeared in Volume 8, Number 1.
NTRODUCTION
This paper describes the construction and initial testing of a prototype x-ray tube. This x-ray tube was loosely modeled
after the famous “Crookes” cathode ray tube that Roentgen used to discover x-rays in 1895. The prototype x-ray tube has
a side anode, a hollow cylindrical cathode and was operated at dc potentials at or near 45 kV. Tube pressure was
estimated to be in the 10-3 Torr range as produced by a 2-stage rotary vane vacuum pump.
Safety precautions included operating the tube for only several seconds at a time, providing the tube with lead
shielding and ensuring adequate insulation for all high potential wiring.
THEORY
X-rays are very high frequency electromagnetic radiation. This radiation is usually emitted from a metal target anode at
the impact point of an electron beam. Orbiting electrons of the target atoms absorb the electrons’ energy and are elevated
to a higher energy state. These excited electrons each emit an x-ray photon when they drop back to their lower, stable
energy state. Typical x-ray wavelengths range from approximately 6x10-10 to 5x10-6 cm (Robertson, 1941). This process
is called Bremsstrahlung which means “braking radiation.”
In my simple x-ray tube, the end of the glass envelope stops the electrons as was the case with Roentgen’s first tube.
Since the amount of radiation produced is enhanced by having high atomic mass targets, my glass tube is not as effective
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Figure 4.15 - X-Ray Tube

as conventional tubes that use tungsten or molybdenum target anodes. Pressure and voltage are other parameters that
have to be adjusted to optimize x-ray production.
EQUIPMENT AND EXPERIMENTAL PROCEDURE
The prototype x-ray tube (see Figure 4.15) was made using conventional glass-working techniques (Strong, 1938). The
tube envelope was made from 20 mm diameter Pyrex tubing 19-cm long. The anode was made from 0.040" tungsten rod
which was sealed to the Pyrex glass. I was concerned that the seal would crack upon cooling but it worked fine. Ideally,
the correct type of Pyrex would be Corning Glass #7750 (or similar) which has a coefficient of linear thermal expansion
close to that of tungsten. That was not available so I used #7740 which is not routinely used for tungsten rod-glass seals
(Kohler, 1960).
In the event that cracks might develop in the future I coated the glass-to-metal seals with a low-outgassing vacuum
epoxy. This epoxy ensures a vacuum-tight seal and provides additional mechanical strength.
The cathode consisted of another 0.040" tungsten rod “lead-in” electrode that terminated in a hollow cylindrical
aluminum (alloy #6063) cathode that was 1.3 cm in diameter by 3.2 cm long. The discharge occurs within this hollow
cathode and produces higher electron flux and better tube voltage characteristics as compared to a smaller solid rod
cathode (Fretter, 1954).
The tube’s exhaust port terminated in a brass vacuum flange that mated to a similar flange on the vacuum pump.
These flanges were machined as “quasi-copies” of the Conflat® type vacuum flanges, but use a Buna-N O-ring for sealing
the connection verses a copper ring gasket. Four 10-32 socket head machine screws provide clamping force. The flange
was epoxied to the tube's exhaust port. The flanges were superior to using vacuum grease, putty, gum rubber/PVC
sleeves and plastic hose clamps. A picture of the completed tube is shown in Figure 4.16.
The tube was shielded with 1.57 mm of lead; 1 mm being adequate for x-ray energies up to 75 keV (Robertson,
1941).
The power supply was a 7.5 kV 30 mA neon sign transformer which was connected to a voltage multiplier. The
multiplier’s output was measured using the spark gap technique. In this technique, two opposing 2.54 cm diameter ball
discharge electrodes were configured as a spark gap and the distance the spark bridged was measured and compared to a
standard chart of spark gap distances in air.
For example, the observed spark was approximately 1.6 cm long. The correction factor (1.02) was applied, i.e., for
atmospheric pressure (760 Torr at 20 °C), resulting in 1.71 cm (Weast, 1973). Consequently, the chart indicated the
spark's potential was approximately 45 kV.
The vacuum pump was a Robinaire #15400 4 cubic feet per minute refrigeration service pump with a rated pressure
of 20 milliTorr. (These pumps, when used with good/fresh oil and evacuating a small/tight volume, will do much better
than this.) This pump was operated with clean oil and was initially operated with the gas ballasted to minimize water
contamination of the oil.
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As mentioned before, the prototype tube was connected to the pump via a mating vacuum flange. Once this flange
was machined, it was soldered (Sn/Sb solder, no lead or cadmium) to a 1/8 NPT pipe nipple attached to a female 3/8"
pipe cap (the exact fitting was not available). The pump fitting and flange assembly were then sealed with vacuum-type
putty.
RESULTS
With tube pressure at approximately 10-3 Torr and a 45 kV potential applied to the electrodes, the GM counter probe
registered a count rate of thousands per minute when placed 15 cm from the tube’s anode end. This was really a
qualitative measure, since the tube was only operated for brief periods (seconds) and the intent was only to determine if
x-rays were being generated. The GM counter would not detect any activity when the tube was at higher pressures and/or
lower potentials. A conventional discharge tube with two opposing and no side electrodes did not generate detectable
x-rays when run at the same potentials and pressures.
The most activity occurred when the power supply potential was at its maximum point. A 1.57 mm lead sheet passed
between the tube and GM counter probe completely absorbed the x-rays. It was interesting to note that the tube did not
cause an x-ray sensitive screen to fluoresce.
CONCLUSION
This paper described construction and initial testing of a prototype x-ray tube modeled after the "Crookes'" cathode ray
tube. The prototype x-ray tube was operated at or near 45 kV and a pressure of approximately 10-3 Torr. Safety
precautions included operating the tube for only several seconds at a time, lead shielding and adequate insulation for all
high potential wiring. This interesting experiment also covered designing and making vacuum flanges, initial tests of
x-ray absorption by lead and assembling a very high potential power supply.
Additional experiments will include using an ionization chamber to quantify the x-ray output, more lead shielding
and testing two more prototype x-ray tubes.
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Figure 4.16 - Photo of Raney’s
Tube. Scale is a 6-inch ruler.
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An X-Ray Tube
Jon Rosenstiel
This article originally appeared in Volume 10, Number 1/2.
The paragraphs below provide details for Figure 4.17a, b, c
to the right.
Top Photo
Here is my tube. The glass tube was found at C&H Surplus
Sales in Pasadena, CA. The cathode end is made from copper
pipe fittings epoxied to the glass. The cathode cup and holder
are machined from aluminum. The anode end cap is plexiglas
which results in lots of outgassing. The anode is a contact
from an industrial relay, (contactor). I’m not sure what the
contact material is, but it’s quite soft. The anode support is
half inch copper rod.
Middle Photo
This is an x-ray of a potted electronics module (CDI unit).
The exposure time was 30 minutes. Distance was 8.5 inches.
Tube current was 290 µA with a tube voltage of 27 kV.
Bottom Photo
This picture shows most of my setup (sorry for the messy
background).The following can be seen in the photo:
1) The CDI box in x-ray position resting on the x-ray
filmholder. Note the ground wires!
2) X-ray film cassette provided by a friend (along with the
developing service.)
3) Flyback powered 6 stagevoltage multiplier. This is partially
obscured. Behind the center of the tube is the top part , one
can just make out the two inch copper terminal sphere.
4) The S. Hansen inspired vacuum manifold.
5) The diffusion pump boiler (under the table top).
6) Shutoff valve, thermocouple gauge, (hidden), and cold
cathode ion gauge to the left of the tube.
7) Bourdon gauge and a double micrometer valve to the left of
the manifold. The addition of this valve for pressure control is
what made the x-ray tube work. To the left of the micrometer
valve is a bleed valve.
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Three Simple Vacuum Tube Projects
Nyle Steiner
This article was originally posted to Nyle Steiner’s web page “Spark, Bang, Buzz!!! Leny’s Page of Guy Things.” It was
reprinted in Volume 9, Number 1 with the author’s permission.
Vacuum Tube Operation at Amateur Grade Vacuum
I have found that a vacuum tube can operate at a vacuum level easily attainable by amateurs. We certainly are not talking
about optimum performance, but rather an experiment to satisfy a life long curiosity about how high of vacuum is
required to make a vacuum tube operate.
I had a couple of 5965 (equivalent to 12AV7) dual triode tubes and opened one to the atmosphere, let air inside and
then attached a hose for connection to a vacuum pump. As the picture of Figure 4.18 shows, it was a simple operation.
Notice how the normally mirror like getter (at the top of the tube) is now powdery white from being attacked by the air. It
took roughly 30 minutes for the bright silvery film to turn white after breaking the seal on top of the tube.
The hose was glued on top of the tube with hot glue. The other end of the hose was attached to a 1/4" flare adapter
with hot glue. Many sizes of clear vinyl hose such as that used here will collapse from atmospheric pressure. I used one
with a thick enough wall to withstand atmospheric pressure. The hot glue was a very handy way to go and it seemed to
adhere well enough to the glass. It was surprising how long I could run the tube without melting the hot glue. It actually
never melted, but I was careful not to run the tube for long periods.
The pump that I used is an old Robinair refrigeration service pump. I don’t know how well hot glue is suited for high
vacuum connections, but the pump is capable of getting down to 10 microns or below according to a Supco thermister
vacuum gauge. A small degree of vacuum tube operation was observable at pressures as high as 1 torr but as expected,
the tube worked much better at lower pressures of about 50 microns and below. Most of the experimenting described here
was done at around 50 microns and below. When the vacuum was close to 10 microns, I would turn on the filament and
notice an immediate climb in pressure from the hot filament outgassing. After several cycles of heating, however, the
vacuum would stay down.
The first attempt of observing vacuum tube operation was to connect the cathode and plate to an old Tektronix 575
curve tracer. The grid was connected so that I could connect it to either the cathode, the plate or a biasing pot connected
to a 9 volt battery. This tube is a double triode with a center tapped filament. This allowed operation of just one triode
with 6 volts applied to one of the filaments. With the normal 6 volts across the filament, no glow was seen because of the
air inside keeping it cool. As the pump was turned on, the filament started to glow, but maybe not quite so brightly as
normal. Changes in current drain from the
filament were very noticeable as the
degree of vacuum changed and thus
changed the temperature and resistance of
the filament. This was observed simply by
having a volt meter across the filament
and watching the voltage change from a
varying load. With a given voltage
applied to the filament one might be able
to build a good vacuum gauge by using a
vacuum tube connected to a bridge circuit
and a meter.
In order to observe any vacuum tube
action at all, it was necessary to run the
filament voltage much higher than normal
- about 10 to 12 volts. According to the
indications on the curve tracer, the tube
seemed to be operating to a reasonable
degree. One certainly would not expect
full spec operation under these types of
conditions. With 100 volt sweep on the
Figure 4.18 - Modifying a Vacuum Tube
plate and a 20k resistor, I was easily able
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to get a plate voltage change of about 40 volts from a 3.5 volt bias change on the grid. That seems to indicate a very
usable amount of amplification.
The next step was to put my home evacuated tube to the real test by connecting it into an actual circuit such as an
amplifier or oscillator. I did just that and had no difficulty in making a Hartley type broadcast band oscillator run with 9
volts applied to the filament as shown in Schematic A of Figure 4.19. As the oscillator ran, I would turn off the vacuum
pump and watch the oscillator signal on an oscilloscope as the pressure rose. Unbelievably, I could keep the oscillator
running as the pressure rose to as high as one torr (1000 microns). The filament voltage had to be raised to 11 volts in
order to keep it going at this pressure. The oscillator signal was much weaker at one torr, but it is fascinating that it could
run at such high pressure in the tube.
I also connected it into an amplifier configuration and varied the grid input voltage swing while watching the plate
voltage swing. (See Schematic B.) I measured a voltage gain of about 15 or 16, a definitely usable gain.
Transconductance measurements were made using Schematic C. The tube plate output current curve reflects positive as
well as negative grid voltage. I only made transconductance measurements between zero and minus grid voltage. In this
range the tube generally drew about 1 ma plate current using 100 volt plate supply. That didn't seem bad for a
homepumped vacuum tube. Varying the grid voltage between minus 1.265 volts and minus .679 volts (.586 volt change)
caused the plate current to vary from .5 ma to 1.5 ma. This calculated to be a transconductance of about 1700 micromhos.
It may also be possible to make a vacuum gauge by measuring the plate conductance to the tube. Perhaps a versatile
gauge could be made for two different ranges of vacuum by using the filament heat transfer method for one range and the
plate conductance change method for another range.
The use of vacuum tubes, under the conditions described above, is a very adverse condition for the filaments. Four
filaments became history in the course of the above experimentation.
I hope soon, to try making a homemade vacuum tube completely from scratch. Even if its operation is crude and has
to have the pump running during its operation, it will be a very satisfying experience. It is something I have thought
about all my life. The experiments described above make prospects for a crude homemade vacuum tube quite
encouraging.
A Home Made Vacuum Diode
The next step is to make my own vacuum tube from scratch. This is my first attempt, a diode. The diode seems to work
surprisingly well and makes the thought of putting a grid between the filament and the plate very encouraging.
The diode was tested on an old Tektronix 575 curve tracer. It was necessary to apply almost the full 12 volts to the
filament in order to get any action. Commercial vacuum tubes use some kind of thorium treated filaments which allow
them to emit electrons at a much lower temperature. This filament, being just plain tungsten, had to be near its normal
incandescent temperature in order to emit electrons. With the filament connected to a 12 volt battery, It was very easy to
get well over 100 milliamps of plate current - very surprising! I have always wondered if it would be necessary to have a

Figure 4.19 - Vacuum Tube Schematics
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thoriated filament in order to make a vacuum tube. It definitely seems not. Tungsten seems to work very well; you just
have to run it at a higher temperature.
The plate, with no voltage applied and connected to a dc voltmeter, produced negative two and one half volts. The
curve of the plate conduction shows a slight amount of current increase up to several volts applied between the filament
and the plate. After several volts, the current starts to increase at a very steep rate with rise in plate voltage. I also noticed
what appears to be a small negative resistance region in the curve at about 125 milliamps and 30 volts. This resembles the
negative resistance region of a tunnel diode. I noticed similar things during the previous experiments with the vacuum
tube. I can't be sure yet if the curve tracer is playing tricks of if there is something really interesting going on here.
The vacuum tube diode was made from an automobile tail lamp. As can be seen in the pictures of Figure 4.20, the top
was filed open with an abrasive stone made for filing glass. The hole in the top was made large enough to slip in a small
brass plate and the evacuation tube.
The plate was a small piece of brass (.025 thick) soldered to a wire. The hose and the plate wire were hot glued to the
top in order to make the seal and hold the plate near one of the filaments. The plate was spaced several millimeters from
the heavy filament.
The tube was evacuated with the same Robinair vacuum pump as mentioned before. Most of the experimenting was
done at a vacuum of about 10 microns or below, but it was easy to observe diode plate current with a vacuum of 50
microns.
A Home Made Vacuum Tube Triode
This is my first attempt at making a completely from scratch homemade vacuum tube triode. There is not much more to
say about the construction than what the picture says (see Figures 4.21 and 4.22). The filament is from a car turn signal
lamp, the grid is a piece of steel wire bent as shown and the plate is a piece of thin brass that was handy. They are all
mounted with the screws shown. The screws are connected through a flat piece of ABS plastic and sealed on the outside
with hot glue. A rubber gasket is laid on the plate around the outside and a small bell jar (actually a glass salt shaker) is
set over the whole assembly before evacuating.
The triode was first tested on an old Tektronix 575 curve tracer. As with the homemade diode mentioned previously,
it was necessary to apply almost the full 12 volts to the filament in order to get any action. Commercial vacuum tubes use
some kind of thorium treated filaments which allow them to emit electrons at a much lower temperature. This filament,
being just plain tungsten, had to be near its normal incandescent temperature in order to emit electrons. With the filament
connected to a 12 volt battery, Tungsten seems to emit electrons very well; you just have to run it at a higher temperature.
The higher temperature, however, does seem to create an additional situation as I will try to theorize and explain below.
This homemade triode seems to be able to operate in two different modes. It can conduct current from the filament to
the plate through hot filament electron emission or, through ionization of the residual air. When conducting through

Figure 4.20 - Modifying an Automobile tail
Light to Operate as a Vacuum Diode
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Figure 4.21 (Left) - Construction of Home Made Triode Showing Elements Mounted on Base
Figure 4.22 (Right) - Closeup of Triode Elements

filament emission, it tends to behave like a normal amplifying triode where the plate current is controlled by a voltage
applied to the grid. When conducting through ionized air, it acts more like a thyratron where the grid only controls the
ionization breakdown voltage. Because the tungsten filament is running much hotter (near or at full incandescence), than
a normal vacuum triode thoriated filament, the heat or brightness (Iam not sure which), brings the residual air close to
ionization. This gives the tube a greater tendacy to behave like a thyratron.
It seems capable of behaving like a normal amplifying triode only at a plate current of about 20 microamps and less
when the filament is run at a lower temperature. The plate current can be controlled with varying amounts of negative
grid voltage. This tube did not seem to respond as much to positive grid voltages as did the home evacuated factory made
vacuum tube. The point between where the filament is just hot enough to cause electron emission and the point where it
is so hot as to cause air ionization defines a small window where the tube can operate at as a normal amplifying triode.
Future attempts will be to make this window of operation bigger. I believe that the homepumped factory made triode
worked better in this mode because its thoriated filament was emitting electrons at a lower temperature where the air was
not so easy to ionize. I want to try to optimise this window of operation with the homemade vacuum triode.
The thyratron action worked very well and could carry much more plate current - in the many milliamp range.
Ionization (breakdown) voltages between the filament and the plate could be adjusted all the way from about 25 up to the
100 applied plate volts by varying the grid voltage from zero to minus 35 volts. The Ionizing voltage was greatest with
the grid at negative 35 volts.
It was very easy to make a simple relaxation oscillator with this homemade triode operating as a thyratron. By varying
the negative voltage on the grid, I could adjust the amplitude of the sawtooth waveform over a wide range. The circuit is
shown in Figure 4.23.
I will point out that with up to 200 volts applied to the plate, no reverse current was observed during all of the
experimentation. This was easy to check since I have modified the Tektronix 575 curve tracer to be able to apply ac
voltages across its devices under test. This means that it is easy to make a vacuum diode rectifier no matter what mode is
used.
The tube was evacuated in the same way as the previous experiments using the two shage Robinair vacuum pump.
Most of the experimenting was done at a vacuum of about 10 microns or below. The thyratron action seemed to work
well however, up to 50 microns. I didn't operate the tube at much higher pressures in order to prolong the life of the
filament.
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Figures 4.23 - Relaxation Oscillator Circuit

New Experiments on the Kathode Rays
By Jean Perrin
Read before the Paris Academy of Sciences, December 30, 1895
Translation published in Nature, Vol. 53, p. 298-299, January 30, 1896
This article originally appeared in Volume 9, Number 2.
(1) Two hypothesis have been propounded to explain the properties of the kathode rays.
Some physicists think with Goldstein, Hertz, and Lenard, that this phenomenon is like light, due to vibrations of the
ether1 or even that it is light of short wavelength. It is easily understood that such rays may have a rectilinear path, excite
phosphorescence, and effect photographic plates.
Others think, with Crookes and J.J. Thomson, that these rays are formed by matter which is negatively charged and
moving with great velocity, and on this hypothesis their mechanical properties, as well as the manner in which they
become curved in a magnetic field, are readily explicable.
This latter hypothesis has suggested to me some experiments which I will now briefly describe without for the
moment pausing to inquire whether the hypothesis suffices to explain all the facts at present known, and whether it is the
only hypothesis that can do so. Its adherents suppose that the kathode rays are negatively charged; as far as I know, this
electrification has not been established and I first attempted to determine whether it exists or not.
(2) For that purpose I had recourse to the laws of induction, by means of which it is possible to detect the introduction of
electric charges into the interior of a closed electric conductor, and to measure them. I therefore caused the kathode rays
to pass into a Faraday’s cylinder. For this purpose I employed the vacuum tube represented in Figure 4.24. A B C D is a
tube with an opening α in the centre of the face B C. It is this tube which plays the part of a Faraday’s cylinder. A metal
thread soldered at S connects this cylinder with an electroscope.
E F G H is a second cylinder in permanent communication with the earth, and pierced by two small openings at β and
χ: it protects the Faraday’s cylinder from all external influence. Finally, at a distance of about 0.10 m in front of F G, was
placed an electrode N. The electrode N served as kathode: the anode was formed by the protecting cylinder E F G H: thus
a pencil of kathode rays passed into the Faraday cylinder. This cylinder invariably became charged with negative
electricity.
The vacuum tube could be placed between the poles of an electro-magnet. When this was excited, the kathode rays,
becoming deflected, no longer passed into the Faraday’s cylinder, and this cylinder was then not charged; it, however,
became charged immediately the electromagnet ceased to be excited.
In short, the Faraday’s cylinder became negatively charged when the kathode rays entered it, and only when they
entered it; the kathode rays are then charged with negative electricity.
The quantity of electricity which these rays carry can be measured. I have not finished this investigation, but I shall
give an idea of the order of magnitude of the charges obtained when I say that for one of my tubes, at a pressure of 20
microns of mercury, and for a single interruption of the primary of the coil, the Faraday’s cylinder received a charge of
electricity sufficient to raise a capacity of 600 cgs units to 300 volts.
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(3) The kathode rays being negatively charged, the principle of the conservation of electricity drives us to seek
somewhere the corresponding positive charges. I believe that I have found them in the very region where the kathode
rays are formed, and that I have established the fact that they travel in the opposite direction, and fall upon the kathode. In
order to verify this hypothesis, it is sufficient to use a hollow kathode pierced with a small opening by which a portion of
the attracted positive electricity might enter. This electricity could then act upon a Faraday’s cylinder inside the kathode.
The protecting cylinder E F G H with its opening b fulfilled these conditions, and this time I therefore employed it as
the kathode, the electrode N being the anode. The Faraday’s cylinder is then invariably charged with positive electricity.
The positive charges were of the order of magnitude of the negative charges previously obtained.
Thus, at the same time as negative electricity is radiated from the kathode, positive electricity travels towards that
kathode.
I endeavoured to determine whether this positive flux formed a second system of rays absolutely symmetrical to the
first.
(4) For that purpose I constructed a tube (Figure 4.25) similar to the preceding, except that between the Faraday’s
cylinder and the opening β was placed a metal diaphragm pierced with an opening β', so that the positive electricity
which entered by β could only affect the Faraday’s cylinder if it also traversed the diaphragm β'. Then I repeated the
preceding experiments.
When N was the kathode, the rays emitted from the kathode passed through the two openings β and β' without
difficulty, and caused a strong divergence of the leaves of the electroscope. But when the protecting cylinder was the
kathode, the positive flux, which, according to the preceding experiment, entered at β, did not succeed in separating the
gold leaves except at very low pressures. When an electrometer was substituted for the electroscope, it was found that the
action of the positive flux was real but very feeble, and increased as the pressure decreased. In a series of experiments at
a pressure of 20 microns, it raised a capacity of 2000 cgs units to 10 volts; and at a pressure of 3 microns, during the
same time, it raised the potential to 60 volts.2 By means of a magnet this action could be entirely suppressed.
(5) These results as a whole do not appear capable of being easily reconciled with the theory which regards the kathode
rays as an ultra-violet light. On the other hand, they agree well with the theory which regards them as a material radiation,
and which, as it appears to me, might be thus enunciated.
In the neighbourhood of the kathode, the electric field is sufficiently intense to break into pieces (into ions) certain of
the molecules of the residual gas. The negative ions move towards the region where the potential is increasing, acquire a
considerable speed, and form the kathode rays; their electric charge, and consequently their mass (at the rate of one
valence-gramme for 100,000 Coulombs) is easily measurable. The positive ions move in the opposite direction; they form
a diffused brush, sensitive to the magnet, and not a radiation in the correct sense of the word. 3
1

These vibrations might be something different from light; recently M. Jaumann, whose hypothesis have since been
criticised by M. Poincare, supposed them to be longitudinal.
2
The breaking of the tube has temporarily prevented me from studying the phenomenon at lower pressures.
3
This work has been carried out in the laboratory of the Normal School, and in that of M. Pellat at the Sorbonne.

Figures 4.24 and 4.25
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A Functional Thomson e/m Apparatus
Steve Hansen
This article originally appeared in Volume 6, Number 3/4.
Introduction
The 1997 National Symposium of the American Vacuum Society featured an exhibit on the history of the electron,
celebrating the 100th anniversary of the discovery by Sir John Joseph Thomson (1856-1940) that the electron was a
particle with mass. The exhibit represented a collaboration between the AVS and the Perham Foundation of Los Altos,
CA. Included in the exhibit were a display of historic vacuum tubes, a 40 ft. timeline with important events in the history
of vacuum and electronics from 1875 to the present, videos related to the history of vacuum tubes and radio, and three
displays specific to Thomson’s work. One was a non-functional replica of Thomson’s cathode ray tube with which he
determined the ratio of the electron’s charge to its mass (e/m), a commercial e/m apparatus for school use (made by Pasco
Scientific of Roseville, CA) and a home-brew apparatus made by the author. This article is concerned with the author’s
apparatus.
Thomson’s Technique for Measuring e/m
Thomson’s technique involved the deflection of a collimated beam of what was then referred to as cathode rays by means
of electric and magnetic fields. Thomson reasoned that, if cathode rays were composed of charged particles with mass,
then they should be subject to deflection by means of electric and magnetic fields. At the time, it was known that the
trajectory of the rays could be bent by magnets but several investigators were unsuccessful at achieving electrostatic
deflection. This had more to do with the apparatus than with the properties of the cathode rays (more on this later).
The basic formula that Thomson used is shown in Equation 1a. Some of the values are physical dimensions that can
be obtained by actual measurements of the instrument used (see Figure 1). This leaves the force exerted on the particle,
the velocity of the particle and the mass of the particle. Thomson realized that he could get at most of this by examining
the deflections due to known electric and magnetic fields.
The force due to an electric field is shown in Equation 1b. This is simply the charge of the particle times the electric
field. The latter is the voltage applied to the deflection plates divided by the separation between the plates (e.g.
volts/meter). Unfortunately, the particle’s charge was unknown at this time. (Robert Millikan (1868-1953) published the
first accurate measurements in 1911.)
Turning to the deflection due to the passage of the cathode rays through a magnetic field, Thomson used the
relationship shown in Equation 1c.
Note that the force on a charged
Thomson's Method of Determining e/m
particle from a magnetic field is not
only related to the charge and field
Force on
Length of
Length of
x
x
strength, but also to the velocity of
Particle
Deflection Region
Drift Region
Displacement of Particle
the particle. This permitted him to
=
1a
at End of Tube
2
write Equation 1a as two
Velocity of
Mass of
x
Particle
Particle
simultaneous equations and arrive at
the relationship shown in Equation
1d where the velocity can be
Force Due to
Electric
Charge of
=
x
1b
determined. The net result of all of
Electric Field
Field
Particle
this is that Thomson could either
directly measure or calculate
Force Due to
Magnetic
Velocity of
Charge of
everything in Equation 1a except for 1c
=
x
x
Magnetic Field
Field
Particle
Particle
the charge and mass of the particle.
But, he could get the charge to mass
ratio. The fact that he did get a finite
Deflection Due to
number showed that the cathode rays
Magnetic Field
Magnetic Field
1d
=
x
Velocity of Particle
were composed of particles, not
Deflection Due to
Electric Field
massless rays. An excellent analysis
Electric Field
of Thomson’s experiment, along
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Figure 4.26 - Thomson e/m Tube
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with some of his data, is presented in [1]. The values that Thomson arrived at were on the order of 1.1 to 1.5 x 10-11
kg/Coulomb. The modern value is about 0.57 x 10 -11 kg/C.
At essentially the same time, another investigator, Walter Kaufmann (1871-1947), used a slightly different technique
and arrived at a very good value of 0.54 x 10-11 kg/C. However, Kaufmann didn’t proceed to the next step of drawing a
conclusion about the particle nature of the cathode rays. He took the view that anything that’s too small to directly
observe is not worth bothering with. So, Kaufmann got a pat on the back for good experimental technique; Thomson got
a Nobel prize.
Later, Thomson used a calorimetric technique where he looked at the heat energy that the electrons deposited on a
target. He got a much closer value, around 0.49 x 10 -11 kg/C, but still not as good as Kaufmann’s value.
Construction and Operation of the Apparatus
Figure 4.26 shows the apparatus. It is based on the copper pipe-fitting manifold and cold-cathode electron gun that was
covered in The First Five Years. The only real change is the custom glass drift tube. The tube was fabricated from an Ace
Glass cylindrical addition funnel, catalog number 5822-15. The 25mm threaded fitting was removed and replaced with a
length of 38mm tubing with two 7mm threaded fittings located diametrically opposite to each other, roughly midway
along the neck. These fittings are used as feedthroughs for the electrostatic deflection plates which are fabricated from
aluminum rod and flat stock. The 38mm tubing connects to the 1-1/2 inch compression fitting of the manifold. The anode
is made from a 1/2" copper tubing cap (5/8" id) with a horizontal slit cut in it.
Magnetic deflection is provided by two electromagnets, each of which consists of about 200 turns of fine wire on a
3/4" diameter iron form. These magnets are supported so that they are coincident with the electrostatic deflection plates.
The phosphor screen is made from a piece of plastic encapsulated CdS fluoroscope screen, type PFG, available in
suitably sized sheets from www.belljar.net. This screen material fluoresces bright green under electron bombardment.
The screen is supported by a thin piece of sheet brass and is held at about a 45 degree angle so that the trace can be
observed from the side of the tube (the screen is opaque). A scale can be drawn on the screen with a ball point pen.
The end plate assembly is the same as was described in The First Five Years with clear polycarbonate plastic
substituted for aluminum.
Three power supplies are required. The electron beam is formed and accelerated with an induction coil. The output
has to be negative and the manifold is grounded. A 3 kV neon sign transformer was used for electrostatic beam
deflection. The primary voltage was varied with an autotransformer and a microwave oven diode was used to get a dc
output. The electromagnets were powered with a small 0-10 vdc supply with an ammeter in series. It was found that a
current of about 300 mA would fully deflect the beam.
A good mechanical pump is required for proper operation. If the vacuum is not in the few milliTorr range, when
voltage is applied to the deflection plates all you will get is a low-field glow discharge between the plates. This is why
Thomson’s contemporaries couldn’t detect any significant deflection of cathode rays by electrostatic fields. This can be
instructive. With a less than ideal vacuum in the tube (say 50 to 100 milliTorr) the beam will still reach the phosphor.
Slowly increasing the voltage on the deflection plates will move the beam to a maximum point whereupon the beam will
snap back to its origin as a glow forms between the plates. This demonstrates the formation characteristics of the glow
but doesn’t help us with the e/m experiment.
My electromagnet did not have a very uniform field and the resulting trace on the screen had a sort of frowning
appearance. Best results will be obtained if you can actually measure (with a gaussmeter) the field midway between the
poles. The scale on the phosphor should coincide with the midpoint of the beam.
About the Perham Foundation
The Perham Foundation is a non-profit organization dedicated to the collection, preservation and exhibition of the history
of electronics, specializing in early West Coast and Silicon Valley. Incorporated in 1959 the collection includes, in
addition to vacuum tubes, a wide variety of other electronic devices as well as books and documents. The collection is
now in storage, awaiting a new home at the San Jose Historical Museum Campus. Further information about this
organization may be obtained by writing to The Perham Foundation at 101 First Street, Suite 394, Los Altos, CA 94022
or by calling (408) 734-4453.
Reference
[1] Steven Weinberg, The Discovery of Subatomic Particles, W.H. Freeman and Co., New York, 1990.
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Magnetic Deflection of Electrons using Vacuum Tubes
Timothy Raney

This article originally appeared in Vol.7, No.1.
INTRODUCTION
This paper summarizes experiments using a vacuum tube to determine the magnetic field necessary to prevent electrons
from reaching the anode in a high vacuum diode. In addition to determining this “magnetic cut-off” for a given electron
energy, the experiment includes determining the magnetic flux of an air-core solenoid and calculating the velocity for 10
electron volt (eV) electrons. This summary also lays the foundation for determining the electron charge to mass ratio
(e/m) using data collected in the experiment.
This experiment is based on the “Hull Method” devices by the inventor of the magnetron diode in 1921 [1]. This
paper is limited in its treatment and does not include many other interesting physics experiments that can be done with
commercial vacuum tubes such as ionization potentials and thresholds, research in elementary plasma physics, etc. [2].
EQUIPMENT
The equipment for this experiment is based on a conventional anode circuit for a 705A half-wave diode (see Figure 4.27).
The 705A is a high voltage diode with a peak inverse voltage (PIV) rating of 10 kV. Of importance to this experiment are
the diode and cathode geometries: these elements must be cylindrical and coaxial. The 705A meets these requirements
and is readily available.
The magnetic field was produced by a solenoid coil that consisted of 30 turns of #14 magnet wire. The solenoid was
wound on a non-magnetic form that slipped over the tube, coaxial with the cathode and anode. This provided a magnetic
field that was perpendicular to the normally radial electron path.
The filament supply consisted of a 5 volt transformer with bridge rectifier with a 5 ohm, 8 ampere slide-wire rheostat
in series. The anode supply was a variable low voltage dc power supply with a milliamp meter. Current to the solenoid
was provided by a step down transformer with a bridge rectifier, filter capacitor, variable resistor and milliamp meter.
RESULTS AND DATA
The data in the table on the next page are based on observations and calculations resulting from the experiment. With a
fixed bias across the tube, current through the solenoid was increased until the tube’s plate current (IP) current fell to
zero. This indicated that the orbital diameter of the electrons decreased to less than the cathode-plate spacing. SI units are
used unless otherwise noted.
Calculation of the magnetic flux for the solenoid is derived from [2]: B  2K1 ( NI
R )

Figure 4.27 - Experimental Circuit
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Table 1: Experimental Data

where B is in Tesla, K1 is 6.28 x 10-7, the permittivity of free space, N is the number of turns of wire in the solenoid (30 in
this case) and r is the solenoid’s radius (0.0318 meters).
As expected, the plate current shows an inverse relationship, i.e. IP decreases as magnetic flux increases. The plate
current continues to decrease to the magnetic cut-off point, where no electrons reach the plate. In this experiment, the
cut-off occurred when the magnetic flux was approximately 0.0520 Tesla (520 Gauss). If the electrons had a higher
kinetic energy, as would be obtained with a higher plate to cathode potential, a correspondingly higher magnetic flux
would be required to keep the electron orbits smaller than the cathode to plate separation.
ELECTRON VELOCITY
The velocity of the 10 eV electrons can be calculated using the relationships shown in the box below.

Electron Velocity. The calculations here are used to determine the
velocity (Vf)of the 10 eV electrons that are used in this experiment.
The charge of the electron is 1.6 x 10-19 Coulombs and the electron
rest mass is 9.109 x 10-31 kg.
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CONCLUSION
The experiment showed that above 0.0520 Tesla, the plate current of the 705A diode was essentially zero. This result
indicates that this level of magnetic field is sufficient to completely deflect electrons with a kinetic energy of 10 eV. A
linear inverse relationship exists between IP and magnetic flux and indicates that at higher energies, the electrons would
require correspondingly greater magnetic fields for complete deflection to occur.
Since these relationships are linear, estimates of the magnetic cut-off can be made for higher electron energies.
Additionally, with the data from this experiment, it is also possible to determine the charge to mass ratio (e/m) for the
electron, since all of the variables have either been calculated or determined through experiment. However, to do this, the
dimensions of the tube’s elements have to be accurately known. The best way to do this would be by carefully breaking
open a tube and then measuring the cathode and plate diameters and the separation between the elements.
The experimental results also indicate that the electrons acquire a velocity of about 1.87 x 106 m/s as they travel
from the cathode to the plate anode when a potential of 10 volts is applied. Under the influence of the magnetic field the
electrons describe a circular or cycloidal trajectory where they completely miss the anode if the magnetic field is strong
enough. In this case the current through the tube falls to zero.
In summary, an experimenter can use commercial vacuum tubes to study interesting and important areas of physics
that include ionization, charged particle behavior and elementary plasma physics. This experiment was successful in
determining the magnetic field required to deflect electrons from the anode of a diode tube and is a starting point for
other experiments using commercial vacuum tubes. For example, by obtaining accurate measurements for the internal
tube elements, it should be possible to compute the value of e/m.
CITED REFERENCES
[1] J.B. Hoag and S.A. Korff, Electron and Nuclear Physics (3rd edition), D. Van Nostrand Co., NY, 1948, pg. 37 and
Tables 9 & 10, pgs. 486-487.
[2] F.W. Sears and M.W. Zemansky, University Physics (3 rd Edition, Part 2), Addison-Wesley, Reading, MA, 1965.
GENERAL REFERENCES
R.W. Chabay and B.A. Sherwood, Electric and Magnetic Interactions, John Wiley and Sons, Inc., NY, 1995.

More on the Pseudospark Electron Source
Steve Hansen

This article originally appeared in Vol. 9, No. 3/4.

INTRODUCTION

Discharge
Path

Ion Beam

Electrode
My love affair with the pseudospark
continues as I learn more about this
phenomenon and the associated devices.
Insulating Disk
V
Prior articles are included in the First Five +
Years compilation. In this article I will
Aperture
describe the evolution of my pseudospark
Interior Chamber
Electron Beam
apparatus. For those who may not have
access to the previous articles, I’ll do a
Figure 4.28 - Geometry of Pseudospark Electrodes
brief review of the pseudospark discharge.
Jens Christiansen and Christoph
Schultheiss were, in 1979, the first to
observe the pseudospark [1]. The general
geometry of the pseudospark electrodes is shown in Figure 4.28. According to Christiansen’s description, “the
pseudospark is a self-sustained discharge, which is normally run periodically (i.e. the voltage applied to the electrodes is
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sawtooth-like). Besides running in a repetitive selfbreakdown mode, the pseudospark can also be initiated from a standby
mode by different trigger methods.
“The characteristics of the voltage breakdown are determined in both cases by a rise of the breakdown voltage with
falling gas pressure. Hence it shows a behaviour similar to the Paschen-law of a parallel plate system.
“Research and development work done on modified discharge systems led to the following applications:
P A new kind of high power switch
P A source of an intense, medium energy electron
beam which is emitted at the anode side.
“With regard to the ignition and temporal development of the pseudospark discharge, the main property of the
pseudospark - to establish a high current in a gas discharge within a short time - proves to be a gas independent
phenomenon; it is realized by a circular central hole in the cathode and an almost screened cavity behind the cathode
hole. It turns out that a symmetrical set up where the anode also has a central hole is adequate for almost all applications.
“It is expedient to separate the temporal evolution of the discharge into four different parts:
1. The predischarge (ignition of the pseudospark)
2. Development of a hollow cathode discharge
3. High current main discharge
4. Decay of the discharge plasma
Phase 3 only arises if a suitable amount of energy is delivered to the electrode system. Otherwise the pseudospark
recovers its voltage hold off capability at the end of phase 2.
“With progress of the second phase electrons are accelerated between cathode and anode, and leave through the
anode hole. A high current density electron beam with medium energies of the size of the breakdown voltage is emitted.”
Figure 4.29 schematically illustrates a complete electron beam ablation system. Basically, the beam from the
pseudospark source impinges on a target. The fast, intense local heating evaporates a small amount of the target which
condenses on a nearby substrate. This method is an alternative to laser ablation where an intense light pulse serves the
same function as the electron beam. There are two features in this setup that are worth commenting on: the trigger and the
dielectric guide.
The breakdown voltage of the electrodes is pressure dependent. For the devices that I have built the voltage increases
sharply as the pressure dips below about 100 mTorr. By the time I get to about 50 mTorr the gap won’t breakdown before
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Figure 4.29 - A Triggered Pseudospark Electron Beam
Ablation Apparatus with Dielectric Beam Guide
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an external sparkover occurs (voltage well in excess of 30 kV). I tried crude pressure control with a needle valve but any
variation would result in fairly wide swings of the breakdown: 5 to 10 kV. As a result I added a trigger electrode to the
cathode. With the device pumped to a pressure below where self breakdown would occur, the trigger provides a
dependable way to initiate the discharge.
Since the trigger is in the cathode which, in turn, is at high voltage, the secondary of the trigger transformer must
float. Common ignition coils have a grounded secondary so they are not suitable. I improvised a spark coil with a
homemade winding of about 1500 turns that was assembled on a well insulated square ferrite core. The primary of about
5 turns was pulsed with a simple SCR circuit operating from 120 volt mains. So far I have achieved reliable operation at
rates up to the power line frequency.
The electron beam, after it exits the anode hole, will expand fairly rapidly. This means that if you desire a high
current (electron) density at the substrate you either have to place the substrate close (one or two cm) to the anode hole or
introduce some sort of beam handling device. The dielectric guide depicted in Figure 2 represents a simple way of doing
this.
The guide is nothing more than a glass (borosilicate or fused quartz) or ceramic tube. The diameter should be just a
little bit larger than that of the anode hole and probably no more than 1 cm. The exact mechanism for the operation is not
fully understood but the general consensus is that part of the leading edge of the electron beam packet charges the inside
wall of the tube resulting in electrostatic focusing.
The tube can be tapered or it can even be curved (I have tried this...it’s pretty impressive).
NEW CONFIGURATION
All of my pseudospark devices have been
Electrode
built using a common construction for the
electrodes and spacers (see Figure 4.30).
Insulating Disk
Each electrode is made from two stainless
steel fender washers, 7/8-inch outside
diameter with a 5/32-inch hole. (For some
Brass Pedestal
reason these have disappeared from the
2-3/4 inch CF Flange,
shelves of my local hardware store. The
smallest hole is now 3/16-inch which
1" Bore
seems to work just fine.) The washers are
Figure 4.30 - Electrode and Spacer Assembly
soldered together with soft silver solder to
build up the thickness.
The insulating disks are made from
acrylic plastic disks with a half-inch center hole. The plastic is 0.100 inches thick. Suitable disks may be ordered from US
Plastics (800-537-9724, www.usplastic.com). To effect the seal, each washer pair is inserted into a 1-1/8 inch od x 7/8
inch id x 1/8 inch section O-ring.
I have used 2-3/4 inch CF flanges with a 1-inch bore for the end pieces on my pseudospark sources. Figure 4.30
shows the arrangement. The brass pedestal can be machined from a hardware store compression fitting, 7/8-inch tube to
3/4-inch pipe thread. The threads on the tube end are machined off to mate with the CF flange’s bore and the pipe thread
end is cut off and the surface is then machined smooth to provide good contact with the O-ring. Details are in Vol. 3, No.
1 and in the compilation.
The pseudospark device described in Vol. 3, No. 1 had an insulating oil reservoir around the plates. It turned out that
most of the problems related to spark overs were around the outside as opposed to between plates so the effort of making
the sealed reservoir wasn’t really worth the hassle. If you want more hold off capability, make the plates bigger.
The current version of the device is shown in Figure 4.31. The insulating disks are 5 inches in diameter and the end
plates are made from 3/8-inch thick gray PVC. During assembly it is important to ensure that all of the electrode
apertures are in line and coaxial with the vacuum manifold. This is pretty easy to do by eye with a straight piece of wire
rod sized to fit tightly in the apertures. I am currently using 6 electrodes in order to increase the hold off voltage.
Even though the end fittings are CF flanges, I didn’t bother to use copper gaskets. I made a pair of viton gaskets that
work just fine. Fittings above and below the end flanges are CF to KF adapters.
To reliably trigger the device I made a simple spark plug assembly as shown. The body is made from a discarded
KF40 butterfly valve. I drilled the shaft hole to fit a standard half-inch compression fitting. The feedthrough is made from
a piece of alumina ceramic tubing into which I epoxied a 1/4 x 20 stainless bolt. The spark gap is the space between the
bolt and the hole. This arrangement works quite nicely even with a fairly low energy trigger pulse.
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With the lower fitting connected to my vacuum system’s roughing port I can get a quick succession of pulsed 40 to
50 keV electrons. For the parallel capacitance I use small doorknob capacitors.
ADDING AN EXPERIMENT CHAMBER
Initially I connected the electron source to the top plate of my large glass cylinder vacuum chamber. This worked fine but
I got tired of the effort required to repeatedly open and close the thing. The next step was to make a small experiment
chamber that would be easy to get samples in and out. Figure 4.32 on the next page shows the result.
The chamber is made from a scrap foreline cold trap. I discarded the liquid nitrogen reservoir which left me with a
two ported container, about 4 inches in diameter and with an odd-ball flange at the open end. I saved the gasket and
drilled and tapped four 10-24 holes around the flange. I inserted a 10-24 stud in each hole. Epoxy holds them in place.
Next a disk of 1/4-inch lexan was cut and four holes were drilled about the perimeter to match the pattern of the studs.
With a complement of knurled nuts it now takes about a minute to access the inside of the chamber.
I also modified the lower end of the pseudospark device to position the anode disk closer to the chamber. I cut off the
KF25 fitting at the top of the chamber and inserted a plug turned from brass. This was glued in place with epoxy. I also
installed a pyrex dielectric guide in this plug. It just extends into the chamber. I then fashioned a flanged collar from
stainless steel (don’t use any magnetic materials in the vicinity of the electron beam or you will be wondering why the
beam does strange things). This is secured to the port’s tube with a set screw after the lower PVC disk has been put in
place.
As a finishing touch I wound two Helmholtz coils (26 gauge magnet wire, equal numbers of turns) around the
vessel. These are connected to a well regulated 0-10 volt Kepco power supply. With a phosphor screen in the chamber,
this permits me to discern the energy spread of the beam.
CITED REFERENCES
[1] J. Christiansen and C. Schultheiss, 1979, Z. Phys. A290, 35-41.
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Plasma Topics
Probing the glow discharge, the Thomson spectrometer, nuclear tracks
This article appeared in Vol. 10, No. 1/2.
The first part of this article is comprised of text and
illustrations that have been excerpted from James
Arnold Crowther’s book Ions, Electrons and Ionizing
Radiations (Longmans, Green & Co., New York, 1929),
reprinted with the permission of the publisher. Some
helpful background information is contained in the glow
discharge tutorials from Volume 5, No. 1 and Volume 5
No. 2 (also contained in the First Five Years
compilation, pages 3-64 through 3-69). - Ed.
THE PHENOMENA OF THE DISCHARGE TUBE
(Excerpts from Crowther, Chapter VI)
Investigation of the Intensity of the Field in
Various Parts of the Discharge
The electric intensity in various parts of the discharge
has been investigated by many observers. The most
usual way is to insert in the tube a small subsidiary
electrode consisting of a fine pointed platinum wire. If
there are free ions in the tube and the potential of the
wire is less than the potential of the space in its
immediate neighbourhood there will be a field in the gas
tending to drive ions of the appropriate sign up to the
wire. For example if the wire has a smaller potential
than the surrounding gas the field will drive up positive
ions until the potential of the electrode becomes equal to
that of the gas.
The accuracy of the method obviously depends on
there being a plentiful supply of ions of both signs in the
gas around the wire. If ions of one sign only are present
the results may be very misleading. For example
supposing only negative ions are present which is
practically the case at points in close proximity to the

anode, these negative ions will strike the surface of the
wire and continue to do so until its negative potential is
so high as to prevent by its electric repulsion any further
ions from reaching it. As there are no positive ions to
neutralize it, it will thus acquire a negative potential
which may be considerably higher than that in any part
of the original space before the introduction of the wire.
Hence at points very near either electrode the results,
obtained by the exploring wire are apt to be misleading.
In the main part of the discharge its results are no doubt
sufficiently near the truth.
The method has been applied by means of the
apparatus shewn in Fig. 4.33. The electrodes C and A
were kept at a fixed distance apart by means of the glass
rod into which they were both attached. The glass tube
containing the electrodes was much longer than the
distance between the electrodes which were connected
to terminals passing through the ends of the tube by
long wire spirals. A piece of soft iron B attached to one
electrode enabled the electrodes to be moved about from
one end of the tube to the other by means of a magnet.
Two electrodes, e, f, were sealed into the tube, the line
joining them being along the axis of the tube, and their
distance apart about 1 mm. If the two electrodes are
connected to opposite quadrants of an electrometer the
deflection indicates the difference of potential between
the two points: that is, since ef is constant, it is
proportional to the field in the gas in the region of e, f.
By sliding the electrodes along, this region could be
made to coincide with any part of the discharge, and in
this way the field in any part of the discharge could be
investigated.
An ingenious method which does not involve the
uncertainties of the previous method is due to Sir J. J.
Thomson [1]. In this the fact that a beam of cathode
rays is deflected by an electric field is made use of. It

Figure 4.33 - Reprinted with permission
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Figure 4.34 - Reprinted with permission

will be shewn later (see Thomson’s Experiments on the
Positive Rays ) that the deflection of the rays is
proportional to the field through which they pass. The
main discharge passes between C and A (see Fig. 4.34),
the experimental devices for moving the discharge
electrodes being the same as in the apparatus just
described. The cathode rays are generated in a side tube
T at right angles to the discharge, and pass across the
main discharge through a fine hole in the metal ring G
which serves as anode. The deflected beam passes down
a long tube S falling on a screen at the end of the tube
where the deflection, of the beam is readily measured.
This method has been applied to investigate the field
very near the cathode.
The results obtained vary somewhat with the state of
the discharge. It will be seen however that they present
certain constant features.
Starting at the cathode there is a very strong field in
the Crookes dark space which drops with considerable
rapidity as we approach the negative boundary of the
negative glow where indeed it reaches its minimum
value for the tube. Since the field is very strong the fall
of potential between the surface of the cathode and the
edge of the negative glow is very considerable and in
many cases accounts for the greater part of the whole
fall of potential across the tube. This is known as the
cathode fall of potential. The field in general rises again
slightly in the negative glow and falls again in the
Faraday space rising gradually as the edge of the
positive column is approached.
If the positive column is uniform or unstriated the
field has a constant value until the neighbourhood of the
anode is reached when there is again a sharp increase in
the field accompanied by rapid increase of potential up
to the anode. This anode fall of potential is, however,
always much less than that at the cathode.

If the column is striated the field shews variations
superimposed upon the steady field, the field being a
maximum where the striation reaches its maximum
brightness.
Number of Ions in Various Parts of the
Discharge
The apparatus of Fig. 4.33 can be modified so as to give
the relative number of ions in different parts of the
discharge. If the two points e, f are replaced by two
small plates, their planes being parallel to the discharge,
the current between the plates when some small constant
difference of potential it maintained between them (say,
for example, that of a battery), will be roughly
proportional to the sum of the ions of each kind present
in the gas at the given point. In this way by moving the
discharge so that various parts of it come between the
plates the distribution of ions in the discharge can be
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found. The results obtained by H. A. Wilson [2] are
shewn in Fig. 4.35. It will be noticed that the number of
ions is very small near the anode and again in the
Crookes dark apace. It rises to a maximum in the
negative glow, falls again in the Faraday dark space to
rise again in the positive column. If the column is
striated the ions are most numerous in the luminous
parts and less numerous in the dark parts.
Later, however, van der Pol [3] has investigated the
matter again by a method not involving the use of
subsidiary electrodes, with their attendant uncertainties.
The discharge tube is placed between the plates of a
small parallel plate condenser which forms part of an
oscillating circuit, the current in which can be measured
by a galvanometer. If the medium between the plates
becomes slightly conducting the current in the circuit
diminishes as the conductivity increases. By bringing
different parts of the discharge tube successively
between the condenser plates the relative conductivities
of the different portions of the discharge can be
estimated. It was found that if the positive column was
unstriated the conductivity along it was constant and
somewhat higher than that in the dark space. If the
column was striated the conductivity was found to be a
minimum at the bright edge of the striation. This is
exactly the reverse of Wilson’s result. It is, however,
what might be expected from Sir J. J. Thomson’s
observation that the field is a maximum at this point. A
large field would tend to remove the ions from the apace
more rapidly than a small field, and the ionization and
hence the conductivity should be smaller as found by
van der Pol.
Crowther gets real close to talking about the Langmuir
probe but doesn’t get there. For those who are
interested in plasma diagnostics, a good place to start is
the article Some Resources and Ideas for Plasma
Experiments in Volume 4, No. 2. This is also included in

the First Five Years compilation starting on page 3-58.
-Ed.
CATHODE RAYS AND POSITIVE RAYS
(Excerpts from Crowther, Chapter VII)
The Positive Rays
We know that if a solid obstacle is placed in a discharge
tube within the Crookes dark space it casts a shadow not
only on the further walls of the tube but also on the
cathode itself (see Fig. 4.36). This indicates that there
are in the tube particles moving toward the cathode and,
therefore, presumably positively charged. If a hole is
made through the cathode normal to its surface these
rays can be seen streaming through and causing
phosphorescence in the residual gas behind the cathode.
This phosphorescence is generally quite distinct in
colour from that produced in the same gas by the
cathode rays. In helium, for example, the path of the
cathode rays is marked by a bluish light while that of the
Kanalstrahlen, or positive rays as they are now called, is
marked by a red glow.
The positive rays are now known to consist of
positively charged molecules of the various gases in the
discharge tube moving with considerable speeds under
the intense electric field of the discharge. Their
investigation proved a matter of great difficulty owing
partly to the very intense ionization which they produce
in the residual gases of the discharge tube, and partly
owing to the secondary radiations to which they give
rise. When a positive particle in the ray collides with a
gas molecule, since the two are of comparable mass, it is
frequently not the original particle but the molecule
struck which continues the course of the rays, and this
molecule may or may not be charged. Unless these
effects are eliminated very curious and misleading
results may be obtained. These effects may obviously be
diminished by working at very low pressures so as to
reduce the number of molecules of residual gas. On the
other hand if the exhaustion is made very complete it
becomes a matter of very serious difficulty to obtain a
discharge through the gas at all, and accurate
measurements become impossible.
Thomson’s Experiments on the Positive Rays

Figure 4.36 - Reprinted with permission

Professor Sir J. J. Thomson [5] was eventually after
considerable research able to overcome these
difficulties. One form of his apparatus is shewn in Fig.
4.37. The discharge takes place in a large bulb B of
considerable size, it having been found that a discharge
takes place much more readily at very low pressures if
the discharge tube is of considerable volume. At one
time bulbs of 40 or 50 cm diameter were employed but
4-36
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Figure 4.37 - Reprinted with permission

it has since been found that a diameter of 20 cm is
sufficient for the purpose. The cathode G consists of an
aluminium rod with a rounded end, pierced by a very
fine copper tube. This tube which was generally less
than 1/10 mm. in diameter, and in some experiments as
little as 1/100 mm diameter, was made by drawing down
ordinary narrow copper tubing through a draw plate. In
this way when the discharge is passing an exceedingly
fine pencil of positive rays is obtained. It is obvious that
with a tube as narrow as 1/10 mm any stray magnetic
field will deflect the charged particles constituting the
rays against the walls of the tube where they will be lost.
To prevent this the copper tube is enclosed in a thick
tube D, of soft iron. Screens E, E also of soft iron are
used to protect the main discharge.
Owing to the strength of the discharge considerable
heat is produced at the cathode. It is therefore
surrounded by a water jacket, not shewn in the diagram,
to keep it cool, and so to protect the numerous sealing
wax joints in the neighbourhood.
The narrowness of the tube perforating the cathode
serves a double purpose. It not only produces a very fine
pencil of rays thus giving a very clear luminous spot on
the phosphorescent screen or photographic plate placed
at P, but it serves to separate very effectively the
discharge tube B from the measuring apparatus, or
camera as we may term it for brevity. Owing to the
fineness and length of the tube which is the only
connection between the two, diffusion takes place very
slowly through it, especially at the low pressures used.
If the camera is continuously exhausted through the side
tube L, by a large tube of charcoal kept cool in liquid
air, it is possible to have the gas in the camera at a
considerably lower pressure than that in the discharge
tube. Thus we can keep the pressure in the discharge
tube at the value most suitable for the discharge, and at

the same time maintain the vacuum in the measuring
part of the apparatus so low that the positive rays are not
seriously affected by the presence of residual gas. To
keep the pressure in the discharge tube constant, fresh
supplies of the gas under experiment are introduced at a
very slow rate through a side tube.
To measure the velocity and the ratio of the mass to
the charge for these particles, the same principles are
employed as in the case of the cathode rays, the method
adopted being that in which the two fields are applied in
the same direction. The method of doing this, which is
rather ingenious, is indicated in the figure. The pole
pieces N and S are let into the sides of the chamber, the
joints being made gas tight with sealing wax. They are
electrically insulated from the core of the large
electromagnet by thin strips of ebonite m, m. By
connecting the magnetic pole pieces to the opposite
poles of a large battery of small accumulators they can
thus be used to apply the electrostatic field also.
Since the two fields are parallel the displacements
they produce in the path of the rays will be at right
angles to each other, the electrostatic displacement
being in the plane of the diagram, the magnetic
displacement at right angles to it.
In the final form of the apparatus the fluorescent
screen P was replaced by a photographic plate. The
positive rays affect the plate at the point where they
strike it in the same way as light, so that on developing
the plate the points struck by the particles appear as
black spots or lines on the clear glass. The plate can
then be placed under a travelling microscope and the
deflections measured with accuracy.
The magnetic and electric displacements of a moving
charged particle under the conditions of the experiment
can be calculated. Assuming the fields to be constant
over the whole of their extent, we should have, if x and f
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are respectively the electric and magnetic displacements
of the particle,
x  Dd

XE
mv 2

; y  Dd

HE
mv

where D is the distance of the photographic plate from
the field, d the length of the path of the particle in the
field and E and m its charge and mass. We now have
x

E
mv 2

x
 OP
0 [ 0 Xdx ] dx

y

E
mv

x
 OP
0 [ 0 Hdx ] dx

The values of these integrals depend only on the applied
field between the plates and the geometry of the
apparatus. Hence for a given tube we can write them in
the form
EX
x  k 1 mv
2

y  k 2 EH
mv

where k1 and k2 are constants for a given apparatus and
can be evaluated experimentally if required. Combining
these equations we have
y
x

y2
x





k2 H
k1 X

k 22
k1

v,. . . . .

H2

E
X m

,. . . .

(49)
(50)

Thus if the two fields are maintained at a constant value
throughout the experiment y/x is a measure of the
velocity of the particle and y2/x a measure of the ratio of
the charge to the mass. The values of x and y can be
obtained by measuring the coordinates of the deflected
spot on the photographic plate.
Positive Ray Parabolas
Let us consider the matter in the light of equations (49)
and (50).
If all the particles had the same velocity and the
same value of E/m they would all be deflected to the
same extent in the two fields, and the deflected rays
would strike the screen in a single spot. Let us consider
the production of the particles in the discharge. Some
will be formed near the anode and will thus fall through
the whole difference of potential between the cathode
and the anode. Their energy will thus be VE where V is
the difference of potential between the electrodes, and
they will reach the cathode with a velocity v given by
1
2
2 mv

 VE

This is obviously the maximum velocity the particles
can
acquire. Those formed nearer the cathode will only fall
through a fraction of this potential and will approach the
cathode with smaller velocities. Hence the bundle of
rays will contain particles of all velocities up to a certain
maximum which will be a constant for the tube. Thus on
applying the fields the single undeflected spot of light
will be drawn out into a band on applying the two fields.
It is obvious from equation (50) that all particles
whatever their velocity for which the value of E/m is the
same will lie on a single curve given by
y 2 x  constant

which is the equation to a parabola. If the stream of rays
entering the two fields contains sets of particles for
which the values of E/m are different, they will be
sorted out into a series of parabolas, each of which
corresponds to some definite value of the ratio E/m.
Again since the electric deflection x is given by
EX
x  k 1 mv
and since the maximum value of v is given
2
1
by 2 mv 2  VE the smallest possible deflection we can
obtain is given by
x  12 k 1 XV

and is constant for all the particles no matter what their
mass and charge, if the deflecting field and the potential
across the tube remain the same. Thus all the parabolas
will stop abruptly at a line drawn parallel to 0Y at a
distance 12 k 1 XV from it.
If the magnetic field acts in the same direction
throughout the experiment only one branch of each
parabola will be obtained. By reversing the field half
way through the experiment the direction of the
deflection can be reversed and thus the lower half of the
parabola can be obtained on the plate. This is always
done in practice as it increases the accuracy with which
the displacement can be measured. Thus on
development the plate should have an appearance such
as that shewn in Fig. 4.38, which represents the case of
two sets of particles.
A typical photograph taken by Sir J. J. Thomson by
this method is shewn in Fig. 4.39. It will be seen that the
single undeflected spot is drawn out by the action of the
fields into a series of curves one above the other which
can be shewn by measurement to be parabolas. The
curves in the lower half of the diagram are produced by
reversing the magnetic field half way through the
exposure, as already explained. It will be seen that they
reproduce exactly the theoretical curves of Fig. 4.38.
It is evident from equation (50) that the most
deflected parabolas correspond to the greater values of
E/m, that is, assuming all the particles to carry the
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Figure 4.39 - Reprinted with permission

Figure 4.38 - Reprinted with permission

same charge, to the lighter particles. Evaluating the
constants it was found that the value of E/m for the
most deflected parabola of all was almost exactly
104. This as we have seen is the value of this ratio for
the hydrogen ion in electrolysis. The most deflected
parabola corresponds therefore to a hydrogen atom
carrying a single electronic charge. To find the value
for any other parabola we may proceed as follows. Draw
any ordinate cutting the two parabolas (Fig. 4.38) in p,
p' and q, q' and the axis of X in n.
Then since x is the same for all points on the ordinate
we have
pp   2
qq   2



pn 2
qn 2



y 21 /x
y 22 /x

 m 2 /E 2  m 1 /E 1 .....

If we can assume that the two sets of particles carry the
pp 2
same charge the ratio qq 12 measures the ratio of the
1

masses of the two particles, or in other words if the
outer parabola is that of the hydrogen atom, the ratio
gives the molecular weight of the particle forming the
parabola.
The matter is in general not quite so simple as this,
since it is found that the particles in the positive rays
may carry charges which are greater than the unit
charge, that is, they may be atoms or molecules which
have lost more than one electron. If they have lost n
electrons the value thus deduced will be l/nth of the
molecular weight. The method of procedure and the
nature of the results obtained will be clear from the

example given in Table I which refers to a photograph
taken with atmospheric nitrogen in the tube. The first
column gives the distance pp' between the two limbs of
the same parabola (which are obtained as already
explained by reversing the magnetic field in the middle
of the exposure), the second column the value deduced
for the ratio m/E, the value for the hydrogen parabola
being taken as unity. It therefore gives the molecular
weight of the particles forming the parabola assuming
them to have the unit charge. The last column gives the
origin assigned to the particles, a double electronic
charge being expressed by two plus signs (+ +), and a
triple charge by three. It will be seen that the rays
contain atoms and molecules of nitrogen together with
other atmospheric gases such as argon and neon, carbon
dioxide and carbon, probably from the grease used on
the taps) mercury vapour from the pump, and oxygen,
probably due to moisture. The hydrogen parabola has
been deflected off the picture altogether.
It will be noticed that in several instances it is
necessary to suppose that the particles carry twice or
three times the unit charge. In the case of mercury as
many as eight units of charge are occasionally met with
giving a parabola the value of m/E for which is 200/8 or
29. The parabolas formed by the multiple charged atoms
are always less distinct than those due to the same
carriers with single charges. This result is often of value
in enabling us to determine the origin of a given
parabola, for example to distinguish between a singly
charged atom of nitrogen and a doubly charged
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Potential across discharge tube, 30,000 volts; current through magnet, 3.5 amperes;
potential difference between plates, 200 volts.
Table I - Reprinted with permission

molecule of carbon monoxide, which would give the
same value for m/E. In some cases however the
uncertainty cannot be cleared up except from a
consideration of the gases most probably present in the
tube under the conditions of the experiment.

instruments for monitoring plasmas and ion beams.
What follows is taken from some the more recent
literature and is of interest (at least for me) in terms of
simplicity and applicability to amateur plasma
accelerators and related devices.

MORE ON THOMSON SPECTROMETERS

A Thomson Analyzer on an Ion Implanter

J. J. Thomson, with his “parabola” instrument, showed
that a beam of ions having various masses and a range
of energies can be mass-analyzed by passing them
through uniform parallel magnetic and electric fields.
These early experiments led to discoveries of previously
unknown isotopes and to an increased understanding of
ionization processes of atoms and molecules as well as
various electron-mediated dissociation processes. In
later years mass spectrometers have evolved with great
increases in resolution and sensitivity. Mass
spectrometers are now widely used for analysis of
unknown mixtures of gases or liquids and for studies of
chemical reaction mechanisms. Since their debut, most
mass spectrometers have employed at least one
magnetic field for performing mass analysis. Such
magnetic instruments are conventionally termed
“sector” instruments. Since the mid 1950s, mass
analyzers employing only electric fields have been
increasingly used, offering attractive features such as
smaller size and lighter weight relative to the typically
massive sector instruments. Electric-field instruments
have exhibited a capability of scanning a range of
masses at high repetitive rates, which has provided
valuable data in studies of fast chemical reactions and
the continuous monitoring of processes. Examples of
such instruments include the “quadrupole mass
analyzer” (QMA) and the “ion trap.”
All of this has sort of left Thomson’s instrument in
the dust. An exception is the continuing use of parabola

There isn’t too much information in the patent literature
to which I have search access. However, U.S. Patent
5,393,986 shows a Thomson parabola analyzer applied
to an ion implant system. This patent, Ion Implantation
Apparatus, was issued in 1995. The inventors are Atushi
Yoshinouchi, Tatsuo Morita and Shuhei Tsuchimoto.
The patent is assigned to Sharp Kabushiki Kaisha of
Osaka.
Fig. 4.40 is a schematic illustration of the apparatus.
It comprises a plasma source 25 for generating ions, an
ion accelerator 9 for accelerating the generated ions, a
substrate holder 11, an electromagnetic ion energy
analyzer 14 for measuring the flux of desired ions and a
charge collector 13 for measuring a current density of
all incident ions.
In the current discussion, only the analyzer 14 is of
interest. The similarities with Thomson’s apparatus as
depicted in Figure 4.37 are obvious. The analyzer is
comprised of apertures 15a and 15b with an aperture
diameter of 100 m, a pair of electrodes 16 with a size
of 4 x 5 cm for generating an electrical field, a pair of
magnets 17 with a size of 4 x 5 cm for generating the
magnetic field and a detection area 18 for detecting the
ions. The detection area has a size of 20 x 20 cm and is
placed 10 cm away from the aperture 15b. One of the
electrodes 16 has a terminal 19 for applying a deflection
voltage. The other electrode is grounded. The distance
between the electrodes and the magnets is adjusted so
as to generate an electric field of 100 kV/m between the
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Figure 4.40 - Ion Implanter with
Thomson Analyzer. From US Patent
5 393 986

electrodes and a magnetic field of 300 gauss between
the magnets.
Both the analyzer entrance slit and charge collector
13 are positioned similarly about the beam axis so that
the incident beam intensity to each is about the same.
The charge collector is a simple Faraday cup that
measures the irradiating ions as a current density.
Figure 4.41 depicts the principle of the analyzer
measurement with an example in which H+, B+ and P+
enter the energy analyzer. Broken lines 20, 21 and 22
show points on a surface of the detection area 18 at
which each kind of ions arrives. When an energy for the
implantation is determined, one point on the surface of
the detection area 18 is settled per each kind of ion
species as an impinge position.
On a coordinate having the ion incident direction
through the apertures 15a and 15b as the z-axis and the
detection area 18 as the x-y plane, the impinge positions
are represented by a parabola which satisfies the
following formula:
y=k(M/Z)x2
where M is the mass of the ion, Z is the valence number
of the ion and k is a constant determined by a design of
the electromagnetic ion energy analyzer. As is evident
from the formula, each kind of ion arrives at a different
position on the detection area 18 by a force applied from

the electric and magnetic fields depending upon the
mass and the charge of the ions.
When PH3 diluted with H2 is used as the introduced
process gas, H+ and P+ are generated at the plasma
source. When the generated H+ and P+ are accelerated at
a voltage of 100 kV, H+ and P+ reach only points 23 and
24, respectively. The distance between the points 23 and
24 on the detection area 18 is about 3 cm. Single species
charge collectors may then be placed at these positions
as a means of detecting the desired kinds of ions. In this
example, since only P+ is necessary to the ion
implantation, the current density of only P+ can be
measured. Moreover, when a total current density of H+
and P+ is measured at the same time by the charge
collector 13, a ratio of P+ necessary to the ion
implantation to all the kinds of the ions, H+ and P+ can
be obtained. The dose of P+ can be controlled when an
ion irradiation time is determined by using the obtained
ratio.
When the ions are implanted with a different energy,
the charge collector is moved along the aforementioned
mentioned parabola depending upon the energy to
measure a current density of the desired kind of ions.
The charge collector is automatically moved along the
x- and y-axes depending upon the charge and the mass
of the ion to be detected and the acceleration energy of
the ion, therefore such a series of operations can be
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Figure 4.41 - Thomson Analyzer Example.
From US Patent 5,393,986

conducted automatically and easily to control the
amount of the ion necessary to the ion implantation.
In the above-mentioned example, the electric field
and the magnetic field are generated vertically to the ion
incident direction. However, the ions can be separated
depending upon the kind thereof and an energy for the
ion implantation as far as the electric field and the
magnetic field generated by the electrodes and the
magnets are not parallel to the ion incident direction,
since such electric and magnetic fields have components
vertical to the ion incident direction.
Moreover, in the above-mentioned example, the
acceleration and the proceeding of the ions are in the
same direction. However, in other structures, the ions
can be accelerated in different directions from the
proceeding direction thereof. Even in such a case, the
ions can be separated depending upon the mass and the
charge thereof and the implantation energy by
generating the electric and magnetic fields having
components vertical to the incident direction of the ions
entering the electromagnetic ion energy analyzer 14. In
the example, the total current density of H+ and P+ is
measured by the charge collector 13, and the current
density of P+ is measured by the electromagnetic ion
energy analyzer. Thus, the ratio of P+ to all the kinds of
the ions is obtained. However, the ion irradiation time
can be determined only with the electromagnetic ion
energy analyzer 14. Moreover, in the example, the
number of the ions having reached the detection area 18
is measured by the charge collector, but it can be
measured by using a film. When a film is provided on

the detection area 18, the ions arrive at different
positions on the film depending upon the mass and the
charge thereof. By measuring a density of the trace of
the ions on each impinge position, the ratio of each kind
of the ions can be obtained. The dose of the ions
necessary to the ion implantation can be controlled by
using the obtained ratio.
A Compact Thomson Analyzer on a Plasma
Focus Device
Reference [4] describes an interesting Thomson
analyzer that can be used with small plasma focus
devices. The author describes the use of this
spectrometer with a 3 kJ device, the same energy as my
Mini-F apparatus.
Figure 4.42 is a representation of Rhee’s
spectrometer. Note that the second pinhole is after the
magnets, not before as is the standard configuration for
Thomson spectrometers. Rhee explains this as follows
(slightly abridged):
“In a typical Thomson spectrometer, the two
pinholes are placed upstream of the deflection sector
and the detector is placed downstream. This
arrangement has been employed in almost every
Thomson spectrometer system since Thomson’s original
system. In such a system, the minimum distance from
the pinhole to the detector plate is limited by the length
of the deflection sector. This length also makes the
required detector area large and also reduces the
intensity at the detector. To remedy this, the deflection
sector in our spectrometer is placed between the first
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Figure 4.42 - Compact Thomson Analyzer as Plasma Focus Diagnostic. After M.J. Rhee. Upstream
pinhole with diameter of 1.5 mm located 50 cm from magnets; downstream pinhole with diameter of 10
microns located 5 mm from CR-39. Magnets are 7/8" diameter with 3 mm gap.

and second pinholes so that the distance to the detector
can be adjusted to any small value. It is worth
mentioning that the particle trajectory in this system is
somewhat different from that in the conventional
system. One can consider the first pinhole located far
upstream of the spectrometer to be approximately a
point source. Thus, a nearly uniform and parallel beam
enters the entire space of the field region. Only the
neutrals (or extremely energetic ions) among the on-axis
particles, which are not deflected by the fields, can pass
through the second pinhole marking the origin of
deflection coordinates on the detector. All other on-axis
ions are deflected by the fields and checked by the
pinhole plate. Those ions that can pass through the
pinhole after deflection are off-axis particles whose
initial position can offset the deflection. One can show
that the angles of these particles as they pass through the
pinhole are the combination of two deflection angles as
in the conventional system. There exists a maximum
electric deflection angle due to the finite electrode gap
(pole gap), and this acceptance angle is found in
deflection geometry to be equal to the aspect ratio of
electrode; gap/radius. This angle, which limits the lower
bound of ion energy range, would be chosen
appropriately for the application of the spectrometer. It
should be noted that this limitation is exactly the same
as that in the conventional system.
“Some advantages are found for this system. For the
spectrogram analysis, the deflection angle is obtained
directly from the distance between the second pinhole
and detector, whereas for the other system, the
deflection angle is deduced from the deflection and the
distance between the detector and the center(s) of field

regions, which may not be exactly defined, particularly
when the field is nonuniform or asymmetric.
“Another advantage of this system over the usual
arrangement is in the small size of the resultant
spectrogram due to the short distance between the
pinhole and the detector. This feature permits us to
make multiple exposures on a detector plate of
reasonable size using an advancing mechanism. It
should be noted that the use of small samples (typically
1 x 1 mm) is of great convenience, since they can be
photographed easily using either an optical or electron
microscope.”
DETECTORS - Track Etch Method
All of this gets us to what that detector material is. In
continuously reading spectrometers an imaging device
can be
used (e.g. multichannel plate [MCP]).
Photographic film can also be used but this introduces
problems with controlling light leakage, difficult if the
spectrometer is looking at an intense plasma source.
From the patent cited above, if specific species are being
monitored, simple charge collection electrodes can be
placed where those species will arrive.
Figure 4.43 indicates a material called CR-39 in
place as the detector. CR-39 is also known as allyl
diglycol polycarbonate, a material that is commonly
found in optical items such as eyeglass lenses. It is also
used for detecting the passage of nuclear particles.
The use of track detectors goes back to 1961 when
tracks from natural radioactivity were discovered in
mica. (See the sidebar to the left for an excellent book
on nuclear tracks.) Patents by Paul Price and Robert
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Walker, plus a host of articles and dosimetry products,
followed soon thereafter. A succinct description of the
process is in Henry Alter’s U.S. Patent 3,373,683 Visual
Imaging of Track-Etched Patterns, issued in 1968:
“The track-etching process employs a homogeneous,
solid-state detector material which may be a crystalline
solid such as mica, or a non-crystalline substance such
as inorganic glass or a polymeric plastic. The detector
material is irradiated by charged particles, and damage
tracks are created in the material by local alteration of
the material structure along the particle trajectories or
penetration paths. The damage tracks are extremely
small (typically having lengths of about 20 to 40
microns, and widths of less than 100 angstroms), and
normally can be detected only with the aid of an
electron microscope. An etching process then enlarges
the track width to 1-20 microns. Individual tracks are
then made visible to the optical microscope and, if the
density of tracks is sufficiently high, the track-etched
area is visible without magnification.
“For example, a sheet of polycarbonate resin (such
as plastic sold under the trademark “Lexan”) or
polyester resin will form damage tracts when irradiated
by heavy fission fragments produced by bombarding
materials such as uranium-235 or plutonium-239 with
neutrons. A few materials such as cellulose nitrate will
also form damage tracks along the paths traversed by
alpha particles (produced, for example, by neutron
bombardment of lithium-6 or boron-10). A suitable
etching reagent, such as a six-normal aqueous solution
of sodium hydroxide, is then applied to the detector
material to dissolve the disordered regions which form
tile damage tracks.
“It is a characteristic of the track-etching process that
the etching reagent preferentially attacks the altered
material along the damage track at a much faster rate
than it attacks the undamaged material around the track.
If the detector material is relatively thin (say 0.0005
inch), the damage tracks can extend through the sheet,
and tiny holes are formed through the detector material
as the etching process is carried out. Depending on the
extent to which etching is carried out, these holes have
widths in the range of say 1 to 20 microns, and are thus
visible with a conventional optical microscope.
Individual holes, however, are too small to be readily
detected without optical magnification, although a group
of many closely spaced holes can be visually detected
when the sheet of detector material is viewed by
transmitted or reflected light.”
Try it Yourself
To give nuclear track detection a try you don’t require
anything beyond what’s available at the hardware store.
You will need some NaOH (lye, found in the plumbing

Tracks to Innovation: Nuclear Tracks in Science
and Technology by Robert L. Fleisher.
Springer-Verlag, NY, 1998. ISBN 0-387-98342-2
A discovery in nuclear physics has led to a tool
whose serendipitous uses span the sciences from
geology and materials engineering to archaeology and
art history.
In the early 1960s, it was discovered that when
mica is exposed to energetic charged particles (from
radioactive decays or cosmic rays, for example), the
particles leave latent tracks in the material. Three
scientists at General Electric (Buford Price, Robert
Walker, and the author) found that chemically etching
such an irradiated material reveals the tracks as
narrow, deep pits, whose size and shape are
determined both by the particle that made the track,
by the material in which the track is made, and by the
technique used in etching. It soon turned out that
glass, plastics, or certain other materials can similarly
be used to detect nuclear particles.
This discovery paved the way not only for a new
and useful method of detecting nuclear radiation, it
has also found widespread applications in other
fields. Thus, for example, naturally produced tracks
can be used to estimate the age and temperature
history of a mineral deposit or an archaeological
material: and deliberately produced tracks can be
used to make extremely fine, uniform filters.
Fleischer presents the history of these
developments and discusses the applications of the
technique in a way that will be of interest to anyone
with a minimal knowledge of physics.
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supply section), a piece of Lexan plastic and a source of
alpha particles (a chunk of uranium ore or the
americium-241 from a smoke detector).
Start by preparing a 6.5N solution of NaOH. For the
non-chemists out there, that’s about 260 gms of NaOH
in a liter of distilled water or, for us Americans, about
9.2 ounces in a liter. There’s really no need to make
such a large amount, 100 ml is just fine.
NaOH is strongly caustic so use all normal handling
precautions in terms of eye and body protection. Add
the NaOH to the water slowly as the water will get quite
hot. And, keep it away from aluminum unless you want
to see a vivid demonstration of how Drano TM works.
From the Lexan, make a couple of small slides, say
1/4 to 1/2 inch by 1 inch, both taken from the same
sheet and in close proximity to each other. Rather than
using a saw to cut them, just score them with a knife and
break. Scratch an ID on side at the end. One of these
pieces will be a control, the other will be exposed to the
radiation source. Look at both of these pieces under a
microscope (50X and 200X) to ensure that the surfaces
are relatively defect free.
Place the radiation source very close to the inscribed
side of the test slide for a half hour or so. Proximity is
important as alpha particles don’t carry very far in air.
With the exposure complete it’s time to start etching.
I put the solution in a small (100 ml) polyethylene
bottle with a screw cap. The slides were placed in the
bottle and the cap was loosely screwed on. I placed the
bottle in a stainless steel cooking pan which enough
water in the pan to immerse the bottle about 2/3. A
thermometer was placed in the water and the pan placed
on one of the small burners on the kitchen electric stove.
Adjusting the burner to a setting between medium-low
and low the water stabilized at a temperature of 70
degrees C.
I pulled the slides after about a half hour. Etch pits
were quite evident in the exposed sample at 100X.
There were also a few pits in the control, presumably
from ambient radiation. After another 2 hrs of etching
the exposed piece was frosty to the naked eye. Under
the microscope the tracks were quite spectacular.
I have so far not obtained any “proper” track
detection materials such as the CR-39 offered as
TASTRAKTM by the largest manufacturer of this stuff,
Track Analysis Systems Ltd., H.H. Wills Physics
Laboratory, Tyndall Avenue, Bristol BS8 1TL UK. I
have, however, obtained optical grade CR-39 as 100
mm blank photo filter material from a camera retailer
(Hitech HT 1649).

agenda before I get to the Thomson spectrograph would
include some simple experiments in vacuum with an
americium-241 source and a magnetic field to deflect
the alpha particles.
Some Resources
Track Analysis Systems has a Web page at:
http://www.phy.bris.ac.uk/research/TASL/home.html
They have also developed some educational kits for
schools. These are described at:
http://www.phy.bris.ac.uk/research/tasl/page11.html.
Unfortunately, the TASTRAK kits are only available in
the UK. However, there is a set of teachers notes written
by Dr. Geoff Camplin and Professor Denis Henshaw
that is available at:
http://home.clara.net/camplin/TNotes/Conts.htm
CITED REFERENCES
[1] J.J. Thomson, Phil. Mag. (6), 18, p. 441, 1909.
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[3] van der Pol, Phil. Mag. (7), 38, p. 352, 1919.
[4] M.J. Rhee, Compact Thomson Spectrometer, Review
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1984.

Other Experiments
I’ve not yet gotten beyond the stage of just messing
around with track etch materials. Some things on the

Figure 4.43 - Alpha Tracks on CR-39. Photo by the
Editor.
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Neutrons and Neutron Generators
Steve Hansen
This article originally appeard in Volume 6, Number 3/4.
INTRODUCTION
This article was originally intended as a brief introduction to the article by Richard Hull on the Farnsworth/Hirsch
“fusor.” However, as there has been some interest by a number of subscribers in neutron generators, I decided to provide
a somewhat more lengthy tutorial on the reactions that produce neutrons, some practical applications of neutrons, and a
few of the various types of devices that have or are being used to produce neutrons. Closer to home, my first major
vacuum project (this was around 1968) was to be a neutron generator. It consisted of a 500 kV van de Graaff machine
with a five-foot accelerator tube. I got to the point of producing an electron beam. Frankly, it was a bit wobbly and quite
scary. That’s when I decided that plasma devices would be more fun.
HISTORICAL BACKGROUND
In 1897, J.J. Thomson determined that the electron was a negatively charged particle with mass. The structure of the atom
was beginning to be understood as a neutral entity consisting of some number of these low-mass electrons with a
corresponding number of higher mass protons with equal but opposite charges.
Rutherford, in 1919, was investigating the range of alpha particles (fast helium nuclei produced by radioactive
elements) in air when he noted the infrequent production of a particle that could traverse a much longer distance. It turned
out that some of the alpha particles were interacting with the nitrogen molecules in the air-filled environment of his
scintillation chamber, causing the disintegration of the nitrogen along with the release of a proton. This was the first
observation of transmutation.
Properly stated, the reaction that Rutherford observed is:
7

N14 + 2He4 d (9F18) d 1H1 + 8O17

where the subscript preceding the element’s name is the atomic number, the superscript is the atomic mass. In the
reaction, an unstable intermediate isotope of fluorine is formed which quickly decays to oxygen with the release of the
proton. The reaction may also be stated in an abbreviated form as:
7

N14 (α, p) 8O17

With protons and transmutation now part of the vocabulary, the next major discoveries were those of the neutron, the
positron, artificial radioactivity and the transmutation of elements by machine-generated high energy particles. All of this
happened in the period of 1930 to 1932. Deuterium ( 1H2 ) was also discovered in this period.
It had been noted by Bothe in 1930 that beryllium (4Be9), when bombarded by alpha particles, gave off a highly
penetrating radiation which was then called “beryllium rays.” These were thought to be akin to gamma (γ) rays. In 1932
James Chadwick identified these emanations as neutral (uncharged) particles, each with a mass about the same as that of
the proton. The lack of charge explained the penetrating properties of these particles.
In his experiment, Chadwick used naturally produced alpha particles to transmute beryllium into carbon. The neutron
producing reaction is:
4

Be9 + 2He4 d (6C13) d 6C12 + 0n1

or, in shorthand:
4

Be9 (α, n) 6C12

For reference, when 1 gm (1 curie) of radium, an alpha particle emitter, is mixed with a few grams of powdered
beryllium, about 107 fast (high energy, 5.76 MeV)) neutrons are emitted every second.
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OK, this was a major discovery but it doesn’t involve an ounce of vacuum. (Figure that expression out!) While all of
this other stuff was going on, vacuum got thrown into the mix when J.D. Cockcroft and E. Walton built the first real atom
smasher. One part of their apparatus consisted of a voltage multiplying rectifier (the now familiar and ubiquitous
Cockcroft-Walton multiplier), one version of which produced an output voltage of about 800 kV, unloaded. The other
part was an evacuated glass tube with an ion source at the top end, one intermediate accelerating electrode, and a target
chamber at the lower end. With a gas being fed into the ion source, the accelerator would produce a beam of charged
particles with an energy corresponding to the loaded multiplier voltage, about 700 keV.
Cockcroft and Walton performed their history making experiments with hydrogen and the accelerator, therefore,
produced a beam of protons. The pair used lithium as the target material. What they observed was a release of alpha
particles:
1

H1 + 3Li7 d (4Be8) d 22He4 + Q

The Q is the kinetic energy of the alpha particles in excess of the kinetic energy of the incident proton and, for this
reaction, is slightly more than 8.6 MeV per alpha or 17.3 MeV total. (Depending upon the particular reaction, Q can also
be negative. This was the case in the reaction observed by Rutherford.) Cockcroft and Walton also found that incident
energies as low as 20 keV could initiate this reaction, although the yield was very small at these low proton energies.
At about the same time the team of Urey, Murphy and Brickwedde succeeded in concentrating the suspected heavy
isotope of hydrogen, which was named deuterium (1H2 or simply D). Later on a heavier, radioactive isotope of hydrogen
was discovered, tritium (1H3 or T). These isotopes of hydrogen were found to have substantial use in accelerators used as
neutron sources. For example, bombarding a deuterated target (initially frozen “heavy water,” D2O, later with the gas
molecules “bound” in a solid target material) with deuterium ions will produce copious quantities of neutrons with a Q of
+3.29 MeV. By bombarding a tritiated target with deuterons, the neutron producing reaction has a Q of +17.6 MeV. Both
of these reactions will proceed at fairly low energies and neutron generators using these materials usually operate at
potentials of 50 to 150 kV. The deuterium-deuteron reaction, D(d,n), is:
1

H2 + d d 2He3 + n +3.29 MeV

Since two particles are produced, the Q gets
shared. The neutrons that are produced have an
energy of about 2.5 MeV. The tritium-deuteron
reaction, T(d,n), is:
1

H3 + d d 2He4 + n +17.6 MeV

The neutrons produced have an energy of about 14
MeV.
These remain the principle reactions for
neutron production. A typical laboratory-scale
neutron generator is shown in Figure 5.1. These
will occupy a small room and can be used to
produce neutrons fluxes in the range of 1011
neutrons/sec. There are a wide variety of other
reactions with protons or deuterons bombarding
targets composed of various light elements. In
addition to alpha particle and neutron production,
some reactions will produce gamma radiation. A
few of these reactions will be mentioned later.
Next we will look at some practical applications of
neutrons and some compact devices for the
production of neutrons.
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SHIELDING NEUTRON SOURCES
Like all forms of radiation, neutrons have
dangerous as well as beneficial properties. In this

Figure 5.1 - Potential Drop Neutron Generator

5-3
Copyright 2011, Stephen P. Hansen
No redistribution is permitted.

Reference Number: SF1211

section we’ll look at some considerations with regard to the shielding of neutron sources. Please note, there is nothing
quantitative in this section. If you have any desire to create and play with neutrons, get some expert advice with regard to
hazards and protection.
The properties of neutrons makes efficient shielding a more complicated affair than, for example, shielding from
x-rays. Neutrons have to be slowed down and captured. But this process results in additional forms of radiation being
produced and these have to be addressed as well.
Fast neutrons, the high energy particles that emerge from an accelerator target or from a reactor, are slowed down, or
moderated, to lower energies by placing a suitable material in the path of the neutrons. Hydrogen rich substances are
quite efficient at doing this as neutrons will lose more energy per collision with light atoms than with more massive
substances. Efficient moderators include water, plastics and paraffin. This is why nuclear reactors are immersed in tanks
of water.
This process slows down the neutrons to energies that may only be a fraction of an eV. Neutrons with energies of less
than 1 eV are called thermal neutrons.
Since humans are mostly water, if you are standing in the way of a beam of neutrons, you will have a strong
moderating effect. While this may be of benefit in a heated discussion, it’s not so good with neutrons. The slowing of the
neutrons will cause damage and will induce other nuclear reactions. For example, if a thermal or near thermal neutron is
captured by hydrogen, a gamma ray will be released. The neutrons will have essentially created an x-ray machine inside
your body. Some substances will become radioactive as a result of exposure, causing the release of radiation even after
the source of neutrons has been removed. Aluminum under neutron exposure will transmute to two different
radioisotopes. One, Mg27, releases 0.84 and 1.02 MeV gamma rays and has a half life of 9.5 minutes. The other, Na24,
releases 1.37 and 2.75 MeV gamma rays and has a half life of 14.9 hours. Other materials will have their own unique
characteristics.
So, when considering how to shield a neutron source once the neutrons have been moderated, the tactic is to select a
material that doesn’t become radioactive (or has a very short half life) and emits radiation that is not too penetrating and
is therefore easy to absorb. Boron is an effective material. It transmutes to lithium with the release of a 2.3 MeV alpha
particle, a particle that is easy to stop.
So, a typical laboratory neutron generator might be surrounded by a couple feet of water or polyethylene, a
quarter-inch of boric acid and then some concrete.
The propensity for neutrons to induce radioactivity in other materials has helped them to achieve a rather nasty
reputation. On the other hand, this property makes neutrons very valuable as an analytical tool.
NEUTRON ACTIVATION ANALYSIS
As has been discussed in the previous section, when a neutron interacts with matter, it will usually produce a nuclear
reaction that will result in the release of other forms of radiation. The neutron induced radiation can be in the form of an
instantaneous or prompt effect, or it can be delayed.
Neutron activation analysis, or NAA, is a highly sensitive analytical technique that is used to determine the elemental
content of materials, from the major constituents down to the trace components (often at the part-per-billion level). While
other analytical methods exist, NAA is recognized as the “referee method” of choice when new procedures are being
developed or when other methods yield results that do not agree. Folks who keep track of such things state that about
100,000 samples undergo NAA analysis every year.
NAA is sort of like sonar: you emit some radiation with known characteristics and observe what comes back. With
NAA, you produce a pulse of neutrons which irradiates a sample. The sample becomes activated and then emits
secondary gamma radiations as the excited nuclei in the sample decay. The reaction that is induced and monitored is
referred to as neutron capture and takes the form (n, γ). There are two types of response: 1) prompt radiations which
result when the excited nuclei quickly de-excite (decay) into more stable configurations through the emission of one or
more characteristic gamma-rays and 2) delayed radiations when the reaction(s) yield radioactive nuclei which decay at a
slower rate according to the nuclei’s half-lives. Half-lives of radioactive elements can range from milliseconds to years.
Usually it is the delayed “signature” that is analyzed in the NAA technique. The full name for this is delayed gamma-ray
neutron activation analysis or DGNAA. A complete NAA system includes the neutron source, a gamma radiation
detector, and a catalog of all possible reactions that happen when neutrons interact with various nuclei.
Fields where NAA is used include archeological specimen analysis, biochemistry, epidemiology, forensics and
semiconductor manufacturing technology. In these fields, the samples are usually brought to the analysis facility.
Another significant area for NAA is mineral (e.g. oil and gold) exploration. Here the NAA facility usually has to be
brought to the sample, usually deep down in a bore hole. This precludes the use of bulky lab-scale neutron generators and
has led to the development of a variety of compact sealed accelerators.
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WELL LOGGING AND COMPACT NEUTRON SOURCES
NAA is routinely used in a technique called radioactive
assay well logging. It is a convenient way to determine
what materials exist at what depths in a borehole. To
perform this sort of in situ NAA, the neutron generator
and detectors must be small enough to be lowered into
the well. Figure 5.2 schematically illustrates this type of
apparatus [1].
A variety of compact accelerators have been
developed for neutron production. Common features
include sealed tubes which contain low pressure
deuterium or a deuterium/tritium mixture. At opposing
ends of the tube are the ion source and target. The target
may contain deuterium or tritium gas depending upon the
type of tube.
Figure 5.3 is a cross-section of a sealed tube of this
type [2]. The ion source is of the cold-cathode Penning
variety and the fill gas is a 50/50 mixture of deuterium
and tritium.
The ion source occupies the left side of the device and
its major components include a permanent magnet (36),
pole piece (38), chamber (52), ring anode (50) and grid
structure (54). The target (66) is of the occluded type and
is made of titanium. The titanium reacts with the fill gas
to form hydrides making the target rich in the atoms of
deuterium and tritium. Between the ion source and the
target is an electrode structure (68 and 70) that is biased
slightly negative with respect to the target. This serves to
suppress secondary electrons which are emitted by the
target.
The annular region (44) around the ion source
contains a titanium sleeve and a heater. Since the gas
content of titanium can be modified by changing its
temperature, the adjacent heater is used to regulate the
internal pressure of the tube. This is not unlike the
pressure regulators used in early cold-cathode x-ray
tubes.
EMR/Schlumberger manufactures a neutron generator
similar to this, the main difference being that the ion
source is of the hot-cathode type. The tube itself is about
20 inches long, 3.5 inches in diameter, produces up to 2 x
108 neutrons per second (D-T) or 2 x 106 n/s (D-D) and
costs about $40k, power supply and NRC licensing extra.

Figure 5.2 - Well Logging System. Illustration
from U.S. Patent 4,310,765, W.W. Givens, Mobil
Oil Corporation.

A SIMPLE DEVICE BY GOW AND RUBY

In the late 1960s while I was building my ill-fated van de Graaff neutron generator I discovered an article in Review of
Scientific Instruments [3] about a simple apparatus that did the same thing. The article, Simple, Pulsed Neutron Source
Based on Crossed-Field Trapping, was authored by James D. Gow and Lawrence Ruby of the Lawrence Radiation
Laboratory. It was this article and the discovery of plasma accelerators that stopped my pursuit of traditional potential
drop accelerators.
My version of the device is shown in Figure 5.4. It is essentially a simple discharge tube except that the anode
structure consists of a stack of face magnetized ceramic magnets. As stated by Gow and Ruby:
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Figure 5.3 - Neutron Generator Tube. Illustration from U.S. Patent
4,996,017, D.R. Ethridge, Halliburton Logging Services, Inc.

“The theory of operation of this neutron source evolved from the study of several other crossed-field
ion-trapping devices. Consider the region adjacent to the side of the anode corresponding, forexample,
to the north magnetic pole. An electron born in this region is accelerated toward the anode by the
electric field. The radial component of the magnetic field, acting on the axial velocity thus acquired,
deflects the motion towards the positive azimuthal direction, finally returning the particle to the axial
plane from which it originally came. The force due to the axial component of the magnetic field on the
azimuthal component of velocity is directed toward the axis, and results in a composite motion in the
form of cycloids which encircle the axis. During these excursions an ionizing collision can occur which
releases another low-energy electron and moves the average axial position of the first electron slightly
toward the anode. Thus electrons can be trapped and multiplied in such a configuration of fields.”
The electrons that are on-axis are not trapped by this mechanism but are accelerated into the throat of the magnet
assembly. The throat forms another region of intense ionization. The illustration attempts to show the general appearance
of the plasma in the anode region.
What it all boils down to is that the magnets increase the amount of ionization and also modify the electric potential
distribution through the tube.
Gow and Ruby made two devices. One was like the apparatus in the figure. It could be operated as a steady state
device (typically 100 kV and 2-3 mA) as long as the electrodes were water cooled. Otherwise it would be operated in a
pulse mode using an impulse transformer. Impulse currents could be as high as 15 amperes at an indicated pressure of 12
milliTorr.
The other configuration was double-ended with a cathode on each side of the anode. Only one cathode served as a
neutron emitting target. This configuration minimized heavy electron bombardment at the end of the anode.
Gow and Ruby noted that the device would not pass appreciable currents until a pressure of about 9 milliTorr was
reached, whereupon the current would rise steeply. Best operating conditions occurred from about 10 to 18 milliTorr.
With a deuterium fill and a deuterated target, the source would produce about 108 to 109 neutrons/sec at peak voltages
from 70 to 140 kV.
My device initially was run with air and a roughing pump, powered by an induction coil. Later I added a turbo pump,
hydrogen source and a 5 mA 30 kV power supply. The magnets are surplus and were obtained from American Science
and Surplus (847-982-0870) as part number 3383 and are 2-3/8 inch in diameter, 1/2-inch thick and with a 7/8 hole. The
chamber is an Ace Glass (800-223-4524) cylindrical addition funnel, catalog number 5822-15. At a pressure of around 30
milliTorr it does produce noticeable quantities of x-rays.
Up to this point, all of the devices have involved a beam of charged particles impinging on a solid target. There is
another class of neutron generator which produces the fusion reaction by means of confinement of the plasma. These
range from relatively small devices to large-scale fusion reactors. The next section will talk about a type of device that I
have a certain fondness for. This one doesn’t even require high voltages to make the nuclear reactions go. Instead, the
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apparatus makes use of intense currents and magnetic fields created by those currents to produce very hot plasmas. The
article by Richard Hull that follows this one will discuss another type of apparatus that uses electrostatic confinement to
produce the conditions for fusion. Both of these devices are well within the capabilities of amateurs.
THE DENSE PLASMA FOCUS
Plasma accelerators have been discussed elsewhere in these pages as well as in the first compilation. The creation and
acceleration of dense plasmas became a “hot” topic in the 1950s for such diverse applications as rocket propulsion,
aerodynamics, chemical synthesis, and power generation.
The controlled fusion program, in the effort to develop techniques to create and confine dense plasmas, did a fair
amount of work on plasma acceleration by the J X B force. The simple plasma guns discussed in the issues cited above
work on this principle. In 1964 J.W. Mather discovered a mode of operation of the coaxial plasma gun called the Dense
Plasma Focus. The focus is achieved at the muzzle end of a fast coaxial accelerator (sometimes called a Mather device in
honor of the discoverer) where plasma densities can exceed 1019/cm3 and temperatures may be in excess of a few
thousand keV. The process is fast, on the order of 100 nsec. The focus is actually a pinch effect (in this case a z-pinch as
the pinch lies along the z (length) axis of the device).
The basic elements of a plasma focus device are a capacitor bank, a fast spark gap switch, a pair of coaxial electrodes,
and a vacuum tank. The design has to ensure a fast current rise (low inductance).
The first order description of any specific device is the energy, in Joules (watt-seconds), that is stored in the capacitor
bank. Plasma focus devices have been built in a wide range of sizes from 2 kJ to many tens of kJ. The latter usually
require a good dose of government-scale funding. The former are the right size for teaching, industrial R&D programs,
and hobbyists.
Figure 5.5 is a simplified illustration of my plasma focus device. (These devices tend to be named, like pets. Examples
include unpronounceable acronyms like UNU/ICTP-PFF to friendlier names like NESSI or POSEIDON. Following
custom, mine is tentatively named Mini-F.) Energy storage is a single 10 kV, 60 µF (3 kJ) low inductance, single terminal
capacitor. The accelerator is located directly above the capacitor with the terminal connected to the center electrode
through a triggered spark gap.
In its first incarnation, the center conductor is 7/8" od copper tubing. The outer conductor is 3" id copper tubing. A
critical part of the device is the glass insulating sleeve that surrounds the first inch or so of the inner conductor. It is over
this sleeve that the discharge is initiated. The electrodes are 6" in length.
The operation of the plasma focus device is divided into three phases. Each of these is shown in Figure 5.5:
1. The breakdown phase in which the voltage pulse that is applied across the electrodes when the
spark gap is triggered breaks down over the insulating sleeve. Upon breakdown, a current front is
formed and the plasma lifts off from the sleeve.
2. The axial rundown phase where the current sheath moves down the length of the electrode. The
motion is caused by the aforementioned J X B force where J is the current vector that goes up the
inner electrode, across the gap, and down the outer electrode (assuming a positive center
electrode). Invoking the right-hand rule, the resulting magnetic field, B, encircles the inner
electrode (counter clockwise looking down the gun from the muzzle end) and the force applied to
the plasma, F, is directed to the muzzle. If you are proficient with your right hand, you will note
that if the electrode polarities are reversed, the force vector remains pointed in the same direction.
Therefore, it really doesn’t matter, at least from the standpoint of rundown, how the electrodes are
biased or even if the discharge rings. During the rundown phase, the plasma front will accelerate to
a velocity on the order of 108 cm/sec and the discharge current will reach levels in excess of 100
kA.
3. The pinch phase. When the current sheath reaches the muzzle of the accelerator it collapses toward
the axis due to the geometry of the magnetic field. This collapse creates a small region of high
density plasma just beyond the end of the center electrode. This phase is sometimes more
dramatically described as the radical pinch phase.
A number of factors have to come together to make the device work properly. Significant ones include the geometry
of electrodes, the geometry of insulator sleeve, type of fill gas, pressure of the fill gas, rate of rise of the discharge current
(the steeper the better) and electrode polarity (a positive inner electrode usually improves the focus action).
If the fill gas is deuterium, the conditions in the pinch are suitable for fusion. A modest plasma focus device will
produce about 106 neutrons per pulse at a pressure of 1-5 Torr. The focus is also a strong source of soft x-rays. X-ray
production does not require any specific fill gas, however it tends to be enhanced with heavier ions such as argon or
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neon. This has led to the plasma focus being investigated as an point x-ray source for fine-feature semiconductor
lithography.
The plasma beam does not stop at the muzzle. It continues along becoming fairly homogeneous a short distance away
from the exit of the electrode structure. The composition of the plasma is dependent upon the electrode material and the
fill gas. This has promise in terms of processes for materials modification. For example, with a nitrogen fill, titanium
inner electrode and graphite outer electrode, a wear-resistant film of titanium carbonitride [Ti(CN)] can be deposited on a
substrate [4]. A number of other interesting applications are discussed in a patent assigned to 3M Corporation [5].
Finally, the pinch produces a beam of high energy electrons. These are directed back toward the center conductor. If
the conductor is hollow, the beam will propagate through the tube.
My Mini-F is being built mostly to study x-ray emission and for materials modification studies. There will be more
about this device as I continue to characterize it.
For those who are interested in learning more about small plasma focus devices, references 6 and 7 provide a good
grounding.
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Crossed Field Neutron Source
Steve Hansen

This article originally appeared in Volume 9, Number 3/4.
INTRODUCTION
The previous article provided an overview of neutron generators. I briefly described a neutron and x-ray producing
discharge tube developed by James D. Gow and Lawrence Ruby during the late 1950s [1]. I became familiar with that
device in the late 1960s while I was building my ill-fated van de Graaff neutron generator. This article will begin with a
significant extract of Gow’s first patent (the single ended configuration). Also included is an illustration of his
double-ended version from the second patent. The article will conclude with an update on my device.
EXCERPTS FROM US PATENT 2,967,943
The following is taken from Gow’s US Patent 2,967,943 - Gaseous Discharge Device - issued on January 10, 1961. I
have edited the original to remove some of the phraseology and redundancy common to patent texts.
Introduction
The present invention relates generally to gaseous discharge devices, and more particularly to compact source apparatus
for producing and containing energetic ions and electrons which may be employed to produce copious quantities of
neutrons.
Many gaseous discharge devices are commonplace in the art for producing charged particles which may be employed
for a variety of purposes. Prominent among such devices are various neutron sources wherein nuclear reactions may be
induced by utilizing accelerated charged particles. Heretofore such devices have generally included a charged particle
source, an accelerating region, and a target. More particularly, a linear gaseous discharge column, together with suitable
extraction electrode structure, has been generally employed as the source of charged particles and the accelerating
region is generally provided by accelerating electrodes disposed between the source and the target. Separate electrical
circuits are generally required to establish the discharge, to provide extraction voltage, and accelerating potential
respectively.
Such conventional devices are, accordingly, not readily adapted to use in applications where size, compactness, and
simplicity are requisites. Moreover, in conventional discharge devices, the potential drop across the device is limited, for
example, by anode or cathode sheath phenomena or by electron emission induced by positive ion bombardment of the
cathode. The electric field gradient available for accelerating particles to increased energies within the device is
accordingly relatively low. The ultimate attainable energy of the charged particles within the discharge device, per se, is
therefore seriously limited.
The present invention overcomes the above-noted difficulties of prior art discharge devices by providing a crossed
electric-magnetic field discharge device for producing relatively energetic ions and/or electrons without entailing the use
of auxiliary particle acceleration apparatus which would thereby result in high cost together with a material loss in device
compactness. The relatively high energy particles produced by the device are directly extractable from the discharge for
a great variety of purposes as, for example, bombarding a target of suitable material to produce copious quantities of
neutrons. The invention may also be used as an intense source of X-rays.
Physical Description
Please refer to the figures on the next page. Figure 5.6 is a cross sectional view of the device. Figure 5.7 illustrates the
motions of the ions and electrons in the crossed electric and magnetic fields and the resulting ion beam which impinges
on the target.
Briefly, the neutron source, includes an envelope to provide a housed, low pressure region, containing deuterium.
Ring magnets are positioned at one end of the envelope to establish a magnetic field diverging radially outward. A target
of deuterized material is positioned at the opposite end of the envelope, spaced apart from the magnetic field. An electric
field is also established axially of the region extending through the magnetic field at substantially right angles to the
target. The crossed electric-magnetic field region thus established is effective in ionizing the gas within the low pressure
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region and the resulting ions are accelerated by the electric field to impinge upon the target causing nuclear reactions
which yield copious quantities of neutrons.
It should be understood that other gases may be introduced into the envelope which, with other target materials, can
cause other nuclear reactions. Alternatively, the target may be dispensed with and the invention employed directly as a
source of accelerated charged particles or for a variety of other purposes, e.g. for producing x-rays.
Referring to Figure 5.6 the low pressure region is provided in an enclosure indicated generally at II and including
a tubular cylindrical member 12 to which a suitable electrode 13 is attached. Member 12 is preferably circular in cross
section and is fabricated from a good electrically insulating material which is suitable for high vacuum service, as for
example, borosilicate glass or the like. Pressure sealed attachment of electrode 13 to the cylindrical member may be
accomplished by any one of various common methods for facilitating a glass to metal seal.
As regards electrode 13, it is formed as a cylindrical cup with the open end attached to member 12 to provide an ion
shield as well as electrode structure. It is fabricated from an electrically conducting material which is also pervious to
magnetic fields, i.e., a material such as copper. Electrode 13, in addition, also includes an elongated cylindrical arbor 14
which extends axially rearward from the rear closure face of the electrode to accommodate a hollow cylindrical
.permanent magnet 15 for establishing the above-noted magnetic field. Arbor 14 is preferably provided with a central
axial bore 16 communicating with the interior of envelope 11 to facilitate inlet of gas. However the gas inlet may as well
be provided at substantially any other desired portion of the envelope.
Magnet 15 is mounted concentrically about arbor 14 and oriented with a pole face adjacent the rear closure face of
electrode 13. The magnet is retained in position on arbor 14 by any suitable means of attachment such as by a forced fit.
With magnet 15 so positioned, magnetic field lines are directed longitudinally forward from the pole face through the
front face of electrode 13 to then diverge radially outward in the interior of the envelope.
At the other end of the envelope is attached a second electrode 17 which may also serve as a target holder. Electrode
17 is fabricated from an electrically conducting material, e.g., copper, and is preferably annular in form. Target 13 is
fabricated from a suitable target material, such as deuterium occluded in titanium. It will be appreciated that in some
applications of the present invention other than as a neutron source, e.g., where the discharge device is utilized as a
source of accelerated ions, target 18 is replaced by a diaphragm and the outer face of electrode 17 may be adapted for
direct flanged attachment to ion utilizing equipment. In still other embodiments, as when the device is employed as an
x-ray source, the annular configuration of electrode 17 is replaced with a circular disc electrode structure. For evacuating
the envelope, as well as to control the inlet of suitable gaseous material, a suitable two-way pump-out and gas inlet valve
19 is preferably provided at the end extremity of arbor 14 to communicate with the interior of the envelope through the
central axial bore 16 of electrode 13. One inlet connection 21 of valve 19 is adapted for connection to the inlet port of a
vacuum pump 22, while the other inlet connection 23 of the valve is adapted' for connection to a container 24 of filling
gas.
Energizing of the gaseous discharge device is facilitated by connection of a single power supply 26 with the positive
and negative terminals of the supply being respectively connected to electrode 13 and electrode 17. A longitudinal

Figure 5.6 - Discharge Tube
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Figure 5.7 - Particle Motions in Discharge Tube

electric field is thereby established within the envelope between the electrodes which is negatively increasing in a
direction away from electrode 13 toward electrode 17, and therefore target 18. Power supply 26 may be either
continuous or pulsed, depending upon whether continuous, or pulsed operation of the discharge device is desired.
Operation
It is to be noted that crossed electric-magnetic fields are established within the envelope symmetrically about the axis as
diagrammatically illustrated in Figure 5.7. The electric field, Ez, which is denoted in the figure by dashed lines, is
directed axially forward, from positive electrode 13 to negative electrode 17 and target 18. The flux lines of the magnetic
field, H, which are shown in the figure as dotted lines, extend axially forward from the front face of magnet 15 through
electrode 13 and into the envelope with a small degree of convergence and then diverge radially outward from the axis.
Magnetic flux lines are also established within the electrode bore 16 converging axially rearward from the front opening .
There is thus established in the region of the envelope axially inward from electrode 13 a crossed electric-magnetic field
region 27 wherein there exists a radial component, Hr, and an axial component, Hz, of magnetic field which are
respectively directed radially outward and axially forward, for example, although the sense of the direction is immaterial,
together with the axial electric field, Ez, in the direction and sense previously mentioned. There is similarly provided a
second and independent crossed electric-magnetic field region 28 within the front opening of the magnetic field
established therein due to the distribution of flux lines produced by the annular permanent magnet. The two crossed
electric-magnetic field regions 27, 28 are effective in trapping electrons. In the event a solenoid or a solid cylindrical
magnet is employed as magnet 15, the characteristic distribution of the magnetic flux lines is such as to establish only the
principal electron trapping zone 27 within the envelope. The operation of the device is not materially altered, however, if
the second trapping zone 28 is not established.
With regard to the mechanism by which electrons within the envelope are trapped within the principal trapping zone
27, it is to be noted that the motion of such electrons no matter what their origin includes motion components in an axial
direction and in a direction at right angles to the axial direction and to the radial direction due to the forces exerted by the
radial magnetic field component, Hr, and the axial electric field, Ez. Due to the direction of the electric field, Ez, electrons
in the principal trapping zone 27 are attracted towards the positively charged electrode 13. The motion of an electron of
zero initial velocity moving towards electrode 13, however, is influenced by the radial magnetic field component, Hr.
This component bends the electron azimuthally such that the electron describes a U-shaped orbit on a cylindrical surface
disposed concentrically about the axis of the envelope. Accordingly, when the electron returns to the same transverse
plane of constant electric field potential as its starting point, the electron has completed one reflection in the radial
magnetic field and its velocity again becomes zero. The process then repeats itself, thus forming a succession of such
U-shaped orbits whereby electrons within zone 27 follow paths as designated generally as 29. It is to be noted, however,
that an electron in traversing path 29 is also acted upon by the axial component of magnetic field, Hz. This component
acts on the azimuthal component of velocity of the electron, thus producing a force directed radially inward towards the
axis of the envelope and causing the electrons to circulate about the axis in substantially cardioid fashion. The electron
trapping zone 27 extends outward from the axis within the envelope (electrons on the axis are not trapped) to the point
where the axial component of magnetic fields, Hr, reverses direction. In the direction of electrode 13, the zone extends to
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where the radial component of magnetic field, Hr, becomes zero, and in the direction of electrode 17 to where the field
weakens to the extent that the electron orbits intersect the walls of the envelope.
The energy transmitted to an electron undergoing the above-described motion is characterized only by the ratio of the
strengths of the electric and magnetic fields, provided the initial energy of an electron in zone 27 is considered as being
inappreciable. The average electron velocity under the foregoing conditions is given approximately by the following
expression:

E
v = 10 8 Hx

r

where v is the electron velocity in centimeters per second, Ez is the electric field strength in volts per centimeter, and Hr is
the radial component of the magnetic field strength in oersteds. In the event an electron within the envelope has some
small initial energy, the resulting motion and average electron velocity are not appreciably different from that described
above. Consequently, electrons of relatively low initial energy within the trapping zone undergo a rapid and complicated
motion which is generally typified by path 29 and gain an appreciable average energy in accordance with the above-noted
expression. Moreover, such electrons are constrained to the zone for many oscillations or reflections. Electrons are
similarly trapped within the second trapping zone 28 and gain energy in a manner generally similar to that described
above.
A small quantity of stray electrons which exist naturally at all times within the envelope are consequently trapped as
previously described within the trapping zones 27 and 28 upon energization of electrodes 13 and 17. The stray electrons
are thus accumulated and gain appreciable energy within the trapping zones and thereby comprise a highly efficient
means for ionizing gas entering the envelope. Such trapped energetic stray electrons collide with and ionize atoms of the
gas within the trapping zones and thereby release a new electron and an ion from each atom. Each new electron
commences a cycloidal motion as previously described while the ions, as a result of their relatively large ionic mass and
consequent low velocity, have a relatively large radius of curvature in the crossed field trapping zones 27 and 28 and are,
therefore, strongly attracted axially in the direction of decreasing potential toward electrode 17 as depicted by the typical
ion path shown at 31. As each new electron is released and trapped within the trapping zones, more and more gas atoms
are ionized and the ionization process becomes cumulative resulting in the establishment of an ionized gaseous discharge
within the trapping zones. The ionization per unit of time increases and the discharge increases in intensity until the
mechanisms which are responsible for the escape of electrons from the crossed field trapping zones, i.e., space charge
effects, scattering, and the like, come to equilibrium with the electron production rate by collision with the gas atoms.
In order for the stabilized gaseous discharge to be maintained, a suitable pressure of the filling gas must be established
within the envelope. The filling gas pressure must be within a pressure range the lower limit of which is determined by
there being sufficient gas present for electron multiplication effects due to ionizing collisions to be appreciable. The
upper limit of the pressure range is determined such that the density of gas molecules not be so high as to cause runaway
ionization processes leading to an arc discharge. The foregoing pressure range is influenced by the geometry of the
system and by the particular filling gas employed. For a small device in accordance with the present invention wherein
the filling gas is deuterium, suitable gas pressure is of the order of 15 microns.
As a result of the foregoing, there is established an intense axial ion beam directed axially toward electrode 17. With
the target 18 mounted transversely within electrode 17, the ions impinge upon the target with an energy which is
substantially equal to the difference in electrical potential between electrodes 13 and 17. With the envelope containing
deuterium, for example, whereby the ions are deuterons, and target 18 fabricated, for example, from deuterium occluded
in titanium, the deuterons in striking the target produce copious quantities of neutrons by nuclear reactions between the
deuterons and deuterium. The discharge device may also be operated to produce nuclear reactions between other
elements using one element as the filling gas and the same or another element as the target material.
In order to operate the discharge device as an ion source, it is merely necessary to remove target 18 and substitute a
diaphragm 32 (see Figure 5.7) to provide a transverse termination to the axial electric field, Ez which is pervious to ions.
The energetic ions extracted from the discharge established in the trapping zones are thus accelerated by the electric field
and pass unobstructed through the central opening of the diaphragm constituting electrode 17. The intense energetic ion
beam so produced may consequently be used directly in a variety of ion utilizing equipment, such as particle
accelerators, by suitable communicable flanged attachment of electrode 17 to the vacuum enclosure of such equipment.
The gaseous discharge device may be used for a wide variety of additional purposes. For example, the discharge
device may be utilized as an X-ray source merely by replacing the annular electrode 17 by a circular electrically
conducting front closure disc. The electrons circulating in trapping zones 27 and 28 in the above-described manner
generate intense X-rays in colliding with the gas molecules due to Bremsstrahlung phenomena. In addition, low energy
electrons are produced at the front closure disc in copious quantities by secondary emission due to bombardment by the
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ion beam. Such low energy secondary electrons are accelerated toward electrode 13 by the longitudinal electric field and
are partially focused axially by the magnetic field. As a result of electron impact at high velocity with electrode 13,
additional X-rays are generated due to Bremsstrahlung phenomena.
GOW'S DOUBLE-ENDED TUBE
To be complete, Gow patented a double ended version of the neutron generator tube in 1961 [3]. This is shown in Figure
5.8. A photograph of this version of the device is shown in [1]. Without going into a lot of detail, this double ended
configuration creates a mirror which enhances the ionization of the working gas. A target is only provided at one end of
the tube. The other end serves only as an electrode.
ADDITIONAL COMMENTS
References [1] and [3] provide some detail on the device’s performance. Both of these references are in relation to the
double-ended tube. Some points of interest include:
y
y
y
y
y
y

The voltage range of the tests was from 75 kV to 125 kV. Over this range the neutron yield (D-D)
varied by a factor of about 5.
Neutron production started at a pressure of about 9 mTorr reaching a maximum at about 16-17
mTorr. The tube would begin to breakdown at higher pressures.
At 100 kV and operation with a steady-state (dc) with a current of 3-5 mA, neutrons yield on the
order of 107 per second were recorded.
In pulse mode, it takes about 1 microsecond to establish the discharge. Pulse rates up to 200 per
second were tried. At 12 mTorr pressure the pulse current was on the order of 15 A.
Neutron production in pulse mode was on the order of 10 3 to 104 per second.
Soft x-ray production is significant. Under dc conditions of 100 kV and 5 mA, the measured x-ray
dose was 80 r/hr at a distance of 8 inches from the tube.

As a final note, the pressures noted above are uncorrected ion gauge measurements. Since the reading from an ion
gauge is a function of both gas pressure (molecular density) and ion production rate from the gas, the real pressure for
any given gas will vary from the measured or indicated pressure. Since deuterium has a lower ion production rate than air
(nitrogen), the actual operating pressure of the tube is higher than the above noted values by a factor of about 2 to 3
times.

Figure 4.8 - Double Ended Neutron Tube
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THE EDITOR’S DEVICE
Construction
The building of a version of Gow’s has been on my agenda for many years and I actually started construction about 4
years ago. It’s now moved toward the top of my list (along with refinements of the pseudospark electron beam sources
and continued work with the various incarnations of plasma accelerators) and is getting to the point of my having to deal
with the deuterium gas delivery system and a neutron counter.
I have a several power supplies that are capable of delivering 80-120 kV as pulses and dc so one goal was to
incorporate the provision for water cooling of the anode.
Figure 5.9 shows the device as it now exists. The baseplate is a 6-inch square piece of aluminum plate 0.5 inches
thick. The chamber is an Ace Glass (800-223-4524, www.aceglass.com) Addition Funnel, catalog number 5822-15. This
funnel has been mentioned many times in these pages and it makes a very convenient bell jar type of vacuum vessel. The
large end is beaded. A plastic ring was fabricated from PVC (simple drill press/hole saw work) that serves as a hold down
that secures the funnel and applies sufficient pressure to the bead and Viton gasket to maintain a leak tight seal to the
baseplate. Four 1/4-20 machine screws supply the clamping force.
The anode assembly is at ground potential and the cathode/target are held in the 25mm Ace ThredTM fitting at the
upper end.
The baseplate is through-drilled for the four hold down screws, the anode tube and the gas inlet fitting (1/8-inch pipe
thread). Since my anode assembly is based on a 2-3/4 inch CF nipple, the bottom of the baseplate has six tapped holes for
the flange. These holes are not drilled through.
Figure 5.10 shows the anode assembly. As mentioned, the assembly starts with a 4-inch long CF nipple. Centrally
mounted in the nipple is a length of 1-inch od copper tube. This is not a standard size in copper water tube; I bought this
tubing from Small Parts (800-220-4242, www.smallparts.com). To hold this tube in place, I used two standard stainless
steel shaft collars with the od turned down to match the id of the nipple.

Target (Cathode)

Ace Glass 1500 ml
Addition Funnel

Anode Assembly
with Magnets

Baseplate, Hold
Down & Gasket

as Inlet

Cooling Water
Connections

Adapter: 2-3/4 CF
to KF40

5-16
Copyright 2011, Stephen P. Hansen
No redistribution is permitted.

Figure 5.9 - Author’s Version of the Gow
Discharge Tube

Reference Number: SF1211

Before starting the assembly, a 1/8-inch hole is drilled as shown. This is one of the water channels. Next the copper
tube, nipple and collars are fitted together and soldered with tin-silver solder. The copper tube should project about
1-inch from the lower end of the nipple and about 5-inches from the top (this latter dimension will vary with the magnets
you are able to acquire).
Next, drill and tap two holes in the nipple for 1/8 pipe thread. One of these (the upper one in the figure) also goes
through the copper tube. The other only goes through the nipple.
Before attaching the water fittings, a piece of 1/2-inch copper water tube (5/8-inch od) is cut to the same length as the
1-inch tube and soldered into the latter using 3/4 to 1/2-inch copper bushings. The bushing will fit inside the 1-inch tube
(you may have to do a bit of filing or turning as they are designed for a tight press fit) and around the 1/2-inch water tube.
With the soldering operations completed, attach the water fittings. These are brass 1/4-inch hose to 1/8-inch M-NPT
adapters. Apply some “5-minute” clear epoxy to the threads of the upper fitting and screw it in all the way. The fitting’s
threads will engage with the 1-inch tube if you did everything correctly. The lower fitting is also sealed with epoxy but it
is only threaded in far enough for the water to flow from the space between the nipple and the 1-inch copper tube.
Done this way, if water is injected into the upper fitting, it will flow into the space between the two copper tubes. It
will then flow through the 1/8-inch diameter hole into the space between the larger copper tube and the nipple whereupon
it exits from the lower fitting.
This arrangement is not perfect and would be pooh-poohed by any serious water jacket designer as there’s no
guarantee that the water will flow throughout the jacket. But it’s good enough for this application provided that before
final assembly of the device, the jacket is primed with water (to get rid of any air spaces) and, once primed, the tubes are
arranged so that the water does not freely drain thereby remaking airspaces. Finally, before putting this thing into service,
leak check it. The last thing you need is water squirting into your high vacuum system.
I sealed the CF flange to the flat baseplate with a 3/32 -inch thick Viton gasket cut to the same size as a copper CF
gasket. For the pressures we are dealing with, this works just fine.
The ring magnets can be obtained surplus. A fairly common size has a 1-1/4 inch hole and an od of about 3 inches.
With a typical thickness of 1/2-inch a stack of 4 to 6 of these is fine. I secured the magnets with a pair of steel collars.
The anode shield is made from copper or aluminum. A 3-inch copper cap is fine. I opted to use a stainless steel cup
that was just under the id of the Ace funnel. Be sure to radius and polish the open end of the shield. This will help to
minimize concentrations of electric field which could lead to internal arcing.
Integration with the Vacuum System
Given the need for fairly precise control of the pressure because of the narrow operating range, special provisions are
necessary in terms of the vacuum equipment. First, the leak rate of the gas needs to be controllable and stable. So as not
to repeat, this has been covered elsewhere in these pages in some detail.
An important consideration for proper operation is having a low enough base pressure. While the tube will operate
within the pressure range of a good mechanical pump, you will be very close to the pump’s base pressure and the net
pumping speed will be very low. Under these conditions and at an operating pressure not that much higher than the base
pressure, there will be a considerable background of gas other than deuterium (water vapor and other residuals of air plus
possibly some backstreamed oil).
Therefore it is pretty much necessary to use a high vacuum pump: either a diffusion pump for minimum cost (initial
and long term) or a turbomolecular pump (ultimate convenience and efficiency if you can afford the initial cost and
upkeep).
With a high vacuum pump you get both pumping speed at low pressures and a low base pressure (easily in the low
10-5 Torr range even with the relatively “dirty” construction techniques described here.
My pumping manifold is shown in Figure 5.11. For gauging I have 2 instruments: an ancient CVC Penning cold
cathode ion gauge and a Granville-Phillips Convectron® convection Pirani. The former measures from medium high
vacuum to 25 milliTorr (nitrogen) an the latter measures from atmospheric pressure down to about 1 milliTorr. I also
have a borrowed 1 Torr full scale MKS Baratron® that provides high accuracy measurements down to 1 milliTorr. The
gauges are mounted on a homebrew KF40 fitting that has a pair of added KF16 ports for the gauges.
The purpose of the butterfly valve is two-fold: one, it functions as an isolation valve between the pump and the
chamber; two, in a partially closed position it throttles the pump. Throttling reduces the amount of deuterium that the
system needs to ingest to maintain the operating pressure and it also produces a pressure drop between the chamber and
the pump. This maintains the pump’s inlet at a pressure that is better for its performance.
In my tests to date with air and pumping from 50 mTorr to under 1 mTorr, at first the discharge appears very much
like a typical glow discharge with about a 500 volt drop across the tube. As the pressure gets below 20 mTorr, the voltage
starts to rise and a thin axial beam begins to form. The voltage then climbs to that of the power supply (so far, about 85
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kV). Arcs will form inside the tube if there is residue on the glass or points on the metal components. At lower pressures
the beam disappears and the tube goes dark with no fluorescence indicating that the residual gas has become
non-conducting.
Deuterium
Deuterium is the gas that makes this device go so you must obtain a cylinder of it. I got mine in a reusable lecture bottle
from Cambridge Isotope Laboratories in Andover, MA (800-322-1174, www.isotope.com). A 50 liter quantity of 99.8%
purity gas cost $90 plus $55 for the bottle. (Note, the volume of gas is measured at standard temperature and pressure.
The pressure in the small bottle is about 1000 psi.) I have most of the components for the gas delivery system. This will
be covered in detail once I have it assembled and tested. Basically it will consist of all metal sealed stainless steel
components (to minimize permeation losses of the precious gas) arranged so that the contents of the bottle are
intermittently fed to a small reservoir through a capillary. Before filling, the reservoir will be evacuated through an
isolation valve by a small vacuum pump. Once evacuated, the reservoir will be filled to about 900 to 1000 Torr. A needle
or pulse valve will then be used to meter the gas into the neutron tube.
I opted to use the reservoir as a safety measure to preclude, as much as possible, accidentally dumping the contents of
my lecture bottle. When the pressure in the reservoir drops below a certain level (400 - 500 Torr), the reservoir is
manually replenished. With proper operation, a bottle of D s should last a very long time.
Target
The D-D reaction requires a deuterium containing target. Normally this is done by occluding D2 gas within some
appropriate metal such as titanium. I am going to try something a bit different. Cambridge Isotopes also supplies a wide
variety of deuterated compounds and one that should be applicable is deuterated polyethylene. This is simply normal poly
except that the Hs have been replaced with Ds.
This stuff currently costs about $125/gm (one gm is about 1 cc in volume). Since polyethylene softens with moderate
heat, I’ll attempt to make the target by melting/squishing some hot polyethylene into the matrix of a metal mesh. This will
then be mounted to a liquid cooled target holder.
Radiation Pattern and Detection
When a beam of deuterons hits a Ds target, the resulting neutrons do not spread out evenly in all directions (i.e. the source
is not isotropic). The neutrons are most intense directly behind the target (θ = 0°). This declines by about 60% at right
angles to the target (θ = 90°) where the intensity is the least. Directly in front of the target (θ =180°) the intensity is down
about 20% relative to the intensity at the back of the target.
A key issue is finding out whether the thing is actually producing neutrons. Neutron detection is not as simple as
looking for charged particles where simple Geiger-Müller tubes will suffice for counting purposes. In the case of
neutrons you generally have to detect them indirectly, through another nuclear reaction. Counting tubes filled with BF3 or
3
He are often used. In the case of the BF 3 filled tube, the reaction is
n + 10B d α + 7Li
and the detected charged particle is the alpha ray. For a 3He tube the reaction is
n + 3He d p + 3H
and the detected charged particle is the proton.
In either case the tubes are less sensitive to energetic neutrons such as the ones the D-D reaction produces. This is
because the neutrons speed through the tube without interacting with the counting gas. To increase the sensitivity of the
tube, the neutrons are slowed down, or moderated, to low (thermal) energies, usually in the range of an eV or less.
Hydrogen bearing materials are excellent moderators and examples include water and polyethylene. For the 2.5 MeV
neutrons that the D-D reaction produces, a few inches of water or plastic are sufficient.
In terms of which type of tube to use, there are, of course, tradeoffs. The 3He tube produces a higher output but it is
also sensitive to gamma and x-rays which this neutron tube produces in abundance. On the other hand, the less sensitive
BF3 tube is less sensitive to gamma and x-rays.

5-19
Copyright 2011, Stephen P. Hansen
No redistribution is permitted.

Reference Number: SF1211

To Chamber

Adapter: 2-3/4 CF
to KF40

KF40 to 1/4 NPT Adapter
Tee, Modified

Pirani Gauge or
Capacitance
Manometer

Cold Cathode
Ion Gauge
KF40 Butterfly
Valve

Inlet Adapters for
2 Inch Diffusion Pump

Diffusion Pump

Figure 5.11 - Vacuum Manifold

I have not progressed very far in this area but I do have in hand a surplus 2-inch x 21-inch BF3 tube from Don Orie at OE
Technologies (505-583-2482, www.oetech.com) and he is preparing a set of NIM components for the counting system.
More on all of this later as the project progresses. In the meantime, anyone interested in neutron generators should
register with the Open Source Fusor Research Consortium, a discussion board at www.fusor.intranets.com.
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The Farnsworth/Hirsch Fusor
How a Small Vacuum System and a Bit of Basketweaving Will Get You a Working
Inertial-Electrostatic Confinement Neutron Source
Richard Hull
This article originally appeared in Volume 6, Number 3/4.
SUMMARY
The device that is described in this article is a dual grid, inertial-electrostatic confinement (IEC) accelerator which can,
with various levels of cash expenditures, different included gases, different operating pressures, various applied voltages
and currents, etc. be used as a glow discharge mode “plasma sphere,” a gas diode, an ion multipactor or even a device for
producing nuclear fusion reactions. This article describes the history of the device, the principles of its operation, uses
and construction of a working fusor. Possibilities for further exploration by amateurs is also covered.
INTRODUCTION
This article deals with the basics of a dual grid, spherical focus, inertial confinement, electrostatic, recirculating
accelerator sometimes called the “Farnsworth/Hirsch fusor” in honor of the original developers of this class of device.
The preceding long description belies the ultimate simplicity of the apparatus. Basically, the system being discussed
involves two concentric spherical grids made up of fine wire in a chamber which can be evacuated and backfilled with
gas. One grid is smaller than the other by a factor of about 1:5. The smaller spherical grid is contained within the larger
spherical grid and biased negative with respect to the outer grid. Ions are initially created in the vicinity of the outer grid
and accelerated towards the inner grid. Gas-ion collisions and ionizations occur throughout the volume of the chamber.
Virtually all of the ions created in the area between the outer and inner grids are singly ionized: O2+, N2+, Ar+ and H2O+
dominate in an air ambient.
As the ions accelerate and enter the inner grid structure, most of the ions miss colliding with the inner grid wires and
proceed into the central portion of the chamber. Reaching the center, the ion density increases and, therefore, the collision
rate. Near the center of the inner grid, the ions collide at angles ranging from slight glancing blows to head-ons. In the
process they form a glowing ball of dense, hot plasma. As this plasma is fed with more current at correspondingly higher
grid potentials, the density and temperature of the gas rises as more ions impact at higher velocities. In this volume it is
reasonable to assume that most impacts result in additional multiple ionizations adding many pluses to the ions contained
in the small volume of the plasmoid.
The excess electrons now find themselves in a negative potential well and are ejected violently back into the region
between the grids. Ions also flow out with the electrons in a mixed stream, many recombining and colliding with gas
atoms outside the inner grid forming neutrals in a kinetic stream and ionizing anew. At lower operating pressures, the
ionized gas atoms are thinned out and some actually never interact.
The “fusor” can work in several modes based on the materials used, the gas included in the device, and the pressure of
the gas. Experimental possibilities are endless and the device itself is interesting to watch. At its low end of operational
performance (above 1000 microns) it is working as a conventional glow discharge device but is still more interesting than
a plasma globe. Near the top end of its operational performance curve it can produce neutrons through the D-D reaction.
This performance curve is still not well defined! The large number of variables make for a great research opportunity.
Nothing is particularly critical in the fusor’s physical construction regardless of mode of operation. A good scrounger
with a modest vacuum system that can go to 10 microns should be able to assemble the entire device for under $50.00.
Buying every thing new except for the vacuum system might drice the cost $300.00. With a high vacuum system (10-6
Torr), bell jar or stainless steel chamber, and about $400.00 you can be producing neutrons.
A LITTLE BACKGROUND
The device we are discussing is attributed to Philo T. Farnsworth, best known as the inventor of electronic television. In
the late 1950s and early 1960s he developed this device as a fusion reactor. Dr. Robert Hirsch worked on Farnsworth’s
development team in the mid 1960s and made significant contributions to the device which was patented in June of 1966.
It is the antithesis of classic tokomak “hot fusion” device often touted as our coming energy solution. These latter devices
rely on magnetic compression and containment of hot plasmas. The fusor, here described, relies on simple electrostatic
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acceleration of ions and or electrons and uses inertial confinement of the particles providing the added benefit of
recirculation of the particles. All of this is accomplished in a simple dual, spherical grid system. The concentric focus
reflex diode goes back to the twenties and was first researched by Langmuir and Blodgett. They never used it for
anything other than a common diode. Farnsworth, who was familiar with the electron multipacting process in high
vacuum conditions under rf drive, thought that ion multipaction might be possible in an electrostatically accelerated,
recirculating, concentric focusing system. Electron “multipacting” (for “multiple impacts”) was rediscovered many times
through the years. In this effect, electrons in an ultra high vacuum are emitted from a hot cathode in a simple diode and a
powerful, high frequency oscillation, if timed just right, can reverse the direction of the electrons in mid-flight between
tube elements. The voltage reversal starts the electron beam back to the cathode. As the electrons stop and reverse
direction, the voltage reverses again and the result is an ever increasing energetic knot of electrons held in a small fixed
volume. This effect caused no end of problems in the early days of linear accelerators, radar tubes and other high
frequency vacuum devices as this build up of energy could melt and damage the tube elements.
Farnsworth referred to the system as his “fusor.” He planned on deuterium gas or a mixture of deuterium and tritium
gases which would be introduced into the fusor. There the ionized gas nuclei would accelerate through a small, relatively
transparent inner grid and collide with each other. The collisions would result in fusion reactions producing neutrons and
helium.
Farnsworth’s original concept involved cylindrical grids and never got under way in a material sense until the late
1950s. He changed his concept to a spherical grid system in 1962 (see Figure 5.12). He succeeded in interesting ITT,
which had just purchased Farnsworth Radio, to fund a very small research project to look into this form of fusion. ITT
was always very uncomfortable being in the tube business, much less the nuclear fusion business. Ultimately, in 1966
and with the assistance of Robert Hirsch and other team members, the fusor was capable of producing a flux of 1010
neutrons per second.
The project funding by ITT was pulled in late 1966 due to stockholders and directors questioning the need for an ITT
funded nuclear project! Farnsworth succeeded in interesting Brigham Young University in the fusor and it was run there
as a very small effort until 1969. BYU suspended the project due to the increasing ill-health of Farnsworth. Upon his
death a couple of years later, all note of the fusor was effectively dropped.
The device, which seemed so simple,
disappeared from scientific view until a recent resurrection by George Miley, Robert Bussard, and other researchers. In
the newer versions, the discrete ion sources of Farnsworth as shown in Figure 5.12 have given way to the
aforementioned dual grid and the device is operated as a gaseous discharge (GD) tube as shown in Figure 5.13. (To be
fully proper, the acronym would be IEC-GD.) This further simplifies the device.

Figure 5.12 - The Farnsworth/Hirsch Apparatus for Ion Injection. This version includes an array of guns
which inject ions beams toward the center of the device. The graph at the lower left shows the electric potential
distribution across the electrode structure. Illustration descriptive of prior art from U.S. Patent 5,160,695,
“Method and Apparatus for Creating and Controlling Nuclear Fusion Reactions” by Robert W. Bussard.
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This renewal of interest in the old but elegant Farnsworth fusor is directly related to the failure of hot fusion over the
forty odd years of massive public funding to produce real results. According to advocates, the IEC approach can achieve
success on the ultra-cheap compared to building a tokomak. On the less than grand scale, it is also viewed as a low cost
and low maintenance alternative to the classic beam/target neutron sources that are used for things like activation
analysis.
BUILDING YOUR OWN FUSOR
It will be assumed, due to the nature of this publication, that anyone attempting to build the fusor has a vacuum system
and is at least moderately familiar with vacuum technique. This will obviate any deep discussion around the very basic
vacuum technology involved. It is also noted that the system uses a high voltage power supply and the experimenter must
have an adequate knowledge of the safe and proper use of such supplies.
First, one must obtain a moderately sized vacuum chamber or bell jar and be capable of exhausting it to at least 10
microns. The chamber must have an internal, free spherical diameter of at least 6 to 8 inches. My first system used a
clear, 10" Nalgene (plastic) laboratory desiccator which was purchased for $80.00 from a laboratory supply house. I
currently use a 10" glass bell jar purchased for more advanced work and also have assembled the materials for a stainless
steel bell jar should I choose to get extremely serious.
The usual exhaust port, chamber bleed petcock, and two electrical input lines are needed. I use a Duniway Stockroom
thermocouple gauge attached directly to my chamber interior to monitor the vacuum down to 1 micron. Before going on
to construction, make sure the chamber and all ports are prepared and that the system can, indeed, be taken down to
between 10 and 100 microns with your pump.
Figures 5.15 and 5.16 at the end of the article provide information on the general layout of the system and on the
power supply used on this demo fusor.
The Internals of Your Fusor - Fabricating the Grids
Here is where the basketweaving comes in. The dual spherical grid systems are made up of 308 stainless steel MIG
welding wire 0.030" in diameter. You will require two spherical grid systems: one large and one small. For my system, I
built the large outer sphere 8" in diameter and the small inner sphere 1.5" in diameter. Each sphere requires 6 circles of
stainless wire.
It must be noted that a solid conducting spherical outer shell will work here in place of the outer grid, but to observe
the goings on inside would mean expensive viewports. Also, a fine screen wire inner sphere would work just fine, but it
will increase the loses within the grid system tremendously. The object of the game is to make the inner grid fully form a

Figure 5.13 - IEC-GC “Negative
Electrostatic Well Apparatus.”
Electrons are injected radially inward to
the center of the spherical volume
through a spherical shell screen grid
system. The graph at the bottom shows
the electric potential distribution across
the electrode structure. Illustration
descriptive of prior art from U.S. Patent
5,160,695, “Method and Apparatus for
Creating and Controlling Nuclear Fusion
Reactions” by Robert W. Bussard.
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smooth inner spherical electric field and yet be as physically absent (i.e. transparent) as possible. The inner grid is under
tremendous bombardment by positive ions and heats up rapidly. That’s why its “presentation” cross section must be
kept as close to zero as possible. Super fusor grids are best made from refractories such as tungsten or tantalum wire.
Remember, we want all the real work to be done in the plasmoid at the center and not on our fine wire inner grid.
The whole concept here smacks of Nikola Tesla’s button lamps of the early 1890s where Tesla achieved vaporization
temperatures at the center of special spherical evacuated lamps powered by high frequency currents. He succeeded in
vaporizing diamond, ruby and carborundum with just a few watts of input power.
The best method of closing the “great circles” is by spot welding the circle closed on itself. I had no spot welder and
chose to silver solder the circles. I used jewelers’ grade silver solder which is 90% pure versus the lower purity 30%
industrial silver solder. Even though my method works fine for the demo model/ion multipactor version of the fusor,
some form of fusion welding of the inner grid system is most desirable and demanded on larger systems producing
neutrons.
After I had six large 8" circles made up, I assembled three of them in a globe configuration as “great circles” or
“longitude lines” meeting at the poles with an even 60 degree angle between intersecting wires. I devised a jig to hold
the wires at the precise angle needed while I soldered. I soldered these together at the pole crossings. I now did the same
with the remaining three circles at the equator of the existing globe, soldering at all multiple cross points of all wires. It is
important to clean all flux from the wires as you go.
Tight and rigorous sphericity is not a real issue here and just moderate care in assembly is needed. This demo system
is very forgiving and will work with almost egg shaped assemblies. It is hoped that all efforts will be directed at a good
looking device though.
The above is repeated for the smaller inner spherical grid system. This is a real bear to make as it is much smaller and
the work more confined and exacting.
You should now have two spherical grid systems of reasonable shape. The smaller grid is pretty much finished, but
the larger outer grid requires more work.
I chose to enter my outer grid with the inner grid support structure from the top of the polar region and therefore had
to make another, smaller, 3" ring of wire. This is placed on the large outer grid sphere as a northern latitude line just
below the pole. I soldered this to all crossing wires. I then just clipped out the polar region of the globe leaving a nice
access hole in the top, much like a jack-o-lantern.
The Internals of Your Fusor - Assembly of the Grids into the Chamber
My desiccator had a lip or ridge where the chamber necked down near the bottom. I fashioned yet another ring of SS wire
such that it rested snugly and safely on this ridge or lip. I made a number of measurements and calculations and soldered
four wire struts to this ring and then connected each strut to the outer grid sphere so that the grid was suspended in the
center of the chamber. I next tapped and threaded a 10-32 hole just at the ridge and fed through a 1" long SS screw with
the head and washer inside the chamber which secured the large ring, and thus the globe, to the chamber at this one point.
An O-ring and some vacuum grease were placed on the screw threads outside of the chamber. When tightened down with
a nut, this provided a reasonably gas-tight electrical connection to the outer grid.
My chamber had a nice, hollow, cast, top handle on the upper lid of the desiccator. I now bored and tapped another
10-32 hole here. I took a piece of SS 10-32 “all-thread” about 3" long and soldered a straight 10" length of SS wire to
one of its ends. I then measured, calculated and cut a length of 3/16" od hollow alumina tubing to a length which would
allow the small, inner spherical ball grid to be centered in the big grid system when the top of the dessicator was in place.
Then I pulled the SS wire tight out of the end of the tube and soldered on the small spherical grid. One should make this
small sphere/tube/threaded rod section as tight and unitized as possible with little play or slack. Next I screwed in the
all-thread from the inside of the chamber lid to the outside. Again, I used an O-ring and vacuum grease to seal the exiting
electrode to the chamber, finally tightening it down with a nut. The long, external protruding, threaded rod was now
shrouded with a high voltage porcelain insulator to make an attractive negative terminal connection for the small central
grid.
The chamber lid with the alumina tube and small grid was lowered onto the bottom half of the chamber with the tube
and central grid going through the “polar hole” in the outer grid system which was now fastened into the bottom half.
It must be stressed that a lot of measuring and prefiguring will save alignment problems later on. One must adapt and
improvise based on the particular chamber geometry and materials available.
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OPERATION
What to Expect in your Fusor
Visually, the system is stunning and fascinating. As the voltage is brought up, a light blue spherical plasmoid forms in
the center of the central grid system. Farnsworth labeled this multipacting region of dense plasma a poissor (pronounced
poy-sor). It is an inertially confined plasma. Based on the geometry and alignment of your system, you may see one or
more “bugle jets” blasting out of the poissor into the main chamber area. These are trumpet-shaped ion jets. (See Figure
5.14.) If the power is reduced, a pencil thin electron beam is often seen issuing from the core of the bugle jet. In clean
systems which are carefully built and aligned, at full power the discharge can enter a “star mode” with brilliant rays
issuing from each aperture of the inner grid. This requires a system more carefully constructed and robust than my demo
fusor. But, the principle is the same.
The thin blue electron beam is easily deflected by a magnet and at high exhaustions the beam can prove fatal to a
plastic chamber’s walls. My friend and Dr. Bussard’s assistant, Tom Ligon, made the first little fusor “concept
demonstrator.” His system’s chamber imploded when the polypropylene base softened under electron bombardment at 15
microns of pressure and 20 watts of power. The inner grid in my first fusor glowed red hot at only 2 kV with 60 mA
flowing at 40 microns. One need not be a rocket scientist to realize the poissor’s temperature is much, much higher. The
gas density in the poissor can be 1-3 orders of magnitude higher than that in the rest of the chamber. Robert Bussard’s
fusor produces significant fusion and helium levels at only 20 keV. I had to back off of the power in my little system
after only 10 seconds to avoid melting the silver soldered connections and ruining the inner grid structure. One must take
care to remember that at higher exhaustions the heated inner grid can’t dissipate much heat. Thus, the grid stays red or
white hot long after the power is cut to the grids.
The basic system will work well with only an air atmosphere down around 100 microns. In this mode the ion
recirculation is low, but the particle density in the poissor and multipacting is high. Needless to say, there is no fusion
going on in the air atmosphere exhaustion.
Different pressures bring about entire new regimes of operation. Different fill gases open up even more vistas. At
higher exhaustions, the density of particles in the poissor is lower. Furthermore, due to the increased mean free path, the
recirculation of ions through the grid system is higher. Voltage and current in this region are also interesting to examine.
At 100 microns the chamber may only allow 500-1000 volts across it while drawing over 100 mA of current. At 10
microns, much more voltage at moderate currents are the norm.
Cranking up Your Concept Demonstration Fusor
Connect the vacuum lines and a variable dc high voltage
supply. The negative lead must go to the inner grid and the
positive lead to the outer grid and ground. Avoid a pre-made,
negative grounded supply design. Instead, we must make a
positive grounded supply. Also, I highly recommend a current
limited transformer One might choose a 12 kV, 60 mA neon
sign transformer and use 2 - 12 kV microwave oven diodes in a
full wave configuration for the dc supply. Figure 5.16 provides
details for a workable supply. Never apply full voltage
immediately to the fusor!
Other than for the danger of implosion, the greatest danger
to the experimenter in this project is the risk of electrocution
from the high voltage, high current supply! Be careful!
Leave the power supply off and turn on the pump. Let the
system get to at least 1000 microns before applying power.
When applying power, go slow on the Variac dial and use only
a few milliamps at first. I did this on and off in very subdued
lighting to study the different modes as pressure drops. Initial
outgassing of the chamber may take many hours. It is normal
for some sparkling and sputtering to occur on or around the
grids and alumina tube at first. After a couple of minutes of
higher power operation, this will all disappear. You can hasten
the process by running the fusor to degas the inner surfaces.
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Figure 5.14 - Photograph of Richard Hull’s Fusor
in Action. This shows the inner grid, poissor and
bugle.
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This sends the pressure upward, but after a few minutes it starts to drop, with the pump still running. Turning the fusor
power down or off after a few minutes of on time will have the pressure plunge to new lower levels. Be real careful about
full power runs. Limit them to just a few seconds until you get a feel for the operation of your particular system.
As you operate your system, the walls of the chamber will turn brown due to sputtering of the inner grid metals and
other compounds. An occasional take apart and cleaning of the inner walls will keep the system transparent and clear.
FUSION
For neutrons and fusion, a much more robust system is demanded. To fully clean the system of residual gases, an initial
base pressure of around 10-6 Torr is necessary. A leak valve is then used to backfill the chamber with deuterium to a
pressure in the range of 1 to 10 microns. With tolerable equipment and a will to do, fusion is an easy thing to achieve.
The simplest of neutron detectors would consist of some indium foil hung in paraffin or water to slow the neutrons.
The indium foil activates and decays rapidly while emitting gamma-rays. With a good Geiger counter and a bit of math,
the neutron flux can be estimated.
Most of you who ultimately might want to make neutrons will not make a fusor so efficient that it will be dangerous
for short term exposures. Nonetheless, you should not forget that this is a nuclear device. Take precautions appropriate
for what you are doing.
Deuterium gas is easy to obtain locally. I called up a local welding gas supplier and obtained my 20 liter lecture bottle
of 999 pure deuterium for about $150.00, delivered. This is a huge quantity of deuterium and should last the
experimenter many years. Naturally, proper gas regulators are needed for the bottle to avoid the quick release of the 700
psi cylinder gas. Remember, this is hydrogen and it is very explosive when mixed with air. Admit the gas only through
fully evacuated lines. This arrangement is left up to the experimenter.
One immediate use for the fusor has been investigated. This is as a quick and easy neutron source for teaching and
research where a reactor or fissile materials are out of the question. Whether you build no farther than the concept
demonstrator, ion multipactor, or make a true neutron, D-D fusion device, You will have an enjoyable time investigating
the fusor.
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UPDATE
As this issue goes to press, Richard has built another small fusor, this time in a 6" Pyrex bell jar. The outer grid is 5.5" in
diameter, fabricated of 304 stainless. The inner grid is 1" in diameter and is made of 0.024" tantalum which can
withstand very high temperatures. The grids are spot welded with a home made resistance welder thereby overcoming the
temperature limitations of silver solder.
At 10 microns the discharge nears extinction at 5 kV. The current is 30 mA. Under these conditions the poissor is no
bigger than a pea.
The next iteration will use a 10" Pyrex bell jar and that will be the one in which neutron production will be attempted.
- Ed.
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Notes
1. The above diagram is meant only as a guide to show a general arrangement of the necessary components.
2. The gas inlet may be omitted in the simple ion multipactor or concept demonstrator. However, it is
necessary for the admission of other gases, mixtures of gases and for pressure control.
3. The high voltage feedthrough must support the desired voltage. For the ion multipactor, ths will rarely
exceed 3 kV. For neutron production, much higher voltages are required. Care must be exercised to
electrically shield (insulate) the inner grid metallic support structure so that ions will not bombard
that portion of the apparatus.
4. In the neutron producing fusor it might be necessary to include a filament or other source of electrons
to ionize the deuterium at low pressures. This filament should be placed just outside of the outer grid
system and biased slightly positive (~200 volts) with respect to ground or the outer grid system.
5. In the neutron fusor, the inner grid and its support tube can approach incandescence. The grid should be
made from tantalum or tungsten wire and be fusion or resistance welded.

Figure 5.15 - General Layout of the Fusor
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Notes
1. The above system demands a current limited (neon sign type) transformer. Used transformers can be
obtained from local neon sign shope, hamfests and electrical junk yards. The transformer must have two
high voltage knobs or terminals with a case center tap. Single terminal transformers (case return)
transformers cannot be used in the above schematic.
2. The positive leads of the capacitor and ammeter are connected to the metal case of the transformer.
The location of the ammeter in the circuit keeps it essentially at ground potential.
3. The variable auto transformer is a small 5 amp 120 volt unit. These can be obtained used for about $20.
4. The meters are made from common 100 µA movements. Shunt (ammeter) and series resistor (voltmeter)
will have to be added to make their ranges coincide with the experimenter’s needs.
5. Connect the ac mains (wall outlet) ground connection to the output of the supply, positive lead. This
connection also grounds the outer grid of the fusor and the external metal parts of the vacuum
chamber. DO NOT ground the transformer case. It receives its ground through the ammeter. If you
ground the case, the ammeter will not work.
6. CAUTION! This supply is lethal. Be very careful. Allow at least 2 minutes after shutdown before
touching any connections. Make sure that the voltmeter reads zero. Do not omit the 10 meg bleeder
resistor. Unplug the supply and short its output when working on chamber wiring. If you get shocked
with this supply, it may not be your first but it might well be your last!
Figure 5.16 - Power Supply for the Demonstration Fusor

5-28
Copyright 2011, Stephen P. Hansen
No redistribution is permitted.

Reference Number: SF1211

More on Richard Hull’s Fusor
Two updates from 1998 and 1999
Richard Hull

This article originally appeared in Volume 7, Number 2.
The fusor is going very well and I am indeed getting neutrons albeit small numbers due to the limitations of my vacuum
feed through insulator on the 6-inch chamber (20 kV max.). The 10-inch system is about to be assembled.
I just finished my plus ultra fast neutron detector with the Bicron detector. Calibration and alignment are next. I also
had four 316L stainless hemispheres custom spun in 0.090-inch thickness by Maryland Metal Spinning and hope to
assemble a bakeable fusor as time and money permits.
I am now poor due to the purchase of a brand new Lincoln Synchrowave 175 TIG welder. I have become very adept
at basic stainless welding with it. It is incredible what that sucker can do on stainless and the beautiful joints that it
makes. I am no expert, but have really stuck a lot of stainless scraps together.
I have finished my deuterium gas manifold with precision leak. I took the whole system up to Tom Ligon’s work
location in Manassas, Virginia and spent a day there. We used his company’s new Ocean Optics (1237 Lady Marion
Lane, Dunedin, FL 34698, (813) 733-2447, http://www.oceanoptics.com) PC-based spectrometer to check out the H-Beta
(hydrogen beta) line, about 486 nm) of the deuterium poissor inside the inner grid.
The little spectrometer has a very narrow 10 µ slit and 2400 lines/mm grating. This spectrometer, as configured, has a
90 nanometer bandwidth and is not very light sensitive, but all this was traded off for 0.01 nm resolution. The little model
2000 interfaces beautifully to a standard CPU with its accompanying DOS software. It displays an expanded scale from
483 nanometers to 489 nanometers across the entire screen. It graphically shows the peak intensities and wavelengths.
Tom already had the thing centered exactly for the H-Beta line for his own investigations. The detector input was a
fiber optic cable mounted outside the bell jar pointed at the poissor. The cable feeds to the spectrometer which is a small
modem-sized box with all the electronics and optical path material located inside. From the box, a cable goes to an A to
D data acquisition card in the CPU which the software queries and drives.
The only peak in this region was dead center on the H-Beta line, just as the doctor predicted. The high spike was
broadened at the base due to the acceleration voltage since the ions both stream towards and away from the detector
(red/blue shifting). The Doppler broadening bears a simple relationship to the velocity of the ions: center wavelength/∆
wavelength = velocity of light/∆ ion velocity.
We, of course, solved for the ∆ ion velocity. We got about 15-17 angstroms of broadening due to the ion velocities.
We halved this due to the comings and goings (red/blue shifting) being for the most part isotropic. Using the resultant
velocity and back figuring based on the mass of the deuteron (EK = 1/2mv2) we arrived at the kinetic energy in ergs and
converted directly to electron volts and viola!: 3.6 kV which was within 3% of the applied voltage on the fusor.
This was a nice verification of the physics involved and the superb accuracy of the little $2000 spectrometer. I’ll add
that while I was there I saw several larger fusors that are pumped continuously to UHV base pressures.
For helping to verify the value of the new instrument, Tom’s boss ordered him to take me out to a good steakhouse for
dinner at the company’s expense.
My own fusor has been taken up to no more than 12 kV where some few hundreds of neutrons/second above
background were counted. No x-radiation has been detected: the x-rays are weak and are attenuated by the bell jar’s thick
glass. Before going to higher voltages I will have to install a shield as penetrating x-rays will become a problem.
I am also still building a powerful (3 kW) high voltage variable dc supply for the future neutron work.

This article appeared in Volume 8, Number 3/4.
Richard Hull continues with his inertial electrostatic confinement (IEC) fusor program. Richard writes: “Here are three
pictures of the latest fusor (Fusor III) setup.
“The first photo (below, left) shows the entire setup. The lower shelf holds the high voltage power supply and 6 cfm
Precision belt drive pump. The upper deck shows the main power controller and the turbo pump controller (not in use
yet) on the left. Moving to the right you can see the Victoreen/Nuclear Associates neutron detector, then the fusor body
and the photon counter system for the proton recoil detector.
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“The vacuum system now includes a
Micromaze trap from Kurt J. Lesker
Company. The Micromaze (this is a
special molecular sieve trap and
Richard’s application is much as
described in the article High Vacuum
with Mechanical Pumps in Vol. 8,
No. 2 - Ed.) is fantastic and allows
my mechanical pumped system to
regularly hit 10-4 Torr!
“The Micromaze is fairly expensive
and requires two good vacuum valves
immediately on each side of it for yet
more expense. However, in that same
breath, I must admit it is so very easy
to use when configured as stated. It
allows a common pump to easily
provide a vacuum that plunges
rapidly way below 1 micron. 0.1
micron is easily hit provided the
chamber has been thoroughly
outgassed. On a long term seal-off,
and using the pump to just “touch up” the vacuum at intervals, and adding the fusor’s natural tendency to glow clean like
an ion pump action, I have recorded pressures in the 5x10-5 range! The key to the process is a long bake out of the
Micromaze upon placing it in the system (it comes already with the integral heater installed.). During the bakeout, you
must leave the gas ballast wide open for the entire long pump run and bakeout. If it is left closed, all of the nasties in the
Micromaze will foul the pump oil terribly. After bakeout (3 hours) the heater is turned off and the pump is left on with
the gas ballast still wide open as the Micromaze cools. When cool or at ambient, the ballast can be closed and the pump
run for just a few more moments. The whole thing is, of course, valved off and left that way until the vacuum needs a bit
of touching up with the pump.
“I would highly recommend the Micromaze for those who must have a reasonably clean 1 micron or better vacuum
and don’t want to fiddle with a diffusion pump, water cooling, LN2, old fashioned molecular sieves, etc. With a diffusion
pump, it should afford about an order of magnitude deeper end pressure if kept clean via more frequent bakeouts.
“The secret is in the careful attention to valving as time goes on. Using good technique and not repumping one’s
chamber from air regularly, you can avoid another bakeout for a long, long time. Years according to some users.
“I have never had to re-bakeout mine and I have had the fusor up to air on three occasions since I did the original
bakeout a year and half ago. The big thing is no mess and you don’t have to worry about zeolite or zeolite dust inhalation
by the mechanical pump. I can tidy up the vacuum
and valve off the fusor now and come back in a
week and the TC roughing gauge is still zeroed on
the fusor side of the Micromaze!
“The higher neutron levels of late I attribute to
the cleaner vacuum the Micromaze allows. (More
D2 molecules per unit volume at a given pressure as
opposed to oil and H20 infestation).
The first photo also shows the copper flex line
that couples the Micromaze assembly to the fusor’s
chamber. This stuff is great! I had to have the flex
connection to allow for a slightly variable disconnect
with bolted components which might not return to a
close enough (!0.1 inch) alignment for rigid
connectors. The item is actually a sink flex water
hose section found at our local Lowes mega
hardware mecca. The cost was $7.90. I cut of the
oddball plumbing fitting at the ends and sawed the
pipe to length then silver soldered a KF25 on one
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end for the micro maze Norcal valve and a KF16 on the other
for the fusor. (Fusor IV will be all KF25 stuff) The line is not
all that flexible, but does allow for a half inch or so
re-alignment once formed. I annealed it carefully after the
weld operations, prior to conformal bending.
“The picture at the upper left is a close-up of the fusor and
the deuterium supply. Below is a shot of the TV monitor
screen showing the star discharge within the fusor.
“Concerning the neutron yield, I am up to 105 neutrons/sec,
but have hit a ceiling here and am working on Fusor IV now
which will have a hot cathode and dual grid system.”

IEC Update
Fusor Commercialization and New Applications
Steve Hansen
This article originally appeared in Volume 9, Number 2.
A fair amount of space has been allocated in these pages to the inertial electrostatic confinement (IEC) “fusor” neutron
generators as originated by Philo T. Farnsworth and Robert Hirsch in the 1950s and 1960s. Richard Hull has done an
impressive amount of work on a series of amateur level (I say that in the best possible way) fusors and the reports on
these are in the previous sections. The literature states a number of applications for IEC devices including:
{
{
{
{
{

For university laboratory experimentation with fusion.
Detection of impurities in high quality alloys.
Mineral quality analysis in coal, cement and similar industries.
For detection of contraband at airports, bus stops, train stations, etc.
For detection of nonmetallic antipersonnel land mines.

Richard’s fusors have been designed to produce neutrons through the fusion of deuterium. One recent professional
worker in this field is George Miley, Professor of Nuclear and Electrical/Computer Engineering at the University of
Illinois, Urbana-Champaign Campus. I first ran into Miley’s work through a paper presented at the Third International
Conference on Dense Z-Pinches [1].
Since that time the University of Illinois has licensed the technology to Daimler-Benz Aerospace through Rhombic
Corporation’s (www.rhombic.com) Rockford Technology subsidiary. The product is now called the FusionStar IEC-PS-1
neutron generator. A recent press release states:
Astrium Space Infrastructure Center Trauen FusionStar IEC-NS1 neutron generator uses the
spherical Inertial Electrostatic Confinement principle to produce a stable fusion grade plasma target.
Deuterium-Deuterium collisions of beam-beam and beam-background ions occur to yield 2.45 MeV
neutrons which escape isotropically.
The advantage over the conventional neutron generator technology is much longer life and lower
life-cycle costs.
The neutron generating IEC reactor chamber is a robust vacuum-sealed steel vessel containing a
very robust electrode and high voltage feedthrough assembly plus a getter pump deuterium reservoir.
The operational parameters are flexible and few. Control of the neutron output is automated and readily
adjustable.
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Reported results to date include:
{
{
{
{
{
{
{
{
{
{
{
{

5 x 106 neutron/sec (D-D) 2.45 MeV continuous
D-T 14 MeV option - demonstration in preparation
Isotropic neutron source
Continuous, stable, non-pulsed adjustable output
Pulsed mode operation to 100 Hz with user defined duty cycle and wave form.
Compact, transportable and quick setup
Automated Operation - no pilot training required.
Accepts external computer connection.
Plasma target - no solid target to erode.
Low cost refurbishment
Multi-year shelf life
10,000 hour or perhaps more operational lifetime between refurbishment (life test demonstration
was at 1000 hours on May 25, 2000...and it is still running fine!)

Researchers at Los Alamos National Laboratory have identified some issues with the IEC devices including:
Multiple Potential Well Formation: Further study is required to understand potential well formation
and the scaling of such formation with ion current, energy, etc. This is the central key to developing
IEC technology for advanced applications beyond that of small scale neutron activation analysis.
Scaling of Reactor-Power with Current: Operation with present IEC devices is in the mode of linear
scaling of neutron output with cathode-grid current. It is believed that too high of a background
operating pressure is truncating ion confinement, preventing the formation of deep, multiple potential
wells. Construction of next-generation IEC devices are needed to reduce background neutral gas
pressure, increase ion injection currents, so as to measure reaction rates as a function of cathode-grid
current.
Power Conversion: Given the advantage and possible use of advanced fuels, such as D-3He and
p-11B, research is needed to develop a conversion scheme that will allow for high efficiency extraction
of useful energy from the IEC device.
Cathode Grid Life Expectancy and Efficiency: It is unlikely that present-day cathode-grid
technology is sufficient to make a grid that can contain a Q > 1 IEC plasma. Investigation is needed to
optimize grid design, or even to see how to eliminate the cathode-grids altogether.
It is interesting to note that at least a couple of these research areas are within the capabilities of a determined amateur
experimenter.
IEC DEVICES FOR PROPULSION
The coverage of IEC devices in this publication has pretty much been confined to neutron generation. Miley’s team has
also been working on a number of other configurations and applications [3] including acting as a source of visible and
UV light flashes, cylindrical geometry IEC devices, tunable x-ray sources, and as a propusion source for spacecraft.
A recent article (unpublished, I believe) entitled Experimental Investigation of Unique Plasma Jets for use as Ion
Thrusters by J.H. Nadler, E.D. Yoder, and C. Hunsicker of Richland Community College (Decatur, Illinois) and G.H.
Miley discusses this application. The abstract follows in full:
Recent experimental results suggest the possible use of an Inertial-Electrostatic Confinement (IEC)
device as a low-power, high specific impulse satellite thruster. An IEC device, when operating in what
has been coined “Halo mode,” produces a unique plasma jet that could be used as a highly efficient
source of 5-keV mono-energetic ions. If operated with heavy, noble gases this device could provide
efficient, high specific impulse. This paper describes the results of the initial characterization studies of
the IEC in Halo mode.
A series of experiments was conducted on an IEC device with a 30-cm diameter vacuum vessel, and
a 6.4-cm diameter cathode-grid with a 1.9-cm hole constructed on one side. Consistent, stable operation
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was observed for both argon and hydrogen gas over a wide range of pressures and voltages, producing
a single jet out of the enlarged hole. A number of voltage vs. current curves were made for a bias post
that was placed in the path of the plasma jet.
Analysis concludes that the plasma jet has a sufficient electron population suitable for generating a
substantial ion jet.
While I havn’t yet located a copy of this article, a fair amount of detail is included in US Patent 6,121,569, Plasma Jet
Source using an Inertial Electrostatic Confinement Discharge Plasma. This patent was issued on September 19, 2000 and
the inventors are George H. Miley, Yibi Gu, Blair P. Bromley, Jonathan H. Nadler and John Sved.
The remainder of this article is excerpts from this interesting patent. The full patent document is 21 pages in length
and includes, in addition to the propulsion concept, other applications for plasma jets.
Abstract
An electrostatic ion jet source design, based on inertial
electrostatic confinement technology. According to the
invention, the inertial electrostatic confinement jet source
employs a configuration that is compatible with the generation
and acceleration of ions within a vacuum chamber. The device
uses a unique spherical configuration, enlarged hole grid,
channel guide grid and electron production/confinement
method. The prior art designs have to produce a small diameter
jet. Virtual cathode formation in a high-density region,
combined with a locally distorted cathode grid potential field,
extracts accelerated ions in an intense quasi-neutral ion jet. The
device ejects matter with a jet form for use as an industrial
plasma spray, industrial material processing, waste treatment,
welding or cutting materials, or for plasma vapor deposition.
The invention also concerns a device that can provide a
propulsive thrust force for spacecraft propulsion, particularly
an ion jet thruster, which uses an inertial electrostatic
confinement design having a discharge plasma for generating
ions that provide thrust when accelerated and expelled from the
device in the plasma jet.

Figure 5.17

Description
One geometrical form of the device is spherical and is seen in Figure 5.17. This device may be broadly viewed as an ion
accelerator with a plasma target. In a neutron-generator embodiment, deuterium-deuterium or deuterium-tritium fusion
reaction takes place in the plasma target and produce energetic neutrons. The device acts as a simple spherical plasma
diode, having a ground potential on the outer sphere and a negative potential on a nearly geometrically transparent inner
spherical grid. The spherical inertial electrostatic confinement device 10 is illustrated in Figure 5.17, where a conductive
vacuum chamber 11 is connected to a ground potential at contact 17. The device has a cathode grid 12 which defines a
small sphere within the chamber and has a grid design that provides a high geometric transparency. In operation,
however, this grid design has an even higher effective transparency, due to the effect of a concentration of ions into
“microchannels,” as subsequently described. A source of electrical power 14 is connected by a high voltage electrical
feed-through to the internal cathode grid 12. The voltage has a negative value, thereby providing a bias between the
relatively positive walls of the vacuum chamber and the central grid area. Gas is introduced into the vacuum chamber 11
by a control valve 15 and is evacuated by a pump 18. Other gas storage and pressure regulation such as getter pumps
which are well known may be utilized depending on the specific functional and utilization requirements of an IEC device.
Upon application of a potential to the cathode grid, for certain grid-configuration designs, combined with appropriate
grid-voltage, gas pressure and gas type, high-density ions and electron beams will form within the IEC device initiating a
“star” mode of operation. In this mode, high-density, space-charged neutralized ion beams are formed into microchannels
that pass through the open spaces between the grid wires. As the ions avoid contact with the wires, this mode increases
the effective grid transparency to a level above the geometric value. Thus, these microchannels significantly reduce grid
bombardment and erosion and increase power efficiency. For conventional star mode operation, the grid and
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microchannel beams are symmetric so that a convergent
high-density core develops. In this configuration, the IEC
device serves as a valuable source of neutrons or protons.
The basic principles of the IEC device have been extended
to the generation and channeling of a plasma jet out of an
opening in the vacuum vessel in order to create a thrust. It has
been determined that by enlarging at least one of the grid
openings, a very intense, tightly coupled space-charge
neutralized plasma jet will be created and directed outward
from the central core plasma region. The jet formation is the
result of a large distortion of the electric potential surface at the
enlarged grid opening. The resulting local potential gradient
initiates electron flow which then drags ions out across the
surface. The result is the formation of an intense space charge
neutralized beam at that location.
The IEC thruster produces ions in the gas discharge region
through the ejection and oscillation of electrons about a guide
grid that is held at a slightly positive voltage. A central
negative grid extracts ions from the discharge region and Figure 5.18
accelerates them towards the center of the device. The “Tstar”
mode, when initiated within the IEC thruster vessel, confines accelerated ions until they are diverted out through the
plasma jet opening. With this approach, a majority of ions are able to escape the core region through the plasma jet at full
acceleration. Thus, the local potential gradient perturbed “star” mode provides an efficient method to store and direct
energetic ions.
The design of an IEC jet source is shown in Figure 5.18. The source 110 is comprised of a spherical vacuum chamber
111 with a small hole 112 formed in one side. A spherical electrode grid 113 constructed of wire or vanes with their
planar axes intersecting at the spherical electrode centroid, which are made of high temperature, high electron emissive
material such as tungsten or tantalum, has a geometric transparency of greater than 90%, is mounted inside the chamber.
The grid also may be formed of a plurality of vanes joined together in a geometric pattern that provides a thin profile
when viewed in a radial direction in order to achieve a high geometric transparency. The grid serves to define a central
volume that confines a plasma, formed of generated ions, and provides an ion stream that becomes the plasma jet. A
second hole 114, approximately the same size as the first hole, is formed in the side of the wire grid 113. This hole 114 is
aligned with the hole 112 in the chamber wall and is connected to it by a cylindrical “guide” grid 115 having a diameter
similar to that of the two holes. The cylindrical grid 115 creates a channel in the electrostatic potential distribution,
through which ions can escape at their maximum kinetic energy in a jet 117. The electrostatic potential variation is shown
in Fig. 3. An insulator 118 covers the grounded wall of the chamber 111 and must be sized to prevent arc-over from the
grounded vessel wall to the cylindrical grid 115. As seen in the Figure, this high-voltage insulator has a spherical shape
and covers the outer ground wall in the region near the hole through which the plasma jet exits the device. The
high-voltage insulator also lines the inside of the hole 112 through which the plasma jet passes. The insulator maintains
the electric potential difference between the negatively biased cylindrical grid cathode, the outer ground sphere and the
electron guide grid. The device also uses insulated support structures to hold the electron guide grid, spherical cathode,
and cylindrical grids in place. Inner electrical grids 113 are connected to a power supply 119 through an insulated feed
through cable 120. The cable and connectors (unnumbered) comprise a high-voltage feed-through insulator systems
which allows electrical power at a high negative voltage to be sent to the inner cathode 113, and electrical power at a low
positive voltage to be sent to the electron guide grid 116. A positively charged outer electrical grid 116, which is
connected to a power supply 126 (for example, 10-1000 V) and is positioned to be concentric with and near the grounded
sphere 111, in combination with electron emitters 121, will generate ions. The intermediate spherical grid-like structure
116, which lies between the inner cathode and the outer ground sphere, is highly transparent to ion and electron flow and
is biased to a voltage positive relative to the ground sphere potential. This structure is an electron guide grid which
effectively increases the path length of electrons and enhances the ionization rate of the background neutral gas into
plasma. As seen in Figure 5.19 the sphere of the electron guide grid does not extend over the entire device. A section of
the electron guide grid is cut out near the plasma jet hole through which the plasma jet escapes the device. The voltage on
the outer grid 116 must be selected to optimize ion generation, and may be in a range of -0.1 kV to -30 kV, and may
operate with an electrical current of 0.005 to 2,000 amps. The accelerating voltage must be kept at a level (e.g., 1 kV) to
ensure that the resultant exhaust velocity will be close to a desired level (e.g., 30,000 m/s, where the specific impulse is
less than 3,000 seconds). A gaseous propellant 122, which may be xenon or other comparable material, is bled into the
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chamber through holes 123 at appropriate locations around the
wall of the vessel 111. The presence of a neutral gaseous
propellant in the chamber will be maintained at a gas
propellant pressure between 0.1 and 20 mTorr. The entire
gas-feed and ionization system will be optimized to minimize
the loss of neutral propellant during operation.
The key issue is to ensure that the plasma jet substantially
fills the vacuum vessel opening used for its escape. In that
way, leakage of neutral atoms around the edges of the jet is
greatly reduced. Electron emitters 125 are attached close to the
jet discharge hole 114 to ensure complete neutralization.
Additional electron emitters are situated on the inside of the
device, attached to the outer ground sphere, with the emitter
coils/guns positioned in the space between the wall of the
outer sphere and the electron guide grid 116.
As seen in Figure 5.18, a central core 128 is the location of
highest concentration of the ions and acts as the source for the
plasma jet 117 that is emitted by the source.
Figure 5.19 illustrates the electric potential along the IEC
thrust axis. It can be seen, moving from left to right in the
figure, that the voltage is at the vessel wall 211, due to its
connection to ground, and rises as it approaches the positively
Figure 5.19
biased electron guide 222. However, further movement toward
the center of the device will show a sharp reduction in the voltage towards a minimum at the negatively biased
accelerating grid voltage V (AG). Within the center of accelerating grid, the voltage again becomes positive, peaking at
the center and falling off to a steady state level along the plasma jet path 216 within the cylindrical grid 215. Potential
well theory predicts formation of a second virtual cathode at high ion currents.
The IEC source that has been disclosed would use a propellant comprising xenon, having a molecular weight of 131.3
amu. This gas is selected because of its relatively high mass combined with its ease of ionization, but substitute gases
such as cesium, argon, hydrogen, helium, methane, deuterium, and even nitrogen may also be used. Where a
carbon-based gas such as methane is used, the jet may contain microparticles, such as fullerenes. As seen in Figure 5.18,
the vessel 111 itself may be made of a conductive material such as stainless steel, while the electron guide 116, the
accelerating grid 114 and the cylindrical grid guide 115 may be made of materials such as stainless steel, tantalum,
tungsten molybdenum or vanadium having characteristics such as high melting point, high secondary electron coefficient,
low electrical resistivity, high thermal conductivity and low sputtering yield. Non-conductive vessel materials also may
be used, but additional grids are required.
On the basis of a -1 kV source 119 and a +100 V source 126,
the device may develop a specific impulse of 3,000 s with a
thrust of 34 mN and a jet power of 500 W. With these voltage
values, the net accelerating potential would be approximately 600
V with a beam current of approximately 800 mA and an input of
approximately 750-800 W. Evidencing the large effective
transparency, the power loss to the grid is less 50 W and the
power loss to propellant ionization is approximately 200-250 W.
As a result, the overall thruster efficiency would be
approximately 60-70%. Because the IEC device has a much
greater effective transparency than planar electrostatic ion
sources or thrusters, due to the coarseness of the grid wire or
vane spacing and the formation of microchannels, the power loss
to the electrical grids is lower, even with multiple ion circulations
through the IEC device before expulsion through the jet. The IEC
device will have higher densities and temperatures in the central
core plasma than those that are encountered in planar thrusters,
but the corresponding increase in radiation losses due to the
higher bremsstrahlung rates under these conditions will still be
Figure 5.20
negligible. Thermal radiation losses are expected to be
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comparable to those of planar plasma devices. In the IEC
thruster, ions and electrons are recirculated before being
ejected, and the ionization region is more effectively
localized with the multiple grid system, providing better
efficiency for the energy expended per full-speed exhaust
ion. In consideration of these factors, the energy expenditure
per ion (power loss from ionization of the propellant) is less
than the estimated 300 eV per ion for planar thrusters.
Figure 5.20 is a photograph of the star mode which is
present in an IEC device. This illustration shows the
development of microchannels through the central grid
openings, the microchannels extending from the central core
region through the grid to the vessel walls. The combination
of pressure, volume and current parameters, and grid design
will give sufficient local perturbation of the electric field so
as to cause ions to deflect into channels. Such perturbations
are achieved by a grid hole size that provides openings which
cover a significantly larger portion of the total area of the
grid sphere. Self-field forces further aid in constricting and
maintaining the ion beams. As explained in the above
referenced pending applications, for the spherical design, the
Figure 5.21
ratio of the height of the grid opening surface of the sphere
surface and sphere radius R.sub.c determines the degree of
depression of the potential surface, in turn causing beam formation.
Figure 5.21 is a photograph that illustrates a plasma jet formed in a device having an IEC thruster configuration. The
multiple microchannels are only faintly visible, while the plasma jet is focused through the spherical grid region from the
central core to the vacuum chamber wall of the vessel. Provision of an appropriate opening in the chamber wall would
permit a flow of the jet outside of the vessel to provide a thrust. Such operation is easily done in space where an external
vacuum naturally exists, but on earth, a mechanism to prevent back flow of air into the jet would be required.
Figure 5.22 illustrates the ionization process in an IEC thruster 300. The thruster comprises a grounded vessel 311
which has an opening 322 for insertion of a propellant gas and an exit port 312 for the projection of a plasma jet 317. A
spherical negative acceleration grid 313 is provided at the center of the vessel while a positive grid electron guide 316 is
disposed concentrically around the negative acceleration grid, close to the vessel wall. The cylindrical guide grid is not
shown for ease of illustration. In operation, an electron emitter 321 will generate electrons which flow along the positive
grid electron guide from source locations 350 to intermediate points 351 along the guide. As the electrons flow along the
guide, they will oscillate as a result of the action of the
voltages and will produce positive ions 354, via ionization
collisions with the background gas. The ionized particles 354
will flow under control of the internal field created by the two
grids through the center 356 of the vessel. The positive ions
return to a potential surface corresponding to the potential
value at their point of birth. At that point, all of their kinetic
energy has been transformed to potential energy. Thus, their
motion stops and they reverse direction, being accelerated
back towards the center of the vessel. Then, they return again
to the center of the vessel for further action. The design for
the inertial electrostatic confinement source is not limited to a
spherical design, but may have a cylindrical, elliptical or other
design. The cylindrical design is based upon the use of a
plasma target created at the center of the chamber by the
intersection of multiple ion beams. Using other geometric
designs, such as cylindrical designs, a similar approach to the
creation of ion streams and the deflection of the ions into a
thrusting plasma jet would provide a similar result. Such
Figure 5.22
designs would promise good efficiency, low weight and, due
to very open accelerator grid structure, a long lifetime. Any
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viable source of on-board stored, collected or generated electric power may be conditioned to provide the required
voltages and currents.
Several preferred embodiments of the IEC ion source have been defined. For example, the apparatus for producing a
single narrow plasma jet may be a 32-cm diameter vacuum chamber having therein a 5-cm diameter grid comprised of a
hexagonal hole with diameter 2.5 cm, 12 equilateral triangles with 2.5-cm sides, and 12 equilateral triangles with 1.5-cm
sides, 3 to 5 millitorr Argon gas chamber pressure, 1 to 3 kV grid voltage, and 1 to 60 mA electrode current. The single
narrow plasma jet emerges through the hexagonal hole in the grid. Alternatively, the hole may be diamond shaped by
removing one structural element from between two adjacent triangular grid holes.
Another embodiment comprises a 31-cm diameter vacuum chamber having therein a 7.5-cm diameter electrical grid.
The grid pattern involves a pattern of circuit holes of average diameter about 0.9-cm, but with one 1.8-cm diameter
enlarged circular hole. A 10 to 20 mA electrode current and 1 to 5 kV are applied to create a single narrow plasma jet
which emerges through the enlarged circular hole in the grid.
CITED REFERENCES
[1] G. H. Miley et al., Inertial-Electrostatic Confinement Neutron/Proton Source, Dense Z-Pinches, AIP Conference
Proceedings 299 (1993).
[2] Bennett Daviss, Neutrons for Sale, New Scientist, 13 December, 1997, p32. This article can currently be accessed on
the World Wide Web at www.dnai.com/~zap/neutron.htm.
[3] Abstracts for various papers may be found on the Web at http://coe-info.cen.uiuc.edu/Publications/
engineering_research/1996/nuc1/nuc1-4.html.

More IEC Patent Activity from George Miley & Co.
Fullerenes and X-Rays
This article originally appeared in Volume 9, Number 3/4.
Earlier I provided an update on inertial electrostatic confinement (IEC) devices, especially the commercialization
activities of George Miley and his team at the University of Illinois at Urbana-Champaign. Particularly noted was his US
patent 6,121,569 on an IEC propulsion device. This note covers two other recently issued IEC patents, 6,171,451
(Method and Apparatus for Producing Complex Carbon Molecules by Miley, Sved and Jurczyk, issued January 9, 2001)
and 6,188,746 (Spherical Inertial Electrostatic Confinement Device as a Tunable X-Ray Source by Miley and Gu, issued
February 13, 2001).
Making Fullerenes
Long time readers of this journal will remember Greg Konesky’s article on making fullerenes (C60, those soccerball
shaped carbon molecules) by the arc method (Volume 2, Number 2; also in the First Five Years compilation on page
3-2). Now the spherical IEC device has been put to use to synthesize C60. The following is extracted from US Patent
6,171,451.
Referring to Figure 5.23, a device (100) for producing fullerenes includes an IEC vacuum chamber (110) which has a
central grid-like electrode (112) and a conductive outer shell (111) that are connected to a pulsed source of high voltage
(114) and provide an electric field within the chamber (110). The applied voltage supports the creation of a plasma at the
inner core of the chamber near the electrode (112). A carbon-based gas (e.g. methane, ethane, butane, pentane, propane,
benzene, ethylene, propylene, butane, acetylene, carbon monoxide, and carbon dioxide), which is introduced into the
chamber (110), possibly along with an inert buffer gas (e.g. helium or argon), is dissociated into component carbon and
hydrogen ions that are separated and the carbon ions recombined into fullerenes that appears as a soot. The device
includes a soot extraction mechanism for removing and collecting the fullerenes. Figure 5.24 outlines the process
sequence.
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Figure 5.23 (Left) - IEC Fullerene Synthesis
Apparatus
Figure 5.24 (Above) - Process Sequence

IEC-SS X-Ray Source
The following is extracted from US Patent 6,188,746.
Referring to Figure 5.25, a low cost small-scale tunable X-ray source is comprised of a spherical-electron injected
inertial electrostatic confinement (IEC) device.
Within a spherical containment vessel recirculatory focusing electrons are accelerated by a spherical grid within the
vessel, and cause electron--electron collisions in a dense, central plasma core region of the sphere. The IEC synchrotron
source (IEC-SS) is a mechanism for generating tunable x-ray radiation that is essentially equivalent to that for
conventional bending magnet synchrotron sources. The IEC-SS operates at a much lower electron energy (<100 keV
compared with >200 MeV in a synchrotron), but still gives the same X-ray energy due to the small-scale bending radius
associated with the electron--electron interactions. In short, electrons are accelerated 10s to 100 keV by the anode grid.
Due to spherical (or other) convergence, the energetic electrons scatter in the center of the sphere. The scattering
interactions create intense bremsstrahlung x-rays. The emitted x-ray energy is controlled by the grid bias.
The X-rays can be filtered for particular purposes using diffraction gratings, prisms or the like. Coupling of the band
selection optics to the IEC x-ray source can be accomplished in a variety of ways. Two characteristic methods are
described. Figure 5.25 shows the selection optics and target inside the IEC vacuum chamber. This uses “conventional”
x-ray diffraction optics (Refer, for example, to Azaroff, X-ray Spectroscopy, McGraw-Hill, N.Y., 1973) for band
selection. It and the target 452 are located in an expanded port 453 on the side of the IEC. The port 453 is connected
through an opening 404 in the main vacuum vessel such that x-rays escape the IEC grid region and enter the optics
system while the port volume is maintained under vacuum conditions through the main chamber pumping system. A
double valve 455 arrangement on the end of the port allows convenient insertion and removal of targets/specimens
without breaking the main chamber vacuum. This method has the advantage that the x-rays escaping the IEC are not
attenuated by use of a vacuum window and the target can be maintained under vacuum conditions.
On the other hand, insertion and removal of the target/speculum through the double gate valve system is a
complication. If a slightly reduced x-ray intensity is tolerable, and if the target need not be maintained under vacuum, the
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external arrangement of Figure 5.26 can be used. Here x-rays from the IEC chamber 11 escape through a low atomic
mass metallic window 502. A low-Z material such as Be would be used to minimize x-ray attenuation which maintaining
structural strength to hold vacuum conditions. Select glasses containing a minimum concentration of high-Z materials
like lead could be employed if visual observation into the chamber were desired.

Figure 5.25 (Above) - IEC-SS X-Ray Source
Figure 5.26 (Right) - X-Ray Transmission Through Window
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