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ABSTRACT 

This dissertation is divided into three parts for convenience 

of presentation. One abstract of each part is given below. 

Part I. 

A complete theoretical description of the electromagnetic levi

tation of metals is ·'given, leading to the basic equations for the lifting 

force and power input for a metal sphere levitated in an inhomogeneous 

sinusoidally alternating magnetic field. The suspended metal is suitably 

controlled either by operation at lower frequencies and addition of heat 

with an electron beam, :plasma-arc torch, high-frequency induction heater, 

or reflection furnace, or by operation at high frequencies and employment 

of high-thermal-conductivity gases such as hydrogen and helium to cool 

the metal. 

Values indicating the ease of levitation of 1-cm-radius spheres 

of more than 50 different metals at 0°C and at their respective melting 

points are given. When frequencies.in the 10 to lOO.kc/sec are used, 

the density of the .metal chiefly determines the ease of levitation. 

Refractory, semiconducting, or dielectric materials can be levitated 

either by the .heating. ·of: .them to ·high temperatures to decrease their 

electrical resistivity of by the coating of a light and inert metal 

of.high melting point with the material to be studied. 
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Liquid sodium surrounded by a mineral oil of almost identical 

density can be used in the study of the magnetic-field distribution of 

levitation coils. Liquid mercury can be used to determine the ability 

of levitation coils to suspend high-temperature liquid metals. 

Part II 

A differential micromanometer capable of measuring 100 ~torr to 

an accuracy of ± 2% has been designed) constructed) and tested. The 

pressure difference is sensed by a membrane manometer constructed as a 

differential capacitor that forms two legs of a resonant-bridge network 

excited by a radio-frequency source. 

The most favorable system found to date consists of a pressure 

transducer (Decker Corporation Model 306-2A) operated open'loop with the 

bridge and electronics. Differential pressures as low as 50 ~torr can 

be measured with a zero drift of l ~torr per min or 30 ~torr per hour. 

Differential pressures of 0.5 ~torr are detectable. 

The micromanometer is calibrated electrostatically. The diaphragm 

constant K in the formulaJ & = K v2
J is determined to ± '2% by the com

parison of a known voltage and a calibrated McLeod gauge. 

Part III 

The theoretical description of diffusion arid flow tubes is ex

tended to the following situations: (a) the discharge zone is of finite 

lengthJ (b) the discharge-zone walls are inactive catalytically) (c) the 

end-plate sink is composed of two or more catalytic materials) and (d) 

the atom-recombination coefficients on the discharge- and reactor-zone 

walls differ in magnitude. The dimensionless groups characterizing the 

rate processes within the system are systematized. 

A Wrede-Harteck gaugeJ which is capable of detecting atom concen

trations of less than 0.06% at 75 mtorrJ indicates that the presence of 

small amounts of water does not influence the yield of atomic hydrogen 

from a microwave or 50-MHz discharge. This result is independent of the 

measurement technique) the source of hydrogenJ the source of waterJ and 

the discharge power. 
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Small amounts of oxygen stoichiometrically increase the yield of 

atomic hydrogen from the low-pressure discharge by a ratio of at least 

two atoms of hydrogen per molecule of oxygen. Molecular nitrogen has a 

similar but smaller effect. 

The location of an active catalytic probe affects the atom

concentration level throughout a diffusion tube. .A. cyclotron

resonant microwave discharge operates in the low-pressure system with 

powers as low as 250 mW .. The intensity of the Balmer lines or color 

of low-pressure hydrogen discharges is not a reliable qualitative indi

.cation of the atomic-hydrogen yield. Requisite conditions for the proper 

use of an isothermal calorimeter are also discussed. 

/ 
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INTRODUCTION 

This thesis is somewhat unusual in that it consists of three 

separate parts: The Electromagnetic Levitation of Metals; The Design, 

Construction, and Operation of a Differential Micromanometer; and 

Studies of Atomic Hydrogen at Low Pressures. Rather than being combined 

into one immense report, these individual subje~ts have been described 

in separate UCRL reports in order to be more useful to those who may 

eventually be interested in them. 

Figure 1 is a chronological block diagram illustrating the 

genesis of each of these projects. I came to the University of California 

in September 1960, choosing the purification of beryllium with atomic 

hydrogen instead of the separation of oxygen isotopes by photochemical 

methods as my research project. 

Work on the former project, which had a very significant com

mercial potential if successful, was started at the Lawrence Radiation 

Laboratory at both t.he Berkeley and the Livermore sites. In Berkeley, 

studies were commenced qn the production of atomic hydrogen at low 

pressures with a microwave discharge, whereas in Livermore, the nec-essary 

gas-handling system, reactor, induction heater, and beryllium-monitoring 

facilities were set up. In the summer of 1961, several experimental runs 

were made in an attempt to reduce the Al20
3 

in a long sintered rod con

taining 97% aluminum and 3% Al2o3. For such studies hydrogen atoms were 

produced by a microwave discharge at low pressures. These preliminary 

tests, which were a substitute for studies with a Be/BeO rod, were un

successful--the molten aluminum became even more contaminated with oxy

gen, presumably from an air leak in the gas-handling system. 

In October' 1961, priority and_ funds were lost at Livermore, so 

most of the apparatus was transferred to the Berkeley site. Instead of 

a long movable rod, a different type of "container" was tried as a means 

of confining a molten mass of aluminum or beryllium. This "container" 

was in fact an electromagnetic field, and the process was the first 

topic of this thesis, The Electromagnetic Levitation of Metals. I 
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Fig. 1. Chronological block diagram illustrating the genesis of each of 
the projects given in this dissertation. UCRL-16050 also includes 
the mathematical theory of low-pressure flow and diffusion tubes and 
the experiments with a movable catalytic probe. The items on the 
sides of the main column are ideas resulting from the research work. 
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borrowed a 5-kW 450-kHz Lepel induction heater to test the feasibility 

of levitating small liquid-metal samples, but after eight months of 

experiments, theoretical calculations, and optimization attempts, the 

work with levitation was stopped. Essentially, the induction heater 

was neither powerful enough nor appropriate for this task. The report 

written, UCRL-ll4il, reviews the entire field of electromagnetic levi

tation and attempts to explain why recent work in this area has met 

with so many difficulties. 

Work was then started to.construct an atomic-hydrogentorch 

that would operate at orie atmosphere pressure of hydrogen. A 500-W 

50-MHz oscillator was borrowed in an attempt to make a corona-discharge 

torch. Experiments with helium were successful in producing the pencil

lead-thin plas:rilli jet, but hydrogen p;roved impossible to dissociate with 
'' I L '• ·,, ·'I 

this equipment. 

By June 1963, ~t was ':app~rent that the beryllium-purification 

project was'a. little too involyed t?·be finished in two years with 

the moderate .fUJ1dS availab],e .:.; ' O~ns~ql,le~tly' it was a.bandoned and work 
: ' ~ ! : . . ' . '' .. 

was started to determine the r:ecombination coefficient for atomic hydro-
. ' ' ,. 

gen on liquid metEt,lS (a related :pf~ject)'. ·Though other investigators 

had measU:red tlie recombination ··cQeffic1ent for atomic hydrogen on vari

ous metals, po ohe ever had attempted to measure it for a metal at its 
. . ~ . . 

melting point in both the liquid and solid states; this was therefore 

chosen as the principal, although perhaps not the only, topic of research. 

The mathematical theory of low-pressure diffusion-tube and flow

tube reactors was soon developed and found to have interesting implica

tions both for the experiments to be performed and for the current 

literature of recombination measurements. 

Because most previous recombination studies were performed with 

thermal detectors and were somewhat suspect as a result of the possibly 

incorrect mathematical interpretation of the diffusion-tube experiments, 

a Wrede ... Harteck gt:).uge. (a conc.entration-measurement. device) was chosen 

for the studies rather than a thermal atom detector (a mass-flux· meas

urement device). 
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The key element ofthe Wrede-Harteck gauge, the differential 

micromanometer, was not available commercially at the time--all such 

micromanometers were too insensitive or lacked stability at the l mtorr 

level. Consequently, with the help of Kenneth W. Lamers, an electrical 

engineer at the Berkeley LRL, an extremely sensitive differential micro

manometer was designed, constructed, tested, calibrated, and operated. 

By June 1964, the micromanometer was ready to be tested in a Wrede

Harteck gauge to measure atomic-hydrogen concentrations. The micro

manometer itself could be calibrated to ± 2% at a full-scale pressure 

of 100 ~torr, and could detect a pressure differential as low as 0.5 

~torr. It represented a definite advance over the state-of-the-art of 

such systems since the method of calibration used--an electrostatic one-

could be performed. wherewer the micromanometer was located and without 

special valves or calibration McLeod gauges. Topics such as this are 

the subject of the second part of this thesis, UCRL-11218, The Design, 

Construction, and Operation of a Differential M1cromanometer. II. Theory 

and Operational Characteristics. 

Finally, the requisite gas-purification and vacuum system for. 

the study of atomic hydrogen at low pressures was made. In preparation 

for the determination of the recombination coefficient of atomic· hydrogen 

on various metals, experiments were first tried 'liith a movable "cata

lytic probe," a disk of some metal catalyst, to determine whether the 

theory of the diffusion tube used for such studies was correct and 

whether measurements by other investigators were valid. 

These experiments ran into several unexpected complications, 

the most significant being the immediate decay in the atom concentra

tion, as measured by a Wrede-Harteck gauge, when the electri.cal discharge 

producing the atoms was turned on and maintained. This drift made it 

impossible to make any type o.f quantitative recombination measurements. 

Consequently, experiments with a flow tube were started in an 

attempt to find out what was wrong with the above system. The experi

ments concerning the effect of o2, N2, ~d H20 :on the production of 

atomic hydrogen from a low-pressure electrical discharge were both 

interesting and surprising; they are given in UCRL-16050. 
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. THE ELECTROMAGNETIC LEVITATION OF METALS*t 

Peter R .. Rony 

Lawrence Radiation Laboratory and Dep~artment of Chemical Engineering 
University of California · 

Berkeley, California 

May 7, 1.964 

ABSTRACT \ 

A variety of subjects connected with the electromagnetic levitation of 

metals is considered. A complete theoretical description of 'the phenomenon 

is given, leading to the basic equations for the lifting .force and power input 

for a metal sphere levitated in an inhomogeneous sinusoidally alternating 

magnetic field, 

where 

-F _ 3 G(x} (B . )B w- - 2 PfJ.o v. 

p = 3TTR Hix) (B . B) , 
f' f.l.o 

1 1/2 
. x. = R <zwf.l.O" ) , · 

p, O", fJ., and .R are the metal density, electrical conductivity, permeability, 

and radius, respectively, B is the magnetic-field .strength, 'il is the vector 

del operator, and w is the radian frequency of the magnetic field. 

Both the force and power cannot be simultaneously controlled with the 

. current-control krlt>b of an induction heater. The suspended metal is suitably 
. ~ . . . 

controlled either '·~t operating at lower frequencies and supplying additional 
~-~ . . 

heat with an electron beam, plasma-arc torch, high-frequency induction 

heater, or reflection furnace, or by operating .at high frequencies and employ-

ing high-thermal- conductivity gases such as hydrogen and helium to cool the metal. ' 
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Values indicating the ease of levitation· of 1-cm;.radius .spheres of 

more than 50 different metals at 0°C and at their respective· melting points 

' are given, When frequencies in the 10 to'"100 kc/sec range are used, the 

density of the metal chiefly determines the ease of levitation. Refractory, 

semiconducting, or dielectric materials can be levitated either by heating 

them to high temperatures to decrease their electrical resistivity or by 

coating .a light and inert metal of high melting point with the material to be 

studied. 
.; .. . 

. ' 

Liquid sodi~ surrounded by a mineral oil of almost identical density. 
. I 

can be used to study the magnetic-field distribution of levitation coils. Liquid 

mercury cari .be ~sed to determine the 'ability of levitation coils to suspend 

high-temperature liquid .metals. 

Although. t~e use of this technique with large commercial. quantities of 

liquid metals appears discouraging, the levitation of long rods or plane .sheets 
' . . 

df liquid metals does appear to be feasible~ provided that these configurations 

are not dynamically unstable. 

More attention should be. given to the improvement of commercial 

levitation equipment through the use of variable frequencies, solid-state cir

cuits, and high-permeability magnetic core materials with low losses. The 

ideal levitation power supply would have a variable frequency for the range 

of 500 cps to 50 kc/sec, a decade capacitor bank, and the capability of pro-

ducing a square or sine-wave alternating magnetic field up to several kilogauss. 

3 
over a 75 em volume. 

. ,t 

.. 

• 
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I. INTRODUCTION. 

Levitation. the phenomenon of suspending adense object without sup

port,. was first confirmed both theoreticaily and experimentally for metals in 

the liquid a~d solid states.by the Westinghouse group of Okress, Wroughton, 

. Comenetz, Brace, and Kelly early in 1950. In the succeeding decade, the 

use of this technique has spread to numerous areas of metallurgy. Two 

levitation melting furnaces have beco~e commercially. available 1• Z and 

other indU:ction.heat.ers have been adapted for such work. 
3

• 
4 

Demonstrated 

applications have included alloy preparation, 1• 5• 6 metal purification, 7 
I 

vapor plating, 8 sintering, 9 determination of liquid~metal densities and.emis-. 

. . . 6, 10, 11 h . . h . l - d' f l . 1Z, 13 l SlVltles,. p ys1coc em1ca stu 1es o gas-meta reactlons, met~ . 
1. 6 . . h .. 14, 15 d 11. th d . 16 supercoo 1ng, vapor1zat1on p enomena, an a oy ermo ynam1cs. 

Despite such advances, the levitation of liquid metals has often been. con-

~idered .to be an art. Furthermore, the technique itself has never fulfilled 

i~s optimistically stated earlier promise, "the full-scale l commercial] pro-

duction · · • l of] quantities of the world's purest metals and some of its finest 

5 
alloys." 

The driving force for this study ·is the great potential of electromagnetic 

levitation of metals as a tool in vacuum metallurgy, provided its assets and 

limitations are properly understood and appreCiated. Since the metallurgist 

should have more than a casual knowledge of electromagnetic theory as applied 

to metal levitation, the derivation of the fundamental levitation equations is 

given in full detail in the appendix. In Sec. II it is shown that the fundamental 

equations are valid and do allow the quantitative prediction of the lifting force 
' ;r;: " .~rc 

on and the power·~~put to a levitated metal sample, Section III discusses the 

implications of these equations and Sees. IV and. V point to future directions 

. for both research on and practical applications of this technique. 
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The s·ymbols used in this paper are defined in a ,section (Notations} that 

follows the Appendix. 

1. .. . 

II. THEORY OF ELECTROMAGNETIC LEVITATION OF SOLID METALS. 

A. Eddy Cur'rents and Skin Depth 

The study of electromagnetic levitation is simply the determination of 

the forces that time-varying magnetic· fields exert on any conduc~ing material. 

This conducting material may be a,·metal, a semiconductor or insulator that 

has been heated to a.high temperature to increase its electrical conductivity , 
. . . . I 

i . •' 

a gaseous plasma, an electrolytic solution, or a molten electrolyte. The 

' 
latter two systems usually do not have electrical conductivitie's high enough 

for the fields to have much of an effect. 

What happens when a conduct~ng material is placed in a time-varying 

;magnetic field? To answer this question, consider a homogeneous metal 
i : 

sphere of electrical conductivity (J, magnetic permeability !J., and radius R 

surrounded by a vacuum in which there exists a uniform z-dirEicted sinusoidally 

alternating magnetic field of frequency w, as shown in Fig. 1. _The application 

of Maxwell 1 s equations and the proper boundary conditions to this system 17 • 18 

shows that sinusoidally alternating circular currents, all of the same frequency, 

are induced in the metal sphere. These currents, commonly called eddy cur-

rents,· are illustrated in Fig. 2. They have a maximum value at the equator 

of the sphere but vanish at the poles. Their magnitude, phase, and the extent 

to which they penetrate into the metal sphere depend upon C'J, !J., R, and the 
~ i~~~ 

frequency and m~~\utude of the applied magnetic field. . .. 
l . 1 
"},~·· 

For a qui~k estimate of the effect of an alternating magnetic field on 

a metal, it is convenient to define a quantity called the skin depth, which is 

given by the formula 

V' 
:~ It---: 



i 

B 
·NV\. 

. -3-

= B e jWt e 
z 

.. 

t 
I 

MUB-3033 

·'J·;, 
:- j~- i: 

Fig. 1. k4mogeneous metal sphere of electrical conductivity (], 
pe,_rmeability J.L, and radius. R in a uniform z-directed 
sihusoidally alternating magnetic field. · 
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Fig. 2. Eddy currents induced in the metal sphere. 
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• . This. quantity appears quite naturally in solutions describing eddy_ currents 

derived from the appropriate Maxwell equations •. As the skin depth is an im-

1 portant parameter, several con:clusions can be made from a knowledge of its 

value alon~. 

In levitation and induction-heating applications, the effect of th~ eddy 

. currents induced in the conductor is deliberately maximized. For other appli-

cations, such as in transformers, the presence of eddy currents constitutes 

a power loss and .is thus quite undesirable; in such .cases, th~ iron core is 

broken into thin insulated layers .to minimize the effect of these currents. If 

the frequencies are so large that even this solution is unsatisfactory, high

permeability low-conductivity materials known as ferr:ites are used for the 

transformer cores. 

There is another fundamental distinction between ·levitation and in-
1 

dU:ction heating. In levitation. two variables must be controlled: the force on 

the metal sample and the power input to the metal. In induction heating, only 

the power input to the workpiece must be controlled. Whereas one knob on 

the induction heater, the current-control knob, suffices for induction-heating 

applications, it is not sufficient for levitation work. This point will be con-

side red in a later· section. 

Physically, the skin depth is that surface thickness of a conductor 

whose de resistance is equivalent to the total ac resistance. This definition, 

involving the resistance of a fictitious surface layer, is somewhat after-the

fa.ct. It has been l~und to be a convenient descrpiton for an otherwise obscure 

collection of par~h{eters. 
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. The skin dep~h is also commonly defined as. that depth below the sur-

f~ce of a conductor at which.the current density or magnetic.field.has de-

c.reased to 1/e, or 37o/o, of its .value at the surface (Fig .. 3). Beyond about 

three or four skin depths into the conductor, these two quantities have essen-. 

tially disappeared, At high .frequencies, neither an alternating magnetic field 

nor the induced eddy currents exist in the interior of a conducting material. 

. The induced eddy currents. reach a limiting .value and, by any, reasonable 

description, can.be considered as surface currents. which explains the use 

of hollow metals.for carrying high-frequency currents. The interior metal 
I 

. region .is essentially superfluous and can .be easily removed .to conserve 

costly metal and to permit cooling by a. circulating fluid such as water. 

Once the concept of eddy currents has. been grasped, the difference 

between levitation and induction heating.can be understood. In levitation, ad-

vantage is. taken of the force of repulsion between the induced eddy currents 

and the time-varying current in the conductors producing the magnetic field, 

or, alternatively, the force of repulsion:between the applied and eddy-current 

alternating magnetic fields. The dissipation of energy inside the conducting 

material occurs simultaneously, but this can be controlled generally by op~ 

· erating at the correct frequency. In induction heating, the importance of these 

physical effects is. reversed and advantage is mainly taken of the heat dissipated 
. I 

by the eddy currents.· By operating .at high frequencies and moderate field 

strengths, a conducting .material can. be ·heated bu:t not levitated. Thus,. the 

two effects,. force and heating, are somewhat independent of each other ... For 

. best. results, one 9r the other should be maximized for a particular applica

tion. 
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B. Fundamental Levitation Equations 

The system shown in Fig. 1, a metal sphere of conductivity (], per

meability f.!., and rad~us R located in a uniform unidirectional alternating mag

netic field of frequency w, is precisely the one suggested by R. C. Mason 19 and 

first used :by Okres s et al. 19 to develop the fundamental equations of levitation 

theory. The detailed mathematical derivation is included in the appendix. The 

fundamental result of the calculations is that the metal sphere behaves exactly 

as an idealized magnetic dipole loop. For every metal sphere located in a - . -uniform ~lternating .magnetic field, B a magnetic dipole moment M can be 
I 

rigorously defined. The equivalence of the magnetic-field distributi?ns for an 

idealized magnetic-dipole loop and a metal sphere with induced eddy currents 

is illustrated in Fig. 4. As a consequence of this. result, the total force F 

acting on a rigid metal sphere is given by the relatively simple formula 

- - -F = {M • 'V )B , {2) 

i 
where 'V is the vector del operator, which in cylindrical coordinates is de-

fined as -' - 8 ee 
'V=e- +-r 8r r 

An important simplification is made in deriving formula (2). This has 

been best stated by Okress et al. ,19 "If now the sphere is set into a non-uniform 

alternating field, then to a first approximation the force may be calculated by 

. replacing the sphere by the dipole that would be produced by a fictitious uniform 

alternating field having everywhere the value the given non-uniform field has 

at the center of the;.sphere. The actual non-uniform field would exert a force 
, .r; 

upon this dipole. 11 lf this simplification could not ·be made', the calculation of 
' I.· 

the total force upon the metal sphere would be prohibitively difficult. 
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The .complete equations for the force-to-weight ratio for the. metal sphere 

and the power absorbed by it, as given in the appendix, are 

-F 3 G(x} (B. V'}B w= - z Pf.Lo 

p = 31TR H(x) 
2 

(] f-Lo 
- -(B • B), 

(3} 

(4) 

where. the parameter x is defined as the ratio of the metal sphere radius .to 

the skin depth 

R 
x= o {5) 

and G(x) and H(x) are specified functions of this quantity. 

The approximation used in deriving these equations is most valid for 

extremely small spheres and relatively small magnetic-field gradients. 

Okress et al., however, have experimentally demonstrated that the theoretical 

. result given in Eq. (3) is valid to a high degree of accuracy for 1-in. brass 
' . 

balls suspended in 4.85-in. copper coils using 600 amperes at 9.6 kc/sec and 

a J oliy balance. 19 Their findings are verified by the coincidence of their 

theoretical and experimental curves for the coil configurations shown in 

Figs. 5, 6, and 7. Theoretical calculations were not made for the configuration 

shown in Fig. 8. Since levitation calculations do not demand three or four-

figure accuracy, the ·above equations are more than sufficient for most cases. 

Formulas (3} and (4) can be rewritten in the following manner 

Fo~ce =(coil- ge~xr,-etry) 
We1ght · funchoh 

. '' 
(

skin-depth) (rms m~gnetic-field-\ (density) Rn 

function strength factor } factor 

'< 

(6) 

Power =(coil~ geodte. try) (skin-depth)(rms magnetic-field-\ 
. func;tion Junction strength factor ) (

conductivity) am: (7) 
factor 
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where n and m are specified integral powers of the sphere radius R •. The 

significance of this type of formulation is that both the force and power equa-

tions can be divided into two independent ~nd separable multiplic~tive functions, 

one relating to the geometry of the field distribution and the other relating to 

the value of the skin depth .. These functions are different in: the force and 

power equations, a result that has important consequences for the practical 

application of levitation. 

C •. Definition of G(x), H(x), and. F(x) 

The skin-depth functions, G(x) and H(x), can be imme
1
diately discussed 

without reference to any particular field distribution or intensity. These are 
. . . 

the two basic functions of levitation theory. For purposes of discussion, it is 

convenient to define their ratio, 

., 
I• 

·F(·)_G(x) .·'· 
x - H{x} • (8) 

F(x) is a measure of the effect of the skin depth on the force-to-power ratio 

for the sphere. 

In Figs. 9 through 13, the quantities G(x), H(x), and F(x) are plotted 

for both low and high values of x. The correct formulas for these functions 

for nonferrous metals are 

3 sinh2x - sin2" 
G(x) = 1 - Tx cosh2x - cos 2x 

H(x) = x(sinh2x + sin2x) 1 cosh2x - cos 2x 

(9) 

(10) 

F(x) = 2x(cosh2x- cos2x) - 3(sinh2x- sin2x) (11 ) 

2x (sinh2x + sin2x) - 2x(cosh2x- cos 2x) 
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Fig. 9. ~ G(x) and H(x) plotted as a function of x (low valu'es ofx). 
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In the limit of large x, x ~ 2, they reduce to 

G{x):::: 1 .-. -ix 
.. 

H{x) :::: x - 1 

I 
I 

(12) 

{ 13). 

2x- 3 
F{x) :::: 2x{x-'1) (14) 

For low values of x, they are given by the approximate formulas 

' where x = 1 . 

G{x) :::: 0.025 x 4 {15) 

· H{x) =0.091 x 4 {16) 

F{x) ::::0.28, (17) 

Equations: (1) and '{5) show that the. pa·rameter xis proportional to the 

square root of the frequency. Thus, the higher the frequency, the larger the 

value of x. In the limit as x becomes ver.y large, the force function G{x) 

1
approaches 1.000 at relatively low values of x, whereas the heating function 

H(x) increases essentially without bound.· For metals of moderate electrical 

conductivity, no significant increase in the levitation force results by operation 

at very high frequencies. At these very high frequencies, however, the energy 

absorbed by the sphere becomes so large that the sample melts and may even 

"burn up." Because of this, the use of high frequencies is ideal for induction-

heating applications; Figures 12 and 13 show that the ratio of the for.ce and 

heating functions, F{x), is relatively constant for low values of x. From these 

observations, the following two conclusions can be made: 

a. All other conditions of field geometry and magnitude being the samd~ 

if it is desired dflevitate a metal but not to heat it, "low" frequencies and high 

field strengths and gradients should be used. 

·'' .. , 

.. '<, 
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b. Alternatively, if only heating is desired. moderate field strengths 

and high to very high frequencies should be used. 

These conclusions define quite explicitly the useful operating regions 

for levitation and induction heating, respectively. The importance of fre-

quency in such applications is certainly apparent from the above considerations. 

The exact value of the "low" frequency to be_ used depends completely on the 

nature of the metal, the magnitude of the radius, and the operating tempera-

ture desired (see Charts 6 and 12). For a.1-cm radius sphere of liquid mere 

cury at 20°C, the frequency should.be about 40 kc/sec. 

D. Effect of Coil Geometry 

To demonstrate how the coil geometry affects. the levitation experi

ment, consider a metal sphere levitated in a field produced by two coaxial 

.loops, separated by a distance 2d, in. which opposed alternating currents. are 

present (Fig. 14), From simple magnetostatic considerations such as those 

given by Smythe 
17 

or Van Bladel, 18 the r and z components of the field are 

. ~0 . [ II I . 

1
II J 

Bz = Bzi + Bzii = ~1 f2 + Z (18) 
/;,J:\._ (1+y~3 : (1+yii)3fZ 

2 2 
1+p +yii 

2 2 
(1-p) +yii 

{19) 

where K and E are complete elliptic integrals of the first and second kinds 

of the moduli 
.. 

1'?7 
:~'D l. 

' -
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Fig. i4. Metal sphere levitated at point P between two 
coaxial loops with opposed current directions • .. 
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k2_ 4p 
I- Z Z 

(1+p) +yi 

2 4p 
and . kll = z z . 

.. (i+p) +yii 

II and III are the currents in coils I and. II, respectively, and p, ~I' and }\y 
I 

are defined as 

z+d 
YI = Ri 

When z. = 0, the following simplifications appear: 

r 
p = r. 

1 
(20) 

Also,. if the alternating currents. in .coils I and II ~re opposed to each .other, 

. With thea e simplifications~ the expressions for the field and field gradients in · 

the z and r directions become 

[- K+ 
2 2 

1+p +y 
2 2 

(1-p) +y 

(21) 

(22) 

(23) 
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Therefore, in the z direction the gradients are additive and the fields tend to 

·cancel each other. In the r direction, b.oth the fields arid the field gradients 

are additive. The origin is taken at a point on the. axis midway between the 

two coils, .·s.o .the:. above considerations result directly from the symmetry of 

the system, 

According to Eqs. (3) and (4), the levitation force on ci metal sphere 

is proportional to the product of the field and field gradient, and the power is 

·proportional to the square of the field intensity. Thus,. there is a greater 

force and a greater rate of heating acting on the metal sphere when the axis 

of the two cons.is horizontal iristead of vertical. The first of these conclusions 

has been verified experimentally by Okress et al. 19 A comparison of their_ 
I 

' 
data, shown in Figs. 6 and 8, demonstrates that the maximum force on the 

1-in. bronze ball is approximately 3,5 times greater when the axis of the two-

coil system is horizontal than when it is vertical. 

In practice, the coil turns have a finite thickness and the above formulas 

. do not strictly apply .. Fortunately, a very thorough analysis of this particular 

point as well as the geometrical design and characteristics of commonly used 

levitation coils has been given by Hulsey. 20 · 

: ~ 

fr7 \.~ .~ 
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III. APPLICATION OF THE LEVITATION EQUATIONS 

A. Simplified Levitation Equations 

Equations (3) and (4) can be simplified along the lines of Eqs. (6) and 

(7), ; '. 

(25) 

P 
_ , B2 H(x) 
- J\2 -(J- • (26) 

where ~1. and . ~2 depend on the spatial characteristics of the magnetic field, 
I 

. the size of the levitated sphere, and the point in the field at which it is levitated, 

and B 
2

. is defined by 

2 2 
2 ~OI 

B = :-:-z-
4R · 

1 

(27) 

·For the. coil system shown in Fig. 13 and considered in Sec. II. D. , the values 
!t . 

I . 

of the parameters . ~1. and ~2 are 

~1. = 

. . 3'1TR2 [ 1 

·- ~2 = 2 (i ~3/Z -
. . ~0 +yi . 

(29) 

·For a particular 1\'letal sphere levitated at constant temperature at 

various points in ,a given. magnetic-field,only the values of >.
1

, >.2 , and B 

are needed to describe the relative behavior at the different points. For 

spheres of ide:nti~,~l size but different metals. located in the same magnetic. 
; : ~ 

. l'/ i 
field-and levitated at the same point, only the values of p, a, x, and B are 

needed to de~;~cribe. ~e relative behavior of the different metals. These two 

cases are consideredin Sees. III. Band III. C. 
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B. Typical Levitation Experiment 

The current in the coils producing a given magnetic-field.distribution 

and intensity usually is controlled by one knob, the current~control knob on 

the induction heater. With this one knob, attempts are made to control both 

the force on and the heating of a metal sphere levitated by the field. The fre .. 

quent failure to achieve this control has been one of the chronic deficiencies 

of levitation heating. It is therefore worthwhile to discuss the pitfalls inherent 

in such an attempt. 

Consider the case of a metal sphere levitated in a vacuum at point a 
I 

by ·a given magnetic-field distribution and intensity, as illustrated in Figs. 

15 and 16. Since the sphere is exactly levitated, 

· Force = Weight. 

From Eqs. (25) and (26), the force and power are 

·I 

li 
I 

G(x) = 1 
p 

p = ~ B2 .H(x) 
a 2a a a 

(30) 

(31) 

(32) 

What happens when the induction-heater current is (a) increased, (b) decreased, 

and (c) left unchanged? 

When the current in the loops is increased, the metal sphere is lifted 

to a new point b in the field. Equations (25) and (26) are now 

A.1b B~ G~x) = 1 

Pb =. ~ B2 H(x) 
2b b a 

,(33) 

{34) 

where Bb > Ba ~,ri~ ~ib < A.1a • With the field distributions used in typical 

levitation applications, it is usually observed that 

{35) 
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Fig. 15. Location of points a, b, and c in the coaxial-loop 
levitation system . 
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MUB-3024 

Fig. i~;( Schematic plots of B and B v B along the common 
;)axis for two coaxial circular loops with opposed cur-
.< rent directions. . 
---, initial coil current , --- decreased coil 
current, -. - increased coil current. 
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with the result that the power actually decreases 

I 
I. 

(36) 

causing the metal to decrease in temperature despite the increase in coil cur-

rent. This phenomenon is illustrated in graphical form in Fig. 1.5. 

When the current is decreased, the force on the metal is diminished 

and it drops to a lower point c in the field. Now the relationships are 

). B2 G(x)=i. (37) 
ic c p 

B <B c a 

~ic > ).ia 

p > p . 
c a 

{38) 

{39) 

(40) 

Thus, despite the decrease in coil current, the temperature of the metal in-

creases. 

Finally, if. the current is left unchanged and.if the metal is levitated in 

a vacuum environment, it gradually increases in temperature due to the energy 

being absorbed. As 'it increases i~ temperature, the metal resistivity also in-

.creases, with the result that G(x), and consequently the force, decreases,· Th~ 

.. ~ 
metal drops to lo~er positions in the coil··field distribution where the power 

·.;: 

absorption is greater. ·The value of x, and consequently the force, continues 

to decrease until either thermal steady state is reached or else the metal falls· 
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or pours out of the magnetic-field region. · In vacuums', ,'the latter usually 

occurs. In the presence of gases of high thermal conductivity (such as helium 
I 

and hydrogen), thermal steady state can be achieved and the metal can be main

tained at any reasonable temperature in the solid or liquid states. 
11

• 
21 

The conclusion that can be derived from the above description of a 

typical levitation experiment is . 

. FOR LONG DURATIONS, THE FORCE ON AND THE TEMPERATURE 
OF A METAL LEVITATED IN A VACUUM CANNOT BE SIMULTA

NEOUSLY CONTROLLED WITH ONLY THE CURRENT-CONTROL KNOB 
ON THE INDUCTION HEATER. 

The restriction "long duration" in this conclusion must be emphasized. 

Because· of the fortuitous design of a levitation coil, the use of small samples, 

the choice of metal, or the use of low frequencies, it is possible to levitate 

certain solid and liquid metals as long as 20 or 30 min in a vacuum. The 

procedures for achieving such stability have not been completely elucidated, 
i. 

so this area of levitation can still be considered an art, 

For achieving the long-duration levitation of metals at a specifically 

chosen temperature, the only alternatives are 

a. Levitate at high .frequencies, but have a.separate method of 

cooling the metal sphere and establishing thermal steady-state conditions, An 

example is the ua·e of gases of high thermal conductivity. 

b. Levitate at "low11 frequencies,· but have a separate method of 

heating the metal sphere and establishing thermal steady-state conditions, An 

example is the use of an arc, electron beam, or small high-frequency indue-

' tion-heating coil., ;, 
., 

In both of these alternatives, independent controls on the levitation force and 

the metal temperature are achieved, This is the basic requirement for a 

satisfactory levitation system, For levitation experiments in a vacuum, 
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only the second alternative .is .. available •. It will. be shown in Sec. III. C that 

individual metals vary in their energy-absorption properties •. Thus, the 

applicability and usefulness of the above alternatives depend entirely on the 

metal levitated. . 
. ' 

For applications such as alloy preparation, sintering, vapor plating, 

and metal purification, the necessity for long duration.levitation of the metal 

sample is not so great. :This .fact is the.basis for the usefulness of the existing 

commercial levitation units. 

C. Levitation. of Different Metals 

_Along with the use of only one knob to control both the force on and the 

heating of a metal sample, only one fixed frequency,. 450 kc/sec, is used in 

commercial levitation devices .to hopefully levitate dif~erent sizes and shapes 

of some 60 different metals and countless .more alloys.; The varying .levitation 

behavior of the different metals tried and the· inability.
1
to compensate for this 

I ' 

~· I 
. variation has .been another one of the m.ajor deficiencies .of the levitation 

. heating technique. In addition,. although.considerable attention has .been given 

·.to the design and construction of levitation coils, no systematic attempt has 

been made to calculate the relative ease of levitation of different metals. It 

is. thus. worthwhile to inqufre into the limitations on the types of metals or 

semiconductors that can be levitated and the usefulness of operating.at fre

quencies other. than 4so kc/sec. 

Consider the case of spheres .of different metals with identical radii R 

levitated at the same point in the same magnetic-field distribution in separate 

experiments. The metals differ from each other only in the values of their 

density and elect;i"fcal conductivity. Since each sphere is exactly levitated, ., 

formula (30) 

Force = Weight (30) 



.· 

applies, as do Eqs. (25) and (26) . .,:''·· 

~ B2 G(x) = 1 1 p 

· .. I 

.. 

Two distinct cases can now be considered:· 

. 1, Operation at a constant skin depth for every metal, and 

2 Operation at constant frequency for every metal. 

Case 1 

(25) 

(26) 

. In this case, ~1 • >..2 , G{x), arid H(x) are constant for e1very metal. A 

suitable value for the parameter x is, 4.0, which. corresponds _to G(x)=0.625 

and H(x) = 3,00. Solid sodium, one of the easiest metals to levitate, is chosen 

as a standard. The field needed to levitate it is given by the formula 

(41) 

I 
The field needed to levitate any other metal, Me, is given by 

(42) 

The power for the different metal spheres is 

p = 
~2 PNa .. 'TNa 

Na ·-x-:- F(x) 
1 

(43) 

PMe= 
PMe 'T Me p i 
PNa 'T . Na Na 

(44) 

where 'T = 1/(] 
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Case Z 

If the metals. are levitated at constant frequency, the skin-depth func-

tions. G(x) and .H(x) no.longer remain the Aame for each.metal. Now, the 

magnetic field needed to leVitate the spheres is 

and the power is 

Bz PN 
= 

. .a 
Na X1G{xNa). 

Bz PMe. G(xNa) 
= . ~ G(x ) Me Na ·.·Me 

~z 
PN. = ~ a. 1\.,1 

z 
BNa' 

.~· 

(45) 

(46) 

(47) 

(48) 

At low values of x, the ratio l F(xNa}/[F(xMe>J may not vary much 

i6r different metals •. For the levitation of 1-cm;...radius spheres of silver, 

sodium, and graphite at 10 kc/sec, 

F(xNa) 

) - 1.66 arid F(xAg . 

F(xNa) 
F{ } = 0.344 . XC 

All other metals fall between these two limits at 10 kc/sec. Thus, the power 

. for the metals in both cases can be approximated by Eq. (44). 

The fields needed to levitate the metals differ widely for the two cases • 

. The ratio [G(xNa)]/[G(xMe)] for 1-cm spheres of silver, sodium, and 

graphite at 10 kc/sec is 
·,)"~ .. i. 

G(xNa) 
= 0. 93Z 

. G(xAg) 
and 
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From Eq. (46), it is se"en that at 10 kc/sec exceedingly high fields are needed 

to levitate a 1-cm-radius sphere of graphite. At 450 kc/sec, these ratios 

are .. 

and 

When levitating graphite, there is a definite advantage to operating at this 

I 
, I 

frequency instead of 10 kc sec: The magnetic field strength required at 450 

kc/sec is less by a factor of t.en. 

By calculations such as t~ese, it is possible to determine an optimum 

frequency, or, more correctly, a minimum frequency for thJ levitation of a 

metal of specified size and electrical conductivity. Operation at frequencies 

considerably greater than this frequency has the following disadvantages: 

1. Coil power losses are increased. 

2. It is more difficult to obtain high":'magnetic-field strengths. 

3. The sample may become excessively heated and difficult to control. 

4. Ferrites and high-permeability laminated-core materials are less 

useful. 

5. It is more difficult to employ repetitively switched solid-state 

power devices. 

Operation at frequencies considerably lower than this frequency has the fol-

lowing fundamental disadvantage: Considerably greater magnetic field 

strengths must be used. 

This i.s the explanation for the distinction "near-optimum frequency" 

. given to the frequencies listed for 1-cm-radius metal spheres in Charts 6 

and 12. Conside~"'tions of cost, feasibility, efficiency, and sample control 
. . -·· ~ . 

should not substantially alter this choice of frequency~ A change of size of 
I . 

the metal sphere, by virtue of Eq. (5), definitely alters it. 

-.--o 
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To demonstrate the practical applications of Eqs, (42}, {44), (46}, and 

{48), it is .convenient to summarize the data and calculations for more than 

50 different elements by a series of peri~dic charts. Chart 1 gives the density 

of the elements at 20° C, 
22 

and Chart 2 gives their electrical resistivities at 

0°C. 
23 

The values of the element densities can be used directly in Eq. (42) 

to calculate the field ratios. 

Chart 3 lists the produCt of these two quantities, a result that can be 

used to compute the power ratios given in Eqs. (44) and (48). For the purpose 

of these levitation calculations, the difference in the. density of the metals be-

tween 0°C and 20°C is insignificant. 

Chart 4 gives the values of the function, G(x)/p, for 1-cm-radius 

metal spheres in a 10 kc/sec magnetic field. This quantity can be used in 

Eq. (46) to determine the field ratios required to levitate the metals, in com-

parison.with sodium, at the frequency given. For comparison, Chart 5 gives 

the values of G(x}/ p for 1-cm-radius metal spheres levitated at a constant 

skin depth of 1/4 em. 

Chart 6 gives a near-optimum value of the frequency for the levitati.on 

of metal spheres of 1-cm radius. This frequency is calculated from Eq. (5) 

A. 1/2 
X= R ("lW~O") • (5) 

with the assumptions that x = 4.0, R = 1 em, and the densities are those given 

in Chart 1. 

Charts 7 through 12 give the same set of data and calculations for the 

liquid or solid elements at either their respective melting points or the tern-

peratures given. If no value of the density of the liquid metal is available, 

. ~:..<l 
the density of the,, ~olid at 20 o C is used. Since the data are less plentiful and 

~i : 

precise at these temperatures, the quantities given in these charts must be 

· used with caution. The dramatic change in the levitation properties of the 
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Chart 1. Density of the elem~J:?.tS at 20°C (g/cm3). 
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Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As 

4.54 6.0 7.14 7.20 7.86 8. 9. 8.90 8. 93 7.14 5.91 5.36 5.7 

Zr Nb- Mo Tc Ru Rh Pd Ag Cd In Sn Sb 
-

.. 

6.5 8.57 10.2 11.5 12.2. 12.5 12.0 ~0.5:~ 8.65 7.30 7.31 6:68 .. 
. 

H£ Ta w Re Os Ir. Pt Au -Hg Tl Pb Bi 

13.2 16.6 19.·3 20.5 22.5 22.4 21.5 19.3 14.P 11.9 11.3 9. 78 

'""' ~- . - \..-•• ·-
Ce Pr Nd Prn Sm Eu Gd Tb -- Dy 'Ho Er Tm Yb Lu 

6. 90 6. 77 7.01 7.54 5.17 7.87 8.25 8.56 8.80 9.06 9.32 6.96 9.85 

--....... 
Th Pa u Np ~ 

a. Data from N. A. Lange, Handbook of Chemistry 

11.5 15.4 18.7 19.5 19. (McGraw-Hill Book Company, Inc., New York, 
1961), page 100. 

b. At -38. 9°C. 

I 
VJ 

·-.J 
I 



-·~'~ 

/2\il.' 

~-------~--- ----------------··---· ---------- - ~ -- -- -

-
Li I Be I Chart 2. Electrical resistivity of the elements at ooc (p.Q-cm). a 

--
8.55 r·z I AI I 

-----

D Na Mg 

4.28 14.31 2.50 
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K 1 ca: "' ·~-·-sc 1 Ti IV I Cr I Mn I Fe I Co I Ni leu I Zn IGa IGe lAs 
t3:91. 

6.1o 14.06 I ss. I 42. I 18.21 18.21 I 8.6o 15.5716.14 lt.55 15.65 l25.o 1 I 26. 
y:39. 

Rb Jsr I y I Z r I Nb I Mo I Tc ! Ru IRh IPd I Ag I Cd (In ISn I Sb I 
. 

11.3 bo.1 I 59. I 41. l16.1l4.4ol 16.6; 14.3519.7711.47; 7.07 ;8.19 !11.2 ; 39. 

I Ta I W I Re I Os I Ir I~ I Au I Hg IT! 'Pb I Bi I • 
Cs IBa li.aTH£ 

18.1 136. -~ 1 10.414.i;l6117 .5 19·, ,4. 9319.81 1 z.o6j Zi.3hl17. 5 119. z 1110. 

Fr IRa I Ac r 
- - . . . .. 

- -I Ce J Pr I Nd. f Pm J Sm I Eu lGd I Tb IDy IHo I Er ] Tm I Yb I Lu 

81. I 76. I 71. 126. 1113. 190. 1-1. 82. I 63. 53~ 

-~ I --
Th Pa u Np Pu 

a. Datafrom R. B. Stewart and V. J. Johnson,-
A Compendium of Properties of Materials at 

13. 21. 150. Low Temperature (Phase II), WADI) Technical 
Report 60-56 Part IV, December 1961, National 

..... ·-- ~---- -----

I 
w 
(X) 
I 

• Bureau of Standards, Boulder, Colorado (unpublished). 
· ' • b: At ~50°C. 
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Li I Be I Chart 3. Product of the density {20°C) and electrical resistivity (0°C) of the elements 
(p.Q-g/cm2). -=· .. . 
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a. Ferromagnetic 
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elements .at higher temperatures is. well illustrated by these charts,. even if 

they, are accurate only to within 10 or 20%. 

Figures 17 and 18 correspond to Case 1 in Sec •. III. C., summarizing 

. pictorially the data for the levitation of some common metals. at a constant 

skin depth and radius. Figures .19 and 20 correspond to Case 2, levitation at 

a constant frequency, 10 kc/sec. Terms not involving w, T, p, or R have 

been eliminateq from Eqs. (3) and (4), leaving 

Force ex: G(x) 

· G(x) 
Force/weight ex: -

.P 

pT 
Power ex: F(x} 

(dimensionless) 

(cm
3 
/g) 

. I 
2 (till-g/ em ) 

. This is the explanation.for the unusual units given for the quantities at the 

bottom of the columns. It is apparent that density plays an extremely im-

portant role in levitation phenomena,. accounting for the fact that the alkali 

and alkaline earth metals, and aluminum, are the easiest to levitate . 

. Figure 21 can be conveniently used to determin~ values of x if 0', 

and .R are known. 

I 

. D. . Magnitude of the Magnetic. Field 

With the sole exception of Hulsey's, 20 no measurements have been 

.made of the strength of the magnetic field for levitation-coil shapes and 

v . • 

.designs currently used. Even he measured only the magnetic-field strength 

for a.3-in. -diam standard solenoid .. Fortu.t·1ately, the analytical solutions for 

a circular loop can be used with good accuracy, and only the diameter, the 

relative location of each loop of the multi-turn coil,;and the rms current are 

needed to calculat~ the rms field strength. 

The minimum field needed to levitate a 1/2-cm-diam sphere of alunii-

. num or beryllium is about 200 Gauss. Typical values for coils used by 
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Levitation at constant skin.depth and radius With x = 4.0 Fig. 17. 

and R = 1 em. Data is from Charts 1 through 6. 
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Fig. 20. Levitation at constant frequency and ra~ius with R = 1 em. 
Data is from Charts. 7 through 12. 
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Li ·J Be I Chart 4. Values of the function, G(x)/P, for solid metal spheres of 1~cm radius in a 
.10 kc/sec magnetic_field (cm3/g). 
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~: 
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0' 
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..... ; 
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Fr IRa lAc " Ce IPr I Nd I Pm I Sm I Eu IGd jTb ~ -Dy Ho Er Tm Yb Lu 

.0431.048 I .050 I I I to161.ozo 
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.031 .037 .0~3 .043 .066 

Th IPa IU I Np IPu I a. Ferromagnetic. 
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Values of the function, G(x)/p, for soliJ xnetal spberes of 1-cm-radius in a 
magnetic field with x-=- 4.0 (cm3jg). 
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Li Be Chart 6. Values of the frequency calculated from Eq. (5) for solid metal spheres of 
1-cm-radius in a magnetic field with x = 4.0 (kc/sec). ·· 
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-Li !Be 
45 ... 46. a 1· Cha_rt 8. Electrical resistivity of the elements at the melting point or at 

the indicated temperature (j-10-cm and oc}. 
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Values of the function, G(x)/p, for metal spheres of 1-cm radius in a 10 kc/sec 
magnetic field at the melting point or the temperature indicated in Chart 8 (cm3/ 
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Li I Be I Chart 11. Values of the functio_n, .. G(x)/p, for metal spheres of 1-cm radius in a 
magnetic field with x = 4.0 at the melting point or the temperature indicated 

1. 23 I. 44 'I . in Chart S (cm3 /g). 
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indicated in Chart 8 {kc/sec). . 
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' 9 20 21 24, 25 ' ' 7 
Comenetz and Salatka, Hulsey, Jenkins, Polonis ,et al., Begley etal., 

26 19 27 and .Weisberg are probably in the 250 to 500 Grange. Okress et al. ' 

appear to have used as much as 700 Gin their experiments. From Hulsey's 

calculations, typical field gradients are of the order of 50 to 500 G/cm, de-

pending :upon, the number of turns, ,their diameter, and their spatial distri

bution, as well as' the magnitude of the coil current. 
' 

The exact magnitude of the field and field gradient nea,r the levitated 

metal depends on its exact position within the magnetic field .where it is levi-

tated. Thus, the figures given above must be used with caution. Nevertheless, 

, they do give the correct order of magnitude for the quantities1 involved. 

Chart 13 gives the values of the magnetic field required to levitate 

1-cm-radius spheres of the solid metal elements at 0° C, as calculated from 

Eq. ( 49) , 

(49) 
I 

'I 
This equation is the result of integrating the magnetic pressure normal,to the 

metal surface over .the .lower hemisphere area and, then equating the force 

obtained to the total weight of the sphere. The values obtained in, Chart 13 

are extremely reasonable. , They are most valid for conditions in which the 

·skin depth is much less .than the sphere radius, i. e. , , at high frequencies. 

An ac gauss meter, which reads as much as 3000 G at frequencies 

up to 30 kc/sec, 28 should be of considerable use in dete'r~ining whether a 

given inhomogeneous magnetic field.can,levitate a chosen,m-etal sample. 
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IV. THEORY OF THE ELECTROMAGNETIC LEVITATION OF LIQUID METALS ·.· 

All of the previously derived equations do not' apply to the case of de

termining the stability of a nonrigid levitated material such as a liquid metal. 
I 

In such a case·, although Eq. (3) gives general guidelines, a more detailed de-

scription of the point-to-point variation in .the gravitational, surface tension 

and magnetic "pressures" over the surface of the liquid sample is required. 

·consider a liquid-metal sample levitated in an alternating magnetic 

field with a field distribution such that the metal assumes a completely 

spherical shape. It is assumed that the skin depth is much less than the 

sphere radius. Under these conditions [according to C~lgat~ et al. 29 ] 

"a mean hydrostatic pressur~ B2 
/ZJJ-

0
' is exerted normal to the metal surface."' 

. The gravitational, surface tension, an,d magnetic pre~sures exerted on the 

liquid metal at the lowest point of the sphere are 

p = gh(p-p ) . g· 0 

p = m 

Bz 
bottom 

2 '. B . 
top 

In the absence of electromagnetic .forces, the radius of the s·phere 

when the gravitational and surface tension pressures are approximately 

equal.to each other is given by the formula 

~\ 
!f.·~ 

~.'·: -
:L 
pg 

(50) 

(51) 

(52) 

(53)' 

In the absence ofturface-tension f~rces, 
' i 

the radius of the sphere when.the 

gravitational an~ magnetic pressures approxi~ately balance each other is 

calculated below with the assumption that there is only a small field at the top 
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of the sphere~ 

'' =: < 
(49) 

• 

where p is the metal density, Po is the dens it)' of .tl1e external dielectric 

medim:.:l; y is the surface tension, B is the rms . magnetic-field strength, 

and g is the gravitational constant (approximately 980 cm/sec
2

• In vacuums, 

Po = 0. In these approximations, the height of the liquid-metal column is 

chosen to be equal to 2 R. 

The values ofthe surface tensions of the liquid elements at their re

spective melting points is given in Chart 14~ The data have be1en obtained 

from the Handbook of Chemistry anJ Physics, 30 aandbook of Chemistry, 
31 

Metals Reference Book, 22 recent references in Chemical Abstract. Mayer, 
32 

Taylor, 
33 

or from the empirical formula of Strauss, 
34

• 35 with heat of vapori-
. . 

zation data obtained from Brewer. 
36 

j1 Chart 15 summarizes the values of the radii calculated from Eqs. (52) 
I 

and (53) •. The top number in each element box corresponds to Eq. (52),. where

·as .the bottom one is calculated frt;»m Eq. (53) with a value of 1· kG assumed 

for the field strength. The density used in these calculations is that for the 

solid metal elements at 20·c. a..value from 2o/o to 15o/o higher than the actual 

density of the liquid metals at their respective melting points. No great= 

accuracy is claimed for the figures. given in· Chart 15. The numbers semi

quantitatively indicate how the metals differ from each :oth~r., 
' 

Unfortunately, these calculations are naive and.:may not 'ven come 
. . ~ 

c1ose to predicting the true amount of a particular met~l that can be levitate 1 

' 
in the liquid stateb~ The flaw in the arguments given above is that, to deter-

Y\ . . 
mine the stability of the levitated metal system,· both the static and dynamic 

aspects must be considered~ Static stability is concerned with the production 

,, 

:~ 
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of restoring forces and corresponds. to the above considerations, for which 

.the gravitational, surface tension, and electromagnetic forces are balanced. 

Dynamic stability is concerned with the Gscillations .that are set up in the 

system as a result of these restoring forces. If these oscillations are damped, 

then the system is dynamically stable .. If they are divergent, then the system 

is dynamically unstable. Dynamic instability may occur with either static 

·stability or static instability. 

If the levitated metal is dynamically unstable, the existence of this 

condition can.be noticed almost immediately; the metal may separate into 

smaller liquid drops, oscillate violently, or fly apart., This 
1
condition should 

not be confused with the effects mentioned in Sec.· III. B, where, as the metal 

gradually increases in temperature, the force decreases until the metal no 

29 . 
longer can be sustained by the field .. According to <?olgate, "the presence 

.of appreciable surface tension may be expected to inhibit the growth of in

stabilities' especially those having short wavelengths. II This fact explains 

why stable levitation of liquid-metal samples of moderate size can be achieved·. 

The exact criteria for dynamic stability. of a. levitated system,1in-

volving fact~rs such as .the metal size and shape, skin depth, magnetic-field 

distribution and intensity, density, a.nd surface tension, have not yet been 

explicitly stated. The calculation of these criteria will involve many of the 

techniques now used· to determine the stability of high-energy plasmas in con-

trolled-nuclear-fusion research. The analogy between the two physic.al 

problems. is quite close. It can ev~n be speculated that some of the techniques 

used to stabilize! and confine gaseous plasmas' such as .the application of a 
' ~~ . 

static magnetic {4·~ld in a suitable direction-, may be applica;ble to metal levi-

tation. The possibility of such an app~oach awaits .further calculations. 
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Even without considerations of dynamic stability,. it can be concluded 

that levitation.will probably not be widely applicable to the full-scale com-

mercial production .of pure metals, A possible >exception which appears at 

present is. the development of statically and dynamically stable levitation 

techniques for large··plane-.metal sheets, long rods, or other systems designed 

to minimize the hydrostatic head of metal that needs to be balanced by the elec-

tromagnetic field. 

. V. FUTURE DEVELOPMENTS 

A. Improved Induction Heaters 
I 

In previous chapters it has been shown that separate control of both 

the frequency and magnitude of the sinusoidally alternating magnetic field is 

very desirable for laboratory~scale levitation work. Unfortunately, no com-

mercial induction heater exists that can be either continuously or decade 

. tuned over a frequency range .that spans even two orders .of magnitude, such 

' 
as .500 cps .to 50 kc/sec. The usual induction heating devices are (a) line 

frequency heaters for large metal pieces, (b) moto~ generators, which com-

monly operate in the 1 to 10kc/sec range, or (c) electron:...tube oscillators, 

which generally operate at fixed frequencies such as 100 kc/sec, 450 kc/sec, 

or higher into the rf range. At best, the frequency tuning range for any of 

these devices is limited. 

This situation is unfortunate, since there is an optimum frequency 

for the levitation of a given metal sample, depending not only on its size, 

shape, but also o~ its resistivity at the desired operating .temperature, This 
:~.'1: 

~ 
point has been i\}~strated for solid-metal spheres of 1-cm radius in Charts 6 

~:'f~~:t 
and 12. If too h~h a frequency is used, simplicity, low cost, and power are 

sacrificed. The coil losses at high frequencies are very large, although 

Litz wire can occasionally be used to minimize them. 
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.In Chart 1.Z, it is shown that the highest frequency needed to levitate 

a 1-cm-radius liquid sample of most metals is.60 kc/sec •.. For many of the 

common metals~ frequencies as low as •zo kc/sec are ~ery satisfactory. Thus, 

there is no real advantage· to levitating metals at 450 kc/sec, as is done by 

the two commercial levitation devices, unless (a) small samples are used, 

(b) h . h d · d J ki 11 • 21 
w· • b 

26 
d th or 1g powers are es1re . en ns, e1s erg, an o ers 

have commented on the fact that temperature control in.vacuum levitation 

work is generally poor, ·with the result that the levitated metal samples have 

a tendency to "burn up. 11 • These problems can be reduced by operating at 
l 

-lower· frequencies. 

What is the ideal levitation device ? From previous calculations, it 

has been shown that fields as high as several kG are quite desirable if 

they can be conveniently generated over reasonable field volumes, although 

a device providing 500 Gover a 75 cm3 volu.me_is probably more than adequate 

1 \ for most laboratory applications. This field can be generated through.the use 

of (a) high current, low voltage, and few-turn air-core coils, (b) low-

current, high-voltage, multiturn air-core coils, or perhaps (c) multiturn 

coils wound over magnetic cores. Ferrites or low-loss laminated-core 
( 

materials such as Silectron
37 

can be used at frequencies as high as 50 kc/sec 
. ~4 

as transformer!:~_ and perhaps. to produce the field distribution directly • .c The 

frequency of this device would be adjustable in the range from at least 500 cps 

to 50 kc/sec, with a decade capacitor bank provided to tune the levitation-

coil inductance. 
--~ ,,.,. 

In-this £t"~quency range, the use of motor generators with variable-
:: ...... >~:. 

speed control 4ad/or frequency multipliers is most inconvenient. Fortun-

ately, recent advances in high-power solid-state active devices have made 

it possible to construct different and better induction heaters. Simpson 
38 
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has discussed the use of a transistor inverter as an in.duction heater. This 

is a switching device capable of converting de to ac power of the order of 

at least several kilowatts. The resulting waveform is a-square wave,. the 

.fundamental mode being_the dominant one in.induction heating and .levitation • 

. It is useiul. to quote Simpson on. these points: 

"Frequencies as high as 1Z· k<: have been report~d, and it is possible 

that higher frequencies could be achieved .w1th improved t'ransistors. 

Power ratings can be increased by utilizing .transistors in series, 

enabling .a higher input voltage to be UBed, Even with.transistors 
I 

available at pt:esent, an.inver~er of se-veral. kilowatts at 10 kc and 

~ 

300 to 500 volts is a practical possibility. Efficiencies of these 

i':lverters are very high (95 per cent), and.the future potentialities 

of combining them with high-efficiency silicon diode de power 

supplies are very great, . The weight al).d .cost would.be .~ow,. and the 

variable frequency factor of transistor inverters gives them a great 

advantage OVer rotary equipment~ II 

High-frequency power transistors ha-:ve been further improved,. and 

other efficient switching devices, such as. the silicon-controlled rectifier 

(SCR) and the gate turn-off switch (GTO), have been discovered. The first 

two devices have definite limitations, the power transistor being inherently 

a low-voltage device, and the SCR being difficult to turn off once it has been 

pulsed into conduction. The gate turn-off switch, the most recently dis-

covered device, shows promise of considerable improvement over the other 
·' 

two. It can be \~;ned off and on from a single gate terminal, operates at 

. frequencies as high as 100 kc/sec, nbeds only low-power pulses to turn it 

on or off, and .can handle much higher load power for the same current 
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rating since it is inherently a high-voltage device. ·Its main drawback at· 

present is the fact that it is still·a low-power device, the 'largest commercial 

·.one being rated at 7.5 amperes and 500 'to 600 volts. Grafham 
39 

gives fur-

ther details. 

The day when laboratory-scale induction heating .Will be revolutionized 

is not far off. Such devices will do much to simplify: the application of in-

duction heaters to levitation problems; 

(. B. Levitatio~ Of DieleCtric ·Materials 

Levitation techniques have found their most useful applications in the 

researchlabor~tory, where physicochemical studies of gas-metal reactions, 

. vapor plating, sintering, vaporization phenomena, thermodynamics, and 

alloy preparation can be performed relatively easily on small levitated metal 

specimens. Analogous methods for levitating solid and liquid dielectrics in 

a cusped geometry similar to that used in metal levitation have not been 
ll 

found. 

A method for levitating and heating solid dielectrics such as refrac-

tory oxides, nitrides, and carbides, other metal salts, and polymers is 

achieved by surrounding a light and unreactive metal sphere of high electrical 

conductivity by the dielectric material desir~d, and then levitating the com-

posite sphere as' outlined in the rest of the paper. This method involves the 

same temperature-control problt1ms as does the levitation of metals. If 

thes~ problems can be met by suitable coil design, the use of high-thermal-

conductivity gases, or low frequencies, levitation techniques can be applied 
. . 

j; 

to physicochemf~al studies of these materials up. to their melting, softening, 

.. ~~jt 
or decompos1h'n temp~ratures. Metal salt- gas reactions studied by this 

technique may h~ve advantages over other methods. 
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The most suitable metals .. for the core materials are those that are 

easiest to levitate, are unreactive, and have a high melting point. Beryllium 

meets these conditions, althoughlow-m~lting~point metals such as aluminum, 

magnesium, sodium, lithium, and potassium may be used for specialized 

applications. A double dielectric coating can.be used on these latter metals, 

one to render the metal inactive, and.the other the one to be stud:ied. A 

molten electrolyte may remain on the surface of the suspended sphere as a 

consequence of its surface.tension and adhesion p;roperties. · 

1. 

VI. SUMMARY AND CONCLUSIONS 

Levitation melting techniques may not have widespread commercial 

application due both to the difficulties in scaling up the magnetic fields 

to levitate larger samples and to possible dynamic-instability problems. 

They have primary applicability in the research laboratory, where they 

ll 
can be used for a variety of metallurgical problems ·and physicochemical 

., 
studies. 

: 2. A possible exception to item i is the use of levitation heating or melting 

I 
1 of large plane sheets of moderate.thickness or long metal rods of 

I moderate diameter .. In this way,. larger quantities can be melted with-

1 out increasing the hydrostatic head of liquid, provided that these con-
I 
I 

l figurations are .not dynamically unstable. One of the coil configurations 
i 

developed by Foge1
40 

may be useful for such applications . 

. 3, · More attention should be given to the improvement of commercial levi

tation equipment for the laboratory through .the u'se of variable fre-
~ ~r. / 

~ . \ 

quencies, s'¥lld-state circuits, and high-permeability magnetic-core .. . OJ; "l,j . 

materials with low power losses. The ideal levitation power supply 

would have a variable. frequency control for the range of 500 cps. to 
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. 50 or 100 kc/sec, a decade capacitor bank, and the capability of pro-

. ducing a square or sine-wave magnetic field up to perhaps several kilo-

3 . .. 
gauss over a 75 em volume .. Gate turn-off switches seem most 

promising for this application. 

4. An approach similar to the one taken in this paper can be made for zone 

· refining t.echniques and other applications of induction heating .. ( 

5. ·For research into various problems connected with levitation--such as 

6' • 

the shape of the liquid-metal specimen in the confining magnetic field, 

the. minimum magnetic field needed for levitation, new coil geometries, 
I 

and the use of magnetic cores.to produce the magnetic-field distribution--

·the most suitable system is that of liquid sodium surrounded by a min-

eral or silicone oil of nearly the same density. This minimizes the 

. magnitude of the magnetic field and the frequency needed to study the 

phenomena. 

To determine whether a given coil, field strength, and frequency will 

levitate a number of liquid metals, either liquid mercury or gallium 

surrounded by a coolant. can,be used to determine the characteristics ofthe 

system. If liquid mercury can be stably levitated, most other liquid 

metals can be also, provided that adequate temperature control is 

maintained.·- This substitutes easy-to-perform low-temperature experi-

ments for high-temperature ones . 

. 7. For vacuum metallurgy work in which a metal specimen is to be levi-

tated for considerable time, levitation techniques can be used only with 

difficulty. ~oth the force on and the temperature of the levitated metal 
~<\ 

cannot be controlled with the power-control knob alone. For best re--

sults, separate control of both the frequency and the field intensity is 

needed. The power absorbed by the liquid metal is minimized by 
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operating·.at the .lowest frequency possible. Certain .metals,-. because 

of their high density and electrical resistivity, are very difficult to 

levitation melt in a vacuum for considerable periods-of time. 

8. If the metallurgical studies can be performed in an inert-atmosphere 

environment, then . .the composition or pressure of a helium-~rgon mix-

ture can be used. to control the temperature of ~he liquid-meta-l speci

men. Stable .. levitation of liquid metals can be achieved in this manner 

. for considerable periods of time. 

9. Levitation techniques can be appli~d .. to. semiconductors and .insulators 
. I 

·at high temperatures, when.their elect.rica.l resistivities are low. 
. ) 

10. A solid dielectric material can be levitated and heat.ed under controlled 

.conditions .if it surrounds a light unreactive metal of high electrical 

'conductivity and melting point. This technique permits physiCochemical 

studies of dielectric materials similar· to those performed for levitated 

'I metals. 

11. There is a greater force on a levitated metal sample if the axis of a 

symmetrical levitation coil is horizontal instead; of vertical. The power 

is greater also. • 

12. High-frequency magnetic-core materials may have possible application 
' . 

to the production of magnetic-field distributions in levitation work. 

13. The criteria for the dynamic stability of a levitated liquid-metal sample 

have yet to be explicitly stated. 

14. Techniques used to stabilize and confine gaseous plasmas may have 
) ~!' 
i ~ j 

application~ :~o .. metal levitation.· 
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APPENDIX. 
.·~ ~ \ · . .t •• . L 

·< . 
·This appendix describes in detail the derivation of the fundamental . . . 

.levitation equations. Consider a homogeneous body of arbitrary size and 

shape, constant permittivity E , permeability ~. and conductivity 0', sur

rounded by a nonconducting medium characterized by the free-space per-

mittivity E 
0 

and permeability f.Lo· The fundamental laws· of electromagnetic 

theory (in: rationalized mks ·units), which apply to both the body and the 

surrounding medium, are given by Maxwell's equations, 
8B 

v~ =- at 

ao 
v><B = J + a~ 

I 
.J 

V.··B = 0 

!;..,,; 

v • D = P'. ' I 

(A-1) 

\he assumed linear constitutive ·relationships betwee~ the various vector 

quantities within the homogeneous body~ 

D = EE 
'. 

B = f.L!} (A-Z) 

J ::::: aE • ' 

and the rigorously linear constitu.tive. relationships betwe~n the various 

vector quantities in·the 'surrounding nonconducting medium, 

E =Eo~ 
B=tJ. H 
- 0-

(A-3) 

The eled~ic and magnetic fields are now assumed t~ be steady-state 
N . 

sinusoidally alt~:~hating fields. In spherical coordinates, the fields are of 

the form 
...... . 

v = v• (r, (), cl»)cos [wt - Cl(r, (), cl»)] - (A-4) 
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where it is noticed that both the peak amplitude V' and phase a. of the 

vector field may vary from point to point. This somewhat awkward repre

sentation for the field can be simplified 'by the use of the complex exponential 

ej(wt-a.), whose time derivative is 

8 j (wt-a.) - . j (wt-a.) 
1ft e - J<A:e 

. where j = (-1.):1/2 

w = radian frequency 

t =time .. 

Thus, 1. 

V = Re [V'(r,O,cp)ej[wt-a.(r,O,cp)]] = Re [V'.(r,O~cp)e""B(r,O,cp)ejwtl - . 

... 
For simplicity of terminology, the Re symbol is omitted. and V is sim--
plified to 

- jwt V = V(r, 0, cp)e , (A-5) -
·where 

v(r, o, <Pl = v• (r, o, <P>e-a.(r~ 0• <P>. _ {A-6) 
· .. 

Similarly, 

(A-7) 

. 41. 
For further discussions of these pointS, Adler, Chu, and .Fano · or Moon 

. 42 . 
and Spencer sJ:l.ould be consulted. 

Equations (A-1) simplify to 

- -VXE = - jwtJ.H -.- -VXH = J + jwEE 
(A-8) 

. . I 

as do the constitutive relationships for thehomogeneous body [ Eq. (A-2)J , 



-71· 

;. - -D.=. EE ) ' .. ,. 

- -B = J.LH (A-9) 

- - .. 
J = aE 

· and the constih:ttive relationships for the surrounding medium L Eq~ (A-3)], 

If it is assumed .that no free charges exist either inside or outside the body, 

· p = 0 and the above equations reduce to the vector Helmholtz equations for 

a homogeneous body, 

2- 2 - · v E + ( (1.) Ell - j Coil ll (} )E = 0 

v 2:B + {w
2
Eil- j WJ.LO"):B = 0 

2- 2 · -v D + { w Ell - j w ll (1 )D = (1 

2- · 2 . · -
v H + (w E-ll - J w ll a )H = 0 

2- 2 I . -v J + {w Ell - j w ll a )J = 0 

and .for the surrounding nonconducting medium, 

2- 2 ·-v E + w E 0 J.L0E = o 
2- 2 · -

v .B + w E olloB = o 

z- 2 -v n + w E olloD = o 

2- 2 -v H + w E 0 J.L0H = o 

where advantage "lias been taken of the vector identity, 

VXV'0V = v {V· V) - v 2v. 

{A-11) 

' '• .... 

• .f' (A-12) 

(A-13) 

In order to solve these equations, it is useful to define a.vector po-

tential, A, 

B= vX A -M-
- ;()t • (A-14) E= -
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where it is assumed.that vv = Q, !- will also vary ·sinusoidally,. as in 

• so that - -. E = - jwA 

and 

2- 2 . ·. -v A+ (w Ef.L- JWf.LO')A = 0, 

. . . 

For metals, 0' is so high that for any ordinary fr.equency 

. 2 
JW f.LO' > > W f.L4 • 

Thus, Eq .. (A-17) reduces to 

2- . -V A = JW f.LO' A , 

which is the basic relationship used to derive the levitation equations. 

(A-iS) 

(A~ 1.6) 

(A- 1 7) 

(A- 1.8) 

(A-1.9) 

Consider now a metal sphere of 0', f.L~ and .R placed in a sinusoidal 

, alternating z-directed magnetic field, 
' •I "wt 
i l B = BeJ -; cylindrical coordinates . z 

l 

or 

~ = l B cosO ;r; - B sinO -:0] ejwt spherical coordinates. (A-21) 

From Eq. (A-14), the vector potential for this z-directed magnetic field is 

A = A (r O)ejwt-; 
- 4> • 4> 

(A-22) 

·.-

The fact that the vector potential has a cj> component only simplifies the 

. mathematics considerably and is the main reason for introducing it rather 

then solving Ecf'. (A-11) for B directly. The left-hand side of (A-19) now 

becomes ~ ·,·: 
' ~: 

.~~~i2 - - 2 . 2- 2 
~ Acj> = e cj> V Acj> + Acj> v e cj> = [ v Acj> -

·• 
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:! .. 

where 

" ' 

. (A•l3) 

or, by expansion of 

1 8 l aAcp . 1 
-z 8 r (r --,rr ) + 2 . 
r · r s1n8 

DA' ' A"' . 'a ---q, 'I' 
iflJ (sine tnr )• 2 . le - JWIJ.O' Aq, = o. 

r s1n 

I 
If the substitution u = cosO is made, Eq. (A-l4) be~omes. 

. ~ 1/2 . . ·. 

(A-l4) 

z 1/Z 
1 a 2 a Acp (1-u ) --z Tr (r --aT ) + 2 

2[ 1 2) A ] 
8 1-u ,,cl! - J'W!J.O' A = 0. 2 . cp 

r .r 

~ The solution to .Eq. (A- 25) is of the form, 
I 

... 

. . 

A = r- 1/ 2Re. 
~--

au 
(A-25) 

(A-26) 

. Substituting into the equation, multiplying by r 2, and .dividing _by Acp, gives 

2 2 .·.·. 
r a R r ·aR 1 . 2 -.,.. -::-z- + R - --·•J WIJ.O' r = -

L\. ar ·- ar 4 

2 1/Z 
(i•u ) . e 

., . 2 i/2 
a""[ (1-u ) ·e] 

·2 au 
(A-27) 

By setting both sides equal to n(n+1). and expanding the derivatives, the 

equations become 

d 2e.'· · de e . z -2u -:r:-:-un - ~ + n(nt1)6 = 0 
du uu 1-ul:. · · n 

,· 
. t· 

n(n+1) + 4 
2 ·] 

r 
R = 0. n 

(A-28) 

(A-29) 

''il 
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Equation (A-28) ... is .. the.difierential.equation!or associated Legendre.func

tions 
17 ~hereas Eq. (A-29) is.the differential equation for modified Bessel 

. functions. 17 . The final solution for the interior regi~n of the metal sphere is 

(A-30) 

If n is an integer, I-(n+ 1/ 2) can be used in place of K
0

+1/ 2 . 

In the region· outside the metal sphere where the conductivity of the 

medium is zero, the vector equation analogous to Eq. (A·-19) is 

2- 2· -v A + w E O~OA = 0 t (A-31) 

which,. when expanded and the substitution u = cosO made, becomes identical 

z 
·.to Eq. (A-25) with the exception that -jWJ-1.0' is replaced by w E of.Lo· Con-

. sequently, the solution is the same form as Eq. (A-26), 

(A-32) 

2 
where Eq. (A- 28) again .applies .. With the substitution of w E ofJ.o for 

. ) . 
-jw fJ.O' into Eq. (A-29), it becomes the differential equation for Bessel 

functions. 
17 

The final solution .for. the nonconducting region exterior to the 

metal sphere is 

· -1/2[ 1 ·. . , 1 ( ). ·l. · 2 1/2 
A' = r .- · A 1 P (u)+ B' Q u ] C11J / (w E fJ. ) r cj> n n n n n n+ 1 2 0 0 · 

DUJ . (. 2 . , 112 ]' (A 33) . 
+ n -(n+1/2) w Eo~o _r · -- . 

. At d' f . ' ( z )'1/ 2 ' 11 b ' " ' or 1nary re~enc1es, w 11 ol-lo ... · 1s a very sma num er, 1. e. , 1t 1s 

equal to only o.b'~33 meter- 1 \VhEm. c,; ~ 106 rad/sec. Consequently, for the 
?~: 1 

nonconducting e;xterior region, it is a very good approximation to remove the 

term - jWfJ.O' A from Eq. (A-27) and solve the remaining equation, The 
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solution now takes the form • ' !".- • i ; .. ~ .. ' 

'· 

A~ =.R'e~.· (A-34) 

·Again, the value of en can be obtained from Eq. (A-:-28)~. which remains 

unchanged •. Equation (A-29) becomes 

dR' 
,;;. (r

2 ~) - n(n+i)R' = 0 , ur · ur n 
(A-35) 

which has a .solution 

n -n-1 
.R1 = C 1 r + D' r n n n 

(A-36) 

Thus,. the simplified solution :for the nonconductillg .region is 

· l 1 · i ] l · n · · -n- 1 ] A'·= A' P (cos 8) + B' Q (cos 8) C' r + D 1 r · cp . n n n n . n .n · . 

· .(A-37) 
' 1 
'i;where u.= cos 8. By use. of the definition of P 1(cos 8), 

f 2 1/2 . P 1 (cos 8).J = (1-cos 8) = s1n8 .(A-38) 

and comparison of Eqs. (A-22) and (A-37), it is seen that, for the present 

system, n := 1 and B1_ = 0. 

The solutions (A-30) and ,(A-37) are subject t<;> four boundary condi

tions. which determine the values of the unknown constants: 
! 

f. Outside .the metal sphere, the. vector pote
1
ntial due to the eddy 

currents must vanish at infinity 

A~= {- Br sinO at r = • • (A-39) 

~. Insia$. the metal sphere, the eddy-current-vector potential must 
\:· . . ~ 

1 .·~ 
~:r~emain finite at the center 

Acp = finite at r = 0. (A-40) 
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.3. Across the phase boundary,. the vector potential must be continuous 

... -A= A' at r = R. (A-41) 

4, .. Across the phase boundary,. \he tangential component of H,. the 

magnetic-field intensity, must be continuous 

... ... 
... VXA - VXA 
n X-- =n,X --. fJ. fJ. 

From the first boundary condition, 

1 AfCf = zB• 

and from the second, 

0 

Equations (A-30) and (A-37) simplify to 

at r = R. 

A _ 1BC -1/2 . ()I · · U · )1/2 
<I» - 'Z r . · s1n 3/ 2 w fJ.U r 

A , 1 B . o n• -2 . o· <I» = 'Z r s 1n + 1 r s 1n 

·1 

(A-42) 

(A-43) 

(A-44) 

(A~45) 

(A-46) 

where . C = C
1
/C1, . By comparison of Eqs. (A-22) and .(A-46), it is seen 

that Eq. (A-46) can be written, 

v' 

A' = {vector potential due to the}+ {vector potential·d~e to} (A- 47 ) 
. cj» z-directed magnetic field . the eddy.currents 

. . . . 

= . +. All cp I 

where 

A n D' -2 . 8 , <I»= 1 r .sm , (A-48) 

' ' 

which is a fundamental result for· levitation theory. 
' . 

. 'From pl}e. 270 or Smythe, 17 the vector potential for a .very small 
{.' ,'"'t I 
~-.'·', 

circular loop of radius R is given by 

. - -... MXr 
· A = f!o 3 

4Trr 

Msin8 ... = 1-Lo z e ..... 
4Trr "' 

. (A-49) 
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where M. the magnetic moment of the loop~ is 

2 
M = 1rR I. (A-50) 

Thus, the eddy-current field of a metal'" sphere. is like that of a small magnetic 
'wt • 

dipol~.loop of radius.· R carrying a current IeJ , where 

(A-51) 

All that is necessary now is to determine the constant. Df from the re

maining two boundary conditions (A-41) and (A-42), 

. AcJI = A~ (A-52) 

. ' . 

f.Lo : r (rsin9 A~) =. f.L : r (rsin 9, A~) , . (A-53) 

or 

~BR3+ D'1 = 1 BCR3/21. . - 1 C l/2, .. .' -1 ] 
' 7 3/2- 7 B R , ,' L 1-1/2-v I1/2 

i 
(A-54) 

BR3 - D 1
1
= ~BCR3/Z f.Lo 1 1 I . . 1 . ] 1 BCR3/ 2 

' T L "Z 3/2+vl 3/2 = "Z 

; ·{ ~: [ (v+v-
1
)Ii/Z cr_ i/Zj. (A- 55) 

where I3/Z' 11/Z' I_ 1/t' Jand v are Smythe's shorthand·n9tations · 

. . . 2 1/2 . 1 
I 3; 2 = I 3; 2(v) = ( iTV) [cosh v - v sinh .v] .(A-56) 

2 1/2 . 
<·'4. 11; 2 = I 1; 2 (v) = ( -;rv), smh v 

•: 
' I 
·~tl. 

2 1/2 ' 
I _

1
/ 2 = I • 1; 2 (v) = ( TTY) cosh v, 
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The solutions ,for C and· 01_ are 

C= 

0' = 1 
(A-57) 

In order to simplify C and '01_ in Eqs. (A-57), the following hyperbolic, 

trigonometric, and modified Bessel function identities are needed: 
\ 

,• 
'I 

!i 

v= UW!-L0')
1

/
2
R= (1+j)x 1· 

1/2 
X= (~) R; 

· sinh( 1 .:I: j )x = sinhx coax :I: j coshx sinx 

cosh(1 :I: j)x = coshx coax· :I: j sinhX sinx 

cosh
2

x - sinh 
2

x :: 1 

. sin2x + cos2x = 1 

sin2x = 2 sinx coax 

sinh2x = 2 sinhx coshx 
. . 

. . h2 . 2 1 < h2 . 2. > Jln x + sm x = -z cos x -._cos x ; 

. 
1
1jz (si~h2x - j sin2x) 

1TX 2 . · 

(A-58) 

. (A-59) 

(A-60 continued) 

· .. " 
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2 1/ 2 · 2 .2 
- (sinh x + sin x) 

me 

* 21/2 .. 2 2 · 
1_1; 2 1_1; 2 = 'TTX (cosh x ... sin x) ; 

'' 

(A-60) 

x(sinh2x + sin2x) - 2(sinh
2

x + sin 
2
x) .·(A- 61 ) 

= . 372 
(w J.LO') 'TTR 

I 
where the asterisk* denotes the complex conjugate and v = Uw J.LO') i/2r • 

. ·From the definition of the dimensionless parameter x given in Eq. (A-58), 

it is evident that x- is the ratio of the r_adius of the metal sphere to the skin 

depth 

I 

I; 

x= 
R 
-o· 

This dimensionless group is of fundamental importance not only to levitation 

melting but to- the entire area of induction heating. 

For nonferrous metals, fJ. = J.Lo• and .Eq. (A-57) becomes 

. -D' 
1 - = 1 -.3 

.!BR3 
vi_1/2 - 11/2: ;;· 

1 
_ 

3 
v coshv - sinhv 

v
2
I1/2 .· v sinhv 

2 
I 

.,, =· 1 . _ 3 . sinh2x - sin2x G( ) 
-r- 2 2 = x. . ":::X 'nh , 

Sl X+ Sln X 

(A-62) 

~. It> 

For ferrous meti:~s, J.L > > J.Lo~ and 

~.: 

- (A-63) 
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2 
If IJ. > > f.l.o v , 

n;_ 31J.0 
1 BR 3 = 2 :.. IJ. 
'Z 

= z. 

-so .. 

.. ' 

........ " 
.I . .,, • • 

2 .. 

: 
v 1112. = 3u0 . h2 . 2 

_ r- Sln X + Sln X 2 
- -u- sinhZx - sinZx vi -1/2 - 11/2 ,.. 

l· . .. :; 

(A-64) 

The calculation of the force on the metal sphere follows the plan first 
. 19 . . 

suggested by R. C. Mason and.also the derivation for an analogous p-roblem, 

a dielectric sphere in an inhomogenous field, given by Abraham and 

Becker. 
43 

The simplification applied is stated in Sec. II.B i~ the main body 

of the paper .. The force is given by the simple formula . - - -F = (M · V) B . (A-65) 

By substituti.on of Eq. (A-62), this equation becomes. for nonferrous metals. 

- -G(x) (B • v. ) B, (A-6.6) . 

- - -where it is noted that the vectors M = M n and B point in· the same direction, 

For ferrous metals, Eq~ (A-64) substituted into Eq. (A-65) leads to 

4 R3 ·' 
- 1T - -F = -- (B · v } B • 

!J.o 
(A-6 7) 

. - -Since the term (B • V) B is negative and since 

-F = + (repulsive force) (A-68) -F = ;.. (attractive force), 

the forces in Eqs .. (A-66) and (A-67} are repulsive and attractive respectively 

for nonferrous and ferrous spheres located near a loop of wire carrying .an 

alternating currept of low frequency. Equation (A-67) also indicates that, 
t ~~~ 

- for low frequenclif.;s. the attractive force between the ferrous -metal sphere 
· · Yl . 

and the current loop is independent of the parameter x, which is a function of 

the frequency and the metal radius. conductivity, and permeability. 



-81-

Since a repulsive force is needed for levitation, calculations need be 

made for nonpermeable materials only. These calc::ulations obviously also 

hold for permeable metals above their C~rie points. 

The power absorbed by the metal sphere is given by the formulas 

P= 1 1 
. Rn 

1. * 1 --.* z . z ~· !._ dV = 'Z E· J dV = ( 1 E• j* nr s1n8 dr d8 . 

v . v · Jo o · 

From Eqs •. (A-9) and (A-16), 

P= ,.,z 11A4>A:r2
sin0 dr dO , 

0 0 . 

and from Eq. (A-45) 

·z z 
p _ 'TrW aB 

- 4 

z z 
'TrW aB = 3 

·R n 

cc*l[ ! 3/ZI;/Zr sin3
0 dr dO 

I. 

(A-69) 

(A-70). 

* . 
The value of the product of C and its complex conjugate C is needed to cal-

culate the power absorbed by the sphere 

3 
C * 9R 1r c = 3/2 . 2 . 2 

x Z (sinh x + sin x) 
I 

= (A-71) 

·By substitution into Eq. (A-70) the values ofthe integral and the product cc* 

given in .Eqs. (A~61) and .(A-71), r.espectively, the final form forthe power 
. ,,;~ 

absorbed by the rk~tal sphere is obtained · 

't~l 
p = 3nRB

2 
·[ x(sinhZx:+ sinZx) -~ 1 · '3nRB

2 
H(x), 

2 Z< . h2 2 = 2 · (]fio s1n x +sin x} (]fio · 
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. where 

H(x) = x(sinh2x +. sin2x) x(sinh2x + sin2x) 
2 . 2 ) - 1 = cosh2x - cos2x - 1 • 

2(sinh x + sm x 

which .is again .identical to the formula for H(x) given by Okress et al. 19 

Equation (A-72) can be rewritten, becoming 

p = 3
TTf ra· l> H(x> • . 

o-t-Lo 

(A-73) 

(A-74) 

To summarize, the key relationships of levitation theory for nonferrous 

metals are given by the equations describing the force on the 1sphere, the 

power absorbed ,by it, and the magnitude of the dimensionless group x: 

. 3 . 
· F = - 2TTR (il • V )B G(x) 

1-Lo 
(A-66) 

(A-73) 

(A-58) 

Equations (A-66) and (A-73), the fundamental equations of levitation, 

, show that the properties of the levitated metal sphere have been separated 

· from the spatial characteristics of the applied .alternating .magnetic .field. 

Since the frequency has also been separated, the terms B- Band {B• V)B can 

be obtained from simple magnetostatic calculations. It ·m.ust be emphasized 

that Eqs. (A-66) a~d .(A-73) are approximations, being most valid for metal. ,; 
f 

spheres of smalL s;ize. 
~<: 
. ~.! 

\ 



y 

6 

E 

e 

.... 

.... 0 

v 

p 

Po 
0' 

'T 

cf> 

w 

v 

A, n 

A'' n 

C"'. n 

Af' 

A 

Acf>' 

B 

D 

B n'. c n•· Dn 

B~, C'' D' n n 

D" n' C,. D
1 

Cf,. D' 1 

A 1 'A" cf>' : cf> 

. -

.< 

'. :;,k 
I ·,'f: 

., 
11. ,,.,~ 

'\;" 

~83-

NOTATION-

Phase 

Surface tensien 

Skin depth 

Permittivity 

Permittivity of free space 

Coordinate direction 

Specified function of 8 

·.Functions dependent on spatial characteristics 

of magnetic field 

Permeability 

P~rmeability of free space 

·Frequency 

. Density; reduced radial distance 

Density of the_ external dielectric medium 

Electrical conductivity 

Electrical resistivity 

. Coordinate direction 

Radian frequency 

Del operator 

Integration constants 

Vector potential 

Vector potential in cf> direction 

Magnetic induction 

Electric displacement 

'.·.• 

,. 
&:=; 

\K:Di 



d 

E 

F 

-e • z 

F(x), G(x). H(x) 

g 

H 

h 

I 

1
n-t.1/2' l_<nt1/2' 

1
1/2' } 

1-1/2' 
1
3/2' 

1
-3/2 

J 

~n+1/2' J-(n-t1/2) 

K, K1, KII 

k, kl' k!I 

M 

m, n 

-n 

p 

P!(u), Q!(u) 

R 

R' 

t 
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One-half the distance between two coaxial coils 

Electric intensity 

Elliptic integ-rals ofthe second kind 

Unit vectors in direction indicated 

Force 

Specified functions of X: 

Gravitational constant 

Magnetic-field intensity 

Height of liquid-metal column 

Current 

Modified Bessel functions 

Electric current density · 

Bessel functions. 

Elliptic integrals of the first kind 

·Elliptic integral moduli 

Magnetic dipole moment 

Undefined powers of R 

Unit normal vector 

Power 

As so cia ted Legendre functions 

Sphere radius; specified function of r 

Specified function or r 

Coil radius 
I 

Coordinate direction 

Time 



u 

v 

v 

* v 

w 

X 

z 

' . 
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CosO 

Arbitrary vector; scalar potential 
.. 

Function of skin depth, sphere radius,. and 

imaginary number 

Complex conjugate of above quantity· 

Weight 

. Ratio of skin depth to sphere radius 

Reduced axial distances 

. Coordinate direction 

•, 

··i 
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OF A DIFFERENTIAL MICROMANOMETER 

PART II. THEORY AND OPERATIONAL CHARACTERISTICS 
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April 8, 1965 

ABS']RACT" 

A differential micromanometer capable of measuring 100 ~torr to 

an accuracy of ± 2% has been designed, constructed, and tested. The 

micromanometer is being used as a Wrede-Harteck gauge, a device that 

converts an atom concentration into a pressure differential in a low

pressure gaseous system. 

The pressure difference is sensed by a membrane manometer con

structed as a differential capacitor that forms two legs of a resonant

bridge network excited by a radio-frequency source. The bridge output 

(2.762 Me/sec) is amplified and fed to a phase-sensitive detector that 

determines the direction.of unbalance and develops a de voltage that can 

be used (a) in a feedback-loop system to restore the diaphragm to its 

null position, or (b) in an open-loop system and recorded directly. 

The most favorable system found to date consists of a Decker 

Corporation Model 306'-2A pressure transducer operated open loop .with 

the bridge and electronics. Differential pressures as low as 50 ~torr 

can be measured with a zero drift of about 30 ~torr or less per hour 

(approxii!lfl..tely l ~torr per.min) in a room regulated to within± 0.5°C. 

Differential pressures of 0.5 ~torr are detectable. With a more sensi

tive transducer, such as a Decker Corporation Model 306-2G, the sensi

tivity might be increased by almost an order of magnitude over the above 

figures. An attenuator in the amplifier section extends the 306-2A 

system to differential pressures as large as 35 mtorr. 
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The micromanometer is calibrated electrostatically. The diaphragm 

constant K in the formula 

is determined to ± 2% by comparison of the readings produced by a known 

pressure differential, measured with an accurate McLeod gauge, and a 

voltage of known magnitude applied to one side of the differential cap

acitor. Once the gauge constant is known, the system can be calibrated 

daily by application of a series of known voltages and a plot of the 

recorder reading vs the square of the voltages. This calibration method 

eliminates completely the effects of changes of bridge voltage, bridge 

constant, amplifier gain, diaphragm tension, and recorder calibration. 

It takes five minutes to perform and need be done as seldom as twice a 

day. 

In the pressure regidn of 0.1 to 35 mtorr the system is an 

excellent secondar~/pressure standard, being much more convenient and 

generally more accurate than a McLeod gauge. A duplicate model, con

structed and tuned following the procedures given in Parts I and II o.f 

this report, worked the very first time it was tried. 

The characteristics of the differential micromanometer are 

compared to those of ten other differential micromanometer.systems: the 

MKS Instruments, Inc. Barotron; the Datametrics, Inc. Barocel; the 

micromanometers sold by the Decker Corporation, the Consolidated 

Engineering Corporation, and Granville-Phillips Company; and the 

micromanometers developed by Becker. and Stehl, Opsteltin et al., Love

joy, Cope, and Sharpless, et al. The electrostatic calibration tech

nique can be extended to some of these systems simply by placing a low

impedance .capacitor in each of the lower bridge arms. 

,· 
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I. INTRODUCTION 

The Wrede-Harteck gauge, whose principle is based upon the dif

ferent rates of effusion of atoms and their parent molecules through a 

Knudsen hole, incorporates one of only two absolute methods used to meas

ure atom concentrations. 1 ' 2'3 Two of these gauges were required for a 

study of atomic hydrogen in low-pressure systems. With atom concentra

tions of less than 5% at a total pressure of 75 mtorr, the upper limit 

of the differential pressure to be measured was only 1.1 mtorr. It be

came evident early in the investigation that existing commercial micro

manometers were not adequate for the measurement of these very small 

differential pressures. Thus, although the development of a more sensi

t~ve differential micromanometer was not the primary object of this 

research, a complete transducer~electronics system had to be designed 

and constructed.to meet the . .requirements of the experiment. 
\ . 

These requirements were: (a) the measurement of differential 

pressures as low as 0.1 mtorr to several percent; (b) freedom from noise 

and de drift over a,ten-minute time interval; (c) insensitivity to 

changes in gas composition; (d) insensitivity to changes in external. 

variables, ·such as temperature, and electric or magnetic fields; and 

(e) ease pr constancy of calibration within ten minutes. 

The best type of transducer for the accurate.· measurement 'Of.· small 
.. ~~~~ 

differential pressu:r;~s appeared to be the capacitive displacement trans-. . . .;~ . 4 
ducer. Lion, Vande:i?schmidt, and Foldvari and the Rosemqunt Engineering 

Company5 have briefly discussed its advantages o~er those of direct-

. acting pressure 'transducers dependent upon resistive, capacitive, pie

zoelectric, electrokinetic, ionization, corona discharge, or thermal 

effects, as well as those of other indirect-acting pressure transducers 

such as· piston, . bellows, expanding tube, or Bourdon spiral. The capaci

tive displacement transducer was thus chosen as the primary transducer 

type for conversio·n of a pressure change into an eventual· de electrical 

signal. 

The capacitive displacement transducer systems considered we:te 

those sold by the Decker Instrument Corporation, 6 Lion Research Corpor-
, . 7 . . 8 3 
ation; Consolidated Engineering Corporation, or developed by Sharpless, 
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Opsteltin, Warmoltz, and Zaalberg Van Zelst, 9' 1° Cope,
11 

Becker and 

Stehl,
12 

Lovejoy, 13 and Lovering and Wiltshire. 14 During the period 

when the micromanometer was being constructed, two other commercial 

systems were advertised in:the widely circulated technical literature, 

the Baroce115 (made by Datametrics, +nc.) and the Baratron16 (made by 

MKS Instrliments, Inc;). A lock-in amplif~er17(Princeton Applied Re-. 

search Corporation) was also tried as an oscillator-detector for a 

bridge employing a commercial capacitive transducer (Decker Corporation 

Model 306-2A) . 

The first electronics unit--consisting of the power supply, 

amplifier, oscillator, phase detector, and_recorder output---was designed 

and constructed by Kenneth W. Lamers and is described in Part I of 
' 18 this report. · I rederived the theory of the operation of the entire 

system; design~d and constructed the bridge, capacitive displacement 

transducer, and calibration circuit; and calibrated and used the completed 

system. I also constructed and tuned a second unit, which worked the 

very first time it was tried. 

The theory of the differential micromanometer, the design and 

construction of the transducer, bridge, and calibration circuit, and the 

operation of the electronics. is described in Sees. II to V, and the cal

ibration of the transducer is described in Sees. VI and VIII.K. The 

characteristics of comparative, systems are discussed in Sec. VIII. A 

summary (Sec. IX) and a section on future developments (Sec. X) con

clude the report. 
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II. THEORY OF THE DIFFERENTIAL MICROMANOMETER 

A. Capacitive Displacement Transducer 

Figure l shows a simplified sketch of a symmetrical capacitive 

displacement transducer. It consists of a thin central diaphragm of 

thickness h, radius R: and density p stretched elastically under uni

form tension T: and two stationary electrodes; each of radius R': at a 

distance z from the diaphragm in its equilibrium position. If the 
0 

transducer is stationary and the diaphragm not ferromagnetic: three 

forces can act on the membrane: a. mechanical force; 

2 
F . =TIR& mechanlcal 

a gravitational force; 
2 

F = TI R pgh gravitational 

and an electrostatic force; 

2 Ev2 
F ._,. = TIR' 
electrostatic' ----:2 
nonlinear 

z 
0 

2 2EvV 
F =TIR' 

2
p 

electrostatic 
linear z 

0 

( l) 

(2) 

(3) 

(mass-kilometer
second notation) 

( 4) 

(mks notation) 

These forces can be produced by application of a pressure differential 

across the diaphragm, tilting of the capacitive displacement transducer 

on its side: or by application of a voltage to one or both sides of the 

differential capacitor while the diaphragm is grounded. Landau and 

L.i:Eschitz19 have derived formula (2) and Cope11 has given formulas (3) 

and (4); including their first-order corrections. These four equations 

are the basis of all operation and calibration methods used for capaci

tive displacement transducers. Figure 2 illustrates these forces for 

a simplified capacitive displacement transducer. 
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Fig. 1. Symmetrical capacitive displacement transducer. 

. (a) 

~~ 
~p 

(c) 

1-+v 
I -

j_ 
(b) 

T 

(d) 

+V) 

. MU-35735 

Fig. 2. Force~ acting on a .capacl~lve displacement transducer: 
(a) mechanical; (b) gravitational; (c) electrostatic, nonlinear; 
(d) electrostatic, linear. 
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B. Bridge 

Figure 3 is a simplified picture of a capacitance bridge with 

two resonant arms. The two variable capacitors in the lower bridge arms 

are the two sides of a differential capacitor that senses pressure 

changes. The relation between the input voltage E and the output 

voltage e for the bridge is given by the formula 

e 
R

1
+jruL

1
+l/jruC

1 
R2+jruL2+l/jruC

2 
E = R

1 
+jruL

1 
+l/ jruC

1 
+ 1/ jruc

3 
- R2 +jruL2 +1/ jruC

2 
+l/ jruC4 

and is subject to the following conditions: 

(a) The diaphragm is slightly deflected, 
' < 

l l 6c/ci 
-- ~ -- + --:::--
jruCl jruC1 jruC1 

l l 6C/C2 
--~·--·"'-jruC 2 'jruC 2 

(b) the bridge arms are tuned, 

l 

jii:lCl 

l' 
- jruC

2 

(c) and the bridge is balanced, 

(5) 

( 6) 

( 7) 

(8) 

(9) 

(10) 
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Fig. 3. Capacitance bridge with two resonant arms. Capacitors Ci, 
and c2 a~e parts.of a differentiaLcapacitor. The output 
voltage ~s e =eA- eB. MU-3573'6 
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= R2 = Rc' c
3 

= c 4 = C ', anc c1 = c 2 = 

6C/jmc 
2 

e o 
E = 2 

R + 1/ jmC ' 
c 

.. 

C , then 
0 

(12) 

The coil resistance R is chosen to be much smaller than the 
c 

impedance of C', 1/mC' >> Rc. Therefore, the final simplified bridge 

formula is 

( 13) 

The bridge output is thus insensitive to small changes in frequency and 

coil resistance, but is sensitive to changes in L (underived), C , and 
0 

C'. All of the bridge components should therefore have a very low temp-

erature coefficient of impedance. 

/ 

C. Open- and Closed-Loop Operation 

Landau and Lifschitzl9 have derived the formula for the deforma

ti0n of a circular membrane of radius R placed horizontally in a gravi

tational field, 

r _ pgh (R2 2) s-TT -r' (14) 

where s is the displacement, T is the stretching force-per unit 

length of the edge of the membrane, p is the density, g is the gravi

tational constant, and h is the thickness of the membrane. The equiva

lent formulas for the displacement produced by either mechanical or 

electrostatic forces can be obtained by replacing the "gravitational 

:Pressure" in Eq. (14) by its equivalents from formulas (1), (~), and (4). 
The displacement of the point r = 0, which results from a pres-

11 sure differential across the membrane, is defined by Cope as 

(15) 
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This formula can be written in terms of the total mechanical force acting 

on the diaphragm, 

6 = l F 
z 4nT mechanical (16) 

To a first order in 6z, the change in capacitance on one side of the 

symmetrical eapaci ti ve transducer is 

KC 6z 
6C 0 

- - 2z ' 
(17) 

0 

where 

c 
E7TR I 2 

(mks notation), 
0 z (18) 

0 

and 

K ( 19) 

This capaci~ive u~balance on each side of the pressure transducer 

produces from the bridge an output signal e, 

e ( 13) 

which is them amplified. The final voltage v · 

v A e . (20) 

is recorded, measured with a voltmeter, or shown as a signal on an 

oscilloscope. 

The expressions (13), '(17), and (20) can be summarized by a single 
~ 

formula relating the output voltage v and the pressure differential 

6P 

2 
E C' K R · 

v=A Cz Ij.if6P=Aa"f6P, (21) 
0 0 
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E c I K 
c z 

0 0 

(22) 

(23) 

as defined previously by ·cope. Equation (21) describes the system in 

open-loop operation, i.e., no feedback control. The open-loop gain is 

defiri~d as the quantity A a~· 

In closed.;.loop operation, the output signal is applied in a feed

back loop to restore the diaphragm to i~s null position. This can be done 

by any one of seVeral w:::.ys. For instance, with the assuri).ption that the , 

total gravitational force is always larger than the maximum total mech

anical force, the output voltage v can be applied to a servomechanism 

that tilts the 1Jlane of the diaphragm to some angle e with respect.to 

the vertical. The ~ffective displacement at any instant is given by 

the difference between the total mechanical and gravitational forces , 

2 ' 
6z = 4!T ( 7TR

2 
6P - 7TR

2 
p gh sin e ) = ik- (6P - p gh sin e ) . ( 24) 

Sin e is dependent upon the voltage v applied to the servo

mechanism 

sin e = M
1 

v , ( 25) 

where M
1

. is the appropriate porportionality constant. With Eq. (21) 

defining v formulas (24) and (25) simplify to 

a& 6z = ~-:--=----
l+A 0: ~ T) 

(26) 

where T) is defined as 

. T) = pgh M1 . (27) 

Equation (21) is used again to give the final formula for the closed,.. 

loop operation of the pressure gauge, 
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v 
A a 

l +A a 'Y T] b.P (28) 

The closed-loop gain is defined as the quantity A a -y Tl. If this quantity 

is considerably greater .than one (A a -y Tl >> l), formula ( 28) simplifies 

to 
.6P 

v =- (29) 
n 

and is thus independent of changes in A, a, or -y. This illustrates the 

utility of a closed-loop system. 

A more practical method of closing the loop is by use of an elec

trostatic force to null the diaphragm. The formula analogous to ( 2L~) is, 

for the case of a linearrelectrostatic force, 
·. :~ . 

.... ... 

l 2 2EvVP 7TR ' 2 ) = 4TR2 ~.:(':~ •- t~ '), 2 2EvVP) • 
D.z = 47T .. T (7TR b.P - -...,2,..... ~ 2 · T R · 

z 
0 

z 
0 

(30) 

The voltage Vp ·is ,a "polarizing" voltage that is applied equally to both 

sides of the symmetrical capacitive transducer. Equation (21) can be· 

used once more to give the final formula for the closed loop-operation of 

the pressure gauge, 

v A a 
1 +A a t3 -y & 

where 
. . (R') 2 2EVP 
t3=R -2-, 

z 
0 

which is not the same as Cope's formula (25), 

2EVP 
t3 = -2-

z ·o 

If A a t3 -y >> 1, Eq. (31) simplifies to 

b.P 
v = i3 

(31) 

(mks notation) (32) 

(mks notation). (Cope 25) 

(33) 
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The total open-loop gain is 

A a .13 'Y = A 
K C' 
-T-

instead of 

as was given by Cope's Eq. (30). 

EVP K c I 
2rrz 2 -T

o 
l~} 2 
R' 

(mks notation),(34) 

(mks notation), 

The operation of the open- and closed-loop system. is ·shown 

schematically in Fig. 4. I have repeated the entire derivation in this 

section to emphasize the correct forms of Eqs. (32) and (34). Since 

the final output voltage is inversely proportional to 13, a change 'iil. 

the functional form of .13 has a profound effect on the way the initial 

capacitive transducer must be designed. This correction also makes the 

total loop gain rat~er insensitive to the ratio of diaphragm and electrode 

radii R/R'. Finally, since Cope's Eq. (25) is incorrect, the calculated 

value for 13 in Sec. II.2 of his article is also incorrect. The agree

ment between his experimental and calculated values is fortuitous, as 

he indicated. 

..< :/ 
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Bridge Amplifier 
Phose 

Recorder 
detector 

(a) 
Oscillator 1-

I 

/ 
' V0 + v V0 + v 

V0 -v I Filter V0 ~v 

Phose .. Recorder Bridge Amplifier detector 
; 

I Oscillator 
(b) 

MU-35737 

. Fig. 4. Open- and closed-loop operation of the differential micro
manometer: (a) open loop; (b) closed loop. 
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III. DESIGN AND CONSTRUCTION OF CAPACITIVE DISPLACEMENT TRANSDUCERS 

A. Transducer No. l 

To test the micromanometer electronics (see Sec. IV and Ref. 

18), ·I constructed a differential pressure transducer whose electrode

to-diaphragm spacing could be varied (Fig. 5). The diaphragm material 

was l/2-mil Mylar with aluminum vapor plated on both sides.20 The movable 

electrodes were of brass, the diaphragm-housing rings of aluminum, and 

the cover plates of Lucite. Figure 6 is a photograph of the completed 

unit. 

The tests of the transducer with the associated electronics were 

not very informative. . For example, .the thermal stabilities of the room 

and especially the transducer were too poor for a good null to be main

tained for long. Consequently, I was able to demonstrate only that the· 

entire micromanometer worked as planned, that the loop could in principle 

be closed, and that there was a slight error in the derivation for the 

·closed-loop operation of the system (see Sec. II and Ref. ll). After 

these tests were finished, I abandoned this transducer. 

The poor thermal stability of the transducer was owing to the 

buckling and distortion of the Lucite cover plates, whose movements 

caused the attached brass electrodes to change positions slightly. The 

thermal coefficient of capacitance for each side was about 2.5 pF/°C, 

or 3.3%/°C. 

B. Transducer No. 2 

·The four main components of the s~cond capacitive displacement 

transducer were (a) the Mylar diaphragm, (b) the diaphragm-housing rings, 

( c} the gold-plated ceramic electrodes' and: (d) the cover plates. 

A sketch of the aluminum diaphragm-housing rings is shown in 

Fig. 7, together with an enlarged picture of the mating peak-and-groove 

fitting used to hold the diaphragm tight. Holes were provided in the 

diaphragm-housing rings for pressure ports, a bypass valve, and the 
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Fig. 6. Photograph of transducer No. 1 
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Fig. 7. Sketch of diaphragm-housing rings: (a) top view; (b) mating 
peak-and-groove fitting to hold diaphragm; (c) sectional view. 
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wires to the gold-plated electrodes. The diaphragm was clamped between 

the two aluminum rings and the Allen-head screws tightened to make the 

assembly permanent and the diaphragm taut. Use of a ·.razor blade elim

inated the excess Mylar from the shallow V-shaped groove on the outside 

of the rings, which was subsequently filled with red enamel (G.E. 1201 

Glyptal) to provide a vacuum-to-atmosphere seal. 

The membrane material was a 1/2-mil Mylar film with aluminum 

vapor-plated on both sides. The Mylar was quite flexible and showed 

remarkable resistance to tearing and to forming nicks and pinholes. 

The only problem I observed while using it was the abrasion of the vapor 

plate by sharp corners on the diaphragm-housing rings and by the semi

smooth surfaces of the ceramic-electrode pieces. This abrasion produced 

rings that eventually left the inner part of the diaphragm electrically 

isolated from ground. I eliminated the problem by filing grooves in 

the mating diaphragm-housing rings and by sanding down the ceramic elec

trode piece.s in the same region. I also ·painted the aluminum surface 

on the Mylar with c~ear acrylic spray paint (Kerpro K-39). 

The fixed electrode on each side of the differential capacitor 

was a 3/8-inch-thick cylindrical piece of AD-85 alumina with a 0.002-

inch depression on one side. The electrical connection, a small copper 

rod, was glued into place in a hole drilled through the alumina so that 

the surface of the copper extended to within 0.002-in .. of the depression 

surface. A coat of silver-conducting paint was applied to the copper rod 

and the surrounding alumina region to provide a good electrical contact 
0 

for a vapor-plated film of gold with a thickness of about 5000 A and a 

radius of 27/32 in. 

On the side opposite the depressi9n, a circular groove 1/4-in. 

wide and 3/16-in. deep was provided for some Essex Wee-Ductors--rf chokes 

used to tune the electrode-to-diaphragm capacitance. I included them 

within the pressure transducer instead of external to it to facilitate 

the thermal regulation of the entire transducer and thus improve the 

bridge stability. 

After the grinding and drilling, but before applying the gold 

vapor plate, the ceramic piece was sintered. The sintering process>had 
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no measurable effect on the flatness of the 0.002~in. depression. A 

sketch of the ceramic electrode piece is shown in Fig. 8. 
The gold films of the ceramic pieces were checked for high spots 

and then mounted directly on both sides of the diaphragm inside the dia

phragm-housing rings. If any high spots were present, they were gently 

scraped off. The rf chokes were gently soldered to the copper rod and 

the wires extended through the holes in the diaphragm housing by means 

of ceramic spacers, which provided both insulation and rigidity for the 

wires. Aluminum cover plates (Fig. 9) were then screwed down on 0-rings 

(M.S. 29513 No. 130 and 6230 No. 8) provided to apply (a) pressure on 

the ceramic pieces and (b) a vacuum-to-atmosphere seal, respectively. 

Viton 0-rings were used to minimize outgassing. Finally, the glass 

pressure ports and copper tubing for a Roke bypass valve were glued in 

their respective places in the diaphragm-housing rings with the aid of 

a viscous, white, fast-curing epoxy resin (Armostrong Products Co. Type 

A-2 Adhesive). 

Photographs/of the diaphragm, diaphragm-housing rings and cover 
'c 

plates (Fig. 10), the ceramic electrode piece (Fig. 11), and a closed 

unit complete with bridge assembly (Fig. 12) are shown. 

In anticipation of inequalities in the depth of the 0.002-in. 

depression and in the flatness of the rims, six ceramic pieces were 

initially made. The capacitance between the gold surface and a flat 

rigid aluminum surface was determined and a pair with nearly identical 

values of capacitance was chosen. Unfortunately, the members of the 

first pair did not match each other too well when pressed together and 

tightened within the transducer housing. I observed large changes in 

the capacitance value of both sides when I fiddled with the Ailen~head 
/ 

screws in the cover plate. These changes were presumably due to devia

tions from flatness of the outer rims of the ceramic pieces. By trial .. 

and error, I found another pair that had excellent thermal stability. 

With this pair slight reacijustments of the Allen-head screws in the cover 

plates had no significant effect on the capacitance value of either side. 

To within the errors of the L-C meter (Tektronix Type 130), I observed no 
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Fig. 8. Sketch of ceramic fixed-electrode piece: (a) top view; 
(b) sectional view. 
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Fig. 9. Sketch of cover plate: (a) top view; (b) sectional. 
view. 
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ZN -4967 

Fig. 10. Photograph of diaphragm, diaphragm-housing rings, 
and cover plate. 
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Fig. 11. Photograph of ceramic fixed-electrode piece. 
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Fig. 12. Photograph of closed transducer No. 2 with bridge 
assembly on top. 
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capacitance change in either side between 0°C and 28°C. If l. pF was the 

error in these capacitance measurements, then each side had a stability 

of better than 1 part in 7500 per °C, a value which is quite reasonable. 

I would like to make a few suggestions to improve the design of 

this transducer. First, the grooves for the Essex Wee-Ductors can be 

eliminated. These rf chokes appear to have a poor temperature coefficient 

of inductance and can be replaced by inductors wound on coil form~ (Nat

ional Radio XR50) and connected in the bridge assembly external to the 

transducer unit. .Secondly, glass with a low thermal coefficient of 

expansion can probably be substituted for the ceramic pieces. It may be 

easier to grind glass to produce two matching pieces than to grind and 

sinter alumina. 

As a third and more important suggestion, I would avoid construct

ing the transducer and purchase a commercially manufactured one. With 

the proper facilities and talents initially available, the time spent 
") 

machining-the aluminum pieces, making the ceramic pieces, vapor plating 

the gold, and assembling the entire unit was about 50 hours. For no 

more than ~300--and perhaps less--a transducer can be purchased from · 

the Decker Instrument Corporation; such a transducer behaves, in open

loop operation, better than the_one I constructed for closed-loop opera

tion. The open-loop system was eventually used in preference to the 

closed-loop one. 

Finally, with further improvements in commercial micromanometers, 

a homemade system may be completely unnecessary. 
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IV. DESIGN AND CONSTRUCTION OF THE ELECTRONICS 

Since the design and construction of the electronics have already 
18 

been .described in Part I of this report) they are not summarized here. 

The circuit diagrams and several of the photographs of the completed unit 

and its components are included from the preceding report (Figs. 13 to 18). 

A. Power Supply 

During the testing and operation of the power supply) certain 

improvements were made. The ~ni~ initially was plugged directly into 

the line.. This resulted in a de drift) in both the 125- and 75-V power

supply outputs) that was visible in the final recorder tracing as a slow 

fluctuation. By use of a Sola Constant Voltage Transformer with semi

square-wave output) this drift was eliminated and the operation of the 

entire electrontcs unit considerably improved. The Zener diodes were 

also readjusted ,t~ prevent operation problems resulting from insufficient 

plate voltage to the Nuvistors. The power-supply diagram (Fig. 15) has 

already been modified to reflect the changes made. 

B. Oscillator 

A variable differential capacitor (E. F. Johnson Co. No. l60-303L 

0.5 to 5;.0 pF)'was ·placeddn parallel with the 4.5 to 100 pF differential 

capacitor (No. 148-306) already' present. This new capacitor was extremely 

useful in fine-tuning adjustments. 

The upper part of the bridge was temporarily removed from the 
/ 

oscillator housing and placed in the transducer housing in anticipation 

of efforts to therma~ly regulate the 'environment of the transducer.and 

bridge. The high capacitance of the cable from the oscillator to<;the 

bridge forced me to. decrease the number of turns in L2 (Fig. 13). As 

the performance of the entire system was excellent without the use of 

thermal regulation) the upper part of the bridge was replaced in the 

oscillator housing and the value of L2 increased again. 
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Fig. 13. Schemat.ic diagram of the generator. All resistors are 
l/4 W. Inductance L1 comprises 64 turns of No. 32 Formvar 
wound on National Raa.io Corp. form XR50; L2 is 25 turns of 
No. 22 Formvar wound on fbrm·XR50. The crystal (type CR-18/U) 
operates at 2762.500 kc/sec. C is a 4.5- to 100-pF differ
ential variable air capacitor) ~ype s, No. 148-306 manufactured 
by E. F. Johnson Co. Capacitors marked with an asterisk are 
1000-pF ceramic feed-through type; those indicated by SM are 
silver-mica. Tubes Vl and V2 are Nuvistors. 
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Fig. 14. Schematic diagram of the null detector. The 27k resistors 
are 1/2 W; all others are 1/4 W. Asterisks denote 1000-pF 
ceramic feed-through capacitors, Cd is a 4- to 30-pF ceramic 
trimmer, all other pF capacitors are silver-mica, and all ~F 
capacitors are Mylar. The 7587 is an RCA Nuvistor. Coils L1 
through L8 comprise 64 turns of No. 32 Formvar wound on 
National Radio Corp. form XR50; L6 is center-tapped. All coils 
are wound co'unterclockwise viewed from the t1,1ning end. Induc
tances 11 and 12, 1 5 and i 6, 17 and 18 are mounted as shown in 
Figs. 16 and 18 to form transf6rmers. 
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Fig. 15. The power supply. All voltages and currents were meas
ured when operating with a Sola voltage-regulating transformer. 
Without this transformer: 392 V becomes 453 V: -412 V becomes 
-486 V, 19 rnA becomes 32 rnA, and 11 rnA becomes 15.4 rnA. The 
40-~F capacitors should have a 500-V working voltage if the 
Sol~ transformer is not used. · · 
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Fig. 16. Top-front view of the electronics. The remotely located 
pressure transducer is not shown. Construction is modular. 
The null detector is in the foreground. The power supply is 
at left rear; the generator module is to its right. 



-30-

ZN-4551 

Fig. 17. Generator module tilted so that it can be viewed from 
underneath. The oscillator compartment is to the left, buffer 
at right. Upper part of bridge has been removed from 
oscillator housing. 
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Fig, 18. Null detector, top-front view with cover removed. 
The unit is separated into compartments. It is important 
that two of the dividing plates (s econd from left and the one 
at the right) be tapped to receive screws holding the top 
cover-plate down, This tapping improves intercompartment 
shielding, and helps to prevent oscillation. 
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C. Amplifier 

The only change in the amplifier .was the inclusion of an at

tenuator to decrease the signal entering the third Nuvistor and the 

detector, thus preventing their saturation. Two microswitches were 

first tried to permit the second Nuvistor stage of the amplifier to 

be bypassed completely (Fig. 19). The bridge was first nulled with , . 

the second state present so I could take advantage of the additional 

sensitivity. The two switches were then depressed by means of screws 

through:the amplifier housing and the referehce-sighal inductor, L7, 

retuned to give maximum recorder output. These switches provided an 

attenuation factor of "" 0.03, but were abandoned in favor of an alter

native method of attenuation. 

As factors other than 0.03 were desired, a capacitance divider 

was installed in the resonant circuit of the second Nuvistor stage. A 

2-pole 5-position nonshorting steatite rotary switch (Centralab PS-105) 

produced attenuatio? factors of approximately 1, 0.1, 0.02, 0.002, and 

0.0003 (Fig. 20). It was necessary for me to retune inductors L4 and 

L7 when changing the attenuation setting from l to any other ·value. 

Changing from 0.1 to 0.02 or 0.002 required less adjustment of L4 and 

L7. The attenuation factor of l was primarily used to null the bridge. 

D. Recorder Output and Closed-Loop Control 

The recorder output and closed-loop potentiometer circuit (Fig. 

15) were changed to correspond to that of Opsteltin et a1.
10 

[Fig. 

2l(a)]. To decrease the output signal and the load of the recorder

output circuit on the detector stage, 1.47-Mn metal-film resistors were 

substituted for the 300-kD resistors. When the electronics unit was 

operated open loop, only the recorder resistance divider was needed 

[Fig. 2l(b)]. To eliminate the tendency of the electronics to oscillate 

parasitically when the loop was closed, two RC filters (time constant 

0.1 sec) were included in the feedback loops to the bridge. 
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Fig. 19. Circuit diagram of stage-bypass switches. 
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Fig. 20. Circuit diagram of capacitance divider. Small ceramic 
(cer), mylar, or silver-mica (sm), capacitors are used. 
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A 10-mV recorder (Type G Speedomax) was used in all tests and 

experiments with the differential micromanometer. As the recorder per

forms best with an output impedance of 2000n or less, the wire-wound 

potentiometer setting was generally kept as low as possible. 

E. Bridge 

As two completely different pressure transducers were used, two 

separate bridges had to be constructed. For both, the top part of the 

bridge, located in the oscillator housing, remained the same (Figs. 22 

and 23). The first transducer, Dl, with a nominal capacitance of 270 pF 

on each side, required only 12 ~H to tune out the capacitance (Fig. 24). 

The lower part of the bridge was housed i~ a Minibox (Bud Radio, Inc. 

CU-2101-A) located on the pressure transducer (Fig. 12). The other 

transducer (Decker Corporation Model 306-2A) required a shunt capaci

tance of 68 pF and a series inductance of 4o ~H in each of the lower 

bridge arms (Fig. 25). The 68-pF shunt capacitor reduced the bridge 

sensitivity by a factor of C /(C + c2 ) = 0.16. The aluminum housing 
0 0 

of the Decker sensor provided ample room for the lower bridge components 

(Fig. 26). 

The temperature stability of the two. bridges was quite good, 

although no exact measurement of the thermal coefficient was ever 

attempted. The stability of the Lamers-Rony closed-loop system was 

somewh~t inferior to the Decker-Lamres-Rony open-loop system, probably 

because of the higher thermal coefficient of impedance in components 

Ll or perhaps Dl in the Lamers-Rony system. 

Table .I lists the components give~ in Figs. 22, 24, and 25. 

F. Calibration Procedure 

.. -'.: ·'· In certain instances, closed-loop operation wasn't possible 

because one of the transducers (Decker Corporation Model 306-2A) was 

not sufficiently sensitive as the pressure-sensing element .. , Thus the 
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Fig. 22. Upper part of bridge (located inside oscillator housing) .. 
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Fig. 23. Photograph of upper part of bridge. 



-38-

81 82 

L1 L1 

VL2 

..,. 
0 

MU-35745· 

Fig. 24. Lower part of bridge in'Lamers-Rony system. 
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Fig. 25. Alternative forms for lower part of bridge in Decker
Lamers-Rony (DLR) system. 
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Fig. 26. Photograph of lower part of bridge in DLR system. 
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Table I. Bridge Component List. 

Symbol Component 

Cl 200-pF silver-mica capacitor 

C2 68-pF silver-mica or Vytramon ceramic capacitor 

VCl 10-pF variable capacitor (JFD Electronics Corp. Model VC-11) 

Dl Differential-capacitance pressure transducer designed by autho~ 

C ,. 270 pF 
0 

D2 Differential-capacitance pressure transducer (Decker Instrument 

Corporation Model 306-2A or any of the 306-2 series), C "' 13 pF 
0 

DCl 100-pF differential air capacitor (E. F. Johnson Co. No. 148-306) 

DC2 5-pF differential air capacitor (E. F. Johnson Co. No. 160-303) 

Ll 10- to 15-~H composed of Essex Wee-Ductor microchokes 

VLl 64 turns of No. 32 Formvar copper wire wound on coil form 

(National Radio XR50) 

VL2 0.4 to 0.8 ~H adjustable coil (Miller No. 4501) 
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condition A a ~ ~ very much greater than l was not satisfied and no 

real improvement was produced by closing the loop. Fortunately, open

loop operation was usually much more convenient and accurate, provided 

only that the line voltage was regulated and the system gain calibrated 

one or more times each day. 

The electronics unit was operated open loop by disconnecting 

the feedback loop at the output terminals of the bridge (Bl and B2) and 

by providing a nonlinear electrostatic calibration circuit between 

either Bl or B2 and ground (Fig. 27). A miniature 10-turn wire-wound 

potentiometer was used because of its compactness. Initially, it loaded 

dovm the power-supply output and produced oscillations in the amplifier. 

This was remedied by readjustment of the Zener-diode current. A 10-turn 

wire-wound 500kS1 potentiometer would be preferable if space is available. 

A linear electrostatic calibration circuit is also shown (Fig. 28). 

Further details about the actual calibration procedure are given 

in Sec. VI. 

:.·.J :.\.: 

G. Additional Construction Details 

As indicated in Part I of this report,l8 the primary objectives 

were to (a) develop the simplest possible instrument that could be dup

licated and operated by someone with little electronic background, and 

(b) minimize its expense. On both points this unit has been a success. 

With no prior experience in electronics or assembling Heathkits, I was 

able to construct a second unit in about three days;· By following the 

tuning procedures carefully, 18 I made the unit work the very first time. 

The amplifier and oscillator housings were made from No. 17 and 
21 ,. 

No. 238 LMB chassis boxes. The oscillator~interstage-component plate 

was taken from a cut-up chassis box (No. 238), whereas the power-supply' 

component plate, the amplifier interstage plates, and the base plate for 

the power supply and oscillator were taken from several cut-up chassis 

boxes (No. 17). The amplifier and base plate were mounted on a l/8-in.

thick l/2-in. L-shaped aluminum rod (each bar of the "L" was l/2-inch 

/ 
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Fig. 27. Non-linear electrostatic calibration circuit. 
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long). This material (aluminum L-shaped rod) \vas also used in the 

amplifier to prevent interstage oscillations (Fig. 18). 

The circuit diagrams and photographs (given in Part I or in 

Figs. 13 to 18 in this paper) illustrating the physical construction are 

adequate for the electronics to be duplicated. The circuit diagram of 

the amplifier in Fig. 29 shows the divisions between the amplifier 

stages. Templates for (a) the amplifier housing, (b) the oscillator 

housing, (c) the power-supply component plate, (d) the oscillator inter

stage component plate, (e) the first, second, and third amplifier inter

stage component plates, (f) the amplifier interstage component plate 

between the detector and reference-signal stages, and (g) the power-supply 

and oscillator base plate.have been made and are available from the 

author, c/o The Monsanto Company, 800 N. Lindbergh Blvd., St. Louis, 

Missouri, or from the Technical Information Division at the Lawrence 

Radiation Laboratory, Berkeley (Electronics Engineering Drawings Nos. 

5V 713 and 5V 714). 

·~. 
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V. OPERATION OF TEE ELECTRONICS 

A. Additional Tuning Instructions 

The following changes should be made to the tuning instructions 
. . p t I 18 gJ.ven J.n ar : 

Transducer Element 

l. Monitor Bl with scope probe; tune Ll or VLl on side Bl for minimum. 

2. Monitor B2 with scope probe; tune Ll or VLl on side B2 for minimum. 

3. If a dual-trace oscilloscope is available, set to ·"alternate sweep" 

and monitor Bl and B2 with separate probes. Superimpose the waveforms, 

then adjust Ll or VLl and IX::l, (oscillator) until the waveforms are identi

cal in shape and amplitude. 

4. Steps l, 2, and 3 are the coarse adjustment for null. Make fine 

adjustment by connecting the scope probe to monitor TP2 at the null 

detector and then adjusting :r:x:a, :OC2, Ll or VLl, and VL2 or VCl for the 

best possible null. With the bridge tuned and Ll, L2, L3, and L4 in the 

null detector properly adjusted, a null of less than 200 mV peak-to-peak 

can be easily obtained. 

Null Detector 

l. Monitor TP2. With the bridge intentionally out of balance, adjust 

Ll and 12 for maximum output. Balance the bridge and adjust L3 for maxi

mum output. If the voltage at TP2 is greater than l volt, pp, the bridge 

should be adjusted for a better null. 

2. Monitor TP3, depress SWl, then adjust L4, 15, and Cd for maximum 

output. NOTE: When the bridge is being nulled, no attenuation should 

be applied to the signal. Once the bridge has been properly nulled, 

the desired attenuation factor should be set and L4 readjusted for 

maximum output. Before assembly, the L6 slug is positioned so that the 

inductance from the tap to each end of the coils is the same (use LC 

meter). 

3. Same as indicated in Part I. 
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Instead of a zero-and-gain control, separate gain controls for 

each side of the differential manometer have been provided [Fig. 2l(a)]. 

1. Set V to a value suitable to the measurement. 
0 

2. Monitor TP2 with a test probe and simultaneously increase both gain 

controls. Stay within 2 volts peak-to-peak bridge unbalance at Tp2. 

3. If oscillations become evident, increase the feedback loop filtering 

or check the amplifier. 

If the unit is operated open loop, the gain and V controls are 
0 

not needed and should be disconnected from terminals Bl and B2. A fine 

open-loop adjustment can be made to all variable inductors in the oscil

lator and amplifier by the use of an electrostatically applied "pressure." 

By maximizing the deflection between zero differential pressure and the 

applied electrostatic pressure, variable inductors 11 and 12 in the oscil

lator and 13, 14, and 15 in the amplifier can be adjusted. Variable in

ductors 17 an~ 18 in the amplifier are always tuned to bring the ref~rence 

and signal waveforms into phase. This procedure is recommended primarily 

when large signal-attenuation factors such as 0.002 or 0.0003 are used. 

B. Miscellaneous Details 

With no signal attenuation and all inductors adjusted for maxi

mum output, the Decker-Lamers-Rony system began to show deviations from 

output linearity at about 0.2 mtorr! Saturation of the amplifier-detector 

unit, therefore, imposed the upper limit on the operation of the system. 

This upper limit was increased by attenuating the signal within the 

amplifier, but can also be increased by redesigning the resonant bridge 

to give decreased output for a given pressure change. 

The maximum pressure measured by the Decker-1amers-Rony system 

with an attenuation factor of 0.0003 was only 35 mtorr before saturation 

effects began to appear. The upper limit of the system can still be 

extended by an additional factor of 50, giving a theoretically useful 

range of 0.1 mtorr full scale to 1.87 torr full scale. The upper limit 

of the system can be further increased by use of one of the less sensi

tive Decker transducers, 306-2B to -2E. 
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In closed-loop. operation) the lower limit on the operation of 

the system was primarily determined by the thermal drift in the bridge 

components. In open-loop operation) the lower limit -was dependent on 

(a) the thermal drift in the bridge components) (b) changes in the 

amplification factor due to changes in the + 125-V de plate voltage or 

aging of the Nuvistors) ·(c) changes in the operation of the detector. 

No attempt was made to separate these factors for any of the individual 

systems developed. No thermal regulation of the Decker-Lamers-Rony sys

tem) not even by means of insulating material) was ever needed. 

Since the pressure transducer was not moved and the ambient 

temperature did not fluctuate greatly) the bridge null did not change 

greatly from day to day. Under such circumstances the oscilloscope 

was not needed and components DC2 and VL2 or VCl were adjusted only 

slightly to re-null the bridge. 

The best place for grounding to the line or pipe was the ground 

terminal in the center of the amplifier unit just opposite the power

supply base plate. .Grounding at other points in the second Decker-Lamers

Rony system produced a very small but noticeable de fluctuation in the 

recorder signal. 
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VI. CALIBRATION OF THE DIFFERENTIAL MICROMANOMETER 

A. Pressure Calibration 

In open-loop operation, one can calibrate a capacitive displace

ment pressure transducer by any of three different methods, (a) mechan

ically against a known differential pressure, (b) electrostatically with 

a known voltage, and _(c) gravitationally, by turning the transducer on 

its side. Pressure calibration is generally the most precise, although 

it frequently is time consuming, requires special calibration equipment, 

can't usually be done in situ, and is difficult to do accurately at dif-

ferential pressures of less than 5 mtorr. 

Figure 30 is a schematic diagram of the pressure-calibration 

apparatus. A differential pressure is produced using a diffusion pump 

and helium gas. The pressure of the gas, ranging from 0.2 to 35 mtorr, 

is measured by a McLeod gauge (Consolidated Vacuum Corporation Model GM

lOOA). The micromanometer is usually calibrated electrostatically sim

ultaneously. An alternative pressure-calibration apparatus is shown in 

Fig. 31. 

I spent considerable effort trying to calibrate the pressure 

transducer against a known differential pressure in the range 0.5 to 

2.0 mtorr. The McLeod gauge was abandoned because the readings at that 

low level could not be made with sufficient accuracy. The alternative 

calibration method was likewise unsuccessful because of the extremely 

poor signal-to-noise ratio characteristic of the small-signal operation 

of the Decker differential micromanometer. 

Several alternatives for making a pressure calibration at ap

proximately 2.0 mtorr were considered: 

(a) Purchasing a more sensitive McLeod gauge, 

(b) Purchasing a more sensitive Decker sensor, 

(c) Making a different type of McLeod gauge, a pressure ampli-

fier, by using the Decker 306~2A sensor to measure the 

pressure of the compressed gas in the closed volume, 

(d) .Chaliging the McLeod gauge fluid from liquid Hg to concen

trated sulfuric acid or di-n-butyl phthalate. 
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Alternatives (a) and (b) were immediately rejected since their cost was 

too great for the improvement possible and (c) was not tried because of 

the large residual volume on one side of a typical Decker sensor. Al

ternative (d) was considered to the extent that tests were made of the 

wetting and capillary behavior of the two liquids in closed glass capil

laries. The formation of trapped drops could be prevented if the McLeod 

gauge is operated carefully, but a thin liquid film of undetermined thick

ness would remain on the capillary walls and would probably influence the 

calibration constant ·of the nonlinear scale in the McLeod gauge. 

In an attempt to eliminate this wetting, films of tin fluoride 

and Teflon were applied. The tin fluoride provided some improvement. 

Teflon was difficult. to apply uniformly to a closed capillary by the 
22 method of Berg and Kleppner, but did show considerable promise as a 

capillary-coating material. The use 6f di-n-butyl phthalate and Teflon 

would decrease the lower range of a typical McLeod gauge by more tpan a 

factor of ten, eliminate the problem of cold-trap pumping, and also 

eliminate the possible contamination of the system by mercury vapor. 

The problem of gas dissolution. in the McLeod gauge fluid would still 

remain. 

The probiems of calibrating at very low differential pressures 

were finally eliminated by attenuation of the amplifier signal and cal

ibration at a higher pressure range. At pressures of 35 mtorr the McLeod 

gauge provided very reliable results. 

B. Gravitational Calibration 

Gravitational calibration is generally limited to a very small 

pressure range andis usually awkward to perform. When a pressure trans

ducer is moved, the external leads to the bridge frequently change their 

relative position, producing a spurious bridge unbalance in addition to 

the gravitational "pressure. •i Rotational flexibility in the vacuum 

equipment, which can be quite a problem in many systems, is required. 
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C. Electrostatic Calibration 

Electrostatic calibration of the capacitive displacement trans

ducer requires (a) a diffusion or mechanical pump to maintain the ambient 

pressure in the system at a very low level, (b) a calibration circuit 

shown in Figs. .27 and 28, and (c) a regulated source of 300 V de. A 

regulated power supply (Lamda Electronics Corporation) is quite convenient 

for (c). The only limitation of this method is that it is generally 

limited to small pressure differentials and to bridge configurations 

that permit such a calibration, i.e., a simple capacitance bridge or 

one of its modifications. The majority of commercial micromanometers 

have unsuitable bridge configurations and therefore seemingly cannot be 

electrostatically calibrated. However, this particular limitation can be 

bypassed (Sec. X). 
To make an absolute electrostatic calibration, we must know three · 

parameters: (a) z , the diaphragm-to-electrode spacing, (b) R, the radius 
0 

of the diaphragm, and (c) R1
, the radius of the electrode. The quantity 

R 1 is known exactly __from the construction of the pressure transducer, and 

R is known reasonably well but may dependslightly on the method of 

clamping the diaphragm. The formulas 23 

c o.o885E{ 1T~~ 2 +R
1

,[ln 
16rrR I 

1 + r(:j} (35) + z 
0 

c 0.278E 
Rl2 

(z << R I) (36) z 0 
0 

are used to calculate the spacing z 
0 

from the value of the c~pacitance 

of 

in 

each side of the capacitive transducer. The quantities R1 and z 
0 

em and C is in pF; f(s/z ) can usually be neglected. 
0 

D. Experimental Calibration Procedure 

are 

The best compromise of the above methods is to experimentally 

determine the electrostatic gauge constant by simultaneously performing 

a calibration with a known differential pressure: When the gauge con

stants for each side are determined, calibration with a known differential 
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pressure need not be performed again. Even with the micromanometer 

attached to the experimental equipment, it is a simple matter to elec

trostatically check the relative change in the open-loop gain. 

To perform an electrostatic calibration, first evacuate both 

sides of the transducer with a diffusion pump to produce a stable ref

erence level. Set the calibration potentiometer to zero, null the 

bridge, choose the correct amplifier attenuation factor, and adjust the 

recorder output potentiometer, in the order given. Allow the zero level . \ 

to stabilize for as much time as is necessary. Turn the calibration 

potentiometer to apply: a voltage to one side of the transducer. Allow 

the resultant recorder reading to stabilize for two minutes, then decrease 

the voltage successively to zero in about five equal intervals; allow 

about 20 seconds for each reading to become constant. A typical cali

bration measurement on the recorder-chart paper resembles a series of 

steep steps (Sec. VIII.K.4). 

The diff.erence between the zero reading and the various steps 

is then plotted as a function of the square of the voltage. If the 

micromanometer is operating correctly, the resultant curve is linear .. 

A deviation from linearity at the higher potentiometer settings indi

cates that the amplifier or detector is saturating and that those data 

points are invalid. The linear curve also may not always pass exactly 

through zero. This indicates that the choice of zero reading is in

correct, but is of no consequence otherwise since only the slope of 

the curve is important. Calibration curves for the previous recorder 

readings are also given in Sec. V1II.K, item 4. 

The ease and convenience of this method of calibration deserves 

to be emphasized. Because the calibration is done directly at the trans

ducer, it eliminates completely the effect of changes in bridge voltage, 

bridge constant, amplifier gain, diaphragm tension, and recorder cali

bration. It takes five minutes to perform and need be applied as little 

as two times per day, since the open-loop gain, defined as A a ~' rarely 

changes by more than l or 2% over an eight-hour period. It is particu

larly well suited for the low-pressure regions at which other calibration 

methods begin to fail. Finally, once the electrostatic constant is known, 

.only a source of regulated de voltage is needed to calibrate the micro

manometer no matter where it is located (Fig. 32) .. 
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Fig. 32. Photograph of the complete DLR system. 
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VII. CHOICE OF A DIFFERENTIAL MICROMANOMETER SYSTEM 

It is unfortunate that there is no publication analogous to 

Consumer Reports to guide scientists and engineers in choosing commercial 

scientific equipment. Advertising brochures are frequently vague or 

incomplete and understandably ignore problems and critical deficiencies 

associated with the equipment. Companies are occasionally slow cir. 

reluctant to divulge necessary information. Finally) authors of tech

nical articles are generally uninterested or are not allowed to elab

orate on the problems associated with the equipment they have used. 

The proper choice of . any piece of scientific equipment usually 

requires a wide knowledge of the assets and liabilities of the devices 

sold commercially or described in the technical literature. As is fre

quently the case with graduate students or investigators entering a new 

field) this knowledge and experience has not been accumulated by the 

person initiating the investigation. The result is a considerable waste 

of time and money by the student or investigator who must improve a piece 

or equipment that hasn't come up to expectations. 

Perhaps the only general recommendations that can be given here 

are to procure as much critical information as possible about the particu

lar commercial instrument being considered) and to borrow and test it out 

in a typical application. Alternative actions are searching discussions 

with the manufacturer or its representatives orJ better yetJ with nearby 

scientists who are using or have used the particular instrument. On re

quest) a company should be prepared to inundate a potential purchaser 

with brochures) operation and maintenance manuals) circuit diagrams) 

examples of actual use) calibration curvesJ and typical recorder readings. 

Many companies fail to do this even after the instrUment has been purchased. 

The above comments apply to all scientific equipment in general 

and to electronic differential micromanometers in particular. As the 

purpose of this report is to describe the experience associated with the 

choiceJ constructionJ:and operation of a differential micromanometer 

that can measure a pressure of 0.1 mtorr to several percent accuracy) it 

is appropriate to discuss the characteristics of several commercial micro

manometers and some given in the technical literature. 



·---... ·--;·-------------

The following comments represent the author.' s own first- or 

second-hand experience and personal evaluation of the instruments con

sidered. They are incomplete in places, but at least they may be a 

useful beginning for those who have had no previous experience with 

such gauges. Attention is always restricted to the one or two most 

sensitive differential manometers manufactured by the companies con

sidered and to the most sensitive ·.ones described in the technical 

literature. 

/ 
/ 
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VIII. CHARACTERISTICS OF DIFFERENTIAL MICROMANOMETER SYSTEMS 

A. System Characteristics 

In evaluating the various differential micromanometers, I con

sidered only the following characteristics of the devices: 

.a. Developer or manufacturer of the micromanometer, 

b. Cost, 

c.; Long-term zero stability or the temperature coefficient of 

zero stability, 

d. Short-term zero stability (over a 30 second time interval), 

e. Sensitivity at 6P ~ l mtorr, 

f. Full-scale voltage, 

g. Full-scale pressure, 

h. Linearity, 

i. Type of null (open loop, closed loop, or manual), 

j. Possibility of applying an electrostatic pressure, 

k. Response time, 

l. Output impedance, 

m. Differential overpressure rating. 

The zero stability usually determines the applicability of a 

particular micromanometer for high-precision work or the measurement of 

very small differential pressures; it is usually governed by the temp

erature coefficients of the bridge components, whether they are capaci

tors, inductors, resistors, transformers, diodes, or ionization transducers. 

A micromanometer that can be nulled is usually more precise than 

an open-loop one. The response time is usually limited by the capacitive 

transducer and not by the electronics. The differential overpressure 

should be at least one atmosphere to avoid damage to the micromanometer 

when a break occurs suddenly in the vacuum system. Since the more read

ily available recording and indicating instruments measure voltage, the 

output impedance of the micromanometer should be as low as possible. 

The application of an electrostatic "pressure" is a particularly con

venient method of calibrating or nulling a micromanometer. In a null 
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system, the linearity is essentially that of the null-readout mechanism. 

In open...:loop·systems, the linearity depends on many factors. 

are: 

Other characteristics important for many types of investigations 

n. Precision, 

o. Long-term reproducibility, 

p. Susceptibility to electromagnetic interference, 

q .. Susceptibility to line-voltage fluctuations, 

r. Noise, 

s. Outgassing and leak properties, 

t. Bakeabili ty, 

u. Temperature coefficient of sensitivity, 

v. Provision for temperature control of the transducer, 

w. Provisions for re-calibrating the amplifier, 

x. Acceleration sensitivity, 

y. Volume of each transducer side and inlet ports, 

z. Radius of diaphragm, 

aa. Radius of electrode, 

bb. Diaphragm-to-electrode spacing, 

cc. Diaphragm material and thickness, 

dd. Materials of construction, 

ee. Ease of operation, 

ff. Size, 

gg. Weight. 

The precision is generally good to excellent for null micro

manometers and only fair to good for open-loop ones. The long-term

reproducibility characteristic governs the frequency of recalibration of 

an open-loop instrument not otherwise·provided with an amplifier recali

bration mechanism. The susceptibility to interference and line-voltage 

fluctuations reflects on the degree of shielding and regulation as well 

as the overall design of the micromanometer electronics. Since most 

modern laboratories are plagued with external-noise problems, an on-site 

test of the instrument is recommended. 
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The bakeability) outgassing) and leak properties of the pressure 

transducer are extremely critical characteristics when measurements are 

made in closed systems. Manufacturers' brochures do not include these 

characteristics. Knowledge of the temperature coefficient of sensitivity 

i's important when an open-loop micromanometer is calibrated at one temp

erature and operated at a considerably different one. A small inlet port 

and transducer-side volume is important in certain applications. Knowl

edge of the diaphragm and electrode radii as well as the diaphragm-to

electrode spacing is required when an electrostatic calibration is applied 

to the transducer. 

It has been assumed that important convenience features such as 

decade attenuators and a panel meter are present in all of the commercial 

micromanometers be.ing evaluated. They need not be considered here be

cause they usually are the features emphasized in advertising brochures. 

Table II summarized 12 characteristics for 13 differential micro

manometer systems. 

B. MKS Instruments) Inc. 

The zero stability of a Baratron (Model 77H-3)) located at the 

Lawrence Radiation Laboratory) Livermore) was measured only after:- this 

report was nearly finished. A visual check of the meter drift for a 

full-scale meter reading of l mtorr"oyer'aperiod'of 2'-l/2 hours·demonstrated 

that the zero stability was ± 20 ~torr or better per hour. If informa-

tion on the existence and fine characteristics of this micromanometer 

had been available in the catalog file of the Berkeley Laboratory) my 

work on developing a differential micromariometer probably never would 

have been started. 

The Baratron appears to be the best electronic differential 

micromanometer available commercially today. A three-fold improvement 

can be achieved in characteristics c) d) and e in Table II by use of 

their l tor.r.· full-scale unit. The ouptut is ± 50 mV de or ± 500 mV 

ac no matter what meter range is selected. Instead of the diaphragm's 
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Table II. Differential micromanometer characteristics. 

a. b. c. d. e. h. 

!ompa.ny Dollars mtorr/hr 
or 

mtorr/°C 

mtorr mV/mtorr 

f, 

Volts 

g. 

torr 

'· 
3. 

). 

~-

?. 

H. 

I. 

r. 
K. 

L. 

M. 

* A * 0.01 * 50 

B 

$2565 

1800 

2650 

695 

0.02/hr* 

<0.09/°C 

5/°C 

1.9/hr * 

<0.003/hr 

L5/°C 

0.5 5 10 0.05 
or 0.5 

c 0.1 na na 0.15 0.2 

* D 5* 

500p.A 
mtorr 

10 1.9 2 

E 

F 

G 

H 

I 

J 

* K 

* L 

650 

ns 

0.1/hr 

0.4/hr 

4/hr 

0.001 

0.03{est) 

0.001 

ns 

<0.1 

0.05 

0.2 

ns 

220 

1000 

2 

ns 

ns 

70 

ns 

3.6 

0.02 

ns 

0.30 

ns 

1.9 

<2(est) 

0.25 
(est) 
0.1 

0.1 

ns 

ns 

M 0.001 0.035* <0.5 

MKS Instruments, Inc., "Barotron," Model 77H-3 and Indicator. 

Datametrics, Inc., "Barocel," Type 1012 Meter and Type 511-10 Sensor. 

Consolidated Engineering qorporation, Type 23-105 Micromanometer. 

Decker Corporation, Model 306-2 Meter and Model 306-2A Sensor. 

E. W. Becker and 0. Stehl.l2 

Robert L. Sharpless, K. C. ·Clark, and Robert A. Young. 3 

J, J. Opsteltin, N. Warmoltz, and J. J. Zaalberg Van Zelst. 9 •10 

J. 0. Cope. 11 

D. R. Lovejoy. 13 

Decker-Lion composite system. 

Decker-PAR composite system. 

Lamers-Rony system. 

Decker-Lamers-Rony system No. 1, 

i. 

* OL, MPN 

OL 

MN 

* CL 

j. 

No 

No 

Yes 

No 

Yes 

Yes 

OL, CL, MN Yes 

Yes 

Yes 

OL No 

OL, MN Yes 

CL, MN Yes 

OL, MN Yes 

·-.-... ··-- ,. __ ....___, __ _ 

k. 1. 

msec ohms 

10 ns 

2 3500 

na na 

5{est) 2200 

ns ns 

ns 

ns ns 

m. 

atm. 

1.3 

1 

1 

2 

ns 

ns 

1 

ns 250k ns 

ns 

5 

5 

* 
5 

2.5m 
ns >1 

15k 2 

2 

2 

ns or na indicate either that the property has not been specified or else that it is not applicable to the system consid
'red. The small letters at the column heads refer to the same characteristics listed at the beginning of Sec. VIII. A • 

• Consult Gees. VIII.B to VIII.J. 
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being restored to its initial position, a pseudo-null effect is produced 

by nulling the resultant bridge voltage. This manual pseudo-null (:MPN) 

feature still permits high-precision work and is one of the key features 

of the instrument. The only apparent bad feature of the Baratron is its 

price;, which, though perhaps reasonable, may impose a strain on some 

budgets. 

As this report was beingtyped, I received a bulletin describing 

tests performed on a modified Type 77H-l head and Type 77M-XPR indicator 

circuit to increase their overall short-term and long-term zero stability. 

When the'head was stabilized at room temperature with the regulating heat 

off, the l~ng-term zero stability was typically 10 J..Ltorr per 30 min and 

the minimum detectable pressure was l J..Ltorr; With the regulating heat 

on, and on/off heating cycle caused a zero change of 10 [ltorr. The def-... 

inite usefulness of this bulletin only strengthens the convictions I 

stated in Sec. VII. Detailed information of this type certainly helps 

me to choose electronic equipment. 

This modified unit is hdw as good .as the systems that Kenneth 

W. Lamers and I have developed and described in UCRL-11218, Parts I and II. 

C. Datametrics, Inc. 

As the Barocel, made by Datametrics, Inc., was not tested or 

in use at the Laboratory, the company's specifications only were used in 

appraising its performance. It appears to be a fine instrument, but 

probably cannot measure 100 [ltorr to within several percent because the 

short-term zero stability is only of the order of 50 J..Ltor.r. Its lack of 

either a direct-null or pseudo-null featu~e probably makes it less use

ful for high-precision work than the Baratron. The calibration-voltage 

feature appears attractive for checking for drifts in the gain of the 

amplifier and detector stages. 
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D. Consolidated Engineering Corporation 

Investigators at the Berkeley and Livermore LRL sites have had 

varying degrees of luck with the CEC micromanometer. The key variable 

is the thermal coefficient of zero stability, which can be considerably 

lower than the 5 mtorr/°C specified by the company, improving the opera

tion of the instrument. The company deserves praise for its excellent 

operation and maintenance manual .. However, for the same amount of money, 

I consider the Baratron a sup~rior micromanometer. 

E. Decker Corporation 

I purchased or borrowed three meters and sensors (Decker Corpor

ation Model 306-2A) and found them to be the::.least-suitable commercial 

differential micromanometers. I, as well as other investigators at the 

Lawrence Radiation Laboratory, Berkeley and Livermore, and at the Univ

ersity of California, have experienced the following difficulties with 

their instruments: 

a. In small closed-volume work, the Decker pressure transducer 

either outgasses or leaks, which makes such studies difficult 

to perform; 

b. The poor cable connections at the meter and high-impedance 

sensor make the gauge quite sensitive to electromagnetic inter

ference;,-,,;r:;;:;: 

c. The short-term fluctuations in the zero point can be as large 

as 0.3% in a 30-second interval, rendering the gauge useless 

for high-sensitivity or high-precision measurements; 

d. A gradual drift in the amplification factor necessitates oc

casional recalibrations; 

e. On some devices, the deviations from linearity are definitely 

in excess of the company specifications of 2%; 

f. Burnout of the ionization transducer after 5000 or more hours 

of use necessitates the purchase of a new one and a recalibra

tion of the gauge. 



Basically, the ionization transducer does not involve a good 

transducer principle for high-precision or high-sensitivity work. Assoc

iated with its use are a poor thermal coefficient and considerable very

low-frequency noise. I have never experienced any real difficulties 

with leaks or outgassing, but I haven't done the type of closed-volume 

experiment in which.they would appear. Enough other investigators have 

mentioned such problems to lend credence to the statement that they do 

exist. Some have gone to the extremes of disassembling the transducer 

and repotting it. One has said that the white fixed-electrode pieces are 

responsible for the outgassing. 

On the positive side, the Decker system is inexpensive and the 

pressure transducer does have a superior temperature stability, as is 

indicated in Sec. VIII. 

Based on my own observations, I cannot recommend the complete 

Decker system for anytping but a rough indication of the differential 

pressure within the range of the various sensors. · The frustration and 

waste of time associated with .its use for higher precision or sensitivity 

measurements are just not justified. 

F. E. W. Becker and 0. Stehl 

The differential micromanometer system developed by Becker and 

Stehl12 has the best long- and short-term zero stability of any system 

considered. The reason for its excellent performance is a superb capac

itive displacement transducer, which unfortunately may be hard to dupli

cate perfectly. Their work indicates that the measurement of differentia~ 

pressures of 10 J-Ltorr with several percent accuracy is definitely feasible. 

Electrostatic calibration of such a gauge provides an opportunity to . . . . \ 

make an excellent secondary pressure standard in this pressure region. 

G.. J. J. · Oppteltin, N. Warmoltz, and J. J. Zaalberg Van Zelst 

In their first paper, Opsteltin et al. described a convenient 

way of tuning a resonant-leg capacitance bridge without the use of a 

dual-probe oscilloscope. 9 They also mentioned that they can measure 

10 J-Ltorr to 10% under conditions of constant room temperature. 
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H. Decker-Lion Composite System 

The differential microm~nometer consisting of a pressure trans

ducer (Decker Corporation 306-2A), a compact unit (Lion Research Company 

Model 201), and general-purpose probe (Model GP 311) was called the 

Decker-Lion composite system for lack of a better description. 

By thus eliminating the Decker ionization transducer and 306-2 

meter, the short- and long-term zero stability were improved by factors 

of ten and five, respectively. The susceptibility to noise was also 

reduced. When the de voltage was stabilized to 0.1%, the resulting fluc

tuation in the zero point was less than 75 ~torr. The large temperature 

coefficient of 3 mtorr/°C was measured by laying a heating tape around 

aluminum foil encapsulating the compact unit, probe, and a nonimmersion 

thermometer. The diodes in the bridge were probably responsible for this 

large temperature coefficient. 

By enclosing the probe and compact unit in a temperature-controlled 

container, an order,of magnitude improvement in the long-term zero sta

bility can possibly be achieved. The transducer may still be subject to 

the outgassing and lea}t problems ment·ioned previously. A more sensitive 

Decker transducer, Model 306-2G, can extend the lower limits of the com

posite micromanometer. Specifications on the long-term stability of the 

amplfier gain should be obtained from the manufacturerbec13_use the gauge 

cannot be calibrated electrostatically. 

If low cost is a fundamental consideration in the purchase of a 

commercial electronic differential micromanometer, this system is probably 

the best to date. The Lion Research Company does sell a pressure trans

ducer, which, unfortunately, does not have the sensitivity of the composite 

system. 
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I. Decker-PAR Composite System 

The differential micromanometer consisting of a capacitive 

transducer (Decker Corporation 306-2A) and a lock-in amplifier (Princeton 

Applied Research Corporation Model JB-4) was called the Decker-PAR com

posite system for lack of a more descriptive name. 

This system was tried as soon as it became evident that the 

Decker transducer had an extremely good temperature stability. With 

such exceptional_stability, any high-quality electronic amplifier-oscil

lator-detector system could in principle be used with good results. If 

these efforts were successful, the necessity for others to build a trans

ducer and electronics would be eliminated. 

A lock-in amplifier was borrowed for a brief period from Dr. 

Tetsuo Hadeishi. A model JB-5, which had a peak frequency of 150 kc/sec, 

was desired, but only a JB-4, with a peak frequency of 15 kc/sec, was 

available. A bridge at this frequency was successfully constructed and 

nulled (Fig. 33). The bridge output went through an interstage trans

former and a preamplifier to the lock-in amplifier. The JB-4 output ,was 

fed into a 10-mV full-scale Speedomax recorder (Fig. 34). 

The Decker-PAR system behav~d comparably to the Decker 306-2 

system described previously, showing slightly greater Long-term drift 

and slightly less short-term low-frequency noise. When it became ap

parent that the Decker-Lamers-Rony system was two orders of magnitude 

better, work on this system was quickly abandoned. 

Such a system should work well if proper attention were given 

to it. A higher bridge frequency, such as 150 kc/sec, should be used 

to decrease the bridge impedance. Any inexpensive narrow-band tuned 

amplifier would be more.appropriate than the Princeton Applied Research 

JB-4 or JB-5. 
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0~----------------~ 

VR 1 

Fig. j3. Bridge for Decker-PAR composite system. C3 is a 15 pF , 
ceramic capacitor and VRi.is a 10 kilohm micropot. 

~IIC 
PAR 

8 ridge Preamplifier 
JB-4 

~ Recorder 

::. Triad 
G22 

I 
MU-35749 

Fig. 34. Block diagram for Decker-PAR composite system. 
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J. Lamers-Rony System 

The differential micromanometer consisting of a capacitive trans

ducer and bridge (constructed by P. Rony) and the associated electronics 

(constructed by K. W. Lamers) was called the Lamers-Rony system for lack 

of a better name. 

The design and construction of the capacitive transducer has been 

given previously (Sec. III.B). It was built primarily to provide (a) 

high sensitivity, (b) high static capacitance on each side, (c) low temp

erature coefficient of capacitance, (d) compactness, (e) ease of reas~ 

sembly, (f) adequate shielding from electromagnetic interference, and 

(g) ease of thermal regulation. Requirements (a) and (b) were necessary 

to operate the system ~losed loop. 

The completed unit did fulfill these specifications. Some of its 

characteristics are: 

a. Effective diaphragm radius, R: 2.2 em, 

b .. Radius of fixed gold-plated electrodes, R': 2.15 em, 

c. Thickness of gold plate: several thousand angstrom units, 

d. Diaphragm material: l/2-mil Mylar with aluminum vapor plated 

on both sides, 

e. 

f. 

g. 

h. 

Static capacitance of each side, C
0

: about 270 pF, 

Diaphragm tension: not measured or calculated, 

Diaphragm-to-electrode spacing,· z : about 50~, 
0 

Capacitance change for a pressure difference of l mtorr: 

not measured. 

The unit was so sensitive that it was not possible to calibrate 

it accurately against a CVC GM-lOOA McLeod gauge. The closed-loop gain 

was approximately 40. Exhaustive tests were abandoned when it was ob

served that the open-loop stability of the Decker-Lamers-Rony system 

was better. 

The chief advantag€ of the latter syst€m was that it had a very 

convenient gain control·, and thus a wider effective pressure range for 

calibration and measurement than the Lamers-Rorry system. Applying an 
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attenuator in _the amplifier of the closed-loop system would essentially 

negate the value of the closed-loop feature. In addition, the transducer 

(Decker Corporation 306-2A) was more rugged and the diaphragm less sus

ceptible to tearing by a sudden overpressure of l atmosphere. 

K. Decker-Lamers-Rony System 

l. Summary of Characteristics of the Original Decker System 

The differential micromanometer consisting of a capacitive trans

ducer (Decker Corporation 306-2A, serial number 73), a bridge (by P. RonyL 

and the associated electronics (designed by K. W. Lamers and constructed 

by P. Rony) was called the No. l Decker-Lamers-Rony system (DLR No. 1) for 

·lack of a better description. A similar system consisting of an equiva

lent transducer (serial number 162), a bridge (by P. Rony), and electronics 

(by K. W. Lamers) was given the designation, DLR No. 2. Both were eventu

ally used as Wrede-Harteck gauges in a study of the kinetics of atomic 
. 24 

hydrogen ln a low-pressure system. 

The characteristics specified by the Decker Corporation for the 

306-2A transducer are: 

a. Normal operating pressure range: ±1.87 torr (±1.00 in.water), 

b. Linearity: ± 2% over the full range or better, 

c. Radius of fixed electrodes, R': l/4 in., 

d. Effective radius of diaphragm, R: 1 in., 

e. Diaphragm material: 0.3-mil stainless steel, 

f. Differential pressure required to short the diaphragm and a 

fixed electrode: about 4 .. 5 torr, 

g. ·Overpressure: 2 atmospheres differential, 

h. Natural frequency of diaphragm: approximately 1000 cps, 

i. Chamber volume: . 0. 15 in. 3 

For the~ entire system, consisting of the transducer and a 306-2 meter, 

the Decker Corporation gives the additional specifications: 

(i) Zero statiliby: O.lojo of full scale or better in the range 

50° to l00°F, 

(ii) Temperature Coefficient of stability: -0.5fo/°F, 

(iii) Noise level: typicallY: 2.5 mV rms at zero differential pressure 

( = 0. 4 7 mtorr), 

(iv) Full-scale output: ± 10 volts. 
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I experimentally verified both the long-term zero stability, 

which varied as much as l. 5 mtorr over an hour period, and the "noise" 

level as shown on the recorder tracing, which was typically 0.3 mtorr 

peak-to-peak. 

The static capacitance, C , of each side of the two transducers 
0 . 

was measured with a capacitance bridge (General Radio type 1615-A) 

equipped with a 1-kc/sec oscillator (General Radio type 1311-AO. Several 

ceramic capacitors (Vytramon) were also tried as a check of the bridge's 

operation (Table.III). The use of a much shorter connecting wire with 

lower capacitance was responsible for the decrease in capacitance of the 

No. l transducer sides in the October measurements. The capacitance 

figures still include stray capacitances within the transducer and any 

other errors in the measurement. Th~s, though the measurements were 

quite precise, they were probably not very accurate, as the difference 

in the No. l transducer readings in September and October adequately 

illustrates. I did expect readings somewhat closer to 10 pF for each 

side. 

The capacitance change in each side of the transducer for a 

pressure difference of l mtorr can be calculated with formulas (15), 

( l 7), ( 19) , and ( 23), 

t:,.C 
c 

0 

t:,.z 
K-"' z 

0. 

t:,.z 
z 

0 

OOP 
z 

0 

6P 
- - ...,..(t:,...,....P=-r) s_h_o_r_t_ (37) 

where a is determined from the measured diaphragm~to-electrode spacing 

z 
0 

and the differential pressure required to short the diaphragm and 

electrode, approximately 4.5 torr, 

(38) 

With a value of 13.5 pF for the static capacitance C and 0.009 em for 
0 

z
0

, the following extratransducer specifications can be calculated: 

j. Capacitance change for pressure difference of ± l mtorr: ± 0.003 pF, 

k. Capacitance change for minimum detectable pressure difference 

(with DLR No. l system) of 500 ntorr ( 0. 0005 mtorr): l. 5 aF 

( 0. 0000015 pF), 
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Table III. Capacitance measurements for pressure transducers 
(Decker Corporation 306-2A) and ceramic capacitors. 

September 22, 1964 
Ceramic capacitors (Vytramon) 

6.8 pF 

10.0 
15.0 
22.0 

No. 1 Transducer (serial No. 73) 
Left side 

Right side 

October 16, 1964 
/ 

No. 1 Transducer (serial No. 73) 
Left Side 

Right side 

No. 2 Transducer (serial No. 162) 
Left side 

Right side 

Capacitance 
(pF) 

6.648 

9.878 
14.847 

21.951 

13.6437 
14.8040 

13.149 
13.121 
13.618 
13. 6o6 

13.072 
13.060 
13.065 
12_. 767 
12.758 

Dissipation 
factor 

0.00538 
o.oo4oo 

0.0061 

.0.00410 

0.0053 

o.oo668 
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0 

1. Deflection 6z for pressure difference of ± 1 mtorr: 200 A) 

m. Deflection for minimum detectable pressure difference of 500 
0 

ntorr: 0.1 A. 

Items k and m dramatize the sensitivity of the DLR system. The value in 

m doesn't conflict with the uncertainty principle because it is the aver

age central deflection for a large number of atoms--the diaphragm. 

2. Summary of Characteristics for the Decker-Lamers-Rony System No. 1 

The characteristics 'Of the complete Decker-Lamers-Rony system 

No. 1 (DLR No. 1) are: 

a. Linearity: about 0.5% when not used as a null instrument; 

b. :Short-term zero stability (30 sec): 1 iJ.torr (0.001 mtorr); 

c. Long-term stability: 30 f.J.torr/hour_or better; 

d. Values of amplifier signal-attenuation factors: 0.0003) 0.002) 

0.02, 0.1) and 1; 

e. Minimum differential pressure detectable: 500 ntorr; 

f. Noise: not measured but very small; 

g: Thermal coefficient 0f zero stability: not measured but very 

small; 

h. Thermal coefficient of sensitivity: not measured; 

i. Susceptibility to line-voltage fluctuations: small because. 

Sola Constant Voltage Transformer was used; 

j. Susceptibility to electromagnetic interference: small; 

k. Response time: about 5 msec; 

1. Differential overpressure: 2 atmospheres; 

m. Recorder-output attentuation factor: 0.00034 to 0.032; usually 

o.oo68 or o.o102; 

n. Output impedance: 1 kD to 100 kD ;, usually 20 or 30 kD; 

'.o. Location of pressure sensor: remote; 

p. Type of .calibration possible: pressure or electrostatic; 

:.q. Thermal insulation: only what aluminum case provides; additional 

insulation possible; 

r. Thermal regulation: none provided) regulation possible; 

s. Bakeability: negative; 
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t. Volume of each transducer side and inlet ports: not measured 

(about 5 cm3 ); 

u. 

v. 

Volume of transducer side: 0.15 in.3; 

Acceleration sensitivity: not measured; 

w. Outgassing and leak properties: that of the Decker 306-2A 

transducer; 

x. Cost: parts, approximately ~iOO; transducer, ~300 or less; 

time, about 40 to 60 hours total construction time if parts and 

equipment are easily available; 

y. Normal operating range: 0.1 mtorr full scale to 35 mtorr full 

scale; extension to 1.87 torr possible; 

z. Possible operating ranges: lower limit may possibly be extended 

lOX, upper "limit can be extended lOOx or more; 

In Figs 35 and 36, the original Decker micromanometer and the DLR 

No. 1 system are compared with respect to normal operating range (with 

±2% accuracy), short-term stability, and long-term stability. 

The open-lo,op gain, closed-loop gain, and other characteristics 

can be calculated on the basis of the following parameter values for · 

equations (21) to (23) and (31) to (34): 

c 13.5 pF, 
0 

z 0.009 em, 
0 

(&)short 4.5 torr, 

v 125 volts, 
0 

A := 175,000-V dc/V rms := 62,000-V dc/V pp, 

E 8.8-V pp, 

c shunt 68 pF, 
'/ c ·: 

0.167, ' Q 
c +c o shunt 

C' := 250 pF, 

K "' 2, v (R ') 2 R' l/4 in., lt3 6.63 . 10-7 ~ R mtorr/V de 2 
R 1 in. 

z 
= 0 
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Fig. 36. Long-term and short-term stability of Decker and DLR No. 1 
systems. 



-75-

aa~ Capacitive displacement transducer coefficient, a: 
bb. Bridge coefficient, ~: 100-V ppjcm, 

cc. Feedback-loop coefficient, ~: 0.064 mtorr/V de, 

dd. Amplification factor, A: . 62,000-V dc/V pp, 

ee. Closed-loop gain: 0.8, 

-6 2 · 10 em, 

ff. Open-loop gain with amplifier signal-attenuation factor of 1: 

6. 2-V dc/mtorr, 

gg. Same, with attenuation factor of 0.1: 620-mV dc/mtorr, 

hh. Same, with attenuation factor of 0.02: 124-mV dc/mtorr, 

ii. Same, with attenuation factor of 0.002: 12.4-mV dc/mtorr, 

jj. Same, with attenuation factor of 0.0003: 1.86-V de/torr. 

The measured closed-loop gain of between l and 2 agrees quite 

well with the value given in item ee. The open-loop gain is also higher, 

having a value between 2.0 and 2.5-V dc/mtorr with an amplifier-signal 

e.ttenuation factor of O.l. Nevertheless, the agreement between the meas

ured and calculated results is very satisfactory and represents a partial 

experimental verification of the validity of Eqs. (32) and (34). 

Finally, the electrostatic constants for both sides of the trans-

ducer were measured according to the procedure given in Sec. VI.D: 

kk. Electrostatic constant, right side: 4.8 10-
4 

± 2% mtorrjv2 , 

11. Electrostatic constant, left side: 3.9 · 10-
4 ± 2% mtorrjv

2
, 

mm. Calibration voltage: 127.0 V, 

nn. Calibration potentiometer: 100 k\1, 10-turn, wire wound, 

oo. Recorder output potentiometer: 100 k\1, 10-turn, wire wound. 

For some unexplainable reason, the value of R calculated from 

the capacitance measurements and the electrostatic constant vras lower by 

about 20% than the stated value of R, l in. This inconsistency was not 

pursued because the capacitance measurements were in doubt and the trans-

ducer was an early model. I had no desire to disassemble the nicely 

working gauge just to check this one remaining detail. If the value of 

R is lower than lin., then the agreement between the measured and calcu

lated values of the open- and closed-loop gains would be better. 

-~ 
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3. Measurements and Calculations 

The calibration procedure for the DLR system is given in Sec. VI.D. 

The output from the Decker meter was pass.ed through a calibrated resistance 

divider (Fig. 37 and Table IV). An identical McLeod gauge (eve GM lOOA) 

at the Laboratory was experimentally shown to be correct to within 0.5% 

of the scale constants calculated from the bulb volumes and the cross

sectional area of the closed capillary. 25 

When calibrated against the McLeod gauge, the Decker micromanometer 

(transducer serial number 161) showed a definite nonlinearity, in excess 

of the company specifications of ± 2%. The nonlinearity remained despite 

changes in the method of using the McLeod gauge or the ambient temperature 

of the trap (Table V). 

The calibrations, of theDLR No. 1 system against the McLeod gauge 

were not too satisfactory. This was undoubtedly due to the nonzero pres

sure reference level of the Kinney KC-5 pump and perhaps to problems with 

trap pumping by the McLeod gauge trap26 (Fig. 30 and Table VI). 

Much more uniform calibration values were obtained by calibration 

of the DLR No. 1 system against a previously calibrated Decker sensor. 

Unaffected by the reference level pressure1 most of the experimental values 

of the electrostatic constant for the right side of the transducer were 

easily within 2% of the finally chosen one, 4.80 · lo-
4 

mtorr/V
2 

(Fig. 31 

and Table VII). 

In Tables VI and VII~ the electrostatic constant k was cal

culated according to the formula 

k 
6 pmeasured(f-s) 

pot 2 ( f- s ) · V 2 
'' 0 

(39) 

where 6P. d( f -s) was the equivalent full-scale reading for the measure 
DLR No. 1 output recorded on the 10 mV-Speedomax recorder, V was the 

0 

voltage applied to the ten-turn calibration potentiometer (Fig. 27), 

and pot(f-s) was the fractional setting of the calibration potentiometer 

( l. 000 = ten turns) needed to produce a full-scale "electrostatic pres-

sure11 identical, to 6P d( f -s). measure 
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To 10-mV Speedomox 

recorder 

MU-35"752 

Fig. 37. Calibrated resistance divider for Decker micromanometer 
output. 
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Table IV. Measured resistance ratios for calibrated resistance divider. 

Recorder Calculated from Measured Resistance Ratios 
scale .. value of resistance Run No. l Run No. 2 Run No. 3 ·Run No. 4 Run No. 5 Best 

(Fig. 37) values 

2000 0.000988 0.000987 0.000989 0.000988 0.000990 0.000990 0.000988 

1000 0.001976 0.001978 0.001978 0.001978 0.001974 0.001983 0.001978 

500 0.003912 o.o"o3914 0.003912 0.'003909 0.003910 0.003928 0.003911 

250 0.008081 0.008089 0.008092 0.00808~ 0.00808) 0.008117 0.008083 

100 0.02003 0.02001 0.02003 0.02000 0.02002 0.02006 0.02002 

30 0.06587 0.06558 0.06586 0.06580 0.06583 0.06590 0.06583 

10 0.1975 0.1970 0.1972 0.1970 0.1971 0.1972 0.1971 

3 0.6560 0.6548 0.6544 o. 6548 0.6545 0.6542 0.6546 

2 l.OOOOa l.OOOOa l.ooo()a l.ooooa l.OOOOa. l.OOOOa l.OOOOa 
I 

-.J 
()) 

aReference value~no attenuation. 
I 

-~--~-· 
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Table V. Summary of calibration mca.surcments for the Decker micromanorncter. 

McLeod-gauge 
reading 
(mtorr) 

Calculated full-scale recorder readings (mtorr )a. 

30 100 250 500 1000 

McLeod gauge tapped and vibrated; trap filled _with liquid nitrogen (11-4-61,) 

29.5 31.4 103.2 1045 

29.7 31.6 103.8 1051 

65.2 106.7 1079 

65.5 107.3 1086 

81>.3 101>.9 262 537 1062 

85.1 106.0 264 543 1073 

89.5 107.4 268. 550 1087 

90.1< 108.5 271 555 1098 

100.0 107.3 268 550 1086 

103.8 103.1 270 553 1094 

168.0 273 564 1116 

206.0 272 563 1112 

259.0 273 563 1114 

261>.0 275 568 1124 

351.0 572 1124 

355.0 568 1124 

558.0 572 ll31 

85).0 ll28 

967.0 ll25 

1016.0 ll25 

1020.0 ll29 

B. McLeod gauge not tapped or vibrated; trap filled with liquid nitrogen (ll~l5-61>) 

c. 

30.3 31.5 103.5· lOhS 

101. 3 109. 4 ll07 

102.0 

982.0 

990.0 

McLeod gauge not tapped or vibrated; 

24.8 32.3 106.1 

30.1 32.4 106.6 

30.1 32.7 107.5 

40.9 106.5 

41.0 107.1 

55-5 107.6 

69.8 107.6 

69.8 108.4 

85.2 108.2 

95.3 109.1 

95-9 109.3 

100.5 108.4 

101.3 108.9 

ll00.6 

ll02.0 

ll09 

ll44 

ll42 

trap filled with ice water (ll-15-64) 

1073 

1078 

1088 

1017 

lo84 

1089 

1089 

1097 

1095 

ll04 

ll06 

1097 

ll02 

ll33 

ll37 

a Decker Corporation' a ,)06-2 meter and :;o6 .. 2A sensor. 
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Table VI. Summary of McLeod-gauge calibration measurements 
for the DLR No. 1 micromanometer. 

2 
McLeod-Gauge 

reading 
(~torr) 

DLR No. 1 
Recorder 
reading 

Calculated f-s 
pressure 

pot (f-s) k (eq. 39) 
(lo-4 mtorrjv2 ) 

A. McLeod gauge vibrated but not tapped. Trap filled with liquid nitrogen. DLR No. 

1 system. Amplifier signal-attenuation factor of 0.0003. Recorder-output 

potentiometer at 5.00 turns. Right side of the transducer. v = 354 v. (11-6-64) 
32.4 0.792 40.9 0.694 4.70 

30.9 0.762 40.9 0.694 4.70 
32.2 o. 753 42.8 0.694 4.92 
32.0 0.753 42.5 0.694 4.89 
31.6 0.758 41.7 0.694 4.79 
31.5 0.758 41.6 0.690 4.81 
31~6 0.756 41.8 0.690 4.83 
34.1 0.817 41.7 0.677 4.92 
34.2 0.824 41.6 0.673 4.93 

B. McLeod gauge vibrated but not tapped. Trap filled with liquid nitrogen. DLR 

No. 1, with attenuation factor of .002 and output potentiometer at 2.00 turns. 

Right side of transducer. v = 354 v. 
0 

(11-6-64) 
14.7 0.722 20.4 0.351 4.63 
14.7 0.722 20.4 0.351 4.63 
14.7 0.729 20.2 0.351 4.59 

c. McLeod gauge not tapped or vibrated. Trap filled with liquid nitrogen. DLR 

No. 1 with attenuation factor of .0003 and output potentiometer at 5.00 turns. 

Right side of transducer. v = 354 v. (11-6-64) 
0 

28.5 0.753 37.8 0.647 4.66 

28.4 0. 753 37-7 0.647 4.65. 
28.7 0.749 38.3 0.647 4.72 
28.6 0.752 38.0 0.647 ' 4.69 
28.6 0.742 38.6 0.647 4.75 
18.3 0.494 37-1 0.647 4.57 
18.3 0.495 37.0 0.647 4.56 
8.76 0.248 35.4 0.647 4.36 

.. 



Table VII. Summary of Decker calibration 
measurements for the DLR No. l micromanometer 

Decker DLR No. 1 pot2(f-s) 
recorder recorder 
reading reading 

A. Decker microma.nometer, + 30 scale ( 32. 6 mtorr 
f -s), used to calibrate DLR No. 1 system. Am
plifier signal-attenuation factor of 0.0003. 
Recorder-output potentiometer set at 5. 00 turns. 
Right side of the transducer. V = 355 V. 
(11-14-61,) 0 

0.866 0.717 0.647 

0.853 

0.854 

0.846 

0.843 

0.838 

0.828 

0.835 

0.823 

0.818 

0.678 

0.637 

0.664 

0.661 

o.663 

0.655 

0.667 

0.664 

0.649 

0.661 

0.655 

0.646 

0.543 

0.549 

0.552 

0.553 
0.51.S 

0.542 

0.391 

0.389 

0.389 

0.389 

0.385 

o. 712 

o.no 
o. 703 

0.699 

0.695 

0.690 

0.690 

0.635 

0.679 

0.574 

o.::m 
0.56o 

0.557 

0.553 

0.549 

0.551 
o. 5l.S 

0.51•7 

0.547 

0.541 

0.541 

0.459 

0.453 
0.1,58 

0.456 

0.455 

0.453 

0.328 

0.327 

0.326 

0.320 

0.317 

0.647 

0.647 

0.61,7 

0.647 

0.647 

o.61n 

0.647 

o.647 

o.647 

0.647 

0.647 

0.647 

0.647 

0.647 

0.647 

0.647 

0.61'7 

o.61n 

0.647 

0.647 

0.647 

0.647 

0.61•7 

o.6h7 

0.647 

0.647 

0.647 

0.647 

0.647 

0.647 

o.647 

0.647 

Average: 

4.83 

4. 79 

4.81 

4.81 

4.82 

4.82 

4.80 

4.81, 

4.81 

4.82 

4. 72 

4.80 

4. 74 

4.75 

4.80 

4.77 

4.84 

4.85 

4. 75 

4.83 

4.84 

4. 78 

4.73 

4.85 

4.82 

4.85 

4.82 

4.79 

4.77 

4.76 

4. 77 

4.86 

4.86 

4.80·10-4 

mtorr/V
2 

B. Decker micromanometer + 10 scale (10.9 mtorr 
f-s) used to calibrate DLR No. 1 system. At
tenuation factor is 0.002, output potentiometer 
is 3· 50 turns, and the right slde of the trans
ducer is calibrated. V0 = 355 v. (11-14-64) 

0.94o 0.845 0.199 4.83 

0.81+7 

0.865 

0.199 

0.199 

-81-

Table VII. Continued. 

Decker DLR No. 1 pot2(f-s) k 
recorder recorder 
reading reading (10- 4 mtorrjv2 ) 

c. Same as A above (11-14-64) 

0.937 

0.939 

0.935 
0.928 

0.923 

0.919 

0.910 

0.936 

0.903 

0.896 

0.904 

0.886 

0.789 

o. 789 

o. 788 

0.782 

o. 779 

0.775 

0. 710 

0.784 

0.767 

0.758 

0.759 

0.750 

0.649 

0.649 

0.649 

0.649 

0.61,9 

0.649 

0.649 

0.649 

0.649 

0.649 

0.649 

0.649 

Average: 

1,. 73 

4. 74 

4. 73 

4.73 

4. 72 

4. 73 

4. 71 

4.76 

4.69 

4. 71 

4.75 

4.71 

4. 73•10-4 

mtorr/V
2 

D. Same as A and C above ( 11-15-64) 

0.953 

0.946 

0.933 

0.923 

0.933 

0.902 

o.892 

0.825 

0.823 

0.808 

0.802 

0.802 

o. 780 

o. 775 

0.622 

0.622 

0.622 

0.622 

0.622 

0.622 

0.622 

4.81 

4.78 

4.80 

4. 79 
4.84 

1,.81 

4.79 

Average: 4.80·10-4 

mtorr/V
2 

D. Same as D, but w1 th one of the amplifier 
inductors retuned. (11-15-64) 

o.8oo 

0.783 

0.788 

0.781 

0.763 

0.766 

0.821 

0.812 

0.807 

o. 796 

0.789 

0.783 

0.519 

0.519 

0.519 

0.519 

0.519 

0.519 

4.86 

1•.81 

4.87 

4.89 

4.85 

4.88 

Average: 4.86·10•4 

mtorr/V
2 

Average of all figures: 4. 79·10-4 

mtorr/V
2 

Weighted average: 4.80·10-4 

mtorr/V
2 
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When the amplifier-detector was used as a null detector: the ratio 

of the electrostatic constants for both sides of the same transducer 1-ras 

easily measured to ± 2% or better. With proper care and the use of decade 

voltage sources for V ) this measurement could be made to perhaps ± 0.3% 
0 

(Fig. 38). 

Since R and R' were presumably the same) the ratio z
0
R/z

0
L was 

also obtained from such a measurement: 

zoR potR VoR 

zoL potL VoL 
( 4o) 

This rati_o was compared to that experimentally determined from the capaci

tance ratio (with the assumption that R' is the same for both sides): 

( 41) 

The agreement between the experimental values of the ratio determined by 

these two different methods was not as good as it should be. Values ob

tained by the electrostatic method were considerably more precise and 

reproducible (Table VIII). 

The measurements were sufficient to enable me to compute the 

electrostatic constants for both sides of the No. l transducer to a 

conservatively estimated accuracy of± 2% (Table IX). 

Rather than repeat the above procedure with the DLR No. 2 sys

tem) I decided to simplify matters and to calibrate it directly against 

the DLR No. l syst~m. This latter procedure had the additional advan

tage that it most closely approximated the experimental conditions when 

both micromanometers would be used as_Wrede-Harteck gauges. Only rel

ative ratios of'readings would be required) so a relative calibration 

of one gauge against the other vas perfectly acceptable. 

I electrostatically calibrated both transducers by a null method 

to determine the ratio of the electrostatic constants for the opposite 

sides (items C and Din Table VIII). With a Speedomax 10-mV Xl-J X2-vs

time Recorder (i.e.) two inputs)) the fractional setting of the calibration 
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L 
To calibration 

pot 1 

Fig. 39. Calibration apparatus for both DLR systems simultaneously. 

To pumps 

L 
DLR system ~ 
# t or :fl: 2 

R VoR h --'"" f 
MU-35753 

Fig. 38. Electrostatic calibration apparatus for the DLR system. 
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Table VIII. Summary of measured diaphragm-to-electrode spacing ratios. 

Measured ratios for transducer in Decker-Lamers-Rony system. 

zoJzoL potJpotL 
A B c D E F c D 

0.893 0.907 ' 0.911 0.902 0.974 13.135- 0 96' 
1).612 - • ) 

12.762 = 0 977 "i3.06'5 . 0.911 0.965 

0.893 0.907 0.910 0.902 0.974 0.911 0.965 

0.901 0.907 0.908 0.902 0.971 0.911 0.962 
or 

0.909 

0.893 0.902 0.913 0.976 0.967 

0.926 0.899 0.912 

0.885 0.895 0.910 
or 

0.911 

0.901 0.901 0.911 
or 

0.912 

0.901 0.902 0.914 

0.901 0.909 
or 

0.910 

0.901 0.910 

0.913 

A. DLR system No. 1. Attenuation factor of 1. Recorder output potentiometer (10 kO) at either 0.50, 
1.00, or 2.00 turns. VoL' from a dry-cell battery, initially at 325.5 V. V

0
R from another dry

cell battery, initially at 320.0 V. (9-22-64). 

B. DLR system No. 1. Amplifier signal-attenuation factor of 0.002. Recorder output potentiometer 
set at 2.00 turns. VoL = VoR = 127.9 V. VoL from DLR power supply and VoR from Lambda Regu
lated Power Supply (ll-16-64). 

c. DLR system No. 1. Attenuation factor of 0.02. Output potentiometer at 3.00 turns. VoL = 127.0 V. 
V0 R = 125.8 v. VoL from DLR No. l power supply. VoR from DLR No. 2 power supply (2-15-65). 

D. DLR system No. 2. Attenuation factor of 0.02. Output potentiometer at 3.00 turns. VoL = 127.0 V. 
VoR = 125.8 v. V0 L from DLR No. l power supply and V0 R from DLR No. 2 power supply. 

E. DLR system No. 1. Calculated value of z
0

R/z
0
L from measured capacitance values. 

F. DLR system No. 2. Calculated value of z0~zoR from measured capacitance values. 

.. 
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Table IX. Best electrostatic constants for DLR No. l and No. 2 systems. 

Decker-Lamers-Rony system No. l: 

Right side: 

Le:ft side: 

' 
If V =potentiometer reading · V01 and V 1 127.0 V 

2 
mtorr/V 

2 
mtorr/V 

Right side: P = 7. 7 4 (pot1 )2 mtorr 

Left side: P = 6.31 (pot1 )2 mtorr 

Decker-Lamers-Rony system No. 2: 

Right side: 

Left side: 

p 

p 

If V =potentiometer reading · V ~ and V 2 125.8 V 

mtbrr/V
2 

2 
mtorr/V 

Right side: P = 5.27 (pot2)2 mtorr 

Left side: P = 5.55 (pot2)2 mtorr 
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potentiometer for each system needed to produce a full-scale recorder 

deflection was measured (Table X). Finally, with the side bypass valve 

closed, the ratio of the sensitivities of the two gauges to an actual 

pressure differential was determined by a method similar to that used to 

calibrate the DLR No. 1 system against the Decker micromanometer (Fig. 39 

and Table X). A sample calculation is given below: 

Known: 

4 8 . -4 I 2 . 
0 

· 10 mtorr V 

(o 911)
2 

{125 ·
8 

)
2 

k1R = 3.91 · l_o-4 
mtorr/V

2 
. 127.0 

Measured: (with the weighted average of the recorder reading ratios in 

Table X): 

Calculation: 

square of fractional setting o£ calibration potenti

ometer in system No. 1 needed to produce a full

scale (f-s) recorder deflection, left-hand side, 

/ with V = 127.0 V oL 
0.315 

same for right-side of system No. 2, with V
0

R 

= 125.8 v 
0.322 

ratio of No. 2 to No. 1 scale readings (s.r.) for identi

cal differential pressure applied across each transducer 

1.172 

P1L = P2R' for identical differential pressures 

s.r. 1 P1L(f-s) = s.r. 2 P2R(f-s) 

(0.315)(127.0)2 
klL = (1.172)(0.322)(125.8)2 k2R 

(0.315)(0.911)
2 

klR = (1.172)(0.322) k2R 

-4 I 2 k2R = }. 3) · 10 mtorr V 
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Table X. Summary of the simultaneous calibration measurements 
of the two DLR systems (2-15-65). 

DLR No. l DLR No. l DLR No. 2 DLR No. 2 Ratio of 
recorder recorder recorder 
reading, 2 2 readings) 

left sidea pot11(f-s) reading) b 
right side pot;:::R(f-s) No. 2/No.- 2 

0.707 0.315 0.831 0.322 1.175 

. 0.599" 0.315 o. 720 0.322 1.202 

0.697 0.315 0.831 0.322 1.192 

0.593 0.315 0.715 0.322 1.206 

0.627 0.315 0.754 0.322 1.203 

0.589 0.315 o;691 0.322 1.173 

o.616 0.315 0.725 0.322 1.177 

0.599 0.315 0.712 0.322 1.189 

0.658 0.315 0.770 0.322 1.170 

0.747 0.315 0.881 0.322 1.179 

0.749 0 ·/315 0.873 0.322 1.166 

0.726 0.315 0.843 0.322 l.l6l 

0.740 0.315 0.865 0.322 1.169 

0.743 0.315 0.871 0.322 1.172 

0.746 0.315 0.874 0.322 1.172 

Weighted average: 1.172 

a l: signal-attenuation factor) 0.02; Decker-Lamers-Rony system No. 
recorder output potentiometer) 3.00 turns; V01 = 127.0 V; poti1 (f-s) 
0. 315; left side. 

bDecker-Lamers-Rony system No. 2: signal-attenuation factor) 0.02; 
recorder output potentiometer) 3.00 turns; V 2 = 125.8 V; 
pot~R(f-s) = 0.322; right side. · 

0 
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4. Sample Recorder Readings and Calibration Curves 

A prodigious number of short- and long-term stability recorder 

readings and calibration curves were obtained for a Decker 306-2A sensor 

and 306-2 meter combination and for the DLR No. l .and DLR No. 2 differ

ential micromanometer systems.· To save space and avoid repetition, only 

two typical examples of the curves obtained are given here. 

Figures 40 and 41 compare the short-term stability for the Decker 

system and the DLR No. l system (set at its most sensitive scale),' 

respectively. The performance of the Decker pressure transducer, as 

shown by the two figures, was improved by a factor of about 100 with the 

electronics Kenneth W. Lamers designed! The stability of the DLR No. l 

system compares f'avorably to all other high-sensitivity differential 

micromanometers. 

Figures 42 and 43 show the recorder data and Figs. 44 to 48 are 

the corresponding calibration curves for the DLR No. l:system set at 

signal attenuation factors of 1.0, 0.1, 0.02, 0.002, and 0.0003, respec

tively. The right-hand part of Fig. 42 and the corresponding calibration 

curve in Fig. 46 show results for the DLR No. 2 'system. 

I would like to emphasize here that the step-like recorder 

readings took about two minutes to obtain and the calibration curve about 

five minutes to calculate and plot. The resulting calibration curve, 

which was linear to ± l% and accurate to ± 2% or better, usually applied 

to the system for a period of several hours or longer. 

In selecting the curves for this report, I did have a slight bias 

toward the nicer ones. Generally they are typical of what can be achieved 

with the DLR No. l system. 

L. Other Systems 

This survey of high-sensitivity differential micromanometer 

systems is representative, but not complete. Commercial micromanometers 

are also sold by the Granville Phillips Company, Atla~werke in Bremen, 

Germany, and perhaps by several other companies. Other differential 
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.u.suu 

Fig. 40. Typical short-term and long-term stability curve for Decker 
306-ZA sensor and 306-2 meter (total time =one hour). 
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Fig. 41. Typical short-term and long-term stability curve for Decke:.::·
Lamers-Rony No. l system. Signal attenuation factor = 1.0 and 
recorder output potentiometer setting = 2.00 turns (total time = 
.one hour). 
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Fig. 42. Typical recorder-chart calibration data: (a) DLR No. l) 
attenuation factor = 1.0: and recorder output setting = 2.00 
turns; (b) DLR No. l) attenuation factor = 0.1, and recorder 
output setting = 3.00 turns; (c) DLR No. l (solid curve) and 
DLR No. 2 (dashed curve), identical attenuation factors = 0.02, 
and identical recorder output settings = 3.00 turns. 
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Fig. 43. Typical recorder chart calibration data: (a) DLR No. 1, 
attenuation factor = 0.002, and recorder output setting = 2.00 
turns; (b) DLR No. 1, attenuation factor = 0.0003, and recorder 
output setting = 5.00 turns. 
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Fig. 44. Calibration curve corresponding to chart (a) in Fig. 42. 
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Fig. 45. Calibration curve corresponding to chart (b) in Fig. 42. 
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Fig. 46. Calibration curves corresponding to chart (c) in Fig. 42. 
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Fig. 47. Calibration curve corresponding to chart (a) in Fig. 43. 
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Fig. 48. Calibration curve corresponding to chart (b) in Fig. 43. 



-100-

micromanometers based upon capacitance) inductance) resistance) optical) 

and other techniques.are given in the books or articles by Leck) 27 
Melville and Gowenlock) 28 and Steckelmacher.

29 

The Granville-Phillips advertisement sheet on the Series 212 

Capacitance Manometer) which I have just received) is notable for its 

1 k f . f. t . th t d d th 1 t . 30 ac o many specl lca lons on e rans ucer an e e ec ronlcs. · 

Neglected are the long-term stabilit~ (per hour)) short-term stability 

(30-sec interval)) noise) bridge characteristics) frequency of opera

tion) output impedance) response time) calibration stability) sensitivity 

to electromagnetic interference) necessity for line-voltage regulation) 

measured outgassing properties) and various characteristics of the cap

acitive transducer such as the static capacitance and the radius of the 

electrode and diaphragm. Like most other brochures of its typ~) it also 

fails to give typical zero-stability curves) calibration curves) or any 

comments on the factors limiting the stability and sensitivity of the 

gauge. Most of these characteristics cannot be classified as "exotic:.' 

or too specialized and should be available directly on the advertising 

sheet instead of through correspondence. Finally) the useful range 

± 2% accuracy) 25 to JDOO' mtorr) is not a very wide one for the 0 - 1 

torr model. 
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IX. SUMMARY AND CONCLUSIONS 

We developed a high-sensitivity differential'micromanometer when 

we could find no commercial one that would meet our specifications. 

During the period of design) construction) and operation) improved com

mercial systems did appear. One of these; the Barotron (MKS Instruments) 

Inc. L is now as sensitive and stable: 3.S the system described in this 

report. 

Of the various differential micromanometer systems described in 

the technical literature) we chose the system developed by OpsteltinJ 

Warmoltz) and Van Zelst9)10 
and by Cope

11 
because (a) it operated closed 

loop) (b) it had a linear relationship between pressure and output_voltage) 

and (c) it had high sensitivity. We therefore designed and constructed 

a system that employed the features of the micromanometer described by 

the above authors. Our system eventually performed exactly to specifica

tions) but the whole process of designing and constructing it proved to 

be a time-consuming _and expensive operation. 

In retrospect) only one of the advantages cited above was as 

important as it was thought to be--the sensitivity. In actual practice) 

the gauge designed and constructed by K. W. Lamers and me was operated 

open loop) but it did have a linear relationship between pressure and 

output ~?ltage. Even the originally desired sensitivity) 0.1 mtorr to 

several percent) was not so necessary when the micromanometer was used 

as a Wrede-Harteck gauge. Certain limitations in the operation of the 

WHG made it necessary to measure 0.1 mtorr only to within 5 to Soja as 

the extreme lower limit. 

The differential-micromanometer system we developed compares 

very favorably with all other micromanometers described in the technical 

literature for room-temperature operation. Realizing the difficulties 

we encountered in this research work) we have made a definite effort in 

Parts I and II to pre5ent. as detailed. and compreh€nsive a description ali:l 

possible. 
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The advantages of the Decker-Lamers-Rony system are: 

a. It is linear to ± 1% or better. 

b. It uses an existing commercial capacitive transducer that is 

inexpensive. 

c. The electr·onic s are inexpensive to construct. 

d. The existence Of photographs, circuit diagrams, component listings, 

templates, tuning instructions, gain and voltage measurements, 

and a thorough discussion of calibration and operation makes it 

easier to construct than other systems. 

e.- It is very insensitive to electromagnetic interference. 

f. The pressure transducer can be located remotely. 

g. A complete mathematical description of its operation is available. 

·.h. The micromanometer can be electrostatically calibrated to better 

than 2% over a range of 0.1 to 35 mtorr. 

i. The calibration procedure takes two minutes, doesn't require any 

special equipment other than a source of regulated de voltage and 

a ten-turn potentiometer, and can be done in situ without the need 

of special valves and duplicate manometers. 

•j. Careful temperature regulation of the system is not necessary. 

Such regulation may possibly improve the performance. 

k. The system has been duplicated by a novice and operated suc

cessfully the very first time. 

1. It takes only a few days to construct the bridge and electronics. 

m. In principle, the upper range can be extended to 1.87 torr by 

desensitizing the bridge. 

n. The upper range can be further extended by employing other 

Decker transducers. The use of such higher range transducers 

sacrifices the electrostatic calibration feature of the gauge, 

though. 

o. The· J.:ower range, to 2% accuracy, can possibly be extended by 

employing more sensitive Decker transducers. 

p. other commercial transducers besides the Decker sensors can also 

be used. 
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The disadvantages of this system are: 

a. The electronics and bridge still must be constructed rather than 

purchased. 

b. The system has not been completely debugged. 

c. The output impedance is high. 

d. A double-input 5-Mc/sec oscilloscope is required for the initial 

tuning procedure. However, for normal operation it is not 

necessary. 

e. The system is not trivial and thus takes time to get accustomed 

to. 

f. It may no longer have any technical advantage over at least one 

commercial differential micromanometer, the MKS Instruments 

Barotron. 

g. The transducer is not bakeable. However, a bakeable transducer 

can be employed easily as a substitute for the Decker sensor. 

In addition to finally making two sensitive and stable differential 

micromanometers, the main benefits of this work came in the insights ob

tained during the calibration and operation of the gauge. The prinicpal 

benefit was the extreme utility of the electrostatic calibration technique, 

the advantages of which are: 

a. It may eventual~y be an excellent primary pressure standard in 

the range 10 ~torr to 10 torr, superseding the McLeod gauge. 

b. It is already an excellent secondary pressure standard in the 

same pressure range. 

c. The technique can be used either as. a null or an open-loop 

calibration method. 

d. It is simple to perform. 

e. It doesn't require elaborate equipment. 

f. It can be done wherever the transducer is located without the use 

of special valves or piping, i.e., in~· 

g. The linearity can be easily made to be better than 0.5%. 

h. The accuracy can be easily made to be better than 2%. 

i. Since it is applied directly at the transducer, it eliminates 

changes in the bridge constant, diaphragm tension, amplification 

factor, detector operation, or recorder calibration. 
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, X. FUTURE DEVELOPMENTS 

As mentioned previously, the range of the Decker-Lamers-Rony. 

system can be extended to higher or lower levels simply by use of 

Decker sensors 306-2B to E or 306-2F to G, respectively. Alternatively, 

capacitive transducers of other companies, such as MKS Instruments, Inc., 

Consolidated Engineering Corporation, or Granville-Phillips, can be pro-

cured. All of them are more expensive than the Decker sensors, though. 

I am not sure what improvement in the signal-to-noise ratio can be achieved 

with the more sensitive Decker 306-2F and G sensors. The use of higher 

range transducers requires other methods of calibration. 

With the DLR system, a decade-null feature similar to that em

ployed in the Barotron (MKS Instruments) can be easily incorporated. 

However, a new and improved Barotron may now meet or exceed the sensi

tivity and stability characteristics of the system described in this 

paper. Under such conditions, unless economy is very important, there 

is no longer any advantage to construction of the DLR system. 

A typical electrostatic constant for the two Decker transducers 
. 4 -4 I 2 used is approximately · 10 mtorr V . This means that applied voltages 

of 10, 100, and 1000 V produce electrostatic "pressures" or 0.04, 4.0, and 

4oo mtorr, respectively. This is a wide calibration range and is well 

within the capabilities of modern regulated-voltage units. The only lim

itation to the use of high voltages is the possibility of electrical 

breakdown between the electrode and the diaphragm. This problem can be 

partially or· completely eliminated by coating a thin insulating layer 

of high dielectric strength on the fixed electrodes. The contribution 

of the dielectric layer to either the capacitance or the thermal insta

bility would be generally small. 

Another way of extending the upper range of the electrostatic 

calibration technique is to employ capacitive transducers with larger 

electrode areas and smaller electrode-to-diaphragm spacings. The home

made capacitive transducer in the Lamers-Rony system, with C = 270 pF, 
0 

R = l in., R' = 27/32 in., and z = 0.0047 em (calc), has an electrostatic 
0 
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constant of about 1·10 mtorr/V . With 1) 10) 100) and 1000 V) the 

electrostatic pressure in this system is 0.01 mtorr) 1.0 mtorr) 100 
6 

mtorr) and 10 torr) respectively--a range of 10 ; Provided that the 

diaphragm doesn't contact the fixed electrode) a system such as this 

would be ideal for all low-pressure studies. 

The electrostatic deflection method can also be used in conjunc

tion with a high-impedance differential lock-in amplifier to sumultane

ously produce and detect electrostatic "pressures" in the ntorr region .. 

In the case of the DLR No. l system) with an electrostatic constant of 

4 -4 I 2 about · 10 mtorr V ) the application of a 100-cps electrostatic 

voltage of 0.2 V peak height produces a 200-cps signal from the DLR No. 

1 system output equivalent to a peak-height "pressure 11 of 4 ntorr on the 

diaphragm. This signal can be in principle detected according to the 

block-diagram shown in Fig. 49. 

I have stated previously that electrostatic calibration tech

niques are limited only to modifications of the capacitance bridge. 

Unfortunately) many,.of the commercial differential micromanometers 

are of the partial.-capaci tance-bridge type (F9g. 50). Actually) the 

stated limitation is not correct. The reason that the bridges shown 

cannot be used with an electrostatic calibration is the existence of 

a direct or partial de short from one side of the differential capaci

tor to the other [Fig. 5l(a)]. This limitation can be circUmvented by 
' placing a low-impedance capacitor in series with each side of the trans-

ducer in the lower legs of the bridge [Fig. 5l(b)]. With this procedure 

it should be possible to adapt all existing high-sensitivity differential 

manometers to open-loop electrostatic-calibration systems or to closed

loop operation. 

Finally) the prospects of using the electrostatic calibration 

technique as either a primary or secondary standard Of!pressure in the 

10-~torr or 10-torr pressure range should be very seriously considered. 

All properties of the capacitive transducer can be measured and com

puted probably to 0.1% or better. With a carefully designed transducer 

and with standardized voltages for the electrostatic calibration) there 

should be every reason to expect such a unit to rival or excel the McLeod 
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Fig. 49. Proposed block diagram for producing and detecting ntorr 
"electrostatic pressures." 



-107-

( a ) ( b) 

(c) 

( d ) 

MU-35761 

Fig. 50. Partial capacitance bridges used commercially: (a) 
transformer bridge; (b) diode bridge; (c) ionization-transducer 
bridge; (d) resistance bridge. 
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(a) 

(b) 

MU-35762 

·Fig. 51. Schematic diagrams showing presence and absence of de 
bypass between the differential capacitor sides: (a) with 
de bypass between differential capacitor sides; (b) without
de bypass between differential capacitor sides. 
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gauge in this pressure region. Even if there are certain obstacles to 

adoption of the capacitive transducer as a primary standard; it is still 

a superb secondary standard and should be used widely in preference to 

the McLeod gauge. 

/ 
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SYMBOLS AND NOTATION 

Amplification factor 

Capacitance of one side of the differential micromanometer 

Capacitances 

Bridge voltage signal 

Bridge exciting voltage 

Force 

Function defined by Eq. (35) 

Gravitational constant 

Height 

Electrostatic constants 

Function of Rand R' defined by Eq. (19) 

Inductances 

Constant defined by Eq. (25) 

Pressure 

Radius 

Radius of diaphragm 

Radius of fixed electrode 

Resistances 

Stretching force per unit length of membrane edge 

Signal voltage after amplification 

Electrostatic voltages applied to fixed electrode of 

transducer 

Polarizing voltage applied to fixed electrode of 

transducer 

Diaphragm-to-electrode spacingj the subscripts R and L 

refer to left and right 

Differential diaphragm-to-electrode spacing 

R
2
j4T 

2EV 
0 

-2-
z 

0 
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Permittivity of free space 

EC'K 
C"Z 

0 0 

pgh M
1 

Angle with respect to vertical [ Eq. ( 24)] 

Density 

Radian frequency 

Diaphragm displacement 
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ABSTRACT 

A variety of subjects concerning the gas- and surface-phase 

kinetics of atomic hydrogen at low pressures is considered. The thea-

. retical description of diffusion and flow tubes is extended to the 

following situations: (a) the discharge zone is of finite length, (b) 

the discharge-zone walls are inactive catalytically, (c) the end-plate 

sink is composed of two or more catalytic materials, and (d) the atom

recombination coefficients on the discharge- and reactor-zone walls dif

fer in magnitude. The dimensionless groups characterizing the rate 

processes within the system are systematized, and. practical examples 

illustrating the use of the theoretical solutions are given. 

After a description of a simple water-cooled Wrede-Harteck 

gauge capable of detecting atom concentrations of less than 0.06% at 

75 mtorr, it.is ~xperimentally shown that the device may not be abso

lute, is sensitive to the presence of H20 and HCl, is susceptible to 

thermal effusion problems, and cannot discriminate between atomic 

hydrogen or atomic oxygen. 

The presence of small amounts of H20 does not influence the 

yield of atomic hydrogen from a microwave or electrodeless discharge 

at 75 mtorr. This result is independent of the measurement technique, 

the source of hydrogen, the source of water, and the discharge power. 

Small amounts of 0 stoichiometrically increase the yield of 
2 

atomic hydrogen from the low-pressure discharge by a ratio of at least 

two atoms of hydrogen per molecule of oxygen. Molecular nitrogen has 

a similar but a smaller effect. 

'· 
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A cyclotron-resonant microwave discharge is a convenient method 

for producing an electrical discharge in the low-pressure system with a 

microvrave power. as low as 250 mW~ The intensity of the Balmer lines 

or color of low-pressure hydrogen discharges is not a reliable qualita

tive indication of the atomic-hydrogen yield. 

The location of an active catalytic probe affects the atom-con

centration level throughout a diffusion tube or flow tube at low pressures. 

Studies with Teflon or copper probes indicate that both have recombina

tion coefficients below 10-3. 

In order for an isothermal calorimeter to be used for the meas

urement of absolute atom concentrations in a low-pressure system, (a) 

most of the atoms produced must recombine on the calorimeter, (b) both 

the diffusive and convective flux of atoms must be known, (c) the presence 

of the atoms must not alter the rate of heat loss from the calorimeter, 

and (d) the thermal-accommodation coefficient of the recombination energy 

must be equal to unity. 
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I. INTRODUCTION 

Studies to determine the feasibility of purifying liquid metals 

by reacting atomic hydrogen with the residual oxides) carbides) and ni

trides present brought up the interesting question: What is the rate 

of recombination of atomic hydrogen on a liquid metal? Since no data 

nor predictions about this rate were found in the literature) I started 

a project to determine whether there would be any difference in the re

combination coefficient of atomic hydrogen on liquid and solid gallium 

or liquid and solid mercury at their respective melt·ing. points. I felt 

that such measurements) being of a fairly critical nature) might yield 

intriguing results on the relative importance of reaction sites and the 

electronic factor in this particular heterogeneous catalytic reaction-

one of the simplest known. 

The low-pressure diffusion-tube technique) first applied by Smith
1 

and 2-14 15-29 subsequently used by Wise and co-workers) Linnett and co-workers) 

Tsu 30-33 34-42 and Boudart) and others) · I chose as the method to measure 

the recombination coefficients of hydrogen atoms on the mercury and gal

lium surfaces. 

The mathematical theory of the diffusion tube I rederived and 

extended considerably. As a result of these calculations) I chose an 
43-51 . atom-concentration'measuring device--the Wrede-Harteck gauge --ln 

preference to an atom-flux measuring device--the thermocouple probe or 

isothermal caiorimeter. 30 )39 The use of ESR or a mass spectrometer was 

not considered since such instruments were not readily available to me. 

After a sensitive and stable Wrede-Harteck gauge had been suc

cessfully constructed and operated) measurements were first made to 
' 

demonstrate the validity of the derived equations for the operation of 

the diffusion tube. During these measurements) serious difficulties 

appeared--the atom-concentration level produced by an electrical dis

charge did not remain constant) but instead decayed at a relatively 

rapid rate while the discharge was still on. This problem was so ser

ious that it clearly made my attempts to perform any type of kinetic 

studies impossible. 
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Thus) I und~rtook a side project to discover the reason for this 

decay and eliminate it. As the "well-known" effect of water and other 

gaseous impurities in enhancing the atom yield from a low-pressure hydro

gen discharge appeared to be the most probable explanation of the atom-

t . d 52-81 I · ·t· t d t d t d t . t•t t· 1 concentra lOn ecay) lDl la e a p u y o e ermlne quan l a lVe y 

the effect of small quantities of oxygen) nitrogen) water) ·and hydrochloric 

acid on the hydrogen-atom yield from the discharge. 

The experiments were critical) requiring a measurement to deter

mine the presence or absence of a predicted effect or behavior. Rather 

than perform one experiment to extremely high precision and accuracy) I 

made many experiments involving different effects and different types of 

behavior in order to emphasize the single· interpretation of the r.esults 

which was comp+etely consistent with all of the observations. The results 

for water--it had no effect on the atom yield from a low-pressure hydro

gen discharge--disagreed with 45 years of experience accumulated by others 

on the subject. 

This conflicting observation for the effect of water is responsi

ble for the unusual length of this. report. Since the observation may be 

controversial) I felt it was better to provide a plethora rather than a 

dearth of information substantiating it. The experiments with water and 

oxygen are described in Sec. V) which can be read independently of the 

rest of the r~port. 

Section II describes the experimental equipment) gases) param

eters) and procedure) and is useful only to those interested in repeating 

the experiments or checking on the caliber of the measurements. 

Section III describes the design) construction) and operation of 

a Wrede-Harteck gauge) and is useful mainly to those interested in dup

licating the technique. The Wrede-Harteck gauge that I developed re

liably measured relative atom concentrations. As an absolute device) it 

may have been as much as 50% low. 

Section IV develops) summarizes) and extends the mathematical 

theory for low-pressure flow and diffusion tubes in the absence of gas

phase reactions. The derivations for the fourteen cases considered are 
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individually brief. The newly derived equations are Eqs. (IV-90), 

(IV-96), (IV-110), (IV-134), (IV-151), and (IV-157), and (IV-162). Sec

tion IV.E provides a convenient summary of the physical meaning of the 

dimensionless groups used. 

Section VI describes the Wood-Wise-Tsu-Boudart controversy about 

the effect of a catalytic probe on the atom-concentration. profi+e in a 

low-pressure diffusion tube and then gives my own. opinions and experi-
. 4 12 30 32 ments on the subJect. ' ' ' 

Notation used in Sees. III through VI are listed in Sec. VII. 
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II. EXPERIMENTAL APPARATUS AND PROCEDURE 

A. Apparatus for Measuring Experimental Parameters 

l. Pressure 

The total pressure inside the vacuum system was measured either 

with (a) a McLeod gauge (Consolidated Vacuum Corporation Model GM-lOOA) 

having a 100-mtorr nonlinear scale and linear 1.00- and 10.0-torr scales) 

(b) a thermocouple vacuum gauge (NRC Equipment Corporation Type 501) 

having a useful operating range of 2 to 200 mtorrJ or (c) a VG-lA/2 ion

ization gauge having a useful pressure range of 10-3 to 10-7 torr. 

An identical McLeod gauge was calibrated at the Laboratory by 

Gerald P. Pfaff) who thoroughly tested the gauge and found that the 

agreement between the measured and the corrected company scales was 
82 

better than 0.5%. I therefore assumed that all measurements with my 

McLeod gauge were as good as 1% (at best) or 2% (at worst) and used it 

with full confidence for all micromanometer calibrations and total

pressure measurement,s in the diffusion-tube or flow-tube systems. Be

cause the McLeod gauge was situated about 100 em downstream from the 

WHGJ the measured pressure for typical gas velocities used in the flow

tube experiments was corrected about 1.5%. The micromanometers were 

calibrated with the liquid nitrogen trap alternat.ely filled with ice 

water or liquid nitrogen to minimize the possible errors associated 

with trap pumping. The calibration measurements are described in greater 
83 detail elsewhere. 

The uncalibrated thermocouple gauge was used for.all experi

ments when the pressure measurement needed was only approximate. This 

was the case for all preliminary experiments and those for Which only 

relative atom-concentration measurements were made at some general pres

sure level) usually in the range 70 to 110 mtorr. Estimated corrections 

were made for behavior differences of the gauge in air and in pure 

hydrogen. 

The uncalibrated ionization gauge was used only to detect leaks 

or the extent of outgassing when the system was pumped down with the 

diffusion pQ111p. 
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2. Temperature 

The most important thermal problem was that of drifts of thermal 

origin in the signal from the Wrede-Harteck gauge. The heat of recom

bination of atoms on the WHG catalytic surface or the heating of the main 

gas stream by the discharge made the gauge susceptible to thermal-ef

fusion effects. 

These thermal-effusion effects were eliminated by the construc

tion of.a special water-cooled WHG attachment and by operating the dis

charge intermittently) at low power levelsJ and far away from the WHG 

whenever possible. An air blast was directed at the· 14-mm o. d. quartz 

or 41-mm o.d. Pyrex discharge region whenever microwave cavities were 

used. I also constructed a special Pyrex reaction tube that permitted 

liquid cooling of both the discharge and the measurement zones (described 

in Sec. II. B. 2) . 
. 4 84 A recirculating system using Aroclo~ 12 8J a somewhat viscous 

and messy chlorinated biphenyl kindly supplied by Professor Charles R. 

WilkeJ was provided/for the special Pyrex tube mentioned above. Von 

Hippel85 gives an e~tensive list of other fluids that have low power. 

factors at microwave frequencies. The perfect fluid for this experi

ment would have a low power factorJ low dielectric constantJ and low 

vapor pressureJ and would be inexpensive) nontoxicJ and nonflammable. 

The glassware surrounding the thermocouple probe was cooled 

with the same tap water used for the Wrede-Harteck gauges. 

The ambient temperature of the air-conditioned and thermostat-
a o · ically controlled roomJ 23 to 25.5 CJ varied slowly in any eight-hour 

interval. All of the equipment supplied some local heat J which was 

monitored by an uncalibrated-50°C immersion thermometer hung on the 

rack near a WHG. 

3· Atom Concentration 

The atom concentration was measured with either (a) a Wrede

Harteck gaugeJ (b) a thermocouple probeJ or (c) a thermometer probe. 

The designJ construction) and operation of the WHG is described in 

detail in Sec. III. 

··;.r. "'. 
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The thermocouple probe, a device for measuring relative concen

tration of atoms, consisted of a long length of No. 30 iron-constantan 

thermocouple wire with one junction soft-soldered and coated with epoxy,. 

and the other junction soft-soldered to a piece of silver foil with a 

cross-sectional area of about 4 cm
2

. The remaining exposed thermocouple 

wires were also covered with epoxy. Both junctions were mounted inside 

the vacuum system in a specially constructed water-cooled glass unit, the· 

vacuum-to-atmosphere seal being made with epoxy and Glyptal lacquer 

(Fig. l). 

The thermometer probe, another device for measuring relative con-· 

centration of atoms was a 360° C nonimmersion thermometer whose bulb end 

was first abraded and then coated with either AgN0
3 

or electroplated 

nickel. The thermometer was centered and moved by means of two magnet

ically controlled Teflon spacers (Fig. 2). The graduations on the stem 

served to fix the location of the tip when measured externally with a 

cathetometer. 

A qualitati;e indication of the hydrogen-atom concentration in 

the system was the color of the microwave discharg~ in the 14-mm o. d .. 

quatrz-tube; this discharge varied from whitish pink for pure hydrogen 

(very few atoms) to a beautiful crimson for a 20:1 hydrogen-oxygen 

mixture (many atoms). Estimations of atom concentrations intermediate 

between these two extremes frequently were unreliable and difficult to 

make. The hydrogen a- and ~-Balmer lines were always present (as shown. 

by a small hand spectroscope) and were never used for even a qualita

tive indication of the atomic-hydrogen concentration. 

4. Flow Rate 

The most accurate flowmeters were small mercury plugs that moved 

at a constant timed rate inside a capillary tube of known cross-sectional . 6 
area. The flowmeter (Figs. 3 and 4) was patterned after those of Ehlers

8 
87 . . 

and Chavet, and conveniently measured flow rates to a reproducibility 

of better than l'{o in the range 0.01 to 0.5 cm3 STP/sec. A plunger oper

ate¢1. by a small magnet external to the flowmeter forced a small amount of 

mercury through a capillary tip (to minimize the quantity of mercury in 
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ZN -4922 

Fig. 1. Photograph of water-cooled-glass thermocouple assembly. 
Pyrex 0-ring joints (No. 25) are used. 
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Fig. 2. Photograph of movable probes. From top to bottom they are 
(a) a magnetically moved glass-tube and Teflon-sleeve assembly 
to hold metal or glass disks, (b) a magnetically moved glass-tube 
assembly to hold a probe containing platinum mesh and nickel
plated copper mesh, (c) a 3600C thermometer with an electroplated 
nickel end, (d) a magnetically moved 360°C thermometer with an 
AgN03-coated, and (e) a magnetically moved Teflon plug (on lower 
right-hand side). 
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Fig. 3. Close-up photograph of mercury-plug flowmeter showing details 
of the capillary tip, magnetic plunger, U-shaped tube, and inlet 
and outlet chambers. 
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Fig. 4. Photograph of the complete mercury-plug flowmeter showing the 
relative sizes of the mercury-housing part and the 3-mm i. d. 
capillary tube. 
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the drop) into a small-bore heavy-walled capillary tube of cross-sec

tional area 0.0584 cm
2 

(as determined from: the weight of a mercury column 

of_ known length) and length 60 em. The mercury traveled around the cap

illary· tube, up the slight incline, and back into_ the mercury pool, main

taining the mercury level in the U-shaped tube. By means of an additional 

mercury pool, the level was adjusted in the U-shaped tube pool. The rate 
; 

of travel of the drop in the calibrated portion of the capillary tube was 

measured with a stopwatch and meter stick. With hydrogen gas, operation 

of the flowmeter became a problem only when the glass or mercury was or 

became dirty, because the dirt caused the mercury drops to move somewhat 

erratically through the-capillary tube. The use of ball joints facili

tated cleaning (with chromate cleaning solution) of the glassware. A 

simple calibrated bellows vacuum-pressure gauge (U. S. Gauge) monitored 

the inlet pressure of the gas to the vacuum system. 

Two other rotameters (Fischer and Porter, Model lOA-2735-l~OOl), 

which monitored cylinder hydrogen either pure or bubbled through water, 

each consisted of a case, glass flowmeter, sapphire float, and brass 
-/ 

inlet fittings. 

These rotameters were useless for measuring flow rates of 0.1 

cm3 STP/sec, the nominal flow rate used for most of the experiments. 

However, when flow-rate measurement was not critical, the low end of 

the· graduated flowmeter scale did facilitate the setting of the desired 

pressure level within the vacuum system. The rotameter case leaked. 

For some experiments, a slight air leak into the water bubbler was 

actually an asset, so the rotameter cases were used without change for 

the duration of the experiments. When "pure" cylinder hydrogen was 

desired, thorough flushing of the rotameter was necessary. 

The impurity-gas (o
2

, N2, H
2
o, or,HCl) flow rate was measured 

by means of the rate of pressure drop in a chamber of known volume, 

consisting of a 500-cm3 glass bulb, glass and copper tubing, and one 

side of a micromanom~ter (Decker Corporation Model 306-2A, full sc-ale 

1.87 torr). The gases were transferred directly from small cylinders 

into individual 500-cm3 glass storage bulbs, and then individually as 

'\ 
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desired from the storage bulb to the previously evacuated chamber of 

known volume (44 cm3 or 537 cm3 )(Fig. 5). This system was somewhat in

operable with water or HCl, since both were adsorbed or condensed inside 

the micromanometer and gave spurious readings. 

5. Impurity Concentration 

The mole fraction impur{ty within the gaseous system, computed 

from the ratio of the impurity- and hydrogen-gas flow rates of the pure 

gases was calculated from the known volume (44 cm3, for example), the 

rate of decrease of pressure as measured by the Decker micromanometer 

(15 mtorr/sec, for example), and the flow rate of the hydrogen gas 

(0.08 cm3 STP/sec, for example): 

X Imp 
(44 cm3)(15 mtorr/sec) 

(0.08 cm3/sec)(76o,ooo mtorr) 
0.011 

The mole fractions were determined in this manner to better than 3% 

accuracy. 

6. Gas Velocity 
/ 

The average velocity of the gas stream in the main reaction 

tube was calculated from the measured value of the flow rates, the 

pressure in the vacuum system (76 mtorr, for example), and the cross

sectional area of the reaction tube (10.7 cm2 ): 

v av 
( l. Oll) ( 0. 08 cm3 / se~) ( 760, 000 mtorr) 

(10.7 em )(76 mtorr) 
75 em/ sec 

It never exceeded lOO·cm/sec in the main reaction tube. 

7· Linear Measurements 

Most lengths were measured with an uncalibrated meter stick 

(such as hydrogen-gas flowmeter, length of reaction-tube sections, dis

tance between WGH port holes) or a metal ruler (movable-probe ratchet 

assembly). Thicknesses "\vere measured with a micrometer or vernier 

caliper. 
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Fig. 5. Photograph of the gas -handling system, including the gas
storage bulbs, the known-volume bulb (V 

0
), and the hydrogen 

purifier, reservoir, and flowmeter. 
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8. Time 

Time was either measured with a stopwatch or determined directly 

from the recorder-chart (one large box = 3-l/3 minutes). 

B. Other Equipment 

l. Gases 

All gases used were from commercial sources. Liquid Carbonic 

Company 99·99+% hydrogen (N2 < 3 ppm, 02 < 3 ppm, H20 < l ppm, hydro~ 

carbons< 0.5 ppm, dew point -l05°F) was used directly, passed through 

a water bubbler, or purified with a hydrogen purifier (Englehard Model 

HPD-0-50D). Small cylinders of oxygen, nitrogen, or HCl were used for 

the impurity gases (any contaminants in these gases appeared as second

order effects in the final experiments), which were transferred to and 

stored in individual gas-storage bulbs of 500-cm3 volume (Fig. 5). The 

discharge work and atom-concentration measurements verified the-general 

purity of the cylin~er hydrogen. 

2. Reaction Tubes 

The composite-glass assembly (whether whole · or in parts), 

consisting of a discharge zone and a reactor zone, is called the reac

tion tube throughout this paper. The definition of these two zones is 

schematically shown in Fig. 6 [~is defined by Eq. (IV-45)]. 

The first tube consisted of a 54-cm discharge zone and a jacketed 

88-cm reactor zone with two WHG ports (described in Sec.III.) and a l-l/2-

in. glass-pipe end for the movable-probe assemblies (Figs 7(a) and 8). 

The second tube was quite similar, except that the entire tube 

vras jacketed, there was only one WHG port, and the reactor section was 

longer--102 em [Fig. 7(b)]. 

The third reaction tube was completely different, consisting of 

several segments coupled with No. 25 0-ring joints and Viton 0-rings. 

The two end segments had one WHG port each, bt,tt the middle S<egT!lent con

sisted of the jacketed glass.-thermocouple assembly shown previously 

(Figs. 1, 9, .'and 10). The large-diameter segment containing the 2-j.n. 
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Fig. 6. Schematic drawing of a typical "reaction tube," showing the 
location of the discharge zone, the reactor zone: and the discharge
zone boundary (at ~ = L/R) • 
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Fig. 7· Schematic drawings of (a) reaction tube No. l) and (b) reaction 
tube No. 2. 
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Fig. 8. Photograph of central portion of reaction tube No. 1 showing 
the water-cooled reactor zone, part of the discharge zone, and 
two Wrede-Harteck gauge ports. 
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Fig, 9. Schematic drawing of reaction tube No. 3. which is composed of 
three segments: (a) a 75-cm discharge-zone t~be containing a WHG 
port: (b) a 75-cm buffer-zone tube containing a WHG port, and (c) an 
intermediate part (of variable length) which could be the 14-cm 
thermocouple assembly or a glass tube internally vapor plated with 
a metal. 

'"':;· .. 
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Fig. 10. Photograph of reaction tube No. 3 showing the 7 5-cm discharge
zone tube (on the left-hand side) and the 75-cm buffer-zone tube. 
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glass-pipe end was previously used without the WHG port as a buffer zone 

to minimize gas-flow fluctuations when reaction tubes No. l and No. 2 

were used as diffusion tubes. Even with the WHG port) it still served 

in this capacity. 

Initially I planned to coat the inside of all of the reaction 

tubes with Teflon (DuPont Clear Finish 852-201) according to the instruc

tions given by Berg and Kleppner. 88 My early experiments made such a 

procedure unnecessary) so I refrained from doing this to avoid introducing 

an additional experimental parameter. 

Other glassware consisted of a glass-pipe joint-size reducer) 

(used when reaction tubes No. l and No. 2 vrere set up as flow tubes), a 

water bubbler (Fig. ll)) a quartz discharge tube of 14-mm outer diameter 

(not shown) but used with the small microwave cavity), and a discharge 

tube also containing a .45-foot long coil o:f copper tubing internally 

electroplated with nickel (used as a converter of oxygen to water) see 

Fig. 12). 

3. Movable Probes ' 

By means of several types of movable probes) I determined the 

effect of a "catalytic probe" on the atom-concentration distribution in 

a diffusion tube: 

a. A magnetically moved Teflon plug (Fig. 13)) 

b. A magnetically moved 360°C thermometer with the end coated with 

AgN0
3 

(Fig. 2), 

c. A magnetically moved glass-tube and Teflon-sleeve assembly to 

hold metal or glass disks (Fig. 2)) 
d. A long glass tube for internally heating a metal resistance wire 

(Fig. 14), 

e. A long glass tube (not shown)· for holding a thermomet~r) a probe 

containing platinum mesh and nickel-plated copper mesh) or a 

nickel-plated copper plug (Fig. 13), 

f. A long water-cooled glass-tube and Teflon-sleeve assembly to 

hold metal or glass disks (Fig. 14). 
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Fig. 11. Photograph of the watter bubbler, which was leak tight. 
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Fig. 12. Photograph of (a) the Burdick Type A reflector, which was used 
with (b) the oxygen-to-water converter consisting of a 40-mm o. d. 
15-cm long glass tube and 8-mm o. d. 45-foot long copper tubing 
internally electroplated with nickel. 



-23-

ZN-4931 

Fig. 13. Photograph of movable probes: (a) a nickel-plated copper plug 
(on left), (b) a Teflon plug with magnetic stirring rod (on right), 
and (c) a probe containing platinum mesh (not visible) and nickel
plated copper mesh t-o provide a large amount of catalytic surface · 
area. 
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Fig. 14. Photograph of movable probes used with Wilson-seal and 
ratchet assembly: (a) a long water -cooled glass -tube and 
Teflon-sleeve assembly to hold metal or glass disks (top}, and 
(b) a long glass tube for internally heating a metal resistance 
wire. 
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The latter three pieces and a Wilson- seal- and-ratchet assembly 

were used when an accurate position of the probes was desired (Fig. 15) . 

Leaks in the Wilson seal were minimized by vacuum pumping on the middle 

gasket chamber and by introducing motion slowly . The magnetically moved 

probes introduced fewer pressure perturbations into the system but were 

occasionally hard to move and were inferior to the ratchet assmbly for 

determining the probe position accurately . 

The disks were of copper 1 platinum vapor plated on copper 1 and 

silver nitrate deposited on glass . Each had a 2 . 9- cm diameter and fitted 

tightly into the Teflon probe or sleeve assembly . 

4 . Discharges 

The discharges were excited by either a 100- watt 2.45-GHz dia

thermy machine (Burdick Company) or a specially designed "Radio-Frequency 

Light Power Supply" consisting of an oscillator) modulator 1 and power 

amplifier . The latter unit 1 operating at 50 MHz with a rated maximum 

power level of 500 watts, was chosen only because it was available . The 

entire unit has been schematically described in Engineering Drawings 

5Vl354, 5Vl364) and 3Z5232A of the Lawrence Radiation Laboratory, Berke 

ley, California . The pi network along with the output L- C circuit used 

for producing the discharge is shown in Fi g . 16 . No attempts were ever 

made to optimize the setting of the tunable capacitor, Ct' which (along 

with the eight -turn 40 -mm inner - diameter coil) was housed inside a well

shielded iron and copper-mesh enclosure through which the reaction tube 

passed (Fig . 17). 

Two cavities were used with the Burdick diathermy unit: (a) a 

large - diameter cavity (43 -mm i.d . ) described by Zelikoff) Wykoff, Aschen

brand, and Loomis; 89 and (b) a small -diameter cavity (15-mm i . d.), re-

. c.ently described by Fehsenfield, Evenson) and Broida . 90 The small cavity 

was kindly loaned for the later stages of t his work by Dr . John G. Conway . 

Figure B20 is a photograph of these two cavities (see also cavity 5 in 

reference 90) . They were used with the large-diameter (38-mm inner diam

eter ) Pyrex reaction tubes and small-diameter (14-mm outer diameter) 

quartz discharge tube described previously . Burdick reflector "A" vras 

used for the oxygen-to-water converter (Fig. 12). 
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Fig. 15. Photograph of Wilson-seal and ratchet assembly. 



I. 

I 

I 

I 

-27- . 
--~----

I 
I 
I 
I 
I 
I 
I 
I 
I 

_ ;;iH;;m: _1 
::::::::::::· 

8 turns, 41n.long ,.\\ll!\lll·llt 
1.75- in. i.d. 

MU-35711 

Fig . 16. Schematic diagram of pi network of 50-MHz oscillator and output 
LC circuit; L has eight turns of 1/4-in o.d. copper tubing, is 4 in . 
long; and has an i . d . of 1 .·75 in . 
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Fig. 17. Photograph of output LC circuit and shielded enclosure. 
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Fig. 18. Photograph of small-diameter and large-diameter 
microwave cavities and triple-stub tuner. 
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Throughout most of the work, the microwave power was simply 

passed through a triple - stub tuner (Fig . 18) which minimized the amount 

of power reflected back to the ' magnetron. The percent -power dial on the 

front of the diathermy console was used as a relative measure of the 

amount of energy being transmitted to the discharge. 
I 

After most of the experiments were over, measurements were made 

to determine the typical standing- wave ratios for the operation of both 

cavities in the presence of a low-pressure hydrogen discharge. These 

measurements demonstrated that the percent reflected power for most of 

the atom experiments was quite high and probably exceeded 70%. 

Occasionally the Burdick diathermy unit pulsed and became erratic . 

These pulsations either disappeared naturally after a few days of inac 

tivity, or else were minimized by a Sola line voltage regulator that re 

duced the voltage levels within the diathermy unit . This action also 
' I. 

produced much finer control of the power at low power l evels (<30 watts) . 

Neither the large-diameter cavity nor the reflector could produce 

or maintain a stabl~ hydrogen discharge in pure hydrogen at a pressure 

1 1 f b t 75 t f t · 1 noted. 
64

' 65 Th k f B eve o a ou m orr, a ac prevlous y e 1vor o .rown, 

Buchsbaum, Ward, Gordon, and others at the MIT Laboratory of Electronics 

furnished a beautiful solution to the problem: the use of a cyclotron-

resonant microwave discharge. 91 - 94 

Instead of using an electromagnet, I tried with considerable 

success a large magnetron magnet producing an inhomogeneous magnetic 

field (maximum field strength, 1400 G) . It was loaned through the 

kindness of Vincent J . Honey (Fig. 19) . The field inhomogeneity 

made the discharge insensitive to frequency changes, simple to start , 

and easy to maintain. A Tesla coil was rarely necessary to start the 

discharge, which could be maintained at a Burdick dial settings as low 

as 2%. The microwave discharge at these low power levels was maintained 

by several hundred milliwatts or less . I typically used dial settings 

of 5 to 20% and bccasionally tried 100% settings for curiosity. This 

type of microwave discharge does not appear to be widely appreciated by 

physical chemists working with gas - discharge systems . 
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Fig. 19. Photograph of the reaction-tube No. 3 discharge zone and the 
small-diameter microwave cavity and magnetron magnet (on left), 
the shielded 50-MHz output LC circuit (center), and the large
diameter microwave cavity (right). 
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5 . Pumps and Traps 

An air-cooled diffusion pump (Consolidated Vacuum Corporation 

Model V-21) using Dow Corning 704 silicone oil) back~d by a mechanical 

vacuum pump (Duo-Seal Model 1400) thoroughly evacuated and outgassed 

the reaction system (Fig . 20). In the absence of leaks) the system 

pressure) as measured just above the diffusion- pump liquid-nitrogen 

trap) was between l and 5 1-1torr . The entire system 1-ms frequently 

checked for leaks by means of a large flow of helium and a helium leak 

detector. 

The system was not bakeable . The glassware was washed and rinsed 

in succession with detergent solution) distilled water) dilute nitric 

acid) distilled water) and acetone) and then dried prior to installation. 

A large ball valve and large-diameter flexible copper tubing between the 

diffusion pump and the system increased the effective pumping speed . 

During the year of operation the diffusion pump broke down only 

twice) but thoroughly ruined the silicone oil in the process. Each time) 

this pump was cleaned and reused with no adverse effects . 

When the gases were introduced for an experiment) the diffusion 

pump was shut off and a Kinney KC-5 pump used instead . A large-diameter 

liquid-nitrogen trap filled with corrugated copper sheeting minimized 

pump backstreaming or the contamination of the pump oil with water (Fig. 

20). Oil in the mechanical pump was periodically changed. 

A third mechanical pump (another Duo -Seal 1L~oo) was used as a 

multipurpose pump wherever the system required it (i . e.) the Wilson seal 

or the Decker gauge) . 

The exhausts from all mechanical pumps were passed through a 

copper tube to a hood vented on top of the building. 

6 . Needle and Other Valves 

Needle valves were used primarily to monitor the flow rates of 

the pure hydrogen or the impurity gases . The best valve found for the 

job was a metering valve (Nupro Type B-2SD Double Pattern) which had 

two needles) one for coarse and one for fine control of the gas flow . 95 

The needles can stick due to excessive tightening . Specification that 
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Fig. 20. Photograph of the portable diffusion pump, large-diameter liquic.. 
nitrogen trap with corrugated copper sheet (upper right corner), 
Kinney KC-5 mechanical pump (lower right corner}, and buffer-zone 
tube. 



the valve is to be used for vacuum work should be made at the time of 

ordering, since the valves are primarily made for flow metering at 1 - atm 

pressure . In practice, two Hoke valves in series and parallel with the 

Nupro valve provided easy evacuation around the needle valve and total 

control over any slight leaks . 

Small helium- leak- tested valves (Hoke) were used throughout the 

vacuum system wherever necessary. A valve (Granville -Phillips Ultra

High Vacuum Valve, Type C) controlled the effective pumping speed of 

the Kinney KC - 5 vacuum pump. Medical-oxygen brass -needle valves con

trolled the addition of cylinder hydrogen through the Fischer and Porter 

flowrneters into the vacuum system. 

7 . Miscellaneous Tubing and Connections 

In addition to the previously mentioned equipment and glassware, 

a glass -pipe cross, Viton 0- rings, Kovar glas s - to -metal joints, copper 

tubing to minimize breakage, LRL fittings and flat 0 - rings, flexible 

copper tubing, Tygon tubing ( for the cooling water), an S- liter glass 

reservoir for the very pure palladium- diffused hydrogen, and other 

hardware completed the gas -handling and vacuum system. 

8 . Recorders 

Two recorders (Speedomax Type G, Model s, 60000 Series), one 

with two inputs, monitored and recorded the following electronic 

signals : 

a . vlrede -Harteck gauge No . l (atom concentration), 

b . Wrede - Harteck gauge No . 2 (atom concentration), 

:c . Decker Corporation 306- 2A micromanometer (for impurity gas 

flow rate), 

d . Thermocouple probe (relative atom concentration) . 

The chart speeds on the two recorders were nearly matched (one 

inch = 3 1/3 minutes) . The signals from the Wrede - Harteck gauges or 

the Decker micromanometer were passed directly to t he recorder with or 

without the aid of a resistance divider . The thermocouple s i gnal was first 

amplified by a Kintel Model lllBF amplifier, passed through an RC 

filter, and then to the recorder. 
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As the response times of all of the electronic measurements were 

slow; the recorders shovred to excellent advantage the instantaneous level 

of the signals and provided a permanent record of the data . This perma

nent record was extremely valuable; as previous recorder -chart readings 

were repeatedly scanned for subtle effects; confirmatory behavior; or 

illustration of phenomena . The instantaneous tracings provided transient 

data that could easily have been missed if the recorders were not used. 

C. Overall Apparatus 

1 . Preliminary Apparatus 

The preliminary experiments determined whether the Wrede - Harteck 

gauge responded correctly to the presence of atoms . The apparatus; shown 

schematically in Fig . 21; is generally self explanatory . The glass joints 

were silicone - greased ball joints rather than 0- ring joints . The large 

diameter microwave cavity; a Lamers -Rony homemade micromanometer; 83 oper 

ated open loop; the magnetically moved platinum-and-nickel -mesh probe 

(Fi g . 3 ) ; two leaky Fischer and Porter rotameters; an uncalibrated , 

thermocouple pressure gauge; and cylinder hydrogen were all used for the 

measurements . 

The system worked fine . The data obtained; though somewhat ·crude; 

were confirmed in more elaborate experiments performed later . 

2 . Diffusion-Tube Apparatus 

The di ffusion -tube apparatus was used to determine the effect of 

various catalYtic and noncatalytic probes on the atom- concentration dis 

tribution within the diffusion tube . The apparatus consisted of the 

Decker -Lamers - Rony differential micr omanometer (Figs . 22 and 23); 83 

ei ther the water -cooled or non-water - cooled WHG attachment; reaction 

tube No . l or No . 2; magnetically or ratchet -moved catalytic probes; 

the buffer - zone tube; the portable diffusion-pump unitJ a Kinney KC - 5 

pump and Granville -Phillips valve; the Engelhard palladium hydrogen pur 

ifier; the CVC McLeod gauge; the large liquid-nitrogen trap with corru

gated copper; and other miscellaneous valves and fittings (Fig . 24) . 
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Fig . 21 . Schematic drawing of preliminary apparatus . The rotameter leaked . · 
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Fig. 22. Photograph of the complete Decker-Lamers -Rony differential 
micromanometer showing the modified Decker pressure transducer 
(on left) and the Laboratory-designed electronics. This unit had 
a short-term stability of 1 j.Ltorr and a long-term stability of 
30 j.LtGrr/hour at a total pressure of 1 j.Ltorr. The pressure transducer 
was calibrated electrostatically to an accuracy of ± 2% in the pressure 
range 0.2 to 35 mtorr (see Ref. 83). 

.· 
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Fig. 23. Close-\lp photograph of modified Decker 306-ZA pressure 
sensor. The ionization transducer has been replaced by a tuned 
capacitance bridge. The residual volume of the connecting 
stainless -steel tubing and glass ball joints can be considerably 
decreased. 
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Fig. 24 . Schematic drawing of diffusion-tube apparatus . The ~-btameter 
leaked) so t hat the "purified" hydrogen was in fact contaminated with 
an unknown amount of air . 
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The apparatus both performed the task required and verified the 

perturbing effect of highly catalytic probes on the atom- concentration 

level very close to the discharge region) as predicted by Tsu and Boudart . 30J32 

3 · Flow-Tube Apparatus 

The flow- tube apparatus was used to determine the effect of 

various gaseous impurities on the production of atomic hydrogen from a 

low-pressure gaseous discharge . This apparatus was very similar to the 

diffusion-tube apparatus described aboveJ but had several notable dif 

ferences: no movable probes were usedJ the hydrogen and impurity gas 

flowmeters described in Sec. A. 4 were needed to monitor the ~ount of 

impurity in the gasJ and either reaction tube No . l or No . 3 was used 

for the experiments . 

At one time or otherJ the apparatus also employed the quartz 

glass discharge tubeJ the small microwave cavity) the 50 -Me/sec oscil

lator) the water bubbler) cylinder hydrogen; the same leaky Fischer and 

Porter rotametersJ an additional Decker-Lamers -Rony differential micro 

manometer (DLR) a~d associated water - cooled WHG attachment) the thermo 

couple probe for measuring relativ~ atom concentrations) the Kintel 

Model lllBF amplifier) and the Decker 306- 2A micromanometer (Figs . lJ 

25 to 29) . 

Despite repeated attempts with this apparatus) the effect of 

water i n enhancing the atomic - hydrogen yield from a low-pressure elec 

trical discharge could not be demonst r ated . 

Both. the flow- and the diffusion-tube systems were deliberately 

made sturdy) flexible) and as non breakable as possible . I felt free to 

open the system to an atmospheric pressure of air or heliumJ make the 

necessary changes) and then reevacuate over night . Although the system 

was never baked) the glasware was cleaned for several hours occasionally 

by a hydrogen or nitrogen discharge . Despite repeated vacuum-to - atmos - · 

phere cyclesJ all experiments were prefectly reproducible . 
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Fig . 25. Schematic drawing of flow-tube apparatus. Either the small 
diameter or large - diameter microwave cavitie s could be operated 
independently of the 50-MHz discharge . Both rotameters leaked . 
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Fig. 26. Photograph of the overall flow-tube apparatus showing the 
50-MHz oscillator and the 2.45-GHz diathermy machine. 
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Fig. 27. Photograph of the central part of the flow-tube apparatus. 
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Fig. 28. Photograph showing author tuning small-diameter microwave 
cavity • 
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Fig. 29. Close-up photograph of the central portion of reaction tube 
No. 3 showing the (a} non-water-cooled WHG fitting (located in 
the left WHG port}, (b) water-cooled WHG fitting (located in the 
right WHG port}, and (c) an intermediate glass section constructed 
to determine the recombination coefficient of atomic hydrogen on 
metals (vapor plated on the inside of the glass tube}. 
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D. Experimental Procedure 

The experimental procedure for the diffusion-tube or flow-tube 

experiments was essentially the same: the Wrede-Harteck gauge or gauges 

and possibly the thermocouple probe were turned on and their signals in

dividually monitored on one of the three signal channels present in the 

two Speedomax recorders running at identical chart speeds. The behavior 

of the signal(s) was observed while definite changes were made to the 

system. Figure 30 schematically illustrates the typical response of a 

WHG and a thermocouple probe operated in a fast-flow tube to the follow

ing changes or "perturbations" of the system: 

a. Letting gas into the high-vacuum (3 ~torr) system. 

b. A~ding a little more gas to the system at 70 torr pressure, 

c. Turning on the 50-MHz discharge, 

d. Turning off the discharge, 

e. Turning on the discharge a second time, 

f. Turning off the discharge, 

g. Adding a little impurity gas, 

h. Turning on the discharge to the same power level previously , 

used, 

i. Turning off the discharge, 

j. Stopping the input of impurity gas, 

k. Stopping the input of the main gas. 

The regions between some of the points a to k also illustrate 

some of the features consistently seen in the experiments: 

Before a: 1ow noise level and long-term drift in the high

vacuum system; c to d and e to f: decay in the measured atom 

concentration when the discharge is operated continuously; 

f to g: drift in the baseline during normal operation. 

With the diffusion-tube experiments, the primary variable was 

the location of the catalytic probe. With the flow-tube experiments, the 

primary variable was the impurity concentration in the flowing gas stream. 

A discussion of the above gauge responses as well as others is given in 

Sec. V of this report. 
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Fig. 30. Schematic diagram showing,the output signals of a Wrede-Harteck 
gauge and a thermocouple probe resulting from var.ious perturbations 
in the flow system. 
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III. DESIGN, CONSTRUCTION, AND OPERATION 
OF A WREDE-HARTECK GAUGE (WHG), 

A. Introduction 

In this section are described the design, construction, operation, 

and testing of two similar Wrede-Harteck gauges (abbreviated as ~{G 

throughout the report). 

Recently, Cambe196 has commented on the disuse into •rhich the 

WHG method has now fallen, whereas Kaufman38 has pointed out that, even 

though the gauge has been in use since its discovery in 1928, 43 -51 an 

experimental re-examination of its operation is still necessary to re

solve some fundamental questions. Unfortunately, the purpose of the 

overall work was not to thoroughly characterize the WHG, but instead to 

study the gas- and surface-phase kinetics of hydrogen atoms in a low

pressure system. As a consequence of this research, however, a few new 

experimental tests were made to determine the applicability of the ~~G 

for the measurement of hydrogen-atom concentrations. These experiments 

were not thorough nor are they the final word on the subject. 

After a brief comparison of the WHG with other devices of meas

urement· (Sec. III.B) and summary of the theory of the WHG (Sec. III.C), 

a description of the experimental unit and the results from experimental 

tests are first given (Sees. III.D and E) and then discussed (Sec. III.F). 

B. Comparison with other Metho'ds of Measurement 

Cambe1, 96 Kaufman,38 Jennings,97 Steacie,98 Ingram,99 Minkoff, 100 

and others have already discussed the relative merits of the various 

techniques for determining atom concentrations in a.gaseous low-pressure 

system. In the interests of brevity, a thorough description is not 

repeated here. 

The various methods can be divided into six categories, according 

to the nature of the physical quantity measured: 
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a. Mass: Wrede gauge (direct, absolute, perturbs slightly);. Mass 

spectrometer (direct, relative, perturbs slightly); -~Pressure' in 

known volume (direct, absolute, perturbs slightly) 

b. Paramagnetism: Electron-spin resonance (direct) relative) does 

not perturb); Nuclear magnetic resonance (direct, relative, does 

not perturb); Gross paramagnetism (direct) relative) perturbs 

slightly) 

c. Spectroscopic: Visible and uv emission (indirect, relative, 

does not perturb); Visible and uv absorption (indirect, rela

tive) perturbs slightly) 

d. Optical: Surface recombination lwninescence·(indirect, relative, 

perturbs) 

e. Thermal: Catalytic probe (indirect) relative, perturbs greatly); 

Isothermal calorimeter (indirect, relative, perturbs greatly); 

Thermal conductivity (indirect, relative, perturbs greatly) 

f. Chemical: Chemilwninescent titration (indirect) relative, per

turbs); Mirror deposition or removal (indirect, relative, per

turbs); Chemical titration (indirect, relative, perturbs) 

Inorganic solid reduction (indirect, relative, perturbs) 

These classifications are not meant to be rigorous. The comments in 

parentheses refer to whether the method measures a direct or indirect 

property of the atoms, whether the technique is relative or absolute 

(without calibration), and the extent to which the apparatus perturbs 

the atoms (i.e., removal, activation, or deactivation). Other important 

non-listed.characteristics of the methods are: response time; sensitivity; 

accuracy; stability; reproducibility; linearity; cost of apparatus; sim

plicity of construction, use, and mathematical interpretation; sensitivity 

to the external environment; temperature, concentration, and pressure 

range of application; and suitability for multiple-point measurements. 

The most popular methods at present involve ESR, isothermal cal

orimeter, and chemilumineseent titration. With the expected ~dvent of 

tunable lasers, the use of absorption spectroscopy in the visible region 

will probably become much more common, especially when relative measure

ments only '.are needed. Investigators have ignored the WHG in recent years ,• 
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a fact which is surprising in view of the increased availability of ac

curate, sensitive, and stable diaphragm differential micromanometers83,lOl 

and the very large expense of an ESR spectrometer. 

C. Theory of the Wrede-Harteck Gauge 

The operation of the WHG is based upon the difference in the 

rate of effusion of atoms and their parent molecules through a Knudsen 

hole--a hole whose dimensions are small compared with the mean free path 

or either the atoms or the molecules. A low-pressure system that takes 

advantage of this difference to determine the atom concentration con

sists of: (a) a thin membrane with one or more effusion holes, (b) a 

metal surface highly catalytic for the recombinat:.on of the atoms (Fig. 

31) and (c) a differential micromanometer (Figs. 22 and 23). Atoms and 

molecules in the partly dissociated gas on the left side of the effusion 

membrane effuse through the membrane to the right chamber where .recombin

ation of the atoms ~n the catalytic surface leaves only molecules to ef

fuse out. Under steady-state conditions, there is no mass flow through 

the holes in either direction( since there is no atom or molecule sink 

in the right chamber. As a result of these processes a differential 

pressure is produced,and measured by the differential micromanometer. 

An easier way to understand the operation of the WHG is to con

sider it as a composite of two transducers, one to convert the atom 

concentration into a differential pressure, and the other to convert the 

differential pressure into an electrical signal (Fig. 32). The measure

ment-of the differential pressure can be done as accurately as present 

techniques allow. 83 The accurate conversion of the atom concentration 

into a differential pressure is more difficult and requires further 

study. 

According to kinetic theory) the molar flux of atoms or molecules 

striking the hole area is given by 

R 
cv 
4 

. I 2 spec~es em -sec (III-l) 
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Effusion diaphragm 
r----f-__,.,.,.~~=--· ~ Cat a I y t i c surface 

6P 
..•. · 

-~- '• 

MU-35716 

Fig. 31. Schematic drawing of a Wrede-Harteck gauge atom-concentration
to-pressure transducer. The catalytic surface is on the right-hand 
side of the e·ffusion diaphragm. 

.,··,,_. 
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MU-35717 

Fig. 32. Schematic diagram of the Wrede-Harteck gauge as a composite transducer. 
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Tube 1 Tube 2 Tube 1 Tube 2 

H gas at P
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gasatP
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1 
H

2
gasatP2 ,T 2 

(a) (b) 

MU-35718 

Fig. 33. Schematic drawing flow tubes (each with an effusion hole) used 
to demonstrate the principles of a Wrede-Harteck gauge: . (a) isother
mal system, and (b) non-isothermal system. 
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where c is the species concentration in speci~s/cm3 and v is the aver

age velocity of the species) 

v 
f8kT]l/2 
!.mn ( III-2) 

k is the Boltzmann constant) and m is the mass of the species. The 

average velocities of H) H2) 0) 02) N) N2) OH) and H20 at 298°K are 

given in Table I. The species concentration is obtained from the " 

Loschmidt number) 2.687 · 10
1

9 species/cm3 at STP) 

c species/cm3 (III-3) 

As an example) the species concentrations at pressures of 0.1 and 1 torr 

and 298°K are 3.240 · 1015 and 3.240 · 10
16 

species/cm3 ) respectively.
102 

When there are both atoms and molecules of hydrogen on the left 

side but molecules only on the right side of the effusion diaphragm) the 

no-mass-flow condition can be stated as 

This can be simplified by means of Eq. (III-2) and 

to 

or 

c 
p 

kT 

J2 p2R 
=---

jTR 

( III-4) 

( III-5) 

( III-6) 

(III-7) 
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Table I. Average velocity (v) and mean free path (L ,) 
for selected atoms and molecules at 298~. m 

v L at 0.1 torr L at 5 torr 
4 m (mm) m ( f-L) 

( 10 em/_ sec) 

25.0 1.07 21 

17.7 0.93 18 

6.25 0.99 20 

4.44 0.54 ,ll 

6.68 0.92 18 

4.75 0.50 10 

6.06 

5.92 0.34 7 
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where l == atoms, 2 == molecules, L = left-hand side (Fig. 31) and R == 

right-hand side. For isothermal operation Eq. (III-7) simplifies to the 

standard formula 

P = 6P .J2. 
lL .f"2 - l 

(III-8) 

where 6P (the measured differential pressure) == (P11 + P21 ) - P2R. 

The requisite conditions for the practical use of the WHG are: 

a. The diameter of the effusion hole(s) must be less than one-tenth 

the mean free path of the species involved in the measurement; 

b. The probability that an atom passes unrecombined from the cata

lytic chamber back through the effusion diaphragm is small; 

c. The response time is reasonable fast (< l min); 

d. The differential micromanometer is sensitive, accurate, and 

stable; 

e. The operation of the WHG is not subject to unusual environmental 

. c6ndi tions. 

Condition a. governs the ambient pressure range within which .the 

WHG can be effectively used. Listed in Table I are the approximate mean-
a 

free paths at 298 K and O.l and 5 torr· for H, H2 , 0, o2 , N, N2, and 

H 0 
40 : 102- 104 Th h" h th b" t th th" th ff . 

2 
. e lg er e am len pressure, e lnner e e uslon 

diaphragm and the smaller the effusion hole must be .. Teflon membranes 

approximately 0.0013-cm thick are commercially available
105 and, with 

the advent of laser drilling, it certainly seems possible that effusion 

membranes containing varying numbers of holes of different diameters can 

be made available commercially at very low cost. An opaque but removable 

coating on the membrane should facilitate drilling. 
r 

Conditions b and a determine whether the WHG can be made to 

measure the absolute concentration of atoms in a system, and· can be 

written mathematically 

( III-9) 
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a formula which states that the probability of an atom's recombining with

in the chamber is proportional to both the amount of catalytic surface and 

its efficiency (~is the recombination coefficient)) and is very much 

greater than the probability of an atom's effusing back through the ef

fusion hole(s). The term N is the number of effusion holes) d is the 
2 

hole diameter) and A is the catalytic surface area. For A = l em ,• 

~ = 0.01) N = 10) and d = 0.005 em (values typical of my vlliG's) condi

tion b was 

0.01 >> 0.0002 

A relatively fast response time is not as critical as some of 

the other conditions) but its achievement facilitates measurement and 

multiplies the used of the WHG. The fastest response time to date) l 

sec) was obtained with the elegant design of Sharpless et al. for de

tecting nitrogen atoms at a pressure of l torr. 51 The mathematical 

stateme~t of the condition is 

where -r) the response time) is 

-th e . 

4v 
0 

',: (TII-10) 

( III-ll) 

The term·. V 
0 

is the residual volume in the catalytic chamber) v is the 

average velocity of the species) and the other quantities are previously 

given [Eq. (III-9)]. The key experimental variables are the residual 

volume V ) 
0 

which should be minimized) and the number of holes N) 

which should perhaps be maximized within the limits of Eq. (III-9). 

For my WHG's N = 10) d = 0.005 em) and the residual volume V ~ 10 cm3 
0 

(crude estimate)) which estimate gives a theoretical response time of 

approximately 8 sec (a value which is within a factor of two of the 

experimentally observed one). Very little care was taken to drastically 

minimize this quantity) so the performance of my WHG's was gratifying. 
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A differential micromanometer isn't a prerequisite for a WHG, but. 

its use definitely minimizes the error associated with one's taking the 

small difference between two large quantities if two absolute manometers 

are used (Poole has emphasized this point).
106 

I used a specially de

signed electronics system in conjunction with a commercial capacitive 

pressure transducer to give readings of good accuracy and sensitivity. 83 

The new Barotron (MKS Instruments, Inc.), the best commercial differential 

micromanometer available today (in my opinion), is an excellent ·substi-
101 tute for the one above if time is more important than expense. 

The above paragraphs complete the summary of previous vork and 

derivations of the equations characterizing the behavior of the WHG. I 

now give closer consideration to some other aspects of the use of these 

equations in practical systems. 

I always had some difficulty in developing the proper intuitive 

"feel" for the effusion process of gases and the operation of the WHG, so 

I usually used Eq. (III-4) as a partial substitute for physical intuition. 

One particular example, though, did help to clarify matters somewhat. 

Consider Fig. 33(a), which shows two separate flow tubes for 

pure atomic and pure molecular hydrogen, each containing one effusion 

hole of identical area. The gas flow in each tube is maintained at 

equal pressure and temperature. When all other effects are ignored, the 

mass and molar fluxes of Hand H2 through the holes are [from Eqs. (III-1, 

III-2, and III-5)] 

molar flux H p· 
l [ l t2 2JTkTm

1 
(III-12) 

. mass flux H pl [;~Ty/2 ( III-13) 

molar flux H2 p2 r l r2 
L2rrkTm2 

(III-14) 

mass flux H2 p2 
r m2 r/2 
L2rrkT 

( III-15) 

The relative mass and molar flux ratios for m2 P2 are 

mass flux H l 
mass flux H2 -12 
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The condition for the operation of a WHG) no mass flux) can be simulated 

here by decreasing the pressure of the molecular hydrogen by a factor of 

1j.J2) i.e.) P2 = P1/f2. The new relative mass and molar flux ratios are 

now 

mass flux H 
l mass flux H2 

molar flux H 2 
molar flux H2 

and the differential pressure) 6P = P1 - P2) between the left and right 

tubes is 

,./2 - l p 
-12 . l 

(III-16) 

a formula identical to Eq. (III-8). On the basis of this result) the 
.. / 

very first sentence of Sec. III can be restated: The operation of the 

WHG is based on the difference in the relative mass and molar fluxes of 

atoms and their parent molecules effusing through a Knudsen hole. 

Another similar example effectively illustrates the problem of 

thermal effusion. Consider the same two flow tubes) but with molecular 

hydrogen as the flowing gas in each tube. The pressure in both tubes 

is identical) P
1 

= P2) but the temperature in the left tube is twice 

that of the r'ight) T1 = 2 '1'2 [ Fi.g. 33(b)]. The relative mass flux ratio) 

which equals the Telative molar flux ratio) is 

mass flux H2 in.l 

mass flux H2 in 2 
l 

=-
-!2 

The no-mass-flux condition can be simulated by a decrease of the molec

ular hydrogen pressure in tube 2 by a factor of l/-f2: P2 = P/f2. Now 

both the relative-mass and molar-flux ratios are unity 
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mass flux ratio = molar flux ratio ·= 1. 

The differential pressure 6P = P1 - P2 is the same as before) 

Therefore) the response of the WHG is identical when (a) the gas in the 

tube l is either completely dissociated) or (b) at twice the temperature 

of tube 2 and not dissociated. 

For small temperature differences) 6T = TL - TR) 6T/TR << l) 

Eq. (III-7) simplifies from 

J2 - l r(TL t/2 . l 
6P plL + p2R I- - ~ 

J2 CTR 
(III-17) 

to 
J2 -6P 

l p + p 6T - . lL 2R . 2T 
.J2 R 

(III-18) 

where (f2- l)/f2 = 3.42. If it is as.sumedthat the differential pres

sure 6P is so small that the total pressure on both sides is about the 

same) "' P 2R 

6P. 
p 

. p t 
3 42 .. a oms 

. p 
+ 6T 

T 
( III-19) 

where p jP 
atoms is the mole fraction of atoms in the gas stream. For 

atom mole fractions of 0.001 and 0.01) the temperature differentials 
0 0 producing identical differential pressures are only 2 C and 20 C) re-

spectively) at 298°K. Such small temperature differences can be caused 

by the heat from an electrical discharge or from the recombination of 

atoms on the catalyst within the 1f.HG. This fact reduces the accuracy 

of measurements at extremely low atom-concentration levels. 

Equation (III-6)) simplified for the isothermal case) can also 

be used as the basis for deriving the behavior of a WHG when more than 

one type of atom is present in the main gas stream. Consider a system 
.rw.t.: 

.t ,~:::::~· 
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consisting of H2) H) OJ and H20 in the main gas stream (left side of 

Fig. 31) all effusing through the membrane) the H and the 0 recombining 

to produce only H2 or H2o on the catalytic side of the membrane. In 

this system two separate mass balances must be made) one for the total 

hydrogen in the system and another for the total oxygen) 

PHL+J 2 pHL+-.
2
-PHO =J2 pHR+-

2
-P 0 

2 3 J 2 2 1 2 3 .f 2 H2 R 
(III-20) 

+ _Jj_ p = _Jj_ p 
3 J2 H20l 3 J2 H20R 

(III-21) 

The correct total mass balance is given by the sum of these equations. 

Simplifying with the relations) 

and 6P = ptotalL - p ) totalR 
I obtained the 

following surprising result: 

6P (III-22) 

This result implies that the WHGJ when operated with such a system) 

measures the total atom concentration of the system) and can be gener

alized even for such radicals as OH and CH
3

. 

If the notation 

(species lJ species 2) speciesJ ... jspecies lJ species 3) species 4) ... ) 

is used to denote the species assumed to exist on either side of the ef

fusion membrane (represented by the slash)) with the_convention that the 

catalyst is on the right side of the slash) the following formulas anal

ogous to (III-8) or (III-22) are obtained. 

System 

(H) HiH2 ) 

(0) Oio2) 

Formula 

6P 0.293 PH 

6P = 0.293 P0 



System 

(N, N2/N2 ) 

(el, el/el) 

( Br, Br / Br 2 ) 

(I, I/I
2

) , 

(H2, 0, H20/H2, H20) 

(H, H2, O, H20/H2, H20) 

(OH, H2, H20/H2, H20) 

(eH
3

, eH4, H2/eH4, H2 ) 
- . \ 

.{H, He,. Ne, Ar, Kr l 
\H2, He, Ne, Ar, Kr.l 

(H, H2, O, OH, H20/H2, 

(N, NH3' H/NH
3

, H2) 

(el, Hel, H2/Hel, H2 ) 
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6P 

6P 

Formula 

0.293 PN 

0.293 Pe1 
0.293 PBr 

0.293 PI 

6P - 0.293 P0 
6P 

6P 

0.293 (PH+ P0 ) 

O.l4L~ P OH 

0.151 PeH 
3 

6P 0.293 PH 

H20) 6P 0.293 (PH+ P0 ) + 0.144 POH 

6P == 0 . 464 P N 

6P o.4o5 Pe1 
Except for the simple atom-molecule system and the (H, H2, 0, H20/H2,H20) 

; system, which result is fortuitous, most of the systems listed are not too 

useful. These formulas serve to illustrate that the WHG, even though it 

is an aboslute measurement device for ideal binary systems, is still gen

erally nonspecific and cannot distinguish among individual atoms or 

radicals in a complex mixture as can an ESR spectrometer. 

During the experiments, one spurious effect was observed. Water 

and HeL, when added to the gas stream in the absence of a discharge, 

caused a measurable and sometimes large reading in'the WHG which decayed 

extremely showly once it reached its peak level. When added to a hydro

gen gas stream, nonpolar gases such as oxygen or nitrogen failed to ex

hibit this behavior. This effect may be attributable to a noneQuilibrium 

nonconserving effusion process. Experimental curves illustrating it are 

shown in Sec. III.D. 
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D. Design and Construction of the Wrede-Harteck Gauge 

After I made several attempts to convert the atom concentration 

into a pressure differential by means of a WHG fitting) I finally de

veloped a model that worked well in the system. The unit was closely 
. 51 

related to the one constructed by Sharpless) Clark) and Young but dif-

fered in three important respects: (a) it was mounted external to the 

differential-micromanometer pressure transducer) (b) it was water cooled, 

and (c) it had an easily replaceable effusion-hole diaphragm. 

Shown in Figs. 34 and 35: it consisted of: a solid copper base 

with an o~ring groove) an electroplated nickel end) a hole for a Kovar

to-glass joint, and a water-cooled region; a Teflon sleeve; and an ef

fusion membrane of l/2-mil T~flon. 105 Three to two hundred holes per 

diaphragm were drilled with a 2-mil bit in a jeweler's drill. When ex

amined under a stereo microscope) the holes were found to be of uniform 

size and cleanly cut. 

The "WHG fitting)" as the base-diaphragm-sleeve assembly was 

called, fit ted into a glass "WHG port) " shown in Figs. 26 and 36. A . 

Pyrex 0-ring joint (No. 25) was used and a 3-mm hole) defined as the 

"WHG port hole)" was made in the glass wall. Two 0-ring grooves of 

different depths were machined into the Teflon sleeve (to minimize the· 

equilibration of pressure between the two sides of the micromanometer). 

Only one groove, which depended on the variation in the i.d. of the 

Pyrex joints, was used at a time. In this way) the WHG fittings were 

very easily interchanged between the various reaction tubes. 

A non-water-cooled WHG fitting was made prior to the above 

water-cooled one. An aluminum base and nickel end piece were used in

stead of the nickel-electroplated copper base (Fig. 34). The micro

manometer signal drifted as a result of the heat liberated by the atoms 

recombining on the nickel surface) so the unit was soon replaced. 

As the WHG worked well, I have no suggestions to improve the 

design of the fitting and port. If faster response is desired, the nec

essary changes can be made to the pressure transducer and the Kovar-to

glass fitting· to.minimize the resuidal volume. I tried making holes with 



-63-

-:A---WHG attachment 
VA--"''-.----No.25 0-ring joint, 24-mm i.d. 

?em 

j__ 

~:__--Copper bose 

1----W HG port 

~---Teflon sleeve 

-~~~---Effusion diaphragm 

0.67-mmdiom;· 

3/16 in. diom. 
WHG port hole 

1/2- in. diom. depression 
1/32-in.deep 

. ' 

MU-3.S719 

Fig. 34. Schematic fula'wing of the WHG fitting, th.e'; WHG port, and the WHG 
port hole. 1 

I 

I • 
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Fig. 35. Photograph of a disassembled non-water-cooled WHG fitting 
(left and center) and an assembled water-cooled WHG fitting (right). 
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ZN-49 15 

Fig. 36. Close-up photograph of reactor zone of reaction tube No. 1 
showing two WHG ports, a Teflon plug (left}, and a water-cooled 
WHG fitting (right}. 
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a cold or hot electrolytically sharpened tungsten point, an abrasive jet 

of fine dust particles, and a Tes1a coil. The holes produced by the cold 

tungsten point were acceptable, but the others weren't. As a Q-switched 

high-intensity laser was not available, I could not determine if its use 

would provide the best method to conveniently produce many uniform and 

extremely small holes. 

I never tried to use the gauge at any temperatures other than 

ambient. Though thermal-effusion effects are present at either temper

ature extreme, the operating limits of the gauge can probably be extended 

by l00°C in either direction with the proper insulation and thermal 

regulation. 

E. Some tests of the Wrede-Harteck Gauge 

During the experiments, the absol~te accyracy of the WHG was 

tested in two ways. · In the first test, the temperature of the _cooling 

water was changed at varying rates and the WHG response at a given pres

sure was determined. Provi'ding that the temperature of the gas on 

either side of the effusion membrane was known and that thermal accomo

dation across the membrane was slow, this technique was a convenient 

method for proving that·the WHG could in· principle measure the absolute 

atom concentration in a low-pressure system. 

The second test was actually the first of a planned series of 

measurements on two m1G's in close proximity with varying ratios of 

hole size and number. This series was not carried out because of a 

lack of time. In the only test performed, one gauge.had a split mem

brane and exposed nickel surface while the other had an effusion membrane 

containing ten 2-mil holes. 

Tables II and III and Figs. 37 to 41 show the results of these 

tests. With the' thermal measurements, the predicted WHG response cal

culated from the temperature of the.surroundings and of the water stream 

passing through the WHG was about twice the measured response. Since 

the temperature of the nickel surface was lower than that of the water 
~ 

stream and so~e thermal accommodation probably occurred across the ef

fusion membrarle, this result was understandable. 

I 
' r 
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Table .II. Measured and calculated thermal effusion data. 

T (oc) Calculated Measured 
P(mtorr) P(mtorr) 

·. 1 ~·8 1.20 0.44 
'17.0 1.10 o.4o 
4.0 0.63 o:35 

28.7 3.90 2.20 
12.0 1. 70 0.88 
22.1 3.00 1.40 
2.5 0.34 0.29 

11.8 1.60 0.87 
7.8 1.10 0.43 
3.6 0.49 0.21 

I 
5.8 0.80 0.31 
8.8 1.20. 0.47 

15.1 2.10 0.86 
13.7 1.90 o. 59 
3.0 0.41 0.16 
6.3 0.86 0.39 
1.4 0.19 0.27 

11.4 1.60 0.66 
16.3 2.20 1.00 
10.3 1.4o 0.54 
6.0 0.82 0.48 

~rede-Harteck gauge No. 1 with WHG fitting No. 1. DLR 
micromanometer No. l,signal attenuation factor= 0.02 and 
recorder output setting = 3.00 turns. P = 79 mtorr. 

a 
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Table III. Measured Wrede-Harteck signal ratios. a gauge 

P(mtorr) Measured 
ratio 

17 1.20 

37 1.20 

1.20 

1.30 

52 L50. 

1.50 

55 1.40 

1.40 

1.65 

230 2.20 

2.~0 

34o 2.,30 ., 

2.150 

2.70 

590 3.8 

4.0 

910 5.7 

6.6 

~atio of response of WHG No. 2 (10-hole effusion diaphragm) 
to response of WHG No. 1 (split diaphragm, nickel catalytic 
su~face exposed). Small amount of oxygen added to hydrogen 
gas stream to increase the yield of atoms. Gauges located 
about 8 em apart. 
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Fig. 37. Response of water-cooled WHG No. 1 (split diaphragm, 0.54 mtorr 
full scale) and WHG No. 2 (10 holes, 0.50 mtorr full scale) to iden
tical changes (assumed) in the water temperature. These curves 
demonstrate the disturbing influence of thermal effusion on a WHG. 
P = 56 mtorr and t = 20 sec/small div (right to left). (March 30, 
1965) . 
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Fig. 38. Response of water-cooled WHG No. 1 (split diaphragm, 0.50 mtorr 
full sc~~~) and WHG No. 2 (10 holes, 0.62 mtorr full scale) to iden
tical changes (assumed) in atom concentration. The ratio of the gauge 
responses is 1.20, ·which indicates that a WHG may not be an absolute 
device even at low pressures. p = 17 mtorr and t = 20 sec/small div 
(right to left). (April 2, 1965) 
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Fig. 39. Response of water-cooled WHG No. 1 (split diaphragm, 0.50 mtorr 
full scale) and WHG No. 2 (10 holes, 0.62 mtorr full scale) to iden
tical .changes (assumed) in atom concentration. The ratio of the gauge 
responses is (a) l. 30, (b) l. 20, and (c) l. 20, which indicates that a 
WHG may not be an absolute device even at low pressures. P = 37 mtor 
and t = 2.0 sec/ small di v (right to left). (April 2, 1965) · · . 
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R~i5~onse of water-cooled WHG No. l (split diaphragm, 0.50 mtorr 
sc~le) and WHG No. 2 (10 holes, 0.62 mtorr full scale) to iden

tical changes (assumed) in atom concentration. The ratio of the gauge 
responses is (a) 2.30 and (b) 2.20, which indicates that the 0.66-mm 
effusion hole in WHG No. 1 is too large. P = 230 mtorr and t = 20 
sec/small div (right to left). (April 2, 1965). 

Fig. 40. 
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Fig •. 41. Reslonse of water-cooled WHG No. 1 (split diaphragm} 0. 53 mtorr 
full seAl~) and WHG No. 2 (10 holes} 0.63 mtorr full scale) to iden
tical changes (assumed) in atom concentration. The ratio of the gauge 
responses is (a) 3.8 and (b) 4.0, which indicates that the 0.66-mm 
effusion hole in WHG No. 1 is too large. P = 590 mtorr and t = 20 
sec/small div (right to left). (April lJ 1965) 
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'---------------
· :.-·:.. Although the signal from the 10-hole WHG produced by an arbitrary 

amount of hydrogen atoms was always greater than the one from the split

membrane WHG, the large reading of the latter unit at total pressures 

below 100 mtorr was surprising. The ratio of the two readings decreased 

at lower pressures until it was 1.2 at 17 mtorr. In view of the possi-- .. 

bility of atom recombination ~n the nickel catalytic surface of the WHG 

with the split membrane, this ratio was very reasonable. As the pres

sure was increased toward 1 torr, both WHG's continued to respond meas

urably, but the ratio increased rapidly to a value of 6.0 at 0.97 torr. 

This increase was.easily explainable by the circumstance that the. diam

eter of the hole in the split-membrane WHG was 13 times the diameter of 

the effusion holes, and thus failed to satisfy the molecular-flow re

quirements at higher pressures. What was surprising was that this ratio 

wasn't any larger than 6.0. The significance of these observations is 

discussed in Sec. III.F. 

Figures 42 to 44 show other characteristics of the WHG. 

F. Discussion. 

The Wrede-Harteck gauge has always been assumed to be absolute, · 

but no thorough set of experiments has ever proved this assumption. 

i: This ts somewhat understandable since it is difficult to prove that 

the WHG is absolute by a comparison with nonabsolute methods of atom 

measurement and detection. The only reasonable approach is either for 

one to compare it to the change in total pressure in a small closed 

system, or else to thoroughly.investigate each variable associated 

with its function as an absolute measurement device. 

This was an ambitious assignment and incidental to the main 

direction of my research. The WHG seemed to function well at least 

as a relative atom-concentration measurement device, and was adequate 

for my kinetic experiments with atomic hydrogen. 

However} one of my two tests 

of the WHG gave a disturbing result. 
·. 

checking the ,absolute accuracy 

The fact that· the split-membrane 
I 
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Fig. 42. Resjionse of non-water-cooled WHG (about 100 holes .• about 2.5 
mtorr fill~· scale) to (a) increased flow of hydrogen gas. and (b) 
decreased Tlow of hydrogen gas. P = about 75 mtorr and t = 20 
sec/small div (right to left). (November 26, 1964) 
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Fig. 43. Res~onse of non-water-cooled WHG {about 100 holes) to the actions 
. of {a) stlrting the microwave discharge J (b) heating the surrounding 

gas by the discharge, (c) stopping the discharge, and (d) allowing the 
surrounding gas to cool to room temperature. This curve illustrates 
why it is preferable to use low discharge powers and to locate the 
discharge far away from the WHG. P = ·about 75 mtorr and t = 20 
sec/small div (right to left). ·(September 10, 1964) 
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Fig. 44. :Response of water-cooled WHG No. i (split diaphragm, 0.53 
mto:tr'~,full scale) and WHG No. 2 (10 holes, 0. 63 mtorr full scale) 
to ~d~ntical changes (assumed) in the concentration of water added 
to the low-pressure hydrogen system. These curves suggest that 
water alters the effusion equilibrium within the .WHG. P = 31+0 
mtorr and t = 20 sec/small div (r~ght to left). (April 1, 1965) 
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WHG produced a measurable signal at a pressure as high as 0.97 torr indi

cates that perhaps the main reason why a WHG might deviate from being an 

absolute gauge is that both sides act as concentration-to-pressure trans

ducers. · This is possible if the side that is supposed to measure the 

total pressure has constrictions in the glass or metal tubing that re

combine atoms and act as a pseudo-WHG. The effect of this process is 

to decrease the overall differential pressure and thus to make the meas

ured atom concentration lower than the actual one. Further tests should 

be made on the WHG to clear up this point. 

:a. Conclusions 

a. A differential micromanometer and a WHG fitting have been con

structed and are easily capable of detecting 0.06% hydrogen atom concen

trations at a pressure of 75 mtorr. 

b. The fitting.is water cooled, located external to the pressure 

transducer, has easily replaceable effusion membranes, and can be quickly 

interchanged among several reaction tubes. 

c. As a relative atom-concentration measurement device, the WHG 

works well. 

d. A test involving two WHG's with "different hole sizes has cast 
1: suspicion on the WHG as an absolute atom-concentration-measurement 

device. 

e. At higher pressures, fluctuations in the total pressure level 

make it difficult for one to measure very small atom concentrations 

accurately. 

f. The use of a laser may provide a convenient method for pro

ducing very small effusion holes in plastic films. 

g. A needed study of the WHG would show if it is an absolute 

device. 
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IV. MATHEMATICAL THEORY OF FLOW AND DIFFUSION TUBES 

A. Introduction 

The mathematical theory of flmv and diffusion tubes has been 
. 1-8,22,29-42 given by different authors. As most of the derivations have 

been made for the specific experimental stiuation encountered, there 

.have been no attempts, except the notable one by Dickens, Schofield, and 

Walsh,
22 

to accumulate and systematize the various equations. 

Since I also am adding to the already large number of equations, 

it is certainly appropriate at this time for me to repeat some of the 

derivations previously applied to a diffusion tube operated in the ab

sence of three-body recombination reactions. 

I have gone into considerable detail with the derivations and 

solutions in order that they may serve as·reference calculations for 

future investigators. Cases C, D, E, F, 1!'1, F2, G, J, Ltand M are all 

new to the literature. 'l'he others have been derived by some of the vari

ous authors mentioned above. 

Cases c, D, E, F, Fl, F2, and G are essentially extensions of 

the calculations of Tsu and Boudart, 30 who made a definite improvement 

in the description of diffusion- and flow-tube systems by. treating the 

discharge and reactor zones separately. · These cases remove the diver-: 

i· gence in the concentration in the limit of inactive discharge-zone 

walls, describe the situation when the recombination coefficients for 

the walls in the discharge and reactor zones are not the same, describe 

the case when the discharge zone is of finite length, and finally, give 

the explicit mathematical statement for their observation that the mag

nitude of the atom sink is proportional to the area of the end plate. 

Equation (IV-69) is the boundary condition accidentally omitted from 

their paper. 

Case L, ·the more general solution of Morgan and Schiff, is for 

when the atom flux to the catalytic probe is dependent on its catalytic 

efficiency.39 Case J is a result for a similar but simpler situation. 

' .. , 
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I have used the dimensionless-group terminology and symbols de-
22 I 

veloped by Dickens et al. with only a few minor changes, principally 

in the definitions of 5 and 5 ', which have been changed to s and s ' 
solely on the basis of typewriter convenience. The terms 5 and 5' 

still refer to the recombination of atoms on a surface, but are defined 

differently in this report. 

B. Principal Equations 

The basic equations governing the operation of an isothermal 

cylindrical reactor operated in the viscous-flow region are the con-
107 servation equations of mass and momentum: 

dp + 'V . ~ 0 df· pv = (IV-1) 

dpi 
-'V • ~ +~ (i l, 2, 3, ... n) dt = . ni ri = (IV-2) 

&~~ = -['V • S?J + f pig 
i=l 

(IV-3) 

The terms ~ ... and rii are the momentum and mass fluxes with respect 

to a coordinate syst~em. fixed in space, 

(i = 1, 2, ), ..• n) (IV-4) 

~~ 

~ = pv v + .l + p :£. (IV-5) 

These equations, given above in their general vector (~) and 

tensor (_) forms, can be simplified with t·he follo,wing set of assumptions 

for an isothermal cylindrical reactor: 
I 

a. No mass flow in directions perpendicular to': the z axis, 

'. 
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'Q. Symmetry in planes perpendicular to the ru1is, 

c. No pressure gradients in directions perpendicular to the z 

axis, 

d. Steady-state operation, 

e. Negligible gravitational or other external forces. 

Under the above five assumptions, the generalized.mass, species, 

and momentum-conservation equations reduce to 

opv l op;rv. z . r 
0 dZ + r. ·.dr. = (IV-7) 

(i = l, 2, 3, ... n) (IV~8) 

!l"V = ~ . z oz (IV-9) 

I 
The isothermal cylindrical reactor is typically ope~ated in one of two 

ways: as a flow tube, [in which case Eqs. (IV-7) to (IV-9) all apply],. 

or as a diffusion tube ~th no axial mass velocity v = 0 (in which 
i z 

case only the following specie~ continuity· equation is relevant), 

I 
....,.-) ' 

"V·· .j =r 
i i 

(i = 1, 2, 3, ... n) (IV-10) 

Since there is no creation of mass in a diffusion tube·and since the 

pressure is constant, 

t ri = o 

2: ci = c = constant 

I: "Vc. = o· 
i ~ 

(IV-ll) 

(IV-12) 

(IV-13) 

In Eq. (IV-7) each term can be separately s.et equal to zero and then 

integrated"under the conditions that vz = 0 at z = L. (end plate) and 

, .. 
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vr = 0 at r = R for a diffusion tube, or v = 0 at r., = R and pv = p v r z o zo 
(entering gas) at an arbitrary z for a flow tube. The resul t.s are 

(diffusion tube) 

(flow tube) 

where p = p(z) and v = v (z) for the flow tube. z z 

(IV-14) 

(IV-15) 

For an ideal gas mixture, which is an excellent approximation 

for the gases and pressures used, the mass flux Ji becomes107 

2 
J=~ i p 

n 

~ M.M.D .. 'Vx. 
~ J ~J J 

J 

(i = 1, 2, 3, .. ·.n) (IV-16) 

where Dij are the multicomponent diffusion coefficients! for a n-com

ponent mixture, with Dii = 0 by definition. For a two-component ideal 

gas mixture, n
12 

is identical to the binary diffusion coefficient ~12 

(IV-17) 

wit~ the mass flux of components l and 2 given by 

(IV-18) 

(IV-19) 

For a ternary system, a binary diffusivity ~im defined by 

(IV-20) 

reduces for trace components l and 2 in nearly pure 3 to the binary 

diffusion coefficients 
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~lm = ~13 (IV-21) 

~2m = ~23 (IV-22:) 

so that 

s = 1 (IV-23) 

(IV-24) 

For a binary system consisting only of atoms and diatomic mole

cules, 2f\ = M2, - V'c1 = V'c2, and the steady-state c'ontinuity equations 

for the diffusion tube reduce to the following equations (there is no 
--? --? 

mass flow, jl +j2 = 0), 

-V' • 
2c~l2V'cl 

= R (IV-25) 2c - c1 1 

-Y' • 
c~129c2 

(IV-26) = R c - c2 2 ' 

where R1 and R2 are the molar rates of production of species 1 and 

2 per unit !olume--R1 = r 1/M1 • 

For a ternary system consisting ·of atoms and diatomic molecules 

1 in nearly pure component 3, the continuity equations for species 1 and 

2 are 

(IV-27) 

(IV-28) 

The term R1 represents the molar rate of atom loss in the 

cylindrical reactor due to chemical reactions that are not included as 

boundary conditions. In a complicated system such as a gaseous mixture 

containing .. atomic hydrogen, molecular hydrogen, water, nitric oxide, 

and atomic oxygen, the·gas-phase reaction kinetics must be represented 

. by a complicated equation involving zero-, first-, second-, and third
;:>: 

order rate expressions, 
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If not already considered in the boundary conditions, the rate expres

sions for the loss of atoms due to recombination on the surfaces present 

must be also included in this equation. 

Reaction expressions with zero-, first-'· second-, and third-order 

rate terms simultaneously present are possible. Thus, if good kinetic 

data are desired, the cylindrical reactor must be operated under pre-· 

cisely known and controlled conditions in which all complicating features 

are minimized. 

For the case of a binary. system consisting of atomic and molec

ular hydrogen, the only reactions that contribute to the term R1 are 

(a) second- or third-order three-body recombination reactions in the 

gas phase; (b) zero-, first-, or second-order recombination reactions 

on the surfaces present; and (c) a zero-order atoni-produdtion term 

' (IV-30) 

where k is a reaction-rate constant and the subscripts 0, 1, 2, and 

3 represent the order of the reaction term and g and s represent the 

gas and surface phases, respectively. 

If the three-dimensional species-continuity equation for.the 

cylindrical reactor is used, then the rate expressions involving surface 

recombination on the walls, end plate, or other surfaces are part of the 

boundary conditions and do not appear in R
1

. Otherwise, if the one

dimensional equation is used, the recombination-rate expressions for the 

cylinder walls at least must be included in R1 . 
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C. .Derivation of Boundary Conditions for a Catalytic Surface 

The boundary conditions describing the flux and atom concentration 

at a catalytic surface can be derived from elementary kinetic theory. In 

a gaseous system, the molar flux per unit area of atoms crossing an arbi

trarily chosen plane in the positive and negative directions is given by 

the formulas5 

( IV-31) 

"(IV-32) 

where v1 is the mean random velocity and J 1 is the net molar flux 

of atoms per unit area 

+ 
Jl = Jl J~ (IV-33) 

For a binary system consisting of only atoms and diatomic mole

cules in a diffusion tube where there is no mass flux rl' the molar 

flux ;Jl = rl;~ has already been shown to be equal to 

2cD12vc1 
Jl = 2c - c

1 
(IV-34) 

At a catalytic surface, a fraction -y of the atoms recombine. The net 

flux at the surface is therefore 

(IV-35) 

and can be considered the definition of the recombination coefficient 

-y. Manipulation of the above formulas leads to the following result 

for the surface flux of ato~s at a catalytic surface--

(IV-36) 
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where s des~gnates ~he surfa7e. If 2c >> c1 and~ << 2, this equation 

reduces to the commonly used linear form of the boundary condition, 

(IV-37) 

This equation holds only under the conditions of low atom concentration 

and a very noncatalytic surface. Another definition of the recombina

tion coefficient ~ is 

(IV-38) 

where R1s is the molar recombination rate for atoms on the catalytic 

surface and S/V is the surface-to-volume ratio of the reactor. This 

rate was given before as some function of zero-, first-, and second

order elementary reaction steps, 

(IV-39) 

For simple zero-, first-, and second-order recombination rates, the re

combination coefficient takes the following forms: 

.§.~ kos kos 
(zero order) (IV-40) = 17'4 v1 (H J = 

17'4 vl cl v 

s 'kls. 
(first order) (IV-41) -~ = 17'4 v1 v 

s k2s {H) k2scl 
(second order)(IV-42) -~ = 174 v1 

= 17'4 v1 v 

For a cylinder of circular cross section, S/V = 2/R. If the 

cylinder has a square cross section of sides 2a, the area-to-volume 

ratio is 2/a. Thus, the recombination coefficient for a first-order 

surface re~ction taking place inside a cylinder of circular cross

section is, according to the above analysis, 
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'Y = (IV-43) 

With reference to this formula, Shuler and Laidler have said: 180 

"It may be noted that the appearance of R in this equation is 
due to the fact that k as ordinarily defined for a surface 
reaction 

-d(H} = k(H} 
dt 

is not a true constant but is inversely proportional to R; the
true heterogeneous first-order rate constant is k' = k v;s; 'Y 
on the other hand is a true constant." 

D. Solutions 

The continuity equation in the cylindrical reactor for atomic 

hydrogen can be solved for a wide variety of different boundary condi

tions, rate expressions R1, and assumptions (Figs. 45 to 47). These 

are now considered starting with the simplest cases. 

Case A. 1. One-dimensional case; 

2. Binary system consisting of atomic hydrogem c 
1 

and melee-

ular hydrogen with a binary diffusion:coefficient D12; 

3. Cylindrical reactor of circ"ular cross
1 

section, radius "R, 

and axial coordinate z; I-

4. Constant temperature throughout reactor; 

5. Constant pressure throughout reactor; 

6. No second- or third-order three-body recombination reactions 

in the gas phase; 

1· 
.8. 

Diffusion tube ( v ~ 0); z 
Perfectly reflecting walls, i~e., walls with no catalytic 

activity; 

9. 
10. 

11. 

Distance to end plate is L; 

c
1 

= c
1 

.at z = 0; 
.. 0 

Steady state; 

12. Linear diffusion equation, i.e., 2c > c1 where c1 = (H} 

and·.~= c1 + c2 = {H} + (H2}; 

Circular end plate .of radius R and first-order recombin-13. 
atio~ coefficient 'Y'; 
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Case Aand 8: 

X=~ 
Case.C(p.=O) and Case E (p. ~o): 

'1']=0 

1/f='T] 

al/t a"l 
o>.: =oX. 

--

x.=-'=R 

1/t,p. 

X.=O 

X.=O 

X.=O 

X.=O 

MU-3$720 

Fig. 45. Schematic drawing showing dimensionless groups and boundary 
conditions for Cases A to F and M. 
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Case Hz 

+o 1/f•O 

- "',I' •0 II 
x.I: l"O R 

Case I (J' •0) and Case K (I' ~0): 

"'o 1/f•O 

Vz - "'··I' ii 
l• ~ l•O 

Case J (J' • 0) and Case L (I' ~ 0): 

"'o 
dljl "' -·-dX 

,, 
Vz - :r 

b tli,J' :r 
:r ;, 

l• L l•O 
R 

MU-35721 

Fig. 46. Schematic drawing showing dimensionless groups and boundary 
conditions for Cases H to L. 
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M U- 3 5·7 2 2 

Fig~ 47. Schematic drawing of the composite catalytic end plate. The 
im:ler disk is the more reactive of the two materials. 
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14. 
------"d-e-

Flux per unit area to end plate at z = L is J1s ~ -D12 ;zl. 

,j 1/4 '\I I C V 0 

I 1 1' 
15. The binary diffusion coefficient is constant throughout the 

tube. 

In solving this problem, we can define the following dimensionless quan

. tities: 

Thus the equation and bo~ndary conditions for Case A are 

'1/J='I/J 0 

d21/J = 0 

dr .. ? 
(at t... = ~) 

( a:t r... = 0) 

(IV-44) 

(IV-45) 

(IV-46) 

! 

(IV-47) 

(IV-48) 

(IV-49) 

The solution of Eq. (IV-47) is of the form 'If;, = At... + B, which leads· to 

the following result 

L- r... + s I 
y; - L/R + s I 

0 

(IV-50) 

(IV-51) 

If L/R >> s1
, kinetic data cannot be obtained by measurement of 

the mass flux at the end plate [Eq. (IV-51)]. If t... ~ s ', it is still 

possible for one to obtain the value of s 1 by measuring y; while varying 
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~ and then extrapolating the linear function to ~ = 0. Under the condi

tions of the derivation of the above equations, the end plate must be 

fixed at ~ = L and the distance L - z between the end plate and the 

device measuring the atom concentration varied. 

If L/R ~ s ',we can obtain the value of s' by varying the binary 

diffusion coefficient n12 . Since n12 is inversely proportional to pres

s~e, the simple experimental procedure of taking data at different 

pressures provides the way of determining s '. 
If s ' >> L/R, kinetic data cannot be obtained by measuring ~ be

cause it is essentially constant throughout the tube.· Since the end 

plate is very inactive, it is likewise useless for one to measure the 

mass flux. 

Case B. Items l to ll are the same as for Case A; 

12. 

tion; 

13. 
14. 

15. 

Nonlinear diffusion equation·and end-plate boundary condi-
1 

Same as Case A; 

Flux per unit area to end plate at z F L is 

I 

The binary diffusion coefffcient is constant throughout the 

reactor. 

On the basis of the same dimensionless quantities as were used for Case 

A, the diffusion equation and associated boundary conditions can be 

written 

d &J;/_~ 0 (IV-52) 
d~ 2 - ~ 

= 

Vi = ~. (at ~ = L/R) (IV-53) 
0 

~ = ¥!_(2-*) 
d~ . 2s (at ~ = 0) (IV-54). 

! . 
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The diffusion equation can be transformed to a linear form 

by the transformation 

&/> = &J;/ dA 
df.. 2 - 7/J 

or its equivalent representation 

According to Dickens et al.' 

where 

and 

¢ = - ln (1 - t) 
2 

22 the solution of the 

7/J = 2 AeazjR 

AeCJLjR 2 -a 2s I 

A 2 - fl/! . 0 

(IV-55) 

(IV-56) 

(IV-57) 

above equ~tion is 

(IV-58) 

(IV-59) 

(IV-60) 

i: Case C. Items 1 to 7 are the same as for'Case A; 
I 

8. Not applicable to discharge zone; 

9. Same as Case A; 

10. Not applicable; 

11 to 15 are the same as for Case Ai 
16. Two distinct regions are considered mathematically: the 

discharge zone z ~ 0, and the reactor zone z ~ 0; 

17. The boundary conditions at z = 0 are 

c1 (reactor zone) = c1 ' (discharge zone) 

dc1 
-D12 dz (reactor zone) 

de ' 
1 = -D12 ~ (discharge zone); 
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18. Number of moles of atoms generated uniformly per unit time 

.; .. '· p'er unit volume in the discharge zone is Q 1 ; 

19. · At z = - oo, c1
1 = 0; 

20 •. Rate· of loss of mol'es of atoms in discharge zone is given by 

a first-order rate expression k1
1 c1

1
• 

The diffusion equations in the two zones subject to the above 

limitations are given by 

and 

d2 1 

cl 

!Dl2 dz2 
+ Q1

.- ki:!ct·~ = o. 

2 
d c

1 
D12 --2 = O 

dz . 

~: ', 

'(Q.ischarge zone) (IV-61) 

(reactor· zone) (IV-62) 

where R1
1 = Q1 

- kl 1 Cl 1 for the discharge zone and R1 = 0 for the 

reactor zone. In addition to the dimensionless quantitie1s defined 

for Case A, the following dimensionless groups are also useful: 

C I 

1 
11 = :-c (IV-63) 

k IR2 .. 
1 1 . 

o2 ;::: D12 
· (gas-phase reaction) (IV -64) 

· (surface reaction) (IV-65) 

(IV-66) 

Thus the diffusion equations and boundary conditions for Case C are 

d2?/J .. 
2 = 0 

dA. 

11 = 0 

!!' 

(discharge zone). (IV -67) 

·:(reactor zone) (IV-68) 

(at A.= oo) (IV-69) 

(at A. = L/R) (IV-70) 
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(at f.. = L/R) (IV-71) 

(at f.. = 0) (IV-72) 

The solutions of these equations are of the form 

(IV-73) 

</1 CA. + D 

which, when the boundary conditions are applied, lead to the following 

results: 

T] (102 
[l 0 

Oez/OR J 
+ ~ '+LjR ~· (z ~ 0) (IV-75) 

'2 A. + e r 

(z ~ o) (IV-76) </1 = ao s 
0 + ~ r + L/R 

!!:1!.= C102 l 
(z.~O)- (rv..:77) df.. 0 + ~, + L/R 

<flo = C102 ·~, + L[R (A./= L/R) . (IV-78) 0 + ~, + LjR 

In these formulas, the terms a' ·o, and~' are unknown but 

L/R and f.. can be measured· independently. On the basis of these 

equations, the following experiments can be performed: 

a. Two metals are compared at a fixed L/R: variation of~'; 

b. The pressure is changed: variation of~'; 

c. The discharge power is changed: variation of a; 

d. With fixed : z/R, the metal is. moved:. variation of L/R; 

e. · With fixed L/R, the gauge is moved: variation of z/R; 

f. The discharge-zone surface is changed: variation of o. 
Therefore it seems possible in principle to determine all or 

selected kinetic parameters in this system with carefully planned and 



;· 

. executed experiments. The condition that the discharge-zO:ne is very 

long must be met if these equations are to be used. 

At this point it is useful for us to extimate the magnitudes of 

the quanti ties s 1
, 5 , and L/R. . The first two dimensionless numbers have 

been given as 

1/2 ')'I) (IV-46) 

(IV-65) 

A useful set of parametric values can be obtained from the work of Tsu 

and Boudart, 30 who gave 

4 2 
Dl2 = 2.3 ·x 10 em /sec 

vl = 2.6 X 105 em/sec 

R = 1.9 em 

'Y' = 1 to 10 .. 6 (end plate) 

'Y = 10_1 . to lo-6 
(wall) . 

An important assumption here is that the major loss of atoms in the 

discharge zone is due to first-order recombination on the relatively. 

inactive walls. At low pressures and in the absence of impurities 

such as water, this may be a useful assumption. The numerical results 

for the dimensionless groups are 

5 = 300 if 'Y = lo-6 

5 = 100 if 'Y = l0-5 

5 = 30 if 'Y = 10-4 



' . 
' 

Case D. 

.. ·;.·4 

~ .. , 

5 = 10 

·5 = 3 
5 1 

s I = 1.9 
S I = 1.9 
S I = 1.9 
S I = 190 

s I. = 19 
S I = 1.8 

S I = 0.093 

L/R = 5 

S I 52 =-
2 

4Dl2 . 
V R = 0.186 

1 

-.97- i 
I 
I 
( 

=.·.io-3 \__ 

if 'Y 

if 'Y = 10-2 

if 'Y = 10~1 

io5 if')' I = 10-6 

10
4 

if ')' 1 = 10.;.5 

103 if')' I = 10-4 

if')' I = 10-3 

if')' I = 10-2 

;if 'Y I = 10-l 

if ')' 1 = 1 
• 

for most reaction tubes 

if 'Y. =')'I 

Items 1 to 15 are the same as for Case C; 

(IV-79) 

i6. Three· distinct regions are considered mathematically: 
0 • 

the reactor zone 0 ~A~ L/R; the discharge'zone L/R ~A~ 

(L+M)/R; and the buffer zone (L+M)/R ~ A ~ (L+M+N)/R; 

17. Same as for Case C; 

18. Same as for Case C; 

d M II 

19. At -N, 
Cl;"' Cl 

z = --·- = --:-rr . dA ~ 

20. Same as for Case C; 

. 21. The boundary conditions at z = -M are similar in form to 

those g;t.ven in Item~:.l-7 above. 

Orily two new dimensionless groups need to be defined-~" is simi

lar in form to ~·~, with-y" substituted for ')' 1
; and the other quantity -r 

is defined as 



C II 
.. 1 

·.'f =·--
c (IV-80) 

The dimensionless equations and boundary conditions are the same as · 

those given for Case C with the exception for Eq (IV-69). Three more 

boundary c·ondi tions must be given in addition to the three already 

listed: 

2 
d 't' = 0 
d)..2 

't' = T) 

·. d't' =~ 
df... df... 

d't' 't' 
-- = -" df... s 

(auxiliary zone) (IV-81) 

(at f... = (L+M)/R) ' (IV-82)· 

(at X = (L+M)/R) (IV-83) 

(at f... = (L+M+N)/R) (IV -84.) 

The·solutions of the reactor- and discharge-zone diffusion equations 

are of the same form as these given for Case C. The form for the solu

tion of the auxiliary-zone diffusion equation is 

-r = Ef... + F (IV-85) 

With the boundary conditions applied, the solutions take the following 

form 

L, = [X + s '][{:s" + ~:} sinh (~) + 5 cosh {~) - 5] (IV-86) 
~2 H 

. 5 ( s" Nr [ {f... - ~ - ;) /5 J - 52 sinh [{x- ~- ~}/5] +- cosh 

0~2 = 
1 . R '· 

H 

5 (s' + ~) [cosh (x~)/5].+52 sinh [ (f...-~ )/5] (IV-87) 
+ 

H 
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{~' + ~} sinh ~R - o cosh ~RJ 
(IV-88) 

where 

H 

:
+ ~(t ' + t" + ~ + I!) .h.· M 

u ~ ~ . R R cos oR (IV-89) 

These equations can be easily simplified with the assumption that 

N/R is very large and that the catalytic surface at ~ = (L+M+N)/R is 

extremely inac:ti ve-~" + N/R ~ oo. Therefore, Eq. (IV -86), the only one 
• 

of interest, reduces to 

= 002 ~ + ~' 

7/J ~ ' + ~ + o coth ~R J (IV-90) 

which can be further reduced, with the assumption that M/oR is small, to 

~ + ~ ' (IV-91) 

Case E. Items 1 to 20 are the same as for Case C;. 

21. Molar rate of atom loss to walls in reactor : zone is given 

by the first-order expression, k1c1 . 

The diffusion equation in the discharge zone is the same as for 

Case C. · For the reactor zone, the diffusion equation _is 

2 d c
1 

Dl2 --2 - klcl = 0 
dz 

The following new dimensionless group must be defined as 

and the dimensionless equations become 

(IV-82) 

(IV-93) 
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i 

d2: ·~-
' .::......1 . .+. a ... :!L = 0 · · (discharge zone) (IV -94) 

dA.2 .: .. r} 

(reactor zone) (IV-95) 

with the boundary conditions the same as for Case C~ The solutions are · 

(IV-96) 

(IV-97) 

(: .. :: 
: . · Cl 

If 5 = ~, . Case E reduces to the equation obtained by Tsu and Boudart, 

(IV-98) 

. IF A./~ and L/~ are small enough, a linear approximation to the ex

ponentials can be made--

. ±L/ 1-LR .. + L e "'1--. ~R 
(IV-99) 

Other useful results are 

(IV-100) 

(o = ~) (IV-101) 

(IV-102) 

(IV-103) 
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dJ/1 
dA. A.=O 

(o = ~J.) 

Equations. (IV -96, 98, and. 103) can be linearized to 

o02 S I + A. 
.1/J = 

s I+~ + 0 os 1 L +--R I-L2R 

1/J 
2 S I + A. -L/ 1-LR (o t!) = 0'1-J. S I + e· ...... = 

1-L · .. 
' ' 

Case F. Items 1 to 17 are the same as for Case C; 

i 
1 

I 
L----

(IV-104) 

(IV-105) 

(IV-106) 

(IV-107) 

18. Number of moles of atoms generated uniformly per unit time 

per unit volume in the discharge zone is propoTtional to the 

molecular hy~ogen concentration k 1 (c - c 1
)· 

0 . 1 1
· 

19. Same as for Case C; 

20. Same as for Case C. 

The diffusion equation for the discharge zone.in this case is 

somewhat different than that for Case C, ,as 

d2. 1 cl 

dz
2 + k '(c- c ') - k 1 C ' = 0 (discharge zone) (IV-108) 

0 1 1 1 

This equation can be put in dimensionless form by the definition of two 
\ 

more :dimensionless parameters 

(IV-109) 

(IV-110) 
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l__ __ _ 
which leads to the following dimensionless diffusion equation 

(IV-111) 

By inspection it can be seen that the final results for Case · 
2 C can be easily modified to apply to Case F by substitution of cr 1 for 

cr and 0 1 foro in Eqs. (IV-75) to (IV-78). Similarly, the results for 

Cases· D and E can be modified with the same substitutions. More for

mally, the cases consisting of these two other modifications are called 

Case Fl (D) and Case F2 (E) respectively. They ne'ed not be re-derived. 

For Case F, the mole fraction of atoms 7/J , is 

(IV-112) 

When the walls are very noncatalytic, o becomes very large and 7/J 

becomes 

A. + ~ I 

7/J-::: L/ R + ~ ' s + 1/ cr ' . 
I 

(IV-113) 

If the end plate is extremely noncatalytic, s .~ >> L/R + 1/ cr 1
, and the 

equation f.or 'lj! reduces to 

(IV-114) 

Thus, the use Of a non-catalytic end plate provides a simple way for 

us to obtain the value of cr• 2 o
2

. Generally, the discharge power wil~ 
be regulated so that the mole fraction of atoms is about 10%. Under 

2 2 
.these conditions, the value of cr 1 o ·is 

I l 
0. ~0 = ----;2~=2 

. 1 1 + l/ cr' o 
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0 
--'---__,.....,r"!::" = 0.95 ::: 0 
(1 + 1/9 )172 

Consequently, the formulas for '1/J given for Case C are satisfactory. 

For mole fractions less than· 10%,. the approximation of Case C becomes 

even better. If now a highly catalytic metal end plate is inserted 

at L/R = 30 so that 0. 950 + L/R >> ; ', and '1/J is measured at f.. = L/R 

and found to be 0~060, the actual values of cr' and 0 can be computed, . 

providing that cr' remains the same: 

6 30 0.0 = 0.10 30 + 0.950 

0 = 21 

cr' = 0.016 

Case G. 1. Two~dimensional case; 

Items 2 to 7 are the same as for Case A; 

8. Catalytic walls with first-order recombination coef

ficient -y; 

Items 9 to 12 are the same as for Case A; 

13. Composite end plate consisting of a disk of radius a 

and recombination coefficient -y', and an annular ring of 

radii ~ and R and recombination coefficient -y"; 

14. Flux to each part of the composite end plate is of the 

same form as ih Case A; 

15. Same as for Case A. 

Two new necessary dimensionless groups are (Fig. 47) 

-~ 
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1' 

and 
· p =· r/R· 

K = a/R 

'---------------------
(IV-115) 

(IV-116) 

The diffusion equation and .boundary conditions can be written as 

~ = _t 
op ~ 

(at p = o) 

(at p ~ 1) 

(at "A = L/R) 

... -~ 
,,·, .... 
(at "A=O, 0 ~ p ~ K) 

(at "A = 0; K ~ p ;£ 1) . 

(IV-117) 

(IV-118) 

( .. . . ' 
(rv,..119) 

(IV-120) 

(rv~l21) 

(IV-122) 

The solution of. the diffusion equation is in the form of a 

of a Bessel-exponential series in which the variables· are separated--

From the first boundary condition, Ci ·= 0.. From the second, 

J (a)= d.~ J
1
(a.) 

0 ~ ~ 
(IV-124) 

The third boundary condition is used after multiplying by p J (a p) . · o n 
both sides of the equation for~ at "A = L/R and integrating over p, 

. 00 [ 1 · L R J p 'i/J J (a p) d p = L · Aie 01. I 
0 , P 0 n i=l 

' -a L/R] I +: Bie i J p J (a p )J (aip)dp _ 
0 

o n o (IV-125) 
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' '--
Advantage is ·.taken of the orthogonality properties of the integral on the 

. . 2 2 2 
right side, which equals 0 if n /= i and equals 1/2( 1 + ; a. )J. (a.) if 

l l l 

i = n. The value of the integral o~ the left is J 1(ai)/a
1

. Thus, 

*o [Aie<>:t_L/R + Bie-aiL/R][l/2 ."i (l + <2a/)Jl (ai)]. 

(IV-126) 

The final boundary condition creates the most difficulties. This time, 

the integration involves the size of the central catalytic disk. 
00 

2::: a.(A.-B.) J1 
pJ (a p)J (a.p)dp = 

i =l l l l 0 . o n o l 

00 . 

= (}, - },) L (A. +Bi. ) JK pJ (a p )J (a.p )dp 
~ ~ ._1 l 0 o n o l 

l- . . ·. ! 

(IV-127) 

This equation under ordinary circumstances is useless, since the inte

gral involving K as a limit is not over an orthogonal interval. If 

!; >> 1, the first term, i=l, in the seri.es predominates and the following 

1: · important approximation can be made: 

f pJ (a p)J (a.p)dp 
0 o. n o l 

.., K
2 ·fl pJ (a p )J (a .p) dp ( IV-128) 

0 
o n o l 

Thus 

2 
1-K + -;-n-s 

(i ,;, n = 1) 

(IV-129) 

The final solution for ~ under the above four boundary conditions is 

~ 
\,~ 
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· · 2. · 2 CXA 2 2 
( + K + 1-K ) i + ( K - 1-K ) 

-ex A 
i 

cx1 f' -~-~~- e . cxi - f' - -p- e 
• __;.._.::...,2::---1-::...-=-2--CX-. ::-Lf-r=R:--~--=----2--"'--l-2,....------cx-.-=-Lf--=R (IV -130) 

. ( + K + -K ) ~ ( K -K ) ~ 
cxi f' ~ e . + cxi ~ f' - -rr- e 

where the first term, i = 1, is the predominant term in the series. 

Since ~ >> 1, the following relations also hold: 

(IV-131) 

. . 
(IV-132) 

If ~ is so small that the exponentials can be approxima~~d by 

and 

the equation for 7jJ simpli·fies to 

(l-K
2 )£ 1 2 · 

If ~II << K' 

( .-2,-1 ~ 
If l.:.K -JS >> K 

~II ' 

~I 
:+.A 

2 2 ~I 
?/!__ = _K __ +_(--:-1--K_)_,_~ _" -~ 
7jJ ;' L 

0 -=----"'---...,,-...,._ + -
. K2 + (l-K2)~ R 

s 

t_ = (~ 1 /K 2
) + A 

7f;o .(~ '/i<.2 ) + L/R 

i 
t_ - [£ "/.(~-~2))+ A 

7f;o - [~ "/(l-K2 )]+ L/R 

(IV-133) 

• 

(I~-134) 

(IV-135) 

(IV-136) 

r· 
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If ~ I = ~ "' 

L- ~'+t.. . 
7/J .- ~ ' + L/R ' 

0 . . 

(IV-137) . 

· These simplified results (for ~L/R . small) correspond exactly 

to Case A, with the exception of the boundary condition at f.. = 0, which 

is now 

at f.. = 0 .(IV-138) 

Consequently, 9ases B, C, D, E, F, F1, and F2 can all be modified.ac-. 

cordingly to satisfy this revised boundary condition. 

From a comparison of the definitions for ~ 

2 l 2 
-.=-=CX 
~ 2 l 

1-l 

and .1-l, 
I 

(IV-139) 

This result clearly demonstrates how the solutions for 7/J. compare for 

Cases E and G. 
. I 

Case H. Items l to 12 are the same as for Case A; 

13. c = 0 at z = L; 
l 

14. Same as for Case A.l5 .• 

Use of the boundary condition 

7/J = 0 (IV-140:) 

instead of Eq. (IV-49) changes Eqs. (IV-50) and IV-51, respectively, to. 

(IV-141) 

(IV-142) 
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Case I. Items 1 to 6 are the same as for Case Hj : 

7. Flow tube; v /= 0. z 
Items 8 to 14 are the same as for Case H; 

15. 
16. 

v = constantj 
.Z 

p = constant. I 
! 

i ·---·--·-----·------· 

Only one new dimensionless group is needed for this and most 

other flow-tube situations--

vR z 
(3 = D12 

The atom-conservation equation for this case is 

2 , d c
1 

<Jc
1 D ---v -;:-:--=0 

12 <Jz2 z oz . 

which converts to the dimensionless equation 

with the simple boundary conditions 

7/J=7/J 0 
(at 

I 

f... 

?jJ = 0 (at f... 
I 

I 

= L/R) 

= 0) 

The solution is in the form 7/J = Ae-(3f... + B, which leads to 

~0 

l 
. -(3L/R 
- e 

.. · 

'· 
(IV-143) 

(IV-144) 

(IV-145) 

(IV-146) 

(IV-147) 

(IV-148) 

(IV-149) 
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Items 1 to 12 are the same as for Case I; · oc
1 

13. The boundary condition at z = L is -D12 ~ + vzcl 

Case J. 

= 1/4 "'' c v + v c . 
I 1 1 Z 1' 

Items 14 to 16 are the same as for Case I. 

The boundary condition in Item 13 (Case J) may seem strange, but 

it is correct and has a physically understandable result. The terms on 

the left of the equal sign are the normal ones for the molar flux of 

atoms by convection and diffusion. The.terms on the right correspond 

to the loss of atoms.to the end plate and.to the flux of atoms that 

continues traveling with the gas stream. 

The dimensionless diffusion equation is the same as Eq. (IV-145), 

but one boundary condition has changed 

(at f... = 0 )' (IV-150) 

The solutions are 

Y!_= ( ~£ ' + 1) -~f... 
- e (IV-151) 

<flo -~L/R ( ~£ ' + 1) e 

~I - ~"'0 
-~L/R (IV-152) 

df... f...=O- (~£' + 1) e 

Case K. Items 1 to 7 are the same as for Case I; 

8. Catalytic walls with first-order recombination coefficient -y; 

Items 9 to 16 are the same as for Case I. 

The dimensionless conservation equation is a composite of Eqs. 

(IV-95) and (IV-145), 

(IV-153) 

and is subJect to the same boundary conditions.as in Case I. In •~iting 

the solution, I found it useful to redefine a special combination of 

dimensionless groups 



so that 

'iff' w:= 
0 

-1iO-

h [f32 1] 1/2 -2= ..-- +-
'+ : 2 ' 

~ 

(n-f3 )A./2 - (n+f3 )A./ 2 e - e 
(D-f3)L/2R -(n+f3)L/2R 

e - e 

~: - 0 
. ,. . n ~ 
dA. A.=O.- e(D-13)L/2R + e(D+f3)L/2R • 

L------~-------------

(IV-154) 

(IV-155) 

(IV-156) 

Case L. Items 1 to 12 are the same as for Case K. 

Items 13 to 16 are th~ same as for Case J. 

The dimensionless.equation and boundary conditions are Eq. (IV-153), 
: ' 

and Eqs. (IV-146 and IV-150), respectively. The solutio~s are 

where· 

L.:.. Tl e(n-f3)A./2 + e-(n+f3)A./2 

,,, - T (n -f3)L/2R + -(n +f3)L/2R Yo e e · 

_ n; ' + f3~ I + 2 
T - n~ 1 _ f3~ , _ 2 

Case M. Items 1 to 12 are the· same as for Case I; 

13. Same as for Case J; 

14. v = constant; z 
15. p = constant; 

Items 16 to 20 are the same as for Case F; 

21. S~e as Case A.l5 .. 

The dimensionless equations for the two zones are 

(IV-157) 

(IV-158) 

(IV-159) 

2 
d ~ + f3 ~ _ _j_ + cr• 2 = 0 '(discharge zone) (IV-160) 
dA.2 dA. 012 
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(reactor zone) (IV-161) 

and the boundary conditions are Eqs. (IV-69) to (IV-72). The solution 

to Eq. (IV-161) is 

(IV-162) 

where 

(IV-163) 

E. Meaning of Dimensionless Groups I 

The dimensionless groups given in this section and in Sees. V 

and VI are (a) normalized length. or concentration parameters or else 

are (b) the ratio of two rate processes occurring 1nthin the diffusion 

or flow tube. Given below are the verbal descriptions of these groups: 

atom concentration in ·reaction. zone 
total concentration of .atoms and molecules 

atom concentration at discharge-reactor-zone boundary 
total concentration of atoms and molecules 

atom concentration in discharge zone 
total concentration of atoms and molecules 

atom concentration in buffer zone 
~. = ~~~------~~~--·~~~----~~~~~~ total concentration of atoms and molecules 

. distance from end plate to point in reactor J discharge J or 
buffer zone 

A = --~----~--~~--~~---------------------------------radius of reaction tube 

radial distance from axis of reaction tube 
.to point between axis and •rall 

p = --~~--~----~--~~---------------------radius of reaction tube 

K = smaller radius of annular end plate 
radius of reaction tube 
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L rate of radial diffusion 
R = rate of axial diffusion through reactor zone 

rate of radial diffusion s'=-;.,---,....__,;-_;;_ __ ~-.;..,;..,,.-----__,...___,,......,_ 
rate of atom recombination on end plate 

L 
s 'R 

2 

= rate of atom recombination on end plate 
rate of axial diffusion through reactor zone 

rate of radial diffusion 
fJ. = rate of atom recombination on reactor-zone walls 

2 rate of radial diffusion 
0 = -------~------------------~----------------------------rate of atom recombination on discharge-zone walls 

rate of atom production in discharge zone 
rate of radial diffusion 

rate of axial convection 
rate of radial diffusion t3 = 

t3L 
R 

o2
R 

M 
cr'~ 
-R-

= 
rate of axial convection through reactor zone 
rate of axial diffusion through reactor zone 

= 
rate of. axial diffusion through· discharge zone . 
rate of atom recombination on dtscharge-zone w~lls 

rate of atom production in discharge zone = ~~--~~~~~~~~~~~--~--~~~~~--rate of axial diffusion through discharge zone 

I 

'i 
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V. THE EFFECT OF GASEOUS IMPURITIES 0~ THE PRODUCTION 
OF ATOMIC HYDROGEN IN A LOW-PRESSURE DISCHARGE 

A. Introduction 

One of the most interesting and persisten"ti observations assoc

iated with the use of low-pressure electrical disdharges for producing 

atoms from diatomic molecules has been that small quantities of impur

ities (such as water) greatly increase the atom yield. 

Wood, 53 Bichowsky and Copeland, 57 and Lord Rayleigh· (R. J. 

Strutt)59 were the first to study the effect of such impurities in 

discharges in hydrogen, oxygen, and nitrogen, respe9tively. A complete 

listing of all investigators who have subsequently used this phenomenon 

in their experiments is unnecessary since the number is very large. 
52-73 76-81 Surprisingly, not too many of them have actually studied it. ' 

Despite their best efforts;· there still is no real agreell'\ent on the role 

of the gaseous impurities in the various molecular-gas discharge systems. 

The most recent papers tend only to confirm this viewpoint, as well as 

the fact that the entire problem is open for reinvestigation and clari-

fi t . 8 J 78' 79 J 81 ca ~on. 

The increase in.atom yield may be an actual increase, or only. an 

apparent one caused by an impurity that .affects only the measurement de

vice and thereby simulates an increased atom concentration. A good ex-
1 ' 
' ' 

ample of the latter situation pccurs if an ESR spectrometer is operated 

at power saturation. The addition or production of any paramagnetic 
. ' 

species within the gas stream increases the spectrometer signal, and 

thus falsely indicates the presence of more atoms to the 'unwary observer. 

An apparent increase in atom concentration or apparent high atom-con

centration levels may also occur if an incorrect mathematical descrip

tion is applied to the measurement device or to the system as a whole. 

If the ~ncrease in atom concentration is real, then it is at

tributable to a change in some rate process. This process must be 

associated only with a specific region within the vacuum system: the 

discharge zone or the reactor .zone. Other parts of the system may also 

be important, but their role must be to afrect directly the gas, the 
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surfaces, the measurement device, or the plasma in the discharge and 

reactor zones. Oil or mercury from the pumps can conceivably have such 

a widespread effect. 

The impurity gas either increases the rate of atom production 

or decreases the rate of atom loss somewhere in .the two zones, either in 

the gas or the surface phases. When the existence of two zones is as

sumed,the effect of water and other impurities in discharges can be im

mediately explained: 

Discharge zone, gas phase: 

Catalytic effect: impurity species act catalytically within the 

discharge to produce more atoms; 

Stoichiometric effect: impurity species are dissociated and then 

react to produce atoms directly; 

Inhibition of a loss process: impurity species counteract the effect 

of another plasma contaminant or ~pecies, which ~cts to reduce 

the rate of atom production; 

Discharge zone, surface phase: 

Catalytic effect: impurity species act catalytically at the charged 

surface where electron-ion recombination takes place; 

Inhibition of a loss process: impurity species counteract the effect 

of a surface which either recombines atoms or else abstracts 

intermediate species important in.the production of atoms; 

Reactor zone, gas phase: 

Stoichiometric effect: dissociated or altered impurity species 

coming from the discharge zone react.to produce atoms directly; 

Inhibition of a loss process: dissociated or altered impurity species 

coming from the discharge zone counteract the effect of another 

gas-phase species which acts to reduce the atom concentration or 

rate of atom production by the stoichiometric effect; 

Reactor zone, stirface phase: 

Inhibition of a loss process: impurity species counteract the 

effect of the surface, which recombines atoms. 

I 
' i' 
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Diverse as these explanations may seem, almost all of them have been ap

plied at one time or another to explain the effect of impurities in the 

low-pressure discharge production of atomic hydrogen~ oxygen, or nitrogen. 

With two sensitive, stable, and perhaps absolute WHG's in my 

possession, I decided to prove definitively whether the action of water 

in increasing the yield of hydrogen atoms from a low-pressure discharge 

was either a gas-phase or a surface-phase effect. The surprising experi

mental results and their implications are the most important segment of : 

this report. 

B. Plan of the Experiments 

The concept of the experiments (to determine whether the action 

of water in increasing the yield of atomic hydrogen from a low-pressure 

discharge was either a gas::-phase or a surface-phase effedt) was simple 

(Fig. 48): 

a. Verify the phenomenon in a simple glass flow-tube system first 

with very pure hydrogen and with hydrogen containing several 

percent H20; , 
I 

b. Coat the walls· of the glass flow tube with a {hin film of Teflon, 

then repeat the above experiment at low discharge power levels, 

first with very pure hydrogen, and then hydrogen containing a 

small amount of H20; 

c. If it is a gas-phase effect, determine quantitatively the amount 

or atomic hydrogen produced per molecule of oxygen, nitrogen, 

water, and other impurity gases added in small quantities to an 

initially pure hydrogen gas stream; 

d. If it is a surface-phase effect, measure the recombination coef

ficient of atomic hydrogen on various metals and glass; perform 

the experiments both with pure hydrogen and vnth hydrogen contain

ing several percent H20·· 
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Glass walls 

Glass walls 

H2 

< 1°/o 

40 to 80% 
atomic hydrogen 

H2o~~--~~~~~~~--~~~~--~==========~~-~-~~ 
Glas.s walls covered with Teflon 

Catalytic surface_., 

MU-3$723 

· Fig. 48. Schematic drawing showing the four stages of the planned exper
iments: (a) verify that a discharge in pure hydrogen produces few 
atoms 1 -·(b) verify that the addition of. water to the hydrogen increases 
the atom yield, (c) determine if the addition of water is a gas- or 
surface-phase effect, and (d) study the catalytic properties of sur
faces in the presence and absence of water (if it is a surface-phase 
effect). ' 

:r,;:~--
i 'i]o 

' -
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This group of proposed experiments was based on the observation 

by Berg and Kleppner than the recombination coefficient for atomic hydro

gen on a film of Teflon (DuPont Teflon Clear Finish 852-201) vas less 
-5 88 than 1.3 · 10 . Thus if water still increased the yield of·atoms in 

the Teflon-coated tube, then its mode of action was in the gas phase. 

On the other hand, if the Teflon-poisoning of the glass valls completely 

eliminated the effect of water, the vater acted a·s a poison for reactive 

glass~wall surfaces. 

No information on the exact mechanism of the vater effect in 

either phase vas anticipated. The main experiments by virtue of their 

simplicity and decisiveness, were sufficiently valuable by themselves. 

The experiments determining the role of vater in hydrogen dis

charges usually required a measurement determining the presence or absence 

or some predicted effect or behavior. In this respect, they resembled 

the types of experiments performed by molecular biologist~, biochemists, 

and virologists to determine the role of DNA, RNA, transfer RNA, enz)mes, 

and special chemical agents in viruses, bacteria, and cells. Accordingly, 

the results of the discharge experiments are presented in the very ap

pealing Scientific American format--numerous schematic diagrams, sim

plified data curves, extensive use of logic and reasonlng, and step-by

step presentation of experimental observations. 

C. Experimental Observations 

1. Survey of the Experiments 

The experiments determining the effect of vater on the produc

tion of atomic hydrogen in a lev-pressure discharge were performed in 

three distinc.t groups. In the first group (primarily flov-tube experi

ments), purified hydrogen, reaction tube No. 1, the non-water-cooled 

Wrede-Harteck gauge (WHG) fitting with 125 effusion holes, the water 

bubbler, the diatherm~ machine and large-diameter microvave cavity, 

the 50 MHz.power source, and cylinder hydrogen were used. Air, oxygen, 

or water vere the impurity gases. 

rrz: 
~~~-
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The numerous measurements tested the effect of: the location of 

the 50-MHz and microwave discharges; source of the hydrogen gas; use of 

the water. bubbler; waterJ airJ or oxygen on the atom concentration pro

duced by the discharge and measured by the WHG. Unfortunately} the 

·recombination of the hydrogen atoms on the WHG catalytic surface produced 
I 

thermal effusion effects that paused the WHG signal to decay while the 

discharge was still on. This made all quantitative and some qualitative 

measurements suspect. 

To circumvent this decayJ a second group of measurements was 

made with a water-cooled WHG fitting containing approximately 200 ef

fusion holes. The previous tests were carefully repeated and essential

ly the same conclusions were reached. Several additional definitive 

experiments were also performed to further test the opposing roles of 

oxygen and water in the low-pressure hydrogen-discharge system. 

FinallyJ reaction tube No. 3 was set up with two !water-cooled 

WHG's and a thermocouple probe soldered to a small square of silver 

foil. The third group of experiments tested the relative behavior of 

the WHG compared to that of a thermocouple probe. 

In order to avoid repetition, the three groups of experiments 

are treated as one unit. Only those recorder-chart tracings or quan

titative measurements that most dramatically illustrate the various 

observations are shown. Since all of the experimental observations 

were consistent and generally reproducible, each. recorder tracing rep

resents the best result of a large number of similar curves. 

The apparatus is described and pictured in Sec. II.C.3 and also 

in Fig. 49. The Decker micromanometer was not very useful because .con

densation of the water on the glass or the pressure-tr~~sducer surfaces 

produced a reading that drifted erratically. 

The entire vacuum system was evacuated overnight with the dif

fusion pump. In the morningJ pure hydrogen from.the Engelhard hydrogen 

purifier flowed through the system at a pressure of approximately 75 mtorr. 
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Air HCI 

MU.3572A 

Fig. 49. Schematic drawing for the experiments to determine the effect of 
o

2
, N

2
, H

2
0, HCl, and air on the yield of atomic hydrogen from a low

pressure ~ischarge (Sec. V.C.2 to 5). 
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After a period of 20 to 30 minutes for pressure equilibration, the dis-

charge was repeatedly pulsed for 1 minute at 3-minute intervals to check 

the clean-~p of air and other contaminants from the ·walls. The progress 

of the clean-up was observed by the steady decrease in pulse heights. with 

time. Most of the vreakly adsorbed impurities appeared to be eliminated 

on the very first pulse (Fig. 50). 

After several pulses, the pulse heights remained at a steady 

level, approximately 0.1% atomic-hydrogen concentration. Prolonged 

operation of the reactio~ tube thereafter did not reduce this value, 

which was taken as the atom concentration characteristic of my "pure" 

hydrogen. The general level of this value (O.l%) agreed with previous 

measurements. 

The first experiments on the effect of H20 employed the large

diameter microwave cavity located as near as 3 em to the WHG port hole 

or as far as 20 to 25 em away. With the :t:ast-flow' system1 (vz = 75 em/sec), 

the distance be.tween the discharge and the WHG port;hole didn't make much 
' ' )' I 

difference. Subsequent experiments performed with/the small microwave 

cavity or with the 50 Me/sec oscillator are descri~b~d in Sec. V.C.8. 

The effect of water addition. is shown in the samples of the 

recorder readings (Figs. 44 and 51). The results were surprising. 

First of all, the water alone, in the absence of a discharge, had a 

I j definite effect on the signal level of the WHG-the water caused the 

WHG to move in the same direction as when it measured atoms. The steady

state WHG signal was proportional to the concentration of the water, al

though the shape of the proportionality curve was never determined owing 

to the problems in measuring the water.flow rate. 

I have had no s~ccess in pinning doYTn the reasons for this 

effect experimentally. I first thought that it might be some type of 

adsorption phenomenon on the electrodes or the diaphragm of the WHG 
. . 

micromanometer. 'This was not correct, since the change in WHG signal 

reading predicted by this cause was opposite to that actually observed. 
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Fig. 50. Response of water-cooled WHG No. ·1· (1"25 holes, 0. 59 mtorr full 
scale) to (a) an electrostatic calibration, (b) the rapid outgassing 
of impurities adsorbed on the reaction-tube walls by the 50-MHz 
discharge, and (c) the production of small quantities of atoms (0.1%) 
by a 20% dial setting on the 50-MHz oscillator. P = 78 mtorr and 
t = 20 sec/small div (right to left). (February 2, 1965) 
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Fig. 51. Response of water-cooled WHG No. l (125· holes, 0.7 mtorr full 
scale) to the actions of (a) adding a small amount of water to the 
hydrogen gas, and (b) stopping the addition of water. The effect 
persisted for 50 minutes and showed no tendency to decay. This curve 
strongly suggests that the presence of water alters the effusion 
equilibrium within the WHG, although other explanations are also 
possible. P = about 75 mtorr and. t = 20 sec/small div (right to 
left). (February 2, 1965) 
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Another possibility was that the water participating in some ef

fusion process across the effusion diaphragm, thus produced a detectable 

signal. Because the process conserved neither mass no momentum, a theo

retical description was impossible in the absence of mass or molar flux 

data. I have not proved this hypothesis but feel that it is probably 

the most likely one ·• 

The second and more important observation was that, under my 

set of experimental conditions, water had. no effect on the yield of 

atomic hydrogen from the microwave discharge (Figs. 52-55). This result 

disagreed completely with the practice of bubbl:ing hydrogen gas through 

water prior to passing the gas through a low-pressure discharge, and 

also with the observations of a majority of investigators who had pre

viously studied or had passively used but not studied the effect. 

I thought that the peculiar effect on the operation of the WHG 

in the absence of a discharge also manife~ted itself by eliminating the 

signal due to atoms·in>the presence of the discharge. Experiments per

formed to check this point are described in detail in Sec. V.C.lO. 

The color of the discharge in a small-diameter glass tube, used 

by many investigators as a qualitative indication of the rate of atomic 

hydrogen production, remained the same before and a:;fter the addition of 

small quantities of water (esti~ated to be less t~a~ ':f/o)-a whitish-pink 

i: or pinkish white. This color was the same as thatJ mentioned by Shavr, 70 

but distinctly different from the beautiful and characteristic crimson 

observed when appreciable· quantities of oxygen were added to the hydro

gen gas prior to the discharge. 

With the large-diameter microwave cavity, the discharge color 

was a whitish purple for pure hydrogen or hydrogen containing water, 

and red for hydrogen containing several percent oxygen. With the 

50-MHz discharge, the color varied from pink to deep red. 

3. Effect of HCl 

The apparatus and .eXperimental procedure were the same as 

those used.for H20. The HCl caused the Decker micromanometer to behave 

somewhat less erratically, but did cause the strange increase in signal 
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Fig. 52. Response of wate~-cooled WHG No. 1 (125 holes, 0.7 mtorr full 
scale) to the actions of. (a) adding a small amount of water to the 
hydrogen gas, (b) operating the 50-MHz discharge at a 20% or 80% 
dial setting for 30 sec, (c) stopping the addition of water, and (d) 
operating th~ discharge at a 40% dial setting in pure hydrogen (yield 
of atoms = 0.19'%). The curve shows that water has no effect on the 
yield of atoms from the discharge. P = about 75 rntorr and t = 20 
sec/small div (right to left). (February 2, 1965) 
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Fig. 53. Response of water-cooled WHG No. 1 [125 holes, (a) 0.73 mtorr 
and (b) 2.40 mtorr full scale] to the actions of ope'rating the 50-MHz 
oscillator at 20% and 80% dial settings after adding >0.5% water to 
the hydrogen gas. These curves show that water has no effect on the 
yield of atoms from the discharge. P = 82 mtorr and t = 20 sec/small 
div (right to left). (February.3, 1965) 
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Fig. 54. Response of water-c·ooled WHG No. 1 (125 /holes, about 0. 5 mtorr 
full scale) to the actions of (a) operating the 50-MHz oscillator at 
40%, 70%, and 90% dial settings after adding >0.16% water to the 
hydrogen gas, and (b) electrostatically applying a 0.25 mtorr "pres
sure" pulse. The curve shows that vrater has no effect on the yield 
of atoms from the discharge. P = 78 ;~orr and t = 20 sec/small div 
(right to left). (February 1, 1965) 
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Fig. 55. Response of non-water-cooled WiiG (125 holes, about 0.5 mtorr 
full scale) to the actions of (a) adding water to the hydrogen gas, 
("b) operating the 50-MHz discharge at a 100% dial setting, (c) 
allowing the drifting baseline to stabilize, and (d) operating the 
discharge at lOa% in pure hydrogen. Though the behavior at points 
(b) is str1;mge, these curves still show tho.t vrater has little effect 
on the .. yield of atoms from the discharge. P = approx 100 mtorr and 
t = 20 sec/small div (right to left). (January 25, 1965) 
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level of the WHG when it was added in small quantities to the hydrogen 

gas in the flow-tube system in the absence of a discharge. This observa

tion led to the untested hypothesis that all molecules having an apprec

iable dipole moment will give the same effect as for H20 arid HCl. As 

with H20, the addition of HCl failed to affect hydrogen-atom yield from 

the discharge (Fig. 56). 

4. Effect of 02 

The apparatus and experimental procedure werethe same as for 

H20 and HCl with the important exception that the Decker micromanometer 

was successfully used to monitor the oxygen flow rate from a bulb of 

known volume. 

The addition of molecular oxygen to the initially pure hydrogen 

gas did not produce the strange effect in the absence of a discharge 

characteristic of· water and also HCl. . Instead, the WHG r!eading decayed 

immediately back to the zero base line after a pulse characteristic of 

the addition of H2 gas to the system (Fig. 42). 

The quantitative effect of oxygen on the yield of hydrogen atoms 

was measuredby the same procedure used to clean the system initially. 

The discharge was successively pulsed for 1 minute durations at 3 minute 

intervals. This procedure was repeated .several times for each oxygen

concentration level ranging between the values 

o.oo < < 0.16 

Samples of the recorder readings are given in Figs. 57 to 60 and the 

results plotted in Figs. 61 to 63. All concentration values, whether 

of the oxygen or of the atomic hydrogen, are given as a fraction of 

the total concentration of mole.cular hydrogen present in the entering 

gas. 

In these experiments I had no way to prove that the atoms meas-

1.lred by the .WHG were exclusively of hydrogen. Unlike an electron-spin 

resonance or a mass spectrometer, the WHG cannot distinguish between 

types of atoms. 
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Fig. 56. Response of water-cooled WHG No. 1 (125 holes: 0.59 mtorr full· 
scale) to the actions of adding progressively larger amounts of HCl 
gas and trying to produce atomic hydrogen with a 50-MHz discharge. 
The curves demonstrate that the HCl has no effect on the yield of 
atoms and that the percent dissociation in pure hydrogen is small 
(0.1%). P = 81 mtorr and t·= 20 sec/small div (right to left). 
(February 2, 1965) 
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Fig. 57. Response of water-cooled WHG No. 1 (125 holes 0.58 mtorr full 
scale) to 50-MHz discharge pulses (20% dial setting) with successively 
increasing quantities of 02 added to the hydrqgen gas. The top and 
bottom figures show the measured atom concentration and the amount of 
0

2 
added, respectively. The yield of atoms in pure hydrogen is very 

low (0.06%). P = 79 mtorr, vz ~ 72 em/sec, and t = 20 sec/small div 
(right to left). (January 31, 1965). 
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Fig. 58~· Response of water-cooled WHG No. 1 (125 holes 2.30 mtorr full 
scale) to 50-MHz discharge pulses (20% dial setting) with successively 
increasing quantities of 02 added to the hydrogen gas. The top and 
bottom figures show the measured atom concentration and the amount of 
02 added, respectively. _The step-like curve between peaks Nos. 7 and 
8 is an electrostatic calibration curve for the pressure transducer. 
P = 79 mtorr H2, vz ~ 72 em/sec, and t = 20 sec/small div (right to 
left). ( Jam;ary 31, 1965) · 
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Fig. 59. Response of water-cooled WHG No •. 1 (125 holes 7.70 mtorr full 
scale) to 50-MHz discharge pulses ( 2CJ{o dial· setting) with successively 
increasing quantities of 02 added to the hydrogen gas. The top and 
bottom figures show the measured atom concentration and the amount of 
02 added, respectively. The discharge was an intense and beautiful 
crimson and the yield of atoms (16 .• 4%) was the highest of all the 
experimed~s with low-pressure atomic hydrogen. P = 79 mtorr H2, 
v ~ 72,crn/sec, and t.= 20 sec/small div (right to left). (January 
3f, 1965) . 
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Fig. 60. Typical response of Decker micromanometer (2300 mtorr full scale) 
to the loss of 02 from a bulb of known volume (v1 = 44 cm3 and 
V

0 
+ v

1 
= 537 cmj). These curves show the 02 flow rate into the.vacuum 

system an~ consequently th~ mole fraction of 02 in the hydrogen gas. 
Slopes Nos. 9 to 18 correspond to the discharge peaks Nos. 9 to 18 
(2.8% to 16.4% atom yield) in Figs. 58 and 59. t = 20 sec/small 
div (right to left). (January 31, 1965) 
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Fig. 61. , ]~e effect of low O:z flow rates on the yield of atoms from a 
low-pr~ssure (80 mtorr H2J 50-MHz discharge (20% dial setting). At 
least two atoms are produced per molecule of 02 added. The concen
trations of H and.02 are plotted relative to the amount of H2 in 
the entering gas stream. (January 31, 1965) 
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Fig. 62. The effect of high 02 flow rates on .the yield of atoms from a 
loW-P':\.essure ( 80 mtorr H2) 50-MHz discharge ( 20'jo dial setting). 
Part~~~ saturation occurs at higher 02 flow rates. The concentra
tion~ bf Hand 02 are plotted relative to the amount of H2 in·the 
entering gas stream. (JJnuary 31, 1965) 
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Fig. 63. .''The effect of low Oz flow rates on the yield of atoms from a 
low-~~'~ssure ( 80 mtorr H2 ) 50-MHz discharge ( 20% dial setting). 
The pd:\ints corresponding to .a 70% dial setting on the 50-MHz 
osciiJ_li:ltor indicate that the stoichiometric. ratio of two atoms per 
02 molecule is only a lower limit. The concentration of H and 
02 are plotted relative·to the amount of H2 in the entering gas 
stream. (February 7, 1965) 
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5. Effect of N2 

.The apparatus and experimental procedure for quantitatively de

termining the effect of nitrogen on the hydrogen yield from the discharge 

wereidentical to the ones described in Sec. V.C.4. In fact, the experi

ments for oxygen and nitrogen were preformed successively on the same day. 

The results are similarly given as a group of figures and a graph (Figs. 

64-66). Again, I did not prove that hydrogen atoms exclusively were 

being measured. 

6. Project Reorientation 

Disagreeing with current practice as well as with a majority of 

investigators who had previously studied the subject >vas very discon

certing to me. I had no reason to doubt the reliability of the vlrede

Harteck gauge as a relative atom-concentration measurement device, the 

purity of the hydrogen gas, the inactivity of the glass walls, the ef

ficiency of the hydrogen discharge, the purity of the water, or any 

other features of my gas-handling or vacuum system. 

Nevertheless,:. since I was in complete disagreement and probably 

wrong, I decided to undertake a step-by-step study of every facet of the 

system until the subtle effect causing the, apparent unreactivity of the 

water was isolated. In. making this decision, I implici~ly made a value 

. judgement between (a) the original purpose of this research •rork-to 

determine the recombination coefficient of atomic hydrogen on various 

metals-and (b) my strange result for the effect of water in a hydrogen 

discharge. Considering the widespread use of electrical discharges to 

produce atoms, I felt that it was much more timely and important to 

pinpoint that part of the experimental equipment responsible for my 

seemingly incorrect result. 

7. Comparison of Different Hydrogen-Gas Sources 

I considered many parts of the experiment' as natural starting 

points for isolating the subtle effect: the gas source, the discharge, 

the method-of adding water, or the measurement device. As the easiest 

to.try WaS the gas source, it was investigated first. 
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Fig. 64. Response of water-cooled WHG No. 1 (125 holes 0.57 mtorr full 
. scale) to 50-MHz discharge pulses (20% dial setting~ with successively 

increasing quantities of N2 added to the hydrogen gas. The top and 
bottom figures show the measured atom concentration and the amount of 
N2 added; respectively. The addition of N2 had a much smaller effect 
on the ~t?m concentration than the addition of 02 . P = 79 mtorr H21 
v-z. ~ 72i~ctn/sec, and t = 20 sec/small div (right to left). (January 
3~, 196t)' . . 
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Fig. 65. R~H5.onse of water--cooled WHG No. 1 (125 holes. 2. 20 mtqrr full 
scale) to 50-MHz discharge pulses (20% dial setting) with successively 
increasing quantities of N2 added to the hydrogen gas. The top and 
bottom figures show the measured atom concentration and ~he amount of 
N added} respectively. The step-like curve on the right is an electro
static calibration curve for the pre_)ls'ure transducer. The highest peak 
corresponds to 9.2% N2 added and.5.1~ atoms. The nitrogen effect begins 
to saturate at low N2 concentrat~ons. P = 79 mtorr: v'? ~ 72 em/sec: and 
t = 20 sec/ small di v (right to left). ( Januar:; 31, l9b5) · 
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Fig. 66. The effect of high N2 flow rates on the yield of atoms from a 
low-pressure (80 mtorr H2) 50~MHz discharge (20% dial setting). The 
pronounced saturation and the low yield of atoms per N2 molecule 
show that N2 is much less effective than 02. The concentrations 
of H and N2 are plotted relative to the amount of H2 in the enter-
ing gas stream. (January 31, 1965) ~ 
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Cylinder hydrogen gas.(Liquid Carbonic Company, rated at 99.99+% 

with N+ < 3 ppm, o2 < 1 PP-m, H20 <·1 ppm, hydr~carbon~ < 0.5 ppm, dew 

point -105°F) was used as a substitute for the Englehard purifi~d hydro

gen gas. During these early exPeriments the Fischer and Porter flowmeter 

was thoroughly flushed with the cylinder hydrogen before the system was 

allowed to equilibrate at a pressure of about 75 mtorr.. Except :for this 

flushing, all other aspects of the sys"l?em lvere exactly the same as men

tioned above. Since the sapphire flowmeter ball was very low on the 

scale, no hydrogen flow-rate measurements were possible. 

The result was exactly the same as before. Water had no effect 

other than the strange one of increasing the signal level.in the absence 

of the discharge. The discharge color was the same---pinkish white. Oxy

gen had its usual effect of increasing the atom yield and changing ·the 

discharge color to a light crimson; No quant~tative measurements were 

made on the oxygen-in-hydrogen system as there was nothirig different 

about the qualitative results observed on the recorder charts. Nitrogen 

and HCl were presumed to have their usual effects and were not tried. 

It was certainly important to thoroughly flush the F. and P. 

flowmeter prior to the experiments. The rotameter was leaky, and when 

I did not flush it well, I observed the startling and quite definitive 

results des~ribed in Sec. V.C.9. 

8. Comparison of Different Discharge Methods 

. Since the gas was not responsible for the behavior difference of 

water in my system, I next decided to try two discharge methods simul

taneously.: the micro•rave discharge and an electrodeless discharge from 

an eight-turn copper coil and a 500-W 50-MHz oscillator. The experiments 

were performed with pure hydrogen, hydrogen containing oxygen as an im

purity, and hydrogen containing water as an impur.i ty [Fig. 76( a)] . The 

power transmitted to the discharge by these separate power supplies was 

never measured. Instead, the entire range of power settings was tried 

for each transmitter. 

There was no difference between either discharge source for the 

yield of atomic hydrogen, as measured by the WHG. The 2.45-GHz (micro

wave) dischar{?;e was hotter, visually more intense, and more confined than 

the 50-MHz cii~eharge (Fig. 68). 
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Fig. 67. Schematic drawing showing four critical experiments to determ~ne 
the eff~ct of water on the yield of atomic hydrogen from a low-pressure 
discharge: (a) the effect of different discmrges; (b) the effect of 
the upstream conversion of oxygen to water; (c) the effects of cylinder 
hydrogen, a water bubbler, and an air leak in the rotameter; and (d) , 
the respb~e of different measurement devices to the effect of water. 
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Fig. 68. Response of water-cooled WHG No. 1 (125 holes, 0.59 mtorr full 
scale) to (a) a· downstream 50-MHz discharge ( 200/o dial setting) in 
pure H2, (b) an electrostatic calibration of the pressure transducer: 
(c) a downstream 50-MHz discharge in the presence of 0.50% 02. The 
percent dissociation is (a) 0.'13%; (c) 1.00/o; and (d) 1.00/o with only 
the microwave discharge or 1.2% with both discharges on simultaneously. 
The.velocity in the 8-mm o.d. 45-foot long catalytic tube is so fast 
(1000 em/sec) that it has little effect on the atom concentration 
produced by·the upstream discharge. P = 73 mtorr and t = 20 sec/small 
div (right to left). · (February 6: 1965) 
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Later, a small-diameter cavity was used to produce a very intense 

discharge in the 14-mm-o.d. quartz tube located 85-cm upstream from the 

WHG port hole. The results were identical with the ones mentioned in the 

two preceding paragraphs, despite the more efficient coupling of the 

microvrave pmver to the discharge. 

The color of this small-cavity discharge was an unreliable indi

cation of the atom concentration measured by the WHG. With lO'Iv oxygen 

impurity concentrations and high microwave power settings, the discharge ' 

color appeared to be about the same as for high oxygen concentration and 

and low microwave power settings. For either extreme--pure hydrogen and 

low microwave power settings or high oxygen impurity concentrations and 

high microwave power settings--the discharge colors were quite different: 

pinkish white and crimson, respectively. These results did not conflict 

with those of investigators who have passively used hydrogen discharges 

with or without water for the production o.f atomic hydrog~n in low-pres

sure systems. For many of them, discharge color was their only indication 

for the amount of atomic hydrogen present. 

Near the end of the experiments I borrowed a slotted line from 

Vincent J. Honey to.measure the standing-wave ratios for the microwave 

energy transmitted and reflected from the small cavity. By means of 

careful tuning and adjustment, a standing-wave ratio of 1.6 could be 

obtained. In typical operation, this ratio was between 5 and 20, de

pending on the care exercised in the tuning procedure. Although I 

could easily have spent more time on this aspect and improved these 

figures, I didn't need to do so because I had power to spare. 

All of these results indicated that the cyclotron-resonant 

microwave discharge did not differ from other discharges from the stand

point of the· yield of atomic hydrogen .. 

I would like to stress the advantages of using such a discharge. 

The diathermy unit was inexpensive, portable, simple to operate and tune, 

quite reliable and.rugged, and usually did not interfere electronically 

with other ... equipment. The use of a large magnetron magnet producing an 

inhomogeneous magnetic field instead of an electromagnet producing a 
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more uniform field eliminated unnecessary complexity and made the use of 

a Tesla coil to start the discharge unnecessary. By far, the· biggest 

single advantage was t~at very low microwave power settings were used. 

With 75% reflected microwave power, stable discharges below-100 mtorr 

pressure were maintained with as little as 250 mW. Again with 75% re

flected power, power levels exceeding 2.5 Win the discharge were rarely 

needed for the experiments. These properties should be important when 

cool operation of the discharge is required or when an ESR spectrometer 

is used to .measure atom conc·entrations. 

9. Effect of Water and Air: Use .. of a Water Bubbler 

Because most .previous investigators have used a water bubbler to 

add 2 to 3% water to hydrogen gas, I next decided to construct and oper

ate such a bubbler [Figs. 11 and 67(c)]. Even though I,had used dis

tilled water in my previous experiments, I felt that there was a chance 
' ! 

that while on the rack it had become contaminated in some strange and 

mysterious way. 

When the bubbler was used, the WHG signal never showed the strange 

water effect in the absence of a discharge, because water was always 

present: during the flushing of the rotameter and bubbler, equilibra-
I 

tion of the system, the experiments, and re-evacuation of the system. 

The large liquid-nitrogen trap in front of the Kinney·KC-5 pump was 

kept full to minimize the contamination of the pump oil by water. 
. 0 

The ambient room temperature was typically 24 C and the hydrogen 

pressure within the water bubbler was usually about 830 torr. Thus, if 

the hydrogen gas was thoroughly equilibrated with th~ water, about 2.6% 

water would have been present. I made no measurements to determine if 

this were true. 

Both the F. and P. rotameter and the water bubbler were first 

thoroughly flushed with hydrogen gas. The vacuum system was then al

lowed to equilibrate and the experiments were done in a manner similar 

to that described in Sec·. V.C.2. 

Th~ results were exactly the same: water had a negligible effect 

·on the atom yield from the microwave discharges, which were located between' 
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3 and 8 inches upstream from t~e WHG port hole. This negligible effect 
! 

was very disturbing, but at le~st it was consistent witn my previous 

measurements with water. 
I 

A revealing series of experiments was next stimulated by my 

inability to repeat the water-bubbler experiments before an interested . 6 
friend, Dr. Norman Edelstein.3 After leaving the system alone over the 

weekend, I tried to quickly repeat the water-bubbler experiment and 

flushed the bubbler and rotameter only slightly. When I turned on the 

discharge the first time, he observed a high concentration of atoms as 

measured by the WHG, a beautiful crimson discharge, and a crimson-faced 

graduate student. Upon prolonged operation, the color of the discharge 

gradually changed to. a whitish, purple the W1IG atom concentration decreased, 

and the color of the graduate-students' face returned to normal. 

The next day, with reaction tube No. l set up as a diffusion tube 

(no flow of gasses through the tube), I s~ccessfully repeated the previous 

day's observations. By pulsing the microwave discharge for approximately 

one-minute at several-minute intervals, I was able to follow the gradual 

decline in the atom-concentration level at a constant power setting (Fig. 

69). 

Suspecting an air leak in either the bubbler or the rotameter, 

I opened a connecting fitting, let some ·air into the ?ubbler, closed 

the fitting again, and repeated the experiment. The result was the 

same: I observed the gradual flushing of the accumulated air in the 

rotameter and bubbler by watching the decrease in the atom-concentra

tion level with time (Fig. 70). I repeated this procedure a third time, 

but this time I left the discharge on rather than pulse it. The results 

were again the same (Fig. 71). When the rotameter and.bubbler were next 

completely flushed with hydrogen, :the~_WHG signal decreased to a very low 

level. 

This experiment was subsequently repeated many times, and under

standably was favorite of mine for demonstrating changes in other parts 

of the system. The effects of (a) different discharges, (b) another 

measurement technique, (c) two WHG's operated simultaneously, (d) flow

tube and diff,usion-tube· operation, (e) and different reaction tubes 
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Fig. 69. Response of water-cooled WHG No. 1 (125 holes, ·2.0 mtorr full 
scale) to, cylinder hydrogen contaminated with air (due to an air 
leak -in 1.-tiP,e rotameter)~ The process of gradually flushing the air 
from the ~otameter and water bubbler decreases the atom yield . 
(50-MHz discharge) and changes the discharge color from red to 
purplish 1.;hi te. This change sho-vrs that water has no effect on the 
yield of atoms from the low-press~~e discharge. P = about 80 
mtorr in the diffusion tube and t = 20 sec/small div (right to 
left). (January 29; 1965) 
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Elcperiment 11: Effect or air 
present in the water bubbler on 
the atom yield. Diffusion tube. 
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Fig. 70. ~.Curve (similar to Fig. 69) resulting fr6m the deliberate 
addition .. of air to the hydrogen in the water bubbler. The smallest 
peak cot~~sponds to 0.17% atoms. In Figs. 69 and 70, the measured 
and theore-tical time constants for flusing a gas from the water 
bubbler are both about 20 min. P = about 80 mtoYr in the diffusion 
tube and t = 20 sec/small div (right to left). (January 29, 1965) 
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Fig. 71. c~:Ve (similar to Figs. 69 and 70) resulting from the deliber
ate addition of air to the hydrogen in the water bubbler. The 50-MHz 
discharge (20% dial setting) was sustained rather than pulsed. The 
smallest peak corresponds to 0.1% atoms. P = 100 mtorr in the dif
fusion tube and t = 20 sec/small div (right to left). (January 29, 
1965). 
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were all investigated with cylinder hydrogen, the leruty rotameter, and 

the water bubbler. In all cases, the result was exactly the same: the 

atom concentration decreased with time to a very low level as the air was 

flushed from the bubbler and rotameter (Figs. 72 and 73). 
Because the water in the bubbler never seemed to have any effect 

on the atom yield from the discharges, I never tri~d to heat or cool it 

in order to vary the concentration of water in the ~ntering hydrogen-gas 

stream. 

This experiment--demonstrating the simult~eous and independent 
I 

behavior of air and water in the entering hydrogen-gas stream--was very 

important because it refuted two arguments: 

a. Water was somehow adversely affecting the vffiG; 

b. Although oxygen could oxidize and remove hydrocarbon impurities 

that influenced' the atom yield from the discharge, water could 

not. l 

Further experiments to demonstrate that the effects of air and water on 

the atom yield from the discharge's were completely superimposable are 

described .in Sec. V.C.lO. 

10. Upstream Conversion of Oxygen to Water 

By this time, my excitement and mystification over the course of 

the experiments was understandably pronounced. I had·previously tried 

adding water (formed by the reaction of a stoichiometric low-pressure 

mixture of hydrogen and oxygen in a closed volume) to the pure hydrogen 

gas stream. The water produced in this fashion also had no effect on 

the atom yield. So, I was not· able to show by any of three different 
I ' 

methods that water had any eff~ct on increasing the yield of atomic 
I 

hydrogen from either a microwave or a 50-MHz discharge at a pressure 
I 

level of about 75 mtorr. 

The two different discharge methods that acted similarly made 

it possible for me to further examine the effect on the yield of atoms 

of varying ratios of oxygen and water. The concept of the experiment 

was simple:· add pure oxygen to the hydrogen gas stream,· con:vert the 

oxygen to water far upstream with one of the discharge methods, recom

bine the atoms produced, and finally, try to produce atoms with the 
R :-~ \ 
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Fig~ 72. Response of water-cooled WHG No. 1 (split diaphragm) 0.50 mtorr 
full scale) and WHG No. 2 (10 holesJ 0.62 mtorr full scale) to re
peated discharge pulses (small microwave-discharge cavity at 4% dial 
setting located 80 em upstream from the WHG) and the action of flush
ing air from the rotameter and water bubbler with a hydrogen-gas 
stream. These curves confirm Figs. 69 to 71 and demonstrate that 
the phenomenon is independent of the type of discharge used. P = 55 
mtorr and the time from (a) to (b) corresponds to exactly one hour. 
(right to left). (April 2J 1965) 
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Fig. 73. Response of non-water-cobled WHG (about 100 holes, 0.86 mtorr 
full scale) to the actions of (a) operating a microwave discharge at 
a 40% dial setting in H2 passed through a thoroughly flushed water 
bubbler, (b) adding some air to the H -H20 gas stream, and (c) 
operating the discharge (lafi, dial setiing) in the air-H2-H20 mixtu:te. 
The percent dissociation is (a) 0.05% and (c) 1.7%. These c~rves 
'again demonstrate that water has on effect on the yield of atoms 
from a low-press~re discharge. P = 80 to 90 mtorr H2 and t = 20 
sec/small div (right to left). (January 19: 1965) 
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downstream discharge located near the WHG port hole [Fi~67(b)l~- If my 
! 

previous results on the effect; of water and oxygen were valid, :then .the 

effect of turning on the far-upstream discharge vould be to gradually 

decrease the yield of atoms coming from the downstream discharge. The 

initial rate of this process would depend simply on how fast the resid

ual· oxygen in the large reaction tube No. 1 would be flushed out. By 

then turning off the far-upstream discharge, the atom concentration level 

would gradually increase to its previous level, again at a rate charac

teristic of the residence time of the water in the large reaction tube. 

At the same time, the ratio of the WHG response to water (in the 

absence of a discharge) and atoms (produced by a discharge) could be 

measured simply by turning the. far-upstream discharge on and noting the 

change in the WHG signal while the downstream discharge was off. This 

test assumed that all of the atoms produced by the upstream discharge 

recombined by the time they reached the wnG. 
The experimental apparatus, which was somewhat different thru1 

that previously used, consisted of (l) an upstream glass reaction tube 

and atom recombination tube consisting of copper tubing internally 

electroplated with nickel (Fig. 12), (2) the diathermy machine fitted with 

reflector "A" to produce the upstream discharge (Fig. 12), (3) the large 

magnetron magnet which operated in conjunction with the microwave dis-· 

!i charge, (4) reaction tube No. 1, (5) pure hydrogen from the Englehard 

hydrogen purifier, (6) oxygen gas from a known-volume bulb, (7) the 

same WHG as used for previous experiments, (8) the same large liquid

nitrogen trap used previously, (9) the McLeod gauge,· and (10) the Kinney 

KC-5 mechanical pump. The system was evacuated overnight and at all 

times when not in use with the portable diffusion-pump .unit. 

The experimental procedure was as follovs: Equilibrate the 

vacuum system with pure hydrogen gas; determine the atom concentration 

produced by the ·downstream discharge at a fixed power-level setting PD .. 

in the pure hydrogen gas; add the oxygen; redetermine the nev atom con

centration .. with the downstream discharge at the sarr..e power level setting, 

PD; turn off the· downstream discharge; turn on the far-upstream discharge 
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to a chosen power level, PU; determine the decay in the atom: concentra-

tion produced by the downstream discharge at power level setting PD; 

when the atom concentration is low, turn off the upstream discharge and 

observe the rise in atom concentration produced by the downstream 

discharge. 

In practice, the downstream discharge was pulsed for l minute at 

approximately 3 minute intervals. · The upstream discharge was either off 

or on continuously, and was cooled with a forceful blast of air. 

The experiment worked as planned. The conversion of oxygen to 

water by the upstream discharge reduced the yield of hydrogen atoms pro

duced by the downstream discharge (Figs. 74 to 76). The results enabled 

me to demonstrate that the strange water effect on the operation of the 

WHG was small compared to the response of the WHG to atoms (Figs. 71~ and 

75). 

I repeated the experiment with thE7 modification: t 1hat the downstream 

discharge was pulsed only twice, in order to minimize the conversion of 

oxygen by the discharge to water inside reaction tube No. 1. The results 

again showed that the upstream discharge was exerting a definite influ

ence on the atom concentration produced by the downstream discharge 

(Fig. 75). 

11. Decay of Atom Concentrations in Diffusion and Flow Tubes 

By this time, I had shown that oxygen or nitrogen increased the 

yield of atoms from a discharge, verified in four different ways that 

water.had little or no effect, and verified that the conversion of oxy

gen to water resulted in a continuously decreasing atom concentration. 

I had also demonstrated an air leak in the rotameter used for experiments 

to determine the effect of a '.catalytic probe on the atom-concentration 

distribution in a diffusion tube. 

I thus decided to show (a) that the conversion of oxygen to 

water in a diffusion tube produced the same type of decay curves observed 

for the catalytic-probe experiments mentioned above and described in 

Sec. VI, and (b) that such a conversion produced a smaller decay ~n a 

fast-flow system typical of that used for determining quantitatively the 

effect of oxygen and nitrogen on the yield of atomic hydrogen from a 

discharge. 
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Fig. 74. Response of wat~r-cooled WHG No. 1 (125 holes, 0.59 mtorr full 
scale) to the actions of (a) pulsing the downstream 50-MHz discharge 
(20% dial setting) in the presence of 0.9% o2J (b) turning the up
stream microwave discharge in the oxygen-to-water converter on. (15% -
dial setting)) (c) increasing the upstream power level to 70%) (d) 
shutting off the upstream discharge) and (e) demonstrating with a 
50-MHz discharge pulse that th~ atom concentr·ation has returned to 
its initial level at (a). The decrease in height of the 50-MHz 
discharge pulses between (a) and (d) demonstrates that the conversion 
of 02 to H20 far upstream gradually eliminates 02 from the system 
and reduces the yield of atoms from the downstream discharge. When 
the upstream discharge is turned offJ this effept is reversed between 
(d) and (e) and the atom yield increases as the; entering 02 displaces 
the accumulated H 0 from the reaction tube. P,. = 86 mtorr) v = 9 
cm/secJ a~d t = 2d sec/small div (right to le~t). (Februaryz6, 1965) 

.. , 
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Fig. 75. An experiment similar to that shown in Fig. 74. Points of inter
est on the recorder tracing are: (e) the atom yi,eld from the down
stream 50-M.Hz discharge in the presence of only 02: (a) the WHG re
sponse to tr;.e upstream microwave discharge in the o2 -to-E20 converter: 
(b) the atom yield from the 50-MHz discharge after H?O has displaced . 
part of the 02 in the reaction tube, (c) the convers~on of 02 to 
H20 by the 50-MHz discharge, (d) the decreased yield of atoms, and 
(a') the action of turning off the upstream disc~.arge. These curves 
demonstrate that the WHG measures atoms predom~mmtly instead of 
H?O and ·-~~at water has little effect on a lo'i:-pressure hydrogen 
dJ.schar~e,i, The measured time constant is l. 7 to 2. 4 times the 
theoretid~l value for the overall vacuum system of 170 sec (assuming 
rapid d:Hfusional equilibration of 0?. and H2o throughout the entire 
volume, which is estimated to be 16 liters, of the system). P = 86 
mtorr: v

2 
= 9 em/sec: and t = 20 sec/small div (right to left). 

(February 6, 1965) 
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Fig. 76. A recorder-chart tracing continued from/Fig. 75. After the 
. upstream microwave discharge is -tUr~ed off atl_point (a), the 02 

flushes the accumulated H20 from the system until the atom,concentra
tion produced by ·the downstream 50-MHz discharge once again reaches. 
its normal value [point (c)] •. The small signal between points (d) 
and (e) shows the effect of the upstream discharge when vz is de
creased by an unknOivn amount belo"tl 9 em/ sec. . The fact that this 
signal is smalle~ than that produced at point (a) indicates that 
both are due to atoms transpm:-t0d v:La convection and diffusion 
throug.1. the 45-foot long catoJ.ytic tub:Lng. Tl1e measured time constant 

·is larger than the,-theoretical time constant (170 sec) also. P-= 86 
mtorrJ vz ·= 9 em/sec and less) and t = 20 sec/small div (right to left)._ 
(February 6, .1965) 
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The results for the cases of diffusion,. slow flow, and fast flow 

are shown on recorder charts in Figs. 77 an'a 78 .. The curves conclusively 

show the cause of my troubles with the. catal_ytic-probe measurements: the 

air leak in the rotameter. 

These experiments demonstrated in another way the consistent and 

reproducible role of oxygen and water. This consistency and reproduci

bility was hard to explain in any other way. The contrary interpretation 

of these results based on some mysterious effect is somewhat improbable. 

12. Comparison of· Different Measurement Methods 

As the final experiment in this long and interesting series to 

elucidate the roles of water and oxygen in a low-pressure.hydrogen dis-· 

charge, I decided to check whether the WHG was operating correctly. I 

constructed a glass water-cooled thermocouple-probe assembly, consisting 

of a small concenser with a iron-constantan thermocouple soldered to a 
! 

piece of silver foil inside the vacuum system. The vacuum-to-atmosphere 

seal was made with epoxy and Glyptal (Fig. 1). Reaction tube No. 3, 
with two operating WHG's, was used for these experiments. The thermo-

couple assembly was attached between the two outer tubes with 0-rings and 

clamps [Figs. 9, ·~6, and 67(d)]. otherwise, the system was the same as 

before. 

I checked the simultaneous response of both WHG's, or the re

sponse of the upstream WHG and the thermocouple probe, to the cylinder 

hydrogen passing through the leaky rotameter and water bubbler in order 
) 

to get parallel atom-concentration decay curves similar to those men-

tioned and shown previously in Sec. V.C.9. 

The results, shown as photographs of the recorder-chart readings, 

(Figs. 72 and 79 to 81) were interesting but essentially as expected: 

.both WHG's, or the upstream WHG and the thermocouple probe, showed 

essentially the·same decay curves, indicatingthat they were responding 

to the same .quantity', despite the fact that in·the latter case one de

vice measured concentration and the other. measured atom flux. 

This experiment conclusively proved t?at, though not nece~sarily 

absolute, the WHG at least was totally reliable as a relative atom-con

centration me''~surement device. The experiment also showed in what ways 



-159-

Fig. 77. Re~ponse of water-cooled WHG No. 1 (125 holes; 0.59 mtorr full 
scale) to (a) the conversibn of 02 to H 0 by the 50-MHz discharge 
when the reaction t~be is ~sed as a diftusion tubeJ and (c) the same 
conversion process for a low-gas-velocity flow tube. These curves 
simulate the effect of an air leak in the hydrogen-gas rotameter and 
explain what ..,.,ras wrong ~-ri th the earlier catalytic probe experiments 
(shown in Fi.gs. 85 to 87). This conversion process again indicates 
that water has littl:~ effect in a low-pressure hydrogen discharge. 
P = 85 mtorr and t = 20 sec/ s.mall div (right to left). (February 6 J 

1965) .. 

)' 
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Fig. 78. Experiments similar to those in Fig. 77 showing the response of 
the water-cooled WHG to a higher velocity in the flow tube. Curves 
(a) and (b) no longer show the pronounced decay characteristic of 
curves· (a) and (c) in Fig. 77, indicating that the entering 02 quickly 
replaces the H20 formed by the 50-MHz discharge. This accounts for 
the staql:il;J..ity of the WHG signal in many of the recorder-chart tracings 
previou~JJ:f shown and also~ indicates that experiments to determine the 
recombi~~~ion coefficientiof atomic hydrogen on metals in a diffusion 
tube ma;1 be difficult to perform. P = 85 mtorr and t = 20 sec/small 
div (ri~t to left).· ·(February 6, 1965) 
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Fig. 79. Air-in-water-bubbler experiment showing the simultaneous response 
of water-cooled WHO No. 2 (10 holes, 2.40 mtorr full scale) and the 
silver thermocouple probe to pulsed microwave ·discharges while air 

· is flushed from the bubbler and the leaky rotameter by hydrogen cas. 
These curves conclusively demonstrate that the WHG is reliable as a 

.I 
relative atom-concentration measurement device and also that wate1· 

I 

has little effect on a low-pressure hydrogen d:i.scharge. The response 
of the thermocouple probe increases from (a) to (b), shows a peculiar· 

. behavior at (c), and then decreases more normally to (d). Since the 
WHG signal shows a smooth exponential decline between (a) and (d), 
the strange behavior of the thermocouple probe can be attributed to 
changes ~n the recombination coefficient of-the metal. These results 
emphasiz¢~:';the problems associated with the use of thermal detectors 
for mea~p~ing atom concentrations. P = 80 mtorr and t = 20 sec/small 
div (ri¢ht to left). (March 6, 1965) 

:v:-
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Fig. 80. , Curves sim;ilar to those in Fig. 79 illustrating the consistent 
behavior '.()f. the WITG and ·;;.ne strange behavior of the thermocouple 
probe, y{tich.actt:ally remains at a constant level between (a) and 
(b) whit~ the._WHG signal dec:-eases by 35%. The fact that the signals i 
from ooth measurement devices decline as the air is flushed from the 
bubbler and rotameter again demqnstrates that water is ineffecti'\he 
in this. syst~in. P =81 mtorr and t = 20 sec/small div (right to left). 
(March 6, 196?) 
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Fie. 81. Cur~es similar to those in Figs. 79 and 80 with the exception 
that the~.~Upstream small-diameter microwave cavity is operated con
tinuously rather than being pulsed. The conversion of oxygen to 
water appears to be accelerated by this action .. t = 20 sec/small 
div (right to left) .. (March 6, 1965) 
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\ __ _ 
the thermocouple probe was somewhat unreliable. For instance, in Fig. 79, 
while the WHG signal was steadily decreasing at the beginning, the thermo

couple probe was actually increasin&with the changes indicating that the 

large amounts of oxygen and atomic hydrogen present in the system were 

having definite effects on the recombination coefficient of the silver. 

This was also shown halfway through the decay pulses by trhe unexpected 

but temporary increase :tn the thermocouple signal. Thus thermocouple 

·probes and isothermal calorimeters should be operat'ed under prolonged and 

aging conditions, although not so prolonged that poisoning of the metal 

occurs. A judicious choice of metal and perhaps operating temperature . 

must be made. 

13. Subtle Factors and Mysterious Effects 

Having eliminated, at least in my opinion, the discharge, meas

urement device, source of hydrogen gas, source of water,· and the reaction 
I 

tube, from being responsible for the lack-of effect of water in increasing 

the yield. of atomic hydrogen from a low-pressure discharge, I stopped 

the experiments, began consolidating the recorder charts and data, and 

reread some of the more important technical papers on the subject. 

Consultations with several people familiar with such kinetic 

studies failed to produce any compelling reasons for further experi1nents. 

The diffusion pump was mentioned as a source of silicone or hydrocarbon 

impurities and the use of atomic nitrogen at several torr pressure was 

suggested as a method to clean the vacuum system.· This was tried, but 

it had no effect on any of the results. 

Therefore, except for subtle factors and mysterious effects, I 

had tried to do almost all possible exper.iments to prove that my initial 

result--that water had no effect--was wrong, only to show in a variety 

of ways why it had to be correct. Any future work that contradicts 

these results. must show explicitly what subtle factor or mysterious 

effect was operating in my system and in all·of my seemingly consistent 

experiments. 
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D. Discussion 

1. Use of Discharge Color as a Qualitative Indication 

of Atom Yield 

~----------

The use of the intensity of the discharge color or the Balmer 

lines as a qualitative indication of the atomic-hydrogen yield depends 

on the assumption that 

( H} * = k (H} ) 

, 
where {H} represents the ground-state hydrogen atom concentration, (H*} 
represents the excited-state hydrogen-atom concentration,; .and k is some 

proportionality constant between the- two. 

This assumption is not generally true. If there are several dif

ferent mechanisms for producing ground-state or excited-state atoms, the 

concentration of either the ground-state ~r excited-stat~ atoms in the 

discharge may easily be independent of each other. 

This can be demonstrated by the following five reactions (assumed 

for discussion purposes only), which are assumed to occur within the dis

charge zone: 

+ kl -l(-

H + e > H + H 
3 

k2 
2 

* H > H 

k3 -l(-

H + e > H + e 

OH + H 
k4 

H
2

0 + H > 2 
k5 

H > H2 wall 

* At steady-state conditions, the concentrations of {H} and (H } are 

. * 
{H} = 

k2{H } + k4(o~}{H2 } 

"~· 
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* :k3(HJ( e} 
(H } = 

'--·-··---·-· ___ ,_ 

With the proper choice of values for the rate cons!ants k1, k2, k
3

, k4, 

and k
5 

and for the species concentrations (e}, (H
3 

}, (OH}, and (H
2

}, 

the concentratiQns of ground- and excited-state hydrogen atoms can be 

made to be completely independent of each other. 

Thus, discharge color cannot be used as basis for refutation of 

my observation that water has no _effect on the atom yield from a low

pressure hydrogen discharge. 

2. Effect of 02 

Several reaction mechanisms can be proposed for converting an 

impurity of 02 in a low-pressure hydrogen discharge into atomic hydrogen: 109 

+ + 
n2. + 02 > H02 

+ H 

+ + 
H0

2 
+ H > OH + H

2
0 

2 
+: + 

OH· +-H 2' ~ > H + H
2

0 

+ ' I 
H > H :wall 

! 

.+ + 
OH + H2 > H_2o + H 

+ + 
H20 + H2 > H

3
0, + H 

+ 
H
3

0 > wall 
H 0 + H 

2 

+ + 
H2 + 02 > H20 + 0 

+ + 
H2 + 0 > OH + H 

0 + H 
2 ::> OH + H · 

OH + H 
2 > H

2
0 + H 
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From these predictions, it is easy to predict stoichiometrically values 

ranging from 2 to 6 for rfr./ro2' which is the ratio of the amount of atomic 

hydrogen produced to the amount of molecular oxygen initially added to 

the hydrogen-gas stream, complete conversion of 0
2 

to H
2

0 by the time it 

reaches the Wrede-Harteck gauge-assumed. 

My experiments at low o2-impurity concentrations indicated a 

ratio of 2. This value may be low for several reasons: (a) The molec

ular oxygen may not have been completely converted to the equivalent 

amount of atomi_c hydrogen (Fig. 63), (b) the WHG was not proven to be 

absolute and may easily have been low (Sec. v.c.6), and (c) some: of 

the atomic hydrogen may have recombined on the reactor-zone walls before 

reachi,ng the WHG. However, the meastirements did show that the effect 

of 02 (and also N2) was stoichiometric, and not catalytic! 

My experimental apparatus was not equipp~d to determine which of 

the reaction mechanisms proposed was the correct one, so ~ made no at

tempts to do so. To determine the correct one, I need· .· to answer sev

eral questions experimentally: 

a. What is the state of the oxygen impurity after it has passed 

through the· hydrogen discharge, i.e., is it in the form of OH 

or _H
2
0? 

b. What are the principal ionic species containing oxygen within 

the steady-state electrical discharge? 

c. 'What are the principal transient ionic species containing oxygen 

in a pulsed microwave or electrodeless discharge? 

Only such studies, which would use' a fast-response mass spectrO)neter, 

would give a definitive answer to the question of the mechanism. The 

techniques developed would be valuable for the study of other discharge 

systems as well, and_ generally would increase the .scientific interest 

in plasma chemistry. 
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3. Use of an Isothermal Calorimeter to Measure . 

Absolute Atom Concentrations 

The isothermal calorimeter, or more generally the thermal calor

imeter, is the most popular measurement device for determining the concen

tration of atomic hydrogen produced by low-pressure-electrical discharges. 

The calorimeter has usually taken one of three forms: (a) a tungsten 

filament heated from 100°C to 1000°C above the ambient gas temperature,70,77 

(b) a long coil of resistance wire initially at the ambient gas tempera

ture and heated only to about 100°C by th~ action of the recombining 

atoms,4S,Bl and (c) a water calorimeter employing a catalytic cavity or 

section of tubing which is usually maintained within several degrees of 
61 t)1e,f::ambient gas temperature. 

The steady-state atom concentration with de, ac, electrodeless, 

or microwave discharges measured by these calorimeters has been high. 

Shaw, and Bak and Rastrup-Andersen, using coiled tungstert filaments 

·from light bulbs maintained at temperatur~s higher than 700°C, reported 

atom yields in a flow tube of9r:Jl/o at 500 mtorr and 80'{o at 300 mtorr, 

respectively. 68 ,77 Bergh, in the most_recent paper on the subject, 

mentioned that the atom concentration (measured by a tungsten-wire . 

calorimeter at 150°C) produced by a rf discharge in a dtffusion tube 
- . . 81 ' 

at 200 mtorr was high. Other results ·typical of the 1930's, such as 
34 61 . 110 111 those of Amdur, Poole, Stelner, and Smallwood, fall in the 

10 to 94% atom-concentration range. 

With the notable exceptions of Jennings and Linnet,
64

'Browning 
8o 112 . and Fox, Hildebrandt et al, . and perhaps a few others, the .above . 

calorimeter results are the principal ones that te~d to refute my ex

perimental observations that water has no effect on the atom yield from 

anelectrical discharge. Each one of the above investigators used a 

water bubbler to increase the atom yield. 

If my results with water as an impurity are correct, then I 

must explain all high-atom-dissociation percentages previously obtained 

in 45 year~ of work with low-pressure atomic hydrogen as being due 

either to (a) the presence of.oxygen or other gaseous impurities besides 
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water, (b) the faulty mathematical interpretation ?f the diffusion- or 

flow-tube system, or (~) the faulty mathematical interpretation of the 

measurement device. To do this, I have directed my main attention to 

the thermal calorimeter. 

In order to use the frequently mentioned formula., 38 ,70 

R (i 
2 

- i 2 ) w 0 
F = ------------ (IV-1) 

4.18 D.H 

for the flow rate .F of atomic 'hydrogen (R is th~ resistance of the 

heated wire, i and i a~e the measured currents in the absence and 
0 

presence of H atoms, and D.H = 52 kcal/mole), the following four con-

ditions must be satisfied for the operation of the isothermal calor

imeter: 

a. The thermal accommodation coefficient.of the recombination 

energy on the catalyiic surface mu_st be unity, ll3i 

b. The diffusive contribution to the mass flux from the dis

charge must be small; 

c. The gas velocity must not be so large or the overall catalytic 
. I . 

efficiency of the calorimeter (which depends both on the re-
I 

combination. coefficient and the surface area of .the catalyst) 

so small that the calorimeter doesn't abstract all of the 

atoms; 

d. The presence of atomic hydrogen instead of molecular hydrogen 

must not alter the heat-transfer properties between the hot 

wire and the gas (by heat conduction) or the surroundings 

(by radiation). 

The fact that Eq. (V-1) has usually been used without qualification 

points to the fact that these four conditions have rarely been con

sidered. This observation alone made me feel that my unusual results 

were not so wrong as I initially suspected. 

For instance, consider the 80 and 90% dissociation values re

ported by Bak et al. and .bY Shaw. Conditions a and c, if not satis

fied, would tend only to increase this value, as would d if the effect 
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4 • 

of atomic hydrogen would be to lower the emissivity of ~ne-tungsten wire 

or lower the effective heat conductivity between the wire and the gas. 

Only condition b, if not properly satisfied, would lower the above per

centage figures. Such a situation "would result in impossible values 

of D, the percent dissociation."70 

The mathematics of the diffusion- and flow-tube systems relevant 

to conditions band c have already been derived in Sec. IV., Cases A 

and H to J. In these cases, the concentration of atoms at thedis-

charge-zone- reactor-zone boundary was assigned the value c10, and the 

derivation was made under the assumption that there was no loss of atoms 

to the cylindrical walls (Fig. 82). 

Reinterpreting Eqs. (IV-51, IV-142, IV-149, and IV-152) by sub

stituting the correct physical quantitie.s for the dimensionless groups 

7/i, '1/1
0

, s 1 , and f3 [Eqs. (IV-44, IV-:46, IV-48, and IV-143], we obtain the 

following results: 

DIFFUSION TUBE with highly catalytic 

D12 
31s = L clo 

end-plate ('1/J = 

oc
1 

· 

Dl2 dz 

o.at A = 0): 

(V-2) 

DIFFUSION TUBE with end plate of recombination coefficient 'Y 1 
( 2 >> 'Y 1

): 

(V-3) 

.FLOW TUBE with highly catalytic wire mesh ('1/1 = 0 at A= 0): 

(V-4) 

FLOW TUBE with wir~ mesh of recombination. coefficient 'Y 1 (2 >> 'Y 1
): 

v 
z 

z + 1 
[
4v ] 
'Y 'Vl . 

(V-5) 
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. ~ - Diffusion or 1('1 
H2 ~----~~~~~--------f-lo_·w __ tu_b_e __ ~--------.~~~.~~ 

Isothermal 
colorimeter 

MU-35730 

Fig. 82. Schematic drawing showing an isothermal calorimeter located in 
a low-pressure reaction-tube system. 
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where ~sis the molar flux.of atoms to the catalytic surface (in 

atoms/cm
2
-sec), D12 is ·the binary diffusion coefficient for atomic hydro

gen in molecular hydrogen, vl is the average velocity of the hydrogen 

atoms, L is the distance from the discharge to the end plate or wire 

mesh, and vz is the gas flow velocity in the flow tube. Equations (V-4) 

and (V-5) correctly simplify to Eqs. (V-2) and (V-3), respectively, in 

the limit of small vzL/D12. The quantity vzL/D12 is particularly 

significant since it is the ratio of two important rates, 

v L z 

Dl2 

_ rate or atom convection from the discharge. zone 
to the catalytic surface = --~--~~~~~~~--~--~~~~~----------rate of atom diffusion from the discharge zone 
to the catalytic surface 

(V-6) 

In practice, jJ1 dA', the rate of atom recombination on the 
s ' I 

thermal calorimeter, is the qu~nti ty measured, and .100 c1 / c, the per-
. <? . 

cent dissociation, is the quantity calculated. Therefore; for a dif-

fusion tube with a highly catalytic end plate, 

% dissociation 
cl 

= 100 ___£ = 100 
c 

JJ· dA' ls 

:::: -100 

rate of atom recombination 
on the thermal calorimeter 

2 TI_R (D12 )/L 
(V-7) 

With vz substi~uted for· D1JL, Eq. (V-7) corresponds exactly to 

Eq. (El). The term A' is the area of the catalytic surface, and A is 

the cross-sectional area of ~he diffusion or flow tube. Schulz and 

LeRoy made a similar type of .derivation for a flow tube in which atoms 
41 

were lost by a first-order reaction in the gas phase. 

Therefore, Eqs. (V-2) to (V-5), modified to appear like Eq. (V-7) 
are the generalized equations for the operation of thermal calorimeters 

in the absence of atom recombination on the reactor-zone walls. The 

equation co~only used to compute atom dissociation percentages [Eq. (V-l)] 

is oversimplified and is useful only when the flow velocity v is much z 
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greater than the diffusional velocity . D1/L, ·and the flo'" velocity is 

sufficiently slow or the calorimeter sufficiently"active so that the 

quantity 4vz/~'v1 is much less than 1. 

As an example of the use of these equations, consider the system 

of Bak and Rastrup-Andersen and assume that c
1 

= 0 at their calorimeter. 

On the basis of the values v = 150 em/sec and L = 18 em given by these . z 
authors and 3300 cm2/sec as the diffusion coefficient,3l 

vL 
_z_ = 0.82 
Dl2 

This immediately indicates that their system was intermediate between a 

diffusion tube and a flow tube. The more correct atom concentration, 

calculated ·f;rom:Equation. (V-4) .. is 45% instead of the value of So% 
calc.ulated from Eq. (V-1). The calculated concentration actually is 

i 

higher, since the value of v = 150 em/sec was calculated with the asz 
sumption of no atom dissociation. Bak and Rastrup-Andersen also noted 

' 
that when L = 25 em, the percent dissociation was 65%. The ratio of 

their two percentage values, 65/80 =; 0.81, is close to the ratio com

puted for the two values of L with Eq. (V-4), 0.82. If th~ tungsten 

calorimeter were situated 6 em from the .discharge, the calculated 

percent dissociation from either Eq. (V-1) or (V-4) w6uld exceed the 

absurd value of 100';(,. 

In the case of Shaw's experiments, the dimensionless group 

v zL/D12 was much greater than one,; so his use of E'q .. (V-1) was justi

fied on the basis that his triple-filament calorimeter abstracted all 

of the atoms. 

In summary, it is clear that the inclusion of mass transfer 
' 

from the discharge to the calorimeter by diffusion fails to ~xplain the 

high-atom-concen:tration values of the two cases cdnsidered. Since it is 
• I easy .·to :make .':, either of the percentage f~gures absurd, the whole 

measurement technique must be suspect. 
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Wise attempted to measure the energy-accommodation coefficient 

for the recombination of hydrogen atoms on variou.s metal filaments at 
. '113 

elevated temperatur~s. He observed a value. of approximately 0.8 for 
. 0 

tungsten between 443 and 773 K. Although I will not vouch for the val-

idity of his results, the' point he made is pertinent to this discussion. 

The application of the factor of 0.8 would only increase the absurdity 

of many of the i_sothermal calorimeter results of Shaw, Bak and Rastrup

Aridersen, and others. 

Condition d, given several pages previously, is the most dif

ficult for me to estimate quantitatively. According to Eq. (1.140) in 

Dushman, the free-molecule heat conductivities of atomic and molecular 
102 

hydrogen are about the same. Therefore the presence of atomic hydro-

gen can lower the effective thermal conductivity from the wire to the 

gas only if the accommodation coefficient for atomic hydrogen is less 

than that for molecular hydrogen. By com~aring the acco~odation coef

ficients for helium and molecular hydrogen, we can easily see that atomic 

hydrogen probably does have a lower thermal accommodation coeffic~ent. 114 
The action of atomic hydrogen on the tungsten calorimeter may also be to 

clean the surface and lower the emissivity. 

These arguments point to one conclusion: The hotter the tung

sten wire is, the more power is involved in sustainin~ its temperature, 

· and the easier it is for small changes in the state of the metal or the 

local environment to s.imulate large atom concentrations. Only at low 

wire temperatures can this problem be minimized. 

With the assumption of an idealized flow tube, my order of 

preference of thermal calorimeters for the measurement of atom con

centrations is: (a) a water calorimeter maintained near the ambient 

gas temperature, and (b) a long resistance wire initially maintained 

at the ambient gas temperature, but heated above it in the presence 

of atoms. A hot tungsten filament maintained at a high temperature 

is not applicable· for this measurement. 
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Finally, :.the ·mathematics developed earlier can also be applied 

to the recent publieation of Bergh.
81 

With L =
2

10 em, D12 = 5000 cm
2
/sec 

at. 200 mtorr, a cross-sectional area of 3.14 em , and the loss of atoms 

to the Teflon-coated glass walls assumed negligible, the atom concentra

tion c1 at the discharge-zone boundary of his diffusion tube is only 
0 . 

2.1% [from Eq. (V-2)]. 

Bergh showed experimentally that water had nd poisoning effect on 

phosphorous-coated Pyrex, Teflon-coated Pyrex, quartz rinsed with HN0
3

, 

Pyrex rinsed ~ th HN03' Pyrex ~insed with HF, or Pyrex coated with dry 

film. .The feature of these experiments which is significant for my own 
I 

results is the low atom concentration produced by such a high expendi-
1 

ture of energy-typically 5oo W •115 

4. Effect of the Glass Walls 

One of the boundary conditions in Case K of Sec. II must be 
I 

altered before Eq. (IV-153) can be used to· describe my apparatus. 

Instead of a thermal calorimeter, I used a Wrede-Harteck gauge, so the 

boundary condition must be 

1/J = 0 at A. = - oo (V-8) 

With this boundary condition, the solution of (II-153} changes from 

(II-155) to 

7}!_ = e -(n-t3)z/2R 
1/Jo 

The following parameters were typical of my experiments: 

75 em/sec 
4 2 

v = Dl2 = 2.3 0 10 em /sec z 

R = 1.9 em 'Y = 10-3 to lo-6 

vl = 2.6 0 105 em/sec z/R = 10 

(V-9) 
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and are the same values suggested for such calculations by Tsu and 

Boudart. With these quantities,. t3 = 0.0062 and 1-l = 10, 30, 100, and 

300 for~ = lo-3 , lo-
4, l0-5, and l0-6, respectively. Since l/1-l >> t3 

for most of the values of -y, Eq. (V-9) simplifies to 

This ratio has values of 0.37, 0.72, and 0. 91 for '1-l: = 10, ,30, and 100, 
I 

respectively. / 

My experiments led to the unmistakable conclusion that water, 

in my apparatus and under my experimental conditions, did not influence 

the yield of atomic hydrogen from a low-pressure discharge. I tried 
I 

·hard in several different ways to demonst~ate such an effect, but never 

succeeded. The interesting question that arises is: Is this result 

generaU 

The low yield of\hydrogen atoms appears to be a kinetic prob

lem associated with the low rate of production of atomic hydrogen in 

the discharge zone~ and not a problem determined by the.location and 

magnitude of the sinks in the diffusion or flow tube. This can be 

demonstrated mathematically. 

Consider Eq. (V-100) for the atom concentration at the discharge

zone--reactor-zone boundary. · This equation. can be simplified by the 

experimental use of a Teflon end plate (~' is very large) located sev

eral tube radii from the discharge zone (L/ ~ is small). The walls 

throughout the reaction tube are made of Pyrex or qu.artz glass, and 

o . is assumed to be equal to 1-l, the dimensionless group associated 

with the recombination of atomic hydrogen on glass. Equation (IV-100) 

simplifies first to 

cosh L/~ (Y-11) 
sinh L/1-lR 
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and then to 

} (V-12) 

which is similar to Eq. (IV-114)~ Since the steady-state atom concen

tration is small (~ = 0.001), Eq. (V-12) reduces further to 
0 

} (V-13) 

where R is the radius of the reaction tube, -y is the recombination 

coefficient for atomic .hydrogen on glass, vl is. the average velocity for 

art atom of hydrogen, and k'
0 

is the first-order rate constant for the · 

production of atomic hydrogen in the discharge (with units of sec-1
). 

By means of Eq. (IV-43) and ~0 ~ (H}/(H~}, Eq. (V-13) can be converted 

entirely to the kinetic notation 

k' 
(H} o ( } 

= kls H2 . (V-14) 

where kls 
-1 is the first-order rate constant, in sec , for the recombin-

ation of atomic hydrogen on glass. Equation (V-14) corresponds to the· 

reaction mechanism 

where 

k 
H
2 

+ M Og ~ H + MH 
k 

H ls ~ H2. 
wall 

k I 0 = kOg {M} ' 

and M is some atomic, ionic, or molecular species. 

(V-15) 

One surprising observation about an electrical discharge in 

pure hydrogen was that no more than Q.ltf, atomic hydrogen was produced 

with at least 25 W (and maybe more) of absorbed rf or microwave po•rer. 
' + The ionic speq~es H

3 
is commonly found in such discharge plasmas ·and, ,. 

when created ~d destroyed, must form a minimum of two atoms of hydro-
(r + 

gen per molecule of H
3 

. . The rate constant for the reaction 
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+ H 

. -9 3; 116-118 is between 2.1 and 2.9 · 10 em molecule-sec, 

In my experiments, the mole fraction of atomic hydrogen from a 

discharge "in pure hydrogen w~s 0. 001, the reaction-tube radius was about 

1.9 em, the average velocity of the hydrogen atoms was about 2.6 · 105 

em/sec, and the recombination coefficient for the atomic hydrogen on 

the Pyrex surfaces was probably2.8 · 10-3. 8 From Eq. (V-13), k' is 
-1 +0 

calculated to be 0.19 sec . With the assumption that (M} = (H
3 

}= 

108 ions/cm3, Eq. (V-15) indicates that kOg = 1.9 · 10-9cm3/molecule

sec, a result close to the rate constant for the ion-molecule reaction 

given above. This close agreement between the two values is fortuitous, 

in view of the simplifications made to Eqs. (IV-100) and (V-11) and the 
. + 

uncertainty in the values of (H
3 

) and (H)/(H2 ) chosen for the calcula-

tions. These results are suggestive, tho~gh, and make the low yield of 

atomic hydrogen from a discharge in pure molecular hydrogen appear more 

understandable and reasonable. 

Equations (V-13) and (V-14) help to explain the difficulty of 

previous investigators in·trying to distinguish between gas- or surface

phase effects when H20 to o2 was added. If only the increase in the 

steady-state atom concentration by the impurity gas is measured, the two 

effects· cannot be separated, except perhaps by the time constant of the 

change in atom concentration. Other experimental evidence, however, 

indicates that water does not poison the glass walls of a low-pressure 

reaction tube. 

Equations (V-13) and (V-14) also indicate that if the reaction

tube walls are inactive and if a nonperturbing measurement device is 

used (this eliminates thermal detectors)--i.e., if ali atom sinks in 

the system are eliminated or minimized--the steady-state atom concen

tration in a diffusion or low-velocity flow tube would be considerably 

higher than 0.1%. Therefore, the results of investigators who have 

measured high percent dissociation figures for hydrogen discharges in 

the presence df water cannot be immediately used to refute my observa-
·~ 

tions that ws:ter has no effect. Many of them have not shown defini-

tively that water was the cause of their high measured atom yields. 

' . ~-

:rr7 
iY'ill 
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As an example, Shaw showed that "sattirating" eonunercial tank 

hydrogen with _water vapor increased·' the yield of atomic hydrogen meas

ured with an isothermal tungsten calorimeter from 34 · l0-6 moles/sec 
6 ' ' 

to only 41 · 10- moles/sec. Research-grade hydrogen containing a 

maximum impurity content of 0.15% N2 and o.oo2% 0~ gave a yield of 

12 · l0-6 moles/sec,which decreased during the codrse of the experi

ment and indicated "a possible clean·~up of impurities in the system." 

The conunercial tank hydrogen passed through a "Deoxo" unit and a liquid 

nitrogen trap ~ave a yi~ld of l · 10-
6 

moles/sec. Shaw also indicated 

that oxygen might have influenced the rate of production of hydrogen 

atoms directly, since it was not removed in the line by a silica-gel 
. 70 

tower, which removed water from the conunercial-tank-hydrogen gas stream. 

The different behavior of o2 and H2o in my hydrogen discharges 

is difficult to "explain" kinetically (in fact, it is much more difficult 

to explain that the similar behavior of the two compounds'). The rate 

constants for the following comparative pairs of reactions are in each 

case similar, so I cannot use them as a basis for any explanation: 

+ I.P. = 12.5 eV; 

~02 + e ;::::. 02 + 2e 10-.16 2 at' 75 ev119 
Qi 2.5 . ·Cm 

+ 
+2e 12.6 eV; 0 + e ;::::. H2~ I.P. :::: ': .. '. 

2 ! . -16 2 
75 eyl19 

Qi :::: 2.9 • 10 em at 

{ ~+ 
+ i 

.10-9 · cm3 118 
I 

k = 7.6 or 9.6 + 02 ;::::. H02 
-i"H 

molecule-sec 
+ 10-9 cm3/molecule-sec 118 

H2 + H
2

0 ;::::. H
3

0 + H k ~ 3 • 

{ + 
* * lo-7 cm3/molecule-sec 120 

02 + e ;::::. 0 + 0 k PJ 3 . 
H

2
0+ * * 10-5 cm3/moleeule-see 120 + e ;::::. H + OH k"' 

{ 02 + e ;::::. 0 - + 0 Qi 1.3 10-18 2 
at 6.7 eV121 . em 

H'"O + e ;>H - + OH Qi 7.0 io-18 2 
at 6.5 eV121 = em 2 
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These comparative pairs seem.to eliminate most of the simpler reaction 

mechanisms I have previously proposed. They illustrate the danger of · 

speculation about a complex system such as a low-pressure electrical 

discharge. 

The conversion of the oxygen impurity to atomic hydrogen and 

water in the hydrogen discharge proceeds according to the formula 

-k(N}t 
e ' (V-16) 

where k is the slow-step second-order rate constant of o2 reacting 

with N, and inay be an atom, molecule, ion, electron, or excited species, 

0 + N k(slow step)~ 
2 H2 discharge 

where n is an .:.integer (probably between 2 and 6) characteristic of the 

stoichiometry of the reaction mechanism. In my large-diameter Pyrex · ... 
reaction tubes, this conversion process may have occurred entirely in 

the 2- or 3-cm discharge zone.or, after formation of excited but not 

ionic species in the discharge, in the reactor zone. For the latter 

process, the reaction may· have even taken place-downstream from the 

WHG to produce atomic hydrogen, which then diffused back and was meas

ured. 

One pitfall in describing such processes is that the use of 

v and a chosen length does not characterize the residence time in z 
the chosen region in low-pressure flow tubes. The flow velocity v .• z 
is usually much smaller than the effective diffusional velocity n12/L. 

The mathematics of such a situation, which is analogous to Cases C to 

F in Sec. III, will be derived at a later date. 
. 2 . . 

If 5000.cm /sec is chosen as the binary-diffusion coefficient 

typical of atomic or molecular oxygen or some oth~r : nonionic but per

haps excited species at 75 mtorr of hydrogen, the effective residence 

time in a 2.5-cm discharge zone or a 50-cm reactor zone is 1.25 and 



;.181- '. 
I . 
L.....:------.. ------~·-·---------

500 msec, respectively. The effective diffusional ve.locity for the 

discharge zone is dependent on its length but independent of the cross- · 

sectional area of the tube~ 

With the assumption that 50% of the o2 is conve~ted to atomic 

hydrogen and water, Eq. (V-16) simplifies to 

k ( N} t ln 0. 5 = 0. 693 : (V-17) 

or 

(N} ;_ .. (V-18) 

where (N} is calculated from the residence time t and the assumed 

slow-step second-order rate constant k. Table IV shows the result of 

these calculations. 
I 

For Case A, in which the reaction-is entirely in the discharge 

zone, it is unlikely that there are so many electrons or ions reacting 
. -8 3 

with a rate constant of 10 em /molecule-sec. It is 

that excited species are present With a concentration 

species/cm3 (0.23%) and react with a rate constant of 

cule-sec. 

remotely possible 

of 5.5 · 10
12 

10 ' 3 
10- em /mole-

For Case B, in which the reaction is primarily in the reactor 

zone, it is very possible that excited species, present in concentrations 

between 1.4 • 1010 species/cm3 (0.00058%) and 1.4 ·1012 species/cm3 

(0.058%) have rate constants between 10-lO and lo-12 cm3/molecule-sec. 

Thus the suggestion of Wise, Ablow, and Sancier may be applicable for 

this case, though probably for a different species.
8 

A likely reaction 

is 

' 

which is exothermic by 44.6 kcal/mole and has been observed to occur, 

by Neuimin~and Popov, at pressures of 100 mtorr with an activation 

energy of les~ than 1.4 kcal/mole. 
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Table IV. Actual and predicted species concentrations 
in a hydrogen-discharge system at 75 mtorr. 

Assumed k (slow step) 

(cm3/molecule-sec) 
I 

Calculated ( N} · 

(species/cm3) 

A. Reaction to convert o2 to ~tomic hydrogen and H20 only in discharge 
zone ' 

l0-8 5.5 1010 

l0-9 5.5 lOll 

10-:10 5.5 . 1012 

10-11 5.5 • 1013 

B. Reaction of o2 in discharge zone to produce excited species, which 
then react slowly over a long distance in reactor zone 

10-9 1.4· 109 I 

10-10 . 1.4 . 1010 

10-11 1.4 loll. 
. -12 

10 1.4· 1012 

10-13 1.4 1013 

c. Typical concentrations of atomic,: molecular, and ionic species at 
75 mtorr 

H2 2.43 . 1015 

1% 02 2.43 • 1013 

'2$H 4.86 . 1013 

Electrons 1oe to 1010 

Ions 10
8 

to 1010 
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From the tenuous arguments given here, it /does seem that the 

action of 02 in increasing the yield of hydrogen atoms from a low

pressure discharge is primarily gas kinetic rather than ionic. The use· 

of a fast-response mass spectrometer, as suggested previously, may do 

a lot to solve this problem. 

To conclude this part, I will not say that water has no effect 

in all low-pressure hydrogen-discharge systems, since I may have missed 

a very subtle but extremely important factor. However, I.have made 

every reasonable effort to find this factor--without any suc9ess. I 

have checked the measurement technique, gas source, impurity source, 

type of discharge, and discharge power level, and have operated at pres

.sures near those at which results for the effect of water have been 

previously found. Perhaps the only two remaining items are the state 

of the glass surface, which I didn't change often, or the presence of 

hydrocarbon impurities from the pumps. I . have not been able . to stretch 

my imagination to account for how either of these two items could in-

.fluence the behavior of water but· not of oxygen, both gases being 

present at ttie same time. 
I 

I suggest that these experiments be carefully repeated, perhaps 

with modifications as individual tastes or budgets require, to again 

show whether water does or does not have an effect on.the hydrogen-

;· atom yield. Despite the wealth of conflicting evidence, I ivill stick 

to my results--at least for my experimental system--until proven wrong. 

If this never happens--and the results are shown to be correct--I would 

like to know why so many people have been led astray during ~5 years of 

work with atomic hydrogen in low-pressure systems. Just. like the recent 

demonstration of noble-gas compounds,· it would indicate that old taboos 

and practices can still be occasionally overturned. 
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E. Conclusions 

1. The presence of small amounts of H20 iri a hydrogen discharge at 75-
mtorr pressure did not influence the yield of atoms. 

2. The presence of small amounts of o2 in a hydrogen discharge at 75-
mtorr pressure produced a minimum of two atoms of atomic hydrogen 

per molecule of o2 . At higher 02 concentrations, saturation occurred 

and the atom yield per molecule decreased. 

3. The presence of small amounts of N2 in a hydrogen discharge at 75-
mtorr pressure produced a minimum of 3 atoms of atomic hydrogen per 

two molecules of N2 concentrations, saturation occurred and the 

atomic-hydrogen percentage never increased beyond 3%-
4. The behavior of H20 and 02 in these experiments was independent of 

the atom-measurement technique, the source of hydrogen, the source 

of 02 or H20, and the discharge-produqtion method or ~ower. 

5. Molecular oxygenmay increase the yield of atoms from a low-pressure 

hydrogen discharge by a slow-gas-kinetic rather than a fast ion

molecule reaction. 

6. The intensity of the Balmer lines or the discharge color is not a 

reliable qualitative indication of the atomic hydrogen yield. 

7. A cyclotron-resonant microwave discharge, employing a diathermy 

unit, microwave cavity, and a large magnetron magnet, is a convenient 

device for producing an.electrical discharge in a low-pressure sys

tem with microwave powers as low as 250 mW. 

8. At low pressures, the residence time of an atom or molecule in a 

given length L 'is usually characterized by the effective dif

fusional velocity D1~L rather than the convective velocity v
2

• 

9. For an isothermal calorimeter to be used in the·measurement of 
: 

absolute atom concentrations in a low-pressure 'system, both the 
! 

diffusive and convective flux of atoms must be known, the presence 

of the atoms must not alter the rate of heat loss from the calor

imeter, most of the atoms ·produced.must recombine on the calorim-

.. , ·,. eter1 and ·\the ·thermal-accommodation coefficient of the recombination 
j 

energy must be equal to unity. 
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VI. EFFECT OF A CATALYTIC PROBE 

I . 
'--· 

ON THE ATOM-CONCENTRATION DISTRIBUTION IN A DIFFUSION TUBE 

A; Introduction 

In 1961 Tsu and Boudart raised some questions concerning the 

results and experimental technique used by Wood and Wise to measure 

the recombination coefficients of atomic hydrogen on various metals. 30 

In their preliminary report, these latter authors listed the value of 

the recombination coefficient (which averaged about 0.16 within l00°C 

of room temperature) for 13 different metals: Ti, v, Cr, Mn, Fe, Co, 

Ni, Cu, Pd, Pt, Ag, Au, and Al.
4 

To obtain these results, they moved 

a Pyrex-covered thermocouple coated with the catalytically active metal 

along the axis of a diffusion tube, measured the change in temperature 

of the thermocouple as a function of its distance from a source of 

atoms, and then computed the recombination coefficient of
1
atoms on the 

probe with the help of a theoretical model.which assumed that (a) the 

atom concentration at the atom source (the discharge boundary) remained 

constant throughout the experiment, and (b) the thermocouple probe sim

ulated a disk-shaped end plate which occupied the entire cross-sectional 

area of the tube. Their apparatus.consisted of a cylindrical water

jacketed Pyrex side arm closed at one end and at the other joined per

pendicularly to a discharge tube (in which hydrogen gas was dissociated 

into atoms by a 17-MHz radio transmitter). 

Tsu and Boudart questioned both assumptions and explored the 

possibility that the. lack of catalytic specificity was the result of 

the experimental technique used in.the determination of the recombina

tion coefficients. They definitely improved the theoretical description 

of diffusion and flow tubes by treating the discharge and reactor zones 

separately. As a consequence, they demonstrated that the atom concen

tration at the discharge,..zone boundary (which Wood and Wise had assumed 

to be constant irrespective of the location of their probe) was dependent 

on (a) the volume rate of production of atoms in the discharge zone 

(which they assumed to be. of infinite length), (b) the surface-phase 

j. 
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atom-recombination rates (which they assumed to be identical) on the 

discharge- and reactor-zone walls, and (c) the catalytic-probe recombin

ation rate (which was determined by the probe's distanc~ from the atom 

source, its recombination coefficient, its surface area, and its geom

etry). 

In two subsequent papers on the ki-netics of hydrogen-atom re

combination on metal surfaces, Wood and Wise gave the results of several 

experiments that they felt demonstrated that "the atom density of an 

atom source remains essentially constant during the course of an experi-
, t ,12,14 

men : 

a. A tenfold increase in the absolute atom concentration did not 

affect the relative atom density profile in the diffusion tube, 

b. Changes in the radius of the diffusion tube affected the meas

ured value of ~' according to their theoretical predictions, 

c. Changes in the total pressure affected the value ~f ~' according 

to their theoretical prediction, 

d. A filament traverse of the region near the atom source· in the 

flow tube indicated a uniform atom concentration up to the 

juncture of the side arm of the discharge, 

e. The measured activity of the Pyrex walls at small values ~f L/R 

agreed well with the measured ac"tivity at large values of L/R, 

f. The reading of one probe located in a side arm was not affected 

by the .movement of a second probe located in another side arm 

and separated from the fir~t by the discharge zone, 

g. The.use of two probes--one a tungsten wire located very near 

the atom source and the other a movable nickel wire located 

further away from the discharge--demonstrated that mov<;ment 

of the latter didn't affect the reading of the former, 

h. The relative hydrogen-atom concentration at a given dist~~ce 

from the atom source--measured by ESR as a function of the 

position of a tungsten probe--was in "excellent. ·agreement ... 

[with] theoretical data."
14 
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Tsu discounted items a, b, c, ·and e on the basis that (a) there 

were always three unknowns in the a~ove experiments c~2 , ; ·, and ~~dA~~~0 ), 
(b) a largerange of parameters co'uld fit the nonlinear theoretical model, 

and (c) Figs. 4, 5, 6, and 7 we:r;"e ''not compatible with the scatter of 

the data as shown in Fig. 8" of Ref. 32. 

Tsu also made calculati.ons on item f_to show that the perturba

tion from one probe does not usually reach beyond a distance greater 

·than several tube radii, and final+y stated that in item d it would be 

difficult for one to measure a discharge perturbation with a device that 

might have caused the perturbation_itself. 32 

Westenberg indicated that crude experiments in which a nickel 
. 

screen was used in the presence of atomic oxygen did show some sort of 

perturbing effect ,.,hen the nickel was closer than 120 tube radii to the 

discharge, but he did not take a definite stand orl the subject.
14 

Scllofield, using a method similar.to that developed by Smith, 1 

measured hydrogen-atom recombination coefficients (at room temperature) 

of 3 · 10-2 for vapor-plated gold, silver, and copper; l · 10~3 for 

vapor-plated aluminum; and 5 l0-
4 

for aluminum foil (Wood and Wise 

obtained values of 0.10, 0.13, 0.19, and about 0.3 for the recombina-

_tion coefficient of atomic hydrogen on Au, Ag, Cu, and Al, respec

tively).29 Schofield noted the discrepancy between his results and 

those of ~cod and Wise (thermocouple probes) and stated that (a) an 

end plate clo~ing the cross section of the tube was not a realistic 

model for a thermocouple probe, and (b) he did not see how observed 

values of ; ' could be related to the recombination coefficient~· for 

the metal surface coating the probe. 

In the same laboratory four years later, Dickens, Linnett, and 
. -2 6 -4 

Palczewska reported values of 10 and. • 10 for the hydrogen-atom 

recombination coefficients (at. room temperature) on Pd and Au foils, 

respectively.! They extrapolat:ed Wood and Wise's (W and W) high-temp

erature data for Pd-Au alloys ~o room temperature (obtaining a value 

of 8 · 10-~ for either metal) ,i ignored W and Vl' s thermocouple-probe 

data for the ~ure metals at room temperature (0.20 for Pd and 0.10 for 

Au), and attrfbuted the discrepancy between their data and Wand Vl's 
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high temper~t~e values to the different physical conditioning and an

nealing treatment of the alloys and to hydrogen saturation of Wand W's. 

metals. 25 

Only Bergh has treated the recombination-coefficient data 

t
. l 81 . cau ~ous y. 

B. Theory 

As a consequence of studies of atomic hydrogen at· low pressures, 

an opportunity occurred to rederive and refine the derivations for the 

atom kinetics within a diffusion tube and to test one of their implica

tions experimentally. From the calculations, Tsu and Boudart's results 

for the concentration at the discharge boundary ~ were changed from 
.o 

(IV-98) 

to a more complicated expression with (a) the assumption that the rates 

of atom recombination on the discharge- and reactor-zone walls were dif

ferent (mathematical consequences: cr~2 changes to d5 2 and the denomi

nator becomes more complex)j (b) the statement that the rate of atom 

production in the discharge is proportional to the mole fraction of the 
. 2 
molecular hydrogen present [mathematical consequences: o5 changes to 

cr• 2 5' 2 and 5'. 2 
=. 52/(l + cr' 252)]j (c) the assumption that the discharge 

zone has a f~nite length M (mathematical consequence: 5' changes to 5' 

coth M/5'R)j and (d) the assumption that the end plate is an annular

ring composite catalyst consisting of an inner disk of recombination 

coefficient ~· and reduced radius K and an outer annular ring of neg

libible catalytic activity (mathematical consequence: 5 ' changes to 

~ '/ K2 ). 

These results agree with previous ones, 30 i.e., a change occur

ring in the discharge zone affects only the absolute but not the rela

tive atom concentrations, but a change in the end plate affects both the 

absolute and the relative atom concentrations. The previous argwnents 



l •' l . 
L...: _______ _ 

thus ar~ bett~i.restated in the following way:- the steady-state atom 

concentration at a particular point within a diffusion tube is not fund-· 

amentally constant, but instead assumes a value determined by the magni

tude · and location of ail the sources and sinks present within the 

system. 

If a catalytic probe is highly active (~' > 0.1), the deriva

tions unequivocally state that the probe's size and location affect the 

atom concentration at the discharge boundary. Even if the end plate is 

extremely inactive (~' >> ~), moving the plate closer to the discharge 

as much as doubles the. atom concentration at the discharge boundary. 

All previous derivations, including the present one, do not 

account for the fact that an isothermal calorimeter or thermocouple 

probe does not completely close the cross-sectional area. A proper 

theoretical derivation would probably show that the atom concentration 

at the discharge boundary and the relative atom concentra~ion profile 

are both dependent on this "closure" factor. 

C. Experimental Results 

In order to .answer the questions raised by Tsu and Boudart, I per

form:ed, the following experiment: place an atom-concentration-meas-

i: urement device (a Wrede-Harteck gauge) at the discharge boundary and 

determine if the location of a hot-wire calorimeter or thermocouple 
' 

probe of the same size used by Wood and Wise perturbs the measured 
' ' 

atom con~entration (Figs. 82 and 83). Figure 84 shows schematically 

the difference in behavior predicted by Wood and Wise (no change). by 

Tsu and Boudart (a straight line), or by the present results (a curved 

line). Since Wood and Wise performed their experiments close to the 

discharge zone (L/R >> 12)-a region where the devi:ation .between the 
' ' f· 

three theor;tes 'is quite pronounced- this experimept was certainly 

critical. 

The apparatus consisted of a 142-cm dif~usion tube (37-mm i.d.)· 

with a discharge zone and a reactor zone, a microwave discharge produced 
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Fig. 83. Schematic drawing showing a movable probe located in a diffusion 
tube •. 
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Fig. 84. Schematic drawing illustrating the concept of experiments performed 
to demonstrate the effect of a catalytic probe on the atom con.centration 
at the discharge boundary. According to present theories on the subject, 
movement of a highly catalytic probe would have either no effect (Wood 
and Wise), a· linear effect (Tsu and Boudart), or a non-linear effect 
(present results). 
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by alOO-~Burd~~k diathermy unit,.a Wrede~Harteck gauge capable of 

measuring an atom mole fraction of 0.02 (at 75-mtorr total pressure) to 

2% accura~y, a highly catalytic movable probe consisting of platinum 

mesh and nickel-plated copper mesh, and other movable probes such as a 

copper disk, a Teflon plug, a nickel-plated copper plug, a tungsten 

filament, and a thermometer containing an electroplated-nickel or AgN0
3 

bulb. An Englehard palladium unit purified cylinder hydrogen for the 

experiments, but unfortunately a leak in a rotameter contaminated the 

"purified" hydrogen with air and made all of the catalytic-probe experi-' 

ments somewhat erratic and difficult -:t;;o perform (the leak was discovered 

only after the experiments were stopped). 

The highly active platinum-and-nickel-mesh probe unequivocally 
. I 

lowered the measured atom concentration when it was close to the dis

charge boundary and to the Wrede-Harteck gauge (Figs. 85 to 90)~ The 

two quantitative curves obtained (Figs. 90 and 91Y suggest that the 

present results are valid. The probe became poisoned during the exper-

iments, a behavior probably due to the air present within the hydrogen 
I 

gas. I 

The nickel-plated copper pl~g, the non-flashed tungsten filament, 

and the thermometer containing electroplated nickel or AgN0
3 

on the bulb 

all showed either small or else no effects, a result which was possibly 

iJ due to the poisoning of the above metal surfaces. On the·other hand, 

the copper disk (Fig. 92) and the Teflon'plug (not. shown) both increased 

the measured atom concent~ation when. brought close to the gauge and the 

discharge zone. This observation indicated that both surfaces were 
.. 

quite inactive but did not give any values for the recombination coef-

ficients for the two surfaces. 

The results for the active platinum-and-nickel-mesh probe and 

the inactive copper disk and Teflon plug are schematically compared in 

Fig. 93. Since·poisoning occur~ed during the entire series of experi

ments, the results obtained for all of the probes tested may not nec

essarily be tY,Pical of their behavior in a purer hydrogen-discharge 

system. Nevettheless, the experiments demonstrated that Tsu and Boudart's 

analysis was valid and that th,e position of the SRI group was incorrect. 
f ~ 1 ' 

The refined ~thematical deriv~tions, the experimental results, and this 

conclusion are my only contributions to this subject. 
i 
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Fig. 85. Response of non-water-cooled WHG (100 holes, 2.6 mtorr full scale) 
to a microW?ve discharge in hydrogen containing air as a contaminant. 
The curve shows the effect of a movable platinum-mesh probe on the 
atom concentration near the discharge boundary. After the discharge is 
turned on [point (a)], the atom concentration decays to point (b) due 
to the· conversion of 02 to H20 by the discharge. Point (c) shows the 
drift in ·;the baseline after the discharge has been shut off, an obser
vation_w~ich indicates that water has been formed and is adversely 
affecti:ogtt the WHG. The plateaus at (b) and the spikes at (d) repre
sent the ~ifference in atom concentration when the Ft probe is alter
nately ~$;' a"'ay and close to the discharge, and demonstrate conclusively 
the perturbing effect of the probe on the concentration profile within 
the diffusion tube. P = about 90 mtorr and t = 20 sec/small div 
(right to left). (November 29, 1964) -
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Fig. 86. Curves similar to those shown in Fig. 85, demonstrating the effect 
of a movable Pt probe on the atom concentration net;1r a microwave dis
charge, and also the effect of·the presence of small amounts of air on 
the yield of atomic hydrogen from the discharge. The discharge was 
turned o:q, continuously until at point (b) it was turned off.· This 
action pdisoned the Pt probe, as is shown by the smaller height of 
the spi~~ in Fig. 87. t = 20 sec/ small di v (right to left). 
(Novemb~t-29, 1964) 
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Fig. 87. Curves similar to those shown in Figs. 85 and 86, demonstrating 
the effect of a movable pt probe on the atom concentration near a 
microwave discharge, and also the effect of the presence of small 
amounts of air on the yield of atomic hydrogen from the discharge. 
The height of the.spikes at point (a) is much smaller than at point 
(d) in·· Fig. 85, an observation which indicates that the Pt probe 
has been poisoned by the products fr·om the d:Lscharge. t = 20 
sec/ smallk'di v (right ·to left). (November 29, 1964) . 
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Fig. 88. Response of non-water-cooled WHG (100 holes), located at the dis
charge boundary, to a low-pressure microwave discharge in hydrogen and 
the movement of a platinum-mesh. catalytic probe. After the discharge 
is starte~ [point (a)], the· platinum probe is : MU-3.5503 . moved 
from the ~nd of the tube [point (b)] to the discharge (point (c)].· 
This prop~~~ is repeated at points (a'), (b 1 

), and (c'). The chang~ 
in the a±tl)n concentration at the discharge zone between points (b) 
and (c) ·~~a points (b 1 ) and ( c 1

) demonstrate that the Pt catalytic 
probe periurbs the atom-concentration profile within the diffusion 
tube. P = 73 mtorr and t ~ 20• sec/small div (:right to left). 
(September 1, 1964) · 
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Fig. 89. :Response of non-water-cooled WHG (100 holes), located at the 
discharge. boundary, to a low-pressure microwave discharge in hydrogen 
and the movement of a platinum-mesh probe. The highest atom-concen
tration ,;J,Seaks are produced when the Pt probe is at the end of the 
diffusioJ.i;tube, and the lowest peaks occur when the probe is near the 
WHG. Tni!~e curves indicate that the position of the probe influences 
the atoin'thoncentration profile throughout the diffusion tube. P = 80 
mto~r and t = 20 sec/small div (right to left). (August 11, 1964) 
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Fig. 90. Recorder.-chart tracing showing the effect of· moving the platinum
mesh and nickel-plated copper-mesh probe on the atom concentration at 
the discharge boundary in a diffusion tube. At point (a), the probe 
is 7.50 in. away from the discharge, and at point (b) the probe is 
only l.lO~in. away. The results of this quantitative run are shown 
in Fig. 9~, and demonstrate that the location of the probe affects 
the conqei;i,tration p::·ofile throughout the diffusion tube. Full-scale 
WiiC} :>igrl~~ = about. 1. 5 mtorr, P = about 80 mtorr, and t = 20 sec/ small 
div (ri~rtS>: to left). (December 8, 1964) 

i 
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Fig. 91. The effect of a movable catalytic probe (composed of platinum 
mesh and nickel-plated copper mesh) on the atom concentration measured 
near a microwave discharge in a 37-mm i. d. Pyrex diffusion tube. The 
experiments yielding these curves were done on two separate occasions: 
at a time when (a) the probe was not poisoned [December 10, 19611-L 
and (b) the probe was poisoned [December 8, 1964]. The curved shape 
is in good agreement with theoretical predictions in the present paper. 
The average atom concentration during these experiments was about 0.7%. 

I , 
I 
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Fig. 92. Response of non-water-cooled WHG (100 holes, about 0.75 mtorr full 
scale) to a·microwave discharge in hydrogen, showing the effect of a 
movable coppe:r-disk catalytic probe on the atom concentration near the 

· discharge. Peaks (a) and (b) demonstrate that the action of moving 
the copper disk closer to the discharge increases the measured atom 
concentra~ion. This result occurs because the copper disk occupies 
the entir~ cross-sectional area of the diffusion tube and thus min
imizes ~h~ influence of the catalytic glass walls behind the probe. 
This ob~ervation, which has also occurred with a Teflon plug occupying 
the entf~~ cross-sectional area, is compared schematically to the 
effect Qf the platinum-mesh probe in Fig. 93. P = about 80 mtorr 
and t = 20 sec/small div (right to left). (Decem?er 15, 196!.~) 
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Fig. 93. Schematic drawing showing the results of experiments with the 
·(a) platinum-mesh and nickel-plated copper-mesh probe) (b) Teflon 
plug: and (c) copper disk. The words near and far refer to the 
distance between the prob.e3 and the discharge bounda.ry. 
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VII. NOTATION 

. I 
I 

A. Notat.iori for Section III 

I 
: 
L-.---

Recombination coefficient of catalytic surface in 

Wrede-Harteck gauge 

3.1416 
Response time 

Area of catalytic surface in Wrede-Harteck gauge 

Molar Concentration 

Diameter of effusion holes 

Boltzmann constant 

Mass 

NQ~ber of effusion holes 

Pressure or partial pressure 

Molar rate of collision of species on a surface 

Time 

Temperatu~e (absolute) 

Average velocity 

Residual volume of the catalytic chamber 

Atoms 

Molecules 

Atomic hydrogen . 

Molecular .hydrogen 

Water 

Oxygen 

Left-harid side 

Right-hand side 

·' 
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B. Notation· ~or Sections IV to VI 

Defined by Eq. (IV-59) 
Argu.'!lents of' Bessel functions 

Argument of' Bessel functions, defined by Eq. (IV-139) 
Dimensionless group defined by Eq. (IV-143) 
Recombination coefficient of atoms on reactor- or 

discharge-zone walls 

Recombination coefficient of;atoms on end plate 

Recombination coefficient of·atoms on part of annular

ring end plate 

Unit tensor (dimensionless) I 
! 

Dimensionless group defined by Eq. (IV-65) 
Dimensionless group defined by Eq. 

I 

(IV-110) 
Reduced atom .concentration in discharge zone defined 

by Eq. (IV-63) 
Reduced smaller radius of annular-ring end plate 

defined by Eq. (IV-116) 
Reduced length defined by Eq. (Iv-45) 
Dimensionless group defined by Eq. (IV::93) 
Dimensionless group defined by Eq. (IV-46) corres

ponding to use of 'Y 

Dimensionless group defined by Eq. (IV-46) corres

ponding to use of -y' 

Dimensionless group defined by Eq. (IV-46) corres

ponding to use of -y" 

Gas density 

Dimensionless group defined by Eq. (IV-115) 
Mass·concentration of.species i 

Mass concentration of atoms in entering gas 
! 

· Dimensionless group defined by Eq. · (IV-66) 
Dimensionless group defined by Eq. (IV-109) 
Shear-stress tensor 
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Reduced atom concentrationin buffer zone defined by 

Eq. (IV-80) 

Function defined by Eq. (IV-57) 

Total momentum flux relative to stationary coordi

nates (tensor) 

Function defined by Eq. (IV-163) 

Reduc~d atom concentration .in reactor zone defined 

by Eq. (IV-44) 

Reduced atom concentration at discharge-reactor-zone 

boundary 

Mass fraction of component i 

Dimensionless function defined by Eq. (IV-154) 

Binary diffusion coefficient 

Del operator (vector) 

Infinity 

Braces indicating molar concentration of enclosed 

species 

Cross-sectional area of reaction tube 

Function defined by Eq. (IV-60) 

Surface area of thermal calorimeter 

Integration constants 

Side of s·quare 

Total molar concentration 

Molar concentration of atoms.: in reactor zone 

Molar concentration of atoms ·in discharge zone 

· Molar concentration of atoms in buffer zone 

Molar concentration of molecules 

Binary diffusion coefficient for atom-molecule system 

Binary diffusion coefficient for i-j system 

Exponential 

Flow rate 

Gravitational acceleration 
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i 
1 
i. 

L.----------------

Dimensionless .. function defined by Eq. (IV-89) 

52 kcal/mole for atomic hydrogen 

Current measured in presence of atoms 

Current measured in absence of atoms 

Mass flux of i relative to average velocity of mass 

Mass flux of atoms relative to average velocityof mass 

Mass flux of molecuJes relative to average velocity 

of mass 

Bessel f~ctiori of argu.'llent ai 

Another B~ssel function of argu.l'Jlen~ ai 

Molar atom fluxes defined by Eqs. (IV-31) and (IV-32) 

Molar flux of atoms relative to the molar average 

velocity 

Molar flux of atoms to a surface 

.General reaction-rate constant (used where no speci

ficity is needed) 

Reaction-rate constants for gas and surface phases. 

defined by Eq. (IV-30) 

First-order reaction rate constant for atoms recom

bining on reactor-zone walls 

First-order reaction-rate constant for atoms recom

bining on discharge-zone walls 

First-order reaction-rate constant for the production 

of atoms in discharge zone 

Length of reactor zone 

Length (probe far away) 

Length (probe near) 

Length of discharge zone 

Molecular weight of atoms 

Molecular weight of components i and j 

Mass flux of i with respect to stationary coordinates 
, .. · 

Length of buffer zone 
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Pressure 

l 
I 
I L __________ _ 

Volll.'!le rate of generation of atoms in discharge zone 

Mass rate of production of species i 

Mass rate of production of atoms 

Radius of reaction tube 

Molar.rate of production of species i 

Resistance. of isothermal calorimeter wire 

Molar rate of atoms' production 

Molar rate of atoms'' production in discharge zone 

Molar rate of atoms' loss on a catalytic surface· 

Molar rate of;molecules' production 

Surface-to-volQ'!le ratio of reaction.tube 

Mass average velocity 
I 

Mass average velocity in z direction (axial direc-

tion) 

Mass average velocity in z klirection of entering gas 

Mass average velocity in radil€!.1 direction 

Velocity of an atom 

Time 

Dimensionless function defined by Eq. (IV-159) 

Mole fractions of species i and j 

Mole fraction of'atoms 

Bessel function of argument a
1 

Distance from discharge-reactor-zone boundary to end 

plate (+direction) or to buffer zone (- direction) 
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