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STUDIES OF ATOMIC HYDROGEN AT LOW PRESSURES
Peter R. Rony

Lawrence Radiation Laboratory
University of California
Berkeley, California

April 20, 1965

ABSTRACT _

A variety of subjects concerning the gas- and surface-phase
kinetics of atomic hydrogen at low pressures is considered. The theo-
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 experimentally shown that the device may not be abso-

lute, is sensitive to the presence of H.O and HCl, is susceptible to

thermal effusion problems, and cannot iiscriminate between atomic
hydrogen or atomic oxygen. .

The presence of small amounts of HQO 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 dischargé power.

Small amounts of O, -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
microwave 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 107°. ‘

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 thé 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 melting 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 Smithl
15-29

and subsequently used by Wise and co-workers,g_lu Linnett and co-workers,’

50-33 3L-hp

Tsu 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, Iuchgse an-
3-51

atom-concentration measuring device—the Wrede-Harteck gauge in

preference to an atom-flux measuring device—the thermocouple probe or
isothermal calorimeter.3o’59 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 undertook 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-
concentration decay,5.2—81 I.initiated a study to determine quantitatively
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 results
which was completely 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 L5 years of experience accumulated by others
on the subject.

This conflicting observation for the effect of water 1s 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. Thé experiments with water and
oxygen are described in Sec. V, which can be read independently of the
rest of the report.

Section II describes the experimental equipment, gases, param-
eters, and procédure, and is useful only to those interested in repeating
the experiments or checking on the caliber of the measurements.

Section ITII 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

‘e
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individually brief. The newly derived equations are Egs. (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 profile in a
low-pressure diffusion tube and then gives my own opinions and experi-
ments on the subject.u’lejo’52

Notation used in Secs. III through VI are listed in Sec. VII.
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II. EXPERIMENTAL APPARATUS AND PROCEDURE

A. Apparatus for Measuring Experimental Parameters

1. Pressure
The total pressure inside the vacuum system was measured either
with (a) a McLeod gauge (Consolidated Vacuum Corporation Model GM-1004)
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 mtorr, or (c) a VG—lA/2 ion-
'’

ization gauge having a useful pressure range of lO"5 to 10° ' torr.
_ An identical Mcleod gauge was calibratéd 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
better than 0.5%.82 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 micromancmeter calibrations and total-
pressure measurements in the diffusion-tube or flow-tube systems. Be-
cause the McLeod gauge was situated about 100 cm downstream from the
WHG, 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 alternately filled with ice
water or liquid nitrogen to minimize the possible errors associated
with trap pumping. The calibration measurements are described in greater
detail elsewhere.85
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 pump.
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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 levels, and far away from the WHG
whenever possible.. An air blast was directed at the 1k-mm o.d. quartz
or 4l-mm 0.d4. Pyrex discharge region whenever microwave cavities were
used. I élso constructed a special Pyrex reaction tube that permitted
liquid cooling of both the discharge and the measurement zones (described
in Sec. II.B.2).

A recirculating system using Aroclor 121L8,8LL a somewhat viscous
and messy chlorinated biphenyl kindly supplied by Professor Charles R.
Wilke, was provided for the special Pyrex tube mentioned above. Von
Hippel85 gives an extensive list of other fluids that have low power
factors at micfowave frequencies. The perfect fluid for this experi-
ment would have a low power factor, low dielectric constant, and low
vapor pressure, and would be inexpensive, nontoxic, and nonflammable.

The glassware surrounding the thermocouple probe was cooled
with the same tap water used for tﬁe Wrede-Harteck gauges.

The ambient temperature of the air-conditioned and thermostat-
ically controlled room, 250 to 25.500, varied slowly in any eight-hour
interval. All of the equipment supplied some local heat, which was
monitored by an uncalibrated SOOC immersion thermometer hung on the

rack near a WHG.

3. Atom Concentration

The atom concentration was measured with either (a) a Wrede-
Harteck gauge, (b) a thermocouple probe, or (c) a thermometer probe.
The design, construction, and operation of the WHG is described in

detail in Sec. III.
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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 Jjunction soft-soldered to a piece of silver foil with a
cross-sectional area of about U cmg. The remaining exposed thermocouple
wires were also covered with epoxy. Both junctions were mounted inside
the vacuum system in a specilally constructed water-cooled glass ﬁnit, the
vacuum-to-atmosphere seagl being made with epoxy and Glyptal lacquer
(Fig. 1).

The thermometer probe, another device for measuring relative con-
centration of atoms was a 560O C nonimmersion thermometer whose bulb end
was first abraded and then coated with either AgNO5 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 qualitative indication of the hydrogen-atom concentration in
the system was the color of the microwave discharge in the 1lh-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 - and P-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 mest 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 Ehlers8

and Chavet,87 and conveniently measured flow rates to a reproducibility
of better than 1% in the range 0.01 to 0.5 cm? STP/sec. A plunger oper-
ated 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



-7- UCRL-16050

3 !!ﬂl;l’l{!!l}l'lglii | ‘!l'ilizlll“ll‘w|‘Q-W’Ig!‘”l“gr“!”m“jlﬁl(lilr!”Il!l!ltlWTI;!!l:‘“’!!I‘“gll“’I“"“llgrfll'l

- el SR

ZN-4922

Fig. 1. Photograph of water-cooled-glass thermocouple assembly,
Pyrex O-ring joints (No. 25) are used.
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ZN-4923

Fig, 2. Photograph of movable probes. From top to bottom they are
(a) 2 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 360°C thermometer with an electroplated
nickel end, (d) a magnetically moved 360°C thermometer with an

AgNOg-coated, and (e) a magnetically moved Teflon plug (on lower
right-hand side).
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ZN-4916

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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ZN-4921

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 cm2 (as determined from the weight of a mercury column
of known length) and length 60 cm. 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 podl. 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 10A-2735-4001),
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
cm? 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 sétting of the desired
pressure level within the vacuum system. The rotameter case leaked.

For some experiments, a slight air leak into the water bubbler wés
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.

N., H.0, or HCl) flow rate was measured

2 T2’ 2
by means of the rate of pressure drop in a chamber of known volume,

3

The impurity-gas (O

consisting of a 500-cm™ glass bulb, glass and copper tubing, and one

side of a micromanometer (Decker Corporation Model 306-2A, full scale

1.87 torr). The gases were transferred directly from small cylinders

5

into individual 500-cm” 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 em or 537 cm?)(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 impurity withih 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 (ki cmB, for example), the
rate of decrease of pressure as measured by the Decker micromanometer
(15 mtorr/sec, for example), and the flow réte of the hydrbgen gas

(0.08 em STP/sec, for example):

5 .
_ (44 en?)(15 mborr/sec) - 0.011

Tmp (O.O8'cm5/sec)(76O,OOO mtorr)

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-

2
sectional area of the reaction tube (10.7 cm™):

= 75 cm/sec

Vo= (1:011) (0.08 CmB/Seg)(%O,ooo mtorr )
: (10.7 em”)(76 mtorr)

It never exceeded 100 cm/sec in the main reaction tube.

7. ILinear 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 were measured with a micrometer or vernier

caliper.

e
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-SIORAGE
BULBS

IMPURITY-GAS : WREDE -HARTE (<

GAUGE

CYLINDERS ELECTRONICS

ZN-4918

Fig. 5. Photograph of the gas-handling system, including the gas-
storage bulbs, the known-volume bulb (V,), 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 = 5-1/5 minutes).

B. Other Equipment

1. Gases

All gases used were from commercial sources. Liquid Carbonic
Company 99.99+% hydrogen (N2 < 3 ppm, O2 < 3 ppm, HEO < 1 ppm, hydro-
carbons < 0.5 ppm, dew point —lO5OF) was used directly, passed through
a water bubbler, or purified with a hydrogen purifier (Englehard Model
HPD-0-50D). Small cylindefs of oxygen, nitrogen, or HCl were used for
the impurity gases (any contaminants in these gases appearéd as second-
order effects in the final experiments), which were transferred to and
stored in individual gas-storage bulbs of 5OO--cm5 volume (Fig. 5). The
discharge wofk and atom~concentration measurements verified the general

purity of the cylinder 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 showh in Fig. 6 [\ is defined by Eq. (IV-45)].

The firsf tube consisted of a Shk-cm discharge zone and a jacketed
88-cm reactor zone with two WHG ports (described in Sec.III) and a 1-1/2-
in. glass-pipe end for the movable-probe assemblies (Figs T(a) and 8).

The second tube was quite similar, except that the entire tube
was Jjacketed, there was only one WHG port, and the reactor section was
longer—102 cem [Fig. T(b)].

The third reaction tube was completely different, consisting of
several segments coupled with No. 25 O-ring joints and Viton O-rings.

The two end segments had one WHG port each, but the middle segment con-
sisted of the jacketed glass-thermocouple assembly shown previously

(Figs. 1, 9, and 10). The large-diameter segment containing the 2-in.
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Meosuremem‘
Discharge zone Reactor zone device
|
% |
- L Diffusion or

x_ =
R flow tube x=0
MU.-.35708

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 A = L/R).
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[.5-in. glass-pipe joint

64-mm o.d.
(_ﬂ l H:\_L L . 4|—:|nm o.d.

LI Ll

|

¢ Y §_§‘) T No.250ﬁ/

joint
(a)

100cm 50cm

1.5-in. glass-pipe joint

64-mm o.d. 41-mm o.d.
r_i—L | l 32mm o.d.
m e

. N4

JR— —_—F—
! No.25

{b) 0-ring joint

MU-35709

Fig. 7. Schematic drawings of (a) reaction tube No. 1, and (b)
reaction tube No. 2.
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ZN-4917

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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.
No.25
O-ring 2-in. glass-pipe joint
No.25 O-ring joint joint g J
60-mm o.d.
4{-mm o.d. ‘
24-mmi.d)
1 N
T Thermocouple
‘ probe ol QO—mm o.d.
I 75cm 1 14cm 1 75cm

MU.35710

Fig. 9. ©Schematic drawing of reaction tube No. 3, which is composed
of three segments: (a) a 75-cm discharge-zone tube 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 1lh-cm thermocouple assembly or a glass tube internally

vapor plated with a metal.
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ZN-4919

Fig. 10. Photograph of reaction tube No. 3 showing the 75-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. 1 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, s0 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. 1 and No. 2 were set up as flow tubes), a
water bubbler (Fig. ll), a quartz discharge tube of 1lh-mm outer diameter
(not shown, but used with the small microwave cavity), and a discharge
tube also containing a 45-foot long coil of copper tubing internally
electroplated with nickel (used as a converter of oxygen to water, see

Fig. 12).

%. 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 56000 thermometer with the end coated with
AgNo5 (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 fof internally heating a metal resistance wire
(Fig. 1L4),

e. A long glass tube (not shown) for holding a thermometer, a probe
containing platinum mesh and nickel-plated copper mesh, or a
nickel-plated copper plug (Fig. 15),

f. A long water-cooled glass-tube and Teflon-sleeve assembly to

hold metal or glass disks (Fig. 1k4).
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ZN-4914

Fig. 11. Photograph of the water bubbler, which was leak tight.
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ZN-4935

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,
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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 to 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, platinum Vapor plated on copper, and
silver nitrate deposited on glass. Rach had a 2.9-cm diameter and fitted

tightly into the Teflon probe or sleeve assembly.

L. 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, and power
amplifier. The latter unit, 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
5V1354, 5V1364, 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 Fig. 16. DNo attempts were ever

made to optimize the setting of the tunable capacitor, C,, which (along

with the eight-turn 40-mm inner-diameter coil) was houseg inside a well-
shielded iron and copper-mesh enélosure 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-

90 The small cavity

cently described by Fehsenfield, Evenson, and Broida.
was kindly loaned for the later stages of this 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 outerAdiameter)
quartz discharge tube described previously. Burdick reflector "A" was

used for the oxygen-to-water converter (Fig. 12).
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Photograph of Wilson-seal and ratchet assembly.
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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.

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 minimizedby a Sola linevoltage regulator that re-
duced the voltage levels within the diathermy unit. This action also
produced much finer control of the power at low power levels (<5O watts).

Neither the large-diameter cavity nor the reflector could produce
or maintain a stable hydrogen discharge in pure hydrogen at a pressure

6l 65

level of about 75 mtorr, a fact previously noted. The work of Brown,
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.9l—9u
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 2b. 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 occasionally 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 L.C 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 TO4 silicone oil) backed 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 1 and 5 ptorr. The entire system was 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 procesé. 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 corrugéted copper sheeting minimized
pump backstreaming or the contamination of the pump oil with water (Fig.
20). 0il in the mechanical pump was periodically changed. .

A third mechanical pump (another Duo-Seal 1400) 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
Jjob was a metering valve (Nupro Type B-2SD Double Pattern) which had
95

two needles, one for coarse and one for fine control of the gas flow.

The needles can stick due to excessive tightening. Specification that
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Fig. 20. Photograph of the portable diffusion pump, large-diameter liquia
nitrogen trap with corrugated copper sheet (upper right corner),
Kinney KC-5 mechanical pump (lower right corner), and buffer-zone
tube,
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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 l-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

flowmeters into the vacuum system.

7. Miscellaneous Tubing and Connections

In addition to the previously mentioned equipment and glassware,
a glass-pipe cross, Viton O-rings, Kovar glass-to-metal joints, copper
tubing to minimize breakage, LRL fittings and flat O-rings, flexible
copper tubing, Tygon tubing (for the cooling water), an 8-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. Wrede-Harteck gauge No. 1 (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% 1/5 minutes). The signals from the Wrede-Harteck gauges or
the Decker micromanometer were passed directly to the recorder with or
without the aid of a resistance divider. The thermocouple signal was first
amplified by a Kintel Model 111BF 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 showed 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 O-ring joints. The large-
diameter microwave cavity; a Lamers-Rony homemade micromanometer, 5 oper-
ated open loop; the magnetically moved platinum-and-nickel-mesh probe
(Fig. 13); 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 diffusion-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 micromanometer (Figs. 22 and 25),85
either the water-cooled or non-water-cooled WHG attachment, reaction
tube No. 1 or No. 2, magnetically or ratchet-moved catalytic probes,
the buffer-zone tube, the portable diffusion-pump unit, 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 ptorr and a long-term stability of
30 ptorr/hour at a total pressure of 1 ptorr. 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-up photograph of modified Decker 306-2A 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

rotameter leaked, so that 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

20,32

level very close to the discharge region, as predicted by Tsu and Boudart.

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 above, but had several notable dif-
ferences: no movable probes were used, the hydrogen and impurity gas
flowmeters described in Sec. A.4 were needed to monitor the amount of
impurity in the gas, and either reaction tube No. 1 or No. 3 was used
for the experiments.

At one time or other, the apparatus also employed the quartz-
glass discharge tube, the small microwave cavity, the 50-Mc/sec oscil-
lator, the water bubbler, cylinder hydrogen, the same leaky Fischer and
Porter rotameters, an additional Decker-Lamers-Rony differential micro-
manometer (DLR) and associated water-cooled WHG attachment, the thermo-
couple probe for measuring relative atom concentrations, the Kintel
Model 111BF amplifier, and the Decker 306-2A micromanometer (Figs. 1,
25 to 29).

Despite repeated attempts with this apparatus, the effect of
water in enhancing the atomic-hydrogen yield from a low-pressure elec-
trical discharge could not be demonstrated.

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 helium, 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 cycles, 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 cavities could be

operated independently of the 50-MHz discharge. Both rotam-
eters 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,



-43- UCRL-16050

RESERVOIR

MICROWAVE
CAVITY AND

MAGNE T

ZN-4936

Fig, 27. Photograph of the central part of the flow-tube apparatus.
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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 f{itting (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.

WHG and

Figure 30 schematically illustrates the typical response of a

a thermocouple probe operated in a fast-flow tube to the follow-

ing changes or "perturbations' of the system:

o P

[STREN ]

=N B = T O]

some of

Letting gas into the high-vacuum (3 ptorr) system.

Adding a little more gas to the system at 70 torr pressure,
Turning on the 50-MHz discharge,

Turning off the discharge,

Turning on the discharge a second time,

Turning off the discharge,

Adding a little impurity gas,

Turning on the discharge to the same power level previously
used,

Turning off the discharge,

Stopping the input of impurity gas,

Stopping thé input of the main gas.

The regions between some of the points a to k also illustrate
the features consistently seen in the experiments:

Before a: 1low noise level and long-term drift in the high-
vacuun 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.



_47- UCRL-16050

| Lh /"hﬂ. ik

AP
b cdef E
a
Wrede — Harteck gauge
Time —
o N |
a b cd ef g hi j k
Thermocouple probe
Time —=
Fig. 30. Schematic diagram showing the output signals of a

Wrede-Harteck gauge and a thermocouple probe resulting
from various 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 WHG
throughout the report).

96

Recently, Cambel has commented on the disuse into which the

38

has pointed out that, even

4z_51 N

WHG method has now fallen, whereas Kaufman
though the gauge has been in use since its discovery in 1928, n
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 WHG
for the measurement of hydrogen—atpm concentrations. These experiments
were not thorough nor are ihey 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 (Secs. III.D and E) and then discussed (Sec. III.F).

B. Comparison with Other Methods of Measurement

Cambel,96 Kaufman,58 Jennings,97 Steacie,98 Ingram,99 Minkoff,loo

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 thérough 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 paramagnetisnm (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 luminescence (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: Chemiluminescent 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
rarentheses 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 chemiluminescent titration. With the expected advent 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-

: 8
curate, sensitive, and stable diaphragm differential micromanometers 5,101

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 éystem 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 recombination 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 thé effusion
membrane effuse through the membrane to the right chamber where recombin-
ation of the atoms on 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, sincevthere is no atom or molecule sink
in the right chamber. As a result of these processes a différential
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.85 The accurate conversion of the atom concentration
into a differential pressure is more difficult and requires further
- study.

v According to kinetic theory, the molar flux of atoms or molecules
stfiking the hole area is given by

R = 3% species/cmg-secv . (III-1)
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Fig. 31. Schematic drawing of a Wrede-Hartéck gauge atom-
concentration-to-pressure transducer. The catalytic sur-
face is on the right-hand side of the effusion diaphragm.
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Fig. 32. ©Schematic diagram of the Wrede-Harteck gauge as a com-
rosite transducer.
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Fig. 33. Gchematic drawing flow tubes (each with an effusion
hole) used to demonstrate the principles of a Wrede-Harteck
gauge: (a) isothermal system, and (b) non-isothermal system.
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where c¢ 1s the species concentration in species/cm5 and v is the aver-
age velocity of the species,
1/2
7 = [-E-S—kg] , (TI1-2)
m . .

k 1is the Boltzmann constant, and m 1s the mass of the species. The
average velocities of H, H2’ o, 02, N, N,, OH, and HQO at 2980K are
given in Table I. The species concentration is obtained from the
Loschmidt number, 2.687 - 109 species/cm5 at STP,

c = 9;656 . 1018 %%%%% species/cm5 . (111-3)

As an example, the species concentrations. at pressures of 0.1 and 1 torr

and 298°K are 3.2k0 - 10 and 3.24k0 - 1016 species/cmB, 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

~ maC,Vy

™V, M2’

b L - & |R (T11-4)
This can be simplified by means of Eq. (II1I-2) and
c = k—g (111-5)
o o [y i3
PlL/T; + PEL.«/;E = PERJT; (111-6)
or .
P, tV2 Pay, J2 Pop

\/TL ﬁg (111-7)
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Table I. Average velocity (v) and mean free patk (L )
for selected atoms and molecules at 298°%K. o

Speciles v | Lm at 0.1 torr Lm at 5 torr

(104 cm/sec) () (w)
H 25.0 1.07 21
H, 17.7 0.93 18
0 6.25 0.99 20
o2 oLk 0.5k4 11
N 6.68 0.92 18
N, L.75 0.50 10
OH 6.06 -- --
H,0 - 5.92 0.3k ‘ 7
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where 1 = 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,. = AP ——— = 3.L42 AP, (111-8)
2 -1 .
where AP (the measured differential pressure) = (PlL + PQL) - PQR'
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;
The response time is reasonable fast (< 1 min);
d. The differential micromanometer is sensitive, accurate, and
stable;
e. The operation of the WHG is not subject to unusual environmental
conditions.
Condition a. governs the ambient pressure range within which the
WHG cén be effectively used. Listed in Table I are the approximate mean-

free paths at 298°K and 0.1 and 5 torr for H, Hy, 0, 0,, N, N, and

2}
L0,102-10k

H.O. The higher the ambient pressure, the thinner the effusion

d?aphragm and the smaller the effusion hole must be. Teflon membranes
approximately 0.0013-cm thick are commercially available105 and, with
the advent of laser drilling, it certainly seems possible that effusion
membranes contailning 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.

Conditions b and a determine whether the WHG can be made to
measure the absclute concentration of atoms in a system, and can be
written mathematically

d2
YA>> - N, (111-9)
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a formula which states fhat the probability of an atom's recombining with-
in the chamber is proportional to both the amount of catalytic surface and
its efficiency (y 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 1s the
hole diameter, and A is the catalytic surface area. TFor A =1 cmg,

¥ = 0.0, N =10, and & = 0.005 cm (values typical of my WHG'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, 1
sec, was obtained with the elegant design of Sharpless et al. for de-
tecting nitrogen atoms at a pressure of 1 torr.51 The mathematical
statement of the condition is

_ -t/
P, =P e (1I1-10)

where T, the response time, is

(II1-11)

=
e | E
MLo-

N v

The term VO 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 Vo’ which should be minimized, and the number of holes N,
which should perhaps be maximized within the limits of Eq. (111-9).

For my WHG's N = 10, d = 0.005 cm, and the residual volume VO =~ 10 cmi
(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 uéed (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.Sj
The new Barotron (MKS Instruments, Inc.), the best commercial differential
micromanometer available today (in my opinion), is an excellent substi-
tute for the one above if time is more important than expense.lol

The above paragraphs complete the summary of previoﬁs work 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 intultive
"feel" for the effusion process of gases and the operation of the WHG, so0
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 H and H,. through the holes are [ from Egs. (III-1,

II1-2, and III-5)]

2

] 1/2
molar flux H = P, EEETEIJ (111-12)
m M2
mass flux H = P, E§ﬁ§fj (111-13)
i {__k___ 1/2
molar flux H, = P, LE”kTmz] (II1-14)
[, /2
mass flux Hy, = D, ié%ifj (111-15)
The relative mass and molar flux ratios for m, = 2 m, and Pl = P2 are

mass flux H 1

mass flux H2 Jé
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molar flux H _ Jo.

molar flux H2

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
l/JE, i.e., P2 = Pl/Jé. The new relative mass and molar flux ratios are

now

mass flux H
mass flux H

2
molar flux H

molar flux H2

= 2 3

and the differential pressure, AP = Pl - PE’ between the left and right
tubes 1is

Y2 -1, , (111_16)

P

a formula identical to Eq. (III-8). On the basis of this result, the

AP = (1 - 1N2) P

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, hut with molecular
hydrogen as the flowing gas in each tube. The pressure in both tubes
is identical, Pl = Pg’ but the temperature in the left tube is twice
that of the right, T, =2 TE_[Fig. 3%2(b)]. The relative mass flux ratio,
which equals the relative molar flux ratio, is

mass flux Hé in 1 T 1/2 1

Ve

£
-
i
H

2§
- i
mass flux H, in 2 {T|

The no-mass-flux condition can be simulated by a decrease of the molec-
ular hydrogen pressure in tube 2 by a factor of lﬁfé: P2 = Pl/fé. 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 AP = Pl - P2 is the same as before,
AP Ve -1 P,
J2 Hy

Therefore, the response of the WHG is identical when (a) the gas in the
tube 1 is either completely dissociated, or (b) at twice the temperature
of tube 2 and not dissociated. '

For small temperature differences, AT = TL - TR, AT/TR << 1,
Eq. (III-7) simplifies from

r

Jo 1 T )Y/2
AP = _T]__—'PlL * Pop T -1 (II1-17)

2 'R J
to J
2 -1 AT

AP = ———- P _+P_ _ ==~ (111-18)

Jo 1L °R 2T

where N2 - 1)N2 = 3.42. If it is assumed that the differential pres-
sure ‘AP 1s so small that the total pressure on both sides 1s about the

same, = PQR

Fatoms , AT

AP AT
B 2 T

= 3.4o (I11-19)
where Patoms/P is the mole fraction of atoms in the gas stream. For
atom mole fractions of 0.001 and 0.01, the temperature differentials
producing identical differential pressures are only 200 and QOOC, re-
spectively, at 2980K. 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 WHG. 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
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consisting of HQ’ H, 0, and HQO in the main gas stream (left side of
Fig. 31) all effusing through the membrane, the H and the O recombining

to produce only H2 or H,O on the catalytic side of the membrane. In

2
this system two separate mass balances must be made, one for the total

hydrogen in the system and another for the total oxygen,

2 2

P +Jo P _ + P =Joep _ + P (III-20)
ik NP HR 52 TR

Lp 4+ 16 P _ 16 P . (I11-21)

O, 3d2 HO 5o HOg

The correct total mass balance is given by the sum of these equations.

Simplifying with the relations, P, , = P -P. -P, -P ,
H,L totaly o Hy .0,
P =P + P s and AP =P . =P 5y » 1 obtained the
HQR totalR HQOR totaLL totalR
following surprising result:
\ AP = 3/4?——:——1 iPH LR (I1I1-22)
2 C T L

This result implies that the WHG, 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 CHB'

If the notation

(species 1, species 2, species,.../species 1, species 3, species M,...)

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 Formula
(H, HE/HE) AP = 0.293 Py

(0, 02/02) . AP = 0.293 P,
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System Formula
(W, NQ/NQ) AP = 0.293 Py
(c1, 012/c1) AP = 0.293 Py,
(Br, Br /Br ) AP = 0.293 Py
(1, I /I AP = 0.293 Py
(H Hy, 0, H O/H2, H o) AP = 0.293 P
(H, Hy 0, H O/He, H o) AP = 0.29% (PH + PO)
(OH, Hy, H O/Hg, H o) AP = 0.1k Py
(CH,, CH, HE/CHA, HE) AP = 0.151 PCH5
H He, Ne, Ar, Kr _
_Hg’ He, Ne, Ar, Kr AP = 0.295 PH
(H, Hy» 0, OH, HEO/HE, HQO) AP = 0.29% (PH + PO) + 0.144 Py
(N, NHB, HE/NHB, H2) AP = 0.h6k Py
(c1, HC1, HQ/HCl, HQ) AP = 0.405 Py

Except for the simple atom-molecule system and the (H, HE’ 0, HQO/HQ,Hzo)
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 HCL, 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 éxygen 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 1 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
related to the one constructed by Sharpless, Clark, and Young51 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-

105 Three to two hundred holes per

fusion membrane of 1/2-mil Teflon.
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, fitted into a glass "WHG port," shown in Figs. 26 and 36. A .
Pyrex O-ring joint (No. 25) was used and a 3-mm hole, defined as the
"WHG port hole," was made in the giass wall. Two O-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 1s 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. UCRL-16050

I
7// F—m-.{g;g?fi:rgigim@él-mm i.d.
Copper base
7cm WHG port
~—Teflon sleeve
L%/ﬁ“}% Effusion diaphragm
N e T S S N
3/16in. diam. I/ G2 n-GEap

WHG port hole

MU-35719

Fig. 34. Schematic drawing of the WHG fitting, the WHG port, and
the WHG port hole.
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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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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 f{itting (right).
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a cold or hot electrolytically sharpened tungsten point, an abrasive jet
of fine dust particles, and a Tesla 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 extende
by 100°C in either direction with the proper insulation and thermal

regulation.

E. Some tests of the Wrede-Harteck Gauge

During the experiments, the absolute accuracy 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. Providing 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 WHG'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 some thermal accommodation probably occurred across the ef-

fusion membrane, this result was understandable.
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Table II. Measured and calculated thermal effusion data.a

T (%) Calculated Measured
P(mtorr) P(mtorr)
7.8 1.20 0.4k
7.0 1.10 0.40
4.0 0.63% 0.35
28.7 3.90 2.20
12.0 1.70 0.88
22.1 3.00 1.k0
2.5 0.3k4 0.29
11.8 1.60 0.87
7.8 1.10 0.43
3.6 0.49 0.21
5.8 0.80 0.31
8.8 1.20 0.47
15.1 2.10 0.86
13.7 1.90 0.59
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 1.4 0.5k
6.0 0.82 0.48

%Wrede-Harteck gauge No. 1 with WHG fitting No. 1. DLR
micromanometer No. 1,signal attenuation factor = 0.02 and
recorder output setting = 3.00 turns. P = 79 mtorr.
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Table III. Measured Wrede-Harteck gauge signal ratios. >

P(mtorrj Measured

ratio

17 1.20
37 1.20
1.20

1.30

52 v 1.50
1.50

25 1.40
1.40
1.65

230 2.20
2.30

340 2.30
2.50

2.70

590 . 3.8
k.o

970 5.7
6.6

8Ratio of response of WHG No. 2 (10-hole effusion diaphragm)
to response of WHG No. 1 (split diaphragm, nickel catalytic
surface exposed). Small amount of oxygen added to hydrogen
gas stream to increase the yield of atoms. Gauges located
about 8 cm apart.
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MU-35489

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 identical changes (assumed) in the water
temperature. These curves demonstrate the disturbing influ-
ence 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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to left).



-71- UCRL-16050
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MU.35470

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 identical changes (assumed) in atom concentration.
The ratio of the gauge responses is (a) 1.3%0, (b) 1.20, and
(¢) 1.20, which indicates that a WHG may not be an absolute
device even at low pressures. P = 37 mtorr and t = 20 sec/
small div (right to left). (April 2, 1965).
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MU-35471

Fig. 40. Response of water-cooled WHG No. 1 (split diaphragm, 0.50
mborr full scale) and WHG No. 2 (10 holes, 0.62 mtorr full
scale) to identical 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).
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MU-35472

Fig. 41. Response of water-cooled WHG No. 1 (split diaphragm, 0.53
mtorr full scale) and WHG No. 2 (10 holes, 0.63 mtorr full
scale) to identical 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 1, 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 on 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 éontinued 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 W4l 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.
This is 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 i1t 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 checking the absolute accuracy

of the WHG gave a disturbing result. The fact that the split-membrane
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MU-35466

Fig. 42. Response of non-water-cooled WHG (about 100 holes, about
2.5 mtorr full scale) to (a) increased flow of hydrogen gas and
(b) decreased flow of hydrogen gas. P = about 75 mtorr and
t = 20 sec/small div (right to left). (November 26, 1964).
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MU-35467

Fig. 4%. Response of non-water-cooled WHG (about 100 holes) to the
actions of (a) starting the microwave discharge, (b) heating the
surrounding gas by the discharge, (c) stopping the discharge,
and (d) allowing the surrounding gas to cool to room tempera-
ture. 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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MU.35468

~

Fig. Uh. Response of water-cooled WHG No. 1 (split diaphragm, 0.53
mtorr full scale) and WHG No. 2 (10 holes, 0.63 mtorr full scale)
to identical changes (assumed) in the concentration of water
added to the low-pressure hydrogen system. These curves sug-
gest that water alters the effusion equilibrium within the WHG.

P = 340 mtorr and t = 20 sec/small div (right 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.

G. 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 measureﬁent device, the WHG
works well.

d. A test involving two WHG's with different hole sizes has cast
suspicion on the WHG as an absolute atom-concentration-measurement
dévice.

e. At higher pressures, fluctuations in the totdl 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-
duciné very small effusion holes in plastic films.

g. A needed study of the WHG would show 1f it is an absolute

device.
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IV. MATHEMATICAL THEORY OF FLOW AND DIFFUSION TUBES

A. Introduction

The mathematical theory of flow and diffusion tubes has been

1-8,22,29-k2 As most of the derivations have

given by different authors.
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, Fl, F2, G, J, L, and M are all
new to the literature. The others have been derived by some of the vari-
ous authors mentioned above.

Cases C, D, E, F, Fl1, F2, and G are essentially extensions of
the calculations of Tsu and Boudart,BO 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-
gence in the concentration in the limit of inactive discharge—zoné
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 sclution of Morgan and Schiff, is for
when the atom flux to the catalytic probe is dependent on its catalytic

efficiency.59 Case J is a result for a similar but simpler situation.
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I have used the dimehsionless-group terminology and symbols de-
veloped by Dickens et a1.22 with only a few minor changes, principally
in the definitions of & and &', which have been changed to & and ¢’
solely on the basis of typewriter convenience. The terms & and o'
"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 regioﬂ are the con-

servation equations of mass and momentum:lo7
0 +v - o7 = (1v-1)
St pv =0 Iv-1
api - =
S5V tr (i =1, 2, 3,...n) (Iv-2)
5——597= Vel Y eE (1v-3)
v B = ‘

The terms @ and ﬁ; are the momentum and mass fluxes with respect

to a coordinate system fixed in space,

ﬁ;=p?+i‘ (1 =1, 2, 3,...n) (Iv-k)

VV+r+tpd (1v-5)

1= - [WH (W)] + [%u - K][V © V]
These equations, given above in their general vector (-») and
tensor (_) forms, can be simplified with the following set of assumptions
for an isothermal cylindrical reactor:

a. No mass flow in directions perpendicular to the z axis,
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b. Symmetry in planes perpendicular to the axis,
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

prz 1 aprvr

% trF e (IV-7)

Vg, v, W, =T, (i =1, 2, 3,...n) (IV-8)
_op

'J'VQVZ = 5—2- . (IV—9)

The isothermal cylindrical reactor is typically operated in one of two
ways: as a flow tube, [in which case Egs. (IV-?) to (IVL9) all apply],
or as a diffusion tube with no axial mass velocity v, = 0 (in which

case only the following species continuity equation is relevant),
V-3 =r (1 =1, 2, 3,...n) (IV-10)

Since there is no creation of mass in a diffusion tube and since the

pressure is constant,

n
E: 3} =0 (Iv-11)
zd c, = ¢ = constant (1v-12)
Z Ve, =0 . (1v-13)
i

In Eq. (IV-7) each term can be separately set equal to zero and then
integrated under the conditions that v, = 0 at z = L (end plate) and
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v, =0 at r =R for a diffusion tube, or v. =0 at r =R and pv_ =p v
r r : Tz 0 ZO

(entering gas) at an arbitrary z for a flow tube. The results are
v =0 (diffusion tube) (Tv-1k)

PV, =PV, (flow tube) (Iv-15)

where p = p(z) and v, = VZ(Z) for the flow tube.

For an ideal gas mixture, which is an excellent approximation

for the gases and pressures used,'the mass flux 3} becomes107
LB &
i =5 Z,¢ MM j 13 VXJ (i =1, 2, 3,...n) (IV-16)

C e

where Di' are the multicomponent diffusion coefficients for a n-com-

ponent mixture, with Qii = O by definition. For a two-component ideal

e

gas mixture,. D is dldentical to the binary diffusion coefficient g

12 12

D, =%.,, =D, = (IV-17)

12 12 21 21

R

with the mass flux of components 1 and 2 given by

2

3= M. (Iv-18)
dy = o MpMS vy -

e C 2

> _ C o~ _

o = MM 5 VX (IV-19)

For a ternary system, a binary diffusivity Sim defined by

- —
n,o= - oM, Ux. o+ p, Y (1IV-20)

i im 1 1

reduces for trace components 1 and 2 in nearly pure 3 to the binary

diffusion coefficients -
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[ — %
Sy = %13 (Iv-21)
[ — %
Som = Sp3 (1v-22)
so that _
o o~ _
jy = CM1615VX1 _ (Iv-23)
T.o= —eMS, VX, . (1v-2L4)
2 o¥037 D

For a binary system consisting only of atoms and diatomic mole-

cules, 2Ml = Mg’ - Vbl = ch,

for the diffusion tube reduce to the following equations (there is no

and the steady-state continuity equations

- -
mass flow, J; +J, = 0),

12771
Voimee TR (1v-25)
e, Ve
12
Vo —=—==R, , (1v-26)

where Rl and R2 are the molar rates of production of species 1 and
2 per unit volume—R, = rl/Ml.

For a ternary system consisting of atoms and diatomic molecules
in nearly pure component 3, the continuity equations for species 1 and

2 are

« % —
v S15Ve) = R, (1v-27)
. & = -
v JEBVCQ R, (1v-28)
The term Rl 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

éontaining 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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Ry = 288 (), (5,), (00, (0,1, (08, (8,0), (N}, ete.) (Iv-29)

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, i 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 Rl 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 atom-production term
(1)”

1 Og

R, = k() - kgg{Hé}{H}g _ k}g

: 2
- flkygr k(7 Ky (H)T) (1v-30)

0]
where k 1is 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 Rl. Otherwise, if the one-

dimensional equation is used, the recombination-rate expressions for the

cylinder walls at least must be included in Rl'
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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

oy
I

/4 eV, + 1/2 3] (1v-31)

oy
|

b e v -
1/k c vy 1/2 I (1v-32)

where vy is the mean random velocity and Jl is the net molar flux

of atoms per unit area
Jo=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 31, the molar

Cflux 31 = 31/M1 has already been shown to be equal to

2cD. Ve
12771
Jl = 'EE"?‘EI . (Iv-3k)

At a catalytic surface, a fractiony of the atoms recombine. The net

flux at the surface is therefore

+

§ (1v-35)

J J+ (1 )J'+ J
17 T Ny
and can be considered the definition of the recombination coefficient
. Manipulation of the above formulas leads to the following result

for the surface flux of atoms at a catalytic surface—

20D12 N _
1s © T Zewc) Vel T T/ Yk e, (Tv-36)
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where s designates the surface. If 2c >> cy and v << 2, this equation

reduces to the commonly used linear form of the boundary condition,

Jig ® - Dy Ve, ® 1/h ve vy (1Iv-37)
This equation holds only under the conditions of low atom concentration
and a very noncatalytic surface. Another definition of the recombina-
tion coefficient -y 1is

-d{H)

y = Voo R (1v-38)

= = — R -
1/ Clvls /4 clvlS

where R is the molar recombination rate for atoms on the catalytic

1s
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,

2
Ry = kg Ky (H}, ko (HT) . (1v-39)

For simple zero-, first-, and second-order recombination rates, the re-

combination coefficient takes the following forms:

S kOs kOs
sV = = = - (zero order) (IV-L0)
v 1/L Vl{HJ 1/k N
3 kls
e~ (first order) (IV-U41)
1
k. {H} k. c
S 2s 25 1
2y = —_— = = (second order)(IV-42)
v 1/k v /% 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 reaction taking place inside a cylinder of circular cross-

section is, according to the above analysis,
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Y == : | (1v-L3)

With reference to this formula, Shuler and Laidler have said:18o
"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}
at

= k(H)

is not a true constant but is inversely proportional to R; the
true heterogeneous first-order rate constant is k' = k V/S; vy
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 Rl’ and assumptions (Figs. 45 to M?). These
are now considered starting with the simplest cases.
Case A. 1. One-dimensional case;
2. Binary system consisting of atomic hydrogen cl and molec-
ular hydrogen s with a binary diffusion coefficient Dlg;
3. Cylindrical reactor of circular cross section, radius R,
and axial coordinate z;
4. Constant temperature throughout reactor;
5. Constant pressure throughout reactor;
6. No second- or third-order three-body recombination reactions
in the gas phase;
7. Diffusion tube (VZ =0);
8. Perfectly reflecting walls, i.e., walls with no catalytic
activity;
9. Distance to end plate is L;
10. cl = Clo at z = 0;
11. ©Steady state;
12. Linear diffusion equation, i.e., 2¢ > c
‘and ¢ = ey te, = (H} + (Hy);

13. Circular end plate of radius R and first-order recombin-

1 where ¢, = {H}

ation coefficient <y';
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Case Aand B: Y _yv
% e
7
¥,p=0
L A=0
R
Case C(x=0) and Case E (u #0):
¥=7
oy on ¥
7n=0 N @ N &
7 no ‘Pll“'
2 x=0
A= )\=ﬁ
Case D (V,=0) and Case M (V5 # 0):
on m
RN n=r ¥=n
" ﬂ_. an . at 641_617 0\‘1_ '
frg—o WIIX EINE
] Z B :
Vz—= | 7,u=0 e 8 ¥,p=0 !
[} ]
L+M+N L+M - L A=0
A=mg MERT MR
V=7
Case F: av_9n Wy ¥
7:0 PRI N
o438 ‘4’1/"’
. L A=0
Ao A=g
MU-35720
Fig. 45. Schematic drawing showing dimensionless groups and

boundary conditions for Cases A

to F and M.
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Case H:

X=0
Cose I (u=0) and Case K {u#0):

¥, ¥=0

N

Hi

Vg — VY, p il
1]

oL A=0

Cose J (g =0) and Cose L (u #0):

_‘{’:L
¥ . e
Vg — Z V,u
y

L
R

MU.35721

Fig. 46. Schematic drawing showing dimensionless groups and
boundary conditions for Cases H to L.
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MU-35722

Fig. 47. Schematic drawing of the composite catalytic end
plate. The inner disk is the more reactive of the two
materials.
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dc

14, Flux pei unit area to end plate at z =L is J, _ = Dy, 5L
~ /Ly vy

15. The binary diffusion coefficient is constant throughout the
tube.

In solving this problem, we can define the folloWing dimensionless quan-

tities:
C
Y = El (TV-kk)
L-z
4D
grs—— (1 -1/27) . (Iv-k6)
vV, R

é;% -0 (IV-47)
ar |
o= (at A = %) (1v-L8)
&
¥ %' (at A =0) . (IV-19)

The solution of Eq. (IV-47) is of the form 3 = AN + B, which leads to
the following result

_Mte!
%;._ R (Iv-50)
14
G ° -
> TR (Tv-51)

If L/R >> t', kinetic data cannot be obtained by measurement of
the mass flux at the end plate [Eq. (IV-51)]. If A =¢', it is still

possible for one to obtain the value of §£' by measuring ¢ while varying
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A and then extrapolating the linear function to A = 0. Under the condi-
tions of the derivation of the above equations, the end plate must be
fixed at z = L and the distance L - 2 Dbetween the end plate and the

device measuring the atom concentration varied.

1f L/R ~ t£', we can obtain the value of ¢' by varying the binary

diffusion coefficient Dl?' Since D12 is inversely proportional to pres-
sure, the simple experimental procedure of taking data at different
pressures provides the way of determining € '.

If e > 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 1 to 11 are the same as for Case A,

12. Nonlinear diffusion equation and end-plate boundary condi-

tion; |

13. Same as Case A; .

14, Flux per unit area to end plate at z = L is

2¢D. . dc
21 /by e v,

2
J = 11

- - d
1s 2c cl Z

15. The binary diffusion coefficient 1s 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

i /s /dz; -0 - (av-s)
v=9,  (at r=1/R) (Iv-53)

o
%{ = ﬂgﬂ (at N =0) . (Iv-5k)

[
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The diffusion equation can be transformed to a linear form

29 -9 (1V-

by the transformation

a _ dy/dr (TV-

or its equivalent representation

$ = - 1n (1 - g) . (Iv-

2
According to Dickens et al., e the solution of the above equation

A

v - 2R (1v-
where . AeOL/R
Q= g (Iv-
and
A=2-9_ . (IV-

Case C. Items 1 to 7 are the same as for Case A;
8. DNot applicable to discharge zone;
9. Same as Case A;
10. Not applicable;
11 to 15 are the same as for Case A;
16. Two distinct regions are considered mathematically:
discharge zone 1z < 0, and the reactor zone z >.0;

17. The boundary conditions at z = 0 are

¢y (reactor zone) = cl' (discharge zone)
dcl de, '’
—D12 T (reactor zone) = —D12 T (discharge Zone);

55)

56)

57)

is

58)

59)

60)

the
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18. Number of moles of atoms generated uniformly per unit time
per unit volume in the discharge zone is Q';

19. Atz = - w, cl' = 0;
20. Rate of loss of moles of atoms in discharge zone is given by

a first-order rate expression kl'cl'.

Thée diffusion equations in the two zones subject to the above

limitations are given by

2.
d Cl
+Q' -k 'e ! = i -
D, 5 Q k) 'e) 0 (discharge zone) (IV-61)
dz
and dgcl
D =0 (reactor zone) (IV-62)
12 2
dz
where R ' =Q' - kl’cl' for the discharge zone and Ri = 0 for the

reactor zone. In addition to the dimensionless quantities defined

for Case A, the following dimensionless groups are also useful:

1
‘1

n o= (Iv-63)
1 kl'R2
S = (gas-phase reaction)(IV-6kL)
o 12
Ryv. RyV
1 1 1
= ~ (surface reaction) (IV-65)
52 2D, (I -v/2) " 2D,
.
o= 22, (IV-66)
12

2
g;% + 0 - H§ =0 (discharge zone)  (IV-67)
an e}

2
9;%-= 0 (reactor zone) (1v-68)
an '
n = 0] (a't A= °°) (IV"69)

(Iv-70)

i
g
\
=

Y= (at M

\#
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%% - %% | (at A = L/R)  (IV-T1)

g% - %[ (at N = o) (Iv-72)
The solutions of these equations are of the form

o= 2B s peMB 4 5P (1v-73)

% = Cn+ D (Iv-7h)

which, when the boundary conditions are applied, lead to the following

results:
> se/0% |
n = o8 {1 - 5—1—57137§J (z <0) (Iv-75)
2 + g
Y=o o +k€, £ o (z 2 0) (1V-76)
a .2 1
X" sarm (z 2 0) (Zv-77)
2 Lo
Vg = B s E/i/R (A =L/R) . (1V-78)

In these formulas, the terms o, &, and &' are unknown but
L/R and X\ can be measured independently. On the basis of these
equations, the following experiments can be performed:

Two metals are compared at a fixed L/R: variation of & ';

a.
b. The pressure is changed: variation of &';

¢. The discharge power is changed: variation of o;

d. With fixed 2z/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 8.

Therefore it seems possible in principle to determine all or

selected kinetic parameters in this system with carefully planned and
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executed experiments. The condition that the discharge zone 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 quantitiest ', 8, and L/R. The first two dimensionless numbers have

been given as

4D,
é' = W{ﬁ-(l - 1/2 ’Y’) (IV-M6)
2D
2 12
55 = vviR»(l -1/2v) . (1IV-65)

A useful set of parametric values can be obtained from the work of Tsu

and Boudart,5o who gave

= 2.3 X 1O21L cmg/sec

o
I

12
;l - 2.6 % 10° cm/ sec
R=1.9 cm
, -6
v' =1 to 10 (end plate)
Yy = 107 to 10‘6 (wall)

An important assumption here is that the major loss of atoms in the
discharge zone 1s 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

300 if v =10
100 ifv = 10
5 = 30 ify = 107k

1l

il
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5 = 10 ify = 1070
& = 3 S ify = 107°
5= 1 ify = 107t
£ = 1.9+ 10° if y' = 1070
£ =1.9. 10" ify' =107
£ = 1.9 100 ify' = 107H
£E' = 190 if y' o= 1072
£' =19 ify' = 1072
£’ = 1.8 if y' o= 107t
£' = 0.093 ify' =1
L/R =5 for most reaction tubes
2 1
5 = & if oy o=y (1v-79)
4p
_—':'L'g = 0.186
vl R

Case D. Items 1 to 15 are the same as for Case C;
16. Three distinct regions are considered mathematically:
the reactor zone O é A < L/R; the discharge zone L/R § A <
(L*M)/R; and the buffer zone (L+M)/R < A < (LM+N)/R;
17. Same as for Case C;

18. Same as for Case (;

dclﬂ Cln
19. AtZ-———N, -—d—x—':'—gn'}

20. Same as for Case C;

21l. The boundary conditions at z = -M are similar in form to

those given in Item 17 above.

Only two new dimensionless groups need to be defined—¢" is simi-
lar in form to &', with y" substituted for ', and the other quantity v

is defined as
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"
c
1

S (Iv-80)

T =
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 conditions must be given in addition to the three already

1isted:
2
——% =0 (auxiliary zone) (1v-81)
an
T =1 (at A = (L+M)/R) (1v-82)
a
o= (at A = (LM)/R) (1v-83)
AN
ar
- E% = én (at A = (LWM+N)/R) . (1v-8k)

The solutions of the reactor- and discharge-zone diffusion equations
are of the same form as those given for Case C. The form for the solu-

tion of the auxiliary-zone diffusion equation is
T=ENtF . - (1v-85)

With the boundary conditions applied, the solutions take the following

form

[x + g']{(g” + g) sinh 'gﬁ} + 8 cosh (gﬁj - '6] (1V-86)

Voo

062 : |
NG e (S R
5 =1- i

o8

s(g' + %] {coéh (x_—)/a + 52 sinh [{x-—)/a (1V-87)
i
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o LN (., L LY o M M
0;2 i [k - € B }&5 ‘& +ﬁR} sinh SR 5 cosh 6R] (1v-88)
where .
o BB
+ 6(g' o+ % + g} cosh %ﬁ .  (1v-89)

These éequations can be easily simplified with the assumption that
N/R is very large and that the catalytic surface at A\ = (LtM*N)/R is
extremely inactive—t" + N/R 3. Therefore, Eq. (IV-86), the only one
of interest, reduces to

Y = o L TE , (1V-90)

L M
=+ — :
3 R & coth 55

which can be further reduced, with the assumption that M/SR is small, to

(1v-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, klcl.

The diffusion equation in the discharge zone is the same as for
Case C. 7For the reactor zone, the diffusion equation is
dgcl
D, —= -kc, =0 . (1v-82)

5 :
12 az 1 1

The following new dimensionless group must be defined as

Rv v Rv
3 2Dl T ;y//z ~ 2D - (1v-93)
98 12 R

12

and the dimensionless equations become
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2
§;% +o%-n§ = 0 (discharge zone) (IV-9k)
an & -
2
——% %L- (reactor zone) (Iv-95)
. 2
an 8

with the boundary conditions the same as for Case C. The solutions are

1 /“‘ ">\‘/U-
_ 2 (¢ '+p)e + (6'-p)e 96
W o= od REYRY (& )l IR 4 (10wt p)e /AR (1v-96)
1 >\‘/6 1 '>\‘/6
o B(E'+u)e 5(e'-p)e (1V-97)
057 (o) (& ) EE 1 (1o)(s o)l

If & =pn, Case E reduces to the equation obtained by Tsu and Boudart,cl

2 ()P ¢ (grow)e P (1v-98)
2(t 1) P

Y o= ou

IF x/p and L/uR are small enough, a linear approximation to the ex-

ponentials can be made—

eik/“ %1 f % eiL/“R ~ 1 % %ﬁ (Iv-99)
Other useful results are
V= o087 (g H)e v * (' -u) _L/HR (IV-100)
o T+ )L/ MR i )e L/HR
(1+8/u) (g "+u)e + (1-8/1) (¢
1 /’JR t -L/“‘R
¥, = ou 2 {£1*u)e (i/&;>e (5 = n) (1Iv-101)
2(e "+p)e
v (5 ) ¥ 4 (E"“)e_k/g (1v-102)
Fo o (g iw)el PR + (g1 p)e /R
&y 266°
) - (Iv-103)
PMaco  (1#8/u) (e +w)e M+ (18/u) (6 -p)e MR
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2
&y O e-L/uR

N NP ) (® =)

Equations (IV-96, 98, and 105) can be linearized to

2 £+ N
Y = ;
§'+E + 5 + 6% L
L R
2¢' N -L/UR
Y = ou é, o /u (35 =)
ay 3 062
an B .
A=0 e+ L, 5 + Bt 'L
2
LR

Case F. Items 1 to 17 are the same as for Case C;

UCRL-16050

(Iv-10L)

(1v-105)

(Iv-106)

(1IV-107)

18. Number of moles of atoms generated uniformly per unit time

per unit volume in the discharge zone is proportional to the

molecular hydrogen concentration ko'(c - c
19. Same as for Case C;

20. Same as for Case C.

1)

The diffusion equation for the discharge zone in this case is

somewhat different than that for Case C, as

5 d cl
2
12 dz

+ ko'(c -¢c,'") - k 'c,' =0 (discharge zone) (IV-108)

This equation can be put in dimensionless form by the definition of two

more dimensionless parameters

e

(IV-109)

(Iv-110)
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which leads to the following dimensionless diffusion equation

a° 2
__% + g1 . _35 =0 . (Iv-111)
an 5!

By inspection it can be seen that the final results for Case
C can be casily modified to apply to Case F by substitution of 0'2 for
o and &' for & in Egs. (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 F1 (D) and Case F2 (E) respectively. They need not be re-derived.

For Case F, the mole fraction of atoms ¢ 1is

2 .2
o' B AT E!
v = 3

1401555 L/R+ &' +8/(1to

> 62)1/2 . (1v-112)

When the walls are very noncatalytic, & becomes very large and o
becomes

At

%Uz L/R + gx F 1/0' (IV—llB)

If the end plate is extremely noncatalytic, &' >> L/R + l/q', and the

equation for ¥ reduces to

v o= L . (Tv-11k)

1+ l/o'2 5°

Thus, the use of a non-catalytic end plate provides a simple way for

2 :
us to obtain the value of 0’2 & . Generally, the discharge power will
be regulated so that the mole fraction of atoms is about 10%. Under

2 .2
these conditions, the value of ¢’ & 1is
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Consequently, the formulas for ¢ given for Case C are satisfactory.
For mole fractions less than lO%, the approximation of Case C becomes
even better. If now a highly catalytic metal end plate is inserted

at L/R = %30 so that 0.956 + L/R>>t', and ¢ 1is measured at A = L/R
and found to be 0.060, the actual values of o' and ® can be computed,

providing that o' remains the same:

- 20
0.06 = 0.10 BT OTE
5 =21
o' = 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;
Ttems 9 to 12 are the same as for Case A;

15. Composite end plate consisting of a disk of radius a
and recombination coefficient ~y', and an annular ring of
radii a and R and recombination coefficient y";

14, Flux to each part of the composite end plate is of the
same form as in Case Aj;

15. Same as for Case A.

Two new necessary dimensionless groups are (Fig. 47)
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o =r/R (Iv-115)
and
kK =a/R . (Iv-116)

The diffusion equation and boundary conditions can be written as

i;ﬂ + % g% + 225 =0 - (IV-117)
g% _ 0 (at p = 0) (17-118)
XL ' (at p = 1) (1v-119)
Vo= v, (at A = L/R) (Iv-120)
g% _ %, (at A=0, 0 < p < k) (Iv-121)
%% = g” (at N =0, k <p 1) . (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—

v = (a, 0) + ;¥ (0 0)]. (1V-123)

(a %™ + B e %M
1 1 O

1

(el

From the first boundary condition, Ci = 0. From the second,

Jo(a) =k Jl(ai) . (Iv-12L4)

The third boundary condition is used after multiplying by p JO(th)
both sides of the equation for ¥ at A = L/R and integrating over o,

(f)lpwo I (el ) {Aieo’iL/R
\ el

+ BiéaiL/R} él o T (ap)T (ap)dp . (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 O if n £ i and equals 1/2(1 + ¢ a )Ji (ai) if

i =n. The value of the integral on the left 1is Jl(Qﬁ)/ai' Thus,

4 =E’A.eai,L/R+B.e i
o] ; 1 . 1

(IV-126)

The final boundary conditicn creates the most difficulties. This time,

the integration involves the size of the central catalytic disk.

58

0 (a;3) {)1 03 (0 p)d_(@,0)dp =

1

Hep

4l 1y e - K
- (- B} E“).i»(Ai+Bi> [ 03 (ap)d (ap)do

&' i=1 0
+ S& (A, +B,) [* o7 (ap)7_(@,0)do (Iv-127)
£ yc] i i 5 PO NEYP /0 \B5 0 . -

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=1, in the series predominates and the following

important approximation can be made:

éK 07 (@ p)d_(@,0)d0 o K& [1 0T (@ 0)d (@0)d (1V-128)

0
(i =n=1)
Thus
o (A -B,) = (52 + }:53 ) (A, + B,) (Iv-129)
iV T e £ i il -129

The final solution for % under the above four boundary conditions is
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¥ Polee)
14 e 2
o i=1 ozi(1+g o, )Jl<ai)
2 2 o 2 2 -a N
« ) ) .
(0 +gr+35m) et + (o -fr - B e
5 5 G.L/R > o iR (LV-130)
+ K l-k i + LK 1=K 1 v
(ai £ —gv—) e ai £ - —Ev—) e

where the first term, i = 1, is the predominant term in the series.

Since £ >> 1, the following relations also hold:

1/2

a = (E/g) (Iv-151)

(1V-132)

vaai is so small that the exponentials can be approximated by

o N alL/R OiL/R ‘
e 1o+ and e ~ 1+ ,  (Iv-133)

the equation for % simplifies to

g' ; +>\'
" K+ (l—KE)ém )
- - T (1V-134)
+ =
© 2 . (1_K2)§% R
If (l_gf)é << K2,
2
po_ etk ) v (1V-135)
Yo (e1/d) +1/R
If 11?? S>> k2,
1" 2
y_ _ (& /(l'K >]+ A (IV—156)
Yo [2"/(1)1* /R :
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Ifgl ZEH,

AR R |
wo gr + L/R . . (IV"157>
These simplified results (for OiL/R smal;) correspond exactly
to Case A, with the exception of the boundary condition at A = O, which
is now

2 2
dy K 1-k _
_a_(_§,+—gv_)zp at A =0 . (1v-138)

Consequently, Cases B, C, D, E, F, Fl’ and F2 can all be modified ac-
cordingly to satisfy this revised boundary condition.

From a comparison of the definitions for ¢ and y,

1 2 .
== =a . (IV-139)

U'h'lm

This result clearly demonstrates how the solutions for ¢ compare for
Cases E and G.
Case H. Items 1 to 12 are the same as for Case A;

13. ¢y = O at z =L;

14. Same as for Case A.15.

Use of the boundary condition
Y =0 at A = 0 (1v-1ko)
instead of Eq. (IV-M9) changes Egs. (IV—SO) and IV-51, respectively, t

%I/L = ﬂxﬁ (Iv-1k1)

Yo

%ﬁ\ - 78 - (IV-142)
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Case I. Items 1 to 6 are the same as for Case H;
7. TFlow tube, v, £ 0.
Ttems 8 to 14 are the same as for Case H;
15. v, = constant;
16. p = constant.
Only one new dimensionless group is needed for this and most

other flow-tube situations—

VZR
B=5— (IV-143)
12
The atom-conservation equation for this case is
8201 acl
D12 —'~2—- - VZ SE— = 0 5 (IV—]_LI-L")
dz
which converts to the dimensionless equation
d2 : ,
dY L g W _ g (TV-145)
2 an
dn
with the simple boundary conditions
Yo=Y (at » = L/R) (IV-1L46)
¥ =0 (at A =0) . (TV-1k47)
. o -BA .
The solution is in the form ¥ = Ae + B, which leads to
-BN
v - ——7-——6 - 1 IV-148
Vo e PR, ( :
&Y
9 = 0 . (IV-149)
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Case J. Items 1 to 12 are the same as for Case I; dc

13. .The boundary condition at z =L 1is —DlE 5o + v,Cq

= 1/h ! c vy tv,el;

Ttems 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

p_ov_ _

%% = (at N =0) . (Iv-150)
The solutions are
-BA

v (Be' +1) - e B (1V-151)

Vo (mr+1) - e PE

BY

i 2 i (1Tv-152)
dn A=0 (6&' + 1) B e—BL/R | v /

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 Egs.

(IV-95) and (IV-145),

2

d
—4% + B g% - %5 =0, (Iv-153)
dAn L

and is subject to the same boundary conditions as in Case I. In writing
the solution, I found it useful to redefine a special combination of

dimensionless groups
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2 2 1/2
% - &é— - _éi , (Tv-154)
L b
so that
Sa-B)v2 __ -(atB)n/2
A - _(W-B)L/2R _ _-(0*B)L/2R (1v-155)
Q
Yo (IV-156)

Y -
AN\ @-BJL/2R | (W¥BJL/2R

Case L. TItems 1 to 12 are the same as for Case K.
Items 13 to 16 are the same as for Case J.
The dimensionless equation and boundary conditions are Eq. (Iv-153),

and Egs. (IV-146 and IV-150), respectively. - The solutions are

7 o(0-BIN2 | -(atp)r/2

= ™ (Iv-157)
_ o+
wo T e@ﬁ B)L/2R + e Q+R)L/2R
Z o+
an A=Q T e(Q B)L/2R + e (Q+B)L/2R "o
where .
Q 1 + 1 + 2
T = Qél _ Sév _ . (IV'159)
Case M. TItems 1 t6 12 are the same as for Case I;
13. Same as for Case J;
1h. v, = constant;
15. p = constant;
Items 16 to 20 are the same as for Case F;
21. Same as Case A.15.
The dimensionless equations for the two zones are
d2 a 2
——% + B a% - —%5 +a'" =0 (discharge zone) (IV-160)
1

an 1§}
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2
Y pd oo (reactor zone)  (IV-161)
NG an

and the boundary conditions are Egs. (IV-69) to (IV-72). The solution
to Eq. (IV-161) is

-BA
12 2 (Bg' + l) - € B
Y=g - - (Iv-162)
e+ 1) [ &P
where
[ 42 11/2
X 1B 1
3 =T 5| (Iv-163)

E. Meaning of Dimensionless Groups

The dimensionless groups given in this section and in Secs. V
and VI are (a) normalized length or concentration parameters or else
are (b) the ratio of two rate processes occurring within the diffusion
or flow tube. Given below are the verbal descriptions of these groups:

v = atom concentration in reaction zone
total concentration of atoms and molecules

Y = atom concentration at discharge-reactor-zone boundary
o] total concentration of atoms and molecules

_ atom concentration in discharge zone
1 total concentration of atoms and molecules

atom concentration in buffer zone

T= total concentration of atoms and molecules
distance from end plate to point in reactor, discharge, or
A = : buffer zone
" radius of reaction tube
radial distance from axis of reaction tube
_ to point between axis and wall
P = T2dius 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
X rate of radial diffusion
rate of atom recombination on end plate
L rate of atom recombination on end rlate
E'R rate of axial diffusion through reactor zone
2 rate of radial diffusion
K rate of atom recombination on reactor-zone walls
62 rate of radial diffusion
rate of atom recombination on discharge-zone walls
0'2 rate of atom production in discharge zone
rate of radial diffusion
B rate of axial convection
rate of radial diffusion
BL rate of axial convection through reactor zone
R rate of axial diffusion through reactor zone
2
O R rate of axial diffusion through discharge zone
M rate of atom recombination on discharge-zone walls
2
c''M rate of atom production in discharge zone
R rate of axial diffusion through discharge zone
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V. THE EFFECT OF GASEOUS IMPURITIES ON THE PRODUCTION
OF ATOMIC HYDROGEN IN A LOW-PRESSURE DISCHARGE

A. Introduction

One of the most interesting and persistent cbservations assoc-
iated with the use of low—pressﬁre electrical discharges for producing
atoms from diatomic molecules has been that small quantities of impur-
.ities (such as water) greatly increase the atom yield.

Wood,55 Bichowsky and COpeland,57 and Lord Rayleigh (rR. J.
Strutt)59 were the first to'study the effect of such impurities in
discharges in hydrogen, oxygen, and nitrogen, respectively. A complete
listing of all investigators who have subsequently used this phenomenon
in their experiments is unnecessary since the number is very large.
Surprisingly, not too many of them have actually studied it.52_75’76_81
Despite their best efforts, there still is no real agreement 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-
fication.8’78’79’8l

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-
ample of the latter situation occurs 1f 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 increase in atom concentraticn 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 affect directly the gas, the
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surfaces, the measurement device, or the plasma in the discharge and
reactor zones. 0il 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 ofvtwd zones 1is as-
sumed,the effect of water‘ahd other impurities in discharges éan be im-
mediately explained: N

Discharge zone, gas phase:

Catalytic effect: impurity species act catalytically'within the
discharge to produce more atoms;

SfoichiOmetfic 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 species, which acts 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 placej

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 ﬁhe discharge zone counteract the effect of another
gas-phase species which acts to reduce the atom concentration 6r

rate of atom production by the stoichiometric effect;

Reactor zone, surface phase:

Inhibition of a loss process:- impurity species counteract the

effect of the surface, which recombines atoms.
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Diverse as these explanations may seem, almost all of them have been gp-
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 effect) was simple
(Fig. U8):

a. Verify the phenomenon in a simple glass flow-tube system first
with very pure hydrogen and with hydrogen containing several
2
b. Coat the walls of the glass flow tube with a thin film of Teflon,

percent H

then repeat the above experiment at low discharge power levels,
first with very pure hydrogen, and then hydrogen containing a

small amount of H.O;

c. If it is a gas-phise effect, determine quantitatively the amount
or atomic hydrogen produced per molecule of oxygen, nitrogen,
water, and other impurity gases added in small gquantities 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 with hydrogen contain-

———— 1ng several percent H.O.

2



-116- UCRL-16050

WHG
HZ ®
1
Glass walls/ <%
WHG
Hp, —®— ZZV
H20—®_ - 1
Glass walls—" 4010 80%

atomic hydrogen

Hp &~ /e e i
ol 77

WHG WHG
_________________ 2
HO——{ ___ éZ __________ i
Glass walls covered—" Catatytic surface -~

with Teflon

MU.35722

Fig. 48. Schematic drawing showing the four stages of the planned
experiments: (a) verify that a discharge in pure hydrogen pro-
duces few atoms, (b) verify that the addition of water to the
hydrogen increases the atom yield, (c) determine if the addi-
tion of water is a gas- or surface-phase effect, and (d) study
the catalytic properties of surfaces in the presence and absence
of water (if it is a surface-phase effect).



-117- UCRL-16050

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) was less
than 1.3 - 107258

the Teflon-coated tube, then its mode of action was in the gas phase.

Thus if water still increased the yield of atoms in

On the other hand, if the Teflon-poisoning of the glass walls completely
eliminated the effect of water, the water acted as a poison for reactive
glass-wall surfaces.

No information on the exact mechanism of the water effect in
either phase was anticipated. The main experiments by virtue of their
simplicity and decisiveness, were sufficlently valuable by themselves.

The experiments determining the role of water in hydrogen dis-
charges usually required a measurement determining the presence or absence
or some predicted effect or behavior. 1In this respect, they resembled
the types of experiments performed by molecular biologists, biochemists,
and virologists to determine the role of INA, RNA, transfer RNA, enzymes,
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 reasoning, and step-by-

step presentation of experimental observations.

C. Experimental Observations

1. ©Survey of the Experiments

The experiments determining the effect of water on the produc-
tion of atomic hydrogen in a low-pressure discharge were performed in
three distinct groups. In the first group (primarily flow-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 diathermy machine and large-diameter microwave cavity,
the 50 MHz power source, and'cylindef hydrogen were used. Air, oxygen,

or water were the impurity gases.
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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; water, air, 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
thermal effusion. effects that caused the WHG signal to decay while the
discharge was still on. This made all quantitative and some qualitative
measurements suspect.

To circumvent this decay, 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.

Finally, 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 i1llustrate 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.

2. Effect of'Hgo

The apparatus 1s 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-transducer surfaces
produced g reading that drifted erratically.

The entire vacuum system was evacuated overnight with the dif-
fusion pump. In the morning, pure hydrogen from the Engelhard hydrogen

purifier flowed through the system at a pressure of approximately 75 mtorr.
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Oz N2 WHG

g0 .

Air HCI

MU-35724

Fig. 49. Schematic drawing for the experiments to determine the
effect of Op, Np, HEO, HC1l, and air on the yield of atomic
hydrogen from a low-pressure discharge (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 cfean~up 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 weakly 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 reaction 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 (0.1%) agreed with previous
measurements. \
| .The first\experiments on the effect of HéO employed the large-
diameter microwave cavity located as near as 5 cm to the WHG port hole
or as far as 20 to 25 cm away. With the fast-flow system (VZ =75 cm/sec),
the distance between the discharge and the WHG port hole didn't make much
difference. Subsequent experiments performed with the small microwave
cavity or with the 50 Mc/sec oscillator are described in Sec. V.C.8.

The effect of water addition is shown in the samples of the
recorder readings (Figs. L4 and 51). The results were surprising.

First of all, the water alone, in the absence of a discharge, had a

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 success in pinning down the reasons for this
effect expefimentally. 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 signail

reading predicted by this cause was opposite to that actually observed.
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Fig. 50. Response of water-cooled WHG No. 1 (125 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). (Feb-
ruary 2, 1965).
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MU.35474

Fig. 5L. Response of water-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, 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 = gbout
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. 952-55). This result
disagreed completely with the practice of bubbling 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 manifested 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.10.

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 after the addition of
small quantities of water (estimated to be less than 5%)——a whitish-pink
or pihkish white. This color was the same as that mentioned by Shaw,7o
but distinctly different from the beautiful and characteristic crimson
observéd 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.

%. Effect of HC1

The apparatus and experimental procedure were the same as

those used for HQO. The HC1 caused the Decker micromanometer to behave

somewhat less erratically,'but did cause the strange increase in signal
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]
MU-35475]

Fig. 52. Response of water-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 the 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 dis-
charge. P = about 75 mtorr 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 operating
the 50-MHz oscillator at 20% and 80% dial settings after adding
> 0.% 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. 55. Response of non-water-cooled WHG (125 holes, about 0.5
mbtorr 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 100% in pure hydrogen.
Though the behavior at points (b) is strange, these curves
still show that water 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-
igble dipole moment will give the same effect as for HEO and HCl. As
with HQO, the addition of HCl failled to affect hydrogen-atom yield from
the discharge (Fig. 56).

k., Effect of 02

The apparatus and experimental procedure werethe same as for
'HZO and HC1l 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 reading decayed
- lmmediately back to the zero base line after a pulse characteristic of
the addition of H, gas to the system (Fig. L2).

The quantitative effect of oxygen on the yield of hydrogen atoms
was measured by the same procedure used to clean the system initially.
The discharge was successively pulsed for 1 minute duratioﬁs at 3 minute
intervals. This p;ocedure was repeated several times for each oxygen-

concentration level ranging between the values

0.00 < e < 0.16
2

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 molecular hydrogen present in the entering
gas.

In these experiments I had no way to prove that the atoms meas-
ured 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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T

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 hydro-
gen with a 50-MHz discharge. The curves demonstrate that the
HCLl 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).



-130- " UCRL-16050

TRTTITTE M=
I gL R
] X § | : ‘ !
ML EEN il i il
i 'y T
i 4+ 1 “ . 1L :
i a3 . .
X I__ ' b
; n ]
j. i \ i ; [ P
IR ! i
| ‘ i R
] H i T
i : i i
‘ i 7 S
it i R
i 0 T4
i kE Y -z—
..l’,._. ~ - :
ad [N R
AT J1A ¥ BE1H
A TS | A V ! i
LTI T ERIR i PR XY L R N IR
,:b i oy ¥ 1 ‘ s w i
sl or
i 2 i M.I ||F
e I |

MU-35481

Fig. 57. Response of water-cooled WHG No. 1 (125 holes, 0.58
mborr full scale) to 50-MHz discharge pulses (20% dial set-
ting) with successively increasing quantities of Op added
to the hydrogen gas. The top and bottom figures show the
measured atom concentration and the amount of Op added,
respectively. The yield of atoms in pure hydrogen is very
low (0.06%). P=79 mtorr, vy ® 2 cm/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 set-
ting) with successively increasing quantities of On added to
the hydrogen gas. The top and bottom figures show the meas-
ured atom concentration and the amount of Oo added, respec-
tively. The step-like curve between peaks Nos. 7 and 8 is
an electrostatic calibration curve for the pressure transducer.
P =79 mtorr Ho, v, ~ 72 cm/sec, and t = 20 sec/small div
(right to 1eft§. %January 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 (20% dial setting) with
successively increasing quantities of Op added to the hydrogen
gas. The top and bottom figures show the measured atom concen-
tration and the amount of Op added, respectively. The discharge
was an intense and beautiful crimson and the yield of atoms
(16.4%) was the highest of all the experiments with low-pressure
atomic hydrogen. P =79 mtorr Hp, v, ® T2 cm/sec, and t = 20 .
sec/small div (right to left). (January 31, 1965).
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Fig. 60. Typical response of Decker micromanometer (2300 mtorr full
scale) to the loss of Op from a bulb of known volume (Vl = L emd
and V_ + V; = 537 cm?). These curves show the O, flow rate into
the vacuum system and consequently the mole fraction of Op 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. The effect of low Op flow rates on the yield of atoms from
a low-pressure (80 mtorr Hp) 50-MHz discharge (20% dial setting).
At least two atoms are produced per molecule of 0o added. The
concentrations of H and Op are plotted relative to the amount
of H2 in the entering gas strean. (January 31, 1965).
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Fig. 62. The effect of high Op flow rates on the yield of atoms from
a low-pressure (80 mtorr Hy) 50-MHz discharge (20% dial setting).
Partial saturation occurs at higher Oo flow rates. The concen-
trations of H and Op are plotted relative to the amount of Hp in
the entering gas stream. (January 31, 1965).
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Fig. 63. The effect of low O2 flow rates on the yield of atoms
from a low-pressure (80 mtorr Hg) 50-MHz discharge (20% dial
setting). The points corresponding to a 70% dial setting on
the 50-MHz oscillator indicate that the stoichiometric ratio
of two atoms per Op molecule is only a lower limit. The con-
centration of H and Op are plotted relative to the amount of
Ho in the entering gas stream. (February 7, 1965). '
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5. Effect of N2

The apparatus and experimental procedure for gquantitatively de-
termining the effect of nitrogen on the hydrogen yield from the discharge
were identical to the ones described in Sec. V.C.4. 1In 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.
6Lk-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 was very discon-
certing to me. I had no reason to doubt the reliability of the Wrede-
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 éhe apparent unreactivity of the
water was isolated. In making this decision, I implicitly made a value
judgement between (a) the original purpose of this research work—to
determine the recombination coefficient of atomic hydrogen on various
metals—and (b) my strange result for the effect of water in a hydrdgen
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 set-
ting) with successively increasing quantities of N, added to
the hydrogen gas. The top and bottom figures show the meas-
ured atom concentration and the amount of N, added, respec-
tively. The addition of No had a much smaller effect on the
atom concentration than the addition of Op. P = 79 mtorr
Hy, vy ® 72 cm/sec, and t = 20 sec/small div (right to left).
(January 31, 1965). ,
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Fig. 65. Response of water-cooled WHG No. 1 (125 holes, 2.20 mtorr
full scale) to 50-MHz discharge pulses (20% dial setting) with
successively increasing quantities of No added to the. hydrogen
gas. The top and bottom figures show the measured atom concen-
tration and the amount of N, added, respectively. The step-like
curve on the right is an electrostatic calibration curve for
the pressure transducer. The highest peak corresponds to 9.2%
Ny added and 5.1% atoms. The nitrogen effect begins to saturate
at low N2 concentrations. P = 79 mtorr, v, = T2 cm/sec, and
t = 20 sec/small div (right to left). (January 31, 1965).
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Fig. 66. The effect of high N, 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 No mole-
cule show that No is much less effective than 0Op. The concentra-
tions of H and No are plotted relative to the amount of Hp in the

entering gas stream. (January 51, 1965).
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Cylinder hydrogen gas (Liquid Carbonic Company, rated at 99.99+ %
with N+ < 3 ppm, O2 < 1 ppm, HEO < 1 ppm, hydrocarbons < 0.5 ppm, dew
point -lO5OF) was used as a substitute for the Englehard purified 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 system were exactly the same as men-
tionéd above. ©Since the sapphire flowmeter ball was very low on the
scale, no hydrogen flow-rate measuréments 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 diécharge 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 quantitative measurements were
made on the oxygen-in~hydrogen system as there was nofhing different
about the qualitative results observed on the recorder charts. Nitrogen
and HC1l were presumed to have their usual effects and were not tried.

It was certainly important to thoroughly flush the F. and P.
flowvmeter prior to the experiments. The rotameter was leaky, and when
I did not flush it well, I observed the startling and quite definitive

results described 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 microwave 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 impurity [Fig. 76(a)]. The
power transmitted to the discharge by these separate power supplies was
never measured. Instead, the entire range of powér.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) discharge was hotter, visually more intense, and more confined than

the 50-MHz discharge (Fig. 68).
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Fig. 67. Schematic drawing showing four critical'experiments to

determine the effect of water on the yield of atomic hydrogen

from a low-pressure discharge:

discharges; (b) the effect of the upstream conversion of oxy-

(a) the effect of different

gen to water; (c) the effects of cylinder hydrogen, a water
bubbler, and an air leak in the rotameter; and (d) the response
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 (20% dial set-
ting) in pure Hy, (b) an electrostatic calibration of the pres-
sure transducer, (c) a downstream 50-MHz discharge in the presence
of 0.50% Op. The percent dissociation is (a) 0.13%; (c) 1.0%; and
(d) 1.0% with only the microwave discharge or 1.2% with both dis-
charges on simultaneously. The velocity in the 8-mm o.d. 45-foot
long catalytic tube is so fast (1000 cm/sec) that it has little
effect on the atom concentration produced by the upstream discharge.
g =73 ?torr and t = 20 sec/small div (right to left). (February

, 1965). .
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Later, a small-diameter cavity was used to produce a very intense
discharge in the 1l-mm-o.d8. gquartz 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
microwave power to the discharge.

The color of this small-cavity discharge was an unreliable indi-
cation of the atom concentration measured by the WHG. With low 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. TFor elther extreme-—pure hydrogen and
low microwave power settings or high oxygen impurity concentrations and
high micfowave 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 of atomic hydrogen in low-pres-
sure systems. FTor 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 cavitj. By means of
careful tuning and adjustment, a standing-wave ratio of 1.6 could be
obtained. 1In typical operation, this ratio was between 5 and 20, de-
pending on the care exercised in the tuning procedufe. 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-
roint of the yield of atomic hydrcgen.

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 hot 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 that 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 W in 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

1s used to measure atom concentrations.

- 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 efféct in the absence of a discharge, because water was always
present: during the flushing of the rotameter and bubbler, equilibra-
tion of the system, the experiments, and re-evacuation of the systemn.
The large liguid-nitrogen trap in front of the Kinney KC-5 pump was
kept full to minimize the contamination of the pump o0il by water.

The ambient room temperature was typically EMOC and the hydrogen
ﬁressure within the water bubbler was usually about 830 torr. Thus, if
the hydrogen gas was thoroughly equilibrated with the 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.Z2.

The 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 the WHG port hole. This negligible effect
was very disturbing, but at least it was consistent with my previous
measurements with water.

A revealing series of experiments was next stimulated by my
inability to repeat the water-bubbler experiments before an interested
friend, Dr. Norman Edelstein.56 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
megsured by the WHG, a beautiful crimson discharge, and a crimson-faced
graduate student. Upon prolonged_opefation, the color of the discharge
gradually changed to a whitish purple the WHG atom concentration decreased,
and the color of the graduate-studentsf face returned to normal.

The next day, with reaction tube No. 1 set up as a diffusion tube
(no flow of gasses through the tube), I successfully 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 bubbler, 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 ﬁimes, and under-
standably was favorite of mine for demonstrating changeé 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 diffusion-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 the rotameter). The process of gradually flush-
ing the air from the rotameter and water bubbler decreases the
atom yield (50-MHz discharge) and changes the discharge color
from red to purplish white. This change shows that water has
no effect on the yield of atoms from the low-pressure 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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Fig. 70. Curve (similar to Fig. 69) resulting from the deliberate

: addition of air to the hydrogen in the water bubbler. The
smallest peak corresponds to 0.17% atoms. In Figs. 69 and 70,
the measured and theoretical time constants for flushing a gas
from the water bubbler are both about 20 min. P = about 80
mtorr in the diffusion tube and t = 20 sec/small div (right to
left). (January 29, 1965).
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Fig. Tl. Curve (similar to Figs. 69 and 70) resulting from the
deliberate addition of air to the hydrogen in the water
bubbler. The 50-Mlz discharge (20% dial setting) was sus-
tained rather than pulsed. The smallest peak corresponds
to 0.1% atoms. P = 100 mborr in the diffusion tube and t =
20 sec/small div (right to left). (January 29, 1965).
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were all investigated with cylinder hydrogen, the leaky 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 tried to heat or cool it
in order to vary the concentration of water in the entering hydrogen-gas
stream.

This experiment—demonstrating the simultaneous and independent

behavior of air and water in the entering hydrogen-gas stream—was very
important because it refuted two arguments:
Water was somehow adversely affecting the WHG;
Although oxygen could oxidize and remove hydrocarbon impurities
that influenced the atom yield from the discharge, water could
not.
Further experiments to demonstrate that the effects of air and water on
the atom yield from the discharges were completely superimposable are

described in Sec. V.C.1l0.

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

methods that water had any effect on increasing the yield of atomic
hydrogen from either a microwave or a 50-MHz discharge at a pressure
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, convert 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
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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 holes, 0.62 mtorr full scale)
to repeated discharge pulses (small microwave-discharge cavity
at 4% dial setting located 80 cm upstream from the WHG) and the
action of flushing 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) cor-
responds to exactly one hour (right to left). (April 2, 1965).
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Fig. 73. Response of non-water-cooled WHG (about 100 holes, 0.86
mtorr full scale) to the actions of (a) operating a microwave
discharge at a MO% dial setting in Ho passed through a thor-
oughly flushed water bubbler, (b) adding some air to the Ho-Ho0
gas stream, and (c) operating the discharge (lO% dial setting
in the air-H,-H,0 mixture. The percent dissociation is (a)

0.05% and (¢) 1.7%. These curves again demonstrate that water
has an effect on the yield of atoms from a low-pressure discharge.
P = 80 to 90 mtorr Ho and t = 20 sec/small div (right to left).
(January 19, 1965).

-
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downstream discharge located near the WHG port hole [Fig. 67(b)]. If my
previous results on the effect of water and oxygen were valid, then the

effect of turning on the far-upstream discharge would be to gradually

decrease the yleld 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 ﬁo 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 WHG.

The experimental apparatus, which was somewhat different than
that previously used, consisted of (1) an upstream glass reaction tube
and atom recombination tube consisting of copper tdbing 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-
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 liguid-
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 follows: Eguilibrate 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 new atom con-
centration with the downstream discharge at the same power level setting,

P turn off the downstream discharge; turn on the far-upstream discharge

D’
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to a chosen power level, P ; determine the decay in the atom concentra-

5
tion produced by the downsgream discharge at power level setting PD;
when the atom concentration is low, turn off the upstream discharge and
cbserve the rise in atom concentration produced by the dowﬁstream
discharge.

In practice, the downstream discharge was pulsed for 1 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. 4 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. Tk and
75).

I repeated the experiment with the modification that the downstrear
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 describea in
Sec. VI, and (b) that such a conversion produced a smaller decay in 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. T74. Response of water-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% 0o, (b)
turning the upstream microwave discharge in the oxygen-to-water
converter on (15% dial setting), (c) increasing the upstream
power level to 0%, (d) shutting off the upstream discharge,
and (e) demonstrating with a 50-MHz discharge pulse that the
atom concentration 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 HoO far up-
stream gradually eliminates Oo from the system and reduces the
yield of atoms from the downstream discharge. When the upstream
discharge is turned off, this effect is reversed between (a)
and (e) and the atom yleld increases as the entering Op displaces
the accumulated HpO from the reaction tube. P = 86 mtorr, v, =9
cm/sec, and t = 20 sec/small div (right to left). (February 6,
1965).
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Fig. 75. An experiment similar to that shown in Fig. 4. Points
of interest on the recorder tracing are: (e) the atom yield
from the downstream 50-MHz discharge in the presence of only
02, (a) the WHG response to the upstream microwave discharge
in the Op-to-Hy0 converter, (b) the atom yield from the 50-
MHz discharge after HpO has displaced part of the Op in the
reaction tube, (c) the conversion of Op to HoO by the 50-MHz
discharge, (d) the decreased yield of atoms; and (a') the
action of turning off the upstream discharge. These curves
demonstrate that the WHG measures atoms predominantly instead
of HoO and that water has little effect on a low-pressure
hydrogen discharge. The measured time constant is 1.7 to 2.4
times the theoretical value for the overall vacuum system of
170 sec (assuming rapid diffusional equilibration of Op and
H~O throughout the entire volume, which-is estimated to be
l% liters, of the system). P = 86 mtorr, v, = 9 cm/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 turned off at point (a), the
Op flushes the accumulated HoO from the system until the atom
concentration 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 v, is decreased by an unknown amount below 9
cm/sec. The fact that this signal is smaller than tnat pro-
duced at point (a) indicates that both are due to atoms trans-
ported via convection and diffusion through the 45-foot long
catalytic tubing. The measured time constant is larger than
‘the theoretical time constant (170 sec) also. P = 86 mtorr,

vy = 9 cm/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 and 78. The curves conclusively
show the cause of my troubles with the catalytic-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- o
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 operaﬁing correctly. I
constructed a glass water-cooled thermocouple-probe assembly, consisting
of a small concenser with a iron-constantan thermocouple soldered to a
plece 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 O-rings and
clamps [Figs. 9, 26, and 67(d)]. Otherwise, the system was the same as
before.

T 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, indicating that 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 that, though not necessarily
absolute, the‘WHG at least was totally reliable as a relative atom-con-

centration measurement device. The experiment also showed in what ways
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Fig. 77. Response of water-cooled WHG No. 1 (125 holes, 0.59 mtorr
full scale) to (a) the conversion of 0o to HpoO by the 50-MHz
discharge when the reaction tube is used as a diffusion tube,
and (c) the same conversion process for a low-gas-velocity flow
tube. These curves simulate the effect of ah air leak in the
hydrogen-gas rotameter and explain what was wrong with the
earlier catalytic probe experiments (shown in Figs. 85 to 87).
This conversion process again indicates that water has little
effect in a low-pressure hydrogen discharge. P = 85 mtorr and
t = 20 sec/small div (right to left). (February 6, 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 wvelocity in the flow tube.
Curves (a) and (b) no longer show the pronounced decay character-
istic of curves (a) and (c) in Fig. 77, indicating that the enter-
ing O2 quickly replaces the HEO formed by the 50-MHz discharge.
This accounts for the stability of the WHG signal in many of
the recorder-chart tracings previously shown and also indicates
that experiments to determine the recombination coefficient of
atomic hydrogen on metals in a diffusion tube may be difficult
to perform. P = 85 mtorr and t = 20 sec/small div (right to
left). (February 6, 1965).
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Fig. 79. Air-in-water-bubbler experiment showing the simultaneous
response of water-cooled WHG 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 gas. These curves conclusively demonstrate
that the WHG is reliable as a relative atom-concentration meas-
urement device and also that water has little effect on a low-
pressure hydrogen discharge. 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 (c),
the strange behavior of the thermocouple probe can be attributed
to changes in the recombination coefficient of the metal. These
results emphasize the problems associated with the use of thermal
detectors for measuring atom concentrations. P = 80 mtorr and
t = 20 sec/small div (right to left). (March 6, 1965).



-162- UCRL-16050

>

1S3

L
A
=%
A
==
T . —
B p—— e

Fig. 80. Curves similar to those in Fig. 79 illustrating the con-
sistent behavior of the WHG and the strange behavior of the
thermocouple probe, which actually remains at a constant level
between (a) and (b) while the WHG signal decreases by 55%. The
fact that the signals from both measurement devices decline as
the air is flushed from the bubbler and rotameter again demon-
strates that water is ineffective in this system. P = 81 mtorr
and t = 20 sec/small div (right to left). (March 6, 1965).
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Fig. 81. Curves similar to those in Figs. 79 and 80 with the ex-
ception that the upstream small-diameter microwave cavity is
operated continuously 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 ét the beginning, the thermo-
couple probe was actually increasing, 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 silvér.
This was also shown halfway through the decay pulses by the unexpected
but temporary increase In the thermocouple signal. Thus thermocouple
probes and isothermal calorimeters should be operated under prolonged and
aging conditions, although not so prolonged that poiéoning of the metal
occurs. A judicious cholce 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
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 experimenﬁs, 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 experiments.
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 effecf on any of the results.
Therefore, except for subtle factors and mysterious effects, I
had tried to do almost all possible experiments 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 resultis 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

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

where {H} represents the ground-state hydrogen atom concentration, {H*}

represents the excited-state hydrogen-atom concentration, and k

(H} =k (H)

proportionality constant between the two.

This assumption is not generally true.

ferent mechanisms for producing ground-state or excited-state atoms, the
concentration of either the ground-state or excited-state 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:

2> H

e B

*
At steady-state conditions, the concentrations of {H} and {H } are

(1) =

B (H' )+ Ky (OH)(H,)

UCRL-16050

If there are several dif-

k5 + ka{e]
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+
) - kB{H}[e] + kl{H5 Hel
. I,

With the proper choice of wvalues for the rate conszants kl, k2, k5, kh’
and k5 and for the species concentrations {e}, {H5 }, {OH}, and [HQ},
the concentrations 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 O2

Several reaction mechanisms can be proposed for converting an

1.00
=

impurity of O2 in a low-pressure hydrogen discharge into atomic hydrogen:

40 > HO. + H
) 2 )
HO. +H > OH+ + H O
2 o 2
OH + g+ 5O
Hy > o
H — > §
wall
OH + H > HO +H
H 2 2
Ho' +H o' +u
5 5 > H,
+
——— +
HBO —> H0 + H
g +0 > HO +0
2 o
+ +
H, +0 > OH + H
0 + H, > OH + H ‘
OH + H > HO + H
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From these predictions, it is easy to predict stoichiometrically values
ranging from 2 to 6 for rH/rOE’ 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 0O, to HQO by the time it

2
reaches the Wrede-Harteck gauge assumed.

My experiments at low O,-impurity concentrations indicated a

2

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 atomic 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
reaching the WHG. However, the measurements did show that the effect .

of 02 (and also Np) was stoichiometric, and not catalytic!

My experimental apparatus was not equipped to determine which of
the reaction mechanisms proposed was the correct one, so I 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 HQO?

b. What are the principal ionic species containing oxygen within
the steady-state electrical discharge?
¢. 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 spectrometer,
would give a definitive answer to the guestion 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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5; Use of an Isothermal Calorimeter to Measure

Absolute Atom Concentrations

The isothermal calorimeter, or more generally the thermal calof-
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,7o’77
(b) a long coil of resistance wire initially at the ambient gas tempera-
ture and heated only to about,lOOoC by the action of the recombining

atoms,bf8’8l

and (c) a water calorimeter employing a catalytic cavity or
section of tubing which is uEually maintained within several degreés of
the ambilent gas temperature.o

The steady-state atom cqncentration with dc, ac,‘electrodeless,
or microwave discharges measured by these calorimeters has been high.
Shaw, and Bak and Rastrup-Andersen, using coiled tungsten filaments
from light bulbs maintained at temperatures higher than 7OOOC, feported
atom yields in a Fflow tube of 90% at 500 mtorr and 80% at 300 mtorr, |
respectively.68’77 Bergh, in the most recent paper on the subjeqt,
mentioned that the atom concentration (measured by a tungsten-wire
calorimeter at lSOOC) produced by a rf discharge in a diffusion tube
at 200 mtorr was high.8l Other results typical of the 1930's, such as
those of Amdur,su Poole,61 Steiner,llo and Smallwood,lll fall in the
10 to 94% atom-concentration range.

With the notable exceptions of Jennings and Linnet,6u'Browning
and Fox,8Q Hildebrandt et al,ll2 and perhaps a few others, the above
calorimeter results are the principal ones that tend to refute my ex-
perimental observations that water has no effect on the atom yield from
an electrical discharge. FEach 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 years of work with low-pressure atomic hydrogen as béing due

~either to (a) the presence of oxygen or other gaseous impurities besides
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water, (b) the faulty mathematical interpretation of the diffusion- or
flow-tube system, or (c) 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,58’7o
2
Rw(io - ig)
F = : (Iv-1)
L.18 AH

for the flow rate F of atomic hydrogen (R is the resistance of the
heated wire, io and 1 are the measured currents in the absence and
presence of H atoms, and AH = 52 kcal/mole), the following four con-
ditions must be satisfied for the operation of the isothermal calor-
imeter:

a. The thermal accommodation ccefficient of the recombination
energy on the catalytic surface must be unity,ll5
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
efficiency of the calorimeter (which depends both.on the re-
combination coefficient and the surface area of the catalyst)
s0 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 4 if the effect
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of atomic hydrogen would be to lower the emissivity of the tungsten wire
or lower the effective heat conductivity between the wire and the gas.
Only condition b, if not proberly satisfied, would.lower the above per-
centage figures. Such a situation "would result in impossible values
of D, the percent dissociation.”7o

The mathematics of the diffusion- and flow-tube sysﬁems relevant
to conditions b and ¢ have already been derived in Sec. IV., Cases A
and H to J. In these cases, the concentration of atoms cq at the dis-
charge-zone—reactor-zone boundary was assigned the value Cly and the
derivation was made under the assumption that there was no loss of atoms
to the cylindrical walls (Fig. 82).

Reinterpreting Egs. (IV-51, IV-1hk2, IV-1L49, and IV-152) by sub-
stituting the correct physical gquantities for the dimensionless groups
Y, ¥, &', and B [Egs. (IV-kk, Iv-46, IV-L8, and IV-143], we obtain the

following results:

DIFFUSION TUBE with highly catalytic end-plate (w =0at A =0):

D12 dc

_ _ 1
Tis =T %o = - Dpp 55 (v-2)

DIFFUSION TUBE with end plate of recombination coefficient y' (2 >> y'):

D12/L
e =770 % (v-3)
1+

v 'V, L

=

FLOW TUBE with highly catalytic wire mesh (w =0 at A =0):

v
z
J . = c (v-4)
1s —vZL/D12 1, ,

1 -e

FLOW TUBE with wire mesh of recombination coefficient y' (2 >> vy'):

v
: z
I1s v 1 -v L/D ¢ v (v-5)
v/ , Z 12 o)
- + 11 - e
Yy vy
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Fig. 82. Schematic drawing showing an isothermal calorimeter located
'1n a low-pressure reaction-tube system.
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where Jqg is the molar flux of atoms to the catalytic surface (in

atoms[cmg-sec), D is the binary diffusion coefficient for atomic hydro-

12

gen in molecular hydrogen, v, is the average velocity of the hydrogen .

atoms, L is the distance'fro; the discharge to the end plate or wire
mesh, and v, is the gas flow velocity in the flow tube. Equations (V-4)
and (V-5) correctly simplify to Egs. (v-2) and (V-3), respectively, in
the limit of small VZL/DlQ. The quantity vZL/D12 is particularly

significant since it is the ratio of two important rates,

rate or atom convection from the discharge zone
v_L -
z~  to the catalytic surface (V-6)
D12 “-rate of atom diffusion from the discharge zone -
to the catalytic surface

In practice, lesdA}, the rate of atom recombination on the
thermal calorimeter, is the quantity measured, and 100 clo/c,'thé per-
cent dissociation, is the quantity calculated. Therefore, for a dif-
fusion tube with a highly catalytic end plate,

c lesdA

lo
100 = = 100 S
12
Cf_f_ dA

It

% dissociation

rate of atom recombination
on the thermal calorimeter

: (V-7)
7T R (Dlg)/L

= 100

With v, substituted for D12/L’ Eq. (V-7) corresponds exactly to

Eq. (E1). The term A' is the area of the catalytic surface, and A is

the cross-sectional area of the diffusion or flow tube. Schulz and

LeRoy made a similar type of derivation for a flow tube in which atoms

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 thermél calorimeters 7
in the absence of atom recombination on the reactor-zone walls. The

equation commonly used to compute atom dissoclation percentages [Eq. (V-1)]

is oversimplified and is useful only when the flow velocity vz is much
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greater than the diffusional velocity Dlg/L’ and the flow velocity 1is
sufficiently slow or the calorimeter sufficiently active so that the
quantity hvz/v'Vi 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, = O at their calorimeter.

1

On the basis of the wvalues VZ = 150 cm/sec and L = 18 cem given by these
31

authors and 3300 cmg/sec as the diffusion coefficient,

VZL
—— = 0.82

D12
This immediately indicates that their system was intermediate between a
diffusion tube and a flow tube. The more correct atom concentration,
calculated from Equation (V-4) is L45% instead of the value of 80%
calculated from Eq. (V-1). The calculated concentration actually is
higher, since the value of v, = 150 cm/sec was calculated with the as-
sumption of no atom dissociation. Bak and Rastrup-Andersen also noted
that when L = 25 cm, 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 I with Eq. (V-U4), 0.82. If the tungsten
calorimeter were situated 6 cm from the discharge, the calculated
percent dissociation from either Eq. (V-1) or (V-4) would exceed the
absurd value of 100%.

In the case of Shaw's experiments, the dimensionless group
VZL/D12 was much greater than one, so his use of Eq. (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 explain the
high-atom-concentration values of the two cases considered. Since it is
easy - to  make either of the percentage figures absurd, the whole

measurement technique must be suspect.



~17h- UCRL-16050

Wise attempted to measure the energy-accommodation coefficient
for the recombination of hydrogen atoms on various metal filaments at

113

elevated temperatures. He observed a value of approximately 0.8 for
tungsten between L43 and 7730K. 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 isothermal calorimeter results of Shaw, Bak and Rastrup-
Andersen, 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
hydrogen are about the same.102 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 comparing the accoﬁmodatioﬁ coef-
ficients for helium and molecular hydrogen, we can easily see that atomic
hydrogen probably does have a lower thermal accommodation c:oéfficient._lllL
The action of atomic hydrogen on the tungsten calorimetér may also be to
clean the surface and lower the emissivity.

These arguments point to one conclqsion: The hotter the tung-
sten wire is, the more power is involved in sustaining its temperature,
and the easier it is for small changes in the state of the metal or the
local environment to simulate 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 calorimefers 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 1n 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 publication of BerghQSl_ With L = 10 ém, D o = 5000 cmg/sec

1
: 2
at 200 mtorr, a cross-sectional area of 3.14 cm™, and the loss of atoms

to tHe-Teflon—coated glass walls assumed negligible, the atom concentra-
tion Clé at the discharge-zone boundary of his diffusion tube is only
2.1% [ from Eq. (V-2)].

Bergh showed experimentally that water had no poisoning effect on
phosphorous-coated Pyrex, Teflon-coated Pyrex,’quartz rinsed with HNO3’

Pyrex rinsed with HNO,, Pyrex rinsed with HF, or Pyrex coated with dry

5)
film. The feature of these experiments which is significant for my own
results is the low atom concentration produced by such a high expendi-

ture of energy—typically 500 W.ll5

y, Effect of the Glass Walls

One of the boundary conditions in Case K of Sec. II must be
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
Y =0 at A = -~ . (v-8)

With this boundary condition, the solution of (II-153) changes from
(II1-155) to

L - e'(Q"B)Z/ER ] (V_g)

e}

The following parameters were typical of my experiments:

2.3 - 10t cmg/sec

v =75 cm/sec D12

R =1.9 cn v = 107 to 10'6

2.6 . 10° cm/ sec z/R = 10

< |
f
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and are the same values suggested for such calculations by Tsu and
Boudart. With these quantities, B = 0.0062 and u = 10, 30, 100, and
300 for vy = 10'3, 10'”, 10'5, and 10'6,' respectively. Since 1/u >> B
for most of the values of vy, Eq. (V-9) simplifies to

g_ _ /R (v-10)
o)
This ratio has values of 0.37, 0.72, and 0.91 for p = 10, 30, and 100,

respectively.

5. Effect of HQO

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
hard ih several different ways to demonstrate such an effect, but never
succeeded. The interesting question that arises is: Is this result
general? | |

The low yield of hydrogen atoms appears to be a kinetic prob-
lem associated with the IOW'rafe 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 lérge) located sev-
eral tube radii from the discharge zone,(L/uR is small). The walls
throughout the reaction tube are made of Pyrex or quartz glass, and
& 1is assumed to be egual to u, the.dimensionless group associlated
with the recombination of atomic hydrogen on glass. Equation (IV-100)

simplifies first to

22
y - —ou cosh L/uR , (V-11)

© 1+ U!EHE cosh L/uR + 12 5173 sinh L/uR
(L+0'7u7)
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and then to

0'2u2
Vo =23 > (v-12)
1 +o'p
which is similar to Eq. (IV-11h). Since the steady-state atom concen-

tration is small (wo = 0.001), Eq. (V-12) reduces further to
Y o= = k', (v-13)

where R 1s the radius of the reaction tube, <y 1is the recombination

coefficient for atomic hydrogen on glass, v, is the average velocity for

1 .
an atom of hydrogen, and k'o is the first-order rate constant for the
production of atomic hydrogen in the discharge (with units of sec_l).
By means of Eq. (IV-43) and (2 {H}/{HQ}, Eq. (V-13) can be converted

entirely to the kinetic notation

k!
0
(H) = — (H,} (v-1k)
k 2
1s
where Kk is the first-order rate constant, in sec_l, for the recombin-

1ls
ation of atomic hydrogen on glass. Equation (v-14) corresponds to the

reaction mechanism

-k

Hy + M 08 o ¥ + My
k
H—25 51
wall 2
where
! —
k' o= o (M), | (v-15)

and M 1is some atomic, ionic, or molecular species.
- One surprising observation about an electrical discharge in
pure hydrogen was that no more than O.l% atomic hydrogen was produced

with at least 25 W (and maybe more) of absorbed rf or microwave power.

5

when created and destroyed, must form a minimum of two atoms of hydro-

The ionic species I is commonly found in such discharge plasmas and,

+
gen per molecule of H, . The rate constant for the reaction

3
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g7 eq + .,
o o > H5 H

9 116-118

is between 2.1 and 2.9 - 10 cmj/molecule—sec.

In my experiments, the mole fraction of atomic hydrogen.from a
discharge in pure hydrogen was 0.001, the reaction-tube radius was about
1.9 cm, the average velocity of the hydrogen atoms was about 2.6 - lO5
cm/sec, and the recombination coefficient for the atomic hydrogen on
the ‘Pyrex surfaces was probably 2.8 - 10_5.8 From Egq. (V—lB), k'o is
calculated to be 0.19 sec—l. With the assumption that {M} = {H5+}='
10° ions/en’, Eq. (V-15) indicates that kg = 1.9 ° 1077 em’/molecule-
sec, a result lese to the rate constant for the lon-molecule reaction
given gdbove. This close agreement between the two values is fortuitous,
in view of the simplifications made to Egs. (IV-100) and (V-11) and the
uncertainty in the values of {H5+} and {H}/{Hg} chosen for the calcula-
tions. These results are suggestive, though, 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 HEO 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 éeparated, 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 all 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 O.l%. Therefore, the results of investigators who have
measured high percent dissociation figures for hydrogen discharges in
the presence of water cannot be immediately used to refute my observa-

tions that water has no effect. Many of them have not shown defini-

tively that water was the cause of their high measured atom yields.
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As an example, Shaw showed that "saturating" commercial tank
hydrogen with water vapor increased the yield of atomic hydrogen meas-
ured with an isothermal tungsten calorimeter from 34 - 107~ moles/sec
to only U1 - 10-6 moles/sec. Research-grade hydrogen cortaining a
maximum impurity content of 0.15% N2 and 0.002% O2 gave a yield of
12 - 10'6 moles/sec,which decreased during the course of the experi-
ment and indicated "a possible clean-up of impurifies in the system."
The commercial tank hydrogen passed through a "Deoxo"” unit and a liquid
nitrogen trap gave a yield of 1 - 10~ 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
tower which removed water from the commercial-tank-hydrogen gas stream.

The different behavior of O2 and HQO 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:

n I.P. = 12.5 eV,
+ ' + -
0, * e > 0, 2e Q, = 2.5 - 10 16 om® at 75 o119
+
H.0 + e > H,0 + 2e I.P. = 12.6 eV;
2 e -16 2 119
Qi =2.9 - 10 cm at 75 eV
3 118
+ -9 cm
+ + = . -
H, 0, > HO, H k = 7.6 or 9.6 + 10 o Teculo sas
+ -
H, +H)O > Hy0 + H K~ 3 . 1077 cmB/molecule-secllS
+ * * -
{ O2 + e >0 +0 k=3 - 10 [ cm?/molecule-secleo
+ * * -
HEO + e > H + OH k ~ 10 2 cm5/molecule—secleo
E 0, t e >0 +0 Q. = 1.3 * 10'18 en” at 6.7 eviel

121

2 1
- -18 2
HO + e > H + OH Q. 7.0 *+ 10 cm” at 6.5 eV
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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

(0,) |
2 o kIt (v-16)

[0,
(¢]

where k 1s the slow-step second-order rate constant of O2 reacting
with N, and may be an atom, molecule, ion, electron, or excited species,
k(slow step)

+
02 N

> n H + 2 HQO
H2 discharge

where n 1is an integer (probably between 2 and 6) characteristic of the
stoichiometry of tl.e 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
the chosen region in low-pressure flow tubes. The flow velocity v,
is usually much smaller than the effective diffusional velocity DlE/L'
The mathematics of such a situation, which 1s analogous to Cases C to
F in Sec. ITI, will be derived at a later date.

If 5000 cmg/sec is chosen as the binary-diffusion coefficient
typical of atomic or molecular oxygen or some other = 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
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500 msec, respectively. The effective diffusional velocity for the
discharge zone 1s dependent on its length but independent of the cross-
sectional area of the tube.

With the assumption that 50% of the O2 is converted to atomic-
hydrogen and water, Eq. (v-16) simplifies to

(W) o) | 6 (V-17)
k{N) t = 1n = 1n 0.5 = 0.693 V17
[0,] &
O
or P
(N} = O'§25 (V-18)

where {N} is calculasted from the residence time + and the assumed
slow-step second-order rate constant k. Table IV shows the result of
these calculations. '

For Case A, in which the reaction is entirely in the discharge
zone, it i1s unlikely that there are so many electrons or ilons reacting
with a rate constant of 10“8 cm5/molecule-sec. It is remotely possible

' 1
that excited species are present with a concentration of 5.5 * 10 2

species/cm5 (0.25%) and react with a rate constant of lO—lo cmB/molc—
cule-sec.

For Case B, in which the reaction is primarily in the reactor
zone, 1t is very possible that excited species, present in concentrafions
between 1.4 - 1010 species/cm5 (0.00058%) and 1.4 1072 species/cm5
(0.058%) have rate constants between lOnlO and 10_12 cm5/molecule-sec.
Thus the suggestion of Wise, Ablow, and Sancler may be applicable for
this case, though probably for a different species. A likely reaction
is
*(1

0 (’p) +H

5 > OH + H
_ which is exothermic by 4L.6 kcal/mole and has been observed to occur,
by Neuimin and Popov, at pressures of 100 mtorr with an activation

energy of less 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)
(cmé/molecule-sec)

A. Reaction to convert O

zone

10“8
-9

10
lO—lO

lo—ll

Calculated {N}
(species/cm5)

5.5
2.5
5.5
5.5

lOlO

lOll

1012

1010

to atomic hydrogen and HQO only in discharge

B. Reaction of O, in discharge zone to produce excited species, which
then react slowly over a long distance in reactor zone

10'9

lo—lO

lo—ll

-12

10
10'15

3

e R
FoEoE

C. Typical concentrations of atomic, molecular,

75 mtorr

o

1% 0,
2% H
Electrons

Tons

2.
2.

10

A

9

10
lOlO

loll

lOlQ

1012

and ionic species at

Lz -
43 .
L.86 -
to 10

108 to lOl

8

1012
1012
107

10
0

7



-183- UCRL-16050

From the tenuous arguments given here, it does seem that the
action of O2 in increasing the yield of hydrogen atoms from a low-
pressure discharge is primarily gas kinetic rather than ioniec. 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 success. 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 ablé 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 the same time.

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 will stick
to my results—at least for my experimental system—until proven wrong.
If this never happens——andAthe results are shown to be correct—I would
like to know why so many people have been led astray during 45 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
The presence of small amounts of HQO in a hydrogen discharge at 75-
mtorr pressure did not influence the yield of atoms.

The presence of small amounts of O, in a hydrogen discharge at 75~

2
mtorr pressure produced a minimum of two atoms of atomic hydrogen
per molecule of 02. At higher O2 concentrations, saturation occurred

and the atom yield per molecule decreased.
The presence of small amounts of N2 in a hydrogen discharge atb75-
mtorr pressure prdduced a minimum of 3% atoms of atomic hydrogen per

two molecules of N, concentrations, saturation occurred and the

2
atomic-hydrogen percentage never increased beyond 5%.

The behavior of HEO and O, in these experiments was independent of

the atom-measurement techiique, the source of hydrogen, the source
of O2 or HEO’ and the discharge-production method or power.
Molecular oxygen may increase the yield of atoms from a low-pressure
hydrogen discharge by a slow-gas-kinetic rather than é fast ion-
molecule reaction. |

The intensity of the Balmer lines or the discharge color is not a
reliable qualitative indication of the atomic hydrogen yield.

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.

At low pressures, the residence time of an atom or molecule in a
given length L 1is usually characterized by the effective dif-
fusional velocity 'DIE/L rather than the convective velocity v,
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-

eter, and the thermal-accomnodation coefficient of the recombination

energy must be equal to unity.
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VI. EFFECT OF A CATALYTIC PROBE
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.BO
In their preliminary report, these latter authors listed the value of
the recombination coefficient (which averaged about 0.16 within lOOOC
of room temperature) for 13 different metals: Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Pd, Pt, Ag, Au, aLndVAl.LL 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 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-
rendicularly to a discharge tube (in which hydrogen gas was dissoclated
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 Qolume rate of production of atoms in the dischérge zone

(which they assumed to be of infinite length), (b) the surface-phase
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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 distance from the atom
source, its recombination coefficient, its surface area, and its geom-
etry).

In two subsequent papers on the kinetics 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-
ment:”lg’lu

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 tofal pressure affected the value of g£' according
to their theoretical prediction,

d. A filgment 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 of L/R
agreed well with the measured activity at large values Ef 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 first 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 movement
of the latter didn't affect the reading of the former,

h. The relative hydrogen-atom concentrationvat a given distance
from the atom source—measured by ESR as a function of the
position of a tungsten probe—was in "excellent agreement...

1l
[with] theoretical data."
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Tsu discounted items a, b, ¢, and e on the basis that (a) there
were always three unknowns in the above experiments (ue, £', and dw/dklxzo),
(b) a large range of parameters could fit the nonlinear theoretical model,
and (c) Figs. 4, 5, 6, and 7 were "not compatible with the scatter of
the data as shown in Fig. 8" of Ref. 32.

Tsu also made calculations 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 finally 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.52

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 when the nickel was closer than 20 tube radii to the
discharge, but he did not take a definite stand on the subject.llL

Schofield, using a method similar to that developed by Smith,l
measured hydrogen-atom recombination coefficients (at room temperature)

3

of 3 - 10—2 for vapor-plated gold, silver, and copper; 1 - 10°° for
vapor-plated aluminum; and 5 . 10 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 Wood and Wise (thermocouple probes) and stated that (a) an
end plate closing 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 v' for
the metal surface coating the probe.

In the same laboratory four years later, Dickens, Linnett, and
Palczewska reported values of 1072 and 6 - lO_LL for the hydrogen-atom
recombination coefficients (at room.temperature) on Pd and Au foils,
respectively. They extrapolated Wood and Wise's (W and W) high-temp-
erature data for Pd-Au alloys to room temperature (obtaining a value
of 8 - lO_2 for either metal), ignored W and W's thermocouple-probe
data for the pure metals at room temperature (0.20 for Pd and 0.10 for
Au), and attributed the discrepancy betwéen their data and W and W's
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high temperature values to the different physical conditioning and an-
nealing treatment of the alloys and to hydrogen saturation of W and W's
25

metals.

Only Bergh has treated the recombination-coefficient data

cautiously.

B. Theory
As a consequence of studies of atomic hydrogen at low pressures,

an opportunity occurred to rederive and refine the derivaéions for the
atom kinetics within a diffusion tube and to test one of thelr implica-
tions experimentally. From the calculations, Tsu and Boudart's results

for the concentration at the discharge boundary wo were changed from

s ool ) L/MR o (0 ) o TL/HR
° =z (g1 + p) /MR

(1v-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: cuz changes to 062 and the denomi-
nator becomes more complex); (b) the statement that the rate of atom
production in the discharge is proporticnal to the mole fraction of the
molecular hydrogen present [mathematical consequences: 082 changes to
62 5% anda 8'° - 62/(1 + 0'252)]; (c) the assumption that the discharge
zone has a finite length M (mathematical consequence: &' changes to &'
coth M/6'R); and (d) the assumption that the end plate is an annular-
ring composite catalyst consisting of an inner disk of recombination
coefficient y' and reduced radius xk and an outer annular ring of neg-
libible catalytic activity (mathematical consequence: &' changes to

£ /K°).

These results agree with previous ones,BO 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 arguments
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thus are better 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 all the sources and sinks present within the

system.

If a catalytic probe is highly active (y‘ > O.l), the deriva-
tions unequivocally state that the probe's size and location affect the
atom concentration at the discharge boundary. Even i1f the end plate is
extremely inactive (&' >> u), 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 concentration profile

are both dependent on this "closure" factor.

C. Experimental Results

In order to answer the questions raised by Tsu and Boudart, I per-
formed +the following experiment: place an atom-concentration-meas-
urement device (a Wrede-Harteck gauge) at the discharge boundary and
determine if the location of a hot-wire calcrimeter or thermocouple
probe of the same size used by Wood and Wise perturbs the measured
atom concentration (Figs. 82 and 83). TFigure 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 deviation between the
three theories is quite pronounced— this experiment was certainly
critical.

The apparatus consisted of a 1l42-cm diffusion tube (37-mm i.d.)

with a discharge zone and a reactor zone, a microwave discharge produced



WHG

-190-

UCRL-16050

o ////////T_

L
R

| E P

y—.
"
O

MU-35731

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 concentration 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 a 100-W Burdick diathermy unit, a Wrede-Harteck gauge capable of
measuring an atom mole fraction of 0.02 (at 75-mtorr total pressure) to
2% accuracy, 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 Agl\TO5
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 to perform (the leak was discovered
only after the experiments were stopped).

The highly active platinum-and-nickel-mesh probe unequivocally
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 91) 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
gas. ‘
The nickel-plated copper plug, the non-flashed tungsten filament,
and the thermometer containing electroplated nickel or AgNO5 on the bulb
all showed either small or else no effects, a result which was possibly
due to the'poisoning ef the above metal surfaces. On the other hand,
the copper disk (Fig. 92) and the Teflon plug (not shown) both increased
the measured atom concentration when. brought close to the gauge and the
discharge zone. This observation indicated that both surfaces were
quite inactive but did not give any valﬁes 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 occurred during the entire series of experi-
ments, the results obtained for all of the probes tested may not nec-
essarily be typical of their behavior in a purer hydrogen-discharge
system. Nevertheless, the experiments demonstrated that Tsu and Boudart's
analysis was valid and that the position of the SRI group was incorrect.
The refined mathematical derivations, the experimental results, and this

conclusion are my only contributions to this subject.
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Fig. 85. Response of non-water-cooled WHG (lOO holes, 2.6 mtorr
full scale) to a microwave 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
poundary. After the discharge is turned on [point (a)], the
atom concentration decays to point (b) due to the conversion of
Op to Hy0 by the discharge. Point (c) shows the drift in the
baseline after the discharge has been shut off, an observation
which indicates that water has been formed and is adversely
affecting the WHG. The plateaus at (b) and the spikes at (d)
represent the difference in atom concentration when the Pt
probe is alternately far away 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, 196L4).
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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
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 discharge was turned on continuously until
at point (p) it was turned off. This action poisoned the Pt
probe, as is shown by the smaller height of the spikes in Fig. -
87. t = 20 sec/small div (right to left). (November 29, 196L). ' '
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Fig. 87. Curves similar to those shown in Figs. 85 and 86, demon-
strating the effect of a movable Pt probe on the atom concen-
tration near a microwave discharge, and also the effect of the
presence of small amounts of air on the yield of atomic hydro-
gen 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 from the discharge. t = 20 sec/small div (right to
left). (November 29, 196L).
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Fig. 88. 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 catalytic probe.
After the discharge is started [point (a)], the platinum probe
is moved from the end of the tube [point (b)] to the discharge
[point (c)]. This process is repeated at points (a'), (b'),
and (c'). The change in the atom concentration at the discharge
zone between points (b) and (c) and points (b') and (c¢') demon-
strate that the Pt catalytic probe perturbs the atom-concentra-
tion 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-concentration peaks are produced when the Pt
probe is at the end of the diffusion tube, and the lowest
peaks occur when the probe 1s near the WHG. These curves
indicate that the position of the probe influences the atom-
concentration profile throughout the diffusion tube. P =80
mtorr and t = 20 sec/small div (right to left). (August 11,

196L4).
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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 (v) the probe is only 1.10 in. away. The results
of this quantitative run are shown in Fig. 91, and demonstrate
that the location of the probe effects the concentration pro-
file throughout the diffusion tube. Full-scale WHG signal =
about 1.5 mtorr, P = about 80 mtorr, and t = 20 sec/small div
(right to left). (December 8, 196k4).
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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, 196k4), and (b) the probe
was poisoned (December 8, 196L4). The curved shape is in good
agreement with thecoretical predictions in the present paper.
The average atom concentration during these experiments was
about 0.7%.
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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 copper-disk catalytic probe on the atom
concentration near the discharge. Peaks (a) and (b) demon-
strate that the action of moving the copper disk closer to the
discharge increases the measured atom concentration. This result
occurs because the copper disk occupies the entire cross-sectional
area of the diffusion tube and thus minimizes the influence of
the catalytic glass walls behind the probe. This observation,
which has also occurred with a Teflon plug occupying the entire
cross-sectional area, is compared schematically to the effect
of the platinum-mesh probe in Fig. 93. P = about 80 mtorr and
t = 20 sec/small div (right to left). (December 15, 196k4).
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Fig. 95. Schematic drawing showiné the results of experiments with
the (a) platinum-mesh and nickel-plated copper-mesh probe, (b)

Teflon plug, and

(¢) copper disk.

The words near and far refer

to the distance between the probes and the discharge boundary.
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VII. NOTATION
A. Notation for Section III

Recombination coefficient of catalytic surface in
Wrede-Harteck gauge

3.1416

Response fime

Area of catalytic surface in Wrede-Harteck gauge
Molar Concentration

Diameter of effusion holes

Boltzmann constant

Mass

Number of effusion holes

Pressure or partial pressure

Molar rate of collision of species on a surface
Time

Temperature (absolute)

Average velocity

Residual volume of the catalytic chamber

Atoms

Molecules

Atomic hydrogen
Molecular hydrogen
Water

Oxygen

Left~hand side
Right-hand side
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B. Notation for Sections IV to VI

Defined by Eq. (IV-59)

Arguments of Bessel functions

Argument of Bessel functions, defined by Eq. (IV-1%9)
Dimensionlesévgroup defined by Eq. (IV-1L43)
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) _

Dimensionless group defined by Eg. (IV-65)
Dimensionless group defined by Eg. (IV-110)

Reduced atom concentration in discharge zone defined
by Bg. (IV-63)

Reduced smaller radius of annular-ring end plate
defined by Eq. (IV-116)

Reduced length defined by Eq. (IV-U45)

Dimensionless group defined by Eq. (IV-93)
Dimensioniess group defined by Eq. (IV-L6) corres-
ponding to use of vy

Dimensionless group defined by Eq. (IV-46) corres-
ponding to use of '

Dimensionless group defined by Eq. (IV-L46) corres-
ponding to use of "

Gas density

Dimensionless group defined by Eq. (IV-115)

Mass concentration of species 1

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)

Reduced atom concentration in reactor zone defined
by Eq. (IV-Lk)

Reduced atom concentration at discharge-reactor-zone
boundary

Mass fraction of component i

Dimensionless function defined by Eq. (IV-15k)
Binary diffusion coefficient

Del operator {vector)

Infinity

Braces indicating molar concentration of enclosed
gpecies

Cross-sectional area of reaction tube

Function defined by Eq. (IV-60)

Surface area of thermal calorimeter
Integration constants

Side of square

Total molar concentration

Molar concentration of atoms in reactor zone

Molar concentration bf 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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Dimensionless function defined by Eq. (IV-89)
52 kecal/mole for atomic hydrogen

Current measured in presence of atoms

Current measured in absence of atoms

Mass flux of 1 relative to average velocity of mass

Mass flux of atoms relative to average velocity of mass

Mass flux of molecules relative to average velocity
of mass

Bessel function of argument ai

Another Bessel function of argument ai

Molar atom fluxes defined by Egs. (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 1 and j

Mass flux of i with respect to stationary coordinates

Length of buffer zone



-206- UCRL-16050

Pressure

Volume rate of generation of atoms in discharge zone
Mass rate of production of species 1

Mass rate of production of atoms

Radius of reaction tube

Molar rate of production of species 1

Resistance of iéothermal 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~volume ratio of reaction tube

Mass average velocity

Mass average velocity in =z direction (axial direc~-
tion)

Mass average velocity in 2z direction of entering gas
Mass average velocity in radial direction

Velocity of an atom

Time

Dimensionless function defihed by Eq. (IV-159)

Mole fractions of species 1 and

Mole fraction of atoms

Bessel function of argument ai

Distance from discharge-reactor-zone boundary to end

plate (+ direction) or to buffer zone (- direction)
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