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DISSOCIATION OF HYDROGEN ON TANTALUM
USING A MODULATED MOLECULAR BEAM TECHNIQUE

R. A. Krakowski and D. R. Olander
Inorganic Materials Research Division, Lawrence Radiation Laboratory,

and the Department of Nuclear Engineering, College of Engineering,
University of California, Berkeley, California

ABSTRACT

A molecular beam-mass spectrometric apparatus has been developed to
study the kinetics of gas-solid reactions at low pressures. The system
has been used in an investigation of the digsociation of hydrogen on
tantalum., A modulated beam of molecular hydrogen, formed by effusion
from a high pressure source, impinged upon the tantalum target. The re-
flected Hé and H atoms emitted after surface dissociation were monitored
by a mass spectrometer in the vacuum system. The beams were modulated
and the products measured by a phase~sensitive detector to improve the
signal~to-noise characteristics of the detection system. The degree’of
dissoclation was studied as a function of the surface temperature, beam
temperature, and beam intensity. Experimental results have been analyzed
in terms of phenomenological first and second order kinetic models. With-

8 BXlO-( torr) and temperature (1000 to 2500°K)

in the pressure (3x10~
ranges studied, the data agreed best with the first order mechanism, and
ylelded 65 kcal/mole for the hydrogen-metal bond energy. At a given

temperature, dissociation increased with the beam temperature with an

apparent activation energy of 1.k kcal/mole, which was independent of

* Present addresst Chemistry Department, EURATOM, Ispra, Italy.
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the surface temperature. The rate of dissociation varied linearly with
the beam intensity. Mixed hydrogen-deuterium beams were employed to
investigate the isotope exchange reaction, and, within the sensitivity of
the detection system, exchange did not take place. A simple kinetie
model, which proposes a high adatom recombination probability before sig-
nificant surface diffusion occurs, was proposed to explain the observed
first order kinetics. Hydrogen solubility in the metal bulk has been

considered as a possible source for the observed non-equilibrium behavior.
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INTRODUCTION

Detailed information on the interactions of gases with solid surfaces
is important to the elucidation of the mechanisms of processes such as
energy exchange, chemical catalysis, corrosion, ablation and adsorption.
The interaction of dlatomic gases with chemically inert surfaces is one
of the simplest systems for experimental stﬁdies of this nature. Over
the last half century hydrogen-metal systems have received considerable
attention. Dissociative adsorption of hydrogen on metals is the first
step in bulk diffusion and hydriding phenomena, which are of practical
importance in the problem of hydrogen embrittlement of reaction fuel
element cladding.

The experimental history of the hydrogen-metal interaction reveals
continual improvement in the definition and measurement of the system

2 . . . .
1,255 in his classical work on the interaction of

variables. Langmuir,
hydrogen with hot tungsten filaments by the flash filament technique,
relied solely on the decrease of the total pressure due to the highly
efficient pumping of atomic hydrogen by the cooled walls of the reaction
vessel,

This work gave a value for the hydrogen dissociation energy which
agreed well with the spectroscopic values of Giaugue4 and led to the now
famous theory of monolayer adsorption, but many side-effects remained un-
resolved, Although recent advances in vacuum technology and electronics
have permitted great refinements in flash filament techniques,5’6 two
major uncertainties remain: 1) the nature of the reaction products emitted

from the surface is unknown, since total pressure changes are used to

measure the degree of dissociation; 2) because the background gas in the
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vacuum chamber is the source of impinging molecules, little gontrol over
the temperature and degree of dissociation of the ineldent molecules is
possible,

The advent of accurate mass spectrometrlc techniques has provided
the means of eliminating the first of these limitatlons. Bergsnov-Hansen

7

and Pasternak’' employed a mass spectrometer in conjunction with a hot
molybdenum filament to investigate the hydrogen-deuterium isotope exchange
reaction. Direct measurement of emitted reaction products was made by
Moore and Uhterwald8’9 who used a mass spectromete? to investigate the
hydrogen dissociation reaction at varlous refractory metal surfaces.
While uncertainties associated with the ldentity of the reaction products
were eliminated, the source of impinging molecules was still obtained
from the background gas in the vacuum system.

The use of molecular beams in conjunction with mass spectrometric
detection affords strict control of the composition and temperature of
incident reactant molecules. The hydrogen-tungsten system was investigated

10,11 who used a modulated beam technigque

in this manner by Smith and Fite
In order to achieve improved signal-to-noise ratios. The primary advant-
ages of the modulated molecular beam experiment have been discussed by
Holister, Brackmann and Fite.12 Other systems have been studiled by

similar techniques;la’lu’l5’l6 Although considerable work has been done
on the interaction of hydrogen with other refractory metals (tungsten.and
molybdenum),rhenium, platinum and carbon, the hydrogen~tantalum system
has not been investigated. Unique features of this system are the large

solubility of hydrogen in the metal and the stability of the hydride, which

could alter the dissociation mechanism established for metals such as tungsten.

v
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EXPER IMENTAL

A molecular beam of known intensity and temperature is generated by
gas flow through an array of long naxrow channels, modulated by a mechan=-
ical chopper, and directed at a solid target. A small portion of the
products of the gas-solid interaction which leave the target pass through
the jonizer of a mass spectrometer without céllisions wilth solid sur faces
or molecules in the gas phase. The output of the mass spectrometer is
amplified by a phase sensitive detector. A detailed description of the
experimental method is given in Ref. 17, and only a summary is presemted
here.

Figure (1) shows a schematic drawing of the two chanber, differentially
pumped vacuum system used in the experiment. The source  chamber houses
a multi-channel source of the "krinkly foil" typéfzapable of heating to
1800°K by electron bombardment. By means of a specially designed bellows
mounting device, the Knudsen cell source can be externally aligned with
respect to the collimation apertures, Viewing ports provide an optical
line-of-gsight along the entire beam path and permit aligmment of the
system by a small gas laser. Temperature measurement of the inner face of
the multi-channel source was made by optical pyrometry. Gas is suppliled
to the Knudsgen cell through palladium leak or by preclsion mechanical
leak for mixed beams. The mercury diffusion pump on the source chamber
has an effective speed estimated at 100 Z/sec, which meintained a pressure
of ~ :LO"11L torr in the source chamber when the strongest beams were used.
The base pressure in the source chamber is ,2><J_Om7 torr,

Effusing molecules from the multi-channel source are collimated by

a small aperture separating the source chamber from the experimental
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chamber which is provided with 1200 liters/second of ion pumping. The

pressure in the experimental chamber increases from a no-load value of N
5xlO-9 torr to 5X10-7 torr when the beam of maximum intensity is generated
(source pressure = 3 torr), The experimental cgamber contains the beam
chopper, second collimation aperture, the beam monitor, tantalum target,
and the quadrupole mass spectrometer. Figure (2) gives the details of

the beam geometry and illustrates the collimation, modulation, interactiocn,
and detection processes, as well as all pertinent dimensions.

The 0.00l-inch target foil is resistively heated with de current and
is mechanically positioned with a linear feed through. A uniform tempera-~
ture area 1 em X 2 em is exposed to the beam. The target temperature ls
measured optically thmw ugh the viewing port on the right of Fig. (1).

The target was outgassed at 1800°C before each measurement. The beam is
mechanically interrupted by a two blade chopper motor prior to final
collimation. The chopper is driven at a modulation frequency of 50 cps
by a hysteresis synchronous motor located in the experimental chamber.
The modulated beam traverses the second collimator and passes throﬁgh a
small ionizer of the Pierce gun variety. The output from this "beam
monitor ionizer" is amplified and displayed on an oseilloscope to give a
relative measure of beam intensity. The chopping frequency is obtained
from a light-photodiode arrangement.

After the beam interacts with the target, reflected species are
detected with a small quadrupole mass spectrometer, which is located at
an angle of 450 with respect to the target normal. The output from a
16 stage Cu(Be) electron multiplier of the mass spectrometer is fed to

the high impedence Input (lO7 ohms ) of a phase-sengitive, lock-in detector
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which is referenced in time to the signal from the photodiode at the
chopper motor. The filtered output from the lock-in amplifier is monitored
with a variable speed strip-chart recorder. No phase shilfts were measur-
able. At a chopping frequency of 50 cps, a minimum time.lag of ~ 170
usec 1s detecteble. Molecular transit times in the apparatus were 20-50
usec and thus not resolvable,

In most experiments, the pressure in the Knudsen cell was 3 torr.
The beam generated by this source pressure at 300°K is referred to as the
"standard beam', and corresponds to an intensity at the target of approx-
imately Mxlolh molecules/cmg-sec.17 The equivalent pressure of the
standard beam (in terms of rate of impingement on a surface) is 5xlO-7
torr. The pressure in the experimental chamber under these beam condi-
tions was also 5X10-7 torr, and consisted of over 90% Hé. It will be

convenient to refer to a beam-to-background impingemeht rate ratio defined

by
° = g (1)
where Ig is the amplitude of the modulated beam intensity at the location

of the target and Ibkg is the impingement rate of background gas per

square cm of target. For the standard beam, p was (fortuitously) unity.
The beam intensity (as measured by the beam monitor lonizer ) was

found to vary with the square root of the leak rate (measured by the source

19,20

pressure) as predicted by theory. bkg)

The background pressure (or I
was directly proportional to the leak rate, since the primary gas load on
the experimental chamber was due to effusion of the non-directed molecules

from the source chamber through the small collimating orifice between the
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two chambers. For beams weaker than the standard beam, the signal-to-

background ratio was larger than unity and expressible by

This ratio was dlrectly measurable by the beam monitor ionizer.
Reflection of the standard beam from the target produced a beam of
~ 5’><lO12 molecules/cmg-sec intensity in the ionizer of the mass spectro-

meterl7; this intensity is equivalent to a pressure of ~ 5><J_O—l

0 torr in
terms of number density. The signal-to-background figure at this location
was at most thB, which clearly indicates the necessity of phase-sensitive

detection.

Treatment of Signals

The species i, reflected (or emitted) from the target, lonized, and
mass analyzed, produces a modulated (ac) signal, Si(t)’ which 1s related

to the surface emission R?(t) (molecules/cme—sec) by:

5,(t) = R (8)/ T, (3)

3 (
where Ti is the temperature at which the ith species leaves the surface.
The term~f§£ reflects the influence of the mean veloclty of the neutral
particle on the efficiency of ionization in the mass spectrometer. o
denotes a system-dependent constant which contains geometric factors,
ionization cross-sectlons, and detection efficienciles.

The rate at which a particular species 1s emitted from the surface
depends upon the rate of impingement of reactant gas on the target via

some kinetic mechanism. The total. impingement rate contains an ac
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contribution from the modulated primary beam and a de¢ component from the
background gas, which consists predominantly of the same specles as in the
primary beam. Even though the background component is unmodulated, 1t
influences the rate of product emission by contributing to the supply of
adsorbed atoms in the surface. Only in the case of a first order surface
mechanism does the phase sensitive detector completely remove the undesir-
able dc¢ component.

In order to reveal the effect of the background gas on the output

signal, the total rate of impingement on the target is written as
I, = Io[f(t) + l/p] (L)
T T

The periodic function_f(t) represents the modulation of the primary beam,
and varies from zero to unity. In these experiments, f(t) was observed
to be nearly a square wave.

The lock-in detector produces a de output which is proportional to the
amplitude of the ac input. The operation of the lock-in detector can be
represented as .a process whereby cosine averaging an ac input signal yields
a dc output. For the case of zero phase-lag between the reference signal
and the input signal dc output is:

1

T
5 = = .I; Si(t) cos 2rf t dt (5)

vhere T is the filtering time constant of the lock-in detector and fO is

the modulation frequency (1/7 << f Since the ac component of Si(t) is

O)'
adequately represented by a square wave, and Si(t) is proportional to R?(t)
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according to Eq. (5), the cosine average Si is proportional to the dif-
ference between the maximum and minimum of Rf(t). Any term in Si(t) which
can be considered an additive constant will be null-averaged by Eq. (5).

For a équare wave, the cosine average 1s performed only on the first harmonie,
and the resulting constant depression factor of E/W can be absorbed into

;. Inserting Eq. (3) into Eq. (5) yields

- i )
Sy = ;ﬁ;; {R?(max) B R?(min)} ’ ©)

It is readily seen that if R? is first order with respect‘to the impinge-

ment rate, I, the 1/°P term in Eq. (L4) cancels in Eq. (6). The output

TJ
§i is independent of the background contribution. For the case of non-

linear dependence of the rate on the beam intensity, the final output sig-
nal will not be independent of £; an analytical surface model must be used

to obtain the dependence of R? on IT and the resulting expression then sub-

stituted into Eq. (6), which will exhibit an explicit p dependence.

Pirst and Second Order Kinetics

A minimum of three surface steps is required to describe the dissocia-
tion processt dissoclative adsorption of a fraction of the molecules im-
pinging on the surface; atom évaporation from the surface; and molecular
reconstitution and evaporation.

At low surface coverage, the rate of Hé adsorption can be described by

Ry = n,l, (7)

516)8)9

where Mo is the temperature-independent sticking coefficilent.
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The rate of atom emission from the surface 1is
E E
R = Ikn (8)

The rate constant for atom evaporation is denoted by kE and n refers to

l}
the surface concentration of adsorbed atoms.

Moleegular hydrogen is evaporated from the surface according to

E E m (9)

The exponent m in Eg. (9) is two for second order (equilibrium)
molecular desorption. If molecular evaporation 1s first order in surface

concentration, m is unity. The rate constant for this step is dehoted by
i

The three rates are subject to the surface material balance

A R E
Ry = R +i% (10)
Combining Eqs. (7-10) and solving for R? yields
E, E
B (kl/k2>“21T |
R = TR R , for m=1 (11)
§(kl/k2> + 1
S E o ‘ V2
(k ) 160, T
Rf = 1 1+ —=2 1|, form=2 (12)
" 1 E\® , E
- 2 (kl) /%

Both atomic hydrogen emitted from the surface and molecular hydrogen which

has been reconstituted and evaporated from the surface are assumed to have
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attained the temperature of the solid substrate. Using Eq. (4), substitu-

tion of Egs. (11) and (12) into Eq. (6) yields

for m =‘l (13)

<&ﬂ
3
[ea]}
'_.I
1l
Q
,.._l

’ lsocnIO — —
= 1'2°T 1 b _
,/TT'sl = [\/1 + b(l + 5) - \/1 t3 ] , form=2 (1k4)

. 16n212 (15)
()

E
K ) /%

If in addition to the requirement of second order the ratio of the H and

Hé emission rates is assumed to be that of a surface in equilibrium with

E

2, E .
1) /k2 can be expressed in terms of

a suiltable gas phase, the ratio (k
the gas phase equilibrium constant by means of the principle of detailed

21 cq s s .
balance. For equilibrium second order emission, the parameter b becomes

8n,nod <Eﬂm2kT )1/210
212 T T
b s (16)
1 p\'T
where Kp(TT) is the thermodynamic equilibrium constant for the reaction

He(g) = 2H(g) at the temperature of the target, T niq and ngq are
sticking coefflcients for H and Hé respectively under equilibrium condi-
tions (i.e., gas and surface at'TT).

Eq. (14) for the second-order model contains the beam-to-background

ratio, P, but in the first-order model this effect 1s absent.
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Similar expressions can be obtained for the rate of emission of
molecular hydrogen. However, the temperature of the portion of the in-
cident Hé which is reflected without adsorption depends upon the extent

of thermsl accommodation with the surface.
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RESULTS AND DISCUSSION

Typical traces of the output of the phase-sensitive detector as the
target temperature was varied are shown on Fig. (3). Both the mass one and
mss two signals dropped to the noise level when either the target was
removed from the path of the beam, or the beam was shut off. The noise
level was approximately 1% of the maximum signal. The mass one background
observed with a cold target was due to the cracking of the reflected Hé in
the ionizer of the mass spectrometer.

In order to assess the validity of the models discussed previously,

; 2) the beam

four parameters were varied: 1) the target temperature TT,

temperature Tp3 %) the beam intensity IO; and 4) the composition of the
beam., The results of these experiments were interpreted in terms of Egs.
(13) and (14) (or the equivalent equations for Hé). The instrumental con-
stant in these relations is difficult to calcuiate and was subject to varia-
tion from one experiment to another (due to electron multiplier gain drift,
background pressure fluctuations, and variations in electronic settings).
Consequently, all signals were ﬁormalized by reference to the signal ob-
tained in the'§ame experiment when the parameter under investigation took

on itgs highest or lowest value.

Effect of Térget Temperature

The standard beam (3 torr source pressure, 300°K source temperature)
was employed 1n all experiments involving variation of target temperature.

Beyond 2300°K, both the mass one and mass two slgnals were independent
of temperature. The atomic hydrogen signal has been normalized‘with re-

spect to the high temperature limit and expressed as
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o N%E
ELEE!

(17)

TT — large

Figure U4 shows the results of seven experiments with the standard
beam. Atomic hydrogen was first observed at 1400°K; below this tempera-
ture, all hydrogen chemisorbed from the beam evaporated as Hé. Above
2300°K, evaporation of atomic hydrogen was the sole mode of desorption.
Between these limits, molecular and atomic hydrogen evaporation are of
comparable magnitudes. Experiments 2, 3d, 5a, and 5b utilized a new tan-
talum target. The remaining three experiments were performed with the
same foil after a period of several months during which the target had
been subjected to long periods at elevated temperatures and to exposure
to CO purposely introduced into the beam. Microscopic and chemical exam-
ination of this "old" target showed considerable grain growth and a sub-
stantial increase in carbon content. Yet, as seen from Fig., 4, the hydrogen
emission characteristics of the target was the same in the old and new con-
ditions. .In one experiment (No. 16g), a beam containing 5% CO was employed.
This is equivalent to a CO partial pressure of ~ 10“8 torr, which is ap-
proximately an order of magnitude greater than the CO in the experimental
chamber gas as estimated from the background mass spectrum, The emission
of atomic hydrogen was wunaffected by the addition of 5% CO to the primary
beam.

The Hé signal has been normalized by dividing §2 by its value for a

room temperature target

2

S
8, = = (18)
) [SE]TT = 300°K
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The variation of Sy with TT measured in seven experiments (different
from those in which atomic hydrogen was monitored) is shown in Fig. (5).
Contrary to the emission of atomic hydrogen, the evaporation and/or re-
flection of molecular hydrogen was distinctly different for the "old" and
"new" targets.

At the temperature at which the plateau occurred (-~ 2300°K), the Hé
emanating from the target is due only to the fraction l-ﬂg which is re-
flected without adsorption. The decrease in the mass two signal at high
temperatures is a result of three effects: - 1) the removal from the’beam
of the fraction n2 which has been chemisorbed on the target and re-evaporated
as atoms; 2) partial thermal accommodation of the reflected portion of the
beam, which increases the temperature of the reflected Hé above 300°K and
decrgases the efficiency of detection according to Eq. (6); and 3) the
change of the angular distribution of the reflected H2 from diffuse at low

1,15 Since the process of

temperatures to specular at high temperatures.
reflection of Hé from the target 1s first order in the impingement rate,
the bracketed term in Eq. (6) represents the fraction of the primary
modulated H2 beam reflected from the targét. The normalized H2 signal at

the high temperature plateau can be expressed by

spec

o
00 2
[S] =(1-n)/§——-~——~—. (19)
2 T& S large 2 Ié adiff
2 .
where Té is the temperature of the reflected H2 and a;pec and aglff are
the coefficients in Eq. (6) for specular and diffuse reflection.
The specular reflection patterns observed by Datz et al.15 and Smith

11
and Fite™™ can be represented by ellipses. For normal incidence, the
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ratio ngec/dglff depends upon the eccentricity of the ellipse and the
engle of observation with respect to the target normal according to17
o Pec 1 - 62 cos2 0
iiff = YL (20)
Qé (1 -~ € >

where € is the ecéentricity of the elliptical reflection pattern and 6 is
the angle with respect to the target normal, which is the same as the direc-
tion of incidence. Equation (20) represents the ratio of the reflected
intensity from an elliptical pattern to that from a cosine distribution at
an angle U and for the same total emission rate.

The plateaus on Fig. 5 correspond to sticking probabilities of 0.49
and 0470 for the new and o0ld targets respectively if the effects of thermal
accommodation and specular reflection are ignored, An indication of the
magnitude of these effects can be seen from the results of Smith and Fite
for Hé scattering from tungsten., They found a thermal accommodation coeffi-

= 2500°K which can be

cient of 0,07 and a specular reflection pattern at TT

characterized by an ellipse of eccentricity ~ 0.6. Assuming these figures
to apply to a 2300°K tantalum target, the calculated temperature of the
reflected beam is ~ 440°K, which results in a 21%.reduction in the signal
due to thermal accommodation, The alpha ratio for a specular pattern char-
acterized by € = 0.6 and an observation angle of 45° provides an additional
11% reduction in the H, signal. Applying these corrections to Eq. (19),
the sticking probability for the new target is reduced from 0.49 to 0.30.
The depression of the curve on Fig, 5 for the old target may be the result
either of improved thermal accommodation of the reflected beam due to the

carbon impuritles on the surface or of increased specular reflection caused
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by the growth of large grains. The difference iIn the curves of Fig., 5
may not represent a real alteration in the sticking probability between the
target in the two conditions.

Although the sticking probabilities implied by the plateaus of Fig.

5 (uncorrectea) are higher than those reported for similar materials, the
values measured for other refractor metals show large variations. Smith
and Fitell obtained 0.30 for tungsten, while Hickmott's measured value was
O.O5.22 Moore and Unterwald,9 working with molybdenum, corroborated.Lang-
muir's earlier value of 0,49, obtained with tungsten. Bergsnov-Hansen and
Pasternak  observed 0.4 at 720°K and 0.15 at 300°K with molybdenum, We

do not know the extent to which our observed values of 0,49 and 0.70 are
too high because of thermal accommodation and specular reflection of the
non-chemisorbed H2, but in any case these figures constitute an upper limit
on the sticking probability of Hé on tantalum.

The interpretation of the atom emlssion data is not beset by the same
uncertainties, since the temperature of the evaporated atoms is equal to
the target temperature and the angular dlstribution is diffuse.ll

In terms of the model discussed earlier, the dominance of atom emis-

E

sion over molecular evaporation at high temperatures implies that kl >>

kg. Both Egs. (13) and (14) reduce to 2o Dividing this expression

0
1oty
into Eq. (14) gives the theoretical prediction of the normalized H signal

according to the second order model

b
2 , 1 std
S - —— — ~
1 bstd \/l + bstd(L + p) 1+ 5 (21)

0

T replaced by the intensity of the

where b_, . is given by Eq. (15) with I

td
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standard beam used in the experiments, (Ig)std. For equilibrium second
order dissociation, by, is given by Eq. (16),

Asguming ¢ = 1, the 8¢ values from the smooth curve of Fig., 4 can
be converted to an experimental value of bstd by Eq. (21). The equili-
brium second order value of b_, . is obtained from Eq. (16) with a beam

a

intensity of thOl4 molecules/cm2-sec, n, = ng = 0.49 (the uncorrected

value for the new target), niq

= 1,0, and KP(TT) from the literature com-
pilation.25 Comparlson of the experimental and calculated equilibrium values
of botd are shown in Fig. 6. The calculated values are approximately three

orders of magnitude below those obtained from the data. TFor molybdenum,

9

however, Moore and Unterwald " found good agreement with a calculation equl-
valent to Eq. (21), although comparable agreement with theory for a tungsten
surface was not obtained. Hickmott,22 using his measured sticking.prob-
ability of 0.05, was able to obtain reasonable agreement with the equili-
brium second order model if the sticking probabillty for atomie hydrogen
was taken as ~ 0,16. In our case, accord between theory and experiment
would require ﬂiq =~ 0,03. While recent evidence suggests that the stick-
ing coefficlent of H may be smaller than that for K ,24 a value as low
as 0.03 seems unreasonable. Although the experimental values of p, Mo
and (Ig)std are not known with great accuracy, they are not low by three
orders of magnitude.

Equation (13) for first order H. surface reconstitution can be

2

written as

5, = ‘ (22)
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The data for the seven experiments in which H was monitored are
plotted as the rate constant ratio vs l/TT in Fig. 7; Edq. (22) has been
used to convert 81 to k?/kg. There 1is a break in the curve at a target
temperature of 1800°K. Above this temperature, the activation energy of
the rate constant ratio is 42 keal/mole.

The first order model can also be used to obtain a relation between

k?/kg and Sye Neglecting thermal accommodation and specular reflection

effects for the non-adsorbed Hé, there results

R, = (1-n2>+ﬂg[%_< l)+1] . (23)

/5

The normalized data for the seven experiments in which Hé was measured
have been converted to the rate constant ratio by use of Eq. (23). 1In so
doing, the uncorrected s appropriate to the condition of the target in
each run was used (i.e., the target was either new or old, and the stlck-
ing probability was taken as either 0.49 or 0.70). The results are shown
on Fig., 8, Despite the scatter of the data, both the slope and magnitude
of the line agree well with the line on Fig. 7 for TT > 1800°K. The two
plots utilize independent data which were obtained in different experiments.
Notwithstanding the insecurity of the Hé data due to neglect of thermal
accommodation and specular reflection, the agreement between Figs. 7 and
8 indicates that the two sets of measurements are consistent with a first
order surface model,

The rate constants can be written-aSEl

/KT
K o= ove O (24)
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and

~V/KT
kg} = Vge T (25)

where X is the energy difference between an adsorbed atom and a free gas
atom and V is the energy difference between two adsorbed atoms and a
molecule of gaseous Hé. These energies are related to the dissociation

energy of the gaseous molecule by
2X -V = D _ (26)

The 42 kcal/mole activation energy characteristic of the line of Fig. 8
and the high temperature poftion of the line of Fig. 7 represent X - V.
Using D = 103 kcal/mole, we obtain X = 65 kecal/mole. Ehrlich21 gives a
value of Th kcal/mole for this parameter while Hickmottgg has measured

X = 67 kcal/mole for tungsten.

Effect of Beam Temperature

The variation in the mass one signal as the temperature of the primary
beam was increased from 1150°K to 1800°K fof various target temperatures
was measured and compared to the results for a room temperature beam., The
strength of the beam was equal to that of the standard beam. The results
are shown in Fig. 9. .

For a fixed value of TT’ the mass one signal at an elevated beam
temperature has been normalized by divislon by the corresponding value

at the same target temperature with a 300°K beam

Sl(TB’TT)

él<500,TT) (27)
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The increase of Cl with Ty is attributed to the ability of the more
energetic, hotter molecules to overcome a small activation energy barrier
separating the gaseous and adsorbed states. In accord with most other
investigations, the sticking probability is assumed independent of target
temperature. The variation with beam temperature is taken to be of the

form

(1) = ce® B (28)
Mpltg) = € €

wheré Ea is the activation energy for disscciative a@sorption and C is a
temperature-independent constant.

In applying the second order model represented by Egs. (14) and (15)
to these data, the sticking probability appears only in the bracketed
term of Eq. (14) via the parameter b, For beam temperatures other than
300°K, b can be written as bstdng(TB)/ne(BOO), since the beam strength
in this experiment was that of the standard 5eanu Using Eq. (14) with

P = 1, the normalized mass one signal is

no(Ty) N, (Ty)
1+ 2b B - 1+Db 2 B
std n235005 std n2(3005
6, = ™ (29)

1}l'+ 2bstd - 1,1 + bstd

at high target temperatures (b - 0), Eq. (29). reduces to

std
[C ] _ ﬂe(TB) ~ e -Ea/kTB ( O)
l_T — large neiiooj ) T]215003 ) : ’

T

At low target temperatures (b —aw), the limit is

std
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(T V2 g fxr
[{, ] - 2 B - c e a B (51)
1y o 1,(300) 5(300)

According the Egs. (30) and (31), Arrhenius plots of the Cl-TB data should
show a maximum activation energy at high target temperatures. As the
target temperature is reduced, the activation energy should decrease,
approaching one-half of the maximum valug at Véry'low target temperatures.
Equation (29) can be used as an interpolation formula for intermediate TT’
Figure 10 compares the data and the predicted variation of Ql with TT
according to the second order model. The constants c/nECBOO) and E_ have
been computed from the high target temperature data on Fig. (9) in con-

junction with Eq. (30). The intermediate lines have been computed from

from Fige 6, The T, = 0°K

Eq. (29) and the experimental values of by .

td
line represents Eq. (31).

There 1s no suggestion that the activation energy of gl decreases
with decreasing target temperature, as required by the second order model.
On the contrary, the poin£s for all target‘temperatures are bhest represented
by a single line with an activation energy of 1.k kcal/mole* This behavior

is consistent with the first order model (Eq. (10), which for all target

temperatures yields

ue

. —Ea/kT
1=[ ] ; (32)

ﬂ2<5005

The activation energy of 1.4 kcal/mole is valid only for 1150 < Ty < 1800°K,

gsince the upper line of Flg. 10 does not pass through QJ =1 at TB = 300°K,
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Effect of Beam Intensity

The variation of beam intensity is equivalent to variation of the
reactant gas pressure in experiments utiliziné the randomly directed gas
in a reaction chamber. It is perhaps the most direct method of ascertain-
ing the order of the reaction.

In this series of experiments, the beam temperature was always 300°K.
In one experiment, the beam intensity was varied from 10% of the intensity
of the standard beam to the full strength of the standard beam. The tar-
get was maintained at 1980°K. At this temperature, Fig. Lk indicates that
the H signal was about one-half of the plateau value. This is well within
the region where second order effects, if present, would be observed. The
results of this experiment are shown in Fig. 11l. ‘The abscissa fepresents
the output signal of the béam monitor ionizer, which is proportional to
the beam strength. Except for the highest beam intensities, the varia-

tion of §, with VB is linear. In another experiment, the variation of

1
the H signal with target temperature was measured for four beam intensities.
These results are shown on Fig. 12, For comparison with the first and

second order models, the H signal has been normalized to the value for

the standard beam

The ratio I@/’(I@) is a convenient measure of the beam strength.
std

The inverse of this ratio is, according to Eq. (2), the signal-to-back-

ground ratio, p. The parameter l/p provides a single variable for denot-

ing both the relative beam strength and the signal-to-background ratio.

In the latter role, p appears explicitly in the formula for the second
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order model, Bg. (14). As a measure of beam intensity, it appears in the

parameter b of Eq. (15), which can be written in terms of bStd by
0]
I b
T std
b= Puig (Io> 5 (54)
T/sta

Inserting Eq. (34) into Eq. (14) and dividing the resulting equation

by its value for p = 1 gives

i , 1

1 1+b =

J1+bstd (14 p> - std 2
b

1 =
1+ 2bstd - V1'+ std

Tl

(35)

Equation (35) is the predicted variation of 91 with 1/p according to
the second order model. In the 1limit of high target temperature (bstd-a

0), it reduces to a pseudo-first order form

] - 1/ (36)

TT — large

at low temperatures (bstd -» @), the following non-linear form results

(37)

Curves for intermediate temperatures can be obtained from Eq. (35) using

the experimental values of bS from Fig. 6,.

td
The data are compared to the predictions of the second order model on
Fig. 13. DNone of the data show evidence of bowing away from the L45° line,

even for target temperatures of 1700°K. Such bowing should have been
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observed 1f the second order model described the dissociation process.
The first order model, on the other hand, predicts for all target

temperatures

6, = 1/e (%8)

This relation quite adequately represents the data on Fig. 15 .

Effect of Beam Composition

The variation of the mass two and mass four signals with target tempera-
ture were measured for a pure D2 beam. The results were similar in all
respects to those for pure H2 beams shown on Figs. L and 5.

Mixed HE'Ib beams were generated by adding a prepared 50-50 mixture to
the source by the mechanical leak. Because of the square root of mass
effect in channel effusion, the Héng ratio in the mixed beam was Jé:i
In one experiment with this beam, the mass two signal (which could represent
Hé or D) was monitored as the target temperature was increased. The result-
ing curve had a negative slope at low temperatures, passed through a minimum
at TT = 1600éK, and increased at higher temperatures until a plateau was
reached. In effect, the curve was nothing more than a superposition of
Fig. L4 for pure Hé and the analog of Fig, 5 for deuterium. The minimum
at 1600°K coincided with the onset to D2 dissociation as observed in the
experiment utilizing a pure D2 beam. This behavior suggests that the two
components of the mixed beam were interacting with the surface quite in-
dependently of one another,.

To verify this idea, HD formed by the surface exchange reaction from

a mixed beam was sought by monitoring the mass three signal as the target
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7

temperature was increased from 300 to 2500°K. Bergsnov-Hanson and Pasternak
noted that traces of CO on the surface inhibited the exchange reaction, and
that extensive temperature cycling of the filament was necessary before D
could be detected. A similar cleaning program was followed here, and in-
cluded short term thermal eycling and long bake~outs of the target at 1800~
2000°K, The target temperature was then reduced to the desired value and
a measurement of the mass three slgnal lmmediately made. Separate tests
indicated that the time required for CO monolayer coverage was much larger
than the time required to make a measurement. In the middle of the HD
search program, &a fresh tantalum foil was inserted, but the results were
unchanged.

In all of the mixed beam experiments, the mass three signal was two
orders of magnitudé less than the maximum mass one signal observed with
the pure Hé beams. The HD signal level was barely above the nolse level
of the detection system. We suspect that the mass three signals indicate
a trace HD impurity in the premixed gas rather than the product of surface
exchange between the Hé and D2 in the primary beam. Target temperatures
in the range %00-800°K (measured by the resistance of the target foil) were
of particular interest, since Bergsnov-Hanson and Pasternak found substan-
tial exchange on molybdenum in this range. We found no modulated HD emitted
from the tantalum target at any temperature. Although the target produced
no HD, the ion pump very quickly produced substantial quantities for the
background gas as soon as the mixed beam was turned on.

In order to determine whether a much higher pressure would produce
HD by surface exchange on tantalum, the Knudsen cell source (which was

also made of tantalum) was heated while a mixed beam was effusing through



-08. UCRL-1733%6 Rev.

the channels. The total pressure in the soﬁrce was 3 torr, compared to
5)(]_.0"rr torr equivalent pressure.of the beam at the target location. No HD
was observed until the source has been heated to ~ 900°K, at which point
HD reflected by the cold target was first observed. The mass three signal
increased rapidly until 1400°K. At higher temperatures, the signal re-
mained constant with further increase in source témperature. The strength
of the HD signal at this plateau was comparable to the maximum mass one
signal observed with pure H2 beams on hot targets. This experiment sug-
gests that above 1400°K an equilibrium mixture of Hé, HD, and D2 was present
in the Knudsen cell source, but that even with 3 torr total pressure, a
tantalum surface needs to be heated to ~ 900°K before the exchange re-

action commences at an appreciable rate. In view of these results it is

‘not surprising that no HD was observed at 3x10-7 torr.

A Simple Model

Previous work on the interaction of hydrogen on metals has shown that
the desorption of molecular hydrogen from the surface is second order in

29,22 This is interpreted as indicative of the

the surface concentration,
presence on the surface of highly mobile. atoms which act as a two-dimensional
gas. Sufficiently energetic collisions result in reconstitution of molecular
specles which then evaporate. Once an atom enters the mobile surface state,
it retains no memory of its original partner, and can recombine with any
other adsorbed atom. In particular, if the surface population i1s half H

and half D, an adsorbed atom has an equal probability of colliding with
either isotope. This results in evaporation of molecular species 1n equil-

ibrium proportions, in which the HE:HD:D ratio is approximately l:2:1.

2
On the other hand, if the mobility of the adsorbed atoms is low, the
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desorbed molecular species arise primarily from recombination of adjacent
adatoms which were the original partners in the chemisorbed molecule. Re~
emission of molecular hydrogen by this process is first order in the adatom
pair concentration, and in the case of mixtures of hydrogen and deuterium,
surface exchange will not occur.

Both of these mechanisms of molecular reconstitution are combined in
the following simple model of the surface process.

Adsorbed atoms are supplied by dissociative adsorption of impinging

gas phase molecules

H,(g) —— (H---H) (39)

where (H---H) represents two adatoms on adjacent lattice sites. The rate
of this process is given by Eq. (7).

The species (H---H) can either recombine and evaporate as a molecule or
Jump apart and enter the surface diffusion process., The probability that
the former occurs is denoted by €, and results in first order molecular

recombination

(H---H) — H,(e) (ko)

«

Although this process involves prior dissoclative adsorption of molecular
hydrogen, it can be regarded as a completely efficient energy accommodation
pProcess. It.differs from the purely elastic reflection of hydrogen from
the surface, which does not involve bond rupture and is characterized by
a temperature-independent sticking probability and very inefficient thermal

accommodations First order recombination, on the other hand, is strongly
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temperature dependent., The rate at which this process occurs is
E
By, = mpel; (41)

where Rgl denotes the rate of evaporation of molecular hydrogen by a first
order mechanisme
The fraction 1l-¢ of the chemisorbed hydrogen which does not immediately

re-evaporate as molecules enters the surface diffusion process
(He--H) — 2(H) (b2)

where (H) represents an isolated atom on the surface, The rate of this
step is n2(l-e)ITa

The migration of adatoms on the surface consists of Jumps from one
lattice site to anotler in a purely random manner, Upon each jump, there
is a probability p that the atom will leave the surface and enter the gas

phase before being secured onto another lattice site
(#) —— H(g) (43)

If the jump frequency is denoted by v, the probability of atom evaporation

per second is Bv, which is equal to the first order rate constant kE it

l'
there are n atoms/cm? in this process, the macroscopic rate of atom emis-
sion is given by Eq. (8).

If the migrating atom does not evaporate as an atom, it can be re-

moved from the surface only by collision with another migrating adatom to

form molecular hydrogen
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(1) + (), = Hy(g) ¢y

where the subscript f denotes an adatom which originated from a different
chemisorbed molecule from the atom with which it reacts. TFor low, uniform
surface coverage, the probability that after a jump a wandering adatom
finds itself adjacent to another adatom i1s n/ns, where n is the surface
concentration and n is the number of sites per cm?v If two adatoms are
adjacent to each other, the probability of combilnation is ¢, Just as in

the recombination of original partner atomss The combined probability that
a migrating adatom will recombine and evaporate as molecular hydrogen per
Jump is (n/ns)e. If there are n adatoms/cm? performing such random jumps,

the macroscopic rate of second order molecular hydrogen emission isg
E
Ryy = (n/nc>evn = hp_ex (45)

where the number of sites/cm? has heen taken as the reciprocal of the square
o
of the distance between sites, 1/d”, and the surface diffusion coefficient

introduced

D = g (L6)

Egg is the rate of molecular hydrogen emlssion due to the second order
process of Eq. (hﬁ). The total rate of molecular hydrogen emission, Rg,
is the sum of Rgl and Rgg. The rates of dissociative adsorption, atom
emission, and molecular evaporation are related by the material balance
of Eq. (10). With this restriection, the rate of molecular evaporation

becomes
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R

The first term on the right of Eg. (47) is the contribution of first order
hydrogen formed by recombination of the original chemisorbed partners,

while the last term represents the rate of molecular hydrogen formation by
second order recombination of surface atoms randomly chosen from the surface

population. Using Egs. (7), (8), and (47) in Eq. (10) yields

2 1

E
R <Kl) D¢
R1 = —L];— EDZC— 1+ 16'[]21,1,(1-6) 'E;g—)g - 1 < (48)
1

If the term MDSG/(kf)g is small because of low atom mobility or if € 1is
close to unity because the probability of localized recombination is large,
Eq. (48) reduces to Eq. (11) in which kg is given by the coefficient of n
in Eq. (47). This is the pure first order limit.

If the probability of recombination of adjacent atoms is low (e << l),
Eq. (48) reduces to the pure second order model given by Eq. (12) in which
K ie identified with D_c.

The model embodied in Eq. (L48) is neither pure first or second order,
but contains these two cases as limits when the parameters of the surface
interaction assume certain values, The data obtained in the present study
indicate that the hydrogen-tantalum system follows the first order model
at all temperatures and preésures studied. One reason for this behavior
may be the presence of heterogeneities or patches on the surface.6 A chemi-

sorbed molecule may be trapped in a patch on the surface which restricts

the migration of the adatoms and prevents rapid mixing on the surface, If
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an impinging gas phase molecule chemisorbs on a vacant patch (which is likely
at the very low coverages characteristiec of high surface temperatures), and
the mean time for the escape of an adatom from the pateh is large, the ad-
atoms will either evaporate as atoms or recombine wlth each other.

The apparent first order behavior may also be due to bulk sclution of
the adatoms. The hydrogen pressure (or impingement rate) is greater on the
front face of the target than on the back face, due to the presence of the
molecular beam. For the standard beam, the total pressure on the front
face is ~ 6><]_O-7 torr (beam plus background) while on the back face, the
pressure is 5><lO—7 torr (background only). The adatom concentration on the
front face should be approximately twice that on the back face, Assuming
a Henry's law constant relating the concentrations of adatoms and dissolved
atoms just beneath the surface, a driving force for bulk diffusion of hydro-
gen through the foil exists. The disappearance of H atoms from the surface
by bulk dissclution and diffusion constitutes a sink for the surface popula-
tion and reduces the surface concentration below the value which would exlst
if the body of the tantalum were impervious to hydrogen.

The final result of including this additional mode of hydrogen removal
from the surface in the preceding analysis is to replace kf in Egs. (47)
end (48) by K

combined with the adsorption ilsotherm gives the bulk solubility as a fune-

+ DVH/Qﬂ, where H ig the Henry's law constant (which, when

tion of pressure), Dv is the bulk diffusion coefficlent, and { i1s the thick-
ness of the foil (0.001 in). If the term DVH/2£ is comparable in magnitude
to kf,

Langmuir2 has proposed the existence of a dissolved gas phase in metals at

Eq. (48) can more readily be approximated by its first order limit.

elevated temperatures, and Moore and Uhterwald8’9 have demonstrated appreciable
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high temperature solution of hydrogen in tungsten and molybdenum. Since
tantalum has a larger capacity for hydrogen than tungsten or molybdenum (at
lOW'temperatures), bulk dissclutlion may have a crucial effect on the surface
processes,

Even if removal of surface hydrogen by diffusion through the foil is
not significant, the high solubility of hydrogen in tantalum could be
responsible for the inability to detect HD in the mixed beam experiments.
Upon dissociative adsorption, an appreciable fraction of the adatoms may
be submerged in the bulk metal for a significant period of time before re-
appearing at the surface and recombining to form a molecular species. If
the average time spent in the bulk is large compared to the 20 msec modula-
tion time of the primary molecular beam, the resulting moclecular species
will be completely demodulated and appear as an undetectable dec signal in

the phase sensitive detector,
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SUMMARY

The dissoclation of hydrogen on tantalum has been investigated by
modulated molecular heam-mass spectrometric techniques and the results com-
pared to first and second order models. Because of the phase sensitive
detection method employed, the effect of the unmodulated hydrogen back-~
ground in the vacuum gystem had to be taken into account in interpreting
the data by the second order model. The discussion emphasized the atom
emission rates, since these are not influenced by the unknown thermal
accommodation and specular reflection effects which complicated the analy-
sis of the reflected molecular hydrogen signals.

Based upon variation of the target temperature, beam temperature,
beam intensity, and beam composition, the first order model was fouﬁd to
most adequately fit the data. The absence of HD in the mixed beam experi-
ments in particular indicated that surface exchange was not significant at
the temperatures and pressures investigated.

The first order kinetic analysis of the data yielded a 65 kcal/mole
binding energy of atomic hydrogen on tantalum., The maximum sticking prob-
ability of molecular hydrogen on fresh polycrystalline tantalum was found
to be 0.49, but this figure does not account for thermal accommodation or
specular reflection. The apparent sticking probability increased for tar-
gets which had been subject to grain growth and exposed to carbon-bearing
impurities. The sticking probability increased slightly with beam tempera-
ture in a manner characterized by an activation energy of 1,h4 kcal/mole.

A simple model of the surface process whlech contained both pure first
and second order behavior as limiting cases was proposed. According to

this model, non-equilibrium first order kinetics is due either to low atom
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mobility or a high probability of localized recombination. This may have
been the result of patchy surfaces which created barriers to surface migra-
tion or of bulk solution of surface adatoms in the metal. The latter
phenomenon may be the source of the unique behavior of tantalum among the

metals for which interaction with hydrogen has been investigated.

ACKNOWLEDGMENTS
This work was supported by the United States Atomic Energy

Commission.



10.

11.

15 4

1k,
15,
16,

17,

18.

19.

20,

=37~ UCRL-1T7336 Rev.

REFERENCES
I. Langmir, J. Am. Chem. Soc. 34, 1310 (1912),
I. Langmuir, J. Am. Chem. Soc. 37, 417 (1915).
I. Langmuir, Gen. Elec. Rev. 29, 153 (1926),
W. F. Giaugue, J. Am. Chem. Soc. 52, 4816 (1930).
D. Brennan and P, C. Fletcher, Proc. Roy. Soc. 4250, 389 (1959).
T. W. Hickmott and G. Ehrlich, J, Phys. Chem. Solids 3, L7 (1958).
B. Bergsnov-Hansen and R. A. Pasternak, J. Chem. Phys. 45, 1199 (1966).
G. E. Moore and F. C. Unterwald, J. Chem, Phys. 40, 2626 (196k4).
G. E. Moore and F. C. Unterwald, J. Chem. Phys. 40, 2639 (196L).
J. N. Smith and W. L. Fite, J. Chem. Phys. 37, 898 (1962).

J. N. Smith and W. L. Fite, Advances in Rarified Gas Dynamics (Academic

Press, New York, 1963) Supplement 2, Vols 1, p. 430.
GuS. Hollster, R.T. Brackmann and W.L. Fite, J. Chem. Phys. 34, 1572 (1961).

3. Datz, G. E, Moore and E. H. Taylor, Advances in Rarified Gas Dynamlcs

(Academic Press, New York, 1963), Supplement 2, Vol. 1, p. 347.

J. Perel, R. H. Vernon and H. L. Daley, J. Appl. Phys. 36, 2157 (1965).
M. Kaminsky, Adv. Energy Conversion 3, 255 (1963).

J. D. McKinley, J. Chem. Phys. 40, 120 (196k4).

R. A. Krakowski (Ph., D. Thesis), University.of California, Berkeley,
UCRL-17336, 1967,

J. Go King and J. R. Zacharias, Adv. in Electronics and Electron Phys.
6, 1 (1956).

J. A. Glordmane and T. C. Wang, J. Appl. Phys. 3, 463 (1960).

G R. Hanes, J. Appl. Phys. 3, 2171 (1960).



-58- | UCRL-17336 Rev.

21.  G. Ehrlich, J. Chem. Phys. 31, 1111 (1959).
22, T. W. Hickmott, J. Chem. Phys. 32, 810 (1960).

25, D. R. Stull and G. C. Sinke, Thermodymanic Properties of the Elements

(American Chemical Soc., Washington, D.C., 1959). These values are
the square root of those required here.

2k, N. Eisenstadt and S. A. Hoenig, J. Chem. Phys. 45, 127 (1965).



=30= UCRI~17336-Rev.

BEAM TARGET

<::) MONITOR . —|RESISTIVE
IONIZER HEATING

SCOPE CONTROL UNIT

BEAM MONITOR
IONIZER

HYDROGEN SECOND COLLIMATION
SUE‘P(L).Y—\ APERTURE
| CHOPPER MOTOR

TARGET
FIRST COLLIMATION
APERTURE

HEAT A
SHIELDS —
T~ MASS SPECTROMETER
PALL ADIUM fl
LEAK — R s = =
- LT TS VIEWING
VIEWING PORT
PORT
KNUDSEN WATER=- -
KNUD COOLED
MANIFOLDS
SION PUMPS
ELECTRON L
BEAM .
POWER T0
SUPPLY _ MERCURY
DIFFUSION
{REFERENCE
PUMP SIGN AL
GENERATOR R MASS
STRIP PHASE SPECTROME TER
CHART SENSITIVE _ CONTROL
RECORDER| |[DETECTOR |--— <::> S
SCOPE

XBL 672-551

Fig. 1 Molecular beam-mass spectrometric apparatus



Lrqowesd wesq Jo 0TIBWSUDS g *ITd

1.8cm 15¢em t l.&,...‘!’ 5cm
1

:

0.2cm BEAM MONITOR IONIZER

I ZZTTT

TARGET HEIGHT =

.ﬂlllllm

SOUR'CE

ORIFICE RADIUS = 0.78mm 7T _]}
200 CHANNEL: s -
" RADIUS = 3.8x10"3cm, /

0.63 cm LONG
(50% TRANSMUSIVITY)

AT S A AN

DN

FIRST COLLIMATION
ORIFICE - RADIUS=[8mm

SHIELD

C

: f
SECOND COLLIMATION

ORIFICE- RADIUS = 3.0mm MASS SPECTROMETER

CHOPPER WHEEL —— IONIZER

TWO BLADES

EQUAL ON/OFF TIME QUADRUPOLE

MASS SPECTROMETER

\BL 672-1167

_O-'-{..

*A0¥-9EELT-TON



4l : UCRL-17336-Rev.

to ty te e te TmME

BEAM ON; TARGET AT ROOM TEMPERATURE
TARGET HEATED TO Ty

TARGET COOLED; NOTE LONGER TIME NEEDED
TO RECOVER ROOM TEMPERATURE LEVEL

TARGET REMOVED
TARGET REPLACED

A. MASS TWO SIGNAL TRACE.

P 4
g
& Sa(as)]
B
<Zt —
(_9 SI(TT) T
wn
~N
T NoisE
LEVEL
ta
th
te
tg
te
A
€ Sqmt—-
1
J
a
=
©
© bk
T S g-
NOIS
LEVEEL—’
tq
th
te
tg
te

]
1
ta  to te tg te TIME

BEAM ON; TARGET AT ROOM TEMPERATURE
TARGET HEATED

TARGET COOLED

TARGET REMOVED

TARGET REPLACED
B. MASS ONE SIGNAL TRACE.

XBL 672-587

Fig. 3 Typical signal traces during target temperature
variation



S|

UCRIL-1T7336-Rev.

~Loa
1.0 | T l Soo 4 ol __—F---
0.9~ ]
0.8 _
0.7 —
0.6 _
0.5 —_
RUN
0.4 A Sa —
' s 5b
) 34
v 2
| X 16f _
0.3 © 169 5%CO
A la
0.2~ Te = 300°K .
POVEN = 3.0 torr
O.l— PURE H, BEAM -
X

l | | i |

0L
1400 1600 1800 2000 2200 2400 2600

TARGET TEMPERATURE, %K

Fig. 4 Normalized atomic hydrogen emission as a

function of target temperature

2800

3000

XBL 672-595



43- UCRL-17336-Rev.

1.0 T T T T T T T ] T T T T
X
0.9 3 ° - _
o a
[w]
0.8+ & |
X v A
°, o
0.7 " _
\vd
v
0.6 A _
“ v 2 [m] o
° A o 8 7;:049_
s 0.5~ ] NEW ]
v v 0
° A o  TARGET
e X
0.4}~ X
RUN X T
RUN X ° °
Av] 2 & °X 8
0.3 o] 3a x X 3 - 122070 |
: a  3b x X® oLD
o 3¢ X TARGET
X 16¢ ]
O2r ® 16d 3%CO
v 16e
0.1 Ty = 300 °K . ~+
Poven = 3.0 torr
PURE H, BEAM
L | i | i I | L | | | 1 !

400 600 800 1000 (200 1400 1600 1800 2000 2200 2400 2600 2800 3000
TARGET TEMPERATURE, °K

ABL 612-5190

Normalized molecular hydrogen signal as a function
of target temperature

1

Fig.



Al

bgsig . experimental

Il UCRL-17336-Rev.

10* T T T T T T T 1T Tt 17T 30
(]
[o}'™ 30
- ]
IOZ: _:_ |O-I
o' o’
.:. bseg R
L {calc.) 4
3 bstd T
- (expl) -
10%- 1073
- B
-1 -4
10 - 3 10
X - O 3
[ ]
»
lO'Z 5 1 1 1 1 510 1 1 1 1 6lo 1 1 1 1073
' 0% T °K '

XBL 672-1189

Fig. 6 Comparison of experimental values of
the parameter b with the predicted
values from equilibrium second order
theory for the standard beam.

bgig . colculated



-45- UCRL-17336-Rev.

|OO T 1 1 I | 1 1 1 T ] 1 1 T j
3
v -
o —t
FAN
(m] 5b 67 kcal/mole X
O x 16 f —
E 6 169 .
— —
0.0l 1 1 1 L 1 i 1 1 1 | | 1 I
4.0 50 6.0
104/ °k
XBL 672-1169

Fig. 7 Analysis of atomic hydrogen data by the first
order model.



L6 UCRL-17336-Rev.

100 T T T T T T T T | — T T T 3
10 —
w o Q
x ]
hl O ‘} =
x o ]
RUN 42kcm/mdf
B v 2
(o] 3a
Ol a 3b —
- 0 3c .
B X l6c ’ :
: © 16 e _
B A 16 f .
0.0l ] 1 | l | ! ] 1 I 1 ] 1 1
4.0 50 6.0
0% °K
XBL 672-1168

Fig. 8 Analysis of the molecular hydrogen data
by the first order model



UCRIL-17336-Rev.

iy

QLTL=C09 jax

M, ‘IYNLYYIINIL Wvag ‘81
002 0022 0002 008 009 0Ol 0021 000l 008 009 00b
T T T T T T T | T —T 0
WY 389 °H Jynd
— 110} ¢ = N3INGY —0007¢
- k\ 000%
XX
X=X X
oS — X
- % —0009
\X\ﬂ
\x X
064! —0008
3
3
[y S_
— ooo‘or ~
| o8l —000°2
- —000'!
28¢2
. 0222 — 00091
2461
¥, L
! L__J000'sI

Fig. 9 Effect of beam temperature on the atomic

hydrogen signal



-L8- UCRL-1T7336-Rev.

log,, &

0.2

u—
o
)
o
~
(o)
©
o

ABL 07221178

Fig. 10 Comparison of theoretical and experimental

effects of beam temperature on the atomic
hydrogen emission rate



-4o- UCRL-17336-Rev.

120~

100
80~ ‘ -

60— ’ ]

40 /// —
20k / Tr=1980°K .

PURE Hz BEAM

0 1 | 1 ]
0 1.0 2.0 3.0 4.0 50

Vg, volts

XBL 672-1184

Fig. 11 Variation of the rate of atomic hydrogen
emission with beam intensity at a fixed target
temperature



-50- UCRL-1T7336~Rev.

24,000 T T T T T T I

PURE Hp BEAM

22,000}
20, 000
18,000~
Vg= 2.4v
16,000
14,000}~
1 12,000}~
E '
10,000}
8000+
6000~

4000~

2000~

0 L [ I | i i [
1400 1600 (800 2000 2200 2400 2600 2800 3000
TARGET TEMPERATURE, °K

XBL 072-1166

Fig. 12 Variation of the rate of atomic hydrogen
emission with target temperature for four
beem intensities

7



>

~51~

UCRL-17336-Rev.

8 RUN I8c & Tf980
v (700 -
o 1800
‘0 1900
RUNS 1o 2000 |
X 2100
& 2200
| | L | | 1
0 o 02 03 0.4 05 0.6 0.7 0.8 0.9 1.0

Fig. 13 Normalized atomic hydrogen emission

Ve

XBL ©73-1222

rate as a

function of beam intensity relative to the

standard beam.



>-

This report was prepared as an account of Government

sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








