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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 dissociation of hydrogen on 

tantal1.uuo A modulated beam of molecular hydrogen, formed by effusion 

from a high pressure source, impinged upon the tantalum target. The re-

fleeted I~ 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. 1'he degree of 

di ssociation 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 7 in the pressure (3XIO- - 3XlO- torr) and temperature (1000 to 2500 0 K) 

ranges studied, the data agreed best with the first order mechanism, and 

yielded 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 l.l~ kcal/mole, which was independent of 

* Present address r 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, ~ithin the sensitivity of 

the detection system, exchange did not take place. A simple kinetic 

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 informati.on 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 diatomic gases with chemically inert surfaces is one 

of the simplest systems for experimental studies of this nature. Over 

the last half century hydrogen-metal systems have received considerable 

attention. Dissociative adsorption of hytLrogen 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 

variables. Langrnuir,l,2,3 in his classical work on the interaction of 

hydrogen with hot tungsten filaments by the flash filament technique, 

relied solely on the decrease of the total pressure due to the highly 

efficient pwnping 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 Giaugue
lt 

and led to the now 

fa.mous 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 technique s, 5, 6 two 

major uncertainties remain I 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) becau.se the bacl~ground gas in the 
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vacuum chamber is the source of impinging molecules, little control over 

the temperature and degree of dissociation of the incident molecules is 

possible .. 

The advent of accurate mass spectrometric techniques has provided 

the means of eliminating the first of these limitations. Bergsnov-Hansen 

and Pasternak 7 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 unterwald8,9 who used a maSE spectromete"r to investigate the 

hydrogen dissociation reaction at various refractory metal surfaces. 

While uncertainties associated with the identity 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 

in this manner by Smith and FitelO,ll who used a modulated beam technique 

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 heen studied by 

similar techniques. 13 ,14,15,16 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. 
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EXPERThlENTAL 

A molecular beam of known int~msity and temperature is generated by 

gas flow through an array of long narrow channels, modulated by a mechan-

ical chopper, and dire cted at a solid target. A small portion of the 

products of the gas-solid interaction which leave the target pass through 

the ionizer of a mass spectrometer without collisions with solid surfaces 

or molecules in the gas phase. The output of the mass spectrometer is 

amplified by a phase sensHi ve detector.. A detailed de scription of the 

experimental method is given in Ref. 17 J and only a summary is presented 

here. 

Figure (1) shows a schematic drawing of the two chamber, differentially 

pumped vacuum system used in the experiment. The source chamber houses 

18 
a multi-channel source of the llkrinkly foi111 type capable of heating to 

1800 0 K by electron bombardment. By means of a specially designed bellows 

mounting device, the Knudsen ceJ~ source can be externally aligned with 

respect to the collimation apertures. Viewing ports provide an optical 

line-of-sight along the entire beam path and permit alignment of the 

system by a small gas laser. Temperature measurement of the inner face of 

the mul ti-channel source was made by optical pyrometry. Gas is supplied 

to tbe Knudsen cell through palladium leak or by precision mechanical 

'.' leak for mixed beams. The mercury diffusion pump on the source chamber 

has an effective speed estimated at 100 £/sec, '(flhich maintained a pressure 

-4 of ~ 10 torr in the source chamber when the strongest beams were used .. 

The base pre ssure in the source chamber is2xIO -7 torr" 

Effusing molecules from the multi-cbannel source are collimated by 

a small apertu.ye separating the source' chamber from the experimental 
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chamber which is provided with 1200 11 ters/ second of ion pumping. The 

pressure in the experimental chamber increases from a no-load value of 

5X10-9 torr to 3X10-7 torr when the be.am oj' maximum intensity is generated 

(source pressure = 3 torr). The experimental chamber 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, interaction, 

and detection processes, as well as all pertinent dimensions. 

The O.OOl-inch target foil is resistively heated with dc current and 

is mechanically positioned with a linear feed through. A uniform tempera­

ture area 1 cm x 2 cm is exposed to the beam. The target temperature is 

measured optically th:ro 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 through a 

small ionizer of the Pierce gun variety. The output from this "beam 

monitor ionizer" is amplified and displayed on an oscilloscope 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 45
0 

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 (107 ohms) of a phase-sensitive, lock-in detector 
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~hich 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 shifts were measur-

able. At a chopping frequency of 50 cps, a minimum time lag of - 170 

/-lsec is detectable. Molecular transit times in the apparatus were 20-50 

/-lsec and thus not resolvabl-e. 

In most experiments, the pressure in the Knudsen cell w'as 3 torr. 

The beam generated by this source pressure at 300 0 K is referred to as the 

"standard beam", and corresponds to an intensity at the target of approx­

imately 4XlO
llt 

mOlecu1es/cnf-sec .. 17 The equivalent pressure of the 

standard beam (in terms of rate of impingement on a surface) is 3><10-7 

torr. The pre SBure in the exper:iJnental chamber under the se beam condi­

tions was also 3XIO-7 torr, and consisted of over 90~b I~. It will be 

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

by 

p = (1) 

where I~ is the amplitude of the modulated beam intensity at the location 

of the target and I
bkg 

is the impingement rate of background gas per 

square em of target. For the standard beam, p was (fortuitous ly) 'lll1ity. 

The beam intensity (as measured by the beam monitor ionizer) was 

fuund to vary' with the sq,uare root of the leak rate (measured by tbe ,source 

, 19 CJO 
pressure) as predicted by theory. ' ,c:.. The backgronnd pressure (or Ibkg ) 

was directly proportional to the leak rate J since the primary gas load on 

the experimentaJ, C!harnber 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 

p = (2) 

This ratio was directly measurable by the beam monitor ionizer. 

Reflection of the standard beam from the target produced a beam of 

~ 3xl0
12 

molecules/cm
2 

-sec intensity in the ionizer of the mass spectro-

17 -10 meter ; this intensity is equivalent to a pressure of ~ 5X10 torr in 

terms of number density. The signal-to-background figure at this location 

was at most 10-3, which clearly indicates the necessity of phase-sensitive 

detection. 

Treatment of Signals 

The species i, reflected (or emitted) from the target, ionized, and 

mass analyzed, produces a modulated (ac) signal, Si(t), which is related 

to the surface emission R~(t) (molecules/cm2-sec) by: 
l 

E . r.:;:-
Si(t) = a.R.(t)/~T. 

l l l 

where T. is the temperature at which the ith species leaves the surface. 
l 

The term JT: reflects the influence of the mean velocity of the. neutral 
l 

particle on the efficiency of ionization in the mass spectrometer. a
i 

denotes a system-dependent constant which contains geometric factors, 

ionization cross-sections, and detection efficiencies. 

The rate at which a particular species is 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, vlhich consists predominantly of the same species as in the 

primary beam. Even though the background component is unmodulated, it 

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 

(4) 

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 s'luare wave4 

The lock-in detector produces a dc output ,·Jhich is proportional to the 

amplitude of the ac input. The operation of the lock-in detector can be 

represented as a process vJhereby 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: 

= 2:: f T s. (t) cos 2Tlfot dt 
TO]. 

where T is the filtering time constant of the lock-in detector and fa is 

the modulation frequency (l/T« fa). Since 

adequately represented by a square wave, and 

the ac component of S. (t) is 
]. 

E 
Si(t) is proportional to Ri(t) 
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according to E~. (3), the cosine average 8i is proportional to the dif­

ference between the maximum and minimum of R~( t). Any term in Si (t) which 

can be considered an additive constant will be null-averaged by E~. (5). 

For a square wave, the cosine average is performed only on the first harmonic, 

and the resulting constant depression factor of 2/rr can be absorbed into 

a.. Inserting Eq. (3) into Eq. (5) yields 
l 

(6) 

It is readily seen that if R~ is first order with respect to the impinge­
l 

ment rate, IT' the l/P term in Eq. (4) cancels in Eq. (6). The output 

S. is independent of the background contribution. For the case of non­
l 

linear dependence of the rate on the beam intensity, the final output sig-

nal will not be independent of P; 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 "Jill exhibit an explicit P dependence" 

First and Second Order Kinetics 

A minimum of three surface steps is required to describe the dissocia-

tion process: dissociative adsorption of a fraction of the molecules im-

pinging on the surface; atom evaporation from the surface; and molecular 

reconstitution and evaporation. 

At 10 ... J surface coverage, the rate of ~ adsorption can be described by 

where '~2 is the temperature-independent sticking coefficient. 5,6,8,9 
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The rate of atom emission from the surface is 

(8) 

E 
The rate constant i'or atom evaporation is denoted by k

l
, and n refers to 

the surface concentration of adsorbed atoms. 

Molecular hydrogen is evaporated from the surface according to 

The exponent m in Eq. (9) is two for second order (equilibrium) 

molecular desorption. Ii' molecular evaporation is first order in surface 

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

~. 
The three rate s are subject to the surface material balance 

== 

E 
Combining Eq.s. ('7-10) and solving for Rl yields 

== , for m::: 1 

+ 

(10) 

(11) 

(12 ) 

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 sub strate. Using Eq~ (4), substitu-

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

(E E) 0 

{i;Sl 
kl /k2 T]2 I T 

for m 1 (13 ) ex , 
1 ~(k~/k~) + 1 

0 

[Jl + b(l -RJ {i;Sl 
LJal T]2 I T 

1)' for m = 2 (14) +- J 
b P 

where 

0 

b 
16T]2 I T 

(15) = (Et/ E kl k2 

If in addition to the requirement of second order the ratio of the H a.nd 

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

a suitable gas phase, the ratio (k~)2/~ can be expressed in terms of 

the gas phase eCluilibrium constant by means of the principle of detailed 

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

b = 
(27T~kTT)1/2I~ 

Kp (TT) 

(16) 

vlhere K P (TT) is the thermodynamic equilibrium constant for the reaction 

H2 (g) = 2H( g) at the temperature of the target, TT. YJ ~q and 1l~q are 

sticking coefficients for H and ~ 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 is absent. 

.. 
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Similar expressions can be obtained for the rate of emission of 

molecular hydrogen. H01,rever, the temperature of the portion of the in­

cident ~ which is re.flected vJithout adsorption depends upon the extent 

of therIl18l 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 sho"Wn on Fig. (3). Both the mass one and 

ITa SS t"Wo 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 112 in 

the ionizer of the mass spectrometer. 

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

four parameters "Were varied: 1) the target temperature TT; 2) the beam 

temperature TB; 3) the beam intensi ty I~; and 4) the composition of the 

beamo The results of the se experiments "Were interpreted in terms of Eqs. 

(13) and (14) (or the equivalent equations for ~). The instrumental con-

stant in these relations is difficult to calculate and "Wa's 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 normalized by reference to the signal ob-

tamed in the same experiment when the parameter under investigation took 

on its highest or lo"West value. 

Effect of Target Temperature 

The standard beam (3 torr source pressure, 300 0 K source temperature) 

"Was employed in all experiments involving variation of target temperature. 

Beyond 2300
o

K, both the mass one and mass t"Wo signals "Were independent 

of temperature. The atomic hydrogen signal has been normalized "With re-

spect to the high temperature limit and expressed as 

1', 
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= 

Figure 4 shows the results of seven experiments with the standard 

beam. Atomic hydrogen was first observed at 1400 oK; below this tempera-

ture, all hydrogen chemisorbed from the beam evaporated as~. Above 

2300 o 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 expe riment s 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 spectrwn. The emission 

of atomic hydrogen was unaffected by the addition of 5% CO to the primary 

beam. 

The 112 signal has been normalized by dividing 82 by its value for a 

room temperature target 

s. 
2 (18) 
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The variation of s2 with TT measured in seven experiments (different 

from those in which atomic hydrogen was monitored) is shown in Fig. (5). 

contrary to the emis sion of atomic hydrogen, the evaporation and/or re-

flection of molecular hydroge'n was distinctly different for the "old" and 

"new" targets. 

At the temperature at which the plateau occurred (~ 2300 0 K), the E2 
emanating from the target is due only to the fraction 1-112 which is re­

flected without adsorption. The decrease in the mass two signal at high 

temperatures is a .result of three effects: 'I) the removal from the beam 

of the fraction T}2 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 H2 above 300
0
K and 

decreases the efficiency of detection according to Eq. (6); and 3) the 

change of the angUlar distribution of the reflected ~ from diffuse at low 

11 13 
temperatures to specular at high temperatures.' Since the process of 

reflection of E2 from the target is first order in the impingement rate, 

the bracltetecl term in Eq. (6) represents the fraction of the primary 

modulated E2 beam reflected from the target. The normalized H2 signal at 

the high temperature plateau can be expressed by 

== 

h T · th t t of the reflected H~ d spec cl diff w' ere 2 lS e empera ure -c an a 2 an a 2 are 

the coefficients in Eq. (6) for specular and diffuse reflection. 

The specular reflection patterns observed by Datz et al. 13 and Smith 

11 
and Fite can be represented by ellipses. For normal incidence, the 
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spec I. diff ratio Ct
2 

jCt2 depends upon the eccentricity of the ellipse and the 

17 angle of observation with respect to the target normal according to 

(20 ) 

where E is the eccentricity of the elliptical reflection pattern and I::l 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 re flected 

intensity from an elliptical pattern to that from a cosine distribution at 

an angle 0 and for the same total emission rate. 

The plateaus on Fig. 5 carre spond to sticking probab ilitie s of 0.49 

and 0.70 for the new' and old 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 ~ scattering from tungsten.. They found a thermal accommodation coeffi­

cient of 0.07 and a specular reflection pattern at TT = 2500 0 K which can be 

characterized by an ellipse of eccentricity ~ 0.6. Assuming these figures 

to apply to a 2300
0

K tantalum target, the calculated temperature of the 

reflected beam is ~ 440
o
K, which results in a 21% reduction in the signal_ 

due to thermal accommodation. The alpha ratio for a specular pattern char-

acterized by E 0.6 and an observation angle of 45° provides an additional 

11% reduction in the H2 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 impurities on the surface or of increased specular reflection caused 
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by the growth of large grains. The difference in the curves of Fig. 5 

may not represent a real alteration in the sticking probability behJeen the 

target in the two conditions. 

Although the sticking probabilities implied by the plateaus of Fig. 

5 (uncorrected) 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, I-Ihile Hickmott l s measured value \<la.s 

22 9 0.05. Moore and Unterwa.ld) working \vi th molybdenum) corroborated Lang-

muir's earlier value of 0.49, obtained with tungsten. Bergsnov-Hansen and 

Pasternak7 observed 0.4 at 720
0

K and 0.15 at 300
0

K with molybdenum. We 

do not knml! the extent to which our observed values of 0 .. lf9 and 0.70 are 

too high because of thermal accommodation and specular reflection of the 

non-chemisorbed 112, but in any case these figures constitute an upper limit 

on the sticking probability of 112 on tantalum. 

The interpretat ion of the atom emission data is not beset by the same 

uncertainties, since the temperature of the evaporated atoms is equal to 

the target temperature and. the angular distribution is diffuse.
ll 

In terms of the model discus.sed earlier, the dominance of atom emis-

sion over molecular evaporation at high temperature s implies that 

Dividing this expression 

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

according to the second order model 

s 
l 

= (21 ) 

where b
Std 

is given by Eq. (15) \-lith rg replaced by the intensity of the 
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standard beam used in the experiments, (I~) • For equilibrium second 
std 

order dissociation, b~td is given by Eq. (16). 

Assuming P == 1, the sl values from the smooth curve of Fig. 4 can 

be converted to an experimental value of b std by Eq. (21). The equili­

brium second order value of b Std is obtained from Eq. (16) with a beam 

, 14 I 2 eq 1 ( intensity of 4XIO molecules cm -sec, ~2 = ~2 == o. +9 the uncorrected 

) eq ( ) value for the new target '~l == 1 .. 0, and Kp TT from the literature com-

pilation. 23 Comparison of the experimental and calculated equilibri1.ID1 values 

of b std are shown in Fig. 6. The calculated values are approximately three 

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

however, Moore and Unterwald9' found good agreement with a calculation equi-

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 "ri th the equili-

brium second order model if the sticking probability for atomic hydrogen 

'was taken as ~ 0.16. In our case, accord between theory and experiment 

"lQuld require ~~q "'" 0.03. 

ing coefficient of H may be 

While recent evidence suggests 

24 
smalle r than that for B""2' a 

that the stick-

value as low' 

as 0.03 seems unreasonable. Although the experimental values of P, 112 

and (r~ )std are not known "lith great accuracy, they are not low by three 

orders of magnitude. 

Equation (13) for first order H2 surface reconstitution can be 

'\vritten as 

s 
1 (22 ) 
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The data for the seven experiments in which H vras monitored are 

plotted as the rate constant ratio vs l/TT in Fig. 7 ; Eq. (22) has been 

E/ E used to convert sl to kl k2. There is a break in the curve at a target 

temperature of 1800
o
K. Above this temperature, the activation energy of 

the rate constant ratio is 42 kcal!mole. 

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

Neglecting thermal accommodation and specular reflection 

effects for the non-adsorbed B2, there results 

= 

The normalized data for the seven experiments in which ~ vras measured 

have been converted to tl~ rate constant ratio by use of Eq. (23). In so 

doing, the uncorrected TJ 2 appropriate to the condition of the target in 

each run vras used (i. e., the target vras either new or old, and the stick-

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 o K. The two 

plots utilize independent data which were obtained in different experiments. 

Notwithstanding the insecurity of the I~ 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 mode 1. 

21 
The rate constants can be written as 

= (24 ) 



>. 

-21- UCRL-17336 Rev .. 

and 

-where X is the energy difference bet-ween an adsorbed atom and a free gas 

atom and V is the energy difference bet-ween t-wo adsorbed atoms and a 

molecule of gaseous H2. These energies are related to the dis sociation 

energy of the gaseous molecule by 

2X-V;=: D (26) 

'The 42 keal/mole activation energy characteristic of the 11.ne of Fig. 8 

and the high temperature portion of the line of Fig. 7 represent X-V. 

Using D = 103 kcal/mole, -we obtain X ;=: 65 keal/mole. Ehrlich
21 

gives a 

value of 74 kcal/mole for this parameter while Hickmott
22 

has measured 

X = 67 kcal/mole for tungsten. 

Effect of Beam Temperature 

'I'he variation in the mass one signal as the temperature of the primary 

beam was increased f'rom 1150
0

K to 18000K for 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 division by' the corresponding value 

at the same target temperature -with a 300 OK beam 

t 
-'1 

Sl(TB,TT) 

Sl(300 ,TT) 
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Tbe increase 01' I;; 1 vii th TB 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 

(28 ) 

~here E is the activation energy for dissociative adsorption and C is a 
a 

temperature-independent constant. 

In applying the second order model represented by Eqs. (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
o
X, b can be written as bstdT]2(TB)/~2(300L since the beam strength 

in this experiment was that of the standard beam. Using Eq. (14 ) with 

P ;:: 1, the normalized mass one signal is 

112 (TB) T]2(TB) 

tl 

1 + 2bstd T]2 (300 ) + b std 112 (300 ) 
;:: 

~l ~l 
, 

+ 2b std + b Std 

at high target temperatures (b std --7 O),Eq. (29). reduces to 

= 
112 (TB) 

T]2 (00) 

At low target temperatures (b std --7 00), the limit is 

(29 ) 

(30) 
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According the Eqs. (30) and (31), Arrhenius plots of the Sl-T
B 

data should 

shmv 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 value at very low target temperatures. 

Equation (29) can be used as an interpolation formula for intermediate T~ 

Figure 10 compares the data and the predicted variation of tl with 'lIT 

according to the second order model. The constants c/~2 (300) and Ea have 

been computed from the high target temperature data on Fig. (9) in con-

junction with Eq. (30)0 The intermediate lines have been computed from 

Eg. (29) and the exper imental value s of b std from Fig. 6. 

line represents Eg. (31). 

There is no suggestion that the activation energy of Sl decreases 

with decreasing target temperature, as required by the second order model. 

On the contrary, the points for all target temperatures are best represented 

by a single line with an activation energy of 1.4 kcaljmole" This behavior 

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

temperatures yields 

tl 

The activation energy of 1.4 kcaljmole is valid only for 1150 < TB < 1800 OK, 

since the upper line of Fig .. 10 does not pass through t;: 1 == 1 at TB ;= 300 o 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 utilizing 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 alvrays 300o
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 1980o K. At this temperature, Fig. 4 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. 11. The abscissa represents 

the output signal of the beam monitor ionizer, which is proportional to 

the beam strength. Except for the highest beam intensities, the varia-

tion of 8
1 

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

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 

(33) 

The rat1'o rO/ (ro). . t f th b t th 1S a conven1en measure 0 e earn s reng • 
T T std 

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

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

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

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

parameter b of Eq. (15), which can be wrttten tn terms of b
Std 

by 

b (34) 

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

by its value for P = 1 gtves 

+ b 1:. (1 + :!:.) 
std P P 

J1 + 2b std J1 + b Std 

Equation (35) is the predicted variatton of 8
1 

wtth lip according to 

the second order model. In the limit of high target temperature (b
std 

~ 

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

[ell 
T ---7 large 

T 

lip 

at low temperatures (b std ---7 (X)), the follmving non-linear form results 

1:. ("1 + P 1) 
p !2 - 1 

Curves for intermediate temperature s can be obtained from Eg. (35) using 

the experimental values of b std from Fig. 6,. 

The data are compared to the predicttons of the second order model on 

Fig. l}. None of the data show evtdence of bowtng away from the 45 0 1tne, 

even for target temperatures of l700°K. Such bowing should have been 
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observed if the second order model described the dissociation process. 

The first order model, on the other hand, predicts for all target 

temperatures 

lip 

This relation quite adequately represents the data on Fig. 13. 

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 sho"Wn on Figso 4 and 5. 

Mixed ~-D2 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 I~ ID2 ratio in the mixed beam was J2 :1 

In one experiment "With this beam, the mass two signal ("Which could represent 

H2 or D) "Was monitored as the target temperature "Was lncreased. The result­

ing curve had a negative slope at lo"W temperatures, passed through a minimum 

at TT = 16oo
o K, and increased at higher temperatures until a plateau "Was 

reached. In effect) the curve "Was nothing more than a sup= rposition of 

Fig. 4 for pure H2 and the analog of Fig. 5 for deuterium. The minimum 

at 1600
0
K coincided ,"lith 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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temperature was increased from 300 to 2500aK~ Bergsnov-Hanson and Pasternak7 

noted that traces of CO on the surface inhibited the exchange reaction, and 

that extensive temperature cycling of the filament was necessary before Jm 

could be detected. A similar cleaning program was followed here, and in­

cluded short term thermal cycling and long bake-outs of the target at 1800-

2000o K. The target temperature was then reduced to the desired value and 

a measurement of the mass three signal immediately 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 re sults were 

unchanged. 

In all of the mixed beam experiments, the mass three signal was two 

orders of magnitude less than the maximum mass one signal observed with 

the pure ~ beams. The HD signal level was barely above the noise level 

of the detection systeU4 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 ~ and D2 in the primary beam. Target temperature s 

in the range _390-8oo o 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 ill) 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 
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the channels. The total pressure in the source was 3 torr, compared to 

3XIO-7 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 1400o K. At higher temperatures, the signal re-

mained constant with further increase in source temperature. 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 14000 K an equilibrium mixture of H2, 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 BJ) 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 

the surface concentration. 5,9,22 This is interpreted as indicative of the 

presence on the surface of highly mobile atoms which act as a two-dimensional 

gas. Sufficiently energetic collisions result in reconstitution of molecular 

species which then evaporate. Once an atom enters the mobile surface state, 

it ret.ains no memory of its original partner, and can recombine with any 

other adsorbed atom. In particular, if the surface population is half H 

and half D, an adsorbed atom has an equal probability of colliding with 

either isotope6 This results in evaporation of molecular species in equil-

ibrium proportions, in which the H2 lHD:D2 ratio is approximately 1:2:1. 

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 \-Jhich 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 

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 E, and results in first order molecular 

recombination 

(H---H) -- H2(g) (40) 

Although this process involves prior dissociative adsorption of molecular 

hydrogen, it can be regarded as a completely efficient energy accommodation 

process.. 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 probabHity and very inefficient thermal 

accommodation. ]<'irst order recombination, on the other h~d, is strongly 
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temperature dependent. The rate at which this process occurs is 

(41) 

-where ~l denotes the rate of evaporation of molecular hydrogen by a first 

order mechanism. 

The fraction l-E of the chemisorbed hydrogen which does not immediately 

re-evaporate as molecules enters the surface di.ffusion process 

(H---H) _ 2(H) (42 ) 

where (H) represents an isolated atom on the surface. The rate of this 

1~e migration of adatoms on the surface consists of jumps from one 

lattice site to anoth: r in a purely random manner. Upon each ,jump, there 

is a probability ~ that the atom "rill leave the surface and enter the gas 

phase before be~g secured onto another lattice site 

(H) - H(g) 

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

per second is ~v, which is equal to the first order rate constant k~. If 

there are n atoms/cm
2 

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 ,.vi th another migrating adatom to 

form molecular hydrogen 
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(H) + (H)f --- ~(g) (44) 

where the sub script f denotes an adatom which originated from a different 

chemisorbed molecule from the atom with which it reacts.. For low, uniform 

surface coverage, the probability that after a jump a wandering adatom 

finds itself adjacent to another adatom is n/n , where n is the surface s 
o 

concentration and n is the number of sites per cme:.. ~ If two adatoms are 
s 

adjacent to each other, the probability of combination is c, just as in 

the recombination of original partner atoms. The combined probability that 

a migrating adatom will recombine and evaporate as molecular hydrogen per 

jump is (n/ns)c~ If there are n adatoms/cm
2 

performing such random jumps, 

the macroscopic rate of second order molecular hydrogen emission is 

2 
lj"D En 

s 

where the number of s"ites/cm
2 

has been taken as the reciprocal of the square 

o 
of the distance between sites) lid"", and the surface diffusion coefficient 

introduced 

D 
s 

2 :: tvd (46) 

~2 is the rate of molecular hydrogen emission due to the second order 

process of Eq. (44). 'l'he total rate of molecular hydrogen emission, ~, 

is the sum of ~l and ~2. The rates of dis sociative adsorption, atom 

emission, and molecular evaporation are related by the material balance 

of Eq .. (10). With this restriction, the rate of molecular evaporation 

becomes 
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The first term on the right of Eq. (47) is the contribution of first order 

hydrogen formed by recombination of the original chemisorbed partners, 

while the last termrepre sents the rate of molecular hydrogen formation by 

second order recombination of surface atoms randomly chosen from the surface 

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

1 (48) 

If the term 4DsE/(k~)2 is small because of low atom mobility or if E is 

close to unity because the probability of localized recombination is large, 

Eq. (48) reduces to Eq. (11) in which ~ 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 « 1), 

Eq. (48) reduces to the pure second order model given by Eq. (12) in which 

kE is identified with 4D E • 
.2 s 

The. model embodied in Eq. (48) 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 pressures studied. One reason for this behavior 

6 
may be the presence of heterogeneities or patches on the surface. 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 characteristic of high surface temperatures), and 

the mean time for the escape of an adatam fram the patch is large J the ad-

atoms will either evaporate as atams ar recambine with each ather. 

The apparent first arder behavior may ,also. be due to. bulk solution af 

the adatams. The hydragen pressure (ar impingement rate) is greater an the 

front face af the t,arget than an the back face, due to. the pre sence af the 

malecular beam. Far the standard beam, the tatal pressure an the frant 

face is ~ 6XlO -7 tarr (beam plus backgraund) while an the back face, the 

-7 pressure is 3xlO tarr (backgraund only). The adatam cancentratian an the 

front face shauld be appraximately twice that an the back face.. Assuming 

a Henry's law constant relating the cancentratians af adatams and dissolved 

atoms just beneath the surface, a driving farce far bulk diffusion af hydra-

gen thraugh the fail exists. The disappearance af H atams from the surface 

by bulk dissaluttan and diffusian constitutes a sink far the surface papula-

tion and reduces the surface cancentration belaw the value which would exist 

if the bady af the tantalum were imperviaus to. hydrogen. 

The final result of including this additianal mode af hydragen remaval 

from the surface in the preceding analysis is to. replace k~ in Egs. (47) 

(48) E 
D H/2£, where H is the Henry! s law constant (which, Ivhen and by kl + v 

cambined with the adsorpt 10 n is otherm gives the bulk solubility as a fUl1c-

tiol1 af pre ssure ), D is the bulk diffusian caefficient, and £ is the thick­
v 

ness of the fail (0 .. 001 in). If the term D H/2 R is camparable in magnitude 
v 

to k~, Eq. (48) can more readily be appraximated by its first arder limit. 

L ,2h th 't f ' . angrnulr as prapased e eX1S ence a a dlssolved gas phase 1n metals at 

elevated temperatures, and Moore and unterwald
8,9 have demonstrated appreciable 
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high temperature solution of hydrogen in tungsten and molybden~ Since 

tantalum has a larger capacity for hydrogen than tungsten or molybdenum (at 

low temperature s) J bulk dissolution 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 bull;: is large compared to the 20 msec modula­

tiontime of the primary molecular beam) the resulting molecular species 

will be completely demodulated and appear as an undetectable dc signal in 

the phase sensitive detector. 
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SUMMARY 

The dissociation of hydrogen on tantalum has been investigated by 

modulated molecular beam-mass spectrometric teclmi~ues 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 system 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 specu..lar 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 compo si tion, the first order model was found to 

most adequately fit tpe 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 kcaljmole 

binding energy of atomic hydrogen on tantallirr4 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. 4 kcal/mole. 

A simple model of the surface process which 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 "hich interaction with hydrogen has been investigated. 
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Fig. 3 Typical signal traces during target temperature 
variation 
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Fig. 4 Normalized atomic hydrogen emission as a 
function of target temperature 
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Fig. 6 Comparison of experimental values of 
the parameter b vlith the predicted 
values from equilibrium second order 
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Fig. 7 Analysis of atomic hydrogen data by the first 
order model. 
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