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1. Introduction

This study is a continuation of a previous experimental investigation of the spatial
distributions of hydrogenic molecules (HZ’DZ’ HD) desorbed from a polycrystalline
1
nickel surface.” We report data on the speed distribution of D2 desorbed from a

polycrystalline nickel surface.

2. Experimental Apparatus and Procedures

The principal features of the experimental apparatus have been described previ-
ously.2 In the present case, the speed distribution can be measured only in the direc-
tion normal to the Ni surface. Molecules are supplied to the Ni surface by permeation

as described plr'eviously.1
3. Experimental Results

In Fig. V-1 the time-of-flight curve for D2 desorbed from polycrystalline Ni at
1073°K is shown. The filled circles were computed for the case of an equilibrium gas
having a temperature equal to that of the Ni sample.z The amplitude of the computed
curve has been normalized to fit the maximum of the experimental curve, but no steps
were taken to force the maxima to occur at the same point on the time scale. The
agreement is sufficiently close to suggest that the actual speed distribution corresponds
to that of a gas in complete thermal equilibrium at the temperature of the Ni surface.
Similar data were obtained at different temperatures for D2 and no significant deviations

from the equilibrium case were observed.

“This work was supported principally by the National Aeronautics and Space Adminis-
tration (Grant NGR 22-009-091), and in part by the Joint Services Electronics Programs
(U.S. Army, U.S. Navy, and U.S. Air Force) under Contract DA 28-043-AMC-02536(E).
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4, Discussion of Results

a. Comparison with Existing Experimental Results

No comparisons are possible in the case of our speed distribution data because we
are not aware of any previous measurements of this type for hydrogenic molecules
desorbed from solid surface. (Through personal communication with van Willigen, we
have learned that he has recently measured the mean speed of H2 desorbed from
a polycrystalline Ni surface.) The only existing data that we have found on the
speed distributions of desorbed particles are for the desorption of K from a

variety of solids.3

5. Comparison with Existing Theoretical Models

We know of only two theoretical models that provide predications of the spatial and
speed distributions of desorbed molecules. The first is the equilibrium model, whose
development has been summarized by Loeb,4 and it predicts a diffuse (cos1 0) spatial
distribution and an equilibrium (Maxwellian) speed distribution. The second is the model
developed by van Willigen5 from the activated-adsorption model of Lermard-Jones.6 We
shall derive expressions for the spatial and speed distributions predicted on the basis

of this activated-adsorption model.

a. Spatial Distribution

According to the activated-adsorption model shown in Fig. V-2, the gas-solid inter-
action potential may be of such a nature that the atomic and molecular states of adsorp-
tion are separated by an activation-energy barrier of height Ea' For simplicity, we
shall assume that Ea is constant over the entire surface. Although it is expected that
Ea is a periodic function related to the positions of the atoms of the solid surface, the
variation in amplitude may be quite small because the molecule-solid potential involves
more than nearest-neighbor interactions.

From kinetic theory, the rate at which molecules collide with a solid surface of unit

. i s 7
area is, for equilibrium conditions,

7 = permkT)” /2 (1)

where p, m, and T are the pressure, molecular mass, and temperature of the gas. A
more detailed description of the collision rate is obtained by considering only
those molecules having speeds between v and v + dv, and directions within the
solid angle dw= sin 6 d6d$, where 6 and ¢ are defined with respect to the solid
lattice in Fig. V-3. The differential collision rate for this portion of the impinging

.7
molecules is
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Fig. V-2. Schematic representation of the gas-solid interaction potentials
for the case of activated dissociative adsorption of H2 on the
surface of solid M. Ea is the activation energy separating the
molecular (H2+M) and atomic (2H+ M) adsorption states, and

D is the dissociation energy of Hz.

Fig. V-3. Geometry of gas-solid interaction. The quantities v, 6, and ¢
refer to a state sufficiently far from the surface that the
gas-solid interaction forces are negligible.
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where n is the number density, and « = (ZkT/m)l/Z. From the definitions above it fol-
lows that

0 2w pw/2 3
g S g "z = 2. (3)
v=0 Y¢=0 Y0=0

The equilibration probability, ¢, is defined as the fraction of the collisions that result

in adsorption. The differential equilibration probability, d3t,,, is

3
=L, (4)

o
=

|

o
N

where d31" is the differential adsorption rate (that is, the rate at which molecules of
class (v, 0, ¢) are equilibrated). It is assumed that the definition given in Eq. 4 repre-
sents an average over all of the impact points and energy states of the solid that are
available to molecules in the class (v, 0, ¢), as well as an average over all orientations
and internal states (vibration and rotation) of the impinging molecules.

Integration of Eq. 4 over all possible values of v gives

2 2
2 d r
dr=-4L. __d (5)
d“Z Z cos 6 dw/n
and integration of this over ¢ and 6 gives the total equilibration probability,
- L
L= 7 (6)

Molecules impinging with speed v at angle 6 and ¢ will be able to adsorb dis-
sociatively [-21— A2 (g) = A(ad)} only if their energies are large enough to carry them

over barrier Ea' That is, the differential equilibration probability of molecules in class
(v,0, ¢) is

0 if 1/2m (v cos 8)° <E
3 a

d’g = (7)

QO if 1/2m (v cos e)2 >E_

where QO is a transmission coefficient representing the fact that some molecules with

sufficient energy will not pass over Ea because of quantum-mechanical reflection. We
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shall simplify the following discussion by assuming that Z’o is independent of v, 8, and ¢.

If the gas phase is in equilibrium with the solid, then from Eq. 5 we obtain

2 o0
=S L. L\ @i’y (8)
d®z 4%z Yo

which, with the aid of Eq. 7, may be expressed as

dzg S‘\; 2@0(5)3 exp[—(%)z} dv/a (9a)

Ea 2 Ea 2
=?;O 1+ﬁsec 6| exp - %T Sec e/, (9b)
Sk ZE 1/2
where the lower limit of integration is v = _m_a sec 0, which follows from Eq. 7.

Therefore the ratio of dzg for angle of incidence 6 to that for normal incidence (6=0)

is

a%¢(0) E_ + KT cos® © E
= exp

2. = 2 (10)
d~¢(0) (Ea+kT) cos O

and, with the aid of Eq. 5, the corresponding ratio of the differential adsorption rates

is

= cos 6 = 2 (11)

a
5 5 — tan ©
d~I'(0) d~¢(0) (Ea+kT) cos 6

a®ree)y  d%t(o) E_ + kT cos” 0 E
= exp\= 77 .

It is important to notice that this equation is the angular distribution of only those mol-
ecules in the gas phase that can pass over the barrier. This distribution changes as
the molecules enter the force field of the surface and, at the point of A (Fig. V-2) where
the molecular potential energy curve intercepts the atomic potential energy curve, they
have a new distribution which we call X(8).

Now, we would like to use the detailed balance principle to predict the angular dis-
tribution of molecules in the gas phase desorbed from the solid surface. The use of
the detailed balance is valid only for those cases in which the equilibrated particles can
be distinguished from the nonequilibrated particles. For example, if a model enables
one to define a boundary in phase space that effectively separates the states of equili-
brated adsorbed particles from those of free particles, then this boundary may be used
to distinguish equilibrated particles from nonequilibrated particles. In the case of the
activated adsorption model, we shall assume that the vertical line drawn from the top

of the adsorption barrier (point A in Fig. V-2) is a boundary at which the only molecules
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crossing in the outgoing direction are those equilibrated to the solid. Therefore, the
detailed balance principle can be applied at this point and what it says is that the dif-
ferential rate of adsorption must be balanced at equilibrium by an equal but opposite dif-
ferential rate of desorption from the adsorbate phase. Consequently, according to this
principle, the spatial distribution of desorbed molecules at point A is equal to the spatial
distribution of adsorbed molecules at this point which we defined as X(6). This distri-
bution changes as the molecules escape from the force field of surface and they attain

a distribution corresponding to Eq. 11 when they reach the gas phase because between
the gas phase and the barrier only a reversible mechanical process is involved according
to this simple activated adsorption model. Therefore, the predicted spatial distribution
of the desorbed molecules is of the form of Eq. 11 which is identical to that used by
van Willigen5 to explain his experimental observation that the angular distribution of

hydrogen desorbing from various metals is not simply proportional to cos 0. Figure V-4

T=1100 °k

0.8 —
e Fig. V-4.
Spatial distributions of desorbed molecules
according to the activated adsorption model.
0.4
0.2

8, ANGLE OF INSPECTION (deg)

shows this distribution for three different values of the activation energy, Ea' at T =
1100°K. Since our experimental data1 can be described approximately by cos™ © with

d =~ 4.5, we estimate from Fig. V-4 that the corresponding value of Ea is between 0. 15

and 0.25 eV.

b. Speed Distribution

We shall begin by determining the speed distribution of only those molecules in the
gas phase that can be adsorbed on the surface, and then by using the detailed balance

principle, we shall come up with the speed distribution of desorbed molecules. We treat
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this problem only in the direction normal to the surface because we are measuring the
molecular desorption speed distribution only in the normal direction.
The differential collision rate per unit solid angle of molecules impinging in the nor-

mal direction, according to Eq. 2b, is

dzZ = % <%)3 exp{-(%)z] dv. (12)

The differential equilibration probability, dg, is

dI’

dt = 7=, (13)

where dI' is the differential adsorption rate (that is, the rate at which molecules of
class v are equilibrated). Molecules impinging with speed v will be able to adsorb
dissociatively only if their energy is large enough to carry them over barrier Ea' That

is,

0 if = mv <Ea
dg = (14)
¢ if

(]
NI»—
®

Substituting this equation in Eq. 13, we get

0 it vev (15a)

2 sk
exp{-(%) ] dv if v>v (15b)

. <2Ea>1/ 2
A% - -rn— .

It is important to notice that Eq. 15b represents the differential adsorption rate of
only those molecules in the gas phase that are normal to the surface and have sufficient
energy that they can pass over the barrier. The speed distribution of these molecules
changes as the molecules enter the force field of the surface, and at point A they have
a new distribution that we call Y(v). Now we follow the same argument that we employed
in the spatial distribution case and, by the principle of detailed balance, the differential
desorption rate of molecules at point A is equal to the differential adsorption rate of
molecules at this point which we defined as Y(v). This distribution changes as the mol-
ecules escape from the force field of surface, and they attain a distribution corre-

sponding to Eq. 15 when they reach the gas phase, because between the gas phase and
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the barrier only a reversible mechanical process is involved according to this simple
activated-adsorption model.

Now we have to transform this distribution to the time-of-flight coordinate in order
to be able to compare it with the experimental measurements. For v > v*, Eq. 15b is
identical to the corresponding expression for an equilibrium gas, and we may use the
results derived in Appendix A. Therefore, for the limiting case of zero chopping time,
we obtain from Eq. A. 12 the following expression for the instantaneous number density
of desorbed molecules in the detector

-L
v
e ) (A. 12)

where ?i is the dimensionless flight time defined by

Pote

i L
Here, t is the time measured from the instant the chopper opens, L is the distance from

the chopper to the detector, and e = (ZkT/rn)l/z. Since there are no desorbed molecules

% -
having v< v , Eq. A.12 is zero throughout the range -—ag <t <o (that is, no molecules
v

3 —_
reach the detector after time t = L/va, which corresponds to ti = L*). The resulting
— V -
time-of-flight curves, n(ti), are shown in Fig. V-5 for two values of to, where

Lo

0.8 —

0.6 —

0.2

| |
2 3 4
Fi' NONDIMENSIONAL FLIGHT TIME

Fig. V-5. Time-of-flight curve for zero chopping time according
to the activated adsorption model.
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=< - ar/Ey /2 (16)
v

The values of t° were chosen to correspond to Ea equal to 0.15 and 0. 25 eV, the upper
and lower bounds inferred from our spatial distribution data, and to T = 1073°K, the
temperature of the Ni membrane in our time-of-flight measurements.

In the case of finite chopping time, the cutoff will not be a vertical line because the
amplitude of the time-of-flight distribution at time t no longer corresponds to molecules
having speeds that differ only infinitesimally from v = L/t. In order to obtain the shape
of this cutoff, we use Eq. A. 8,

ZL3 }tw e i (ti-t )
n(t.) = 5 I't) ——————m———dt , (A. 8)
i 4 c 4 C
a 0 (ti—tc)

sk sk

wheret =t.fort.<t andt =t fort,>t ,andt. is the time of arrival at the detec-
i i ‘“co co i” “co i

tor of molecules that passed through the chopper at time tc, where 0 Stc Stco’ with tco
being the total time that the chopper is open. The magnitude of n(ti) corresponds to the
contributions of molecules having all possible values of ‘cC but arriving at the detector at
time ti. These molecules do not have the same speed, and their speeds vary from a min-
imum at t = 0 to a maximum at t =t o Since the present model predicts that the min-
imum speed isv , we conclude that molecules passing through the chopper at time t

cannot contribute to n(t i) if t is less than a critical value, 1: o defined by the relatlon

to-th = (17)
i e _*
v
or
TSR TR TR
C 1 " 1
v

*
where t° = L/v . Therefore the new distribution will be

LZ
a (t -t )
ZL F

nN (t.) )4 dtc, (18)

esk sk sk fe) sk

where t = 0 for tc < 0 and t = ti -t~ for tc 2 0. Notice that this dis-

tribution begins to differ from Eqg. A.8 at ti = I;, and it goes to zero at ti =

v

—L;+ tco' Integration of Egq. 18 leads to the following equation expressed in

v
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dimensionless form:

6]
-0 _ta
t =71 -

This distribution is plotted in Fig. V-6 for D2 at 1073°K and Ea equal to 0, 0.15, and
0.25 eV. As mentioned previously, our spatial distribution measurements indicate that

Ea is between 0. 15 and 0. 25 eV if the activated adsorption model is approximately valid.

0.8

L Fig. V-6.
- Time-of-flight curve
Z fgr finite .choppmg
c time according to the
0.41— activated adsorption
i model.
JE,=0.25¢ev |
0.2 - R
0
0 100 200 300 400 500 600

t, FLIGHT TIME (ps)

Therefore, we would expect the time-of-flight distribution to fall between the two curves
shown in Fig. V-6, whereas our measurements (Fig. V-1) are observed to agree closely
with the distribution for an equilibrium gas (i.e., the curve for Ea = 0 in Fig. V-6).

Because of this discrepancy, we conclude that the activated adsorption model is not valid.

APPENDIX A

Effect of Finite Chopping Time on Time-of-Flight Distribution

In the time-of-flight technique (TOF) for measurement of the speed distribution, a

small segment of the beam is chopped mechanically at a known distance from the
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detector. Part of this pulse then passes through the ionization detector. The
molecules ionized in the ionization region go through the detection system, and
the TOF curve is recorded. The object of this Appendix is to consider the effect
of finite chopping time on the TOF curve. Similar analyses have been reported
8
by Scott.
To start, we have to transform the speed distribution function from speed to time

coordinates. The Maxwellian speed distribution function is9

2,2
f{v) dv = 4"rr_'l/2 mvz/az3 e v /e dv (A. 1)

where ¢ = (ZkT/m)l/z. Assuming free molecular flow, the distribution of the rate of

molecules that arrive at the detector within a solid angle dw with speeds between v and

v + dv is
I'(v) dv = v f(v) dvde. (A. 2)

The total rate is

% 2nad
= g v £(v) dvdw = =882 (A. 3)
0 Tr1/2

Substituting Eq. A.3 into Eq. A.2 for dw gives

2,2
T'(v)dv=2T V3/a4 e Vv /e dv. (A. 4)

To transform this function to the time coordinate we use the relation t = vk’ where L is

the distance from chopper to ionizer. The result is

LZ

aztz dt

t5

gtydt= 2T L% /o% e (A. 5)
This function is the distribution of the rate at which molecules arrive at the detector
within the time t to t + dt. (Zero time is defined as the instant that the chopper opens.)
This function is correct if tco’ the time that the chopper is open, is negligible. In prac-
tice, there is always a finite tco for which the distribution should be corrected. tc is
defined as the time that the shutter has been open. Now, the rate at which molecules
arrive at the detector, F(tc), is a function of tc’ and Eqg. A.5 should be integrated over
the time that the shutter is open. Before integration, we should note that t in Eq. A.5
has to be changed to ti - tc’ where ti is the time that molecules, which start
at time tc at the chopper plane, arrive at the detector. Therefore Eq. A.5 can

be written as
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L
2 2

14 e a (t=t.)

a

h(tc, ti) d’ccdti = 2I‘(tc) == ——-—(t—::_r)— dtcdti (A. 6)
ic

where h(tc, ti) is rate of arrival of molecules that start from the chopping plane at tc
and reach the detector at ti.

We should note that dt = -dtc, but not dt = dti - dtC because we would like to find the
contributions of all molecules having tc from zero to tco at a fixed value of ti. To find

this contribution, we integrate Eqg. A.6 to obtain

__L®
2 2
214 dt, (t LU
I(t.) dt, = ——1 S Nt ) &— gt (A. 7)
i’ a4 0 c (ti_tC)S c

where ‘ca< =t. fort. <t and t =t fort >t , and where 1(t.) is the rate of arrival
i i co co i” "co i
of molecules at the detector at time ti. The density at the detector due to this arrival

rate is obtained by dividing Eq. A. 7 by the molecular speed, L/(ti—tc):

L
3 t* az(t.—t )2
2L e rc
n(t.) = S‘ 't ) =——————dt . (A. 8)
i 4 C 4 c
a 0 (ti-tc)

Assuming the shutter function to be rectangular, Eq. A. 8 may be integrated to obtain

L
—<——)2 — 2 ’ 2
at L a (t.—t >
n(t.)=-1:- L. Y —— e ' +i_TL erf L —erf (=
1 a t " 2 e at.
! t-t a(t -t '
a i i
(A. 9)
To write this equation in dimensionless form, we define ?=I]-_‘a~ and n = nL’ and
obtain co
1
1 .
I T z*)z
- i N 1
n(ti) =-__—1—- _Tl—e to - 1_* e ! +—2Tr erf ! — | —erf|{—
t t. t. -t t. -1 t.
co i i i i
(A. 10)
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In the limiting case of tco — 0, it can be shown that Eq. A. 10 reduces to

L
:
e , (A.11)

- N2 -
This distribution is maximum at ti = 2—2 where n = 1.08. Therefore, by normalizing

Eq. A. 11 with respect to this maximum, we obtain

e (A. 12)

A. E. Dabiri, R. E. Stickney
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