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1. Introduction

It is usually assumed that molecules desorbed from a solid surface will have a
1

Maxwellian velocity distribution with temperature equal to that of the solid. As a con-

sequence, it is generally expected that the spatial distribution of desorbed molecules

will be diffuse, that is, proportional to cos 0, where 0 is the angle of inspection mea-

sured from the surface normal. Recently, however, van Willigen 2 and Palmer et al. 3

have reported experimental data showing that the spatial distributions of hydrogenic

molecules (H 2 , D2' HD) desorbed from nickel deviate markedly from cos 0. These data

show that the desorbed molecules are more highly concentrated along the surface normal

than is predicted by the cos 0 relation.

Since molecular desorption processes are encountered in a variety of technological

problems (catalysis, high-temperature oxidation, degassing of metals), we believe that

it is important to attempt to establish a theoretical model that successfully explains these

phenomena. To aid in the development of this model, we plan to measure the velocity

distribution of H2 and D 2 molecules desorbed from nickel single crystals that are cut so

as to obtain surfaces corresponding to three different crystallographic orientations, for

example, the (100), (110), and (111) orientations. The apparatus constructed for these

measurements has been described in a previous report. 4 We have also developed a

much simpler apparatus for measuring spatial distributions in a manner similar to that

reported by van Willigen. 2 This apparatus will be described, and some preliminary

data on the desorption of H 2 and D 2 from a polycrystalline Ni surface will be reported

and discussed in detail.

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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2. Experimental Apparatus and Procedure

The principal components of the apparatus are shown in Fig. V-i. One side of the

Ni membrane is exposed to H 2 (or D 2 ) at approximately atmospheric pressure, while

the other side is exposed to vacuum. Hydrogen atoms diffuse through the membrane and

recombine on the surface to form molecules that desorb into the evacuated chamber. The

spatial distribution of the molecules desorbing from the membrane is measured by a con-

ventional ionization gauge mounted on a rotatable shaft whose center line is tangential to

the membrane surface at its center.
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Fig. V-1. Experimental apparatus for measurements of
spatial distribution.

The membrane was formed at the end of a rod of polycrystalline nickel (Grade A,

International Nickel Co.), 1. 27 cm in diameter, by boring a hole, 0. 6 cm in diameter,

to obtain the desired membrane thickness. In the present case, the thickness was -

0. 25 mm after the surface was mechanically polished. The membrane assembly is

mounted at the end of a tube that passes through the chamber wall to a valve and on to a

flask of Research Grade H 2 . This tube is evacuated before filling it with H 2 to a pres-

sure of -1 atm.

The membrane assembly is heated by electron bombardment from a hot tungsten fila-

ment (Fig. V-l). A bombardment current of ~0. 4 A at 300 V is sufficient to maintain

the membrane at 1500 K, which was selected as the maximum temperature in the pres-

ent experiment. (Nickel melts at 1725°K.) The temperature is measured with a

chromel-alumel thermocouple (0. 254-mm diameter wire).

The vacuum chamber is a stainless-steel cylinder, 46 cm diameter, evacuated by a

500 liter/s Varian ion pump. According to the manufacturer, 5 the pumping speed should
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be -1, 350 liter/s for H 2 . Since copper gaskets are used in all flanges, the entire

system may be baked. Although it was possible to attain pressures of the order of

1 X 10- 10 Torr, in the present study we generally began an experimental run when the
-9

pressure reached -1 X 10 Torr.

The detector is a Varian ionization gauge (Model UHV-12P) with a glass envelope to

which we have connected a kovar tube, 2. 54 cm in diameter. In the present experiments,

the diameter of the aperture (Fig. V-1) in this tube is Dd = 0. 3 cm, and the distance

from the center of the membrane to the detector aperture is L = 5 cm. By mounting

the detector on an arm connected to the shaft of a rotary-motion feed-through, it is pos-

sible to vary 0 from -90 to +90 . The detector is connected to a conventional ioniza-

tion gauge controller (Varian Model 971-0014), with the exception that the signal from

the ion collector is read on a Keithley Model 150A electrometer. The zero-suppress

feature of this electrometer allows us to cancel the signal arising from the background

gas in the chamber. We observed that electron bombardment of the membrane produced

anomalous changes in the detector output signal, but it was possible to eliminate this

effect by biasing the kovar tube negative with respect to the tungsten filament that was

the source of the bombarding electrons.

The rate of permeation of hydrogen through a nickel membrane of thickness f (mm),

area Am (cm2), and at temperature T (oK) may be predicted from6 - 8

R (molecules 3. 75 X 1017 1/2 1/2 13,900
sec Am (p1  2  ) ex RT '

where pl and p2 are the H 2 pressures (Torr) on the high- and low-pressure sides of

the membrane, and Ro is the universal gas constant. In the present case, p1 760 Torr,

2
P2 z 0, Am = 0. 28 cm ,  = 0. 25 mm, so

R 1. 2 X 1019 X 10- 3,030/T (2)

Therefore, R = i. 9 X 1015 molecules/s at 800 K, and it rises to 5. 6 X 1016 at 1300 K.

If we assume for the present that the spatial distribution of the desorbed molecules

is proportional to cos 0, then the flux of molecules within solid angle dw is given by

1
I = - R cos 0 dw. (3)

(Note: Since this expression is derived by assuming that the membrane may be treated

as a point source, it is not strictly valid in the present case. The derivation of a more

exact expression will be outlined.)

The solid angle accepted by the detector aperture is approximately equal to Ad/L 2 ,

where Ad is the aperture area, and L is the distance from aperture to membrane.where Ad is the aperture area, and L is the distance from aperture to membrane.
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Therefore, the flux into the detector is

RAd
S- cos 8. (4)L 2

This flux will cause the pressure of H2 in the detector to increase to the point where the

flux out of the detector, F', becomes equal to the flux in, F. This outward flux may be

expressed as

-1/2F' = ApdAd(2rmkTd) (5)

where Apd is the pressure increase attributable to r, m is the molecular mass of H 2,
k is Boltzmann' s constant, and T d is the temperature of the gas in the detector. Equating

Eqs. 4 and 5 and solving for Apd, we obtain

Ap d  (2TrmkT /2 cos (6a)
TrL

1 X 10 - 2 3 R cos 6, (6b)

where it is assumed that Td z 373 'K, and L = 5 cm. With the aid of Eq. 2 for R, it is

possible to predict that the values of Apd corresponding to membrane temperatures of
-8 -7

8000 and 1300'K are ~2 X 10 and -6 x 10 Torr, respectively, for 0 = 00.

If we assume that permeation through the side walls of the membrane assembly is

negligible, then Eq. 2 represents the total flow of molecules into the vacuum chamber.

This flow causes the chamber pressure to increase to the point where the pump can

handle the additional gas load. That is, the increase in chamber pressure, Apc, is

given by

Ap = R/S (7a)

2. 7 X 10 - 4 X 10 - 3,030/T ,  (7b)

where Eq. 2 has been substituted for R, and the pumping speed, S, is assumed to be

4.5 X 1022 molecule/Torr-s (1,350 liter/s). Therefore, the predicted values of Ap for
-8 -6

membrane temperatures of 8000 and 1300'K are -4. 2 X 10 and ~1. 2 X 10 Torr,

respectively.

The total pressure in the detector, pt, is equal to the sum of Apd, Pc, and pr' the
-9

residual pressure (~1 X 10 Torr). Since the output signal from the detector is pro-

portional to pt, we see that the desired information (Apd) is superimposed on a back-

ground signal (Ape + pr) which should be independent of 0. According to the values

computed above, the magnitude of Apd at 0 = 00 is approximately a factor of two
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smaller than the background signal for reasonable values of the membrane temperature.

The zero-suppress feature of the electrometer allows us to cancel the background signal

which is measured by rotating the detector to 0 = 900.

3. Experimental Results

Shown in Fig. V-2 are the spatial distributions of H2 measured at two different val-

ues of the membrane temperature, 863 oK and 1268 oK. Notice that the experimental data

deviate substantially from the cos 0 relation, and, in both cases, it appears that the data

fall close to the curve corresponding to cos 0. Distributions were obtained at a number

of membrane temperatures in the range 8630 to 1268oK, and in all cases the normalized

data were essentially identical to those shown in Fig. V-2. We conclude that the shape

cos 9

T 1268 K T 863 K

k /1

Fig. V-2. Spatial distributions of H 2 desorbed from a polycrystalline Ni sur-

face at two temperatures, 1268 0 K and 863 0 K. For T = 1268 0 K,
-6

the measured values of Apd (8=0) and Apc are 1. 9 X 10 and
-69 X 10 Torr; the corresponding values for T = 863°K are 1. 3 X

10- 7 and 9 X 10- 7 Torr.

(the width at half maximum) of the distributions appears to be quite independent of

temperature, and it may be represented approximately by the function cos4 0. Sim-

ilar measurements were performed for the desorption of D2 from the same mem-

brane and, although the absolute magnitudes of these data were slightly higher than the

corresponding data for H2, the normalized spatial distributions appeared to be identical.
4That is, the normalized data for DZ agree closely with the cos 0 relation for all mem-

brane temperatures in the range of the present experiments.
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Fig. V-3. Temperature dependence of the detector signal at 0 = 00
resulting from the permeation of hydrogen through nickel.

Since the shape of the spatial distributions appears to be constant, the detector sig-

nal at any given value of 0, I(0), should be directly proportional to the total permeation

rate, R. Therefore, according to the expression for R given in Eq. 2, the slope of an

Arrhenius plot of I(0) vs 103/T should be equal to -3. 03. Data for both H 2 and D 2 are

plotted in this manner in Fig. V-3 for the case 0 = 00, and we see that the slopes are

very nearly equal to -3. 03. This result provides some assurance that our permeation
6-8

rates are consistent with those measured by other investigators. If the proportion-

ality factor between 1(0) and R were known, we could perform a more stringent test of

the absolute magnitude of the present permeation rate with that reported by others (for

example, Eq. 2). This would require, however, a more accurate analysis than that pre-

viously described.

4. Discussion

a. Comparison with Existing Data

Comparable data on the spatial distribution of H2 desorbed from polycrystalline Ni

have been reported by van Willigen, 2 but his results indicate that the approximate form
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of the distribution is cos 9 0 rather than cos4 0. The magnitude of this discrepancy is

surprisingly large considering that the experimental techniques and temperature ranges

are nearly identical. The problem is complicated further by the fact that, according to

the results of Palmer et al.,3 the spatial distribution of HD desorbed from the (111) face

of a Ni crystal is of the form cos4 0 for the most perfect crystals that they could grow.

(For less perfect crystals the form was cosd 0, with 2. 5 < d < 4.) Since we suspect that

the surfaces of Palmer et al. were far smoother than the polycrystalline surface of

van Willigen and ourselves, it is difficult to understand why their spatial distributions

were not narrower. There are six possible explanations.

1. The value of d, the exponent in the relation cosd 0, may depend upon the crys-

tallographic orientation of the surface. We plan to examine this possibility by measuring

the spatial distributions of H 2 desorbed from the (100), (110), and (111) crystal faces of

Ni.

2. The value of d may depend strongly on the presence of impurities on the Ni sur-

faces. In future experiments we shall vary the composition and concentration of surface

impurities (for example, carbon and oxygen) to determine if these cause the spatial dis-
9

tributions to change. An Auger electron spectrometer will be used to determine the

composition and concentration of surface impurities.

3. The spatial distributions may be broadened by surface roughness, thereby causing

the apparent value of d to be substantially less than that for a smooth surface. To

examine this possibility, we shall compare spatial distributions corresponding to var-

ious degrees of surface roughness, as determined by optical and electron micros-

copy.

4. The geometry of the membrane and detector may cause the spatial distribu-

tions to appear broader than they actually are. (This effect is considered in this

report.)

5. The molecules of the background gas in the chamber also enter the detector after

being scattered from the test surface, and their contribution to the output signal may

cause the apparent spatial distribution to differ from the distribution of the desorbed

molecules alone. (Based on the analysis given in this report, we believe that this pos-

sibility may be disregarded in the present experiments.)

6. The value of d may vary with the coverage (concentration) of hydrogen on the

Ni surface, which is a function of the permeation rate, background pressure, and

membrane temperature. We believe that this possibility is not significant in the pres-

ent study because our results indicate that d remains approximately constant over

a wide range of experimental conditions, that is, over a range of coverages. In

future work we shall determine whether the form of the spatial distributions is inde-

pendent of the background pressure, which may be increased by throttling the ion

pump.
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b. Geometrical Effects

Since the permeation rate is inversely proportional to thickness, we would expect

the coverage of adsorbed hydrogen on the end of the membrane assembly to be greater

at the center than at the edges. The distribution of coverage over the surface depends

on the relative rates of surface diffusion and desorption as functions of coverage. These

rates are unknown, so we have been unable to calculate the coverage distribution. Since

it is known, however, that the rate of surface diffusion of hydrogen on metals is much

greater than the rate of desorption, we shall assume that the coverage is uniform over

the entire end of the membrane assembly. This leads to the assumption that the desorp-

tion occurs at an equal rate over the entire end of area A e , even though permeation

occurs predominantly through the thinned central portion (the "membrane") of area Am
Since the ratio of Ad, the area of the detector aperture, to Ae, defined above, is

0. 0557 in the present case, we may consider the detector aperture to be a point relative

to the test surface. That is, the broadening introduced by the finite area of the detector

aperture is much less than that introduced by the test surface, which is estimated here.

To obtain a rough estimate of the possible broadening of the spatial distribution

resulting from the finite area of the test surface, we shall derive an expression for the

distribution of molecules desorbed from a narrow strip on the test surface that is cen-

tered about the line of intersection of the detector plane of rotation with the surface (see

Fig. V-4). Although this two-dimensional approximation of the three-dimensional situ-

ation is not expected to be completely valid, it is significantly better than assuming the

surface to be a point.

-a Fig. V-4. Geometry of membrane-

detector configuration.
L cos 9DETECTOR

Consider a strip of infinitesimal width dy and length equal to the diameter of the test

surface D . In terms of the symbols shown in Fig. V-4, the differential flux enteringe
the detector from an infinitesimal area dxdy at point x on the strip is
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R
dF (0, x) =

-rD dy

cos aAd cos (0-a)dxdy

where R/Dedy is the desorption rate per unit area, cos a is the assumed form of the

spatial distribution, Ad cos (0-a) is the projection of the detector aperture area upon

a plane perpendicular to the line between the surface infinitesimal and the aperture, and

r is the length of this line. The principal geometrical relations are

L cos 0
cos a =

L sin E - x
sin a = r

r2 = (L cos 2 + (L sin x)2 = L2 + x - 2 XL sin 8.
(Lcos0) + (Lsin0-x) = x2X~i

(10)

(11)

1 1By substituting these in Eq. 8 and then integrating from x= - 1 D to x= + 1 D , we obtain2 e 2 e

RAd e e/
r(o) os 0

2rDe L2+D2/4 LD2 sin2
J e ) e

D - 2L sin 0 -D - 2L sin O

L itan L 2L cos 0 ZL cos 0 j" (12)

For the dimensions of the present apparatus, the denominator of the first term may be

approximated by (L 2 +D 2 /4 2, since the maximum error would be less than 6%. Further-

more, the second bracketed term may be rewritten

LD cos 0-1 etan
L 2 - D2/4e

by employing the relation tan (P -y) = (tan p - tan y) /(1 + tan P tan y).

L2-D e/4) < 0. 24 in the present study, we may approximate Eq.

e

e

Since LD cos 8/e
13 by

(14)

with the maximum error being less than 2%. Therefore, Eq. 12 becomes

RAd
F(0) 2 cos 0

L 2

1/2

e
I +\2L

1/2

(D)
1i
i-\2L/_
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Since De/2L = 0. 06 in the present case, the term in brackets is approximately unity,

and Eq. 15 reduces to

RA
r1(0) cos 0, (16)

L 2

which is identical to Eq. 4 which was derived by assuming the surface to be a point

source. By considering the signs of the errors associated with each of the approxima-

tions underlying Eq. 16, we conclude that the over-all error will be less than the error

associated with any of the separate terms, that is, less than 6%. We now plan to extend

the error analysis to the case in which the spatial distribution is of the form cosd 0.

c. Effect of Background Gas

The molecular flux entering the detector may be divided into three components: F,

the flux of molecules desorbed from the test surface; F s , the flux of background gas

molecules scattered from the test surface; and r b , the flux of background gas molecules

that enter without being scattered from the surface, that is, those molecules not con-

tained in the solid angle defined by the projected area of the test surface viewed from

the detector aperture,

S b = A cos O/L2 ,

where A is the area of the end of the membrane assembly. It seems reasonable toe
assume that the background gas is at the temperature of the chamber walls (~300 K) and

that the directions of the molecules are random. Therefore, the flux of background mol-

ecules upon the test surface is

-1/2
Z = PbAe( 2 mkTc) (17)

where pb is the background pressure (pb = Pr + APc), m is the average molecular mass

(assumed to be the mass of H 2, since it is the dominant component of the background

gas), and T is the temperature of the chamber walls. If we assume that pr is negligible

relative to Apc, then the ratio Z/R may be expressed in the following form with the aid

of Eqs. 7a and 17:

A
Z/ e -1/2

Z/R = (2lTmkTc) (18)

By substituting the appropriate values for the present study, we obtain Z/R - 4 X 10 - 2

Therefore, we would expect that the flux of background gas upon the test surface would

have a negligible effect on the surface coverage and on the measured spatial distribution.
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If the background molecules are emitted (including both scattering and desorption) dif-

fusely from the surface, then the sum of their contribution to the detector signal (Is)

plus that associated with the other background molecules (Fb) will constitute a signal

that is independent of 0, thereby causing no distortion of the spatial distribution, regard-

less of the magnitude of Z/R. On the other hand, if these molecules are emitted in such

a manner that their spatial distribution is broader than cos 0, then they could distort the

measured distribution at large values of 0, even though Z/R is small.

A. E. Dabiri, R. E. Stickney
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