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Calculations of accommodation coefficients for diatomic molecular gases
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A theoretical study of energy and momentum accommodation coefficients and reduced force coefficients for
molecular gases exchanging energy with surfaces has been carried out. The theoretical model uses classical
mechanics for describing translational and rotational motions while internal molecular vibrational modes are
treated quantum mechanically. Calculations for diatomic molecular gases are compared with recent measure-
ments using hypersonic beams of N, incident on SiO, layers deposited on Kapton substrates. The theory gives
good qualitative predictions of the behavior of the various accommodation coefficients as functions of the
available experimentally controllable parameters such as incident translational energy, incident beam angle,
molecular and surface masses, and surface temperature. Quantitative comparisons with measurements for
energy and normal momentum accommodation indicate that these experiments can be used to obtain basic
physical information about the molecule-surface interaction such as the physisorption potential well depth and

the extent of surface roughness.
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I. INTRODUCTION

The concept of thermal accommodation at a gas-surface
interface was first introduced by Maxwell [1], who defined
the accommodation coefficient as that fraction of particles
initially incident on a surface that eventually leaves in equi-
librium with the surface temperature. For the energy transfer
of a gas of monatomic particles in contact with a surface, a
clear definition of the energy accommodation coefficient was
later provided by Knudsen who gave a rigorous theoretical
foundation for describing it [2-4]. The distribution of the
incident gas can take on a range of forms, including such
possibilities as a well-defined, monoenergetic incident beam
or an equilibrium distribution at a temperature different from
that of the surface [5-9].

Although originally defined for the transfer of energy, the
methods used to characterize the energy accommodation co-
efficient have also been extended to describe momentum
transfer. The directionality of the momentum transfer is
handled by defining momentum accommodation coefficients
in mutually perpendicular directions, such as parallel and
perpendicular to the surface, or parallel and transverse with
respect to the direction of the incident beam of gas [5,10].
Knowledge of the energy and momentum accommodation
coefficients is essential for many gas-surface applications
such as the rarefied gas dynamics environment of a space
vehicle encountering a planetary atmosphere or the energy
exchange in gas turbines [5].

Much of the work that has been done on accommodation
coefficients, both experimental and theoretical, has been car-
ried out for monatomic gases for which the only energy that
is exchanged with the surface by the gas particles is kinetic,
or translational. Far less work has been done for molecular
gases which have two additional internal degrees of freedom
that can transfer energy upon collision with the surface, ro-
tational motion and internal vibrational mode excitation
[11,12]. The objective of this paper is to carry out calcula-
tions of the accommodation coefficients for diatomic mo-
lecular gases using an established theory that has exhibited a
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demonstrated ability to explain a variety of state-to-state
molecule-surface scattering measurements [13-15].

A major motivation for this paper is the availability of
recent, high-quality measurements of a variety of accommo-
dation coefficients for several gas-surface systems involving
diatomic gases [16-20]. These experiments were all carried
out with nearly monoenergetic hyperthermal incident beams
of molecular gases such as N,, O,, and H, under ultrahigh
vacuum conditions. The surfaces considered were a variety
of clean and adsorbate substrates of technological interest.
The best characterized system, and the one to be considered
here uses hypersonic jet beams of N, incident on a
Si0,-covered Kapton substrate [21].

For the theory used here to interpret the experimental data
the translational and rotational motions of the gas molecules
are treated classically, but the internal vibrational excitation
is treated with quantum mechanics in the semiclassical limit
[22,23]. This theory has been applied by the authors to a
variety of state-to-state molecule-surface scattering experi-
ments and has been shown to be capable of providing accu-
rate descriptions of the observed scattered angular distribu-
tions [15], the translationally energy-resolved intensity
spectra [ 13,14,24], rotational excitation [25], and the internal
vibrational mode excitation probabilities [23,25]. Because
this theory has successfully demonstrated an ability to ex-
plain detailed state-to-state molecular scattering measure-
ments, it is expected that it should also be able to explain the
much more averaged energy transfer and momentum transfer
measurements that are embodied in the accommodation co-
efficients. In fact, the accommodation coefficient measure-
ments are of limited content not only because they express
integrated averages over the angular and energy distributions
of the scattered gas molecules, but also because they do not
explicitly measure the internal molecular degrees of freedom
and hence do not directly measure energy exchange with the
internal modes. Thus a theory that gives a good description
of state-to-state measurements should be expected to also
give an adequate representation of the behavior of the much
more highly averaged accommodation coefficients. In fact,
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this is what is found. The calculations presented here provide
a quantitative description for the energy accommodation co-
efficients and normal momentum coefficients measured as
functions of the incident angle. Further calculations with the
theory provide predictions of the behavior of these coeffi-
cients as functions of the other experimentally controllable
parameters such as incident translational energy and surface
temperature.

In the case of transverse momentum accommodation co-
efficients the theory underestimates the amount of momen-
tum transferred parallel to the surface. This disagreement is
not unexpected since the theory assumes that the repulsive
part of the molecule-surface potential is flat except for ther-
mal vibrations, but actual surface conditions may be quite
different. Not only will the surface potential appear corru-
gated at the atomic level, but steps and other types of disor-
der inherent in real surfaces will considerably enhance the
average transfer of momentum parallel to the surface. These
types of roughness would, however, have significantly less
effect on energy and normal momentum transfer. Thus the
disagreement between the present calculations and the mea-
surements for parallel momentum transfer provide a method
for estimating the degree of roughness of the surface.

The organization of this paper is as follows: the next sec-
tion, Sec. II, defines the various accommodation and force
coefficients to be considered, Sec. III describes the theory
and how it is applied to calculations of the coefficients. Sec-
tion IV presents the calculated results and comparisons with
experiment, and some conclusions are drawn in Sec. V.

II. ACCOMMODATION COEFFICIENTS

The energy accommodation coefficient ay is normally de-
fined as [4]
T T
_E-E "
ag T T )
(ED-E]

where E,T is the average translational kinetic energy of a gas
molecule in the distribution incident on the surface, EfT is the
average translational energy of the molecules scattered from
the surface, and <EfT>:2kBTS, with kg the Boltzmann con-
stant, is the average translational energy of a molecule leav-
ing the surface in a gas at equilibrium with the same tem-
perature T as the surface. For measurements having a well-
defined incident beam energy, such as is the case here, E,T
becomes simply the incident kinetic energy EIT

The energy accommodation coefficient as defined in Eq.
(1) has a potentially serious flaw because conditions can ex-
ist for which the denominator becomes zero and hence ay
becomes singular. This singular behavior becomes a problem
only if the incident energy is approximately equal to the
average energy 2kgT. For incident energies much smaller or
much larger than 2kgT, as is almost always the case in this
study, the above definition provides a satisfactory represen-
tation of the energy transfer.

For situations in which the initial state molecules are in an
equilibrium distribution at a gas temperature 7, the singu-
larity can be avoided by further defining what is known as
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the equilibrium energy accommodation coefficient. This as-
sumes an equ111br1um incident gas and is equivalent to Eq.
(1) with E] replaced by (E!)=2ksTg, and then the limit is
taken in Wthh the gas and surface temperatures become the
same, i.e., Tg— Tg. Defined in this manner, the equilibrium
accommodation coefficient is thermodynamically con-
strained to have values ranging from zero to unity; a value of
zero signifying on average elastic scattering with no net ex-
change of energy between the gas and surface, and a value of
unity implying that the gas comes into equilibrium with the
surface after collision. Although it is this equilibrium energy
accommodation coefficient that is usually treated theoreti-
cally, that is not the case here because we wish to analyze
experimental data for which the incident gas distribution is a
well defined and nearly monoenergetic beam.

Thus a calculation of the energy accommodation coeffi-
cient of Eq. (1) becomes a problem of determining the aver-
age final energy E]{ which can be calculated from the distri-
bution function of the scattered particles. In the approach
used here, this average is obtained from the differential re-
flection coefficient

dR(pg, g, ij?Pivlis Vji)
dE{d€) '

(2)

For a molecule initially directed at the surface with linear
momentum p;, angular momentum l;, and excitation quantum
number v;; where j labels the internal vibration modes, the
differential reflection coefficient Eq. (2) gives the state-to-
state transition probability in terms of the fraction of incident
molecules that are scattered into the energy interval dET and
into the small solid angle d(). In experimental terms, dEf can
be considered to be the smallest energy interval that can be
resolved with the detector and d{) is the solid angle sub-
tended by the detector.

Equation (2) gives the state-to-state transition probability,
but in the accommodation experiments of interest here, only
translational energy exchanges were measured. Thus Eq. (2)
must be averaged or summed over all quantities not directly
measured. This means that it must be averaged over incident
angular momentum and summed over all final angular mo-
mentum. For the average over incident angular momenta, we
assume that the incident beam has a Maxwell-Boltzmann
equilibrium distribution of rotational energies. Similarly, the
initial excitation states of the internal molecular modes are
averaged and have a Bose-Einstein distribution probability
and all final vibrational states are summed for all modes.
Finally, since the rotational motion is considered to be clas-
sical, the incident molecules can strike the surface at all ori-
entations, so an average over all possible initial orientations
is carried out. This averaging and summation process results
in a differential reflection coefficient that depends only on
the initial and final linear momenta, dR(p¢,p;)/ dE;dQ, but
still satisfies the condition of unitarity, i.e., it is normalized:

f dET f deR(I;Z;;') = 1. 3)

The average final energy needed for Eq. (1) is then given
by
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In addition to the energy accommodation coefficient, we
will consider here several other types of accommodation in-
volving momentum. The first of these is the pair called the
normal (or perpendicular) and transverse (or parallel) mo-
mentum accommodation coefficients, o, and |, respec-
tively. These are given by

Py~ Piz
O-L = > (5)
<pfz> —Piz
and
o=—= (6)
P

where the momentum is resolved into components parallel
and perpendicular to the surface according to pg=(Py¢,py,),
and in Eq. (6) it is assumed that the quantity P, or P; is the
respective component of the parallel momentum Py or P; in
the scattering plane (the plane that includes the incident
beam and the surface normal direction). For measurements
with a beam of well-defined incident momentum, such as
considered here, then p;.=p;. and P;=P;.

The equilibrium value for the final normal momentum is
Pr)= VamkgTs/2, where m is the mass of the gas molecule.
Clearly, (P;)=0. The averaged final scattered momenta P,
and pj, are obtained from weighted integrals over the differ-
ential reflection coefficient, similar to that for the average
translational energy in Eq. (4). In addition to Egs. (5) and (6)
one could define a similar momentum coefficient for the
component of parallel momentum perpendicular to the plane
of incidence. However, this could be nonzero only for
nonisotropic surfaces in nonsymmetry directions and further-
more, measurements of such a quantity have never been re-
ported so it is not considered here.

Also of interest is the scalar momentum accommodation
coefficient defined by [19]

_Ipd-Inl

|<Pf>| - |Pi ’

where [(py)|=(py.) is the magnitude of the average momen-

tum of a gas assumed escaping from a surface with complete
thermal accommodation [26].

Much of the experimental data discussed in this paper are

concerned with an energy accommodation coefficient, some-

what different than that of Eq. (1), which is based on average

momentum magnitudes rather than on average energies. This
is defined as [19,26]

™)

_ Ipl> - IFLI2
KppP - Ip?

Clearly, the perpendicular momentum accommodation co-
efficient, the scalar momentum accommodation coefficient,
and the energy accommodation coefficients suffer from the
same fault, they can have a singularity for particular condi-
tions of surface temperature and incident momentum that can

(8)
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cause their denominators to vanish while the numerators are
nonvanishing.

A straightforward solution for avoiding the singular be-
havior in the momentum coefficients of Egs. (5) and (6) is to
simply normalize the corresponding momentum transfers to
the total incident momentum. The standard way of doing this
is to define the normal force constant C, and the tangential
force constant C, as [10]

Py
c,=2 cos(ﬁi)plz——pﬁ, ©)
pi
and
P,-P;
C,=2 cos(G,-)ﬁ[, (10)
Pi

where the factor of cos(#;) arises because these two coeffi-
cients are simultaneously normalized with respect to the area
of the incident beam spot on the surface, which increases
inversely with the cosine of the polar angle of incidence.
Some of the experimental work discussed here is reported in
terms of related coefficients which do not contain the cos(6,)
factor, called the perpendicular reduced force coefficient F,
and the parallel reduced force coefficient F| given by [19,21]

C
F.=—"—, 11
© 2cos(6) (i
and
C
=—"— (12)
2 cos(6;)

These coefficients have two interesting limiting values that
can be used as references. If the beam scatters purely elasti-
cally from the surface the perpendicular reduced force coef-
ficient becomes F,=2 cos(#;) and the parallel reduced force
has a value of zero, irrespective of gas or surface species. If
the incident beam arrives at thermal equilibrium with the
surface upon collision then F,=cos(6;)+\mmkpTs/2/p; and
F||=Sin(0i).

III. THEORETICAL MODEL

The above section shows that the accommodation coeffi-
cients can be developed in terms of a differential reflection
coefficient, which is the quantity that contains all of the in-
formation on the gas-surface interaction. The differential re-
flection coefficient is, in turn, related to the transition rate
w(pf,p,-) for making a transition from the initial translational
state denoted by momentum p; to the state p; according to

dR(PﬁPi)z 1 m’v|py
dOVdE] 27’

w(psPpi)- (13)

iz

A classical mechanical expression for describing the state-to-
state collisions of atomic gas particles is the differential re-
flection coefficient for scattering from a smooth surface that
has vibrational corrugations due to the motions of the under-
lying substrate atoms [27-29]:
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where AEg =p?/2M is the translational recoil energy with
P=pP;—P;> M is the mass of a substrate atom, P is the com-
ponent of p parallel to the surface, |Tﬂ|2 is the scattering form
factor, S, is the area of a unit cell of the substrate, and v is

a weighted average of phonon speeds parallel to the surface.
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A calculation of vy requires knowledge of the surface vibra-
tional spectrum at the position of the classical scattering
turning point and is usually treated as a parameter [27,28],
although its value should be of the same order of magnitude
as the Rayleigh phonon speed.

For the collision of a molecule with a similar smooth
vibrating surface, Eq. (14) can be extended to include rota-
tional and vibrational internal modes [22,23]. If the rota-
tional motion is treated classically while the internal vibra-
tional modes are treated with quantum mechanics in the
semiclassical limit, the result is

2P},

§ 203 e |12
W(pf,lf,pl‘,li) = h—|7-ﬁ|2( ;TUR 7]:'0)R
c Sue AEOkBTS AEOkBTS

2L wy )

172
o
€X - |ex _ —= a
(AE§+ AEg)kBTS) P ( 4AE§kBTS> P ( 4AER kT

N, N, = vil2
' J+1
X X | cos[(ps- AY = p;- A )/ i e sBrple Ve e [T IV.|(bKKf(wj))(M—wL) /
ki =1 , , J=1 vj=—e b n(wj)
(5]~ B E R A+ 15, v
X exp| — T R ’ 1>
A(AED + AER)K, T

where l=lf—li, Ef and Ejf are the initial and final rotational
energies, the rotational recoil energy is AEg =l)2(/ 21,
+l§/ 2Iyy+l§/ 2I,. in which the I, , .. are the principal mo-
ments of inertia of the surface. N4 is the number of atoms in
the gas molecule with each atom denoted by « and the num-
ber of internal vibrational modes is N,. The phase factors in
the cosine function arise from quantum-mechanical interfer-
ence in the excitation of internal vibrational modes and the
exp{—W} are the Debye-Waller factors arising from internal
vibrational modes. Equation (15) is expressed in a form that
is already averaged over a Boltzmann distribution of internal
vibrational states whose Bose-Einstein distribution function
is n(w,) for the frequency w; of the jth mode. The relative
strength of each internal vibrational mode is governed by the
modified Bessel function I,,jwhose argument is given by

3
1
bK,K’(wj)z 2 pyp'y'

oy =1 N, f\m, g, o;

xe(fy)e (5 1y Wn(wpln(w) + 11, (16)

where the e(} | y) are the yth Cartesian component of the
polarization vectors of the «th atom in the jth mode and are
determined through a normal-mode analysis of the molecular
vibrations. The quantity wy is a weighted average of parallel
surface librational frequencies. As is the case of the constant
Ug, it can be calculated but in this paper it is of no practical
importance because we take its value to be so small that it
has no detectable effect on the calculated results.

The form factor |7jﬁ|2 is determined by the interaction po-
tential. The form factor we use here is one that has proven to

be useful in calculating state-to-state scattering probabilities
for both atomic and molecular projectiles. This is the Born
approximation transition matrix element for scattering by a
potential whose repulsive part is exponential, examples be-
ing the Jackson-Mott matrix element for a repulsive expo-
nential potential or a Morse potential [30]. In the limit of a
very hard repulsive surface, all such matrix elements take on
the same form [30], namely

|Tfi| - |UJ—M(pfz’piz)| - 2pfzplz/m (17)

It is the hard surface limit of Eq. (17) that is used for the
form factor in the calculations reported here.

An important aspect in our description of the accommo-
dation process is to address the question of the importance of
a precursor physisorption well in the interaction potential.
For describing the attractive physisorption well, we choose a
square well of depth D. The width of the well is unimportant
as long as it is larger than the selvedge region of the surface
containing the vibrational amplitudes. Although this may ap-
pear to be an overly simple model, for classical translational
motion it is a satisfactory choice because it gives the correct
acceleration and refraction of the incident particle as it enters
the attractive well. Under classical conditions, the principle
effects of an attractive adsorption well are to increase the
translational energy and to refract the particle so that it col-
lides with the surface at a smaller angle with respect to the
normal. A square well includes these two effects in the fol-
lowing way: when the particle enters the well in front of the
surface the translational energy in the differential reflection
coefficient of Egs. (13) and (15) is replaced by Ej=E;;
+|D|, and this increase in energy appears entirely in the nor-
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mal momentum according to p.>=p; +2m|D| with a similar

expression for pjlz. The differential reflection coefficient in-
side the attractive well is related to that outside by a simple
Jacobian depending on energy, polar angle, and the well
depth D.

IV. COMPARISON OF CALCULATIONS
WITH MEASUREMENTS

An extensive series of calculations for all of the gas-
surface coefficients discussed above in Sec. II has been car-
ried out using the scattering model of Eq. (15). This has
allowed us to evaluate the behavior of the theoretical results
as functions of the experimentally controllable parameters
such as surface temperature, incident beam energy, mass ra-
tio of gas molecule to that of the surface, incident angle, and
molecular species.

The results of these calculations will be discussed in the
context of comparisons with a recent collection of measure-
ments of many of the different possible accommodation and
force coefficients [18—21]. The measurements were made
with an experimental apparatus that was capable of directing
a hypersonic, well collimated, nearly monoenergetic molecu-
lar jet beam with a high flow rate onto a variety of prepared
surfaces. Both the transverse and normal force exerted on the
sample were measurable. The gases were H,, N,, CO, and
CO, and the surfaces included a variety of materials of prac-
tical importance in the manufacture of solar panel arrays,
high altitude aircraft, and space vehicles [20]. One of these
surfaces was a thick layer of SiO, deposited on a Kapton
substrate, and that is the system for which we will make all
of our comparisons.

The surface of interest can be considered to be amorphous
Si0,, essentially a glass surface, and is well suited for the
application of the theoretical model of Eq. (15). The surface
is an insulator, and consequently there are no low-energy
electron-hole pair excitations expected and the energy trans-
fer will be primarily through multiphonon excitation of the
low-energy vibrational modes. At the molecular translational
energies of interest, essentially ranging from about 0.5 eV up
to 5 eV, the collision will be very much in the classical me-
chanical regime and the lack of crystal ordering of the amor-
phous surface will be of no importance.

As stated above in Sec. II the theoretical differential re-
flection coefficients must be averaged over initial states of
the internal molecular modes which are not measured. It is
known that supersonic molecular jet sources of the type used
in the experiments of interest here produce beams that are
rotationally and vibrationally cold, and thus the excitation
state distributions for the internal modes can be approxi-
mated by equilibrium functions. In the calculations presented
here we have carried out the averages assuming that the in-
cident beam rotational and vibrational state distributions are
Maxwell-Boltzmann functions with a rotational temperature
of 35 K and a vibrational temperatures of 130 K, although
the results are essentially independent of these choices as
long as they are no larger than room temperature.

In all calculations in this paper the surface mass is taken
to be that of a single SiO, molecule and the parallel velocity
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FIG. 1. Energy accommodation coefficient €’ as a function of
incident angle for N,/SiO,. The surface temperature is 75=300 K
and the incident energy is E;=1.47 eV. The solid curve is theory
with well depth D=100 meV, the dashed curve is theory with D
=0 and the symbols are experimental data [21,31].

constant is vp=1000 m/s. There exist no state-to-state mea-
surements for N, scattering from SiO, that would allow in-
dependent determination of the values of these constants
through direct comparison of calculated differential reflec-
tion coefficients with experimental intensities. However,
there are state-to-state scattering measurements for other sys-
tems of molecules scattering from insulator surfaces such as
C,H,/Lif(001) [22,23] and CH,/LiF(001) [14] and we
choose values of mass and vy consistent with the ones deter-
mined for those systems. The dependence of the results on
the choice of vy is very weak for such small values of the
order of 1000 m/s used here. If the surface mass is increased
the average energy transfer per collision is decreased roughly
in accordance with the predictions of the Baule formula, i.e.,
according to the simple predictions of energy transfer as a
function of mass ratio in two-body collisions.

A. Energy accommodation coefficient

Figure 1 shows measurements compared with calculations
for the values of the alternate energy accommodation coeffi-
cient € as a function of incident angle for the case of an N,
gas beam incident on a SiO, surface. The incident angle is
measured with respect to the surface normal, the surface tem-
perature is 7¢=300 K, and the beam energy is 1.47 eV which
corresponds to an average velocity of 3180 m/s. The mea-
surements [21] are shown as data points [31] and the calcu-
lations appear as smooth curves.

The measurements show a value of e slightly less than
unity for angles near normal, rising slightly with a weak
maximum in the vicinity of 6,=20°, but still remaining rela-
tively unchanged up to more than 45° away from normal. At
angles larger than 45° the measured values decrease mono-
tonically. Two theoretical curves are shown, the dashed curve
is for an interaction potential that has no physisorption well
and the solid curve is for an interaction with a potential well
depth of 100 meV. The calculations show a monotonically
decreasing behavior with increasing incidence angle, slowly
decreasing for angles smaller than 45° and increasing more
rapidly for larger angles, in general qualitative agreement
with the experiment. The calculations with a well depth of
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100 meV are in much better quantitative agreement with ex-
periment than those without a well, and this together with
further comparisons shown below indicates that the well
depth for this system may be of order 100 meV. Such a value
would be within the expected range [32], although the value
of the well depth for this system is unknown.

In the following we discuss the general properties of the
accommodation coefficient as revealed by the calculations.
We consider only the case of incident beam energies that are
large compared to the temperature of the surface measured in
units of kzTs. This is because of the singularity that appears
in the energy accommodation coefficient of Eq. (8) when
used with a well defined incident beam. Clearly the results
shown in Fig. 1, where the singularity would occur for a
beam with incident energy of about 50 meV, satisfies these
high incident beam conditions.

Calculations reveal that the two energy accommodation
coefficients a and €, are quite similar. For example, under
the conditions of Fig. 1 € is about 2% smaller than ay, and
the reason is that the equilibrium energy (E}):ZkBTS appear-
ing in the denominator of Eq. (1) for ay is considerably
larger than the corresponding quantity [{(p)|*/2m=mkyTs/4
that appears in Eq. (8) for € [33].

As a function of incident angle the behavior of aj is
qualitatively the same as that exhibited in Fig. 1, as long as
the incident energy is large compared to the surface tempera-
ture. Although the actual value of ajp depends on system
parameters such as molecule and surface species, the calcu-
lated energy accommodation coefficient decreases monotoni-
cally with increasing incidence angle. Further calculations
indicate that, for given values of the potential well depth up
to several hundred meV, the value of «; increases with D.
For large incident beam energies, calculations of ap are
monotonically increasing as a function of surface tempera-
ture with the increase nearly linear in 7.

Perhaps the simplest parameter to use for comparing sys-
tems consisting of different gases and surfaces is the ratio of
gas to surface mass, u=m/M . For large incident energies,
ag is monotonically increasing as a function of u, with a
strongly increasing behavior for small u, while for u values
approaching unity or slightly larger ay has a tendency to
saturate at values relatively close to unity.

As a function of incident energy the situation is somewhat
more complex. For incident energies just above the singular-
ity value aj increases with incident energy. Depending on
the mass ratio u and well depth D, this increasing behavior
may continue monotonically or may result in a local maxi-
mum at a certain energy after which there is decreasing be-
havior to an asymptotic saturation value at large incident
energy. In all cases, at large incident energy the value of ay
saturates to a value that depends on the other experimentally
controllable parameters as discussed above.

The symmetry or asymmetry of the diatomic molecule has
little effect in these calculations, as might be expected from a
purely classical treatment of the rotational excitation. For
example, the calculated differences in accommodation from
the same surface for the two gases N, and CO, both having
essentially the same mass, is negligible.
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FIG. 2. Normal momentum accommodation coefficient o, as a
function of incident angle for N,/SiO, with 74=300 K and E;
=250 meV. The dash-dotted curve is theory and filled square sym-
bols are experiment [18]. The dashed line is theory and diamond
symbols are experiment with {py) set to zero. The dotted vertical
line shows the critical angle 6.=73.5° at which the normal momen-
tum coefficient has its singularity.

B. Momentum accommodation coefficients

We next show some comparisons of the normal, parallel
and scalar momentum accommodation coefficients with the
available data. Figures 2 and 3 show graphs of the measured
and calculated normal momentum accommodation coeffi-
cient of Eq. (5) as a function of the angle of incidence. In
both figures the surface temperature is 300 K. Figure 2 is for
a relatively low incident translational energy of 250 meV
where the singularity inherent in the definition of o is evi-
dent at the angle 6,=73.5° and data points [18] appear on
both sides of the singularity. The two sets of data shown in
Fig. 2 are actually the same, the square points are the mo-
mentum coefficient of Eq. (5) (which contains the singular-
ity) and the diamond points are plotted by arbitrarily replac-
ing in Eq. (5) the average normal momentum {p.) by zero,
which is a simple way to remove the degeneracy. The corre-
sponding calculations are the dash-dotted and dashed curves,

e————7 7T T 771 -
- = Expt D
—— D=0 :
1+ —— D=100 meV [

FIG. 3. The normal momentum accommodation coefficient for
the same conditions as Fig. 2 except for incident energy E;
=1.47 eV. Two theoretical curves are shown, the solid curve is with
well depth D=100 meV dashed curve is with D=0. The dotted
vertical line shows the critical angle 6.=83.3° at which the normal
momentum coefficient has its singularity.
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FIG. 4. Incident angle dependence of the parallel momentum
accommodation coefficient o for the same conditions as in Fig. 2.
The solid curve is theory with well depth D=100 meV, the dashed
curve is theory with D=0 and the symbols are experimental data
[18].

respectively. The calculations are for vz=1000 m/s and a
well depth of D=100 meV. Relatively good quantitative
agreement is obtained with experiment.

Figure 3 shows the normal momentum accommodation
coefficient at the relatively large incident energy EIT
=1.47 eV (v;=3180 m/s). The calculations for both well
depths of 0 and 100 meV are shown as solid and dashed
curves, respectively. The calculations agree well with the
measured experimental points [21], and it is seen that the
well has little influence on the calculations when the incident
energy is large compared to its depth, as in the case for these
conditions.

Figure 4 shows comparisons of calculations with experi-
ment [18] for the parallel momentum accommodation coef-
ficient of Eq. (6) as a function of 6; for the same low-energy
conditions as in Fig. 2. In this case the agreement of calcu-
lations with the data is clearly not good, the calculations with
or without a physisorption well significantly underestimate
the measured parallel momentum exchange. This sort of dis-
agreement with measurements of parallel momentum ex-
change has been noticed before [34] and is probably due to
the fact that the calculations are for a smooth surface whose
only corrugations are due to thermal vibrations. However,
the real experimental SiO, surface is not only corrugated at
the atomic level but also contains steps and other large-scale
defects, since no special measures were taken to prepare the
sample [20], and such defects could greatly enhance the
transfer of parallel momentum and thus give enhanced val-
ues of o). This question of the degree of disorder is discussed
further in Sec. IV C below in connection with the parallel
force coefficient where an estimate of the fraction of the
surface covered by defects is obtained.

For the same experimental conditions as in Fig. 1 the
scalar momentum coefficient u of Eq. (7) is shown in Fig. 5.
Again, two theoretical calculations are shown for the two
well depths of 0 and 100 meV and the experimental data [31]
are from Ref. [21]. Interestingly, the same measured and cal-
culated average final momenta are used to determine the en-
ergy accommodation coefficient shown in Fig. 1 and for u,
but the agreement between theory and experiment appears
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FIG. 5. Scalar momentum accommodation coefficient u as a
function of incident angle for the same conditions as in Fig. 1. The
solid line is theory with well depth D=100 meV, the dashed line is
theory with D=0 and symbols are experimental data [21,31].

less good in Fig. 5. This is an illustration of how comparing
the same data through differently defined accommodation
coefficients can seemingly enhance or decrease the apparent
agreement. Thus it is of interest to compare directly the mea-
sured and calculated values of the average scattered veloci-
ties. Figure 6 shows, again for the same high-energy condi-
tions, the magnitude of the average velocity |Vf| of the gas
molecules scattered from the surface as a function of inci-
dence angle. Calculations are compared with the experimen-
tal points for the two well depths, and it is seen that the well
depth has a significant effect. For zero well depth, the calcu-
lations overestimate the average final speed, while for D
=100 eV the calculated average final speed agrees with the
experimental measurement at #,=0 and somewhat overesti-
mates it at larger incident angles.

Much better agreement is shown in Fig. 7 which gives the
average of the surface-normal component of the final speed
as a function of 6;. The calculations with D=100 meV ex-
plain the experimental data well. Again, as discussed above
in connection with Fig. 1, the better agreement for D
=100 meV as compared to D=0 demonstrates the degree of

= — Theory; D=100 meV
— — Theory; D=0 meV -

0 20 40 60 80
9,. (deg.)

FIG. 6. Experimental values of the normalized final scattering
speed [21] v,/v; plotted against the incident angle for N,/SiO, for
the same conditions as in Fig. 1. The solid curve is the theoretical
calculation for |v|/v; with well depth D=100 meV, and the dashed
curve is for D=0.
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FIG. 7. The measured average scattering speed perpendicular to
the surface and normalized by the incident speed vg,/v; is plotted
against the incident angle for N,/SiO, for the same conditions as in
Fig. 1 [21]. The solid curve is theory for vy, /v; with well depth D
=100 meV and the dashed curve is for D=0.

sensitivity of the theory when compared with measurements
to determine details of the potential such as the well depth.

C. Force coefficients

The normal and parallel reduced force coefficients plotted
as a function of incident angle are shown in Figs. 8 and 9 for
the N,/Si0, system with beam energy E;=1.47 eV. As be-
fore, the surface temperature is 300 K, and calculations are
shown for the two well depths with the parameter vp
=1000 m/s. Also shown are curves for the limiting cases of
purely elastic scattering and complete thermal accommoda-
tion of the beam.

For the case of the normal reduced force coefficient
shown in Fig. 8 the measured points decrease from values of
approximately 1.3 for normal incidence to a value of about

2.2 | ' ! T T T T T T
2 [ -= Complete accommodation
1.8 ' - Elastic Scattering
I — Theory; D=100 meV
1er -- Theory; D=0
1.4

T, W Expt.

.~
-~

' T S P R O T A B A

o.8f
0.6
04| .
02l N
oL . I . I . ] . L %y
0 20 40 60 80
8, (deg.)

FIG. 8. The normal reduced force coefficient F', as a function of
incident angle for N,/SiO, for the same conditions as in Fig. 1. The
solid and dashed curves are calculations with well depths D
=100 meV and D=0, respectively, and the points are the experi-
mental measurements [21]. The dotted curve is the limiting case of
elastic scattering and the dash-dotted curve is the limiting case of
complete accommodation.
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FIG. 9. The parallel reduced force coefficient £ as a function of
incident angle for N,/SiO, for the same conditions as in Fig. 8. The
solid and long-dashed curves are calculations with well depths D
=100 meV and D=0, respectively, and the points are the experi-
mental measurements [21]. The dash-dotted curve is the limiting
case of complete accommodation and the short-dashed curve is a
rough-surface calculation. The dotted curve is the calculation for
D=100 meV with an estimated 70% of the surface covered with
rough disorder.

0.4 at grazing incidence [21]. The measured values disagree
quite strongly with the limiting case of elastic scattering,
indicating that there is significant energy loss of the incident
beam to the surface. However, the experimental points are,
for all angles of incidence, larger than the limiting case of an
equilibrium final scattering distribution, indicating that the
gas molecules do not achieve equilibrium with the surface.
The calculated curves agree well quantitatively with the
measured points for the normal reduced force coefficient.
The calculation for zero well depth somewhat overestimates
the measured values by about 10% at small incidence angles,
but the calculation for a well depth of 100 meV explains the
data quite well.

For the parallel reduced force coefficient shown in Fig. 9,
as was the case for the parallel accommodation coefficient of
Fig. 4 the calculations agree with the data [21] only qualita-
tively. Both calculations and measured points increase from a
value of zero at normal incidence, reach a maximum between
40° and 60° and then decrease to a nonzero value at grazing
incidence. However, the calculated values, regardless of well
depth, are significantly smaller than the measurements. The
likely explanation for this discrepancy is the same as was
given for the parallel momentum coefficient of Fig. 4 above,
i.e., the calculations are for a smooth surface while the ex-
perimentally measured surface probably had significant
roughness that would enhance parallel momentum transfer.

In fact, if it is assumed that the difference between the
calculations and experimental data in Fig. 9 is due to surface
disorder, that difference provides a way of estimating the
fraction of an otherwise smooth surface that can be consid-
ered to be disordered. For example, a calculation of the par-
allel reduced force coefficient for a disordered surface should
overestimate the experimental measurements. A useful model
that has been used to describe disorder is a surface covered
with discrete scattering centers, known as the discrete sur-
face model [27,34]. Equation (14) with vy set equal to zero,
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FIG. 10. Final scattered angle 6; vs incident angle. The mea-
surements [21] are shown as points, the calculations with a well
depth D=100 meV are the solid line curve, and the dashed curve is
the position of the most probable intensity in the calculated angular
distribution lobe.

the exponent 3/2 of the prefactor replaced by 1/2 and with a
constant scattering form factor |Tﬁ|2: 1, is a good model for
the inelastic scattering of an atomic particle from a surface
covered with disorder modeled by hard hemispherical bumps
[34]. This rough-surface calculation for pseudoatomic N, is
shown as the short-dashed curve in Fig. 9. The results are
quite close to the curve for the limiting case of complete
thermal accommodation, a behavior that is supported by ex-
perimental measurements from very rough surfaces that pro-
duce parallel force coefficients very close to the thermal ac-
commodation limit [20]. Thus if the experimental data can be
matched by adding a fraction of the value calculated for a
disordered surface to the theoretical calculations of N, scat-
tering from a smooth surface, that fraction would be equiva-
lent to the effective fraction of the surface covered by disor-
der. Such a calculation is shown in Fig. 9 by the dotted
curve, which is the sum of 0.70 times the rough surface value
of F| (short-dashed curve) plus 0.3 times the value calculated
for D=100 meV (solid curve). This, then, gives a crude es-
timate of the percentage of an otherwise smooth surface that
can be considered to be covered by disorder. It indicates that
the experimental data can be crudely matched by scattering
from an otherwise flat surface that has 70% of its area cov-
ered by roughness.

D. Average scattering angle

The measured and calculated average final scattering
angles are shown in Fig. 10. The experimental points were
obtained from the relation

6, =tan"'(v,,/v,,), (18)

where vy, and v, are the measured average speeds parallel
and perpendicular to the surface, respectively. The calculated
values are shown by the solid curve. The disagreement ex-
hibited in Fig. 10 between the calculated 6, and the measure-
ments for non-normal incident angles is due to the fact that
the theory produces a value of the final average speed paral-
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lel to the surface that is larger than the measured values. Also
shown in Fig. 10 as a dashed curve is the position of the
most probable intensity in the scattered angular distribution.
The two different calculational methods for defining the av-
erage final angle give quite similar results. o

However, the calculated values of normal speeds vy,
shown in Fig. 7 are in very good agreement with measure-
ments. Thus the disagreement with experiment apparent in
the average final angles of Fig. 10 is most probably due to
surface roughness, as discussed above in connection with the
force coefficients in Sec. IV C. For example, the dotted curve
in Fig. 9, which assumes a fraction of the surface is covered
by disorder, implies a value of the average final parallel
speed. If this implied average final parallel speed is used
with vy, to calculate the average final angle from a tangent
relation similar to Eq. (18), the results agree reasonably well
with the measurements.

V. DISCUSSION AND CONCLUSIONS

This paper presents the results of calculations of the en-
ergy accommodation coefficient for the interaction of a beam
of molecular gas with a surface, as well as calculations for
several forms of the various types of momentum accommo-
dation coefficients. The calculations are carried out for a di-
atomic molecular gas, including internal rotational and vibra-
tional degrees of freedom, and the theoretical model for the
gas-surface collision interaction is based on fully three-
dimensional scattering cross sections. The translational and
rotational degrees of freedom are treated with classical me-
chanics while the internal molecular vibrational modes are
calculated quantum mechanically.

These calculations are compared with recent measure-
ments of the energy accommodation coefficient and the mo-
mentum accommodation coefficients for well-defined and
monoenergetic beams of N, gas directed towards a surface of
amorphous SiO, coating a Kapton substrate [18-21]. Good
agreement between theory and experiment is obtained for
many of the measurements indicating that the theory is use-
ful in explaining and predicting observed physical results.
Although the calculations shown here are limited to those for
which the experimental data are available, the theory can be
readily extended to other molecules, including multiatomic
molecules, and to other surfaces.

Knowledge of accommodation coefficients of various
types is extremely important in technological problems in-
volving gas-surface interactions [5,30]. Nevertheless, the
general perception appears to be that, since they represent
highly averaged quantities in which the complexity of the
molecule-surface interaction is reduced to a single parameter,
accommodation coefficients are not particularly useful for
determining fundamental properties. However, an interesting
result to arise from this work is that certain basic, fundamen-
tal properties of the gas-surface potential may be extracted
from accommodation coefficient measurements. In particu-
lar, the comparisons here for the energy accommodation co-
efficient and particularly for the momentum accommodation
coefficients involving normal momentum transfer show bet-
ter agreement with measured data for an interaction potential
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that contains a physisorption well with depth of about
100 meV than for calculations that have no well. Although
the potential well depth is not known for the N,/SiO, sys-
tem, based on knowledge of other systems, a value of that
order of magnitude is expected [32].

A second basic property of the scattering system that can
be addressed by comparing the present calculations to the
experimental data is estimating the extent of surface rough-
ness. One seeming failure of the present calculations in-
volves predictions of measured values of the accommodation
and force coefficients for momentum transfer parallel to the
surface. Both the parallel momentum accommodation coeffi-
cients and the parallel force constants appear to be signifi-
cantly underestimated by the theory. This is a problem that
has been observed previously for other theoretical compari-
sons with parallel momentum transfer measurements [34].
However, the reason for this discrepancy appears to be un-
derstood. The calculations are carried out for a model of the
surface that is smooth and flat except for corrugations due to
thermal vibrations, i.e., the average surface barrier is as-
sumed to be flat. However, the surfaces used for most mea-
surements, and certainly the amorphous glass surfaces con-
sidered here, have a variety of roughness including atomic-
scale corrugation, defects and steps. Roughness on the
surface, particularly large-scale roughness such as steps, will
provide mechanisms for parallel momentum transfer that are
not included in the theory. This enhanced parallel momentum
transfer would lead to larger parallel momentum coefficient
values than would be expected for a surface that is on aver-
age flat. Thus through comparison of the present ordered-
surface calculations with results expected for scattering from
disordered surfaces we have been able to estimate that the
effective fraction of the surface area that can be considered
rough is about 70%.

As interesting aspect that is emphasized by the present
comparison of calculations with experimental measurements
is that the several different kinds of accommodation and
force coefficients can augment or decrease the apparent dis-
crepancies between calculations and data. In the experiments
of interest here [18,20,21], the data obtained consist of mea-
surements of the normal and tangential force constants,
which is equivalent to measuring the average final speeds
normal and parallel to the surface. Thus the information pre-
sented for the energy accommodation coefficient in Fig. 1
and the scalar momentum accommodation coefficient of Fig.
5 are the same. However, the apparent agreement between
theory and experiment seems better for the energy accommo-
dation coefficient than for the scalar momentum coefficient.

Perhaps the best way to present the comparison of the
measurements with theory is through the direct comparisons
of the average final speed shown in Fig. 6 or the average
final speed normal to the surface of Fig. 7. Clearly, the theory
presented here explains qualitatively the variation of these
speeds with incident angle, and the average normal speed is
in good quantitative agreement with experiment. (The theory
does not give good predictions for the parallel force coeffi-
cients, indicating that the average final speed parallel to the
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surface does not agree with measurements, but as discussed
above this is probably due to disorder on the surface.)

One important result of the present work is that the theo-
retical model is sufficiently sophisticated that it should give a
good indication of the effects on the accommodation coeffi-
cients of energy transfer to internal molecular modes. The
experiments considered here measured only translational ki-
netic energy and momenta. The internal states of the incident
molecular beams were not measured, but it is known that
molecular beams from a hypersonic jet source tend to be
rotationally and vibrationally cold. Thus if there is significant
energy transferred into excitation of internal modes during
the collision process this can affect the measured values of
the translational accommodation coefficients. The effect, for
a rotationally and vibrationally cold incident beam, would be
to lower the final average translational energies and momenta
because energy would go into the internal modes. Such ef-
fects can be directly compared in the current calculation by
carrying out calculations in which the molecule is replaced
by a pseudoatom having the same mass. In general, it is
found that for the range of beam conditions and molecular
systems studied here, the effect of the molecular internal
modes is relatively small. For example, molecular calcula-
tions of the energy accommodation coefficient such as shown
in Fig. 1 are about 1% larger than those for the correspond-
ing pseudoatomic gas. Similar changes are found for the case
of the perpendicular force coefficients of Fig. 2. Essentially
all of this small effect is due to excitation of rotational mo-
tion. Although there is some internal mode excitation, at the
incident translational energies of order of a few eV consid-
ered here the internal mode excitation probability is small
and energy transferred to those modes has negligible effect.

An interesting observation concerning the present calcu-
lations is that they have the advantage that they are based on
differential reflection coefficients for the surface collision
that are expressed in analytic forms, namely Eq. (15) for
molecular scattering and Eq. (14) for atomic gases. This
means that in many cases, without carrying out extensive
calculations, it is possible to predict the behavior of accom-
modation and force coefficients as functions of the experi-
mentally controllable parameters such as beam energy, inci-
dence angle, mass of the gas, mass distribution of the
surface, or surface temperature. The theory developed here
can readily be extended to situations involving more com-
plex surfaces containing multiple atomic species, such as
might be expected in technological applications. It can also
be extended to gases containing multiple species. Thus be-
cause it is based on analytic forms for the scattering differ-
ential reflection coefficients the present theoretical model
should be useful for making qualitative predictions, and as
evidenced in this work, sometimes quantitative predictions
of accommodation coefficient behavior.
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