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Within the framework of the one-dimensional cube model, the predicted appearance of rotational ranbows and trap-
ping cutoffs . the final rotational state distuibution 1n the imit of zero surface temperature s shown to depend strongly on
statistical processes In partcular, mnclusion of a distnbution of injtaal surface cube velocities acts to broaden these features

Recently, there have been many experimental in-
vestigations of rotationally inelastic gas—surface scat-
tering using spectroscopic probes to extract both the
final rotational state distnbutions [1-7] and the
ahgnment {4] of a scattered diatomic gas. These re-
sults have stimulated renewed interest [8~10] in the
simple classical one-dimensional “cube” models [11—
13] of gas—surface scattering previously developed to
explain the salient features of the observed angularly
resolved flux distributions and, later, the final gas
translational energy distrtbutions. In this letter we dem-
onstrate the effect of surface motion on the gene-
ral features of the final gas rotational enerpy distnbu-
tion, P(Ey), predicted by a simpler stationary, infi-
nite-mass surface cube model [8,9]: namely, the
smearing of rotational ramnbows and trapping cutoffs.
This serves to illustrate the general behavior of such
features when account is taken of the statistical aver-
aging over the large number of degrees of freedom
usually present in gas—surface collision systems.

First we sumumnarize the general assumptions and
predictions of the cube models in the limut of zero
surface temperature with regard to the P(£y) func-
tion. In the “hard-cube™ mode! the gas—surface inter
action is assumed to be 3 one<dimenstonal, impulsive
collision between the gas molecule, which is described
by a shape, and the surface, which is described as a
cube of finite mass. The interaction potential 1s given

by.

UZ,0)=0, Z>L(0), )
=, Z<SL(0),

where Z 1s the distance of the molecular center of
mass from the surface cube, £{@) 1s the molecular
shape function, and 8 represents the set of anglag nec-
essary to descnbe the onentation of the molecule
relative to the surface. We will restrict our discussion
to diatomic gases which require only ane such angle
and therefore define @ as the angle between the mter-
nuclear axis and the surface normal. The diatomic is
usually assumed to be elliptical in shape [13,14]. The
center of this ellipse cowncides with the midpoint of
the nuclei and its major axis is parallel to the inter-
nuclear axis. The offset of the molecular center of
mass from the midpoint of the nuclel present in a
heteronuclear diatomic leads to an asymmetry i L(0)
fre. L(8) # L(180 + 8)]. Hence, L(#) depends on the
size of the ellipsoid, characterized by the length of its
major axis, a, its ellipticity, €, defined as the ratio of
the munor axis, b, to q, and the magmtude of the cen-
ter-of-mass offset.

The requirement of infinste surface mass is relaxed
by mtroducing as an additional parameter the mass
1atio, 4 = mfM, where m is the effective surface mass
and M the gas mass. This permits translational energy
exchange between the gasand the surface. In addition,
the possibility of a long-range attractive potential is
mcluded by introducing the well depth, £, The
long-range nature of the attraction is treated by
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assumung that only the gas particle is accelerated in
the entrance channel and subsequently decelerated 1n
the exit channel, i.e. the velocity of the gas—surface
center of mass (c.m.) is altered in the attractive part
of the potential. Thisis in contrast to gas-phase colli-
stons where the c.m. velocity is constant throughout
the collision.

More realistic models relax the hard or impulsive
requirement leading to parameters which characterize
the interaction potential between the gas and the
cube. One such “'soft-cube™ potential considered here
is
U(Z,0)/Ey =C[1+ A Py(cos0) + A3Py(cosd)]

Xexp [n(1- Z[Rg)] - (1+CDRolZY, ()

where C; = 3/(n - 3) 1s a function of the repulsive
parameter, 11, and Ry 1s the characteristic range pa-
rameter. The angular part of the potential 1s given by
the constants 4, and 4, which are coefficients of the
corresponding Legendre functions. In this particular
polential the anisotropy is restricted to the repulsive
part of the interaction, and the Z—3 dependence of
the attractive portion of the potential is the result of
averaging an inverse R6 dependence over a continuum
3D solid. No attempt has been made to restrict the
acceleration in the attractive region of the potential
to the gas molecule as described above. This difference
is minimized to some extent by the choice of a large
value of it used in the calculauon.

The final rotational energy £, is calculated by
smoothly varymng & in the range 0-n. Then P(E, ) 1
formed according to

P(Eg) = 20 IPO)(O/AENlg=s, 3)

where the sum 1s over all branches 1 that contnbute
population at E,, . In eq. (3) P(8) represents the
weighung of initial polar angles. We take this as

7 sin 0 dO, whereas other authors [12,13] appear to
use a uniform weighting d8/2x. In the Monte Carlo
calculations P(E,) 1s obtaned directly by sampling 6
in the range 0—m with a sin 0 weighting.

The theoretical P(E, ) functions predicted by such
models with no surface motion exhibit four general
features depending on the form of the potential and
the specific collision partners *-
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Fig 1. Effect of susface temperature and well depth on the
final rotational state distribution predicted by the hard-cube
model Shown are calculated In {P(Ep)] distnbutions ob-
tained after 100000 trajectories using the moment of mertia
and center of mass offset of '*N'®0 witha = 20254, ¢ =
0.939,x = 14 052, for. (a) zero-temperature surface with no
well and Eg = 2750 K; (b) zero-temperature surface with well
depth £y = 1500 K and £g = 1250 K, and (c) same as (b) but
with surface temperature of 800 K For clanity (a)—(c) have
been vertically displaced The energy untsaremn K (1K =
0862 meV =0695 cm™!)

(1) Rainbow at E; = 0. A singularity occurs in
P(E,) at E, = 0 when there exists orientations of the
gas molecule where d cosg/dE, == and (3U/08) =0 for
all Z, i.e. the time-integrated torque on the molecule
vanishes. Singularities arising because of local maxima

¥ Note that the experimentally observed P(Eg) necessarly -
clude such effects as viewing factors, possible velocity- and
wavelength-dependent detection efficiencies, etc., whereas the
modcling takes none of these into account The velocity cos-
1ection could be important but to correct for it would require
knowlcdge of the corelation between final translational and
rotational energy states



Volume 93, number 3

or minima 1n the classical excitation function, £, (6),
are referred to as rainbows. For the simple ellipsoidal
shape function used in the hard-cube model there are
several angles where these conditions are met. Hence a
rainbow is predicted as indicated in fig. 1. However
there are many potentials where the cnterion d cos8/
d£y === is not met, such as the soft cube potential of
eq. (2) when the coefficient of the P| term is much
greater than that of the P, term. As illustrated 1n fig.
2b, P(E,) for this potential is relatively flat at low £,
wncreasing gradually toward a rainbow of the type de-
scribed below.

{2) Rainbows at Ey # 0. Additional rainbows occur
when there exist orientations of the gas molecule
where (0U/090) # 0 and d cos@/dE, =2, 1. there isa
local maximum in the time-integrated torque on the
molecule. For the ellipsoidal shape function with no
offset c.m. this orientation leads to a rainbow in the
P(E,) function when the collision 1s direct (has only
one turming point in Z), The presence of an offset c.m.
[i.e.anasymmetry in L(6)] results in a splitting of each
rainbow into two rainbows whose energy spacing in-
creases with increasing offset. For large transfer of
translational energy into rotational excitation (caused
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Fig 2. Effect of the parameters 4; and 43 on the final rota-
uonal distnbution predicted by the cube model with the po-
tential of eq (2) Shown are the calculated in [P(Ep)] distn-
butions using the moment of mertia of 14N'60, Parameters
aren=12,Ey = 1500K,Ez=1250K,Ro =3A,n= 14 052,
for- (a) A, =A5 =030,and (b) 4, =0 30,4, =0.0.
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by large c.m. offsets and/or large ellipticities), addition-
al rainbows may appear even for direct collisions when
the molecule is non-sphencal. These rainbows are
caused when one ¢nd of the molecule stnkes the sur-
face and then the other, such as in “cartwheeling™ or
‘“chattering” collisions [9], before the center of mass
of the molecule has separated a sufficient distance from
the surface cube. For the potentials used here none of
the rainbows at £, # 0 are the result of either cart-
wheeling or chattening. In the soft-cube potential de-
scribed above, when 4y <34 ,, the P, term acts like
an offset ¢ m. causing a doubling of the rainbow result-
g from the £, term (see fig. 2). However, when 4| =
345, the low-energy component of the split rainbow
moves past the rainbow at £, = 0 and disappears.
Fnally, when 4 3 A, the rainbow at E; = 0 1s miss-
ing (see above) and only a single rainbow 1s predicted.

(3) Trapping cutoff. Hopping (indirect) trajecto-
ries may occur when a long-range attractive interac-
tron is included in the model. In the context of the
cube models these trajectories represent moleculcs
which are usually assumed to equilibrate rapidly with
the surface and hence appear in the trapping/desorp-
tion channel *. In view of the simplistic way n which
the cube models treat the surface 1t seems inappropn-
ate to apply the model to hopping trajectories (espe-
cially on an infinite mass surface where only energy
exchange between the various gas degrees of freedom
1s possible [8.9]). Because the angular distribution of
this channel is broad relative to the direct channel,
these particles are generally only a weak contribution
to the specular signal and therefore are neglected. We
are interested then in the way in which trapping af-
fects P(E) of the direct channel. Essentially, trap-
ping removes the lughest classically allowed final rota-
tional energy states in the direct channel giving nse to
a “trapping cutoff™ (see fig. 1b). Since the highest
classically allowed final rotational energy state occurs
at the highest energy rainbow, trapping removes at
least one rainbow from P(E,).

(4) Alignment. Because the potential functions
used here are independent of the azimuthal angle, the

¥ For theorctical discusstons see, for example, ref [15], for ex-
penmental discussions demonstrating the lack of a scattenng
channel intermediate between direct and trapping desorption,
see ref. [16]
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final angular momentum lies 1n the plane of the sur-
face except for any mnitial component of angular mo-
mentum along the surface normal which must be con-
served in the collision. Since the mncident gas in many
of the available experimental results to date 1s a
supersonic expanston, the incident angular momen-
tum is very small (T, = 5—15 K) and does not result
in a2ppreciable depolarization of the final angular mo-
mentum.

It might be expected that the cube models would
describe the scattering of molecules from surfaces
having no appreciable corrugation {1 —-5]. Nevertheless,
the expenimentally observed P(E) ) distributions dif-
fer m many respects from the simple picture presented
above. The low-energy region does not exhibit the
rainbow feature but mstead can be characterized by a
temperature. However, this trend of a decrease 1n the
measured P(E,) with increasing £ n the low-£, re-
gion is consistent with that predicted by a potential
featuring a ramnbow at £, = 0 since, as shown in fig.
2b, the potential without a rainbow predicts an in-
creasing P(E, ). Experimental observation of rotation-
al rainbows and alignment is available only for the
case of NO on Ag(111) [3,4]. At high incident gas
translational energy there does seem to be a feature at
E, # 0 which can be ascribed to a rotational ramnbow,
but the feature appears as a broad, 1l-defined hump
in the P(E, ) function. Polarization experiments in-
dicate that there is almost no polarization in the low-
Ej tegion of P(£,;). However, the degree of polarza-
tion increases 1n the region of £, around the rainbow
feature, followed by a very sharp transition to a second
region of no polanzation. No features attnbutable to
multiple ramnbows or trapping cutoffs have been ob-

served
Better agreement between theory and experiment

1s obtained when the possibility of non-zero surface
temperature 15 included in the cube models. For a
cube model only the normal component of the rela-
tive veloaity is important, its distribution is usually
given by a relative-velocity-weighted gaussian at the
surface temperature, T

P (v)= A (1 — v lug) exp (—~mv3[2k,T,), )

— (1 2 . .
where v, = (ZkbEg_/m)” is the mcident gas velocity,
and A 15 a normalization constant with vs/ug <l1.
The result of a classical trajectory caculation averag-
ed over gas geometry and surface motion 1s illustrated
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i fig ¢ The P(£,) function predicted by the zero
surface temperature model is modified in several as-
pects:

(1) The rainbow at £, = 0 is still a true classical
singularity in the P(£,). In the cube approximation
there 1s no correlation between surface velocity and
those onentations of the gas where there is no net
time-integrated torque. However, in many cases the
decrease in P(E,) with £, is much less pronounced,
mdicating a broadening of the rainbow. Certainly a
quantum mechanical treatment of the interaction
would remove the rainbow at low £, [10,14,17,18].

(2) In contrast to the effect of surface motion on
the rainbow at E5 =0, the other rambow features are
considerably broadened and are no longer actual clas-
sical singularities in the P(E,) function. The sensitiv-
ity of the rainbows is not surprising since there are no
local maxima in the £,(8, vy) function, increasing sur-
face cube velocity leads to increasing final pas rota-
tional energy. However, there 15 still a residual peak-
wng 1n P(E,) near the energy where the zero surface
temperature rainbow occurred because of the form of
eq. (4) and surface temperatures used.

(3) The trapping cutoff is also considerably
broadened. In an impulsive collision model this re-
sults from the linear correlation between the incident
relative velocity of the collision and the final angular
momentum of the gas. This s a strong effect since the
distnbution of surface velocity directly modify the
relative velocity of the collision, making possible final
rotational energies greater than the incident transla-
tional energy of the gas.

{4) There 15 no change in the polanzation from
that predicted by the zero surface temperature model.
Although the inclusion of surface motion by no
means corrects all the qualitative differences between

the simple one-dimensional models for gas—surface
interactions and the observed final rotational state
distributions, it does constderably better than both
infinite surface mass and zero surface temperature
models. Moreover, 1t provides insight into the impor-
tant role of statistical averaging in such modeling.
The mawn qualitative discrepancy still remaining 1s the
strict polanzation required by the assumption of an
azimuthally independent potential. The simplest way
to remove this restriction 1s to include surface corru-
gation, either as a hard corrugated wall in the impul-
stve limit or by modulating the potential of eq. (2)
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over the umt cell. Corrugation will lead to additional
smearing of most of the simple features manufest in
the P(£,) function since three new coordinates must
be added to the calculation.

As pointed out above, a complete quantum-mecha-
nical treatment of the scattering problem would
smooth out the singulanties in P(EG) predicted by
classical mechanics. Our preliminary calculations
using a closed-form approximate solution [14] to the
quantum-mechanical scattering of an ellipsoid from a
wall indicate that the rainbow at £, = 0 is much less
pronounced and the rainbows at higher £, are even
more attenuated and broadened. A coupled-channel
calculation has recently been performed by Barker et
al. [10] also indicating these results.

In summary, we have demonstrated how the inclu-
sion of surface motion witlun the framework of the
cube models leads to a broadening of the rotational
r1ambow at £, = 0, the higher-energy ranbows, and
the trapping cutoff. These effects #Ze expecied to be
a general result whenever the rotational degree of
freedom of the gas is coupled to another degree of
freedom which must be treated statistically. Certainly
additional statistical processes are operative in the ob-
served expenmental results since the measured rota-
tional alhignment indicates significant depolarization
in the low-Ea region of the P(Eo) function. Quantum-
mechanical modeling of the interaction also leads 1o
broad features in the final P(£,) function. In view of
the sensitivity of the calculated P(E) function for
direct scattering to statistical averaging perhaps it is
not surprising that (a) the experimentally observed
P(E,) can be characterized by a temperature m the
low-E, region, and (b) the rainbows at £, ¥ 0 and
the trapping cutoff are considerably smeared. We
stress that the usefulness of such simple models lies
not in their ability to reproduce accurately the final
distributions in the various degrees of freedom of the
scattered gas molecule, but rather, in their ability to
predict trends in coarser parameters such as the mo-
ment parameters characterizing the angular flux dis-
tributions, the mean exit translational energy, and
the mean exit rotational energy.
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