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The internal state distribution of scattered NO is determined by laser fluorescence excitation spectroscopy 
when a pulsed, supersonically cooled beam of NO is incident upon the (111) face of a clean Ag single crystal. 
It is found that the mean rotational energy <E,) depends linearly on the surface temperature E, ( = T,) and 
the incident kinetic energy normal to the surface En according to <E,) = a (En + <E~») + bE,. The three 
parameters a, b, and <E~) are constants independent of En and E,. Arguments are presented showing that 
<E~) is some measure of the average NO! Ag( Ill) well depth. For the n = 112 fine structure component we 
estimate that <E~) = 28S0±4S0 K (24S±40 meV), a = 0.88±0.OO9, and b = 0.18±0.04 while for n = 3/2, 
<E' w) = 2080 ± ISO K (180 ± 13 me V), a = 0.132 ± O.OOS, and b = 0.11 ± 0.02. The results are compared to 
the predictions of one-dimensional impulsive models of gas-surface scattering. These models are able to 
describe qualitatively the dependence of <E,) on En and E, but only when trapping fractions that are 
incompatible with experiment are predicted simultaneously. 

I. INTRODUCTION 

Dynamical studies have played an expanded role re
cently in elucidating the pertinent forces which govern 
the interaction between a gas molecule and a solid sur
face. The subject of extensive reviews, 1-3 low pres
sure studies of gas-surface dynamics had until 1981 
concentrated solely on the center-of-mass(c. m.) motion 
of the scattered or desorbed particles. Although the 
characterization of the c. m. motion has been very fruit
ful for atomic systems,4-6 translation is but one degree 
of freedom among many in molecular systems. Since 
the determination of the distributions over all molecular 
degrees of freedom is crucial to our understanding of 
molecular interactions with surfaces, it is not surpris
ing that this has been the goal of many recent efforts in 
the field. These include the determination of rotational 
and/ or vibrational distributions of NO, 7-12 R2(D2),13 HD,14 
HF,15 CO,16 and 1217 scattered from a variety of me
tallic and insulator surfaces and NO, 18 CO2, 19-21 OR, 22 
and Nz 23 desorbing from transition metal crystal sur
faces or polycrystalline foils. 

With the exception of H2, RD, and NO at high incident 
kinetic energy, all surface-scattered molecular rota
tional distributions reported to date for clean surfaces 
are Boltzmann in form and yield rotational tempera
tures T r , which are generally less than or equal to the 
surface temperature Ts. However, as we will Show, in 
cases where trapping followed by desorption is not the 
dominant scattering mechanism, information regarding 
the gas-surface potential may be extracted even when 
rotational distributions appear to be described by a sin
gle temperature T r • 

There have been two previous studies of the final in-
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ternal state distributions of NO scattered from clean 
Ag(111).8,9 In a previous publication8 we reported that 
when an effusive, room temperature beam of NO im
pinged on Ag(l11), the scattered molecules were char
acterized by a Boltzmann distribution of rotational 
states. The resulting rotational temperature was less 
than the surface temperature, and the measured rota
tional temperatures varied weakly with Ts. Integration 
over both incident and exit scattering angles prevented 
the unambiguous determination of the dominant scatter
ing mechanism. In an independent study of the same 
system, Kleyn, Luntz, and Auerbach9 determined that 
for incident kinetic energies 2: 3724 K the NO distribu
tion of rotational states exhibited both Boltzmann and 
non-Boltzmann regions for low and high rotational quan
tum numbers (J), respectively. The non-Boltzmann 
fraction contained a broad maximum for high incident 
kinetic energies and was tentatively interpreted as a 
rotational population rainbow. Rotational polarization 
was observed to occur for states within this broad rain
bow but not for rotational states below or above it. At 
high incident kinetic energies and high J, preferential 
population of one of the NO A doublets and J-dependent 
exit angular distributions were also noted. 

In the present study, we report measurements of the 
rotational state and electronic fine structure distribu
tions of NO scattered from clean Ag(111). We use the 
technique of laser fluorescence excitation spectroscopy 
to extract internal state populations of molecules pro
duced by a pulsed supersonic expansion and scattered 
from the sample crystal in ultrahigh vacuum (UHV). 
We report measurements of the NO rotational popula
tions vs incident angles and surface temperature at a 
variety of incident kinetic energies. We also discuss 
the prevalent excitation of the NO 2na/2 state which lies 
123 cm-1 above the ground 2n1/2 fine structure component 
and compare this excitation to that found in gas-phase 
NO/ Ar collisions. 24 The current effort differs from that 
of Kleyn et al. 9 in that our measurements cover the 
range of incident total kinetic energies from 338 to 2321 
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K (surface normal component En from 169 to 2321 K) 
compared with the range of 3724 to 11636 K (En from 
2211 to 10821 K). In addition, the method of rotational 
population analysis is considerably different; no separa
tion is made in our treatment between the Boltzmann and 
non-Boltzmann regions. 

The remainder of this paper is organized in three 
parts. The next section describes the details of the ex
perimental arrangement: the scattering apparatus; the 
molecular beam source; the laser excitation and fluo
rescence collection methods; and the Ag(l11) crystal 
preparation, respectively. Section III reports the ex
perimental results and Sec. IV discusses these results 
and compares them to predictions of a one-dimensional 
impulsive model for rotationally inelastic scattering. 

II. EXPERIMENTAL 

Figure 1 shows a schematic diagram of the overall 
experimental arrangement. The apparatus consists of 
a stainless steel UHV chamber pumped by turbomolecu
lar or trapped oil diffusion pumps, a triply differentially 
pumped pulsed supersonic beam source, a laser excita
tion source and associated steering and focusing optics, 
and, finally, signal fluorescence collection, amplifying, 
and averaging devices. The scattering sample surface 
is first characterized by low energy electron diffraction 
(LEED) and Auger electron spectroscopy (AES) and, 
when necessary, cleaned either by Ar+ ion bombardment 
or chemical Oxidation/reduction. Following surface 
preparation, the sample is placed along the molecular 
beam axis and inclined at the appropriate scattering 
angle. The incident NO beam is produced by expansion 
through a repetitively pulsed nozzle having a stagnation 
pressure and nozzle diameter of 5 atm and 500 /-Lm, re
spectively. The beam is skimmed and collimated during 
its passage through two differentially pumped buffer re
gions and strikes the crystal 19. 2 cm after it leaves the 
nozzle orifice. The scattered molecules are probed by 

NORMALIZATION 

a SUitably delayed pulsed laser which is mildly focused 
and which is scanned in excitation wavelength between 
224.0-227.0 nm to excite the (0,0) band of the NO A 2~+_ 
x2nl/2.3/2 transition (the NO y band system). The 
probed scattering angle is selected by varying the posi
tion of the laser beam with respect to the surface. The 
resulting total molecular fluorescence is collected by 
fl.4 optics and imaged onto the photocathode of a photo
multiplier (PMT). The fluorescence is monitored as 
a function of excitation frequency USing gated integration 
and signal averaging until the signal-to-noise ratio is at 
least 20 for a typical rotationally resolved spectral line. 

A. Apparatus 

The UHV scattering chamber, shown in cross section 
in Fig. 2, is evacuated by a 1500 £S-1 turbomolecular 
pump (Leybold-Heraeus) whose foreline is pumped by 
a water-baffled 2 in. diffusion pump. The chamber has 
a typical base pressure of 2 x 10-10 Torr following a mild 
125°C bakeout. We have also used a liquid-nitrogen
trapped 10 in. oil diffUSion pump to evacuate the cham
ber but its nominal base pressure is an order of mag
nitude higher due to ineffiCient trapping. Results pre
sented here are independent of the pumping scheme em
ployed. Bakeout heat is provided by three internal 1500 
W quartz lamp heaters and assorted external contact 
strip heaters. The chamber is divided functionally into 
two levels. The upper tier contains the LEED gun and 
electron optics, retarding field AES, Ar+ bombardment 
gun, and a sample overlayer gas doser. Sample mani
pulation and characterization are performed in this up
per tier prior to a scattering experiment. Sample trans
lation to the lower scattering tier of the apparatus is ac
complished by a magnetically coupled manipulator having 
a 12 in. stroke. The angle of incidence can be set to 
within 5° by rotating the sample mounting and heating 
assembly about an axis apprOximately 2 cm behind the 
crystal face. Radiative sample heating is provided by 
a tungsten ribbon housed within a doubly radiation-
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shielded cylinder. The crystal is attached to One end 
of the cylinder with small tantalum tabs. 

The lower tier of the apparatus contains a series of 
light traps and baffles to decrease scattered laser light. 
The laser enters the scattering region through a high 
surface quality quartz window, proceeds through the 
first light baffle, excites fluorescence in the interaction 
zone by passing perpendicular to the principal scattering 
plane, leaves this zone through a second light baffle, 
and strikes a beam dump constructed of two Corning 7-
54 absorption filters. Although this arrangement does 
significantly reduce scattered light, the major reduc
tion is accomplished by delaying the opening of the gated 
integrator until after the scattered laser light signal has 
become quiescent. This is possible because of the rela
tively long fluorescence lifetime of the NO A state, 180 
ns. 25 The scattered NO is probed with the laser inter
secting the molecules 7-14 mm from the surface. The 
fluorescence signal is collected by fl. 4 quartz lenses 
situated 2.5 cm below the molecular beam and surface 
intersection and focused through a calcium fluoride win
dow onto the partially masked cathode of a solar blind 
EM! G26H315 PMT. Two different gated integration 
systems were used to record the PMT output. One sys
tem employed a PAR 162 boxcar with dual 165 plug-ins 
whose outputs were stored and averaged in a Nicolet 
1170 signal averager. The other used a CAMAC/ com
puter system employing a combination of LeCroy (mod
els 2323 delay timer and 2249 SG ADC gated integrator) 
and homebuilt mOdules. The digitized signals were then 
passed to a DEC 11/23 computer. Typically, five laser 

OPTICS 

shots are integrated at each wavelength increment be
fore being stored. Repetitive excitation spectral scans 
are averaged to minimize any artifacts associated with 
long term drift of the molecular beam flux. Laser in
tensity and NO fluorescence signals are recorded for 
each laser shot in two separate channels. Subsequent 
ratioing corrects for laser intenSity variations associ
ated with the gain curve of the dye and shot-to-shot fluc
tuations. A suitable spectrum is obtained in approxi
mately 45 min. 

B. NO molecular beam source 

The source beam of scattering gas is produced by the 
differentially pumped source chamber shown in Fig. 2. 
The sample gas expands from stagnation pressures (Po) 
of 5 atm through a pulsed valve having a nozzle orifice 
(D) of 500 IJ.m. The pulsed valve design is identical to 
that of Duncan and Byer, 26 so that details about its con
struction will not be given here. The nozzle operated 
at 9 J/pulse, and had a temporal pulse width of 100 IJ.S 
FWHM at the crystal. Such pulse durations preclude 
velocity analysis of the scattered NO. Therefore the 
populations we report are averaged over veloCity. The 
relaxed beam expands into a pressure of approximately 
5 x 10-7 Torr but increases the expansion chamber pres
sure to 1 x 10-5 Torr during the pulse. Pumping in this 
stage is provided by a Varian VHS-6 diffUSion pump 
having a Mexican hat cold cap. The beam is skimmed 
by a 2 mm skimmer situated 10 mm from the expansion 
orifice and enters the first buffer region. This first 
buffer stage, pumped by a water-baffled 4 in. diffusion 
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pump, has a beam-off pressure of 5 x 10-8 Torr, in
creasing to 1 x 10-7 Torr during the pulse. A second 
skimmer forms this region's exit orifice into the final 
buffer chamber. The latter is evacuated by a water
baffled VHS-4 diffusion pump and which attains a base 
pressure of 5 x 10-9 Torr, rising to a pulse- on value of 
1. 0 x 10-8 Torr. Final beam collimation is defined by a 
1 mm orifice in the second buffer exit plate, resulting 
in a beam width of 1. 5 mm at the crystal. 

Backing pressures for the nozzle are provided directly 
from an NO supply tank having a quoted purity of 99% or 
from equilibrated seeding mixtures of 20% NO/80% Kr 
or 17% NO/83% He. Rotational relaxation in the beam 
was extremely effiCient, as evidenced by the excitation 
spectrum shown in Fig. 3(a) and typically yielded rota
tional temperatures of 3-11 K. It should be mentioned, 
however, that the rotational distributions of the relaxed 

44100cm1 

FIG. 3. Fluorescence excitation spectra 
of the NOA 2~j/2-2rrl/2,3/2 (0,0) transition. 
(a) Spectrum of incident unseeded NO 
beam (P 0 ~ 4 atm, d ~ O. 50 mm) showing 
efficient rotational and fine structure com
ponent relaxation. The observed rota
tional temperature is 11 K. (b) NO spec
trum after scattering from Ag(111) show
ing rotational and fine structure excitation. 
Conditions were En =557K, 9i~45°, T. 
= 650 K, yielding a mean rotational energy 
of 375 K. 

beam deviate from a Boltzmann distribution by the pres
ence of a high energy tail so that defining a rotational 
temperature is something of a misnomer. Relaxation 
of the F z !1 = 3/2 fine structure component, which lies 
123 cm-1 above the Fl !1 = 1/2 component of the zn state, 
was also quite efficient. The ratio of the integrated 
fluorescence intensities for these two components yields 
an upper limit to the electronic temperature of 45 K. 
The translational temperature could not be measured 
directly, but from the expansion conditions and the mea
sured rotational/electronic relaxation is calculated to 
be 3 K. Mean molecular velocities were determined 
from energy balance of the measured internal relaxation 
and the initial source stagnation temperature. For a 
pure NO beam, the velocity determined in this way was 
7. 89 X 104 cm/ s, which compares favorably with a mean 
velocity of 7.83 X 104 cm/ s measured for expansion con
ditionsz7 having lower PoD. Mixed rare gaS/NO beam 
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velocities were determined from the measured delay 
between the nozzle firing trigger pulse and subsequent 
fluorescent pulse by assuming a fixed lag in time be
tween the trigger pulse and the actual release of mole
cules from the valve orifice. 

Attempts were made to find features in the NO beam 
excitation spectrum that could be identified with either 
(NO)n polymers or, when seeding was employed, rare 
gas/NO van der Waals molecules. Previous mass spec
trometric measurements of the total polymer fraction 
of NO beams produced under milder, continuous expan
sion conditionsz7 suggest values of 10-3 _10-z. We take 
10-3 as the lower limit to the total polymer fraction for 
our more vigorous expansion; van der Waals fractions 
are likely to be even higher2S although still at a level 
which we believe to be insufficient to compromise the 
results presented here. 

C. Laser excitation source 

Laser excitation wavelengths were produced in the 
spectral region between 227.0-224.0 nm to excite the 
(0,0) band of the NO A z~+1/2-x2n3/2.1/2 system. The 
second harmonic output of a Quanta-Ray DCR-1A pulsed 
N~+: YAG laser was used to pump a slightly modified 
Quanta-Ray pulsed dye laser to produce 40 mJ pulses 
of tunable radiation near 558.0 nm having a time-aver
aged bandwidth of O. 2 cm -1. Reduced bandwidth, and the 
resulting increase in spectral brightness, was achieved 
by incorporating a very simple cavity folding mirror of 
the Littman type. 29 The visible dye laser output was 
then frequency doubled in KDP and scanned with a com
mercial unit (Quanta-Ray WEX). Stimulated Raman 
scattering of the focused doubled radiation was produced 
in a cell containing 125 psi of H2 gas; pulses having en
ergies of 100 JJ.J into a bandwidth of 0.5-0.7 cm-1 were 
routinely generated. The desired second anti-Stokes 
line was separated from all others with a quartz 60° 
dispersing prism. Unwanted dispersive effects such as 
beam walk were compensated with a second identical 
prism in a mirror image configuration to the first. 

Excitation pulse energies used to record experimental 
spectra were deliberately reduced to 40 JJ.J to avoid 
hazards associated with saturation. Pulse energy densi
ties greater than 50 JJ.J/mm2 exhibited clear indications 
of saturation in the low rotational levels populated in the 
NO beam and were manifested by a relative attenuation 
of fluorescence intensity from lines having large line 
strengths when compared with those having much weaker 
transition strengths (e.g., sR21 lines). 

O. Crystal preparation 

The sample crystal was prepared from a disk having 
a quoted purity of 99.999% and an orientation tolerance 
of 10 (Monocrystals, Inc.). Standard polishing tech
niques were employed, followed by chemical polishing 
in a dilute solution of KCN and HZ0 2

30 to obtain a mirror 
finish. In situ removal of contaminants such as carbon, 
oxygen, sulfur, and chlorine was accomplished by soft 
Ar+ sputtering for 30 min at 400 eV and 0.75 MA/ cmz. 
Surface temperatures during sputtering were 750-800 K 

and remained at this elevated level for 2-5 min after 
bombardment until high contrast 1 x 1 LEED patterns 
were produced. Sample contamination with hydrocar
bons during data acquisition was a problem only for the 
lowest surface temperature studied and was removed 
after each signal averaging period by applying the pre
scription above. Sample temperatures were measured 
with a Pt/Pt-l0%Rh thermocouple mounted in a 0.6 mm 
hole drilled in the side of the crystal. The temperature 
measurements were underestimated by at most 3% be
cause of incomplete contact between the thermocouple 
and the sample. 

III. RESULTS 

A. Rotational excitation 

Figure 3 shows typical fluorescence excitation spectra 
of the incident NO beam [Fig. 3(a)] and of the scattered 
molecules [Fig. 3(b)]. Whereas the NO internal state 
distribution from the supersonic expansion is rotationally 
cold (Tr = 11 K) and almost entirely in the lowest 2nl/2 

fine structure component, that from the surface shows 
extensive rotational and fine structure excitation. These 
spectra are obtained as follows. First we subtract that 
fraction of the averaged laser intenSity spectrum which 
results in a zeroed fluorescence spectrum baseline. 
This is done to account for the small amount of scattered 
laser light which perSists into the fluorescence gating 
period. The resulting spectrum is then divided by the 
laser intensity data to normalize it with respect to laser 
power and to minimize the effects of the large pulse-to
pulse variations typical of the stimulated Raman cell 
output. 

The measured peak height for each aSSigned and fully 
resolved line is divided by its corresponding calculated 
rotational line strength31 and the logarithm of this quan
tity is plotted against the rotational term energy of that 
state. A representative result, which we call a Boltz
mann plot, is shown in Fig. 4. As in all laser excitation 
techniques, the resulting signal is proportional to density 
and not flux. 

Five features are evident in Fig. 4: (1) The points 
corresponding to the three lowest values of the perpen
dicular component of the incident molecular kinetic en
ergy En have a linear dependence in this plot for both 
the n = 1/2 and n = 3/2 components, which is to say that 
the distributions are Boltzmann and that the rotational 
degree of freedom can be characterized by a tempera
ture. (2) The pOints for En =2321 K (200 meV) deviate 
at high J from this linear, or Boltzmann, dependence 
and exhibit a broad maximum which has been identified 
as a rotational rainbow. 9 Because the rotational distri
butions are not in all cases Boltzmann, we introduce 
the mean final rotational energy, denoted by (Er), as a 
measure of the rotational excitation caused by collision 
with the surface. This mean rotational energy is equal 
to Tr when the distribution is Boltzmann. (3) The (Er) 
values obtained from the distributions for the n = 3/2 
component are generally higher than their n = 1/2 coun
terparts (see Table I). This has previously been 
seen. 9

(C) (4) As evidenced by the intercepts, the n", 1/2 
component is more populated than the n = 3/2 component 
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FIG. 4. Boltzmann plots of the rotational state distributions 
measured within each fine structure component at four differ
ent E. values and fixed Ts = 650 K. Full and open circles cor
respond to {l = 1/2 and U = 3/2 states, respectively. The energy 
scale is that appropriate to rotational energies in a striC't 
Hund's case (a) angular momentum coupling scheme. Multiple 
points at the same energy correspond to populations determined 
from different rotational branches. 

although there is substantial excitation of the latter. 
(5) The branches corresponding to the different orien
tations of the NO 7T cloud with respect to the plane of 
rotation (A components) have identical population within 
the uncertainty of the data. 

To probe the effect of incident molecular kinetic en
ergy and surface temperature on the rotational excita-
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FIG. 5. Plot of the mean rotational energy averaged over both 
spin-orbit components vs the surface temperature at four values 
of E.. See Table I for the values of (E r) corresponding to 
each individual spin-orbit component. Note the obvious trend 
of increasing (E r) with increasing E.. The line of full rotational 
accommodation is that for which (E r) = T s' 

tion, we have determined (ET ) as a function of surface 
temperature for four separate values of E., the com
ponent of the incident kinetic energy projected along the 
surface normal. . The four values of E. were obtained 
by USing different NO/rare gas mixtures and/or by ad
justing the incident angle. The results, summarized 
in Table I, demonstrate that (1) (Er) increases with Ts 
and (2) (ET ) increases with En for E.2: 557 K. To visual
ize these trends, we plot in Fig. 5 the values of (ET ) 

averaged over the two spin-orbit components vs the sur
face temperature Ts. 

Although a plot such as Fig. 5 may seem the natural 
way to present the data, it masks an important contribu
tion to the rotational excitation, namely, that made by 
the attractive potential between gas and surface. This 
is readily seen in Fig. 6, in which we plot the dimen
sionless variables (E

T
)/ E. vs E./ E., for each fine struc

ture component, where we now define Es(= Ts) as the en
ergy associated with the surface temperature. 32 By 
varying independently the total incident kinetic energy 

TABLE I. (E r ) computed for each fine structure component, U = 1/2 =F1 , ~2 = 3/2 =F2 , tabulated 
for all surface temperatures (T. =E,,) against the total incident kinetic energy, the incident angle, 
and the resulting normal component of the kinetic energy. Standard deviations are in parentheses. 

E.(K) 

Ei(K) 6j E.(K) 300 475 650 750 

FI 338 45 0 169 320(10) 373(8) 407(9) 445(11) 

F2 338 450 169 367(10) 397(11) 445(12) 504(17) 

FI 1114 450 557 395(20) 404(16) 427(19) 

F2 1114 45° 557 392(15) 402(13) 431(14) 

FI 2321 45" 1160 484(10) 501(14) 520(14) 

F2 2321 45° 1160 503(12) 537(17) 550(18) 

F j 2321 0° 2321 537(25) 587(25) 583(29) 
F2 2321 00 2321 632(20) 643(28) 662(26) 
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EI and 01 at fixed Es we find that (Er) depends on both 
EI and 01' We are motivated to use En = EI cos2 01 be
cause one might expect that the Ag(111) surface acts as 
a flat plane toward the incident NO, L e., the NO/Ag(l11) 
potential is approximately one dimensional. This is sup
ported by He scattering studies33 which have shown that 
this close-packed face has a corrugation depth of < 0.01 
A. In addition, calculations have shown34 that the clas
sical turning point of the scattering atom probed at the 
thermal energies used in typical scattering experiments 
is a sufficient distance away from the atomic cores that 
the modulation of the potential over the unit mesh is 
much less than that of the atomic cores themselves. 
These findings suggest that close-packed faces of crys
talline metals will appear quite flat. 

The result of constructing a plot of this form is that 
the data clearly separate into four distinct groups cor
responding to the four values of En. In Fig. 6 we have 
drawn least squares linear fits to the (Er)/ En data av
eraged over the two fine structure components. These 
lines demonstrate that the data for En ~ 557 K have simi
lar slopes but different intercepts. On closer inspec
tion, each En group when taken individually Shows an 
additional, though much smaller, splitting corresponding 
to the individual fine structure component behavior. 
Attempting to describe the plotted data by a single line, 
however, yields a much poorer fit and is therefore re
jected. 

An important result, which is based on the fact that 
the data form the family of parallel lines shown in Fig. 
6, is that the data can be described by an equation of 
the form: 

(1) 

where b is a constant, independent of E" and Es , and a 
is a parameter whose dependence on En has yet to be 
determined. To extract this dependence we plot in Fig. 
7 the values of (E,) against En at constant Es. As can 
be seen, the data are well described by a line for En 
:::: 557 K, Le., 

Combining the results of Eqs. (1) and (2) we find that 
(Er) obeys the bilinear expression: 

1.5 

T. 
- 475K 
--- 650 K 
-- 750 K 

line of Complete 
Accommodation 1.0 ~~---::":""'----c=c=-"""--=-----~--,o~_~-='--~ 

~f1I ___ (f-=~:."i.~.-'-

? .::~:;.~:;.:-~c-::::-:':'i":~::'~':~-- • 

0.5 

°0~~-~1~.0~~-2~.0~~~~3.~0~-·~4~:0~~~5~:0 

(2) 

(3) 

FIG. 7. Plot of the reduced variables, {E,)/E. vs En/E. for 
the three values of E. listed. As in previous tables the open and 
closed symbols refer to the U", 3/2 and U '" 1/2 components, re
spectively. The data for each E. show a linear dependence on 
En with a different intercept. The lines drawn are least squares 
fits to the En 2: 557 K data only. 
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FIG. 8. Final plot of the reduced variable (En)!(En+ (E~» vs 
Es/(En+ (Er:,» for each spin-orbit component. As in earlier 
plots, only data for En 2: 557 K has been used in the bilinear least 
squares fits. The deviations of the En= 169 K points from the 
high En behavior is apparent and probably a manifestation of the 
onset of trapping. 

where the constants a, b, and c are independent of both 
En and E •• We have performed a global least squares 
fit of the data to Eq. (3) to determine the values of the 
coefficients a, b, and c. The bilinear fit to Eq. (3) has 
been carried out separately for each fine structure com
ponent and Table II lists the parameter values. 

It is convenient to introduce the energy quantity (E~> 
= c/ a as a parameter. Figure 8 presents the results of 
the global bilinear fit to the data using Eq. (1), i. e., 

En 

TABLE H. TaDulation of the bilinear coef
ficients a, b, and (E:O> (= c! a) determined 
for En'"" 557 K. 

0.088±0.009 
0.180 ± O. 036 

2852 ±448 K 
0.45 

0.132 ± O. 005 
0.105 ± O. 019 

2079± 154 K 
0.16 

(Er) = a(En + (E~» + bE.. In this figure we have plotted 
(Er)/(E" + <E~» against E./(En + (Ew» which according to 
Eq. (3) should be linear with slope b and intercept a. 
Only the En ~ 557 K data are used in this fit: the E" 
= 169 K data are also displayed to point out their dif
ferences. As demonstrated in Fig. (5) the value of (E,) 
for En = 169 K, E. = 750 K is Significantly higher than 
that for En = 557 K, E. = 750 K. This obvious departure 
from the behavior predicted by Eq. (3) may indicate the 
onset of trapping or multiple colliSions, which will be 
discussed later. Figure 8 demonstrates that the bilin
ear fit is quite good, as is also evidenced by the re
duced X2 values listed in Table II. Note that the values of 
a, b, and (E~) differ for each spin-orbit component. 

B. Fine structure excitation 

We show in Fig. 9 and tabulated in Table III the measured 
[0 = 3/2]1[0 = 1/2] population ratios as a function of E. for 
the four values of En. The F2/ Fl ratios were obtained by 
summing the populations given by the functions (a line when 
the rotational distributions are Boltzmann) determined by a 
least squares fit to the data over all rotational states to 
J = 40. 5. As can be seen from this figure, the e lec-
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FIG. 9. Plot of the W=3/21/[~=1!21 
population ratios vs Es for the four values 
of E" employed. For Eft 2: 557 K the trend 
of increasing F2 population with increasing 
En is observed, similar to the behavior 
observed for rotation. This trend is 
broken for the E" = 169 K points, which 
have greater population ratios than their 
next highest, En= 557 K, counterparts. 
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TABLE III. [n = 3/2]/[0 = 1/2] population ratios averaged over 40 rotational levels tabulated 
against E" and E •. 

E.(K) 

E,,(K) 300 475 650 750 

169 
557 

1160 
2321 

0.459(0.071) 0.450(0.048) 
0.354(0.042) 
0.540(0.020) 
0.535 

0.559(0.068) 
0.388(0.047) 
0.562(0.014) 
0.629 

0.585 (0.090) 
0.383(0.045) 
0.602(0.012) 
0.623 

tronic excitation shows a slight increase with Es for the 
lowest beam energy but is nearly independent of Es at 
all other E". Also to be noted is the fact that the popula
tion ratio is not simply an increasing function of En; the 
[0=3/2]/[0=1/2] ratio passes through a minimum at 
En = 557 K. The amount of excitation into the higher lying 
component is in all cases less than either the amount ex
pected for total spin scrambling, [0 = 3/2]/[0 = 1/2] = 1, 
or for equilibrium to the surface temperature. The de
pendence of the F z/ Fl population ratio on Es and En is 
similar to that observed for (Er ) , as demonstrated in 
Fig. 5. We have therefore attempted to describe the 
dependence of this ratio on Es and En by the Simple bi
linear form of Eq. (~). To do this we introduce the elec
tronic temperature, defined by 

T. :; - A(3/2 - 1/2)/[kb In( Pop 3/2/Pop 1/2)] , 

where A(3/2 -1/2) is the 123 cm-1 spin-orbit splitting, 
kb is the Boltzmann constant, and Pop 3/2/Pop 1/2 are 
the population ratios plotted in Fig. 9. The results, 
shown in Fig. 10, demonstrate that the three highest 
En data pOints can be fit to Eq. (1) but the fit is substan
tially poorer than that found for rotation (see Fig. 8). 
The best-fit values of the three previously defined co
efficients are a'" 0.092(0.025), b = 0.127(0.143), and 
(E~) = 790(822) K. The existence of a minimum in the 

0.300 

A 

uf 
,..!V 0.200 + 

uf 

En 
\I 169 K 
• 557 K 
• 1160 K 
• 2321 K 

o o 

• 

spin-component population ratio is not at aU Similar to 
the situation in gas phase collisions. We have recently 
found35 that the electronic inelasticity follows rotation, 
both increasing monotonically with the total collision 
energy. 

IV. DISCUSSION 

A. Scattering mechanism 

The rotational excitation measured in this work could, 
in principle, have contributions from both direct inelas
tic scattering and trapping-desorption scattering. As 
will be shown, direct inelastic scattering dominates the 
excitation observed along the specular direction. It is 
expected that any contribution from the trapping-desorp
tion channel would be largest at the lowest beam energy 
if the adsorption step has no activation barrier. We 
have measured the angular distribution of NO by exciting 
the Q1 bandhead (J" = 0.5-4.5) for En = 169 K and have 
found that the scattered denSity near the specular direc
tion is at least six times more intense than that found 
along the surface normal. For our detection geometry 
and with a cos e desorption angular dependence, the di
rect inelastic channel accounts for more than 90% of 
the specular density at En = 169 K. 

o 

o 

FIG. 10. Plot of the reduced variables 
T./(En+ (E':'» vs E./(E" + (E':'» assuming 
the same bilinear expression as that 
used for rotation but with different coef
ficient values. As rotation, only data 
points having En 2: 557 K were used in 
the bilinear least squares fit. 

o 0.200 0.400 

Es 
0.600 0.800 
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In the global bilinear fit to the data the En = 169 K points 
were not included. With one exception, the values of 
(ET ) for this En are higher than those expected for the 
direct inelastic channel [cf. Eq, (3)]. Furthermore, at 
Es = 300 K, (Ey» Es for the F2 component. Hence, no 
linear combination of direct inelastic and trapping/de
sorption (assuming (ET ) = EJ scattering channels can ac
count for this behavior at Es =300 K. However, the Es 
> 300 K data are consistent with the assumption that 
trapped molecules desorb with (ET ) =Es. These data 
are wholly inconsistent with the idea that (By) = E./2 for 
the trapping/desorption channel predicted by a simple 
modee6 involving reduced adsorbate rotational dimen
Sionality. This suggests that additional mechanisms 
such as incompletely accommodated multiple collisions 
are contributing to our observations. Therefore we 
conclude that the excitation we measure results pre
dominantly from direct inelastic scattering. This is 
supported by the angular distribution measurements of 
Asada et al. for NO scattered from Ag(111).37 For 
scattering conditions of En = 800 K and Ts = 500 K we es
timate from their data that at most 5% of the specular 
density arises from trapping. 

It might be tempting, nevertheless, to interpret the 
observed rotational distributions of Fig. 4 as arising 
from two channels, the low-J linear region from the 

trapping-desorption channel and the high-J non-Boltz
mann region seen at En = 2321 K from the direct inelastic 
one. This interpretation would require a 50% contribu
tion along the specular direction from the trapping-de
sorption Channel, in contradiction to our observations. 
In addition, this interpretation would suggest that the 
direct inelastic channel contributes only at the highest 
beam energy. However, we observe that the rotational 
excitation depends on both the incident kinetic energy 
and the surface temperature at all beam energies stud
ied. We stress that although our observations refer to 
direct inelastic scattering this does not exclude possi
ble manifestations of trapping in the properties of mole
cules scattered in this channeL In Sec. IV C we esti
mate the fraction of incident molecules which are 
trapped. 

B. Interpretation of the bilinear fit 

The ability of Eq. (3) to describe the dependence of 
the mean final rotational energy on the two variables En 
and Es allows us to draw several conclusions. The 
meaning of the coefficients a and b of Eq. (3) is clear; 
they represent respectively the fraction of the energy 
associated with En and the fraction associated with Es 
which appear in the mean rotational excitation. In addi
tion, we find a third constant, (E~) = c/ a, which adds to 
En and hence contributes a fixed amount to (ET ), inde
pendent of En and Es. As will be discussed in the next 
section, (E~) can be associated with the NO/ Ag(l11) po
tential well depth averaged over all gas-surface geom
etries, denoted by (Ew)' 

From the form of Eq. (3) we conclude that the mean 
exit rotational energy scales linearly with both En and 
Es. A linear scaling of this type has precedence in the 
gas-surface scattering literature. 4

(b) It is observed in 

the dependence of the mean final translational energy on 
ETI and Es at fixed final exit angle. This result is char
acteristic of impulsive collisions in which the energy 
change occurs suddenly. Another conclusion is that (Ey) 
scales as the projection of the incident kinetic energy 
along the surface normal. These two conclusions are 
consistent with the assumptions underlying all simple, 
yet successful, one-dimensional impulsive (hard cube) 
models of atomic and molecular collisions at surfaces. 

C. One-dimensional impulsive scattering models 

We have employed a one-dimensional rotationally in
elastic hard cube formalism38

•
39 in an effort to under

stand better the qualitative features of the final rotational 
state distributions and the values of the mean rotational 
energy parameter (Ey) used to characterize the rotational 
inelasticity. Hard cube models, 40 despite their inherent 
simplicity, have had considerable success in predicting 
qualitative trends in both the final angular distributions41 

and final translational energy distributions4
•
42 in rare 

gas/surface scattering systems. There is now con
siderable experimental evidence which qualitatively sup
ports one underlying assumption of the model, namely, 
the one-dimensional nature of the collision. These in
clude helium diffraction33 and inelastic argon scattering4 

from Similar close-packed metal surfaces. The second 
assumption, that of an impulsive interaction, undoubted
ly leadS to an overestimate of the inelastiCity of the col
lision. This is usually compensated for by parametriz
ing the mass ratio which determines the energy exchange 
in an impulsive collision. This and the fact that the mod
el does not account for surface recoil leadS to an effec
tive surface maSS equal to 2-3 surface atoms. Certain
ly the assumptions of the model are apprOXimate as 
evidenced by the observation of parallel momentum in
elasticity,4 such as out-of-plane scattering. 37 Hence, 
it is generally recognized that the one-dimenSional, im
pulsive approach engendered by the hard cube model 
cannot predict the detailed distributions of velOCity, 
angle, or rotation and it is not our intention to com
pare quantitatively the predicted rotational population 
functions with those measured experimentally. H ow
ever, given both the ability of the model to derive the 
general features of atom-surface scattering and the 
successful use of En as the scaling parameter in our 
own data, we seek to exploit the model to elucidate the 
bilinear behavior of (E

T
) described by Eq. (3). 

The potential in the hard cube model is one dimen
sional, perpendicular to the surface, and is composed 
of an attractive region and a repulsive wall. In the at
tractive part of the potential the surface is treated as 
motionless and infinitely massive as the interaction is 
long range and involves many surface atoms whose mean 
velocity is zero. Thus the acceleration (and subsequent 
deceleration after the collision) caused by the potential 
well is restricted to the gas molecule. In the repulSive 
(impulsive) part of the potential the surface is treated 
as a cube of finite mass with a distribution of velocities 
determined by the surface temperature. The diatomic 
gas molecule is represented by a hard ellipsoid which 
is assumed in this case to be initially rotationless. 
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The final relative velocity prior to deceleration by the 
attractive part of the potential v;" and final molecular 
angular velocity w' for the impulsive collision are given 
by 

(4a) 

v;" '" - [(1-R)/(1 +R)]v~rr , (4b) 

where 

R = /1-~l2/Ky . 

/1-~ '" The ratio of the reduced mass to the gas mass, 
i. e., Ms/(Ms + MK ) where Me is the gas mass 
and Ms is the surface mass. 

/1- = The ratio of the surface to gas mass, i. e., M/ 
Mgo 

l '" The distance, resolved along the surface, be
tween the ellipsoid surface contact point and the 
molecular center-of-mass. 

Ky '" The ratio of the ellipsoid moment of inertia to 
the gas maSS. 

Vrn = The initial normal component of the gas-sur
face relative velocity after acceleration by the 
attractive part of the potential. 

Here, l is a function of the orientation of the ellipsoid 
at the moment of collision and R therefore contains all 
the orientation dependence in the model. 

In a recent communication43 we have described the 
general features of the final rotational state distribu
tions, referred to as P(E~), predicted by this model for 
both zero and nonzero surface temperatures. We find: 

(1) A classical rainbow singularity in P(E~) at Er = 0 
K. This is present even at finite surface temperatures 
although it is somewhat broadened. 

(2) Possible rainbow singularities in P(Er} at Er* 0 K 
when Es = 0 K. At finite surface temperatures these are 
no longer claSSical Singularities and appear as broad 
maxima in the P(Er ) curveS. 

(3) A trapping cutoff of the highest rotational energy 
states due to the attractive potential well. As the sur
face temperature increases the sharpness of the cutoff 
decreases. 

(4) Total alignment of the final rotational angular 
momentum parallel to the surface (excluding any initial 

component of angular momentum perpendicular to the 
surface which is conserved in the collision). This is 
independent of surface temperature. 

The combination of several averaging processes in addi
tion to surface motion could account for the near Boltz
mann behavior at low Er and the presence of broad maxi
ma in the P(Er ) at high Er • These averaging processes 
are manifested as a depolarization of the final angular 
momentum at low E r ,9 and as out-of-plane scattering. 37 

In addition, coupled channel calculations44 show that the 
rainbow features are considerably broadened. 

In order to compare the predictions of the model with 
the experimental results represented by Eq. (3) it is 
necessary to average (W')2 over all possible initial orien
tations of the ellipsoid and initial surface (relative) ve
locities (where the averaging includes only those colli
sions which lead to direct inelastic scattering); this has 
been performed for flux in the Appendix where it is 
shown that (E~) has a bilinear dependence on Err and Es. 
Further, because the experimental results reported 
here are density measurements, each final angular mo
mentum state must be weighted by the corresponding 
final gas velocity obtained from Eq. (4b) after decelera
tion by the attractive part of the potential. This requires 
that the model be able to predict not only (Er) but the 
correlation between the final translational and rotational 
energy as welL The one-dimensional assumption of the 
model gives rise to strong correlations between the 
translational and rotational degrees of freedom; i. e. , 
the high final rotational states have correspondingly low 
final translational energy. However, the in variance of 
(Er) with exit angle for the range of En used in these ex
periments and the weak dependence of the final transla
tional energy with exit angle41 suggest that these corre
lations are being weakened by other averaging processes. 
We assume that any averaging process not taken into ac
count by the simple model acts only to broaden the final 
rotational state distribution without appreciably altering 
the value of (Er ). This is tantamount to assuming that 
the averaging process is symmetriC about (Er ). Finally, 
because (Er> is independent of exit angle, we assume 
that although the experimental results are a differential 
measurement about specular they can be compared di
rectly with the results of the model which represents an 
average over aU exit angles. In contrast, at much high
er Err there is Some dependence of (E

T
) on exit angle. 9

(d) 

The hard cube model would predict that a differential 
measurement about specular would lead to a lower value 
of (E~) having a more pronounced dependence on Es since 
higher rotational states exit at larger angles. With 
these considerations the mean final rotational energy in 
denSity space is given by 

(5a) 

(5b) 
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FIG. 11. Theoretical results obtained using the one- dimensional, 
impulsive hard cube model described in Section III C. The 
parameters used in the fit are: cube mass of 1. 8 silver masses, 
gas-surface potential well depth of 3000 K, gas ellipsoid major 
and minor axes of 2.302 and 2.147 A, respectively, with the cen
ter-of-mass offset from the geometric center of the ellipsoid 
0.077 A along the major axis. The calculated values for {E r > 
are shown; (a) divided by En and plotted against E./E., and (b) 
divided by T.< ;E.> and plotted against En/E.. Also shown are the 
experimental data of Table I using the symbols defined in Figs. 6 
and 7 for (a) and (b), respectively; (c) shows the dependence of 
the trapping probability on En at surface temperatures of 250, 
500,750, and 1000 K. 

where Ew is the well depth, vn=- [2kb(En+Ew)/Mg)1/2 is 
the gas velocity prior to the collision, Vs is the surface 
velocity, vw=[2kbEw/Mg)1/2, (}e is the angle the major 
axis of the ellipsoid makes with the surface normal, 
and vsc(lle) is the surface velocity that gives a final gas 

velocity of zero, i. e., the value of Vs for which the de
nominators in Eqs. (5a) and (5b) vanish. 

Equation (5a) was numerically fitted to the experi
mental data of Table I and the results are plotted in Fig. 
11. The parameters for the calculation are; effective 
surface mass of 1. 8 MAg, Ew = 3000 K, ellipsoid major 
axis of 2.302 A, and ellipsoid minor axis of 2.147 A. 
Note that these are estimated parameters and are by no 
means determined by the data. In fact a comparable fit 
can be obtained for 1000< Ew< 10 000 K by varying the 
other parameters. 

At first glance it would appear that the model can re
produce the qualitative dependence of (Er> on Es [Fig. 
l1(a)) and En [Fig. l1(b)). However, regardless of the 
particular parameters used, all sets of parameters that 
nominally reproduce the experimental data also predict 
very high trapping probabilities [Fig. l1(c)]. For in
stance, for En = 2321 K, Es = 650 K, and using the param
eters given above, the calculated fraction trapped is 67% 
rising to 87% for En = 557 K. The magnitude of the NO 
flux measured along the surface normal in angular dis
tribution measurements for NO/ Ag(111) scattering de
termined by Asada et al. 37 precludes trapping fractions 
greater than 36%. In fact, the experimental observation 
that b> 0 (i. e., a(Er>/aEs> 0) can only be reproduced by 
the model when the fraction trapped is greater than 45% 
and is increasing as Es decreases. In order to under
stand this point it is necessary to explain how trapping 
affects the value of (Er> observed for direct inelastic 
scattering . 

A particle will be trapped in the attractive well when 
the sum of the energy transferred to the surface and the 
energy transferred into the molecular internal degrees 
of freedom from En exceeds En. As demonstrated pre
viously43 molecules that have experienced large rota
tional excitations will be more likely to become trapped. 
Therefore, trapping leads to an apparent decrease in the 
value of (Er> for the direct channel. In the hard cube 
model trapping increases with decreasing E. only for 
En$. Ew where the fraction trapped is greater than 50%. 
For these conditions, (Er> decreases with decreasing Es 
(increaSing fraction trapped) giving rise to a(Er>/aEs> 0 
as observed experimentally. In contrast, when En> Ew 
the fraction trapped is less than 50% and increases with 
increasing Es giving rise to a (E.>/aEs < 0 contrary to the 
experimental results. We conclude that trapping causes 
the theoretical curves of Fig. II(a) to be nonlinear at 
low Esl Err with positive slope, whereas the experimental 
results indicated by Eq. (3) are taken for conditions 
where there is little trapping. Thus the hard cube model 
is able to qualitatively reproduce the dependence of (E.> 
on Es and En but only by the use of parameters which 
lead to an unacceptably large trapping probability for 
the NO/ Ag(lll) system. However, Frankel et al. 7(b) 

have observed that for the system NO/graphite, where 
trapping is important the dependence of (Er> on En de
viates from linearity in the manner predicted by the 
model. 

In view of the above results, it is apparent that the 
role of the attractive well in the model is twofold. First, 
it adds to the incident gas velocity normal to the surface 
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prior to the collision (and subtracts from the final gas 
velocity normal to the surface after the collision), which 
makes the incident energy normal to the surface look 
like En + Ew and thereby increases the value of (E.) for 
the direct channel. Second, it allows for the possibility 
of trapping which decreases the value of (Er) for the di
rect channel. The relative importance of these two coun
teracting effects depends on the particular parameters 
used and on En and Es. It is therefore not surprising that 
the data can be fit equally well by the hard cube model 
using a wide range of assumed well depths. Certainly, 
the fact that the theoretical curves in Fig. l1(a) are dis
placed toward higher (E.)/ En as Es increases is a mani
festation of the attractive part of the potential. 

We wish to emphasize that the hard cube model as
sumes that molecules with more than one turning point 
in their normal momentum are trapped and hence are 
diffusely scattered at a later time. However, this as
sumption may overestimate the effects of trapping be
cause some species undergoing multiple collisions may 
escape from the surface before complete equilibration, 
i. e., with a nondiffuse angular distribution and thereby 
contribute Significantly to the species detected near 
specular. It is clear that an accurate comparison of the 
results indicated by Eq. (3) to the predictions of the im
pulsive model should include the contributions of multi
ple collisions to (E.). However, it is doubtful if the cube 
assumption could accurately reproduce the surface re
sponse in a multiple collision event. Parallel momen
tum accommodation, inefficient on a single collision, 4 

can be expected to become important after several colli
sions. Recent results45 utilizing a stochastic classical 
trajectory approach (generalized Langevin) have been 
able to reproduce the features of the P(Er ) functions and 
the details of the velocity and angular distributions for 
NO/ Ag( 111). It would be interesting to see if such an 
approach could generate the functional form of Eq. (3) 
and at the same time give small trapping probabilities. 
Although we expect only minor qualitative differences 
between the two models for a direct collision, the Lange
vin technique may better describe multiple collision 
events. 

D. Manifestations of the NO/Ag(111) potential 

The results of the previous section demonstrate that 
in the limit of no trapping the quantity (E~) acts as an 
additive constant to En in causing rotational excitation. 
Since the trapping fraction at even the lowest En em
ployed in this work has a limit of 36%, we believe our 
measurements correspond to a low trapping regime to 
which the limiting behavior applies. The fact that the 
model employed in the last section would predict devia
tion is not unexpected because the hard cube model is 
known to overestimate4,40,42 the extent of trapping. 

Our values of (E~> (see Table II) should be compared 
to the value of 9076 K (0.78 eV) determined in the fol
lowing manner by Kleyn et al. 9

(a) They fit the Boltz
mann region at low J to a temperature which was then 
extrapolated against En to yield an estimate of (E~>. 
The distinction between the Boltzmann and rainbow re
gions in their data was more pronounced than ours be-

cause En ranges from 700 to 11600 K. However, we 
believe this distinction between the Boltzmann and rain
bow regions to be an artificial one for determining (E~). 
We question using any subset of the distribution applying 
to direct inelastic scattering to extract quantities char
acteristic of that channel. For example, the simple 
model of the preceding section (see also the Appendix) 
requires that the entire distribution must be considered. 
Moreover, the well depth obtained using the analysis of 
Kleyn et al., which applies to the entire surface, might 
suggest the presence of much larger trapping fractions 
than inferred either in this study or the studies of Asada 
et al. 37 

There is an additional determination of the NO/ Ag(111) 
well depth, namely that of Goddard et aL 46 who obtained 
a value of 12450 K (1. 07 eV) by flash desorption. How
ever, their value refers to NO surface sites that repre
sent only 5% of the total number of Ag atoms available. 
Our measurements are insensitive to such possible 
minority sites. It should be noted that in general scat
tering experiments sample all possible surface sites 
while in desorption only a restricted sample of sites is 
probed. 

Closer inspection of Table I shows that the (Er ) as
sociated with the F2 component is generally larger than 
that of the FI component. The difference between these 
two quantities increases with En above En = 557 K. As 
a result, the best least squares values of a, b, and (E~> 
(Table II) differ for each spin-orbit component outside 
of their combined uncertainties. We are unable to es
tablish at present the cause of this behavior. Several 
possibilities could at least partially account for these 
observations. In the gas-phase literature there is pre
cedence that An = 1 transitions become more probable 
as the final J increases. This behavior is seen24 ,35 for 
collisions of NO 2nl / 2,3/2 with Ar, and this phenomenon 
has been predicted by Chu47 who finds the relative cross 
sections for [An = 1]/[ An = 0] transitions scale with the 
square of the Hund's case (a) Fl and F2 mixing coeffi
cients appropriate to the true, intermediate state for 
each J. Using these J-dependent mixing coefficients 
and considering only the first two terms in the multipole 
expansion of the potential, the predicted [An" 111[An = 0] 
cross section ratio for NO increases by nearly a factor 
of 10 from J - J' = 5.5 to J - J' = 25.5. Although the situ
ation for surface scattering is likely to be considerably 
more complex, the result suggests that higher values of 
(E.> are not unexpected in the F2 component. If this is 
true then the high rotational states of the Fl component 
would be lost preferentially to the F2 component. This 
mechanism might be incorporated in Eq. (3) by simply 
adding to the expreSSion for {Er > for the F2 component 
and subtracting the same term for the Fl component, 
where d is a constant. This would preserve the bilin
ear dependence of (Er> on En and Es and predicts that 
both a(3/2) and b(3/2) in Table II should be greater than 
a(1/2) and b(1/2). The data only partially bear this out. 
Another problem is that this model cannot account for 
(E~> (1/2) *" (E:> (3/2). Specifically, the best least 
squares values of (E~> differ by nearly 800 K, which 
lies outside their combined uncertainties by 200 K. 
This difference corresponds to 37% of the FI value. We 
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also note that such a splitting is more than 4 ± 2 times 
larger than the splitting of the F t and F2 components in 
the isolated molecule and may be indicative of different 
NO(2nt / 2•3 / 2)/ Ag(111) potentials. However, this picture 
may be complicated by several factors. First, the in
cident beam is over 98% in the F t component. To be 
affected by a different potential well would require a 
transition from F t to F2 in the entrance channel. In 
addition, for this difference between the two wells to 
be manifested in the final rotational state distributions, 
a differential transition probability between the two com
ponents would be required in the exit channel. Further 
experiments which address the subtle differences be
tween the two fine structure components are needed. 

E. Conclusion 

Using the technique of laser induced fluorescence we 
have measured the rotationally and electronically in
elastic scattering of NO from clean Ag(111). The inci
dent NO molecules were rotationally and translationally 
relaxed to < 10 K and more than 98% of the molecules 
were in the lowest ent / 2=Ft ) spin-orbit component. 
This allows unambiguous determination of the extent of 
rotational and electronic excitation upon collision. The 
NO internal state distribution was monitored as a func
tion of inCident kinetic energy, surface temperature, and 
inCident scattering angle. At low incident kinetic ener
gies the rotational state distributions appear Boltzmann 
but at higher incident kinetic energies a broad maximum 
appears at high J. We have determined that the mea
sured excitation is a result of direct inelastic scatter
ing and that the average final rotational energy (Ey) de
pends linearly on both the normal component of the in
cident kinetic energy, and the surface temperature 
Es(= Ts): 

(Er)=a(En+(E~»)+bEs . 

Here a, b, and (E~> are constants independent of En and 
Es for 557 < En < 2321 K and 475 < Es < 750 K. This con
clusion applies to the first moments obtained by averag
ing over the entire final rotational state distribution, 
i. e., both the low-J Boltzmann region and the high-J 
rainbow region are included. Our lowest beam energy 

data (En = 169 K) show a similar linear dependence on 
Es but the slope is larger than b and the intercept is 
lower than that obtained by extrapolating the En 2: 557 K 
data [using a (169 K+(E~»)]. We interpret (E~) as a 
consequence of the true averaged NO/ Ag(111) well depth. 
Efficient excitation of the F2 component is found and its 

where the various constants have been defined in con
nection with Eqs. (4) and (5). This equation can be sim
plified by introducing the assumption that the critical 
surface velocity for trapping, vsc( e e), be small enough 

value of (Er> exceeds that of the Ft component for En 
> 557 K. Thus, the two fine structure distributions yield 
somewhat different values for a, b, and (E~), suggesting 
possibilities of J-dependent An electronic inelastiCity 
and differences in the two N0(2nt/2.3/2)/ Ag(l11) poten
tials. On the other hand, the (Er) values for the dif
ferent NO 2n A doublets corresponding to different orien
tations of the 7T electron cloud are found to be the same 
within experimental uncertainty, although differences 
have been measured by Kleyn et al. 9(c) at higher inci
dent beam energies. We also find that the population of 
the F2 component relative to the F t component increases 
near En = 169 K. This trend parallels that found for (Er>. 
It is quite likely, given the departures from simple hard 
cube behavior found at En = 169 K, that these effects rep
resent a trend toward equilibration to Ts. This view is 
also supported by the fact that both (E.) and the popula
tion ratio at this beam energy exhibit a more pronounced 
dependence on surface temperature than do the corre
sponding values at higher En' Whether this is the result 
of the classically expected phenomenon of multiple en
counters with the surface is uncertain. 

The bilinear dependence of (Er> on En and Es can be 
approximated using a one-dimensional impulsive model 
for the mean rotational energy density. However, this 
fit requires a trapping fraction larger than that inferred 
from angular distributions. 37 The hard cube model as
sumes that all collisions having more than one turning 
point belong to the trapping/desorption channel. It may 
be necessary to consider models which include incom
pletely accommodated multiple colliSions. 
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APPENDIX 

It is possible to show that under certain limited con
ditions the mean final rotational energy flux predicted 
by the hard cube formalism described in Sec. IV C de
pends on En and Es in a bilinear fashion similar to that 
given by Eq. (3). The expression for (Er> in flux space, 
denoted by (Er)f' is given by 

(AI) 

(A2) 

I 
so that all surface velocities having Significant prob-
ability at a given Es lead to direct inelastic scattering. 
This requires that vsc(8e)$-3(2kbEs/Ms)1/2. This cri
terion is met when the incident velOCity for the gas after 
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acceleration by the attractive part of the potential is 
large compared to the surface cube velocity, i. e., when 
/l (En + Ew)/ Es »1. In this case the lower limit of the in
tegral over surface velocities in Eqs. (AI) and (A2) can 
be extended to minus infinity. 

Because the expression for the final angular velocity 
[cf. Eq. (4)] is separable in the angular and surface 
velocity variables and because the lower limit of the sur
face velocity integral in Eqs. (AI) and (A2) is assumed 
to be independent of the angular variable, it follows that 
the expression for the mean final rotational energy flux 
[Eq. (AI)] is separable in the ee and Vs variables and can 
therefore be expressed as the product of two factors. 
The first factor, given by the integral over molecular 
orientation ee, and represented by the symbol (A1), con
tains all the dependence of (E,), on the "shape" or ge
ometry of the gas molecule: 

1 f' 4/l..R . (A1)= 2' 0 ~ sm eedee . (A3) 

The second factor, given by the integral over surface 
velocities, contains all the dependence of (E,), on the 
energies in the system, En, E w , and E.. Performing 
the integration over surface velocity gives for (Er ),: 

(E,), = (A1) {(En + Ew)+ 2~ Es} . (A4) 

This bilinear form for the mean rotational energy flUX 
is of the same form as Eq. (3) which represents the ex
perimentally observed relationship for the mean rota
tional energy density. 

When Eq. (A4) is applicable, then the constants in the 
bilinear fit have an appealing interpretation, namely, a, = (A1) describes the shape of the molecule as seen by 
the surface, b, = 1. 5 (A1)/ /l permits the extraction of 
the effective surface mass, i. e., the "number" of sur
face atoms interacting with the gas, and ci = (A1)Ew is 
related to the average well depth. These conclusions 
hold for the hard cube model but retain their validity if 
the final angular velocity w' is proportional to the nor
mal component of the initial relative velocity v;"'. 
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