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In this paper we describe a series of beam-surface scattering experiments which examine the 
internal and translational energy dependence of the molecular condensation probabilities for Ccl, or 
SF, colliding with their respective condensed phases. It has been conclusively shown that thermal 
excitation of a polyatomic molecule’s rotational and vibrational degrees of freedom can inhibit its 
probability of sticking upon impact with a cryogenically cooled surface. This effect is most 
pronounced in the limit of low incident kinetic energy, and essentially vanishes at higher velocities. 
As part of these experiments, we have also obtained the angular and velocity distributions for 
reflected SF, and Kr which have been used to examine the energy and momentum exchange of these 
gases with their respective condensed phases. Our findings suggest that heterogeneous laser isotope 
separation schemes based on precollision molecular excitation may warrant further investigation. 

INTRODUCTION 

Molecular beam-surface scattering experiments are ide- 
ally suited for studying many aspects of gas-surface interac- 
tions. Scattered particle angular distributions, velocity distri- 
butions, and internal energy distributions can now be 
obtained from such experiments in which the incident beam 
can be well defined with respect to its velocity, incident 
angle, and possibly internal quantum state. The target surface 
can also be well characterized with respect to its temperature, 
composition, and crystallographic plane. Perhaps most 
uniquely, these experiments can yield valuable information 
on the initial interaction between the incident particle and the 
target surface since the gas-surface interaction potential is 
sampled by “single collision” scattering events. 

In this paper we report surface scattering experiments 
which have examined the mechanistic details of gaseous 
condensation. In particular, we have set out to understand 
whether, and if so to what extent, excitation of a polyatomic 
molecule’s internal degrees of freedom (vibration, rotation) 
can influence its sticking probability upon collision with a 
cold surface. This question is of current interest for a variety 
of reasons. In addition to its obvious fundamental importance 
in understanding gas-surface collisional energy transfer, an 
improved understanding of polyatomic gaseous condensation 
may lead to new schemes for heterogeneous laser isotope 
separation. Furthermore, it is also desirable to understand 
how both internal and translational energy influence sticking 
probabilities as the resulting physisorbed molecules are, in 
many instances, the precursors to chemically important 
chemisorbed species. Our goal therefore is to investigate the 
microscopic details of physical adsorption and gas-surface 
energy exchange mechanisms, which should enable us to im- 
prove our understanding of the macroscopic, and physically 
important, process of gaseous condensation. 

Both theoreticalle4 and experimenta14-6 investigations of 
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the internal energy dependence of molecular condensation 
have previously appeared in the literature. Gochelashvili 
et aZ.’ have suggested that the sticking coefficient, S, for 
polyatomic molecules should be expressed as 
S= 1 -exp( -E,/E,,,) where E, is the critical adsorption en- 
ergy and Etot represents the total energy of the incident mol- 
ecule, E,,,=E,,,+Evib+Erot. From this expression they in- 
fer that the reflection probability difference between 
selectively excited molecules and unexcited ones may serve 
as the basis for heterogeneous laser isotope separation. This 
model is obviously an oversimplification of the complex en- 
ergy transfer pathways for this process. Basov et aL4 have 
proposed a model which suggests that local heating of the 
phonons in the immediate region of an adsorption event (due 
to deposition of E,,) may lead to reevaporation of the ad- 
sorbed entity. This is a highly improbable description of the 
condensation process. Karlov and Sha&u? have proposed 
that the enhanced reflection probability of excited molecules 
must critically depend on the efficiency of V--+T energy ex- 
change during the initial collision event. Finally, Doll3 has 
proposed a phenomenological model to describe internal en- 
ergy effects in condensation phenomena which suggests, 
based upon adiabaticity arguments, that rotational and low- 
frequency vibrational excitations will have a significant in- 
fluence on molecular sticking probabilities. All of the above 
descriptions, in spite of their simplified nature, do predict 
that internal excitation should inhibit condensation. Experi- 
mentally, much controversy still exists over the existence of 
internal energy effects during physisorption. Bulk kinetic ex- 
periments with COZ and CO excited in electrical discharges4 
and with laser excited BC13 (Ref. 5) suggest that such effects 
are significant. However, the internal energy effect reported 
for laser excited BCl, has not been observed in an attempted 
reproduction of that experiment.6 

In contrast to the situation for physisorption systems, 
there has been much activity aimed at quantifying the influ- 
ence that internal excitation can have on dissociative chemi- 
sorption probabilities. Early classical trajectory calculations 
of Gelb and Cardillo7 predicted that the probability of H, 
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dissociation upon collision with Cu(100) should exhibit a 
40-fold increase for u = 1 Hz relative to molecules in their 
ground vibrational state. These calculations, carried out in 
support of prior dissociative adsorption sticking measure- 
ments,8’9 raised many questions about the nature of the po- 
tential energy surfaces for such systems. Subsequent 
theoretical’q-‘3 and experimental’4-18 studies have helped 
clarify the various nuances in the potential energy surfaces 
and collision dynamics which account for such internal en- 
ergy effects. Another prototypical molecule in the area of 
activated chemisorption has been CH,. Early field emission 
studies by Stewart and Ehrlich” seemed to indicate that ther- 
mal vibrational excitation of CH, could promote dissociative 
chemisorption on rhodium (other interpretations of their ex- 
perimental findings are also possible). Yates et aL2’ have 
shown that laser excitation of the CH4 y and (indirectly) 2v4 
and v4 modes does not significantly promote its chemisorp- 
tion on Rh( 111). Ehrlich and co-workers2’ have also shown 
that excitation of methane’s y mode to either its first or 
second excited level does not actively enhance its probability 
of dissociative chemisorption on evaporated films of 
rhodium. Studies involving thermal excited molecular beams 
of CH, indicate the presence of small but measurable vibra- 
tional effects in dissociative adsorption.22.23 The still evolv- 
ing issue here is to delineate the relative efficacy that exci- 
tation of different normal modes have towards dissociative 
chemisorption, and to use these findings to improve our un- 
derstanding of chemisorptive potential energy surfaces. Re- 
lated to this issue are the mechanisms and probabilities by 
which collision induced energy exchange processes couple 
internal degrees of freedom (R, V,E) with each other and 
with the translational coordinate, such as in directz4 and 
trapping-desorption” mediated scattering. 

EXPERIMENT 

A crossed molecular beams apparatus, which is similar 
in design to one which has been previously described in 
detai1,27 was modified for this experiment by replacing one 
of the beam sources, and its differential pumping region, 
with a cryogenically cooled target surface assembly. The ini- 
tial experiments involving Ccl, utilized a liquid nitrogen 
cooled target mount. In subsequent studies involving SF, and 
Kr the above was replaced by a more sophisticated surface 
assembly which was cooled by a CT1 Model-21 closed cycle 
helium refrigerator, producing T,> 10 K. The underlying tar- 
get substrate for both systems was fabricated from polycrys- 
talline copper, which was prepared with a chemical polishing 
procedure similar to that described by Ahearn et ~1.~~ 
2-mercaptobenzothiazole was used as the nitrogen contain- 
ing additive in our polishing procedure.28 

The experiments presented in this paper have directly 
confirmed the existence of an internal energy dependence of 
molecular sticking probabilities for collisions of rotationally 
and vibrationally excited molecules with a cold surface. We 
have examined this internal energy dependence as a function 
of incident translational energy for velocity selected, and 
thermally excited, molecular beams of Ccl, and SF,. A pre- 
liminary report of the Ccl, results has appeared previously.26 
Thermal excitation rather than laser (state-selective) excita- 
tion was employed in these studies as the main interest was 
to establish the presence, and to gauge the extent, of internal 
energy effects in gaseous condensation. For relatively large 
polyatomic molecules, such as SF,, thermal excitation al- 
lows us to “excite” virtually all of the incident molecules. 
Resonant ir laser excitation would only allow a small per- 
centage of the incident beam to be excited due to the rela- 
tively large partition function of these molecules (i.e., low 
population in any particular quantum state). The data prima- 
rily consist of angular distributions, velocity distributions, 
and intensity measurements of reflected molecules as func- 
tions of incident beam velocity, internal energy, and surface 
temperature. In addition to the internal energy dependence of 
sticking probability, results on energy accommodation and 
nonconservation of tangential momentum are also reported 
for SF, and Kr beams scattering from surfaces composed of 
their respective condensed (amorphous) ices. 

The main scattering chamber was pumped by an un- 
baffled 5300 /Is diffusion pump using DC-705 oil, and by a 
liquid nitrogen cooled cold shield which was very effective 
in pumping condensible beam and background gases. The 
base pressure of the scattering chamber was 1X 10e7 Torr 
during the course of these experiments. The copper “sub- 
strate” surface was therefore undoubtedly contaminated be- 
fore the onset of beam condensation. However, at the surface 
temperatures used for data collection the sticking probability 
of the incident beam was always >99%, indicating that a 
relatively “clean” surface, consisting of an amorphous ice of 
the incident beam gas, was always presented to the incident 
molecular beam. Without UHV conditions in our main scat- 
tering chamber fairly well defined target surfaces were there- 
fore generated via constant deposition of a large percentage 
of the incident beam. The reflected molecules analyzed in 
these experiments represented the - 1% (or less) of the inci- 
dent beam flux which did not condense upon impact with the 
cryogenic surface. 

Figure 1 is a schematic diagram which outlines the im- 
portant experimental components. The effusive, heated, and 
velocity selected beam source constructed for this experi- 
ment permitted independent variation of TB and v,, the 
beam temperature and beam velocity. This arrangement al- 
lowed us to examine gas-surface collisions involving poly- 
atomic molecules having different internal energies (i.e., 
beam temperatures) but essentially the same translational en- 
ergies (constant velocity selector frequency). Tbe heated, ef- 
fusive source consisted of a 6 mm o.d.14 mm i.d. quartz tube 
which was wrapped with 0.5 mm diameter tantalum wire at a 
turn density of 3 turns/cm. The wire heater extended from 
the front tip of the quartz tube to a point ca. 50 cm back from 
the tip in order to ensure vibrational and rotational equilibra- 
tion of the quickly flowing gas with respect to the oven tem- 
perature. The orifice at the front of the tube was a slot mea- 
suring 0.75 mmX2.80 mm. A radiation shield surrounded the 
entire heated tube to ensure uniform heating of the oven by 
blackbody radiation. The true oven temperature was obtained 
by fitting the effusive velocity distributions produced from 
the source to Maxwellian distributions as a function of oven 
power; thermocouples implanted in the oven were calibrated 
against these distributions. Extreme care was taken to ensure 
that Maxwellian distributions were in fact generated during 
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FIG. I. Schematic diagram of the experimental scattering apparatus. In later 
experiments a closed-cycle helium refrigerator replaced the liquid nitrogen 
cooling of the target substrate. 

the above oven calibration tests by running the source at very 
low stagnation pressures. 

The velocity selector was similar to one which has been 
previously described.29 It consisted of six 0.1 mm thick alu- 
minum disks, with each disk having 160 slots of 0.081 cm 
width even spaced around its circumference. The average 
radius to the midpoint of the slots was 4.50 cm. The selector 
had approximately a 20% FWHM AVIV bandpass function 
and was found experimentally to have a A conversion factor 
of about 201 cm, where (h)X (wheel frequency)=most prob- 
able transmitted velocity. The overall length of the velocity 
selector was 2.74 cm. Absolute determination of the Ccl, 
and SF, flux distributions transmitted by the velocity selec- 
tor, as a function of oven temperature and selector frequency, 
was always carried out with high resolution (4 ,us/chan dwell 
time) single-shot time-of-flight (TOF) techniques. The veloc- 
ity selector could be operated at frequencies up to -400 Hz 
(most probable transmitted velocity -8X lo4 cm/s) and the 
source oven temperature could be varied between room tem- 
perature and about 700 K. These T, and V, ranges permitted 
the internal energy (EJ to translational energy (E,) ratio to 
vary over a wide range for polyatomic molecules. For the 
Ccl4 experiment the oven temperatures used were 298 and 
560 K, and for SF, these temperatures were 300 and 608 K. 

The Ccl4 beam was run by immersing the Ccl, reservoir 
in an ice-water bath, with the resulting vapor passing through 
a series of needle valves before entering the beam source. 
Similarly, after the SF, was passed through a vacuum regu- 
lator its flow was throttled by a series of needle valves. The 
beams produced by this source were collimated by a series of 
apertures to a FWHM angular divergence of 2.2”. 

The first generation target assembly was designed so that 
it could be rotated out of the beamline in order to permit the 
detector to look directly into the incident beam. This was 
believed to be necessary in order to reference the incident 
intensity, during the course of an experiment, as a function of 

oven and velocity selector settings. However, subsequent 
measurements of reflected angular and velocity distributions 
revealed that beams scattering from room temperature (dirty) 
copper surfaces always thermally accommodated to T,, the 
surface temperature. The surface was therefore acting as a 
“beam normalizer” since all incident beams, regardless of 
their initial velocity distributions, scattered with the same 
final Maxwellian velocity distribution. This permitted us to 
design a much more precise target assembly, which did not 
have to rotate out of the scattering plane, when the closed- 
cycle refrigerator was added. For all of the experiments de- 
scribed in this paper the incident beam-surface angle, ei, 
was fixed at 50” from the surface normal. 

The particle detector used in these studies consisted of a 
rotating triply differentially pumped electron bombardment 
ionizer/quadrupole mass spectrometer.27 In-plane scattering 
events were detected, as defined by the surface normal and 
the incident beam, for reflected angles between 30” and 90” 
with respect to the surface normal. Time-of-flight velocity 
distributions were obtained with a post-collision chopper 
which was located in front of the entrance to the detector. 
Typical chopper to ionizer distances were 18.2 cm. For low 
signal experiments, conducted below the condensation point 
of the incident beam, cross-correlation TOF techniques3”.3’ 
were used, employing a 255-bit, -50% duty cycle pseudo- 
random chopping sequence operated at 12 @channel dwell 
time. 

Angular distributions were obtained by modulating the 
incident beam with a 150 Hz Bulova tuning fork chopper. 
Repeated angular scans were taken for all angular distribu- 
tions in order to achieve good signal-to-noise ratios. In the 
Ccl, experiment the detected ion was Ccl: while for SF, it 
was SF:. These daughter ions were of higher intensity than 
their respective parent ions. 

Finally, condensation experiments were performed under 
conditions having 399% sticking probability so that inelastic 
scattering events could be clearly distinguished from adsorp- 
tion events followed by subsequent particle reevaporation 
(trapped trajectories). This was accomplished by noting that 
the residence times of adsorbed (trapped) molecules were 
several orders of magnitude larger than the gating period of 
the tuning fork chopper, 6.67 ms, while the interaction times 
of “direct” inelastically scattered molecules were much 
shorter, typically lo-t2 s. In the extreme case of >99.9% 
sticking probability, virtually all of the detected molecules 
were directly scattered as the trapped molecules were effec- 
tively “frozen out” in the condensate. This situation was 
highly advantageous to our experiment as the scattering 
events carrying the important dynamical information were 
the directly scattered ones. This experiment therefore over- 
comes one of the main experimental difficulties associated 
with studying gas-surface collisions, as was briefly dis- 
cussed by Zwanzig32 in his early paper on gas-surface col- 
lisional energy transfer. 

RESULTS 

Angular distributions were obtained for CCL, and SF6 as 
a function of incident velocity, internal energy, and surface 
temperature. The scattering behavior for these two molecules 
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FIG. 2. Upper section: T,=280 K Ccl., experimental angular distribution. 
The solid line is a plot of the cosine (0) function. Lower section: Angular 
distribution obtained at a sticking probability of -ca. 90%. This curve ex- 
hibits characteristics belonging to both peaked and cosine scattering. The 
arrows indicate the specular angle in each of these figures. 

was found to be quite similar, as demonstrated below. All 
scattered angular distributions that were measured above 
each molecules’ respective condensation temperature were 
cosine in shape with respect to the surface normal. This by 
itself only indicates that the copper substrate was micro- 
scopically rough and that the incident beam was possibly 
thermally accommodating to T, . The upper portion of Fig. 2 
shows one of the first experimental angular distributions ob- 
tained for Ccl, scattering from a room temperature (dirty) 
copper surface. In order to resolve the question of possible 
thermal accommodation to T, scattered particle TOF distri- 
butions were recorded for several gases as a function of in- 
cident translational energy. The three curves shown in Fig. 3, 
for incident SF, mean velocities of approximately 2.0X 104, 
3.5X104, and 5.0X104 cm/s, conclusively demonstrate that 
thermal accommodation to T, is essentially complete. The 
proof for this is that the three scattered particle velocity dis- 
tributions, in spite of their different incident distributions, 
were superimposable and could be fit with a calculated 324 
K Maxwellian flux distribution (dashed lines in Fig. 3). The 
deviations at low velocities are an artifact of the experimen- 
tal TOF measurements, with the low velocity cutoff due to 
the finite width of the TOF chopper disk. TOF measurements 
for Ccl,, SF,, and Kr revealed that thermal accommodation 
to the surface temperature continued with decreasing T, until 
each molecule’s condensation temperature was reached. This 
was very fortunate as it allowed us to monitor incident beam 
flux, as a function of velocity selector setting and oven tem- 
perature, by simply making relative reflected number density 
measurements as a function of these parameters at TS>Tc, 
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FIG. 3. Reflected velocity distributions for SF, scattering from a room tem- 
perature surface. The dashed lines represent Maxwellian flux distributions 
for 324 K. This figure confirms thermal accommodation for incident mol- 
ecules. The three velocity selector frequencies correspond to mean incident 
translational velocities of 2.0X 104, 3.5X 104, and 5.0X IO4 cm/s. 

the condensation temperature for each molecule. (Since all 
reflected velocity distributions were identical, the relative 
number density measurements taken with our detector were 
equivalent to relative flux determinations.) This alleviated 
the need to continually remove the target surface from the 
beamline during the course of the experiment, as was de- 
scribed in the preceding section. 

When the surface temperature was dropped below the 
Ccl4 condensation temperature [T,(CCl,)= 142 K] to 
T,= 117 K a very interesting angular distribution was re- 
corded, which is shown in the lower portion of Fig. 2. This 
distribution consists of some molecules which scattered with 
a cosine(e) dependence, and others which scattered in a 
specularlike manner. As T,= 117 K corresponds to a Ccl, 
sticking probability of about 90% (as determined from the 
counting rate at the specular angle) this view seems plau- 
sible. This indicated that still lower surface temperatures 
would be needed to study inelastic scattering events as the 
large contribution from trapped molecules (those which had 
been adsorbed, thermally accommodated, and subsequently 
reevaporated) still dominated the detected signal. 

The angular distributions taken far below the Ccl, con- 
densation temperature exhibited a marked difference in 
shape from those discussed above. Figure 4 shows the angu- 
lar distributions taken with T,=90 K and TB (oven tempera- 
ture) 298 K, while Fig. 5 shows those obtained with T,=560 
K, for several different incident velocities. For Ccl,, T,=90 
K corresponds to a sticking probability of ~99.5% as deter- 
mined from the counting rate recorded at the specular angle. 
These distributions have no visible remnant of accommo- 
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FIG. 4. Angular distributions obtained for two translational velocities with 
T,=298 K. These data were taken under conditions of high sticking prob- 
ability, with S>99.5%. 
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FIG. 6. Angular distributions for three different incident SF, velocities with 
T,=300 and 608 K. These distributions were obtained in the limit of very 
low T, , at a sticking probability of >99.5%. 

dated (cosine) scattering, and peak 15” superspecularly from 
the specular angle of 50”. Counting rates for the distributions 
shown in Figs. 4 and 5 were 10 counts/s, taken with a mle 
= 117 background of 125 counts/s. The lack of peak scatter- 
ing angle variation found in these figures, as a function of 
incident velocity, may imply that the Ccl4 molecules expe- 
rience constant relative momentum loss collisions with the 
surface; however, the overall skewing of the CC& angular 
distribution with respect to the specular angle, 13,=50’, does 
indicate that momentum accommodation occurs to a greater 
extent in the direction perpendicular to the surface than tan- 
gential to it. 

l 5. I5 Y IO’ cm/set 

4 0 : : t : : I : : 
-I _ CCI, 5600K 

l.O- Ts = 90°K 

Figure 6 shows the SF, angular distributions that were 
obtained at T,=50 K for three different incident velocities. 
Typical counting rates at v,=3X lo4 cm/s were 25 counts/s, 
with a mle=127 background rate of 230 count/s. Signal 
rates were substantially higher for faster incident velocities. 
This surface temperature corresponds to 299.5% sticking 
probability for SF, at those velocities. Once again, the angu- 
lar distributions do not vary very strongly with either inci- 
dent velocity or beam temperature. The lack of variation with 
beam temperature (internal energy) may indicate a weak cou- 
pling of internal to translational energy. However, due to the 
relatively large mass of SF,, only slight angular shifts would 
be expected. 

Angle From Surface Normal (deg) 

FIG. 5. Angular distributions for internally excited CCI, taken at a sticking 
probability of 299.5%. 

Using cross-correlation TOF techniques the question of 
SF6 energy accommodation was explored in much greater 
detail than during the Ccl4 experiment. The data shown in 
Fig. 7 represent a series of SF6 reflected velocity distribu- 
tions, taken at the specular angle, as a function of surface 
temperature. The dashed lines in each section of the figure 
represent the calculated SF, Maxwellian flux distributions at 
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FIG. 7. Reflected SF, velocity distributions as a function of decreasing 
surface temperature. The dashed lines in each section of the figure are the 
calculated Maxwellian flux distributions for each T, value. The onset of SF, 
condensation occurs at -79 K. 

each surface temperature. The experimental TOF distribu- 
tions can be fit extremely well with the Maxwellian distribu- 
tions for T,=280, 100, and 80 K indicating complete SF, 
thermal accommodation to T, . The low velocity deviations, 
as discussed earlier, are an artifact of the measurement. How- 
ever, as the surface temperature was further lowered from 80 
to 70, 50, and ultimately 20 K the experimental velocity 
distributions became faster than the Maxwellian distribu- 
tions. This clearly demonstrates that we are in fact analyzing 
inelastic events, rather than trapped and reevaporated ones, 
for very low T, values. Note also that the onset of conden- 
sation for SF, was found to occur at T,=79 K, in good 
agreement with the data shown in this figure. 

Important information about momentum exchange and 
energy accommodation can be obtained from the TOF distri- 
butions shown in Fig. 7. Table I summarizes the data taken at 
the specular angle for SF, with T,=300 K. The energy ac- 
commodation coefficients shown in this table, defined as 

Ei- E, 
QE=&-~s ’ 

TABLE I. SF, energy accommodation. 

Ts 03 a, (E,)@,) @,)I@,) 

70 0.82 0.29 2.2 1 
50 0.77 0.30 3.18 
20 0.77 0.25 6.79 
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pendicular to the surface conclusively demonstrates that tun- 
gential momentum is not conserved for collisions between 
SF, and an amorphous ice surface of SF,, ruling out an 
overly simplistic “hard-cube analysis”33 of the angular dis- 
tributions shown in Figs. 4, 5, and 6. The energy exchange 
diagram shown in Fig. 8 clarifies this point. In this figure V, , 
6,) T;i , and ei are all determined experimentally. Therefore, 
by measuring the reflected velocity distribution at a given 
angle an unambiguous analysis of momentum exchange can 
be carried out. The CQ values listed in Table I can only be 
explained by assuming tangential and perpendicular momen- 
tum loss, as indicated by the solid triangle whose sides are 
v,, G,,, and L in Fig. 8. The apparent weak dependence of 
CY~ on T, at low surface temperatures (i.e., in the limit of 
preferentially removing all thermally accommodated SF,) in- 
dicates that impulsive collisions are dominating the scatter- 
ing. 

Similar data were obtained for Kr scattering from kryp- 
ton ice as a function of T,. This is shown in Fig. 9 and 
briefly summarized in Table II. Once again the reflected ve- 
locity distributions have much higher average velocities than 
thermally accommodated ones for surface temperatures 
lower than the beam condensation temperature [T,(JLr)<40 
K]. Analysis of the reflected velocity distributions also indi- 
cate that tangential momentum is not conserved. The slight 
deviation of the 40 K experimental TOF distribution from the 
theoretical curve on its high velocity side may be real, and 
can possibly be explained by microscopic reversibility argu- 

ENERGY ACCOMMODATION 

Ei - Er 

wE * Ei - Es 

“.i 

0) 

where Ei is the incident translational energy, E, is the re- 
flected beam translation energy, and E, is the mean transla- 
tional energy of a molecule at T,, indicate that an extreme 
loss of energy is occurring upon impact with the surface. 
Analysis of the final velocity components tangent and per- 

FIG. 8. Schematic velocity diagram for gas-surface scattering events. CTk 
represents the tangential velocity vector within the hard-cube approxima- 
tion. 

J. Chem. Phys., Vol. 101, No. 2, 15 July 1994 
Downloaded 14 Sep 2004 to 143.106.6.126. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



25 K 

0’ I I , I I I 

20K 

I I 
0 I 2 

v 
~I043cm,aei 5 6 

FX. 9. Reflected krypton velocity distributions as a function of surface 
temperature, taken at the specular angle. The dashed lines in each section of 
the figure are the calculated Maxwellian flux distributions for each r, value. 

ments. One might expect evaporating particles to be slightly 
deficient in high velocity events since the condensation prob- 
ability for fast incident particles is less than that for slowly 
incident ones. 

Finally, and most importantly, we have conducted an ex- 
tensive investigation of how translational and internal energy 
influence the sticking probability of Ccl, and SF, for colli- 
sions involving these molecules and their respective con- 
densed phases. In Fig. 10 the relative reflection probability 
for Ccl,, as a function of incident velocity, is shown for two 
different oven temperatures (internal energies), T,=298 K 
and T,=560 K. These curves were generated by measuring 
the relative reflected flux, as a function of velocity selector 
setting, for T,=90 K. More specifically, the experimental 
data points were obtained by normalizing the reflected num- 
ber density detected at a given angle, as a function of oven 
temperature and velocity selector setting, to the incident 
beam flux for the same values of Vi and TB. 

TABLE II. Krypton energy accommodation. 

T, W) cr, (E,)@,) 69@,) 

40 0.99 0.14 1.09 
25 0.71 0.29 3.75 
20 0.79 0.26 4.11 
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Velocity (lo4 cm/set) 

EIG. 10. Ccl,, reflection probability as a function of incident velocity for 
T,=298 and 560 K. The dashed lines and related square symbols are the 
deconvoluted reflection probability curves for which the finite bandpass 
function of the velocity selector has been taken into account 

Two clear trends can be seen from the data shown here. 
First, reflection probability has a very strong dependence on 
incident translational energy, with the probability of reflec- 
tion increasing dramatically with increasing incident veloc- 
ity. Second, the relative reflection probability curves for two 
different internal energies differ at low incident velocities, 
and asymptotically merge with each other in the limit of high 
incident veloci@. This is the first indication that the internal 
energy (i.e., the energy stored in rotation and vibration) of a 
polyatomic molecule can influence its sticking probability, S, 
where RP (reflection probability)=1 -S. 

The above results, obtained as a function of velocity 
selector frequency, need to be deconvoluted with respect to 
the bandpass function of the selector since the transmitted 
velocity distributions were fairly wide, having a FWHM 
AVIV of about 20%. This was accomplished using an itera- 
tive, ratio method deconvolution procedure. Following the 
basic form of Siska’s iterative deconvolution procedure34 we 
have 

(2) 

where, in our case, h(v) is the experimental (folded) reflec- 
tion probability for a given velocity selector setting, g( v, v’) 
is the experimentally determined velocity selector transmis- 
sion function, and f,(v) is the nth deconvoluted (unfolded) 
approximation to h(v). The actual convolution integral, 
g*f, was defined as 
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g*fn+l= 
I 

“‘dv’ g(v,v’)fn(v’& g(v,v’)f,(v’) 
“i i=l 5 

(4) 

where y and V~ are the initial and final velocities transmitted 
by the selector at a given frequency. The actual g( v, v’) dis- 
tributions were obtained with high resolution single-shot 
TOF operating at 4 ,&channel dwell time. The convolution 
integral was calculated with trapezoidal rule numerical inte- 
gration. Each successive h(v) was generated by least squares 
fitting a fourth-order polynomial to f,(v), where 
f,(v)=RP,(v). After a few iterations, typically 3-5 cycles, 
the deconvolution procedure converged, and was tested by 
refolding f n,find( v) with g (v, v’) 

g*fn,fi”al= I 
Yfdv’ g(v,v’)f(v’)=h(v). (5) 

VI 

For most velocity ranges it was found that the refolded dis- 
tribution, g*f n,final ,virtually reproduced the experimental 
data, indicating a successful deconvolution. However, for 
relatively fast velocities (~34.5 X IO4 cm/s) the deconvolu- 
tion routine experienced difficulties since a very strong func- 
tion of velocity, RP(v), was being folded with a fairly broad 
bandpass function. The dashed lines shown in Fig. 10 repre- 
sent the results of this RP(v) deconvolution for Ccl, 

The internal energy dependence of condensation prob- 
ability can be expressed in a quantitative manner by plotting 
the ratio of the reflection probability curves, for different 
oven temperatures, as a function of incident velocity. We  
have explicitly calculated the reflection enhancement factor, 
EF, which is actually the ratio of relative reflected fluxes for 
molecules having the same translational velocity, vi, and dif- 
ferent internal energies 

(Fraction of flux reflected;TB= 560K) 
EF(Ts=90K’V’)=(Fraction of flux reflected;TB=298K) 

n90v90 

Incident ‘flu~( TB ; vi) 
T,=560K 

= 
1 n9°,~90 \I 7  (6) 

I 

-r -r 

Incident flux( TB ; vi) !I 
T,=298K 

where n:” and v:” are the reflected number densities and 
velocities at T, =90 K for each beam temperature. Figure 11 
shows the EF values determined for CC14, which were ob- 
tained from Fig. 10 using Eq. (6). The solid line in Fig. 11 
corresponds to the reflection enhancement factor that was 
calculated with the experimental RP(v) curves, while the 
dashed line corresponds to the deconvoluted result. 
The EF curves shown in thisjgure conclusively demonstrate 
that internal excitation sf a  moleculeS rotational and  vibra- 
tional degrees qf freedom leads to an  increase in its r@ec- 
tion probability (decrease in sticking probability) in the limit 
qf low incident velocity. EF=4 implies that internally excited 
Ccl4 molecules with (vi)-2.7X lo4 cm/s are four times more 
likely to scatter from the Ccl4 ice surface than vibrationally 
and rotationally “cool” ones. Furthermore, the EF curves 
shown in this figure indicate that in the limit of high incident 
velocities EF goes asymptotically to unity, indicating that 
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EF for Ccl, 
1 

61 ” ” ” 1  Oo  I2 3  4  5  
Velocity (104cm/sec) 

FIG. Il. Internal energy reflection enhancement factor curve for Ccl, as a 
function of incident velocity. EF=4 implies that internally hot (560 K) CC& 
molecules have a four t imes higher probability of being reflected from a 
cold (90 K) surface than do room temperature molecules. The dashed line 
and related open circles mark the deconvoluted EF curve for which the finite 
bandpass function of the velocity selector has been taken into account. 

internal excitation has little influence upon condensation 
probability for high velocity particles. This will be discussed 
in detail in the next section of this paper. Note that the actual 
v:” values which appear in Eq. (6) were not experimentally 
determined here (i.e., for Ccl,), and that the EF values 
shown in Fig. 11 were calculated assuming equal reflected 
velocities for scattered molecules which had the same inci- 
dent velocities but differing internal energies. In reality, the 
scattered molecules which were initially internally excited 
may scatter with slightly larger reflected velocities. The EF 
values of Fig. 11 may therefore be viewed as lower bound 
estimates for enhanced scattering due to internal excitation. 

Figures 12 and 13 show, respectively, the reflection 
probability curves and reflection enhancement factors for SF, 
with oven temperatures of 300 and 608 K, and T,=50 K, as 
a function of incident velocity. The solid lines once again 
correspond to the experimental distributions while the 
dashed lines are the deconvoluted results. The qualitative 
shapes of these curves are quite similar to those for Ccl,, 
indicating that internal excitation can inhibit condensation in 
the limit of low incident translational energy. The velocity 
range explored in these experiments could not be extended to 
include velocities lower than about 2.5 X lo4 cm/s or higher 
than 5.5X lo4 cm/s due to the extremely low signal level of 
the T,-300 K data in these velocity regimes. The RP( v) and 
EF(v) curves shown in Figs. lo-13 are the main results of 
this series of beam-surface scattering experiments. 

Extreme care was taken to guarantee that these reflection 
probability distributions were not an artifact of some system- 
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FIG. 12. SF, reflection probability as a function of incident velocity for 
T,=300 and 608 K. The dashed lines and related square symbols are the 
deconvoluted reflection probability curves for which the finite bandpass 
function of the velocity selector has been taken into account. 

4’ Oo /2 
I I I I 

3 4 5 
Velocity ( IO4 cm/set) 

FIG. 13. Internal energy reflection enhancement factor curve for SF, as a 
function of incident velocity. The dashed line and related open circles mark 
the deconvoluted EF curve for which the finite bandpass function of the 
velocity selector has been taken into account. The dotted line is an extrapo- 
lation of the deconvoluted EF curve to vi=5.5X IO4 cm/s. 

L- 
01234567 
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FIG. 14. Experimentally determined Ccl, incident flux distributions, as a 
function of velocity selector frequency, for T,=298 and 560 K. 

atic error. The reflection probability was monitored in a se- 
ries of tests as a function of beam intensity, and was found to 
linearly track the beam intensity. This indicated that impuri- 
ties on the surface (from background gas in the scattering 
chamber) were not significantly affecting the results. More 
importantly, the actual transmitted velocity distributions for 
the hot and room temperature source settings were not al- 
ways superimposable for the same velocity selector fre- 
quency. This occurred since the bandpass function of the 
selector was folded with the shape of the flux distribution 
effusing from the quartz slot. At high velocities the long tail 
of the high temperature flux distributions skewed the trans- 
mitted velocity distributions to higher velocities. Figures 14 
and 15 show the actual incident Ccl, and SF, velocity dis- 
tributions, as a function of velocity selector frequency, for 

T, -300 K I 

0.0 
012345678 

V (IO4 cm/set) 

FIG. 15. Experimentally determined SF, incident flux distributions, as a 
function of velocity selector frequency, for T,=300 and 608 K. 
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FIG. 16. Schematic energy diagram of a gas-surface interaction potential. 

both room temperature and elevated source temperatures. 
These distributions were obtained by taking TOF measure- 
ments with the detector looking directly into the incident 
beam transmitted at a given velocity selector setting. The low 
frequency (slow) distributions for hot and room temperature 
beams are superimposable for both Ccl, and SF,, while at 
higher frequencies the hot distributions are noticeably 
skewed to higher velocities. The virtual overlap of the low 
frequency distributions for different source temperatures is 
quite fortunate as the low velocity data points in Figs. lo- 13 
are the most crucial ones for supporting the presence of in- 
ternal energy effects. Nevertheless, the experimental EF 
curves shown in Figs. 11 and 13 have been corrected for 
these shifts, and the successful deconvolution of the data 
with respect to the actual incident distributions exactly cor- 
rected for the problem. 

DISCUSSION 

The results shown in the preceding section clearly indi- 
cate that the internal energy of a polyatomic molecule be- 
comes increasingly more important in determining its stick- 
ing probability as its translational energy is decreased. This 
can be understood in terms of the energy loss which must 
occur in the direction perpendicular to the surface for con- 
densation to occur. A simple energy level schematic for gas- 
surface scattering is shown in Fig. 16. The potential energy 
well in this figure represents the gas-surface interaction po- 
tential, Et and E, represent low and high energy incident 
trajectories referenced to the dissociation limit of the gas- 
surface potential, and AE, as drawn, indicates the total en- 
ergy loss which ultimately occurs for the E 1 trajectory if it 
becomes trapped and subsequently accommodated to T, , for 
low T, values. In this simplified picture of the condensation 
process the extent of initial energy loss in the direction nor- 
mal to the surface determines whether a particle becomes 
trapped, and subsequently accommodated to T, , or whether 
it will inelastically scatter from the surface. For trapping to 
occur the low and high energy trajectories must lose at least 
E i and E, , respectively, upon initial impact with the repul- 
sive wall of the gas-surface interaction potential. (This view 
is of course oversimplijied as multiple collisions, such as 
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those in a tumbling encounter; may also contribute to energy 
transfer and, ultimately, trapping. ) Energy losses less than 
these critical amounts will lead to “direct inelastic” scatter- 
ing events which have a strong memory of their initial state. 
As the translational energy of an incident molecule is in- 
creased we therefore see that increasingly more energy must 
be lost in the initial collision for condensation to occur. The 
steadily decreasing probability that this threshold energy loss 
will occur gives rise to the W(V) curves shown in Figs. 10 
and 12 for Ccl, and SF,. In the limit of high incident trans- 
lational energy we would therefore expect that coupling of 
internal energy (rotation, vibration) to translation upon im- 
pact with the repulsive wall of the gas-surface potential (i.e., 
V,R-+ T collisional energy transfer) would have very little 
influence on the condensation probability for the molecule. 
Conversely, this overview of the condensation process seems 
to indicate that any collisional V, R -+ T energy exchange for 
low kinetic energy incident molecules would lead to a sig- 
nificant decrease in sticking probability, as is experimentally 
found, as shown in Figs. 11 and 13. 

Since gaseous condensation is essentially a problem of 
translation accommodation, it is interesting to compare the 
relative effectiveness of internal and translational energy for 
inhibiting sticking. Using the vibrational quantum partition 
function for an ideal polyatomic molecule, the mean vibra- 
tional energy difference between Ccl, at 298 and 560 K is 
found to be ca. 3.7 kcal/mol, while the rotational energy 
change between these two temperatures is well approximated 
by 312 kAT, or ca. 0.8 kcal/mol. In going from 2.7X lo4 to 
5.0X104 cm/s the Ccl4 translational energy increases from 
about 1.3 to 4.5 kcal/mol. Over this velocity range the de- 
convoluted TB = 300 K, RP( V) curve for Ccl4 increased by a 
factor of about 15, while the largest EF found was only about 
4. Therefore translational energy appears to be more “effi- 
cient” per unit of energy than internal energy in inhibiting 
condensation. This comparison is not totally fair as all of the 
internal modes certainly do not collisionally couple to trans- 
lation upon impact. However, the trend outlined above is 
representative of the behavior exhibited by relatively large 
polyatomic molecules. Similar calculations for SF, lead to 
the same qualitative result as above. The increase in vibra- 
tional energy for SF, in going from T,=300 to 608 K is 
found to be about 8.3 kcal/mol, while the gain in rotational 
energy is 0.9 kcal/mol. Similarly its translational energy in- 
creases from 1.3 to 4.4 kcaYmo1 upon increasing its mean 
incident velocity from 2.7X lo4 to 5.0X lo4 cm/s. The SF, 
RP( V) curve for TB =300 K increased by a factor of - 10 
over this translational energy range, while EF for the most 
favorable case was only about 4.6. 

Finally, our findings emphasize that the internal energy 
reflection enhancement factor should be treated theoretically 
with a dynamic, collisional energy transfer description akin 
to gas-phase and gas-surface inelastic scattering models. 
Adsorption-re-evaporation modelstV3 are inadequate for de- 
scribing the results found in this experiment. 

CONCLUSION 

Molecular beam surface scattering experiments have 
been carried out which have shown that the internal energy 
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of a molecule can significantly influence its sticking prob- 
ability upon collision with an amorphous ice of its own con- 
densed phase. This internal energy effect is greatest for mol- 
ecules having relatively low incident translational energies, 
and essentially vanishes at higher velocities. For Ccl, and 
SF, the largest reflection enhancement factors, EF, found 
were, respectively, 3.7 and 4.6 (with EF defined as the ratio 
of reflected fluxes for molecules having different internal en- 
ergy content but traveling with the same incident kinetic en- 
ergy). Reflected particle velocity analysis carried out with 
cross-correlation time-of-flight techniques has revealed that a 
very large degree of translational energy accommodation is 
occurring for inelastically scattered SF, molecules, with ther- 
mal accommodation coefficients, a%, as large as 0.77 being 
achieved. The weak surface temperature dependence of cr, 
for Kr and SF, in the limit of low surface temperature im- 
plies that impulsive collisions are dominating the observed 
scattering events. Tangential momentum is not conserved in 
these collisions. Finally, these studies were conducted in the 
limit of very high sticking probability (399%) so that the 
trapped (accommodated) molecules would be essentially fro- 
zen out upon impact with the surface, leaving only the “di- 
rect inelastic*’ scattering events contributing to the detected 
signal. This condition is highly advantageous as the directly 
scattered molecules contain the important energy exchange 
and collision dynamics information sought after in this ex- 
periment. Our findings suggest that heterogeneous laser iso- 
tope separation schemes based on precollision molecular ex- 
citation may warrant further investigation. 
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