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Lawrence Berkeley Laboratory and Department of Chemistry 

University of California, Berkeley, California 94720 

and 

R. B.' Walker 
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Los Alamos, New Mexico 87545 

ABSTRACT 

Crossed molecular beam experiments have been performed measuring 

angular distributions I(e) of HF(ll:+) scattered o:ff Xe(lS ) at collision 
. 0 

energies of 0.044 and 0.153 eV. The I(e) show rainbow and supernlllllerary 

rainbow structure, with diffractive oscillations just being resolved in 

the low energy data. A spherically symmetric potential V (R) is fit to o 

the data with well depth and rniniIDlllll position 0.016 eVand 3.77A. Using 

this Vo(R) , four model potential surfaces V(R,y) are constructed and 

scattering calculations are performed employing the j conserving approx-z 

imation. The calculations treat HF as a rigid rotor and use a collision 

energy of 0.044 eV. The calculations emphasize the role of the initial 

rotational state as well as the effect of the type and degree of anisot

ropy of V(R,y) upon total and state-to-state center-of-mass differential 

cross sections. In particular, it is found that when V(R,y) is strongly 
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attractivefot one particular atom-diatom orientation, the elastically 

scattered rainbow is shifted to.larger angles compared to the rainbow 

from Vo CR) scattering-if the initial rotat.ional state j. = O. For 
.In . 

jin ';'·1 and.2 the V(R,y) scattering tends to resemble that for Vo(R). 

Because the, j .dis.ttibution in the HF beam is not well characterized, , . ln .. . . .. . 

and becaUse it is shown that very similar total differential cross sec-

tions at one energy can be generated from qualitatively different 

V(R,y) with similar Vo(R), even for the same jin' conclusions about the 

HF-Xe anisotropy ofV(R,y) froni Ice) are·precluded. However, the ex

tracted V (R) is thought to be realistic based on the consistency of fits o . . 

to the two I (e) at significantly different collision energies and the 

likelihood of .a relatively high rotational t~rnperature of .the HF beam 

due to heating of the ,nozzle source. 
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I. Introduction 

Considerable effort has been made in the past few years to ob-

tain information about intermolecular forces between two electronic 

closed shell atoms, ions, and molecules. l The operating forces, or 

equivalently, the interaction potential energy over a range of inter-

molecular distance R, is theoretically well described at large R (zero 

electron overlap) where the potential can be expanded in a converging 

multipole series, and at small R where repulsive forces dominate due to 

the Pauli exclusion principle. 

At intermediate R, in the vicinity of the so-called van der Waals 

. well, accurate theoretical description (and computational prescription) 

of the potential becomes difficult, though some success in configUration 

interaction calculations for the He-He, Li+-H2, and He-H2 systems has 

been achieved. 2 The statistical electron gas model3 has given results of 

semiquantitative accuracy for the region near the minimum of the poten-

tials, though it appears to work better at small R by comparison to both 

Hartree-Fock calculations and experimental evidence. 3,4 Another simple 

model has been used to predict the attractive well region of the inter

action potentials from the large and small R regions and appears rather 

successful for the two nuclei caseSa and for the anisotropic He-H2 and 
Sb Ne-H2 cases, though extension to larger electron systems with anisot-

ropy remains to be seen .. Experimental quantitative determination of the 

potential as a function of internuclear distance V (R) in the region of o 

the attractive well has been obtained for many combinations of rare gas 

atoms, most notably by means of crossed atomic beam scattering6 and far 



2 

ultraviolet absorption spectroscopy of dimers. 7 

In this paper we.cortfineour discussion to" the interaction of 

one rare gas atom-and bne L: state molecule, especiallY,the interaction 

of grOlmd state Xe and HF. This 'problem .is inherently more difficult 

. than' for twoiare gas'atoIDS,because the interaction is described by 

V (R,y),, where R represent's the distance between the molecular.,cente,r-of

rtlass and atomic nucleus,' and yis _ the angle between the molecular, axis 

and R. One, can classify experimental studies of this type of inter-

action into three groups. (1) Spectroscopic~tudies have been per-

formed 'on bound atom:-diatom c~mplexes in the gas ,phase. Nozzle 'beam 

preparation of the complexes have shown, promise, in laser induced visible 

fluorescence work8 and in molecular beam electric resonance spectroscopy 

(MBERS) utilizing-radio:"and microwave radiation. 9 These studies have 

only probed V(R,y) local to its minimtun. Infrared absorption studies 2,10 

on bulk gas samples have also been performed, obtaining inforrriation cover-

ing larger regions of the V(R,y) attractive welL The spectral analysis 

is nontrivial' in general, especially for the infrared spectra. (2) Many 

macroscopic ptop~rtiesl1 exhibit,the influence of the potential anisot

ropy, such asnmr spin lattice relaxation times,infrared and Raman line-

shapes and shifts, and rotational relaxation times, to name a few. 

Evaluation of V (R, y) from such data is generally complicated and often 

ambiguous owing to the macroscopic nature of ,the phenomenon ,and some-

times the use of computational models of questionable accur;acy. , (3) 

Scattering' experiments have been performed to obtain integral cross sec-

" "1" d 1 l' 12 d "1 1 dl3 d 114 tl0nson a 19ne mo ecu es, " an rotatl0na, state reso vean tota 
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differential cross sections. These methods, like those of class (1), are. 

a direct probe of the potential surface, but also can suffer from ambi-

guity or complexity of analysis. ,Since different approaches might only 

probe different regions of the interaction potential and because of pos

sible ambiguities in a single set of data use of a number of types of 

experimental data when available is preferable15 for obtaining more 

complete information. 

The rare gas-hydrogen halide (RG-HX) interactions have been stud-

ied extensively as a simple prototype anisotropic interaction. In par-
. . 4a l4a 16 tlcular, much work has been done on Ar-HCl , ' , though agreement on 

the potential surface has not been reached. It should be noted that the 

MEERS experiments of Klemperer and coworkers gave an accurate structure 

determination16b for the ground state of the complex. MEERS studies have 

also been performed on Ar_HF17a and xe-HCl,17b showing, as for Ar-HCl, a 

"floppy" cori1plex, that is, large amplitude H motion, for the linear RG

H-X structure, though the Xe-HCl study shows a trend toward a more rigid 

bond. 

Earlier work has been done on Xe-HF by infrared spectroscopy of 

HF trapped in a Xe matrix near 4oK:8a and measurements of gas phase infra

red linewidths and shifts. 18b ,c The Xe matrix work18a gives an estimate 

of the well depth of the Xe-HF potential of -300 em-I (0.037 eV) and an 

Xe-HF separation of 3.5A (where V = 0). This is deduced using a model18d 

to account for observed vibrational band displacements. However, further 

investigation of Xe-HF is warranted because the interpretation of the 

matrix vibrational band displacements are model dependent, infrared line

widths and shifts are not quantitatively reproduced, and because Xe-HF is 



an extreme of t~e RG-HX class .. which has received intense study~. We have 

employed the method ofthe.measurement of total angular distributiQns 

1(8) (including both elastic and inelastic contributions) by the crossed 

molecular beam method in.an attemptto·further the understanding- of this 

inter.action. 

The approach then used in this study is to, fit the measured 1(8) 

by a spherically symmetric V (R), construct a few model V(R,y) keeping o 

in mi~d the determined Vo(R)and other work on HF-Xe and other RG-HX 

molecules, and then calculate the differential cross sections for these 

V(R,y) for a comparison' to the data. The question of.the,validity of 

using a spherically symmetric V (R) in.the analysis of angular distri-o 

but,ions is addressed; this question is linked, of course, to th~degree 

of anisotropy in the true V(R,y), and has been rather extensively 

studied. 16d,19 Also related to the.question of using aVo(R) in the 

_1(8) analysis is the effect of the initial rotational state, and rota

tional constant, upon the scattering; this effect has 'not received much 

attention and the HF molecule is well suited to such a study because its 

small moment of- inertia implies a dramatic effect in 1,'otation as the 

initial rotational state is raised from the ground state. 

II. Experimental Method 

The apparCitus and technique used has been described. in detail 
20 elsewhere. Briefly,_ aJter two stages of differential. ptmIping, the HF 

and Xebeams cross at 900 under single collision conditions in. the scat

ter.ing main chamber maintained at --3 X 10- 7 torr. The scatteredHF wC!-s 

detected at nile 20 by a triply differentially ptnnped rotating quadrupole 
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mass spectrometer. The HF entering the detector is ionized by impact 

of ZOO eV electrons and standard ion counting was used subsequent to 

mass filtering. Because the probability of ionization is proportional 

to the particle's residence time in the ionizer region, 1(8) is in terms 

of number density, not flux. Counting times varied from 15 to ISO sec 

depending on the signal count rate at given scattering angles, and sig-

nals at a reference angle were used for the comparison of the signals at 

all the observed angles in order to normalize possible fluctuations of 

beam intensities and other experimental conditions. The target Xe beam 

was modulated at l50·Hz for background subtraction. A minimum of four 

angular scans were taken at a given energy. 

The stagnation pressure and temperature of the Xe beam was kept 

at 350 torr and Zooc. With a 0.1 mm nozzle negligible XeZ formation 

occurs for these conditions. The HF beam is produced from a resistively 

heated riickel oven/nozzle, also with a 0.1 mm orifice. The oven/nozzle 

was maintained at -3900 C to avoid formation of dimers, trimers, etc.; 

these were monitored at m/e Zl as HZP+ Two relative collision energies 

E I were obtained using a mixture of approximately ZO% HF/SO% Xe and re 

pure HF (Erel = 0.044 and 0.153 eV, respectively). The stagnation pres-

sure of the mixture and pure HF were kept at -700 torr, and -740 torr, 

respectively. Velocity distributions of the beams were measured by the 

time-of-flight method and the full-width-at-half-maximum (FWHM) velocity 

spreads were -7% for Xe and -15% for HF. FWHM angular divergences were 

O.So for HP and ZO forXe. 
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The HF beam contains an insignificant amount of vibrationally 

excited molecules; even before the supersonic expansion, the oven temper-

ature insures negligible amounts of vibrationally excited HF. Direct 

measurement of the HF rotational state distribution in the beam was not 

possible in these experiments. Usually the supersonic expansion pro

duces very cold rotational temperatures, especially in the presence of 

a heavy monatomic seed gas such as Xe. However, the use of a heated 

nozzle (to prevent condensation) cast some doubt as to what rotational 

states are significantly populated. 

Vibrational excitation of HF by Xe collisions is not possible at 

these Erel , and rotational inelastic.transitions fall within the resolu

tion of· the time-of-'flight measurements; consequently no atteIilpt was made 

to detect the rotational transitions, so the I(e) measured contains elas-

tic and inelastic contributions. 

III. Computations 

A. Interaction Potentlal 

The spherically symmetric interaction potential employed is the 

Morse-Morse-spline-van der Waals (MMSV) form: 

V (R) € { exp[ZBl (1- R/Rm)] -Z exp[Bl (1-R/Rm)]} R";;; R :: 

0 m 

:: E { exp[ZBZ (1- R(Rm)] -Z exp[BZ (1-R/Rm)]} Rm";;; R ,,;;; R1 

:: E (a1+ (R-R1){aZ + (R-Rz)[ a3 + (R-R1)a4]}) R";;;R";;;R 1Z 

:: - C /R6 - C /R8 R";;;R (1) 6 8 Z 

.' 
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where £ andRm are the depth and position of the potential minimum. The 

conditions on the spline function are continuity of Vo(R) and d Vo(R)/dR 

at Rl and RZ. 

The full potential is given by an expansion in Legendre poly-

nomials, 

V(R,y) 
i 
max 

= L V. (R) P. (cosy) 
.01 1 1= 

and only the terms i = 0, 1, and Z are used. Following Neilsen and 

Gordon,16a we divideV(R,y) into attractive and repulsive parts, 

V(R,y) = Va (R,y) ,.. Vr (R,y) 

where 

Va(R,y) = Voa (R)[l+ PlAo PI (cosy) 0 (I\n/R) + PZAoPZ(cosy)] 

and 

V (R, y) = V (R)[l +PlRoPl (cosy) + PZRo Pz (cosy)] . r or, 

(2) 

(3) 

(4) 

(5) 

The Vor and Voa are given in terms of the Vo(R) of Eq. (1) simply by 

Vo(R) = Vor(R) + Voa(R); the Vor is identified with the repulsive 

(positive) parts of the MOrse functions, and Voa is composed of the re

mainder of Vo(R) (attractive terms) . 

The C6 constant is the sum of dispersion and induction contribu

tions. The dispersion C6 is evaluated by the London expression2l using 

1· 1 f h' 1 <. b ·1·· 'f HFZ2a d X' ZZb d th . lterature va ues 0 . t e po arlza 1 ltles 0 . an e an elr 

ionization potentta1s2Zc yielding :34.5 eVoft.6. The C6 induction term23 

is 8.4 eV.ft.6 using the literature value of the HF dipole mome~t22d 

(1.826 D) . The C8 term also is the sum of a dispersion contribution, 
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,J \. 

172.2, eV -A g, whi,ch is estimated from the ratio oft~e, calculated, disper," 

sion C6 to the Ne-Xe C6 times the Ne-Xe Cg constant,22b and an induc~i.on 

contribution, 23 25,.,6 eV-A8, using a literature valp,e for t,he fJF quadru-
. -"'" 

22e -10 2 pole moment (2.6><10 esu-A). However, an initial VoeR) fit to the: 

data and the first V(R,y) constructed (surface a) used directly the Ne-Xe 
6 dispersion contributions,to, C6 .,and Cg giving a total C6.=33.5 eV-A and 

g 
C8 = 150.7 eV-A. Differential cross sections are not very sensitive to 

these differences'inC6 and Cs (outside'of very small angles), though 

elastic integral cross sections are more sensitive to 'these. " 

Other van der Waals coefficients (C10 ,C12 , etc.) are not included 

due to lack of information. The coefficients describing the strength of 

anisotropy for the model V(R,y) are discussed in Sec. IV. 

B. Scattering Calculation 

For scattering by the spherica,lly ,synnnetric potentJal, ,the center-

of-mass (CM) differential cross sections da/dw are evaluated by partial 
,~ . 

, ' ','" 24 
wave summation, using JWKB phase s~ifts. For comparison with the ex-

perirnental I (e); first a given da/dw is transformed. to}he laboratory frame 

to give an I(e), then weighted sums of these I(e)are taken for various 
,Y 

collision energies corresponding to the beam velocity distributions, and 

finally, the energy averaged I(e) is angular averaged over the beam/ 
.- . ,:. 

detector geometry and scaled ~othe data. To obtain the V (R) for HF-Xe 
, .' , "i 0 ,: _ ' 

we vary the parameters of V (R) to find a best fit to the data. However, 
, ". 0: ",,',,', .. ','" .".' " . , ' 

the C6 and Cg constants are held fixed, ~d little variation is made in 
.. 

Rl and R2· , " 

.' 
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For scattering off the model V(R,y) only the lowest collision 

energy is used to keep the size of the problem more manageable. HF is 

treated as a rigid rotor. Full coupled-channel (CC) calculations were 

prohibitively expensive for us, and the popular infinite-order-sudden 

approximation25 could not be used unfortunately because the HF rotational 

energy level spacings are not small compared to the collision energy used 
. 26 

here. Consequently, the logical choice for the scattering method was 

the jz conserving approximation25 ,27 (which is sometimes called the 

coupled states or centrifugal decoupling approximation). The j approx-z 

imation has been shown to work well by comparison to CC calculations for 

the similar systems Ar + HC128a and He + HCl ,28 b,c and is expected to give 

reliable results here. The scattering formulation used here follows Ref. 

27(c) with the exception that in this study the partial wave parameter T 

was set equal to the final nuclear orbital angular momentum ~'and not the 

total angular momenttnn J, and the ntnnerical integration is done by the R

matrix propagation method,29 not the Magnus exponential method. 

The convergence of the scattering calculations was checked with 

regard to integration step size, startingpoint, and end point, and the 

rotational basis set. Four model VlR,y), ca11ed surfaces a,b ,c, and d, which 

wi11 be discussed later, are to be used. For surfaces a and b a minimal but 

realistic velocity averaging was carried out for comparison to the data . 

This entailed solution of the scattering problem for the nominal co11ision 

energy (0.044eV) and two other Erel (0.035 and 0.055 eV) for two initial 

rotor states jin = 0,1 (six computations in a11). In addition, for'sur

faces a and b j in = 2 scattering was computed for Erel = 0.044 eV. To 

achieve convergence of the T-matrix elements within a few percent for all 
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the above descriQ~d rotor/energy combinations a rotational basis of 

j = ° - 6 (denoted B6) WaS needed, giving 2 or 3 closed channels. For 

surfaces c and d, it was decided to make the computations smaller by con

sideringonly the nominql collision energy for jin = 0,1, an~~nmcating 

,th~,basis set to rotor levels 0, 1, and 2 (B2). This basis set tnmcation 

has been described16d as accurate for calculating the total do/4w (stun 

of elastic and inelastic channels), and was ,tested in the present study 

by computing state-to-state and total dcr/dW with B6 and B2 basis sets for 

, surface b which contains a significant ammmt of anisotropy. This approx

imation v-.:as fOlmd to be quite accurate for the total dcr/dw and also the 

elastic and largest inelastic dcr/dW. 
'. . Ij, 

Degeneracy averaged state-to-state da/dw were calculated in the 

helicity :representation. 30 Forthe cases where the energy averaged elas

tic and inelastic dcr/dW were transformed31 to the laboratory frame, ex

perimentally representative ~gular averaging was performed and variable 

weighting was,used for jin = 0 and I to derive I(e): 

IV. Results and Discus?ion 

The experimental I (e) for Erel =0.044 and 0.153 ,eV are displayed 

in Fig. 1 along with the calculated Ice) from the fitted Vo(R). Error 

bars represent ±1 standard deviation of the mean. Some diffractive os-

cillations are just resolved in the experimental I(e) for Erel = 0.044 

eVe In the 0.153 eV data an increased intensity over the calculated 

I (e) after the partially quenched rainbow is observed, 120 ;s e ;s 17°, 

similar to other systems studied. 32 The derived spherically symmetric 
. ," .' . . 

Vo(R) is 'depicted in Fig. 2, and its parameters are given in Table I. 
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Estimated uncertainties for the £,62, and rmparametersof Vo(R) based 
I 

upon the sensitivity of the calculated I (8) during the .. fitting procedure 

are ±5% for E, ±10% for 62, and ±3% for rm' Uncertainty in 61 is some

what greater than for 62 and the repulsive wall of the potential is not 

sampled above 0.15 eV in this experiment. 

The four model V(R,y) were constructed to give varying degrees 

and types of anisotropy. As the MBERS work for RG-HX molecules shows the 

hydrogen in the middle for the equilibrium geometry., this .. feature is, re

tained for all VCR, y). The linear Xe-H- F configuration, defines y:= 00
• 

, The four surfaces, a,b,c, and d, are shown in Figs. 3 and 4 for the 00
, 

900
, and lSOo configurations; pertinent parameters are given, in Table II. 

The ratio £ /E is the ratio of the welldepths of V(R,y)(V , and R is yo, 0 my 

the minimum position of V(R,y). For surfaces a,c, and d, the angular 

,~veraged potential <v> is very close to the Vo (R), of Table I,. The (V> for 

surface b is about 10% deeper than the V (R) of Table I. Note surface d o . 

uses a Vo WithE = 0.013 eV in the Legendre expansion (the other parameters 

of Table I are unchanged), while surfaces a,b, and c use the VeeR) of 

Table I. in the .. expansion except that surface a uses smaller C6 and Cs 
constants as noted in Sec. IlIA. The repulsive anisotropy parameters 

PIR and P2Rare fixed for all. surfac:es; the choice is ,somewhat arbitrary 

but consistent with theoretical estimates of the repulsive wall behavior 

for this type of molecule. 4a The features of the da/dw around the rain-

bow region, which is our focus, should not be very sensitive to these 

repulsive parameters. The PlA and P2A parameters W,ere evaluated by the 

asymptotic formulas 16a,33 but these values did not proquce a surface 
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qualitatively consistent with MBERSwork; however, multiplyihg-these 

PlA and P2A estimates by a' factor of two gave a reasonable surface .. and 

these scaled values are those of surface a.· The PlA and P2A parameters 

of the remaining surfaces were chosen to give the different degrees and 

types of anisotropy that can readily be seen by examining Figs. 3 : and 4, 

and Table II. 

The state-to-state do/dw at Erel i:: 0.044 eV for surfaces a and b 

are shown in Figs. S and.6. For both surfaces the stronger attractive 

orientation is only aiolmd y = 00
, but surface a is much more nearly 

isotropic than surface b. Reflecting this the elastic do/dw of surface 

a is close to that' of the Vo (R) scattering for' e ,$.'450 for j in = 0 and 

larger e for jin = 1,2, with ohly a slight displacement of the rainbow 

for j: = o. ln 

The larger anisotropy of surface b gives a very dramatic picture 

of the effect of molecular rotation upon the scattering. Figure 6 shows 

for j. = 0 a much larger rainbow angle, given approximately by what is ln 

predicted from a Vo (R) with E = Ey=OO!' while for jin'= 1 and particularly 

for j.= 2 the elasticda/dw resembles the d.c1/dw calculated by V (RJ used m . 0 

in the Legendre expansion. One can expect this important influence of 

jin for anisotropic potential scattering in general. Due to the E··l and re 

moment of inertia involved here this rotationa:l~aveiagingeffect can be 

seeh over a small range 'of' ini tial rotational states.' In Fig . 6 the 

do/dw for j= 0 +1 shows . some rainbow like structure., indicating a sig

nificant contributionfroin'relatively large impact parameters, but note 

that by far the largest contribution to the total da/dw'for 400 ,:se,$ 700 

is from the elastic channel. This enhanced intensity beyond the rainbow 



. ' 

•. 

13 

angle characteristic of Vo(R) scattering has been discussed before16d 

as an."inelastic maximum," but this work clearly shows it is possible 

for elastic scattering to account for such behavior . 

Figures 5 and 6 show how the inelastic contributions to the 

total da/dw decrease with increasing j, . This trend can also be seen, ln 

perhaps more readily, by examining the state-to-state integral cross 

sections a(j + j') listed in Table III. Consider, for a representative 

example, the transitions j = 0 + 1 vs 1 + O. From Table I I I,' the ratios 

of the cross sections 0 + 1/1 + 0 are 2.95. and 2.73 for surfaces a and b, 

respectively, The principle of detailed balance is expressed by 

where 

aU +j') = 
a (j '+j ) 

(2j' +1) 
(2j+1) 

Ej· is the translational energy' for channel J' - J' • Ej . -Ej , = liE reI in- , reI reI ' 

where 6E is the rotational energy level difference, and the cross sections 

are for the particular E I' While this principle does not hold for the . re 

same Erel as used in Table III, if the cross sections do not change ex-

tremely rapidly with energy and 6E is not la;rge compared to the transla~ 

tional energy, the above equation can give a useful estimate for the cross 

section ratio for the same kinetic energy, The degeneracy ratio, (2j'+1)/ 

(2j+1) , for j'=1 and j=O is 3; for the energy estimates tak~E~:i = 0.044 
'=0 '=1 

eV and then E~el = E~el + 6E = 0.049 eV, For this example then the esti-

mated ratio would be (3)· (0,044) 1(0,049) = 2,69. While this use of the 

principle of detailed balance is not strictly valid since the computa-

tions shown were performed at the same translational energy rather than 
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the same total energy, ,it canbe helpful in explaining trends of the 

forward and reverse transitions at the same Erel . !rwoother general 

propensities are fotmd to be obeyed in examining Figs. 5 and 6 and: 

Table III. First, the cross sections ··for multiple transitions are 

!?ignificantly smaller than for single quantum transitions ; for example, 

the j = 2 -+ 3 and 2 -+ 0 transitions have nearly .the same I L\E I 
but very. different magnitudes of cross sections. Second, . the larger 

the energy gap the smaller the cross section. Of course, exceptions 

exist .to ,th,ese general rules. It should be emphasized though that the 

particular shapes of elastic and inelastic state-to-state do/cluJ as well 

as the particular values of the integral cross sections are governed by 

V(R,y). Yet, in looking at Figs~ Sand 6 the.trend of the structure of 

the elastic do/dw as j. goes from 0 to 1 to 2 toward the do/cluJ prem 

dicted by the Vo(R) can be clearly identified as the 'influence of the 

. molecular rotational motion. 

Total da/dw are shown in Fig. 7' for the four surfaces with differ

ent initial HF rotational states, as well as the da/cluJ'for the·V (R) 
... 0 

of Table I. Again, one can see the slight shift 'of the rainbow position 

for' surface a, jin = 0, and not for surface a, jin =1,2.' For surface b, 

the progression of da/dw toward da/cluJ calculated from V (R) is cleaT for 
o 

jin =0 tq :1 to 2,....and note that there is'much less·quenching of rainbow 

structure for j. = 2 than j. = L Surface c, which also has a fairly m ln 

deep y = 00 well has its rainbow ~at larger e for j. = 0 than for j. = 1; . ln . ln 

note the quenching of theda/cluJ structure for jin = 1 reflecting the over-

all greater anisotropy than for surface b. Again, the ma.ximum {rainbow) 

at -500 
for surface c is composed mostly of elastic scattering found from 

'. 
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the B2 basis calculated state-to-state da/c1w, not shown. The da/clw of 

the strongly anisotropic surface d are quite surprising; for this surface 

both the y = 00 and 1800 orientations are strongly attractive yet the 

jin = 0 results are close to that of the Vo(R) shown at the top of Fig.? 

The da / c1w of j. = 1 of surface d shows 'considerable quenching of the rain-. ln 

bow. Though da / c1w for j. = 2 and larger were not computed with this trun-ln 
cated basis set for surfaces c and d, there is a likelihood that the 

degree of quenching found for j in = 1 will diminish at larger j in as found 

for surface b. 

We feel the implications of these results sUmmarized by Fig. ? 

are fay reaching in the interpretation of da/clw and undoubtedly for many 

other scattering properties. The influence of the initial rotational state 

is very strong here and HF may serve to a certain extent as a "condensed 

picture" for molecules with larger moments of inertia. Even with the 

initial rotational state specified, say, at j. = 0, one can obtain very ln 
similar da/dw for the present system with surfaces as different as models 

a and. d (the .difference in diffractive oscillations for these two da/clw 

usually cannot be resolved experimentally) .. Certainly in analyzing da/clw 

in terms of a complete V(R~y), ambiguity can be avoided only with a con

siderable amount of detailed info'rmation. On the other hand, it seems 

safe to say that if the molecule is rotating rapidly compared to the col

lision time, a spherically averaged interaction can be extra~ted from 

da/clw data. Also, when considering the applicability of the infinite-

d dd ." h" h " I' d d f' 19b. or er- su en approxlIDatlon w lC gl ves resu ts ln epen ent 0 J., 1 t . . ln 

should be considered that not only should the size of the spacing of the 

rotational levels be small in comparison to the collision energy, ,but 

also the classical rotational period should be small compared to the 
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collision time. This latter condition is roughly equivalent to saying 

for molecules with large moments of inertia that the size of the differ

ences in the centrifugal potentials for the different rotational channels 

must be small-as has been previously stated. 25 

It is also worthwhile to consider the accuracy of the "rule of 
. 34 

conservation of integral cross section" for the integral cross sections 

summed over final states o(j) for different surfaces as well as to examine 

further the size of the state-to-state integral cross sectiohs o(j -+ j'). 

(From Fig. 7 we know the total differential cross sections often are not 

conserved.) The o(j -+ j') are evaluated by direct stimmation of the T-matrix 

elements27c and checked by numerical integration of the do/ciw, while the 

integral cross sections for the scattering from the spherically syrrun~tric 
. 24 

potential 0
0 

are obtained by a summation over the phase shifts. Table 

III lists these results. It·is clear that o(j = 0) is usually larger than 
. r·, 

do (except surface d), that a (j = 0) > a (j = 1), and that the larger differ-

ences between o(j) and a occur for the surfaces with larger anisotropy. 
·0· 

The largest difference fmmd between a(j) and 0
0 

is 14% (surface c, j = 0). 

For surfaces a and b it was also found that a(j =2) >o(j =1). 

We believe. the extraction of the Xe-HF V (R) potential (of Table I) 
o 

from the experimental I(e) (see Fig. 1) is valid in the present case. 

First, in differential cross section experiments in general it is impor-

tant to obtain the I(e) at more than one collision energy, which has been 

done here, and both sets of I(e) show considerable structure. In the 

nominal E 1 = 0.044 eV data, a supernumerary and main rainbow are clearly re 

resolved and diffractive oscillations are partially resolved: though'in-

formation content at angles beyond the main rainbow is lower due to poor 
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signal-to-noise. 

17 

The data at nominal E 1 ~ 0.153 eV show. a slightly re 

quenched rainbow and a relatively small shoulderat.1Zo ~ e~17°. Because 

of the consistency of the fits to the experimental I(e) at both energies, 

and the relatively minor distortion of the high Erel data from spherically 
16d symmetric type structure the Vo(R) is consi4ered representative of the 

HF-Xe interaction. The fact that the rotational distribution of HF in the 

beam for the two energies may be different and the possibility that a large 

fraction of HF might have j >1 due to the high nozzle temperature does more 

to support this conclusion than detract from it. 

The velocity and angular averaged r(e) derived from the jz con

serving calculation for surfaces a and b are shown in Fig. 8 using a weight

ing of the jin channels corresponding to a rotational temperature of 400 K 

(57.3% for J"" = 0, 39.2% for J"" = 1, and neglecting the small J" = 2 m m " in 

component). The I (6) were weakly sensitive to ·Trot from 00 to 70oK, and 

because the j in = 2 scattering ,waS not velocity averaged higher Trot com

parison could not be made. Figure 8 shows that the results from surface 

a look much more like the data than those from surface b. However, be-. 

cause there isa lack of definite knowledge of the initial HF rotational 

distribution, and because there still can be ambiguity between different 

V(R,y) for a given total do/dw for a particular jiil. and Ere1 (e.g. the 

da/dw for jill:::i; 0 of surfaces a and d in Fig. 7) a definite statement, 

cannot be made about the anisotropy of the Xe-HF interaction at this time. 
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.v. Conclusions 

. Because the HF.-Xe experimental .r (e)-are obtaIned at two signif-

icantly different collision energies;; both lee) show: distinctive struc

turewhich is reasonably 'wellreproduted by a single spherically syrn-

- metri,c,potential, and the I (e,) at high· E . 1: shows billy:a niinor distor-. re 

tion of the type of I (e) accountable in -teTIhs ''of a spherically syrrnnetric 

i~teract:ion; thederivedVoCR)is considered'valid~ The results of the 

"scattering calculations based on the four model VCR;y) forHF-Xe show 

that the rotational state ,of a molecule can ha:ve a ·profOlmd influence on 

. theda/dw, ·and that as the molecule rdtates considerably du~ing the col

lision ,time the spherically syrrnnetricdescr:iptionof the iriteractioribe

comes more useful-which is physically:ihtuitive .. Thus knowle'dge of the 

eD-trance chamiel(s)< in a collision is very 'important. 'I:urthennore,a 

single total da/dw is insuff;iciertt to 'cha:racter-izea: V(R~ y), though' cer

tainly it can be used as a check on an 'existing V(R;y). 'Ifdifferentlal 

~cattering experiments are to .be employed, preferably, state-to-state 

da / dw should be used totharacte'yize the potentia:l surface, br al ter-

I}fitively a st~dyoftotalda/dwobtained :whilechangihg the' beam conditions 

to have most of the molecules inj.= Dto probe ,the anisotropy' and then use 

high rotational temperatur.es for obtaining the sphericatly' averaged poten-

tial. 
..... 
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Table I. HF-Xe parameters for best fit Y (R) potential. o . 
{~ 

£ eY) 0.016 
-.... 

R (A) 3.77 m 

B1 7.0 

B2 4.95 

R1 4.298 

R2 6.975 

C6 
(eYoA6) 42.9 

C8 
8 (eYoA ) 197.8 
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Table II. Anisotropy parameters and potential well depths and 
positions for the model Xe-HF potential, sur£aces shown in Figs. 
3,4. ' , 

" f. " 

r., 

* R (A) Parameters E ,(eV) y(d~grees) E IE 
0 y 0 my 

'" 
a) PIA = 0.33' 0.016 0 1.26 3.88 

P2A = 0.23 90 1. 05 3.69 
P1R = 0.40 ( 

P2R = 0.50 180 0.75 3.96 

b) PIA = 0.50 0.016 0 2.01 3.73 

PZA = 0.45 90 0.80 3.77 
P1R = 0.40 

. 

P2R = 0.50 180 0.85 3;92 

c) PIA = 0.55 0~O16 0 1.65 3.77 

P2A = 0.23 90 1.05 3.69 
P1R = 0.40 

P2R = 0.50 180 0.48 4.15 

d) PIA = 0.25 0.013 0 2.11 3.73 

P2A = 0.75 90 0.52' 3.92 
P1R = 0.40 

P2R = 0.50 180 2.02 3.62 

* See Eqs. (4) and (5). 
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Table III. 
Erel = 0.044 

Calculated integral cross sections (a~)for Xe-HF at 
eV for the potential surfaces (basis) studied. 

0- (j -+ j ') 

0-+0 
0-+1 
0-+2 
o -+ 3 

1 -+ 1 
1 -+ 0 
1 -+ 2 
1 -+ 3 

2 -+ 2 
2 -+ 0 
2 -+ 1 
2 -+ 3 
2 -+ 4 

o-(j) 

* 0-

o 
1 
2 

0, 

a(B6) 

866.7 
107~3 
18.2 

2.9 

900.4 
36.4 
41. 9 
4.0 

925.3 
5.5 

32.6 
20.9 
0.5 

995.1 
982.7 
984.8 

981. 7 

b(B6) 

1036.4 
80.5 
6.8 
4.3 

990.5 
29 . .5 
44.2 

2.2 

1044.7 
2.7 

33.0 
11. 7 
0.4 

1128.0 
1066.4 
1092.5 

1053.6 

b(B2) 

1054.7 
81.8 
6.0 

1002.4 
30.2 
33.6 

1142.5 
1066.2 

1053.6 

c(B2) 

1062.7 
132.7 

3.2 

1048.4 
49.0 
25.9 

1198.6 
1123.3 

1053.6 

d{B2) 

1012.3 
76.9 
18.6 

1003.1 
29.9 
61.0 

1107.8 
1094.0 

1228.1 

* . 
0- is calculated from the V (R)of Table I for surfaces band c; for surface 

a ~maller C6 and C8 constant~ are used (see Sec. IlIA), while for "sur-
. face dthe Vo has a smaller £ (0.013 eV) -otherwise the parameters of 
Table I are unchanged. 
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FIGURE ,CAPTIONS .. ,.1, 

Fig. 1. Exi>e:dmental,angular distributions I(e) (sOlid circles) of HF 
, ~ 

scattered off Xe at the nominal collision energies shown. 

Error bars represent,±l standard deviation of the mean. The 

solid line is calculated from the best fit spherically sym

metric potential (parameters given in Table I) . 

. , 

Fig. 2. Best fit spherically synnnetric potential for HF-Xe. The an

alytic form is given by Eq. (1), and parameters in Table I. 

Note scale change at 0.01 eV. 

Fig. 3. V (R, y) of model surfaces a and b at orientations y = 00
, 9cP. 

and 1800
• The linear Xe-H-'p configuradondefiries y = 00 

.. 

Note scale change at 0.01 eV. 

Fig. 4. Same as in Fig. 3, except for model surfaces c and d. 

Fig. 5. Absolute dcr/dw times 2n for rotational transitions j + j' for 

surface·a. (- - -) represents 0 + 0, 1 + 1, 2 + 2. (_.,,-.) 

repres,~rits 0 + 1, 1 +'0, and',2.+ 'I. : (-,-'-) 'repre'sents a + 2, 

1 + 2, and 2 + 3. (_ •• _ •• ) represents 0+ 3, 1 + 3, and 2+ O. 

( •••• ) represents 2 + 4. 
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Fig. 6. Same as in Fig. 5, ex.cept for surface b and (--) represents 

transi tions j = 2 -+ 0 while (_ •• - • • ) represents 2 -+ 3. 

Fig. 7. Total dcr/~ for the four model surfaces a, b~ c, and d at 

Erel = 0.044 eV for given initial rotational states. 

Fig. 8. Results of the jz conserving calculation for surfaces a and b 

transformed to the laboratory frame with velocity and angular 

averaging characteristic of the experimental arrangement, 

assuming j. = 0,1 weighting characteristic of a 400 K rotaln 

tional temperature. 
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