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ABSTRACT 

Quantum mechanical coupled-channel (CC) scattering calculations 

are reported using realistic adiabatic potentials for the 2p + IS inter-

action of F-Ar, F-Xe, and Cl-Xe. Differential cross sections dcr/dw 

derived ·from a simple elastic approximation appropriate for large 

spin orbit interactions accurately reproduce all the gross features com-

puted by the coupled-channel method. This finding supports the extraction 

of interaction potentials from laboratory differential cross sections 

I(e) via an elastic analysis. Integral inter~ and intramultiplet 

changing cross sections are expressed conveniently in terms of Grawert's 

B(j,j' ;g) coefficient. Informatio~ on the collision dynamics is extracted 

apresent address: Department of Chemistry, Massachusetts Institute 
of Technology, Cambridge, Massachusetts 02139. 

b 
Permanent address: Dipartimento di Chimica dell' Universita, 06100 

. Perugia, Italy. 

cGuggenheim Fellow, 1977-1978. 



:"2-

by following the partial wave d~pendence of, selected B{j,j' ;g). 

Classical turning point analysis', based on ,the va1:lles ,of the large 

.l/,-waves for which these partial wave contributions BJ/,(j,j';g) begin 

to rise above zero, leads to the conclus~on that both intermu1tiplet 

and first order forbidden intramultiplet ,t.ransitions are caused by 

" 
a single localized nonadiabatic'coupling region at the position of 

complex crossing of theSf= 1/2 adiabatic potentials. Small amplitude 

oscillations~r perturbations in the CC cal'~u1~~ed dO'/dw"and in the 

experimental 1(0) are thought to be examples of Stuckelberg oscilla-

tions, though" q,unatitative agreement between thesequan~ities is not 

" 
obtained. The energy dependence and interference structure of the 

computed B{j,j ;g) are briefly d,iscussed,as is the approximation of 

the constan,t spin orbit interaction over, ,the experiment~~ly accessible 

range of internuclear distances. 

):. 

,','-
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I. Introduction 

The effects of the interaction of different neighboring electronic 

states on collision processes is a well studied topic with a half 

century history. Reflecting this is a vast literature, and reviews 

are available. l Many of the experimental studies have utilized fluorescence 

detection and dealt with collisions involving 2p ex~ited states of 

alkali atoms, with ground state rare gas atoms (RG), though other 

systems have been and are being investigated. Some recent examples 

of laboratory work can be found for depolarization of fluorescence 

(multipole cross sections),2 fluorescence band shapes,3 high resolution 

spectroscopy (via fluorescence) on supersonic beam produced molecules,4,5 

differential scattering cross sections by particle detection, 6-12 

and integral inelastic cross sections via collision induced fluores-

cence. 13- l5 The studies always focus on the adiabatic potentials 

V(R) as a function of internuclear distance R, and nonadiabatic coupling. 

Concommitant with this effort has been .theoretical development, especially 

along semiclassical lines. 7 ,16 A rigorous quantum mechanical treat

ment for 2p + IS scattering has been developed by Mies 17 and Reid',18 and 

theory now exists for the case of two 2p atoms or L state mol'~cules .19,20 

Because they permit simple computational approaches, elastic collision 

models 8,:n are especially useful in the analysis of e'xperi~ental data. 

Discussion remains as to the accuracy of the models to predict total 

differential cross sections and integral inelastic cross sections. These 

formulations have focused on 2p collisions of alkali atoms or C+, systems 

with a single outer shell electron and small spin orbit splitting 

(Hund's case a or b). If the elastic approximation holds, it is possible 



-4-

to extract valuable information on the interaction potentials by 

analyzing the laboratory differential cross sections 1(8). 

There is considerable need for ground state interaction potentials 

for rare gas-halides RG-X due to the development of RG-X ultraviolet 

lasers arid for the theory of termolecular recombination of these 

systems (see, e.g., citations in Ref. 11). Although these states are 

not easily accessible to standard optical spectroscopy, it is possible 

from crossed atomic beam scqttering experiments to measure total 1(8) 

and, where the dqta are adequate, to extract the potentials from 

this data. 

Though this study concerns again the ·familiar 2p + IS interaction, 

the spin orbit splitting ~. is large (0.0501 eV for F and 0.109 eV for 

Cl), and a Hund's case c coupling holds. An elastic approximation· 

appropriate to this coupling case has been employed for F-Xe and appears 

successful since a potential derived from scattering data corroborates 

a spectroscopically determined potential. lO If this approach is 

justified (and it appears it is) then accurate potentials can be 

obtained for ground state RG-X systems. lO- 12 In turn, noting that 

both rigorous and approximate scattering models alike are quite sen

sitive to the VCR) used, these realistic VCR) can be the basis of 

more rigorous computations to yield detailed information unobtainable 

from an elastic model. Therefore, to both test this elastic approxi

mation and obtain information on intra- and intermultiplet transitions 

among RG-X, quantum mechanical coupled-channel (CC) computations have 

been carried out employing the potentials derived from I(8) measured 

in crossed atomic beams experiments. 
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II. Theory 

A. Scattering 

Neglecting mass polarization terms and nuclear.spin, which should 

have a negligi~le effect on the collision dynamics, the sca~tering 

pro1?lem reduces for ea.ch total angular momentum J to solution of a 

set of coupled radial Schrodinger equations17 ,18 

[ 
d2 + k ~ - Q,( Q, + l).j F~ .. (N.). = 

.. dRZ J .. R2 J Q,J' Q,' . . 

Here jJ is the reduced mass ,. k~ = 21J/112(J!; 
J 

\ (l) 

\ 

Ej), and E is the total 

energy. The energy zero is chosen to be the 2Pl/2.+ ISO asymptote, so 

that Ej =1/2 = ° an,d EJ=3/2 =-~, and E -EJ = Ere! which is the 

relative kin,etic ener~y:. 

The. notation for the quantum numbers involved is as follows: 

j is the atomic angular momentum, mj is the projection of j on a space 

fixed axis, n is the projection of jon the internuclear axis, Q, is 

the nuclear orbital angular momentum, and J is the total angular momentum 

of the. system. Primed (unprimed) quantities indicate fina~ (initial) 

states. The molecular electronic states arising from the four-fold de-

generate ground state X(2P3 /2) + RG(lSO) asymptote are the doubly degenerate 

I 1/2 (or X 1/2) and I 3/2 states. (In Hund's case b and a notation 

these are designated 2L+ and 2TI3/2, respectively.) From the doubly 

degenerate spin orbit excited manifold, 2Pl/2 + ISO, one also obtains the 

II 1/2 state (2TIl/2 in Hund's case a). The 1/2. 3/2 are r.l values, and the 
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roman numerals indicate the energy ordering. Electronic s.tates higher 

in energy than those already described are neglectedbecat.1se they 

lie considerably above the'scattering energies investigated. 

This set of coupled equations, Eq. (1), is derived in: a space 

fixed frame and employs m01ecularadi'abatic' wavefunctions incortstructing 

the total scattering wavefunction. Algebraicatly identical expressions 

J for the interaction matrix elements V ...... have peen evaluated, by 
] $1,] $I, . ",' 

Reid18 and Mies17 following ~lightly different approaches. The matrix 

elements v~ .11 II originate from the Born-Oppenheimer (BO) approximation 
JR,J $I, , 

and include the spin orbit interaction. 17 In writing Eq. (1), BO 

radial and rotational coupling terms (i. e., terms describing the break-

down of the BO approximatio'ri) have been omitted (see Ref. 17). The BO 

radial coupling terms here are likely to be ~maller'than-for the strongly 

bound F + H+ where }iies reasons 'they are negligible. Perturbation theory 

at large R for RG-X shows that the rotational BO coupling terms is O(R-8) 

versus V~-R,jllR,II o (R-,6) ; while at smaller R,- again following Mies' argu

ments for the stronger F + H+ int'eraction, the rotational' term will 

J. be small compared to the elements of VjR,j"s/'''' Thus, these BO coupling 

terms have not been irtcluded. 

The six~pen channels 6art be separ*ted into two blocks according 

to parity, 17 , 18 resulting in thesolut ion ofEq. (1) for two sets-

of three coupled equations. 

Equations '(1) were solved numerically by the log-defivative 

integration technique22 to obtain 'the unitary and sYmmetrlc scattering 

matrices~J, defi~ed by the large R condition 
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k. 1/2 
exp( -ikjR - 1/2 l1T) - (2,) 

J 

J s. n ... n 1 . J.lVJ .IV 

X exp ( i k .1 R - 1/2 II 1T) 
J 

Differential cross sections for j ~ jl transitions can be 

conveniently constructed from the S in the helicity representation23 

from 

do(j ~ jl) 
;:: 

dw 

where 

J j 1 

(2j + 1)-1 L L 
m· J = -j mjl = _j 1 

= (-1)j+j' (2ikj)-1 E(2J + '1) 
J 

J i 

x 

2 
Ifjmj~j'mj,(0) I 

. 1/2' 
X [(2l' + 1)(2l + 1)] [s~." - ~ 8 ] . J lJ l U j j' ll' ; 

the bracketed ( ) quantities are Wigner 3j SYl"b01S.· We followed 

Rose's phase convention24 for the reduced rotation matrices. 

The integral cross sections are evaluated by 

(2) 

(3) 

( 4) 



cr(j -+ j') = ___ 71" __ "::, 

(2j + 1) k~ 
J 
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Integral cross sections with respect to specific mj states' 

cr(jmj -+ j'mj') are related to the cr(j -+ j') by 

cr(J'm' -+ J"m") J' J 
(2j + U 

and are computed us~ng the most irreducible form 17 ,18b,25 

cr<jmj -+ j'mj') =:E(j,j',glmj,-mj',mj-mj,)2 B(j,j~;g)", 
g 

where g is a tensor order index, the (j,j' ,glmj,-mj',mj-mj') is a 

Clebsch-Gordan coefficient, and the Grawert B coefficients are given 

by 

/:. 
51, 

:1 B5I, (j , j , ; g) 
71" 

~II~ ( -1) J + j , (2J + 1) J /2 = k: Tj5l,j' 51,' j' 
J 

I~, 
51, 

:1 where is a 6j coefficienta~d T :::; I - S. The 36 cross 
j' 

(5) 

(6) 

(7) 

(8a) 

i<'8b) 

I 

sections are evaluated by 8 B coefficients (energy dependent). Mu1ti

pole cross sections can be evaluated from the same coefficients. 2 ,18b,25 

Th i 1 l ' ' " d f d' l' 10 e s mp e 'e astlc approXlmatlon use or Hun s case C coup ~ng 

is given by' 

~, 

'. 
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dOe l(3/2. + 3/2) [dOr 1/2 dOr 3/2] 
----~~.----- = 1/2 + dw dw dw 

(9a) 

where the dOi/dW, i == r 1/2, r 3/2, are computed following a single 

channel partial wave analysis. Consideration was given to an alternative 

expression, namely 

dO~I(3/2 + 3/2) ·2 
.dw = 1/2 If r 1/2(8) + fr 3/2(8) I (9b) 

where the f(8) are scatter:i,ng amplitudes for a single channel. Equation 

26 
(9b) was suggested by an analogy to symmetrical resonance scattering 

where two adiabatic potentials (gerade and ungerade states) share a 

common asymptote. Equation (9b) Waf'; i;oundto poorly represent· the 

experimental 1(0) and CC calculated dO/dw, and was not a good approxi-

mation. An objection to the analogy can be made on the following grounds. 

A physical picture for symmetric scattering is that transitions between 

the two states are constantly occurring over a very large r~nge of 

internuclear distances. :For the RG - X case, where Q == 1/2 and 3/2 

2 1 
states correlate to the same P3/2 +So asymptote, the total electronic 

Hamiltonian is diagonal in Q within the BO approximation (see following 

section). Equatien (9b) should also not be applied·· to the Q = 1/2 
, ~ ; 

potentials since the interstate coupling is found to be localized and 

f "1 k ( "IV) Alii" 7 "d h" al.r y wea see Sectl.on .. semie assica ana YSl.S SUl.te to t l.S 

latter situation could he used for the do/dw of the Q = 112 states but 

·due to weak coupling, such complications are not warr~nted. 

:For comparison with the experimental 1(8), the relatively small 

2 
Pl/2 component (-20%) present in the beam is included in the analysis 

by use of the express~on 



-10-

deYe1 
CiW -

deYII 1/2 
dw 

(10) 

deYI 3/2 deYII 1/2 
The approximation - ~ is made; this is suggested by 

dw dw 

theoretical evidence27 that, with respect to each asymptote, 

VII 1/2 ~ VI 3./2 over the range of internuclear distances probed, and 

2 2 
by the identical velocities of the P1/ 2 and P3/ 2 halogen atoms. The 

calculated deYe1 /dw are transformed to the laboratory frame with velocity 

and angular averaging representative of the experimental configuration. 

By varying the VI 1/2 and VI 3/2 potentials to achieve a best fit to 

the experimental 1(0), VI 1/2 and VI 3/2 are determined. 

B. Interaction Potentials 

The pasis of the computations is the experimentally derived10- 12 

VI 1/2 and VI 3/2, which are the BO potential curves, that is, the 

eigenvalues of-the.total electronic Hamiltonian over the range of 

R. Following Refs. 16(a,d) and 17, the total Hamiltonian is written 

as a sum of the electrostatic and spin orbit interactions: 

Htot = Hel + Hso. Hso is assumed R independent:. The matrix elements 

<R, j, nlHtot IRj' n'> :: H~., 
JJ 

are diagonal in n, and given by 

3/2 
H3/ 2 ,3/2 = Vrr - ~ 

(11) 

- (12a) 
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1/2 
H1/ 2,1/2 = 1/3 VE + 2/3 Vrr (12b) 

1/2 
H3/ 2,3/2 = 2/3 VE + 1/3 Vrr

l
- I:::,. 

(12c) 

H1/2 H1/2 = /'l. (V = - V ) 
1/2,3/2 3/2 1/2 3 E n 

. , 
02d) 

where the V
E

. andVn are eigenvalues of He1. 

and 2 x2 blocks with eigenvalues, 

The H consists of 1 x 1 ... 

W(I 3/2) = Vn - I:::,. . 

W (I 1/2) = 1/2 [V E + V n - I:::,. - D] 

W(II 1/2) = 1/2[VE + VII - I:::,. + D] 

where 

D = [(V - V)2 + 1:::,.2 - 2/3 I:::,. (V - V ).]1/2 
E IT E n 

Thus, from the determined VI 3/2' one. obtains Vn directly and VE 

algebraically; the latter is given by 

- {W(I 1/2)}2]/[V
n 

- W(I 1/2) - 1/3 1:::,.] 

W(II 1/2) can be found from Eq. (13e). 

To further specify the potential symbols used in relation to 

the 2~1/2 + 1S0 energy zero, one notes 

03a) 

(13b) 

(13c) 

(13d) 

(14) 

(15a) 
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WeI 1/2) = VI 1/2 - ~ (15b) 

W(II 1/2) = VII 1/2 

and in the limit of large R, 
"\ 

Vrr \ = Vr = VI 1/2 = VI 3/2 = VII 1/2'= WrII i/2) = 0 (15d) 
, i 

,,' 18" ' 
In Reid's approach the molecular electrostatic potential is 

expanded in Legendre polynomials, dependent on the angle formed by 

-+ 
'the direction of the unpaired p orbital r with respect to ,the inter-

-+ 
nuclear position Rt 

V(r,R) = r Vi(r,R) Pi(t·R) 
i 

Only two terms contribute to the expansion giving' 

Vr = Va + 2/5 V2 

or 

Substituting Va and V2 into Eq. '(13) g1ves 

W(I3/2) = Va - 1/5 V2 - 6 

WeI 1/2) = (Va + 1/10 V2 - 6/2) - D' 

W(II 1/2} = (Va + llIo V2 - 6/2) + D'· 

,",'" 

I; 

(16) 

(17 a) 

(l7b) 

(18a) 

(l8b) 

(l8c) 



... 

where 

; Alternatively, one has 

Vo = 1/3 [WeI 1/2) +W(II 1/2) + WeI 3/2) + 2il] 

V2 = 5/3 [WeI 1/2) + W(II 1/2) - 2W(I 3/2)- ill 

(18d) 

(19a) 

. (19b) 
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III. Results ." , 

A. Numerical Considerations 

The convergence of the ~. was. checked by varyl.ng the integration 

step size and end point. A step size of 1/(l9k) (where, k is th~ .1a.rger 
, _ ..., . .t. .• , 

of the two values for the scattering channels) was used for the majority 

of computatio~s~ The integration sta~ting point was kept at the origin 

. and the end point fixed .at 21 A (however , see' Section III-D). 

Some computations focused on the fine structure transition, and for 

these the computations were carried out to a J determined as the value 

that gave convergence of the inelastic channels (~ elements the size 

-7 
of 10 ). For elastic scattering computations the maximum J was much 

larger and determined by the running sum of the elastic integral cross 

5 section not changing by more than -1 part in 10 per J. 

Integral cross sections calculated by different methods served 

as a consistency check in the present study. Agreement well within 

1% was always found between- a(j -+ j I) computed by direct summation 

(Eq. (5», by numerical integration of the da(j-+j')/dw (see Eqs. (3) 

and (4», 

0= do sin8d8 
dw 

(20) 

o 

and by summation of the a(jmj -+ j Imj I) (see Eqs. (6)-(8». In addition, 

for 2P3/2 + ISO scattering, the elastic approximation gave integral 

cross sections typically within 1% of the CC results. The elastic 

ael were computed from 

,.; 



-15-

where PIn == a for n = 1/2, 3/2 is given by 

with phase shifts corresponding to the use of VI 1/2 or VI 3/2 and 

calculated by the Numerov or JWKB methods. 

(21) 

(22) 

Due to very rapid diffractive oscillations for these systems of 

large reduced masses 11, at the higher energies studied the angular 

spacing for the scattering amplitude, Eq. (4), used in CC calculation 

of da/dw had to be reduced to 1/80 for 0 0 < 0 <'900 in order to obtain 

smooth representations of da/dw, and accurate a by Eq. (20). At 

'larger angles for the higher energies, and over the complete angular 

range for. the lower energies, a 1/2 0 spacing was satisfactory. 

Comparisons of the da/dw derived by the CC and elastic methods 

were carried out at energies chosen to coincide with nominal laboratory 

collision energies. At the temperature of the halogen atom beam sources, 

Boltzmann statistics predicts, for both F and Cl (coincidently), -22% 

2 Pl/2 component. The supersonic expansion yields both spin orbit 

states at; the same velocity (same collision ,energy). So, in order to 
" " 2' 

includ~" the P 1/2 sca t tering, the CC compu ta tions were performed at 

two energies for any given elastic comparison. For example, to compare 

the F + Ar CC and elastically derived 1(0) for a laboratory relative 

collision energy E 1 of 0.108 eV, the CC equations were solved for 
re ' 

E = 0.108 eV and 0.058 eVe From the first set of ~J, da(1/2 + l/2,3/2)/dw 
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were obtained, while the second set of SJ, do(3/2 -+ 1/2, 3/2)/dw could 
" " -

be obtained. Actually, da(3/2 -+ 1/2)/dw was conveniently obtained by 

detailed balance 

= 
2 da(j'f -+" J ;kj ,) 

(.Zj ,. + 1) k 
. j' dw (23) 

The contribution of the four cross sections to the total scattering 

was weighted according to j (0.78 for j = 3/2 and 0.22 for j :::: 1/2), 

and center-of-mass (CM) to laboratory transformations were performed 

for the elastic and two inelastic transitions to arrive at the CC 

derived 1(8). However, it is noted that a(j -+ j') for j ~ j' has a 

negligible contribution to 1(8). 

Representative cases for comparison of the CC and elastically 

calculated 1(8) were taken to be: F + Xe at E 1 of 0.0915 and re 

0.456 eV; F + Ar at 0.0859, 0.108, and 0.481 eV; and Cl,:"Xe at 0.112 

eV. 
'" 

Two groups of CC computations for these systems were carried 

out. The first group of computations suffered from an error in VO' 

V2 (~r Vl:' VII) because the equivalency VII 1/2.= VI 1/2 was made 

(the proper treatment is described in Section (II-B». Analysis 

showed this error affected the two n :::: 1/2 potentials, deepening the 

II 1/2 potential well and making the I 1/2 well more shallow. The 

net effect, in the classically accessible region, was to alter the 

n= 1/2 potentials by -10%, with the exception of the F-Ar, Xe 

II 1/2 states which were altered by -20% (a small absolute change). 
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These runs could be used to test the sensitivity·of the dynamics 

to the molecular potentials. 

It was found that the sensitivity to the assumed equivalency 

of potentials was greatestforCl-Xe, the case in which the VI 3/2 

is deepest; the second, proper set of computations showed an increase 

in the small cr(1/2 -+ 3/2) by nearly 80% for E = 0,00282 'eVe The 

F-Ar. Xesystems showed a' decrease in cr(1/2 ,-+ 3/2) ot 40% at low 

energies and a decrease of; -20% at the highest energies. with the 

exception of a slight incx:ease ofcr(1/2 -+ 3/2) at the lowest energy 

(E = 0.0359 eV)for F-Ar. Thus cr(1/2 -+ 3/2) for these systems.shows 

considerable sensitivity to the potentials. 

For dcr(3/2-+ 3/2)/dw, only minor differences were found be~ween 

the two groups of computations in the positions and shapes' of the 

rainbow or orbiting oscillations. When the second group of com-

putations was carried ou't corl;'ectly, it was found that dcr(1/2 -+ 

1/2)/dw changed negligibly (for F-Ar,Xe), reflecting the small error 

in VII 1/2 introduced in the first runs. The calculations were per

formed for values ofE appropriate' for the experimental E 1 of the re 
2 . 
P3/ 2 level (Erel = E + /),),' Because. of this agreement for the rather 

structureless dd(1/2 -+ 1/2)/dw, the fact that only a 22% contribution 

to the 1(0) is involved, and the expense and effort involved in the 

CC computations, it was decided to forego repeating the computations 

2 for E = Erel for Pl/2 scattering with the exception of O.lOS eV for 

F-Ar displayed below. These .dcr(1/.2 -+ 1/2,3/2)/dw from the first 

group of computations are used only in the CC derived 1(0) plots 

and only with small wei~hting, and in no way affect any conclusions. 
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Aside from the energies .of the experimental c.o~paris.on, ee 

c.omputati.ons at .other energies were carried cut f.or F-Ar and'F-Xe 

t.o ~et a clearer trendfdr 0'(1/2 + 3/2). 

B.F-Xe 

The p.otentials empl.oyedare sh.own in Fig. 1 .. ' Examples .of some 

ce derived dafdw are' sh.oWn"in Fig~ 2 f.or the two elastic ,channels 

and a fine structure' transiti.on in the eM frame. Rainb.ow structure 

is clearly' seen for·· da(3/2 -+,3/2) /dw. The da(1/2 -+ .1/2) /dw reflects 

the essentially repulsive IX'll2 state. The' fast., diffractive ,.oscilla

ti.ons are seen t.o·· .occur· . .over the same angular rang~' f.or' 1;>.othangular 

distributi.ons da(3/2 -+ 1/2,3/2)/dw;semiclassically? this indicates 

interference between different bra:p.ches .of the deflecti.on functi.on 

.or quantum mechanically, ·multiple wavepacke~ int,erfere:nce .·An.other 

.oscillat.ory structure is,. f.ound in da(3/2 -+ 3/2) /dw,that is, in phase 

with the da(3/2 -+'l/2)/dw;, these are undulati.ons in the envelope .of 

diffractive .oscilLati.ons, which have .only a small effect en the 

, angular averaged results. Suchescillatiens are not f.ound in the 

single channel calculati.ons. ~ The changing peried .of the es.cillatiens 

in the fine structure 'transiti.on da/dw can b~ analyzed semiclassically9 

and, indicates that fer nearly head en 'collisi.ons (largeG),.the 

difference in interfering impact parameters is smaller than at larger 

impact parameters (small-G). The size .of the da(1/2 -+ 3/2)/dw is 

nearly censtant fer all G. At lower energy, da(3/2 -+ 1/2) /dw shews 

bread undulati.ons and l.owered intensity. 

The calculated da/dw were converted te the laberat.ory. frame and 

". 



.' 

-19-

the results are shown in Fig. 3 for E 1 = 0.456 eV, in arbitrary units. re 

The CC and elastic calculated 1(8) are shown with and without angular 

,averaging, and are displaced arbitrarily for clarity. All 1(8) pre-

sen ted in this work correspond to a single collision energy (one 

Newton diagram). In the experimental analysis (Ref. 10-12) many Newton 

diagrams contribute to the velocity averagihg, and such comparisons 

with experimental data can be found in these references. Figure 4 

shows an angularly averaged 1(8) comparison for E 1 = 0.0915 eV in re 

which orbiting is present~ Agreement between the CC and elastic 

1(8) for both these collision energies is extremely good. Values of 

CC computed O(j + j) are listed'in Table I. 

Integral cross sections for fine structure transitions tn F-Xe 

have been computed previously by both semic1assical16d and quantum 

mechanica1
28 

methods; however, they use quite dtfferent sets of 

potentials and large differences are found between the 0(1/2 + 3/2) 

reported in Refs. l6d" 28, and the present study. Table II lists 

0(1/2 + 3/2) for a range of collision energies. Th~ 0(1/2 + 3/2) rise 

steeply at low collision energies to a less rapid increasing rate at 

higher energies. 

The o(jm. + j 'm. ') can be evaluated from the B(j ,j' ;g) by ,Eq. (7). 
,J J 

The squares of the Clebsch-Gordan coefficients in Eq. (7) have been 

tabulatedelsewhere29 for these quantum numbers. Table III presents 

the calculated B(j ,j' ;g). Note that B(3/2; 3/2 ;gIO) , which corresponds 

to j = 3/2 intramultip1et (m. 1 m.,) transitions decrease slightly at 
J J 

higher' E. This suggests that the effectiveness ·of the' coupling respon-

sible for these transitions is weakly proportional to the collision time. 
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B(j,j ;,g) for odd g are . forbidden as first order processes
30 

and 

show interstate coupling. It is therefore worthwhile to examine these 

more closely, as well as the B(1/2, 3/2;g), to gain further insight 

on the dynamics of these transitions. Note that'B(1/2,1/2;1) -

0(1/2,1/2+1/2,-1/2), B(1/2,3/2;2) =0(1/2,1/2+1/2,-3/2), and 

B (3/2, 3/2; 3) = 0 (3/2,. 3 /2+3/2, - 3 /2) • 

With this ,in mind, BR, was computed for each step 'of the R", 

sumination in Eq.(8). Results for B.R,(l/2,1/2;1),BR,(1/2,3/2;1), 

BR,(i/2,3/2;2), and BR,(3/2,3/2;3) are shown in"Fig. 5 for a total 

E = 0.0414 eV, and in Fig~ 6 for E - 0.405 eV; the. maximum .R, values 

computed were 340 and 650, respectively. 

At both energies the BR, (1!2,3/2';g) ,show an oscillatory inter

ference behavior with slightly different frequency components for 

g = 1,2. Significant contributions to B(1/2,3/2;2), extend to smaller 

R,. Note that BR,(1/2,1/2;1) and BR,(1/2,3/2;g) occur over the same 

region of R, but BR,(1/2,1/2;1) shows a smooth structure overall, with 

a small oscillatory component superimposed for 0.405 eV with a slightly 

different fr'equency than BR, (1/2,3/2;g). The 1/2,1/2 +' 1/2,-1/2 

transition at 0.405 eV shows stronger coupling to the 3/2 manifold, 

suggesting a model where part of the incoming j = 1/2 plane wave splits 

, 2 
off and follows'a lower adiabatic potential before rejoining thePl/2 

manifold. The decay of these transitions at high R, values (::73 for 

0;0414 eV and ::::.200 fo'r 0.405 eV), characterizes the extent of the 

classically sampled region of coupling, and so demarks the. assumed 

'localized coupling by the turning point for each of these R,. (If the 
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coupling is not localized, these turning points will delimit:. the 

large R range of coupling.) Approximating the VII 1/2, by its E: and 

r (found from Eq. (13c» and the remaining analytic potential para-m ' ',,_ ' 

mete,rs of VI 3/2' the scattering analysis at 0.0414 and O~405 eV 
o 0 

give classical turning points of 3.5-3~7 A characteristic of the 

nonadiabatic coupling inducing the intermultiplet transitions. 

Also shown in Figs~ 5 and 6,are the B~(3/2,3/2;3). They are 

seen to increase at large ~ and the large ~ values where they decay 

(~105,208) yield a coupling limit of 3.4-3.7 A by turning point 

analysis for both VI 1/2 and VI 3n at both 0.0915 and 0.45~eV~ , , 

Note ~hat while ,the B(3/2, 3/2; 3) mildly decrease~ with increasing 

energy, the individual partial wave contributions ,to these B (B~) 

rather strongly decrease with increasing energy. Not shown are the 

oscillatory B~(3/2,3/2;1) which,have the same large ~ dependence as 

B~(3/2,3/2;3) but extend to somewhat smaller ~, and the oscillatory 

~-wa~e contributions to ;13(3/2,3/2;2) which are quite brOCJ.d and extend 

to smaller and larger~. The B~(1/2,1/2;0) and B~(3/2,3/2;0) have 

the largest range~ They are oscillatory in the region of ~'ssampling 

the nonadiabatic coupling, and have a long smooth tail at large L 

A final remark is made for F-Xe. In general the fine structure 

inelastic transitions can occur for ~' = ~ or ~ + 2. The 1~12 were 

summed independently for these two channels, and'a strong propensity 

for ~' = ~ + 2 was found. The relative contributions to 0(1/2 -+ 3/2) 

for ~' = ~ + 2:Q, vary from 2.9:1 at 0.02 eV to 2.3:1 at 1 eV in a 

smooth fashion. 
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C. F-Ar 

The potentials employed are Shown in Fig. 7. Angular averaged CC 

and elastically' deriv~d I (8) 'are compared in Fig. 8 for E 1;" 0,108 
re 

eV and are in good accord. Similar agreement was obtained at 0.0859 

eV and 0.481 eV. Note the low amplitude oscillations present in the 

1(8) derived from the CC do/dw at wide angles; these are comparable to 

oscillations found in the data (see Sec. IV). 

We list selected CC computed integral elastic cross sections in 

Table IV, ~nd values of 0(1/2 -+ 3/2) in Table V •. The 0(1/2 -+ 3/2) of 

F-Ar are smaller than those for F-Xe but show a similar energy dependence; 

the weaker attractive interaction for F-Ar is perhaps indicative of 

weaker noriadiabatic coupifng. 

TheB coefficients are 'presented for various E 1 in Table VI. 
re 

The overall trends are similar to F-Xe. Plots of B
t

(I/2,1/2;1), 

Bt (1/2,3/2;:L), Bt (1/2,3/2;2) and Bt (3/2,3/2;3) versus R, for E = 0.0582 

eV (maximum t =300) are shown in Fig. 9.' The trends of these quantities 

versus t at higher energies are qualitatively the same as F-Xe. Remarks 

about ,those Bt coefficients not shown for F-Xe (Bt (3/2,3/2;0,1,2) and 

Bt (1/2,1/2;0)) also apply here. Applying the. turning point analysis 

used for F-Xe to the high t damping of Btgives a strong coupling region 

in the vicinity of 3.1 A (t:::: 60) for the intermultiplet an.d 2:P
l

/
2 

intramultiplet transitions and 3.1-3.2 A (t :::: 84) for the 2P3/2 intra

multiplet transitions, again giving a-common value for'the region of 

nonadiabatic couplingb~tween the 2PI/2 and 2P3/2 manifolds. 

EPR linewidth measurements
31c 

have been performed on F-Ar .. From 

. 1 . I . hI· . d l3la, b . 1 . 1 a sem1C aSS1ca stra1g t 1ne trajectory mo e 1ntramu t1P et 

J 
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cross sections were obtained from the linewidths. ' Plots of the BR, 

coefficients show the model inadequately represents the CC computed 

transitions; deficiencies of the model have been noted 'previously.3ld.e 
., 2 

For the P3/ 2 manifold no CC computations were carried but to permit 

" direct comparison with the EPR study at 300 oK; however. Table VI 

shows the slow variation of B(3/2,3/2;1.2.3) with energy. The 'listed 

2 
values 0.0359 and 0.0582 eV. for thePl / 2 case are in the energy range 

for comparison with this gas cell experiment. The comparisons with 

the EPR derived ,cross sections are poor. The extrapolated CC values 

for the transitioris 2p 3/21mjl = 13/21 '~'ll/21 are about a factor of 

two larger than given by Ref: 3lc, while the CC values for the 

2P3/2Imjl='l/2:#: ~i/2 cross ~ectionsare about a factor of three 

smaller, and the CC'va1ues for the 2Pl/2lmjl = 1/2 ~ -1/2 cross sections 

are about a factor of ten smaller. 'Considering the inadequacy bf the 

model, we conclude that the cross sections 'of Ref.' 3lc do not provide 

a good test of the present ca1cula~ions. 

Four further tests to probe the sensitivity of the scattering 

cross sections to the V(R) were carried out for F + A~ at 0.0359 and 

0.0582 eV. The potentials VI 3/2 or VI 1/2 were altered by changing 

one or two of the key parameters (£, r; and S) of the MMSV analytic m ' 

potential form by -20%. The main interest was to see if the ,wide angle 

da/dw oscillations could be amplified. (One other test equated the 

two C6 constants--this had virtually no effect on any of the cross 

sections.) It was found that the oscillations could not be amplified. 

though they could be damped. One interesting case was' found when the 
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VI 1/2 81 parameter was increased from 4.3 to 5.3. This increased the 

0(1/2 -+ 3/2) by a lit,tle more than a factor of two, with a slight de .... 

crease in 0(1/2,1/2 -+ 1/2,-1/2), and the wide angle oscillations were 

damped. The other potential variations had comparatively minor effect. 

Finally, the propensity for £' = £ + 2:£ for the 0(1/2 -+ 3/2) was 

found by the channel ratios 2.9:1 at 0.0359 eV to 2.2:1 at 0.431 eV, 

changing in a smooth fashion. 

D. Cl-Xe 

The potentials employed for this systems are shown in Fig. 10. 

The CC computations were carried out using tentative fits to the data; 

subsequently, improved fits to the data wer,e found, and the, reconunended 

Cl-Xe VI 1/2 and VI 3/2 are contained in Ref. 12. However, the VCR) 

used here are close to the final values and the scattering cross 

sections should not differ, markedly. The VCR) used here will provide 

-a good test of the elastic_appr()xim~tion for 1(8). For reference the 

MMSV parameters used here are given (analytic form is listed in Ref. 10): 

o 
for the VI 1/2' £= 0.0304 eV,rm = 3.18 A, f\ = 

06 
1.237, X2 = 1.750, C

6 
= 80.7 eV·A , and C8 = 620 3/2' 

£ = 0.0147 eV, rm = 4.10 A, 81 = 7.6, 82 = 6.6, Xl = 1.105, X2 = 1.500, 

C6 = 85.0 eV.16 , and C8 = 620 eV·A8 . 

To assure convergence of the ela~tic channels for' this sys~em a 

maximum J of 548.5 was used, which together with very low E = 0.00282 

eV necessitated moving the final integration point, conservatively, to 

100 A. 

A comparison of 1(8) computed by CC,and elastic methods for Erel = 

0.112 eV is shown in Fig. 11. Agreement is good, though not quite as 

.. 
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close as for the F systems. The much more attractive Cl-:-Xe van der 

Haals VI 3/2 (Vrr ) is: likely responsible ,for th~-slightlypoorer agree

ment. Note some perturbation of -the <;:~ .diffractive oscillations, and 

small- oscillations in the wide angle do/dOl though the inelastic. cross 

section is very' small. 

The 0{1/2 -+ ·1/2) at E
rel 

=0.00282 eV is 717.5 $..2,. 0{3/2~:-+ 3/2) 

02 - 02 
at 0;112 eVis 403.7 A, 0{1/2. -+ 3/2) 7.78 E-5 A at 0.00282 eV, 

and the ratio'of the1'= 1 + 2 to l' 1 channels for 0{1/2 -+3/2) 

is 3.0. Though the tota), energy here is j1,lst above zero, in general 

the 0{1/2 -+ 3/2) are expected to be smaller than for F-Ar,Xe due to 

the larger spin orbit splitting 6 of Cl, but this study does not probe 

this trend. To get an idea of the size of the 2P3/2 intramultiplet 

transitions, and for completeness, the B coefficients are listed in 

Table VII. 

Concerning the 0{1/2 -+ 3/2), the collision energy is just above 

threshold for the 3/2 -+ 1/2 transition {the 1/2 channel is barely 

) open) and this is well inside the orbiting regime for VII 1/2. 

Consequently, cross sections pertaining to the j = 1/2 level should 

not be considered indicative of a large energy range, though j = 3/2 

manifold intramultiplet transitions will be indicative of the thermal 

energy range. 

Figure 12 presents selected B1 as a function of L The BQ. 

relating to j = 1/2 are small in magnitude and show resonances probably 
. 

associated with the close approach of the centrifugal barrier to E. 

Penetration through the centrifugal barrier to quasibdund levels will 



-26-

give rise to the observed structure. This seems to be the case as a 

turning point analysis for the VII 1/2 at 0.00282 eV (again in the 

fashion employed f~r F-Xe) showed that for R, = 48 the centrifugal 

barrier reached E. The previous ttirning point (for R, = 47) was 

3.75 A, while at a few higher R,values the turning point was .-7 A. 
Thus the turning point analysis can only bracket the coupling region, 

and shows why the R, decay of the BR, (l/2,j' ;g) is so sudden. The 

0.112 eV analysis for the V 
I 1/2 and VI 3/2 give a corronon turning 

point of 
_ 0 . 

-4.0 A using R,= 165 for theBR,(3/ 2,3/2;3). 

.. 
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IV. Discussion 

The close agreement between the 1(0) computed by the CC and· 

elastic methods shows that the simple single channel approach to 

these RG-X·three channel scattering problems is useful for extracting 

realistic V(R) from experimental 1(0). Use of realistic V(R) then 

makes the coupled-channels calculation meamingful for comparison 

or prediction of experimental quantities. It is difficult to assess 

how widely applicable th;ts elastic method is to other electronic open 

shell systems when the spin orbit splitting is not as large as for 

the RG-X systems studied here. Certainly at hyperthermal energies 

where higher electronic states may become strongly coupled, the 

-
approximatiop is expected to deteriorate. We find poorer agreement 

between 1(0) computed by elastic and CC methods for Cl-Xe than for 

the F-RG systems. The Br- and I-RG systems, likely to have comparable 
.,. 

and non-negligible attractive VI 1/2 and VI 3/2' probably will have 

their scattering less well represented by Eq. (9a) , but sufficiently 

. " 
approximated to allow valid 1(0) analysis. Useful application to 

; 

nonhalogen scattering with electronic states in qualitative resemblance 

to those here remains to be seen, as does that for strongly chemically 

bound systems. Of course, the more electronic states involved, the 

more smearing will app'ear in da/dw. 

The elastic models (see Ref. 21 and references cited therein) 

previously used for small spin orbit coupling rest on the assumption 

that during the collision the electron orbital angular momentum and 
, 

spin become uncoupled, and that coupling is weak between the adiabatic 
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states of the electrostatic electronic Hamiltonian. The physical 

meaning of the elastic analysis used here is t~at the electron orbital 

and spin angular momentum remain coupled throughout the collision, 

and coupling is weak between the adiabatic states of the total 

electronic Hamiltonian including spin orbit interaction. 

An early motivation for this study was a desire to answer the 

question of the meaning of some small amplitude oscillations in the 

experimental r(8); this is a small effect under scrutiny. The data 

• 
are often ambiguous and possibly the random error analysis may not 

be giving reliable uncertainties, yet, at least for F-Ar, CC derived 

r(0) are in semiquantiative agreement with the data as shown in Fig. 13. 

Remaining disagreement could rest in the data itself, insufficiently 

accurate VCR), or in the assumptions used in carrying out the CC com-

putations. The latter include possible underestimation of coupling 

to electronic states a few eV distant, underestimates of the BO coupling 

terms, and neglect of nuclear spin, though these all seem unlikely. 

Perhaps a more probable error is the assumption that the spin orbit 

interaction is constant over the internuclear distances probed by the 

scattering, especially for the anomalous F-Xe system (see discussion 
!, 

in Ref. 11). More efforts directed toward calculating the molecular 

spin orbit interaction from first principles is needed. 

Plots of sleeted Bt(j,j',;g) versus t reveal information about 

the collision dynamics. The Bt (1/2,l/2;l) have the same range of t 

contribution as the Bt (l/2,3/2;g), supporting a common mechanism. Yet 

the lack of oscillations found in the low energy Bt (1!2,1/2;1) and the 

/ 
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appearance of a minor oscillatory component at higher energy have been 

a surprising contrast to the B~(1/2,3/2;g) oscillatory structure. This 

has prompted a suggestion that forj = 1/2 intramultiplet transitions 

at higher energies, in addition to the virtual transitions to the 

,2P3/2 manifold, true double passage transitions out of and back to the: 

2 
Pl / 2 manifold are occurring. 

It is likely that nonadiabatic coupling in these, systems is 

1 I '· d 32 oca ~ze . The local ~ wave dependence of the critical B coefficients 

support this ,as follows. The classical turning point analysis employed 

for the large ~ decay of B~(j,j;g) for odd g, and B~(1/2,3/2;g) has 

pointed to a common nonadiabatic coupling region for both inter- and 

intramultiplet transitions. This analysis is approximate, mostly due 

to the somewhat arbitrary choice of ~ wave cut-off and approximate form 

of VII 1/2' but the derived values probably are accurate as seen by the 

agreement of the turning points found for the adiabatic potentials at 

more than one energy for F-Ar,Xe, and the ability to explain the shar~ 

~ cut-off for Cl-Xe. The critical turning points occur where the 

VI 1/2 and VI 3/2 splitting is still small. Undoubtedly the best 

explanation of this phenomena was given in 1932 by Stuckelberg. 33 The 

nonadiabatic coupling is localized at where the adiabatic curves cross, 

and, here, this occurs in the complex plane for the ~ = 1/2 adiabatic 

potentials, with the real R' component determined by 

(~4) 

o 
For the potential employed here, to the nearest 0.1 A, for F-Xe 

o Q 0 

R' = 3.6 A, for F-Ar 3.0 A, and for Cl-Xe 3.7 A. The coincidence of 
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these values with those of the turning point analysis of the. fully 

quantum mechanical results is not accidental (and employing the 

VI 3/2 in the analysis is not warranted). The small 1(0) oscillations 

observed in the laboratory and computed by the CC method should pro

perly by termed Stuckelberg oscillations.
34 

It is also noteworthy 

that do/dw perturbations appear for Cl-Xe even though ~ is much 

larger for Cl than for F, and the 0(1/2 ~ 3/2) is very small for the 

energy studied. Further study is needed to understand more fully 

the role of the complex V and R planes in molecular interactions. 



;. 

-31-

V. Summary and Conclusions 

Coupled-channel scattering calculations have been carried out 

- in the thermal energy range using realistic interaction potentials 

for' F-Xe, F-Ar, and Cl-Xe. These calculations support, by differential 

cross section comparisons, an elastic scattering model appropriate to 

Hund's case c, by which the V(R) have been 'derived. The CC derived 

do/dw show perturbations due to nonadiabatic coupling, in qualitative 

or semiquantitative agreement with experimentallO- 12 1(8). These are 

assumed to be Stuckelberg oscillations based on the consistent agree-

ment between classical turning points derived from the BR,U ,j ;g) for 

odd g, and BR,(1/2,3/2;g) (intra- and intermultiplet transitions) decay 

as a fUnction of nuclear orbital angular momentum and the real com-

ponent of the complex crossing point between the n = 1/2 adiabatic 

potentials. The strong positive energy dependence of 0(1/2 -*3/2) and 

0(1/2,1/2 -* 1/2,-1/2) indicate an ability to reach this complex crossing 

with enough momentum to pass through the crossing before adiabatic 

relaxation. 2 
On the other hand, the P3/2 integral intramultiplet 

transitions show a weak negative energy dependence and a strong negatiye 

energy dependence for individual partial wave contributions even though 

they also are character1zed by the same localized nonadiabatic crossing. 

The question of the accuracy of approximating the molecular spin 

orbit coupling by the atomic value over a substantial range of inter-

nuclear distances is raised, especially for the Xe systems. 
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This study will be useful for future guidance for experimental 

investigation, of Stuckelberg,oscillations. Though the currently 

available data for RG-X systems does not hav,e sufficient resolution 

to provide detailed analysis of these oscillations, in principle it is 

shown that well resolved Stuckelberg osciJ,lations are a sensitive 

probe of the molecular potentials and interstate coupling, and 

further careful investigation is warranted. 
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Table I. Elastic Integral Cross Sections in A2 for 
F-Xe at Relative Collision Energies Erel. 

Erel(eV) j a(j-+ j) 

0.0414 1/2 311.1 

0.405 1/2 207.2 

0.0915 3/2 241.7 

0.456 3/2 188.2 

Table II. F-Xe Fine Structure Transition Integral 
Cross Sections 

E (eV) a( j = 1/2 -+ 3/2) (A2) 

0.020 0.00506 

0.0414 0.0197 

0.150 0.204 

0.300 0.715 

0.405 1.088 

0.600 1.897 

0.800 2.675 

1.000 3.453 
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Table III. B(j,j' ;g) in 1\.2 for F-Xe at Relative Collision 
Energies Erel 

,:. 
Erel (eV) j ~,.j' g = 0 1 2 3 

0.0141 1/2 1/2 6.22E+2 2.21E-2 

0.0414 1/2 3/2 3.62E-4 7.64E-3 

0.0915 3/2 3/2 S.lSE+2 1. 23E+1 2.09E+1 1.40EO 

0.40S 1/2 .1/2 4.13E+2 3.40E-l 

0.40S 1/2 3/2 9.57E-2 3~'7SE""1 

0.4S6 3/2 3/2 6.29E+2 1.13E+1 1.6SE+1 8.88E-1 

Table IV. Integral Elastic Cross Sections "in 1\.2 ·'for 
F-Ar at Relative Collision Energies Erel. 

Erel (eV) j o(j ~ j) 

0.10S 1/2 175.4 

0.431 1/2 130.2 

0.108 3/2 165.9 

0.456 3/2 130.7 
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Table V. F-Ar Fine Structure Changing 
Integral Cross Sections 

~ 

(,j E (eV) crO/2 + 3/2) (A2) 

0.0359 0.00122 

0.0582 0.00529 

0.108 0.0349 

0.200 0.128 

0.300 0.314 

0.431 0.700 

Table VI. B(j,j';g) in A2 for F-Ar at Relative Collision 
Energies Erel 

Ere1 (eV) j + j' g = 0 1 2 3 

0.0359 1/2 1/2 3.70E2 1. 14E-2 

0.0359 1/2 3/2 3.87E-5 4.62E-4 

0.0859 3/2 3/2 5.82E2 5.82EO 1. 57E1 9.67E-1 

0.0582 1/2 1/2 3.17E2 2.22E-2 

0.0582 1/2 3/2 2.83E-4 1. 94E-3 

0.108 3/2 3/2 5.65E2 5.89EO 1.47E1 9.37E-1 
i' 

0.108 1/2 1/2 3.51E2 5.49E-2 

'" 0.108 1/2 3/2 2.18E-3 1.26E-2 

0.158 3/2 3/2 5.50E2 6.14EO 1.42E1 9.06E-1 

0.431 1/2 1/2 2.59E2 3.57E-1 

0.431 1/2 3/2 1.03E-1 2.18E-1 

0.481 3/2 3/2" 4.34E2 7.24EO 1. 20E1 8.87E-1 
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Table VII. B{j,j';g) in A2 for Cl-Xe at Relative Collision 
Energy Erel 

Erel (eV) j -+ j' g'= 0 1 2 3 • 

0.00282 1/2 1/2 1.43E3 1.10E-3 

0.00282 1/2 3/2 4.20E-7 3.08E-5 

0.112 3/2 3/2 1.44E3 1.18El 2.50El 1. 25EO 
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Figure Captions 

Fig. 1. The F-Xe interaction potentials for the I 1/2, 13/2, ,and 

II 1/2 states ( -- ) are· shown in ,eV vs A. The II all:d, I: 

potentials (- - -) governed solely by electrostatic forces, 

arei also shown in eV. The derivedVoand. V2 ( - ) are 

gi;venin hat'tree vs A. The energy zero is'the 2Pl/2 + ISO 

asymptote. 

Fig4 2. 4 ..Abs.olut.e (A2) differential cross sections, for F-Xe in the 

center-of-mass frame. (a) j = 1/2+ 1/2 at relative collision 

energy Ere1 =0.406 eV. This curve has been·disp1aced .upwards 

one order of magnitude, for clarity.' (b) j = 3/2 + 3/2 

at Erel = 0.456 eV. (c) do(l/2 + 3/2)/do at E 1 = 0.406 eV 
re 

,... (=.(0.455) doO/2 +1/2)./dw at Ere1 = 0.456·eV). 

Fig. 3. Comparison of F-Xe 1(8) derived by CC and elastic methods 

for Ere1= 0.456 eV. Arbitrary scaling is employed. 

(a) CC result with no angular averaging. (b) Elastic result 

with no angular averaging. (c) Angular average of curve (a). 

(d) Angular average of curve (b). 

Fig. 4. Comparison of F-Xe 1(8) derived by CC and elastic methods 

Fig. 5. 

for Ere1 = 0.915 eVe (a) CC results angular averaged. Slight 

jagged quality is due to 1/20 spacing. (b) Elastic results 

angular averaged. 

02 
Absolute (A ) (a) B~(l/2,1/2;1), (b) B~(l/2,3/2;1), 

(c) B~(1/2,3/2;2) and (d) B~(3/2.3/2;3) versus ~, the 

nuclear orbital angular momentum, for F-Xe at the total 

E = 0.0414 eV. Note individual scaling shmvn. 



-42-

Fig. 6. Same as 1.n Fig. 5, except for E = 0.405 eV ,'F-Xe ~ 

Fig. 7. The F-Ar interaction potentials. Same notation as Fig. 1. 

Fig. 8. Same as in Fig. 4, except for F-Ar'st E~el =0.108 eV. 

Fig. '9., Same as Fig. ,5 except fdr F-Ar at E = '0~0582 :eV. 

Fig. 10: The ta-Xe interaction pote'n:tials. Same notation as Fig. 1. 

Fig. 11. 

Fig. 12; 

,:Fig. 13. 

. , ':i 

Note these potentials are s'ligbtly different '~than the recommended 

values of Ref. 12, see text. 

Same as 1.n Fig. 3, except for Cl-Xe at Erel' = 0.112 ,eV. 

Same as in: Fig. 5~ except for Cl..;;Xe at E'=·0.00282 eV. 

Comparison of the CC computed I(8) f:(solid line) and the 

experimental results (solid circles}' of Ref. 11 fqr F + Ar 

at E 1 = 0.108 eV. Erxor bars represent ± '1 standard re 

devia tion'ofthe mean (90, to ,,95% confidence limits) • 
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