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ABSTRACT 

LBL-8406 

Angular distributions are presented of F(2P3/2,1/2) scattered 

off Ne, Ar, and Kr in the thermal energy range measured in crossed 

molecular beams experiments. The data is analyzed as previously done 

for the F-Xe system to obtain the interactio~ potential curves for the 

three relevant states (X 1/2, I 3/2, II 1/2) governing the scattering. 

The resulting X 1/2 curves for the fluorine-rare gas systems show no 

simple trend and the origin of these interactions is discussed. The 

I 3/2 and II 1/2 states resemble those of the ground state Ne-Ne,Ar,Kr 

systems . 
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Introduction 

Rare gas-monohalide molecules (RG-X) have received much attention 

recently, primarily due to their serving as the active medium in high 

power ultraviolet lasers. These lasers may be spectrally tuned l and 

Raman shifted, 2 pointing to their importance as ultraviolet _photon 

sources. Lasing has been observed for KrF3 and ArF,4 while, to our 

knowledge, only spontaneous emission has yet been reported for NeF.5 

The understanding of both the emission spectra and the kinetics of 

lasing action in an excited rare gas/halogen medium can be aided by 

knowledge of the ground state·pqtential energy curves (arising from 

the RG(IS) arid X(2p) atomic terms). 

Some of the kinetics of the rare gas halide laser medium bring 

to mind an older interest 1n RG-X and halogen atom-closed shell 

molecule interactions associated with the development- of theories 

of termolecular recombination. 6 Considerable work is still needed 

on this topic. Improved potentials for ground state RG...,X can be part 

of the basis of tests for models of recombination kinetics. In particular, 

care must be taken to account for the effect of multiple potential 

curves or surfaces7 in systems .containing open shell atoms. 

Ab initio configuration intera.ctioncalculations carried out 
~, 

I 

recently by Dunning and Hay8 on the ground and excited state manifolds 

of the rare gas-monofluorides give a clear overview'of the nature of 

the covalent and ionic bonding, including spin orbit interaction, for 

all states of immediate interest. Dispersion forces are not accounted 

for in these computations and none of the ground state curves, including 

XeF, show any bonding. The analysis of spectroscopic data9 ,IO and 
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molecular beam differential scattering cross sections,ll however, 

indicate XeF has a potential well depth of about 3.4 kcal/mole which 

is much deeper than might be expected for a van der Waals molecule. 

Another earlier computation by Krauss and Liul2 for XeF X2E+ shows 

that a first order wavefunction including charge transfer, together 

with reasonable estimates of the interatomic correlation energy, can 

yield an appreciable well. At large internuclear separations the 

interatomic correlation energy becomes the familiar dispersion energy. 

No spin orbit interaction was included in the calculation. 

But on the other hand, while XeF displays bound-bound emission 

terminating in the ground state, KrF exhibits only a bound-free spectra 

suggesting there must be a significant qualitative difference between 

ground state XeF and KrF. There still remains a need for further elucidation 

of these ground state electronically open shell-closed shell interactions. 

Hence, 1n an attempt to better understand the RG-Xground state inter-

action 1n the vicinity of the attractive well, and provide information 

pertinent to RG-F lasers and recombination studies, we have measured 

the differential cross sections of F( 2P3/2,l/2) scattered off Ne, 

Ar, and Kr(lSo) in the thermal energy range. 

The derivation of interaction potentials from scattering data 

for systems containing non-S state open shell atoms is complicated 

and is often limited from the fact that there are more than one 

potential energy curve involved in the scattering. But since the 

contributions from different potential energy curves to differential 

cross sections is a strong function of collision energy, it is possible 

to obtain meaningful conclusions if differential cross sections are 

v 
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carefully measured at several collision energies covering a w1de energy 

range--and if the nonadiabatic coupling LS weak (as in this case). 
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Experimental Method 

The crossed beam apparatus has been described e1sewhere 13 and 

the particular arrangement for F-RG scattering is nearly identical 

to that described for F-Xe,ll with Ne, Ar, or Kr substituted for 

Xe. Very briefly, two supersonic beams are crossed at 900 under single 

collision conditions and scatt~red F atoms are detected ~n plane as 

a function of scattering angle by a rotating quadrupole mass spectrometer. 

The target beam is modulated at 150 Hz by a tuning fork chopper for 

background subtraction. The detector employs electron bombardment 

ionization of the neutral species prior to mass filtering. The detection 

efficiency of this method is proportional to the residence time of 

a particle ~n the ionizer; consequently the number density of scattered 

F atoms 1(0) is measured, not the flux. 

A minimum of 4 angular scans of 1(0) were taken for each system, 

at each energy. The 'collision energy was varied by adjusting the 

F velocity by changing the composition of the fluorine a.tom rare gas 

carrier, employing the seeded beam technique, and keeping the nozzle 

temperature at -700oe. The target rare gas was a pure beam at room 

temperature. The fluorine gas mixture composition and nominal collision 

energies (in kca1/mole) are as follows: for 99% Ar/1% F2, 1.98 F-Ar, 

2.07 F-Kr; for 69.5% He/30% Kr/0.5% F2, 2.21 F-Ne, 2.50 F-Ar, 2.72 F-Kr; 

and for 99% He/1% F2, 8.79 F-Ne, 11.1 F-Ar, 13.1 F-Kr. Typical velocity 

spreads for both beams determined by time-of-flight method are 10% 

full width at half maximum. 

As the F(2p) spin orbit splitting (404 cm-1) constituted a sizeable 

fraction of the c611ision energy, the inelastic process is expected 

LJ 
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to be a very small contribution. Therefore, no attempt was made to 

detect the fine structure transition by analyzing the velocity of 

scattered F atoms. 
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Results and Analysis 

Plots of the measured 1(0) are presented on a semi-log scale 

1n Figs. 1, 2 and 3. The lab angle 0 represents the scattering angle 

away from the F beam, toward the RG beam. The 1(8) are given in relative 

units. For each system a reference angle 0r was chosen (usually 100 ) 

where the scattered signal was relatively strong; throughout the angular 

scans the I(er) was frequently measured to correct for drift in beam 

intensities. Error bars represent :10 where 

N 

0
2 

= 2: (Ii - Y)2/(N - 1) 
i=1 

N, the number of measurements, varies from 4 to 7, so typically this 

represents 90 to 95% confidence limits. 14 

As previously described,ll the fluorine atom source produces 

F2 and F(2P 1 / 2) in addition to F(2P3/2). The F2 contribution to F+ 

signal was subtracted to give the final 1(0), and the analysis considers 

the F(2pl/2) con'tribution to 1(0) to be 22% estimated by Boltzmann 

statistical weights corresponding to the fluorine nickel oven/nozzle 

temperature of 700 0 C. 

The approximate scheme of analysis to obtain potential curves 

by fitting the 1(0) is the same as that of Ref. 11. We summarize this 

method as follows. Using Hund's case c notation the F(2P3/2) + RG(ISo) 

four-fold degenerate asymptote splits into two doubly degenerate states 

at shorter internuclear distances: the X 1/2 (or I 1/2) and I 3/2. 

The 2P1/2 + ISo asymptote gives rise to the doubly degenerate II 1/2 

state. In this notation the 1/2 or 3/2 represents the Q quantum number 

(the projection of the total electronic angular momentum upon the 

... 
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internuclear axis); the X, I, II represents the energy ordering of 

the states, X or I being the lowest in energy. A flexible analytic 

form (Morse-Morse-switching function-van der Waals) is employed for 

the interaction potential energy VCr): 

f(x) = V(r)/E x = r/rm (1) 

f(x) = exp(2S1 (1 x» 2 exp( Sl (1 x» O~x~ 1. 

= exp(2S2(1 - x» -: 2 exp( S2 (1 x) ) :: M2.(x) 1 <; x ~x1 

= SW(x)'M2(x) + (1 - SW(x»·W(x) Xl < x < x2 

= -C6RX-6 - CSRX -S :; W( x) x2 ~ x < 00 

and 

6 8 . .' 
where C6R = C6/Er , CSR = CS/Er , and E and rm are the depths m m 

and position of the potential minimum. Using the approximation 

VII 1/2 ~VI 3/2, the center of mass differential cross section o(e) 

is computed for each state independently by partial wave analysis 

assuming a spherically symmetric interaction; then each state's con-

tribution is given its appropriate statistical weight and added to 

give a total oT<e). For the 22% 2P1/2 contribution this becomes 

We term this procedure a case c elastic approximation. A given oT(e) 

is transformed15 into the lab frame to give an I(e). Weighted sums 

of rCe) are taken for various collision energies corresponding to 
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the finite beam velocity spreads, and finally, the energy averaged 

I( G) is angular averaged over the beam/detector geometry and scaled to 

the data for direct comparison. By varying the parameters of the V(r)'s 

we attempt to find a best fit to the data and so obtain the V(r)'s. 

The accuracy of this case c elastic approximation is supported 

in two ways. First, for the case of F-Xe where a spectroscopically 

determined potential was available,9,lO this scattering method gave 

results (VX 1/2(r» in agreement ll with the earlier published results. 

Second, rigorous coupl~d-channel states scattering computations 16 

show that the elastic approximation reproduces very well all the gross 

features of the I (G) for the range of systems and energies studied. 

The potential parameters for the derived interaction potentials 

are listed in Table I and the potentials are depicted in Figs. 4-6. 

These potentials can be considered valid to about 8 kcal/mole on the 

repulsive wall due to the range of collision energies studied. 

Some remarks on the I(G) are appropriate. At even the lowest 

collision energies, no scattering rainbows are fully resolved. A 

significant portion of the rainbow on the dark side 1S seen for the , 

F-Ar and F-Kr data, whereas the F-Ne I(G) resembles an almost hard 

sphere scattering. In contrast to the F-Xe data,ll this shows that 

the strength of interaction for the F-Ne, Ar, Kr is considerably less 

than for F-Xe. Also the F-Ar and F-Kr I(G) show very nearly the same 

shape indicating quite similar potentials for the two systems. The 

wide angle scattering for the F-Ar 1.98 kcal/mole data is noisy; it 

is felt not to be as trustworthy. Because rainbow features are not fully 
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resolved in these systems there is less information for the analysis, 

and the resulting potentials are less well known than for F-Xe. 

Estimates of the uncertainties in E and rm were obtained by making 

• a matrix of plots of computed I(e), with the different matrix elements 

corresponding to potentials with differing (E,rm) values (always keeping 
t 

the overall potentials to a reasonable shape). The E, rm values were 

varied for different states until the fits to the lab I( e) became 

poor. These matrices of computed I(e) were constructed at 2 energies 

per system. The resultant uncertainties are, for F..,.Ar and F-Kr, +10% 

for the X 1/2 state's E and rm, and for the I 3/2, II 1/2 states +20% 

Ln E and +15% in rm· For F-Ne, uncertainties are for all states +25% 

Ln E and +15% in rm· While the Morse parameters governing the shape 

of the potential near the minimum and the repulsive wall were not 

varied in this systematic fashion, it is felt from the trial and error 

fitting that the uncertainties in their values are of a similar magnitude. 

The long range C6 constants were estimated by the Slater-Kirkwood 

formula 17 for effective number of electrons; polarizabilities were taken 

from the literature. 1S ,19 The I 3/2 C6 is taken according to TI symmetry, 

while the I 1/2, II 1/2 C6's can be taken as the averages of the TI and L 

contributions (see Ref. 16, Eq. (13)). However, the C6 for the II 1/2 

was set equal to that of the I 3/2 for ease in analysis. This should 

have a negligible effect. The Cs constants were estimated from the Ne-Ne, 

Ar, Kr Cs constants. 19 The permanent quadrupole-induced dipole R-S con-

tribution is small compared to the dispersion Cs and was ignored, as 

were higher asymptotic terms due to their small size and uncertainty. 

The x2 joining points used were slightly larger than the cut-off point 
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2«r~)l/2 + <riG)l/2) which has been suggested20 for the validity 

of the power series expansion. The x
2 

values used gave better 1(0) 

fits, and after some trial calculations varying the x
2

's, the quoted 

values were held fixed in the fitti~g. The C6 and Cs constants were 

not altered during the fitting. 

(~ 

• 

.'. 
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Discussion 

Due to the inherent difficulty of extracting information on 

multiple potential curves which scatter 'simultaneously, the effects 

of interstate coupling, and decreased sigrial td noise at large scattering 

angles, very accurate determination of ~ept.ilsive,walls' of the potentials 
, , .' . , 

is precluded. 'Nevertheless, a comparison of t::he repulsive wall for 

F-Kr Vx 1/2(r) with one previouslY' deteimined' by diffuse spectra simu-, 

lation21 shows reasonable 'accord. Ab iriitio calcuiatio~s8,22 undoubtedly 

are of more value in describiilg,the repulsive wallsaw~y from the 

region ofth~ small wells tha~ the~e scatteri~g result~, ift~~ spin 

orbit energy remains 'approximately constant w'ith r. 'It 'is questionable 

that the F-Ne Vx 1/2(r) is more repulsive than for F-Ar and F-Kr as 

shown in Fig. 7. Still, we believe these potential curves to be valid 

within the stated uncertainties. Of course, further improvements 

of experimental resolution, signal to noise ratio, and more collision 

energ1es studied, undoubtedly will provide more accurate information. 

The X 1/2 potentials shown in Fig. 7 for F-Ne, Ar, Kr, Xe determined 

from these scattering studies do not follow a simple trend, as might 

have been expected. Obviously, this portrays a nonsimple interaction. 

The model described and computed by Krauss and Liu12 offers a very 

plausible explanation of these surprising results. That is, the X 1/2 

state well arises from a combination of some charge transfer character 

lessening the repulsion coming from Pauli exclusion, and the attractive 

interatomic correlation energy (the dispersion energy in the region 

of zero electron overlap). Apparently, it is a matter of the fine 

detail of the strengths of these interactions at given internuclear 
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distances which determine the shapes of the wells. Given that these 

interactions are to a good degree separable, this class of molecules 

may provide insight into the nature of interatomic correlation in 

regions of significant electron overlap. 

However, as this model is not fully quantitative, it is still 

worthwhile to consider other contributions to the anomalous XeF X 1/2 

potential well. Little is known about the relativistic spin orbit 

interaction for open shell molecules. 23 Given that the electrostatic 

Hamiltonian allows for close F-Xe approach with charge transfer, a 

changing unpaired electron character visible to the nuclei (especially 

Xe) might produce a significant negative energy contribution. 

• 
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Figure Captions 

Fig. 1. Laboratory angular distributions of scattered F for the 

F(2p) + Ne(lS) system, at two collision energies. Circles 

are data points and the solid curve is calculated from the 

best fit parameters of Table 1. 

Fig. 2. Same as in Fig. 1, except for F(2p) + Ar(1S). 

Fig. 3. Same as 1n Fig. 1, except for F(2p) + Kr(1S). 

Fig. 4. Best fit X 1/2 and I 3/2 potential curves for F( 2P3/2) + Ne(1So)· 

Note scale change at 0.1 kcal/mole. 

Fig. 5. Same as in Fig. 4, except for F( 2P3/2) + Ar(1 So)· 

Fig. 6. Same as 1n Fig. 4, except for F( 2P3/2) + Kr(1So)· 

Fig. 7. Comp?rison of the X 1f2interactiori potentials for the 

F + Ne, Ar, Kr, Xe series. Note scale change at 1.0 kcal/mole. 
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