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respectively, and evaluated along the imaginary w axis. 
They are real along this axis. If aik"(w) and f3ki"(W) 
are the imaginary parts of the susceptibilities as one 
approaches the real w axis from above, then aik(iw) 
and f3ki(iw) may be written in terms of these functions. 
Choose a, because the results are the same for f3: 

11'" a· "(w) aik(iw) =- ~k. dw. 
1r -(Xl W-1W 

We know that a" may be written in two ways, 

and 

ai/'ew) =1r 2:[ (0 I A.I m)(m I Ak I O)O(W-Wm) 
m 

(3) 

(4) 

(we choose Wo = 0) . We average over the ground s ta te 
of A. 

As may be seen from perturbation theory formulas, 
or equivalently (1) and (3), the average energy ap­
proximation is the replacement of Wm by Eik. This sub­
stitution permits closure: 

at/'ew) =1r[(0 I AjAk I O)Il(W-Eik) 

- (0 I AkA; I O)O(W+Eik)]. (6) 

To obtain Eik, simply calculate the first moment of 
a,/'(w), given by 

1'" ai/'ew) wdw= (0 I [i~Ai(T)' Ak(O)ll 0) 1.-0 
-00 1r aT 

= (0 I [[Ai(O), HAJ, Ak(O)] 10). (7) 

The susceptibility is odd in w (and interchange of 
k~i); the average energy approximation retains this 
property. Substitute (6) into the left-hand side of (7) 
and obtain Eik: 

(8) 

where [A" AkJ+ is an anticommutator. A similar rela­
tion holds for B. 

It is amusing to look at the third moment (the 
second moment vanishes) in this approximation: 

1r-1L: aik"(w)w3dw 

= (0 I [i3(ajaT3) Ai(T), Ak(O)] I 0) 1 .... 0 

= (0 I [[[[Ai, HA], HA], HA]A k ] I 0). (9) 

The average energy cubed is 

(0 I [[[[Ai, HA], HA], HA], Ak ] I 0) (10) 
(Eik)3= (01 [A j, Ak]+IO) . 

It is apparent that (Ejk3) i is not necessarily equal to 
Eik. Note that if we desire to define moments of the 
ground state as integrals over positive frequencies alone, 
the second term in (5) does not contribute. Hence we 
may add and subtract it from the first term multiplied 
and divided by 2. The even moments now appear 
with their outermost bracket as an anticommutator. 

We conclude that the average energy as it stands 
can only be of limited usefulness. But one can imagine 
a variety of iteration schemes in which either the 
inverse of (4) or the "closed" form of (5) is used. 

1 See, for example, N. Kestner, and O. Sinanoglu, J. Chern. 
Phys. 38,1730 (1963). 

2 M. Karplus, Rev. Mod. Phys. 32, 455 (1960). 
8 A. D. McLachlan, Proc. Roy. Soc. (London) A271, 387 
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THE trapped radical KrF has been identified in 
'Y-irradiated single crystals of KrF4. Krypton tetra­

fluoride 'was prepared by the low temperature electric 
discharge method,! and single crystals were grown by 
sublimation between 208° and 195°K. Suitable speci­
mens were isolated, irradiated at nOK with 1.3-MeV 
6OCO l' rays, and examined with a Varian V-4502 elec­
tron spin resonance (ESR) spectrometer. The irradi­
ated KrF4 crystals were violet, and an ESR spectrum 
attributable to KrF was detected in them at n°K. 
The radical was stable indefinitely at nOK, but dis­
appeared on warming a crystal to 1200K. 

The 19F (I=i) hyperfine interaction was measured 
for KrF· radicals in which the krypton isotopes have 
zero nuclear spin. Unfortunately, 83KrF signals were 
too weak to be detected (83Kr, abundance 11.6%, 
I=!). The KrF. crystals were oriented in the magnetic 
field of the spectrometer so that the spectral param­
eters could be measured for the "parallel" and "per­
pendicular" orientations of the Kr-F bond in the radi­
cals. The microwave frequency and the magnetic field 
of the spectrometer were measured using the same 
techniques2 as for the pseudoisoelectronic radical XeF. 
The principal values of the 19F hyperfine interaction 
tensor and the g tensor of Kr F were determined from 
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the experimental data with the aid of second-order 
equations pertaining2•3 to a single spin one-half nu­
cleus. The experimental data and the results of these 
calculations are given in Table I. 

The isotropic 19F hyperfine interaction A(F) in KrF 
is 1683 Me/sec, and is a measure of the spin density 
in the fluorine 2s orbital (neglecting 1s polarization). 
Since Ao(F) is 47900 Mc/sec for the fluorine 2s or­
bital,2 the present result indicates a spin population 
for this orbital of 0.04 in the KrF radical. The anisot­
ropy parameter B(F) of the 19F hyperfine interaction 
in KrF is 924 Mc/sec indicating 2p spin population 
of 0.61 when compared with the value 1515 Mc/sec 
estimated2 for Bo(F). 

The radical KrF, being pseudoisoelectronic with XeF, 
is a q-electron radical in which the unpaired electron 
occupies the antibonding q orbital of the molecule. It 
was inferred2 from the spectrum of XeF that this 
orbital could be adequately described as an out-of­
phase combination of Xe 5p. and F 2p. orbitals, their 
spin populations being 0.36 and 0.47, respectively. 

TABLE 1. Experimental results" and principal values of the 19F 
hypedine interaction tensor and g tensor of the radical KrF. 

Parallel Perpendicular 

H+ (G)b 3861 3207 
H- (G) 2597 2939 
II (Me/sec)· 9055.5 9078.1 
t (Me/sec) 3531 759 
it 2.000 2.068 

a Two "near-neighbor" 19F interactions reaching a maximum of 15 and 45 G 
are igoored. 

b Error±2 G (aHroax , .Iope 10 Gj. 
• Error::l:O.l Me/sec. 

It is apparent from a comparison of the present 
results with those2 for XeF that the spin population 
in the F 2s and F 2p. orbitals is higher in KrF than in 
XeF. This observation follows a well-established trend,4 
and is consistent with the higher electronegativity of 
krypton over xenon, resulting in lower fluorine char­
acter in the bonding orbitals of KrF than in those of 
XeF. 

In XeF, g.l. was 2.1251, considerably greater than 
the free-spin value of 2.0023. The t1--'1r spin-orbit inter­
actions responsible for the positive g shift are clearly 
less important in Kr F . 

* The part of this work performed at the Research Institute 
of Temple University was supported by the Office of Naval Re­
search, Contract No. 3085 (01). 
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(1963). 
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BOTH the distorted wave approximationl (DWA) 
and the semiclassical impact parameter treat­

ment2.3 (IPT) have been used to calculate the prob­
ability of vibrational excitation in molecular collisions. 
A one-dimensional model is used, and an exponential 
interaction is taken between the incoming particle m3 
and the end atom m2 of a diatomic molecule, ml-m2: 
W = Cc-tU• Generally these models have assumed that 
the diagonal matrix elements Wnn of the initial j and 
final n oscillator states are identical4: 

however, recent calculations5 have shown that the DWA 
results are extremely sensitive to the ratio Vnn/Vjj. 

When the anharmonicity of the molecular vibrations 
is simulated by using Morse oscillators, ratios of 1.01 
to 1.5 are obtained and the calculated probabilities 
are reduced by 10-1 to 10-2, The purpose of this note 
is to show that similar reductions are obtained with 
the IPT. 

The IPT time-dependent perturbation is developed 
by treating the "averaged" motion of the incident 
particle by classical mechanics. The incident particle, 
with reduced mass JLT=m3(ml+m.z)/(ml+m.z+ma) and 
the mean relative kinetic energy E= (Ei+E,,) /2 is scat­
tered by the average potential U(x) = [Wii(X) + 
W",,(x) J/2= VCe-a",. V =!(VJj+ Vnn). Ej and En are 
the actual initial and final kinetic energies.s From the 
classical solution2 •3 we obtain the time dependence of 
this potential, U(t)=Esech2(avt/2), where v2=e2/fJ.T' 
The interaction may then be represented as W(t, r) = 
[U (t) /VJe"'Yr, and treated by the usual IPT. 7 The 
probability of undergoing the transition from State j 
to n with eigenvalues Ej and En is given by the follow­
ing integral: 

P;-.n=C'tY I f:U~) expUfrni(t')dt'}dt r, (1) 

where rnj=E,,-EJ+(Vnn-Vii)U(t')/V. If the sym­
metric approximation is made, i.e., V.,., = V jj= 1, then 
r,.j=E,.-Ej and Eq. (1) yields the usual result2.3 : 

Pi-+nO=(~"y !4er(l+iqo) r(l-iqo)/av 12 

( 
V Jn4q01l'E )2 

= av h sinh(1I'qo) , 

with qo= (E,.-EJ)/ahv. However, the general integra­
tion may be performed by substituting y=tanh(avt/2). 
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