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O'0 types of theories of pressure broadening have been cur-
rent in the literature: the "statistical" theory of Kuhn'

and Margenau 2 and the "impact" theory of Weisskopf, ' Lenz, '
and others. Spitzer' and Holstein' have indicated the limits of
validity of the two types of theory: At low pressures the statistical
theory is certainly valid on the wings of the line, the impact
theory in the center, while at high pressures the statistical theory
is valid if its fundamental assumption that the frequency per-
turbation for a given atom is the sum of that due to all others
in the gas,

N
v=3 v(R;)p (1)

i=1

is not too seriously incorrect. Most of these discussions and this
note are confined to the "adiabatic" or nondegenerate case in
which the perturbations due to the atoms in the gas may be ex-
pressed simply as frequency perturbations.

Lindholm7 carried out a complete study of the transition be-
tween the two theories for a frequency perturbation proportional
to 1/R'. Unfortunately, he used a simplified model of the collision
in which the frequency was constant during the collision and thus
the perturbation started and stopped abruptly; some of his re-
sults seem to be in error because of this fact.

This note presents a more general and more workable technique
for synthesizing the two theories and studying the transition be-
tween them. The spectral intensity which is desired is given by
the Fourier integral

(2)

where v(t') is the frequency at the time t', given by (1) with the
R; assuming the correct values for this time. Now we transform
(2) by the standard correlation-function transformation and
obtain

I(ar) fe'" '=() (r);

q(r)= J dtexp i J
+

v(t')dt'

exp i v(t')dt' . (3b)

(3a)

We now use (1) and obtain

q(~) = II exp i v(R;)dt

To an approximation more than adequate for our purposes the
motions of the molecules in the gas are independent, so that

g(r) = exp i v(R)dt

More general methods of averaging are possible than the follow-

ing, in case the situation is more complicated, but this should

This work will be carried out with the collaboration of Dr. C. C.
Gotlieb and his staff at the Computation Center; we are greatly
indebted to Dr. Gotlieb for according these facilities and for a
discussion of the detailed programming.
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suSce to show the method: Suppose that the paths of atoms are
straight relative to each other; then the parameters to be averaged
over are b, the impact parameter, and xo, the position of the atom
at the start of the time-interval 0 to v along the straight line of
impact parameter b. Now

2m bdb dxo= Vp

where V is the volume available to the E atoms of the gas. Then

y(v) = 1—— bdb dxo

N
1—ezp i v( (Xo+Vt)2+b2 &)dt

exp[ —tt v'(r)]. (6)

Here n =S/V =density of atoms per cc, and

V'(r)=2~ f, bdb f dna

1—ezp i v( (Xo+et)2+b' &)dt . (7)

It is an easy matter, for which we have no space here, to show
that (6) and (7), with (3a), lead to the impact and statistical
theories in the proper limits. The criteria for validity of the two
theories are easily derived, being the same as those given in
references 5 and 6; in particular, these hold even for v~1/R',
a case in which there had been some question as to the validity of
the impact theory in the low-pressure limit. Analytical methods
can be applied to give first corrections to the two types of theories,
while V', which is a function only of one variable for a given form
of v(R), can be approximated numerically for any given v(R)
without much difFiculty. The numerical calculation of the line
shape for various densities, from (3a), should then be fairly easy.

Further details, and some computations using the above
method, will be given in a later publication.
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~HE ratio of the nuclear quadrupole coupling constants, eqQ,
for the chlorine isotopes has been found to depend to about

0.02 percent on the molecular environment. Radio frequency
transitions were measured for several chlorine compounds in the
solid state.

A variation in the ratio (eqQ)»/(eqQ)3& with molecular species
is to be expected because of nuclear polarization and certain kinds
of molecular vibrations. ' A change as large as 0.1 percent has pre-
viously been reported in microwave spectra', but measurements pf
direct quadrupole transitions' with an accuracy of the order pf
0.01 percent had failed to show conclusively any such variatipn.

The lines are narrow enough to permit considerably better
accuracy, and were hence measured to an accuracy of about 0.001
percent. At Columbia University this degree of precision was pb
tained by using a Signal Corps type BC221 frequency meter tp
measure diGerences between the line frequency and a near'by
harmonic of a standard crystal oscillator. At Bell Telephpne
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Substance
Temp.

PC

Resonance
frequency
Mc(cig&) (eao)»/(eao) g~

TsaLE L Measurements of chlorine nuclear quadrupole couplings
(Observers: C—Columbia University; B—Bell Telephone Laboratories}.
Resonance frequencies are quoted only to the ~earest kilocycle because of
uncertainties in temperature measurement.

Pp/Xr, g/r, ' of the nuclear moment y/, together with the energy—(pr X) of the nucleus in an external 6eld, were treated as per-
turbations. Matrix elements were computed between states of
definite P, M~ and the secular determinant was solved to order
1/b. The displacement of p&/2 energy levels due to the perturba-
tions was found to be

pCeH4Clg

(high' temp.
phase)'

SbClg Strong lines
Strong lines
Strong lines
Weak lines
Weak lines
Weak lines

NaC10g

KClOg

CHsC12
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20.6
0.2—195—195

27

25.5
0.6

-195
25.5
0.6

-195
26
0.4

-195
25.2

-195
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34.262
34.282
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34.780
34.780
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19.175
19.199
19.305
20.407
20.474
20.908
29.920
30.025
30.632
28.086
28.953
35.993

1.268860 +0.00001
1.268861 &0.00001
1.268859 +0.00001
1.268800 &0.00001
1.268806 +0.00001
1.268856 +0.00001

1.268920 &0.00002
1.268898 +0.00002
1.268774 &0.00002
1.269001 &0.00002

. 1.268973 &0.00002
1.268831 ~0.00002
1.268754 &0.00001
1.268739 ~0.00002
1.268736 ~0.00001
1.268758 ~0.00001
1.268734 &0.00001
1.268790 &0.00001
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C
C
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H«c s= (gz +gr )ppX/h~, where gg is the Landb g-factor multi-
plied by the relativistic correction (1—o' f'/Ry). ' The zero separa-
tion A~ and apparent nuclear moment factor gI' are given by

hr = s(21+1)Lo"—2(o'")'/b j
gt'= gI(1+4&u'"/3gI~),

8 co

u = ——~gspp I'u~Gu2~r&,
p

' C. Dean and R. V. Pound, J. Chem. Phys. 20, 195 (1952).

Laboratories harmonics of a General Radio Type 1110A Inter-
polating Frequency Standard were used. At both laboratories the
nuclear quadrupole resonances were observed with frequency
modulated oscillating detectors using triodes but differing in
circuit details.

The results listed in Table I show that the ratio of (sgQ) 31/(egQ) Ir
depends on the compound and also on the temperature (sec
pCGH4C12 and SbC13). In SbC13 there are two nonequivalent sites
for Cl in the crystal lattice giving different resonant frequen-
cies, different variations with temperature, and difkrent ratios
(~qQ)3~/(egQ}3~. The variations are within the reasonable upper
limit of one part in 2500 for the effect of nuclear mass on zero-
point vibrations. ' Moreover, the dependence on temperature of
the ratio con6rms the effect of molecular vibrations on this ratio.
It is very probably the higher frequency vibrations of the crystal
lattice which are most iinportant in changing the coupling ratio.

Some of the variation may be the result of nonisotropic polariza-
tion of the nucleus by the valence electrons. However, Table I
shows that this effect does not produce variations much larger
than 0.02 percent in these cases and is difIIicult to distinguish from
the effects of lattice vibrations.
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has considered the discrepancies between values of the
nuclear moments of gallium and indium measured by atomic

beam methods and the values obtained from magnetic resonance
experiments. By using a nonrelativistic wave function he 6nds
that a second-order perturbation term resulting from thc atomic
P3/2 state modi6es the apparent value of the nuclear moment
factor gg in the pU2 state by the factor

1/If = 1—(nr)/L6(21+1) g/Sg.

Herc A~ is the zero ficld hyperfine splitting and 8 is the 6ne struc-
ture interval between pi/2 and p3/~ states.

It seemed desirable to see how this expression might be modi6ed
by the use of relativistic wave functions. For this purpose Dirac
central Geld functions were employed for the electron in the Pily
and p3/2 states. The terms arising from Dirac's equation resulting
from the vector potentials f RXr.g/2 of the applied field R snd

sag///// J (+I/2G3/9+I 3/2'G///!)/fre

S= Gi/2G3/y, 'dr, .
Here Fg and Gg are solutions for particular J of Dirac's radial
equations in the form used by Darwina with the normalization
condition

(Pg'+GP)r. 'dr. = 1.

Equation (1) is seen to have the same form as the Breit-Rabi
equation except for the addition of terxns in (u'")'/b and X~/8
which are the same for all sublevels of the pilg state and cancel
out in transitions within this state as in the experiments of
Becker and Kusch. 4 Thus the only apparent effect of perturbation
by the P3/2 state is in the substitution of gI' for gI.

Expressions for u" and u"' employing approximations to the
radial functions valid near the nucleus, where the integrands are
large, have been obtained. by Breit and Wills. » Using these, one
finds that the ratio a"'/a" is —(1/16)X, where X is the ratio G/F
of the relativistic correction factors G and Ii of Eq. (29) of their
paper and is given by

X= 1—1.3NZ ns —0.121Z4a4+. » ..
To a good approximation hr=(21+1)o"/2, since the correction
term in (u"')'/8 is smaB, of the order of 10 6 u" for gallium. Kith
this value of 4s and assuming E to be approximately unity one
obtains

g/'=g/(1 —(d r) X/f6(21+1)Sg}.

Thus Foley's correction to gr is multiplied by ).For gallium this
makes the fractional change in apparent gg —0.0058 and for
indium one has —0.0035. The gallium value is somewhat lower
than that found experimentally (see reference 1) which may, ss
Foley suggests, be indicative of configuration interaction in the
paly state. It should be pointed out that the calculated value of the
ratio a'/a" of the hyperfine coupling constant u' for the p3/g state
to that for the pUg state differs from the value found experimen-
tally for gallium by about 30 percent. A different and lower
value of the correction to g/ is obtained by using o"'/o' instead of
u /u as above.

The author would like to express his gratitude to Professor G.
Breit for suggesting the problem and for several very helpful
discussions in the course of it.
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