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The molecular beam magnetic resonance method has been used in the study of some previously unobserved
resonances in NaF, NaCl, NaBr, Nal, and KBr. The frequency and intensity distribution within the reso-
nance spectra have been studied at zero external field and the dependence of both the frequency and the
shape of the resonance spectra on external magnetic field has been determined. At zero field these resonances
fall in the frequency range from 0 to 157 ke and occur because of a quadrupole interaction and from a cosine
interaction between I and J. At sufficiently high field, the frequency of the maxima of the resonances is
2giuoH /h. The lines are ascribed to a transition between the levels F=J4-% and F=J —4}. In most respects
the lines fulfill theoretical predictions; the frequencies of the lines at zero magnetic field, however, deviate

considerably from those predicted from other data.

INTRODUCTION

OTH the molecular beam magnetic and electric
resonance methods have been used™ in a study
of the internal interactions within a diatomic molecule
and of the interaction of the molecule with externally
applied fields. The present paper reports the applica-
tion of the molecular beam magnetic resonance method
to the observation .of certain previously unobserved
lines in the spectra of several diatomic molecules and
presents g theoretical analysis of these lines.

Feld and Lamb® have given an analysis of the effect
of a nuclear quadrupole moment on the energy levels
of a diatomic molecule in a '} state in a magnetic field.
They discuss spectra due to transitions, Am;=-1,
Amjs=0, at high fields and AF=41 at low or zero
fields. Since, in general, a large number of vibrational
and rotational states is occupied, the spectrum is very
rich in lines. In the most common cases it is not possible
to observe individual lines and an important element of
the theory is the statistical analysis of the density of
the lines in the spectrum. Although FL consider the
case in which one of the nuclei has a spin, I,, of O they
state that the results are valid for the more general case
in which both nuclei may have quadrupole moments.
The injection into the:theory, of a cosine coupling of
the nuclear spin to the molecular angular momentum
was shown by Nierenberg and Ramsey,! to explain the
otherwise anomalous widths of the fluorine resonances
in LiF and CsF.

To simplify the presentation of relevant theory and
since the present experiments deal only with molecules
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which contain a nucleus for which 7,=$%, we shall limit
our discussion to that case. For our purposes a line will
be defined as the envelope of the unresolved components
of a spectral distribution.

The analysis proposed by FL, of the spectrum of the
simple molecule (I, is 0, the rotational angular mo-
mentum of the molecule, J, is large, and the cosine
coupling of I and J is negligible) in zero external field
predicts the appearance of a single line whose frequency
is determined solely by the magnitude of the quadru-
pole interaction and whose width is determined by the
resolution properties of the apparatus. Certain lines,
observed for the alkali halides by NR, had approxi-
mately the correct frequency as determined from high
field observations on the same molecules, but their
widths and shapes could not be ascribed to the resolu-
tion properties of the apparatus. The extension of the
theory as given by NR includes an I-J term in the
Hamiltonian ; the calculation is carried to terms in 1/J
and therefore considers the effect of finite values of J.
Three lines are predicted in the weak field spectrum
arising from the transitions F=J+3F=J43, F=J
and F=J+3«F=J—%. The first two
of these form a close doublet, the separation of whose
components is determined by the magnitude of the co-
efficient of the I-J interaction term. Zeiger and Bolef®
observed this splitting in the zero field lines of CI*® in
TICI®. They have analyzed the shape of the envelope
of the spectrum with the inclusion of all the known
interactions and the effects of a finite J. Large residual
differences between the calculated shapes after an ad-
justment of constants, and the observed spectra are
attributed to a variation with vibrational and rota-
tional quantum numbers of the gradient of the electric
field at the nucleus.

The third line resulting from the transition F=J

1 F=J—1 has not been observed previously al-
though it has been discussed by Ramsey.? Observations
of this previously unobserved line are presented for the
first time in the present paper. As will be shown, the
frequencies of the components of the line at zero field

7N. F. Ramsey, Phys. Rev. 74, 286 (1948).
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depend on the quadrupole interaction through terms
in 1/J and on the cosine interaction through terms in
J. At fields which are somewhat greater than zero,
but far less than the field at which the interaction energy
of the nucleus with the applied field is comparable to the
energy of interaction of the nuclear quadrupole moment
with the gradient of the electric field at the nucleus,
the intensity maximum of the line is found at about
twice the usual nuclear resonance frequency, gruH/h.

THEORY

The Hamiltonian which determines the energy levels
of a diatomic molecule in a magnetic field is:

_‘“IQB(I' DA D—-IT+1)T(T+1)]
2T —1)(2T+3)(2T—1)
+cl- J+gruol- H4+gsuoJ-H. (1)

This expression does not include any interactions in-
volving the second nucleus within the molecule. The
first term is the electric quadrupole interaction energy
and is expressed in the notation of Bardeen and Townes®
in which ¢ is the gradient of the electric field at the
nucleus. The second term is the cosine coupling be-
tween the nuclear magnetic moment and the rotational
angular momentum. The third term is the interaction
between the nuclear magnetic moment and the ex-
ternal field. The fourth term is the interaction between
the molecular rotational magnetic moment and the ex-
ternal field. ‘

For the analysis of the present experimental results,
it is not necessary to consider the terms in the Hamil-
tonian which describes the interaction of the other
nucleus with J. The most probable value of J is in the
neighborhood of 50 and the energy levels of the entire
system are described, to a very exact degree of approxi-
mation, as the sum of the energies obtained by con-
sidering the interaction of each nucleus separately with
the molecular rotation. The neglection of the inter-
action of the second nucleus with J can be formally
justified by the procedure discussed by Bardeen and
Townes® when the quadrupole interaction of the second
nucleus is small compared to that of the first nucleus.

Consider the case in which the interaction with the
external field is small compared with the quadrupole
interaction energy. This case is best represented in the
F, mp representation. F is the total angular momentum
of the molecule and mr is its projection along the direc-
tion of the external field. In this representation the first
and second terms are diagonal. The matrix elements
are given by Condon and Shortley :°

8 J. Bardeen and C. H. Townes, Phys. Rev. 73, 97 (1948).

9 E. U. Condon and G. H. Shortley, Thkeory of Atomic Specira
(Cambridge University Press, Cambridge, 1935), pp. 63, 64, 67.
The greatest contribution to the energy occurs through the term
in egQ for all cases of interest here. The matrix elements involving
this term are, therefore, exact. Since ¢J is of the same order as
egQ/J for the molecules here considered and for rotational states
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(J+35, me|3C|J+3, mr)=eqQ[1+3/(27+3)]/8

+3cTJ+gouoeHm e+ (g1— g )meHmp/2F, (2a)
(J—%,mp|3C|T—%, mp)=eqQ[1—3/(27—1)]/8
—3¢J +gruoHmp— (gr—gr)ueHmrp/2F, (2b)

(Jj:%v mFlchJq:%> MF) .
=(gr—gr)mH[1— (mp/F)* ]2 (2c)

Since the states J3-$ are separated from the J4-1 states
by an energy difference large compared with the energy
difference between J-+3% and J—% at weak fields, the
four by four matrix will approximately factor. If the
two by two matrix involving the J4-} states is diagonal-
ized the following is obtained, without any further
approximations:

E(J+3)=3[bQ2+a—B)+2g/mcHmr]

+35[0*(2+a—B)*—46*(1+a)(1—B)

+ 2b(a+B) (ka+cJ )+ 4k2(1— 322/4)
+2kcTz+2TP]E, (3)

where a=3/(2J+3), B=3/(2J—1), k= (gr—gs)uH,
b=e9Q/8, and z=mp/F. After some simplification and
the retention of terms through 1/7J (3) becomes:

E(J43%)=b+guoHmp =3[ (3b/J+cJT)?
+2B2(3b/ T+ cJ)+- 4B (1—322/4) . (4)

The selection rules for the perturbation due to the
oscillating magnetic field are AF=0, 4=1 and Amp +=1.
The frequencies of the components due to the transi-
tions AF=0 are zero through terms in 1/J, except for
the term gyuoH which is zero at zero field and small at
intermediate fields. The moment change in the strong
fields in the deflecting magnets would be gsuo for these
transitions and they would not be observable.

The transitions AF =1 lead to the following fre-
quencies:

f=W({I %, mp1)—WIFL, mp)/h
= [ fo4 20 for+42(1—322/4) 3,
fo=(3b/T+c)/h, v=F/h,

where both & and » are negative when g; is negative, as
for all nuclei considered in this paper. The term fo may
itself be negative. Evidently, only the absolute value of
f is of interest. The difference between m=+1 and m has
been neglected since it leads, in all cases of interest, to
terms which are small compared with the main terms.
It is seen at once that f, is the frequency of the com-
ponents of the line at zero field. The expression for f,
agrees with that of NR.

©)

of large population, terms involving ¢ and J to a lesser power than
the first are ignored. The interaction energies of the nuclear and
rotational magnetic moments with the applied magnetic field
are less than the interaction energy of the quadrupole moment
with the gradient of the electric field at the nucleus for all magnetic
fields here considered. Terms involving g; and gy and also F to
the order 1/F? are, therefore, ignored.
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Equation (5) reduces to:
fr=|2v(1—32/4)}| (6)

at magnetic fields for which |2»|>>| fo|. Since the values
of fo reported in the paper do not exceed 160 kc and
since 2» increases at the rate of somewhat more than
2 kc/gauss, the expression. (6) gives an adequate repre-
sentation of the line components at very moderate

fields. Expression (5) differs from that of Ramsey” in

the terms involving the I- J interaction constant and g,.
Consider the zero field line whose components have a
frequency fo=(3b/J+cJ)/k. The line shape, of course,
depends on the population of the various J states. The
intensity at a particular frequency is determined by the
product of the “density function,” |dJ/df| and by the
population of the J states which contribute to a par-
ticular frequency interval. The intensity then is:

Inte |dJ/df|J exp(—a2J?), (7
where
=h?/8m*IkT,

in-which 7 is the moment of inertia of the molecule and
T the temperature of the oven. Then

Int« J3 exp(—a2J?)/|cJ?—3b|. (8)

TasrE L. The temperature, internuclear distance, most probable
value of J, and o? for certain alkali halides.

Molecule T(°K) re(A) a? X104 J
NaF 1250 2.1 4.58 33
NaCl 1025 2.51 2.65 43
NaBr 1000 2.64 1.92 51
Nal 975 2.90 1.49 58
KBr 1000 294 1.05 69

This expression, of course, does not give the intensity
in terms of the experimentally observed quantity, fo,
but only in terms of J. If ¢ has the same sign as b it is
apparent that a maximum of intensity will occur at

=(3b/c)} and that this intensity will occur at the
frequency fumin= (12bc)}/h. At all frequencies other than
fmin, two values of J contribute to the intensity. These
two values are related by J1Jo=3b/c. If fuin occurs at
a value of J for which the population is very low, as,
for example, when 5—0 or ¢—0, the total integrated
intensity within the maximum defined by ¢J?=3b is
very small and an analytic maximum may occur. In
the limiting case, ¢=0, fo=3b/Jk and the maximum
intensity occurs at J= —3J corresponding to f=v3b/Jk,
where J is the most probable value of J. When 5=0,
fo=c¢J/k and the maximum intensity occurs at J =J
and f=cJ/h. The general condition which determines
the analytic maximum is found by differentiation of (8)
with respect to f.

J2={602b+ c [ (6a2b+c)2— T2a2bc 1} fAoPe.  (9)

Since J? must be real and positive the condition that
must be fulfilled for the occurrence of an analytic
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TasLe II. Magnitude and sign of e¢gQ/k and ¢/h. The columns
4, B, and C refer, respectively, to the reference for the magnitude
of qu/ h, the sign of egQ/k, and the magnitude of ¢/k. Where no
reference is given the results are from the present work. The
symbols HF and ZF refer to results at high field and zero field of
the magnetic resonance method. The symbol ER refers to results
of the electric resonance method.

8b/h
eqQ/h c/h :
Molecule Resonance (Mc) A B (ke) C
NaF Na%®HF —8.12 13 13
ZF —8.40 S 1 5
Na(Cl NaZZF —5.67 0.37
HF -5.40 1 13
ZF —5.608 5 1 5
NaBr Na®HF —4.68 1 13
ZF —4.88 0.67
Nal NaZHF —3.88 1 13
ZF —3.96 0.69
KBr BrER 15 L2 15
=0 +10.24
=1 +11.22
=2 +12.20
BrlER
v=0 +8.553 <2

maximum for the intensity as a function of J is that
(6a2b+-c)? 2 720%bc. From a study of this inequality
the following conclusions can be drawn.

1. If 0.01685 <ba?/c <1.65 there is only one maxi-
mum, determined by J= (35/c).

2. If ba?/c=0.01685 or 1.65 two maxima exist, but
they coincide.

3. For values of b, ¢, and a not satisfying 1 and 2,
two maxima occur, one for J=(3b/c)* and the other
for the value of J determined by the root of (9).

When two maxima of intensity occur, two values of
J contribute to the intensity at any frequency. We have,
in the preceeding analysis, neglected one of these
values; however, the maximum is not much affected,
since one set of J values, of very low population, gives
a monotonically varying intensity while the other, of
higher population gives rise to the maximum.

When ¢ has a sign opposite to that of b, there is a
single maximum of intensity for a value of J given by
(9). The sign to be taken is that which makes J posi-
tive. The value of (3b/J+cJ)/h may take on both
positive and negative values. Evidently, since the
absolute value of f is observed, the addition of the
intensity arising for a negative f and a positive f may
seriously modify the position of the intensity maximum
as determined from (9).

In Table I are given the values. of the quantities o?
and J appropriate to the molecules studied in this
work. The temperatures of the ovens from which the
molecules were evaporated are also given in the table.
The internuclear distances of all the molecules except
NaF are obtained? from electron diffraction data while
that of NaF is estimated by Wick.** In Table II are
given values of the quadrupole and dipole interaction

10 Maxwell, Hendricks, and Mosley, Phys. Rev. 52, 968 (1937).
ugG, C. chk Phys. Rev. 73, 51 (1948).
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Fi6. 1. Nuclear resonance spectra, (J+3)>(J—3), of Na® in
NaCl at several magnetic fields. The dotted curve is a theoretical
curve using the values: b/h=—709 kc and ¢/h= —0.16 kc.

constants obtained from observations on various kinds
of spectra with the exception of the spectrum arising
from the transition (J+3%)«>(J—3) here considered.
The data include the results of the present observations
on the transitions (J£3)—(J£3). It is evident from
a calculation involving the data of Tables I and II
that an. analytic maximum in the intensity  distribu-
tion for the line (J431)«>(J—32) cannot occur in any
of the resonances here observed if /4 and ¢/k have the
same sign and for a considerable range of ¢/k around
that given in Table IT.

APPARATUS AND METHOD

The apparatus is the same as that used in previous
experiments on molecular beams. The relevant char-
acteristics of the apparatus are described in earlier
papers.’>® The only modification was the addition of a
re-entrant cavity, mounted on a flexible bellows. The
cavity could be inserted into the gap of the C magnet,
immediately adjacent to the hairpin which produced the
rf field. The magnetic field could then be measured
during the course of a run by use of a conventional
flipcoil. The flipcoil was used during most of the experi-
ments to measure the fields and was always used to
determine the zero field condition. In several experi-
ments a double oven mount previously described was
used and the field was calibrated by use of the Li’
resonance in LiCl. The F!° resonance in NaF was used
for -this purpose when the Na% resonance in this mole-
cule was studied.

EXPERIMENTAL DATA
A. NaCl

Figure 1 shows the observed (J+%)«>(/—3%) line due
to the sodium nucleus in NaCl at fields which vary
from zero to one sufficiently high so that the frequency
of the maximum and the line shape are only trivially

2 H, Taub and P. Kusch, Phys. Rev. 75, 1481 (1949).
B Logan, Coté, and Kusch, Phys. Rev. 86, 280 (1952).
14 P. Kusch and H. M. Foley, Phys. Rev. 74, 250 (1948).
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affected by terms containing & and ¢. Of particular in-
terest is the frequency of the maximum at zero field,
fo=37 kc, whose width at half-intensity is 54 kc.

Figure 2 shows the (J=32)«>(J+1) line due to the
sodium nucleus in NaCl at zero field. The present data
shows more structure for this resonance than was
previously observed by NR and by Zeiger and Bolef.®

The (J4=%)«>(J£13) line, in the absence of I-J inter-
action and any variation of & with J and v should occur
at a frequency f=2b/h. The addition of the I-J inter-
action splits the line giving a doublet of separation
2¢J /h, symmetrical about the frequency 25/h.

Zeiger and Bolef observed only the splitting, indi-
cated by dd in Fig. 2, and attributed this to the I-J
interaction. The value of ~1 kc is given for ¢/h. If
the I-J splitting is assumed to give rise to the two
maxima (dd in Fig. 2) the results of the present experi-
ment give the same value for the separation 2¢J/k,
but the additional structure complicates the interpreta-
tion of the curve. It is equally possible to assume that
the two maxima d’, &', in Fig. 2 correspond to the I-J
splitting and that the approximate repetition of the
pattern corresponds to a marked variation of b with v.
In fact, if we follow the notation of Zeiger and Bolef
the observed curve can be fitted quite satisfactorily by
the following constants:

b/h=—T09%ke, |cJ/h|=16ke, J=43, y=0.25,
lc/h|=0.37 ke, P=+485kc,

where y=eq’Q/2V2ac, P=eq™(Q/4h, and ¢=q®
+ gD J(J+1)+q¢®(v+3%). The sign of b/k is obtained
from the measurements of Logan, Coté, and Kusch,?
and cannot be determined from an analysis of the line
(J£3)>(J=+13). The sign of ¢/k cannot be determined
from an analysis of this line but can be inferred from
the position of the line (J+3)e>(J—3). It is evident
from a comparison of the observed curve with that
calculated that a better fit could be obtained by con-
sidering in addition to the variation of ¢ with J and »
a marked decrease of the quantity ¢/# with vibrational

LINE INTENSITY
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F16. 2. Nuclear resonance spectrum of Na® in NaCl arising
from transitions (J43)¢>(J=3). The dotted curve is a theo-
retical curve calculated from the following values: b/k= —709 kc,
cJ/h=16 kc, J =43, v=0.25, P= 485 kc, and ¢/h=0.37 kc.
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quantum number. As will be shown, the present inter-
pretation yields a value of ¢ more nearly in accord with
that required to interpret the (J+3)—>(J—3) line
than does that of Zeiger and Bolef.

The (J+3)<(J—%) line shows shapes which are
qualitatively the same as those which would be ex-
pected on the basis of the earlier discussion, both in the
presence of an external field and at zero field.

At zero field where the line shape and position is
sensitive to the values of & and ¢, it is necessary to
consider both possible signs of ¢, since the sign is previ-
ously undetermined. From the analysis of Zeiger and
Bolef and assuming a negative sign for ¢, ¢/h= —1.0 ke,
and fo=92 kc. If the present analysis of the spectrum
arising from (J=4%$)e>(J43) is used and a negative
sign is assumed for ¢, ¢/h=—0.37 kc and fo=>56 kc.
In order to obtain the observed value of fo=37 kc it is
necessary that ¢/h=—0.16 k.

The theoretical line shape has been calculated as-
suming a value of ¢=—0.16 kc and appears as the
dotted curve in Fig. 1. To avoid the infinities which
occur in Eq. (8), |dJ/df| has been read, for a finite
interval df, from a graph in which f is plotted as a
function of J. These quantities when multiplied by the
Boltzmann function give the intensity distribution,
uncorrected for the resolution properties of the ap-
paratus.

This uncorrected curve has been modified by a nu-
merical integration over the usual resonance function
where a resolution half-width of 5 kc has been assumed.
The intensity has been adjusted to give coincidence of
the peaks at the maximum. The general features of the
calculated and observed curves are similar, though the
observed width at half-intensity, 54 kc is considerably
greater than the calculated width of 28 kec.

It is instructive to examine the case when ¢ is posi-
tive. In Fig. 3 the intensity as calculated from Eq. (8)
for b/h= —1709 kc and several values of ¢, is plotted as
a function of f in the dotted curves. The solid curves
indicate the intensity as summed for positive and
negative f. No resolution function has been applied
since the structures are broad as compared to the
resolution half-width. It is evident that no positive
value of ¢ will give a resonance curve of the appropriate
width and at the appropriate frequency. The curve for
¢=0 has a shape similar to the observed shape. The
maximum occurs at about 28 kc and the width is 32 kg,
still less than the observed width. It is evident that a
small positive value of ¢ will further reduce the calcu-
lated value of f, and increase the calculated width.

It is probable that the more satisfactory explanation
of the zero field line occurs for an analysis which gives
the experimentally observed position of the line rather
than the experimentally observed width for the line.
Several factors will serve to increase the line width
from that here calculated; among these are a variation
of b with both J and v and a possible variation of ¢
with J and v. In view of the uncertainties which occur
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Fic. 3. Calculated line shapes for the (J43)<>(J—3) line of
Na? in NaCl for several positive values of ¢ using b/k=—709 kc.
The solid curves indicate the intensity as summed for positive
and negative f.

in other analyses which purport to determine the mag-
nitude of ¢/#, it might appear that a value, of at least
as great a validity as previous ones, is ¢/h= —0.16 kc.
However, since equally serious inconsistencies arise in
the cases of other molecules where the interpretation
of the (J#3)<>(J=43) resonance is not ambiguous, it
cannot be asserted that ¢/A= —0.16 kc for Na in NaCl.

A little analysis shows that the variation of & with J
and v as given by our analysis of the line (J=£5)(J=3)
will not significantly shift the line maximum. It is,
however, possible to assume a variation of ¢ with J
which would shift the maximum rather considerably.
If this variation were of such a nature that, for J states
of high population, the Hamiltonian of the interaction
is of the form ¢'I-J/J, the observed splitting in the
(J£3)e>(Jx1) line is 2¢'. The zero field line, (J+3)«>
(J—1%) then has the frequency fo=(3b/J+¢')/h. From
an analysis of the line (J=£3)«>(J=%1), |¢/|=16 kc.
The intensity distribution is exactly as shown for the
case ¢=0 in Fig. 3 except that the frequency scale is
shifted. If ¢/=—16 kc, the maximum occurs at 44 kc.
While no other evidence exists to indicate the validity
of the analysis it is apparent that a detailed fit of ex-
perimental data to a calculated position cannot be made
without further knowledge of the variation of ¢ with
J and v.

Figure 4 shows the frequency variation of the reso-
nance as a function of magnetic field. The line whose
slope is 2g(Na*®)uo/h is drawn for reference. The good
agreement justifies the assumption that the resonance
is due to the sodium nucleus and indicates that the line
is, indeed, the spectroscopic structure which the theory
has assumed.

B. NaBr

The lines observed in NaBr and attributed to the
(J4+3)>(J—1) transition of Na are similar to those

‘observed in NaCl except at zero field. No maximum

was observed for this resonance at zero field. It is to be
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Fic. 4. The experimental data which show the variation of the
intensity maximum with magnetic field for the Na? resonance in
NaCl, NaBr, and NaF and for the Br™ and Br® resonances in
KBr. The lines whose slopes are 2g(Br™)u, 2g(Brf!)u, and
2g(Na®)u, are shown for reference.

noted that the lines when measured at fields sufficiently

greater than zero to bring them into a manageable
range of frequency were sharp. For example, when the
resonance maximum occurred at 52 kc, the curve had a
width of 26 kc.

The g7’s of the component nuclei, Na*, Br”, Br®!, are
so nearly the same that the error in field measurement

NA BR

Fi1c. 5. Nuclear
resonance spectrum
of Na in NaBr aris-
ing from transitions
£HUEF)  at
9 zero field.
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precludes an identification of the nucleus responsible
for the observed resonances by a measurement of the
slope of the frequency versus field curve. However, the
line does not show a splitting at fields for which a
splitting greater than the observed line width should
occur if the bromine nuclei are responsible for the
resonance. Hence the resonance- is unambiguously
ascribed to the sodium nucleus.

The (J=4=2)«>(J+1) lines of Na in NaBr are shown
in Fig. 5. The lines are identified with Na since the
quadrupole interaction determined from these lines is in
substantial agreement with that derived from high

field data where the assignment of the structure to Na

is unambiguous. The splitting shown in Fig. 5 has not

LINE INTENSITY
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F1G. 6. Nuclear resonance spectrum of Na in NaBr arising from
transitions (J+4)«=>(J—3%) at 178 gauss. The dashed curve is the
observed curve. The solid curve is a theoretical curve using the
values: b/h=—585 kc and ¢/h=0.67 kc. The dotted curve is
calculated from f=2»(1—322/4)}.

previously been observed. Values of egQ/h=—4.88
Mc/sec (b=—610 kc) and ¢/h=0.67 kc/sec are ob-
tained from this curve on the assumption that the
splitting is due to the I-J interaction. The sign of b is
obtained from other evidence.® If ¢ is negative, the
line (J4+31)<>(J—%) is sharp and is expected to occur
at 70 kc. If ¢ is positive, however, the maximum occurs
at about 18 kc if both positive and negative frequencies
are considered. When the intensities associated with
equal positive and negative frequencies are added, a
single broad maximum, decreasing in intensity from
zero frequency, is predicted. Neither calculation fits
the observed data; the first because the line is in the
wrong position and the second because the calculated
line width is excessive.



LOW

In spite of the difficulties which occur in the analysis
of the lines (J+3)—(J—1), at zero field, excellent
agreement between the experimentally observed reso-
nance and that calculated is obtained for the observa-
tion at ‘“high” field where 2v>>f,. The dashed curve in
Fig. 6 is the resonance curve of Na in NaBr at a field of
178 gauss. The curve drawn as a solid line is calculated
under the assumption that b/h=—585 kc and c¢/h
=+4-0.67 kc. Figure 6 is the result of numerical integra-
tion. The frequencies as obtained from (5) are plotted
as a function of z for several values of J. Values of
dz/df are taken from the curves for each J and multi-
plied by the Boltzmann function to give a quantity
proportional to the intensity. The transition probability
is very nearly a constant and its variation is ignored.
The usual resolution function for a half-width of 5 kc
has been applied to give the final intensities in Fig. 6.

The dotted curve shows the intensity distribution
at the same field when the high field expression (6) is
used. The two curves show that the effect of the con-

i
1 |
H=0 GAUSS H =121 GAUSS H= 250 GAUSS
=
£
=z
=1 3
f / \
/ \
1 1 1
300 400 500 600

FREQUENCY (KC/SEC!

Fi6. 7. Nuclear resonance spectra, (J+3)<>(J—3%), of Br™
and Br® in NaBr at several magnetic fields. The dotted curve is
a theoretical curve using the values: (79)/k=+41670 kc, b(81)/k
=+-1400 ke, ¢(79)/h=+1.21 kc and ¢(81)/h=+1.30 kc.

stants b and ¢ on the shape and position of the line is
very small. The small shift of the maximum in Fig. 6
from 2gmuoH/h arises from the resolution effects in a
highly unsymmetrical line. The agreement between the
observed and calculated curves is satisfactory and
indicates the general validity of the analysis of the line
at high field. The resonance has been observed at fields
as high as 1400 gauss where it has lost its characteristic
shape and is very broad. The characteristic shape is
still evident at a field of 500 gauss (f~1090 kc) where
the width is 170 ke.

The term in g; has been neglected in all the calcula-
tions. To the precision with which the field was meas-
ured, g; is, indeed, negligible.

C. XBr

Typical resonance curves for the line (J+3)—(J—3
for Br” and Br® in KBr are shown in Fig. 7. The
splitting due to the two isotopes begins to be apparent
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in the line of highest frequency. The arrows indicate
the frequencies 2gruoH/h and 2gsiweH/k. Both the
splitting and the frequency of the line at sufficiently
high fields attribute the line, unambiguously, to the
Br isotopes rather than K.

A resonance curve (Fig. 8) has been observed in
KBr with a frequency around 3 Mc. Recent experi-
ments by Fabricand, Carlson, and Lee'® have produced
the data of Table II on the quadrupole interaction of
Br in KBr. The quadrupole interaction shows a large
change with vibrational state and it should be noted
that it is low with respect to any values which might
be ascribed to the egQ’s on the basis of Fig. 8. It must
be realized, however, that the results of the electrical
resonance method are for the J=0 state while the most
probable J for the present experiment is about 70. A
meaningful analysis of the bromine resonance in Fig. 8
appears to be impossible. '

The ratio of the quadrupole moments of the bromine
isotopes is known!® to be Q79/Qs1=1.194 and the ratio
of the g7 values!? to be gs;/gr=1.078.

To satisfy the known ratios of the &’s and ¢’s, to
describe approximately the resonance of Fig. 8, and to
give a good fit to the data on the (J4+3)«<>(J—3) line
at zero field, the following constants have been found:
cre/h=41.21 ke, cs1i/h=+41.30 kc, byo/h=-+1670 kc,
bs1/h=+1400 kc.

The dotted curve shown for zero field in Fig. 7 indi-
cates an agreement in the frequency of the maximum
and the shape of the line. The excessive width of the
observed line is not unexpected in view of the large
variation of & with J and ». In view of the inconsisten-
cies which arise for the case of the Na resonances
(J£De(Jx1) and (J+3)(T—1), the given &’s and
¢’s are not to be construed as highly meaningful
quantities.

D. NaF

The (J+3)(J—1) resonance due to Na® in NaF
was identified by its frequency at a fixed value of
magnetic field. The line had the same general shape as

15 Fabricand, Carlson, and Lee (private communication).
16 C, H. Townes, J. Chem. Phys. 17, 782 (1949).
17 J. R, Zimmerman and D, Williams, Phys. Rev. 76, 350 (1949).
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that of the lines previously discussed. Unfortunately,
the zero field (J4+3%)«>(J—3%) line was obscured by a
very broad I resonance.

E. Nal

The (J23)«>(J=1) resonance of Na in Nal at zero
field is shown in Fig. 9. The resonance, unresolved into
two components, has been observed! previously. From
this resonance it is found that egQ/k= —3.96 Mc/sec,
where the negative sign is known from other evidence,'
and that |¢/k|=0.69 kc. A line has been observed at
zero field and attributed to the (J43)<>(J—%) reso-
nance of Na by an observation of the frequency of this
line at fields where 2v>>f,. The line has the characteristic
shape observed for Na in NaCl and for Br in KBr, i.e.,
a drop in intensity on the low frequency side of the
maximum and a slower drop in intensity on the high
frequency side. This appearance is characteristic of a
¢ of the same sign as b when ¢ is not extremely small.
The observed value of f, is 36 kc which then leads to a
¢ of —0.23 kc. The observed width is 50 kc. The dis-
crepancy between the data obtained from the two zero
field resonances is notable. In all cases the value of ¢
obtained from the (J+3)<>(J—3%) line is less than that
obtained from the (J4=%5)<>(J==3%) line.

DISCUSSION

In each of the diatomic molecules which has been
studied except NaF, a single resonance, attributable to
the transition (J43)<>(J—12) has been observed. For
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the CI nucleus in NaCl and especially for the K nucleus
in KBr, the nuclear g value is so small that a transition
results in a small moment change and hence leads to a
resonance of low intensity. A careful search under
optimum experimental conditions might yield a reso-
nance of Cl in NaCl. No resonance due to Br or I in
the sodium halides has been observed in any of the
several kinds of spectra observed by molecular beams
methods. It may be assumed that the internal inter-
actions, principally the quadrupole interaction, are
very large and that the spectrum, therefore, is so broad
that the intensity at any frequency is very small.
Large internal interactions would also prevent the
observation of the (J+%)«>(J—3%) lines for Br and I
in NaBr and Nal. It is interesting to note that in the
case of NaF, where the nuclear moments of both nuclei
are fairly large and where the internal interactions are
not large, resonances have been observed for both Na
and F, even though they cannot be analyzed separately.

Several lines of evidence have been developed on the
internal interactions of the alkali halides. The electrical
resonance method gives unambiguous results but only
for states with a very low J value. The magnetic reso-
nance method at high magnetic field gives the quadru-
pole interaction energy for a statistical distribution in
J as does a measurement of the transition (J==35)«
(J=£31) at zero field. The results of the magnetic reso-
nance method at high and low fields are in excellent
agreement and may, therefore, be assumed to give a
reliable value of the quadrupole interaction energy.
The line (J==3)>(J+3) gives, as well, a value for the
internal dipole interaction for the most probable value
of J. Finally, the line (J+3)—(J—3%) at zero field
gives a frequency dependent on both the quadrupole
and dipole interaction energies. On the assumption
that the quadrupole interaction constant is correctly
determined by other lines of evidence, the value of ¢/k
as determined from the (J43)«—>(J—%) line on the
basis of present theory is in marked disagreement with
that determined from the (J=4=3)<>(J+1) line. A satis-
factory explanation of the discrepancy may require a
more refined theoretical treatment, the inclusion of
additional interaction terms and a knowledge of the
variation with J and v of terms here assumed to be
constant. :
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