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The electric resonance method of molecular beam spec-
troscopy has been used under high resolution conditions to
study the rotational Stark spectrum of CsF for a single
rotational state of the molecule, J=1. In this method polar
molecules in a single rotational state and a particular state
of space quantization are selected from a molecular beam
by means of inhomogeneous electric fields which give the
desired molecules a unique, sigmoid path in the apparatus.
Changes in the beam intensity are observed when a change
in the space quantization of the molecule is produced by
an oscillating electric field transverse to a homogeneous,
steady electric field. For weak electric fields the observed
line widths agree well with the estimated uncertainty width
of 10 kc/sec. At stronger fields inhomogeneities in the field
cause a broadening of the lines. At sufficiently strong fields
the spectrum for CsF contains several broad lines, each
of which is due to transitions of molecules in a particular
vibrational state. As the field strength is decreased the
resolution improves and these lines reveal a complex fine
structure, the principal features of which can be explained

by the interaction of the electric quadrupole moment of the
Cs nucleus, spin 7/2, with the molecular electrons and the
F nucleus. The F nucleus, spin 1/2, has no quadrupole
moment. A complete, quantitative explanation of the
spectra requires the existence of a cosine type coupling
between the nuclear spins and the molecular spin of the
form cI-J, and a correction for the spin-spin interaction of
the two nuclei. At weak fields a different type of spectrum
appears, permitting an independent evaluation of the
nuclear-molecular interactions. The data allows a deter-
mination of both the magnitude and sign of the inter-
action constants. The quadrupole interaction, defined by
(e2¢’Q/2h), is (+0.310£0.002) mc/sec. The constants, ¢/h,
for the I-J interactions for F and Cs are, respectively,
(+16+2) kc/sec and (041) kc/sec. The difference in the
quadrupole interaction for the first two vibrational states
is less than the experimental error; i.e., less than one per-
cent. Application of the method to the measurement of
various molecular constants is discussed briefly at the end
of the paper.

L. INTRODUCTION

HE magnetic resonance method of molecu-
lar beam spectroscopy has been used for
the measurement of the electric quadrupole mo-
ment of the deuteron' and the quadrupole inter-
action in the sodium halides.? A significant differ-
ence between these two experiments is that in
HD and D, the spectra can be attributed to
molecules having specific, small values of the
rotational quantum number, J; whereas, in the
sodium halide experiments a statistical analysis
involving many J>>1 is necessary to account for
the spectra. This difference is a result of the large
difference in the temperatures of the two mo-
lecular sources.

The advent of the electric resonance method?
has now made possible measurements of the
quadrupole interaction in molecules in a specific
rotational state, even though the molecular beam
is produced by a high temperature source. The

* Publication assisted by the Ernest Kempton Adams
Fund for Physical Research of Columbia University.
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essence of the method is that it selects for study
only that part of the beam, about one part in ten
thousand, which contains molecules in a particu-
lar J state. Its advantages for high temperature
beams are the simplicity of interpretation of
results and greater accuracy.

The electric resonance apparatus, shown sche-
matically in Fig. 1,** makes use of the deflecting
power of the inhomogeneous fields (4- and B-
fields) to select for detection polar molecules
with a particular J and a particular electric
quantum number, m ;. The wire stop eliminates
molecules with large values of J, as they are not
appreciably deflected by the 4- and B-fields. In
passing through a homogeneous electric field
(C-field) the molecules can change their state of
space-quantization (change in mj;) through ab-
sorption or stimulated emission of radiation in
the presence of a superposed oscillating electric
field set at a frequency corresponding to the
energy difference of the initial and final states.
When this occurs they fail to reach the detector,
as shown by the dashed line in Fig. 1, and the
measured beam intensity drops.

** The author is indebted to Dr. H. K. Hughes for the
use of this figure, which is Fig. 1 in reference 3.
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It has been shown? that the spectral lines in
CsF resulting from such a change in m; yield
values of the electric dipole moment and moment
of inertia of the molecules. The present paper is
a report of an experimental study of these lines
in CsF under high resolution conditions and an
analysis of the spectra observed. With the pres-
ent high resolution the single lines found by
Hughes? show a fine structure which can be at-
tributed to two principal causes: viz., the pres-
ence in the beam of molecules in different vibra-
tional states and the electric quadrupole moment
of the Cs nucleus. Secondary details of this fine
structure are explained by assuming that a
cosine type coupling exists between the nuclear
spins and the molecular rotation and by making
a small correction arising from the magnetic
dipole-dipole interaction of the Cs and F nuclei.

II. EXPERIMENTAL DETAILS

The apparatus used in these experiments is
essentially the same as that used, and described
in considerable detail, by Hughes,® with one im-
portant exception. This is the C-field, which is
completely new.

C-Field

The component of the apparatus crucial for
high resolution is the C-field. This must produce
an electric field of great uniformity. Figure 2
shows the essential elements of the field used in
these experiments. Two parallel, brass plates,
1

1 inch thick, 1 and 2, are clamped together

against three, ground, quartz spacers and
mounted so that the molecular beam passes mid-
way between them. Plate 2 is composed of two
parts, 3 and 4, separated by a space of 0.016
inch. A steady, homogeneous electric field is
produced over the length of 3 and over the height
of the beam, about 5 mm, by applying a d.c.
voltage from B-batteries to 1 and 2. Three and 4
are at the same d.c. potential. An oscillating
electric field is superposed on the steady fields by
connecting the output of a vacuum tube oscilla-
tor to 3 and 4. In this way the oscillating field
has an appreciable strength only in the region
where the steady field is uniform.

The field gap is 0.4983 cm. The overall length
is 6 cm, and the length (along the beam) of 3 is 4
cm. The plates are ground flat to 0.00025 cm and
gold-plated to eliminate changes in the contact
potential difference from tarnishing of the brass.

A B

F1c. 2. Two views of the C-field, showing the basic fea-
tures of the design, 4 is a view in the direction of the
molecular beam. B is a side view of 4.
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Resolution

The resolution possible with the present C-field
construction is determined by the uniformity of
the electric field and by its effective length. The
lower limit of resolution set by the non-uniformity
of the field corresponds to 1 part in 2000 of the
field strength or 1 part in one thousand of the
frequency, since the frequency of the rotational
Stark line varies as the square of the field. This
gives an estimated line width (full width at half-
maximum) of 7 kc/sec at a transition frequency
of 3.7 mc/sec.

The width to be expected from the uncertainty
relationship

AvAr~1 (1)

is 10 kc/sec. kAv is the uncertainty in the energy
and Ar is the time spent by the molecules in the
radiation field. In this case Ar is computed using
the most probable velocity of the molecules at
an oven temperature of 800°K, 4X10* cm/sec,
and an effective length of the field of 4 cm.

The effect of the magnitude of the oscillating
field on the resolution can be calculated from the
expression for the transition probability?

P=0.5/[14(Eao/Ems)* A —=f/f)*].  (2)

E.ms is the rms value of the oscillating field, while
Eg4, is the value of the steady field. For experi-
ments with strong fields, where this formula is
valid, typical values were E4,=100 v/cm and
Eims=0.16 v/cm; fo=3.7 mc/sec. These give a
width of 12 kc/sec.

The theoretical width resulting from a com-
bination of the above estimates was not calcu-
lated. However, the observed width of lines pro-
duced by a single transition in the vicinity of 3.7
mc/sec was 16 kc/sec, so that it is reasonable to
conclude that the experimental limit of resolution
was reached.

The line width at weak fields, E¢g.~2 v/cm, is
in close agreement with the width calculated
from (1). Erms was 1 v/cm.

Beam Intensities

The CsF beam was detected with a hot W
wire, 0.005 inch in diameter, at the surface of
which the neutral molecules were ionized. The
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ion current was measured with a d.c. amplifier?
employing an FP54 tube and a 5X10'° ohm grid
resistor. The sensitivity of the amplifier was
50,000 mm/volt on a scale two meters from the
galvanometer.

The total beam, with the stop-wire removed,
gave an equivalent galvanometer deflection of
300,000 cm. The refocused beam in the (1,0)
state produced a 30 to 40 cm deflection. The need
for such a large beam arose from the fact that a
great many lines are resolved; in fact the maxi-
mum change in beam strength corresponding to
a single transition gave a deflection of only 2 to
3 cm.

Three factors contributed to the galvanometer
deflection at any instant of time: (1) detector
“noise’’, (2) a residual beam; i.e., a beam de-
tected with the wire-stop in place, but with the
A- and B-fields turned off, (3) the refocused
beam. The residual beam was usually as large as,
sometimes less than, the refocused beam. Un-
steadiness in all of these factors, chiefly the
detector “‘noise’”’, required that measurements be
made by noting the change in deflection produced
by turning the oscillator on and off and averaging
four successive readings. With this procedure the
minimum detectable change in beam strength
was 3 mm, under the best conditions. This cor-
responds to a change of about 10¢ molecules/sec
or 10® molecules/cm?/sec for a beam 5 mm high.

Procedure

The procedure for measuring changes in beam
strength has been detailed above. In addition,
measurements were made of the frequency of the
oscillating field and the voltage applied to the
homogeneous field. At strong fields the relative
positions of the lines in the fine structure due to
the nuclear-molecular interactions is independent
of the field strength. Hence, it is possible to fix
the frequency and vary the field, to scan the
spectrum, or to fix the field and vary the fre-
quency. The latter method was used in gathering
all the important data reported on here. The
voltage was measured with a type K potenti-
ometer and held constant to 1 part in 5000.
Frequency was measured with a General Radio
Type 624A heterodyne frequency meter to 1 part
in 10,000.

4 D. B. Pennick, Rev. Sci. Inst. 6, 115 (1935).
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Measurements at zero electric field would have
been desirable both because of the simplicity of
the line structure and as an independent check
on the strong field measurements. However, the
transition probability vanishes at zero field.?
Thus it was necessary to work at a field strong
enough so that transitions could be observed but
not so strong that effects caused by the inter-
action of the molecule with the field were large.

In practice it was found that as the strength
of the homogeneous field was decreased the
strength of the refocused beam dropped because
some of the molecules were undergoing non-
adiabatic transitions® in the regions between the
C-field and the two focusing fields. This effect set
the lower limit of weak field operation.

III. THEORY

The Hamiltonian used as a basis for theoretical
calculations was

= (n*/24))*—u-E
—e2q’'Q/I,(2I,—1)(2T —1)(2T+3)
X3 +35-)
—L(LADTT+1)]+eli- J
+6212J+g1g2#1v2/f3(2]+ 3)(2]— 1)
X3 NIz 1) +3(T2- (X0 )
=2I;- LJ(J+1)]. (3)

The first term, in which A4 is the moment of
inertia of the molecule and J is the rotational
quantum number, corresponds to the mechanical
energy of rotation of the molecule. This remains
unchanged in these experiments, since J=1 at
all times. The second term gives the splitting
produced by the interaction between the electric
dipole moment, u, and the electric field, E.
Reference 3 gives a summary of the energy levels
arising from this term alone. The third term is
the operator for the interaction between the
electric quadrupole moment of the Cs nucleus,
Q, and the electric field gradient at this nucleus
produced by the remaining charges in the mole-
cule. Q and ¢’ are defined by Nordsieck® and in
reference 1. I, is the spin of the Cs nucleus. The
theory of Fano? was used in calculating the matrix
elements given by this term. Since the F spin is %,

8I. I. Rabi, Phys. Rev. 49, 324 (1936).

6 A. Nordsieck, Phys. Rev. 58, 310 (1940).

7U. Fano, J. Res. Nat. Bur. Stand., Wash., 40, 215

(1948). Energy level charts in this paper are directly
applicable to aF
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this nucleus has no electric quadrupole moment,
whence the absence of a quadrupole term for it
in (3). The third and fourth terms, where I, is
the spin of the F nucleus, represent perturbations
produced by a cosine coupling between the nu-
clear spins and the molecular rotation. They can
be thought of as representing the interaction
between the nuclear magnetic dipole moment
and a magnetic field produced at the nucleus by
a current set up by the molecular electrons as a
result of the rotation of the molecule. A more
detailed picture of this type of interaction is dis-
cussed by Foley® and by Wick.? Calculations for
this interaction made use of the formulas pre-
sented by Nierenberg and Slotnick.® The last
term comes from the small perturbation produced
by the coupling of the two nuclear magnetic dipole
moments. g; and g, are the nuclear gyromagnetic
ratios of the Cs and F nuclei respectively; ux is
the nuclear magneton and r is the internuclear
distance of the molecule. The operator in this
form is taken from reference 1. The matrix ele-
ments, calculated by Nierenberg,! are given in an
appendix to this paper.

In analyzing the observed spectra it is neces-
sary to take into account the fact that the re-
focused beam contains molecules in several differ-
ent vibrational states. It is reasonable to assume
that the main effect of vibration is to change the
average electric dipole moment and the average
moment of inertia of the molecule as the vibra-
tional state changes. This means that the second
term in (3) will be different for different vibra-
tional states, and the observed spectrum will be
a superposition of lines from molecules in differ-
ent vibrational states. No theoretical estimates
are available for the effect of vibration on the
constants in the other terms of (3). However,
from the data presented in this report it is
possible to make an experimental estimate of the
magnitude of such an effect.

In general the terms in (3) will be different for
different isotopic species. However, CsF has only
one isotopic species. This greatly simplified the
experimental work and the analysis of the data.

In the application of the perturbation theory

8 H. Foley, Phys. Rev. 72, 504 (1947).

9 G. C. Wick, Phys. Rev. 73, 51 (1948).

10 W, A. Nierenberg and M. Slotnick, Phys. Rev. 73,

1437 (1948).
11 W. A. Nierenberg, private communication.
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F1c. 3. Spectrum at strong fields, showing lines produced by molecules in five different vibrational states. The fine
structure resulting from nuclear-molecular interactions is not resolved. The graph in the upper left corner is a semi-log
plot showing the distribution of vibrational states. v is the vibrational quantum number.

to computing the characteristic values of (3) it
is convenient to distinguish two cases for which
the theory is relatively simple. “Strong fields”
are defined for this purpose as fields for which

e QKB QALK [2A X T(J+1). (4)

In this case the electrical terms are diagonal in
an ms, my, representation, i.e., the molecular and
nuclear spins are effectively decoupled. It is note-
worthy that in this instance, h%/24 X J(J+1)
>u2E?/h?/2A4, there is a negligible mixing of
J-states and therefore Casimir’s expression for
the quadrupole interaction, which is diagonal in
J, is correctly applied. Hence, since I and J are
in effect decoupled, the matrix elements in refer-
ence 1 are suitable. For CsF the errors in making
this approximation are less than the errors of
measurement, for e?q’Q/2h~0.3 mc/sec while
(#2/2A4R)J(J+1)~10,000 mc/sec.

An important consequence of the strong field
theory is that the fine structure produced by the
terms beyond the second one in (3) is independ-
ent of the value of the field, thus rendering un-
necessary a knowledge of the magnitude of
the field.

“Weak fields’ are defined by
g’ Q> uE /R /2A. (5)

In this case I; and J are strongly coupled and
an Fi, mp, representation is used, so that the
quadrupole interaction will contribute only di-
agonal elements to the energy matrix. F1=I,+]J.

IV. ANALYSIS OF SPECTRA
Value of J

It was decided at the beginning of these experi-
ments to obtain spectra from molecules for which
J=1, this being the state easiest to refocus with
the present apparatus. However, it is possible to
refocus CsF molecules with several values of
J 21, depending on the 4- and B-field voltages.
In addition, more than one value of J may be
represented in the beam refocused for a particular
set of refocusing conditions. Two different meth-
ods were used for determining J.

The first method makes use of the uniqueness
of the fine structure for a given (J, ms)—(J, m;’)
transition. This was not so easy as might be
anticipated. For example, calculations showed
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that the (2, 1)—(2, 2) and (1,0)—(1, %1)
transitions should give fine structure patterns
which are identical at strong fields, except for a
difference in sign, and small differences due to
the I-J interaction not experimentally detect-
able. At weak fields the predicted patterns are
different, but still not sufficiently different to
make a distinction experimentally. However,
when the value of the quadrupole interaction
computed from the weak field data was compared
with the value computed from the strong field
data it was found that the two values disagreed
by much more than the experimental error if the
spectra were attributed to J=2. On the other
hand, they agreed satisfactorily when the as-
sumption was made that J=1.

In the second method observations of the u-E
interaction were made for two different values of
J and compared. Such a comparison permits an
unambiguous identification of both J's. A brief
review of the procedure follows.

The transition frequency corresponding to
(J, my)—(J, m;') is given by?

v=K\(J, my, m;")E*+Ky(J, mys, m;')E*, (6)

if only the y-E interaction is taken into account.

INTERACTION
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This frequency can be readily calculated once
the analysis of the fine structure produced by the
other terms in (3) has been carried out.

The most precise way of comparing results for
two different values of J is to obtain the ratio

KI(JI, my, mJ’)/Kl(Jﬁy ml“y mJ’”)! (7)

which can be predicted from the theory. K; was
determined with a precision of 1 part in 3000 by
plotting v/E? vs E? and extrapolating the straight
line so obtained to E=0. In this way the transi-
tions (1, 0)—(1, &=1) and (2, 0)—(2, 1) were
identified. An additional check on the (1,0)
—(1, &=1) transition was also obtained by a
comparison with Hughes’® results.

The spectra analyzed in this paper are all from
molecules for which J=1. The spectra obtained
for J=2 were observed at fields too high for good
resolution, and were consequently of no value in
evaluating the nuclear-molecular interactions.

Vibrational Effects

Figure 3 shows the spectrum obtained with an
electric field so strong that the (1,0)—(1, +1)
transitions are displayed for molecules in the
first five vibrational states. In this run the fre-

| e | \
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F16. 4. Strong field spectrum showing the fine structure produced by the nuclear-molecular interactions for
molecules in several vibrational states. Arrows at the top of the figure indicate theoretical line positions. v is

the vibrational quantum number.
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quency was held constant at 94.506 mc/sec and
the field varied. That this spectrum does show
the presence of several vibrational states can be
demonstrated in two ways: (1) When spectra
were observed at several different field strengths,
a straight line resulted from a plot of v/E? vs E?
for each of the spectral lines. This would be ex-
pected from (6) if the individual lines arise from
molecules having slightly different values of u
and 4; (2) a plot of the logarithm of the peak
intensities of the lines as a function of the vibra-
tional quantum number, v, is a straight line
(shown in the upper left hand corner of Fig. 3).
Thus the distribution of the molecules producing
the lines is the same as the distribution of vibra-
tional states in a molecular gas.

Data was taken at larger fields than those
shown in Fig. 3 to insure that the most intense
line in the figure actually corresponded to v=0.

The width of the lines in Fig. 3 is produced by
the unresolved fine structure, arising from the
nuclear-molecular interactions and the field in-
homogeneity. The latter alone would produce a
line width of 0.5 v/cm.

Since the frequency separations of the ‘‘vibra-
tion” lines varies as E? while the fine structure
produced by the nuclear-molecular interactions
remains constant until intermediate fields are
reached, it is evident that the spectra from the
molecules in different vibrational states will
eventually overlap as the field strength is de-
creased. This is the case for the results shown in
Fig. 4 where the lines corresponding to various
vibrational states are indicated by the arrows at

ol Tl
é : .- €-333 VOLTS /CM
[/ N L
:g:r / E:1.84 VOLTS/CM
| A VA

FREQUENOY - KILOCYCLES

FiG. 5. Weak field spectra for two different values of
the field. Arrows show the theoretical positions of lines
at zero field.
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the top of the figure for three different states.
It is clear from the complexity of the spectra
in Fig. 4 that the data presented in Fig. 3, where
the vibrational effect is completely unambiguous,
is invaluable in assigning the lines in Fig. 4 to
molecules in the various vibrational states.

For the weak fields indicated in Fig. 5 the
spectral shift produced by the u-E interaction
for molecules in different vibrational states is less
than 1 kc. This is far below the resolution of the
apparatus.

Structure At Strong Fields

Figure 4 shows the spectrum obtained at
strong fields, but with sufficient resolution to
reveal the fine structure produced by the nuclear-
molecular interactions. Since the main features
of this structure are due to the quadrupole inter-
action it is necessary to make certain that the
“strong field"”’ theory applies. Discussion, at this
point, will center on the lines for which v=0.
There are nine such lines, as indicated by the
arrows in the figure. The total spread of the
spectrum is a rough measure of the quadrupole
interaction. This is 0.499 mc/sec. The frequency
corresponding to the u-E interaction alone is
3.74 mc/sec, so that the ratio of the two is 7.5/1.
Calculations show that this ratio is large enough
to satisfy (4) very well.

The detailed calculations of the theoretical
line positions are too lengthy to present here.
Therefore, only pertinent aspects of the theory
will be given. Since I;=7/2, I,=1/2 and J=1,
at most 48 energy levels will be involved. The
quadrupole interaction alone gives rise to 24
energy levels which are degenerate in such a way
that 8 levels correspond to m;==+1 and 4 to
mys=0. If the oscillating field is perpendicular to
the steady field the selection rules are Am ;= +1
and Am;, =0, so that 14 lines are predicted. Of
these, only 8 should be resolved. Since the oscil-
lating field actually has components both parallel
and perpendicular to the steady field, there is a
small possibility of observing lines for which
Am =0, (m=ms+my,). No such lines were found,
however.!?

12 The presence of corresponding lines was observed at
intermediate fields. Results at these fields are not presented
because the theoretical calculations are highly involved,

and preliminary calculations showed that no new informa-
tion was available from these measurements.
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An examination of Fig. 4 reveals nine lines
instead of eight. A detailed comparison of the
experimental and theoretical lines gives good
agreement for all of the lines except lines 7 and 8,
counting from low to high frequencies. In this
case the predicted line falls midway between 7
and 8. Hence, we conclude that the results cannot
be explained by the quadrupole interaction alone,
but the contributions of the other terms in (3)
must be considered.

Calculations for the I-J interaction show that
the effect of the Cs spin is to shift the quadrupole
lines slightly, while the F spin produces a splitting
of the levels for m ;= =%1. Because of the way in
which some of the states for m;= %1 are mixed
by the quadrupole interaction the effect of the
I-J interaction for the F nucleus, is largely sup-
pressed except for one of the quadrupole levels.
It is precisely the transitions from this split level
which correspond to lines 7 and 8. The theory
shows that the constant ¢, is just equal to the
energy separation of lines 7 and 8. As the result
of several runs this separation is found to be
22 kc/sec. However, this must be corrected for
the effect of the nuclear dipole-dipole interaction.

Calculations for the dipole-dipole interaction
show that its observable effects in this case are
indistinguishable from the effect of the I-J inter-
action. Fortunately the values of g;, g» and 7 are
known so that exact calculations can be made.
The result is a correction of 4 kc/sec which makes
the value of ¢5/k =18 kc/sec.

An additional comparison between theory and
experiment can be made by considering the line
intensities. For example, the ratio of the intensi-
ties of lines 1 and 2 should be one to two accord-
ing to the theory, and this agrees with the in-
tensities shown in Fig. 4. Agreement also exists
for line 3, theoretical weight two, on this scale.
Lines 4 and 5 are made up of a number of unre-
solved lines, but the observed intensities seem to
be in agreement with estimates made by com-
bining the effects of the theoretical lines. Lines 6
and 9 should each have a weight of one, and their
large, observed peak intensities are doubtless the
result of the presence of so many nearby lines for
=0 and >0. Intensity considerations also give
striking confirmation of the predictions for the
I-J interaction. The line predicted between 7 and
8, considering the quadrupole coupling alone,
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TaBLE I. Comparison of experimental and theoretical
relative positions of lines at strong fields for v=0. Fre-
quencies in kc/sec. Lines counted from the low frequency
end of the spectrum. (Cf. Fig. 4.)

Line Exp. Theor.
1 —263 —263
2 —228 —228
3 —_ —123
4 + 14 + 15
N + 51 + 53
6 +126 +123
7 +172 +174
8 +195 +196
9 +236 +236

had a weight of one. Lines 7 and 8 are clearly
miich weaker than 6 and 9.

The effect of vibration on the quadrupole inter-
action must be less than one percent for CsF,
since the fine structure separations for higher
vibrational states is in experimental agreement
with the separations for »=0. The absence of
line 1 for v=2 in Fig. 4 is due to the absence of
data in this run. Other runs show the line to be
present. Additional lines for ¥>0 beyond the high
frequency end of Fig. 4 have also been observed
and their positions agree with the theoretical
predictions.

Structure at Weak Fields

Figure 5 shows the spectra obtained at two
different, weak electric fields. According to the
theory for the quadrupole interaction at weak
fields there will be three levels corresponding to
F,=9/2,7/2, 5/2. Thus two lines are predicted
from AF;=41. Figure 5, however, shows two
groups of lines, a pair of lines in the low frequency
group and a broad line, presumably made up of
several unresolved lines, at a higher frequency.
If the I-J interaction is taken into account, this
discrepancy is resolved. The theory predicts four
lines, occurring in two closely spaced pairs in the
low frequency group, and four lines nearly evenly
spaced in the high frequency group. These lines
are indicated by the arrows in Fig. 5. As was the
case at strong fields the dipole-dipole interaction
is indistinguishable from the I-J interaction ex-
perimentally. Again, a small correction must be
made for it.

Although the effect of the u-E interaction is
small in comparison with the quadrupole effect
it is not entirely negligible for the fields indicated
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TaBbLE 11, Experimental positions of lines at weak fields.
Frequencies are in kc/sec. Lines are counted from the low
frequency end of the spectrum. (Cf. Fig. 5.)

Line »
1 226
z 243
3 310

in Fig. 5. Calculations using the appropriate
formula in reference 10 show that only the level
F,=35/2 is measurably affected. The result is that
there should be 14 unresolved lines in the high
frequency group. Since the positions of these
lines depend on field strength the experimental
agreement at the two field values shown in Fig. 5
seems strange. However, the lines shift in relative
positions with no appreciable change in their
center of gravity in going from the smaller to the
larger field.

No effort has been made in this case to calcu-
late the relative intensities of the lines.

The complete explanation of these results by
the analysis outlined above leaves no room for
effects due to vibration of the molecules. The
experimental upper limit set on the possible
change of the quadrupole interaction with vibra-
tional state is about 2 percent. Thus, the strong
field data are more conclusive on this point than
the weak field data.

V. RESULTS

Table I shows the experimental and theoretical
positions of the lines in Fig. 4 for v=0. The center
of reference is the frequency which would corre-
spond to the y-E transitions alone. In this table
theoretical lines which would be experimentally
unresolved have been ‘“‘merged” in calculating
the theoretical positions presented. Table II
shows the experimental positions of the lines in
Fig. 5. Table III shows the constants required
to give the best fit between the theory and the
experimental results. The magnetic fields at the

TaBLE III. Interaction constants calculated from the
strong and weak field spectra. Subscripts 1 and 2 refer to

Cs and F nuclei respectively. See text for definitions of
symbols.

Quantity Strong field Weak field Average
229’'Q/2h, mc/sec  +0.312:£0.002  +0.307 +0.004  +0.310-0.002
¢1/h, kc/sec —0.6+1 —+0.5+1 01
c2/h, kc/sec +18-+2 +14+3 +16+2
H,, gauss —142 +142 042
Hj, gauss +4.60.5 +3.5+0.7 +4.0:£0.5
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Cs and F nuclei, H; and H,, produced by the
molecular rotation are computed from ¢; and ¢,
by means of the formula

H=(hc/ung). ©)

This is the field per unit rotation.

The errors stated are a result of uncertainty
in estimating line positions. The value of the
quadrupole interaction constant at strong electric
fields is based on the positions of all of the ob-
served lines and is more accurate than the value
determined at weak fields, where the error in
determining the center of the line pattern for the
high frequency group was relatively large.

It is important to note the relative merits of
evaluating the constants in Table I1I from strong
and weak field data. Besides the relative accu-
racies discussed above there are features unique
to each case. The sign of the quadrupole inter-
action constant can be determined from the
strong field data by observing the asymmetry of
the fine structure pattern. The weak field data
yields only the magnitude and not the sign of this
constant. On the other hand the sign of ¢z can be
determined only from the weak field data and
not from the strong field data. ¢, is so small that
its sign is in doubt in either case in these experi-
ments, but theoretically the sign could be deter-
mined from either the strong or weak field results.

VI. DISCUSSION

It is of interest to compare the results pre-
sented here with results obtained by the mag-
netic resonance method. To make this compari-
son for the quadrupole interaction, unpublished
data of Millman and Kusch on the Cs resonance
in CsF was used. The theoretical shape for their
resonance curve is given by Feld and Lamb in Fig.
6 of their paper.® This curve has a central maxi-
mum with six symmetrically placed ‘‘spikes’ of
decreasing intensity on either side of it. The ex-
perimental curve is a perfectly smooth, resonance
curve, the “spikes’’ being unresolved. It is there-
fore difficult to make an accurate estimate of the
quadrupole interaction constant without a de-
tailed analysis of the resolution of the magnetic
resonance apparatus. In lieu of this the half width
of the experimental curve was taken arbitrarily to

1B B, T, Feld and W. E. Lamb, Phys. Rev. 67, 15 (1945).
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be the same as the distance between 1—2x and
1+42x on the theoretical curve. The result,

€%¢'Q/2h=0.31 mc/sec

agrees even better than might be expected, con-
sidering the approximations made in the analysis,
with the result reported here. The sign of the
interaction cannot be determined from the mag-
netic resonance data.

It was not thought worth while to attempt an
estimate of the constant ¢;/k for the Cs I J inter-
action from the magnetic resonance data, since
the accuracy of such an estimate would be at
least an order of magnitude less than the ac-
curacy of this constant determined by the electric
resonance method. However, the agreement be-
tween the two values of €?¢’Q/2k indicates that
the small value of ¢,/k reported in this paper is
consistent with the magnetic resonance results.

The value of H; presented in Table III can be
compared with the value calculated by Wick?
using the magnetic resonance data from reference
2; wz., 1.8 gauss. The discrepancy between the
two values, amounting to more than a factor of
two, is far beyond the experimental error in both
methods of measurement. If this discrepancy is
real, it may indicate that the I-J interaction is
given by f(J)(I-J) instead of cI-J, where f(J)—1
for J>>1. Further experiments are indicated in
which the I-J interaction is studied as a function
of J. It is important to note that the sign of the
interaction is not given by the magnetic reso-
nance method.

Since the measurements of the quadrupole
interaction give neither the value of ¢’ nor of Q,
but only their product, the important problem of
separating the two quantities still remains. How-
ever, if the same nucleus is present in different
molecules, the product, ¢’Q, gives some informa-
tion about the changes in molecular binding. In
this connection it is interesting to note the strik-
ing difference between the present results and
those deduced from measurements made by the
magnetic resonance method on Cs,;!¢ wz.,

e2q'Q/2k=0.074 mc/sec

This difference is qualitatively the same as that
already noted by Nierenberg and Ramsey? for
the sodium halides and Na,. The theory used as

14 P, Kusch, S. S. Millman, and L. I. Rabi, Phys. Rev. 55,
1176 (1939).
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a basis for the above estimate for Cs; has been
developed by Foley.!s

This paper has been directed at understanding
the nuclear-molecular interactions revealed in
the fine structure observed in transitions of the
type (J, ms)—(J, m,;"). However, with the pres-
ent high resolution, valuable information about
certain molecular constants can be obtained. In
the first place, the electric dipole moment and
moment of inertia of the molecule can be re-
evaluated with greater accuracy than was pos-
sible before.* Secondly, the variation of the
product, u?4, with vibrational quantum number
can be found and should yield some information
about the shape of the potential energy curve for
the molecule, especially if either u or 4 can
be determined separately with high accuracy.
Thirdly, the slope of the straight line in the upper
left corner of Fig. 3 gives the vibrational constant
we, although not with great accuracy, perhaps
10 percent in this instance, because of the large
uncertainty in the source temperature.!®
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APPENDIX
The first order energy terms for the magnetic dipole-
dipole interaction under weak field conditions are®
21g2un? /(2T +3)(2T—1)
XBgr{ F(Fi+1)—L(L+1)—-T(T+1)}
+2er,JJ+DI-F, (9)
where
gr=[FA((Fi+1)+J(J+1)—L(IL+1)]/2F(Fi+1), (10)
gn=[F(F+1)+L(L+1)-J(T+1)]/2FR(Fi+1), (11)
L-F=1/2X[F(F+1)— Fi(Fi+1)—I)(I:+1)], (12)
F1=II+J, (F|=I1+], Ix+J—'1, LR |Ir—]|), (13) and
F=Fi+ly, (F=Fi+ID, Fi+L—1, -+ |Fi—1]).  (14)
The other symbols are defined in the text.

For strong electric fields the first order energy terms for
this interaction are

2g182un?/18 2T+ 3)(2T — 1) X [3m 22— T (J+1)Im1,mrp,, (15)
where

my=J, J—1, -+ =], (16)
ml|=I11 Il—ly "'_Ih and (17)
m1,=Iz, Iz—-l, cee =T, (18)

% H, M. Foley, Phys. Rev. 71, 747 (1947).
16 The value of w, obtained from Fig. 3 is 27030 cm™.
The oven temperature was 800°K.



