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The pure rotational spectra of the alkali chlorides were investigated in the 0.96- to 3-mm range of the
microwave region with the molecular-beam spectrometer earlier developed at Duke University. Introduction
of TeQon microwave lenses and high-pass microwave 61ters improved this spectrometer so that measure-
ments into the submillimeter region were possible, to an accuracy of better than one part in 10'. Dunham's
solution for the diatomic molecule was applied in interpretation of data. Improved values for B., o., and y,
were obtained for most molecules studied. The centrifugal distortion constants D, and P, were obtained
from the rotational spectra for the 6rst time for all molecules measured. From the latter two constants,
accurate values of co, and co,x, were derived. Other derived quantities are: potential coe@cients, isotopic
mass ratios, moments of inertia, and internuclear distances. For most of these quantities, the accuracies
obtained surpass those from previous measurements.

INTRODUCTION absorption spectrometer is complementary to the elec-
tric- and magnetic-resonance spectrometers.

Before development of our molecular-beam spec-
trometer, the microwave group at Columbia University
designed a hot-cell microwave spectrometer'" which,
like ours and like the conventional microwave spec-
trometer for gases, employs a microwave radiation
detector. With it, they measured rotational transitions
in the centimeter wave region for most of the alkali
halides. More recently, Lide, Cahill, and Gold' have
improved the hot-cell spectrometer and have extended
its range to 45 kMc/sec for the measurement of the
J=O —+ 1 transition of LiQ. The principal disadvan-

tage of the hot-cell spectrometer is the pronounced
pressure and Doppler broadening of the spectral lines

in a gas heated to high temperature. Also, the micro-
wave-transmission losses in a hot ceIl are large for the
high millimeter-wave frequencies. The molecular-beam
spectrometer used here eliminates most of the pressure
and Doppler broadening, and its microwave-transmis-
sion losses are suKciently low that it can be used in the
submillimeter-wave region. Introduction of dielectric
lenses for the focusing of the millimeter waves through
the absorption cell has signi6eantly reduced its trans-
mission losses over those of the earlier design.

As was demonstrated in the study of alkali bromides
and iodides' and as is evident from this study of the
alkali chlorides, a precise measurement of the milli-

meter-wave rotational spectra allows a more complete
and more accurate evaluation of the molecular constants
of these molecules than is possible from either infrared
or centimeter-wave measurements. The millimeter-wave
measurements are needed because the effects of centri-
fugal distortion on the molecular structure can be signi-

ficant and because these effects of distortion may be

A N earlier designed, high-temperature, molecular-
beam, microwave spectrometer" for operation

in the shorter millimeter-wave range of the spectrum
has been improved and extended in frequency coverage
and has been used for extensive measurements of the
alkali chlorides. Unlike the rf molecular-beam spectrom-
eters, ' ' which detect deflected molecules, this spectrom-
eter detects the loss in radiation which results from the
absorption of radiation by a beam of molecules simply
sprayed across the radiation path. Since no deflection
of the beam is necessary, this spectrometer can be used
at the very high millimeter- or submillimeter-wave
frequencies, at which molecules generally become in-
sensitive to the deflection fields required for operation
of the molecular-beam electric-resonance spectrometers.
It has the advantage over the latter of employing a
microwave detector which does not depend on the type
of molecules being investigated. Because of the weak
absorption of molecules in the centimeter or longer wave
rf region, the present instrument, which we shall desig-
nate as a molecular-beam absorption spectrometer, is
not generally applicable at these frequencies. It becomes
applicable and effective in the shorter millimeter- and
submillimeter-wave regions, where the absorption coef-
6cients of most molecules become large. Because mole-
cules generally become less sensitive to electric and
magnetic 6elds with increase of rotational frequency,
the molecular-beam resonance methods become inef-
fective in the millimeter-wave region, where the present
spectrometer operates best. Thus, the molecular-beam
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FIG. I. Schematic diagram of molecular beam absorption cell.

accurately evaluated only by measurements at the higher
microwave frequencies, at which frequencies this dis-
-tortion signi6cantly alters the rotational spectra.

EXPERIMENTAL CONSIDERATIONS

In its systems for microwave-power generation,
detection, control, and measurement, the spectrometer
used in this study is similar to most of those employed
for video detection in the Duke microwave laboratory. '
The principal difference between this spectrometer and
conventional microwave spectrometers is in the absorp-
tion cell itself, which is specialized for the generation
and utilization of high-temperature molecular beams.

Since the molecular-beam spectrometer has been
described in earlier papers of this series, ' ' only the pres-
ent modifications of it will be described here. The ab-
sorption cell is shown in schematic arrangement in Fig.
1. It consists of a 60-cm section of S-band waveguide
(3- )&1-',-in. cross section), into which the output of a
harmonic generator operating from a 32—39 kMc/sec
reQex klystron is matched by means of a 30-cm 6- to
S-band transition section. ' The power is matched to the
G-band waveguide of the detector by an identical S- to
G-band transition section. A 6-in. slit is cut in the bot-
tom of the S-band waveguide which is the absorption
cell so that a beam of molecules can pass into it from a
separate oven located just below the slit. The spectrom-
eter has been modified from the earlier design' by the
addition of high-pass microwave filters which reduce
detector-crystal noise in order to give higher harmonics
and the addition of TeQon lenses which increase the
efhciency of transmission through the slotted waveguide
section. These modifications have made possible detec-
tion into the submillimeter region. The 61ters, which
operate by means of a short constriction in the E-field
direction in an otherwise straight section of rectangular
waveguide, are located at the output guide of the har-
monic generator. Three high-pass microwave filters
were made with cutofI wavelengths corresponding to

the fourth, 6fth, and sixth harmonics of the klystron
frequency at the low end of its frequency band. These
cutoff wavelengths were 1.87 mm, 1.56 mm, and 1.17
mm, respectively.

The lenses were placed at the large ends of the G- to
S-band transition sections, as shown in Fig. 1. They are
identical, planoconvex types designed upon assump-
tion of a point source of radiation about one centimeter
from the apex of the input transition section. Y. Y. Hu'
shows that for sectoral E- or H-plane horns of less than
a five-degree half-angle, the formula d/X=5 gives the
location of the phase center or "equivalent point
source" of the horn for the design of parabolic reflectors.
That the theory should follow for transmission lenses
is evident. The distance d into the horn from its apex
for the wavelength for which the lenses were designed
(X= 2 mm) was approximately a centimeter and was not
at all critical. The "equivalent point source" appears to
be actually a sphere with a radius of about 1 cm for
the small-angle horn used here, as is noted in Hu's
work. However, with the lens 29 cm from the equivalent
source, the point-source approximation is a good one.

By use of the equivalent point source, two lenses were
designed by means of the thin-lens equation normally
employed in the design of optical lenses. Since the
wavelength of 2 mm is small as compared with the 76-
)(38-mm lenses, the thin-lens equation is a reasonable
approximation from consideration of diRraction effects.
TeRon was used for fabrication of the lenses because
of its high softening temperature. Its index of refraction
was taken to be 1.35. A focal length of 29 cm causes the
lens to collimate the output beam of the horn. This
collimated beam of microwave power is refocused by its
mate at the receiving horn so that it matches this power
into the G-band waveguide of the detector. Brown's
monograph on microwave lenses" offers further infor-
mation on this subject.

The errors in measurement with the present spec-
trometer compare favorably with those obtained with
the methods of molecular-beam resonance. The accuracy
of measurement is limited only by the observer's ability
to ascertain the center of an absorption line. Six meas-
urements were made on each line, with directions of the
electronic sweep of the klystron alternated so that time
delays in the amplifier are canceled. This gives three
measurements for which the dispersion usually lies
between 1 and 5 parts in 10~.

No very dificult problems were encountered in the
measurement of the rotational transitions in the more
abundant chlorides of Na, K, Rb, and Cs. Difhculties
with line strength in most of the less abundant chlorine
and rubidium isotopes precluded measurements over
the three vibrational states necessary for resolution of
8„into the three structural constants I'0~, ~„andy&.

~ W. Gordy, W. V. Smith, and R. F. Yrambarulo, Microwave
Spectroscopy (John Wiley and Sons, New York, ¹w York, 1953),
Chap. I.

'0 Y. Y. Hn, J. Franklin Inst. 271, 31 (1961).
» J. Brown, 3ficromave Lenses (Methuen and Company Ltd. ,

London, 1953).
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The spectra of LiC1 were not observed because of the
high degree of dimerization in the molecular beam.
Lide, Cahill, and Gold' have reported measurements
of the J=0—+ 1 transition of LiCl made with a heated
Stark modulation cell.

Cesium chloride, the heaviest molecule investigated
in this study has significant populations in the first
four vibrational states. This division of population
among vibrational states causes the rotational absorp-
tion lines for the ground vibrational state of this mole-
cule to be weaker than those of the lighter chlorides,
but allows measurement of rotational transitions in
four of the vibrational states for CsCP'.

All the isotopes of rubidium chloride studied have
significant nuclear quadrupole couplings and at the
lower J values show an absorption line splitting of
several megacycles per second. Nevertheless, for the
high J transitions measured in this work, the nuclear
quadrupole splitting is negligible. For example, the line
splitting is less than a tenth of a megacycle at 190
kMc/sec and is thus within the experimental error of
our measurements. The rotational. absorption lines in
the third vibrational state were very weak; only one
was measurable.

The spectral frequencies of NaCP' were measured
over a wide range extending into the submillimeter-
wavelength region. A cathode-ray oscilloscopic display
of one of the submillimeter lines obtained for NaCP'
is shown in Fig. 2. The signal is weak because it is near
the upper frequency end of the operating range of the
present spectrometer. Much stronger signals were, of
course, observed in the one- to three-mm range.

Approximate oven temperatures at which the spectral
lines appeared for each molecule are shown in Table I.

TABLE I. Oven temperatures.

Molecule

NaCl
KCl
RbCl
CsC1

Temperature ('Kl

1022
ioio
970
889

No attempt was made to measure these temperatures
with strict accuracy. Care was taken only to obtain
reproducible temperature measurements, since these
measurements were used to predict the temperature at
which spectral lines should appear at subsequent
observations.

THEORETICAL CONSIDERATIONS

Dunham's theory" for the diatomic molecule has
been applied in the analysis of the data obtained for
the alkali halides. The part of this treatment which is
required to make the derived results meaningful is
outlined below.

"J.L. Dunham, Phys. Rev. 41, 713 (1932); 41, 721 (1932).

FIG. 2. Cathode-
ray oscilloscopic dis-
play of the J=23 ~
24, v=o, transition
of NaCl3' occurring
at 312 109.88 Mc/
sec (wavelength 0.97
mm). The width of
the line is approxi-
mately 100 kc/sec.

The time-dependent, Schrodinger equation for the
diatomic vibrating rotor may be written as

where $= (r r,)/r„w—here E is the energy value, and J'
is the rotational quantum number. The term J(J+1)/
(1+/)' may be considered as a "centrifugal potential"
and p. as a reduced mass in the equivalent, one-dimen-
sional problem. The term U is dependent on the separa-
tion distance of the nuclei and represents the interatomic
potential caused by the nuclear and electronic charges.
For solution of this equation, the form of the potential
function U must be known.

Many potential functions of the closed formula type
have been examined by Varshni" and by other investi-
gators. ""Probably the most successfully and widely
used of these functions is the Morse potential. "How-
ever, the best fit to the microwave data is obtained by
use of a potential function expressed as a power series
in $, valid only near a minimum and used first by Dun-
ham. "This potential is

U(f)=hcao'p(1+at/+a p+asp+ ), (2)

where the a's are constant coefficients.
Dunham applied this power series expansion of the

potential in Eq. (1), expanded the centrifugal term as a
power series, and solved the resulting equation about a
minimum by the Wentzel-Kramers-Brillouin method. "
The formula which he thus obtained for the energy
levels is

~., =2 I';( +&/2)'~'9+&)',

where the I'E,. are the spectral constants to be obtained
from the frequency measurements, J is the rotational
quantum number, and e is the vibrational quantum
number. If the units of the Vi,. are defined as Mc/sec,
Ii, ,; becomes a power series for the energy levels in the
same units.

Dunham's approach has been reviewed by Sandeman'5
and has been extended slightly to include those I"~,-

"V. P. Varshni, Rev. Mod. Phys. 29, 664 (1957l.
I P. M. Morse, Phys. Rev. 34, 57 (1929)~"I.Sandeman, Proc. Roy. Soc. (Edinburgh) 60, 210 (1940)."J.E. Kilpatrick, T. Chem. Phys. 30, 801 (1959).
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expressions which would be needed if measurements of
the present accuracy could be made on vibrational
transitions as well. Kilpatrick, " using a perturbation
approach different from that of Dunham, has arrived
at the same results as Sandeman and Dunham, in dif-
ferent form, except for his equation for I"00, which in-
cludes D, a term for the dissociation energy. The term
for the dissociation energy does not appear in the Dun-
ham solution because this solution considers only the
form of the potential in a restricted region near the
minimum of the potential function. Sandeman has
pointed out that the Dunham potential can be valid
only over a limited region because of difhculty with
convergence of the series potential for large $. Dunham's
formulation, or Kilpatrick's, seems to be the only one,
however, which can be used with the precise spectral
data obtainable in the microwave region. It is satis-
factory for the microwave measurements probably be-
cause the energy levels accessible to our microwave
spectrometer lie sufficiently near the minimum of the
potential curve for the formulation to apply. This theory
was applied by Honig et al. ' to their centimeter-wave
measurements of the alkali halides made with their
hot-cell spectrometer and by Rusk and Gordy' to their
measurements of the alkali bromides and iodides
made with their high-temperature molecular-beam
spectrometer.

By applying the Bohr frequency condition,

2 = (W2—Wi)/J2,

and the pure rotational absorption selection rules,
AJ=+1, An=0, to the energy-level formula, one ob-
tains the equation relating frequency s, quantum
numbers e, J, and structural constants I'&, The equation
given below expresses this frequency in terms of those
Dunham constants which have a measurable eRect on
the energy levels. The rotational quantum number for
the lower level of the transition is represented by J.
p=2Foi(&+1)+2Fii(m+2') (/+1)

+2F21(s+ ) (7+1)+4F02(J+1)
+4F22(n+2) 9+1)'+Fpo(~+ 1)'9+2)'. (4)

The relation of Y03 to other well-known structural
constants is given by

Fp, ——(2D2/3 pi,') (128,'—n,cp,) .

Subtraction of this term, in frequency units, from each
measured line frequency v, gives a corrected frequency
p'. The corrected frequencies v are used in the calcula-
tion of the five remaining constants with a least-square
technique. The derived constants are calculated from
the I" values with the following relations given by
Dunham":

ai ——F ii(o,/68, 2—1,
a2 ——F,2(v,'/488, '+ 2.375+2.25ai+1.125ai2,

(8)

(9)

uo
——cp,' Ysi/308, '—1—2ai+ 6a2+ 2.6aia2

—1.5 (ai2+ aio), (10)

F'2o ———a&,x,= —1.58, (a2—1.25ui2),

Foo =8e (3a2—1.75ai2)/8,

F'p, ——168,' (3+at)/pi, 4,

Fo4= —(648 '/~ ') (13+9ai—a2+2.25ai')

(11)

(12)

(13)

Pot = 7.5+7ai —4.5a2+ 7.5ao—11.Suias
+5.25 (ai2+uio), (15)

8.= Foi/ (1+8'i3oi/cp. ') ~

I,=—h/82r28„

P = 3EiM2/(M'2+M2),

&.= (I./~)'",

(16)

(17)

(18)

(19)

where 8, is set as equal to I'01 on the right-hand side
of all equations except Eq. (16).

The probable error limits in the evaluated I" values
were obtained by use of a statistical method2 designed
to produce a 99% confidence in the stated errors. The
limits of error for the derived constants are based on
these errors and have a 99% confidence level or better.
The bulk of the data analysis was performed on the
IBM-7072 digital computor available in the Duke
University Digital Computing Laboratory.

Except for V01, the observed Dunham constants V
are related to the more familiar spectral constants for
diatomic molecules, as follows:

I'21= V.

~02= —De

Fis= P. —
I'03——H, .

(20)

Similarly,

I 10 , e I 20 e+e ~ (21)

The first of these relations, F01 8„is only approxi-
mate, but the other relationships hold with sufficient
accuracy for the results described here. For a further
description of these spectral constants, see Herzberg's
monograph. '~

Because of the high J values involved in the transi-
tions observed in the present work, no nuclear hyperfine
structure was resolved. A negligible broadening of some
of the lines by nuclear quadrupole interactions were the
only hyperfine eRects which could be observed. Thus
we shall not outline the theory of nuclear interactions
here. A treatment of these effects, which are resoIvable
at lower frequencies, is given by Honig e] al,

Fip=co = 2(8 2/Yps)ito

ap ——~,'/48, c,
(6)

(7)

G. Herzberg, 3folecular 5trgcturg and Molegl(ar gpggtra
(D, Van Nostrpnd Company, jnc., Princeton, Qe2r Jersey, 1959),
2nd ed. , Vol. I, p. 144.
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Tax,z II. Observed and calculated microwave frequencies of the alkali halides.

Transition
Measured
(Mc/sec)

Calculated
(Mc/sec) Transition

Measured
(Mc/sec)

Calculated
(Mc/sec)

NaCl35
v=0,
v=0
v=0,
v=0 )
v=0,
v=0,
v=0,
v=0,
v=1)
v= 1)
v= 1)
v= 1)
'0 =2)

NaCl"
v=0,
v=O,
v=0,
v= 1)
v= 1)
'v= 1)

KCl35
v=O,
v=0,
v=0
v=O,
v=0 )
'v= 1)
v=1 )
v—1
v 2)

KCI.37

v=0,
v —0
v=O )
5 —1

1)

J=7 ~8
J=ii -+ 12
J=13~14
J=14-+ 15
J=16~ 17
J=17—& 18
J=20-+ 21
J=23 ~ 24
J=13-+14
J=14~ 15
J=17~ 18
J=23 ~ 24
J=14—+ 15

J=8 —+9
J=14~ 15
J=16-+ 17
J=8 ~9
J=11-+12
J=14-+ 15

J=12~ 13
J=19~ 20
J=24~ 25
J=29-+ 30
J=34~ 35
J=12~ 13
J=24-+ 25
J=29 ~ 30
J=24~ 25

J=21 ~ 22
J=23 ~ 24
J=35-+ 36
J=18~ 19
J=23 ~ 24

Rb8'Cl3'
v=0, J=33~ 34
v =0, J=34-+ 35
v=O, J=41 ~42

104 189.74+0.10
156 248.60%0.10
182 262.89&0.10
195 265.39&0.10
221 260.15&0.10
234 251.83~0.10
273 202.04~0.15
312 109.88&0.20
180 907.78&0.10
193 813.63&0.10
232 509.95%0.10
309 787.82+0.10
192 371.05&0.10

114701.33+0.10
191091.62&0.10
216 531.44+0.10
113858.03~0.10
151 783.57+0.10
189 686.13&0.10

99 929.54&0,10
153 677.48&0.10
192 023.49&0.10
230 320.56&0.10
268 558.98&0.15
99 316.44&0.10

190 844.49&0.10
228 905.95&0.10
189 670.52%0.10

164 220.00&0.10
179 121.98%0.10
268 363.84%0.15
140 997.10&0.10
178 038.18&0.10

177 967.57+0.10
183 187.48&0.10
219 690.65~0.10

104 189.66
156 248.63
182 262.86
195 265.38
221 260.11
234 251.87
273 202.04
312 109.84
180 907.81
193 813.59
232 509.89
309 787.79
192 371.02

114 701.35
191 091.57
216 531.48
113 857.97
151 783.62
189 686.11

99 929.52
153 677.46
192 023.48
230 320.56
268 558.94
99 316.40

190 844.53
228 905.90
189 670.51

164 220.01
179 121.92
268 363.80
140 997.03
178 038.10

177 967.52
183 187.53
219 690.65

Rb"CP'
v=O,
v= 1)
v=1)
'v= 1)
'v= 1)
v=1)
'v =2)
'v =2)
'v =3)
'v =3)

Rb8'Cla'
v=O,
v=O,
v=O,
'v= 1)
v= 1)

Rb"CI3'
v=O,
v=O,
v=O
v= 1)

'v =2)

CsCl3'
v=O,
v=O,
v=O,
v= 1)
'v= 1)
v=1,
v=2)
v=2)
v =3)

CsCl3'
v=O,
v=O,
v=1)
v=1)
=1)

J=48-+ 49
J=20-+ 21
J=33-+34
J=34-+ 35
J=41-+42
J=48-+ 49
J=33~ 34J=34-+ 35
J=33~ 34
J=34~ 35

J=29 —& 30
J=33~ 34
J=40 ~ 41
J=27 ~ 28
J=37~ 38

J=34~ 35
J=35 —+ 36
J=41 ~ 42
J=34~ 35
J=35
J=34-+ 35

J=35 —+ 36
J=44-+ 45
J=53 -+ 54J=44 —+ 45
J=53 ~ 54
J=62-+ 63J=44 —+ 45
J=53 —& 54J=44-+ 45

J=42-+ 43
J=59~ 60J=42 -+ 43
J=46-+ 47
J=59 ~ 60

256 120.42&0.10
109 440.74&0.10
177 045.49&0.10
182 238.38&0.10
218 551.58&0.10
254 791.36&0.10
176 126.30&0.10
181 292.02&0.10
175 209.82&0.10
180 348.70&0.10

156 025.06&0.10
176 777.46&0.10
213 046.83&0.10
144 890.88&0.10
196 490.65&0.10

176 196.16&0.10
181 216.30&0.10
211 311.17&0.10
175 300.90&0.10
180 295.47&0.10
174 408.33&0.10

155 062.73+0.10
193 699.77&0.10
232 250.96&0.10
192 790.44&0.10
231 159.53&0.10
269 425.24~0.15
191 883.04&0.10
230 070.34&0.10
190 977.56~0.10

177 224.90&0.10
246 912.71%0.10
176 411.12&0.10
192 760.59+0.10
245 776.61a0.10

256 120.44
109 440.77
177 045.50
182 238.39
218 551.62
254 791.47
176 126.30
181 292.14
175 209.90
180 348.78

156 025.05
176 777.45
213 046.82
144 890.87
196 490.64

176 196.15
181 216.30
211 311.15
175 300.90
180 295.470
174 408.260

155 062.72
193 699.74
232 250.92
192 790.44
231 159.46
269 425.25
191 883.03
230 070.29
190„977.53

177 224.89
246 912.69
176 411.12
192 760.52
245 776.61

ROTATIONAL CONSTANTS

The measured frequencies for each of the alkali
chlorides studied are listed in Table II. In the same
table are given for comparison the theoretical values of
the frequencies as calculated with the spectral constants
given in Table III.

The six constants (Ypq, n„y„D„P., and H, ) were
calculated directly from the measurements for the iso-
topic species CsCl", RbCl", KC1",XaCl", and Rb"Cl' .
For the species CsC1'", KCP, NaCl", and Rb' C13~,

these measurements yielded only four constants (Bp,
Bq, D., p.) because observations of rotational transi-
tions for only two vibrational states were made. For
the latter, I'0& and n, were derived from 80 and 8& by
use of a value of y, calculated with the isotopic mass
ratio formulas. These six structural constants for each
molecule are shown in Table III.

Comparison of the RbCl and KCl data with previous

results4 obtained with molecular-beam electric reso-
nance shows that the three constants making up
B„(Ipy e p ) have comparably small errors for the two

types of measurement and that they agree well within
these errors. This experiment shows no improvement in

8, over that obtained from low J transitions accurately
measured with molecular-beam, electric-resonance tech-
niques because the fractional error in the measured
frequencies for both experiments is comparable.

A comparison of the present data for CsCl and NaCl
with those of the previously made hot-cell measure-
ments7 shows a signiicant improvement in accuracy
in the values for the three constants making up 8,.
The greatest improvement of the present study over
the previous results arises in the measurement of the
centrifugal distortion constants D, and P, and in the
evaluation of other constants which are influenced by
these constants. The earlier microwave measurements,
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TABLE III. Observed rotational constants.

Molecule

NaCP'
NaCP7
KCP'
KCP7
Rbs5CP'
Ib87CP5

Rb8'CP'
CsCl"
CsCl'7

~O1
Mc/sec

6537.367&0.006
6397.287&0.006
3856.373&0.009
3746.578&0.009
2627.393&0.004
2609.774~0.004
2526.856&0.004
2161.246&0.002
2068.813&0.002

Mc/sec

48.711&0.009
47.151%0.009
23.681a0.013
22.678%0.013
13.599m 0.004
13.458m 0.006
12.826&0.005
10.119&0.002
9.476&0.003

+8
~21

Mc/sec

0.154&0.008
0.147&0.008
0.049+0.004
0.047&0.004
0.021&0.001
0.020&0.001
0.019+0.002
0.011&0.002
0.010*0.002

D,—I'o2
Kc/sec

9.3540~0.0050
8.9630&0.0060
3.2600&0.0030
3.0780&0.0040
1.4830&0.0010
1.4610&0.0010
1.3710&0.0010
0.9791&0.0004
0.8974&0.0005

p,

Kc/sec

—0.0250&0.0050
—0.0190&0.0060
—0.0025+0.0003
—0.0041&0.0040

0.0007&0.0004
0.0019&0.0010
0.0003&0.0010
0.0015&0.0002
0.0014&0.0005

H,
~os

cps&(10 8

—1.020 &0.010
—0.950 &0.010
—0.623 &0.008
—0.571 &0.008
—0.248 &0.002
—0.243 ~0.002
—0.221 &0.002
—0.1413&0.0006
—0.1239&0.0007

which were performed at lower frequencies, did not
yield these constants.

The slight effects of Vpa or H, on the observed fre-
quencies were obtained from values of the other struc-
tural constants with the equation

Fop= Hs= 2De(12B8'—ns&os)/3oos') .

Only one pass through the computor was required for
reduction of the measured frequencies to structural
constants when this calculated value was used. The
values of H, as calculated from previous constants and
as calculated from the constants derived from the 6rst
passage through the computor agreed within the limits
of the effect of the H, 's on the measured frequencies.
Values for H„listed in Table III, show about two more
significant figures than would have been obtained if the
value for H, had been extraced directly from the meas-
ured frequencies.

The measured constants under consideration have
been found to be consistent under the mass ratio trans-
formation within the experimental errors. The values
for Fop and To4 (Table IV) have a number of signi6. cant
figures and thus provide some check for the Dunham
theory. Derived values for I'pp and I"p4 are consistent
for different isotopic species of the same molecule, as
are all the derived constants presented in the following
sections.

Equation (16) was used for derivation of B, from

I'p&. The equilibrium moment of inertia and equilibrium
nuclear distance, I, and r„were derived from 8, by
use of Eqs. (17) and (19), respectively. These values are
listed with two-figure errors to allow for adequate
comparison between isotopes. If, at a later date, a more
accurate value of Planck's constant A' should become
available, these values may be calculated from the data
with greater absolute accuracy. Values for I, and r,
both agree within their experimental errors with previ-

TABLE IV. Derived values of I pp and F'p4.

Molecule

NaCP'
NaCP7
KCP'
KCl"
Rb"CP'
Rb87CP5
Rbs5CP7
CsCP'
CsCP'

~oo
(kMc/sec)

2.30&0.20
2.10&0.20
1.29a0.08
1.40%0.40
0.73a0.08
0.80%0.20
0.80a0.20
0.40%0.04
0.40+0.10

I"p4

—0.003 &0.002—0.004 &0.002—0.0010 ~0.0002—0.0006 —0.0007—0.00033—0.00005—0.00040+0.00010—0.00026&0.00009—0.00020%0.00002—0.00017&0.00003

ous measurements because the five-figure accuracy of
h masks the differences between these and the hot-cell
measurements. All conclusions reached by Honig et al. 7

regarding I, and r. remain unaffected. Values for these
constants are listed in Table V.

TABLE V. Molecular structural constants.

Molecule

NaCP'
NaCP'
KCP'
KCP7
Rbs5CP"
RbszCP
Rbs5CP7
CsCl"
CsCP7

8, (Mc/sec)

6537.406+0.006
6397.320&0.006
3856.385&0.009
3746.592&0.009
2627.397&0.004
2609.776&0.004
2526.860&0.004
2161.247&0.002
2068.814%0.003

Ppl

—17&2—15&3—15W1—18&7—10&2—6&4—12a5—4&1—3&4

I; (amu-L)

77.3376%0.0030
79.0311%0.0031

131.1040%0.0053
1.34.9459&0.0054
192.4290~0.0076
193.7282&0.0077
200.0852%0.0079
233.9332&0.0091
244.3852&0.0096

r, (X)

2.360898+0.000046
2.360898&0.000046
2.666772&0.000054
2,666771&0.000054
2.786865&0.000055
2.786869&0.000055
2.786864&0.000055
2.906411&0.000057
2.906408&0.000057

a h = (1.05443 ~0.00004) &(10 &7 erg-sec, 1 g ~ (6.02486+0.00016) )(10@amu, from J. W. Dumond and E, R. Cohen, in Handbook of Physics, edited by
E. U. Condon and H Odishaw (McGraw-Hill Book Company, Inc. , New York, 1958), pp. 7-168.
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TABLE VI. Derived vibrational constants of alkali chlorides.

Molecule

Ole

Microwave'
cm '

COe

Infraredb
cm '

O)eXe Geese

Microwave Infrared
cm ' cm '

NaCl»
NaCP7
KCP'
KCP'
Rb85Cl»
Rb87CP5
Rb85CP?
CsCP'
CsCP'

364.60+0.10
360.60&0.10
279.80&0.10
275.80&0.20
233.34&0.08
232.67&0.08
228.88~0.08
214.22&0.05
209.55&0.06

366a4

281&6

228+6

209&6

1.755+0.030
1.740m 0.030
1.167%0.005
1.113%0.005
0.856%0.008
0.870&0.020
0.810&0.040
0.740&0.004
0.710+0.020

2.05

1.30

0.92

0.75

a From present data calculated with Dunham's theory.
b Infrared results of Rice and Klemperer (Ref. 18).

infrared measurements by Rice and Klemperer. "The
present values of co, agree within experimental error
with those from their infrared data, but are an order
of magnitude more accurate if one can trust the Dun-
ham theory to hold within the limits of our experi-
mental error. It is worthy of note that the o), values of
Rice and Klemperer are in much better agreement with
our ~, values, and also with those of Rusk and Gordy
on the alkali bromides and iodides than are any other
previous values from infrared or optical spectroscopy.
Through an oversight their excellent infrared values
were not listed for comparison in the earlier paper. '

There is an interesting regularity evident in the com-
parison of the theoretical values of o),x, from the Dun-
ham equations, from a formula derived by Pekeris, "
and the experimental values of Rice and Klemperer. "
Pekeris' formula, shown below, gives better agreement
with the ~,x, values of Rice and Klemperer than does
the Du nham expression for the lighter rnolecules,
particularly NaCl (see Table VII). The agreement of

TABLE VII. Comparison of microwave and infrared
co,x,'s for alkali chlorides and bromides.

Molecule

NaCl»
NaBr79
KCP5
NaI
Rb85CP5
KBr79
CsCP'

GOeXe

Microwave
cm '

1.755
1.160~
1.167
0.965~
0.856
0.758~
0.740

COeXe

Infraredb
cm '

2.05
1.50
1.30
1.08
0.92
0.80
0.75

COeXe

Microwave'
cm '

2.0640
1.4040d
1.3390
1.0720d
0.9530
0.8534d
0.7940

' Calculated with Dunham's Theory.
b Infrared measurements, Rice and Klemperer (Ref. 18).' Calculated with Pekeris's theory (Morse potential).
d Rusk and Gordy (Ref. 2).

"S.A. Rice snd W. Klemperer, J. Chem. Phys. 27, 573 (1957)."C. L. Pekeris, Phys. Rev. 45, 98 (1934).

VIBRATIONAL CONSTANTS

The vibrational constants o), and co,x, were derived
from the experimentally observed V's by use of the
Dunham theory, Eqs. (6)—(20). Values thus obtained
are compared in Table VI with the values obtained from

This equation may be solved for co,x, to give

rp,x,=B,[(n,cp,/6B, )+1]s,
which in terms of Dunham's constant a1 is

e&e ~e~l

(24)

(25)

Formula (25) may also be obtained from Dunham's
relations if 7pp is equated to zero in Eq. (12) and the
expression thus obtained for a2 is substituted into Dun-
ham's Eq. (11) for Y&p. By Eq. (11), I'sp equals —a&,x,.
The constant I"pp is invariant between isotopic species
and is independent of the nuclear mass of a given
molecule. Therefore, Vpp must be dependent on the
nature of the potential function. It cannot arbitrarily
be set to zero because its value is determined by the
potential coefficients a~ and a2, whose values depend on
the measured rotational constants. Table IV shows that
the value for I"pp obtained from the rotational constants
is definitely not zero.

The only spectral quantity which shows any possibly
significant discrepancy within the Dunham theory is
the anharmonicity constant, co,x,. This possible dis-
crepancy should be examined further. Although Rice
and Klemperer did not give estimates of the limits of
error for their or,x, values, the good agreement between
their o), values and those of the present study gives
credence to their co,x, values. The Dunham theory is
based upon an expansion of the potential function in a
power series around the equilibrium position. The Morse
potential function upon which the Pekeris formula is
based should give a better representation than does the
Dunham potential for regions not so near the equi-
librium position. This might explain the better agree-
ment of the Pekeris formula with the co,x, values from
the infrared Ineasurement of the lighter molecules with
their higher vibrational energies. Varshni and Sukla'
compare these and other observed constants of the
alkali halides with values calculated from a number of
different potential functions. It is of interest to compare
their different values for cp,x, (see their Table IV) with
those obtained here.

MASS RATIOS

The mass ratios between Cl" and Cl', also those be-
tween Rb and Rb

p
were calculated for all the mole-

cules measured. All mass ratios are shown in Table
VIII, along with some previously obtained values for

~0 Y. P. Varshni and R. C. Shukla, J. Chem. Phys. 35, 582
(1961'.

infrared data with the Dunham or Pekeris formula
shows a regular variation with increasing molecular
mass.

The Pekeris formula for or,x, follows from one for
e„which was derived from a perturbation treatment
with the Morse potential" as a basis.

n.= (2rp, x,B,/pp, )$3(B,/pp, x.)'" 3(B—,/rp, x.)). (23)
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ALE VIII. Isotopic mass ratios.

Molecule

NaCl
KCl
RbC1
CsCl
CsCI
K"Cl

Chlorine (C13'/Cl")
Method

Present
Present
Present
Present
Hot Cell~
MBERb

Mass spectroscopy'

Ratio

0.9459780+0.0000045
0.9459783~0.0000089
0.9459768&0.0000047
0.9459785~0.0000028
0.9459781a0.0000030
0.9459803&0.0000015
0.9459759~0.0000035

Molecule

RbC135
RbI
RbCI
RbF
RbI
RbBr
RbBr

Rubidium (Rb"/Rb")
Method

Present
Present~
MBERe
MBFRe
Hot cell~
Hot cell'

Mass spectroscopy'

Ratio

0.9770086&0.0000112
0.9770162+0.0000093
0.9770163&0.0000045
0.9770148&0.0000052
0.9770177&0.0000045
0.9770146+0.0000055
0.9770191&0.0000022

a See Ref. 7.
bI . R. Maxwell, S. B. Hendricks, and V. M. Mosley, Phys. Rev. 52, 968 (1937).' W. H. Johnson, K. S. Quisenberry, and A. O. Nier, Handbook of Physics, edited by E. U. Condon and H. Odishaw (McGraw-Hill Book Company,

Inc. , New York, 1958), pp. 9—55.
d See Ref. 2.
e See Ref. 4.

comparison. These quantities were calculated from the
ratios 8,/8, ', as described by Honig e7, al

POTENTIAL COEFFICIENTS

The coefficients in the Dunham potential series,
Eq. (2) up to and including as, are listed in Table IX

TmLE IX. Potential coeKcients.

of our millimeter-wave, molecular-beam spectrometer,
apparently because values ot D, and P, were not avail-
able to sufhcient accuracy for precise calculation of the
potential coeKcients. For comparison, we have given
in parentheses the potential coefficients earlier obtained
by Honig et al.' It will be noted that in many instances
there are rather wide discrepancies between our values
and theirs.

Tmr. z X. Comparison of potential coefhcients. '
Molecule

CO

cm ' as

NaCPs
NaC1»
KCP
KCP7
Rbs&CP5
Rbs7CP5
Rbs5CP7
CsCl»
CsCP7

152 400 &90
152 320 &100
152 100&100
152 100&200
155 300&100
155 500 &100
155 400 &100
159 100&70
159 090 &90

—3.076 &0.001
—3.076 &0.001
-3.226 &0.002
—3.226 &0.003
—3.297 +0.001
—3.297 &0.002
—3.297 &0.002
—3.317&0.002
—3.318&0.001

6.47 +0.09
6.39 %0.10
6.96 &0.04
7.10~0.30
7.08 ~0.08
6.90~0.20
7.14~0.20
6.92 ~0.04
6.89+0.20

—11.0~1.0
—11.0~1.0
—12.0 &0.8
—13,0~3.0
—11.5 +0.8
—10,0 &2.0
-12.0+2.0
—10.0 ~0.8
—10.0~2.0

for each individual molecule. They were obtained with
Eqs. (6)—(20). The potential coefficients between iso-
topic species are equal (within the stated errors) as
should be expected.

Table X, which includes results for the bromides
and iodides by Rusk and Gordy, ' compares values of
ao, a1, a2, and a3 for three different halides of the same
alkali metals. The coeKcients a1 are shown to be ap-
proximately the same between the iodide, the bromide,
and the chloride for a given alkali metal, except for
cesium, where the relationship is one of slightly increas-
ing absolute value of a1 with decreasing mass. The coef-
Q.cients uo also show a regularity in that ao increases
smoothly with decreasing halide mass for the same
alkali metal. These regularities were noted in the results
on the iodides and bromides previously reported from
this laboratory. ' This chloride work extends and con6rms
them. They had not been shown before the development

Gp

Molecule cm 'X10 '

LiBr
I iI
NaC1
NaBr
NaI
KCl
KBr
KI I

RbCl
RbBr
RbI
CsCl
CsBr
CsI

1.42 (1.02)
1.35 (1.14)
1.52,'(1.66)
1.48'(1.64)
1.42 (1.74)
1.52 (1.81)
1.48 (1.63)
1.43 (1.64)
1.55 (2.08)
1.53 (1.73)
1.44 (1.64)
1.59 (2.00)
1.55 (2.03)
1.50 (1.53)

—2.71 (—2.45)—2.70 (—2.56)—3.07 (—3.14)—3.05 (—3.16)—3.02 (—3.23)—3.22 (—3.43)—3.24 (—3.35}—3.25 (—3.41)—3.30 (—3.66)—3.33 (—3.49)—3.34 (—3.49)—3.32 (—3.59)—3.38 (—3.72)—3.43 (—3.45)

6.8 (5.5)
5.0 (6.0)
6.4 (9.2)
6.5 (7.4}
5.9 (8.8)
7.0 (10.0)
6.9 (9.1)
6.9 (9.1)
7.0 (11.8)
7.3 (10.3)
7.2 (10.2)
7.0 (10.6)
7.6 (11.7)
7.6 (9.2)

—19 (—14)—8 (—15)—11 (—31)—12 (—16)—8 (—26)—12 (—32)—11 (—26)—11 (—25}—11 (—42)—13 (—33)—11 (—32)—10 (—35)
-14 (—41)—13 (—26)

a Data for bromides and iodides come from Rusk and Gordy (Ref. 2),
those for chlorides from the present study. Values given in parentheses
are those of Honig et al. (Ref. 7).

"S.E. Veazey and W. Gordy (to be published).

FUTURE WORK

Modi6cations of the oven are being made which will

permit measurements to be made on substances which
vaporize at higher temperatures than do the alkali
chlorides. Millimeter-wave rotational transitions of
NaF in different vibrational states have already been
detected, "and it is hoped that a series similar to these
on bromides, iodides, and chlorides can soon be reported
from this laboratory on the alkali Quorides.




