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THE MOLECULAR- EEAM ELECTRIC- RESONANCE SPEC“RA oF LlF NaF, AND KC1
Craig D. Hollowell ' )

Lawrence'Radiation Laboratory -
" University of California
Berkelej, Callfornla

November 7, 1966

ABSTRACT

Radio-frequency Zpectfa have been observed:-in the low vibrational

- 1 19, 2 9
and,rotaclonuletates of L1 9 -7Li 9F, 5 19 59 55 5/1{5701 by
the molecular beam electric resonance method. Nlcrowave J =150 transi-

2
tions have also been observed for 3NalgF. Analy51s of the spectra has

made possible the determination of accurate dipole moments, rotational
_constants, and nuclear hyperfine interaction constants. _

A polarizable ion model of the alkali halide molecules is nresented;c
‘This model includes several ef ffects, preV1ously neglected and suCCeqs- |

1fully agrees with experlmental data
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_ I. INTRODUCTION ‘

' Many impfgﬁements in molecular-beam electric-rescnance spectroscopy
have éeen developed since the first spectrométer was constructéd in 1947 by
E. K. Hughes.l Hughes observed radio-frequency Stark transitions in Cs¥F.
Carlson, Lee and Fabricand2 first reported on a weak field eléctric-reson-
ance experiment in which a rotational transition of microwave frequency
was induced in a polar diatomic molecule, and this was later éxtended to

5 k,5,6

the strong field case by Wharton et al. Trischka improved on Hughes'
design and developed a high resolution spectrometer. Since then many
subtle éhanges in design by other_experimenters have further increased the
resolution and versatility of the molecular-beam sﬁectrometer.

The present work'is a cbnﬁinuation of the radio-frequency and micro-
wave studies of the alkali halide molecules.using a high resolutuion electric- '
~resonance spectrometer. The speétromefervuséd in the present experiments
has demonstrated very good resolution, even at strong Stark fields. This
has made possible an accurate determinétion of electric dipole moments, as
well as rotational and hyperfine interaction constants. This thesis'pre-
sents the electric-resonance studies of LiF, NaF, and KC1 in which accurate
dipole moments and other molecular constants'are‘reported, many for the
first time. ' |

 Several attempts have been made to correlate experimental dipole
moments and other molecular constants with a simple semi-classical icnic
model of.the alkall halides, none with complete sucéess.‘ With the present
results and other recéntly reported accurate dipole moments now available,
re-examinatién of the model has been undertaken. This.thesis thefeforé
presenté a polarizable ion model of the alkali halide moiecules which in-
cludes several effeéts, previously neglécted,'and which successfully agrees

with experimental data.
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II. E}@sRL@NTAL PRO"EDU’L

_ | 'Aﬁf Inuroductlon ‘ P
, In WOlecular beam re:onan experlments molecules efluse from an
oven source and pass throunn 1ntercnamoe s1lits vwnco a main chamber as
shown in Ene:schemaclc dlagram of a. typlcal sbectrometer_(Fig. l).'.ln

an ele'*ric reson ance exoerlment the beam. passes through thre electrf
elds in che malr chamb and 1o_then locussed or dcfocussed OPuO a dc-
ector-_,f . '””',” R ‘
’ ln uhe Dresent expe riments {wo - lnhomogeneous A and B dlpole electrlc
1ds ‘act ‘as (u,—nJ) state sel ectors of the Heam. J' is the ro+au10nal
"quancum number and mJ 'is lcs projection on the dlreculou of the electric
.ffield; An ihhomogeneousfelectric field exerts a force on a'molecule'having
a Permaneut electric dipole moment, ‘4.  This force can be’expressea as:
F_*; a’w_'-_-. ow,a_@._ B

L e

”3ﬁnére, W is the energy of the molecule,'eE‘ 1s the eléctric field, audvfk
vo1s the dﬂrec+1on of the Fleld gradlent mhei'eff‘ective dipole momeht, ue,
is a func+lon of the energy of the molecule in an electrlc flela. ‘A plot
(Fig. 2) of /p versus \ (a dlmen51onless parameter eoual to 'uE/B

' where B,kiS‘+he rot atwonal constant) 1luustrates the (J —m ) dependence
‘ilo* B .as a functlon Ol the e ectrlc lleld The tragectory of the beam in

.‘a (J —m ) stabe car be. calculated from the known. field gradlen  JE/dx,

'and effectlve dlpole moment ué;” chh proper values of the A and B electrwc

'flelds, the (J, ~mJ) states can be focussed onto the detector.. The experi-

Qments reoorted here are of -the- "’lop ln type and require that molecules

- undergo a tran51t10n in order to reach the detector. . Therefore resonances

are observed as increases of the beam *ntehsi*y at‘the detector. This 1is

: shown in Fig. 1 where (1, +l) va(l o) trauS1tlons are. refocussed
The homogeneous electrlc c Pleld removes the oogeneracy becween

‘imjl states of a dlacomlc molecule and thlc.Spllttlng 1s,known as the Stark

';effect TIanSlt ons of the tyoe (d,m )—e(J m +l) are_induced N
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Fig. 1. A diagram of a typical molecular-beam electric-resonance
spectrometer set up for doing "flop-in" experiments. R



 MU-28374-C

Fig. 2. The effective electric dipole moment, p, for deflection of
_ a diatomic molecule with a permanent dipole vromehu, . The numbers
at the right of each curve represapt the (J, lmJJ states. The dimen-
“sionless perameter X 1is equal to pE/B where 'E is the electric |
 field and B is the rotational consbaru. ' Co
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applying’radio-frequency in the C field regidn of the apparatus. . In the
absence of any hyﬁerfine structure, a single Stark transition resonance
would be observed; however, the addition of hyperfine structure splits the
ImJ] levels and several resonances are observed.

Transitions between rotational J states can also be induced by

applying microwave frequency and this is discussed further in Chapter IV.

B; The Spectrometer

The'electric-resoﬁance spectrometer used in these experiments was
designed and constructed by A. J. Hebert.7 Since the apparatus is discussed
in detail in Hebert's thesis, only a brief descriptioh will be given here.
The apparatus, shown schematically in Fig. 5, consists of a four-chamber
high-vacuum system with two 30 cm. dipole inhomogeneous electric deflecting
fields and a 30 cm homogeneous electric Stark field region. The Stark |
field is produced by parallel electrodes made by evaporating an aluminum
film on glass optical flats. The field is parallel to 1/8 )\ of helium light
for a 1 cm gap or épproximately 1 part in lO5 along the 30 cm transition
" region. Radib-frequéncy is applied across one of the C field electrodes.
.Since magnetic effects could be expected to ﬁroduce noticeable perturbations,
care was taken to reduce allvcompohents of the earth's magnetic field and
fringe magnetic fields from ﬁhe mass speétrometer to less than 20 mg along
the C field transition region. A ‘ | |

The source oven is a'éo% iridium - 80% platinum tube with a source
slit 0.25 in. high by 0.005 in. wide. Detection is by surface ionization'.
on a tungsten ribbon with'the positive ions accelérated out of the main
chamber, through a mass-analyzing magnet, and into a lh-étage electron

multiplier.
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Fig. 3. Schematic diagram (top view) of the electric-resonance apparatus.
Field lengths and displacements are to scale. Field gaps and beam
displacements are exaggerated. Unshaded areas in chamber walls re-
present access ports. '

(1) Hot wire and ion accelerator

(2) Glass cover port for optical alignment

(3) Permanent magnet, 60°, l-cm gap

(%), (5), (6), and (7) Outlets to liquid nitrogen
traps and oil diffusion pumps

(8) Gate valve and beam flag
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C. Voltage Measurements

. The Valuéﬂbf the electric field is calculated from the known spsdc-
ing oé the homogeneous C field electrodes and the aﬁplied voltage. In
early experiments the voltage was measured with a resistance'br;dge and a
Rubicon potentlometel 1n conJunctlon with an Eppley standard cell. The
uncertainty in electric field was l part in 10 with a reproducibility of
the field at least an order of magnitude better. »

However, an improved voltage measuring system now uses a Guildline
Volt Ratio Box and.a Leeds and Northrup Guarded Potentiometer which is
calibrated with a bank of standard cells. The potentiometer and volt box
have been certlfled by the National. Bureau of Standards to 1. pqrt in 10
and 1 part in 10 , respectively. The cell bank i1s certified to 2 parts in
106. The spacing of the C field electrodes is corrected for thermal
expansion by thermocouple monitorihg of the three electrode spacers. Thié
improved sYétem has now reduced the electric field uncertainty to 2 parts

in 105.

D. Radio-Frequency and Microwave Equipment

.-Hewlett-Packard 606A and 608C radio-frequency generators are used
to produce signals from 50 kc/sec to 65 Mc/sec and from 10 Mc/sec to 480
Mc/sec, respectively: The radio-frequency signals are monitored with a
H-P 52L45L-5253A electronic counter. Pulses from the electron-multiplier,
which are a direct measure of beam-intensity, are amplified and fed into
a H-P 52451,-5253B counter. The radio-frequency count is fed into the
first seven channels of a H-P'S62A digital recorder and the‘beam-intensi§y
vis fed into the remaining four channels of the recorder. Also the first
three ‘digits of the beam-intensity count are converted into a voltage and
fed into a Leeds and Northrup chart recorder for graphic representation of
.the spectrum. Radio-frequency is fed into the»transition'region'at a fixed
fréquency and counted for 1 second while a l-second beam'ihtensity count is
being taken. Both counts are.recorded simultaﬁeously, the frequency is

increased and the counting cycle is restarted.
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Microwave frequency -is obtained by usiné a Hewlett-Packard 94OA

- frequency doubler with the fundamental frequenéy generated by a "P-band"
Varian X-12 klystron. - The klystron is phése—locked with a H-P DY2650

A—M5 oscillator synchronizer to a H-P 608C‘signal generator. The funda-
mental frequency is monitored roughly with a wavemeter and more accurately
with a H-P 5L40B transfer oscillator and a H-P 52L5L-5253A frequency counter.
Finai frequency.determinations "are made with the 6080'signal.generator ‘
output. Microwave power '1s introduced into the electric field transition

region means of a sectoral horn with a length of 14 in. and an apex of 20°,
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IIT. THEORY

A.. The Hamiltonién

The Hamiltonian for analyzing the electric¢-resonance spectrum of

a polar diatomic molecule in a 12 electronic ground state 15:8’9-
. 131,07 + 2 (1,0) - (1,°0))
M = BT _ R - eq Ql ] - 2 ] - -] = :
. Tk 1 2T (21,-1) (23-1) (27#3)
2, 2
B 1,79) - (;jw )
- eque } 212(212 17 (2J-l) sy eyt (L)
. [3(1,°9) (1,79) + 5 (1,°9) (I,-9) -2 (I,°L,) J(J+1) o)
3 (27-1)(20+3) ‘ptuy w2

The first term in the above expression represents the rotation of
the molecule, where B 1is the molecular rotational constant and {. is the
rotatipnalVangglar—momentum operatdr. The second term gives the interaction
of the permanent’electric dipocle moment, ¥, with the applied external
field, g. The third and fourth terms represent the interaction of the
- nuclear electrlc quadrupole moments (Q1 and Q2) with the electric field
gradients at the nuclei (ql and q2), where e 1s-the electronic charge,

Il and 12 are the nuclear spins, and the subscripts distinguish between

the two nuclei. The fifth and sixth terms represent the magnetic coupling
of the nuclear spins with the molecular angular mémentum, where cy and

c

2 .
terms represent the tensor and scalar spin-spin interactions, respectively.

arelthe spin-rotation interaction constants The seventh and eighth.
Tne tensor spin-spin interaction constant, Y is defined as cs(dir) f

c (ind). The direct spin-spin interaction constant, c (dir), arises from
the usual magnetlc dlpole dipole 1nteractlon between the two nuclei, and
equals glg2 N (l/r Y where gl and g2 are the nuclear g factors
for the two nuclei, 1r  is the internuclear distance and “N is one
nuclear magneton. For the (l/rB) calculation correction is made for the
molecular vibrational effects as discussed by Ramsey.11 The indirect
spin-sbin interaction constant, c5(ind), arises from the tensor component
of an electron-coupled nuclear spin-spin interaction. The scalar spin-spin
" interaction constant, Cy» grises soley frém'the scalar component of an

electron-coupled nuclear spin-spin interaction.
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‘ B. Energy Calculations
S 12 , .

A computer program = calculates the matrix elements of Hin a
'(J’Il’I2’mJ’mIl’mIg) represenﬁation; where mJ, mIl,Aapd mI2 are the pro-
jections of J,Il, and 12, respectively, on thé& the direction of the field
E. The program computes the erergy eigenvalues by diagonalizing this matrix

and then claculates the spectral line positions and intensities corresponding

to the given set of input parameters according to the selection rules

AmF =;O,il,i2...f where mF is the projection of the total angular momentum
on the field direction. Since mF is a good quantum number at all field
‘values, thg matrix is diagonal in mF. The unknown parameters are varied
to obtain a best fit to the observed spectra.

‘ ‘The first termvin the Hamiltonian is diagonal.in Jd and the last
four terms are small and only matrix elements diagonal in J are included
for them. ,

_ The nonzero matrix elements of the Stark interaction are of the

~ form (J,mJI&IQJJil,mJ). Since the matrix is infinite in J, only the first
four J states are included in the matrix for J = 1 calculations, only the
first five J states for J = 2 calculations and similarly for higher J
state calculati.ns. This is equivalent to alfourth-order perturbatioﬁ treat-
ment of the Stark energy. ' |

The quadrupole terms have matrix elements diagonal in J as well
as one connecting J with J*¥2. The gquadrupole operator in the Hamiltonian
given above.can be used only to calculated matrix elements diagonal in J-
and therefore formulae derived by Fanol3 were used in calculating the off-
diagonal matrix'elements. This is equivalent to a second-order perturbation

'treafment of the quadrupole energy. ,

The line intensities are calculated from the matrix‘elements of the

dipole moment operator using the computed wave functions.
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IV. DATA ANALYSIS AND DISCUSSION OF THE ELECTRIC-RESONANCE SPECTRA
- OF SOME ALKALI HALIDE MOLECULES |

A. The Radio- Frequency Spc tra of 6L119F and 7LilgF
N _ 6. .19 7,19 .
The radio-frequency. Stark spectra of Li “F and 'Li~“F were observed

15

: L, 6,14
first by Trischka et al. ’ 7’ and more recently by Gold, and by Wharton

316

et al.”’ In the present work the rcbolutlon of the spectra is much better

" than previous exnerlments on LiF. The tables in this section ‘compare the

3,16

present work with that of Wharton et al. The agreement is in general

very good and indicates that é high degree of confidence can be placed in
the dipole moments and hyperfine constants of.LiF.

Radio-frequency transitions of the type (J =1, my =*1) 5 (J =1,
m; = 0) and.(J =2, m; = 02)s(JF = 2, ms = *1) were observed for the low
vibrational states of LiF at several Stark field voltages. The observed
fulé wigth at half maximum (FWHM) for lines in the J = 1 roﬁational state
of Li

state selecting A and B fields and 2.2 Kc/sec when the fields were lowered

F was 3.5 kc/sec when approximately 1200 volts was applied to both

to 600 volts. Typical spectra illustrating this effect are shown in Figs.
L and 5. The effect is attributed to velocity selection by the deflecting
fields, collimator, and stop system. " With low voltages applied to the A
and B fields, only those molecules which spend a longer time in the A and
B field regions are deflected sufficiently to pass by the combination beam-
stop buffer-field and reach the detector. Thus the low deflecting field
spectra utilize molecules from the low velocify bortion of the effdsion
spéétrum These molecules spend more time in the C field transitions region
and consequently give a smaller natural line width. This increased re-
solution, howevef, is gained only at the expense of inténsity. Therefore
the best spectra represent a compromise between line width and intensity.

19

6 v
A spectrum of the type used in the Li™“F analysis is shown in Fig. 4. The

g 1 _ .
FWHM - for 7Li 9F spectra in the J = 1 rotational state was M,O ke/sec, and
3.0 ke/sec for the J = 2 spectra. Figures 6 and 7 show typical spectra for

the J = 1 and 2 rotational states of 7LilgF.
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Fig.v L. A typical spectruﬁz of 6L119F with 1200 V applied to the de-
flecting fields. The thin vertical lines represent the calculated
spectrum. FWHM = 3.5 kc/sec. ' '
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Fig. 5. A typical spectrum of 6L119F with 600 V applied to the de-
flecting fields. The thin vertical lines represent the calculated
spectrum. FWHM = 2.2 kc/sec. _ '
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The observed and calculated line positions used in the analysis
of the spectra are giVen'in Tables I, ITI, and ITI. The listed uncertainties
in line positions are the experimentally observed average deviations. These

uncertainties are in go“d aareemen+ with the expected statlstlﬂal uncer-

7 9F J =1 lines and * 20

tainties, and are MO cps for the most intense
19
F

cps for a few J = 2 lines and the most intense lines observed in the 6Li
spectra. ‘Only resolved singlets were used to obtain best'fits for the J =
spectra of T1,1%%. ' '

~ In the case of unresolved multiplets, calculated cbmpositelline
positions were obtained by graphically adding component lines that had the
expezlmental singlet line shape and Calou]ated relative intensities. This
technique was used to fit the spectra of 19 The validity of the
technique was checked by applying it to the unresclved multiplets in the

9F after obtaining a best fit with the singlets.

v=0,J=1 spectrum.of 7Li
The observed and predicted comp051te line p031t10ns are in excellent agree-
ment as shown in Table II. _

The J = 1 and J = 2 spectra of 7L119F ﬁefe fit independently. The
agreement found between these two sets of results indicates a high degree
of internai consistency. Excellent agfeement was obtained between the
calculated and observed LiF spectra for each of the vibrational and rotational
states studied. 1In each case.the average deviation of the fit is comparable
to or better then the experimental average deviation.

The observed splitting for the low frequency doublet of 6L119F,
(F =1, v = 0), of 7.11 % 0.06_kc/sec is somewhat larger than the value
6.9,1'i 0.07'kc/sec reported by Wharton et al.l6 This splitting is important
in the calculation of (qu)6Ll-

The dipole moments were calc;éated from data taken at 800 V/cm and

also at 1500 V/em in the case of 6L1 This latter experlment at 1200

V/em utilized the improved veltaﬁe measuring system and was used as a check
against the earlier dipole‘moment determinations. There is excellent
agreement between both sets of dipole moments and good agreement with those

of Wharton et al.5 These results are summarized in Table IV.
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Table I. Observed-.and galculated line positions for the J=1 radio-fre-
quency spectra of . 119, a1l positions are given in kc/sec.

, . Calculated .Final Calculated
Line Observed Line =  Calculated Line Relative Line Composite Line
No. ~ Positions ' Positions Intensities Positions
(1, #1) (1,0), v = 0, B, = 400 V/cm
P _ 5406. 20 b\
1 5L406.64 * 0.02 5407, 08 1oé> . 5406. 6k
1, 5L13.75 % 0.0k 5413.75 91 5k13.75
5 = 5kko.08 - 52 ' .
2a 5&&0.,5»1 0.05 | 5il1.25 . h%} 5&&0.,{
_ ‘ 547,40 - ho '
2 5LL8. 74 £ 0.02 5448.57 58 S5LL8. T4
: o 5khg. Lk 9l
- (1, #1)-(1,0), v = 1, E, = 400 V/em
' L, ‘. e 5647.18 35\ )
1, 5647.66 f 0.02 5648, 11 | 57>, - 56L47.66
1, 5654.69 * 0.12 5654.69 33 o s6sh.69
) | . 5680.47 . 19 |
?a 5680.96 *0.08 5681.69 5} 5680.96
5687.65 15 .
2b 5689.04 £ 0.02 5688.87 - el 5689.0k
5689.71 - 35 '
(1, #1)-(1,0), v = 2, B, = 400 V/em
S S 5898.86 - - 13
1 5899.02 * 0.07 5899.18 1h 5899.02
1, 5905.76 * 0.25 5905.76 S 5905.76
. + . 5931.68 T 3
ea ‘ 5932.01 *.0.13 593218 é>‘ 5952.00
| 5938. 70 6 <
2 5939.66 * 0.07 5939.51 . 8 : 5939.66

5940.24 13




Table IT. ~Observed and_calculated line positions for the J=1 radio-fre-
quency spectra of Lit9F. A1l positions are given in kc/sec.‘

W
o

A Calculated

Line. Observed Line Calculated Line  Differences. Relative Line

No. Positions® Po;itions- _ o Intensities
: . (1, #1)-(1,0), v = 0, B, = 425 V/em |

1, (6739.60 * 0.06) (6739.53 * 0.07) +0.07. " T0

1, 67M8.27 *0.19 - 6748.1T +0.10 26

1, 6759.57 *0.10 6759.8 ~ ~ .-0.01 o - 23

2 6780.42 * 0.0k 6780.38 0,04 . - 100

3, (6816.58 * 0.07) (6816.58 * 0.07) ° 0.00 - 58

3y 6825.05 * 0.08 6824.97 -~ +0.08 . 6k

3, 6832.83% * 0.18 - 68%2.69 g ‘+o.1u S 18

L 6851.90 * 0.09 - 6852.08 -0.18 ' 26 -
5, (6896.18 * 0.06) (6896.55 + 0.12) . -0.07 105

6 6949.82 * 0.0k 6949.85 ©-0.03- - . 100"
T,  (6980.72 % 0.C5)  (6980.52 * 0.20) . +0.20 | T2 "
7, ~ 6991.8% #0.16 . 6991.69 . S f05 o 23

S (1, ¥1)-(1,0), v = 1, Eé - 425 V/cm

1, 7037.96  0.25 7037.81 :4 +0.15 10

1, =~ T0k8.92 *0.12 70k9.00 - -0.08 - 8

2+ 7069.16 * 0.03 - 7069.17  -0.01 - 37

7113.13 * 0.18 Cmui2.97  +06 23

3, 7120.53 * 0.16 - T120.Lk . 40,09 T
4 7139.29 * 0.15 0 7139.43 } -0.1k 10

6 - 7235.08 £ 0.03  7235.03 - -0.0L . . 37
7. 7276.09 £ 0.33 - .7215.75 . +o.2h 8
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Table II. (continued)

c ‘ : . _ Calculated
Line Observed Line Calculated Line Differences Relative Line
No. Positions? Positions - - -Intensities

| (1, #1)-(1,0), v = 2, E, = k25 V/en
1, 7339.27 0.1 7339.25 ~ +0.02 ) "
. 7350.27 * 0.17 7350.27 0.00 3
2 7369.5%3 * 0.09 7369.58 -0.05 ©o1b
3y 7413.00 * 0.28 - h12.83 C o 40.17
3 7419.85 * 0.31 7&19.99 . -0.05 3
Y T438.50 * 0.28 T438. 47 ' +0.03 ' L
6 7531.89 * 0.09 .7531.8h . +0.05 T b
(A 7571.45 + 0.16 7571, k2 +0.03 3

aThe numbers in parentheses refer to unresolved multipletes and calculated
composite lines. They were not used in obtaining a best fit and are
listed here to illustrate the validity of the procedure used in fitting
the gL119F spectra. The uncertainties given for the calculated composite
positions are the estimated,uncertainties in the line synthesis.

=
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Table III. Observed and_calculated line positions for the J=2 radio-fre—
' quency spectra of Lit9r. A1l positions are given in kc/sec.

. Calculated Calculated Firnal Calculated
Line Observed Line Line Relative Line . Composite Line
No. Positions Positions Intensities Positions Differences

(2, ¥2) »(2, *1), v =0, E, = 625 V/em .

1 - 3418.82 * 0.05 3L18.7h Lo 387k . +0.08
2, '3490.33 * 0.0k 3190.38 35  3490.38 -0.05 -
3 3508.51 * 0.02 3508.55 o - 3508. 55 ~ -0.0k
N 342k, 5% = 0.04 352k,50 55 - 3%2h.so0 . +0.03
5 5541.68 * 0.05 ggti:gi : 22} ' 3541, 7k -0.06
6 3553.05 * 0.02 3553.02 100 3553.02 | +0.03
8 3647.5% £ 0.05 ;gﬁg:gi gg‘ . 3647.51 +0.02
(2, #2) »(2, *1), v =1, E, = 625 V/cm |
1 3568.79 * 0.12 3568.85 15 . 3568.85 -0.06.
3 3657.13 % 0.03 3657.16 36 3657.16 | 20.03
L 3672.21° % 0.09 3672.25 20. 3672.25 -0.0k
. ; = 3689.48 10\ - : = L
5 3689.58 % O‘O/-‘5689.67 lé} 5689./8 . e 0.00
6 3700.19 * 0.03 3700.17 37 3700.17 - 40.02
8  3792.99 * 0.1k gggg:g?- §> . 3792.98 +0.01
(2, ¥#2)> (2, £1), v = 2, E, = 625 V/cm ;
1 372k.98 * 0.10 3724.88 6 3724.88 +0.10
3 3811.80 * 0.01 3811.79 13 _ 3811.79 +0.01
I 3826.01 * 0.02 3825.95 7 3825.95 ©+40.06
5 3843.32 + 0.08 'ggig:ﬁg ‘ ﬁ} 3843, 40 " _0.08
6  3853.32 £ 0.01 2853.35 @ 1k 3853. 33 -0.01
8 + 39438 2% sohlby 40.09

394k.56 * 0.09 3oL 56 3
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Table IV. Dipole moments for LiF. All values are given in Debygs.

- Present results® » Wharton et al.”
(800 V/cm) (1500 V/en) ”

S % L
by 6.32756'i 0.001 - 6.3275% * 0.0002 6.3276k * 0.001
pl 6. 41k73 % 0.001 v6.u1u89,i 0.0002 6.41511 *0.001
b, 6.50317 % 0.001 6.5035k * 0.0002 6.50541 i,o.od;
by | 6.59275 * 0.001 | 6.59326 * 0.001
My 6.28L08 * 0.0012 6.28Lk26 * 0.00025  6.384L6 * 0.001
M | 0.08630 * b}oooel 0.08627 * 0.00005 0.08612 % 0.00003%
T o.ooo535'i,b.00008 ~ 0.0005kg £.0.00002 0.00060 * 0.00002

P T I
by 6;52h81 £ 0.001
‘“1 6.40723 £ 0.001
My | 6.49054 £ 0.001
By 6.28393% % 0.0012
My . 0.08153 * Q.oooad
T o.ooouu5 * 0.00012

81l‘he accuracy of the dipocle moments is limited by the uncertainty in the
absolute value of the electric Stark field; however, the precision of
the results is at least an order of magnitude better and allows smaller
errors to be reported for the coefficients in the dipole moment
expressions.




Do,

" The Stark effect ihﬁeraction given'in the Hamiltonian assumes a
rigid rotor configuration and neglects the effect of the vibratioﬁérotation

17

interaction. ' This centrifugal distortion term is:

——_— my: 2{~ D, 1 5e 47 +.m§ -1 ]
Wea. = hB [‘ ( 5;) (27 ¥ 3) (27 - IIJ

- where the dipole derivative parametér, 1/6s , equals:

re/“e (a“/ar]
e .
This effect is important.for strong Stark field measurements and has beeﬁ
included in the LiF calculations. For the J =1 rotational state of 6L119F,
W, 4 is -0.2 ke/sec at E, = 800 V/em and - 2.8 kc/séc at E, - 1500 V/cm.
The observed dlpole moments for the two 1sotop1c species of LiF

can be fitted to an expres51on of the form:

= + + + +
=Byt (va/e) gy (v 1/2)7

The equilibrium dipole moments, u , are the same within experimental error,,
for 6Lil9F and 7Li’l9F. IT

The coefflclents “I and i
dependence as predicted by theory. These quadratic expre551on coeff1c1ents

follow the 1sotop1c T

are also given in Table Iv.

The 7Li19

expression, however, the magnitude of the coefficient of the quadratic

F quadrupole coupling constants were fitted to é quadratic
term is well below experimental error and probably is not significant. The

quadrupole coupling constants for. both LiF isotopes are summarized in Table V.

When corrected to a common vibrational energy, the ratio of the

iduadrupole coupling constants is: Sy

[y

[(qu)e]6Li -[(qu)e']7L | - 0.0205 * 0.002

- - et
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" Table V. Lithium quadrupole coupling constants for LiF.
A1l values are given in kec/sec. Ce

Present resuits Wharton et al.?
R
_ FER . =1
- (eqQ), , - 85%o0.8 . 3 7.3 £ 0.k
(eaQ); | 86t .
(eq@), - . T1teo
- - -7L119F - - -
| | J=1 . J=2 . Average” J=land 2
(eq@), ~ ¥5.5*0.h  WS.7%0.5  415.6 £ 0.k 416.02 * 0.6
(eqa@); “ho_6.o £0.8  406.2 % 0.8 406.1 * 0.6
(eqQ), 395.7 * 1.2 .396.8 * 0.8 396.5 * 0.8
(eq@), B 4203 * 0.8
(ea@); - ‘ | - 9.b 1.2
(eqQ)1y | o -0.0, * 0.9

(eq@), = (eqr), + (eq@) (v + 1/2) + (ea@) (v + 1/2)?

®Least squares average of J=1 and J=2 constants.




ol

This value is in gagreement with the ratio_of’nuclear‘quadrupole moments
018 .
reported by Cranna, Q6Li/Q7Li = 0.019 * 0.001; the value 0.C23 * 0.002

reportéd by Schuster and Pake;19 and the value 0.0176 * 0.001 5f Wharton

1
et al. 6

_ The spin-rotation interaction arises from the magnetic‘coupling of
the nuclear magnetic moments with the magnetic field of the rotating
molecule. The spin-rotation interaction constant can be expressed as

’ 20 ‘
directly proportional to gnB where HN is one nuclear magneton, €,

H
is the nuclear g factor agd B is the rotational constant. The lithium
and fluorine spin-rotation constants both agree with the calculated isbtope
ratios. The spin-rotaﬁiqn constants are éiven in Tables VI and VII. The
differences between the J = 1 and J = 2 values reported for CTr,y @re ét the
limit of the combined experimental errors and may not be significant.

7Lilg

Best fits to the observed spectra of F were obtained by setting

c) equal to zero and cs equal to the calculated ci(dir).b The fits

obtained for the J = 1 spectra and especially those obtained for the J ;.2
7 19 :

spectra of 'Li"“F indicate there is no justification for the inclusion of
c), in these calculations or for assigning any value other than c5(dir)

to c3. In this respect the present results differ from those of

9

_ : 6 6.1 '
Wharton et al.l and are compared in Table VIII. In'all- Li “F calculations

' cj(dir)_ was used for c5, and <) 1s assumed to equal zero.

- B. The Radio-Frequency and Microwave Spectra of 25NalgF

21,22,2%

Recent electric-resonance studies of NaF have now been re-

2L ‘
ported and serve as a comparision with the present work. Earlier radio-

frequency spectra by the magnetic-resonance method25526

had given somewhat
less accurate values for the sodium quadrupele coupling constants than those
now repbrtéd by the electric-resonance method.

Radio_frequency transitions of the type (1, *1)--(1,0) and (2, #2)
(2, il) were observed.for the low vibrational states of NaF. For the J =1

rotational state, the spectrum consisted of six major line groups with hyper-
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Table VI. Lithium Spin—rotatioh interaction constants, c

values are given in ke/sec.

Li’ for LiF. All

Vibrational

16

state » ‘ » Present results Wharton.et al;'

o _6L119F -

J=1

0 0.71 £ 0.08
1 0.71 + 0.12
2 0.75 % 0.20

- - _7Lil?F'- - -

J=1 =2 Average® Jeland 2

0  1.81%t0.06 1.89%0.05 1.87%0.05  1.80 * 0.03
1 1.78 £ 0.08 1.85 % 0.0k 1.8% = 0.0k
2. 1.75 ¢ £ 0.0  1.79 * 0.0k

0.10 ~ 1.80

aLeast squares average of J=1 and

J=2 constants.
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Table VII. Fluorine spin-rotation interaction constants, CF’ for LiF.
All values are given in kc/sec

-VibgiZé:nal - Present results ~ Wharton et al.16
- - _6L119F - - -
J=1
0 ) 36.75 * 0.k

1 | 36.08 * 0.5
> - \ 35.66 0.7

R .

J:i J= Averagea J=1 and 2

0 32,75 * 0.3 32.65 * 0.2 32.68 * o.16' 32,37 t 0.3
1 : 32.20 * 0.3 32.20 % 0.3 32.20 +0.22
2 31.90 * 0.4 31.80 £ 0.3  31.8k % 0.2k

aLeast squares average of J=1 and J=2 constants.
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Table VIII. Spin-spin interaction constants, c, and éh’ for LiF.
‘ A1l values are given in kc/sec. o

5

Vibra- c ’ e
tional a5 % a L
state Present results Wharton et al. Present results Wharton et gl.

16

oo %
=1 | g2
0 L4.307 *0.08 B 0.00 * 0.15
1 heshtoaz  0.00 % 0.20
| 2 L.140 * 0.20 . 0.00 £ 0.k0
Y ¥
J=1 and 2 J=land 2 J=land 2 J=1 and 2
0. 11.382 * 0.020 1L;590_i 0.015 0.00 * 0.08 ' 0.21 * 0.04
1. 11.173 £0.030 0.00 £0.11
2 10.96k t0.030 0.00 * 0.1k

aBest fits were obtained using the calculated ¢ (dir) for the value of c,.
‘Thus in the present results, c,= c{dir). The uficertainties refer to e
deviations which c5 and c), may maXe while obtaining a fit to the data.
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fine splittings reéolvable in five of the éix‘grbups Figure 8 shows the
v=0,dJd=1 spectrum of NeF at a Stark field of 250 V/em. The observed

full w1dth at half max1mum intensity for resolved singlets was approximately
3 kc/sec, in agreement with the theoretical uncertainty line broadening.

The signal-to-noise ratio was approximately QO»to 1 for observed transitions
of the v = O vibrational state. Also shown in Fig. 8 are the calculated

line pdsitions and their relative intensities. ‘

Figure 9 shows the v = 0, J = 1 and 2 energy levels of NaF, with
respect to the Stark field strength, and the observed sii major radio-
frequency transitions in the absence of spin-rotation and spin-spin hyper-
fine structure. . | ) .'

The J =1 5J =0 microwave transitidns were observed by setting
the Stark fleld and radio-frequency to give a maximum signal for a prominent
line in the reorientation spéctrum, i.e. ad =1, my = 15 J = l,va =0
transition. The microwave frequency was then swept and resonant frequency
observed as a decrease in the radio-frequency "flop-in" signal due to
depletion of the final staﬁe by a rotational transition of the type J =
m,=0-J = 0, m& = 0. The decrease amounted to more than‘? hO%-reduction
in the "flop-in" Stark signal. The microwave line widths at half maximum
were approximately 30 kc/sec.

Figure 9 shows the twovméjorvmicrowave transitions that could be
observed for NaF using the above technique. Transitions labelled type 1I
were observed for the first three vibrational states at a Stark field bf
50 V/cm and botﬁ ﬁype I and II transitions were observed for these vibra-
tional states at a field of 400 V/ecm. |

Table IX 1lists the observed and calculated line positions of NaF
for the J =1 and J = 2 rotational states. 1In the case of ‘unresslved
' multiplets, calculated composite line positions were obtained by graphically
adding COmpénent lines that‘héd the experimental singlet line shapes and

"calculated relative intensities.
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T

7000 NaF v=0, J=1 | i

EC' =250V/cm

T

6000

In’rensity (couhts/sec)

|

- 4000

i l*r, 'y W A W

991 992 1094 1095 1591160 12921293 1356 1357 1460 46|
Frequency (Mc/sec)

MUB -2759

- ‘ | 23 19 - .
Fig. 8. A typical radio-frequency spectrum of 3Na 9F in the v = 0
vibrational state. Transitions of the. type (1, *1)—(1,0) were observed

at an electric field strength of 250 V/cm.



( Mc /sec)

-261001- _ N
, . , LN
0 100 200 300 400 900
| Electric field (V/cm)
MuB-2760
Fig. 9. The energy levels of‘QBNal9F with féSpeét to the electric

field strength. Arabic numerals refer to observed radio-frequenéy
transitions and Roman numerals refer to microwave transitions.
Mp =mp 7y

1 Na
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Table IX. Observe&*and calculated line positions for the radio-frequency
‘ . ; spectra of 2JNa l9F ’

Calculated Final Calculated
Line Observed Line Calculated Line Relative Line =~ Composite Line
No. Positions (kc/sec) Positions(kc/sec) Intensities  Positions(ke/sec)
(1, #1)>(1,0), v = 0, E, = 250 V/cm
1 9909.39 * .17 9909.30 61 9909.30
: 9912.84 31 _
1, 9913.97 * .2k | 991%.98
. 9915.12 | 31 :
2, 10945.08 *°.11 -~ 109k5.04 - 100 , 109&5.0&
2, 10953. b7 * .11 10955.%2 . 100 - 10953. k2
11591.02 18
11591.15 18
-_t =
5 11592.12 % .30 11593. 31 18 11592. 42
©1159k.19 18
A 12921.04 £ .09 12920. 71 AL 12921.0k
& | 12921.84 18 :
b 12928.55 * .29 . 12928.8k | 18 | 12928.8k
5 13564.69 * .14 1356k.39 Bl 15564 8L
& 13566.21 49 o
13569.uu + .38 13569.24 - ko T 13569.24
b .
6 . 14601.13 * .35 14600.03 2 14601.33
a 1L4602. 63 31
6, 14606.48 * .13 14605.66 - %2 ' 14606.35
P ' : 14607.03 32 '
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Table IX (continued)

| _ Calculated Final Calculated
Line Observed Line Calculated Line Relative Line Composite Line
No. Positions(kg/sec) Positions(ke/sec) Intensities  Positions (ke/sec)

(1, ¥1)-(1,0), v = 1, B, =250 V/cm

14893.39 12

| 1 10256.59 * .17 10256.34 23 10256. 3k
1. 10260.78 £ .30 10259:89 1 10261.03
L L 110262.17 11
2 1128032 * .1b  11280.40 37 11280. 40
-zb | 11288.85 + .14 - 11288.85 37 11288.85 -
. 11915.98 | 7
3 11917.19 * .27 11916.13 X 11917.39
, o 11918.26 T
11919.17 7
L 13%9.51 .11 0 1P229-19 b 13029. 47
a8 132%0.30 . 7 o
b 13237.27 * .20 13237.30 7 13237.30 |
s i3862.36 £ .14 1386L.7T5 - 36 13862.23
8  13863.65 18 ,

59 13866.77 i‘.27- .13866.68 18 13866.68
6 14887.7L * .12 14886.39 12 1U887.69
a ) 14888.98 12 .

6, 14892.75 % .17 14892.02 1%} O 14892.71
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Table IX (continued)

v v : Calculated Final Calculated
Line Observed Line Calculated Line Relative Line Composite Line
No.  Positions(kg/sec) Positions(kc/sec) Intensities Positions (ke/sec).
(1,.i1);4(l,0), v =2, B =250 V/cm |
1, © 10611.71 * .32 0611.60 9 10611.60
1 | 10616.08 * .37 = 10615.1k Eu\ 10616.26
: 10617.38 W o
“2E.> 11625.0%3 * .19 = 11625.08 1k - 11625.08
2b 11633.55 .20 11633.42 - 1k © 1163342
12250.20 3
3 12251.75 * .ho 12230.35 3 12251.59
' 112252.LY4 3
12253.35 3
b 13547.85 .16 13547. 13 ey 13547, 71
: | 13548.56 3f
5  14170.18 * .23 14169.90 1k 14170.37
8 1779 7
6, 15189.79 * .23 15169.18 2 © 15189.86
o 15190. 5k 5
| (2, ¥2)=(2, *1), v = 0, E, = 500 V/cm
2, 10734.62 + .08 1073k4.70 100 | 1073k 70
2, 10740.86 + .08  10740.86 - 100 10740.86
| 3 11134.86 + .2k 11134.89 32 11134.89
. 111139.07 * .29 11138.7% 1k 11139.21
: 11139.69 . 14 ~ L
A 12484.89 * .15 12484.90 95 . . 1248LI90:
5 12488.27 + .21 10483.26 95 © 12188.26
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The dipole moments for the first three vibrational states and the
coeffipients of thé guadratic dipole expression are given in Table X. The
»dipolegmoments are'significantly lower than those given by Bauer and Lew,
but agree with those reported by Graff and werth.22

The quadrupole coﬁpling constants have élso been fitted to an expres-
sion quadratic in vibrational number. The guadrupole coupling constants
for the first three vibrational states and the terms of the quadratic ex-
pression are given in Table XI. The coefficient of the quadratic term is
‘requlred for a best fit, although it is Just at the limit of the experi-
mental error and may not be 51gn1f1cant

The sodium and fluorine spin-rotation interaction constants did nct

show any significant change with vibrational state and are given as:

H+

e, = 1l.h 5 ke/sec

Na

e+

¢, =2.0%*0.3 ke/sec
In a first attempt to obtain a good fit between the observed and
calculated line positions,>the calculéted value of ca(dir) was used as
the input- for cs and only the parameters p_, (qu)v,'cNa, cps and c)
were varied. However, a good fit could not be found until ¢ was also
‘varied.‘ The experimentally determined value of ¢, 1is 3.85 * 0.25 kc/sec,
while 95(dir) is calculated to be 4.157, 4.101, and 4.046 kc/sec for the
v =0, 1, and 2 vibrational states, respectively. No significant change
with vibrational state was observed for ez The difference between gi(dir)
could be attributed to an indirect spin-spin interaction contribution,
ca(ind). Because of error limitations, however, this may not be significant..
Calculations indicate that ¢, can not be reliably determined with
the present line widths (~3 kc/sec) and line position accuracies (~200 cps).
" However, an upper and lower limit of + 40O cps and - 100 cps, respectively,

can be placed on this quantity.



- Table X. Dipole moments for ejNalgF
by = 8.15576 * 0.001 DF b, = 8.123k9 * 0.0015 D
by = 8.22086 * 0.001 D pp = 0.06436 £.0.0008 D
by = 8.28670 * 0.001 D ppp = 0.00037  0.0003 D

=.pn v + 1/2 1
H I ( . / ) * uII (" * /2)

8The accuracy of the dipole moments (* 0.001 D) is limited
by the uncertainty in the absolute value of the electric
Stark. field; however, the precision of the results is at
least an order of magnitude better (% 0.0001 D). ’

- Table XI. Sodium quadrupoie coupling constants for 23NalgF
(qu)O = - 8Lk0.1 £ 1.5 ke/sec (qu)e = - 8&98.0 * 2.6 ke/sec
(eq@), = - 8327.9 * 1.5 ke/sec  (eq@); = + 117.0 % h.1 ke/sec
(qu)2 = - 8220.5 t 2 ke/sec (qu)II= - 2.h * 2.5 kc/sec

(eq@), = (eqQ)_ * (eq@); (v *+1/2) + (ea@);; (v + 1/2)%
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The present hyperfine interaction constants are in agreement with

21,22 ¢
L of NaF.

The observed microwave transition frequencies were corrected for

those reported in other electric-resonance studies

Stark and hyperfine splitting by using the dipole moments and hyperfine
constants determined in the radio-freguency experiments.

.~ Microwave transitions were observed using Stark fields of both 50
V/em and 400 V/em. With the stronger field the uncertainty in the Stark
correction is appfoximately 10 kc/sec whereas with the weaker field this
correcfion is well under 1 kc/sec. Thus, -although both results agree well
within the experimental error, dnl& the more accurate weak field results
~are glven. ,
v Table XII lists the observed microwave frequencies, the Stark and
hyperfine corregtions, and the corrected microwave frequencies.

The spectroscopic constants were determined using the familiar

27

Dunham expressions. The vibrational constants, Qé and.mexeL as given by

Ritchie and Lewa-8 for Na¥ were used to calculated D and Bé. . Table XIII
23Nal9

2
present work and those given by Bauer and Lew. 1

_summarizes the spectroscopic constants for F as determined from the

. -
C. The Radio-Frequency Spectra of 39KB/Cl and 59K5701

The electric-resonance microwave spectra of KC1l were observed pre-

viously by Lee et al.z9

and values were reported for the rotational con-
stants, quadrupole coupling constants, énd dipole moments. The dipole
moments were determined from weak field spectra and exhibited a rather

- large variation with vibrational state. The present work was therefore
undertaken to observe strong field spectra where a more accufate determina-
tion of the dipole moment could be made.

From the discussion of Chaﬁter_II it follows that in an inhomogeneous
electric field the amount of beam deflection is proportional to the product
of the effective dipole moment, ue, and electric field gradient, bE/Ox.

A negative effective momentvfs required in the B field in order to do "flop-

~in" experiments as discussed previously. From the (1,0) curve in Fig. 2 it



}
I~
)

Table XII. Observed microwave transition frequencies and Stark—-hyperfin¢ corrections.

All transitions were observed at Q: = 50.0 V/cm.

J=0and J =1

’ Vibrationai Line . Observed Tranéition Stark and Hyperfine Corrected Transition
State . Number Frequencies (Mc/sec) Corrections (Mc/sec) Frequencies (Mc/sec)
v=0 CII 26062.1602 * 0.0025 2.6771 * 0.0005 26059. 4831 * 0.0030
v =1 II : 25791.61&2 * 0.0035 _2.6657 £ 0.0005 25688.9485 £ 0.0040
v =2 I1 25523.8680 * 0.0050 2.6560 * 0.0006 25521.2120 * 0.0036
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oV 01 11

Tablé;KIII. 'Spéctroscopic Constants for 25Nal9F
Present Results Bauer and Lewgl

D, (~ - Y,) | 0.0347 * 0.0003 Me/sec 0.0347 % 0.0003 Mc/gec

B (~-Y) - ~0.00024 * 0.0000k Me/sec L

Ybl‘("Be) 13097.970 * 0.005 iMc/sec 13097.971 % 0.003 Mc/sec

Yil.(”, o%) - 136.667 * o;oo7_ Mc/sec - }156.665‘ * 0.00% Mc/sec
Y211(~ 7é) | ‘ 0.6995 * 0.00k  Mc/sec 0.700 * 0.001 Mc/sec
B | 13098.029 ' * 0.060 Mc/sec 13098.032 * 0.035 Mc/sec

By | 13029.811 . % 0.002 Mc/sec 15029.813 + .001 Mc/sec?
B, © 1289h.543  £0.003  Me/sec  1289h.5i8 * 0.00L Me/ses®

B, - - 12760.674  * 0.004  Mc/sec  12760.683 * 0.001 Mc/se'ca

B =Y +Y. (v+1/2) + v, (v+1/2)°

8It is not clear whether the uncertainties given here represent the total
expected error or simply the precision of measurement of the observed

frequencies.
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can be seen that the meximum negative moment is at approximately X = 2,

This A Value'corresponds to a small field and consequently small gradient.
The resultant deflection is not as large as the straight-through beam widtn-
(~0.005 in.) and therefore sufficient signal intensity can not be obtained
with the (1,0) state molecules. However, for the (2,0) state, larger k‘
Values_still give a large negative effective moment and sufficient deflection
is possibie.. Therefore J = 1 spectra could not be observed and the observed
radio-frequency spectra were produced by transitions of the type (2, #1)-
(2,0) in the low vibrational states.

The usual commercial tungsten wire exhibits a large potassium noise
levél. In this experiment use of a specially treated tungsten wire, in which
the alkali contamination had been largely removed, reduced the potassium
background noise level by a factor of’50 over the commercial wire.

A typical KC1l resonance iﬁ the v = 0 vibrational state had a full
. width at half maximum of 20 kc/sec and a signal-to-noise ratio of only 2
to 1. Better staﬂisiics of the observed spectra were obtained by computer
addition of several runs with a resultant increase in the S/N ratio. Fig. 10
illustrates the effect of adding several spectra of a typical KC1 resonance.
This technique made possible the analysisvof'v = 2 spectra, not observable
with a single spectral’run. The observed and calculated line positions for
KC1 are listed in Table XIV.

The six major observed resonances of the J = 2 spectrum were due to
the potassium quadrupole splitting of the single‘Stark transition. There
- Was no resolutién observable in these six mgjor peaks and fherefore addi--
tional hyperfine interaction constants could not be determined; however,
upper limits on.these constants could be set by considering the line widths
. of the peaks. _ -

o Tabie XV summarizes the present dipole moment determinations and
gives comparison with those of Lee et al.29, There are large differences
between the two sets,'however the present results now exhibit the expectéd

vibrational varilation of the dipole moment.:
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39K 35¢,
y=O,J=2,mJ

=+{—->0

Ec=600V/cm

Intensity (arbitrory units)

| 1

l

©29.590 .

. NUB 1114

29.530 29.550 29.570
Frequency - (Mc/sec)
R s 9 35,
Fig. 10. A typical. Cl resonance in the v = 0, J =1 state.

top figure 1llustrate¢ the effect of addlng ten spectral runs

(i.e. bottom figure) of the resonance.

The
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" Table XIV. . Observed and calculated line positions for the radio-frequency
. spectra Of KC1. All positions are given in kc/sec.

Observed ' Calculated
line positions ' line positions Differences

[ ’ ' .
59}(5/01; (2, ¥1)>(2,0), v =0, E, = 600 V/cm
‘ Observed line error is *1.5 ke/sec. .

© 29,561.2 , 29,559.8 -1.4
. 30,379.2 30,380. 4 A +1.2
- 30,1481.8 30,483.0 +1.2

30,920.0 30,921.5 +1.5
31,025.2 31,024.0 ' 1.2
31,8L45.8 31,8L4k4.5 21.3

5%3%1; (2, t1)-(2,0), v =1, E. = 600 V/em
: Observed line error is 22.5 ke/sec.

30,1k0.2 30,1k42.1 : +1.9
30,959.3 30,956.3 , -3.0
51,058.0 31,057.8 -0.2
51,H90.l ‘ 31,&95.1 C . 43,0
31,593.6 31,594.5 +0.9
"32,u11.5 ‘52,u08.7 -2.8

-39K5501; (2, il)-e(?,d), v=2 E_ =600 V/icm

Observed line error is + kc/gec.

--- - 30,739 SR
31,538 | 3,8 0
31,640 31,537 . : -3
32,06k 35 065 , +1
32,162 32,164 +2

- o 32,963 - -




Table XIV.

~Lo.

(continued)

" Observed
line positions

Calculated
line positions

Differences

39K57C1;

31,327
31,431
31,87k
31,972

- -

30,506
31,329

31,431

31,872
31,974
32,797

(2, #1)5(2,0), v =0, E. = 600 V/cm
Observed line error is *h kc/séc.

+2

-2
+2
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Table XV. Dipole moments for KCl. All values are given in Debyés.

Present results ' Lee et al.29

L9 L
Mo © . 10.26875 % 0.0010 10.48 * 0.05
b 10.32875 i‘o.0015 | |
My | 10.3877 % 0.0022 10.69 % 0.05
T | 10.23878 * 0.0012 |
by 0.06000 * 0.0009

u, =k, (v 1/2)

ce 2 9% Mo - L
N | - 10.2683 £ 0.0022




Slhy

The potassium gquadrupole coupling constants, in good agreement with

those reported by Lee et él.,29 are as follows:
59K35c:1: : (qu)O = - 5661 * 10 kc/sec
' | (qu)l = - 5615 % 20 kc/sec
(eqQ), = - 5510 * 80 ke/sec
v 39KiYCl: B (qu)o = - 5675 * 80 ke/sec

An upper limit of 200 kc/éec ccan be  placed on the absolute value
of the chlorine. quadrupole coupling constant for all vibrational states.
Also an upper limit of 2 kc/sec can be placed on both spin-rotation

interaction constants, cK.anq Coy
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V. A POLARIZABLE ION MODEL OF THE ALKALT HALIDE MOLECULES

A. .Introduction

Bonding in the alkali halide molecules is generalily assumed to be
strongly ionic and this has been the basis of several attempts5o’51’52 to
propose a simple ionic model of the alkali halides. .
Rittner35 first used such an ionic model, consisting of polarizable
ions, to predict aﬁd correlate the dipole moments and dissociation energies
of the alkali halides. He assumed that the alkali halide molecule is com-
posed of two ions, each of which ig polarized by the electrostatic field
of the other. Using the same approach as Debye,Bo who first treated the

polarizable ion prbblem, the total molecular dipole moment can be expressed

as:

o= er-(py QE) | (1)

Here +e and -e are the charges on the ions; “l and “2 are the induced
‘dipole moments, and r is the internuclear separation. Designating the
electrostatic field at the center of each ion as El and.E2 and the dipole

polarizabilities as Qi and Oé, the induced moments can be written as:

21 .
e 2
v = - e 4+ __= - o
Wy =B =5+ (2)
. r r

: - e .
- : e 1 .

= = — ot —
e T T %R | T ()

Solving these equations simultaneously and substituting into Eq. (1), we

obtain:

4 | -

- L
r ?(Oi+Qé) + LreOiOé
po=er-{— - (%)

6
r- haiae
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Using the crystal lattice theory of Born,Bl’52 Rittner expressed

3

the potential edergy as:

W=¢ t Ae_r/p- c/r6 :

The ¢  term arises from electrostatic interactions between the ions:
chargchharge5 charge-dipole, and dipole-dipole interactions. This is
written as:

o) a2
N 170) _ 2eTou0,
(1) - = h 7

er R o

The remaining terms of the potential energy are the exponential repulsion

/o

- | .
term, Ae , and Van der Waal's term,--c/r , where c¢ is a measure of the

attractive force between the ions and can be estimated by the method of
3l
London.5

The repulsion constants, A and p, are determined by use of the

relationships:
aw) : ' .
a;) =0 _ (5)
r=r .
d—-g—) = X | (6)
ar v

r=r
e

The force constant, k, is related to the vibrational frequency, Vo by the

_. [x : .
Vo = l/2ﬁ “A . _

where Vo/e =, (the vibrational constant) and my is the reduced mass.

relationship:

- Rittner used. Pauling's polarizabilitie535and”éxperimental spectro-
scopic constants to calculate the dipole moments, W, and dissociation

energies, We, of alkali halidles. In general the comparison between Rittner's -
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- predictions and egperimental values was good, however the.available experi-
mental data was ﬁgf very complete or'accuréte, especially in the case of
the dipole moments; and a good test of this model could not be méde.

Honig et a1.56 extended Rittner's model to predict the Dunham co-
efficient a1-27‘ The potential energy W(r) can be expanded about fe '

and written as:

(rr ) (rr )

W(rr,) = W(r,) (o) WD O =0 W (r) ¢S W)

or written in the usual Dunham form as:

2 )
= + + to...
W We aog aoalg ce
e kre2
where £ = = and a, =5
e :

and the second Dunham coefficient is defined as:

reBW"’(re) _ ‘
al = —"'5-‘,—‘8:3——‘- . . (7)

The coefficient ay can therefore be calculated knowiﬁg the form of the

potential energy curve and compared to the experimental value:
. _a )
Pe

-1 (8)

! 6Be2
Honig et al. found that the agreement was not always good, especially for
the lithium halides. , | '
Klémperer et al.,57f38’39 using more recent experimental data, also
examined this model and found that the experimental dipolé_moment values
did not always agree with predictions. They noted that if the polariza-
bilities apply to a crystal where the ionic fields are relatively low due

to symmetry, then they must be adjusted for diatomic molecules where the
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‘fields are higher. Therefore they concluded that the polarizabilities
should exhibit a saturation effect in diatomic molecules and derease with
field strength} They fofced_the dipole moments to agree with experimental
values by chénging the halide polarizabilities and then calculated the
values of the dissociation energy, Wé, and the Dunham coefficient, a -

Using an inverse powere function, D/rn, as the form of the repulsicn
energy, they fbund the agreement with experimental data not as good as with
the usual éxponential form, Ae-r/p; |

_ They'also used the model to predict dipole variation with vibrational
staté, however the available experimental data was so poor that a good
comparison with the predicted values could not be made.

Klemperer et al. also considered several forms of the electrostatic
term, ¢, of the potentié] energy' Using a point charge model, ¢ = - e2/r,
they found adequate predlctlon of W and al, but not of p. Inclusion of
dipole polarizabilities, as in thtner s model, was required for a dlpole
moment fit. However consistency requlzed that higher polarlzabllltles
also be included. They therefore used a spherical conductor form of the
electrostaﬁic.potehtial.which included the higher polarizabilities of the
halide ion. The ﬁet résult was that agreement with observed and calculated
values of a; was‘destroyed from the earlier agreement\obtained’with in-
clusion of only dlpole polarlzabllltles

Now with still more . experimental data available, re-examination of
this model of the alkali halides has again been undertaken with two initial
considerations. Klemperer has forced the dipole moments to fit experi-
mentai values based on the arguﬂent,ﬁhat Pauling's bolarizabilities are from
a wgak field determination and do notvapply fo the strong field case of the
gaseous alkali halides. Cohen,uo"l‘Ll however, has shown that the polari- (
zablilities dd'ﬁot necessarily decrease with incfeasing field stfength, as
.KIemperef has argued. Therefore Klemperer's interpretation of the polari-
zabilities mighi‘not be correct and it is obvious that Pauling's polari-
zabilities do not give a good prediction of dipole moments. For this reason

it seems‘warranted to give further study to the polarizabilities.
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: Also, as Klemperer nov d,.the medel in cvée“ %o be con31stent must
include contri butlop from hloher electrostatic iat crpctlons between the
ions, that is charge-multipole and mult ipole-muitipis terms The present
work therefore apploachcs the problem by including several effects, pre-
viously neglected, in an effort to obtain a consistent model for predlctlng
the'values of the dissocidtion energy, Wé,’the Dunham coeff1c1ent, al, and

the dipole moment, p, of the alkali halide molecules.

"B.  The Polarlzabllltles

" Recently Brunshe has calculated the dlpole, quadrupole, octupole,
and hexadecapole polarlzabllltles in' order to determine the antishielding -
. factors for an interpretation of the guadrupdle couollng constants in the .
alkali halides. The polarlzabllltles were calculated for the alkali hallde _
interhuclear distancesvand wvere often much smaller than tﬁOSe for the free
ion.. These polarizabilities also exhibited a variation with internuclear
separation, that is they increased with increasing r. These results seem
“consistent since it would be expected that the polarizability should de-
crease with charge penetration.. At alkali halide internuclear distances o
. the p081t1ve alkali core penetrates the electron‘density of the lérge halide
ion, but the electron density is penetrated only for a few of the alkali
ions, and thus this penetration effect is primarily important in the case
of the halide polarizabilities. ' . ‘

It seems reasonable %o expect the polarlzabllitles to fit a curve
varying from zero at r = 0 to the free ion value at some finite r value, \
R. This R value, approximating the limit.of the electron distribution
contributing to the polarizabillty,_should be larger for higher polariia-
bilities since.the contribution from the outer part of the electron distri-
bution becomes much larger for the higher polarizabilities.

; Using the variation of paremeters method Bruns calculated the po-
larizabilities for the F_ and Cl  ions at several values of r. He assumed
a cancellation of the p—s and s-p contributions to the dipole calculation.

However, Sternheimer 5 has shown that these terms do not cancel in the case
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of the'haiidesi The higher polarizability calculations of Burns include
contributions from all terms and should indicate the behavior of these
polarizabilities, at least in the case of the alkali halides. _

in analyzing Burns' results it can be seen that the slopé‘of the
polarizability curve increases and the curve is displaced to higher r |
Values as one goes to higher polarizabilities. Therefore one would like
to propose a simple variation of the polérizébility with internuclear seper-
tion; r, which would satisfy these conditions. Burns' data for the F~ ahd |

Cl™ ions can be fitted to curves of the form:

' a?u= Og(free ion) sin°" (KEE%I;_) . i9)

' 2 "ol . -
Here O? . is the polarizability at r where n = 1,2,.... represents the
dipole, quadrupole,....polarizabilities.‘ The. crystal radii,.ro, ofrPauling
give a reasonable representation of the variation of electron distribution
as a function of the ion. Sevéral approaches have been used in calculating
free ion éolarizabilities, OQ(free ion),' and for the present calculations
a consistent set)1L5 of dipole polarizabilities, obtaihed from a sémi-emperical
extrapolation of the polarizabilities of the positive ioﬁs (estimated from -
spectrbscopic data) and the measured polarizabilities of the rare gaseé,

has been used for the halide ions. This set is:

Oﬁ(f;ee ion)(.&)3

ion
Fo. 1.70
c1° 5.0L
Br~ | 6.90

I 10.50

Pauling's polarizébilitie555 are used for the alkali free ion value. At
the lithium halide internuclear distances the above halide set gives dipole

polarizabilities which are quite close to Pauling's ﬁélide values, but for
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the other alkali halide distances they are considerably larger. The higher
free ion polarlzabllltles, calculated. from the dlpole ion values, u%lnb a
spherlcal conductor model, are given as:

2n+l

a : A' . (105

. n
o, (free ion) =
i n.

where- a - is the radius of the spherical conductor.

Burns' values for the octupole and hexadecapole polarizabilities
are somewhat higher than what Eq. (9), using the above set of halide
polarizabilities, would predict. It shouid be poinfed out that the cal-
culation‘of the higher polariéabilities must treat the problem accﬁrately
for large r, and Hartree-Fock wave functions may over-estimate the con-
tribution of terms at large r and thus give polarizabilities too large.

Although the proposed poiarizability function is aﬁ best, a éood
guess, it does adequately fit the available data for the alkali halides.
This funciion seems to represent a reasonable variation with r and cal-
culations have even shown that the potential energy function is quite
insensifi&e'to'the exact form of the polarizability function at alkali
halide internuclear distances, especially in the case of the higher po-

larizabilities.

C. The Potential Energy

The general form of the potential energy function:
We=¢,+e¢, - c/r6 ' : (11)
E R .

contains an electrostatic term, ¢E’ a repuls1on term, ¢R’ and Van der Waal's
>term, -c/r . ' '

The ¢E term arlses from electrostatlc interactions between the ions
and, as previously noted, consistency requires the inclusion of contnnbntlon»
from all multipole terms. Thls has therefore been the approach of the

preseht-treatment of the electrostatic term.
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If we consider the aikali halide molecule of two polarizable ions
with a positive charge at ion A and a negative charge at ion H with-H-A
the =z direction, the general form of the potential aﬁ site H due to an
induced o moment at site A is:

(1) .
pA Pl(cos 6)

A 11
. r

b4 i) £ l
= (-1, () BZZ (;

——

Q/

(1)

where Py is 'the induced moment and 6 the angle between z and r. We
can then write the total potential (incluaing the contribution from the
charge at site A) as: ' ‘
L
v oo g g
- 'H r 151r£+l

and therefore the field at site H can be written:

(z)

o . (£+1)py
= = - — + —
Ey = -OVy/or 2 "8 i

’

r
If we cons;der an induced moment PH(m) at H in the electric field EH’ the

force f on the moment' can be written:

pH(m) amE

.and the total force F on ion H 1is given:

(1) (1) (£)_ (m) |
T2 C ol 2 ms1  mt2 151 mE1 _ fmi2 £ m!

The polarizability, af , is defined from:
-1 :
o) .
(£) _ L1 By
pp = (D s ‘ - (13)

r
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L) .
pA( ) is the induced moment and EA is the field at site A The

. moments can be written in the expanded form as:

(m)

where

(&) & - enl Py (m+g)! |
= - — ' : :
Py S ES N ey ES Y (14)
. : r T
(£) p, ") (m+2)
£) - & em! | A mtf)! '
Py =% - il +z§1‘rm+z+1 I (1%)

and these equations are solved simultaneously.
The total electrostatic potential energy between ions is therefore:
T, r v
° ° (‘)(z+l) p, ()
e L I
Z +
oo [ <] m—l rm ; '
S | (16)
(m) - ~

PH (2+m+1)!
—l m= 1 £+m+2 o om
[

S
=
It
L‘"—W
i
Hlm
\\\
ubq

where the terms represent the Eharge-charge, charge—multipole, and nmulti-
pole-multipole interactions, respectively The ¢E term is calculated
using the polarizabilities, as discussed in the prev1ous section, and

-r/p

Previously, both the exponential, Ae , and inverse power,

' experlmental internuclear distances, T

D/rn, forms had been used to represent the repu151on interaction. An
accurate representation undoubtedly requlres a considerably more compllcated
function. In the only well-studied casel+7 (repulsion between two helium
atoms),'the interaction form is a polynomial in r and 1/r times an expo-

- nential function df r. The present treatment therefore uses a best single
term reﬁresentation of the form, Arnefr p, wvhere n 1is given the same
value for all alkali halides. This repulsion term allows more flexibility
in fitting the model to experimental values of we and a, - Here A and

p are calculated through use’ of Eq. (5) and (6).
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Van der Waal's attractive force constant ¢ 1is estimated as:

LMy |
5 Oi°ﬁ —_T_~7__°_" _ (17)

1 ‘ .
. where O& and Oﬁ ‘are the dipole polarizabilities of the ions, IA(II)
is the second ionization.potential of the alkali atom and E is the

49 H

electron affinity ~ of the halogen atom.
The dissociation energy W can therefore be calculated from Eq.

(11) and compared to the experlmental value:

: (i) -
= + v+ v
W, =D +1I, - By l/2hv0‘ | - (18)
where DO is the dissoclation energyso into- neutral atoms, IA(I) is the
' i .
first ionization potential 8 of the alkali atom, Eﬁ is- the electron

affinityu9

of the halogen atom, and l/2hvo' is the correction for zero
point vibrational energy. _

Table XVI shows the comparisonobetween calculeted and experimentel
values of W with a best fit obtained using n = -2 in the repulsion term.
Inclusion of higher multipole field terms in the caleuiation of the moments
with Eq. (1) and (15) leads to complicated integrals of Eq. (16). There-
fore in the calculation of ¢p (but'not the>derivatives)‘the approximation:
has been made that multipole field terms higher than the dipole do not
contribute appreciably to the moments. It is estimated that this approxi-
mationvgives a low value of ¢E in CsI (the most severe case) by less then
0.2 ev.

" The values of the Dunham coefficient a, are calcolated using the

. third derivative of %he potentialﬁenergy function, Eq. (7), and are com-
pared in Table XVI with the experimental values, Eq. (8), calculated from
spectroscopic constants. '

| The agreement of the calculated and experimental'values of we and

a is quite good for the alkali helides with small alkali ions, but not as

1
good when both ions are rather large. The proper treatment of the multipole-
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~ Table XVI.- The calculatnd and eypﬁrlmental values of W' and a, for
) ‘the alkali halide molecules © ST

V.Wé(calc;)>   We(expt.)a ' aj(calq.)f : '_al(expt.)

o LiF o -T7.893 - -7.930 2520 . 2.701°¢
onier o662 S 60 w2633 22®e
e . =615 0 -6.380 a0 —e.mstel
CTATL ., <5702 -5.990 T AW
. NeF | -6.590 - 66w . 20921 izaszdol
ComaCy . -5.59T . -5.6%0 ,1. 3002 -3.076"
‘NaBf - -5.345 - 0 -5.3%0 . -2.973 ;'_-5.ou6f
7 NaI o -5.03h 'ff" -5.220 Co-2.977 _3.016°
xF . -5.78  -5.990 . . -3.22h _3.1160
CKCL. o -k.gon - s.oko -3.301 . 3,006
KBr S 4679 -89 L 3,306 - 304000
COKT . akbor o ahs8o 307 . -3.2u6T
CROF - S5.707 . -5.770 0 -3.3590 -3.135"
mec1 k651 -k8l0 0 L3668 I3.297"
O meBr 0 -kSO . he0 T .3.692 -3.326"
LRI = -L.189 va .f Abz0 . L3.51h S T

n:
.’."'CSC}. -h.520 o o -L.770 o -}—l~.005 v v-,7)-519m
CesBr 0 -ba87 ko700 ko8l -3.377"

GsT . -3.951 . 0o-bio o o3.85% - -3.heot

Ref. 50 o " Prer. 57
bRef. 51 0 lpee 58
Rer. 52 - - dpef. ey
%per. 53 . Fper. L
®Refs 54 - 'Rer. 28

- TRes.ss o o TRep. s9
_gRef. 565 , B f. - f .nRef. 60
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arge polariz-

[

multipole terms is particularly important for the case of two

able ions and this suggests that possibly the spherical conductor approxi-

matidn of ﬁhe higher free ion polarizabilities i1s not quite correct. It is
also quite probable that the form of the repulsion term Ar e /° is an
bvef-simplification, and here again the most serious defect would be expected
for the caSe-of two large polarizable ions. The important feature of this
model, however, is that all higher electrostatic interactions have been in-
cluded without destrdyihg the agreement between calculated and experimental

.velues of W and "a_ .
v e 1

D. The Dipole Moment

Using the same approach as Debye)o had done for the hydrogen halides,
- _

Rittner)§ represented the polarizable ion model of the alkali halide mole-

cule as: 
e T |
whére HA andvuu aie the alkali and halide induced. &ipole'moments'and
. the net moleculer dipole"mbmént isg: ' : RN
b= er - My = My g ‘ o (19)

Eq. (19) is then written in the. usual.form:

- - /fue o+ l) + bre o}a}\‘ v
JRIT by % rA:{} N

= ey -
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Recent experimental dipole moment data have been fitted to expres-

sions of the forﬂ?x_

M, _ My + by (v +1/2) (21)

where ue is the equiiibrium dipole moment and HI represents the vibra-
-tional variation of the moment. -Therefore comparison of experimental and

calculated “I values should serve as a further test of the model.
r-r

If we let ¢ = - < » M can be expanded in the form:
. e ( 4
. o . _
d . a
H=HK + (—u) E + 1/2 {——,u- §2 Feeonen (22)
e dg : 2

and the average value over vibrational state written as:

I

For an anharmonic oscillator we can approximate:

: B _ _ o
(£), = - 5%—:— (v + 1/2) | (2k)
2 B, | ‘
(€%), = 25 (v +1/2) . . - (2e5)
e
and therefore write:
‘B B 2

} _e jau| e du)

<u>v R IR 'idgﬁ i 2 § (v +1/2) (26)

£=0 e .dg j§=0

. The quantity in brackets is the calculated ui term and can be compared

to the experimental W “term in Eq. (21).
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Table XVII compares -ue 1T and pIR;T with experimental He and

HI values. It can be seen that the agreement is very poor; the Rittner
dipole function predicts low e values and Ky values too large.

Looking again at the polarizable ion model, it can bg seen that the
Debye molecular dipole moment neglects dipolar effects associated with
repulsion, and although this is correct for the case of the hydrogen
halides, it is not for the alkali halides. _

If we consider the repulsion force (in the =z direction) on the:halide

ion, it can be approximated.as:
f=-Eaqa . (27)

where Eh is the field at the closed core of charge q, = +7e (the halide
ion minus the eight outer electrons). This field Eh arises from changes
(due to the repulsion'interaction) in the outer electron distribution of
the halide ion aﬁd from the repulsion'induced moments at the alkali ion.

‘ If we consider the outer electrons on the halide ion, the repulsmon

effect gives a charge density: that changes:

5q -~
" - \:
. 7 h
: z [_8 A
D r==- %1 /
and therefore: . \\\\\_////
v SE 8q gose
r
h

where r is the.distance of charge ¢q from the core. We can then writet

h
Su'= &q Ty cosf
B _ 5
SE  'h
5




_ Table XVII. The calculated and experimental dipole moments of the alkali halide molecules.

RIT REP: RIT REP

_6g -

My g k_(cale.) w (expt. ) T Mo ny(cale.) np{expt.)
LiF 5.272 © 1.021 . 6.292 6.2842 .096 -.0182 077 .082%
LicCl 5.365 . 1.616 6.981 '7.085b .10k -.02u45 .079 ‘ .081°
LiBr 5.340 1.836 7.176 7.226° .103 -.025% 077 o778
Lil 5.217 2.185 - 7.403 -7.587d .106 -.0279 .078 .078d
NaF 6.992 1.106  8.098 8.123° 076 -.0169 .059 .064°
NaCl 7.21h 1.751 8.946 8.970f .07k . -.0203 054 .061%
NaBr 7.178 1.957 9.135 - 067 -.0189 .0h8
NaI 7.039 2.308 9.347 = 066 -.0199 .06
KF 7.450 1.105  8.555 8.550% £080 -.0169 063 .069%
" KC1 8.270 1.972  10.2h2 10.239% - .076 -.022% .05% . .060%
KBr 8.381 2.252  10.633 _ _ .065 -.0208 .obL
KI 8.446  2.659  11.105 | w065 -.0215 .o
RUF 7.429 1.025  8.L5k 8.s14" - Lo77 T -.o1by 065 . .067"
RhCl 8.433 2.086  10.519 . : 07h -.0239 .050
RbBr 8.582 2.431 11.013 | ) .059 = -.0211 .038
RbI - 8.722 2.910  11.632 ‘ .053 -.0195  .033 _
. CsF 6.922 .869 7791 7.840% .082 -.0127  .069 o0t
csCl.  8.284 o.224  10.508 10.4159 080  -.0273 .053
CsBr  8.48% 2.689  11.17h _ ' .063 -.0246 .038
0s15' 8.732 5.316  12.048 ' .05k -.022% . .0%2
: fpresent work dRer. 58 CRef. 62 JRef. 65
PRer. sk  CRef. 2k Ref. 63 -

Ref. 56 TRef. 15 ‘Rer. 6h




-60-

where Ho is the repulsion induced dipole moment of the halide ion. The

. e . ’
"field at the core, Eh; arises from the changing halide electron distri-
bution at an average distance Rh from the core. Similarly for the alkali

ion we have a repulsion mement in the opposite direction:

RIT

» [ S— | ‘

In the alkali halide molecuie the electron distribution of the highly
polarizable halide ion is favored between the ions, but for the alkali ion,
which is not very polarizable, the electron distribution is directed‘but of
the fegion of the halide ion, and thus a more accurate pictufe of the mole-

cule would be:

It would therefore be expected that the repulsion effect would cause a

changing électron distribution mostly on the halide ion, and in the present
treatment the field is evaluated at the halide core. Tgis field Eh ié due
to a change in the.outer electron distribution at H, EH , and the field
associated with the small repulsion dipole moment “a at A. The field
arising from other repulsion moments at A 1s small and has been neglected.

The total field can therefore be written as:



ph .gua ) .
B 33 ' | - (28)
r
h e . .

The'a?e?age distance R, of the changing elec¢tron distribution (in the ion-
ion overlap area) should be a function of the distance from the halide core
to the-alkali ion and this has been approximated as Rh =V, where -y

is a scaling factor of L the internuclear distance. The repulsiocn mo-
ments should approximately be a function of their respective polarizabiliites.
However, because the repulsion effect should be weighted heavily on the halide
ion, as discussed abdye, the repulsion induced moment oy should be propor-

tionally smaller than By This has been expressed as:

1
[Tp o .
a A .
=PI - (29)
h Oh o v
The net repulsion dipole moment is therefore:
o
A1-54§.}
REP £ 3 Oé /
= - I e—— o
My - M =g y;re I (30)
h _ 3 %
TR
H.
We can now write the total equilibrium molecular dipole moment as:
- RIT , REP | ,
= -+
My = Mgt Mg (31)
and the vibrational variation coefficient as:
' RIT " REP '
= + .
e | (32)

A best fit of the'dipole moments has been obtained when 7 = 0.81
and B = 0.40 (for all alkali halides) and Table XVII lists the ueREP and
.uIREP valuss. This table then compares the total calculated dipole moments,

ué and gI, with experimental values and the agreement is extremely good.
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The'treatment of the repulsion moment undoubtédly neglects some effects.

. For example, the average distance Rh‘ to.the overlap should take into
consideration the particular ions of the molecule and not simply be a

scaled T Even .so, this simple treatment of the dipole moment has allowed

a very geod fit with all experimental He and f. values of the alkali

I
halides.

E. Cbncluding Remarks

The approach of the polariZable ion model presented here has been -
to include several effects, previously neglected. These include the treat-
menf of the polarizability as a function of r, inclusion of all multi-
pole terms, and consideration of a repulsion dipole moment. The net re-
sult has been that this semi-claséical model removes the inconsistencies
of earlier tfeatments and successfully g%ves a good fit of the potential
- energy and dipole moment functions with thg experimentél data of the alkali
halides. - | | |

As a further verification of this model, one wéuld like to make an
extension to other lonic molecules, i.e.‘the hydrogen halides. Undoubtedly
the present model makes ovef-simplifications of some terms such_as the
repulsion energy and’thebpolarizability function. -And, although these terms
adequately fit the alkéli halides, they may not be the general form for
other molecules. Therefore a more complete theoretical study is probably

required before this model can be extended beyond the alkali halides.
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