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ABSTRACT
The molecular—beam electric -resonance method has been used to observe'
19 Tpi1% 61435, 6 374, 39 K221, ana

the radio frequency spectra of 6Li . Li Ci, Li” 'cC1,

9 57Cl in low vibratlonal and rotatlonal states Microwave J’:il‘—ao transi—7
. . ‘ 6. .35, 6 37 N ; | "
tlons.have also been observed for Li’”Cl and Li Cl. Analysis of the spectra .

“has given dipole moments.and other~molecular-constants,of these molecules.

4,
I
i
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. I. INTRODUCTION .
Previous reports from this laboratory have described the radio-frequency.

3

and ﬁicrowave spéctra df.LiBr, lLiI,2 and NéF; by ﬁhe moleéulér-ﬁeam electrip-
resonanée methcq.rvThe'speétrbmeterfused'in_these.éxperiments has dehonsﬁiated
high-resolution, even at strong Stark fields, aﬁd’thisﬁhasbiadé'possible an
accurate determination of electricvdipole moments, as well-as rbtational and
nuclear hyperfine interaction constaﬁts.

The present work is a cbntinuatioﬁ‘ofwthe high-resolution molecular-

beam electric-resonance studies of the alkali halides. Radio-frequency Stark

_ spectra produced by transitions of the type (J;mjil)-e(J,mJ)‘have“been observed

for the low vibrational and rotational states of L119F,'7L119F, 6Li5501, 6Li5701,

39K35Cl, and 59K37Cl. ‘Microwave J = 1 — O transitions have also been observed

6L155 6. .37

for Cl and Li” 'Cl.

IT. EXPERIMENTAL TECHNIQUES
The electric-resonance spectrometer has been discussed in detail else-

wherel’h and only a brief description will be given here. The apparatus consists

of a four-chamber high-vacuum system with two 30-cm dipole inhomogeneous electric

deflecting fields and é 25 cm homogeneous electric Stark-field region. The source

" over is a 20% iridium-80% platinum tube with a source slit 6 mm high by 0.13 mm

wide. Detection is by surface ionization on a‘tungsten ribbon with the positive
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ions being accelerated out of the main chamber), through a mass-analyzing magnet,
and into a lh—stage electron multiplier '
The Stark field is produced by parallel electrodes which vere made hy

evaporating an’ aluminum film on glass optical flats ‘The field is parallel to

% along the

P

- 25-cm tranSition region.. An improved voltage_and field-monitoring system” was

l/8 K of helium 1light for a l-cm gap or approximately 1 part in 10
used for the 6Lil9F spectra. This»reduced thefelectric field uncertainty to

2 parts in lO5 with a reproducibility of the'field an order of magnitude better;
Since magnetic effects could be erpected'to produce noticeable perturbations,_

i
care was taken to reduce all components of the earth s magnetic field and fringe
magnetic fields 'to less then 50 mG along the tranSition region

The radio—frequency experiments reported here are of the flop in" type
and require that molecules undergo a transition in order to reach the detector
Radio-frequency.is applied across one of the_Stark—fieLd electrodes to induce
transitions which.are then observed as‘increases of the beanm signal at the
detector. The J =1 -0 microwave transitions are observed by setting the Stark
' field and_radio—frequency to give a maximum (l 1) - (l O) "flop in" signal.
Microwave frequency introduced vie a horn with the microwave electric field
.parallel to the Stark field' is then swept and a transition ds observed as a

decrease in the signal due to depletion of the (l O) state because of transitions

of the type (1,0) — (0,0).
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III. THEORY

'“h damLIMOQLaq for enalyzing the electric-resonance specirum of a polar
1 5 7

diatomic molecule in a "2 electronic gro and state is

The first term in the above expression represents the rotation the
mciecule, where B  is the molecular rotational constant and J is the rotational

ang"lar—momentﬁm operator. The sscond term gi&es the interaction of the permanent
electric dipole mcment, y, with the applied‘exterﬁal field; E. The‘third and
fourth terms represent u;é interaction of the nuclear electric quadrupole moments
(Q1 and @ } with the electric field gradients at the nuclei (ql and qg), where

e 1is the_eiecﬁrcnic charge, I and‘I2 are the nuclear spins, and'equl and equ2

are the quadrupole coupling onstagu . - The ifth aqd sixth terms represent the

-magnetic coupling of the nucliear spins with-the molecu1ar argular momentum, where

1 2

terms represent the tensor and scalar spin-spin 1 ;te"acu$ono, -vspect*van. The
tensor spin-spin interaction constant e,, is defined as ¢ (dir\ + c (ind).
= > Z J i ‘ 5 4 3\
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'"The_direct enin:spin interaction constant, cj(drr5,'arises.fromttne ueual mag- .
vnetic dinole—dipole interaction between'the!two'nuclei, and_equals‘glgguN2
(l/rB), where g and g2 are the nuclear . g ,factors for the two nuclei rois
‘the internuclear distance, and by 18 one,nuclear-magneton. The (l/rB) calcula-'
tion is made including the correction for the molecular vibrational effects as
- discussed by Ramsey.8 The ;ndirect spin-spin intefaction'constant,.c5(ind),
arises from the tensor component of‘an'electron—coupled,nucleer spin—epin
interaction. The scalar spinfspin interaction constant, c),» arises solely
from the scalar component of an,electron-coupled nuclear'spin-spin interaction.9

A computer‘nrogram%o‘celculates the mntrix elements of ¥ ina |
.(J’Ii’IE’mJ’mIl’mI ) renresentation, where My, mI ,'and mI are the prOJectlons
of J,Il- and 12, respectively, on the direction.of the field E The program
computes the energy eigenvalues_by diagonalizing this matrix and then calculates
the spectral line positions and intensities'c%rresponding to the given set of
Anput barameters according to the selection rules Amf =0, #£1, #2, .... where
mo is the projection of the total angular momentum on the field direction. Since
T is a good quantum number at all field values, the matrix is diagonal in Mg
"The line inten31t1es are calculated from the matrlx elements of the dipole-

moment operator using the computed wave functions The unknown parameters are

varied to obtain the best fit to the observed spectra.
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IV. RESULTS AND DISCUSSION

Al The Radio-Frequency Spectra of 6L1 9F and 7Ll 9

19 1,19

and L1i7’F were flrst

6,
The radlo—frequency Stark spectra of Li

observed by Trischka et al.,ll’IQ’IB

15,16

and,more recently by'Gold;lu and Wharton
et al. In the present_work the fesolutioh of the spectra 1s improved and- -
a more accurate and complete set of the molecular constants of LiF.can be

reported. | | |

' Radio—frequehcy transitions of the type (J=1, m; = tl) - (J=1, m, = 0)

were observed for both 6L119F and . 7 1797, For 7L119F (=2, m& = +2) o (J=2, my = +1)

‘transitions were also observed.. These tran31tions were observed‘in the low vibra-

'tlonal states of LiF at several Stark- fleld voltages

The observed full width at half maximum (FWHM) for lines in the J =

,;rotational state of 6LilgF was 3.5 kHz‘when’approximately 1200 V‘was applied to

both state selecting A and B'deflecting fields. The FWHM decreased to.2.2.kHz.
when the deflecting-field voltaées were lowered to 600 V. Typical spectra
illostratingbthis effect are shown ih Figs. 1 and 2. .The effect is atcibuted to
velocity selectlon by the deflectlng f*elds, collimator, and stop system With
low voltages applled to the A and B fields, only those molecules which spend a
longer time in the A and B field regions are deflected sufficiently toApass by
the beam-stop and feach the detector. Thus the low deflecting-fleld spectra
utilize holecules from the low veloclty‘portion of the effusion spectrum. These

molecules spend more time in the Stark—field transition region and consequently

give a small natural line width. The increased resolution is obtained only with

a resultant loss in intensity and optimum spectra are obtained at'some compromise
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betﬁeen’iﬁtensity end.iine widfh.‘ A typical spectrum of the type used 1n the
6LilgF calculatlops is shown in Flg.‘l. |
In analyzing the‘6L119F spectra, the;ﬁﬁfesblved multiplets were'fitted

to calculeted cpmposiﬁe liee positions. .Theselcomposite line positiens were
obtained by grapﬁically adding componeeﬁ iines ﬁhat hadvthe exper imental singlef
line shape and calculatedvreletive'inﬁehsities; - The validityvof this teehnique
was shown to be quite good by applying it to the unresolved multiplets of the
7 lgF spectra after obtalnlng a best fit us1ng only the 51nglets |

The dipole moments were calculated from data taken at 800 V/cm for both
1sotopes and also at 1500 V/cm in the case of 6L119F. This latter experwment at
1500 V/cm utilized an‘;mproved voltage—measuring system and was'used_as & check
against the earlier dipoleFmoﬁent determinations; There iS'excellent_agfeemeet
.between both sets, however, only the more accurate 1500 V/cm values are glven

-here.. The dipole moments for both 1sotopic species of LiF have been fitted to

an expression of the form:
o= V+'u (v + 1/2)4.' v+ 1/2)2‘ .
v T M TR T AEIT Hp VT s
where v is the‘vibrationelyquantuh number .

The dipoie moments and quadratic ekpression coefficients are given in Table T.
The results give experimental verification for the expected variation of dipole

moment with change in reduced mass due to isotopiC'substitutionﬂ The equilibrium

19F

dipole moments, o, are the same, within the experimental error, for 6Li and
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7Li ?F. The coefficients uI and uII follow the isotopic dependence as predicted

by fheory17 being proportional to.

o
€ ,mtﬂ

and

€

\ |
/ v respectiveljr>

o
[

. The hyperfine intefaction constants of LiF afe summarized in Table IT.

- In the.case of 7Li123 where both J-'= 1 and 2 spectra were observed and fitted

-indepéndently, the‘reported'consﬁants are a least équares average of the J = 1

,

‘and 2 values.

. 1 SR ' E o o .
~ The 7Li 9F quadrupole~coupling constants were fitted to an expression
linear in the vibrational Quantum>numbef. The ratio of the equilibrium quadru-

pole coupling constants,

[(qu)eJ 6Lf; /{(qu)eJEi ) 0.0205to;oog | A

is in good agreement withuother reported ratios of the nuqlear_quadrupole

6.. . T 16,18,19*

moments of Li to 'Li.~

The spin-fotation interaction.constant canvbe-expressed as proportional

’ .20 | - . L
to an electronic factor times uNgnB, where Fay is one nuclear magneton, 8,

1s the nuclear -g factor and B 1is the rotational éonstanf;i The ratios of tﬁe
1ithium and fluorine spin-rotatioﬁ constants for the two molecules agree with

the expected isotoplc variations of g, and B. Within experimental error the

fluorine spin-rotation constants, CF’ are proportional to B in the first three
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vibrational states, and consequently, in contrast to Kastner et al. 3 we find

no- evidence for any large change in the electronic factor

Best fits to the observed spectra of 7L119F were-obtained by setting

) C), equal to zero and 'c5 equal to the Calculated c (dir).-‘The fits obtained.

for the J = 1 spectra and espec1ally those obtained for the J = 2 spectra of
7Lil9F indicate that there is no experimental justiflcatlon,for the inclu51on o
of ¢, .in these calculations or for assigning any value other than .cé(dir)”y"

to ¢ In this respect the present results differ from those of Wharton et -

3
al. ,16 who glve & value of 210*&0 cps for cu of L17F in the V=0 state.‘ In all

‘A6L119F calculatlons c (dlr) wa.s used for - 5 ’ and ch is assumed equal to

' zero.

e

35

Previous work on LiCl includes the radio-frequency studies of 6Li Cl as

B. The Radio-Frequency and Microwave Spectra of 6'11:3.3501 and 6Li

5 :
reported by Marple and Trischka, L and the microwave studies of 7LiBscl and
23

. 2 :
7LiBTC]_ as reported by Lide, Cahill, and Gold_.'2 Klemperer, et al., ~ have

reported the results of an infrared analysis of 7LiCl.

~In the present work the radio- frequency and mlcrowave spectra of Li35Cl-
and'6Li37Cl have beenvobserved. This study was concerned with radio- frequency
trensitions of the type_(J=l; m& = 1) —»(J;l, my = 0), and J = 1 -0 microvave
transitions. | '

Values were obtained for. the electric dipole-moment, the chlorine quadru-

pole-interaction constants, and the chlorine spin-rotation interaction constant



in the first three v1brational states of 6L135Cl and Li57Cl. Observation of

“rotational transitions in the v=0, l, and 2 vibrational states of 6Ll35Cl and

6, .57

" the v=0 vibrational state-of- Li”'Cl, in conjunction with the @, and o X values-

reported by Klemperer et al.,?B’allowed 3 determination of thevDunham coefficients
_ ol I . § ‘ , _ . ,
Yoo a 21" o |

The nuclear quadrupole and’spin-rotation interactions of the chlorine

; and Y

nucleus alone uefe found‘to»be adequate for tne‘interpretationtof the radio-
frequency observations. ;bur bresent'signal-to~noise ratios,:and line widths of
4.5 kHz prevented the resolution oi‘splittingsland snall line shifts which are
expected to arise from the-much smaller~hyperfinelinteractions of the}6Liknucleus;'
The 6Ll quadrupole interaction constant, calculated from the Q6 Q7;i rativof
" LiF and the value of (qu) given by Gold lh is 5. 15 kHz. This interaction is
expected to cause splittinggiof the ordercﬁ‘? kHz in each of the observed 6 major
lines. The-6Li spin—rotation interaction is expected»to cause even smaller effects
v which are also unresolved. The calculated:yalue of the.magneticidipole—dipole
interaction constant is.approximately MEAHz'for 6L135Cl, .Initial calculations
" indicated that the effect of tnis term is negligible and~it has.not been used in
subsequent calculations - | |

The FWHM of the radio frequency lines was approximately L, 5lkHz and the
signal-uo -noise ratio was approximately 20 to l for the v=0 vibrational state of -
6l.i§5Cl. The J = l:f>0 microwave transitions were observed as a decrease (~50%)
in the "flop-in"-Stark signal ~and the microwaﬁe line widths were approximately
‘70 kHz at transition frequencies near 48 GHz. |

The dipole moments were fitted to the quadratic exnression for the varia- v

. tion of the dipole moment with Vibrational state. The‘dipole moments and derived
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expressions are given in‘Table‘III.and'are7con§ared tith the previous“values as
calculatedlfrom the ugA\ values reported bvaarple and frischka 2l The present
dipole moments are significantly‘higher. They are expected to be accurate to *1
rart in th and the reprodu01bilitv is an jorder of magnitude better. ~ Previous
determinations of the dipole moments of NaF, 5 and LiF . from this laboratory
are in good agreement with those of other investigators . f%he ratios of the

" coefficients My and-'uII‘for the two isotopicvspecies of LiCl are in agreement

with the expected isotopic dependence. .
Table IV lists the values of (qu) and °01 for 6Licl‘ in the V=0, 1, and
2 vibrational states and also the quadratic expression coefficients of (qu)

These values are - in agreement with those of Marple and Trischka21 within the

combined experimental errors.

[(qu)e]35 /[(qu) Jﬂc‘l - 1.2679 .00 .

' This ratio is in agreement with the more precise.nuciear moment-ratio determina- -

tions .by Wang, et al.26

The observed microwave transition frequenc1es were corrected to zero-field

frequencies in the absence of all hyperfine interactions by using the moleculer
constants obtained from analysis of the radio frequency Stark spectra Centrifugal-

distortion constants for a’ given vibrational state, D o vere calculated from the

results of Klemperer, et al. 23 The Dunham coefficients, YOi’ Yll’ and Ygl,_were'

determined by fitting the zero-field microwave frequencies to the expression:

, ‘ -
vy = 2Yy) *+2Y) (v +1/2) +»2Y21(v +1/2 - kp,



‘Table V lists values of By» Yops Yyqs Ypps 8nd B_ for %1350 and 1170, Spec-— .
troscopic constants for 7LiCl vere calculated from the present 6LiCl results and
are compared with the results of Lide, Cahill and Gold22 in Table VI. The agree-

ment'is excellent.

~C. The Radio-Frequency'spectfa of 39K35Clland 3937y

The electrio resonance microwave spectra of KC1 were . observed previously

by Lee, et al.,27 and values were “reported for the rotational constants, quadrupole- ‘
coupling constants, and'dipole moments. The dipole moments were determined from

weak fleld spectra and exhibited an anomalously large variation w1th vibrational
state. The present work was therefore undertaken to observe strong field.spectra_”'
where a more accurate determination of the dipole’moment could be made

Because of the ratner small rotational constant of KCl, the J = l rotational
state molecules can not be sufficiently deflected with tne present experimental
design. However, higher J ‘states can be studled and the observed radio-frequency
spectra were produced by transitions of the type (Q,il) —»(2,0) in the lov vibra-

tional states,

A typical KCl resonance in tne v o= 0 vibrational;state nad a-FWHM of 20 kHz
vand a signal-to—noise'ratiozof only 2ptovl. Better_statistics.for the obserued
ISpectra were<obtained by computer‘additionaof several runs vith a resultant increase
in the'S/N ratio. This technique made possible the analysis of ¥ = 2 spectra, not

observable with a single-spectral run.
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The six major obserred resonances of the J = 2 spectrum vere cue to the
potassium quadrupole splltting of the Stark transition. There was no resolvable
structure in the llnes and therefore additlonal hyperfine interaction constants
could not be determlned; however, upper limlts.on these constants could be set
by considerlng the line widths,

Table VII sumarizes the present dipole-moment determinations and grves
comparisons with thosevof Lee et al.27 There are,lerge_dlfferences between the s
two sets. The present results do not~exhibit the previously observea anomalous
variation of dipole moment with vibrational state.

| The observed.potassium quadrupole—coupling constants_were in good agree-
ment with the more accurete values reported by hee, et al.27 |

An upper iimit of 300 kHz4could be.nleced on the absolute value of the
chlorine quadrupole.coupling constant for all three vibrational states. Also

an upper limit.of—Q kHz could be placed on both spin-rotation interaction constants, .

cK and- cCl'
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Table I. Dlpole moments and dlpole moment functlons for AlF All values are
given in Debyes

Dipole Moments

.6Lil9Fb ' . ' o ,7L119F
by . | . 6.32736(20) | - 6.32148(10)
noo o  6.h1kT72(20) o - 6.5072(10)
0 | | . 6.50317(20) . . 6.4905(20)
‘ Dipole Momenf Functions‘ .
. _ , o, =By F ui(v+l/2) + MII(V'FI/?)2
. - . . 6.28409(25) . 6.2839(12)
" o ouseer(s)  0.08153(30)
T B .  0.0005k(2) o | 0.0004k4(12)

®The accuracy of the dipole moments is limited by .the uncertalinty 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.

Calculatlons were maede with the field in absolute units, assumlng that one NBS
legal volt equals-1. OOOOll absolute volts. :
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' Table IT. Hyperfine interaction constants for LiF. All velues are given in kHz.

Z%Ez:tional | quLi_ cLi cF : .CB v e,
K 16L112F | |
¥ =0 ~8.5(8) 0.71(8) 36.8(4) . b.307(8) 0.00(15)
v=1 8.6(1.2) 0.71(12) 36.1(5)  h.ebl(12) 0.00(20)
v=2 7.1(2.0) 0.75(20) ~ 35.7(7) . | ':u.luo(eo) ©0.00(L0)
o Tt
v =0 M5.6(H)  1.87(3) 32.68(16)  11.382(20)  0.00(8)
v =1 ho6.1(6) - L.84(h) 32.20(22) - 11.175(30) 0.00(11) .
v =02 '596,5(8). 1.79(k) 31.8L(2k) 10.964(30) 0.00(14)
(ea0),, = (e20), * (ea0) (v2/2)"
(eqq)_ = 420.3(8)
= -9.4(1.2)

- (eqQ);
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Table ITI. Dipole moments and dipole-moment functions for LiCl. All values are

given in Debyes.

Dipole'Moments

Present results>  Previous results’
§L15501-' |
b 7.1289(10) | .. . o o 7.1195(22)
my ‘-7.2168(10),'- . o . 7.2069(22)
by 7.3059(10) L 7.296h(22)
| | o 6L137Cl o
B, 7.1é87(1o)» . o 0 T.1192(22)
By :7.2165(10)A“’. e 7;2071(22)
My ©7.3052(10) - - R ‘>_',j 7.2972(22)
_Dipole Moment Functions
by = g * H (vi1/2) o (v2/2)°
‘Present results® ﬁ | |
613391 B
b .7.0853(13)
o - 0.0868(4)
R : o.ooosé(;h)ii
63Ty -
. 7.0853(13)
ey | 0.0864(5) |
B : o.0006u(16)v

See note a, Table I..

bThese dipole moments were derived from the ueA data aiven by Jagple and Trischka.

él




~Table IV Chlorlne quadrupole cgupllng constants, (qu)v, and spin-rotat:.on

- constents, (c y» for PLiCl. All values ere given in kHz.
| 6Li35Cl ._‘. ' B j ';  i 6Li3701
T . .
=3072.1(1.1) fa}ah(19).‘  ’:7 52h2b;8(i;ﬂ) o 1,75(23).
_3h78}7(1.2)- - :‘2.26(20) o : se7j9f6(1.5)_ | 1.82(25)'
3872.9(2.1) __2-26(56) o -3051.9(2.7) L)

(ean), . (ea0), + (o2 (v11/2) + (es), (vi/2)?

| .(qu)éA= -286k. 2(2. 8) - (eqq), = -2259.0(3.6) |
(eaR); = -119.0(5. 5)  ' (exd); = 325.2(h3)
(qu)II - 6.2(2.1) (eq@)y = 3.2(2.6)
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Table V. .Specttx“bé-é'opiic_-c'o"nsit’ants of ..61.:1;01_.,:“"Ai'l'_vai‘géé éfe:fip'M{z.

o ' f2&1i6f7£(50) .‘_;-i 
e
- eqnigo@is)

w
(¢
[}

N

o

B
Sz
W oo
no

= 23971.088(6) -
é5682.vhgo.('7,)" R

W
]

as)
1]

o3306.8u(12)

R TEAl T

w
o )

- 237181.615(9)
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~ Tablé .VI‘. -' Speétroscopicchnsvtant's of.7LiCi. All @lueé-are in MHz. .

= ; ————— :
Lide, Cehill, and Gold" Date calculated” from

 present ©Li3DC1 results

o o wPa | |
Be‘-' o B P ;55"f:‘,_ ' . ensier(3o)
Yy, (®B) C - 21181,1(;) B I
:Yll(gae)_ PER 2&9,2(2) - e L "2uo.15(y)

Yo ) o 2@ "; S 1.19(1)

21181.15(3)

7L{3‘7§l’ ‘ :

B, I ML -"_f:'f«;i" R ;26990.05(30)
Yo, (=B.) : ' _ “='2098979(1) o N 20989.87(3)
Y, () o . 236.9(2) o  236.90(L)

Y, Gv,) R Kt G

6..35

aFor comparison with previous LiCl results, our Li”"~“Cl measgrements were
corrected for isotope effects. The atomic masses -used were °OLi = 6;01515,

TLi = 7.01601, 35C1 = 34.96885, and 37cl = 36.96590. | -
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_ . , Figure Captions-_‘
Fig. 1. A typical spectrum of 6Li 9F with 1. 2 kV applied to the deflecting‘j'
' fields. The thin vertical lines represent the calculated spectrum o

FWHM 5 5 kHz
6..19. . |
Flg. 2. A typical spectrum of Li r with O 6 kV- applied to the deflecting _

‘fields The thin vertical lines represent the calculated spectrum

FWHM 2.2 kHz
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or for damages resulting from the use of any infor-
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Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor,of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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