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. El\HA'rUM: RADIO~FREQUENCY AND MICROWAVE SPECTRA 01~' LiBr BY THE MOLECULAR-'BJY.M 

ELEC'rRIC-RESONANCE METHOD i · 
I ,..f. 

( 
[J. Chern. Phys. 41, 2368 (1964)] 

A. J. Hebert, F. W. Breivogel, Jr., and K. Street, Jr. 

Lawrence Radiation Laboratory. 
and Department of Chemistry 
University of California 

Berkeley, California 

A numerical error has been found in the calculation of the quadratic 

6 81 
expression for the variation of the quadrupole coupling constant of Li ~r vii th 

yibration:al state. If one uses the data as given in Table IV, the entries under· 

6 8L · · · · · 4 
Li '13r at the bottom of Table IV, page 237 . should read: 

(eq,Q.)I ·= 2.438 ± 0.002 Me/sec. 

, (eqQ)II = -0.03286 ± 0.002 Me/sec 

This in turn effects .the second equation in Section C, page 2375, which should 

now read: 

. ·. . 1 
This ·cha!1ge is of some significance since Bonczyk and Hughes have used 

. 2 . 
. this data along with ~hat of King and Brown <to deduce a value for the anisot:ropy ·. 

of the nuclear polarizability of bromine. 

We w.ishto thank Dr. Thomas c. English3 for alerting us to an'inconsistency 

in the reported ratios. 

l. P.A. Bo,nczykandV. W. Hughes, Bull. Am. Phys. Soc. 12,132 (1967). 
2 .. J, G.KingahdH. H. Brown, Phys. Rev. 142,53 (1966). 
3. T. C. English, private corrununication_. ·-.·· 
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·.··ABSTRACT .. 
; ' . . . . ~ ' 

.The molecular.-beam electric ~resonance technique has been used t? 
·~ 

. . ' 
J; ... ;.:. :obtain dipole moments~ fiv• quadr\1pole interaction constants of bromine 

• -l-'·~4 I -·~".·. , "'· 

(' ·.;~ .. ; 
J,;,/. 

spin-rotation interaction constants, 
. . ~ ·. 

and rotational constants 'for:> 
~ ,.· t_L ~\. ·.,.:-

in several of the lower vibrational levels.: The 

rp.dio~frequency spe:ctra for three or more 
···1!, ... : . ~ >..' ........ 

' ~ "'·· 

.. ~ .. 

.. ·· 
... 

·,· 

o.001'debye 
' ' ~;·· . ·. ·.·, ' 

' ... ~·· 

·. , fv -

0~005 Me:';>< 

·:,_ 

,•; 

' ' ' :· . ·;,.,, ·~ ,. ' ··'.'' '. '' ' ' 2 : 
7.22611 + 0.08312 (y~_t,1/2) + 0~00060 (v +~,1/2) '± .· 

. ,. ~ . ':' ~ . 

·., .. 

'' ' 

~·0,{eqQ)v=30.9J2.t2.'442 (v4(1/2)· 0.034{~:+.1/2.) 2 ± 0.005.Mc·. 

, CBr ·:_~:~::.z~,~~;s;:~;~,:.r;.~:~~i < ; '. :: . :·.; ·. ····_. .· . .• 

,.· ...... 

:The .o l;>s e rvat~p~',?t:·Ji7,:t:tr:.:f:;:: .Q ?':<n.~~s.r()WC1Y;~ .~ran,sl tlons. y:1elded ili:e follo,~mg 
.... . :·" . · .. ··.:.;":·~~~::·;;::p\:~~~,r~,·./·:~.:~'.?>{',: .. ,.'/f..:.f:?;·· .. ·:: ... ;: .. ... ::.···.(·;~.:~'··, · '' · ··· 

.. rotatlonal; constants .:'·•·r\•::~,.-~:~~J"\ ~..~·.·. · ;., .. ., ·~·''";; ·, 1;:· ~ ·. ,.· ) . ,/:- '_. ,·:·: 

.··· 
:I ...... }. '• 

~ ( .· .. ·: 

· .... 

.... '. 
•' 

.. : ~' 

·, ·, 

· .. ~· 

·.• 
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.: 0 

B 1 = 18 882.800 :1: 0.009 Me 

B
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= ·18 677.242 :~:· o.oss· Me. 

B' 
,0 = 19 05 7.005 :1: 
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I. INTRODUCTION 

'·~ I 

. ;· ... 
,. 

UCRL;.110:12. 

. .. · . ' ·~. 

•' 
',.# 

. : 

.. , .. . . . ~ 

.. . ~· 

;.: . 

. . ·•· 

· · ·· · The ·radio -frequency transitions observed were of the type (J,. mJ) - (J, mJ·:i: .i),. r> :> 

..... 
' . ',. 

b~ing the rotational quantum number and mJ the magnetic quantum n~mber •. 

The microwave transitions observed were of the type J ~ 1 - J = 0. 
.. 

Values for the electric dl.pole moments,. f.Lv• the quadrupol~ interaction 

.. ... \' . 

..... : :..\:· 
' 

constants of bromine, ( eqQ)v' and spin-rotation interaction constants of bromine, · · 
~4 .• r :· ;_'''. :. ··"'\: ·' ..... ·. ~. 

·,•·/'· 
cBr' have been .obtained for. several of the lower vibrational levels. Observations. 

. ; ·.;~· ot'three or more vibrational states of Li6Br 79 arid of Li6 Br 81 have .enabled U:s to·. 

· .. ·.:· .'·~·'.derive expressions that indicate nonlinear variations of quadrup~ie-couplin~ij;i 
:' 

con,stants and electric dipole moments with vibrational state • 
.. ,. .. ·- ' 

. ' 

, .. ~.· Fitting of the observedradio-frequency'Stark spectra required the use of 
I ' • ' 

, .. :,.;· ... ·a ·recently completed computer program that includes provisions for second-order · 
-~ .. : . ' ' . . 2 
~··· ... ]:quadrupole and Stark-quadrupole effects .. 

...... ··-~ ... 
· :' :,. . . . The micrqwave spectra of LiBr have been observed previously ~y Hori.ig · 

··,·~ . · et a1. 3 and by Rusk and G~rdy.4 Honig et al. have reported values for the· 
~--- I ·--

; ., · rotational constants, the bromine quadr~pole interaction constants of. Li 7 Br in •. ·. 
.. 

. the v = 0 and v.= 1. vibrational states, and the electric dipole moment of Li 7 Br. · 
,.. ~; . {" . 

·~:. ··~·Rusk and Gordy report somewhat differen't values for Y
01 

and B , and the first 
. . .· . e 

1i··· 

~. .· 
' ' 

..... · 
· .. ;·· 

experimentally der~ved values for n 0 . and. De·· .The. Y ij is refer to :the coefficients·~ 
' . 5 . . . ' . ' ....... ··· :.co 

·, -:~~: 

. in the .Dunham expansion, . and the other symbols to the usual band-spectra . .. . . .· 
.•.0:. • ' ' • .,. 

li-1• • • 6 t , ' 

· .· :. ·: constants. The. present results agree with those of Rusk a~d .Gordy. 
'.,,· 

·.:.:.·· 

·.·, 

Observations of rotational transitions for the v·= 0~ 1, and z·. vibrational states .. 
' \ · . 6 79 · ... · • > . ' ' . _', \ : . · . r . ·. . . · 

>.,-. ~ .. ' of Li · Br .. --in conjunction. with the Rusk .. ancl. Gordy, values. -for· D , w ·., and 
., ...... ·· ·· · · · : ·· · ·· .. ·:.- .· · .. ..... . . .. . . e. e . ',. •· .. ·.' . ./ . '.· -:~-:~. >" f .-... · • .•. : • . . ;. ". •: j 

,:; :: ·: . wexe :-·•have. allo~_ed ~~ccurat~ c~~~ation~ .of Y.01~ ·.Y·11, y 21 ~nd the rotational 
' ~ ! .~ ~ ~ .t:, •• • • ~. :. ·.':~~ ' ' • :;! ' -~;._ : ~ ~ .•• :~ · .. ' 

. ··:· ~-

'··· ., .:. ,· 

.. , . 

~:. 
. ' ,, 

. ~ .. <! . 
. :.:• 

·-· 
--~:--~'. ' 
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'•·. 

·-;_.··.\.·,· 

~ . ' . 

'' :, . 
'·•. 

. ··:· 

~. . . 

.-' 

. constants, Bv, for the low vibrational states of all isotopic species of LiBr. 

'The use of these rotational constants with our radio~frequency- spectra have 

allowed us to calculate, 'the bromine quadrupole interaction constants and dipole 
' • ' ·._ .· '6' ': ' 
·.moments' of Li Br. Values for the bromine spin-rotation interaction constants 

• • • > •• • 

in Li6Br 7_9 and Li6Br8 ~ :a~e r~ported for the first ti:z:n_e. ': · 
·-· . ,._.,'· 

. , 
... ~ ~ ' . -

II. EXPERIMENTAL 

A. Appar at~ s 

The electric -resonance apparatus used in these experiments is similar 

to that evolved by Trischka, 7 although differing in dimensions and some 

details. As these details are available elsewhere, 8 only a brief desc;iption. is 
il 

given here. The apparatus,. shown schematically in Fig. 1, consists of a 

differentially pumped. four-chamber high-vacuum. system, a tungsten ribbon and 
-·. -.. 

•'. ~ 

ion accelerator for surface -ioniz~tiori. detection, a 5 -em-radius· permanent-magnet 

.. ·_ -. ·~.- .,- ". 

mass analyzer with separate electron-multiplier chamber, 30-cm-long dipole 

(or two-wire analog) inhomogeneous electric deflecting fields,. and a 
"..,·: :.· 

' • ·• J .• (homogeneous elbctric- Stark "C" field region 25 em: long. 
. ~' ' . 

The Stark field is 

·, 

, _.produced by parallel electrpdes made by evaporating a_ gold film on glass optical 
:'•• .·,·: 

, .. · flats grpund to produce surface13 _parallel to within one quarter wavelength qf 

'·. 

' . -~ .. t 
• •I '•\_ 

. .-:· 
;,, ,'1_..·· .... ,_ • 

. ' \ . 

"'f .~ 

helium lig:P.t ( 1300 A) .. · · 
. ·.~' 

The source oven is a. tube 6 in. long and 3/8 in._ in diamet~r, made of a 

(20% iridium)-(80o/oplatinum) alloy~ The tube has a beam __ slit ·o.OOS-inch·wide 

by 0.25 inch high and is heated by passing current from a,. LS-Vac line J 

, transformer through it._ 
.r . : 

.-..... 

. -~.t . Figure 2 indicates the ~athofa ·molecule with eff~·ctive dipole mqment 

. _. : f.Le and 'dipole· m?ment' 1-L' -~nde.:. .. ~-e :~~~ence of~ fore~. F ~ f.Le :~ , as it 

••. ';> passe~ through the app-~ratu& •. :>·This~tYpe of exp~~iment'yields signals commonly. 

;·::: > ~" . , r· , - ~ . :-;::~ . !~{ i,·.~·:,~;~tf~ ;, Ji :·<~:. , . ·~ .. ·. ··• .... 

·.' . 
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-·3- ·-· . . UCRL-11012 .. ·: ~ • : 't :··_ .. ·r .- _;. 1, 
:.· 

~~J ('· . . . 
(,! 

. ~. 

·, . ' 
.. ; .. · ., . 

. t > .. :~~. 1.' . ::;~ · referred to as "flop-in" _signals, since the molecule must_undergo a transition 
<~-::' .,: ·~ -:- . ~·· . ·,, \-.. · .. : 

~ ,f ,"•; • I ' f . • '· 

:1;"~ · to be detected.· · ' ·· · · ·. · 
·~·, r 

·- •' 
·_ . ; .. :~ 

Voltage Measurements. I' 

: The value of the electric field is calculated from the known spacing of the.: 

homogeneo4s ·.: ·C· · field electrodes ·( 0.50000:1: 0.00001 em)' and 'the applied 
',\ 

•,· <' voltage. Tpe voltage is measured with a resistance bridge and a Rubicon 

. ..... . 
,r potentiometer in corijunction with ari Eppley. standard cell. All measurements 

. . . ·-~- . . . . 
'.are performed in the molecular-beam laboratory where temperatu-re variations 

. . •. 

are < 1 o C. per day under good conditions. The potenti9meter was calibrated 
'.~t ~ -~ .. 
. ·~· .. : · · with a. bank of st'andard cells, which were calibrated by the National .Bureau of 

',, 
.,: -~. . ... ·. ·~ ~ . 

. ··,' 
. -~· ... ' .,. .. 
: ._· .. : - ~ ~·. 
• i_", . 

. :· ·, .. 

.... ·· 

t • I , . ~\ . 

.. \.;' ::·· 6 . ? . 

. ~ : ·Standards at 5 parts in 10 , and cross checke.d against a Dauphine'e potentiometer: 

' . ' i ' • • • • 6 
.~ ... cert1f1ed at 3 parts 1n 10 • The resistance -bridge ratio used to c~culate til~ ; 

I, 
' ' ' 

· · ·- ·voltage applied to the C field was determined with a Leeds and Northrup · · 
. ~- ~ : ~ . ~ ... 

.. -~· .~ . ' 

.•.. ' 1 . 
.. -~ 

. . · :::~.': Guarded Wheatstone. Bridge certified at 1 part in 104 ., Thus, . the uncertainty 
i' 

'? 

.... ·- 'in'the absolute value of the electric -field strength is expected to be 1 part in 

. 104 " · .. The repr?ducibility of the field is an order of magnitude better than this . ·.'\ . ;.,, 

' '• . and can be mair\tained constant to within 1 part in 105 while 'mea~uring relative.' . 
! . . . . . . ~- ' 

Stark splittings. 
... 

C. Microwave Equipment 
' 6 ' '' 

Transitions from the J = 1 to the J = 0 rotational states of Li Br were·.· 

. \_ .. :·induced wi~ approximately 10-6 W of microwave power at frequencies near 
-::..· .. 

38. ac:<· ·;The microwave signals were obtained by using the third-harmonic · 

: '· output of a Hewlett Packard 9
1
40 A frequency doubler set modified by removing: 

·~ .~, 

\ 
.... ~- . 

•. • l' •• · 
, .. ·· . 

,·_ ,j . ;-·-· 
. ""~ .. . ~ .. 
'' 

' 
'_.,,·. 

.. -.. 

the low-pass filter. 
.. ':' 'i-~. 

The fundamental frequency of 12.6, .Gc :··at a power level of·, · t. 
. . . ' . ·. '. . ~ 

··,. 

·· · 10-1 W was generated by a Varian X-1.2 klystron. The k1ystron.was phase_ . ./':-:·:: , 

\ ;. ,. ·, ' 

'.~ .. 
'~·-

!•' 
~ ~ 

( 

locked with a Hewlett Packard DY2650A-M5 oscillator synchronizer to a'·· : .· · 
. . ' ' . . ''. __ ,; 

Hewlett Packard 608 C signal generator. The 608 C signalgenerator was .... , 
. . ' . ' . . . . . ~ - \ 

, : . ·, c.', • , ·' •; , •· . ."'·, .·' , • • 8 .. •' '• 
' found to have a short:.term stability of approximately·. 5' parts' in 10 .. ; ' .. 

. •• . , : . • _;. . ::, ~ -~ < , . :-.: ~-· ·~~.· -.... !;- ..... ~. :, < ;;.·L: _·,. .. ' ; ... .-··.·... ·~ ·: . :. ~ 
:. ~ ·• ' •• \ ·, ~-... {' !_ : . . ·'I~· . 

.. ( ,, '' 

jo. ,. , -..... ~.:- ~-~~~, ~' 

t, , L:·. {.:~ :.·;_:_·. · .. ::>.:..: .. ' . ~- : 
• '.' .. '~-- ··~ .t, ......... _: • • t> 

·' 
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The fundamental frequency ~as monitored roughly with a wavemete_r 
!'. 

~; . whereas more accurate readings were made with a Hewlet~ packard 540 B 

transfer oscillator and a HP 5245L-5253A frequency count~r. 
~" 

Final frequency 

determinations were made from the frequency-counter readings- of. the 608 C 

signal-generator output at approximately 210 Me. 

The frequency counter was calibrated with a signal from station· WWVB 
. ' . . : . 9 

and set at A-1 (the atomichron standard) with an accuracy of 1 part in 10 • 

The counter was observed to have a stability of 4 parts in 1010 per day and 

· , was continuously checked against signals from WWVB during these experiments. 

Microwave power was introduced into the 0.5 -em gap of the electric -field 

.. transition region by means· of a sectoral horn with a length of 14 in. and an 
I 

apex of 20_~. The mouth of the horn, which measures 0.5 em by 14 em, is 
1

1,, 
' 

located along the last 15 em of the 25 -em long transition region, 2.5 inches 

above the beam axis. Thus, microwave signals in the TE
10 

mode would; have 

their electric field parallel to the Stark field. This orientation produces 

transitions in which ~mJ = 0. The microwave -beam angle between half-power 

points for this h,orn is expected to be app!oximately 20·. 9 

D. Radio -Frequency Equipment ·. · 

Hewlett-Packard 606 A and 608 C rf generators are used to 'produce 

signals from 50 kc to 65 Me, and from 10 Mc:to 480 Me; respectively. The 

606 A has. b.een observed to have a short-term stability of approximately 1 

· . .-·l part in 10~7 , whereas the 608 C has a short-term stability o£ approximately 5 

. 8 
parts .in 10 • The radio-frequency signals are monitored with a · 

Hewlett-Packard 524 D electronic counter that has been calibrated against 

signals from VlWVB and referenced to ·A-1; _the atomichr.on standard, with an 
. . .· 9. 

accuracy. of 1 part in 10 .. The· counter was observed to have a stability of 
. . 

better than ? parts in 108 per week.· 
•. 

. '··" . 
. ~; :. 

. .·.: 

' ·- ~ 
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, I 

Permanent rf spectral records are obtained through tqe use of a 

Hewlett-Packard 560 A 11-channel digital recorder with a~og output. The 
' ' '~ 

> ' 
·! > 

•· ··, _:. · rf count from the. 524 D counter is fed into the.first seven channel's of the 
- . . ·~ .. 

-· 

' .. 

'~" ' 

., ' -:) 

' ,.•. 

digital recorder. Pulses from the electron multipliei;, which are a dir~ct ·­

·measure of beam intensity, are amplified and fed into a second 524 D co~nter. 

-', 

- . 
The resultant-beam-intensity count is fed into the remaining- four channelS of' : 

the digital recorder. The first three digits of the beam-intensity'count can be· 

·converted to a voltage (analog outp~t), and fed into a Leed,s and ~orthrup 

chart recorder for graphic representation of the spectrum. 

Ra4io frequency is fed into the molecular -beam transition region at a· 

fixed frequency and counted for 1 sec while a 1-sec beam-intensitY count is 
II 

being taken; both signals are then recorded simultaneously during the first 1
; 

. ... ·· 

'' 
0.;:1 sec ~fa i-sec counter 11dead time, " and the frequency is increas~d by 

· approximately 300 cps. The remaining 0.9 sec of dead time allows the signal . 
..,. 

generator ample time to stabilize at the new frequency while also' allowing time 
. . 

for the hot-tungsten-filament beam ionizer to equilibrate (l.t the new beam 

intensity before 1the next count is taken. 

E. Beam Material 

Li6Br crystals were prepared by adding small pieces of 95%-e;nriched 

Li6 metal to distilled water, and then adding reagent-grade HBr to the 

_-._ - solution~ The solution was then evaporated and the crystals were further dried 

.. · in a vacuum desiccator._ 

·.-'' .. 

.. --!' 

III. THEORY 

The spectra obtained in these experiments were analyzed by means 6£ a 

-high-speed digital-computer pr6gra:rn. 10 The Hamilto:rlian, :re, used in the 

computer program is: 11• 12 .. •. 

.. 

. '' 
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[ s <.!.1 • :!)2 + i <.!.1 • ~)- <.!.12 :!.2) J .. 
211(211 - 1) (2J 1). (2J + 3) ·I 

' . 

[ 3( I·· J)2 + ~ (I • J) - (I 2 J 2 )] . 
.;.z - 2 -2 - .;.z - . 

..;...__--~---=--------- + c 1 <.!1 · D 
2I2(2t2 - 1) {2J - 1) {2J + 3) 

i ' . 

• <· 

. 2 . 
· g 1g21J.N ·[3{I1 ·J) (L,•J)+3(l.,•J) {I1·J) -2(I1 ·I.,)J(J+1)] 

+ c ( I · J) + - - ~ - ~ .... · - -. - ~ . -. 
. 2 .:.2 - 3 ( 2J - 1) ( 2J + 3) . 

r 

The first term in the above expression gives the rotational energy, where 

B is the molecular rotational constant and J is the rotational angular -mon1enturr 

operator. The second term gives the interaction of the permanent electric :dipole 
. . l\ 

I 
' 

moment, 1.1, of the molecule with the external electric field, E. The. third :and 

fourth terms give the interaction of the nuclear electric -quadrupole moments 

(0
1 

and 0
2 ) with the electric -field gradients at the nuclei (q

1 
.and q2 )~ e is 

the electronic charge, I
1 

and 1
2 

are the nuclear spins, and the subscripts 

distinguish betweenthe two nuclei. The fifth and sixth terms give the magnetic 
I . 

coupling of the nuclear spins with the molecular angular momentum, where.· c 
1 

and c 2 are constants. The seventh term is the magnetic dipole -'dipole 

·interaction between the two nuclei; where g
1 

and g
2 

are the gyromagnetic 
. J . 

ratios for ·the two nuclei, r is the internuclear distance, . and IJ.N is .one· nuclear 

magneton. 

The computer program calculates the matrix elements of JC in a J, l~, 

12, mJ' m 1 , 
1 
~ representation,. where mJ' . ~ , and m 1 are the 

· projections of 
.. 2. . . . ' . . 1.. . 2 . 
~ _!.1, and .!z respectively on the direction of the field E • The 

program computes the e~ergy eigenvalues by diagonalizi~g this matrix and then 

· . calcuiates the spectral.~li'ne,positions corre·sponding ~othe:given setofinpufparametei 
. . . . . '. ' .·. ~ 

·,' 



UCRL-11012 

,. J 

i''· . according to the s~lection rules Ai:nF:: 0, ± 1, where mF ~s the projection of 
J ( 
' . 

. _ .. : . 

.' ,' 

.,, 

" ·F 
·:·~ h'!·.· 

~r-. 

the total angular momentum on the field direction. Input t9, the program consists 

·of the parameters J, B, IJ.• eq10 1, eq~02 , c 1, c 2 , 
' 2 3 . 

and g 1$ 2(J.N /r , for each. 
' . 

vibrational state. The matrix is diagonal in mF a:.nd the Pfogram utilizes this 
. . • '·£ ' ., 

The first term in 3C is, of course,._ diagonal in fact tq reduce computing time. 

this representation. The last three terms are very small in general and only 
I 

'! ma:trix elements diagonal in J are included for them. 

The quadrupole terms have matrix elements diagon¥ in J as well as ones 
\\ 

connecting J with J ± 2. The quadrupole operator in the! Hamiltonian given above· .. 

can be used only to calculate matrix" elements diagonal in: J; therefore, in order 

' . . . 13 . 
to include the off-diagonal elements, a more general expression is needed. . 

Formulae derived by Fano14 were ~sed in calculating these matrix element~~-~ 
The nonzero matrix elements of the second term in the Hamiltonian, the . 

.. Stark interaction, are of the form (J, inJ I 1: • E I J ± 1, mJ) •. , Since · J may take 

any positive integer value, . the :i:natrix is infinite in extent ... However', in 

calculating J = 1 eigenvalues, only the first four J states are included in the 

. matrix;' :for J = 12 calculations, the first five J states are included, and so o~ • 

For the Stark energy this is equivci.l.ent to a fourth-order perturbation 

treatment, whereas·for the quadrupole energy it is eq~ivalent to a second:•.order. -~ 

· p~rturbati~n treatment. 

IV. RESULTS AND DISCUSSION 

A. Radio-Frequency Spectra 

The radio -frequency voltages necessary to observe L-i6 Br ··spectra 

·corresponding to optimum resol~tion for the transitions ( 1, ± 1) - ( 1; 0) we~e 

from 0.03 to 0.07 V rms. Slightly higher values were necessary·for optimal 

observations-involving J'=2 •. The observed~natural;..line widths were ',, .. 

'· 
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. ~ .. 
approximately 5 kc at half-maximum intensity for most lin:~s, in agreement 

. . ~· 
;;: 

with the expected theoretical uncertainty broadening for a 2:~ -em transition 
. I . 

region. 15 The signal-to-noise ratio was approximately 25 ~-~ 1 for observed . . ; 

· · transitions of the v = 0 vibrational state. At 50 me this would indicate a 

precision of 4 parts in 106• 

Both weak- and intermediate-fi.eld spectra were observed. Weak-field 

·spectra correspond to fields such that JJ.E is much less than eqQ, whereas in 

the immediate field case' JJ.E is comparable to eqQ. The observed weak-field 

spectra yielded lines for the first six vibrational states of Li6Br 79 and for the 

J ·.first five vibrational states of Li 6Br81 • The intermediate -field spect:li'.a yielded 

·.··· 

. '. ~ 

;'• ... 

.. .,.. 

useful results for v = 0, 1, and 2 for both isotopes. Several complete sets of 
\l 

spectra were observed at 666.782 V /em and at 400.00 V /em. :' 

Zero-field spectra were observed only in the case of multiple quantum 

transitions. 16 A Stark field of 5 V/cm.was found to be necesf!,ary for the 

observation of weak -field single -qu_antum transitions. 

Figure 3 shows some representative observed lines for J = 1 transitions. 

The maximum s~gnal for a typical spectral line of LiBr in the first vibrational 

state corresponds to approximately 2400 counts/ sec above a background. of 
. . 

1700 counts/ sec. , The expected statisticaJ. fluctuations in this case are in fair 
. . ... ... . . ' 

agreement, with the observed signal-to-noise ratio of approximately 25 to 1. 

Figure 4 shbws the 'energy levels of Li6Br 79 with re~pect to electric -field 

strength. 

·The lithium quadrupole interaction constant, ( eqQ) . 6 , was not ,determined 
Li · 

since the small line splitting expected from this interaction could not be resolved. 

A few initial calculations with the computer program also confirmed that the 

· ·· . inclusion. of the magnetic d_ipole -dipole interacti~n, · g
1

g
2

JJ.N2 
/r3, and the 

> .. · lithium_ ·spin-rotation in:teraction, c 6 would also be un.necessar.y. The 
Li .. I 
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exclusion of these terms resulted in an appreciable conservation of computer 
.··. 

time and no observable loss in accuracy. Thus, subsequent inputs to the : 
'... ~ . 

. program for intermediate-field calculations were the two known values, E· and · . 

; ., B ·, and the unknown parameters (eqQ)B-, 1.1. , and cB • The two lines 
v . r , v r 

• < ' · · observed for each weak-field vibrational state and isotope were used to 

calculate values for (eqQ)Br and cBr' 
.. 

Tables I and II show the observed and calculated intermediate -field spectra·-

f L · 6B 79 . d L' 6B 81 . 1 All b d f . ' d or 1 r an 1 r , respectlve Y• o serve requenc1es are correcte 

for a contact potential corresponding to approximately one part in 104 of the field 

, .. voltage. This was done by obtaining spectra with both polariti~s of the Stark_:_ ... _.· 

field. 17, 18 The calculated spectra were derived by using the values for the. 
1 

as given in Tables III and IV and 
1
: 

' 
molecular constants fLv' (eqQ)v~ and cBr ·>.·j,,' 

: .t 
_.. j , . discussed below. 

·r ·r:.·:. ·-

,':1 : 
B. Dipole Moments 

Table III lists the dipole moments for Li6B:r79 and'Li6~r81 , as· 

·' .· .. · 

. '"· ·' 

: ·::' ~ .' . determined from the intermediate -field data. The observed dipole_ moments for 

.;:_···h: , the two isotopici species ofLi6Br can be fitted to expressi~~s of the f~-rm 
'L .. ' 

-.. 
,·;·[ ' 

·.The values for the constants are summarized in Table III. 
---·.· 

Similar nonlinear variations have been observed in the dipole moment of 

Li6F 19 ·by Wharton et al., 19 and have also been observed by us for Li6F 19, --- . . .. 

L .. 7F19 . d N F 20 1 ,an a. 

,;; .. ·The discrepancy of approximately 1 debye (D) between these dipole 
·- .'1• : 

~-· ~} . '. ·. 

. ' ~ .· 

''· ~ 

moment's and the value previously reported for the Li7Br 79 dipole mome~t~ .. 
. . 3 ' .· . ., . ' ., '_, 

from microwave data (6.1.9 ::1: 0.15 D) is quite unexpected. The accuracy _. 

·-stated for the present values is quite in line with our theoretical and. 

· experimental expectations; in addition, our LiF- and NaF dipole -moment 
. .-

•• , ,',f• 

_.) ·, .. . ; ..... 
'': 

. .-
'y' ......... ; ! 

·• ... ··'!', • . ,. 
_· '· . ; ,. ~-,.. 

~ .. 
' ' .. , ,_ 

.· .'.. . .. ~-

·_·.;1 

,' . 
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; ul ' . d . . . h.-h. f th . k 19, 21 0 h"' h .. res ts are 1n goo agreement Wl~ t ose o o · er wor ers. ur 1g er 

va.J.ue for the dipole moment further increases the disagreement between the· 

· · value (5 .• 139 D) calculated fnam Rittners' polarized-ion model3' 22 and the 
f -·. 

experimental value. 

C. Quadrupol~· .:.coupling Constants 

Table IV lists the calculated quadrupole-couplin~ constants for Li6Br. 

The internal consistency of the weak-field values is attested to_ by· the 

·negligible ·variation of the ratio--···.··-. ~,•-J I 

(eqQ) 
79

/(eqQ). 81,= 1.19726 :i: 0.00008 
· Br . Br · 

for all observed vibrational states. · When corrected to a co:mriion vibrational 

energy,. the ratio becomes ! 

[<eqQ)e] 79 /[(eqQ)e) 81 = 1.19743 :1:: 0.00008 • 
Br · · Br 

This ratio is in excellent agreement with the previously observed bromine 

quadrupole ratio of 1.1973 :1:: ~~0006. 23 Quadradic equations for the variation of 

quadrupole -coupling constants with vibrational quantum' number have been 

derived- from the more complete weak-field data and are also shown in 
I 

__ ._ _. . ·,Table IV. These values are significantly higher (even when corrected for the 
~ ·~ '' '• 

· .. , · ·_ Li-isotope effect) than those reported previously fo~ v = 0 and 1 of Li 7 Br.3 .·. 

. ..: . ; ~·- . ..... Attempts to fit the intermediate -field spectra observed at -various 

. .... voltages with a computer progrard-
0 

that did ~ot have provisions for 

_· :>:,·-.·.·.:_Stark-quadrupole and second-order quadrupole effects resulted in ' · 

'. ,·.· ·: _: , quadrupole -coupling constants that changed linearly with field voltage and · 
,' ..... _, ' . . . ... . 

. , ,·:,: ....... · 

:. ; '·· 

.. 
. 1 /' 

extrapolated quite accurately to the weak-field values at 'zero field. 

.D. _Spin-Rotation In~eraction Constants 
. ~ . 

The intermediate-field spectra and the weak-field spectra yielded the 

··:-same bromine- ·spin-rotation c~:mstants, within experimental error. Neither · 

isotope sho~edany. significant change in thl.s consta~t for the first five 

·. ·' 

• •· .,". '• ·"~.o 
: -~ . ... : .'· . : 

''..i ·. 

... . . ;· 
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vibrational states •. · The observed v3J.ues are directly proportional to the 

·, nuclear g values·and inversely proportional t? the moment of 1ne'rtia, as 

expec teci from theory. 2~ · The values from the inte.rmediate -field data are as · 
' . . ' '" ' 'I ~ • , . 

·follows: 
·' '. -.·.· 

.·. 

.. ci3r 79 = 9.2 ± 0.2 kc 

c 81 = 9. 9 ± 0. 2 kc • 
Br 

E. Microwave Results 

The J = 1 - J = 0 microwave transitions were observed by setting the 

Stark field and the radio frequency to give a maximum signal for a prominent 

line in the reorientation spectrum, i~ .. e. a J = 1, mJ = :J: 1 - J = 1, mJ = 0 
., 

· · · .. · transition. The microwave frequency was then swept arid the resonant ! 

(,_; '. 
···, ~ 

'o;_· 

frequency observed as a decrease in the radio-frequency "flop-in" signal due· 

to 'depletion of the final state by rotational transition of the type· J = 1, 

mJ = o.- J = 0, mJ = 0 •.. The decrease amounted to a more than 80o/o .reduction 

. in the "flop -in 11 Stark signal. The microwave line widths at half maximurn 

- I 

. -....... 

·.· 

,.. : 

••,. were approximately 50 kc, in excellent agreement with the expected Doppler 

and uncertainty12 broadening for the sectoral horn described above. The 
. . 

lowest frequency transition we attempted to observe was for Li6Br81, v = 2~ .. 

This transition was not observed due to a sharp decrease in k.lystron power· 

· ... ·output in going from 12.45 to 12.43 Gc • The Li 6Br 79 v = 2 transition was .· . 

observed at a 12.45 Gc fundamental. Sufficient power. was not available to 

power broaden any of the observed lines • 

. ·The observed transition frequencies were corrected for Stark and 

· hyperfine splitting by ~se of the dipole moments and coupling consta~ts 
determined in the radio-frequency experiments. Table Vlists the observed 

,. 
·.: •< ,l ., 

'. 
;·~:.:~· ... ~--; 

. ·' .. -~. ' 
. ~- . 

; ··' 
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~l •. .' •• • • . 

,,•: 

·' 

.·transition frequencies, v, Stark-field and hyperfine corrections, and 
·. ·. 

ze.ro•field transition frequencies, v
0

, for the observed transitions. 

6 79 . 
. . Table VI lists the values of D for Li · Br · calculated from the results 

. f.' v . 

of Rusk and Gordy4 for Li7Br _by making the Li isotope:correc.tion. 6 ··[n-'.
1

_, 
.... - ~ 

·'. 

_ .. -

. '. 
-. t.l_ 

·- ,'. 

·.Our resultant v~ues for Y 01, Y 11,_ Y 21, Bv and Be are also given. The 

values of Y 
01

; Y 
11

,. and Y 
21 

were calculated from the equation. 
: . . t. . . . - . . . 2 
_ v0 = 2Y01 +2, 11 (v + 1/2~."+ 2Y 21 (v + 1/2) - 4Dv., 

and the frequencies observed for the three lowest vibrational states. ··The 

·:values forB were calculated by means of the equation· v •. t, ~ • 

. . . 2 
Bv = y 01 + y if (v + 1/2) + y 21 (v + 1/2) .• 

• .: The equations and additional molec_ular constants used to calculate and ~; Dv . _ie 

are as given by· Rusk and Gordy_. 

Table VII lists the spectroscopic con~tants calculated for' LiBr from the 

pr'esent Li6Br 79 results corrected for isotopic effects and co~pares them 

,\_,-. ~; .... with previously reported values. In general our values lie. betWeen those· . · 

· given by Honig .=!_ al. 3 and those given by Rusk and Gordy.4 . The agre.ement; 

-.;:· · .. -
between 'our values and those of Rusk and Gordy is' good._ . The reasoil ~----~. ~-~­

:~. . (: •, 

_.,, 

. , for_' the .. diffe~enc·es between- these .. results :and! those of_ Honig et al. . .... 
. . ~ . . . - • '' . . . . ., - -- .. 7 , .. ·' 

,· 

;' .·' .' · is not known. A high degree of internal consistency in the preserit results is _ 

' :· .-· ._·indiCated b~ a comparison of the observed spectroscopic constants for Li6Br81 
. ' \ '. : . . ~ 

L 

·~ ...... ~ 

... 
'· 

. . ._ ~ 

.. ! .. '.•; •. '-

and tho~e calculated from the Li6Br79 results, as shown in Table VIII. · The 

listed .errors for the present val1,les are expected to be conservative. 

The Be values reportedhere have not been corrected for the 
. 25 ' . . . . . . 

wobble -stretch. effect,- . since the agreement between our calculated B for 
. . . . : . t· ·.. . .· ... · . e. . . 

. Li 7 Br 79 ·and that given:by.' Ru.sk.aild Go~dy is within the combined experimental . -~ '· . ' ·· .. ·- ... .. . . . . . . 

errors. 
~·~ . 

;.. .·. 

- - ,._ # • ·.-r-~~-:#_~~-. __ ;-·_:,~,-- .. 
• __ ·,~_:_ :;4"~-'.J~!':" -:1 ?."'"··-.~-- -~ ::. ;·-

·., ... ·.. . -: ·;, ' . '<' ,--~.~--·~_·:::_';:.~_._.,;_.~--~-·\_,·_._·_ .- >·;~~;; ~: :· ... ':: .. 
.. :' ,•. ," '. :_ .~ . 

~: -·.-

. · . . ,_ .... 
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Table I. 

i. 

Obs,erved ~nd calculated line positions for the intermediate -field 

. radio-frequency spectra of. Li6Br 79 • 
. .. ·. r·- ... t ... ·: ~~ 

-:;·· r ~- ... :.··1·':·;>·'·' 
====================~==========~==~==========~ Observed Calculated 

:···. 
.. •; 

": ~ . . ;. ' 

.. -~ ;_ 

·~ ... ~.- ' .• ,t 
\·. t. 

1" .. •.: .. ,·. 

•.: 

.;"' 

...... 
' ,,•.,· :·,·. 

'·) 

-j ... ~ /. 

:.·~r 
::\f.:.>·.~ ,' 

I .. 
·<'(.' 

'· .~. 

Line No. ·, 
'\ ~ ."' ... 1 ·. ~ ': .~ ..... -:···' ... 

(kc) •·.·~ ; (kc) ·~i~~· .. · ....._ _ _.._···'" 

·:'·J. i. :1: 1l~d} ~i~, O.>•i:~_,V::b; ~·· ·E = 4.00.00 V(t~~ :~o = 1909Q.2.~~. ~c/ sec . :'';.·. 
.•_, '·',,. ·.. . .. : .. ;_:'.',·,• \ .· ·,· f'". ; ... ;·'' ,·, ; ,; , ', . 8 728.2 '/,·, ~;. :: .. ,, .. , . 8 728. L,. · . , :· ·•' ':; • :·: ·,·, 

~ . - ·•. - " '~ ·. < .~i· ... " ···.:'<c···.·':.:: .. <· ... 2, .. :· 13-.858.5 ·~<:-:··:.; 13858.~. :. . .. ~- ...... . 
.. ' ! .... 

' :',;· •• f 3 .. ·' . ' 15 834.5 15 8,34.2 
~ ... · :':' ,. . ( 

4 . . 20 964.6 ., 20 964. i 
~' ·~ 

5. ' . . '\, 22 330.1 22 330.1 
6 .. ;~ ... _.· .. Z3 689.3 

-~. 
23689.L 

7 .29435.6 '• . 29435.7 " . ·.~ 

.. 

.. .. · .. _; 
. :' 

i.' , ...... 

.. -..~ .. ' 

' . ~ . :._ ~ •. ''t .· 

• I ~ 

ij ..... ' 

• r~ , 

•. ;: 

·.' ~ . 

.. ·,·. 
:. ,. 

,~,-; .. .. 
..> :· 

. .· .. . :'• 
. f- y 

... 
~l ( 1, .:t: ~>. ~' ( .~' O),·.~.y,~~ ~·. ~ = 400.00 V (c~ •. .'B 1 = 18882.SOO" Mcf sec 

.· .• .... 
. . ~ •t ., ' . ·~ "("'\ 

~ \ .. · 
<,, ~! '"~ ! ·: ' • ,. • • .. ~ .. - ' ~' • ' f < ~ ... : • ..~ '. ...... '.: 1 .... · .. .. - 8884.5 l· ,' 8884.5. 

. .. ·~· 

· .. ·· .. 
• f ~'. 

. ····.;:, .,_ .... 
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. . . ,. . Table II. Ob~eryed a~d calculated line positions for the intermediate -field . 

. . '.' : ri• := .. ·=·=========r=a=d=i::::o:::-=fr=· e=q=u=e=n=c=y=s=p=e=c=t=r=a=o=.f=·=L=i=6=B=r=8=1=·~\~=======.·=··== 
. -··Observed o·. Calcula~d-.- .. :. ..·..-~: .. :·-·,~~-:·>.-··-: ... 
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·.·r 

Table III. 
' 6. 

Dipole moments for Li Br •. · 

L .6B 79 
1 r , tL (± 0.001 D) a L .6B 81 

1 r. ,,--------
' .. .' 

J = 1; v = 0 7.26797 . J = 1; v = 0 7.26782 

v = 1 7 • .35228 v = 1 7.35213 

v 2 7.43772- v=2 7.43763 

J.=2;v=O 7.26789 ·'"' J . = 2 ; v = 0 7.26777 

= 7.22624 ± 0.0016 D = 1.22611 ± o.oo16 D· tLe. 

tJ:r = o. 08318 :t: 0.0010 n flr - o.08312 ± o. 0010 D 

flu = o~ooo5 7 ± o~ooo3 D flu= o.ooo6o ± o.ooo3 D 

. fLv = f'e + fLr ( v + n ~ f'n {v+ ~ y 
a Precision of the results is ±0.0001 D. . ' . I 
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ttable IV. Bromine quad~upole -.coupling constants, { ~qQ)v. 

Weak field · Intermediate field v 

41.304 

.: 44.067 

38.464 

41.306 

0 

'.. '1 
.. ; .. ' -, .. 

.·' 44.070 ' '' 2 
~- ·, 

Weak field ·. Intermediate field 

32.127 

34.500 

36.805 

... 32.130 

34.504 

'36.810 

46.751 ·-~·3 39.046. 

49.355 4 41.222 

51.883 

(eqQ)e ·= 37.015 ± 0.003 Me (eqQ)e =·30.912 ± 0.002 Me 

•. {eqQ)I = 2.918 ± 0.002 Me (eqQ)I = 2.442 ± 0.002 Me 

{eqQ_)II = -0.039 ± 0.002 Me {eqQ)II = -0.034 ~ 0.002 Me 

· ·. (eqQ)v, = (eqQ)e + (eqQ)I (v + ~) + (eqQ)II (v + ~) 2 
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Table V. Observed transition 'frequencies and Stark-field corrections. 

Vibrational 
state 

. ' 

0 

1· 

2 

0 

.1 

. 'I • 

All transitions were observed at E = 400.00 V/c'm. 

·,,-• 

Observed 
transition 

frequencies 
}: 

v (Me/sec) 
.. 4 • ~ • • 

J = 1 and J =0 
. Stark shift and 

hyperfine 
corrections 

(Me/sec) 

' . ·.6 79 . 
-----L1· Br ----.--

38194.147 ± 0.012 

. 37779.628 ;~:· 0.018 

. '37369.002 ::1: 0.040 

13.8993 

14.3747. 

. 14.8662 

' .6 81 . . 
------L1 Br -----

38127.585 ± 0.012 

37714.156 ± 0.040 

. ; ~ .· 

... · .. ~ ' . 

~ 13.9184 

14.4031 

. ..... 

•·, 

Zero field frequencies 

v0 (Me/sec) 

38180.248 ± 0.012 

. 37765.253 ± 0.018 

3 7354.136 ± 0.040 
., 
i \ .. 

'38113.661 ::1: 0.012 
,· 

.· 37699.753 ± 0.040' 
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T bl VI S t . .f. L'6B 79 . a e • pee roscop1c constants o 1 r} ~ 

•i'' 
~ .• ! 

. I 

D '86'.19 ± 0.37 kc ,\~· "' .-·~ -~ . 

0 = 

D1 = 8·6.58 ± 0.45 kc 

~2 = 86.97 ± 0.53 kc 

.·.·:. ' 
B = 19194.592 * 0.055 Me e ... 

··, Y 01 <~Be) = 19194.7741 ± 0.050 Me 

.-Y 11 <~ ~a.e) = -209.4415 ± 0.077 Me 

,-A· 

Bo = 19090.296 ± 0.006 Me 
.. 

B1 = 18882.800 ± 0.009 Me 

B =· 18677.242 ± 0.020 Me 2 
' . 
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t. 

· .. Table VII. Calculated microwave results and comparisons • 

·3 Honig et al. 
. 4 

Rusk and Gordy 

. a 
Data calculated 

. frorn present 
· Li6Br 79 results·. · 

~-'.·.' . .. 
. ,' . ~ . r ~, .· '. (Me) -.. ·· (Me) (Me) 

.. , .. : ~ 

.· 

. ' 

. J 

1 

. B e 

··•. y01. 

.. y 11:::: ae. 

·y21::::y 

B 
e 

.· ' . ·.7 79 . . . 
- -- --:- L1 Br -- - - -

16651.186 ::1:· o. 05 16 65 0.179 ::1: 0.10 ~\· . 16 650.287 ::1: 0.048 . 

. 16 650.5 70 ::1: 0.05 

169.09 ::1: o,:o8 

0~656 ::1: 0.040. 

... 
16 650.318 ::1:, 0.06 " ', 16 650 .• 444,::1: 0~043 _ _. ___ _ 

.:.------
169.210 ::1: 0.062 

o. 731 ::1: 0.022 

. . · · .L. 7B . 81 . · · . 
- - - ~.- · 1 r - ..:_ - ""'" -

16617.617::1: 0.05 16 616.622 :f 0.13 ' 16 616.721 ·::1: 0.048 ', 

... 16 617.002 ::1: 0.05 ' .. >-:- 16 616.780 ::1: 0.07 ' ' 16 616.878 ::1: 0.043 
i,. ;',• 

·. -Y ::::a· 
. 11 e 

y 21 :::: 'V e :. ·· · · 
. ; . -~. . 

/'. 

I 

·168.58 ::1: 0.08 

0.653 ::1: 0.040 

~------

----~---

· ·. L'6B 81 . . . · 
--·-- .... 1 r. ----- .· 

B e 
' ' 19 162.316 ::1: 0.07. 

' 
.. y ::::a 

11 e 

19161.511::1:0.07 

.208. 75 

0.868 

-----. . ' 

_..._ __ _ 

.• ' ~ ' ~· 

·168.699 ::1:. 0.062 

{). 729 ::1: 0.022 ·. 

'19 161.026 ::1: 0.055 

' 19 161.206 ::1: 0.050 

208.895 ::1: 0.077 

0.970 ::1: 0.030 

a For ·comparison with previous LiBr results, our Li6Br 79 measurements 

· ·. were corrected for isotope effects. · ., . ·.· 
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Table VIII; Observed and calculated spectroscopic constants for Li6Br81• 

Vibrational 
state 

0 

1 

2 

· .. 

Observed values 
(Me) 

B0 = 19 05 7 .oo5 ± o.oo6 

B 1 = 18850.050± 0.020 

.......,._. ___ _ 

•.' 

Values calculated 
from present Li6Br79 

results 
(Me) 

19 057.003 :l: 0.093 

18 850.051 :l: 0.227 

18 645.035 :l: 
. a 

0.217' 

a This value was calculated from the observed Bo and :81 for Li6Br81 and a 

Y 21 calculatedJrom that given for Li6B~ 79~ 
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FIGURE CAPTIONS 

Fig. 1. Schematic diagram (top view) of the electric resonance apparatus. 

Field lengths and cham?e~s are to scale. Field gaps and beam 

displacements are exaggerated. Unshaded areas in chamber walls represent 

access ports. 

( 1) 

( 2) 

( 3) 

( 4 -7) 

( 8) 

Hot wire and ion accelerator 

Glass port cover for optical alignment 

Permanent magnet, 60°, 1-crh gap 
·; ~ i 

Outlets to liq~id ni!rogen traps arid"" oil-diffusion pu~ps 

Gate valve and beam flag. 

Fig. 2. A schematic diagram of the apparatus. The beam displacements are 

exaggerated and the field gaps are not to scale. 

Fig. 3. A set of typical lines of Li6 Br 
79 

for v = 0, 1, ahd 2 at E = 400.000 V /em. 
) 

These lines correspond to line 1 (uncorrected for contact potential) in Fig; 4. 

Fig. 4. Th 1 1 f L . 6,-, ?9 . th 1 . f" ld. h e energy eve s o 1 .or w1 respect to e ectnc- 1e. strengt . 

The numbered vertical lines correspond to observed transitions between the 

indicated MF levels. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. · 

As used in the above, "pe~son acting on behalf of the 
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. 




