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ABSTRACT -
v Rgdio-frequency‘transitions of the type (J,:m&'ifl);a(J? m&)vhgﬁé o
been 5b$§rved for‘Na23F19 by the molecuiarvbeam electﬁic resonanée method.
. Specfré were observed for the first three vibrational states»of the J ; 1
 ro£ational ievél and for the first vibrational state qf the J = 2 rota-
Liticnél level. From the analysis .of the rédib-frequency spéctra, d;pole'
;'mohents, uv; sédium quadruﬁole coupling constants, (qu)v, spin-rotation

" interaction constants, c and Cp> and spin-spin interaction constants,

Na
v 23_19 :
03 and ¢y, were determined for Na “F 7. Observations of J =1-J =0
microwave transitions yielded rotational constants, Bv’ for the v = o,

.-l,'and 2 vibrational states. The molecular constants determined for -

Na23Fl9 are: . , ' - _
M = 8.12349 + 0.06436 (v + 1/2) + 0.0037 (v + 1/2)2 * 0.001fDeoy¢"

(eq@)y = - 8440.1 % 1.5 ke; (eqq); = - 8327.9 % 1.5 ke;

(eqq)2 = - 8220.5 % 2.0 ke >

= e
Cra = 1.4 £0.5 ke
Cp = 2.0 ¥ 0.3 ke -
¢y = 3.85 £ 0.25 ke "
B + 0.4
c) = 0.0 (_ 0.1k . _ R
' B, = 13029.811 * 0.002 Me; B = 1289%.543 % 0.003 Mc; .

| 32 = 12760.674 £ 0.004% Mc



study by Griff and Wérth.e',Earlier.radio-frequency spectra by the

e s s R e e e b T TAS A A Lt o o hae e e ———— |

-1- - UCRL-11087

'I. INTRODUCTION

_ When the present wbrk'was‘begun;'the radio-frequency and micro-

" wave investigations of NaF by the molecular-beam electric-resonance

’fvmethod had not been reported. 'HOWévgr, avmicrowave study by Bauver and i

Lew has now been published,l.and we recently learned of é radio-frequehcy.

' ‘magnetic-resonance method”’ had given somewhat less accurate values

- for the sodium quadrupole coupling constant than those now reported by

’ spectra of Na

- the electrlc-resonance method

In the present work the molecular—beam electrlc—resonance method

: has been used to investigate both the radlo frequency and microwave

2519 ‘

The observed radio-frequency spectra were produced

v _'by transitions of the type (7, m £ 1)-(J, mJ),_where' J 1is the rota-

- same as those used 1in a previous study of LiBr.

' tional guantum number and m_ is the projection of the rotational angular'

J

momentum on the direction of the electric field. The observed microvave

transitions were of the type J = 1-»J = O.

Values for the electric dipole moments,'uv, sodium quadrupole

coupling constants, (qu)v, sodium and fluorine spin-rotation inter-

~

¥ and tensor and scalar spin-spin inter-

and ¢y, were determined by analysis of the radio-

3 3

frequency specﬁra. The rotational constants, Bv’ were determined from

action constants, Na. and ¢

action constants, c

the microwave spectra. vFairdagreement was found between the present

, microvave results and those of Bauer and Lew-.l

- II. EXPERIMENTAL
The apparatus and techniques used in these e&periﬁents are the'
2 As these are described

in that report and in more detail elsewhere,6 only e brief description :

is given here.
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The apparatus haS'dipole inhomogeneous eleCtric deflecting fields,'
a homogeneous electric Stark "C" field region 25 cm long, and a platinum-fv‘vf
'iridium tube-oven source. Detection is by surface ionization on a tung-"'

;“sten ribbon and mass analysis. ‘Since,in the present experiments magnetic;‘

..effects could be expected—to produce noticeable perturbations; care was

1

'ifirtaken to reduce all components of the earths magnetic field and frinéeA !

_magnetic fields from the mass spectrometer to less than 50 milligauss
Zalong the "C" field transition region
Radio- frequency transitions of the type (l -+ 1) (1, 0) and

(2, £2)=(2, *1) were observed for the lower vibrational states of

. NaF. The_signals‘observed‘in the experiments reported here are commonly:'-’>'

referred to as "floP-in"vsignals,'since the molecuie must undergo a
trtransition to reach the detector.. For the J = 1 rotational state, the
spectrum consisted of six major line groupsAwith hyperfine splittings
resoivable in five of tne six groups:_ Figure 1 shows the v =0, J =1
~ spectrum of NaF at an electric field strength of 250 volts/cm.

| The observed line widths were approximately 3 ke at half-
maximum intensity for the‘resolyed lines, in agreement with the expected
theoretical uncertaintf.broadeniné for a 25-cm transition region. The _
. signal-to-noise ratio was approximately 20 to 1 for observed transitions

of the v = 0 vibrational state.

Also shown in Fig 1l are the calculated line positions and their - -

‘L relative intensities. Figure 2 shows the v = 0, J = O and 1 energy levels

of NeF with respect to the electric fleld ﬁtrengthand the observed six."
- major radio-frequency transitions in the absence of spin;rotation and
spin-spin interaction hyperfine structure.

The J = 1-»J =0 microwaveitransitions_were observed by setting

the Stark field end the redio frequency to give a maximum signal for a-

e R - e Ls PREVE R S - -
* . . o s s s - e et e b s e e 0 S s mew e my e
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'_prominent line, in the reorientation spectrum, i e. a J ' mJ =& ié

.-

fi:J=éfl, J =0 tranSition. The microwave frequency was. then swept and

\:'}the reSOnant frequency observed as a decrease in the radio-frequency

‘:’"floP in" signal due to depletion of the flnal state by rotational

: a~'v'transition of the type J = O-'J = O mJ =. 0. The decree,se —

, J
-‘amounted to a more than HO% reduction in the flop-in Stark 51gnal(‘_e

T The microwave line widths at half maximnm“were approximately 30 kc.

Pigure 2 shows the two major microwave transitions that could .

'5i¥be-obserVed for NaF using the above-technique Transitions labelled

' type II were observed for the first three vibrational states at an

7L:alelectric field strength of 50 V/em and both type I and II transitions

© . were observed for these vibrational states at a field strength of 400

'.;iV/cm.

III. THEORY

The spectra were analyzed with a high speed digital computer
5 7,8

ixcprogram using the Hamiltonian'

¥ > [3(z, J)2+—(I J)"(I gl
= B -p-E- equl 211(21 -1 (23- 1) @”3)

[3(1 g)E 42 2 (1,°9) - (2,72

e e ey e WD e K
. DD D) 5y D (52 “2(EL) 3]
Fes T (&) BT

‘+C)+ (Il ""2) ‘ .

The first term in the above expression gives the rotational

energy, where' B 1s the- molecular rotational constant and J is the_
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rotational angular-momentum operator. The second term gives the inter-
action of the permanent electric-dipole moment, u, of the molecule
with the external electric field, E  The third and fourth terms give
the interaction of the nuclear electric-quadrupole moments (Ql and QQ)
.with the electric-field gradients at the nucleil (ql and qe);'e' is the
electronic charge, Il and 12 are the nuclear spins, and‘the subscripts
distinguish between the two nuclei. The fifth and sixth terms give the
m@gnetic coupling of the nuclear spins with the molecular angular mo-
mentum, whére = and c, are constants. The seventh and eighth terms
represent the tensor and scalar spin-spin interactions,9 respectively.
The tensor spin-spin interaction constant, c5, is defined as'c3 = Caip

+.c The direct spin-spin interaction constant, c , arises from

ind’ dir
the usual magnetic dipole-dipole interaction between the two nuclei,
5 .
and equals g.g Mg (i—>, where g. and g, are the nuclear g factors for
: 1°2 rB 1 2 . _
the two nuclei, r i1s the internuclear distance, and HN is one nuclear
magneton. The indirect spin-spin interaction constant, Cina’ arises
from the tensor component of an electron-coupled nuclear spin-spin
interaction. The scalar spin-spin interadtion constant, C) arises from
the scalar component of an electron-coupled nuclear spin-spin interaction.
In the case of Na25F19, the Flg nucleus, with spin I = 1/2, has
no quadrupole moment. Therefore in the analysis of the radiofrequency
‘spectra, inputs to the program included the two known values, BV and E,
and the unknown parameters, . <eqNaQNa)v’ °ya’ SF’ 05, and ey for each
vibrational state.

The computer program calculated the matrix elements of M 1in

ad, Il’ I2, mIl, mIE, representation, where m_, mIl
the projections of J, ;1, and.gQ respectively on the»direction of the

, and m1 are
2
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j.field E. The program computes the energy.eigenvaluesTby'diagonalizing
f_this matrix and then calculates the Spectral line positiOns correspondlng
%o the given set of input parameters according to the selection rules

¢{AmF'= 0, 1 where mF is the progection of the total angular momentum

”'f'on the field direction The unknown parameters are varied to obtain a

:wi’best fit to the observed sPectra

The quadrupole terms have matrix elements diagonal in J as well

v'v;fas ‘ones connecting J w1th J 2.' The quadrupole operator in the Hamll- ”vf

”K5tonian given above can be used only to calculate matrix elements diagonal

biuin J therefore, in order to include the off -diagonal elements, a more
’,tigeneral expression is needed.lo Formulaevderivedsby Fano],'l were used in
‘~f.cglculating'these'matrix elementsf |

r" | ‘fhe nonzero matrix elements of the second term in the Hamiltonian,l
rﬁithe Starn.interaction, are of the form (J, m Ig\EIJ L, my )- Since g

‘may take any positive integer value, the matrix is inflnite in extent.

'f However, in calculating Jd = 1 elgenvalues, only the first four J states -

L are"included»in the matrix; for J ='2;calculations, the first five J

states .are included, and so on.. For the Stark energy this is equivalent

'i"vto a.fourth-order perturbation treatment,. whereas for the quadrupole

" - energy it is equivalent to a second-order perturbation treatment.

IV. RESULTS AND DISCUSSION
(A) 'ﬁadio-Frequency Spectra
Table I lists the observed and calculated line positions of NeF
&t electric field strengths of 250 and 500 volts/em for the J = 1 and :
J 2 rotational states, respectively. In theecase of unresolved mlti-
\ plets, calculated compositeiline positions were obtained by graphically
:,_adding_cOmponent lines that had the experimental singlet line shapes and

calculated relative intensities.
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The relative intensities of the lines were obtained using a
program12 which calculates the line strengths from the matrix elements
of the dipole moment operator using the computed wave functions. This
program uses eSsentially the same Hamiltonian as discussed above but
does not include the off diagonal matrix elements of the quadrupole
operator and consequently does not include the Staerquadrupole inter-
action aﬁd second-order quadrupole effects. The program has given good

13,14 T_ 1k

6
relative intensities for the spectra of Li F, and Li F. This

calculation was used only for the intensities; the line positions were
determined in all cases by the more complete calculation. The maximum
difference in any line position on including the Stark-gquadrupole and
second-order quadrupole effects was Just under 2 kc for J = 1 spectra
and 5 ke for J = 2 spectra.

Table II lists the dipole moments for the first three vibrational

. 1k,15 n D

states of NaF As has been observed for LiF and LiBr,” a non-

linear variation of the dipol. moment with vibrational state has been

found and the observed dipole moments have been fitted to the expression:

2
wy o= by +up (v +1/2) 4 (vo+1/2)

The coefficients are also given in Table IT. Our dipole moments are

significantly lower than those given by Bauer and Lew.l

The quadrupole coupling constants have also been fitted to an
expressién quadratic in the vibrational number. The quadrupole coupling
constants for the first three vibrational statés and the terms of the
quadratic expfession are shown in Table III.

The coefficient of the quadratic term is reguired for a best
fit, although it is Jjust at the limit of the experimental error and

may not be significant.
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Our quadrupole coupling constants are in agreement with those of Bauer
- and Lew within the combined experimental errors."

' The sodium and fluOrine spin-rotation interaction constants did

ot show any significant change with vibrational state. The - determined Qs’132i33i

.. spin-rotation constants are:

'ifcalculated line positions, the value of Caqp? obtained from the nuclear

3 and only the -

| i parameters u B (qu) v’ cNa F’ and c) were varied However, a good

fit could not be found until ¢z was also varied with the result that c3
air Our experimentally determined

'value‘of c) is 5;85;1 0.25 ke, while c

-nvwas determined to be smaller than ¢

aip Vs calculated to be 4.157, - v

© 4.101 and 4.046 ke for the v = 0, 1, and 2 vibrational states, respec- = :

'eu tively. No significant change with vibrational state was observed for c5.}

v;“:“ ~ Large values of ¢ (-11.6k4 kc) have been reported for TfF7.

* Attempts to extract e nonzero value for ey, from the data were unsuc-

' cessful. Our calculations indicate that:ch can not ‘be reliably deter- .

' mined with the present line widths (~3 kc) and line~position aceuraciesT»ff:*

‘Ina first attempt t0 obtain a good fit between the observed and ift .

S

(~200 cps). However, ourlobservations do allow us to plaee an upper'and'j.

a lower limit of + 40O cps and .~ 100 cps, respectively,'on this quantity. ;
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(B) Microwave Spectra
The observed microwave transition frequencies were corrected fbr

:”_Stark and hyperfine splitting by u31ng the dipole moments and inter-

~i1 action constants determined in the radio-frequency experiments.‘

_ Microwave transitions were observed using Stark flelds of 1;
"”_both Loo v/cm and 50 V/cem. With the stronger field the uncertainty
:'in the Stark correction was approx1mately 10 ke whereas with the
7weaker field this‘uncertainty was well under 1 ke. Thus,»although
‘both results agree well within the experimental error, only the more
v.accurate weak-field results are given.

Table IV lists the observed microwave frequencies, the Stark
and hyperfine_corrections;;and the corrected nicrowave'frequencies.
| The spectroscopic constants were determined nsing the familiar
~ Dunham expressions.l6 The vibrational constants, W and mexe, as giren'
by Ritchie and Lew:L7 for Naf were used to calcuiate Dé and'Be. -fable v
‘viists the spectroscopic constants for Na23F19 as aetermined from the

- present work along with those giVen-by Bauer and Lew.
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Observed and calculated line posit%ons for the 3

~ Table T.
S radlofrequency ‘spettra of Na</F
. ' Calculated  Final Calcwlated
o Observed Calculated - Relative Line Composite -
ne No. Line Positions (kec) Line Positions (ke) Intensities Line Positions (kc)
. _ (l: il) - (l,O), v =20, Ec = 250 V/Cm , e |
1 9909.39 £.17 9909. 30 61 9909.30
. e s 991284 om)
1 9913.97 * .2k 9913.98
| . 9915.12 31 __
2a' - 10945.08 iv.ll . 10945.0k . | 100  109&5.0&
'2b ‘ | 10953.47 % a1 10953.42 R | 100 10953.42
_ , . :
+. 11591.02 4 ‘ 18
3 11592.12 % .30 1159115 18 11592. k2
L o : 11593.31 .18
11504.19 ' 18
L 1e921.04 * .09 129°0.TT to BTl 12921, 0k
& - | - 12921.8k4 , 18] -
b :' . 12928.55 .29 . 12928.84 18 12928.84
5 . 13564.69 % .1k . 1356h.39 % 1356484
& | 13566.21 , Lo ' '
5, 13569.44 * .38 13569.2k - g "13569. 24
6 14601.13 * .35 14600.03 L  14601.33
a o 14602. 63 S5 1 - E
6, 14606.48 t .13 14605. 66 32l - 14606.35
' 14607.0% 32f - :
| | (1, £1) »(1,0), v=1, E =25 V/fem
L. 10256.39 % .17 - 10256.34 ' 23 ‘ﬂ; ‘ "-10256.3&
1 1 110260.78 * .30 - 10259.89 L 10061103
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Table I. Continued

sine b . - . Celeulated  Final:Caleuldted:
f T Observed Calculated Relative Line Composite . : -
sine No. “wLine Positions (ke) Line Positions (ke)  “Intensities  Line Position’(kc) -

'(1,‘i-1) >(1,0), v =1, E_ =250 V/em -

2, 11280.32 + .1k i1280.uq _ 37 11280. Lio
2, 11288.85 % .1h  11288.85 .31 11288.85
©11015.98 el |
5 0 11917.19 * .27 11916.13 - N . 11917.39
P '11918.26 - 7 :
11919.17 T
% 13pp0.m ot .11 1922919 Y 13229.47
U o S 132300307 T : -
wo 1esTer .0  1msT.30 - T 1323730
5 13862.36 % .1k 1386175 36 13862.23
R T 13863.65 18
5 13866.77 .27 13866.68 .18 . 13866.68
6 14887.7L % .12 . 188639 - Bl iieer.69
= B 14888.98 ‘ 12f ‘
65 | 14892.75 + .17 - 14892.02 | e O 14892.71
| . ' 14893.39 B -1 G
(3, #1) -(1,0), v=2¢, E, = 250.V/cm )
"1a : 10611.71 # .32 10611.60 - - 9 10611.60
1 ' 10616.08 * (37 10615. 1k M 0606 -
| - T 10617.38 | wf- o S
2, 11625.03 *.19 11625.08 14 11625.08
2, ©11633.55 £ .20 11633.h2 L | 11633.k2
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- Table 7. Continuedv.v  J

A

' - Observed _ R
lne No. Line Positions (kc) . Line Positions (ke) ~ Intensities  Line Positions (ke)

Calculated = Final Calculated

Calculated Relative line = Composite

o 12251.75

13547.85

> lhl70.l8

15189.79

©1073k.62

. 10740.86
’1113u.86:

11139.07

© 124814.89

12488.27

I+

T e

+

W 4+

+

H

+ -

I+

(1, £1) »(1,0), v =2, E, =250 V/em

£12250. 20 3]
.bo | 18250.55 A 112251.59
: 12252, 4 - 3 .
12253.35 10 |
.16 1354745 8L issunm
o 13548.56 3 ' _
.23 14169.90 o 170,37
- 141T71.79 1 o
23 15189.18 51 15189.86
15190. 5k 5] I '
(2, 22) > (g, irl), v=0,E - 5§o V/cnm
.08 1073470 100 10734%.70 -
.08 . 10740.86 -~ 100 . 10Th0.86
.24 11134.89 Co32 »_ C 1113465
29 - 387k 4 11139.21 -
- . 11139.69 1k |
.15 1248k.90 _ §5 , 12484, 90
.21 12488.26 : 95"

1248826
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::iTablé 11. Dipole moments for Na 5Fl9

#6f% 8<l5576v+'0.001-Da'-; My 8.123u93¢-c;0015_p |

YO

ui';,8-22086,5 o.ooi»D; o by - 006436 0.0008 D
- 8.28670 % 0.001 D -~ I' = 0. 00057 0. 0003 D o

‘Ai'vaThe accuracy of the dipole moments (+ 0.001 D) 1s llmited by R
' TVfthe uncertainty in the absolute velue of the electric Stark

B  field, -however, the precision of the_results is at least ar;'

" order of magnitude be’ctei‘ (£ 0.0001 D). - See Ref.- 5o
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'>2 3;Tabie’III§'ASodium:QuadfuPOlévcé@plihé1¢onstaht§ﬁfor'Na?5Fl9.”-7*

gi8h98;Q _2.6.k¢. a

1+

- 8ilo.1

]
|t}

1.5 ke ;(qu)e 

S TS

1+
+

(ea@)y 1.5 ke . (eq@)y '+f1117}o. h1lke

- (eq),

- 8327.9

-'8220.5

2-5'kc..G: —

i
+

2 ke (qu)Ii

H

- 2.4

(e, = (ea), + (eq@)y (v +3/2) # (@) (v +1/2°




Table 1IV.

Observed microwave tran51t10n frequenc1es and Stark-—hyperflne correctlons.,

All transitions were observed at E

50 0 V/cm

' J=0and J =1

Vibrational Line Observed Transition Stark and Hyperfine"A >’Corrected Tran51t10n;fi.
State. “Number Frequencies (Mc/sec) Corrections (Mc/sec) Frequencies (Mc/sec).-
V=0 I 26062.1602 * 0.0025 2.677L * 0.0005 26059.4831 * 0.0030
v=-1 ‘II-- 25791.6142 £ 0.0035 2.6657 * 0.0005 25688.9485 * 0.0040
v =2 1T 25523.8680 * 0.0050 2.6560 * 0.0006. _ 25521.212021fo.0056 '
f 3

¢t-

LgOTT~TdON
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H

“V7¢I£“<".‘Y6é),:v _;_‘- 0. oau7

129

w

,_ :7 o1 (~B ) ffi” '~Lf13997.97o'
Bt ("f - ) »-* 136.66_7

_.ilel (“Y e)}-l _?.,‘...j 0,6995. onOh Mo
0.060 ) Mc

+

I+

+

LB T 13098.029

i+

“':B .;‘ "';f f'ff,_l3029.8ll

1L d

B, 1o89k.5k3 L
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It is not. clear to us whether the'uncértainties given‘heré represent the

total expected error or simply the precision of measurement of the observed

frequencies.
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Figure 1.
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A radio- frequency spectrum of Ne in the v —-O vibrational .“i,‘

r'state._ Trans1tions of the type (l - & l) (l O) were observed

"ffat an electric field strength of 250 V/cm.‘h

Figﬁre-2h

The energy levels of Na 5Fl9 with respect to the electric '
field strength Arabic numerals refer to observed radio-

.-frequency trensitions and Roman numerals refer to micro- :

" wave transitions. MFl = mp tmg
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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, "person 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.








