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DIPOLE MOMENTS, OF ALKALI HALIDES BY THE
ELECTRIC DHFFLECTION METHOD

Troy Lee Story, Jr.

Lawrence Radiation Laboratory
“University of California
Berkeley, California 94720

September 1968

ABSTRACT

The radio-frequency Stark spectra and the microwave spectra of

6. .37

Ci and Li~ 'Cl are investigated by the molecular-beam electric—

6;.35

resonance method of spectroscopy. Observations cf. transitions of the

type‘(J,MJ) > (J,MJil) and (J+1,MJ) > (J,MJ) have allowed aidé&erminatiop
of'dipoie momenfs, rotational constants, and chlorine-quadrupole and spin—'
£otation interaction constants for several Vibratiénal stétes.of ﬁhese
moiecules.

A method of'defermining dipole moments by deflecting a beam of
velocity selected molecules with an electric field is presented. Dipbié
moments of KI, RbBr, RbI, CsBr, and CsI have been determined by.this

method. Deflection analyses of CsOH and LaF aré carried out, and

3

implications concerning the geometrical configurations of these mole-

cules are given. The design and construction of the velocity selector

"which was used in the deflection experiments is presented.
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1. INTRODUCTION
During the past 21 years, the molecular-beam electric—resohance
(MBER) method of spectroscopy has_proved'to be a useful tool for the
investigation of the radio-frequency Stark spectra of diatomiC'molecules.
Most of the investigations in the past have been focused on 6bt§ining
information»about the alkali halides since these are most ea$ily studied.
At this point, the various investigators using the MBER tecgﬁique are -

attempting to expand the horizons of the method to the study of other

o kinds of systems than alkali halides and a few other molecules, by

\

improving'the tecHnOlogy of the method.

In this laboratory, ﬁe have, in the past, attemﬁted to obtaip
very accurate measurements of alkali halide dipole moménté.l6 This‘
info?mation has been particularly useful for ascertaining the worth of
various ionic models of molecules which attempt to predict reasonable
valués of molecular'constants.l’e Part of this thesis presents an
accurate determinatioﬁ‘of'the dipoie moments of 6Li35Cl and 6Li3TC1 as‘é'
continuation of the high—réSolutiOn molecular-beam electric-resonance
studies of the'alkéli halides which have been performed in this’ |
labofatéry.

Due to the complexity of the spectra and beam intensity con-
siderations, fivé alkali halides, KI, RbBr, RbI, CsBr, and CsI, hdve
eluded analysis by tﬁe practitioners of the MBER method. Previous

imolécular beam experiments have indicated that determining dipole
mbmenté by analysis of the defléction characteristics of molecular

3,4

beams is a viable method. ' This thesis presents the determination
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of the dipole moments of KI, RbBr, RbI, CsBr, and CsI by a deflection
. . - I
analysis of velocity selected molecular beams. A deflection analysis

of CsOE is.presented as an attempt to apply the deflection method to
linear triatomic molecules with low bending‘frequencies. The design
and éonstruction of the velocity selector which waé ﬁsed in the deflec-
‘tion experiments, is presented;

Starting with the work of Wharton et_al.5 on Ligo,'defléction
":.experiments have been used for qualitative determinaﬁions of the‘geometry
of molecules. Some geometry stﬁdies have revealed variations in molec-
5,49,53

ular structure within a closély related series of molecules.

This thesis presenté a deflection analysis of LaF The purpose of

3"
- this analysis is to obtain qualitative irnformation about the structuré
‘of this molecule. Although the electron diffraction work of Akishin

et al.5l indicated that all the La trihalides are planar, the inherent
Jlimitations of'high—temperature electron diffraction experiments sug-

gested the need for re-examination of the problem by a different method.

&
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IT. THE MOLECULAR BEAM ELECTRIC RESONANCE SPECTRA OF LiCl

A. Introduction

The molecular beam electric resonance method of spectroscopy
allows a study of polér molecules by making use of the deflection
properties of molecular beams in inhomogeneous eléctric fields. The
amount of deflection depends on the rotational state, J, and the absolute

5 Two inhomogeneous electric

value of ‘the spatial orientation state, M
fields are arranged ﬁo focus a particular (J,MJ) state onto a detector.
Between the inhomogeneous fields, a hoﬁogeneous Stark field is placed.
Transitions of the type (J,MJ) > (J,MJtl) are induced by & radio-
frequency field which is perpendicular to the homogeneous field. By
abpiication of microwave frequencies at a given radio—frequency,'tran—
sitions of the type (J+1,MJ) > (J,MJ). are induced. Resonances:are
observéd‘as changes in the beam intensity at the detector.

The dipole_moment of a molecule is accurately determined by
méasuring the transition frequency and the applied electric field.
Accurate rotational constants are obtained from measurement of the
rotational‘transition'frequencies. The hyperfine_structure of fhe
spectrum, which results‘from the coupling of nuclear and electronic
motions, permits a determination of nucléar electric quadrupole
interactions, spin—rotation interactidns, and magnetic dipole-dipole

interactions. These parameters can be measured in several vibrational

states.

35 37

In this section, spectra of 6Li Cl and 6Li Cl are obtained for

the J = 1 rotational level in the first three vibrational states. The
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dipole moments,.rotational cdnstants, and chlorine quadrupole and spin- .

rotation interaction constants, are determined.

B. The Spectrometer

1. Théory of Operafiont

| | Figure 1 is a diagram of a typical molecular-beam electric—
res&nénce_spectrpmeter. Molecules éffuse from the source, move throﬁgh
the;épparatus, and strike the detector at‘thevend.v In the middle of
thé.apparatus are two inhomogeneous electric fields A and B, énd a

homogeneous electric field, C. Superimposed upon the C field, at

right angles to the. C .field and molecular beam, are sources of radiofi

frequéncy and microwave power. In the inhomogeneous field regions, the

molecules experience a force of magnitude
F = -(aW/3E) « (9E/3X)

where (3E/3X) is the field'gradiént perpendicular to the direction
ofvthe beam, (3W/3E) is a term which arises due to the Stark éffect,
and ‘W, is the.eﬁergy of the molecule. Since the interaction ofAthe
permanent electric dipole moment, u, with the electric field, E, removes
the.:IMj] degeneracy of rotational states by increasing-orvdecreaSing
the energy of a particular (J,,MJI) state, then the term (9W/3E) may
- be positivg_or negative. It follows that the force exerted on a mole-

vcule may be with or against the field gradient according to the state

of space quantization. Figure 2 illustrates the field and rotational
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. 1 : v - Molecules with
v - ‘ high J, small pe _
(1,0)pg, Fi (1,0)pe-, F
(1,21 pe* F ' (I;tl)pe+,F}_
. B (1,21) Detector.
Oven | : T =~ (1,1
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2

Fig. 1. A diagram of a typical molecular-beam electric-resonance
spectrometer set-up for doing flop-in experiments.
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MU-28374-C .

Fig;12. The effective electric dipole moment, pg, for deflection of a
diatomic molecule with a permanent dipole moment, u. The numbers
at the right of each curve represent the (J,|My|) states. The
dimensionless parameter ) is equal to pE/B, where E 1is the
electric field strength and B 1is the rotational constant.
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state dependence of (8W/SE) with a plot of ue/u versus A, where

4 = effective dipole moment = - (&W/SE)

>
]}

uE/B, B = rotational constant

In the present experiments the A and B fields are arranged

to.seléct molecules in the state (J=1,MIJ=t ) and refocus molecules in

- the state. (J=1,M =0), only if a transition of the type -

(J#l;MJ=il)-*(J=l,MJfO) has occurred. Therefore, resonances are ob-
served as increases of the’beam intensity- at the detector. Invthe
absence of hyperfine:structure, a single Stark transition would be
observed; however, the addition of hyperfine structure splits ﬁhe .|MJI'
leveié and several transitionsvare observed. Transitions of the type |

(J=1,Mj=0) > (J=O,MJ=0) are also observed. These are discussed in

Section D-3.

2. Details of the Speétrometer

Source and Detector. The: molecular beam oven is a 20% iridium -

80%.platinum tube with a 0.953 cm outer diametér and & 0.0254 cm wall.
The oven slit is_b.63 cm high x 0.0127 cm wide. Detection is by surface
ionization on a 0.0165 cm wide x 0.0025L4 cm.thick tungsten ribbon.
Positive ions are accelerated out of the main chamber, and focused
throﬁgh a mass-analyzing magnet into a lhasﬁage electron multiplier.
Stark Field. The C 'fieid consists of ‘glass optiéal fléts
upon which an aluminum film has been évaboratéd. The eléctrgdes-are

parallal to 1/8 X of helium light for a 1 cm gap. This correspoqu to

¢
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an uncertainty of 1 part in 105 along the 25 cm transition region. All
components of the earth's magnetic field and fringe magnetic fields froﬁ
the mass analyzer were reduced to less than 50 milligauss along the C
field transition region. The applied voltage is measured with a resist~
ance bridge and a Rﬁbicqn potentiometer, in.conjunction with an Eppley
stahdard cell. The uncertainty'irhélectric field is 1 part in th.with

g réproducibility of the field of an order of magnitude better.

Radio-freguency and Microwave Equipment. Radio-frequency is

applied across one of the C field electrodes. Hewlett~Packard 606A
aﬁd 608C.radio—frequency generators are used to produce signals from
50 kHz t6 65 MHz and from 10 MHz to 480 MHz, respectively. Radib—
‘ frequency sigﬁals are monitored with a H-P 50451,-5253A electronic
countér. Pulses.from the electron-multiﬁlier, which are a direct meés—
ure of beam intensity, are ampiified and fed into a H-P 5245L~5253B
electroﬁic counter. The radio-frequency count is fed inté seven channeis
of aEH-P 5624 digital recbrder, and the beam intensity is fed into the
remaining four éhannels. In addition, the first three digits of the
beam intensity count are converted into a voltage and fed into a Leeds
and Northrup chart.recofder for graphic repfesentation of the data. One
secoﬁd counts are simultanéously taken of the beam_intensity at a fixed
radio-frequency, then the frequency is changed, and the counting cycle
is féstarted.

Microwave'power is.introauced into the electric fiéld transition
region by meéns of a sectoral hprh which is 35.56 cm long and has an

apex of 20°. Microwave frequency is obtained by using a Hewlett-Packard

.-

“::.
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940A frequency doubler with the fundamental frequency generated by a

"P band" Varian X-12 klystron. The klystron is phase~locked with a H-P

DY 2650 A-M5 oscillator synchronizer to a H-P 608C signal generator.
The fundamental frequency is monitored with a H-P 540 B transfer oscilla-
tor and a H-P 52451-5253A frequency counter. Finai frequency determina;
tions are made with the 608C signal generator output._‘

;vFigure 3'is a échématic diégram of the.presentvapparatusf' Further

; ) 6
details of the apparatus are given in the thesis of A. J. Hebert, who

designed and constructed the spectrometer. The apparatus is now equipped

with an improved C field voltage monitoring system and a multichannel

55,56

analyzer data retrieval system.

C. The ’I"heorx_

1. The Hamiltonian

The Hamiltonian which describes the observable interactions in

. Do . . . 1
the electric-resonance’ spectra-of a polar diatomic molecule in a z

7,8

electronic ground state is

3(1,0)° + 3/2 (1,0 - (5,° &)
- Q _
w TRTR T Sy 21, (21, - 1) (2J - 1) (2F + 3)

32,507 + 3/2 (3,0) - (1,7 )

- €40, 37 2T, - 1) (27 = 1) (2 + 3)

2( + cl(.;l-g;) + 02(:-]‘:\2'21).

3(;1-1{) (lz-b'[) +3(;‘2.’£) ("I‘l.‘{) - 2("]\:1;2) J(T + 1)

T e3 (57 = 1) (27 + 3

tey (I04)
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Fig. 3. Schematic diagram (to view) of the electric-resonance a aratus. W
I :
' Field lengths and displacements are to scalé. Field gaps and beam
displacements are exaggerated. Unshaded areas in chamber walls re re-~
_ g8
sent access ports. 'd
1) Hot wire and ion accelerator

2) Glass cover port for optical alignment

3) Permanent magnet, 60°, l-cm gap

4),5),6), and 7) Outlets to liquid nitrogen traps and
- oil diffusion pumps '

8) Gate valve and beam flag
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The first term in the above expression is the observable for
theirotatibnal energy of the molecule, where B is the rotational con-
stant and J is the rotational angular momentum operator. The second
terﬁ gives the interaction of the permaneht electric dipole moment,

U, with the applied external electric field, E. The remaining
terms represent'the'hyperfiné interactions of the molecule, whére the

subscripts distinguish between the two nuclei ﬁith spins I. and I

1 2°
Thése hyperfine interactions. arise from the coupling of nuclear and
electronic motions. The interactiocns of the nuclear electric quadrupole
moments, Q, with the field'gradients af the nuclei, q, are givep by.the
third and fourfhlterms. The fifth and sixth terms représént thé in%er;
action of the nuclear magnetic moments with the magnetic fields:at the
nuclei ‘that arise from molecular rqtation. The seventh and eighth terms

represent the tensor and scalar components of the spin—spin.interaction,

réspectively.

2. Fnergy Calculations

A computer preogram was used to calculate the matrix elements of

M.,

Mp» Mp > Mg

H ina (J;»Il, I,

M_, M. , M_ ) representation, where
g’ I77 T Io
dgre the projections of J, Il’ and I .respeétively, on the direction

9

2’

of the electric field E. The - program computes the energy eigenvalues,

speétral line positions, and relative intensities according to the

selectioh rule AMF_= 0, *1, *2, ..., where M, 1is the projection of

the total angular momentum on the direction of the electric field. Since

MF is a good quantum number at all values of the field strength, the
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_'maﬁrix is.d@agoﬁal iﬁ ’MF; The input to fhe computer progfam aré:cqupling
constants; which are faried to OEtain a best fit £o’the70bsefved spectra.

fhé firsﬁ tefm in the Haﬁiltonian is diagonai-ih_;J._rThe last
four terms ére smell, gnd'oﬁly métrix elémeﬁts diagongl:in-'J.'are in-
: cludéd;fof tﬁem. The non;zerb.matrix eieménfs:bfrthe Stark interaction
ar¢'9f the form'(J,Mle-EtJtl,Mj). Since the netrix is infiﬁité in J,
:ohly-tﬁe first_foﬁr J states are included in the matrix fof J=1
‘calculations; only the‘fifst five 'J states for J = 2 calculationsrahd
similarly.for higher‘ j‘lstéte.éalcuiations. Tﬁis proceduré is betper"
Aﬁhéh:a fourthfqrdér per@ﬁfbatioh treatmént}of the problen. ,The'quédru;
pole‘terms_ha;e matrix elements diagonal_in J and also élements con—.
neétihg J‘>wifh. J'+(2,f The quaﬁruéoié operaﬁor“iﬁ‘the ﬁamiltoﬁian
‘giveh:a§6§é can 5é ﬁsed oniy to céiculafe matrix ele@ehﬁs aiagonal in J.
; Formul;e;derived>by Fano were used to calculaté*the_off—diagonii matrix
- elements for thevqﬁadrupole opefgtof.. This procedure is bgttef than a
bsecona-ordéf perturbatidn treatmént”of the quadrppoie interaction eﬁergy,
The linevintensities are célculafed'frbm_ﬁhe matrix elements of-the

dipole moment operator using the compﬁted wavekfunétionsw

D. The Spectra

l. Introduction’

3501 ana 011371

. . . 6. .
Radio~-frequency and microwave spectra of "Li

have been measured by the molecular-beam electric-resonance method.
This investigation was concerned with radio-frequency transitions of

the type (J=l,Mj=tl) -> (J=1,MJ$O) and microwvave transitions of the

&
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type J=1 - J=0, where J 1is the rotational angular momentum quantum
number and M, 1is the projection of J on the direction of the electric
field. Values were obtained for the electric- dipole moment, the chlorine

qﬁadrupole intéraction constant, and the chlorine spin-rotation inter-

35

action constant, in the first three vibrational states of 6Li Cl and

6Li3701. Microwave spectra of 6LiCl were obtained for thé'first time.

_ Observations of rotational transitions in the v =0, 1, and 2 vibra-

37

6Li3501 and the v = 0 vibrational state of 6Li c1,

tional states of
in conjunction with the R and wexe values reported by Klemperer

et-al.,lo allowed a determination of the Dunham‘coefficients Y

11
21°

_ Yo1° Y112
and Y |
35

Prior to the present work, radio—frequency spectra of 6Li Cl

and 6L137Cl were observed with a molecular-beam electric—pesoﬁancé
spectrometer by Marple and ‘I‘rischka.12 In addition; Lide, Cahill, and

Golél3'have uséd conventional microwave methods to obtain molecular

T133%c1 ana Ti37cl.

constants for Klemperer et al.lo have reported
the’results of an ihfrared analysis of 7LiCl.

- Thé present 6LiCl microwave results agree with the previoué
7LiCi_resuits of:Lide,.Cahill, and Gold when appropriate isotope correc-
tions are made. Althbugh the hyperfine constants agfee with the values

reported by Marple and Trischka, the dipole moments are significantly

higher than theirs.
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2. Radio-frequency Sﬁectra

¢ { ‘The (J=1,MJ=il) > (J=l,Mj=O) radio-frequency transitions were'"

cbtained at a field strength of 400 volts/cm. The spectrum for a given
vibrational state consists of six major lines, as predicted by the fol-
_vlowingiselection rules:

AT = 0
’.

o i
ALF

it
(@]
it
+
’—l
v
+
N
¥ ]

where MF = M + M_ +M_, and M, 1is the projection of the nuclear

A S N I

spin, I, on the direction of the electric field. Il refers to the

lithium nucleus and I, refers to the chlorine nucleus. All of the
observed lines were of approximately equal intensity. ; .
The nuclear quadrupole and spin-rotation interactions of the

,chldriﬂe nucleus alone were adequate for the interpretation of the

]
radio—frequency observations. The present signal—to-noise ratios; and
line widths of 4.5 kHé, pfevented the resolution of splittings.and small.
1in§ shifﬁs ﬁhich are .expected to arise from the much smaller hyperfine
ihteractions of the 6Li nﬁcleus. The 6Li gquadrupole interactiqn constant
-waé_cafculated from thé‘ratio Q6Li/Q7Li given py Hollowelll and the
.valﬁe of (qu)TLi given by Goldlu to be 5.13 kHz. This interaction is
expgcped to cause line splittings of the order of 2 kHz in each of the o
obséfved 6 major lines. The 6Li spin—rotation interaction is expected
to causé even smaller.effects which are also unresolved. The calculated
value of the magnetic dipole-dipole interaction;:onstantl5 is approxi-

35

mately 42 Hz for 6Li Cl. TInitial calculations indicated ‘that the effect
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of this term is negligible and it has not been used in the subsequent 

- calculations. Figure L is an energy level diagram for 6LiCl showing

ﬁhg observed transitions.

The full-width at half-maximum intensity of the radio-frequency
1inés was apprbximately 4.5 kHz and the signal-to-noise ratio was ‘
approximately 20 to 1 for the v = 0 vibratiqnal state of 6Li35Cl. This

indicates a line position uncertainty of 0.23 kHz.

3. Microwave Spectra

.The J=1 » J=0 microwave transitions were observed by setting the
Stark field and radio-frequency to give a maximum'signal for a promihent

line in the reorientation spectrum, i.e., a (J=1,MJéf ) > (J=l,Mj=O) -

trahsition, The microwave frequency was then swept and the resonant

frequency was observed as a decrease in the radio-frequency "flop in"

signal due to a depletion of the final state by rotational transitions

‘of the type (J=1,Mj=o)7+ (J=0,M_=0). The "flop in" Stark signal

J
decreased by approximately 50%, and the line full -widths at hélf—maximum

intensity were about 70 kHz at transition frequencies near 48 GHz.

E. Results and Discussion

1. ‘Radio-fre‘cLuency Dats -

Tables I and IT 1list the observed and calculated line frequencies
at an_electric field strength of MOO volts/cm. No experimental line

frequencies are given in cases where lines from different vibrational

states overlapped considerably, or when the line was not satisfactorily
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Fig. L. The energy levels of £13°¢1 witn respect to electric field
strength. Arabic numerals refer to observed radio-frequency

transitions. The Roman numeral refers to the observed microwave

ansition. =M+
trgn81t10n MF2 My MI2
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Table I. Observed and calculated line positions for the radio-
frequency spectra of ©Li35C1.

All values are given in kHz.

Line No. Observed Calculated Differences
(1,#1) -~ (1,0), v =0, Ec = 400 V/em
1 - 1205L.09%0.21 1205L.07 -0.02
2 12441.22$0.19 12441 .23 +0.01
3 12667.51%0.21 12667.55 +0.04
ok 13157.930.25 13157.93 0.00
5 13375.3940.20 13375.49 +0.10
6 13771.51%0.06 13771.L2 -0.09
(1,t1) » (1,0), v = 1, EC'= 400 V/em
1. 12425.41+0.24 1242542 +0.01
2 12864.11%0.02 12864.08 -0.03
-3 13120.17%0.18 13120.05 -0.12
b “1367L.79%0.38 13675.07 +0.28
5 13922.70%0.26 13922.70 0.00
6 14369.71+0.1k 14369.70 -0.01
(1,#1) » (1,0), v = 2, E, = 400 V/cm
1 — 12818.75 ——
2 13307.05+0.31 13307.05 0.00
3 13592.240.13 13592.03 -0.21
h 14209.43%0.24 14209.67 “+0.2h
5 14L86.4740.92 14486.42 -0.05
6 14982.95 - 0.00

14982.950.18

—— e —
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Table II. COCbserved and calculated line positions for the radio-
frequency spectra of 61i37c1. .All values are given in kHz.
/

Line No. Observed Calculated Differences

(1.#1) » (1,0), v =0, E., = 400 V/en

c
) 12330.76%0.11 12330.79 +0.03
2 12637132&0.33 12637.31 -0.01
3 1281L.4720.25 12814 .36 -0.11
4 13201.23:0.12 13201.23 0.00
5 - 1337159 -—--
6 1368k.78+0.3k 1368179 ©+0.01

(1,#1) » (i,o), v=1, B, = 400 V/em
1 ©12727.12%0.16 12727.12 0.00
2 13073.97¢0.11  13073.97 0.00
3 13274.22£0.43 ©1327k.31 +0.09
Y 13712.21+0.28 13711.98 -0.23
5 - 13905.70+0.35 13905. kb . +0.26
6 . 14259.17¢0.17 14259.17 ©0.00
(1,41) > (1,0), v =2, E, = 399.958 V/em

1 — 131k1.18 _ ——

2 13527.8 0.k 13527.79 -0.01
3 13750.7 0.1 13750.73  +0.03
4 —_— © 1k238.15 R
5 14455.8 £0.4 14454 46 : -1.3k
6 148LT.T 0.9 14847.70 0.00
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observed. The molecular constants which give a best fit to the spectra
are lis® ¢ in Tablés III and IV.

The di?ole moments were found to fit quadratic expressions for
the variation of the dipole moment with vibrati;nai state. Dipole
moments and derived expressions are given in Table III along with the
previous values reported By Marple and Triéchka.12 The present dipole
momenté are significantly higher and are expected to be accurate to *1l

part in th and reproducible to an order of magnitude better. Previous

determinations of the dipole moments of alkali halides by Street et al.,

'using the same apparatus, are in good agreement with those of other

investigators.l6’17

Table IV lists the values of (qu)Cl and ¢

6. . .
o1 for LlCl ;n the

v =0, 1, and 2 vibrational states. These values are in agreement

with those of Marple and TrischkalQ_within the combined experimental
errors. The internal consistency of the data is made evident‘by the

hégligible variation of the ratio

(eqQ) ,./(eqQ)
01 3% 37

Cl
for different vibrational states, when it is corrected to a common

vibrational energy. The average ratio is

[(qu)0135]/[(qu)ClBT] = 1.26L43 * 0.0021

This ratio is in agreemenﬁ with the more precise determinations by

9

Wang et al;l Table IV also gives values of the coefficients in the

following expression for the variation of the quadrupole intefaction

constants withnvibrational state:
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(qu)V = ('qu)e + (qu)I (v+1/2) + (eqc,),)II (v+1/2)2

The function given by Marple. and Trischkaeo is incorrectly calculated,

but when corrected, it agrees with the present results,

2. Microwave Data ‘ N

vThe observed microwave transition frequencies were corrected
to zero field frequencies in the absencé of hyperfine intéractions,
with the molecular constants obtained from analysis of the radio-
frequéncy Stark spectra. Table V lists the observéd transition fréu
quencies, v, the Stark and. hyperfine corrections,.and the zero-field .
transition frequencies,'vo,

Centrifugal distortion constants for a given wibrational staté,
' Dv’ were calculated from the results of Klgmperér et al., The following
equation was.then usedvto determine thevDunham coefficiénts; YOl’ Yll’

and Y2l:

Vo = 2%y *+ 2ty (v+1/2) + 2, (v+1/2)" - kD,

Table VI lists values of B , Y Y., Y ., and B for 6Li35Cl and -
v e 11* "21 v ‘
Bo-for 6Li37Cl. T

01’

Spectroscopic constants for 'LiCl were calculated
from the present 6LiCl results and are compared with the results of

Lide, Cahill, and Gold in Table VII. The agreement is excellent.

\
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6
Table III. Dipole moments and dipole moment functions for LlCl.
All values are in ‘Debye units. : ‘

Present Results® Marple and Trischkab

“d

6Li3501 ' ---Dipole Moments—-—-~
My 7.12887+0.00005 7.11950.0006
by 7.216830.00006 7.20690.0008
My 7.30591+0.00010 7.29640.0012
6Li3701,
My 7.12866+0.00006 7.1192+0.0008
My 7.21627+0.00007 7.2071#0.0012
My 7.30516+0.00012 7.2972+0.001k
-~-Dipole Moment Functions---
- 2
o M, =Mt (V+l(2) * g (v+1/2)
61 ¥
u 7.08532+0.00128 7.0766+0.003L
My 0.086830.00039 0.0853¢0.00L8
1 0.00056+0.00014 0.0011+0.0017
6153701
g 7.08533£0.00133 7.0761+0.0047
ny 0.08635:0.00045 ' 0.0857%0.0066
T 0.0006420.00016 0.0011#0.0023.. .

aAll'dipole moments have an uncertainty of *0.001 Debye due to.an

uncertainty in

the absolute value of the electric field. The listed

uncertainties correspond to the observed precision.

bAn additional

systematic error of *0.0022 Debye is given in Ref. L.

The coefficients listed were derived from the dipole moment data.
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Table IV. Chlorine guadrupole-coupling constants, (qu)v, and

~spin-rotation constants, (cgy)y, for °LiCl.

»

|

N = O

6..35 6_.37

Li>’C1 : - Li”'c1
) ’ ' o )
(qu)C.l (xHz) w (kHz) (qu)Cl (kHz) Cay (kHz) |
-3072.12%1.1 2.34%0.19 -2420.81:1.} 1.75%0.23
-3478.69*1.2 - 2.26%0.20 -2739.561.5 = 1.82%0.25
-3872.86%2.1 2.26%0.36 ~3051.90%2.7 ° 1.77%0.45
(eq@) = (eq@)_ + (eq@); (v+1/2) + (eqq) ; (v+1/2)°
61:350 611370
'(qu)e = —0864.18¢2.8 (eq@) = 2259.03%3.6
(eqq); = -'1418.98¢3.3 (eq@); = - 325.1624.3
(eq@);,=  6.20:2.1 '_(qu)II= - 3.21:2.6
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Table V. Observed microwave transition frequencies and

corrections for OLiCl at E = 50 V/cm.

" Vibrational

Observed J=1 and J=0 Zero field
state transition Stark shift and frequencies
) frequencies hyperfine
: corrections
v(MHzZ) (MHz) “b(MHZ)
—5—6Li3SCl———
0 h79h2.6h6to.006 1.001k 47941.645%0.006
; 1 47365.425%0.006 1.1107 47364.314£0.006
2 46794 . 384+0.012 1.217k 46793.167¢0.012
—-—6L137Cl——-
0 47563.554+0.01L 0.846L Lh7562.708:0.011
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Table VI. Spectroscopic constants of 6LiCl. All values are in MHz.

6

Li

i

35

iSTCl

Cl

24116.74 *0.
24116.582+0
-291.760&0

‘l.5h6i0
23971.088+0
23682.42040.

23396.84k0.

23781.615%0.

30

.033.
.0ks5
.016

.006

007

012

009 .

ﬁ/
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7

Table VII. Spectroscopic constants of

e e eo— ——
—

LiCl. All values are in MHz.

4

Data caiculateda from

Lide, Cahill, and Gold
v ’ present 6Li35Cl results

T133%c1
B, | ' S— 21181.27£0.30
Y, &B)  21181.1%0.1 21181.1540.03
-Y,, o) o 240.2¢0.2 ~ 240.15%0.04
Y, ey, | 1.2%0.2 ‘ 11.19%0.01
13701
B, —_— 20990.05%0. 30
Y,, &B,) | 20989.9+0.1 20989.870.003
-Yli o) | 236.9%0.2 236.9Qto.oh’
Ygi,@~we) S - 1.17¢0.01

%For comparison with previous LiCl results, the present 6Li3SCl meas-~-
urements were corrected for isotope effects. The atomic masses used.
were ©OLi = 6.01513, TLi = 7.01601, 3°C1 = 34.96885, and

3Tc1 = 36.96590.
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III. VELOCITY DISTRIBUTIONS

A. Introduction

It has been verified experimentally, that particles at thermal
equilibrium inside an isothermal enclosure possess a Méxwellian dis-
‘tribution of Velocities.zl’22 In addifion,'if the aperture of ﬁhe
eﬁclosure imposés effusive flow upon the emerging’vabor, the Maxwellian
v02 distribution becomes a v3 distribution in the beam. Verification
of the Maxwellian ve distribution can be achieved by veiocity selecting
a single component beam and measuriﬁg the resulting particle intenéity.
In order that an experiment of this kind be conclusive, the experimental
veldcity at the maximum intensity must 5e in close agreement with the
- most probable velocity_qalculated.from the temperaturé of the effusive
source.

In this section, the design and construction:of a molecular
beém source, and a slotted disk .velocity selector are given. Velocity
distributions have been obtained for CsCl énd RbC1 in:order:to verify

that the molecular beam oven and'velocity selector give results as

predicted by kinetic theory.

B. The Molecular Beam Source

l, Design Prinéiples
The design and construction of a suitable molecular beam source
must be an important part of this work if the results of the experi-

ments performed with the.velocity selector are to be conclusive.21’23

L\ A
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If a gas is in thermal equilibrium within an -isothermal

~ enclosure, the number of particles with veloci*ies in the interval v

to. v + dv is given by the Maxwell distribution law.

1/2

=

= (UN/m )(\)2./(,3) exp(—vz/ag) av ‘(l;')

1/2

where a = (2kT/m) , the most probable velocity inside a volume of

‘gas; k is the Boltzman constant, T is the absolute temperature,

“and m 1is the masé of the particle. In order that the distribution

law be adhered to, the molecular beam oven must be essentially an

isothermal enclosure so that the particles within can come to equi-

librium at some constant temperature. In order to form.a moiecular

beam which is characteristic of the distribution inside the enclosure,

”vthe”aperture in the oven must be so small that the thermal equilibrium

which exists inside the enclosure, is not affected by the particle

flow through the aperture. 1In addition, the thickness of the aperture

'~ . must be small compared to the mean free path of the particles. If

thié latter condition.is not fulfilled, the particles would suffér
éollisions in the neighborhood of the aperture and a cloud formation
wéﬁid result on the exterior of the aperture. This effect would
i@éfeaSe the beam width_and upset the spatial and velocity distribu-
tiéﬁs which are characteristic of the enclosuré. Hence, the following

three conditiohs must exist in order that there be ideal effusion:

1) thermalvequilibrium'inside the enclosure containing the sample,

AN e - . A R co o
2) an aperture so small that this thermal equilibrium is not affected
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by th? particle flow, and 3) an aperture thickness much smaller than
the mean free path of the particles. ' &

Kinetic theory considerations give us some idea of the magni-
tude'qf the oven dimensions for .ideal effusive flow.gh Consider a
system at dynamic equiliﬁfium within an isothermal‘enélosure. The
number of particleé'which escape from the condensed éhase per unit
tihe is equal to the number which are condensing and this number de-
penasvonly on the'teﬁperature of the system. When the vapor préssure
ié iow; the rate of evaporation does not depend-on the presence of a
_vapof phase above the FOndensed pﬁase.‘-Hence, it is-possible to cal-
cuiate the rate of évaioration from an isothermal enclosure into a
Vacuum with the assumption of dynamic equilibrium.

According to the kinetic theory of gases, when the conditions
are those described for ideal effusion, the number of particles per
unit time, ~dN, which escépe from the soﬁrce slit into a vacuum within
thevsblid angle dw 'at‘angle e relatiye to the plane containing

-the slit Jaws is
dN = (dw/kbn) Asns'cos 8

where n 1is the number of particles per unit volume, v is the mean -
-particle velocity inside the source, and AS is the area of the source
slit.  The total number N of molecules which emefge from the soﬁrce

~in all directions is



'Fromqus.'(Q), (3), and (4), we obtain G = p(M/2RTm)
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T/2
N = j’ (nASv/hn) o7 sin 9 cos O 48 = nASv/h
0 .

The mass G of the total number of molecules escaping from a unit

surface area per unit time is
G = (1/W)ov (2)

where p 1is the density of the vapor.. According to the ideal gas law,
oV = nRT = GRT/M

vhere. M is the molecular weight. Therefore,

G/V = pM/RT = p . , (3

'ObserVe now that since

Lo}
]

(1/3) nmv® = (1/3)pv2

where m 1is the mass of the molecule and v 1is the root mean square

velocity, and since

V= u(8/3m?t/

it follows that

T = (8p/mo)Y/2 = (8RT/Mm)Y/2 )

1/2 = the mass of

sample escaping through the slit per unit surface area per unit time.
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Since the above expression holds only when there are no obstacles to
dynamic equilibrium and when there is effusive particle flow, con-

sider the following expressions:

I 1/2

1) ¢ KpA, (M/2RT™)

the mass of sample éscaping through'the slit per unit
time | |
whe?e K is Clausing's factbr and takes into account the poséibility

thét not every particle which strikes the slit area passes through it.

This is due to finite slit thickness.

2) ¢t =kp A (M/2RTn)l/2
m s
= the mass of sample escaping through the slit per
unit time with measured vapor pressure Py
3) 6T = s p (u/erem)t/?

, = the mass of sample condensing per unit time on the
surface of the material of cross-sectional area S

within the oven, at the equilibrium vapor pressure p

the measured rate of evaporation in vacuum _
the hypothetical rate of evaporation calculated at p

where o =

Lahgmuir coefficient of evaporation (condensation)

o ‘takes into account obstacles to evaporation.
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.h) Iv 1/2.

«
]

@S p (M/2RT)
= the mass of sample condensing per unit time on the
surface of the material of cross-sectional area S

within the oven, at the measured vapor pressure P,

The difference in the measured vapor pressure ﬁm and the equilibrium .
vapor,pressure o) dgpends on the ratio of the area from which evapora-
tion takes place to the aperture area, and indicates the degree to
whiéh the opening in the oven disturbs the dynamic equilibrium. The
actﬁal méss of the sample escaping from the oven tﬁroﬁgh the slit is

giVen by

JIT - GIIT _ IV _ (p_pm)(M/2RTn)1/2
Hence; A Kp =a S_(p—gm)
and p/pm =1 + AS K/a S N : (5)

Therefore, if the measured vapor pressure (vapor pressure of

' the beam) is to differ from the equilibrium vapor pressure (vapor

pressure in the sample chamber) by less than 1% it is necessary that

theiérea of the slit opening be 100 times less than the cross-sec-

\

tional area of the sample chamber. This condition assumes that

o = 1 ‘and that the slit thickness is much smaller than the mean-free

path of the particles. A more precise formulation of Eq. (5) is given

25,26

by_Whitman, who used ?robabiiity theory. However, the Whitman

equafions are inconvenient and Eq. (5) can be used -for most practical

purposes.



~-32- ‘ UCRL-1848L

The present oven design is based upon the above conclusions.

For ideal effusion, 1) the ratio of the cross-sectional area of the

o

sample well to the area of the slit opehing is of the order of 400 to
insure thermal equilibrium, and 2) the sliﬁ thickness is much smaller

than the mean-free path of the particles studied. -

C 2. Constructibn of the Oven

In order to obtain stable molecular beams, the ovénvmaterial
"‘must be inert with respeét-to the beam material and havé a low vapor
pressure at the operating temperature. Sinpé_sevéral‘kinés o@wsol;dé
were to. be used‘in the ovens, it was hecessary to construct ovens of
twéndifferent métals.. Stainless steel ovens and slits wéré uééd for
all the alkali hélides, and silver ovens and slits ﬁefe used for CsOH.
A schematic diagrém of the oven is given in Fig. 5.

The front face of the ovén, the top paft of the'ovéh well; and
the oven plug, were lapped to prevent leékage of beam matérial with
resulting fluctuation in beam intensity. In order to prevent clogging
uof the.slit due to oven.ﬁursts and ‘initial outgassing'of the samﬁle,
.it_was»desiraﬁie to maintaih the front part of the.oVén at a slightly
higher temperature than the well containing the sample. Tovallow this
preferential heating, the front part of the éven contains most of the
lSvheater coils shown in Fig. 5, and an underéut. The,héater coils
are ‘wound from 20 mil tantalum wire and are insulated from the ovén
with'alumina tubes. Powér is supplied to:thé heater coils by_a

15-ampere Variac which operates from a 115-volt AC regulated line sﬁpply;

V.
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5/3
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l" 2 _ | , Front view
» ‘ ; with slit,

XBL 689-5810

’ a4
Fig. 5. Diagram of molecular beam source.
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A current of 4.5 A at 75 V provides an oven temperature of approximately

550°C. .A hole,v0.08" in diémeter, was drilled in the oveﬁ to a depth

of 1/16" from the vapor chamber near the front of the oven, in order

to mount a tﬁermocouple. Thermocouple wires (10 mil diameter Pt-10%

Rh) are encased in a ceramic tuﬁe for insulation and, in order to

insure good thermal contact with the oven walls, the hot junction is

imbedded in a copper rod. Calibration of the thermocouple entailéd

pefiodic comparison with a Hewlett Packard Quartz Thérmometer certified

with an accuracy of *0.02%. Measurement of the thermoelectric yoltége

was accomplished with a Calibration Standards'model:Dé=2OO AR-Precisidn

digital voltmefer previously calibrated with a nanovolt potentiometer.

Temberature measurements are believed to be accurate éo bettef.than t1%.
The ratio of the crossfsectiénal aresa pf the sample well to the

area of the aperture is 3.925 x 102. Since most of the alkali halideé

are expected to have evaporation coefficients of ﬁhe order of 1,27 énd

sinpe the slit thickness is 1 mil, it is expected thét thermal equilib-

riuﬁ exists and the resulting.beam is characteristic of an effusive

'souicef An analysis of the beam characteristics of CsOH will be dis-

cussed in a later section.

C. The Velocity Selector

1. Introduction

A npumber of investigators have used mechanical velocity selectors

“to obtain monoenergetic beams of particles.21’22’28_33 The most com-

monly used types are rotating cylinders with helical grooves and the

»
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slotted disk type. Since the rotating cylinder type requires more
difficult machining problems and has a larger moment of inertia, the

9

slotted disk type is uéually preferred.2 Both selectors can be
designed so that velocity sidebands are eliminated. The resolution
aﬁd transmission are varied according to the purpose of the selector.
The present velocity selector is the slotted disk t&pe and
consists of six disks. The purpose of the selector is to obtain

velocity distributions of atoms and molecules, and to velocity select

molecules for deflection experiments. It is characterized by a modest

" transmission of 30.5%, a high maximum rotational speed of 40,000 rpm,
‘and .a high resolution of 3.5%. - Rotation and transmission is allowed in

_ the forward and reverse directions. This allows the angle of Qrienta4

tion of the rotor axis with the beam axis to be determined, and cor-

rections can be made if there is any misalignment.31

2. Design Principles

A theoretical analysis of the design of slotted disk velocity

34,35 Although the

selectors has been reported in the literature.
theoretical treatment would give a suitable selector design, the

present design closely follows the design principles given by Hostettler

3andﬂBernStein{29 A diagram of the "unrolled" disks and their relative

positions is given in Fig. 6. The path through the maze of slots

appéars helical in the three dimensional representation, but is a

straight line in the diagram. The orientation of the end disks deter-
mines the path and velocity of the molecule. Intermediate disks are

positioned to block out all trajectories which would l?ad to sidebands.
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XBLEBO9-3876

 Fig. 6. "Unrolled" disk representation of rotor.



"d is the thickness of the disks, L 1is the length of the rotor, 1

-37- . © UCRL-1848k

The rotor design is characterized by the three parameters

a/L

™
"

-
It

ll/r¢o

and

12

where 'y -~ B R 1is the half-width at half-maximum intensity; T

o}

'is the fraction of the incident beam that enters any one of the slots;

1

ié the slot width, 1

1 is the wall thickness between the slots at the

radius r, and ¢O is the angle through which the rotor turns in the
time it takes a particle with velocity vo to traverse a distance L.

The transmitted velocity Vo is given by

Vo = wL/¢5

where w is the angular velocity.

The velocity selector can rotate in either the forward or

reverse direction, but was designed for use primarily in the forward

‘direction. With this dual range, it is possible to determine the mag-

nitﬁde of the misalignment angle & of the rotor axié with thévbeam
axi§. This is done without reference to any broperties of the:beam

orf;ven, or a comparison of the theoretical and experimental tempera-
tufgs at the maximum intensity; ‘Velocity distributions are taken with

the rotorvmoving in the forward and reverse directions and 6 is

‘determined by taking the ratio of the rotor speeds at the maximum

intensity from the folléwing equation:
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wp/uy = (I¢FI - e)/(!¢Rl + 8)

Then, the correct particle velocities are

<
]

= wp L/(Jog| - 6)

<
1]

we L/(|¢R| + 0)

In order to facilitaté easy alignment, the disks were oriented
so thaﬁ, if a slot of oné of the end disks is projected along a line
h which is parallel to.the rotor axis, an edge of this slot either coin-
vcidés with other slot edges or coinéides with the middle of a tooth.
Figﬁre 6 was drawn with the value of l2 at the base of the slot, since
vfhié;is fhe‘least favorable case.for the elimination of sidebands. . A
value: of ¢F was chosen and, using a method of trial_and error, inﬁer—
mediate disks were positioned at 6.35, 9.14, 12.01, and 16.01 cm from
the leading edge of thevfirst disk in order to‘block>sideband§; Many
sidebands are removed from the beam due to the finite thickness of the
disks.‘ Some sl§w velocity molecules are blocked by the sidewalls of
‘the first disk. |

) In the actual alignment procesé, the slots were alignéd by

sighting along the top edgé of the slots. Slightly smaller average

values of the resolution and transmission result, ¢_ remains the

F

same, andAa suitable path is allowed for the reverse direction.

Calculation of the rotor parameters proceeds as follows:

.1‘-..
QA
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a) 1, + 1, = 2m/233

b) 1

( 17 ) 1
1 11 + ;2 233

c) ¢p = 8(11,+ 1) - 1,

) + (1. - A) + g-l

2(1_. + 1
( 1

¢R 1

top

base (
2.

where A = 1 (rad.) - 1, rad. ).

A sﬁmmary of the rotor parameters is given in Table VIII.

3.  Resolution and Transmission

Several authors have.developed the theorY’of instrhment.reso—v
lution for a r?tating mechanical velocity selector. The preseﬁt
tréatment is.essentially the same as that of Dash and.Sommers.,32 but
-gbp;ied to a slotted disk selector. The treatments of Hostettlér,
‘.and;Bernstein,29 and Miller and Kuschgl.are directly applicable and
' a.nﬁmber of the felations derived in their work are used hére..
Consider Fig. 7 on page 41. During the time it takes the

rotor to turn through the angle ¢o, a particle with velocity vo

moves through the distance L. The selected particle velocity is then

| v, = wL/¢O
Similarly,
Voin = (L+d)w/(¢o+lj/r) ,
Voo T (L—d)w/(¢6—11/r)



~Lo=

UCRL-18484

Table VIII. Specifications of Velocity Selector.

Number of disks
Number of slots per_disk

Diameter of disks

Length of slots (in radial direction)

Slot width, ll
Wall thickness between slots
At base of slots
At top of slots
Average value, 12
Average radius, r

Disk thickness, d-

Over-all length of rotor, L + d

Forward
o o  0.2058 rad
y (average) 3 o 0.0399
B | _ | 0.0051
T, (average) | 0.30L47

Resolution, R 0.0348 -

6

233

10.16 em
0.8045 cm

0.0465 cm

0.0688 cm
0.0905 cm
0.0797 cm
L.6TTT em
6.1568_cm
30.6372 cm
Revérse
10.070 réd‘
0.033 |
0.0051
0;087

0.028
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Fig. 7. Diasgrams used in deriving transmission function.
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Since we set

B=4/L , vy = 11/r¢O
then
Voin S vo(lfB)/(1+Y) R
= - )
Vo vo(l B)/(1-v)

The resolution is given by
. : 2
R = AV/QVO = (y-8)/(1-y") =y -8

The velocity distribution I(v) of the particles emerging from the
'velbcity selector is given as the product of the incident beam dis-
“tribution Io(v) and the selector transmission function T(v), inte-

grated over the velocity spread of the mechanical selector, i.é.,

‘ ox . o |
I(v) =f Io(v) T(v) Adv | (6)

\Y)

\

The function T(v) will be determined for the following two cases:

Case 1: Helicai~Path5hFinite Rotor Slot Width, Parallel Beam
The velocity selector comsists of N identical helical paths
of éitch L/¢O, rotating at constant angular velocity w, agd‘presenting

an.angular aperture Y to the incident beam. The beam is assumed to

be directed parallel to the axis of rotation with no .angular divergence.

The fraction of the incident beam that enters any one of the helical

paths, To, can be expressed as

!

TO = Ny/2m

Iy
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‘Particles yith"velocity Vo travel the length of the helix at a-
coﬁstant distance from the slot walls. Particles with velocity v
move a transverse distance‘ roéo relative.to the siot wallé during
transit. It foliows that the emerging particles must‘have seen a

reduced aperture given by
'REDUCED APERTURE = ¢ - [8¢] ; 0<|8¢]sy

The selector transmission function is then

T(v) = N(u-|e¢])/2n = To<-1-l%l)/én 5 |8y (1)
and
L 1) = o s lesl>e
If vevexpfess
Vpin = 0(1+2)/($+50)
and .
vo= o(L-0)/($-86) - | |

then, after some rearrangement, &8¢ can be expressed as

" 86

max

- oy (v -8 - 1] 5 v ey o ®

and

8¢ +'¢o[(\>o/v)(1+e)-l] Vo7V Vg - - (9)

min

Updp‘substitution of Egs. (8) and (9) into Eq. (7), we obtain
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T.(V) = To ll - [(Vo/v)(l'l'ﬁ) - l]/y} ; Vo>,\)>\)min
r(v) =2 |1+ Lo v)-8) = 211/v] 5 v cven
T™(v) = 0 . V sV TV
where
Y = .¢/¢6

From Eq. (6),

‘ v
max
I(v) T]f Io(v) T(v) dv
. v, :
min
'Caléulations of other’authors21 have indicated that iittle error is
introduced if it is assumed that the velocity distribution which enters
the apertufé of the rotor is invariant over the range of velocities

allowed for a given rotor speed w. Hence, Eq. (6) beéomes

‘ max » ’
I(v) = Io(\)) f T(v) dv ' o (10).
v . :
min
The integration of T(v) is piecewise from v, to Vax and. from
Vmin' to 'Vo' Upon 1nt§grat1ng,

max S | (g | SR
.]ﬁ ,T(V) dv = To y_l Vo l(l48) ln‘%%fs%-+A(Y—l} [%%Es%ﬂ-.lll

ro-. (s : o en
.]' T(v) dv = T, Y-l Y5 ’(l+8) ln-%%%%%‘+ (y+1) [1 - %%E%%]I
, .

-
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Finally, S
. _ -1 (1+8) . (1-B)

I(\)) = IO Y \)OTO [(l+8) In W + (1-8) 1n T]-TYT
For B 'and vy<<l

- : 2

I(v) = Io(v) T, Vg v(1-8/y)° =G Vs I,(v)

wheré
' 2

G =T v(1-8/Y)
Hencé, .

I(v) =G v, Io(v) : | | (11)

From Maxwell's equation, the number of molecules, dN;.within

the velocity interval v to v + dv is

an ='(hN/nl/2)(v2 a3) exp(-vg/aQ) dQ» : o (12)

-where

1/

a = (2 k T/m)

In a molecular beam,

l/2)(v3/a3).exp(—\)g/ae)_dv

"~ dN/N. = constant (4/m

Upon normalization of 4AN/N,

o/ = (26%/6") exp(v2/a?) av

and

;7 ioKv) = (év3/ah) exp(-v2/a?)
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Equation-(lB) describes the velocity unselected intensity in the beam.
By sﬁbstituting this equation into Eq. (11), we obtain the velocity

selected intensity in the beamn.

1(v) = 2 ¢(v"/a") exp(~v2/0®) o

where the most probable velocity, vpb’ of the velocity selécted beam is.

- CoooNl/2
Vpb = (4 ¥ T/m)

Case 2: Helical Path, Finite Slot Width, Divergent Beam

Beam divergence can occur in the radial and tgngential direc-
tions. If the main direction of the beam is parallel tb the axis of -
thé rotor; the effect of beam divergence is, for the most part, '
caﬁgelled by.pbsitive and negative deviations. However, if there is
a small misalignment of:the rotor éxis to the beam axis,.the’trans—
mission and calculated velocity can be seriously in error. Hence,
let us now consiaer the effect of a smali misalignment angle 6;.

In this case, the transverse distance that the particles move
relative to tﬁe slot walls_is r06¢ + L8. The transmission function

becomes

o} ~$. row row‘
v,
min
TLo [2v, T L8 [, -
= T(v) - - (y-8)| = T(v) - 2 v (1-8/y)] -
oY l—y2 } % o



“l47- . UCRL-1848L

The total transmission becomes

(15)

The correct velocity after including the effect of misalignment, is

v o= wL/(¢i6) _ a » : | (16)

4, Construction of the Velocity Selector

Thé disks were first machined from 5 X 5 % 1/16-inch plates. of
rolled 7075-T6 aluminum alloy. Nine such plates were clamped together
and a 7/8finch hole-?as_drilled through the center of the sta;k. The
stack was then placed on a milling shaftrand clamped into bbsition.
Two 1.8~-inch dowel pin ‘holes were.drilled 1.06 inches off cenﬁerAat
180° apart. The dowel pins were inserted after each holé was drilled.
Diské were then turned to a L inch diameter. |

A 17 mil high speed steel saw was used to cut the slots. With‘
: thé disks remaining in-the above clamped position, every fourth.slot
position was milled on‘each pass around the disk. Afﬁer each pass,
mylar shims were eﬁoxyed in the slots. This.procedure‘was followed : -
until_all é33 slots were finished. When the shims were réﬁoved, it
ﬁagifound that the resulting slots were curved and.éut of'toierance.
..Thiéucutting catéstrophe was believed to be due to stresses set uﬁ in
' th%:material when the piates ﬁere rolled aﬁd stretched_for flatness.

A more successful approach involved first éutting the plates

frém.a five-inch diameter rod of T7075-T6 aluminum alloy. 'Then the
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disks were heat treated to remove stresses. .The remaining stresses in
the disks would be uniform, since the grain direction is.peypendicular
to the side of the disks.

Two disks were clamped on a master plate dividing heaa and an
electric discharge machine witﬁ a graphite electrode was used to cut
the slots.v'Sﬁccessive slots were cut and no epoxy or shims were used.
A point on the dividing head was marked in order that the disks could
be_subséquéntly orientéé such that particles could pass through slofs
cut atAthe same pqint. Since the graphite electrode was changed at
regﬁiar intervals, it is expected that matching a slot cut at this
point on the dividing head is equivalent to matching a slot cut
through all the disks at once. This would practically eliminate
errors arising from cutting some disks at different times. The slofs v
»onteach finished disk were measured and were found tg have a méan
 width Gf 18.3%0.5 mils.: | |

The disks were aligned obtically ééébrding to Fig. 6, clamped
into:position, anq 3/84inCh alignﬁent holes wefe drilled over the
‘dowel pin holes.

Tﬁe ;btér shaft was made of #3lé'stainless steel; Fafnir ball
bearings (t&pe 2 mm 9103‘WO;CR, DUL) wefe mounted on eacﬁ eﬁd of the
.éﬁaft. These béarings wére designed for extremely high speed appli;
Qaﬁions-where the centrifﬁgal force of the balls is,the principal load
on fhe bearing. It has full shbulders_on both sides of the outer race
and a low land on both sides of the innef ring.' This. design permits
assembly_gf.Beariﬁgs with a maximum complement of balls and a oné piece7

retainer which pilots against the precision ground land of the outer ring.
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The problem of wvacuum lubrication of bearings is adequately

discussed in the book Advanced Bearing Technology.35

. The bearings
were vacuum impregnated with Genéral Electric Versalube F—SO‘silicone.
0il. In order to keep the bearing temperéture low, heat sinks were
aﬁtached to the bearing housings. |

| On one end of the shaft, the motor and rotor ball bearingé were
mounted on opposite ends of 'a motor mount. This arrangement ailows the
shéft and motor to vibrate and move together, and facilitates easy
alisnment of the centers of the sgiector shaft:and thg motor shafﬁ..
,The two shafts were connected with a 1.125-inch piece of 31 mil hérdened
stainless steel wire. This flexible coupling and the motor mount
allowed easy assémblage and alignment of the shaft-drive system.
lFigﬁre 8 is a photégraph of the entire system.
o The disks were ﬁlaced on the shaft,nheld'at their asSigned
.positiops by #7075—T6 aluminum spacefs (which are liquid honed on
éaéh end), and dligned with the use of short rods that passed through
thefdisks and large clamping blocks. A spanner wrench was used to
ioék tﬁe end nut tightly in place. The rods and clamping blocks were
then removed, aﬁdAfhe assembly was bélanced and placed in the frame.

In order to cbntain probleﬁs of Bearing friction and wear, énd

ﬁechanical resbnances associated with providing a suitablé axis of
_rotétion for the rotor, a number of measures were taken. 1) The frame
.was:conStrucfed of a heaﬁy material (#36& stainless steel) in -order to
‘dampén,ito some degree, expected vibrations, 2) the rotor was balanced

té.an extreme‘precision, and 3) the rotor is allowed to find its own
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approximately 26,450 rpm.
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axis of rotatlon by mounting the bearing housings inside natural rubber

O—rlngs of 4O Durel hardness If the rotor had been rlgldly supported

- at both ends, a fundamental resonance would be expected at about

11,500 rpm. By using flexible mountings, the fundamental is raised to

31 The entire assembly was balanced such that

there is a residual unbalance of 70 mg-mm at 10,000 rpm with no visible

harmoniecs up to 10,000 rpm.

Approximate calculations of the stresses on the disk material

(#7075-T6 aluminum alloy) indicate the existence of a maximum radial -

8

-stress of 3.5 x 10 dynes/cme, and a maximum tangential stress of

1.1 % 109 dynes/cmz, at'hQ,OOO rpm. These stresses are well below the

?ated'strength of the disk material.

i

The motor is a Globe Industries Inc. (#75A586) 2 pole, 2 phase,

‘hysteresis synchrqnous type. A General Kadio polyphase oscillator

(#1305-A) delivers two-phase variable frequency power to drive a pair

Altec power amplifiers (#1570 B, 175 watts each), which are connected

to the motor. The speéd of rotation of the rotor is deﬁermined with
the uss of a photocell. A small light bulb and a photocell were
attqched to ths'frame in a manner such that two pulses per revolution
are trapsmittsd-to a counter. With this arrangement the instantaneous
speéd and accelefation.of the rotor could be monitorsd.

Two bars attached to the.top of the fréme, as shown in Fig. 8,

allowed easy positioning of the entire assembly. These bars passed

;thrOugh Wilson seals and can be raised and lowered with a chain-sprocket

drive mechanism.
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5. Mechanical Performance of the Velocity Selector

Except for a few minor problems, the general pefformance of
the velocity selector was according to the design specificatiéns. The
original coupling mechanism of the rotor shaft to the motor shaft con-
sisted of a l.l25—ihch piecé of music wire with set screws welded on
each end of the Wire at the tip of the screw; These set screws were
then‘placed into the end of the motor and rotor shafts and turned until
the wire was ﬁulled tight. %henever the motor was accelerated, the
rotor shaft would move slightly toward the motor with the result that
the'assembly would not turn freely. This effect caused unnecessaf&'
frigtion on both the motor and rotor bearinés, and éventuaily led to
worn bearings, burned out motors, and broken wires.. ?he situation
was remedied by plaéing lockihg nuts on the set screws, and By using
a piece of hardened stainless steel wire which was hard soldeied to
thevset écrews. " After performing all of the experiments in this thesis,
the»originallpearings, motor, and.wire were still inAoperational
condition.

It was found that whenever the rotor was operéted at high
speeds for é period of about one hour, theitemperature of the mbtor
would increase and cause ex;essive~pressure increases in the main
chémber:bf the aﬁpafatus. Excessive pressures‘in thé vacuﬁm system
could not be toierated since this wouldiléad tovscattering>of thé Beam.
For this reason, the motor was encased ih a copper Jjacket with coppef'

wires leading to the copper baffle of a small liquid nitrogen, trap.

With this arrangement, the motor temperature did not increase more than
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about 3°C, énd the pressure within the vacuum system remainéd constant
at about 2 X'lO—T mm.

As mentioned earlier, a fundamental resonance was expectéd at
about 26,hSO rpm; At\the'highéSt rotor speed used, 18,000 rpm, no
viﬁration was evident. In contrast to thé téndency of rotofs to
bounce at certain speeds Whén the bearings afe supported by compliant
coil springs,?o the preéent method of using rubber O-rings for flexf
ibyé,supports, ailowed no bouncing at any speed.-

. The bearing lubricant (G.E. Vérsalube F-50) appears to be an

e*cellent vacuum lubricant. 'Rotor bearings were lubricated only a

few times during the entire period of operation.

The entire assembly performs so well that, at any freqﬁency;

theﬁrotor.speed remains constant to better than 0.1 Hz/min.

D. Experimental Techniqﬁes

_1: The Apparatus

The apparatus used in these'experimenfs is essentially the

seme as the one in Sect. I of this thesis, with a number of modifica-

tions. Figure 9 is a schématic diagram of the present arrangement.

The“ A and C .fields, and the collimator were removed in order to

_mouht the velocity selector. In the present arrangement, the beam

sto§4serves as the collimator.

. The oven used in the electric-resonance experiments on LiCl
was quite suitable for that purpose. However, as explained earlier,
it was necessary to comstruct an oven which conformed to the criteria

for the ideal oven of.kinetic theory in this case.
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Fig. 9. Schematic diagram of apparatus.
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The oven rests atop three tapered pins which afe mounted in
a:molybdenum plate. A lava block is sandwiched between the molybdenum
plgte and a stainless steel tray in order to reduce heat conduction.
The stainless steel rod leading from the tray is locked into a coppér
”bér which passes through a nylon bushing to a power source outside of
. the vacuum system.

| A télemicroscope was ﬁsed to align the hot-wire detector, the
detector slit, the B-field, the maip chamber collimator, and thg
buffer slit. During the assembly of the rotor, a héirline mark was
acéurately made on each of the disks indicating a straight péth glong'
thé iengfhiof the rotor. Metal shims were placed in the marked slots
of the first and last disks to allow sighting along tpis straight
'pathuwith fhe telemicroscope. In this way, the deteétér, thé detector
'slit, the B-field, thexﬁain chamber coilimator, thé bﬁffer slit; and
[}tﬁé velocity selector were placed on avcommon axis. Thé oven is |
plﬁéed on this axis by moving the copper bus bar horizontally across
.thié_axis and determining the center position. It is estimated that
thé alignment is accurate to *0.01 cm. A misalignment_errdr of this
maéﬁitudé is expected to Qauée'a t1% error in the measured vélécity.'
Howéver, since the'misalignment.error was détermined by rotating
.fhébvelocity selector in the clock&isé and then in the cqunter?clock-
, wi;e direétions, a correction could be made to obtain the true-
veiocity,
: Slité are held in piace by 0.01588 cm thick étrips,_whose

knife edges extend to within 0.08 cm of the slit edges. The beam is
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defined:by.0.0127 cm wide x 0.39688 cm high x 0.00254 cm thick oven,
buffér, and detector slits, and a OL0127 cm wide collimator.- Moleéules
are detected on a 0.0l6Sl.cm widé x 0.00254 cm thick tungsten surfacé
ionization'détectof. Although finité sourcé and detector widthé.pro—
duce some beam components which are not parallel to the rotor axis,
calculations and' the present results indicate that thé dimensions used
here are sufficiently small as to cause no observablé effeéts on the
velocity distributipns.

The ihtensity of the molecular beam was monitored on s chartv
recorder.. Velocity distributions were taken by starting on the low
véibcity side of the spectrum and increasing the rotof.speed ﬁnfil the
high velociﬁy side is reached, then decreasing the roﬁof speed unfil
‘ thé'low velocity side is reached again. During this procedurg, ﬁhich
usﬁally took 10-15 minufes,‘there was usually no significant dhange_in |
beaﬁ intensity. The resulting data represent a?erage values_bf the
fuphill and downhill" runs. TFor calibrationfof.the‘vélocityvéelector,
thé'ab0ve procedure was used first for the clockwise direction and.
then for the countercioqkwise directiqn. The oﬁén femperature remained

constant to approxihately 0.1% during individual runs.

- 2. The Experiﬁent

Analysis of the Data.. As shown earlier in Seét. II—C, the
equ&tioh which characterizes the velocity distribution in a veldcity

selected molecular beam is

1) = 106" exp(v276) Coan
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where o = (21{'1‘/M)l/2

and isvthe most probable velocity within the
oven at temperature T.- IO' is a constant'aetermined by th¢ geometry
of the apparatus, and I(v) is th¢ ﬁeasﬁred pafticle intensity at
velocity v, ﬁhich is transmitted by the rotor at an angular velocity
Cw. In order to verify that the velocity selector gives results which
are charactéristic of the Maxwellian v2 disfribution in the oven,
it.mﬁst be demonstrated that the experimental velocity at the maximum
inténsity of the measured distribution is in close agreement with the
~mosf probable.velocity calculated from thé témperature of the oven..
Since a single compénént beam is needed for this purpose,22 CsCl was
used for the calibrétion. Equation (17) was used to'give a least
squares fit of the experimentél distributionvwith IOV and o as
parameters. The experimentél most probable velocity -in the vglocityl
sélécted beam,'/? a, could then be compared to.the théoretical most
profable'velocity. | |

A number of investigators have shown that by accurateiy_meas—'
 ‘uring the velocity distribution of a molecular beam which céntains
se#eral species, the relative abuhdance of the individual components

can be determined.22’28’33

This veloecity distribution represents a
supérposition of the Maxwelliah distributions of each of the indiVidual_
cqﬁppnents. In cases where there is no infofmation available, a multi-
cbﬁﬁonent system is assumed which gives the best agreement with the
experimental resulfs. The CsCl data demoﬁstrates that‘the experimental

arrangement yields results predicted by kinetic theory for a single

component beam. Although it is possible to determine thermochemical
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: : 2z
data for the various equilibria which exist in the vapor phase, <o

it is not of interest here to do so.

Aésuming that the molecular beam contains polyﬁers, (MX)n,
and that the polymers cémpletely dissociate on the sufface ionization
dete;tOr, n catiéné will be counted for each (MX)n molecule,

If we call a  the r;tio of the number of (MX)n molecules to the
number of (MX)l molecules which emerge from the oven slit per'ﬁnit
time, then the ratio of the concentration of (MX)n to (MX)l

within the source is

c /¢ = 8 noo,

and-the pércentage (MX)n present in the source is

H(MKX) = —Ba— (100)
-n an /; +'l,

The factor; /n * derives from the greater diffusion rate of light mole-
cules from the oven. ‘Hencé, when polymers are present, the expression

for thevvelocity distribution becomes

. ' P
I(v) = I, (vh/ah) exp(-v-/a”) [l +) a > exp[—(n—l) 25]] (18)
. . D e .
~In this case, 'IO and a are the parameters in the least squares
fit. A Control Data Corporation 6600 computer was used to fit all

experimental results.
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CsCl Data. SeveravasCl velocity distributions were taken
_with the velocity selector moviﬁg in the forward and reverse directions.
By taking the ratio of the rotational speeds of the rotor at the maxi-
mum intensity of the two runs, the angle of misalignment of the rotor
axis with the beam axis was determined, and the most probable velodcity
in the beam was caléulated. It was not necessary éo assume the
:preéence of any pélymers in order to fit the distributions. The oven
'slit used in these experiments was 0.0127 cm wide. With a slit of
this width, there is good agreement between the experimental and_théo—
retical most probabiefvelocities. The results of theée experiments .
ére given in Tablgs IX through XVI for various rotor-beam alignment
gnéles. Runs #i and 2 vere obtained at the same geometry, run #3 was
ét‘a slightly different geometry, and runs»#&émgnd_LB/yére done. at
anoﬁher geémetryx~ e

39

Other investigators have indicated from mass spectrometric

stﬁdies that CsCl may contain approximately 1.3% dimer;* Since the
p;esent method cannot detect polymeriq species which aré present in a
cohéentratipn of less than 2%, and since the earlier work by Miller
éndeusch supports the results contained here, it appears that the

.experiments performed with the present beam source and velocity selector

give conclusive results within the limitations of the technique.

% : _
This number was estimated from dimer to monomer ion ratios using a
value of 1.75 for the relative ionization cross sections of dimer to

- monomer.
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The CsCl samplé used was obtained from Fisher Chemical Company
and was 99.9% pure. Figure 10 gives a comparison of the theoretical
and_experimental velocity distributions of one of the rums.

RbCl Data. Velocity distributions for RbCl were taken ﬁnder
the same conditions as for CsCl. The saﬁple, obtained from City Chemi-
cal Company , was»99.9% pure. In order to fit the Rb(Cl distributions,
it was necessary to assume the presence of about 5% dimer. As seen
from Table IX, the ratio of dimer to monomer, 85> is in agreement
with the‘results df Miller and Kusch within experimental error.
Figures 1]l and 12 give the results of the data analysis in graphical
'form. | { |

Effect of Wide S1it. For the deflection expefiments, a 0.01778

cmtwide slit was used in order to make the oven pqsition insensitive
‘when obtaining the maximum beam signal. Thé resuiting éxperimentai
velocity distributions tﬁen appeared to be narrower, indiéating that
the beam source was no longer effusive. This result is expected since
© the fétio of the croésssectional‘area of the sample chamber to the slit

area, in this case, approaches-the limits of the conditions for an

: ) . :
effusive source.z* However, the results of the deflection experiments, -

which were taken at points on the velocity distribution curves where
polymer concehtrations were small, indicated that the effect of the
slight narrowing of the velocity distriﬁutions was negligible in com-
parison to other sources of error. | |

In order fo caiculate the molécular beam velocity from the

angular velocity of the rotor, it is necessary to multiply the pulses

*
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received at the counter by the factor 488.99. This final number
. reflects a slight change in the»misélignment angle when the entire

system was aligned for the final deflection experiments.
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Table IX. Summary of CsCl and RbCl results. The theoretical value of
the velocity at the maximum intensity was calculated for a beam which
consists only of monomers. . The oven slit width is 0.0127 cm for all
runs except 4A and 4B, where it is 0.01778 cm.

CsCl

LA

48

RbC1l

RbC1

167
168

CT9K

837
851
858
8k45
8k45

T°K

848

. 869

T°K

868
879

Theoretical v Experimental v

(20.02 cm/sec) (+0.02 cm/sec)

L.o7 x th h.o7 x th
4h.10 x 10h R T 10h
h,12 x th 4,13 x th
L.09 x 1oh L.ok x 1oLL
k.09 x 10" h.ob x 10"
a2 (t0.02)
0.052 ' Present
: results
0.051
a2 (*0.015)
0.056 Two runs at
comparable
0.058 temperatures from

Miller and Kuschg2

&
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Table X. CsCl velocity. distribution data. .

UCRL-18484

#1 CsCl
T = 858°K
Oven slit = 0.0127 cm

= g

6 = +0.00613 rad

vForward run Revérse'run
1.Velocity (Hz) Intensity Velocity (Hz) Intensitx
31.7 2.25 o1k 14.8
2.1 7.95 18.3 30.6
52.7 17.70 21.3 46,2
62.9 27.80 25.5 68.5
73.1 35.50 29.6 83.0
17.2 37.30 30.6 84,9
81.3 38.25 31.7 1.86.3
'85.4 38.50 32.8 87.8
89.5 38.15 33.8 87.0
93.5 37.15 3k.9 86.5
103.8" 32.35 39.0 77.5
114.0 25.75 h2.1 67.6
- 12k.0 19.00 L6k 31.0
1335, 13.10 50.6 35.2
3.9 8.30 . s5k.8 22.2
153.5 4.85 59.0 13.3 .
o 163.7 2.75 62.9 8.0
- 173.2 - 1.80  67.0 5.0
= 86.098 Hz at I wp = 32.871 Hz &t I
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Table XI. CsCl velocity distribution data.

Veloéity (Hz)

#2 CsCl
T = 851°K

Oven slit = 0.0127 cm

Forward run

31,
ho,
52.
62.
73.

83.
87.

Y

93.
103.
113.
124,
133.
14,
153.
163.

ISV e SN - T e S’ JANe TN = WU SN — ) ST Vo S, R

-3

Reverse run

Intensity Velocity (Hz) Intensity
4.0 o1k 7.4
13.9 18.3 14,7
- 29.5 21.2 21.8
45.0 255 31.0
56.0 29.6 36.8
60.5 30.6 37.7
60.3 32.7 38.0
57.9 34.8 37.2
50.0 36.9 36.14
39.8 ~ %0.0 31.8 -
28.9 k.2 25.1
19.4 48.5 18.0°
12.1 52.7 12.1
7.0 56.9 7.7
3.6 61.1 b7
65.0 3.4
= 85,280 sz at Imax wp = 33.093 Hz = at Imax

8

+0.00703 rad
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Table XII. CsCl velocity distribﬁtion data.

#3 CsCl
‘ T = 837°K
Oven slit = 0.0127 cm

Forward run ' ‘ " Reverse run
Velocity (ﬁz) Intensity . Velocity (Hz) Intensity
31.70 7.83 | 10.k4o 0.271
42.20 32.88 ©1b.ho 0.849
52.70 67.63 | , 18.30 1.845
63.00 92.51 | 21.30 2.776
73.20 S 11745 25.50 3.960
79,héf ;  122.50 29.60 4.655
83.45 : 123.94 31.60 h.711
B87.L0 122.86 33.80 4.763
93.60 . 118.36 , 37.90 4.270
103.85 103.26 42.10 3.455 "
113.90 . 82.79 - 46.30 2.556
124.15 60.549 50.55 1.701
133.95 40.91 54.80 1.008
143.90 22.17 _ 59.00 0.679
153.70 o 11.22 '
163.50 5.68
wp = 84.806 HZ at I - w, = 32.598 Hz at I

max R max

8 = +0.00651 rad
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Table XIII. CsCl velocity distribution data.

 #bA csCl
T = 8h5°K
Oven slit = 0.01778 cm

Forward run ' Réverse run
Velocity (Hz) Intensity Velocity (Hz) Intensity 4
31.20 7.65 ' 12.30 - T7.00
36.40 13.80 14,25 12.00
L1.65 A - 22.00 16.30 19.00
46.85 g . 31.90 - 18.15 , 27.35
52.10 42.80 20.20 36.75
57.25 53.15 21.00 Lo.T0
62.25 62.55 23.00 50.85
67.25 ~ T70.65 . - 25.10 | 59.25
72.35 76.55 27.10 68.40
S TT.b5 _ 79.85 29.20 Th.00
82.50 | 81.10 31.25 | T7.75
87.45 - 80.00 - 33.35  78.65
92,55 76.50 355 T7.65
97.90 71.15 . 3T.bs 74.10
102.90 : 6h.lis 39.55 70.10 -
108.15 56.55 © b1.60 63.50
112.85 49.55 h3.70 - 56.55 -
116.90 ‘ 43.k0 45.75  49.65
123.00 34.95 ¥7.90 42,30
128.15 28.00 50.05 - 35.05
1132.70 ' 23.00 52.05 - 28.90
137.00 18.70 54,05 23,50
1k2.80 - 13.85 56.20 ' 118.70
148.15 10.30 - 58.35 . 1465
152.60 . 8.10 60.40 11.30

wp'= 82.597 Hz ot L wp = 33.72h Hz  at I

6 = +0.00992 rad
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i

Table XIV. CsCl velocity distribution data.

#4B CsCl
_T = 8h5°K
- Oven slit = 0.01778 cm

Forward run : ' Reverse run

Velocity (Hz) Intensity Velocity (Hz) o Intensity

| 31.25 3.3k 12.30 0.96
36.35 ' 6.1k4 - 14,30 1.76
42.05 9.83 16.25 2.81
46.65 1L.22 18.20 k.06
52.10 19.14 . 20.35 5.70
57T.20 - 23.92 23.00 7.50
- 62.10 _ 28.22 25.10 8.85
6T.40 - 31.93 27.10 10.14
72.30 ©3h.hY - 29.20 10.92
77.60 36.05 31.25 11.53
82;55f' 36.54 33.35 11.71
87.k0 , 35.7h - 35.L45 11.55
92.65 34.51 - 37.L5 11.13
97.65 » 32,11 39.50 . 10.k42
102.85 28.97 41.60 9.57
108.05 - 25.35 43.70 8.51
112.75 22.h2 - 45.75 T7.h2
116.70 - 19.66 47.80 6.33
122.90 15.76 49.95 5.28

©128.05 | 12.69 52.05 433
132,70 10.30 54,10 3.48
© 136.80 R . 56.20 2.7k
w75 6.18 58.30 2.1k
148.35 ¢ s 51 60.40 1.69

152.50 3.48

o = 82.558 Hz 'at‘lmax wp = 33.778 Hz at Imax

6 = +0.01001 rad
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Table XV. RbCl velocity distribution data.

#1 RbCl
T = 869°K
Oven slit = 0.0127 cm
na o
Velocity (Hz) Intensity Velocity (Hz) ' Intensity
31.60 3.80 31.60 4.05
L2.10 11.85 L2.00 : ©11.85
52.60 24 .85 52.55 23.05
62.75 . 40.05 | 62.70 36.80
72.95 55.20 - T2.95 , 50.40
- 83.20 67.35 83.20 60.65
88.25  T1.55 ~ 88.20 64.35
93.30. © 73.80 - 93.30 f 66.60
98.55 . . Th.T5 98.45 - 67.50
103.75 - T73.85 105.65 . 66.45
113.65 69.25 1113.60 . 62.50
123.95 59.50 123.85 © 53.75
133.60 48.80 133.60 hk.ko
143.80 ' 37.00 143.80 ’ 33.75
153.45 , 26.95 153.35 2k .60
©163.65  18.60 163.30 16.90
| 173.35 12.20 172.55 ~11.90
©182.90 | 7.55 | 182.55 - T.20
192.90 k.20 192.90 k.20

v(em/sec) = 480.23 x Velocity (Hz)

Al
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Table XVI. RbCl velocity distribution data..

#2 RbCl
| T = 848K
Oven slit = 0.0127 cm ,

. Velocity (Hz) Intensity Velocity (Hz) Intensity .
31.25 0.71 112.95 10.62
36.40 1.28 . 116.95 110.01
41.60 2.09 123.00 - 9.02
46.80 3.0L | 128.15 8.10
52.10 4.28 ©132.70 7.25
57.20 5.5 136.90 6.38
62.25 6.76 143.00 5.40
67.25 7.97 148.15 k.52
72.35 9.19 152.60 3.86
77.45 10.14 156.50 3.38
82.50 10.93 162.70 2.59
87.55 11.42 167.90 2,04
92.70 11.77 172.20 1.6k

9T.70 11.77 176.30 1.35
102785 11.56 182.10 1.00
107.95 11.17

v(em/sec) = h88.99vx Velocity (Hz)
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IV. DIPOLE MOMENTS BY ELECTRIC DEFLECTION OF MOLECULAR BEAMS

A. Introduction

Previous molecular beam eiperiments have indicated that a
determination of dipole moments of molecules by deflecting velocity
§é1eéted molecular beams .is a viable method.3’h The method involves
firét measuring the particle intensity of a velocity selected moiec—
'uiar beam; then, the beam is deflected with an.electric field and the
:résﬁlting particle intensity is measured. The dipole moment is |
determined by reiating the fractional number of molecules which still
hit -the detector to the distance which the moleéules move off the
vdé£¢étor. This is done by examining the manner in which the intensity:
'aistribution in the deflected beam.depends on the dipéle moment, the
translational eneréy, the rotational energy, and the inclinatién of
vtﬁé ﬁolecular axis of rotation to ﬁhe field direction.

In some cases it is possiblé to gaih some information about
ﬁoléqular_geometry by observing whether a beam of'moleéules deflects

5

or.not. The absence of deflection indicates that the molecule is
vﬁdn4po;ar and that a center of symmetry is present. The presence of
tdéflection that is not attributed to polarizébility.effects indicaﬁes
that thé molecule is polar? gnd that the molecule is'not centrosymmétfic;
"iﬁ"tﬁis séctién, theoretical expressions are derived for the
infénsity distribution in a deflected beam of diatomic and linear

: triatomic.moleéules. vDipole moments of KI, RbBr, RbI, CéBr, and CsI
'varg,determined. Experimental deflection results.afe presented‘fof

. CsOH and LaF,.
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a

B. Deflection of Linear Molecules

1. The Stark Effect

In the absence of an electric field, a linear polar molecule
is said tdrposséss a ﬁermanent electric dipole moment u only in
relation to a coordinate system that rotates with the molecule. . When
no fieid is present, the a?erage value of the dipole in the laborétory
coordinate systeﬁHQanishes. This result is a cbnsequence of ‘the féct
'thét the dibole moment is along an axis which is perpendicular to the
rotational angular momentum J about whicﬁ the molecule rotates,‘and
'~ hence u averages to zero by symmetry. In an electric field, the
rotational motion is»perturbed such that.an admixture of roté@ional
states are presenf, and theré results an effective momént E.

- For both fﬁe_electric resonance and the deflection experiments,
it was necessary to work at high source tembératures,:in order to
obtain.an intense enouéh beam to perform the experiments. At these
temperaturés, the characteristic rotational temferature is much less
than T, and it is valid to assumé that the distribution of rotafional
states can be described classically. In fhe electric resonance experi-
ments;’a definite rotational state was séléctéd and refocused in the
inhomogeneous field regions. In the deflection experiments, a classical_
distribﬁtion of rotational states is still present since no state
seiéétion is made. lFor the latter case, it is desirable to obfain an
’exéression for the effective dipole moment in thé language of élas—
sical-mgéhanicé:ho Two cases.musﬁ'be considered, 1) when the axis of

rotation is perpendicular to the direction of the electric field,



=75- UCRL-18L48L

,ahd 2) when the axis of rotation.is parallel to the direction of the
electric field.
| ‘1) Axis of Rotation is Perpendicular to the Field

Consider Fig. 13 on page T6. At Y = 0, the angular velocity
is: Wy its value in‘field free space. In the first quadrant, the
interaction of_theidipO1e with the field accelerates the rotation of the
mo;ecule and w -is & maximum at Y = n/?. In the second quadrant,
‘the rotation is retarded until ¢ =1 = wo. In the third quadrént,
"the rotation is further retarded until w is a minimum af v = (3/2)n.
Ih the fourth quadrant, the rotation'ié once again accelerated and at
Y =2m, Y. obtains its initial valué of wo.vaherefore, on the avgrage,
’dbﬁhebdipole is oriented oppositely to tﬁe direction of the field. It

follows that »

(19)

where T ' is the period of rotation.

The equation of motion for such a'system with moment of inertia

1 = [u 8] cos v
which'upqn integrating gives
1/2

v = [1+ (24 B/T v°) sin v

Hence, from Kq. (19)
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Fig. 13. (a) Axis of molecular rotation perpendicular to field.
(b) Axis of molecular rotation parallel to field. (c) Diagram
used for obtaining general expression for 1.
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]'1/2 a

u ég“ sin ¢ [1 + (2u E/I wi) sin ¥ Y

u =
1 ég" [1+ (2u E/I wi) sin v]7%2 ay

and when * (2u E/I wi)<<l (low fields), reduction leads to

2n . 2
- 2 é sin ‘w dy ) u2E

2
é dy 2Ituo

(20)

2) Axis of Rotation is Parallel to the Field

In this case the effect of the interaction of the electrié
dipole moment with tﬁe electric field causes the dipole to tilt in the
field direction. Hence, the rotational motion is one of precession.
Ffom_Fig. 13, it is seen that

81n g = uz/p
and_when o is small (low fields)

=40 | . . (21)

Upon equating the centrifugai force with the electrostatic force

cos @ = a = g8 = 9
’ m 2 d m 2 d
1% %1 Y% %

) =-m, d, (dl+d2) R

Since I= ?l dl (dl+d2

Eq. (21) becomes

i
1=
=

(22)

A=
]

N
o N
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‘To obtain a general expression for u as a function of an
arbitrary angle of inclination ¢ of the axis of rotation with the
field axis, W ois written as

u

= ul sin ¢-f.u2 cos ¢
Hence,
2 2. 2
- : 2
U= - H g sin® b + E—%— cos® ¢ = - g (3 cos” ¢ - 1) (23)
2Iwo . Iwo 21“0

2. 'Iﬁﬁensity Distribution in the Undeflected Beam

| The beam profilé'in thé deflection experiments is detérmined
by an apﬁarent source slit, collimatof, and detectof Siit. The
aﬁpérent soufce slit and detectbr slit were introduced:in qrdef to
maintain the same beam profile in all of .the deflection experiments.
Consider Fig. 14 on page T9. 1In the 1limit where the detector is

infinitely narrow, the beam shape is given by the following equa-

tionéhl’h2:
I (s) =T g—f;— ; -dss<-p
I.(s) =‘I§O ; -psssp !

Io(s) is the beam intensity per unit detector width at the detector

position s, and IOO is the intensity per unit detector width when
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XBL 689-5814

Fig. 14. (a) Relation of source and collimator widths to beam shape.
' (v) Beam shape with detector of negligible width.
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no collimator is present. Constants p and d characterize the
profile and are given by

= + -
p =1/2 Iwc (wc ws) al

-4 = 1/2 [wc + (Wc+ws) a)

a = lcd/lsc.
v, = collimator slit width
L =‘apparentvsource slit width
lcd = distance from collimator to detectof slit ’
. tlsc = distance from apparent source slit to collimator

JThe-actual béam profile is determined by integration overvthe present
,détector'width of>0}0127 ¢m. inpe?iméntal profiles wére taken by
moving fhe detéctqr.across the beam and measuring the particle intensity
as a fuhctién of detgctor posifion. Figure 15 gives a‘comparison of
~~the calculated and-eiperimental beam profiles. |

3. Intensity Distribution in the Deflected,Beam3’h’h0

The intensity of the undeflected beam will be diminished upon
passage through an inhomogeneous electric field due to the ibnﬁ__eracf,ion
of fﬁe electric dipole moment ﬁith the eléctric field. The déflection
s suffered by the molecule in the field depends onvits translational

and rotational distributions, and the oriehtéﬁional distribution of the
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Fig. 15. Comparison of beam profiles.
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dipole in the field. The force exerted on the mdlecule due to the

electric field is given by

~ where W 1is the energy. For the force along the direction of the

gradient,
F_ = - (3W/ox) = - (3W/3E)(9E/ax) = + u (3E/x)

ﬁhere m is'theveffective dipole moment and E is the field strength.

The aéceleration of the molecule is then

F/m = p/m (3E/3x)

a
It follows that. the deflection s is given by

5 _ l2
s =1/2 a t = 1/2 u/m (aE/ax) =
AV

(2k)
where 1 is ‘the length of the trajectory followed by a molecule'of
velocity V. Upon substituting Eq. (23) into Eq. (24), the-follOWing

* expression is obtained:

2 N . 2 )
s = —HE (3E/3x)(3 cos® ¢ - 1) i
"WTImw Ve
o - :
h R—-—S;Tv- B(3E/9x) (3 cos® ¢ — ;). 1°

(3 0052 ¢ = 1)

=g i3cos ¢ (25)
r v
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where
42 2
C = 3 B(3E/9x) 1

2

= EE(SE/BX) 1 (1 +2 12)

BB

/

fér a’detecfor placed a distance 12 behind a field éf length lB'
Wv :is the tranélational energy,“and Wr is the rotational energy.

" Thus, the intensity distribution in the deflected beam must
- be determined by a consideration of orientational,.tranélational,"and
rotational effects. In this section, theoretical expressions: are
derived for the defleéted beam shape. First, the deflected beam shape
will be given for the éase where all.three of the abo&e variables are
present, éhd.tﬂen, it will be shown hbw e}imination of the effect of
_ thé'tfanéiaxioﬁal distribution alters‘the‘picture. Finally, fhe effects
of'iow temperature, molecular'polafizability, and trensmission of the
velbéity selector, will be considered. The widths of the beam andv

detector are assumed to be infinitesimal. .-

‘Case 1: Orientational, Rotational, and.Trénsiational

Distributions

1) For a thermal distribution in velocities, the probability
that a molecule in the source will arrive at the detector with a
veiOCity between v and v + dv is given by

3 2

| P(v) dv =2 Xn-exp(— 2§J av ; N (26) .
o o : . -



-8k~ | UCRL-18484

)1/’2

Since W, = 1/2 mv’ , and o= (2kT/m

the probability P(Wv) dW, that a molecule in the source will arrive
at the detector with translational energy between Wv and Wv + dwv

is

P(wv) v = (Wv/kT) exp(—Wv/kT) d(Wv/kT); (?7)

2) For a thermal distribution in rotétional energies, the
probability P(Wr) dW_~ that & molecule will arrive at the detector
with a rotational‘energx between Wr and wr + dWr is, in the case

of high temperatures,
P(Wr) W = exp(-W_/kT). d(W_/kT) ' (28)

3) The probability that ¢ lies between ¢ and ¢ + dé is
derivedvfromvgeometrical considerations. The sign of (3 0032 ¢ - 1) 
determines'whether the molecule will be deflected'toﬁard or away ffom .
the field gradient in an inhomogeneous electric field. Only ﬁhe values
of ¢. between 0 and 7/2 need here be considered since the direction

of W is independent of the direction of the rotational motion. Upon

tékingh s to be positive in the direction of increasing fieldfgradient,

3
s> 0 when 1/3 < p2 <1

s <0 when 0 < p2 < 1/3
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where p = cos ¢. The probability that 4 . lies between ¢ and

.o L ' '
¢ + d¢ is the ratio of the area of the zone of a unit sphere between
co-latitudes ¢ and ¢ + dq, to half the area of a sphere. Hence

21 sin

P(¢) a¢ = == ® a9 = sing d¢ = - dp B (29)

If s is defined as the deflection corresponding to ¢ =0

and V.= (2kT/m)l/2

s the most probable source velociﬁy, then

5, = 2c/(kT22 - . | ' - (30)

Updn defining the deflection in terms of a dimensionless variable o,

o= s/sO = (kT)Q.(3p2-1);/2Wr W C ,,' (31)
Setpipg y =_Wv/kT and solving fof_ Wr in terms of o,
e (2 |
W, = kT (3p°-1)/2y0
and '
’dwr = - kT (3p2-1)/2y02 do

It results that -the probability P(c) do that o 1lies between

o and o + do is

Py ® _ ' : .
P(o) do = f dp f exp »[-(3p2-1)/2yo] (3p27-l)/2y02

x y exp(-y) dy do ' - (32)
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where for c >0 pi

[AS]

1/3, p, =1
o <0 p,=0 , p,=1/3

The expression P(o) do . has been numerically integrated by Feierabend.

. As mentioned earlier, several investigators attempted to deter-

" mine dipocle moments of polar molecules by deflecting beams of molecules

: 4
with both thermal rotational and translational distributions present.3’

Quite_apart from the‘difficulties admitted by deflecting such a multi-
tude'of sfates, additional prdblems result from inadequate knowledge of
~ the composition of the beam under the conditions of the experiments.
Assuming that the beam is multi-component and the composition is known,
then there is the problem of interpreting data which has an additional
distribution (componentskof the beam) superimposed upon the rotational
and tranelational distributions. Even if a single component beam is
analyzed,vdeflecting different velocity components through different
trajédtories would ‘smear tﬁe beam out, thus.yielding results of
qﬁestionable significance.:

- Case 2: Orientational and Rotational Distribufions

In this case the beam is assumed to be velocity selected. The
distribution in Wv is no longer present and we are left with only the

orientational and rotational distributions. As before

P(Wr) aw

-

exp(—Wr/kT) d(wr/kT)

p(¢) d¢ = - dp

Lo
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EY

For the Velocity selected beam,

li 2 cosg¢ -1_ C 3 0052 ¢ - 1

2
_ /g W E

s =1/8 e (3E/3X)} > W W (33)

v r r
where i
: 2 l2

C=1/8 2= (ah/a x) = .

Vv

If s is now taken to be the deflection corresponding to ¢ = 0,

v ?‘v, and Wr = kT, +then

s, = 2C/kT | - = | (3
and .
o = s/sov='l/2 (3 cos® ¢ ;l)/(wr/kT) ' “ (35)
"whence |
: W2,
W= (xT/2) ==
r g
3p> -1
i = - (k7/2) —IL—é}—-dc
: o)

. Hence, the probébility P(c) do that o lies between o and o + do

is

P(o) do = [ exp(— 2= 1) -(31" = 1) do (-dp) (36)
and P : al ' '
Py _ 1 3_2 i. ' _

which is the general expression for P(c). in this case.
Before 1ntegrat1ng Eq (37), let us define oleft. as’ the

deflectlon correspondlng to o < 0. Then
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oy L = 3p
Olert = Siert/So = (KT/2) W 20
Oleft = 79 T 9
Then :
2
W_ = (kT/2) i-3p
r . g
, A L
and
1 - 3p°
aw = —=(kT/2)-——?;£L-doL

%,

Hence, for a deflection corresponding to ¢ < 0, the expresion for

P(o.) becomes

. D | | | |
21 _ 32 1 - 3p°
Plo,) = ==L expl-—=—=R lap ; p. =0, p,=1/3 (38)
L T2 P 1 2
: : 200 oL ‘
For deflection to the right, i.e., for o > 0,
2T
| = = (1 3 -1,
0right Sright/so (k1/2) wr » 20
Orignt - Y T O
then
‘ 3p° - 1
W= (x7/2) "=
r g
R
| 3p° - 1
i = - (x7/2) —2—75——. dop,
. g

and ‘P(oR) becomes

i 2 32 w? - 1) | |
" Plo,) =‘/- 2= = exp(- —R:————) dp 3 Py =1/3, p, = 1 (39)
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‘where erf(z) = ——-Oz exp(—tz) at

aﬁd | Daw(z) exp(—zg) éz exp(t2 dt
. Valuesfdf P(o) were computed using tables of the error func-

'tionvénd Daﬁson's function and are tabulated in Table XVII. Figure 16
iS;é plot'of P(c) for the second case, and Fig. 17 exhibits a compari-
~son 6f the déflected beam shape for the two cases. It is seen that

the P(oc) curve for Cése 1 is more localized about the center poSitién'
(o = Q); than the P(c) curve for Case 2, due to the effect of the
veiocify distribution. In both cases the maximum of the deflected curve
ig‘close to the position of the ﬁndeflected beam. The area under the
:curvés.corresponding to 0 >0 and o < 0 indicate that the average
‘efféétgve dipole moment is larger for those rotational states which
'have had their rbﬁational ehergies décreaéed in the field, i.e., for: 

¢ > 0. The effect observed in a deflection experiment is seen to be a

deécrease in the intensity of the maximum and a spreading out of the
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Téble XVII. Results of P(g) calculations for a velocity
" 'selected molecular beam. ' '

st

—

o 8 P(o) o P(¢)
~0.02 0.6024 0.02 0.5604
-0.03 0.6179 0.03 0.5476
-0.0k 0.6356 0.0L 0.5362
-0.05 0.6570 0.05 0.5303
-0.06 0.6822 0.06 0.5231
-0.07 0.7101 0.07 0.51h1
-0.08 0.7386 0.08 0.507k
-0.09 0.7648 0.09 - 0.500L
-0.10 0.7873 0.10 0.k49kT
-0.15 0.8370 0.15 0.4638
~0.20 - 0.776k 0.20 , 0.4313
—0.25 ©0.6930 0.25. ... 0.3967
-0.30 0.5991 0+30 -~ 0.3616
20.35 0.5283 1 0.35 0.3276
-0.ko 0.4604 0.:L0 0.2965
-0.45 0.4030 0.45 0.2665
-0.50 0.35k47 0.50 0.2431 -
-0.55 0.3138 . 0.55 0.2208
-0.60 0.2791 0.60 042010
-0.65 0.2497 0.65' 0.1834
-0.70 0.2245 0.70 0.1679
20.75 ©0.2029 0.75 0.1542
-0.80 0.1841 0.80 0.1420
-0.85 0.1677 0.85 0.1311
- -0.90 0.153k 0.90 0.1213
~0.95 0.1407 0.95 0.1126
-1.00 0.1297 1.00 0.10L7
-1.10 0.1110 1.10 0.0912

{continued)
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"Table XVII. Continued.
P(o) ’ o P(o)
~1.20 0.0962 1.20 0.0801
-1.30 0.0840 1.30 . 0.0709
-1.k40  0.0741 1.k0 0.0632
-1.50 0.0656 - 1.50 0.0566
-1.60 0.0587 1.60 '0.0510
-1.70 0.0526 1.70 0.0k462
-1.80 0.0476 1.80 0.0k20
~1.90 0.0k432 1.90 0.0384
-2.00 0.039%4 2.00 0.0352
<2.20 0.0332 2.20 0.0299
-2.%0 0.0282 2.%0 0.0257
-2.60 0.0245 2.60 0.0224
-2.80 0.0214 2.80 © 0.0196
-3.00 0.0187 3.00 0.0173
-3.50 © 0.0140 3.50 0.0131
-4.00 0.0110 L.00 0.0103
-L.50. 0.0086 k.50 .0.0083
-5.00 0.0071 5.00 0.0068
-5.50 0.0060 5.50 0.0057
=6.00 0.0050 6.00 0.0048
-8.00 © 0.0029 8.00 0.0028
~10.00 0.0018 -10.00 0.0018
-12.00 0.0013 12.00 0.0013
-18.00 0.0006 18.00 0.0006
~25.00 0.0003 25.00 0.0003
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Fig. 16. Plot of P(o) vs o for a velocity selected beam of molecules.
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Fig. 17. Comparison of P(¢) distributions for a Maxwellian distribution
' of velocities (Case 1) and for a velocity selected beam (Case 2).
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undéfleéted beam. Since for Case 2 the translational energy is known
from velocity selection and since the diminution in intensity éf the
undeflected beam is more sensitive .~ the deflecting field strength,

it is expected’that-the results of a deflection analysis for Case 2
gives mofe pronounced details of the dipole-electric field interaction,
.than that for Case 1.

Case 3: Effect of Low Témperatures

At.lbw temperatures, the approximation that the-disgribution
of rotational energy states can be described by the equations of
_ classical mechanics is not valid. The preponderance of rotational
étates of low energy necessitates a quantum mechanical treatment. The
Schroedinger equation fbr a diétomicvmolecule in an electric field BE,

in the rigid rotor approximation, is

2
5 2 s>l
R

where J 1is the angular momentum in field-free space. If we let E

be along the =z coorainate, then

, _
£ 2 . o o
R '(?I J~ - uE cos 6) ?(9,¢) =W, v(e,e) , (L2)
: ' E wr -
Upon writing X = ; ~— and W = 5 then Eq. (42) becomes
o 1/ 01 15/ 21

1 : a4 2 o ' ’
[ L0 (sin 0 X)) +-——¥L——-iL-]w + (W= Xcos8) y=0 (43)

'sin2 6 3¢2
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For <<l (weak electric fields), perturbation theory gives, to second

or&er, the result

ST

W = | TEE B (2ae3)
Hence, ' - .
o L W ueE ' 3M§ - J(J+1) '}'
W(I,M) = - s 37 (bk)

- h2/21 J+l)(2Jf;)(2J+3)

" In this case, the deflection s(J,M.) suffered by a molecule

J

in the rotational state (J,M_) is

J
2 [ 3 - sae) 2
E_ J 3E 1
s(7,M4;) = 2m(§é/21) [J(J+l)(2J-l)(2J+3)] 3z 2 - (85)

Thé'probability that the molecule has rotational energy Wr is

N . ex?(—wr/kT) S - (h6)
My 5 exp(=¥_/kT) -

J,MJ

where the summation is taken over all the states.accessible to the
systém,vand energy differences of states with the same J but dif-
férept M& have been neglected.

Since the angular momentum J can assume only definite
6rientatioﬁs ¢ relative to thelfield axis such that
Cosf@ = MJ/VSTE;ET; then in Case 1, the onlj contihuously varfing__
quﬁhﬁiiy is the distribution in the translational enérgy. For Case 2,
_no.ﬁistr%bution;in Wv is present, and onlyithe lower rotatioﬁal'

states are significaptiy populated. Thhs, for low temperatures;
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Case 2 ailows a relatively simple experimental determination of the
dipole moment by a deflection analysis. The experimental arrangement
for éuch an anaiysis would involﬁe moving the surface ionization detector
a ﬁeasured amount s(J,MJ) off the beam axis, and measuriﬁg the voltage
required to refocus the individual rotational states.

For Case 1, the effect of the trénslational distribution on a

deflection s J,MJ) must be considered for each rotational state

of

(J,M_). Hence, for each (J,M.) state, s J,MJ) is defined as the

J J o(

deflection corresponding to the most probable source velocity «. Once
again, the probability that a molecule with a velocity in the source

.between v and v + dv will arrive at the detéctor with a velocity

between v and v + dv is
P(v) dv = 4§ w3 exp(—vg/ue) dv (47)
q ) . N ) ) .

‘The -deflection s experienced by a molecule is

s
2\)3 dv = -<—§-> ocl} ds
, ‘ v s

For the state (J,M-J)

[s (3.M)1% )

3 J

2v° du = = ———t g d(J,Ml) ' . (48)
| 5o S -

#
B

Upon substituting Eq. (48) into Eq. (47)
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[s (7,M))° s (J,M_)
[p(s) ds]. . = - —2>— I exp< o__d >as(J,MJ> (49)

Ty stom)?? ICEnN
_Theﬁ,.if o i; defined as
o= s(J,Mj)/sO(J,Mj) | | . | (50)
it résultsvthat
P(o) do = ¢ —% exp (-1/0) do :‘(51)
, o :

The * sign is introduced to enable P(o) to be always positive, since

it would be negative for ¢ > 0. Upon introducing the weighting

- factor PJ,MJ’, P(o) becomes
P(o) = + P. . —+ exp(-1/0) (52)
S J,M 3 : : .

*J o

Estermann and Fraser,3 in an experimenf on HCl, observed that
"eveh at low temperatures, fhere is still a single makXimum present in
tﬁe P(o) distribution. Consequently, it is expected that the results
of,é deflection analysié-without a velocity seléctor; will yield only

semi-quantitative information.

Case 4: Correctional terms--Polarizability, Transmission of

The Velocity Selector

‘Polarizability. Since the electronic.structure of a molecule

is not figid, an electrié field may induce a dipole moment in the

. ; -
. molecule which tends to be directed along the field axis. The magni-

tude of this induced dipole depends on thé field strength. It is the
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effect on the P(0) curves, of the deflection due to this induced
dipole, which is now considered.
For Case,l,-if s is defined as the deflection of a molecﬁle

" and' induced moment ua,fthen

"due to polarizability o

_— u 2 ' . .
s = 1/2 ;g'(%%) 15 ‘ ' - (53)
, N - .

In the same manner in which Eq. (51) was derived,
P (o) do = * 3 exp(-1/0) do o (5h)
- where Pa(o)'dc is the probability of the occurreﬁce of deflections.

(due to ua)vbetwéen o and o + do,
6 = s/s B o o : (55)

and :So is the deflection corresponding to Wv ='kT. ‘Hence, an
additional‘distribution.dué to the deflection of the induced dipole

must be:added to the distribution due to the deflection of the pefmaﬁl_

¥

néhﬁ'dipole. The effect of the aefiection due to the polafizabilityt.'
is to shift the P(o) curves toward the right. |

For Case é, the'effeét:of the poiaringility,is the same. This -
_éffect;may be incpfporated into the calculation of éo‘ in boﬁh cases.

Then,

Ey 1 L | O
Y . .

The method of accountinz for the effect of the polarizability

in.the above manncr may be used for the low temperature case. @
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Transmission of the Velocity Selector. Although the presence

of'a velocity selector eliminates uncertainty in the trajectory of the

. deflected beam arising from a thermal velocity distribution, there is

still a small Velocity spread due to the transmission of the velocity
selector. This effect is small and calculations indicate that it is

negligible.

4, 'Determination of Dipole Moments

The manner of determining the dipole moment of linear polar

‘molecules by deflecting a velocity selected molecular beam will be

demonstrated in this section. The theoretical deflected beam shape

'applicable to the present experiments has been outlined in Case 2 of

Secﬁ{-IV;B. "So far, the beam and detector widths have been assumed

to be infinitesimal. It is necessary, therefore, to integrate the

theoretical expression for the deflected beam shape over the unde-

‘flécted beam shape. The undeflected beam shape-uséd here is the beam

‘f‘:prbfile which is calculated from the equations on page 78. -

As.illugtrated in Fig. 15, the calculated profile is close‘tothe

expgrimental profilé. Of course, the actual beanm ﬁidtﬁ is deﬁermined

by ‘the Qétéctor width, |
| :_in_ééfms of ,0 gnits; the equations which‘describe-thé

.ﬁndéflected beam are

.d/so + (oico)

d/_so - p/so

(ot ) = 5 -a/s < (o%0 ) s -p/s (57)
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f(otoo)

[}
[
|
Lo
~.
1]
o
N

< (0*00) < p/sO - (58)

d/sO - (oioo)

f(otoo)

1]
-
Le]
~

)]

A

. + <

d/s - p/s o -~ (o oo) d/so (59)
o} ol

where | so'oo is the detector position in centimeters. The equation

which defines the deflected beam shape is then
: F(oo) =-/ﬂf(cico) P(o) do : o - (60)

where the center of the beam is assumed to be coincident with the
center position of the detector at o, = 0. . After numerical inte—
gration"of Eq. (60); F(oo) vs 60 is plotted for each value of s,
used. The area under each curve corresponds to the.detected intensity
I after deflection in the electric field région.~ The area underithe
trapezoidal beam shape, cut off ﬁy the width of the detector, corre-
sponds to the detected intensity IO with the field off. A plot of
I/Io Vs 8 is given in.Fig. 20. This plot demonstrates the manner

in which the dipole moment may be determined. It is only nececessary
tb*megsﬁre the undeflected and the deflected beam intensity and cal-

culate the dipole moment from the corresponding value -of s,
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C. Deflection of Triatomic Molecules

1. The Stark Effect

The theory for the deflection of linear molecules applies
generally for diatomic molecules without further clarification. However,

in the case of triatomic and other linear polyatomic molecules, the

_ effect'of bending vibretional modes signals the need for an additional

picture of the details of the dipole-field interaction. The iineaf

triatomic molecule lends itself to the simplest explanation, and it will

be:diseussed here in detail.
. i .

A linear triatomic molecule possesses three vibrational modes

in.the formvof two stretching modes along the internuclear axis, and

avdoubly degenerate off-axis bending mode. The stretching modes.intro-

duce nothing new insofar as the theory of the deflection experiments

is concerned, but the effect of the bending mode may alter the situation

43

considerabiy. ' 'When the bending vibration introduces angular momentum

dboﬁt the internucleer:axis, the total rotational angular momentum J

beedmee the sum of the angular momentum due to the end-over-ehd rota-
tibﬁal metipn of the molecule and the angular momentum Vhich is derived
frem the bending vibration. Classically, this additional.anguiar
momehtum.arises from a phasiné of the degenerate vibrationa; mqtions
eﬁeh fhet the‘resulting motion is that of the nuclei executing a cir-
Eulaerr,elliptical orbit which is perpendicular to a straight line

Joiﬁing the centers. of the nuclei. A quantum mechanical analysis of

such a system'shows that the energy associated with this "internal

aqguler momentum 1"-1is hve(v+l), vhere v_ 1is the bending vibrational .

2
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frequency and v is the total vibrational quantum number in the

bending mode. The angular momentum 1 (units of #) can take on values '
1= v, v=2, v=b, ..., -v

where .llf < dJd.

The effect of angular momentum ébout the symmetry axis of a
linear mélecule, due to the degenerate vibration, is to cause thé
molecule to behave in a.manner'véry similar to a symmetric top. For
the present purposes of determining dipcle moments of linear triatomic
molecules from deflection experiments, it is sufficient to observe
that only a fractional number of the molecules Whichvare present in
the beamvat a particular temperature behave in a manner sihilar to a
'fsymﬁetric top. These consist of those molecules whose vibrational
quéntum states have vibrational éngular momentum 1.# 0. It is obvious
thaﬁ ifithe vibrational enefgy is very large in comparison to kT, the
states with 1 # 0 will not be sufficiently populated. to contribute fo.
the beag. In this case: the theory outlined for linear.molecules is
applicable. When the vibrationai energy is small in comparison to kT,
the population of the excited states may be of éufficient magnitude
as to warrant taking them into account. It is this latter éffect‘which
is now considered. Here, we also need an expression for the effective

dipole moment.
@ A J
6 .

3w

A

/A,

3r
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From the diagram above, the total angular momentum squared is

given as
J =R +1
~ M ~m
The component of the dipole moment along J 1is then

My = uocos ¢

| but since cos 6 = %-: %- at high temperatures,

then

.and the effective dipole moment u is given as

; = cos 6 =y %-cos o

Mg

In order to obtain an expression for R, consider the following

éqﬁations: _
2

- 2 _ A" 2

Wr =1/2 In" = 5T R

where  w 1is the rotational frequency and I is the moment of inertia.

Hénée, _ v
R = = /2TW
A r
/
o i = %
and finally u = u cos 6 (61)

+
3
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which is the desired expression--the effective dipole moment in terms
of the permanent dipole moment and the vibrational angulér momentum 1.
It is now only necessary to see what effect the bending_vibrationvhas

on the intensity distribution in the deflected beam.

/

2. Intensity Distribution in the Deflected Beam
As before, the force exerted on a molecule in an inhomogeneous

electric field is

F o=+ 3yt
X ax

The deflection of the molecule in the field is then

- 1 {1 _+21.)
_ . ,2 _ W3 BB T1
s = 1/2 at = = 3;-———535———— (62)

Upon substituting Eq. (61) into Eq. (62), s becomes

. - 1p005*21) 35y 1 cos
ove x4 V21w
= 1l cos ©
r
where . C o
. =-1B(1B+211) 9E
) ov2 X o VBT

The intensity distribution in the deflected beam will, in this
case, depend on oriéhtational, rotational, translational, and vibra-

tional effects. It was demonstrated in Sect. IV--B that‘quantitative



-105- UCRL-18L48L

results could not be expected when the beam was not velocity selected.

In'this section, a theoretical expression is derived for the intensity
distribution in the deflected beam for a velocity selected beam when
the bending vibrational energy is small in comparison to kT. The

theory for the deflection of diatomic molecules is applicable when the

experimental conditions imply that the vibrational energy is large in

comparison to kT. When the diatomic theory is applicable, the previous

_tréatmehtyof the low temperature case again applies. The correctional

~terms, the effect of'the polarizability, and the transmission of the

velocity selector, are the same as in Sect. IV-B. Once again, the

widths of the beam and detector are assumed to be infinitesimal. In

_ passing, it must be remarked that the following treatment assumes that -

the deflection of those molecules with 1 = 0, which exhibit a second-

.6rder Stark effect, is negligible in domparison to the deflection of

those molecules with 1 # 0, which exhibit a first-order Stark effect.hh

We shall see in part 3 the details of this assumption.

1) The probability P(Wr) dW _ that a molecule will arrive at

the detector with a rotational energy between W, and W_+ dW  is,

in_fhebcase>of,high temperatures,
- - 1,
P(Wr) i exp( Wr/kT) d(wr/AT)
2) ' The probability P(6) d6 that 6 lies between 6 and
) ¥ de is

P(6) d6 = 1/2 sin 6 d8 = - 1/2 d(cos 6) = -~ 1/2 dp

_where p = cos 6.
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It 'so is defined as the deflection corresponding to v = v,
cos 6 = 1, wr = kT, and 1 = 1, then the expression s for the deflec-

tion becomes
8, T C/vkT
and in terms of the dimensionless quantity o,

_ = [ET
o = s/sO = 1p W

2 2

since W _/kT = ip N
) r 2
g
21952
and a(W_/kT) = - —-g— do

o)

it results that

1 '12'2 12 2
P(o,1) d0'=-[‘ exp —(——g—)_ ——%— dp do
0 o g
2.

2
Upon setting y2 = ;;g—-, the probability P(o,1) that a molecule will
g B

be deflected through a distance o¢ is

1/0.
1 [, 2 2
P(o,1) = T v exp(-y~) ay
’ 0

When the above expression is integrated, the final expression for

P(o,1) is

P(c,1) = ﬁ [Lg_ erf(1/o)-exp(- l,/o)g]' ;s 1#0 (63)
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The epression P(o,1) must be wéighted according to the popu-

r

laticns.of the'various states with a given'value of 1. The fractional

humber_of_molecules with a given value of 1 is

) v 1 - exp(-x)
p, =d exp(-|1]x) [3‘ITE§§T:§7]

where d =1, when 1 =0

.d=2,when1#0

x = hv2/kT
and v, = bending vibrational frequency.
When P, is included in Eq. (63), we obtain
P(o) = P P(o,1) , A . . (64)

~ which gives the intensity distribution in the deflected beam.

3. Determination of Dipole Moments

The manner of including the effect of finite beam and detector
w§d£hs follows the same procedure as in the case fqr‘diatomic molecules.
As.fémarkedrearlier, it is assumed that the deflection of those mole- .
cules'with 1= Ovis negligible in comparison to those ﬁith 1 # 0.

_ This:aésumptipn derives from 1) the fact that the molecules with 1 # O
'éxhibit a first—order:Starkveffect which is much larger than the second-
ordgr_Stark e%fect éihibited'by the moiecules with 1 = 0, and 2) the .
'popﬁlation of tﬁevl.# O states, which depends on the Boifzman factér

vekp(—hvo/k$), mdy constitute an appreciable fraction of the total
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molecules in the beam. The theoretical calculations from the considera-
tions outlined in part 2 yield values of I/Io'which are due to the
molecules with 1 # 0. The total I/IO which is to be compared with

experimental results is

(1/1)

+
o’calc P

= (I/Io)l¥0 o

where P = 1—3—2521351 , and is the fractional number of molécﬁles
o 1 + exp(-x) :

in the beam with 1 = 0; these are assumed to be undeflected. The

experimental I/Io takes the form

(I/IO) =.(I/IO)'1960 + (I/IO)

exp 1=0

" S8ince the deflection of those molecules with 1 = 0 may not be completely

negligible in comparison to those with 1 # O, then

(I/1 )5 <P

O

[

(1/1 ) < (I/Io)

, for a given value of s
o'exp = ) o]

calc

Thé magnitude of the inequality will be determined by.the particular
molecule inve;tigated and the experimental conditiohs.  The final
reéults, leading to the 4I/IO vs s curves és in the diétomic case,
.depend on the particular moiecule of interest. The purpose here has
been'to delineate the theoretical basis for such an experiment. An
expefimént on CsOH, which has a known value of u and Vs has been

performed and the results are presented here along with the results of

the experiments on the alkali Halides.
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 D. Experimental Technigques

1. The Apparatus.

The‘experimental arrangement for the deflection experiments is
the same as that described in Sect. III. The 30.h8 cm iong stainless
steel deflectlng field has a field configuration conjugate to that of
vtwo parallel line charges of opposite sign, separated by a dlstance 2a.
Figures 18 and 19 give end views of the electrodes and critical dimen-

siqns. From Fig. 18, the field and field gradient are given by

E=1L4 aq/rl >
3E _ - 4 agx (r2 +r, )/r3 3

ox 1 1 %2

where q is the magnitude of either line charge per unit length. Upon
1';§valuation_ofvaV,‘the'potential difference between the electrodes,. by
faking the line integral of the electric field along the median plane,

we obtain

E =3.9 av (eéu_or V/cm) | v (61)
138 _ -1 - ' |
E ox 3.1 (cm ™) | ‘ S (62)
and.‘.
BE ) ol a2 | |
By T 47.151 (Av)<. . v | . (63)
~ then,

2 _ 1 OE _ ' (6h)

. 2 _ — o9&
(applied voltage) ™ = (AV)® = 57 151 E x
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Fig. 18. Deflecting-field electrodes (end view).
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Fig. 19. Deflecting-field assembly (end view).
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A (0-10) kV range voltage pcﬁer supply, with a 20 position
switch, was used to supply the potential across the field plates. Cali-
bration was accomplished with a series of different electrostatic
voltmeters at the LaWrence Radiation Laboratory meter shép. Voltages
at the different switch positions are accurate to better than 1% and
are reproducible to better than 0.1%. |

In order to calculate the field and field gradient directly from
the applied voltage, and thus know the absolute deflection suffgred by
a molecule, it is necessary that the axis of the beam and the assumed
field axis coincide. Since it was not expected that the alignment was
perfect, the absolﬁte determination of dipole moments from the.fheo—
retiéal curve, Fig. 20, was not possible. Conséquently; dipole momgnts
were determined from experimentally constructed curves. |

'A,single silver oven was used for all CsOH experiments, and the
* same stainless steel oven was used for all alkali halide experiments.
Temperature measurements were taken in the same manner as in Sect. III.
Figure 9 is é schematic diagram of the exﬁerimental.arrangement for the
deflection experiments. The beam geometry ié defined by three élits——a
0.0127 cm wide x 0.396875 cm high x 0.00254 cm thick buffer slit, a.
va.OlEY cm wide razor edge main chamber slit, and a detector slit of the
saﬁe dimensions as the buffer slit located £.54 cm in front of fhe'hot
'wirefdetector. Moleéules are detected in the manner described in Sect. IT
Jwith the positiVé ion pulses counted by means of a system which includes
a fast-count linear amplifier and single channel analyzer, and a

H-P SQLSL - 5253B electronic counter.
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2.. The Experiment

Data for the deflection experimehts'was taken in the following
manner. With the Veiocity selector rotating at a speed corresponding

to the transmission of a velocity of 6.06 x th cm/sec, a 60 second

count is taken of the undeflected intensity IO, then, the field is

turned on and a 60 second count is taken of the deflected intensity TI;
ﬁhe field is turned off ana another 60 second count is taken of the
undéflected intensity. If the initial and final vaiues of IO differ
by more than 1% (due:to‘beam fluctuations), the numbers are rejected.
HétIWife_background éognts are measured with the beam flag in (Fig. 3)
and subtracted from,the measured values of I apd IO. Several meas-
_ureﬁéhts are taken in this ménner, and>averaged.

Agcording_tb thg expression for 8, (Eq. 30), the same deflec-
tion curve shogld be obtained under different conditions of oﬁen |

temperature, beam velocity, and field strength. Preliminary experiments

. on CsCl’indicatevthat the deflection curve is the same if the tempera-

ture is changed and'the experiment is run at constant velocity while
varyiﬁé'the'field strength. If the velocity is changed by at leastQ%,
and the experiment is run at constant temperature while varying the field
strength, the deflection curve is again constant over the'region
investigated. It is estimated frdm the many series of deflection )
éxpérimenté performed in this thesis that the dipole moments determined

aré accurate to 2%.

" Alkali Halides. Experimental deflection curves were determined

by deflecting beams of CsCl and RbCl under conditions of constant
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Velocity and temperature, and at different field strengths. CsCl and
RbCl were chosen because accurate values of their equilibrium dipole
moments are known from electric-resonance experiments,l6 and because

22,39 have

velocity distribution and mass spectrometric experiments
indicated the components present in the vapbr phése for.these compoundsi
‘Cesium chloride data was used for dipole determinations of cesiuﬁ_
‘halides, and RbCl data was used for dipole determinations -of rubidium
halides and potassium halides. Rubidium chloride data was used for KI
because the KC1 results were complicated by a considerable amount of
dimer at the operating velocity.22 The CsCl curve and the Rb(Cl curve
differ slightly due to a change in the beam geometry. Experiments on
moleculésvwith known dipoles were performed before and after:thev”un—
'»kpowns" in order to be sure that there were no systematic changes in
geometry occurring.

Due to the fact that experimentsgl deflection curves are used for
dipole moment détérminationé, the éffects of polarizability are expected
to be negligible. This is expected since the differences in the polar-
izabilities of the molecules which are investigated, are not so great as
. to effect relative dipole moment determinations.hs At the field strengths
used, no polarizability effects are discernible. Table XVIII gives the
resu;ts of calculations of aikali halide polarizabilities by Herschbach.hs

Previous electric deflectioh studiesLt6 have indicated that all
thé lithium halide dimers are non-polar. It is assumed here thét all

the rubidium halide dimers and potassium halide dimers are non-polar,

“and will not be deflectgdi The fact that 1) the dipole moment
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- determinations  of KCl from the RbCl data give results which are in good

agreement with MBER”reéults,l6 and 2) the fact that there is good
internal consistency in the RbCl deflection experiments at different
cohcentratidns of (RbCl)2, seems to Jjustify this assumption. At the
beam velecity and oven temperatures which were used for all of the
defleetion experiments, polymer corrections to the observed AI/IO values
were neeessery for only RbCl and KCl. CsCl beams contain less than 2%
dimer, and at a beam velocity of 6.06 x th cm/sec, no dimers are

22,39 Beams of the heavier Cs

expected to be preseht in the beam;
halides, CsBr and CsI, are expected to contain even less dimer, end
dimer - corrections were deemed unnecessary for these molecules also.

The ratio of dimer to monomer, a,, which was determined in this thesis,

2

.was used for the RbCl dimer corrections. A value of a, = 0.079 at

2
872°K for KCl1 was taken from the work of‘Miller and Kusch22 in order

to make dimer corrections for KCl. Corrections amounted to about 1/2%

at i/IO = 0.806 for RbCl, and about 2.75% at I/Io = 0.811 for KCl.
For XI, the results of Miller and Kusch22 indicate that dimer correc-
tions are unnecessary at the beam temperatures and velocity used here.

Beams of the heavier Rb halides, RbBr and RbI, are expected to contain

less dimer.than RbCl under the present experimental conditions. Cor-

rections for dimer were made using the following equation:

. _ ;- £
(I/Io)Corrected - (I/Io)exp I1-f"1-7°¢

for dimer

where f 1is the fraction of the total undeflected beam intensity which

. _ .
is dimer, and
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1

1-38 a, exp(—ve/ag)

Least squares fits of the RbCl and the CsCl data are repre—-
sented in Fig. 20 by the solid and dashed:curvés, respecti?ely. I/Io
is the experimentally determined quantity; and éo is calculated from
Eq. (34) by using the known mass and equilibrium dipole moments of CsCl
and>RbCll6'and by using the measured valueé of the temperature, beam
'velpcity, and deflecting field voltage. The solid line in Fig. 20 is
also the theoretical cur&e which was calculated with the pfesenf assumed
undefleqted,Beam shape; ‘Although the theoretical and experiﬁental
curves are very close, dipole moments were determined from fhe experi-
. méntal deflection cgrves. For a particular experimental value of 'I/IO,
the cérfespOnding ;o value is determihgd from thevappropriafé
experimental curve and the dipole is calculated from Eq. (3k). The
final fesults of the experiments are summafized in Tables XIX through
XXVIII. |

Qggg.x Cesium hydroxide deflection data was taken With‘the same
apparatus” geometry which was set-up for RbClz-~The'beam~profile which
Waé'qssumed for the theéféfical calculations.Qn the liﬁear case, gave
theoretical I/IO Vs sO curves which were in good agreement with
Vexperimental RbCl curves. Hence, it is gxpected that the linear tri-
atomi¢ model calculations, with this séme assumed profile, Wduld yield
theoreticalw I/Io vs s, curves which are in good agreemeﬁt with experi-

mental deflection curves for a prototype linear triatomié molecule.
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~
)

As'in the alkali halide deflectiop experiments, the oven source
"usééffdf CsOH had a 0.1778 cm wide slit. Rao and Schoonmaker;28 in a
veloeify analysis of NeOH beame5 indicated that creepage of beam material
vthréﬁgh‘the source slit appears to cause spurious fesults when conducting
effuéi&e studies with molten al%ali hydroxides. Creepage of CsOH was
ebeerved in the present case. Hence, for reasons of wide slit width and
beam creepage, no reliable information about the‘vapor species above
mbifen CsOH could 5e‘expected from a velocity analysis of CsOH beams,

‘ ﬁﬁaer'the'present coﬁditions. In order to make corrections for dimer,
S'Yélﬁe éf a, = 0.617 for CsOH was calculated from the maeS_Spec-

: pfoﬁetrie results of Porter and Schoonmaker.h7 This number was- calcu-
lafediby using 1.75 es the relative ionization cross section of dimer .
..fo”senpmerf39

» A high—femperature microwave spectroscopic investigation of

48,49

’Csbﬁiﬁas been previously reported. The experimental results led
éhe}?ﬁthors to conclude that CsOH is linear, at least in an average'
eéﬁee,'aithough:they,could not conclude whether the equilibfium con-
fiéﬁiaﬁion'is linear or not. From the ebove conclusions, it seemed -
-like}y'that deflection data for CsOH would fit the linear triatomic
ﬁedel'wﬁich was derived here.

; ~_When the li#ear'triatomic model is used to interpret the
ekﬁe}iﬁental:data for.CsOH, and :so is calculated by using a CsOH
' dipole moment‘of 7.1 Debye (taken from the‘results of Lide and
‘ 48,49 .

" Kuczkowski), the expeiimental deflection curve in Fig. 21 is

obtained. The closest "fit" with the theoretical linear triatomic
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model is obtained at a bending vibrational frequency of about 400 cm—l,
whereas Lide and Kuczkowski report a value of 300 * 50 cm—lr The dif-
ferences in the slopes of the experimental and the theoretical curves

cannot be accounted for by making the dimer correction with any value of

ag'when.the dipole is varied between the upper and lower limits which
are cited by Lide and Kuczkowski. . According to the deflection results

50

of Buchler, Stauffer, and Klemperer on Cs (OH)Q, cesium hydroxide.

2

dimer is non-polar, and hence, the differences in the curves cannot be
due.to-deflection of dimer molecules. Indeed, the CsOH configuration
which was preferred by Lide and Kuczkowski when in£erpreting their
microwave results, does not appear to be a suitable model for inter-

preting the present CsOH deflection data. ]
TS | _

LaF,. Crystalline LaF, was placed in a stainless steel tubular

3 3

 oveﬁ (of the type used for LiCl) and a suitable beam intensity was ob-
taihéd at a teﬁperature of about l2bO°K. After selecting a beam velocity
of 6.06 x th cm/sec, the deflecting field was turned on. No decreasé
in beam intensity was observed when the field strength was varied up to
8000 V/cm. |

Electron diffraction experiments have indicated that the La tri-

51.

~halides have a planar symmetric structure. Mass/spectrometric studies

have indicated that LaF
. 52
3’ 3

tion experiment was placed in a quadrupole mass spectrometer, and LaF

3 is the major vapor species gbove crystalline

LaF The same oven and oven load that was used in the LaF

deflecf

3

was observed to be the major species under the present conditions. The

absence of an observable decrease in the LaF_ beam intensity in the

3
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present “experiment indicates that LaF has a small or vanishing dipole

3

7ﬁaﬁént: This result implies that LaF_ has a plaﬁar or near planar

3
_ structure.
Previous geometry studies on closely related sequénées of
. . \
.moiecul?s such as the alkaline earth dihalides (where some molecules
argviinear'and some are bent), have revealed variations in molecular
. cigs . 5,49,53 . . .
structure within the series which were explained in terms of
thévsimple polarizable ion model. Since electron diffraction experi-
ments suffer some limitations when carried out at high temperatures,sh
it.appeared worthwhile to reexamine the La halides by a different
method. The simple polarizable ion model would predict that in the

‘series of La halides, LaF_ would be the most likely to.’ assume a trigonal

3

;pyrémidal shape, in contrast to a plénar structure. For this reason,

it was examined here.
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Table XVIII. Polarizabilities of alkali halides.u5
Alkali Halide Polarizability Alkali Halide - Polarizability
- (o)

(23) (23)

LiF 1.1 °  RbF 2.5

LiCl 3.7 RbCl . 5.1

LiBr 4.8 RbBr 6.2

IiI 7.2 RbI - 8.6

NaF 1.2 ' CsF. 3.5

- NaCl 3.9 CsCl ‘ 6.1

. NaBr 5.0 CsBr 7.2

NaI 7.3 | CsI 9.6
~KF T 1.9
KC1 7 4.5
KBr , 5.7

XTI 8.0
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Fig. 20. - Theoretical and experimental deflection curves for the
_diatomic model. SR
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. 21. Theoretical and experimental deflection curves for the linear triatomic model.
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Table XIX. Summary of dipole moments (Debye units).

Mg = equilibrium dipole moment

My ionic modell’2 ué deflection exp. Differénéesy».-'

From CsCl curve
S CsI™  11.53:0.2 11.69%0.1 +0.16
CsBr ~10.75%0.2 10.82¢0.1 +0.07

' From RbCl curve

RbI - 11.3620.2 11.4820.2 +0.12

RbBr - 10.74£0.2 10.86:0.1 +0.12

KT 10.99¢0.2 10.82¢0.1 -0.17
ue,.MBER16

KCl.© 10.238%0.001 10.18%0.2 -0.06
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Table XX. Cesium chloride deflection data.

Rux; Velo‘city (cm/sec) T°K  Voltage (kV) I/IOA s, {10° em)
3 6.06 x 10" 857.L 1.506 .982 1356
| 857.4 2.008  .967 .63k
858.0 2.520 .950 .997
857.4 3.520 .906 1.947
857.4 4.050 8T 2.578
857.4 k.530 | .852 3.225
857.4 5.000 .827 3.920
856.7 5.490 .798 - k.7ho
1 858.2 5.970 .768 5.595
858.2 6.470 -739 - 6.572
858.2 6.960 .T12 T.605
9 6.06 x 10" | 845.9 . 3.520 .903 1.97h
o 845.9 h.050  .878 2.613
8lu5.6 4.530  .850 3.270
845.6 5.000 - .821 3.983
8L45.6. 5.k90 .793 4.802
8L5.6 5.970 .64 _5.679
846.0 6.470 .735 6.667
846.0 6.960 .706 7.715
12 6.06 x 10" 870.7 3.520 . .907 1.917
| ‘ 870.7 4,050 .878 1 2.538
8T70.7. L.530 .855 3.175
870.7 5.000 .826 3

.869
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' .'I‘able XXI. Rubidium chloride deflection data.

CRun . Velocity (cm/sec) CT°K Voltage (kV) 1/1, ' 'so'(lo cm)

3 6.06 x 10" 842.1 3.000 .90k~ 2.063
| | | ‘ 3.520 - .873 2.840
4.050 .837 3.759

4.530 .805  L.703
‘ 5. 6.07 x 10" 851.2 $3.000 .906 2.041
o ©3.520 .875 2.809

L.050 W8h1 3.719
%.530 .809 4,653
6 6.07 x 10" 828.6- 3.000 .903 2.089
o 3.520 - .873 2.876
4.050 .836 3.808

4.530 .801 476

7,8,9  6.06 x 10h 8ko.2 1.506 973 L5210
| o 2.008 .953 .926
2.520 928 1.459
3.000 .903 - 2.067
\ 3.520 - .873 2.846
4.050 .837 3.768
4.530 .806  h.71k

5.000 TT3 5.743
5 | 6.923

90 LTk
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Table XXII. Dipole moment of cesium bromidevcalculated from

cesium chloride deflection curve.

T°K | Voltage (kV) I/io S, (103 cm) M (Debye units)
Run #2
v = 6.06 x th em/sec
80k. 4.050 887 2.367. 10.81
806. 4.530 .861 2.990 ;10187
805. 7 5.000 .835 3.65U 10.88
805;' 5.1490 .810 4.337 10.80
Run #L4
v'=6.06 x th cm/sec
830.1 13.520 .915 .1.736 10.82
829;‘- k.050 .890 2.298 10.81
829;~‘ '\h.53o .867 2.8h7 10.76
829. ' 5.000 .840 3.523 10.85
. 5.490 .817 b.141 10.7

830.

Tl
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Table XXITII. Dipole moment of cesium iodide calculated from
o .cesium chloride deflection curve.

oK Voltage (kV) 1/10 , s (103 cm) Mo (Debye units)

Run #2
v = 6.05 x th cm/sec

851.2 . 3.520 919 . 1.649 11.78

851.2 4,050 .896 . 2.160 : 11.72

850.1 4.530 .872 2.722 . 11.75

850.1  5.000 .8k9 3.2 1171

- 849.8 5.b90 B2 3,99 o 11.68
Run #7

v = 6.05 x lO# em/sec

w .

8536

520 .91 1.606 11.6h
852.9  14.050° 897 2.137 - 11.67
853gé | 4.530 87k 2.6Th o 11.6T7
.853;¥_ ©5.000 . - .84 . 3.291 0 11.73
-853:6 5490 .825 3.021. 11.66

854.1 . 5.970 .799 4.652 11.68
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Table XXIV. Dipole moment of rubidium bromide calculated from
rubidium chloride deflection curve.

M

oYK Voltage (kV) /1 s_ (103 cm) u_ (Debye units)

Run #1, 2, 3

v = 6.06 x th cm/sec

849.5 - 3.520 .894 2,254 10.98
k.os0 - . .867 2.921 .. 10.86
4.530 .838 3.687 ' 10.91
5.000 . .810 L.482 : 10.90
Run #4, 5, 6

“v = 6.05 x 10hvcm/sec

871.1 . 3.520 .898 2.159 | 10.88
L.050 872 2.794 10.76
4.530 .8hl 3.524 10.80

5,000 .816 4.307 10.82
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Table XXV. Dipole moment of rubidium iodide calculated from
rubidium chloride deflection curve.

TK Voltage (kV) _-I/Io s, (10° cm) Mg (Debye units)

Run #1, 2, 3

v = 6.06 x th cm/sec

85&.7 - 3.520 .909 1.902 11.46
4,050 - - .881 . 2.570 ' 11.58
4.530 .859 3.127 O 11.h2
5.000 ©  .830 3.909 11.57
Run #4, 5, 6

v = 6.07 x 10" cm/sec

890.2 1 3.520 912 1.833 11.50
| 4050 . .886 2.4h7 11.55
k.53 .866 2.946 ©11.33

5.000 .839 3.660 | 11.45
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Table XXVI. Dipole moment of potassium iodide calculated from
: rubidium chloride deflection curve.

- T°K Voltage (kV) /1, s, (103 cm) My (Debye ‘units)

Run #1, 2, 3

v =6.06 x th em/sec

90026 3.520 .902 2.065 ; 10.85
h.OSO .873 2.769 10.92
h.530 .851 3.337 10.76
5.000 .825 L.0k9 ' 10.73
Run #4, 5, 6

v = 6.07 x th cm/sec

911.3 3520 .902 2.065 10.93
' 4.050 877 2.669 10.80

4.530 .853 3.28L 10.76

5.000 _ .824 4,078 10.85

I\
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" Table XXVII. Dipole moment of potassium chloride calculated from

rubidium chloride deflection curve.

T°K Voltage (kV). 'I/Io s (103 cm) h (Debye units)
(corrected '
for dimer)

Run #1
_ v = 6.06 x 10h cm/sec
836.2 2.520 .897 2.1827 10.058
) 3.000 .860 3.1009 10.070
3.520 .813 4.3939 10.216
5 Run #2
; } v = 6,07 x th cm/sec
825.4 2.520 .895 - 2.2303 10.109
o ©3.000 .860 3.1009 10.013
3.520 .811 L. L4523 10.225
Run #3
, v = 6.06 x th cm/sec
850.1 2.520 .892 2.3021 10.41k
: 3.000 .859 3.1269 10.196
3.520 .817 4.2778 £10.163
Run #b4
v = 6.07 x lbLL em/sec
865.3 2.520 .896 2.2065 10.295
o 3.000° 862 3.0491 10.166
3.520 .819 4.2203 10

-193
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Table XXVIII. Cesium hydroxide deflection. data.

. Run Velocity (cm/sec)- TOK Voltage (kV) | I/IO .so (10~ cm)
1 6.06 x 1ou T77.7 .h885 .937 . 1.916
1.004 878 3.938
1.506 .825 5.907
2.008 .790 7.876
2.520 .75k 9.884 |

2 ?i 6.07 x 10% 724 .8 4885 .9é8 ~1.978
o | 1.00k 869 4.066
1.506 .820 6.099
2.008 .781 8.132
L 6.06 x 10" 694 .9 4885 937  2.027

| 1.00k .870 ¥.166

1.506 .821 6.249

- 2.008 .782 8.332 |

2.520 -~ .751 10..456
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APPENDIX

*

List of Drawings for Velocity Selector

1.

Bearing housing

Rotor shaft

Locking nut
Motor mount - A
Spécer

End spécer
Alignment blocké

Slotted disk

. Frame

14K1302A

14K134kA

14K12924
14K5183
14K1333
14k1312
14K1323

14J93634

14K517h

* :
These drawings are on file at the

Lawrence Radiation Laboratory.

'UCRL-18h8h
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