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ABSTRACT L _

lhe molecular beam electrlc resonance method was used to measure
the radio frequency Stark spectra of- 85RbF 87RbF, 85Rb35Cl CsF Cs55Cl
vvand NaI, Weak field measurements were made on RbF to obtaln accurate
hyperfine structure constants. Intermedlate to strong field measurementsc
were made on all the above molecules to obtaln dlpole moment values for -
the three lowest v1brational ‘states of the J = l or 2 rotatlonal state. |

Work on a polar1zable ion model of the alkall halldes which com—
putes dlpole moments, the molecular dlssoc1at10n energy and the second
coeff1c1ent of the Dunham expansion of the potentlal energy 1s also pre—

sented. = Good agreement w1th experlmental values is obtained.
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by P. Kusch and V. W. Hughes,

‘(prlmquly alkali halides) for which it is sufficiently cffl(Lent for .

‘_1_"'
oI INTRODUCTION

Twenty years after H. K. Hughes constructed the flrst molecular

beam electrlc resonance (MBER) spectrometer at Columbla University and

‘measured radio frequency Stark transitions in CsF follow1ng the sugges-

tion of I. I. Rabi, we see that the state of the art has advanced to the
extent that present measurements are about three orders of-magnitude more

accurate. This is attributed to reflned radlo frequency and. mlcrowave '

components and 01rcu1ts, 1mproved vacuum technlques and many more subtle

f'_reflnements. J. W. Trlschka 2,3,k improved upon Hughes 'spectrometer by

,introducing a new homogeneous C-field to obtain higher resolution Spectra}‘

‘ Subsequent to these original‘experiments several dozen_physicists have’

contributed significantly to both the theoretical and techniCal aspects

of MBER evolution; as can be; een in the monograph on beam.spectrosc0py N

\Ji In

and in recent journal articles (many of
Wthh will be referred to throughout this the51s) Looking about at pre¥
sent we find at least six independent groups6-ll 1nvest1ga ing the nuclear-

electronic interactions in polar diatomic molecules_by means of MBER high.

'resolutlon spectrometers.

While many 1mprovements in MBER technlques have been made, we.

find one aspect, whlch has shown little s1gn1g1cant progresu since the

. first experiments, to be the detection of molecular beams. Surface ioni-

zation has been and. is the prlmary method of beam 1onlzatlon for detectlon,
albeit quite limited in scope w1th regpect to the number of molecules

MBER studies. The electron bombardment dotector or. 'universal detector

has yet not been developed suff1c1ently to be’ very useful as a MBER
detector. The only study reported at present is Welse's work12 on HF.

We have mede seversl endeavors in the direction of improying beam‘detection_
in order to extend the MBER methodvto a wider range of molecules. These
will be discussed in Appendix A. Along this same line some improvements
in‘the'data retrival system‘were employed in obtaining the'intermediate
and‘strong field Stark spectra of several alkali halides and will be

described in Sec. II-E.
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'of electrlc dlpole moments of alka11 halldes to hlgh accuxacy with a e

"studles of

- w1ll also bc presented

However, our prlmary endeavor has been to contlnue the measurement¢

igh
resolutlon MBER spectrometer Presented hele w1ll be the radlo frequencvﬁ}'
85RbF 87RbF 85 b35Cl 15308F 135033501 and NaI whlch have ‘

;ylelded accurate dlpole moments for low rotatlonal and v1brat10nal statesai‘;_
iof these molecules, plus other molecular constantc such as the quadrupoleﬂ_}?
: coupllng constants.v WOrk on -a polarlzable 1on model of the alkall hallde:f*l’t

"“3molecules whlch predlcts dlpole moments and thelr v1brat10nal varlatlon

v"“" .
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II. EXPERIMENTAL BQUIPMENT AND TECHNIQUE

A. Introduction

The advantage the_MBER method’enjoysg similar to other high reéoe

lution nmolecular spectroscopic techniQues, lies in its ability to select .

'’ s1ngle rotatlonal energy state of the spe01es under 1nvest1gatlon.

When the state is selected one can then observe the hyperflne spllttlngs

for a single v1brat10nal energy which are caused by the nuclear- electronic

_lnteractlonS'and‘found in the radio frequency region of the energy_spectrum.

. The schematic_drawing of a typical MBER spectrometer (Fig. 1) shows

the beam effusing from the gource oven into the main'chamber which housesr

the A and B inhomogeneous electric'deflecting.(or-state selecting) fields,

the homogeneous electric C field, the beam collimator and stop, and the

 beam detector. Depending on the. type of state selectors used the beam

is 1n1t1ally focused (A and B quadrupole flelds) on the detector, or de- .

focused by the A (dipole) field and then foeused on the detector by the

B (dipole) field after the molecule has undergone a transition to a new.

angular momentum orlentatlon in thelc field. _ . ', .
A dipole field selects thev(J,imJ) state where J is the total

engular momentum vector or rotational quantum number and m. is the pro-

J .
Jection of J on the field direction or magnetic quantum number. The
beam path shown in Fig. 1 is the slectioh'of_a molecule in a state with_ 

positive effective moment (see Fig. 2) in the A field and focusing it-on

. the detector in the B field after a radio-frequenCy'induced transition in

the C field region, if it.is now'in‘a state with a negative effective mo-

- ment. ‘This type of experlment is called "flop -in" becauSe the moleculeﬁ

ust £flip to a new J orientation before it will be deflected 1nto the
detector.‘ Thus an increase in 1ntent1sy at the detector is observed when
on resonance. ~This experlment is possible because an inhomogeneous
electric field exerts a force on a molecule having,a‘permanent electric

dipole moment, . This force can be written:
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‘ F:Lg. 1. A typlcal molecular beam electrlc reconance spectrometer '
showing ‘the beam: path for a "flop 1n" experiment at resonance. ST




- ’(J,m )
0.8 C
0,00
(1,0
(2,2)
v 0.4 __f__—ff*
U (1,0 _
U .
0.2 e §
2,n
0.0 _ /
(2,0
-0.2
) 6

12 - 14 -

XBL 6711-6033

Fig. 2. The effective electric dipole moment, p_, for a rotating polar
linear molecule with a permanent dipole moment, i, in an electric
field,  E. The dimensionless parameter A equals uE/B where B is the
rotational constant. See Ref. 27 for states of higher J quantum
numbers. ' :
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uhere. W is the energy of the molecule, E the electric field and x e
is the direction of the field gradiemt. . B
The Stark effect is the spllttlng of the rotatlonal energy level -

1nto its. lm l components caused by the external electric field. In the<-”£'
absence of hyperflne 1nteract10ns one would observe a- s1ngle otark tran-7a f N v -
s1t10n in this type of experiment correspondlng to the frequency intro-
'duced at the C fleld The addition of hyperflne structure, i.e. the ‘
electronlc—nuclear and nuclear-nuclear 1nteract10ns, causes spllttlng of
the m. levels and glves rise to multiple resonances. The crlterla for

dJ

observing a resonance is Alm.| = lmJ,A J'B

correspondlng change in - 51gn of the effectlve dlpole moment

lm # o8 accompanled by a

'B. The Spectrometer

v vTheselexperiments;were performed on the pectrometex deslgned and

' constructed by A. J. Heberta15 Since Hebert has described the appara1u~:

in detall, onlyvsignificiant modificationsvand g brief general description

© will be included her . The vacuumbchamber; shown schomaticallycin Fﬁg' 5,
vcon“ist of" four dlffercntally pumped reglons roferred to as the oven, buffer;
main, and electron multlpller chambers. The main chamber holds thc-twov> |
b‘)O.b cm dlpoleeanalogue inhomogeneous electric deflecting fields; a beam
collimator-buffer field,'the”beam stop-buffer field snd the two 254 em
homogeneous Stark fjeld'parallel plate electrodee;' The homogeneou“ field
was made by vapor depos1tlon of 220(18) A of Aluminum on the two pyrex
optical flats whlch_are'flat +o better than l/8 wavelength of He light.

The flats are held 1 cii apart by three 1.000001(1) ci (at 20°C) gage blocks
and have been observed 10 be parallel to :Vl/8 wavelength-of He lighf

along the beam path. One of the electrodes has a razor scrateh Jnlzhe Al
dep051t at beam’ position to eparate the Fllm for introduction of the
.radno irequency “In order to ellmlnate any magnetnc roupllnu~ due Lo Ihe
earth's magnetic field and the mass spectrometer ma?nel, vie reduccd thn‘ ¥
magnetic field along the beam path in the C field reglon.to lcuh than .

* 0.050 G. '
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Fig. 3. Schematic diagram (top view) of the electric resonance apparatus.
Field lengths and chambers are to scale. Field gaps and beam dis-.
placements are exaggerated. Unshaded areas in chamber walls represent
access ports. = - ' - '

lg Surface ionization wire and ion accelerator

é 2) Glass port cover for optical alignment.

(3) Permanent magnet, 60°, l-cm gap

(&), (5), (6), (7) Outlets to liquid nltrogen traps and oil dlfflvlon-
pumps

(8) Gate valve and beam flag.



Two oven sources were used in theSe experiment One was. a 80%
platlnum and 20% iridium tube (5/8 in. ‘diam by 0.010 in. wall) with a h
0.25 in. hlgh by O. 005 in. wide sllt The other OVen was- a stalnless‘
steel tube whlch had 12 channels. separated by 0. 075 mm., (Flg ). ThlS
served to conserve source material in addition to glVlng steady beam
intensities for - several-weeks Of the molecules studied RbF. was-the only .
molecule which reacted w1th the stalnless oven to such an extent that it:
"could not be used _ ) '
| ' _ For detectlon purposes the beam lo dlssocated and 1onlzed on ‘the -
'surface of a hot tungsten rlbbon and. the pos1t1ve ions are mass- analyzed.
and focused on a k- stage electron multlpller for pulse countlng or cur-

rent measurement.

C. Electrlc Field Measurements

The electrlc field in the C—reglon is produced by a 1-6000 V
pOWer supply whlch has given stab111t1es of 1 ppm/hr. ‘The voltage is
measured with a Leeds and Northrup Guarded Potentlometer via a Guidline
Volt Ratio Box whose range is 1.5 to 1500 V in 20 steps . The Natlonal
Bureau of Standards has certified the potentlometer to 1 part in 106 and'
vthe Volt Ratlo Box to 1 part in lO  The bank of unsaturated. standard
cells used for calibration of the potentiometer is certified to 2 parts -
in 106 and is regularly compared w1th a bank of six caturated standard
cells malntalned in a thermoregulated air bath by the Llectrlcal Med:urc—
ment Standards group here. Measurements at NBS have shown the six cells_
”‘have changed only 1 part in lO7 in potential over thevpast.six;years.

The spacing of‘the,C'field electrodes is corrected for thermal expansion
by thermdcouple temperature monitoring of the three gage”block spacers
and using 8.55 X lO-6scm/°C.cm as the coefficient of thermalvexpansion,
Tahle I shows the C fieldvéap varlation with temperature for the temper-
ature range in which the experiments were conducted. The temperature =~ = - s
varied throughout a day from 22.8°C to 25.0°C. Since the NBS volt dif-

fers from the absolute volt, i.e. 1NBS volt = 1.000011(8) absolute.volt,

the measured voltage must be corrected aecordinély if one wishes to be thor-
ough. These uncertainties coupled with the oboerved inhomogeneities ln /hr

C fleld of * 7 ppm given an electric field uncertajnty of 2 pvr1, in 10
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Fig. 4. Molecular beam resistance heated oven with a channel sperture.
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- Table I; Stark field gap variation with témperature due to gage block, o

expansion. The Al film thickness is taken into account.. -

h Spééér o
Temperature o Gap

Q- -

20.0°C . 0.9999967(12) cm
'21;o°g e 1,0000055(13)'cm
22.o°c-‘ o  1.00©6138(i4)'cm..‘

23.0°C  ©  1.0000224(15) em

[¢]

Coh.o°c  1.0000%09(16) cm

25.0°C.  1.0000395(17)

Q.

m

b e
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D. . Radio Frequency System‘Used for REbF Experiments

The Hewlett-Packard '606A and 608C radlo frequency generatorQ ‘are-.
used to produce signals from 50 kHz to 65 MHz and from 10 MHz to 480 MHZ,
respectlvely These 51gnals are monitered with a H-P. 5245L -5253B elec~
tronic counter. - Pulses from the electron multlpller are ampllfled~and/:

fed into a H-P 5245L- 5253A counter. The radio frequency count is printed.

in the firut seven channels of a H-P 56?A digital recorder and the beami

intensity is prlnted in the remalning four channelg of the recorder.

The analog output of the drgltal'reeorder for three of the four beam
intensity channels is used.to_drive a»Leeds_and’Northrupvpen recorder for
graphic representation of the spectrum. A -fixed radio'frequeney is intro-
duced into the transition region while the beam intensity is counted for

1 sec. The counter signals are then printed simultaneoﬁsly while the
frequehcy'is automaticly increased via the.print and the Ceunting cycle

is restarted.

BE. Multichannel Analyzer Data Retrival System .

The measurlng system Just descrrbed is extremely sensitlve to

source pressure and_amblent vacuum pressure fluctuations. For this reason

it is desirable to employ a system which would’reproducibly and rapidly

scan the freqﬁency region of interest in order to reduce the effect of

vﬁheqe fluctuations. In addition, repetition of this scan for a period of

a ‘half hour or more should cause olgnlflcant improvement in the signal to -
noise ratio compared to the prev1ous system since a statistical redﬁction
in noise occurs because statistical noise is propgrtlonal to the squire
root of the counts for one standard deviation"whereas the resonance eig—
nal is proportional to the counts. A block diagram of such a system,

which was used for all the molecules studied except RbF, is ahown'in_

JFig. 9. 'The basic idea is to produce a linear frequency sweep which

corre;ponds Lo a programed sweep of a multlchannel analyzer into which

the pulueu from.hhe electron multlpller are fed
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Frequency ; __Sstop_ fraquency
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: ¥ drive i i _ . cutput N 1\_,‘ recorder .
signal’ . - - 1 R - L. ] SIngle channel} o
- o i o . : pulse analyzert 4 |. i
’ . 1 ooQ
Electronic counter '
; Pulse amplifier] - ] Electrometer |
e to e Electronic counter " - . I
stark fleld ' pre-amplitier jJ- electron multipiier
: o : 2x1070 ) output from
o baom -detector
XBL671I- 5591
Fig. 5. Block diagram of the electronics for the multichannel snalyzer
data- acquisition system. (Components are listed in Table B-I).
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1. Frequency Modulatlon and Datd utorage

A start pulse serves as trlgger for the o=c1lloseope, tlme base
oscillator, and ramp voltage generator. The radio frequency sweep is
set at the beglnnlng of a run by means of the varlable D.C. ramp potehtlal
which serves to frequency modulate the signal generator (H-P 606B or GOBF)
via the H—P 87084 synchronizer which locks the frequency of the generator -

at dlscrete frequen01es

It is possible to bipass the synchronizer and modulate the signal
generator directly by using an inverting amplifier. to invert the ramp

potehtial for input to the generétor. Although this is less accurate due

" to drift of the signal generator, a wider frequency"sweep_is obtainable -

(about a factor of five greater than when locked) for line searches or
when very broad lines are observed. The maximum frequency modulation is

frequéncy dependent (see Table II) and thus, at low frequencies one can

not sweep the entire range between successive lock points.. However, by

operating one locked signal generator at a constant frequency, e.g.
65 MHz on ﬁhe 606B, and the other signal generator.at 65 +vvdesifed
and thenvfeeding:both-signals into a H-P 10514kA mixer, one can obtain
very wide modulation at any fregueney degired with only a 7 decibel_ppwerk
loss. - ‘ _ o o

" The repetition raﬁe of the ramp cén be set as desired by varjing

the zero to maximum potential time . for the ramp -and the start pulse rate

" which triggers each new sweep. The most satisfactory ramp duration was

© 50 mgec with about‘6 msec fall off time and the start trigger at about.

15 Hz. These conditions require fast respoﬁse time from the surface
ionization detector for good results. »

‘The trigger signal also starts the multlchannel analyzer swee@ _
by means of the time base oscillator which programs the analyzer's "live"
or count accepting ﬁime_per channel and "dead" or channcl advance and me-
mory storage time.. The dead time Tor the Northern analyzer used is 2 ¥ 1077
sec per channel, or 5 msec for 256 channels. This is 10% of the total fre-
quency sweep time. Thus, one has a total useful time loss equal to the sum
of the dead time, ramp discharge time (5 msec) and delay time until the
next trigger pulse oceurs (5 msec) which is about 25%.of the actual run .

time.
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e,T>Table.II. Flequency modulation. eharacterlstlcs of HP 606B and HP 608F
S 51gnal generators operatlng 1n varlous modes
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(MHZ', o oe06B 6Q8Ejv .Tf606B o 608F . 6OEB at 65 MHz. T
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'2; Frequency Callbratlon of the Multlchannel Analyzer

The frequency measurement is performed by matching the ramp

potentlal correSpondlng to a 51ngle channel with a reference potential

4wh1ch is then fed 1nto_the.synchronlzer to give a frequency readlng_on

the Gounter. A single channel'is‘dialed on the programed coincidenCer'
oscillator which in turn produces a signel that gives a "bright spot”'

corresponding to the_potential of that Channelfon the ogcilloscope dis- 7
play of the ramp signal. By using a type D oscilloscope plug-in which..e'
has a null comparison capablllty in the A-B mode, one can compare the

ramp signal applled to imput A with Lhe reference slgnal applied to im-
put B. Adgu ting the reference 51gnai until the brlghf spot is at the

null point, one reproduces the potentlal correspondlng to a s1ngle chan—i

~nel of the’ analyzer. Thls 1s then applled to the synchronlzex s1gnal

generator combination to glVe d frequency measurement

Thus,3thls system allows one to continuously sweep a desired

frequency region for any length of time desired on order to improve

the s1gnal to n01se ratlo of wedk resonances by reduc1ng the ‘observed
.noise to that expected_from the  spec rometer electronlcs. ‘The average

" yun time was about one hour at a signal level ot 20 kcounts/sec using

256 channels. The signal to noise enhancement over the method used for
-the RbF experiments”uas approximately a factoﬂiof five for.a one hour
run. This was determined by a direct comparison of a run using both
systems on several resonances in CsF. The greatest source of error '

proved fo be the frequency measuring system due to stability hmltatlonc

in the varlous components. See- Appendix B for & more complete descrlptlon

of the equipment used.
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IIT. THEORETICAL ANALYSIS OF MBER SPECTRA

A, The Hamiltonian for Polar Diatomic Molecules

A rotating and v1brating polar diatomic molecule in a %2 electronic

dot

state has the following Hamiltonian operator when the molecule is in an:

s 5 1k

' electric fiel

Big0® + Agy 0 - @2
1% 211(_211-;) (2J‘ T) (2Jf3)

3= g e.s - eq

[5(1.-3)2 + 35 ) - = )] e
Ged *2lled) - (& )+c(1 J)+C(I J)

B, DD D@D - 2GR e
I a1 M L

“the moment of 1nert1a of the molecule The second term represents the

1nteraction of the permanent dlpole moment, Hs with the external electric

- fleld. Due to its dependence on the 1nternuclear separation, H also

exhibits v1brat10nal dependence The third and fourth terms give the
interaction of the nuclear quadrupole moments, Ql and QE’ w1th the gradi-
ent of the molecular electrlc field at each nucleus, ql and dss where e
is the electronic charge and Il and I are the nuclear spins of the two
nuclei.  The spin-rotation interaction for each nucleus is represented by
the fifth and sixth terms. These terms can be interpreted as the inter-
action of,the-nuclear magnetic moment with the effective magnetic field |
produced'hy the molecular rotation. - The last two terms represent the |
tensor and scalar portions, respect1Vely, of the magnetic (spin- spln) in-

15,16

teraction of the nuclei with each other. There are additional_mag-
netic interaction terms which arise when an'externallmagnetic field is-
applied; they are discussed by Griaff and Drechsler.16 HOWever,‘these_~
terms are negligible for the present experiments since the‘magnetic field

in the transition region‘is guite small, as mentioned previously.
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B. Energy’Eigenvalue'Calculationt

17

A computer program™ ' sets up a matrix'ofiﬂ-in a (J'I

2) J)mll) :

' mIe) representatlon where J,mIl, -and. mI ~ are the progectlons of the"

subscrlpted angular momentum vectors on the dlrectlon of the’ electric

field, E. This matrlx is then dlagonallzed to produce the energy eigen-

_values, the frequen01es of the spectral lines and - their relative inten-

‘sities u51ng the selection rule AmF =0, —l *2,... where my is the

progectlon of the total angular momentum, F, on the fleld dlrection

Since imF: is a good quantum number at all values of the electrlc fleld,-'

‘ there are no matrix elements connecting states with dlfferent values of I

M and the matrlx is dlagonal in mF, thls fact is utlllzed to reduce
computing time. ' ' _
The or1g1nal program contained quadrupole matrix elements dlagonal

in J as well as some connectlng J with J+2. for the eq2Q2 term only.

_Since several molecules studled here have s1zable equ,l values, - those ma-

trix elements off dlagonal in J ‘were added for nucleus 1 also The

size of the effect was lessvthan the experimental error‘at intermediate‘
and .strong fields,zcausing shifts of i5'kHz at 150 MHz for NaI. The
effect?will be most important at weak fields when both nuclei.have quad;'d
rupole coupling constants of large magnitude, e.g. RbBr and RbI. Since‘
this‘change.did not cause a notiCeable difference in computing time and -
s1nce 1t makes the calculation more accurate, thls form of the program

is used for all computations. ' ' :

The first term is diagonal in J° and the last four terms are

" small, thus, only elements diagonal in J are 1ncluded:for these . terms.

The non-zero matrix element of the'Stark'interaction takes the form .

(J, m Jae EIJ 1,m ) The matrix is limited in J as follows: - for a J=1
elgenvalue calculatlon only the first four J states are included, for -
a J=2 caleulation the first five J states are ‘allowed; and so on.

This treatment seems to be better than a fourth order‘perturbation
treatment:for thevStark operator and second order in the quadrupole

operator.
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'This methodshasjone disadvanﬁége in that the sizé of the matrix
_ ;becomes Quite:large, espegially:When‘J:chalculafions are pefformed for
| mbléﬁules,pf sizable nuclear spins, as for CsCl and_RbClu' A single J=2 _
CsCl. calpqlatibn on the CDC_66CO computer (about four times the speed h _y =

and memory capability of the IBM 709%4) takes about 1% min to didgonalize

a. 92 X P matrix. For this reason J=1 spectra are most desirable when ' ‘
obtainable; the J=1 calculation takes only two .ninutes.
1



IV. EXPERIMENTAL SPECTRAL DATA AND DISCUSSION FOR SEVERAL
: AIKALI HALIDE MOLECULES

In the follow1ng discussion the Stark field values are referred“

- to in terms of the voltage applled to the C field electrode as measured

w1th the standardcell-—volt‘box—upotentlometer network The fleld value

is then calculated from the known gap d1mens1on (Table I) as described
previously. Great care was taken to malntaln reliable field measurements.
This involvedpperiodic observation‘of one of'the_6LiF doubletsiatvébo v o
whose position is known to high accuracy.l8 It is worth noting_here‘that
this C field has'no measurable’contact-potential sinCe the leads are of '
aluminum and are an integral part. of the aluminum'film, so that no con-
nectors are needed. | | -

z'Uhless otherwise indicated the.spectra are for the J=1 rotational
state. ' | » ' ' ' '

87 9

"A. The Radio Frequency Spectra of 85Rbl9F and

1. Weak Field Results and Discus 51on

The MBER radio frequency weak field spectra of RbF has been mea-

19,20,11

%ured by a number of investigators to obtain the hyperfine

structure (hfs) parameters. The microwave spectra has been. measured by

22,23

several workers and récently Stark and Zeeman spectra have been

v fepdrtéa.eh” TheAtables in this section compare the present work with the

more accurate work of Zorn et al. 1L and Bonczyk2 and Hughes. 19,20

The Stark field used in these experiments was 30 V/em and the full-
width at half-max1mum_(FWHM) of the observed lines was approximately 2 kHz,i
consistent with the expected uncertainty-principle linewidth. The signal_
to noiee.ratio of the v = 0 lines was 7/l for the best_measurements.

" From the apparatus imposed selection rule  of AmJ = *1, observed
singlet linewidth, and transition 1ntens1ty considerations, one expects
21 lines for the 85RbF(v-—O), 16 of which were seen, and 12 lines for
87RbF(v—O) 5 of which were seen. In addition, "g$rb1dden or ﬁmJ =0

tran31t10ns were oboerved 4 for 85RbF and 3 for RbF. Thesc are non-
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9’i1 which occur in the A-C and B-C interfield

adiabatic transitions
regions. These trans1t10ns 1nvolve levels characterlzed by the same Fl
_and My v values. More spec111cally, uslng the notatlon (F 1My ), ‘the v
‘levels involved are (7/2, 2 ,0) and (7/2,2 +l) for 85RbF and (5/2,1 O) =
and (5/2 1,%1) for v7RbF. At Tow' field strengths each of these levelsxv _ -
‘1s close, w1th1n 10 kHz; to. an adJacent~1evel of dlfferent [m orlen—'_ '”v Yo
A'tatlon, maklng it qulte easy for non-adiabatic trans1tlons to occur.» It .
was also notlced that two..of the 85RbF forbldden trans1tlons requ1red a.
non—adlabatlc tran51t10n in the A=z -C. buffer field region and likew1se the
vother two requlred non-adlabatlc trans1t10ns in the B-C region 1n order
to be. observed -ag one mlght expect statlstlcally ' These transitions are -
actually_qulte useful in the sense that one has morevmeasured lines with -
which to determine the molecular properties, although one suffers a : /
' correspondlng loss 1n intensity of the allowed lines slnce states se—.v'
»lected by the A- fleld contrlbute to the forbidden trans1t10ns and thus
cause dlsagreement between_the calculated and observed relative llne _5
| intensities. - [
| The observed and calculated line positions used in the analy51s
of the spectra are glven in Tables III, IV and V for 85RbF and Table VI
87RbF A typlcal line is shown in Flg 6 Three or more: measurements
were made for each line to produce the average values in these tables.
The standard deviation of .the measurements for each llne were cons1derably
less than the error in determining the line center frequency for an 1nd1~1
vidual measurement‘due to the relatively low. signal to noise ratio. The:
average llne error was about 500 Hz so that the fit of calculated to ob-
served line frequenc1es is reasonably good..

_ - The values of ‘the hfs parameters derlved from these spectral llnes
~are glven in Table VII for 85-RbF and in Table VIII forr87RbF The agree-
ment of the 85RbF quadrupecle coupling constants with those reported by /
Zorn et al.ll is excellent. The other hfs coupling constants agree within
experimental error with values reported byvall the other investigators.19'_?O
The agreement of the v = 0 quadrupole coupling constant for 87RbF with the
value reported by Bonczyk and Hughesgo is not as good, although the rest

of the hfs parameters agree within experlmental error.
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~Table III.' Calculated and gbserved lihe positions for the.J = 1, v=0 :

radio frequency spectra of 5RbF at EC = 30 V/cm. A1l positions are
given in kHz. R ’

£

| S - o S " Relative
Line Calculated Line Observed Line Differences - Intensity
No. Position © Position ~(Cale.-Obs.) ~ (calc.)"

1a 21259.76 21259.27 . - . 0.k9 o4

b 2125467 000 2125%.80 . =013 5

le  21198.23 . pug8.22 . o001 9

a0 2111k.3h ’ 21114 .56 o2 %0

le © 21108.50 - - 21108.37 0.13 30

1r 20933.17 | EETSE - 8

1g U 20926.68° 20926.81 -0.13 8
~1h - 14609.86 .. 1er0.07 0 -0.21 : 90

11 kg0 k1 14603.88 1.7 %
13 6308.32  6308.12 ‘ 0.20 - 150
1k 6303.64°  6303.h1 , 0.23 40
n 6284 .98 . 6e8h.h ok 100

m 6280.05 © 6279.99 0.06 13

1n 6275.37 ' 6275.20 . . 0.17 7

lo . 6258.25 6258.19 - 0.06 5l

1p eek6.77t 0 6246.69 - 0.08 57
1lg 6228.07 . -6228.22 =015 . 3

1 6213.58 . 6R13.69 - -0.11 8
s 117.26° 117.02 0.14 16 -
1t 1105 . 113.96° 0.09 | 16

AThese are AmJ = 0 forbidden transitidﬁs (sée texi).
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Table IV. Calculated and oggerved line pooltions for the J = 1, v = 1
“radio frequency spectra of ““RbF at E 50 V/cm A1l positions are
given in kHz.- . ] .

. . . : : Relative

Line Calculated Line Observed Line Differences Intensity
No. Position Position (Calc.-Obs.)  (calc.)

2a 21027.75 - -- N - I

2b  21022.73 - e .- - 5

2¢ 2096k.89 o I - 9

2d 20879.14  20878.%2 - 0.22 - 30

2e . 20873.09 2087%.00 0.09 30
of  20693.85 . 20693.86 . . 0.0l 8

og 20687.03 20687.03 0400 "_ 8
S T T R S oaMklaes 0 o0l 90

21 . - 143385 0 o lzwa8 . .02 90
R 6237.30  6237.35 . -0.05 15

2k - 6232.50° ©eeERs2 .o =0.02 . ko

21 T 6213.47 " 6213.69 -7 -0.22 100

om 6208.59 6082 0.1 13
on 6203.6% . -- e 7

20  6185.95  6185.79 o060 5k

2p 617%.26% . éus.2 . -0.06 57

2q 6145.57 | - - - 3

or  6l.26 6141.13 013 5

2s . 119.9%% 7 119.87 - . .0.08- 16

2t 116.77 S17.02 0 =025 L 16

®These are fm; = 0 forbidden transitions (see text).




Table V. Calculated and'obgé
radio frequency spectra of >

given in kHz.

rvediline positioné for the J = 1, v =2
RbF;at,ECf= 30 V/em. All positions are

Relative

)

Iine - Caléﬁlatéd Linev'v Observéd Line:. =~ Differences Inténsity'~
No. Position Position (Calc.-Obs.) (calc.)
3a 20797.59 -- -- L
3 20793.98 -- -- 5
C3e 20734 .68 | Z- - 9
34 20646.00 . 20646.43 -0.43 30
Ze  206&0.80 20640.37 0.k3 30
3¢ 2045646 e -- 8
3g 20450. 4l -- - 3
3h 1h27h h] a7h b -0.08 90
33 hee7.12% 1426735 -0.2k 9%
35 616745 —- - 15
3k 6162.20° U 6162.49 -0.29 ho'
31 6141.64 6141.13 0.51 100 -
3 6137.60 -~ - 1%
n 6131.75 -- -- T
30 6113.77 611k .20 -0.43 5l
3D 6102.982 610%.22 -0.24 57
_ 3q 6072.50 - | - 2
3r . 6068.49 | 6068.58 -0.09 8
3 122,78 122,71 0.07 16
3%, 119.58 119.87 -0.29 16
aThese are fm_ =0 forbiddenvtransitions (see text).




© Table VI.v Calculated and observed line positions for 87RbF in the J =1
. state at E, = 30 V/em. All positions are given in kHz.

:Calcuiated“' ﬁ

Intensity

| 169.61

vaServéﬁ o Differences
 V = d;j - Obsérved«liﬁe éfrdr:ié + 0:20 XHz. o g o
la - 8hkh.2g 8l 22 0.07 . 100
15'1 8&57;083 ; 8437.18f -0.10 C 99
le  6715.95° 6715.95 -0.02 - 85
©o1a 67i2.oj ) E 6712,10"' - 20.07 10
le © 6700.92% | 6701.00 -0.08 %
1 669%.23 - 6696.16 0.07 97
o 1lg 166340 - 165.80 0.54 20
1n 161.47 161.29 0.18 . 22
vo=.1 - Qbservediline error is * O}SO'kHz.‘ '
 2a 834785 83u7.84 0.01 100
o 8340.96° " 9340.99 -0.0% 99
2c 6636497 - B 85
24 66%5.25 - -- 10
2e  6623.04% 6622.10 -0.06 %
2f  6618.65 6618.63 0.02 97
2g  170.17% 169.91 0.26 20
oh 165.60° 165.80 -0.20 op
v o= 2: Observed line error is * 0.7 kHz.
38 8266k 8265 .8 0.6k 100
3 8259.59% 8260.0 -0.k1 99
3¢ 6571.96° -- -- 85
34 6568.72 -- -- 10
Je  6558.537 6558.2 0.33 %
S 3f 65512 6553.6 0.52 97
2g  17k.20% B - 22
3h . | 169.91 -0.30 |

a .
These are /m

- J

= 0 forbidden transitions (see text).
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- Tébls'VIia Hyperflne coupllng constants for the J = l state of ajRﬁ}gF‘f“ .

at E, = 30 V/cm

eag, 0) .c_i(k:iz'x . 'f__c.2<,ki-fz>‘_ BEECO fc_mz) -

o (-76}3419(263: »;s;¥5(ib)r;:vibﬁ55(5d)", 0. 9&(20) o}ad(eq)id}'

1 6h(0)  0dq(s)  10.810) 0.9k ,;5¢1?<3>L i 737 1ﬁ”u:
o2 -B.TT(50)  0.5(2)  10.1(18) . L.O(D). . 0.5(10)

:  Quadrupo1e'Couplihg'Cbhstant‘Funsfion,‘»
- (_equ‘l)‘vé:(ec._lQ)_e”+,._(eC1}9_)I(Vj‘l/?)}_*F(eqc}l)_liI (v+1/2)

v':gggfiigiggﬁfv :?': Present [v .,1'7'Z0rn:et éi'll

) .(,ééa_é-)é rjj’.f'-'_~7o 7580(48) MHz 'ﬁ ~-7o 739 MHz
lea@)y O TN3(85) e 0LT97 Mz .

(qu)iI‘, - 0. oouu(uo) MHz - o,oos MHz -




}
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- 2 -35-20(__6)- o ‘

Quadrupole Coupllng Constant Functlon o

(equ ), = (ead), + (qu) (v + 1/2)

(qu) : " -3&.2116(&5)~Mﬁz -3h.20(11)? Mz
(eq@) | 0.3533(k0) MHz 0.4:0(8)? Miz
‘(qu)II o  0.0014(20) MHz

Table VIIT. Hyperflne coupling conutants for the J .= -1 state of 87 19
o ~at By = 30 V/cm .
o v vequl(M¥Z)-'- cl(kHZ) i‘ Cg(kH?} o 05(RHZ)' ), (KHz)
 Present Work ° o , S o -
o -3k 03u5(20) 1.65(20)  10.5(9) 2.9(7) 0.7(7)
Sl -33.6838(35) | 1.70(5)  9.5(13) - 2.9(10) -
2 -33.336() 1.b5(30)  9.5(13) - 2.9(15) -
.‘BOnCZyk and V. Hugheseo o ‘
0 -34.0313(10) . 1.595(50) 10.51(8) 3.16(18)  0.66(10)
V. Hughes and L. Grabner19 ' |
0 -34.00(6) Sk (4)
1 -33.63(6) he ()

Ycalculated from values reported in Ref. 19. -




C weighted average of the multiple components making up each observed line.
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Unfortunately the measurement errors in the RbF quadrupole coupling
constants were too large to allow one to look for a nuclear polarizabllity
by comparlng the quadrupole moment ratlos Q85Rb/Q87 in. two different
‘molecular env1ronments such as RoF and RbCl (see Table IX) The quadru-
'pole moment ratlos for RbCl have not been determlned to as. hlgh accuracy
as have those of RbF It appears that at least &n order of magnltude .l.sv ! '
1mprovement1n accuracy is required in. order. to begln looklng for the nu- R

clear: polarizabllity Recently Bonczyk and Hughes2 have comparcd the
79Br and. 81 Br quadrupole moment ratios .obtained for atomic’ bromine and E
in 6LlBr. The comparlson resulted 1n-a difference 1n ratlo of (22 % 8)

>

parts in 107, which 1s attrlbuted to nuclear polarizatlon. Even here _
one would be more confident in the reallty of the effect if the experi-

mental measurements of the ratlos were carried out to greater accuracy. A’

2. Strong Fleld Results and Dlscuss1on . . R

o The strong field spectra were observed at a ‘Stark field of 600 V/cm‘
for 85RbF in order to determlne the dipole moment of the three lowest
v1brational states. Table X lists the observed and calculated frequencies
and Table XI- contalns the dipole'mOments derived from these linesbas well
as the moments reported in the literature.‘ The FWHM for’theiobserved
llnes was’ about 28" kHz with no 51nglets being observable.‘ As 1n the weak
fleld spectra the frequenc1es llsted are the average of three or more

measurements of each line and the calculated lines are the 1ntenslty

Due to this multiplet compos1t10n and the inhomogeneities of the Stark

field, ‘the linewidths are quite broad compared to the weak field spectra.
As can be seen from Table XTI the agreement of the present work w1th that
of Graff et al 1s excellent. :
Several lines for each v1brational state of 87RbF were measured

at 600 V/cm and 750 V/em to determine the dipole moments. The'valuec

85

obtalnedeere 0.0001'D lower than_the corresponding RbF values- of Mo

'which:is not significant since the error is of the order of % 0.001 D.
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Table IX. Quadrupole moment ratios of 85Rb and 87Rbs

Qg5 (eayQy)y 85, N

e (eay@dygn
Qg LTX BTy,

RFS R

v=0 . 2.06679(18) 2.06694(6)°
v=1 . 2.06498(30) o -
v=2 - 2.06322(50)

: eéuiiibriumv S 2.06766(L5)

.~ RbCl

- 2.0669(5)7F

a ’ —
“Present work.
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Calculated and observed line p051t10ns for'85RbF in the J =1

Table X.
: state at EC = 600 V/cm All p051t10ns are glven in kHz
Line  Calculated Observed Differences -~ Intensity
a - 173388.78. 173387.32 - 1.46 56
b - 169913.38 169912.23, . , 1,15 0
e 169583.09 169531.65" 11k g
4 - 16606T.69. 166065 . 87. - 1.82 1
e - 159731.1h 0 159730.08 - - 106 100
£ 157760.36 157758 .42 1.9k .29
g 155396.81 155397 .20 . =0.39 SRR T
‘h 1549kl 10. L e T e 15 ,
i 151551.12- © 151553.30 -2.18 856 .
J 151423.80 - 151421.55 2.25 1
k 1heoklis k3.1 - 1.k 100
1 “1bke7o1.1 27885 - 2.6 70
v =1 R e ‘
a 176769.73 176770.00 -0.27 5 .
b - 17332k .90 -175325-92 0.98 70
c . 172961.92 o _— Ly
a 169517.15 169531 65 -1%.50 . S
e - 163251.06 163248 .62 -2k 100
- 161311.01 161311.67 -0.66 29
g 158978.56 - 158981.33 -2.77 bl
~h 158531.11 158532.18 -1.07 15
i 155170.43 155171.97 -1.54 56
R 155045.06 - 155045.45. -0.39 . L
'k 150626 .52 150624 .80 172 100,
1 146517.0 146513.3 3.7 S 70T
v o= 2 : _ ‘
a 180234.0 - 180231.3 2.7 56
b 175820.28 176819.95 0.33 70
c 176463.48 ‘ , R o4
a 173049.71 _ .- 1
e 166853 .64 166852 ue 1.22 100
f 16494k .00 - : - _ 29
g 162641.53 62651 75 - =0.22° - Iy
h 162199.32 -- 15
i 158870.96 158871.88 o =0.92 56
J 158747.93 158751.82 - -3.89 1
k- 154389.05 154388.75 ~0.30 100
1 150%23%.04 ' -n e 70

8The two component lines were not resolved.
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Table XI. Dlpole moments for 85Rb “F in the J = 1 ctate. A1l values are
: : ‘given in Debye ‘ .

Present® | GrEff et a2t Lew et al.®?

(600 V/em)” B o
D 8.5465(5) , 8.5&6&(17) ' h 8.80(10)'
ny 8.6134(7) 8.6127(17) |
i . 8.6809(9) o

My = he * wp(v+ 1/2)Y* bV * 1/2)‘
" - 8.5131(7)  8.51%2°
.  0.06650(28) 0.0663°
HII ' 0.00026(12).

&The accuracy of the dipole moments is limited by the uncertainty in the .
absolute value of the electric Stark field; however, the precision of
“the results is at least a factor of five better and allows.smaller errors
to be reported for the coefficients in the dipole moment expression.

Calculatlons were made with the fleld in absolute units, ass uming that
‘one NBS volt - equals 1.000011 absolute volts.

“caleulated here for comparison.




se-

B. The Radio Frequency Spectra of 1550519

These measurements ‘were performed w1th the computer averaging
techique mentioned earlier. The frequency sweep Or modulatlon wasvaoo th'
at 160 MHz. Sinceé the sweep'signal Was'quite linear, 1ess than‘O"l%
v-straight line. dev1ation, only three p01nts were.necessary for frequency
’calibration. . Calibration readings were taken before and after each run - .
in order to check poss1ble drift in the osc1llator.< In order to prevent
,.systematic drifts,_each run overlapped the prev1ous one by about "100 ‘kHz.
‘The agreement- of overlapping lines in adjacent runs was very good.” _

: The Stark field used here was 600 V/cm and- the observed FWHM line
vw1dth was 27 kHz. A typical v.=0 spectrum is shown in Fig. 7. A modi -
fication of the computer calculatlon of the transition frequen01es pro- E
duces a plot of the experimental spectrum for any chosen line width. By'
assuming-a gausian line shape and adgusting the theoretlcal line w1dth |
luntil the observed line width is obtained ‘one can produce qulte a. good
fit to the experimental spectrum as ev1denced by the calculated v=0 -
‘spectrum in Fig. 8 which required 22 kHz line w1dth.. A1l expected lines =
were, observed for v - O 1 states and Just the stronger lines Were seen
for the v = 2,3 states. '

The hfs coupllng constants used. to obtain a flt to “the spectra
were in good agreement although much less accurate, wlth those reported '
by T. English25 derived from weak field measurements. The dipole moments
obtained here are given in Table XII along with values reported in the
literature. There is con51derable discrepancy between the present more

~accurate values and thOSe of Graff et al This, we suggest, is due to
C field measurement errors not reflected in the quoted error of * 0.003 D.
The 1nternal'cons1stency of the present work is evidenced by calculating
'H5 from the dipole moment expression, where the coefficients'are obtained ‘
from py, My, and p,. The value calculated is by = 8.0972(60).6 Care was
exercised to prevent Stark field measurement error by running ~LiF

"spectra as mentioned previously. The error estimates for v =0 spectra

‘are broken down as follows:
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‘Intensity (arbitrary units)

Al }l] i ll

g

152,18.3 192,172,9 182,229, 182,288.7 - ELTR 21 RO 1323903 . 132,454.9 ' . 1523103 ndrz.ssr.v vsz'.uu

Frequency (kHz)

Fig. 7. The observed J = 1, v = O spectrum for CsF at a Stark field of |
- 600 V/em. The vertical lines represent the calculated spectrum.
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. In}'en'si_ty torbitrary units)

N'l /1 |

152,165 182,172.9 182,208.3 i82,289.7 182,342.1 182,380.5 . ©  152,454.8 L 182,801.3 182,867.7 - 152,624

Frequency . ( KHz)

Fig. 8. The ‘calculated J =1, v = O spectrum for CsF at 600 V/f‘m u51ng
a gausian line shape and a. line-width at half-maximum of 22 kHz +o
syntheslze the observed spectrum '
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Table XII. vDipole’momen€S'of 330sl?" All values are given in Debye.
PreSenta‘”'b | Graff am 6 o R 1
(EC ='600_V/cm) " Runolfsson” Trischka H. Hughes™
hy 7.8839(9) - T.816(3)  7.875(6)  1.3(5)
™ T.ME(10) T T.B6(3) - T.9(6)°
by .8.0257(12) o '8.019(6)°¢
Mg 8.0969(15) | | o
Dipole Moment Function
b=k (vt 1/2)_+.“Ii(v'+.1/2)2
e TBMB6(13) - T.8k2(3)  7.839(6)°
jepI © 1.0.070%39(30) - 0.07229(12) Q.o722(3)
Mrp 0.00018(19) i : Ed

aThe'accuracy.of the dipole moments is limited by the uncertainties

“mentioned in the text; however, the precision of the results is at least
a factor of five better and allows smaller errors to be reported for the
coefficients in the dipole moment functlon.

bCalculatlons were made with the field in absolute units, assuming that
‘one NBS volt equals 1. OOOOll absolute volts.

Calculated‘here for comparlson°,
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.25 ppm ' 'C_field voltage measurement error -
.55 ppm frequency measurement'error .
2% ppm line fitting error based on S/N
s and line width cOnsdderations; ’ . ¥

L)

C. . The Radlo Frequency’Spectra of 85 55 S

The hyperflne structure for several Vlbratlon states of 85 b35Cl

was flrst measured by Trlschka and Braunsteln2 who observed MBER rota-»

“tional txan51t10ns of the J =0 —al type. That work allowed determlnatlon

-of the nuclear quadrupole coupllng constants and spin-rotation constants,
but the dipole moments were not measured. The present effort was dlrected':

at measurement of the dipole momehtsdof the~low-vibrational states of the

T = 2 rotatlonal state. Spectra for the J = 1 state which would produce

greater accuracy in dlpole moment, determlnatlon could not be observed

since molecules in the (1,0) state could not be.deflected sufflciently,j

 Transitions of the type (2,1) -5 (2, O)7uere'obserred at' a.static C-field

value of 900 V/cm. There was some dlfflculty in observing these resonancecv‘

due to the low s1gnal to noise ratio, whlch proved to be about 2 tol for

_rhe average two hour run. -The line w1dths were also rather large, about .

lbO kHz, partlally due to the use of" the s1gnal generator in the urlocked

'mode. ‘Even with these dlfflcultleb, reasonably accurate dipole moments

' could ‘be eytracted from the data. Table XIIT shows the calculated and

Observed compo ite line p051t10ns along with the calculated relatlve .

intensities. The hyperflne values required to produce the calculated

spectra were 1n very good agreement with those reported by Trlschka and v
Braunsteln, although the present values were of lower accura(y since weak
field spectra were not measured. The dipole moments derived from these
spectra are: - b | ' R
ko = 10. 510(;) CHy 1o 564(5) s ¢‘10;618(5);
I, 10 u83(6) *+ 0. o)u(a (v + 1/2).
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Table XIII Calculated and observed line positions for
(2, 1) > (2, o) transitions at.a Stark field of 900 V/cm.

37~

85

Rb55Cl for the

. a v Calc.
_Line Calculated Observed . "Intensity .
ay - 110165 kHz 20
ay . 112500 o 15
by 1113010 112980 kHz 32
a, 114600 ‘ 10
by 115175 20
cy 115420 115365 100
ds 117400 117370 5k
b, 117420 ERLY
¢ 117570 o . © 70
ey 118090 . 118085 55
f 118490 3
d; 1119530 o Rz
¢, 119780 119782 50
e 120220 - 120130 37
£, 120625 - 120568 50
d, 121740 121676 35
e, 122400 25
£, 122810 35
&, 122890. 122957 )
g, 125000 v125ou8 28
h, 125300 - 125336 65
g, 127120 127213 23
hy 127390 - 127450 Lo
~h, - 129&99 | 129519, ;o'

%The subscripts refer to the vibrational state.




—585

D. The Radio Frequency Spectra of 35Cs5bCl

~ The flrst radlo frequency Stark spectra of CsCl reported by Luce
and Trlschka 28 ~in 1955 The accuracy of the dlpole moments reported in

that paper was limited by the fact that the rotatlonal constant was not

,well determlned. After a more accurate rotational. constant was avallable,'

the u values were calculable to. hlgher accuracy H Trischka's pectra

: conslsted of one very broad resonance, about 1 MHz FWHM at ll5 MHz, for

each v1brat10nal state. - Thus, only an upper llmlt estlmate of the nuclear ‘

quadrupole 1nteractlon constants for. each nucleus could be made.: -

N _ The present work was undertaken 1n order to varlfy and 1mprove ‘
upon the accuracy of this previous work. The spectra ob;erved here con-
- sisted of two quite broad lines for each v1brat10nal state of the Jd =
 rotational state. The'tran 1t10nu observed were (2 1) - (2 ,0). Spectra |
k‘were measured at 150 Mz with a Stark field of 900 V/cm and at 295 MHz
for a Stark field of 1200 V/em. Similar to RbCl, the J = 1 spectra could
‘not ‘be produced due to 1nsuff1c1ent deflectlon of the (1, 0) state.
Typical spectra are shown in Fig 9 whlch are the result of One to two
hour runs.' Although several clusters of lines were observed here, the
'resolutlon at these field values was 1nsuff1c1ent for determlnatlon of
the hyperflne 1nteract10ns other than a somewhat crude measurement of

the: quadrupole 1nteract10ns. The observed line frequen01es are shown 1n

Table XIV and the dipole moment values derlved from these. data are llsted }

“in Table XV along with the values found in the llterature.

The present d1pole moment measurements differ from Trlschka's by
nearly tw1ce his assumed experlmental error. The fact that the “I values
agree 1nd1cates a systematic error in hlgh fleld measurements However,

this was apparently not the case for. the CoF measurements described pre-

viocusly (see Table XITI). The present measurement of “I for CsF dl zgrees

quite significantly with both’ measurements previously reported. The
same method of flttlng “the data was 1dent1cal 1n both cases here.
‘ The nuclear quadrupole coupllng constants used 1n flttlng the

calculated and observed spectra were:

“eq@q = [2.5] * 1.0 MHz and 9@y = [1.5] * 1.0 Mz,

which agree'with Trischka's values of Slh[ and S]B[ MHz reSpectively,

i

B

e
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Fig. 9. The J = é, v =0 spectra. of CsCl observed at a Stark
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Tablé XIV;Y Observed line centers for _350s35Cl tranq1t10n= of the type
I (2, l) (2 O) All pos1t10ns are in KHz.

- Line ,'_”,_ S 900 v/cm R ieoo_v/cm

'-a . '-"1h6,845” '4j “ 288,780  "
b w7000 289,030

R TN R
b 1k9,815 20k, 760 -

a ;f- , 152;450 : ', 300,376 
b 152,640 300,580
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TablegXV,‘*Dipélefmoments of 36501 for the J = 2 rotatioﬁal state.

~ Present work

'Trischkau'

Teg o 203810

"ué S :v,  -lOQSOi(u) 

.HI'- ' -v , 0;058(1)’f

C10.Lks (k)

'\ 10.&2(2) o
. 10;476(22)?7_
o 10.532(2k)®

st
0.056(2)

' aCalcula_te_d here from the expression given in Ref. L, -
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Very little data on the hyperf1ne 1nteract10ns in NaI can be

E. The Radlo Frequency Spectra 0

' found in the llterature. Honig et al. ? have observed the rotatlonal
spectrum and obtalned quadrupole coupllng constants for the lowest four ﬂ“

30

vibrational states for the iodine nucleus and Cote and Kusch have re-
:ported the v = 0 quadrupole and spin rotation coupllng constants for the
~sodium nucleus. Recently we have learned of a weak fleld study by MBER
bundertaken by C. E. Miller and J. ‘Zorn which was reported at the Ohlo
State Molecular Spectroscopy Conference in September 1967

: ' The present experlments were performed at the 1ntermed1ate fleld
-values of 300 V/cm and M5O V/cm in order to determine- the dlpole moments
of the lowest three v1brat10nal states of the J = 1 rotational state.
Since the.1odrne_quadrupolevcoupllng constant 1svvery large, the spectrum
is .pread over a wide frequency'range. vDue to the.fact that'rather wide - -
' resonance llnes were observed, it proved quite satlsfactory to measure
_-only four lines for the v . l and 2 spectra w1thout loss of accuracy.
Measurement of more lines would not permit a more accurate hyperfine
'structure;determination,»while thevfour lines' chosen allowed determination
of qu'for both nuclei.. The agreement'of the'calculated and observed
lines 1nd1cated that the spln—rotatlon and spln spin terms were too small
to requlre 1nclu51on 1n the calculatlon.A Thls is borne out by the values
Miller and Zorn obtalned Wthh were all less than 1 kHz. The nine lines
observable between lOO ‘MHz and 1hg MHz were measured in the present work
for- the v O spectra only in order to be certain of the correct asslgn—
ment of the lines. » _ '

The calculated and observed line p051t10ns for all three vibrational
states observed are llsted in Table XVI. The molecular constanta derived -
: from_thls data are shown in Table XVII»along with the values from the lit-
erature:for comparison. -This is the first reportedfmeasurement.of'the |
electric dipole moment for Nal so no comparison is possible. v

A summary of the dlpole moments reported in this thesis alonp with -

all the values reported in the llterature can be found in Appendlx C.

@ .



- Table XVI. Calculated and observed line p051t10ns for
= 300 and 450 V/cm.

Jd =1 utate ‘and E

C

-43—.

'\\

5 ale

T in the

All positions are given in kHz.

'Line No.

Calculated : Cbservéd | Caiculated Obser&ed:
. 300 V/em | 450 v/em
v =0 o S -
‘a 146278 - 146285 243941 2k3961
b 145112 T1hs117 2h276T - 242782, .
c 137476 137517 - o C
d - - 136432 136475
€ 136355 136395
f 135332 v 135392
g 127638 127602
h 126575 126575 '
i 107017 107004 197590 - 197593
3 - 106041 106022 196457 1196489
v =1  ' : _ v i S . .
a 14845 © 148Lop 247630 247650
b . - 147270 147258 2L 6470 - 2heh82
i 108610 108607 200665 200665
J 107643 107628 | 199547 199540
v = 2 | v -
~a 150556 150558 251312 . 251353
b 1hglol 149k 250175 250192
i 110197 110188 - - 203748 203707
j 10923k 202650 202638

109247




. Tabie:XVII

-

Quadrupole coupllng constants and dlpOle moments for
in the J =1, v=0,12 states ’

25,121,

‘~~v %’o

v=2 o

Reference .

g )
| - k.072(5)
45.961'
- eq 0, (T)
B ‘-,-259 87(60)

ﬂ‘ a262.1§o(5)

TR 9.2357(50)

_s6e. oo(5o)t

<t‘:;&.95(5) .

5265;&3(505
-26h.52(65)

9.2865(30)

»,~5;98§5) .

-268.80(50)

267.59(L0)

- 9.3370(30) o

t eq,Q, (Na),

ea @, (1),

1

Hy

b 15 + 0. 06(v + 1/2)
‘ -260 30 - 3. u(v + 1/2)

9.210% + o.o5o7(v + 1/2)fi

O 07 MHZ

0.7 MHZ:

" Present

3k |
30‘1152 -

Present .

Ty
Ay

Present

0.005 D.
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F. Estimation of Relative Resonance Detection Efficiency

At thls p01nt it may'be of value to point out the increasing dif-
-flculty encountered when attempting to observe spectra of the heavier
alkall halides. The gross beam 1nten51ty for the heavier molecules. is
‘significantly less than that of the light molecules such as LiF. 1In
order to show that this is expected and to make a rough estimate of the -
| relative ease in extracting MBER spectra from the alkali halldes, the = -
_follow1ng calculatlons were made. _
The theoretlcal beam 1ntensity at the detector can be expressed
asjl | )
I, = 1.118 x 10% P by Ai/é - @
| o 7y’

Whére X represents_the molecule,' Ad' is the_detector area, AS .the

- soure slit area, [ 1is the distance from source to detector, p' 1is

' the source pressure in mm'Hg, M is the molecular weight, and T 1is
the absolute temperature of the source in °K The source pressure can '
be expressed as
20 X . a
o o ‘ (2)
X

Py = 7321 x 10
where ¢ is the molecular collision cross-section in em and A' is
the mean free collision path within the source. Combining these two
equations one obtains ‘ " ' o
ffaa (fx) " o (3)
2 o, \T ' ' o

X X .

1/2

= 818.5
AL

A reference molecule, LlF was chosen so that the intensity ratio could -
be calculated accordlng to Eq. (h) ’ '

Irir _ % LiF Mx ‘ ' (#)
% Cur \Tx Mur | - '
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ﬁere the as sumptlonls &Bt the mean free path is. identical for all mole-'
cules at. the maximum source pressure producing a stable beam. This is.
equlvalent,to assumlng,the effusive condltlon in wthh X' is approxi-

. mately equal to'the'slit'width. LlF was chosen as a reference since we
found it produced the most intense beam and 1ts spectrum likew1se exhl—
blted the greatest signal to n01se . The temperature used was obtained
experlmentally where p0551ble and otherwise estlmated from vapor pressure
' data. The crudest assumption was made in claculating the ratlo of =

_colllsiOn cross sectlons  Here o ‘was assumed to be proportlonal to the

© . area swept 4 out by a rotor of radius l/2(r + rA + ) 50 that
: /- \2 : L
4y - : -
Ix (r " Tyt Th)y SN ¢
X ode ) o (5

%lF : (ie;thrLi”+ rF)2 -

Where jrA; and rH are the atomic.radii Of'the alkali.and_halide‘atoms
espectively. '
Table XVIII shows these ratios for all the alka11 halides, along
w1th several other molecular propertles such as the velocity,

vy = 1. 22[(2kT)/M] /,, where k is the Boltzman constant, and xlOOO which:'
1s the dlmen81onless parameter lju/hB used for estimating the magnltude
1000 1nd1cates that the (1,0) state will not

__deflect sufficiently_far from the straight through beam. It should be

of beam deflection. A,large_l

‘pointed out that Eq. (1) is valid only when the pressure in the molecular
beam apparatus is sufflclently low so that no appreciable beam scatter
occurs, which is the case when' the base pressure is below 10 6 mm Hg, and

. that no colllmatlng slit or similar obstruction intercepts the beam,

which is not the case here. However, the effect of a collimating slit
will cancel out.invthe ratios calculated here.‘ It was found that the
experimental intensity ratio agreed within * 20% of that calculated for
the eight alkali halides with which the suthor is familiar.



Table XVIII. Relative detection efficiency calculations for-the‘élkali halide molecules.

I

S LT T []/ | [MX F” ur IR i Deeerien
(cm/sec) (%K) LiF x 1 M | X ® ()  efficiency
6Lt o0.215 79.3 1300 1 1 1 1 0.2 . 90 | 1
6113901 o.662 6.3 980 1.59  1.15 1.30 2. 0.19 70 6
6r11%: " o.7h6 4.3 %o 1.81 1.7 1.85 3.9 16.15_ Y 19
6141°77* ,0.950 3 9é5 2.17 - 1.19 2,31 6.0 Q,lé %) 6
- et 1.05 7.2 1300 1.5 1 1.30 1.9 0;067_ 100 9
22Na?” 2.71'_ 5.5 '1065’ é.l}v - 1.10 1.54 3.6 6;05h 70 :'u9
Ve %8F 3.8 b0 1005 2.37 1.1 2.10 _5‘7r 0.0235 50 158
w e 2T 5,00 3L %5 2.77  1.16 2.45 7.9 6.017_ 100 149
39%* o0 5.6 1085 1.1 1.10- 1.52 3.2 0.047 93 ' 22
9%t 5.5 4.7 1020 2.75  1.13 1.7k "5,h 0.018 0. 137
3998 8.59 5.7 9% 3.03 1.14 2.19 7.6  0.010. 7 o517
2%t 1.9 3.1 %5 349 1.7 2.58- 9.8  0.007 93_' 475 -
Ot 2.68 b1 1050 2.1 1.10 2.05 4.8  0.03+ T2 65
85001 .88 5.8 990 3.01 1.1k - 2.21 7.6 -“09011 BT 'hlo |
85RB793r 15.2 3.1 980 5.51' 1.15 2.58 ,9'8 0.605 | '36:’ 71:17u0
52T 23.3 2.8 g0 3.80 1.17 U 13.0. 0.005 T2 1980




N
Table XVIII. (continued)
o . T . : L e Pop. 80. elative
X Ay o B x o2 [ﬁﬂ’] [k— WP 5 sbund. Deteotion -
: (em/sec) (%K) "LiF - L X | Muar . IX .__(%) (%), Inefficiency

236s1%"  2.82 3.1 1050 2.33 130 28 B o.'oe9 "1oo' 10

B2ePa* g1 : '- 3.0 0 3.31  1.17 2.6'0 10.1 0 .009 73 4o
133(3s793_r‘ 0.k 2.7 © 950 3.63 16 2ie 12.3. o. 005 50 2625
133051271 33.5 ek 910 ‘14-.-1'6. :  1.17.' 322 15.7 0. ooe 100 . es1e

MBER spectra have been dbserved for these molecules.

%ere A = /hB where the -field, E = 13. 0l, is due to an applled potentlal of 1000 volts on the dlpOle
deflectlng fields, u 1s the dxpole moment and B .is the rotatlonal constant in- Hz.. : .

Cegm
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‘The gross beam intensity is onIy one of the limiting factors for -
' performing‘MBER-studies on & molecule.v Since a single'rotational ctat'e of
a particular isotopic species 1s elected one also suffers when the rota-
tional pOpulation and isotopic abundance are low. These problems are
further aggrivated by splitting of the_mJ states by the hyperfine inter-
actions. The estimates of the J =1, v = 0 state population in the beam,f
which are also given in. Table XVIII, were made}érom Eq. (6) in which the

molecule is con51dered as a v1brat1ng rotator,

N

J,v=0 th [BJ(J l)hcl Gt
oF + l - -
(@1 +2) om eo|” F|) ©
The population of the J = state is 67% greater than J =1, but the popu—

lation of the (1, *l) and (2 1) or (2 t2) states are the same, sO moving
to higher ‘rotational states will not give an increase in intensity in an
MBER experiment. | ‘ ' v B
The last column of Table XVIII lists the product of relatlve in-
tensity, relative pOpulation and relative.isotopic abundance of the most
abundant sbecies, The nuclear spin multiplicity factor was not included '
since it is somewhat difficult to inclu:de in this manner. An assumption
implicit in the foregoing calculations is that the efficiency for detec-
tion of all the alkall halides on oxygenated tungsten is 100% or at’ least
the same for each This is certalnly true for K, Rb and Cs halides but
somewhat tenuous for the Na and Ii halides, which would mean that the in-
eff1c1ency values for the heav1er alkali halides may be underestimated
'0f the molecules indicated by the asterisk only KF has not been
studied invthe spectrometer described earlier. We have found this order
of increasing difficulty in obtaining spectra to be borne out by experi-
ment with CsCl and RbCl being the most difficult encountered to date.
The large Jump from the Rb and Cs chloridés to the bromides indicates .
that obtaining spcctra of the bromides and iodides will be extremely dif-
ficult._ They have the added undersirable property that XlOoO is very'
large in addition to posSessing large nuclear spins. These molecules are
most 1nterest1ng from the theoretical point of view ince they are composed

of the most. polarizable ions, which means that their dipole moment are the

most sensitive in the model to be described in the next section.
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V. POLARIZABIE ION MODEL FOR THE AIKALI HALIDE MOLECULES

‘'I. Introduction

Over the past forty years a number of attempts have been made to
correlate dissociatlon energies anddlpolexnmments of the . alkall halides’ '
in ionic models. The. first models were rather simple. verslons55 56 )
which were adequate for the scanty experimental data avallable at the

time. As more data became avallable more complex models were examlned
: For example, Rittner57 followed Debye'! 558

the ions as polarizable. He used Paullng s polarizabillties59 and the

approach in that he considered

experimental spectrosc0plc_constants available‘to calculate dlSSOClatlon ;
energies and electric dipole moments, :The’agreement”with ekperimentally'
measured values was good, however, these experlmental values Were in many
cases 1naccurate or incomplete. Then Honig et al._9 ‘added to Rittner's

. model a calculatlon of the second Dunham coefficient, a hl They fOund

1°
B the agreement to be not very good for many of the alkali halldes._ When

more and better experimental data were avallable, Klemperer et al.LLE b3,k

found that thls ‘model would not predict the dipole moments w1th good agree—x

ment with the experimental values. Among the varlations which they employed

was a cons1deratlon of the electrostatic term of the potentlal energy as,:

first, that from a point charge or p =~ e /r which resulted in reasonable

‘We‘ and al values but poor p values Wthh required polarlzabllity con-

_51derat10ns like Rittner had used, and second, that due to dipole plus -
hlgher polarizablllties through the use of g spherlcal conductor model in'
the electrostatic:potentlal calculatlons. However, the 1nclus1on of

‘ higher polarizations destroyed the agreement of the a; values‘which had
ex1sted when only - the dipole polarization was included.

| ' Recently, K. Street Jr. and C. Hollowelll8 have modified thls

| polarizable ion model by including several’effects-previously neglected

' and by'determining the multipole'polariZahilities in a fashion which

"appears to be much‘more reasonable than that used,by Klemperervet al. who
forced the dipole'momentS'to it the experimental date in order to obtain
polarlzabillty values for caleculation of W and al The present work

is a continuation of this examlnatlon begun by Street and Hollowell and




. which represents as closely as possible Burns

as one moves to higher polarizabilities.

-

uses what should be a somewhat better set of free ion polarizabilities

and variation of polarizability with-internuclear distance as well as

‘inclusion of terms in the dipole moment which arise from the fields pro-

duced by multipolevpolarizations. As in the previous vork, values for.
the dissociation energy,.we, the Dunham coefficient in the potentlal

energy function, a.,. the dipole moment, u, and its v1bratlonal variation,

l}
Hys are. calculated and compared with a more complete set of experlmentdl

data for the alkall halldes.

B. Polarlzablllty Calculatlons

The method of determining the polarizabilities here is ba51cally
the same as descrlbed by Hollowell._s The varlation of polarlzablllty |
with internuclear separation is determined by an equatlon of s1mple form’
e calculated quadrupole,

octupole and hexadececapole polarizablllties for the alkall halldes at

To» the equlllbrlum internuclear distance. - In most cases these values

are smaller than the free ion values. The equatlon represents the in-

crease in polarlzabillty to the limit of the free ion value at a flnlte

*value of the 1nternuclear separation,'r. Since the quadrupole and

hlgher polarlzabllltles have a major contributlon in the outer parts of

the electron dlstrlbut;on, the value of r where & = inf increases

-The alkali dipole polarizabilities were taken to be:

B R N 3 -
QA_” aAﬂfrec ion) or o

while the halide dipole polarizabilities had the following form:

1 R
Oy = aH(free ion) sin

3/2/_mr
(2Fr )'
(o]
where F = 2.k, 2.2, 2.1, and 2.1 for F~, C17, Br , and I  respectively.
It shouldube pointed out here that the halide dipole‘polarizabilities

only follow the form of those calculated by Burns which are too low since



Hoe

he considered the s-p and p s contributions to cancel. Sternheimerh8'has-‘
shown this is not true for the halides Here the hydrogen halides and

- free. 'ion values were used to obtain the T values for the above equation.

- Burns 1ncluded all terms” in calculating the higher polarizabilltlesf.

50 that they should be more representatxve of the actual values.,_This
data was fitted by the following equations

qﬁ(r)‘%‘ai(free ion)d51n?z.<w§ig§7T—-;> . E ::‘oa y . <7ji
dé(rl %:Qé(free‘ioh) Sinezl([Fio}J%}fEFTfé) - : . _(8)i
F(F) = 2.9 | F(Cl“)_: 2.6 -F(Br',i’) = e;h_

'These are the polarlzabilitles at r where £ = 2 3,4 and 5 represent
.the quadrupole, etc polarlzabilities, ry ‘is Pauling s crystal radlus
and aA H(free ion) are the free 1on polarizability viéues.~ The free ion
polarizabilities used here are from a cons1stent set. 7 .of" dipole polariz—
'abilities obtalned by.a seml-emperical extrapolation of p051t1ve 1on

' polarizabllities (estimated from spectroscopic data).. They are only

slightly different from those used by Hollowell° The- values employed

here are:
ion i\free 1on) A; Cdion - gé(free ion) %
Li 0.028 ‘ F 1.62
+ - : : : - Co
"~ Na 0.8 . c1 5.10
+ ' - .
K S 0.811 Br ‘ 6.60
+ R : - , .

Rb - 1350 I 10.10
Cs , 2.250

The higher or f{-pole free ion'polarizabilities were calculated from these
dipole values according to a slightly modified spherical conductor model

where, o : o 1_2 a2 (1

i LN
ax(free ion) = T

in which a is the radius of the spherical conductor for £ = 1, and
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k(Cl™, Br, I) =

" C. Dlssoc1ation Energy Calculations

Follow1ng the same form as in prev1ous models, the potentlal energy

is expressed as:
Wby * g - ofiS @
~ "E  "Rep o ' : o

in which ¢E is the electrostatic contribution, ¢Rép'fis the repulsion_
terms and c/r6 is the Van der Waal's term. Here ¢E contains all the
terms arising from the multipole electrostatic interactionsvof the two

lons. Since the treatment is identical to that described by Hollowell we

~ will not go into detail here concernlng the derivation of the final

equations used to compute the electrOStatic potentlal energy.
The {-pole moments are computed through the solution of the s1mul—'

taneous equations

k T P (m) o]
p (1) _ ot l ef! s H(,) §m+l)!1 (10)
A A rl-l m;1 rm+£+l m!
_ { LT
o (m) oM. emt PA‘ : (m+g)! (11)
H - 7H m+l - mttl [ L
v L =1l r o

in which m and

ments give insignificant contributions.

energy of the ions is thus described as follows

1

take the values 1,2,.

«+9 since higher multipole mo-

The electrostatic potentini

2 Te PA(I)(I+1) pH°n>(m+1)
bg == - j- - MR N>
e @ =1 r m=1 r

() 5 (m)
]' Py Pu C(mt1)
o —l m—l ’r£+m+2 £y mt-

in’which the polarizabilities discussed earlier are used.



o

The repulsion term is 51mply Ar 2 r/p .

P lare_determlned.through the,relationshlps' D

'(_d'r)rzr 0. .. end = ( 2> o=k
S e ' P - o\dr rer, .

' where the. force constant k, is derlved from the v1brat10nal frequency,

-  ,iv.‘“ e
Yo m<%>_‘_

v, accordlng to:
o’

where

“A ‘is the reduced mass. *
o The Van der’ Waal‘s attract1ve force constant is determlned by the
50 . :
relation: -
(II : "-!
,-_gala Iy EH
¢c=o% (II)

T EH

in whlch IA(II) 1s the second 1onlzat10n potentlal
and Eﬁ is the electron afflnlty5 of the halogen atom

ol of the alkal1 atom‘

The dissocistion energy, W o 18 then calculated from Eq. (9) and.

‘compared with the experlmental value obtalned from the follow1ng
. + - +
W, = D I EH l/2hv

(0

is the flrst ionization potentlal5 of the alkali atom. These,values areg_'
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in which- D - is the dissociation energy 1nto neutral atoms and IA

..'tabulated‘from compar;son‘in Table IXX. In the same table‘are'listed'theu

calculated and observed a; values. These are computed from EQs.l(lQ)

1
and (13) below:
. - rzw“'(re) . - ) ) . ~
al(calc.) = ——5 - 'A . (12)
21 kT ' V
()
and . ’
o 0w N .
aj(expt.) = ——%= -1 (13) -
5 6 B,

The values of A and ..



Table IXX. The calculated and experimental values of We and a

for the alkali halides.

1
We(calc.) o We(expﬁf)a' A . al(éalc.)‘ al(expt.)‘ A}
LiF W7ok 27,930 -0.01k ' -2.558'; B -2.7olb’°‘ © 0.163
LiCl 6.533 - -6.560 0.27  -2.672  -2iraad - 0.049
LiBr -6.14k ~6.380 0.236 -2.70k - -2;718e’f’g" 0.01k .
LiT -5.789 ~5.990 0.6l 2.3 2.730%88 013
NaF  -6.651 -6.640 -0.011 -2.935 _ ~3;1353’k{; 10.199
NaCl 5.661. . -5.650 -0.011 2,974 -3.076" | 0.102
NaBr -5.376 5.530 0.154 - =2.979  -3.086° 0.067
NaI -5.066 5.220 0.5k 2,982  -3.016° 0.03%
KF 5.92% -5.990 0.067 3.067 . -3.116" 0.049
KC1 4,987 - -5.040 0.055 - -3.2%2 - -3.226" - -0.005
KBr 4ok 4890 0.147 3126 0 -3.242%0° 0.116
gk k580 0.116 3.169' . -3.246° 10,078

RbF- 5.695 - =5.770 0.077 . -3.1k0 531350 ~-0.005
RbCl L7610 4,810 0.049 -3.388 3297 . -0.091
RbBr h.537 4720 0,183 -3.397 33265 -0.072
RbT 272 Az0 0158 - 3223 3.3 oum
CsF 5.519 -5.640 Co.21  =3.128 - -3.0%"  -0.0%
csCl 4535 .70 0.235  -3.595 33190 -0
CsBr L, 315 4.710 0.395 64T . 33TTS 0 -0.270
CeT 4068 kAo - o3k2 o 3.670 3.20° 0 -0.2h1
qRef. 55  CRef. 55 ®Ref. 57  BRef. 59 JRef. 60 - TRef. 62  "Ref. 23
PRer: 5k ' h

YRer. 56 - 'Ref. 58 "Ref..9  "Rer. 61  "Ref. 63  CRef. 6h

—

e
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where (r ) is the third derlvative of the potentlal energy. It o
: should be noted that the agreement of the calculated and observed values
of the heavier alkali halides’ is much better than Hollowell achieved w1th

dlfferent polarizability values

'D. Dipole Moment Calculation

Prev1ous calculatlons of the molecular electrlc dlpole moment have

38 57

all been based on Debye's approach for the hydrogen halides ' thtner

considered the dlpole moment as a sum of the terms due t0 charge separatlon_:'

and the 1nduced moments on each ion aris1ng from the dlpole polarlzability = o

of the ions. This representation is described by the follow1ng equations L

and sketch: o
i - er
™ iy
RIT.
K .
RIT _ . _ _
b = e m My T My
1 l
r e(a + ) + M re @
A, H
HRIT - er - 6 u — .
- aA.aH

'vhere 'uA‘ and uﬁ are the moments induced on the alkall and halide ions

respectively. This 1nterpretatlon predicts dlpole moments which are 15-

25% lower than the experimental values.
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Hollowelll8 Has gone one step further and included ‘a term which
reprebents the repu151on 1nduced dlpole moment that results from the re-
dlstribution of electron density in the inter-ion region. He con51dered‘

the repu151on force on the hallde to be

T=- Eh U,

in whlch Eh is the field at the hallde kernel (hallde ion less the elght

.valence electrons) of charge =_%7e. This field arises from the re-

q
‘pulsive interaction which causeg a ' redistribution of electron density

: hetﬁeen the.ions} ‘Since. the halide ions are much more polarizable than

| the alka11 1ons, this change in electron distrlbution would be expected

to occur mostly on the halide ion. A sketch of how these 1nteruct10ns

affect the dipole moments is:

wheré Ry and uh ~are the re0u151on 1nduced dipole momente. " They are
evaluated from the follow1ng consideratlon ' Consider only the outer
electrons of the halide ion whlchvvarles in charge deneityvin such a
.-manher that the field in the 2z direction\can be expressed
BB, = rez -T2
h h v
where rhkyls the effectlve ‘distance of. the changlng electron dnnulty, 59,

from the core and 2] represents the angle between the vector Ih and the z-

& .~ & cos.B

axis.



& =8 r, cos 8
Coeu L3
¢ 8E " Tn
o ‘ -‘3 e . . 2.
e R E
' Thé‘field E - at the=halidé core produced by repulsion effects will i
thus be-@ué‘to Ei-_plus the field produced by the small repulsion dipole
. moment.;gé- of the alkali ion. Moments produced by higher order multipole
terms are'smallvahd”thﬁé neglected. This;field'may be written: v
B -5 5t - o @y
B . , . W
h e '
Here r =~ 1is expressed as a function of the alkali halide internuclear.
separation, i.e. rh';:yre vhere 7y is a scaling factor of the inter-
nuclear distance, rg. Since By should be smaller'thén_ uhfin propro-
' tion to the respective dipole polarizabilities, the following relation
is introduced: , ' ' o '
’ Ha = p_h .
Combining these eguations, one obtaing for the total repulsion dipole
moment '
REP £ .33 PR
v = U - MU = —'—'Y r (15)
_ By T Hy a, AT
The total‘equilibfium-dipole moment can be then expressed as: ' a -
: v 4 ( v .
: RIT + REP v ‘
g =R g o | ,

e e
and éompared with the experimental values which have been expressed in

» the form:
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= + +
Hy = He ”I(v 1/2)
where VvV ie the vibrational state and 'ui 'is the vibrational varietion:
of the moment. The theoretlcal or calculated R values come from an

-: anharmonic oscillator approximatlon of the vibrational motion (see
Ref. 18) which results in: '

.- B 2\ | o
(W) =p * |-2a, = (%) + =22} | +12) 0 (16)
v. ¥ e - “°1 (De (dg)g=o L0 d§2 E=0| o . _ .

Here ¢& = (r-fe)/re. and the term in brackets is the calculated 'ui.‘ ]
In the present work an expansion-on the Rittner portion of the
dipole moment and its vibrational variation has been performed Here _
we have: 1ncluded the. contrlbutlons of the quadrupole and ‘higher mu]tlpole"
polarizations to the flelds producing the dlpole moment " S0 instead of J
calculatlng MA (a?d My a?lgrev1ous workers- have- done, we have used
. the fact that P and P are determlned by the solution of the

A H
simultaneous Egs. (10) and (11) Sinceé the field at nuclear H is:

Z (z) : : _ o
41 - \ | |
R A M S
.‘o I | ~
‘and similarly for nucleus A (substltute A for H), the dlpOle moment due

to con51der1ng terms up to { =5 1s, thus

f(l)v. (i)v5 (Zfl) P&?)

by = g aH'_.g,‘,rz+2 (18)
@ st
o) mogt B o -9

On' r

~ The total dipole moment can thus be expressed:'

POL , REP
He = K
| REP
= - + +
He = ©F (y “H} W
p(1) _ p(1) , FREP

=
i
o
R



Similarly, the_ uIv.value are calculated by taking the appropriate deri—v
vatives of Egs. (18) and (19) above and then substltutlng into Eq. (16)
‘So Ky can ‘be expressed as: ‘
: - POL.,  REP o
Hy = Hqp .+uI'
_ Table XX lists thegcalculated'and'observed B .and' ui.‘values“ ‘

as well as the values calculated by Hollowell Here the‘best fit was"ob—“ v
- tained w1th Y = 0.77 and B = 0,12, The. agreement is qulte good, especlally
con81dering the dlsagreement Klemperer et al. Obtalned when adding the'
multipole polarlzatlons to their model. The present dipole moment results
agree w1th experlmental values as well as 'did those calculated by
Hollowell while the W and al' results from the model here are in
" better agreement than were those in. the earller work.

_ There are certalnly some weak p01nts in this model, espe01ally

in regard to the repulsive 1nteract10ns, and the model is certalnly not
unique. The variatlon of the polarlzabllitles with internuclear dlstance
-is only a plausible estlmate. However, the agreement obtained here is
encouraglng in that a completely 1on1c model which includes (although
rln a very over slmplifled manner) all the maJor effects expected, glves

a qulte good account of the alkali halides.




-~ LiBr

. Table XX. The calculated and experimental dipole moments of the alkali halide'molecules.

‘U£OL uigP u (cale.) u_(expt.) ue(Ref.l8) ] _uiop N uiEP ‘iui(éalcf) uI(éxpt})-‘v
LiF 5.547  0:803 6.350 - 6.28u? .22 0.0916 . -.0150° 0.0765  0.0815
1iC1 5.743 1.210 7.05% - 7.085° C6.981 0.0980 -.0203 0;6777 04081u?_
5.524 1.562 7.086 ' 7;226b' - 7.176- 0.0992 o221 0.0771 0.0775b
IiT 5.402 1.871  7.274 C7.387° 7.40% 0.1008  -.0245 0;0785 0.0776°
NaF - 7.350 = 0.907 8.257 Sgae3 - 8.08 0.0751 . -.0140 - 0.0610 o,oéand
NaCl  T7.640  1.h01 9.041 8.972° 8.946 0.0722 = -.0162 ~ 0.0560 0.0595°
NaBr  7.493  1.637 = 9.130 9.092° 9.135 . 0.0676  -.0160 - 0.0516 0.05%0°
CNal  7.369  1.959 . 9.308 9.210% © 93kT . 0.0673  -.0169  0.050k 0.0507f
KF . 7.545 1.132 . 8.676 8.5508 8.555 . 0.082k  --.0160  0.0665 0.0690°%
KC1 8.410  1.755  10.165 _ 10.239®  10.2k2-  0.0778  -.0193  0.0585  0.0600% . .4
KBr 8.4kl 2.020 10.461 - -10,603h ~ 10.633 0.0648  -.0168°  0.0479 0.05oéh -55
KI- 8.551  2.329  10.860 | 11.105  0.0638  -.0175  0.0463 -
RbF 7.309  1.238 8.5u6 - 8.513° 8.5k 0.082k 0158 0.0665 0,0665f_ :
RbCl  8.k01  1.989 1o.§85f _10.#85f - 10.519: ©° 0.0757 =~ ~.0197 - 0.0560 - o.o5ufj
 ReBr  8.478 2.297 10775 11,013 0.0617  -.0L7L  0.0uk7
RbT 8.632 2.63%0 11.263 . 0 11.632 - 0.0518 = -.0148 ~ 0.0370 :
CsF 6.337 1.3 7.7129 - 7.8k9% -.7g791, 0.0888 -.0163 0.0725 - 0.070uT C
cscl  T7.926 2.381 10.307 10.358° 10.508 0.0854 .  -.023 . 0.0618 0.058%
CeBr  8.066  2.784 10.850 - .. 11.17k4 0.0680 -.0201  0.0479 '
CsT © 8.3 3.155  11.501 7 12.048  0.0608  -.0190  0.0418
aRéf. s °Ref. 9 - SRer. k0o  BRer. %3 -
bRef. 58 | ' dRef. 61> ' ‘ _fPreSént‘wbrk : hRef. 85
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APPENDICIES

A. Molecular Beam Detection Studies

 As was mentioned previously, oné of the prime limltations of the f

'MBER technique is the detection of molecular beams. The ‘most useful

method of detectlon of molecules containing atoms with relatrvely low

1on1zation potentials is surface ionization on hot ‘tungsten. More

66

vspecifically, MBER studies of only the alkali halides, Ba065, sro™, and‘
oM halides have been. reported primarily because of this limitation in ‘

detection eff1c1ency for elements possessing high ionization potentials
(Table A-I shows ionizatlon potentials of a number of. elements) Some
experiments which utilize both polycrystaline and 51ngle crystal tungsten
filaments were performed in order to determine the usefulness of a 51ngle
crystal as a MBER detector.

A number of other beam detectlon technlques have been employed for

MBER studies, e.g. the outdated Pirani gauge and the more recent innovation

of electron bombardment. The electron bombardment technique holds the
most promise as a general purpose detector, although a highly efficient

ionizer of this type has not been developed yet. The only molecule which

has been studied through the use of such'an-ionizer,iS'HF.]f2 This molecule;

being a’gas andvhaving little hyperfine splitting,'has the advantage of

larger populations'in the low rotational states than do condensible mole-

cules which'require high temperatures to produce a beam, such as the
ox1des and sulfides of the alkaline earth and transitlon metals. Auger
detectlon has also been used in the study of metastable exc1ted states

10,67

with molecular beam techniques however this method is not applicable
to detection OfAlow energy beams of ground state molecules which are pro- .
duced in normal MBER ‘sources. | ” |

Work on another type of general purpose 1on1zing detector, Wthh

uses a microwave produced gaseous discharge,‘has also been performed and

E is discussed later in this section. Although this so- called "plasma"

_detector did not function as a detector; it has potential as an ion or

excited state source for other fields of investigation.
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Table ArI.: Ionizatibn potentials and electronegétivaties 6f a nUmbér‘of

elements. . :
. Element - Icnization Potentiall! = Electronegativity*®
I Ir A
- oes® 0 3.87 ev . 23.4 ev . 0.7 -
- Rb* 4,159 | 27.36 0.8
K* S 4318 31.66 - 0.8
Na* - 5,12 47.06 0.9
oBa* 5.9 . 9.9 , 0.9
Ra. . 5,252 co 104099 - - 0.9
Li* . “5.363 - T5.26 - 1.0
- La - 5.6 11 1.1
. Sr* 5.667 . 10.98: 1.1
In 5.76 - 18.79 S 1.7
Al 5.9 . - 18,7k 1.5
Ga 5.97 - 20.43 S 1.6
T1¥ 6.07 - '20.32" 1.3
- Ca - 6.09 o 11.82 . 1.0 -
Sn : 7.30 1.5 1.8
~Pb 7.38 S 1h.96 1.8
Mo 7 7.1 15.70 1.5 -
Ag 7.542 21.k 1.9 .
. Co 7.81 C17.3 1.8
" Fe 7.83% 16.16 1.8
W 8.1 , - 1.7
Si 8.12 - 16.27 - 1.8
ca 8.% - 16.8k S L.
. Zn 9.%6 17.89 1.6.
Se . 9.70 21.3 2.k
- Hg 10.39 18.65 1.9
‘T 10.6 .19k 2.5
- Br - 11.80 ' 19.1 2.8 .
Xe - ©12.08 - o2l.1 -
cl- 12,952 23.67 3.0
0~ - 13.55 o 3k.93 3.5
Kr 13.93 . 264 : -
- Ar 15.68 o 27.76 - : -
F 17.%4 -3k .81 ho
Ne o2l - ko9 j -
He - 2hke > U LY -

*. : - R v )
Molecules containing these elements have been successfully detected by
surface"ionization on tungsten in MBER experiments. . .




2. Surface Ionlzatlon on Tungsten

~ Congiderable research has been performed 1n the field of ionization
on hot metal surfaces since the productlon of positive ions by surface ‘

68,69 -

ionization’ was first reported in 1925 The. most up .to date review

article of the author’ s acqualntance which covers both positlve and nega-

70

tive surface ionization is that of Zandberg and Ionov.-

Tl

In his thesis, Wernlng points out some of the reasons which ex-
_plain dev1at10n from Sgha-Langmuir theory Which various authors hare.re—
ported. .In high work quantitative agreement with the theory is obtained
under conditions of moderate ultra high vacuum (5 X 10-9‘mm Hg) and very '
high temperatures where interferring\mechanisms are not important. ,He 4
finds that»most deviations from the Saha-Langmuir theory can be explained
- as due to chemlcal reactions between the 1onlzlng species belng studled
‘and the 1arge quantltles of 1mpur1t1es in well aged fllaments of tungsten,
tantalum and rhenium. In some cases discrepanc1es are due to vacuum
1nsuff1c1ent to reduce oxygen or fluorlne sources below the 1nterference
level. _ v ‘ L _
Our interest here was not. to investigate workvfunctions of ionizing
surface or the agreement of Saha-Langmuir theory w1th experlment but
rather to determine the behav1or and efflclency of tungsten at varlous

T Hg) with

temperatures and oxygen pressures in hlgh vacuum.(5 X 10
the objective of molecular beam detectlon for MBER experlments For
this reason no special vacuum or 1on accelerator and colleotor equlpment
were constructed, the MBER apparatus described earller was used with
polycrystaline and 110 surface of s1ngle crystal tungsten72 serv1ng as
detectors. | ) . ‘
" Fquations (1)-(4) in Table A-IT show. the dependence of ionization -
on the surface work function, ¢, the atomic ionfzation potential, T, and
the surface temperature, T, as predicted from Saha-Langmuir theory.' As

is well known, oxygenated tungstenhacerhigherwork function than the un-
oxygenated surface. Table A-TIT lists measurements of the work iunctlon
of oxygenated polycrystallne tungsten found in the literature. ~The basic
premise of the present work is derived from this fact. Since a substance .

of high electronegativity such as flourine or oxygen (see Table A-I) which



Table A-Tf. Equations deseribing ideal surface ionization behevior.
‘ o) & ri on

Saha-Langmuir Eq.

i, o (120 7°) . [-er
ion 1 exp | —=—
latom aﬁ Jsat ‘ | KT

Richardsoh'Eq.

Tsat = A eva[kT ] |

Langmuif—Kinngn Eq.

“ion _ fi! e fffi:.fﬂ.l
i To P TRT

atom a

Fraction of particies leaving surface as lons:

g
i

It

1t

n : w : .
+ : gt I -¢
= . == [ J— ——is [
n, + n + W exp [ kT ] :
o Sa

ion or atom current
stastical weight
‘electron current densit
temperature (°K)
atomic ionizétion'potentiai (ev)
‘surface work function (ev)

number of positive ions emitted by

number of atoms emitted by surface

-4

ty at saturation

(2)

(3)

-t
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Table A-III. The variation of the work function of oxygenated polgﬁrysté%r*  3
. line -tungsten with temperature’as~reported‘by Haque and Donaldson.™™ =~ - .~

. Temperature - Work Function
R (e
Som03 T 682
1% 665

1298 -_f»-'f ‘-j"‘V 6.22 S
C1503 0 66 e
- 1649 - B  >f'.5,8u'I“ - Co
% L b
2000 kB0
o203 . k0
eTs S hes
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has reacted with polycrystaline tungsten causes ‘an 1ncrease 1n work function-""

and v1ce versa for substances of electronegativ1ty lower -than tungsten 85
1t was felt that by starting with a surface of higher work function than '
: non—oxygenated polycrystallne tungsten one might obtain a work function -
* for the oxygenated surface which is s1gnif1cantly larger than that of the f'ﬁ
”oxygenated polycrystaline tungsten Table A-IV shows the values of the
work functions of various crystal planes of s1ngle crystal tungsten which
i have’ been reported in the literature.« - v
‘~ ' A number ‘of runs’ Were made which used five standard polycrystallne
'f,filaments with 7Sr and 7Li as beam material and a: base pressure of ‘about

;h X:10 -1 mm Hg in the detector chamber. In. some runs oxygen was directed _
‘ on the filament through a variable leak. Very slight increase in inten-;”?
'51ty (less than a factor of 2) occurred up to about 1x10 -6 mm Hg - at
: which p01nt the 1ntensity would decrease due to substantial beam scatter.:
' Figure lO shows the variation of ion intensity with the inverse of the
surface temperature for the average Sr and Ii experiment. The same type
curve was obtained for oxygenated tungsten, but shifted slightly along
the ordinate.‘ Surface temperatures were measured by means of a Pyro
: Micro-Optical Pyrometer which had been calibrated against a standard

»»tungsten ribbon filament lamp. Runs were made by 1ncreas1ng and decreas—

~ .. ing filament temperature w1th the same - behavior resulting in each case.

‘ Similar experiments were performed w1th a single crystal filament‘
- with the llO surface exposed.72 The results are shown in Figs. 11 and 12.
As one would expect the high temperature portion of the curves for the
‘two filament types are quite different s1nce the non- oxygenated surface
work functions of polycrystaline and llO single crystallne tungsten dlffer

1y,

by about 1 eV. The three relative maxima observed with 'Li on 110 tung-

NG on oxygenated' poly-

sten agree with similar observations by Weierhausen
crystallne tungsten. He explains the behavior on the basis of three types-
of adsorption center and calculates adsorption energles of 4.5, 3.1, and

1. 7 ev, respectively.. A careful comparison of his work with the mass
spectrometric study of the oxidation of tungsten by Schissel and 'I'rulsonr{,‘L
indicates that the three sites are composed of W 2 6’ W’O3 and W02 respec- o

tively, since these are the predominant ionic species emitted at the
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_Table A-IV. Some measured work fUnctlons of several crystal orlentatlons
. for'tungsten. All values are glven in electron voltc ’

Method Ref. - - (110) (112)(- '(111) (216) (100) |
Fleld ~ oo |
~ Emission G h.e5- k.39 . h.30
Surface , : ' L
Tonization - 79 5.h1(4)  Lbg(k)
‘Thermionic - S o |
Emission .80 - k2 hi65 - .38 k29 - k52
| 81 5.22(1) | borh (k) S )
82 . 5.30 I . " L.66

85  5.33 o k65
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'corresponding temperatures; This behavior was not observed for thefpolyé
‘ crystaline filaments used in the present work. We can account for this
discrepancy only'by assuming the filaments used'here had not recrystalized .
as uniformly.as did Weierhausen s. A truly multlcrystaline surface would
average the effect out to give smooth curves like those observed. The
110 filament showed somewhat different behav1or after it had been treated:v
_with O2 than . before oxygenation.v This.is especially noticed in the low
temperature region where. improved response characteristics were observed
. but 1onization was less than at Very high- temperature A‘good explainaf"
tion for this is lacking. :

The behavior of all filaments above 2000°K was contrary to uhat
is expected from the‘Saha-Langmuir theory, i.e. a negative slope should
vbe obtained when ion current is plotted against l/T (see Reynold's study

of Sr on 110 tungsten79)

This is to be expected cons1der1ngvthe ambient

:pressure in the detector chember. One might"argue that elements with v
- higher 1on1zat10n potentials should have been used in this study for more.
dramatic effects. This would have been desirable had beam intensity and
stability not been somewhat of a problem even with the elenents used
‘since the beam source vas about 1 meter from the detector resulting in a
loss in intensity of abdut_lOO;lOOO times compared to other surface ioni-
Zation studies;v In'fact:-for this reason it was impossible to estimate
the relative efficiencies of the two types of filaments used here, as was
desired at the outset.

Oxygenation of the 110 filament did not produce the factor of 10
1mprovement in detection eff1c1ency relative to oxygenated polycrystallne
tungsten as was expected, but on the contrary, showed a degradation of
the uniiorm efficiency observed prev1ous to oxygenation. This change 1n
behav1or after oxygenation might be due. to etching of the surface in such
a manner that planes other than llO are exposed. This possiblllty has
75

been suggested by Fred Reynolds who noticed s1gn1ficant changes in the
Laue patterns for 110 fllaments heated in ' poor vacuum of about

r,l X 10 -6 mm Hg, thus, exposure of other crystal planes is indicated.
Since the 110 filament ‘showed evidence of better efficiency than the

polycrystaline one at high temperatures, it would be useful when working
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with elements which normally exhibit poor response charecteristics at
moderate filament temperatures (below 1600°K) such as la, Srjrend'Ai.
However, operationIOf such a filament at pressures of 10-6 - 10'7 mm Hg
'mlght result in a very short effectlve llfe of the llO surface, especially

1f a large fractlon of the re31dual gas 1s oxygen.

3, Mic‘rowave Dis'charge Ionization

‘Microwave dischérge’cavities have'beenfused;fairly extensively as
4exc1tatlon sources for . studying atomic spectra of gaseous elements or of
condensable elements through vaporlzatlon of the substance by heat from.
“the dlscharge gas. . It is well establlshed that metastable and 10n1c
species can be produced in a static gaseous system without - undue heatlng,
- the need for electrodes or for high voltages in mlcrowave.produced dis- .
 charges. . Afnumber'of cavities msed for these‘studies:have.been designed

by Broida et al. T

who made a study of the Operatlng characteristlcs of -
:cav1t1es w1th various shapes. _ ' ,‘

» Since these,sources can prOduce highlyvionized‘speCies, we felt
that they might‘serve as a molecuiar beam:ioniZer if the dischargevcould

-6

be operated in ‘vacuum ‘of the’ order of 107° nim Hg. 1In order to try thls

. technlque as a beam 1on1zer we chose the most, vers1tal and efficient of

the cav1t1es descrlbed by Br01da et al. as a dlscharge source. We de-
termlned that a stable discharge could be maintained in a dynamic- system,
1.e,vcont1nuous mechanlcal pumping on the dlscharge tube while maintaining
a pressure of sbout 50 to 100 p Hg'vié a gas leak. Since this‘initial'
experlment was successful we decided to adapt this cavity so that it -
could be operated while completely enclosed in a vacuum envelOpe.

The cavity was number 5 in ‘Broida‘s work and the dlscharge tube
used here consisted of sealed concentric quartz tubing of 13 mm and 9 mm
0.D. (see Fig. 13);> The space between the two tubes was open to the out-
side ahd used to introduce cooling air while the inner tube was Open'to‘a
variable leak foriintroduction of the discharge gas. The microwave fre-
jquency of 2450 MHz was produced by a Burdick model MW-200 microwave
dlathermy unit and fed to the cavity via coaxial wave guide. The’ clvity—

wave guide vacuum seal was made by O-rlngs seated in teflon plug which



it

d

d 'Illlllll e,

PSSz
-5

‘cooling -
air —»
outiet

-T5-

VP RBIOIIIRCIINI IS ISR IR TGS,

\
N
A
\
N

X ZIP IR T I22X2TI2X XTI 222 22

electrode B’

cooling
<+ qair -
outiet

7 <
7 2
RS
|2 v

‘discharge
«+— gas
inlet

S ANNAANNNAN

m

in

XBL 6711-6034

Fig. 13. Cutaﬁay view of the microwave cavity and dis;harge tube.



s 41

;76-

also served as a support for the center conductor of the wave gulde. The }.-
whole assembly was mounted on one of the maln chamber port covers. Pro-
v1sion was made so that the cav1ty and dlscharge tube . could be moved while
under vacuum so that beam allgnment could be: performed The tuning stubs
.were also adgustable from outside. | |

Initially the ‘beam entrance cons1sted of a 10 mil sllt in a flat
disk placed on the end‘of the discharge tube.and the ion exit cons1sted _
of a l/32 in.. diam hOle in a similar disk. It was immediatelyvavious o
that the -entrance and exit apertures were unsatisfactoryisince thefpumpf
ing speedrof the chamber_Was inadequate to maintain lO-§ mm Hg while the
discharge tube maintained about 30-50 um Hg which was necessary to obtain
a stable discharge., The final working design of the apertures are shown
in Fig. 15 along with the ion extraction electrodes whlch were made of
tungsten wire mesh. The necessity of des1gn1ng the apertures 1n channel
form certalnly is a serious problem both in allgnment and 1on extractlon.
However, if the carrler or dlscharge gas 1s He, Ne or Ar, elements which '~
. require less energy to ionize will ‘be maintained in ionic form even while
traveling through the long metal tube at ground potentlal due to a
buffering effect of the carrier gas.

A quadrupole res1dual gas analyzer (Electronlc Assoc1ates, Inc.,
Palo Alto,‘Callfornla) or mass f;lter was used to obtain mass spectra
from the‘ion output of the discharge. Typical mass spectra of the ions
extracted from He, Ne, and Ar discharges are shown in Tigs. 14 15 and
16. The. background 1ntens1t1es, which are espec1ally high for the Ne and
Ar dlscharges are prlmarlly due to Auger'de—exc1tatlon of excited species
- on the first dynode of the electron multlpller. Since they are non-
1onlzed species they are not affected by the mass filtering electric
".flelds of the quadrupole. This effect can thus be largely eliminated by
placing the quadrupole axis at a slight angle to the ion beam axis. Since
the Ne dlscharge seemed to glve the best Operatlng condltlons with respect
to dis charge stability and main chamber pressure (see Table A-V), it was
used while attempting to detect a molecular beam. Several gases, namely
HC1, SO2 and HQS were used as beam material as well as the'condensible

LiF. Unfortunately these'experiments were unsuccessful. The only indi-
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TabléaA-V;- Opordting chardcterlutlcs of microwave caVLty and dlscharge
' ' in hlgh vacuum.

Discharge -~ = Chamber Discharge Forward Wave . 'Discharge
@Gas . Pressure Tube ' Power. , T -
(mm Hg) Pressure ' _(120 watts max) S
Cmm)

& 22x100 0.055'] 104  Stable
R . 0.020 - 10% - Stable
0.015 . 104 - . Extinguishes
.0.015 - ' 25% S Unstable
Ne 1.8 x 10~ 0.100 - l0% Stable
' 1.5 X 10'6,. 0.050 - 10% - ~ Unstable
" Ee  esx10° o000 108 . Unstable
' - 0.100° - 20%6 . Stable
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cation of detection of the beam'materialbﬁas with HCI where a weak mass.
peak at mass 35 appeared but_would not disappean when the beam was
aattenuated. This seems to indicate a long time constant, however, a
| rough calculatlon whlch assumes 1deal gas behaV1or, a dlscharge tube _
- volume of 5.3 cc and gas. temperature of 1500 c 1ndicates that a complete
change in -volume occurs every mllllsecond which suggests a short tlme
constant in response.

3 The m0st llkely reason that a beam was not detected 1s that beam
escatter was too great since the. dlscharge gas was also actlng as a beam
source. Thls llkelyhood is reinforced by the fact that a long channeil :
entrancezwas'neceSSary.. The mean free path in the channel is quite. short
which would mean several collisions would oceur before a molecule could
enter the discharge reglon.v ‘

Although th1s technique does not seem to be useful for beam de-~
‘tection, the dev1ce constructed does serve as and 1on and exc1ted state
source as the spectra ‘shown above 1ndicate. The spe01es shown in the
three figures are most‘llkely due to the fact that the quartz tube was
cleaned with alcohol previous to use and-also to organic impurities in
the dinert gas cyllnders supplying the dlscharge gas. If one would like
to produce an ion beam of a condensible substance, it would seem to-
suffice to coat the inside of the discharge tube with the substance or
make the extracting electrodes of it. This type of ion source also has‘
the potential to produce’multiply-charged species in somewhat greater ‘

quantities than possible by other methods.



Table B-I. Multichannei analeef data retrival System-electronic equipment;n

. Unit -

- Switch programed time base osc1llator _
‘_Programed coincidence scaler (0~-9999 channels)

- Model 33 ‘Menufaeturer
Trans1storlzed llnear pulse ampllfler _ \LRIFepian No. 15xA845.
Inverting amplifier (galn 1-10X, zero offset) " LRI Plan No. 13X1450
Frequency or pulse scaler (0 to 108 counts/sec; o e
with 5253A and 5253B plug-ins the countlng - - Hewlett-Packard Co.
‘range is extended to 500 MHz). - 52U5L Palo Alto, Calif.
Radio frequency.slgnal generators:' o : s .:‘~  - o
a) 50 kHz to 65 MHz. 606B Hewlett-Packard Co.
b) 10 MHz to 455 MHz: -608F Palo Alto, Calif.
Digital recorder with analog output N 5624, HewlettfPackard co.
Frequency synchronlzer (locks 606B and 608F S Hewlett-Packard Co.
. signal generators and allows modulation) - 87084 Palo Alto, Calif.
Frequency mixer (50 kHz to 450 MHzZ). '_lO§l#A;' Hewlett-Packard Co.
Stark field voltage supply_(l-éooO V at 20 mA) IR ,‘Power Deslgns Pac1flc,-Inc{
S . IR ' s HV-1556 _Palo Alto, Calif. _
Reference voltage supply (0-10.V) ' -'LRL "Plan No. 13th70
Ramp voltage -generator " IRL? Plan No. l}thBO
Start pulse function generator _ =Electronice, Inc., Portland, Or. o
Single channel’analyzer ' o NC-11 Hammer Electronics Co., Inc. = %
K ' o R Prlnceton, New Jersey . 1'%
Multic%annel analyzer (102k channels in quadrants, SR f,Nprthern S01ent1f1c -
2 X 107 sec dead time per channel) - -~ Ns-610 ‘Madison, Wisconsin
Data processor o  '460 -Northern.Scientifie

- IRL® Plan No. 15X8410

- LRL? Plan No. 13X1310

‘?Lawrence’Radiation Laborafery, Berkeley, California. -

}
}




Table C-I.. Dipole moment swmmary table.

Molecule . Vibrational state, v -~ Dipole moment function

u, = ug Fup(vil/z) + up(vi/2)"

b
_\IN

v=0._ v=l . v=2  v=3 u_  _“ w0 U
Bt 8.5465(5) 8.6154(7) - 8;6809(9). : -'__ .-8f5131(7) ~ 0.06650(28) j-b;oooe6(12)_'
P oaskes(r) .l | R IR |
©  8.80(10) s |
85,3552 1o.5io(5). 10156h(5)‘., -10.618(5) _?'" 10.483(6) . 0.054(3) :
1550519Fa - 7.88%9(9) 7.9546(10)' | 8.0257(16) .'8.0969(15)7-17.8h86(i3) 'b.o7oh(3)-‘ ' 0.00018(20)
& .815(6)  T.wT2(63)" - B.oagk(e6)” 1.8396)°  o.0122(3) |
‘,?  7.878(3) 7.956(3) ,,f ' "" - o -'7;842(3)*'A ’,0,97929(12):
I E 10 B R P
2053901 10.387(k) 10.445(k) 10;563(4) - 10.358(5)_.; 0.058(1)
| ':3  0.40(2)  10.476(22)° 10532020 103020 0.0%6(2)
2BRTR gps5(50)  9.2865(30)  9.3368(30). . 9.2105(30)  0.0507(8)
*calculated here from reference indicated. ~  All values are given in Debyes. |

" - ®present work . “Ref. 22 © ®Ref. 26 .~ CRef. 28 and k
PRef. 2k © Ref. 3 anda b  TRer.1 A o
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