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5 FOREWORD

(13

. An abstract of this work im conventional form can be

§ " found in Section I1-B, "Summary of Work Performed", starting on

Page 3.

This is the final report on work performed under Con-
tract Nonr 621 (00), Unless otherwise stated specifically, the
subject matier reprosents the status of the work exactly as of

the termination date, October 31, 1953,

Since many aspects of this work are being continued, or

: even expanded, none of this should be considered as complete,

A few brief references will be made to work performed

after Octuber 31, 1953, while the writing of this report was in

[ progress. Such work was performed while under contract with the
¥s '
;;“ United States Air Forces through the Office of Scientific Research,
{5
g%, Contract No. AF 18 (600) 698. Details of such work will be de-

i scribed ultimately in reports issued under that contract.
&t
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I, INTRODUCTION

A. Objectivs

The purpose of this project has been to extend the ot
ssrvations of absorptlon spectra of gases and vapors to frequencies
considerably lower than those conventionally employed in microwave
spectroscop. Previously very little work had been done at fre-
quencies below the meand, that is below 9000 Mc/sec, because in-
tensities of absorption 1ine$ tend to decrease rapidly with a de-
crease in frequency and because simple molecules, whose spectra are
easy to analyze, generally do not have any.lines‘in the lower fre-
quency region, The only previously published papers dealing with
spectra below 3000 Mc/sec concern two molecules;, heavy ammonia
(ND3)1 and bremoform (CHBPB)? Nevertheless there are many more
molecules which may be expected to have spectra'in this region, and
ow calculations and experiments have shown that intensities are
sufficient for practical work at frequencies still lower than those

employed in the work on ND3 and CHBr_., In the low frequency region

3
it is possible to obtain many data which can be very valuable in
contributing to an anaiysis of the spectra of molecules of complex
structure, Furthermore the discovery of lines of appreciable inten-

sity can be useful for practical applications such &s frequency

standards and filters.

The spectra which are observable in the lower frequency
region generally have tne same origin as those in the higher fre-

quency regiona, The principal tvpe is due to rotaticnal transitions




in the molecules, but cthar types can be observed, Symmetrical

top molecules, if they have rotational transitions at low frequen-
cles, are heavy mclecules, whose spectra generally have complicated
hyperfine splittings, The iowest rotational transitions, which

are the ones which occur at low frequencies, are the ones which
have the simplest hyperfine structure and which yield the most ac-

curate values of the rotaticnal constants because of the small

centrifugal distortior eife~te,

Investigation af very asymmetrical top molecules in this

region also may yield useful information, Many lines must be meas-
ured 1o obtain suffic:ent data for evaluation of the large numbexr

of structural ccnstarts cf these moiecules, At the same time, the
lines may fall at very scattered frequencies so that an inadequate
number may lie in the conventional microwave region, In these cases

the data obtained in the lawer frequency region may be an invaluable

supplement,

In additicn to the conventional types of spectra there is
the possibility of observing a type peculiar to this region: that
due to the recrientation of a nucleus with a large quadrupole mnoment
with respect to a constant retatioral angular momentum vector ---
the so-called ®pure quadrupole™ spectra. Such spectra have been
observed in solids but ro work had been done with vapors, The ob=
servation of such spectra should yleld more accurate determinations

of quadrupole constapty than observations on rotational spectra,
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Bo Summary of Work Performed

A Stark-modulated wavegulide microwave spectremedar has

-

been built and operated in the range from 2,150 Lo £,GC0 Mc/2ez
with a minimum detectable absorption cosfficient of ateuh I x 107-¢
Cm.'l Except for the low frequency, this spectrometer ieg of con-
ventional design, Mere fecently this apparatuz has beer medified
to operate also in the range from LOO to 850 Mc/sec¢ Ly operating

the absorption cell as a transmission line in & TEM mods irstead

of as a waveguide in the TEOl mode, It should te 2 simple maiter

" to extend the range of this apparatus te adjacent regiorsa

The spectra of three molecules are telrg investigated,
The work on the very asymmetrical top mclecule half-heavy wahar
(HDO) is nearly complete, One P=branch anc five Q-branch lines
have been completely measured and identifisd. Theze data have con-
tributed materially to 2n evaluation of the structural constants
of the molecule, From the data obitained by this and otrer micra-
wave spectroscopy prcjects we have computed the principal moments
of inertia respectively as having the values of 1,1982. 3,08%2,
and L.3887 in units of gm cm? x 10'h0° Ir addition the chape of
the 32 +-33 line at 824,64 Mc/sec has been extensively studisd,
At low pressure the wings of the line have bteen showr %o be wides !
than 1s consistent with the Lorentz 1ine shape provably due tc the
presence of sattelite 1ines arising from the hyperfire splitting
of the energy levels by the quadrupole momernt of the deuteror.., The
obgerved effects are consistent with a2 quadrupole coupling constant

of 272.2 90 kc/sec with respect te an axis alorg the 0-D bend,



Investigetion of the J = O te J q‘f spectrum of the

symmetrical tep molecule bromoform (CHBrB) is in progress. This
transition has a very complicatzd hyperfine structure because of
& (&) prasence of four isetopic species of the molecule and {b) tha
presence in each of these of three bromine nuclei each with a
nuclear spin of 3/2, To date about twenty lines have beer ob-
served between 2275 and 2700 Mc/sec, but nene of these has been
identified, nor has it been verified that they ofiginate from

bromeferm rather than from some contamirating vapor.

Work on pure quadrupele spectra of vapors has also been
started, According to theory, electric dipole transitions of this
| type are forbidden for linear molecules in their ground vibrational
i state but they are allewed for non-linear symmetrical top molecules
provided K is not equal to zero, Several transitions of methyl

iodide (CHBI) have been calculated to fall in the vicinity of 500

§£ Mc/sec with intensities sufficient for observation provided tha%
;i the apparatus is adjusted fer the maximum available sensitivity,
g‘ Experimental work will commence on completion eof certain minor

f. modifications of the apparatus necessary fsr realization of the

available sensitivity.*

——
2>

C. A Discussien of Exmerimental Preblems

Frem the point of vliew of detached analysis, the de-
. creasing intensity eof absorptien lines with lower frequencies is

& fundamental experimental problem. However, except on a few

»
Note added in proof. Since the above was written, three lines
of the quadrupole spectrum of methyl iodide have been observed.
See Page 53,




eccasioms; this problem has seam=d very remots e us in the daily
operation of the zpparatus, In fact, without empleying unusual
precautioens or techniques we have feund the sensitivity of the
apparatus quite adequate for the work thet has been undertakern,

Te be sure, the decrease in intensity is in a small way compensated
by the increase in sensitivity at low frequencies, In general,
tubes and crystal detecters produce less nvise, In addition, if
wave guide absorption cells are employed,; the cut-off condition
requires these to be of large cross-section, At high pressures
these large cells contain for any given length a relatively large
number ef gas molecules;, anac the sensitivity may ve enhanced by the
use of high power levels without danger of power satwration, On
the other hand, at reduced pressure smaller line width and greater

resolution are obtainable,

There are, however, other experimental problems which
have seemed of immediate importance, Iirst there is the matter of
spurious lines, which in part is due to the high absolute ssnsi-
tivity., Many ef these appear to be true abserptien lines on cen-
taminating gases, while a few appear to be purely of electirical
origin, Probably much greater time has been deveted te disproving
spurious lines than to verifying genuine cnes, Also for a while,
one genuine line was hidden by a spurious effect arising frem a

resonance in the rf system,

One spurious line, epparantly &t 2,856 Mc/sec, was feund

t6 have a very unusual origin, It was shown te be the streng
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" problem of the narrow bandwidth of the rf system, This impedes

hl > h2 line ef HDO at 5,702 Mc/sec excited by the second harmonic
of the klystron, This incident has suggested a difficulty that
may arise in work with symmetrical top molecules since the J = 1

to J = 2 spectrum may be =xpected to lie in the frequency band
which is just the second harmonic of that occupied by tﬁe J =0 to
J g 1 spectrum, Thus if {he former shovld bve excited in this spur-

ious mamer, it would be hard to indentify ths 1ines properly,

Other sericus problems are the related ones of absorptien
on the walls, pressure statility, and pumping speed, These prob-
lems are aggravated by the use of absorption cells of as large cress-
section as have been used on this project, Furthermore, if the
small line width and high resolution possible with these cells is
to be realized, the pressure must be lower than that used in the

smaller cells which are employed at higher frequencies,

These problems may be illustrated by the fact that it
takes at least three hours of continuous pumping with a diffusion
pump to cause a strong HDO line to disappear and that only a shert

time after the pump has been shut off the line will reappear,

In the region below 1000 Mc/sec there is the additienal

[T I3

—

search work and in some types of experiment may give undesired dis-
tortion of i1ine shapes, 1In fact in this region usually we have not
been able to observe ar ungpiit line and its Stark components with-

out retuni.g, and much of the search work is done by using a fixed
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frequency near to the predicted frequency of an abscrption line

and varying the Stark voltage, and thus the Stark components are

brought. one by one to the operating frequency.

Another problem which arises in this region below 1000

Mc/sec is the decoupling of the rf signal at the detector from the

Stark modulation voltage.

This difficulty results from the fact

that here the absorption cell is operated as a transmission line

in a TEM mode with the rf voltage applied
residual Stark voltage demodula ted by the
troublesome in the measurements made with

iable voltage since it causes a variation

record.

ELTER Y

to the Stark septum. The
detecéor is particularly
fixed frequency and var-

in the base line of the

¢
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IT. APPARATUS

A, Genexal Design

Tie spestrometer will be described from the point of wiew
of operatior in the S-hand, as originally intended, The rmedifica-
vcial procedwres for opecaticn in the uhf region (te-

low 1000 Mc/se ) will be discugsed in a epecial section, rumber

ITT-G, starting on Page 20.

The spectrometer empioys a rectanguier S-band waveguide
ébsorpticn cell with square wave Stark medulation, A block diagram
is shown in Figure 1, It is completely cénventional in design ex
cept for the detalls resulting from 1*8 comparatively low frequency.
Except for the absorpticn cell itself, the entire rf circuit employs
flexible coaxial lines for connections, Indirectly bhecause of the

low operating frequency an unusually‘low Stark modulation frequency

of 5000 cps is employed.‘

The choice of Stark frequency is based wpon a compromise
between three factors favoring'the use of a low frequency and two

factors favoring a high frequency. The principal reason for favor-

ing a low frequency is to avold spoiling the regolution since lines 3
are artificially broadened when the Stark medulaticn ffequency be~
comes comparable to the natural line width, With HDO at room tem-
perature in the present absorptibn cells, a natural iine width due
to coliisions with the walls and the Doppler effect of about 15 Ke/

sec is tc be expected, and smaller values are to bs expected with

R L i S LR T DR ot Py R v Y
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heavier mojeciuies, These ratiral line widihs are smalles tbam
those generally cbiainad a* higher fraguencies parhiy becanze a
larger absorptioﬁ cell is used and partly btecause the Copplev
breoadening is proportional to the frequency ¢f the !ines; This
consideration appeared to be the mos®t impor®ant and waz ihe maiu

reason for the selecticn of 5,000 cps asz the medula%len freguency.

A winor vonsideration faveorirng the use of low frequenwf
ig tha* direct pi:&-up of the Stark vcltaege by tne detector
smailer, A second minor consideratlon 1s thai sinze hns current
drawn bty the final amplifier tiubes is praporticral ro the fre-

quency it iz Qiffiewlt, or at jedst expensive, tc generate high

velbages at hligh f{requencias,

The principal veason favoring she use of a high medniiz-
tion frequency is ¢ reduce noise since the swall show noise pro-
duced by the.éscillator gnd the crystai deteétor variés inver sely
with the frequency, Hcwsver, we wonder whether ucdue imperiance
has been given to ithis consideratior since the deereaéé.of the
rioise witb frequency is to soma exten! compensatzd by ‘he fact that
generally the noise bandwidth of the amplifier folicwing the de-
tector generally iends to increase with~+he frequentye. A second
reason for seiecting 8 high frequency is %o wake 17 pessille %o
design an amplifier which will discriminate in faver of the modu-

o)
lation frequenc& ard against power supply rippie frequencies, Tnils
requiremert lg aiready fuifiiled with = frequency as nigi as 5000

C’pSo
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It might be quegtionsd whetler the use of jarge sbsorp=
tion cells requires an sxorbi%tant amownl ot Stark veoltsgs since
the splitting depends primarily wpen the fieid strergth ratnec
than on the voltage, However, with tle iarge absception cells
smaller 1iné widths are obtainable ard the same degres cf resciu--
tior of Stark compenenta ~ac bte obiained gt propertionaily lowex
field strengths, What 1s even nmore impﬁrtentp “he Stark ceefflir-
ients of low frequency lines are generally very 1arge terause of
the smallness of the so-zallied Menergy dencmingicr® In the lead
term of the perturbation walculation of the ccefficienzt, Thers-
fore a square wave gensratcr glving woltages wp te 2000 er 1500
volts appears adequate for most purpresas,

~

The intensities of the 1ines have nct beer zafficient for
presentation on & cathode-ray oscillicsccpe in the gcnveﬁtional marn..
ner employing a saw-tcethed sWeep with # freguency of the order of
10 cps. Almest throughout a ?hase-sanSiLivehdetector and & record-
ing milliameter have been used, Hcwever, on occasicn a cathode-
ray oscilloscepe has been used with Lissajous presentation, The
vertical iaput is comected to the outp;t of the tuned ampiifier
preceding the phace-sensiiive detector; and the horizontal input.
is connected to the sine wave veltage which is uged tc synchronize
the frequency of the Stark volitage generator, As the frequency of
the klystron is slowiy varied through an absorpticn line, the 13l
c Lissajous pattern may be seen to appezs 2nd “hsn Jdisappear, This
.method is improved by the uvse of a catncde-ray tute with a 1ong'ber-

sistent szrean,
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B. Oscillaters

Mast of the work has employed 707 *McNally TubeW®
klystren ".ubes with a series of cavities operating between from
2150 te slightly beyond 3000 Mc/sec, Some of these cavities were
obtained from war swplus while others aro of own constructien,
At higher frequencies the 726A, 2K29, and 2kS5& integral cavity
tubes have been used, Recontly 6BLA and 6BMS tubes have been ob-

tained, and a wide band cavity has been constructed far the range

150G te £000 Mc/sec, but tests have not beer completed, and these

tubes have not besn used with the spectrometer,

The tubes are subject to magneti: pick-ip <f power ling
frequency and mechanical vibrations, Therefore it has been nec-

essary tc house them in a steel shock-mounted box, This permita

5;

om the magnstic ficlds of power iransiormers

[

magrietic shisiding &~
and other equipment, To reduce frequency modulation resulting
from power supply ripple, two extra sections of RC filter in beth
the reflector and cavity supply leads have been installed in this
box, Also the heater power is supplied from 1 sterage battery,
Mainly to assist in tune-up eperations, & comnector and detoupling
netwerk are previded so that a saw-toothed voltage, derived frem

a cathode-ray oscillescepe, may be &pplied to the reflector.

The péwer supply provides a cavity voltage variable up
to 350 velts and a reflector voltage variable from zere te 150

volts, Occasienally it is necessary to augmsnt the reflecter

- 1] -
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voltage by a smali tattery placed in the box with the klystren.
The circult is one designed by L. M. Bellevilléaexcept that pro-

vision is made f~r grownding the pesitive high voltage (that is,

 the cavity). The slow sweep required for use with the phase-

sensitive detector is preduced by connecting & slow speed electric

moter to ihe shaft of the potentiometer contrelling reflecter

voltage, In the final measurements of the frequency of a line, 3
some af the readings are made with a 1:1 reversing gear between

the motor and the potentiometer, and the value obtained with the

frequency increasing is averaged with the value obtained with the

fmwmwdwmmhgmeHMMuendshe“thshwmwmu

of the system,

A circuit for stabilizing the frequency of the klyétron
L

tc tie secondary frequeancy standard, similar to that of Lee et &, ,

has been Installied but seidom has been used, The frequencies of the

kKlvstron and of a harmonic of the erystal oscillator in thelstandard . -
are connected tc & silicon crystal mixer, uﬁoge ouxpﬁt is comnected

to a Hallicrafters SX-63 radie receiver, This is tuned to the de-

sired difference frequency, The dc voltage developed by the FM

discriminatér theq may be used as an error Nbltage. This voltage

1s applied to the oscillator through & dc amplifier, The polarity

———
| Cra—

is such as to cause the actwl difference fregquensy to tend to be
equal to that of the receiver, The circult of the 6Y6 de amplifier
is shown in Figure 2, 52 is thrown in the downward position for

the adjustment of the voltage controls on the power supply (which

ct - B G sy v ey S o At g g e e . — e
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are denoted 4s "local controls") so thait the tube iz gperating in
the center of & mode, Then S2 is thrown inte the upward position,
and the reversing switch Sl is thrown into whichever position gives
the correct polarity for stabilization, Unforiunately, in one of
ihe pésitions of 519 the af amplifier of the receiver is short cir-
¢itlted 2% tre input and menltoring is more difficvit, However, by
choosiry a difference frequency of the correct sign, it is possible
to obtain stabilization with the position _of S1 which allews the af
amplifier to operate. The heater voltage of the 6Y6 is derived
from the same stérage battery which supplies the kiystren, During
adjustment. and operation of the stabilizing circuis 53 is left open,

For completely unstabilizes cperation, 3, is closed, and the 6Y6 may

3
be removed from its socket to.reduce drain on the storage battery,

The required modifications of the SX-63 receiver partially
are indicated in Figure 3. The principal objective of these modifi-
cations 1s to insulate “he discrimiratcr from ground so that its de
level may be determined by the klystron circuit, All of the orig-
inal grounds (including one inside the discriminator transformer)
are disconnected, The SH6 dual diode is replaced by twe IN3L crys-
tals méunted on an octal tube base and plugged intc the 6HS socket
so that the diserimirator is independent of the heater supply of
the receiver and thereby is l1ess susceptible te A.C., pick-up,
Probably the operation could be improved by %"delimitizing® the
limiter of the receiver, but this moedification has not been in-

cofporatede
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If a high power level is used in the waveguide, stahili-
zation will hcld as the frequency of the receiver is taried hhrough
about L4 Mc/mec, More gain would be desiratie so *nat stabilizatics
could be obtained with ilower leveis, Tris would he cbialned bwy
adding a second stage to the dec amplifier, a medifizarion which is

possible with the present power supplies,

C. The Atserpticn Cells

The cells have been built from standard S-tand wareguide;
1 1/2® x 3" in cress-section, Both contaln s cerirally located
Stark electrode made of 1/16® sopper with scma small heles drilied
in them to assist pumping, The cell which wasx built first and has
been used for HDO and CHBI is 20! long, Mica windows are used at

the ends, Since this ceil employs polystyrene inswuiation and re-

lies upon wax for vacuum seals, it may nct be heated for cutgassaing,

The second cell, which kas been used for CHir_. is 30!
long, and was designed to bas heated to 150°¢C for outgassing, The

isulation is made cf teflon, and gasket type seals were employed

tb

ul
criginally, The heat for outgassing is supplied by six 250 watt
infra-red lamps, Unfortunately, the gaskets have not teen reliable,
and it has been necessary te resort to wax on some of the seals for

routine operaticn,

Polyfoam insulation is available for both cells, and wit

it they may be cooled witnh dry ice, The pumping system employs an

-1l -
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Eimac HV-1 o0il diffusion pump with a rated pumping speed of 67
liters/sec, Each c¢2il 1s equipped with a 1945 thermccouple gaugs,

and sometimes these are supplemented by ionizatior gauges,.

The rf imput comes through flexivle cesxial 1ine to an
adapter at one end of each cell, A waveguide type tunsable crys-
tal holder 1s used at the receiving end, 1% x ¢7 C«tard compon-
ents with tapered transition sections are availatle for connectien
to the sending and receiving ends of the celis, These are used aw
a high pass filter to separate effects due the fundamerntal of an
S-band oscillator tube from those produced by itz second harmonic

in situations in which a doubt arises,

D, The Square Wave Generater

The circuit of square wave generator supplying the Stark
voltage is shown in Figwre L, and its power supply is shown in
Figure 5, This generator has been modified frem a circuit due te
Hillger% The original circuit employed 3CLS hydrogen thyratrons
in the final stage. We were umable to obiain reliable operation
using these tubes, Therefere, the circuit was changed to use 811

high vacuum tubes, Thez Waveform deteriorated somewhat as a result

of the change, but the generator now is reasornably reliable,

A multi-vibrator supplies through amplifiers and block-
ing escillators grid pulses alternately to the 8l1°s, When the

upper 811 receives a pulse the Stark electrode is connscted threugh
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the tube to hign voltage and becomes charged, When the lower 811
receivea 2 pulse, the electrode is discharged through this tube

tec ground. A dicde peak-reading voltmeter is alse included in

the instrument,

For frequency stabilization, the multivibrator is weak-
iy ceupled to an af signal generator of high stability, The out-
put is monitered by obéerving the 1:1 Lissajous pattern en an os-
cillopscope whose horizontal voltage is derived from the stabiliz-
ing signal generator, The outpht vol tage is continuously variable
up te 1000 volts, The top of the square wave has a slope of about
five ﬁercent near maximum voltage, The base of the square wave in-
creases slowly up to about 25 volts as the top is increased te 500,
and then the base rises rapidly to about 300 voits as the top ap-
proaches 1G00,

E. The Ampiifiera

The amplifiers and phase-sensitive detector are locatad
in two units, The preamplifier; shown in Figure 6, employs three
65J7 tubes, the first two being pentode amplifiers, and the third
being a triode cathode follower, The measured nolse figure is about
hdﬁ. This noise figure could only be obtained by using a higi-
fidelity af transformer ;t the input. Also measwements indicated
that care should be exercised in isolating the irput transformer
from strong ac magnetie fields, While the above noise figwe could

be improved by the uses of a triode circuit, little advantage would
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result since mos! of the noise in the system appears to originate

in either the oscillator tube or the crystal detecter,

The circuit of postamplifier and phase-sensitive detec-~
tor, shown in Figure 7, is modified from one due to Beringer? The
firasi stage amploys a 8SJ7 twin-"T® tuned smplifier, This is fol-
icwed by s O3L7 phase inverter which drives the control grids in
push-pull of t¥o 63SJ7 detector tubes, The reference voltage is
applied to the suppressor grids of these tubes in parallel, Ber-
inger's original circuit operated at 30 cps, Because of the increase
of the frequency to 5000 cps it was possible to reduce many of the
RC time constants in the stages ahead of the detector to improve dis-
crimination against power suply ripple, On the other hand at this
higher frequency extreme care in regard to length of leads and place-
men®, of parts had to be employed to prevent oscillation, Also the
cathode circult of the'detector had to be redesigned tc prevent a

parasitic oscillation,

The present circuits have evolved from a series of modifi-
cations, With the pi-'esent version, the stability is satisfactory, and
the gain is more than adequate, Except with a very low rf input, the
gain is so great that generally a 20 db attenuator is connected be-
tween the ‘wo units: otherwise the gain comtrols are near to their
Roff% positicns and are hard to adjust,

F. The Frequercy Standard
A block diagram of the frequency standard is shown in

Figure 8, The heart of the instrument is the transmitter portiom

= 17 =
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of a SCR-522 war surplus radio, The original output frequency

was variable frem $5 te 156 Mc/sec, but by padding the tuned cir-
cuits with smal) cendensers, output is now obtained at 90 er 135
Mc/sece This output is applied te a 1N21B silcon crystal which
generates hﬁfmonics of sufficient strength in the S=band and uhf
regions, The frequency of the klystron is compared te an appre-
priate harmonic by feeding the output eof the multiplier chain and
some power from th- oscillater .te another 1N21B crystal whose out-
put feeds an SX=63 interpolation receiver, When the SX-63 receiver
15 employed in the stabllization cirewit shewn in Figwe 2, @ sec-
ond interpolation receiver, a war surplus BC-635=-A, may be empleyed
to moniter the operation. To eliminate =eme épurious responses, 1t
has been necessary “o connect at the output of the SCR-522 trans-
mitter a high-pass filter with a cut-off at about LO Mc/sec (Eldice

type TVR=62), This filter is not shewn in Figure 8,

In routine search work, the input of the SCR-522 trans-
mitter is derived from its own crystal oscillator using a selected
but not stabilized 5 Mc/sec quartz crystal, With this the accwracy
is aboul 0,5 Mc/sec at the S-band, When the system for stabilizing
the irequency of the klystron is empleyed and when the desired fre-

quency lies close to a harmonic of the frequency standard of half

wave between, the system becomes ineperable because of the confusien

arising from two responses, In this situatiom the S Mc/sec crystal

is replaced by another of very different frequency,

- 18 -
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For making final measurements of the frequency of a lire,
the input is derived indirectly from a Bliley BCS temperature
stabilized 100 kc/sec oscillator, The rated stability is tws parta’
in a millien over a period of a month.. The freaquency of this may
be synchrenized with the 5 Mc/sec frequency of WWV by the use of a
war surplus BCLSL reeeiver which has been equipped with ; magic eys
tube connaéted to its second detector lead resistance, The BCS os-
cillator is followed by & chain of multipliers delivering an eutput
at 5 Mc/sec, The circuit of this chain of multipliers, which is of
our own design and construction, is shewn in Figure 9, When these
units are employed, a switch on the SCR-522 transmitter is thrown te
discennect the grid of ihe first tube from the 5 Fc/sec crystal te
the output of the multiplier chain, and another section of the same
switch short-circuits the inductance in series with the cathode of

this tube so that it is prevented from oscillating,

When the input 1s derived from the BCS unit, the principal

response is usually accompanied at 100 kc/sec intervals by one or twe
satellites on either side, Since these are generally weaker, there
is iittle difficulty in distinguishing them from the principal response,

and sometimes these have been used to obtain more accurate interpeola-

— ¢
\.:\!

tion, For scme situations, it has been advantageous to produce more
remote satellltes with usable intensity, These may be produced by
making an improvised connection between one of the output terminals
of the BCS wnit to the ungrounded terminal of the milliameter uoed

to measure the current of the 1N21B harmonic generator,

= 9=
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Gs Ultra-High-Frequency Operation

Present operation below 1000 Mc/sec employs the 1 1/2% x
3" x 20! absorptien cell, Since the cut-eff of its TEO1 mode occurs
at 2000 Mc/sec, this cell must be operated - a parallel plate trans-
mission 1line in a TEM mode, the characteristic impedance being about
50 ehms, Both the rf input and the Stark voltage are applied threcugh
an L-C decoupling network to the Stark electrode at a terminal about
L® from the sending end. The locatien of this terminal was selected
befere the modification for uhf operation was contemplated, The ac-
tual end of the cell is closed either with its origimal mica windew
or by a metal plate, To ebtain a geod impedance match at the sending
end it is necessary to use a variety of procedures depending upon
the particular frequencies: variation of the cable lengths between
the osclllator and the cell and between the cell and the frequency
standard, the introduction of an S-band dowle stub tuner at some

critical pesition in the oscillator line, or the connection ef a var-

iable condenser on this line with a "T" cennecter,

At the receiving end there was first used a special adapter
which made capacitative coupling to the Stark electrede through the
eriginal mica window, Tlils adapter was comnscted ts 2 coaxiﬂl'crygtgl
mownt through an impedance matching arrangement which consisted of =n
S-band double stud tunér assisted by some male-to-male and female-te-
female ¢opxial adapters acting as line stretchers, This terminationx

gave satisfactory performance in the region of 825 Mc/sec but was in-

adequate at 500 Mc/sec, Therefore it has been replaced by one employing

- 20 -
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a naw adapter wnich allows a direct connection to the Stark
elecirode, The irpedance matching network consists of a doublapbsmméd
circuit empleyimg lumped constant parameters, The primary is
ceries-tuned to prevent short~circuiting the Stark voltage while

the secondary is pearallel-tumed to previcle a do return for the

crystal detector,

The sovrce of rf employed in this region is the 6AFL triede
local oscillator tube of a Mallery TV-10l1 uhf television converter,
Output is derived by introducing & small coupling loop inite the shielid-
ing compartment containing the bottom of the tube socket, The fre-
quency is variable between about LOO and 850 Mc/sec. The frequency
stability is very good. Even at the high end of the range and evem
without statdlizing the supply voltages, the frequency generally re-
mains within audio beat range of a reference frequency for minules at
a time, However, generally the input is stabilized by the use of a
saturated iron regulator, and sometimes the plate voltage is obtained

from "B" batteries,

A crude Lecher wire has been found to give preliminmary val-
ues of frequency with an accuracy of a pereent or twe, quite adequate

for distinguishing between responsss ef the frequency standard be-

~—

i

lew 850 Mc/sec,

In an attempt to improve the signal-to-neise ratie at 825
Mc/sec an experiment was made with superheterodyne idetetiion. A sec-

oend Mallery TV-10l cenverter was obtained, and a 1N34 secend detectsr

-2] -



was installed at the output of its 90 Mc/sec IF amplifier. The
32-9 33 line of HDO was observed both with this superheterodyne de-
tector and with the original crystal detector at a low rf power
level, corresponding to a rectified current of 5 microamperes. The
signal-to-noise ratio with the superheterodyne detector was at best
barely equal to that with the crystal detector. Furthermore it

was observed that as the frequency of the oscillator was greatly
detuned, the noise output of the amplifier decreased considerably.
Therefore it appedrs, at least at this frequency, that the oscil-
lator ratrer than the detector is the principal source of noise in

the system.

Because of the narrow bandwidth of the rf system, it has
been necessary to employ an unconventional procedure for searching
for lines. First, the system is tuned up at a suitable frequency
near ie i3 to be expected, and then, with the frequency
fixed, the Stark voltage is swept, causing the Stark components to be
brought one by one on to the frequency of operation. Then the process
is repeated at several other frequencies nearby. From the data con-
sisting of the frequencies and the corresponding voltages an approxi-
mate value of the frequency of the unsplit line is found by extra-
polation. Then for final measurements the system is tuned up on this
extrapolated frequency, and, with the Stark voltage constant, the
frequency is swept by applying motor drive to the tuning control of

the oscillator. The interval which can be covered reliably by this

method is quite small, usualiy hardly more than 1 Mc/sec. Therefore,

o 22 w
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it is gererally necessary to retune at several adjacent frequencies

and repeat the observations before the lire is found,

The preliminary search made with fixed frequency and var-
iable woltage is hampered by errors in the voltage measurement and
by var;at1§ns of direct pick-up voltage which make the base line em
the record non~wmiform, To rezduce thege difficsultics, it is planned
for future werk of this type to use a variable dc power supply as
the principal source of Stark voltage. Superimposed upon this de

voltage will be a small square or sine wave for medulation purposes.

He Sensitivity

The calcvlated minimum detectable absorption ceefficient
is roughly 10 =l in the S-band region, This value is censis-
tent with the calculated intensity and observed signal-te-noise

ratio of S-band HDO lines,

The calculated value is based upon the values of 20! fer
the length of the abserption cell, 20 cps for the noise bandwidth,
and 100 micrewatts for the rf power, If a value of 60 for the fig-

ure of merit of a square law crystal is employed in the formula due to

.
- / ]
Gordy, the caiculated vaiue of the minimum detectable abscrption t°
coefficient is 1 x 10~ 10 ". Using a value for the noise figure
8 -
of 3 in the formula due to Townes and Geschwind, a value of 2 x 10 —
eml is obtained, Although based upon slightly different asswsptions
and different data concerning the detector, these values are in - . :-
- 23 -
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reasonable agreement. A power level of more than 1000 mizrowatts,
instead of 100, is often obtainable and, at a high gas pressure, it
can usually be usec without satur;ting the sample, and thus Some-
what greater sensitivity is often cbtainable. Also in the uhf
region figures of merit of crystals should be better, and thus still

better sensitivity should be obtainable there.
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III INVESTIGATIONS OF SPECIFIC MOLECULES

A. HDO

1. Introduction
The first molecule to be investigated was half-heavy water
(HDO) because of several reasons. This molecule is cf considerable

interest from the theoretical point of view since with it centri~-

 fugal distortion effects are large, and thus the study of it leads

to the cpportunity to check the validity of theories of centrifugal
istortion. In addition, knowledge of the location of lines and
their absorption coefficients is of considerable interest to meteor-
ologista and to those concerned with calculating the absorption of
radio waves in the atmosphere with the objéct of finding sujtable
frequency bands for radar and.radio. At the tims this investigation
was started only four HNO lines had been found previously by micro-

7, 10 and this number was completely inadequate for

wave methods,
evaluating tha constants of the molecule. At the same time the pub-
lished calculations of King, Hainer and Cross11 clsarly iadicatled

the possibility of observing several lines in the frequency region

below 3000 Mc/sec.

It should be pointed out thai the HDO species of water has
a spectrum which qualitatively differs from the spectra of the single
isotope species, H20 and D20. Because with HDO the dipole moment is
oblique to both the axes of least "a" and intermediate "b" moment of

inertia instead of coinciding with tﬁe "M axis, the seieétion rules

"
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are considerably less restrictive, Thes3 rules permit the observa-
tion of Q-branch (/\J = 0) lines as well as the P- and R- branch

(A J =1+1) lines which are observable with H,0 and D,0. Thus
there is considerably greater possibility with HDC of observing in
the microwave region an adequate number of lines. n fact all but
one of the lines discovered by this project are of the Q-branch

type. At the same time, data obtained with HDO may be émployed to

evaluate the structure of H2O and D2O°

2. Observations
The lines which have been discovered by this project are
given in Table 1 along with their czlculated absorption coefficients.

These ccafficients were modified from those obtained by King, Hainer,

11

and Cross'— by the use of the line width parameter 0.38 cmt due to

Strandberglo and in some case by the use of revised values cf the

Table I

Measured Lines of HKDO

Transition Measured'Frequenc& Absorption Coefficient
(3 —>32) (Mc/sec) (em=1)
t
5, 53 L86.50 , 0.15 1.5 x 1079
—7
32.+ 33 82,.106)4 4 OoOS los x 10
6,+ 6, . 2394a56 4 0.05 2.9 x 107
i 5_g 2887.4 4 0.1 1.5 x 107
12_ 12, BECT! 1.6 x 1077
9% 91 30LLs71 4 0610 3.4 x 107°
- 26




frequency. The observed intensities were roughly consistent with the
calculated ones. Scme of these datz have been published in prelimi-

nary form12’13’1he

Four of the lines could be positively identified by their
well resolved Stark patterns. Two of these are shown in the 1llus-
trations of a previous preliminary report of this workl}"° Stark in-
formation gave circumstantial evidence for the identification of a
fifth line, the ho > 5_5, since the calculated coefficient for it
was very small, and no resolved splitting was observed with this
line. This tentativé 1dentification was confirmed by Benedict15 on
the basis of his work in the infrared. The identification of the
12_1 - 120‘line i8 not completely definite since a line of compar-
able intensity was observed at 2991 Mc/sec, and neither it nor the
one at 2961 Mc/sec had splittings which could be resolved. Howsever,
because of the almost perfect agreemeﬁt of 2961 Mc/sec with the cal;
culated value of the frequency of the 12_l > 12O line, it appears
that the present assignment is correct. Apparantly the line at 2991

Mc/sec 1s due to some contaminating vapor.

As of October 31, 1953, three Stark components of the
52 -> 53 line had been observed at two or three frequencies by ths
fixed frequency-variable voltage ssarch method. The unsplit line
was not found and measured until somewhat later, while this report

was in preparation.
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3. A4nalysis of Data
We have made a detailed analysis of Q-branch, transitions

for which AJ = O and A K . = O. The principal parameters in-

1
volved are
A -c 2b -a -c¢,
D) and K: a - C

where a, b, and ¢ are the rotational constants respectively relative
to the principal axes of least, intermediate, and greatest moments
of inertia. The rigld rotor frequencies have been calculated by the
methods of King, Hainer, and Crosslé. However, with such a light
molecule, centrifugal distortion effects are large, and the rigid
rotor approximation ie wrery inadequaots, Rscenily Kivelsun and wii-
scnl7, usiné first order perturbation theory, have derived a formula
for correction of rigid rotor frequencies which may be applied to Q-

branch transitions. For purposes of analysis, it is convenient to

write this formmla as'followsz

£ =1 {1+J(J +1)(Kx+ y) + K(K%+ 2)B+ K(K = 1)(2K - 1)C + K(K?- 1)1)} . ()

where K ié the K_1 index of the two levels which combine to give the
transition, and J is the quantum number of total angular momentum.

fo is the rigid rotor frequency, and f is the corrected frequency.
The quantities x, y, 3, C, and D are closely related to the centri-
fugal distortion parameters SJ, DJK’ RS, DK’ and R6. Since fo de-
pends depends upon X and (a -'c)/2, there are seven adjustable para-

meters. These are selected to obtain the best possible fit with ob-

served frequencies. 1In our work, canstants were adjusted to fit
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nine lines. Since this calculation was performed; four additional

lines have been found. These results are shown in Table II. The

four lines denoted by asterisks in the first ~olumn are the ones

which were not employed in the evaluation of the constants. It may

be sesn that the agreement is very good except in the case of the

Table II

Q—Brénch Transitions of HDO

Transition Distortion Measured Measured Reference
(&t +.Lr,) Correction Frequency ~-Calculated
(Mc/sec) (Mc/sec) Frequency
2. »2, =79.4l 10,278.99 - -0.01 10
3 -»3' -1469.87 50,236.90 40.02 10
3: s»33* -14.95 82L4.6L +0.03 This work
ul »>L -118.87 5,702.78 +0.01 18
5 »5 -540.98 22,307.67 -0.02 10
o 1 22,309. 9
5, ¥ 5% -17.52 486,50 40.03  This work
6, »6, -58.20 2,3%4.56 4+0.07 This work
62T -402.2 8,577.T -0.20 - 18
8, >8, -1336.12 2,,884.77 +1.53 18
2l;,88L4.85 19
9% 9 -238.78 3,0L4L.71 +1.24 This work
10 . > 104 -785.13 8,836.95 +6.142 18
11, »11_; -2269.64 22,581.1 +30.2 18
12_l ->12 5 -403.82 2,961, -2 This work
- 29 -
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11_2 + 11_; line, which, however, has a very large distoertion correc-
tion. The values of the constants which were employed are shown in

Table III.

Table IIT

Constants Evaluated from Q-Brench Transitions

Constant Value
X -0.6830
ae i 2.5LL95 x 105 Mc/ssc
x -0.59612 x 107
y ~1.47052 x'lO-h
B ~3.3569 x 1074
c 8.9140 x 1074
D ~12.3185 x 107

From the analyéis of P~ and R-branch transitions, two ad-
ditional cénstants are evaluated. These are another distortion con-

stant QJ and (a:+ c)/2, where a and ¢ have their previous defini-

tion. For this purnoma it ia convenient to writs th

tational energy as followss

2
w=‘;°JU+1)-%fu+1)*-m (2)

where E is the so-called "reduced ensrgy®. E is evaluated from the
: - 20

reduced energy matrices (including centrifugal distortion) . The

elemonts of these matrices are evaluated in terms of the constants

determined from the analysis of Q-Branch transitions.

=30 =

W13 A AT ARG N W R FIREEL VLT St D A B AT

—~—
A~



4
WY b

Using the values (a + c)/2 = L.L56524 x 105 Mc/sec and
DJ = 6.7106L Mc/sec a "best fit" was obtained with the three observed

transitions of this type. Data on these transitions' are shown in

Table IV.
Table IV
P- and R-Bfanch Transitiona
Transition Measured ' ' Measured .
(B >3 ) Frequency - Calculated Reference
. (Mc/sec) Frequency
by =3, 20,460, © -184.8 10
ho - 5-5 2,887 oh "230.7 This work
= 26,880.47 g 19

Since there was some doubt as to whether the ho is higher

or lower than the 5_5 and whethgr the 6_ level .is lower or higher

2
than the 7 6 level, calculations were made with all four of the pos-

sible combinations. Meaningless results were obtained except with
the assignment indicated in Table IV: that is, with the L, and 6_,

being the lower levels.

iith refererce to the paper of Xivelson and Wiiaon17 dis-
tortion coﬁatanta‘in conventional form may te computed from the con-
stants gi?en in Table III. Posener and Strandberg18 have calcnl;ted
values of the same constants from essentially the same data but using
reduced energy matrices in the analysis of Q4branch transitions as
wsll as with P- and R-branch ones. They have alsn computed ®theo-
reticall value§ of these constants from infrared data. All éf these

resulta-are shown in Table V.

-31 -
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Table V
‘ Farameters of HDO
. Para&ater Posener and Strandbergl8 This Work
Theoretical - Observed Observed
(a +c)/2  L.LBT x 10° Mo/sec  L.L8L 4.002 x 10°%Mc/s6c L.457+.006 x 10°Mc/sec
(a = c)/2 2.5301 x 165‘ Mc/sec 2.555 40.005 x 105uc/sec 2.545+.001 x 105 Mc/sec -
X -0.68120 © -0.6841 4 0.0002 -0.6830 + .0003
D, 9.2418 Mc/ssec 11.6 4 2.0 uc/éec 6.7 + 2.5 Mc/sec
Dk . 36.8132 Mc/sec 36.8 + 0.5 Mc/sec 68.9 + 0.5 Me/sec
DK 287.0893 Mc/sec 287 + 5 Mc/sec 627 4 10 Mc/sec
§, 3.3331 Mc/sec 3.333 4 0.005 Mc/sec 4168 + .010 Mc/sec
.9.5 -T7.8772 uc/gec -7.877 4 0,010 Mc/sec -10.156 + .010 Mc/sec
’ Rg -0.5722 Mc/sec -0.572 4+ 0.005 Mc/sec -1.604 + .010 Mc/sec
. 37(") 3.1160 Mc/sec 3.12 4 0.05 Mc/sec -
R (¥ -8.1994 Mc/sec -8.20 4+ 0.05 Mc/sec
39“') 49.9173 uc/seé 50.0 4 0.5 Mc/sec S
Pesensr and Strandberg have contended that the Kivelson-Wilson formula,

Eq. (1), is an approximation and, therefore, even if it can be made to fit the

data-véry-well, it should be regarded as a semi-empirical formula. Accordingly,

the distortion constants derived from it are of questionable physical signifi-

cance and cannot be expected a priori to correspond to the actual constants cf

the molecule.

These contentions are supported by ths results of Table V, where

i it may be seen that our values of the distortion constants are generally in

pcor agreement with the theoretical ones while theirs are in good agreement.
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Further evidence may be inferred from the fact their calculated
frequencies of tha P-and R-branch transitions agree with the ob-

served ones much better than ours.

Other aspects of these results, however, suggest that
the Kivelson-Wilson formula is useful for some applications. When
it can be used, it is a great convenience as the labor required for
any degree of accuracy is considerably less than that required with
the reduced energy matrices. It is to be noted thai although our
distortion constants are in poor agreement with the theoretical
vaiues, our rotational constants, (a - c¢)/2, (a - ¢)/2, and K,
are in good ugreement, in fact, in slighily batter égreement than
theirs. This observation suggests that our procedure of using the
. formila for analysis of the Q-branch transitions and using the re-
duced energy matrices only with the P- and R-branch transitions (much
fewer in number) may yleld reliable values of the rotational con-

stants with a séving of effort.

At the same time it should be noted that our fit to the Q-
branch transitions is somewhat bstiar than theirs. Their average
deviation is about one part 1850 while on the same eleven lines
ours is about one part in 3500. Neither set of calculated values
fits the 11_2 -)-11__1 line very well, and if this is exeluded, the
comparison 1s even more favorable. The fact that our fit is some-
what better is probably to be attributed tc the fact that because
our method involves less labor it may be carried to a higher degree

of numerical accuracy within a finite time.
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The ability of the Kivelson-Wilson formula to fit ohserved
2 data has withstood a severe test in this experiment. In spite of

i the fact that centrifugal distortion effects are large with HDO,

the formula has been found with seven constants to give reasoﬁably
good fit with thirteen lines. These lines have ranged in J from 2

to 12 and in frequency roughly from 500 to 50,000 Mc/sec. .

In Table VI are shown the values of the principal moments
of inertia computed from our values of the rotational constants.
Also given is the quantity & « I 4 I, - I.. Classically for a rigid
rotor 4 would be equal to zero. ité finite value is to be attiri-
buted to zero point vibrations. Aiso included are the values com-
puted by Benedict, Gailar, and Plyler";:1 from their infrared data.

The agree;hent can be seen to be very good.
Table VI

Principal Momsnts of Inertia of HDO

(Units are gm em? x lo.ho)
Quantity This Work Benedict st a1Zl,

I, - 11.1982 1,194 ‘
/

Ic 4.3887 L.36Q

JAN 0.1043 0,088
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L. Study of the 3, * 33 Line of HDO for Hyperfine Structure
a) Introduction '

Molecular rotational levels frequently have hyperfine split-
tings which are due to the interaction of nuclear quadrupole moments
with the gradient of the electric fieid of the molecule. Hypsrfine
splittings due to the deuteron are of particvlar interest. The
measurement of the splitting determines the product of the qugdru-
pole moment and the gradient of the electric field. Since the deu-
teron is one of the few nuclei whose quadrupole moment is known,
such a measurement with it gives the gradient of the field separate-
ly, and this is of considerable interest in the study of chemical
bonds., Furthermore, since the deuteron has the smallest known non-
zero quadrupole moment, these splittings are very small and their

resolution offers a challenge to the experimenter.

The study of the 329 3, line of HDO offers a favorable

3
opportunity for observing such a splitting,' Because of the rglative~
ly low value of J, the splitting is relatively large as compared to
other lines accessible with the present equipment. At the same time
the intensity is large while the frequency falls in the uhf range
where absolute frequency stability is easy to obtain. For these
reasons, this line has been studied with the purpose of-detecting a
quadrupole effect. While no hyperfine splittings have been resolved,
the shape of the line under experimental conditions yielding high

resolution seems interpretable onliy in terms of quadrupole effects.

In fact, it is possible to make some estimete of the imagnitudq of

- 35 -
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the splitting. The observations will not be discussed, howsver, un-

til it is shown what may be expected from theory.

b) Theory

BEach of the original levels is split into three hyperfine
levels as a result of the coupling of the nuclear spin I =.1 with
the rotational angular momentum J = 3 to give values of the total
angular momentum F = 2, 3, and L respectively. Such an energy level
diagram and the tfansitions resulting from the selection rule AF =
0, +1 are shown in Fig. 10. lLater it will be seen that thers is
reason to believe that the spacings of the two sets of levels are
respectively nearly equal. Therefore the three AT = 0 transjtions
occur at essentially the same frequency, and the rémaining lines are
located symmetrically with respect to this frequency. There is no
expectation of determining the sign of the coupling constant be-

cause this determination requires a pattern of detectable asymmetry.

The intensities of these transitions are shown in Fjg. 11.

These have been calculated by standard method322

« The four é;tellitp
lines are theorstically only about three percent of the centrgl line
consisting of three AF = 0 transitions. However, under experimental
conditions their relative intensitles are exaggerated. With the low
gas pressure required for high resolution a condition of partial
power saturation is inevitable, and since the satellites have small-
er transition matrix elements, their intensities are not diminished

as mich by the partial power saturation. A similar effect in the

microwave spectrum of ammonia is well known23.
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The magnitude of the spacings may be calculated by the
theory due to Bragg2h in terms of the Q-branch line strengths as
evaluatad by King, Hainer, and Crosszs. Respe._tively for the 3
and the 32 leveis the hyperfine splittings are given by the follow-

ing resulting expressions:

W, = eQ (1.4936 q, + 0.2960 qy, + 0.210k q,)Y, (3)
and W, = eQ (1.4958 q, + 0.2832 q, + 0.2210 q)7, (L)
where. Q=

.qanrupole moment of the deuterone. Qs Qo énd q, are
respectively the second derivatives of the electrostatic potential
with respect to coordinates along the principal axes of least, in-

termediate, and greatest moments of inertia, and Y is Casimirts

functione.
y - 3/c(c+1) - (T + 1P » 1), (%)
21(21 - 1)(20 - 1)(2 = 3) - s =
and Cz F(F+1) - I{I+1) -J(W +1).

ForJ =3 and I =1, Y has the values of 0.200, -0.250,

and 0.083 for F = 2,3, and 4 raspectively,

The above calculation is based upon first order thepry
only e;inca this appsars to have more than adequate accuracy for the
present purposes. Furthermore, the 32-and 33 levels appear by in-
spection to be far removed from all J = 1,2, 4 and 5 levels, and

therefore, the second order corrections probably are very small.

37 =
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Only two of the quantities Qs Qs and g, are independent.

Since the potential satisfies laplace's egquation, Qu + qy t+ Q= O.

Two important conclusions may be made frem Eqs. (3) and
(4). First, since the coefficients in these two equations arp so
nearly equal respectively, tﬁe hyperfine splittings of the 32.and
33 levels are probably very nearly equal. Secondly, from thege

equations it is possible to derive an approximate expression {or

the average separation of the four satellite lines from the cgntral

line in terms of the second derivative of the potential with respect

tu a coordinatve along the O-D bonde To obtain another relation be-
tween the q's it is assumed ﬁhat the field has azimuthal symmgtry
about the bsnd. Although the validity of this assumption is pome-~
what dubious from many points of view, the result of the presgnt
calculation can be considered a reiiable approximation because of

a very fortunate chance combination qf the numerical values of the
parameters. The bond ié nearly parallel to the “aM-axis, the angle
of inclination being about 17 degrees, and thus da~is approximately
equal to q, the second derivative of the potential along the bond.
Any deviation from axial symmetry then affects mainly the values of
qy and G . On the other hand, it may be seen that in Egs. (3) and
(L) that the coefficients of q, are very much larger than the others,
an2 therefore the results are not seriously affected by errors in

qy and q..

This assumption inplies a second relatica between qa, Qs

and q, so that in principle now only one of these quantities s



independent, or g may be considered as being independent and qa,

Ay s and q, may be expresed in terms of it by means of a tensor

transformation. This transformation consists of multiplying q by

£ Legendrian polynomials of order 2 whose arguments are respectively

e the cosines of the angles between the bond and the principal axes of
insrtia. When this calculation is performed and when the Bohr fre-

quency postulate is applied, the result is
AL = 0.426 eQa, | (6)

where Af is the average magnitude of the separation of the four
i satellites from the central line and where efq is expressed in terms

of the same units as Af.

¢) Observations

) In a preliminary report13 we mentioned the observation of
satellité lines 30 kc/sec on either side of the central line. As
a result of helpful discussions with Mr. R. L. White and Professor
“. H, Townes of Columbia University we have éonducted further ex-
periﬁehts which have shown that the.effect was spurious, undoubt-
edly due to irregularities in the sweep of frequency. At the same
time these experiments have uncovered an effect which appears gen-~
uine. The latter effect is a systemmatic change in line shape
such that as the pressure is reduced the central portion of the
line decreases in width more rapidly than the win
This Sohavior 18 consistent with the presence of the satellites

which are expected from thecry.




v it

In Figure 12 is shown a recording of the line taken under
conditions of high sensitivity and poor resolution. This illus-
trates the high intensity of this line. Berely visible on the
bassline, which extends across the center of the record, are fluc-
tuations due to noise. The ubward off-scale deflection is due to-
the unsplit line, while the downward one is due to Stark compon-
ents, which in this recording avre not rasolved. Iu Fige. 13 is
shown another recording taken at greatly reduced pfeésure and with
reduced power level. The line width has decreased at the expense
of poorer signal-to-noise ratio. This recording is one of many

which illustrate the abnormally intense wings of the line.

To put these observations on a subjective basis, the half-
power, one-fifth power, and one-tenth power line widths were meas-
ured on a large number of recordings. The various ratios of these
quantities were then plotted on graphs against the half-power line
width. Ideally the pressure would be a more logical independent
variable, but it was not convenient to msasure the pressure since
the range which was of interest lai in the transition region be-
tween thermocouple gauge and ionization gauge measurements. There-
fore, the haif-power iine width, which can be aBSumed to vary con-
tinuously with pressure, was used as an independent variable. The
plot of the ratio of one-tenth power to one-half power line width
is shown in Fig. 1h. At high pressure the ratio is near to the
value 3 expeéted from the Lorentz theory of line shapes. As the

pressure is decreased the ratio systematically rises. This effect
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is definit in spite of the large scatter of the points which is
due to many causess irregularities in the sweep of frequency. ir-
regularities in chart speed, experimental errors in the measurement

R of the record, and variation of conditions such as power level and

rf tuning. In the pbservations of September 18, for only one.of

e twelve successive recordings did the ratio fall below the theoret-
=

'gf ical value of 3. (The recording shown in Fig. 13 is one of this
o set. Its ratio was measured a8 4.5 and its half power line width
./i‘- A ¥

5

B

as 50 kc¢/sec).

(3
Con

B
L

" A smooth curve drawn through tﬁe points on a similar plot
of the ratio of ons-tenth power line width fo one-fifth power line
width versus one-half power line width is at high pressures hori-

, , - gontal near the theoretical value of 1.5 and at low pressurés bends
upward reaching a value of about 2.0. On the other hand, a similar
plot of the ratio of one-fifth power line width to one-half power

line width shows no trend whatsoever away from the theoretical value
of 2.0.

For interpretation of these,a series of theoretical ling
shapes based upon the spectrum shown in Fig. 11 were plotted for
various values of the half-power line ui&th relative t& the aver-
age satellite spacing.lﬁf. As the line width decreases the ratio
of one-tenth power linc width to one half power line width reaches
a maximum value of L.l and then decreases, and the ratio of one-

tenth powsr line width to one-fifth power line width goes through a

maximum value of 2.0. The fact that the experimental values of tHese

= hl =
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e ratios often exceed these maximum theoretical values may be at-

R ‘

%@b tributed to the power saturation effect mentioned early. On-the
g%- E other hand, the presence of satellites has little effect on the

v

one-fifth power line width, and the theoretical curves show; along

o
2%

L

'y

with the experimental data; no significant variation in the ratio

,-

s oy
e

o

o

of one-fifth power line width to one-half power line width.

Xk
2

One estimate of the magnitude of the satellite spacing
Z& f may be obtained by noting that the maximum value L.l of the
ratio of one-tenth power to cne-half power line width occurs ac-
co§ding to the theoretical curves approximately when the total half
power line width is 0.L6 Zkfc By noting then where the “smooth curve

goes through the value of 4.1 in Fig. 1L, the value of 93 kc/sec is

cbtained for Af. This result is subject to the indeterminant error
v

resulting from the distortion of line shape due power saturation.
Another value was obtained by measuring the centers of the wings of
the line in a number of recordings of the line made at high resoly-
tioﬁ. A value of 141 kc/sec was obtained. If the average value
117 ke/sec is substituted into Eq. (6), the value 272 + 90 ke/sec

is obtained for eQq-. This value is in reasonable agreement with

those obtained by Whiteaé, who has measured values of + 175 + 20

kc/sec for DCCCL and 300 + 150 kc/sec for DCN.

The description of these observations would be incomplete
without a discussion of some of the experimental conditions. The
minimum recorded half-power line width was about twice the value of

15 kc/sec computed27 for collisions with the walls and Doppler
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broadening. There were several instrumental effects which contrih~
uted to the line width. Power saturation was present at low pres-
sures although the rf puwer level was comparatively low, correspond-
ing usually to values of the rectified crystal current ranging be~
tween 5 and 12 microamperes. The response time of the recording
circuits was not quite negligible for the sweep speeds which were
employed. The Stark voltage was not perfectly 2ero based. During
the "off® part of the cycle, the outermost (m = » 3) Stark cémponm

ent was éhifted,from 5 to 20 kc/sec.

The observed effects were independent of a reasonable var-
iation of Stark voltage. During the "on* portion of the cycle, the
innermost (m = + 1) componént was at least 500 kc/sec awmay. Theo-
retically this component should have given well resolv;d deflection
of opposite sign and in size about 1/14 that of the unsplit line. In
some recordings;, there was some evidence c¢f such a deflection; in
others there was not. The fact that this deflection was not defin-~
itely observed is to be attributed mainly the narrow bandwidth of
the rf system. Also the failure to observe this component may be
partly due to the wvariation of the Stark voltage during the "on" por-
tion of the cycle, this variation.causing a broadening of thé cém—
ponent. (In Fig. 13 the computed positicn is 950 ke¢/sec to the left

of the peak. The markers are at 100 kc/sec intervals.)

The recording shown in Fig. 13 is not typical in one re-
spect. Most recordings appeared somewhat asymmetrical. The sign of

the asymmetry could be changed by retuning the rf system. Some

- 43 -
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calculations were made of line shapes to be erxpected under a var-
iation of tuning with the measured bandwidth of the rf system of

L4 Mc/sec. The observed effects were not inconsistent with these
calculations. The calculations also showed that in the extreme
asymmetry which could be expected ths ratio of one-tenth power line
width to one--half power line width might increase from the theoret-
ical value of 3.0 to as large as 3.6. However, the effect of the
finite bandwidth of the rf system should be most apparent at high
pressures, while the observed increase of this ratio occurred at
low pressures. Therefore the major effects which have been report-
ed are not attributable to imperfections in the rf system. However,
some resicdual effects of the finite rf bandwidth might tend to make
the value of eQq of 272 kc/sec to be too large rather than too

small.

B. Bromoform

1. Introduction

The bromoform molecule has already been investigated in
the same frequency region in which we are working. Kojima et al?8
have reported a large number of lines observed in the region 2400-
2600 Mc/sec attributed to the hyperfine structure cf the rotational

29 have

transition J = 0 o J = 1. 1In aadition, Williams and Gordy
studied high rotational transitions in the K-band region. The ro-
tational constants obtained by these two groups of workers, ag given

here in Table VII, are in serious disagreement.
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Table VII

The Rotational Constants of Bromoform

Isotopic Species B (Mc/sec) B (Mc/sec)
(Kojima et al.) (Williams and Gerdy)
] CHBr§9 1281 12L7.61 4 0,025
CHBngBr81 1270 E—
CHBr79Br8l 1260 0 e
812
GEEcr 12L9 1217,30 4 0.025

The discrepancy between these sets of measurements is ap-
preciable’ and cannot be explained by centrifugal distortion alone.
As the results of Williams and Gordy are based on the measurement of
four different transitions and are given to a great accuracy we were
led to assume that the values obtained by Kojima et al. were incor-

rect. Several considerations involving their experimental procedurc

also strengthened this belief. The technique used employed no mod-
ulation in the detection of lines. A gas sample had to be admitted
and pumped out of the absorption cell for each measurement,and the
absorption lines were obtained by comparing oscilloscope traces with
and without bromoform gas. Compensation for variations in rf power
was made by the use of a double crystal circuit. The authors quote

8

a calculated minimum detectable absorption coefficient of 6 x 10

cm-l. They calculate the intensity of a representative line as 2 x

= -1 s
10  cm ~, while our own estimate is a factor of 5 smaller. It
seems difficult to believe that with the slow pumping speed of a

heavy gas like bromoform and with the resulting long time interval

2 e
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between comparative observations lines with such a low signal-to-

noise ratio could have been detected.

The object of our work is to obtain the fine structure
spectrum belonging to the rotational transitionJ = 0 tod = 1, us~
ing our Staykmmodulated”spectrograph having a sensitivity of 2 x 10-10
cm'l.‘ From this spectrum it should be possible to evzluate more ac-

curately the rotational constants and also calculate the nuclear quad-

rupole coupling constants of the two bromine isotopes.

2. Theory

Natural bromine consists primarily of almost equal parts of

79

the two isotopes Br “ and BrBl. This gives rise to four isctopic

species of bromoform; namely CHBr§9, CHBr;9Br81, GHBr7gBrB%, and
CHBrgl, the relative abundance of which will be approximately one,
three, three and one respectively. CHBr;9 and CHBrgl are symmetric tops
and tneir spectrum is relatively simpler to treat. Both Br79 and Brel
have a nuclear spin of 3/2. ForJ = O there is no splitting due to
quadrupole interaction, but there is splitting due to the inversiecn
doubling of the ground vibrational state. For J = 1 we obtain a num-
ber of levels due to quadrupole splitting which depend on the total
nuclear spin quantum number I and the total resultant angular momen-
tum quantum number F. The effect of the symmetry introduced by the
. presence of identical nuclei is to produce two groups of energy

levels belonging to the vibrational ground states belonging to the

representations A

1 and Ago' A general theory of this type of fine

structure is given by Mizushima and Ito30 who calculated the expected

»
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splitting in terms of the quadrupole coupling constant eQq, result-
ing in nine lines in the Al and three in Fhe AQ representations.
The existence of a low energy degensrate vibratidnal-etate gives
risse té two more levels belonging to the E representation. In the
mixed isotopic molecules the situation is much more complicéfad‘

and a larger number of lines is predicted.

3

The Stark effect in this molecule was calculated by us
for the various possible values of I and F. Using a -formula ob-
tained by Mizushima>l, we found that the maximm Stark splitting at
1000 volts for most 6f our'lidas was of the order qf 5 Mc/sec, a

value adequate for the purpose of resolution.

3. Results

A search for bromoform lines was made in a frequency re-
gion ranging from 22L0 to 2700 Mc/sec. A large number of lines was

tound, and these are listed in Table VIII., The lines were investiga-
ted with respect to their sensitivity to pressure and to changes in
Stark voltage. It was found that the lines could not be made to

disappear by continuous pumping of the gas out of the system nor, as

a rule, did they show appreciable reduction in size or width. We

therefore have no direct proof that the lines do in fact originate

in bromoform. The weak response to changes in pressure can be par-

. tially explained by the slow pumping speed of this very heavy gas

and to the large adsorption on the walls of the cell.

- 47 -

SRR A (o ra s b T s R



i e

Table VIII

Observed Lines with Bromoform Samplse

Line Frequency Intensity Sensitivity Sensitivity to Effect of

(Mc/sec) to Pressure Stark Voltage Dry Ice
. -r 3 Strong : Strong ‘
2265 3 Strong Strong
2275 3 Strong Strong
2378 2 None . Strong
2394 3 None Strong
2L12 ~ X None . 8trong
2438 L Some Weak
2L4L49 3 Some Weak
2457 2 None Weal Weaker
g 479 5 Strong | Strong ‘
. 2506 . 3 Strong Strong Disappears
2525 3 Weak Weak ﬁisappearé
2549 L Weak Weak ﬁisappeprs
2565 1 Btays
2606 3 Stays
2612 1
25&9 1 Btays
2664 1

Disappears

' is table lists the observed lines attributed to bromoform. The inten-

5 ;itlee are according to an empirical scale going from 1 to 5. Also 1ist-.
ed aré the sensitivity of lins indensities: and. shapes.to changes in'the
pressure and in the value of the mcdulating Stark voltage. In some lines

the effect of cooling the cell to dry ice temperature is clso listed.
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Several lines have already been rejected as spuricus, and
we suspect that several of those contained in Table VIII will be re-
jected after further investigationse -Essentially'all.of these meas-
urements have employed the 10! abssrpiion cell with teflen insula--
tion. However, a few days before this portion of the report received
its final revision (January, 1954), a few measurements were made us-
ing the 20% cell with polystyrene'inSulationa Several lines failed
to reproduée: and 1t appears that the teflon -~ay be responsibie;
directly or indirectly, for the inclusion of spurious lines 1in
Table VIII, but this assumption requ}res furtner work for confirma-
tion. The ultimate success of the experiment. will depend upon ob-
taining resolution of the Stark spli£tings of several lines, not oniy
for distinguishing genuine lines from spuricus ones but alse¢ for
identifying particular li.nes° Because of the complexity of the spec-
trum, identification of lines appears impossible unless some of them
have resolved Stark splittings. While considerable effort has been
devoted to attempts at resolving some Stark splittings; no resuits

have been obtained as yet,but there is every reason to expect suc~-

cess in the future.

Wnile some of ourilines may be spurious, there is no reas-
on to believe that genuine bromoform lines should escape detection,
as the sensitivity of the instrumcnt is gdequate. Therefore we can
assume that at least some of the lines in Table VIIi are genuine
bromoform lines. Furthermore, the spectrum reported by Kojimg et

al., if genuine, should have been discernible. The fact that there
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is little semblance between the frequencies of their observed lines
and ours seems to indicate that ultimately we shall not be ahle to

confirm their results.

C. The Pure Quadrupole 3pectrum of Methyl Iodide Vapor
1. Theory
The conventional methed for studying nuclear quadrupole
interactions in a molegule is to study the hyperfine splittings of
rotational transitionsc_ In fact the preceeding pages contain ac-

counts of our applications of this method to the study of HDO and

bromoform.,

Another possible method is to obsérveiﬁransitions bBetween
quadrupole hyperfine levels without any change in the rotational
quantum numbers (A J = 0). These transitions logically can be
. - called “pure quadrupole tranéitions; With molecules héving large
quadrupéle coupling con;tants the observation of such transitions
is to be considered as a practical possibility, since the lines

could have intensities sufficient for observation.

The observation of these quadrupole transitions might per-
mit more aécurate determinations of hyperfine splittings than may
be possible with rotatioqal transitions. Furthermore it may be
possible to obtain information concerning ihe splittings of very
high rotationgl levels whose rotational transitions are beyund the

s accessible microwave range.
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For the case of a symmetric-top moliecule with'a single

nicleus with quadrupole coupling, the energy levels are given by32ﬁ 33
; 2
(eQq) 3K = } Y,
JW +1) -

= rotational momentum quantum number of molecule,

=1
HI

where

[
)

_K': projection of J on molem:ic syjmetrf axis

q = second partial derivative of the potentia’ at
the nucleus along the symmetry axis,

Q = electric quadrupole momentj

e = electronic charge.

Y is given by Eq. (5). eQq is referred to as the nuclear quadrupole

coupling constant.

This theory has been extended to sacond order fer linear
and.symmetric-top molscules by Bardeen and TowneSBh. The equaticn

for the energy levels is rather lengthy, and will not be quoted

here.

The most favorable opportunity for observing pure ouadru--
pole transitions is when these are accompanied by a change in some
property of the electric dipole.ﬁomento By reference to Fig. 15 it
may be seen when a transition of this type can occur in a symmetric
top molecule. The electric dipole moment p is assumed to be parallel
to the figure axis and therefore is in the same direction as XK. Both

p and K precess rapidly about the total rotational angular momentum
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FIG.I5 Diagram of Anguiar Momentum in a
Symmetrical Top Molecule
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vector J. The component of dipole moment perpendicular to . aver-
ages to zero in time while p,, the component parallel to J remains
constant. J and the nuclear spin I combine vectorially tc form
the resultant angular momentum F. J and P; precess around F, the

component of pJ perpendicular Lo F averages to zero, while éF’ the

parallel component remains constaﬁt, In a quadrupole transition
J and I remain constant in magnitude but the angle between them

changeé giving rise to a new resultant F' and at the same time'causm

o 3

ing the constant componant of electric dipole momer.t o change to

pF'° For an interaction of the electric dipole moment with radiation,
pé;must e finite for a£ least one of the two states. When K = O,
?his condition is got fulfilled, since p is perpendicular to J, and
therefore such an interaction can not occur. However, if K is not
zero, such an interaction can occur. It is apparent from.this dis~
cussion that the biggest changes in pF occﬁr when it is nearly para-

1lel to J, that is for X = J. Quantummechanical calculations of

the proper dipole matrix elements confirm this conclusion.

In a ground vibrational state a linear mulecule is the
equivalent.to a symmetric top molecule in a state for which K = O.
From the foregoing discussion, it is evident that there is no pos-
8ibility of interaction of the electric dipole moment with radia-
tion. On the other hand if exited into a degenerate bending mode
of vibraticn,; such a molecule becomes the equivalent of a symmetric
s . top molecule with K £ 0, and theré appears to be a possibility of

such ‘an interaction.
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2. Calculations on Methyl Iodide
Methyl iocdide was chosen for our experiments on pure quad-
rupole spectira because.it.is a simple symmetric top molecule with
a large quadrupole coupling constant of - 1934 3535 and a rela-
tively large dipole moment (p = 1.6L7 Debye units). The caléuléted
frequencies and intensities of some of the strongér lines of CH I
are given'below in table IX.. In calculating the line intensities

the half width of the lines at half maximum has been taken as 20 MC

at 1 mm of mercury.

Table IX

Calculated Frequencies and Intensities of Some of the

. Stronger Lines of‘CHBI127
J = K Trarnsition Calculated Frequency Calculated Intensity.
of F (Mc/sec) (em™1)
1 3/2 ».5/2 ° 292.39 2.8'x 10710
2 9/2 »17/2 374499 3.7 x 10710
3 11/2 -+ 9/2 Lht . 76* 8.3 x 10710
3 3/2 55/2 282,53 bl & e
L 13/2 »11/2 : L81.10" 3.2 x 10710
5 15/2 »13/2  502.95% 3.4 x 1070
6 17/2 »15/2 517.31 3.8 x 10710 .
3#*

These lines have been ocbserved since this report went to press.
The experiment will be reported at the meeting of the American

Physical Society, Detroit and Ann Arbor, Michigan, March 18-20,
195L. '
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