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- Fifteen_niev ground state' inversion Tines of My were observed -

R at 3D° to 9D°C, a:mrately measured and assignzd. The.!len:tric dipo‘le mmnt e

2" coq)uted frw the Stark shlfts is 1. 472 +0 mz 0, HMd! ct res well w‘lﬁl the

“valueyl.475.¢ 0006 D reported Tecently by Fujio sh:mim.

oprestions vere. |
.+ applied ul=3|ndK-§'|!nes. e R < A

in:’lndiug one Ferai pair-and one triplét due to quadrunote interaction ofs

{ nur.leus were observed. accurately ‘measured ‘and .sslgned The relative electric
" iipole mowents of OCS in the (10%0) A (0290) states ond those of Tots, olts,
0c¥% arid 0c¥s in the ground state were’ computed from the Stark Shitf The
relative electric dipole fonents for 0%s and it%s are respectively 1,0057 -
'anutuss . 7 S, ¥ G
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O " cAPTER 1 . .
x5 © s > }NT‘RDD'JCT!}GII— w : 5
" Sicmags ob 'thie ip{;ensﬂ;f and richiess of T spectrum, amonia
hawsphayel & madob woledn the de‘va‘lapmﬁnt of microwsv?apeccro;mw. It
‘has ‘provided a large number of _easily observable lines on which to try

both ‘experlmental techriqhe and theory.

‘The investigation of rotAtional Raman.and IR spectra of amonia

has shown that this lecule has pyramidal std with the fitroger. atom
-at'the apex 'and three hydrogen atoms ina triangle forming the base.’ The
hefght of the py:mid, the N- equilibrium distance, and the B-N- angle

are,0.3816 x 10~ cm, L0124 5 1078 cn, and 106.67 degrees, uspecmely.

The moments of inertia have very smallvalues I® = I ="2.088 x 107"

gi-cu2 . and 1.

S oh el 2 »
= 4,4141 % 107" gm-cn’. ‘Thus this moleculeis an'oblate
symetric top belonging fo,the C; point group. Four normal modes: of vibrations
are associated with this geomet’rlcal conformation. Two of zhm are totally

symetric non~degenerate (Ay a'pu:ies) and ‘the other tio are doubly degenerate

(E species) vibxatians @ They are illustrated in mg. 1ol -
The Fact that there exist. two equilibrium positdons of the N-atom

7.
on either side of the base, Separated’ly & poteatial, glves ¥sa ts s

doubling ‘of .each energy level of the whole sygfe”of méacmux and vibra- | *

tlonal, states . The ‘transitions from one of “the palr of emergy Tevels. to’ =

-the other fcr all rotational states zive rise to what ;ls called the "Inversion

- Spectgum" of ammonia. . E ‘




Although this inveraion gpectrum -is well studiedat fxe‘quenues

‘above 12 ghz, and good measurements continue. doyn. o 7286 Wiz, yeg

there renain huidreds of 1ines beloy, the 1adt frequency, aid-Gome sbove

S, whinh have nat been observed, nwat pmbauy because ‘of thedr low ,;'
absorp:ioz\s.a Thls situation’ becouma apparent ‘on: exammi.ng Fig. 2.8, ..

which plots theé frequencies predicted by an\emplriul fornula first. 3

mmduceﬂ%y Gostatn, nnd shov” the approxcinite Erequencies of a g

mltitude of ldnes, o Bbsu:ptiona should dm—e.m a5 the frequency

decreases, or the mguln ‘moneritum quentum ‘nusber J increasés.

e ‘f“{ltho\lbh there arq tl\eorias, wiich W11’ be néntiomed - inthis

LR chipter, caricerned with the’ penetration of t'hg ammon{a mnlecule s

aQ central pncmdal, harrigr, yet none of (hem are’ suiﬂclently, ncc\;rn\:e

“ thetr predictions .to be Teslly seful in microwave spectroscapy, Share

ndasurements are réadily made to acturdties of & £ew hindrelths of o
| Magahertz. Further, since. the spectrum’is'cCrovded with Linés, these' . . ~° -

theories are unable to indicats the quantum.nusber's of observed iimes |, " .

by simple comparison ‘of the observed fréquencies with thedr predictions.

~ 77 For example, the. frequeicies piedicted by the theory of Spirko; “Stone:

and Papmlsek £or tha 1isies with,s = 7. attter {rm the nbsemd £req\|mclas 3
by amwu'nts Tanging Erm sz 6 10% ofthe observed frequency, while spu:ing
betveen sdjacent, lines varies from 3% to.11.5% of ‘the liné fréquency.

.. v, Formilas of the type introduced by Cobtain; fittedto a -

- group_ uf"knuun Lines l:h\k nave been accuratély measured give much

closer agreement with new n‘bserved Lines, but it 1s! “generally fouml

that the Accural:y decreases ai the quantm numbers of the line move

away from thosd nf the'* Known- group.,  Costain’; otig!.nsl fornulatfon is




; . modifications of:the procedyre, sué‘h las that.by Schnabel et al., are

%% . wadtul'for ling identification in this range. However, without -

s -
measurements such as these, there is no critique either of such theories,

<. orof e.mpi.!lr_al apptuxlmntims. - o

i 7 one fundred 453 nineteen fainy strong inversdon’ lines of

- 76, Volume IV.' - The ahs\ih‘xte intensities of these lines are -107%m”

g or greater. - By raising the temperature of the gas the high rotational
b levels can be populated,:and éhus the conlpnu:xvcly“w‘eaker lines can ' -
7 also be obsérved. The ob]ei:r. cf the presml: work 1s fo observe, assign

. and ‘measuré. some new lines of ‘“ml,. These lines are plotted on the graphs

of Figs. 3.8 and 2.9. - The senrch for llneﬁ vas'also extended beyond

RS N . fhe area marked MNew Lines", but it was, found mpnssime to observe - == ’

_{more Lines with 'the preseAt spparatus, because in Eu cases the
L ¥ .
f . mtensity was below the limfc Lof Z'rx 907 em 1. o -

- Although the swound state strongest rotationial (o—n) temst-

double Tesop experiments (Battaglt

ion Tine of 'lms has, been Gsed tn

ozzini and Polacéo and pthers 125)%y, theré s 1irtle ‘reference 1a the .

13

itetatureon the weaker ‘components of the 01 rotational transitions

. B 'arising out of othex vibrational: states or other, isotapic s;;ecles of 5

carbonyl sulphide. Alsoi there s no reference to the di.poleﬂnomznts

of diffetent isotopie species of the molécule in dxfferent-vibradmat

gtaten

ing defermined. For- this reason, while using the (000) 0+1 OCS

{ - A s
Line for calibration purposes, it'appéared well. to Gbserve some of ‘the

oo adjacént Lines of carbonyl 's\rlphi.de and to compute the dipole moents .

5 i each case frnln Stark spectroscupy. ‘, . e e

o .

+ The, atithor apolugises that the reference (25) to (30).were intro-
duced at the last moment, and are not in the regular numerical sequerice.




1.1

r2

<

Inversion

If the wzel:n-l’ ;neqy is plotted as a function of the distamce
of the N-atom from the Hy-plane, a :‘urvg of the form glven. is Fig. 1.2 is
obtained. There is barrier of helght V; Betweed the two pnr.u;ti;l—wllﬂ‘:.
The nitrogén aton can tuanel through the potential barrier and so lavert

the molecular pyramid. The of “the Y hngur to

dfiversion’depends on the nopmal mode of vibration excited and the degree of

excitation. If this barrie in NH,) each vibrational levle

6(v) s split fnto two componept L () and G(v-Y. The splitting of
the levels 1s very much dag:ndmt on rier helghe Gl, becoming zero
as’ r.l|e barrier mﬂl&l Nﬁlitl Because lhe lowest vibrational leve) is

* aligy-aymmiatric, thailows fambar OF wach pait;of sub-levels is w’-gx:xlc

and the upper s g to The betwe:n “the
b 15 of the same state 1s called faversion. The inversion -
frequency can be further explained by, exa of the proper
function.
‘Pome Pot of the Two Fold Barrier

- Various potential functions for:the nitrogen atom as it goes

through the plane of the hydPogen atoms have been'guggested by dfEfes

E

. authors, with an | that the wotion is with. the

, bénding mode of amonia and that the inversion problen’can be formulated
in terms of. a single particle, moving under thc influence of two fold
poteatiad, bur retrained o & eingle coordtaate.

Numerous ‘theoretical papers dealing with faversion splitting d1ffex

in both the form of the | used spd made. whits




solving the Schrédinger's equation. - Thus, Dennison and Unlenbeck (2) treated
the double minimum potential problem through W.K.B. approximations for the
ground as well: as_yp excited vibrational state: The agreement for 'the

ground state was very good and it was to within 20% for the first excited

state. " @ :
5 N HamunE (3) did a cbmph‘.:e analysis for the energy levels of Ny

and ND3 with the potential function

= 20Xy 8oy
5 V() = ~C sech?. (5 + D sech’ ‘G) .

where C, D, and p are corstants. The variable x is.the distance.of the'

N-atom from thé plane of the H-atoms. The emergy level differences obtained

by him are in good agreement with experizentally observed yalues for Miy. ¢

Approximate barrier heigh:s for Nl and ND obtained thereby vere zon ow

and 2068 cu! respactively. a

Nelrion apd Thmas' {4) chodie o’ d1éfererly poreutial Hisetion

, V(y) K(a + byz)f.'/ @y

where K, a and b are constantsy.and y.is proportional to x. The W.K.

method was used for the solution of the Schrbdinger's equation. Thls gives

results which are comparable in accuracy with those from Manning's puzentnL

But the values calculated for the first ekglted state’are not satisfactory.

F Costain and Sutherland (5) have v)ged a potential function which is’

more obviously and directly related to the molecular motion in a simple way
V= 2k 0?4 3 0?2, ) i ;

where Ar and AS are changes in the bond length and bond sngle respectively;

. ‘and k_ and kgare the Corresponding force constants: This form of potemtial

gives good values of thé poténtiil barrier and the inversion frequencies.




< ;
Swalen and Ibers (6 ) used a potential of the form
‘ V(q) = — aq? +'5 bq" +vexp (-eq?),
| _wheré a, b, ¢ and v are the potential constants and q is the normal _ .
" coordinate of motion. The agreement betwekn‘the calculated ‘and: observed
| & S ’
| . values for the energy levels of Ni3 and NDj is far bettdf than previously
| -, achieved. : .
-Damburg and Propin (7). used thé one-dimensional potential
v(x) K (R2 - x2)2/ 8R?;
~vhere 2R is the distance betueen the ‘winima of the tuo potential wells.
R : Davis ‘and Christoffersen () ebtained the ‘exact solution for a
HE 4 1 i 3 's tion. with a i

double minimm potential constricted from two Morse potentials:

1.3 Vibration-Inversion Interaction .

o All the theoretical papers ]listed above have almed at predicting

the dependence of the inversion splittiiig on-the q’uanznn': number np. assoclated with

the v, Tpde dn which the Pyzgnid helght changes mst drastigally. The

relative ‘success of the one-—dimenslnnal treatment comes from the fal:t Eha:

_vz-normal sode- is primarily involved in imversion. But other n ) sodes

of vibration also affect.the inversion considersbly. This was first realised -

by Weeks: et al (9.). They used potential energy consisting of a’double -

minimm potentfal 4nvolving the inversion-coordinate, plus the potential:of

a system of five un

led oscillators the five

vibrational degrees of freedom.

" . s A -
® . V= ""vc;x)w%lxlclqi: ! L




~

"is shown in Fig. 1.3.

The, summatign is over the remaining five vibrational modes and qj ‘is the- .

’appropriate vibrational m;‘ordina:e. The' form of ‘the pntc“t:.al e by then 15

)

for |

and ) LV (x) =2 (}'V+ Q) ’
for <oo wn :

¥, Gand L are pnsitive, and the two minima oceur at- cos (_) =L F.al\d [

4G "
are sssumed to be mild functions of the remaimng v).bracional coordinates,

2nd can be expressed in a Taylor series for ‘small vibrqtional amplitude.
The current available data on thé inversfon-splitting in 1'NHz (10) '+

are summarised in Table 1:l.° An energy.level diagram'for low lying vibrations X

Lt < -

V. $pirka.et al (11) have also developed an effective inversion

rotation Hamiltonian to describe the centrifugal distortion and Coriolis

interactions in the ground and excited vib¥ation-inversion states of ammonia,

but that does mot work well in the microwave region. .

Effects of Rotation on the Oof Ammonia

The fact that-the molecule is rotating causes the pire inversion w
spectrum to be split into'a large.numbet of lines, each line correspgnding
with a given J,K state of a symetfic top molecile. J is the quantum number
which represents the total angular somentun of the molecule and ‘the quantum
nuzber K represents the component of the total angular momentin slong the -
aymmetty sxis.

The rotational structure was first resolved by Bleany and

o Penrose (12), and theoretically explained by.Sheng et al (13). They expressed

*

‘a misprint:

In the paper’ by Weeks. et ale was given a5y ;




,"the observed frequencies in the form

V= Vg +ad (I+1) + bK2 + I (J+1)Z +a7 T+ K2 + ex" s
. A Y
This £its the low J and K Values bétter than the high. ° 2 / R
P ¥ Costain. (14), applying the A 1 of
in the Unlembeck son | vas able to fit-a large s !

i
nunber of lines to a six-constant semi-empirical formila of the form,

= v exp [AJ (J+1) + BK2 + ch (J+1)2+n: (J+1)x+zx"]
his. formula’ always gives v positive;contrary to Sheng's formula

This fits all lines in the ground state with J < 16 to within 1.3°Miz excepf::

for the lines with K Jn, where n' = 1 23

Sctinabel ef al (15) extended Costain's formula uptd higher powers

vizi, 35 (3+1)5 and k!0 and were able to fit 95 lines of:1¥NHj and 46 Iimes|*” ™"

3 with an acciracy within 0.48 Miz and 0.39 Miz respectively. |

/

sy The ‘anomalous deviations-of K = 3 lines from therabove formulae

have been explained by Nielsen and Denpison (16) oh the.basis of spuc:tng
of |K| = 3 levels by a vibra:g.oq—rntacion interaction. mey derived a

\iomuln for the doublet splitting of x| = 3 Levels.

!

| : =T e J(J+1)_ Q@+ - 2] [J(J+1) EGR

bhere .o ‘was called a rctation—vibxatiun constant, but it is xeAl)y a function
“log :r(:ru) 5o, \ )

1.5 Selection Rules
3 :

5 G . 4 i
~The rules for pure transitions’in a symmetric H

top molecule are

: s . R ]
AT =0 * &K = 0 & E \
+ —_— -

1. 6 Stark Effect "
Hhen an electric field is applied to a polar gas, it igteracts with -

the e1ec:g1c dipole, causing a splitting of the rotational edergy levels,




4

which results.in the

of fine of the; ievel
spectrun. This {s known as Stark effect. )
e eidetrtc “dipole momeht can be-Tepresented by a vector #

whose mgnn:ude 1s, mehsyred by the'distribution of charge in the’ molecule v

*'#hd the distance between the centres of the chazges, 1.c. . i 7

where e; is’the charge on the ith particle and 7 fs the vectdr distance of

Werer T 5 s ' '
Terd

The -summation 1s.over all the nuclei and the electrons in the fiolecule.
s If the stark effect perturbation is cona1ddesbly smsiler than the
‘rotational e;'lergy level spacing, perturbation theory.can be used to caleulate
the Stark splittings.  The perturbation ‘term #}s the interaction energy

Ker_uetm the electric field E and the molecular dipule moment . The

interaction-energy is expressed as ® . - .
1 >
BYCO RS -3

The first orAer'per'mrb.:xnn'engzgses are-obtained from an average of the

perturbation term 8™ “id the Hamiltonian

IR RN .
over the unperturbed sca:e,}.e.. % ]

y g ® - yJ('i) B 0% g,

vhere :hé_ 739, 45 the vave function for the unperturbed Tofor, and NONS

the Hamiltonian for the fleld-free Totor. . .7 :

The second-order emrgiesv are’ | &t v 2 i . ‘
44D 2 O B O g [ @ 4Dy O 4

o B Jea (D)_B'(D)




. of 0CS.1is .given by (27)

The transitions involying inversion obey the selection rule

AT =0, AK =0, aM = 0. k#0

vhere M {5 the qugtuln mmber. pertaining to the projection of 3 in the
E-direction, The Stark effect of the inversion doubling of ammonia
represents a special case in the sense that theé dipole-moment -of smmonia

1s only "semi-permanént" because of the imversion splitting. Hence it does
¥ . 5

rlot show the first order.Stark effect.. The second order Stark shift of

ammoniia is glveit by ¢i7)
_ 0.5065 12 'E2 Kt
Ay o ) Srapsey +1)

vhexe v is m mz, W in Debye \mits, and E in volts per cm.  Because the EZ

to energy are’ xn 4E, only T+1 resolvable Stark

Tlines: ~result. A1 levels for M #-0 are doubly degenerate in M. “The

maximum splitting occurs for M

The expression fox the Stark shiff for 01 rotdtional trapsitions

For this transition there s only ofe Stark 'cmpmen:, vhose integrated

“intonsity equals that of .the normal Lined\ This s an advantage in the

, measumnents of the dipole and qu.ldnlpole moments of the tarbanyl sulp)d.de

molecule. -

1 Spectra of, Linear 1

Molecules with _permanent de:ttic dipole moments give rotational

spectra, and for.these the selection.rule is AJ = ‘41.  This gives for the

"~ change J+ J+1

Vo= 2 B ) 6 D (34)° is T




o R -k

} " B, the effective 1 for the

given by 8 " g

z
£ +
B, =B -y (vt

_where B is the rotational constant for equilibriim configuration. The

. summation extends over all vibjations with the degenerate ones included

only orice.

s the vibrational quantum number and d

, 1s thé degree
3 ;

Of. degeneracy- for the 1M Wode—of vibration. For a non-degencrate. irode
y ¢ o

aj= 1, "fér a doubly degenerate mode dg= 2, ete.

'Dy is the centri-~
—.(ugul distortion constant for the vibrational state.v. e, 1s a small

constant which measures l:he correction in B fo; that mode.

1.8 Fernt lesunanl:e

| " levels to “yibs

i (or of s)
may have nearly the ‘sane energy, that is, may-be aceidently degenerate.
As vag £irat recognized by Fernt in the case of G0, such “resonance”

, "“leads to.4 perturbation of- the energy levels.. The calcilation of these . |

perturbaticad ig m stapdevd nethod of quantum méchanics provided that

; the perturbation fum:tion 1s known. »
|3
The perturbatgon depends on the value of the matrix element

Wy of :he_ pertyrbation function W, |

0% /.pna W w;c‘ d-r‘ P ,7(1)'

The perturbation function W is here essedtially given by the anharmonic
terms in the poteatial: energy, whilevw: and ;0 are the zbro approxi-

mation eigen’functions of the two vibrational levels that perturbreach




\ » PR n i !
\ - I 2
other. - Since W is totally symetyic; W ; will be zero ualess ‘: and y'; {
are of the same species (1.c., of the same symetry § type). >
'If the resonance is fairly do!!. the —pllt\-d.: of the shift
- can’be cbEatned ace to the f: theory from
> the secular determinant >
{ " D i B
B Win . ;
A S ¥ ; = iy . j
B R u‘ﬂ R ] . @ i
|
vhére E2 and n are the ynpérturbed energips. 3
= " e separatlnn of the perturbed levels 1s given by K
; A ; s . ) ) .
w (A&,H i|1+a (LI S /
Where & = EJ —Ej is the separation between: the unperturbed uux. /
-~Most [of the pairs of 0CS 1¢v-ls which pertrub each other are \
o
i ; those with quantus nusbers (v,v2/*/; va) and (vy-diva +2/%, vy). g e )
e Such a pair of levels will be designated by subscript 1 and 2,
. respectively. The first pair of perturbiog levels in OCS are (1,0 %0 fosl
. end (n,z“,o). It can be shown that :
e B w,, = kvl #2570 l}!' RN )
vhere Wy, is the interaction energy and k'is a constant for a given - :
. molecule. The perturbed wave functions arg’a mixture of the unper—
; sturbed wave functions and are givenChy 3 - - Y ;
; V1= a ¥f - byd, va=bife avls . N}
. vhere a CL.u.mﬁﬁ:ch L 5B
~. . 2062 + 4 W) 3 5
. o E
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naz - X ¥ EES

[[52 5 ArwuyZ]” = e] LR -

. . ®)
o § 262"+ 4fW1512] . .
The actual B values of the interacting levels aré given by
© By o=a?8 + bfng, B, =B8] +a%p )
since < 1a? +B2 =1 : s " :
. ! i v ;
Lon ks = B] 437 . : . ®) .

.. The unpetturbed v:uue of a, 1s found from the sepa¥ration .- P
between ‘the’ rotational levels of states' (000) amd (m 0). The frequency
shift of the }(02°0) level dué to Fernt = resonance may be obtained from
the knoun value of oy- - The unpsrturhed value of o, way be determined
since the frequedey cliange of the’ (100) state must be equal and opposite

Ito_that -of (02°0. Then from equation (7). a2 and ],Z can be :alcnlated

and wm obtsined using equation ).

1.9 Quat “Thteraction ‘bya'single Coupling fucleus Bl o %
T sa systcm coptains a quadmpum’mueus, b tutersenton GE
the quadfupole with the extérnal electrons couples tagether the nuclear

_spin 1 apd the rotational angular momentum 3 to form a rasultan: ¥,

where theé quantum number F takes one of the values

P RS S T N < R i
. ' Fron quantum mechianical considerations. the first—order quadrupole

) A coupling energies for a single coupling nucleus, in a linear molecule

are ‘shown to e - y g R
Eg = (@ Y (35 1, B)

where (eqQ) is réferred to 'a‘s)he quﬂdrupole coupling constant, and




saze T .

and Y(J,-I, F), as the Casimer funetion.

¥, C(CHL) - I(TH)eJ( J41)

YO LBt Sar gy TEED ) s *
and € = F(RHL) S T(H1). - 3(34D) . : )
The selection rules for hyp cions -dn 1

absorption spectra are

LAY = 41, AF = 0,,%1, . AL =0.

The rofational frequencies perturbed by quadrupole'coupling are given

by ¢ ; Co R . RS
e (eqQ) [¥(I1, T, ¥ I3, 1, H) .. ¢ N E
vhere v is the unperturbed , and F'

to' the lower state relatiye to the rotational level without hyperfife: .y

structure.”

Note-' The sections 1.6 through 1.9 are condpnsed from the following books
Microwave Spectroscopy , C.H. Townes and A.L, ‘Schawlow,Mc Graw-Hill-Book Co.,1955

Rotational Spectra and Molecular Sructure, James E. Wollrab, Academic Pzes\ﬁ,» 96°

Microwave Molecular Spectra,.W.Gordy and R. Cook, Interscience Publishers, 1970
2 5 - VRN - 3 : -
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CHAPTER 11

EXPERTVMENTAL APPARATUS AND TECHNIQUE

Ami 1y consists of (1) a source of
ic i with proper frequency-range, (2) a nitor,
: o g
3) an cell i the gas under on, (4) a

detector; “and (5) a device for spectral presentation. In this section a

brief description of these components will be given.

2.1a. Sources J

he microwave radiation sources ewloyed Bere were two Watklns—-
Johnson Backward Wave Oscillators, “model WI'2020-2 and WT 2019-1 using.  the X

and J bands respectively. The J band has frequency ramge. fxum 4.0 €0 8.0 Gz ana .

the'’X band, from 8.0 to12.4. GHz.  The power output from these oseillators
15 50 to 100mi.These B.W. Oscillators weré mounted i the Hewlett-Packard
Swéep Oscillator, Model 8690 A.' The fra‘{uency-sweep was controlled by
varying the electrode voltage df the B.W.0. tube by means ofra 50 K oha
* ‘ten-tum potentiouster; comected to the shaft of a & -to 24 volts D.C. mo_zur;
“It s possible to'obtain & wide varlety of slow sweep rates: by varym;; the

driving[vnltuge of the motor or by adjusting Af of the sweep oscillafor.

2.1b Frequency Measurement
A portion of the microwave power output: from the B.W. Oscillator is
/- coupled-out to the frequency measuring device by means of a 10 db-directional coupler

The frequency is measured on a Hewlett-Packard Electronic Counter, Model 5245 L,




% equlpved With the llewlett—-l'ackard frequency ehivertex (3 to 12.4 (';llz), o5

" Model 5255 A,

The mn_]or portion;of “the micTovaye power gods to the absorption

'2.1c The Absorption Cells’ .

‘The absorption cells were made of ten-foot picces of S-band . ¢

wvaveguide of interior dimensions 2.840" x 1;3'40”, with a_ cént:al flat plate ST .
(called the stark clectrode) parallel to the broad faces of, the guide and

" so perpendicular to the micruave electric field.- In one of the cells '
the plate is supported by strips of ‘tefloy in-viieh' gitding grooves are s

5 .. milled (Fig. 2.1). In the other absorption cell the plate.is supported on

six equidistant piua{s of tnsuLating materlal: .Cohnection. to,the Stagk
electiode is nade by 3 brass rod thivugh a hermétic seal in the side-vall of

E i the cell which remﬂnates in a screw threaded into x:he plate.”. By mmmting

. the ‘Stark electrode pﬂrallel £G the broad faces of the. guide’ fnterference

o i ) with the prcpagat)ng raddation is rcduch to the' ninimun, as the micmgzvc
electric field in, the dominant TEj mode 15 aluayé perpondi cular to the
electrode. Nevertheless, the presence of the elegtrode results in appreciable

e also tends to produce reflections. The'latter are reduced % A

somavhat by tarring the ‘ends of the electrode, as shown in Fig. 2.1a. - The

" _absorption cells are sealed at the'ends vith.MJlar windous; supported on ru\zber : .

90" rings. The cells are constructed of oversizel wavegiide 5o as to

‘wirtually eliminate saturation broadening. Tapered transition sections of

waveguides are attached to'the ends to facilifate further attachment of the

X andJ band’ The, interior dimensions of the'X and J -

' respectively. The

" x 0.622!

band waveguides are 0.900" x 0.400" and 1.37
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cut-off frequencids for the dominant TE) mode for the'S, J, and X band
waveguides. are 2.078 GHz, 4.301 GHz and 6.5/77 GHz, respectively.:

¢ “ 4

LIt is common practice to use oversized guide, such as S band

‘guide, for the main absorption cell to avoid satyratidg the molecules

with excessive radiation, (also to avoid u::essive guide losses in the

dase vhere the frequencies exceed 20 gHz). Quecxng from Walter Gordy,

"Since there are no couplers, T-sections, slots, etc. in the absorption.
cell, it is possible’ to.use oversized guide without exciting unwanted

modes. ....... Here at Duke we have used S-band guide (3" x 14") very

" effectively for absorption cells in the region from 3 to 5 mm wave-ledgth.

ized cells are desirable to avoid

. In other rejjons

‘the molecules with radjation.'(29)

It is, oflcoursdy necessary to connect the different sized

ections of guide, and this has been the

guides with horns, or tapered
. Practice in microuave spectroscopy for many years. In the case mentioned
by Walter Gordy. the ratio of the S-band width to that of the 3.to % i
band guide would have been 2.84"/0.11" = 25.8, while in this liboratory i
the. x'a.tio is cn‘ly 2.84"/0.90" = 3 16, yet.Cordy stated that they had "o .
more than the usual trouble Ylit'h reflections ’
The microwave poier passes, as ehown in Fig..2.5 through a

ditectionsl coupler, a varisble attenvator, a series of tapered matching

wavegulde sections, and then into the absorptiod:celly which Holds.a small

sample of the gas. The attenuators control the amount:of micorwave power E

alloved to pass through the absorption cell, and also attenuate the unvanted
“reflected waves generated chiefly at the ends of the Stark electrode and at -

) the windows. The directional coupler placed directly after the source does . ,

8 , not provide any appreciable attenuation between source and 8etector,-but

provides 1% «of the microwave power -to the meter For
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2.1d Vacuum System

The cells vere directly connected to s vacuus systes by an outlet
through their broad sides about one third -lung th:Lr xm;;h. The ‘vacuum
system (Fig. 2.2) consisted of a nuaber of stop-cotka and cold traps
of glass.” The vacum systen and’ :hg absm’pl:inn cells were évacuated by a g

Totary otl pump (Helu:h Vlcuum Punp; Modsd 1402). A 1iquid nitrogen trap

vas used to condense most of the gas in’the cold trap before it reached. ' -
 the pump.  The trappid gas was transferred to a glass Bulb fitted with stop-

cock and stored therin for future use. ;u@m was measured with a Hastings

Vacuum Gauge, mu 8V~1, ‘which' was :a’libi';tgd, with a McLeod Gauge. The

calibration curve eproduced in Fig. 2.6.




2.1e

St

Signal Modulation
| 1f an dlectrié field ds applied to a polax molecule its absorpiion
Freqenictes ré ohiEESd because of the Stark effoct. If.at some:instant. the

B.W. Oscillator frequency doincides with that of an abioiption line, and a

periodié electric Hield is applied, theri there will be a corresponding bi:

variation in the power detected hy the crystal, since the Stark componénts ’ T

of the' Line are shiffed relative to the source:frequency: The switching can i :
be done electronicdlly ‘ot radio frequency, and the’ resulting modulation of .
the mictowave: pover absorbed by the gas can then be detected by'a radio:

Teceiyer tuned to the modulating frequency.  This is the principle of the T i

" Stark modulat by Hughes and Willians (18).

In addition to'increasing sensitivity by avoiding low frequency

noise, this method allows the of the Line,
£o a-great extent the detection of the spurious signais arising out of
nispatch in the ‘microwave line d o

. In the present emerimntal set up, the sigual vas amplitude

modulated by a werebasad 100 K B squdre vave’ gﬁnerator, manufactured by

Industrial I The voltage was continuously variable up
to 2000 volts. Tie source oscillator was electrically swept over the
“absorption liné at a rate which was slow compared to the modulation’ frequency,
so that l:he.apsorpllo;l line was detected and disy;u}ed in the usual manner.
In ‘courss of. the ‘sveep, vhen the oscillator frequency cotneided vith the
fzequéncy of some Srark line, the latter was detected. and displayed inverted
relative to_the zern—fiald line. This was Rade pussme by the use of a
phase-sensitive detector. ‘The Statk pattern wasvthen used to identify the

transition and evaluate the dipnle moment. 2 e

*The ampllfier 1s, tuned to 100 Kiiz; and theqphﬂse—senél:ive detector
used with a band width of either.1.0 or 0.. 2




2.1£

Detection

4~ The output from the absorption cell was detected by Hewlett-Packard
Crystal Detector; Model X424 or J424A (megative biased). * The output of the

crystal.detector vas “fed.into a preamplifier, and then to a receiver tuned

to 100 KHz (both ; d by 1 s Ing ; ). §
* The ‘crystal itself consists of a small piece of a seiniconduetsr

matezial, in contact with &' fine Sungsten whisker. . LT o

Such a systen behaves. as a rectifier for currest at microwave frequencies.

The crystal.is mountéd on a holder whose outer caging is in contact with the

waveguide walls. The inmer confluctor, to which the tungsten whisker is

2.1¢g

2.2

2.2a

Search of Lines

connected, leads .across the waveguide, and So acts as the antenna f9( ’\M

1lecting dation,’ and the output signal passes to the
coaxial'B.N.C. comnector. The assemply of the X424A crystal detector is

shown in Fig: 2.3.

Display N E : > w

For. the ‘display of the output signal from the 100 kiz receiver either
a Hewleti-packard 7035A X-¥ recorder or & 71008 strip chart zecnrdez wusg tsed.
For thie.preliminary search of the absorption lines the X-Y recorder ; and
_for the final analysis ofythe lines the strip-chart recorder was used. The
mmplete block:diagran of the micx‘wave spectrograph is s‘huwn in Pig.2.5..

Experimental Techriigue ’ i

pressure of 0.002 torr. In fact, the pumping out operation was continued Ffor
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-

saversl’ days: by Saterstitent heotifog of thie gride to-ensure/that

-, the absorption cell ‘and the rest of the vacuus systen vere completely
frée ronbny: Cracatol dbabEadlgER AR Fur ther,. the absorption
: cell was £1us‘hed severul times with 99.99% “m{a gas supplied by Matheson
of Canada Ltd. by letting in'the 8as through the smidi, Each £iush

peated

was fallowad by evacuamm of the vacuum system . This process was

.saveral times’ to.ensure that very Lu:tle . of any foreign gas remaiped
Ay Eae

in'the absorpticn cellahd the glass wares. -

. % g - Finally, .a fresh sample of
&z ammonia gas from thé bottle was introduced into the absnrpc:lon cell

until the pressure rose up to 1 torr. Then the excess of (the gas was <

removed ‘from thé cell by pumping'it out and cooling in the trap
until the pressure went down to the optimum level, i.e., to 0.01 torr.
5 an

Using the formula given by Schnabél et al.-(15),

empirical ~spectrum was generated.’ The intensitles of thesé lines

at 100°C were also calculated. After raislng the temperature of the

’guide to avout 90°C, search for those Mnes whose. :heorerical intensities

 were of the order of 2 x 1072 cau~!, was made on a' =1ou~sweep chart

recorder. The temperature could not be raised further,as the seals in the

T absorption cell started leaking at higher temperatures. ' . y
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d ' 2.2b Identification of Raf‘lec‘tini\ ines * .
5 To identify the resonance-lies within the guide, the absorp~ .
tion cell was highly . evacuated with intersittent heating so as to leave
ittle trace of "Ny gas in the vacuum system. - The output voltage

| . of ‘the ctystal was dixectly fed to the'X-Y recorder, and againa sweep

. was' taken at the steps of 100 Miz for the frequency range 4.0 to' 12.4

Gz as done previously vith the gas iu:the Eells. ~Many/lines reappeared

vith‘é‘hninished intensity. “Inése were, pos$1bly,-ghe xesonamce Lines =

within the guide. As a further check on the natute of the origin of -~

these iines, the experiment was repeated after ralsing the Pmp;:amre o

vl of the guide by 50° to.60°C. These Lines appeared again, but were

i .~ displaced to the lower frequency side by an amount, uh;ch depended on A

the thernal expansion of the guidé. As explained bélow, this Frequescy-,

shifs due to 1s the i

with the resonance lines only. In'this manner, the resonance lines e
. uithin the guide were unambigiously ‘identified and eliminated fromthe

List for further e

2.2¢ shm'igg the Resonance: Lines by Heating the Gutde -
Onie of the moat mm‘ga Srob i tu uleretva SpRSLHEORY 4 EAL

P05 e dﬁ;u'ngum.ins absorption dué to the saterial under study from the unvanited
resonances set up within the waveguide system itself. Such standing waves .

arise from'reflections between slight discontinmuitid® in the waveguide




patticularly at the cnu‘pﬂng joints, “windows, etc.’ Tiese rcsonances ovérlap

and obseare the Stark Lines ds wgll.

T Vorking on the idza /snggas%ed by Dr.'R. 1¢pkng a mctl\ud of moving > el

¢ The r\sqnan t

He FnvauAcE Lines to. lower /,fn-q ency was depised.

frequency 15 given by

where- v = velocity.of the microvajes in the guide,

S = an integer,

L.

length of the absorption cell.
When the :x\wsurptinn cell is heated) its.length increases to
. ¥ y &
L= 1O+ an),
where a =the temperature-coefficidnt of the material of the guide

7

AT = dncrease in PR

“Iherefore, the frequency of the resonance line ¢haages to

2 £lomny,

2L

T
2L(1 4 aa1) ”

4 P of aar " ’ .
9 ) ) . . i
As a typical exawple; let f = 8000 Miz, o (brass) = 19 x 1076, AT = 50°c,

then A = ~7.6 Miz. 'This; by rdising the tesperature of the guide, the '

Tesonance lines could be mad\b\a considerable amount to-lover froquency

el shift “This




. calibration with a substance whose dipole moment is known accurately.  For

2.2¢

- the Field strxength. The average value of the Field may be obtained by
Tused as calibrant (u in the’ gmund state = .7149D). The second order Stk = H
2D Al

calculated £xon- tﬁfo'\mm

In cpite of the utmost care in ‘the design of the Stark modulation
cell, the distance betveen the septun and the walls of :the guide may not
remain unchanged throughout its length, causing a variation in the electric g e

fleld and the consequent unceftainty in the precision in the knowledge of

voltage -cn)'lbratim\ of the- guide here, carbon oxysulphide (150 12¢ 325) vas,

shift of the ground state 0 — 1 .transition (vo = 12162.97.MHz) vas measured

for 1 £ferent voltages and the electric ficld-strength (volts/cm) vas

hore Au = Staik shift in Mz md u 0. 71499‘ A graph was plotted betveen the

oltmetex reading V and the electric i:eld\strength E. .This was done for both

2 N 9. .
the guides. The calibration-cutves fare reproduced in Fig. 2.7.

Analysis of the Lines & ~ . /

For accurate measurement of freqmms of ‘the absorption lines and
the resolution’ of Star‘k lines, lhe nutpuc (reqnency~vntlaum\ was conztnlled d

‘by. 3 50 K'ohm tepsturn potentiometer, sluwly drivesi by'a 4 0 24 volts D cMwotor,

via a worm'gear. By keeping the dtiving vultnga‘ at zo volts and maintainh\{; el

AF.at 200 Mz, 'a ke wate BEOL o 2 Mz pex e wis obtatned. The - -
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| Gu s

Jw 3 ; « . . :
|

|

| b'e 0.1 1z

| crystal eurrent, which 1s also.a measure ‘of. the signal strength, vas

| kept at 10 ya. . The bandwiith of the 100 Kiz recéiver vas selected to
.. The.display of the output signal fron the 100 Kz
receiver vas male on the strip chart recorder,. the paper speed being

maintained at 0.2 inch pet minute.- The voltage scale usually chosen

was 250 mV full scale deflection.

Calibration of the ter St

Usiog the ground state 01 rocéemml transitional fregiency

equem:y standard, r.h: EP frequency-meter vas cslibrsted.

The average resu].t of the 96 samples was 12162.970 MHz. The theoretical

" value is 12162.984 Miz which is calcilatad using Costain's value of

36488:8128 Milz for the J = 23 lfues o€'0CS and the Latifholt—Bofnstein,
value for-D of 1.31 x 107% Hiiz. | The weighted average ‘for the ratio. of the
theoretical’ frequency and the ‘observed frequency’is 1.0000011. -The
corection to the observed frequencies is 40.014 Miz, vhich is less than

the r.m.s. error of +0,0225 MHz. Hénce in the present work no'corrections

vere epplied. to the frequenty-meter readings. It will be noted ‘that only
‘oné stendard frequoncy 4s meaded, because this is suffxcient to ualibrate

. the crystal in the frequency-meter,

The frequency: nf a rotaﬁonal line is. qxven hy the tomula,’ .
V=23 @) -4p (Jm i
where ' J is thé rotational quam:\m number of the lower stats. m’:viously,

for the 0—»1 transition , 3=0.
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'RESULTS ~ DIScussIoNs \

3.1 Ground State Taversion Lines of‘?m-x3

As a result of careful investigations 15 new ground 'state

fnversion lines of 1¥NHs,-including one K = 3 and one K = 6 lines, were

observed. The frequencies of the mewly observed lines were accurately

fysied by taking the . ‘ ge-of a number of | at the peak of

\the absorption lines fn the up and down slow sweeps. The results are

* given in the. ;rable 3.1 and the Figures 2.8 and-2.9. L
Corrections vere appued for K =3 and K= 6 lines) usi:l:@ the . | .

values of “the ibratic 2 in this 26)

as\ well as that given by Schnabel et al. (15)da e Nieletn and Dennison’s
formula (16). 4 -

o ¥
The corrections for K'= 3 are expressed,as-

o' = (Y ay I+ CED-2) @6 . E i e

%

= 3.74044 x 107 = 6.097 x 1077 (J-3) Mz (Schnabel)

5

= 14T

°r o < 357582 x 107 =30 T e ( Arthur .G, Earle.!” 3

The corrections for K = 6 are expressed as

8" = (--1)Jﬂ 1.24 x 1074 $(0) M:Hz - .. (Schnabel) -

where $(3) = J(31) (I (IH1)-2) (I (3+1)-6) (3 (31)-12) (3 (3+1)-20) (3 (3+1)-30)
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. -
cuil z ; The assignments: of the nevly observed lines were made on the

Schnable et al. (1 -  Further,—the Stark shifts of the lines 6438.64 iz

"y s
PSS o

the correctness gf the assignments.

Because the J-values ranged from 13-to 19, in these lines;, it

N vas difficult tp resolve the separate Stark components in their Stark '

: %, pa:g‘ems: How er; as cgn be seen Figures 3.12 and 3.14, thé position
the outer chmponent, with My '='J, can be estimated within $0.15 Miz,

dennmgfhe uter linit of the Stark lines at the Stark voltage used.

The square of| the dipole moment can then be found by using-ths Fornula

for the Stark shift of ‘Ammonia, giver iR section 1.6, with M= J.
%

\ ' Th¢ outer limits of :he ‘Stark’ lines of 6438 64 Miz and 7969 32
Mz At‘dlffe ent voltages were observed and the dipule moment was cal-
culated from each observation. Thé average value of the dipole moment

b
002°D_vhich 1s in good agreement with the valie 1.475 & 0,0006 D

“is 1472 £ 0.

obtatned by [Pujio Shinizu (19) by Stark spectroscopy using €O; and w0

lasers. The résults of the Stark analysis of these lines are given in R
Tables'3.2 4nd 3.3. The frequencies of the outer limits of the Stark |

PPN, against the Stark voltages. ‘All the points lie on

straight 1ffes. The: graphs are shoim ‘in Figures 3.1 and 3.3. Tue to’ .
high values|of 3 and fow intensitics of these lines the-didividisl Skark

lines could|not be resolved. As a check that these lines were due to

the gas "‘N’H3 slow sweeps were taken after pumping out the gas for one

hour mafntaining the other conditions as before. The intensities of

the linies reduced to approximately 1/10 of the original’ cmes.
: . . E
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~=
3.2 J=01 SF Carbonyl Sulphide
k ///@mﬁrﬁ,mmmm,
| measured and assigned. . The : of th tional quantun numbers
L and isotopic constituents were made on the basis of the previous works

reported in NBS monograph 70, Volune IV, for I= 132, 253 and 3%

transitions and also on the'basis of the values.of the constants given

W Landolt-Bornstein (20— =7 % ..

eriplet m@e €6 the. quadrupole moment, of *%

nucleus 1n the 041 transition was completely rasal%
of_the n ant (eqQ) = —y_.ohmx obtained by

et al. (21) sud of gravity v = 12009.793 Miz the

calculated line pusuuin&'»agree with those observed within the experi=

mental erta: of 0.02 Mz, 5 . e
i 1 From stark anal);sis, thz valie of dtpole nomeny of carbonyl ;
sulphide for different 1sotopic formé and different vibrational statés,

; was obtained. The resilts of the Stark analysis are given in tables 3.5

and 3.13. T‘hg‘g‘inphs of the Stark shifts vs. Stark voltages are showi

in the ‘nguuu 3.3 and 3.11. . .
The lover Eraquaney scales in the Fig. 3.12 through-3. zé
~ . correspond to the sweeps taken after the "ml! gas was pumped out for

about one hour.
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TABLE 3.1

‘' GROUND STATE INVERSION LINES OF “NH3
Q.

Assign- - Observed

Theovetical frequency vy, . (Hz) a
ment frequency (o b e B
5k Vebs (MHz) / ?
133 643664  6.440.16 6437.88. . -1.52 / llu.sa
2 66i0.23 6 640.06 . 6 640.25 40,17 [40.02
s 7:969.32 7 969.28 7969.32. . 40.04  40.00
4 6123.37 6 123.36 6123.48 . 40.01 =0.11.
5 6 621:15  6.621.05 6 621.14 40.10 - -Q:01
5 5433500 543332 5433.27 . . 40.18 -0.23
6.6 5973.93  5973.6% 5974048 4029 -0.11
7 6 690.45 - 6 690.34 6 690.42 40,11 -0.03
17 9 7152.30 . 7 151.89 7 152.21 40.41 - 40,03
i 17 10 8 426.86 8 426.43 8 426.91 4043 -0.05
; 17 11 10 098.47°, 10 098.15 10.098.54 40,32 -0.07
18 11 8 084.48 8 083.63 8.084.49 40,85 -0.01
18 12 9 853.07 . 9852.22 9 853.02 +0.85 =029
d 18713 122180 1221131 12 212.01 40.50 - .21
191 .12168.56 12 167.31 12 169.73 +1.23° -1.19
a b= Vope Vineo
. b See. Appendix I.
e See Appendix, II. ™ = 3
.4 mis frequency 1s the 4th pover expansion of J(F1) and K2,
i e This result: $ollowed by using the second fornula on page 38 for
’,) ) : a;. and the uncorrected frequency 8265.282 Mz, from Appendix
S II incalculating the J = 13, K = 3 frequency. The corrections
x E for the J = 16, k = 6 line vas based on Schnabel's correction,

(15).

s
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TABLE 3:2..
STARK SIITFT FOR e kaza:M Mz of Mmuz
‘Stark Voltage Max. Stark Shift. Average ¥
- (Volts) z) ©l (Debye),
" 800 2.15
1000 3.40
1200 4.95 . 1.473%.008
1 400 6:65. _
1 600 3 8.80
1 700 9.90
“1-800. - 11.50 ¥
TABLE 3.3
) 3 4 El
. STARK SHIFT FOR v, = 7969.32 Miiz of Bm;r
g R .
Stark Voltage Max., Stark Shift " Average 1
- (Volts) QHz) - (Debye) {(Debye)
500 1.67 1.474
600 - 2.40 1.472°- ) .
700 3.26 1.471 1.4720.003
: g
800 4.26 1471 :
900 " 5.40° 1.472
e i, 22 . -
2 = " ;
' St { ;




ROTATIONAL-0>1-

o s
LINES OF CARBONYL SULPHIDE . ©-

Isoropic Sgecies  Vibr State
W - .

lyperfine “‘Observed Freq. Calculated Fre
F B Qiz) : :

112003.96 -~ 9
(12011.29 /12011206
12017.05 '+, 12017,060
11865.70° ' 11865.627
11409.65 -

i%

. AR T
*11409.645
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R A s 3 R y
. i ; : TABLE 3.5 o - »a
| STARK SHIFT OF v = 12162.97 Milz of 0CS (CALIBRATION OF
3% STARK FIELD) 4 = 0.7149 DEBYE (Ref. 22) %
. Stark Voltage (Volts) *Av (mz) 7 E (Volts/cz)
s0 . - P 1t L 527.56
. 1000 2 2.40 650.20 e g
<t 1200 - 359 795.23
¢ 1400 4.82 54, 921.45 ) ¥
TABLE 3.6 Ay
i |STARR SHIFT OF v’ 12126.74 Miz OF 0CS (10°0) b & s
"Stark Voltage (Volts) . Av (MHz) ., M. (Debye) - Averagt w (D) -
sy 8007 i 155 . . 0.707 by
i 5 1 000 2.42 s 0717 0.709£0.006 _
1200 345 0.6998 . i
“ 1400’ 479 0.712 §
g v . Fae o
ik 5 Y TABLE 3.7 . = R
: STARK SHIFT OF v, = 12200.38 Miz OF 0CS (02°0) z
stark Voltagd (Volts) . ) < (D) Average u(D)
: 800 - : 1.49 7 o
& o0+ . 2.38 0.713 0.699£0.008
T200 v il 73,37 . 0.69 E O
140075 A Tl 4537 0.694 Rt -
'y v ¢ ®
: g ) 7 !
S o




TABLE-3,8

" STARK SNTFT OF v ‘= 12123.88 iz OF 0'%cs

E »Stark. Voltage (Volts): av (MHz)

o ~Avcrage w (D)
“'800 1.68 0.736 ;
- 1000 2:45" 0.721
1200 3.50 0.705 0. 7194
. 1 400 4.86. 0.715 5
E . d " TABLE 3.9 ;

4 . i STARK SHIFT OF va' = 12003 $96 Miz OF 0c33s

Stark Voltage (Volts) Ay Qitiz) e Avetage ¥ (D)
800 ;130 0.644 )
_ 1000 1 2.00 0.648 £ 0.635%0.015
1200 2.90 0.638 | .
1400 *-: 3.55 0.609 w

TABLE 3.10

. STARK SHIFT-OF V5= 12011.29 M1z OF 0G33s

Stark Voltage (Volts)’ By (MHz) . Average W (D)
, 3 800 1.20 _ _ N
. 1 000 1.80 0:614+0.006
1 200 ©.. 2,60
1 400 © T3S

v




" el 46~ 1 4
oL 5 A
% o TABLE 3.11" -
" STARK SHIFT OF v 12017.05 Mtz OF 0633 “

| TABLE 3.12

STARK SHIFT OF vy

11865.70 Mz OF 0c3¥s

Stark Voltage (Volts) Av (z) WD) . Avérage u (D)

. 800 .20" 0.619 - :

17000 1.75 0.607 0.60840.006;
1200 - T, 255 7 0.605 ¥
1400 - %3l 0.603 et

Av Qmz)

+. STARK SHIFT OF v

11409.65 Mz OF. 10cs

‘Stark Voltage (Volts) ¥ (D) ! Average w (D)
800 | 1.72 © 0,737 oy
1 000 : ‘. 2.60 £ 0.735 0.726£0.011
1 200 3.65 N 0.712 o
1.400 5.00 - 0.719
% ¥ TABLE -3.13

Stark Voltage (Volts) =

4y (iz) w (D) - Average i (D)

800 73 0.728 AT b
1 000 E <752,75 0,741 0.726£0.010
1200 3,81 0.713 s WG, 25
1 400 5.28 0724




-, - ’.I'ABLE 3 14
ELECTRIC DIPOLE MOMENTS GF THE ISOT0PTC SPECTES OF caRBoNYL,
**" ‘SULPHIDE IN DIFFERENT VIBRATIONAL STATES

Tsotopic Species . . Vib. State . u(relative) - u (relative) _ Ref.

(Present Work) = (Previous work)

0 ¢S 00 0 © 1.0000" 1.00000 - (23)
s AR 0 0 0.9917

e 0 2° o . .0.9718 i

0% s 0 0.0 1.0057 - e

. 'y 14 e < 9

0 'c¢%s . o 0 o - 0.8659°

o c 3 0.0 0. 1.0155
¥.¢c s Yoo 0 1.0155

2

A_'=

R

; In the present vork the dipole moment of ‘the 01 gxnul\d state rota~

tional transition line of OCS was taken to be 0.7149 D (Ref. 22)..

Averaged from the! three quadrupole ses i
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ubsewed, accurately measured L\nd as*);,ned, The results of zhe Stark P
analysxs of two of thesc lines.confirmed the assi%nmem:ﬁ, which are

. @ mainly based on ‘the extrnpolar.ion of the cmpirinnl formula of Schnabel J

ct'al. and the computations by G, Pedersen and Paul GIilard of MIN.

VAR + ' The dipole mohent computed from the Stark shifts’ af these tuwo llrms £ s

is ~1.472/;_ ﬂUZ D, vhich is in good agreelnent, ult the value of o

1.475710.806 D reported by Fujio Shimizu (19) recently. The rau.s. %

deviatmn of the predicted fr ies frém the ob: d s e

is £0.64, Milz with Schnahel's formula and 0.36 Miz Hith MUN cnmputatinns

The agreement between the theoretiual frequencies {rcm the semi--

empirical formulae of- Schrabel et al. for K= 3 and K = 6 lines and

fubserved frequencies is good in view of the lapge shift for J = 13 .
- : 3

=3,

§ * Nine 0+l rotational transitidds of carbonyl sulphide ueré'
: ) %

“obsgrved; accurately measured and assigned. Two of them were identiffed

as Ferni pair and. three of them constituted a triplét due to the

' ‘quadrupole. action of the 33§ micleus. The r.m.s, deviation beteen she

N ol * calctlated and observed' frequencits,is 0.014 Mz, which is less than P
thie expérimental error of 0.023 Miz. From the Stark analysis.the
relative.'dipole moniénts of (100) and (02°0) vibrational states of '0CS 2 ur

and (000) /state of 180CS, 013CS, 06335 ‘and 0G3%S were determind. The

- o ! 2
results are given in Table 3.14.. The following points are to be noted.

. A <
1. \The dipole moment of 0CS'is less in the vibrational states

/than In the ground state. ' It is 0.825% less in (100) state




\

’

.
-84 ~
-

and 2.224% in the (020) state. 'The value of the djpole
‘moment -in the (01°0). state is feported to be 1.53% less than

R i
that in the grownd state by Reinartz et al. (24).

The variation of the dipole: moment with Lsotopic{substitution -

1s also appreciabie. The substithtion of -1%, 13¢ gt s
| :

1n 0CS increasés the dipole moment by-1:83%; 0:294%, and,
- : o i 4

1.413%; tespectively.  However, there is & iaxqg decroass

Lof 12,442 i’ the value of the “dipole “moment:by 1aox:np1c .

snbs:l:utinn of 333, w‘hlnh has’ the quudrupole wns:ant of s

4 29.00 e, '~ . el B B P

4 varfation of dipola noment with vxbzatimml state 1s "

1ntult,ively» reaspnable, since the molecular structure nnd ‘the

charga dlatributlnn difer from those" i the grnund state.

Ths dipole moment variation .can be-treated appmximately by

consldering :he elnmge of the efieccive bdnd length wlth

vibrationul qual}t\nn n\mbe!. 'nua change’in the dipnle mpenc

depends, mit only on’the hendlng or change in n\ ‘relative

) direc!ions of ?/-c and' C-§ bonds, but also on tha, elects

wave functiona’ tavolved fn each bond dut to Vibtation: stnce

energy - ‘the varla:iwn of .dipole mmt wm] ;lsoxnylc suhautu—-

tdon 15 ‘also’reasonabie:
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State ‘inversion lines of ":m,_'
S :

XY £ A, Y

#AX A

Y 1

15 1

C e
Ryght BpgX Y
A0

+

where X =33+l and ¥ =x2

23 785.877, iz

A= e._ésllssou x 1073
A, = 682956601 x 1077
Ay = 3.66026044 x 20~
‘A" i.0231209 x 1071 A

208517390 x 10714

A =-6. 37113219 107

A, = -2:04826749 x107°

T A = -9.19702558x 1u'_9 J
Ry = £3.17220556x 071

4 i agml4
By 744622471 10

3 2,00 3 A
exp. (A Y +1}2?+ }\3\"+ Ay

3 : 2% gen i 2 2,
i +A, X‘+A2XY+A1=X-Y2+)\“X‘I

H
TR
i 4
% o
AKX By Xy
3

3, 3, 3, Y
eng e

K 2

A= 9.723962594% 1077

A= 7.66861022 'x10™°

A 1.04852978x 10

A= -2.07544023x .10

A7 ~7.15251973 %1074

A = 2.33418889 %1074,

Ay~ 348189589 107
13"

= -1:57805504 *107 '
aLe 29220413 %1072

2095350627 x10™ 22

APPENDIX I. Schnabel, Torring and Wilke's formula for the ground
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k. . © APPENDIX II. MUN Computations (G. Pedefben apd P. Gillard, Private;
. - - Communication ) y R

Fit to the fourth power of X and Y in‘the L‘osbmn—s:;ﬁabel's femul-x

. i 2
éxp(A19A2X+A3¥+n x+asm+nsv2+a1x +AaXY
23 3

A XY +A10Y +l x 4512X¥+A XY"'AL‘“‘f

whiore X% 3 ()| and ¥

: ] s i ‘
8.868682x107> " hef s o gt S
; ks : ¥ r "
: § DT e
7.361310%207" g L L I :
TR 5w iy
V P ; .
AL = -1.511275%10 \
A= 425797407 . .
. &% -
Agie 7753070 -
Al = 1.976797x107° ; 2 8 -
s 30 Yo gt :
13 L B :
Ay -7oamaadan . . -
g O e v g
L x10723 5
Ay - aszienzoNd Yo o LR i
R iz ; ) p
528455 3X & ;
Ajg s.mss3ant o ) &
Al = -1lou030x07t I R R R Y
147 “EON L y
. . LTI A 1 :
xls“ 6.052239*)0 * E FE ” . 4

These cnefficients uere obtamad by 1e -sz Qqunrgs fibti\\g

to. the’ ftgquencies nnd quantum’ numbers of forty-thiee: 1nes !anging
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lard, '

onputed by G

and Paul G:

cncies o

=

‘Izble 0 frequ

‘Yar:

,Fron & = exp,S, waere S is a polynonial of degree 4

+n the

v
»

{3 12’1

1461

Ewrs

Inos:
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