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work. In adiit ion to the cited journal publi cations , approximate ly an eu :a l

number of invited and con~~ibuted paI~~rs have been pre~~mted at ~c ie r~~~
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Summ ary of Resul ts

(keyed accord imJ to list of p iblications)

1. This paper represents the f i rs t  operation of a molecular beam :nm:~ r in

the submillirnete r spec tr al reg ion . The extremely high r e solution of d:i~

device makes it an especially powerful spectroscopic tool and presest~ the

possibility of the construction of a primary frequency standard in the

submillime ler .

2. This paper repor ts the f i r s t  pressure broad ening s t udy on H 2S. l~~~ a~ s~

of a pauc i ty (none) of transit ions at conventional ~n i c r o v ~a ’c  fr eq~~~iHe~:, th i r

important . species had not been prev iously s tudied.  More imp or t an t i y oe ’

Ih r or~~tical calculations (Anderson theor~’) show t ha t  the theory was in fac t

generally valid ( t o  i0~ ) and that  previous incon si s tencies  (r~ 100 ) were

due to inaccurate infrared data ra th er  than theor etical shor tcom ings.

3. This paper repor ts the first observation of sym m etric top forbidden

transition s in the N M M W  spec tral reqion. The resul ts lead to a s~ b stant ia l ly

impro ved knowledge of the ener ay level st ruc ture  of P IT 3

4 . This pa~ ~r demonstra tes  the power of millimeter an subni l i l i  me ’nr

spec tr os o~ as a diagno st i c ’  probe of molecular lasers .  ~ v~ ra~ con ’~ent ion a l

• ~
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wisdoms about th~ IICN laser were shown to be un t r u e .  This project and its

j spin offs will become a major part of our effor t  in the next cos~r act period.

5. This is a shor t note that relates centrifugal distortions to changes in

molecular constants and is a spin off of paper 1.

6. This paper reports the resul ts of a high te mperature (
~~ ~ 500°C) s tudy of

SiO and represents the f irst  laboratory observation of one of the inters tel la r

masers.

7. This is an invited review of the appl ications and techniques of millimeter

and submilli met er  spec troscopy .

8. Molecular laser pia smnas are r ich  sources of exei te d v i b r a t i ona l  s tates .

This paper report s the use of the IT CN laser plasma as a source for these

excite d state st udies . An in CS ‘st ing sy u~bi osis between th is  project and lh s

repor ted in ~
) exis t s . So l i t t l e is known about the exc i ted states of molecules

in the mliii ~~iC tCS  a!ld s ub t n i l l  I meter  tha t one o rd inar i ly  mus t  do the snort  ro scop ic

projec t f i r s t  so that you know what  you a l e  d iaqu os i  nq .

9 rç~~ pa~ • a’ sepsesentu an ex ten sion  of the work reported in 3 to AsH 3.
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10. Because of Its extreme centrifugal di sto r t ion , water is the most d i f f i cu l t

~~ molecule to model. This paper reports a combined allal ,’sis of our

millimeter and submillimeter microwave data, new FIR Fourier t r an:e’or si

data, and energy levels derived from JR combination differences te  up ’:ei . ’

the energy levels of AFGL spectral table.

11. This paper repor ts the results of an extensive projec t to model the i IN ~

spec trum from 0-300 0Hz. The primary result is a model that predicts -—

~~ 5000 transitions in this region ~ 1 Mh z. I understand tha t  this  work is of

some intere si  to BMD for their modeling of tao “dist urbed ” atniospL re .

12. This v :ork has been the subjec t of two paoi~rs d elivered at th e Columbus

Meeting anie is being finalized for inclusion in a thesis and journa l  p ;bliea i o n .

A gain , I un ders tand  that this work (especially f102) relates to BMD in te re st s .

13. This is a spec tro scopic project on the m i l l ime te r  and s u h i n i l l i  meter

spec trum of the ex t r o ine l  reactive and u m i s t a L ~c’ mixed d i a to m n i c  hai l km .

14. rphis is a pa~er t h a t  sopor tu an i n t e r e s t i n u  and p o t en t i a l ly  ve ry  valuable

approach to t i a p  theore t ica l  model inq of th e ab sorp t io mis  of hot  wa t e r  v~i per .

1 P . :md I C rF lln SC j u p e r s  m?pl’ cs- u t  b e  lest  paper s f r om  I ro~~msor - ‘o r t ; ’ s
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Extension of high resolution beam maser spectroscopy into the
submil limetre wave region ’

R. MR H ~i I  G.• \Rv i ~~
2 \~~I FR.\NK C. Di Li ui~s

1) ep i r tnn ,i j  ‘ f  I ’It’ si S i) ih, I flh er..ilr, J)t ,r/ ant , .\ ( 27706 . 1 . S . 1  .

Received I)eeemher 2(1 . 9Th

II igh rs-~olut ion niolecular beam maser spcct roscopv has been extended into the su bmi l l i—
metre “asc region of the spectrum. The maser spectrometer COnsists of a multip le heani source.
s t ac ked quadrupole state se lector , and Fabrv . l’erot cav ity . The cuh mil li met re w i s e  s timulating
signal is produced by harmonic generation front a mil ljn iet re-ss ave k lss t ro n , directly referenced
to \ V W \  B. The maser signal is det ected iii a cr Yogenic photodet ector. Lincu idths 5(1 tOO times
narro ss er t han the Doppler s~idth and goo d signal-to-noise ratios st ere obtained. This s\ stem
has been used to reso ls e the small dc utcr iun i hyper li ne splittings of both the I —. 101 trans i-
tion of D~O al 3 17 GHi and the J = I -• () Iransit ion of ND , at 309 GHi. The relevance of
the D I D quadrupole interaction data to the electric h eld gradient in o ater is discussed. The
spectroscopic constant s in ki lohert z for E)2 O in the stat s -s 1 0 and 1~ at -c. respect ively , I - QqJ) D

34. 51 0.32 , C,, — 2 .661 . and (e Q~j I 0  = 29 . 61) 0.55 . C,, = —2 .532 .  The cOns ta t i t s
for ND, are , in ki lohert z : (eQq,k 81(0 ± 1.1 . C~ 2.0 ~ 1.5 . ~~~~ = 19 .9 0 . 8 .
and C,, = —2.2 + 0.8.

I. a spcctroscopic a haute r~soluiioti p~ir maser Cl a secau moli~culat rc a ~te ~tcnd tie a Ia
region des longueurs d otide infraniillini~ tri qucs. Le sped rons~tre maser cs t const ituti par one
soi ree ii multip les faisceau~ . Un si~lectc ur d~~ta t s  quadrupolaire ct une cas iti ~ I abrv P~rot

— Le signal stimulant Icc ondcs itif rami II itmitri ques esi pr~dut , par g,rn~rat ion d ha rtiiottiques .
ii partir dun k lvs ron fonctionnant dans Ia riigion millimétri quc _ as cc rr f~rcnec ii ir c ctc aux
signaus. ~V W VB . 1_c s ignal maser cst sl~ tect ~ dans un photodetec icur crvog~niquc. On a ‘htenu
des raics avant sic — largcurs de 50 ii 100 f o ts infértcurcs it Ia largeur Doppl er ci dc bonncs
va leurs dii rapport sig nal— brut i . Le sv st nllc a éié ut ilisé pour rirsoudre Ics faibles separations de
st ructure hyperflne dii deutirriurn dans Ics deits transitions I~~ —. I dc D~O• ~i 317GHz , ci
J = t —~ Ode NI) 3, ii 309 GIl,. I_a ponire s~es données concernant l’it ,tcract ion quashrupolaire de
D20 stir Ia question du gradient du champ irlcetrique dat is ‘cat est  sli scu t irc . 1.cs va lcurs en
kilohertz des con stanle s s pect ros co piqucs de D2 0, pour cs irta is l e t  I • soOt rcs pc c t is cmen t
(eQq,10 34. 51 ± 0.32 , C,, = —2.66 1 et (eQq,) ,, = — 29.60 0.55. C1) — 2 ~32 . 1_es
constantes pour ND, sont. en kilohertz: ( ‘Qq,)~ = SI 6. 2 ± I I .  C.. 2.0 ,- I 5 . 1. Qqj 10 =
19 .9 ± 0.8 et C,, = — 2 .2 ± 0.8.

ITra duit par Is- joti rnal l
( an . J. Pit s ~~~. t t9~~)

I. Introduction specific transitions . For matly of the fundamental
• Molecular beam maser spectroscopy was first and interesting molecules , t hese submil limetre

reporte d by Gordon ( (955) in the centimetre transitions are either the only ones axailable or
microwave region and the high reso lution are more advantageous to study than the higher
capabil ities of th ts technique have nov been .1 trans itions which fall at longer x~avelengt hs.
used to stud y num erous molecular spec ies in this Loss J transitions exhibit the largest hyper fine
spectra l region. A number of proposals have splittings and ale least a ffected by centrifugal
beet) made to extend beam maser spectroscopy distortion. In this paper sse report the extension
into the subm illimetre wavelength region and of high reso lution molecular beam maser spec—
beam absorpt ion spcct rosco pv has been reported troscopy into the submillimetre region and the
in this region by van Dèp L and l)~ mantis (19 70). study of the J = I 0 transil ion of NE) , at
These proposals have been mottv ated by the 309 0Hz and the l

~ 
I 
~ , transitio n of 1)20 . 7

general desire to extend the capabilities of these at 3 ( 7  GHz.
devices as well as by the need for studies of

ii. ~~~per~m~ i~tai
This sso rk supported by the U.S. Army Research . .• Office, (irai lt D \  \( 29-77-G-0(X)7 . Numerous artic les ss liicli describe cet it imetre
Present address : National Bureau of Standards , 325 ss ave molecular beam maser spectrometers have

Broadssav , Boulder . (0 80302, U.S .A. appeared in t he literature (Gordon et a!. (955:
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Selector

Frequency SW. Multip lier Chain
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_______________

Dual
Channel Preomp

Recorder
Lockin lnSb Detector

Ftc.. I. Submi llimetre bcam maser spectrometer.

Thaddeus et a!. 1964). In addition , molecular (1951) proposed the use of supersonic jets to
beam masers for 88 GHz (Marcuse 196 1). 72 obtain beams w ith greater forwar d directiv it v
GHz (Krupnov ~‘1 a!. 1964). and var ious fre - and intens ity. Until recently these sources have
quenc ies bet w een 50 and 200 0Hz (De Lucia not been used in beam masers. These supersonic
and Gordy 1969 : De Lucia and Cederberg 1971: nozzle s produce increased forward beam inten-
Garse ~ and De Lucia 1974 : Gar v ev et a!. 1976) sit i c s compared to effusive sources , but for beam
have been described. Because of the difference in spectroscopy t he greatest gains result from the
w ave length between the more common centi- cooling effects of the supersonic expansion
metre wave dev ices and the one described here. I Dyke i t a!. 1972). Rotational cooling results in
a s imple scaling dow n of dimensions is not a partition funct ions which are substantiall y
sat isfactory desi gn approac h. The op eration of a smaller than can be obtained in a bulk gas samp le
molecular beam maser may be divided as follows: before conden sation. The increase in population
( I )  beam formation , (2 )  state selection. (3) micro- which results is largest for low J transitions. This
ss a se cavity.  (4) generat ion and detection of sub - is fortuitous because of the previousl y d iscussed
mi ll imetre-s sas e energy, (5) frequency measure- spectroscop ic advantages of low J transitions.
ment. Figure I s hows a diagram of the experi - Becau se of the large frontal area of Fabry—
menta l apparatus. Multip le molecular beams are Perot cavities , it is advantageous to employ
forme d in the beam source , pass t hroug h a multi ple beams to increase the filling factor of
stac ked quadrupo le electrostatic state selector , t he cavity. We have used a seven by nine array
and interact with the microwave field ofa tunable of nozzle s , eac h beam having its own electrostatic
Fabry - Perot cavity. The microwave field in this quadrupole state selector. Collimation of each
eas i ly is produced by harmonic generation from beam is accomp lished by an arrangement of
a millimetre sv ase klystron. The maser output cryogenically cooled channels. It has been found
.iot ial is detected by a hel ium temperature (1.6 K) that the complex and precise nozzle geometries
InSb photoconducting detector. originally used in studies of supersonic jet

phenomena may be replaced by small holes in a
A . Bean: Formation thin metal sheet. To take full advantage of the

Molecular beam masers have ordinaril y used nozzle source , it is desirable to expand the
effusive beam sources. Kantrowitz and Grey molecules into the maser vacuum chamber from

~~~l. —---- ---~~ 
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as high a source pressure ~ s is feasible. Ulti- copper fins . Arcing w it hin the stale selector

• inate ly , the gas load presented to the collimation places an upper l i m it on the applied oltage of’
structure limits the maximum source pressure about 35 kV.
that may he uscd. With holes of 0.34 mm diam— 

~ 
. ,,

eter . approx imately 10 Torr source pressure w as . “~ 113 
-

- . . . At millimetre and stihmil limctre w as clengthsfound to he appropriate in our experiment. Al- .
- . .  the closcd cs lindrical cas It ies tised as resonantthough this design is an order of magnitude from

- . struc tures for centimetre ssa s e mase t ’ s becomethe source pressures used in sing le beam 55 stems sign ilicant ls less adsantageous than qua si —we have realized gains of approximately u s e  o’er . .optica l hthrs Perot cas ties . Because the mole—a similar cil usive source. . . . -eular time— o f— flight in the microw ase field is the
B. .5 t itl e St /es -lion ultimate limit to maser resolution, the diameter

Population invers ion may produce intensit y - ol’ the niicrow as e mode in the ea s i ly should be
gains of’ the order of ’ A 7’ hs’ l’or transitions of ’ max imi zed. I or I abry Perot cas it i cs made w i th
f requenc~ v Althoug h this fuctor is ins crsely the usual spherical mirrors , large mode diatu—

• propo rtional to the f ’requency . gains of’ 20 may eter s are diffi cult to obtain at submillimetre w as e—
he realized at 3(X) GHz. The process of ’ s’atc lengths and the mod es t he mse lse s are ‘et t s it is e to
selection ss ilk inhomogeneous electric fields f~~.. imperfixt ions in the (sing focal leng th mirrors
been t he stibICCI of c ’slcn s t\ e discuss ion (Beck ‘r ss hich are required.
and Angew I 963: Mednikov and Parvgin (963 t . Wc has e deseloped a Fabry Perot mirror ,
A number of diffc rent sta t c selectors have been show n in Fig . 3. ss hick overcomes the sub mi ll i—
successfully emplo~-ed. hut the mult iple beam metre—wa le mode si/c problem. The center of the
arrangement allowed by the st ibmil limetre ss ave mirror is flat : the ed ges a t e  cursed to confine the
Fabry Perot ea s i l y places constraint s upon the micr ow as e mode in a manner analogous to that
s tat e sel ector geometries ss his-h s-an be used of co nsen t ional sp her ical mirr o rs . This mir : t im

efficientl y - . Figure 2 shoss s an end s iess (beam m a y  he cut in a stepss sC Ij ishion and polis hed to
floss perpendicul ar to figure ) of the state sel ect o r the final c urse as i l lu s trated in I t o . 3. The c asi ls
used for this experiment ( I)e Lucia and (iordv is formed from this curs ed mirror and an o~~(969). The po les ot ’ the quadrupole arc f~t hr icat ed posing plane mirror , bo il: flibricated from cop—
from copper rods of 3 I (i—in , diameter , spaced per. I) ifl ’ract ion los se s are insignificant. Q’s ap—
3 S— in, on center s . The structure is I2 t i i .  long and proac hing the limit imposed by copper losses a t e

— is cr~ogcnica llv pumped from ss ithtn b~ cooled atta inable , and high order modes are effect is ely
suppressed. Thi s ness mirror design has the

Source Holes ad ded adsanta ge that the mode diameter is onl y
a s cr y- slow function of ss as elcngt h (essentially

0 0 fill : ng the cas i iv to the c&i rs ed edges) and is there—

O 
by usable os er a ss ide wase length range. Power

Cryogenic iS cotil)led itito and out of the s-as 1’, through
0 ® Trapping sit i~i II holes iii the phi uc mirror. Tuning is as--

Fin complished by translation of one of the mirrors.
0 0 For the eas i ly- used in this ss ork (the mirror of ’

— 
l:ig , 3 and a plane mirror separated by- about
20 cmii) a mode of ’ approximate ly 10 cm diameter

• 0 results . The 
~ 

is approximatel y- proportional to
and at I mm . (3 SOt) 000.

0 0  

~~TII10 0
0 0

- _ _ _ _

I i~ , 2 . I id sue st of one ~ ‘i t is - ,iI ‘ is  of state seleCto r
ss tb litOu t it . .ott tcs’ hale’, tti il ie ,tI~’t h. I ~ . . 3 .  I al~ ’s t ’i’i-ot ui t i t  t o t  t . i h ’t ts - ,i t t ’ l t

- -~ -~s -
~

v ,’~
, 
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~
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I) . (.,ene,’at iOn and Os-it ’s-lion of Su/ ’millinu ’ire maser ’s and partl y from t he increased sens itis t tv
Radia tion of the cryogenic detector compared to the room

Harmonic genera l ion (King and Gordy 19 53) temperature detectors more corn monl y em ployed.
is a proven technique for produci iot i of ’ modest This detector is broadhanded . requires no loca l
amounts of subm il l i rn etre radia tion and is par- oscillator, and is extremely reliable: it has proven
ticularl y’ at l rac t isc for beam maser spectr oscopy ; to be ver y sat isfactory for our exp eriments. The
re laxation rates in a molecular beam arc slow output signals are recosered by means of phase

• and saturat ion occurs at relativel y low power sensitive detection (at 3 kHz) of the signa l pro-
lese ls . W ith the hi g h Q s-as ity used, w e have duced as a result of the demodulation by t he
found it possible to generate enough power to maser line of a small 1.5 kHi f ’requency modu—
saturate t he I 

~ 
— 

~~ 
trans ition of D~O at 317 lation of the klystron.

(1Hz f’rom a 300 mW 53 GHI klystron (OKI-
— — . E. Fr equenem ’ .%Ieasuremen t
~~\ II). ‘s i’requens-v measurement sy sl ct lt . separateSince the ohsersed liiiess idth depends upon from the frequency stabilization svste iii. is usedspectral purity of ’ the stimula t ing source, it m’ s to as-o id errors that might he introduced eitherimportant t hat t h is source he as stable as pos— 

~ inexact loop loc ks or by instabilities or in—sihie. Free running Ll ystron osciUators ’.ire too accuracies in the ses’eral oscillators . For the fre-unstable and it is necessary to lock the signa l
sours-c to a stable cry stal oscil lator. A diagram of quens-~ measurement sy stem , a 5 MHz crystal

osc illator (General Radio I l l S —B ) .  phase corn—
t his stahili iation system is included in Fig. I
The Frequency Engineer ing Lab’s ( 33 ’ s  Synchco- pared to W W V B (HPI l7~\ ) . generate s a standard

ref ’erence s i~ iial which is amplified and multiplied• nizer contains a ariable crystal oscillator and to provide a 60 M Hi comb extending to severalniult iplier— amphitier chain which produces a ‘~~~ 0Hz. This comb is mixed with a samp led portion
NIHz f ’requencv comb extend ing to several gi ga— 

~~ ~~ sta bilized klystron si gna l and the heat fre—
• hertz. -‘s var iable sideband is added and the comb

ss ith sideband’s is amplif ied in a traveling ss ~~~~~ 
quency 5’h ~ amp lified and mixed with a counted
reference osc illator (Gertch l- ’s1-3) in a corn—tube and applied to a cryst a l mixer (IN 26) muinicattons receis -er. .- ‘ss v~ is swept (as thecoupled to t he klystron. One of the resti lting heat stab ilized kl ys t ton is swept) the resulting zeroirequenctes is doss n-converted to 27 MHz in a heat is recorded simultaneousl y ss ith the spectramod ified Clarke Instrument’~ receiver. Tnis 27 -

on a dual channel chart recorder , Ten k ilohertz
MHz signal is returned to the sy nchronizer where

stab ilize the kl ystrot i. The klysl ron is swept in Ote chart paper.

s ideband’s may he added to the reference oscifla-it is ph ase compared to a cr ysta l  refi~renc c oscil- tor si gnal to prov ide a lattice of zero heats which— lator. ‘sn error signal is generated and used to serves as a frequency dispersion calibration on

frequency by mean’s of ’ the s ariable sideband
• osc illator .

The s er y low power levels at which saturation 111. Theory
• of maser leve ls occur make superheterod yne The theot ’y of molecular hyperline structure

linear detectors . u hick are almost universally has been extensis-e lv discussed in the Iitcraturc
used in centimetre wa ve masers . more attract iv e (T haddeus ‘t a!. 1964: Garvey s-i a!. 1976 : (‘ook
than square-law detectors. However , at sub- and I)e Luc ia 1971 : (‘eder herg 19 72). Powerfu l
millimetre wavelengths , local osc illators and techniques have been des eloped w hich make the
mixers for stiper heterodyne detection are either calcL ilation of ’ trans ition f ’req ue ncmes and im i tensi—
unava ilable or pro li ihitise ly expensive. We hasc tie s straightfor w ard. We use t he result ’s and nota-
found t hat the square—law lnSh photodetector lion of ’ Gar scy- s-I a!, (1976) and Coo k and Dc
coo led to 1. 6 K has adequate sensitivity for these Lucia ( 197 1).
exper iments in the submil limetre region (Del— The tw o  identical deuterium nuclei of 1) ,O
mn inger s-i al. 197 1). Th is results partly from the niake the onl y contribut ions to the nuclear
increased power output and saturation threshold hy per line structure. The Ilami ltonian for the

• of suhmillimetre niasers compared to centimetre relevant interactiot is is:

[I] iv ~~~ I(D1)’Q(!),) 4- I(D1)’C(D)’J i- I( I) 1 ) ’I ) ( D 1 D , ) ’I (D ,)
6

*
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where the terms included represent the electric quadrupole, n -gn et ic dipole. and spin—sp in inter-
act ions, respect ively. This problem is identical in form to the D2 S investigation reported by Dc Lucia
and Cederberg (1971) and the matrix elements for the D20 hyperfine interactions may be found in
that work.

Analysis of the hyper flne structure of ND3 is considerabl y more comp lex , partiall y because of the
increased number of interactions but more significantly because of the three identical part icle
problem. Application of the techniques of Cederberg (1972) circumvents ambiguities w hich may
occur in such an analys is. The appropriate Hamiltonian for the spectrum observed is:

[2] iv = ~-V( .\ ) ’Q( N) + I( \’) ’C(N ) ’J  + ± [~~~ 1)’Q w1) + !(D ,) ’C(0 1) ’ J

1 I ’
+ I( . \) .D(. VD 1 ) 1(D )j + 2 [I( D1) ’D(D 1D~~’ID , ]

w here the terms included represent the nitrogen the resolution of this structure obtained in this
electric quadrupole and magnetic dipole inter- experiment. As in the case of D,O ,the spin—spin
act ions, the deuterium electric quadrupole and interactions may be ca lculated from the molecu-
magnet ic dipole interactions, the nitrogen—deu- lar geometry. The remainmng hyperfine constants
ter iurn spin—sp in interaction, and the deuterium— have been evaluated from the beam maser spec-
deuterium spin—spin interaction, respect ively. trum and appear in Table 3. Table 4 shows a corn-
The matrix elements of these terms are included - (~~ J~ 

ç I I - I l i i i  i i i i  i i  ~.I I
in the Appendix of this paper. The expressions ~TT~’~1 L ’T’~ ~~ ~-~-—r-
w hich result lend themselves to machine compu- - 

- r H H H hr
tat ion and the energy levels and transition fre- I ~1 ~quencies are obtained by numerical diagonahiza- • 

- 

~-4 - : . , 
t J  L.~tion of the resulting Hamiltonian matrix. - I j_

~i 
- 

~~~~ Lth.
IV. Results h i t  

I :  lfl jj .fl
The experimental beam maser spectrum of the • 

~~ I - i I -
~ 

j .;

~~ 
—

~ 
1
~ri~ 

trans ition of D20 is shown in Fig. 4 - r  — —I- 
- ‘ 

I 
-

along with a theoretical spectrum calculated from fir 11 V - i I ‘~j ~~the hyperfine constants ofTable l.Tab le 2 shows 1j T - “E • :  °1j —or
both the observed and calculated transition fre- I .r I:; I ~~~~~~ jj l
quencies. The spin—spin interaction constant ~~ I i i HI~ I II IIH fl’~ +T~’
may be calculated from the molecular geometry.
Because of the small size of the nuclear g-factor
for deuterium compared to that of hydrogen, the
spin rotation constants C1 0 and C~0 can be
ca lculated from previous beam maser work on
H20 and HDO (Bluyssen ci a!. 1967a ,b) with
hig her accuracy than they can be determined
from the D20 spectrum. The deuterium quadru-
pole constants of Table I were calculated from
the observed spectrum. Comparison of the experi-
mental and theoretical data shows agreement

• we ll within the experimental error.
The large nitrogen quadrupole interacti o n in

ND3 produces a tr iplet which may be resolved in
a convent ional absorption spectrometer , but the ~5O~Hz~
much smaller splittings which result from the
deuter ium quadrupole interaction are obscured Fin. 4. Experimnental arid theoretical spectra of the
by the Doppler broadening. Figures 5-7 show I~~ .-. i~~ transition in D2 0.

-
~~

________________ - . ---- - 
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1120 & s ’ s j , ‘ m i ss sin cc ,

TAuU I.  Hyperlin e constants of : 
—

2 or •~~~
— ‘ ~~ I 

-

Constat it Value (kHi) 
— —-

~~ ( -Qq2)0 34 81±0 . 32”
C0 _ 2 . 66 1l  — 

\ l t D ~. I I> _ 0.1 63 r . 
-

(eQq3~ , — 29 60±0 .55 1
CD _ 2 .5320

< I I  D~~f I> O. 325 ’
“ Unc ertaint ies represent one st an dard dcx iauion el th e

experim ental ita i~u .
~( atCU LO0 d fro m 

~~
I
l~~~~ r

C
~~~ t~~~~~

lt •

TAUL F 2. Uyp ertin c spectrum of l)~() for 1 10 —

Measured ” (‘aleulalcd Diff erence
F (kHz ) (k I- I z)  (kI-fz)

~~ e.usti r ed r~~~usc t~t 316799 945 kI i~ U,~~’ ria ,,rtres rep~~~~ one 
1 ~~~ I -

standard dev r . i loll ot the cs per imc nt a i data. p4OkHzl

- 
- _ _ _ _ _ _~J - 

: 
- 
. 

.

~
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Fin. 6 . Experimental and theoretical spectra of the
— T J = t — . t), /-~ =2transit ion in ND3.

par ison between the experimental hyperfine fre-
~~~ quenc ies and those calculated from the constants

I - of Tab(e 3.
~jJ_ -~~~~~ Althoug h there has been considerable experi-

- 
- : r - :  ; :  mental and theoretical work on the hyperfine 

• spectra of the isotop ic species of ammonia ,
numerous uncerta inties and inconsistencies re-
main. These problems and the relation of new-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ esper imentah work to them has-c been discussed
recentl y by Garvcy s-i a!. (1976). The submilli-
metre cap ab ilities of the spectrometer discussed
in this paper allow the observation of the J =

0 trans ition, w hich is less complex than the
‘spectra wh ich fall at longer wavelengths.

V. Discussion
The deuter ium quadrupole interaction in the

water molecu le may be employed to investi gate
the electric field grad ient tensor at the deuteriumii
s ite. Specifically,

-
~~~~~~ <p 2~~

• . 

140104:1 [311 “,‘ = 2J~~ 3~~~J(J ± l )  “ cc

Fin. 5. Experimental and mhcoretuca l spe~mra of mhc
I = I —‘ 0, F~ = I transition in NI) 1. ss hcre qj is the spectral quadrupo le constant . g

S

____ __________ 
______________
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1 r I - - : : 1  r
~ refers to t he molecular principal inertial axes ,

-
_- 

~~~~~~~~~~ 
P~ is the rotational angular momentum along g.

I : - • 
- and I ~ are components of t he electric field gra-

~~TTT~~ • dient tensor. Combination of spectroscopic data
- ‘ .: - - nA a .  from HDO and I),0 allow complete solution of

V fl~ V due to the rotation of the molecular inertial—r - — — -—
~~~~~~ axes from one isotopic form o is ’sa t e r  to the other.

P . :  -~~ As a result of Laplace ’s equat ion and molecular
- - 

- 

symmetry, t he tensor may he described by values
- - of two of its components and by the location of

its principal axes in the molecular p lane. Posener
(1960) first perf ’ormed suc h an evaluation of the

beam maser tec hniques. Bluyssen s-i a!. (l967a.h)
were able to si gnificantl y improse this analysis .
As was pointed out by Bluyssen s-i a!. ( 1967a.h).
Posener erroneousl y attributed the wrong direc-
tion to the ang le of rotat ion from the 0 I) bond

~~~~~~~~~~~~~~~~~~~~~~ electric f ield gradient tensor in water. Using

to t he principal axis sys tem of the tensor V. The
d irection of the angle of rotation has more re—
centl y been incorrectl y reported in the literature

I (l)e Lucia s-i a!. 1974) because of an erroneous
I communication to the authors . Posener ’s data .
I as well as that of ’ Bltt y scen s-i a!. and the present

_________ - — - -  experiment , indicate that the principal axes of
o~ii:—~ t he quadrupole tensor are rotated from the 0 - - L)

Ftc. . 7. Experimental and theoretical spectra of the bond direction by approximate ly I clocks ’s se

I = I —. 0, F5 = 0 transition in ND3. about Posener s positive ax is .
Figure 8 sh ow s  the correct geometry for the

locat ion of the quadrupohe tensor relative to the
TAIIII 3. Hyperfine constants of direction of the molecular homid. and Table SI = I 0 of ND.1 gises the components of V in i t s  ow n principal

ax is system. These results are calculated from all
C onstant ~ alue (kH,’)

______________________ ________________ available data except that from the 734 and 7 34
( .Q.j ~)~ 8 1 6 . 2 ± 1 . 1 ” stat es which Verhoeven s-i a!. ( 196 8) have show n

C .. 2.0± 1.5 to be contam inated by centrifugm I distortion
(eQq,) 11 19 .9± t ) .8 ef I’ects . The uncerta inties sh~~ 1 in Table 5 in-

< I I  D.(Dt)) I I >  
. , 0 .8 e lude contributiot is f’roni bot h experimental tin—

< I I I D~,(Nt)) I I >  — o. t sc certainties and model errors . The model errors
‘t . nce rt ai, i i ,cs represent tI ne st all d ;, r t t tI el I I .

Ion  of the esper i n ie nt ot i dal,l .
1C;,tcl,t., t ed from n,,i lecit t ar ge ll nte t r) . o

TA Rt i 4. Ilvpcrl ine spectrum of ND1 for J = I ‘ 4)

Upper Observed” C alculated I)illcrencc
state (kI -I ,) (k i l l )  ( k H i )  \s —

1... - () 
~~~~~~~ y 21.~~~. 7 0.0  ~~~~~~~~~~~~~~~~

2 2 14 3~ .9 2 1 3 . 2  1 . 1  ‘/1 8 1 . 7 I 3 . 0 52 2 — 0 . 5 5 s
- (102 , 9-I I .3  — I(X)2 . 9 0 0

I., = I — - 1032 . 4 4  1.4 — 032.5 — ( 1 . 1  I- t . . 8. Rotation of the quadrupote tensor from the
I 060 . 9 I I .4 -— I 060 .7 Il I 01) bond direction. The Positive ~, axes point 111111

‘ ‘s lc . ISI I I I It  lc t . , l,IC I •l(~l ‘ l Ilt 99 It ,  I , l cc I t . l l n t j ex  repre s ent ~~~~ 
the paper for 01 . I)ifferent sign conventions and (or)

x l i  n,i.iIiI iks I ., loll II I h~ ~ 5t l ,1I l l l , l I  1.1 , t t . a st ’ s assignments would be reqtttred for Dl

S
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TARt t 5. Components of the quadru— 1)1 I I I  I ‘s . I ’ ( . l i t i Sii ’s( I K. I’ . .  an d K mK mmml i i i  I . ~~‘ I I

pole coupling tensor in i t s  principal i’1 ’4 J . I’h~ ’s . ( hem. Ret .  t )aiii .3. 211 .
ax is 5551Cm I)s Ia . I K . . I on ‘ s s i s u m i . (, K..  K i t  MI’i Ki K. V. . and___________________________________ I-st O’si K. 55 - I. 1972. J. ( hem. I’hss. 57 . 22~’7
t) 0 D.S (, ‘sKSi . K. NI m d  I) m t N t - s . t - ( i~r4 J.  Miii ~ Ns-

2 ,- t l , ls C .  50. 98

307.5 :0 6 149 .0 (~ 5 ’s ’ i . K . M - .  Di I . t  ( l ’ s . I C.. ~mt i d ~ m iii KHI K(,. I W.
I — 1 3 2  (~-— 0  6 — 59 8 i’i’ Il . Mo!. Ph~ s . 3I.2Il~
.~ — t74 .9’ 4) 6 — 8 9  2 U0K1)4I’s. 3 .  I’ . 955. I’f t s Re ’s - 99. 1259 .

ii — I 1 6 — 3  — I 35 (.051111’ . 3.  l’~. ~im i (,i K. II. J . .  and l . I w ’ .l s . ( .  I i. 195 5 .
— t’h~ s. Rc ’s .99 . 1264 .

H im  \t t\l .I K. I’.. ( m u , .  K. I... and I)m t~ t i t s . I ( .  t9~
’ t

ar ise principally from neglect of ’ centr ifugal dis— J.  NI,~i. SpeetIose . 40. 2 5 .
tortion and isotope ef)i~cts . These errors s’s crc ks ’s i Kow h i .  ‘5 and (K t . J .  1951 Re ’s . ‘scm Ins tr um.

not included in the earlier calculation of Bluyssen k~1~c%8 
U and (h Hr in . W 196 3 Pits .. Re’s 90.319

s-i a!. ( 1967a. /’) because t heir snialler data set K Kt  ~~~~~~~ A. I- . and SI~\O Kt 5O5 . ‘. , -‘5 964 Ss,s I’ hs s .
did not provide adequate redundancy for their Jl- :Tt’ . IS. 74-

P evaluation. M -510 1 sI . I) . 1961 .3 - AppI . Pli~ s . 32. 74V

-\ lso included in Table 5 are similar rest ilts for Mi t ) \ t I ,Il\ . 4). I.  ,un d I” sK~~ ,I’s . V . II. 1963. Radiotekh.
- . Liekir on . S. 6r ’3 : Liii,’!. r r uns I. Kad~o Lng. 1-tee tr o n .

1 D,S (Dc Lucia and C ederherg ( 197 1). It inter- I’ h5s . USS R. 8. 685.
esting and reassuring to note t he similarity bot h t’mi s t  ‘sI H . t ). W. 1960. Aiisi . J. I’h~ s . 13. 168.
in the rotation of the principal axis of the V Fit 51)1)1 1 s. I’.. KKt stm i K . I.. (V .. and l i i i  1451 K. J. H. ~s

tensor from the bond direction and the deviation 964. J. Chem . I’h’s- s . 40. 25~ .
- . . . ‘sr~ t ) t ji~ . I- . - ‘5 .  and I) ’s s t ‘ s ’ s t  s . -5 - 1971) ( hem. Ph’s...
I rotn cy-l t nd rtcal symmetry for hot Ii tiiolecules. t ~~~~~ s . 387. 

-

— \ i 1011)1 51  ~. Hi r s s s m ’s . f t . .  arid t h s t s ’ s i  s. -“s. 1968.
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ment of t his work. actions in ND3 may be conveniently evaluated in
the coupling scheme:

Bi t ~ t K . ( . and \‘s~~ ‘s’s . / - 1963. I’hs s . IS. 281.
Hi ( ‘IssI ‘s . II. Vi 1040151 ‘s , 3 . .  and I)s sts~~ s . A.  1967,: . ~ + ‘N = FN

Ph~s t .etm. \ . 25 .2 I4  
s . ‘ 5 . .  K i t  ss . J. . and V i ’ s  [A.l] 1(D1) + 1(D2) + 1~D3) = ‘I)

t m o i s i ’ s . J .  1967/’ . l’h’,s . t .c t t .  A . 25. ’s94. F + I = F
C i  t)i Kill Kr . J. ‘5’. 1972. Am . J. Ph’s... 40. t 59 . N I)

( onK. K. I .. and I)i 1.1 t s .  F. ( .  19 7 1 .  Am. J. I’hs- s . ~~ In the equations to follow the states are desig-

I)t l ti i s . I U and (i in RH Si,. J W t97 1 J. Moi nated by specific cases of the general form
P Spe ctio se 40. 52 <AJINFNIDFAII. For brevity, the Hamiltonian is

I)t t . l (  ‘. 1 - . C .  andGuiKn \ . W . 1969 . Phvs , R~s . 187. 58. retained in Cartesian form. .
- 

-

[A.2] (Oi l F~ I 11 F. tl V(.-~)-Q (
,\’) 01 I F N I i) F .~I)  = (— I)” ( l S- 2)(eQq~)~

[A.3] <Of I FN Il)U t!II\)C (.\)’J}01 I FN Ii)F~1> = ( —  I ) ” 
I I I k (6)(CJ)N

11 ‘ N

The relationship hetsveen (~ and C is cons idered by C’ook and Dc Lucia ( 197 1)

[A.4] (Oil !N ’t) ’” 
~ 

Q(D~)’ f ’ (D~)~ O Il Fx it)I~~i) =

for ‘I) ‘t = 3:

( _ 1 ) 21..l t * I
[(’)j: ’ + l ) (2I ~ + 1 )11 ) I~ ‘~ 

~-~-t :-~ 
~~ 

~~~

- 
(
~~i’ ~

) (t’QqJ)1)

9 4

P t .t ’ j
1 •

L L! -~~~~ t’.~” ’  -~~~~~~ 
- _ _  -
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for !0’ 1~~~= 1.

(
~ 

l)~’~ 
1 1 [(2F 14

’ + I) (2F N + I)]i -~ 
~~~~ ~~~~ -~~~~ . ~~~‘ ~~~~ ( t’Qq~~)1,

for l0’ = l ,!~ =3 :

( f ) 2 ? 5 + 
~~~~~[2F 14

’ 
+ I )( 2 F8 + I)]t 2 t~~ 2~ ~~~~ ‘

~~~

‘ 

~ (
~~x 2i8eQqj)0

[A.5] Koll F8 I0FM - ~ 1(D 1) ’C(D 1)’J Oil FNIDFM) = ( —  I ) 2t . .t 10 1 *

X [(2F8 ’ + IR2FN + 1X2 10 + l)( 1~ + l)!o]t 2 )F N F8 II  
~

[A.61 (oil F1410F,~l, ~~ 
1( \-).D(ND ).l(D.)IOl I FN/DFM) =

D

( — J ) f
~ 

. I n ‘I + I

F ’ F I I  ~l I 2 1
x [3(2F8 + lR 2 F 14 + I ) (2 1~ + i)(1~ + l)!o]i 2 8 . I I I

I ‘I) I) 
I ‘ 1- I

x I5~~2 < l l I D~ (N D) Iu l>

<I l~D .J l l >  is the specialized form of <JJ !D II I JJ >. the sp in—spin interaction term, discussed by

De Lucia and Cederherg (197 1).

[A.7] (of I F5!0F.~1 -

~~ l~~~~~
3

t 

I(D 1) . D(D~D1)~I(D~) OIl t 8l0Ft~1) 
=

(_ I )2~~ + f I t [(2F ’ + I )(2F 5 + I 2 ‘14 t 14 2~ I F~’ 

~
} (18 ~

‘l4)< l ID  (DD)I II>

for I~’ = = I:

( I )2F5 + F + t [(2F N ’ + I )(2FN + 
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PRESSURE BROADENING OF HYDROGE N SULF IDE t

PAUL I-IEL. MIN ’,ER~
Department of Physics . University of South Alabama . Mobile. Al. 36688 , U.S.A.

and

FRANK C. DR LUCIA
Department of Physics. Duke Univer s it y , Durham. NC 277(8i . U.S.A.

(Received 12 October 1976)

Abstract—M icrowave mea surements o f the self-br oadening parameters of four pure rotational t rans mi ion s of
H1S have been carried out in the millimeter and submil l imeter wavelength region. The resutming parameters
are (in MHzt o rr (~ I ll I , 7 .18 ±0 . 5 :  2,. — 2 , ,  6.7 8 ± 0 . 5 : 2  l~~ 

2~~. 9.I0± 0.S : 3,.~— -~~~~. 
7 . 76±0. 5 . In

ad dition. Anderson theory calcu lat io n~ have been carr ied out for these transitions and are found to he tn good
agreement.

IN TROD U U TI ON

BECAUSE H2S is a light asymmetric rotor without transitions in the conventional micrawave
region , we have used high resolution millimeter and submillimeter microwave techniques” to
measure the self-broadening parameters of four pure-rotational transitions of H2S in the region
between ISO and 400GHz. To the best of our knowledge. these results are the first experimental
measurements of the pressure broadening parameters of H2S. We have also carried out Anderson
theory ’2 calculations and find them to be in good agreement with our experimental values.

These results are of both theoretical and pract ical importance. H20 is the only other light
a~yrnmetric species for which experimental fine-broadening data have been reported and some of
these data are in substantial conflict with theoretical predictions.131 H2 S is both a minor
const ituent of the atmosphere and one of the principal molecular components of the interstellar
medium.

E X P E R I M E N T A L  TECHNIQUE AND RESUL TS

We have discussed in previous publications the techniques for producing and detecting
millimeter and submillimeter microwave energy.1 ’  Our pressure-broadening measurement
tec hnique follows closely the double modulation scheme of RUSK.141 Figure I shows an outline of
our apparatus. Millimeter wave energy in the 50—60 GHz region was produced by an OKI 55V II
klystron. A small amount of this energy was compared with an accurate local frequency standard
and the rest coupled onto a crystal harmonic generator. The resultant harmonic energy in the . -

150—400GHz region was transmitted by quasi-optical techniques through the sample cell and
detected by a I .6°K inSb photodetector. The pressure-broadened line acted as a discriminator for
the small 10 kHz FM modulation that was applied to the tube. The resulting 10 kHz signal was
amplified by the tuned amplifiers of a PAR HR-8 lock-in and displayed on an oscilloscope. A
cat hetometer and oil manometer were used to monitor pressure. Although H2S is well behaved
and reac hes equilibrium pressure rapidly, measurements were made both in series of increasing
and decreas ing pressure and on different days to avoid possible systematic effects. Because
rotat ional transitions of light asymmetric rotors are such strong absorbers in the millimeter and
submillimeter spectral region, we used absorption cell lengths as short as 10cm. Even so, it was
necessary to include a correction for the large absorption by°1

At ’ = \/(3)ôv( I —
~~~ a0! ~~~~ (01j ) 2 — . ) (1)

tT hts work was supported h’5 the Army Re-search Office. (~r,Int Number DAHCO4 74 6 (8)34.
t lr::scl to Deke Unisersi ly provided by a grant from the Southern Reg iona l Education Hoard.
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Table I. Hydrogen sulfide line broadening parameters
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DISCUSSIONS

Until this work. H20 was the only light asymmetric rotor for which comparison could be
made of experimental and theoretical pressure-broadening parameters. Unfortunately, only the
microwave measurements of the 3 .~ 

— 2 2 .
141 and 6 ,6 — 52 . 1

1 1 1 1  trans itions are in good agreement
w ith the theoretical predictions. Several i.r. measurements all gave results that are about 50%
higher than the values of BENEDICT and KAPLAN. ” The good agreement between our microwave
results and theory, coupled with the fact that the apparent discrepancies in H20 are all based on
lower reso lution i.r. measurements , would indicate that Anderson ’s t heory is capable of giving
good resu lts for pure rotational transitions of light asymmetric species. Recent microwave work
by NERF~III on the somew hat heavier H2CO leads to the same conclusion.

TEJWA NI and Y ENt - N~~” have recently carried out Anderson ’s t heory calculations on H2S with
and w ithout the inclusion of higher order interactions. Their results are in general agreement
w ith ours (—1 0% ) although the differences are substantially greater than the differences
between our H20 calcu lations and those of Benedict and Kaplan.
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“ Forbid den ” Rotati onal Spectra of Symmetric-To p Mo lecu les:
PH 3 and PD3

’

l) .s~’ii A. Ht.1.MS .SNt) \V .~i. I i- k ( 1  )kI)\ ’

l)cpuirim,t,’n/ of 1’/i vs im. c , /)t,(u / mo I.-er .I I I V . Doer/vim ulrIh ( ‘u lriu/ill1i 277(16

.\ mitlinwir’r -crave I re  t roui&’ier haviitg a w’ iod tin i v  ,mf 4 X II) 1 ,1  
~~ 

I in the 2 - tilt,, region
has Iler’ri t’o,istru,-ieml for m,t.servaii,.n of ex t remi-In weak n,i ll it imete r-wave 

~~lo’u Ira of g:,se.’s . It
has been used to measure J .!, K = It - — 3 i ransi tiot Is in 1’II ( atul .~ .1, K = I) .1 as
welt as K = ± I . - — ± 4 transitions in l’l ) . . ‘t b, ’ B+ anut ( ‘0 ape iral tonstai ttt in ~I Ito are:
for I’ll , B0 = 133 4S0. l.~ ± 11 .1 2  ant I (‘o 117 48$,83 ± (1 . 16; for I’I) ,,, B0 = ()‘) 47 1.10 ± 0.03
anal Co 55 974.37 ± 0.05. ‘t’h e dIm-ti ne grmm unul-s iate values ,, lmtait ,e ml for the l,imml angle
and bond length are: lIly PIt - ,, r0 .51 = l.410~ aum t o,~l ) 93.34.,; for I ’ l l - , r0 =

and coo l - I = 9.t .35~. ‘Ihe ell rre slell tt ll i tl g zen -point-average values w o re calm -u Ia ied to be: for
PU0, r0 i1 = I.4269~ ± 0.0002 ati,l ry~ 

9) = 93.22$~; for PIt ;., r, ‘i l  -~ I.4226~, ± 0.0(831
and uo~( - ) = Q3 .256~ ± 0.18)4. For mmml h s

~w i s , t lie elluili tlrium values ire r~ I .5 I I .4115’s a

± (1.188)6 at,ll II, I I 93.32
~ ± 11 .02. C

I. IN’t’ROIfl’CI’I )X

‘l’he Pure ml .0 jonal transit it 015 normally observed for svrnt lle) rio ‘ ( ( I f )  tiioiv’t’t ilt.’s
C(t flf o rt ll to I lie select ion rules .~.1 = 

~~ 1, = 0. As a rt’still id I heir axial svrnmt’l r3’ ,
I here is no off-ax is component of the Pertilanetil dipole moment to C(lt il)Ic a rlt (l i itl ion
tIeI(l wilh the rotation about li lt’ s ” rnme t rv axis. Iletice , resonan ce ra(i i it l ion (lilt’s not
norma l lv it id uec changes in I hi- K quat , I urn n urn her ssii icli t” casu rca I he angular Iii. ‘tile!) —

— 
t urn about I his axis.  Conse que nt iv , the t iiot ncnl (if inert in for rot at ion about I lie sv t i i —
ti le) rv a si.s , and the associa) e(l ecu I riftigal dis) i rt ion cotisl an l~ , canni it be 91)1 ained from
t he normal rot at i irn al spec) ra.

As a result of I heoret ical develi Pt llt- t l l s and not able a(Ivafl ccmll en Is in I he e x peri ttien I al
I echn iques for spec) r~d detect iou . it ii as bcce Ifli~ 1)1 iSSi l)It’ Ii) (let ccl rim ) a) i9nal I ransi I l( t ilS
in the ground vibrational sI at o’ ci rl’esp. inding I ‘ changes in I he etle rgv of r: it at iot ala nit
the svt i rne trv axis o,f svrnnt,et nc-lop mol ecules , i c., chztt iges in Ilic K quat il urn number.
For tnolecules wi th  (‘s,. svtnniel rv , such as i’I—i~ and l’I ) :t wh ich lIre reported here , the
obscrvItl)le I ransit ions — fa rlti,klcti in I he noritla I I lit-itrv co rr cs ly tn ( l I i ,  K cliat iges
of ±3.

The Illmssibi lit y of .~K = ±3 changes in tm lcciiir ’s of ( -~, SVtl l f l leI rv svas apparently
ft rat recognized in I 967 b I lanson ( I) .  The I iasii ’ I hc it rv for such t r;it isi I ii ti~ s s : ts  In) en
con) nibut ed liv \\‘at son (2 1 . ‘I’hcse I ratisi I I t is ss’ cre tirs l • It ) ccl cc l  is l lure rim ) ~t l jIl t Il t I
spec) ra in 1973 by (ho and ()ka (3), who obst- rved ~ .1 = (1, K = ± 1 — ±2 I ransil lotls
ni Ph :1 (Iccurritig in the 43 .7 t i m  47 .4 ( Hz region. in 1’)74 lhev rcIa)rle(I (4 )  sir it ilar

1 ‘I’his w o rk w om ~ Sii1I1,i(rt(’d t mv th r Soul Resra rm h t h u  u ’ , (;rant 1) .S.\62t) 77 (; 8K) 7 ,

0 ‘ut ’ v ,ug h! © t o ; )  h~ 5 r . I ,t , l , u I ,  t ’ , ee, , t,,i .
Au 114 111 .  ‘ ‘I i . ’ I u r ’ ~ u t , i u l  1 . 1 1 1  I,i , i l ~ (1,11,1 ,,.

~
,‘,,, ‘ I . tOS \  101 2,’ 2 5 1 2
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tiieasuretiieiits of ~J = 0, K = ± I - ±2 Iransitions for P1) :i in the 29 .9 to 30.8 (illz
region, and for As l I~ in the 21.2 to 21 .8 (;Hz region. (‘ho and ()ka ~Ver e helped iii t heir

measurements by the line frequency predictions based on the previ0~5 observ~tI ion of
— 1) = ±3 vibration—rotat ion t ransitions of PUs and AsH:i by Maki , Satiis , and

Olson (5). Likewise , our (letecI ion (6) of the higher-frequency K = O —  3 forbidden
transition of PH3 and PT), \VaS assisted by a preliminary predict ion of their frequencies
frot,, the results of Maki ci al. aS well as those of Chu and Oka.

The need for observation of these higher K transitions described in this paper was
indicated by Chu and Oka (4), xv ho rel)orted that their spectrotnet er was not sufficient iv
sensitive at the higher frequencies to detect them. Measurements of these t ransitions
confimni (lie assignments of t he frequencies measured liv (‘hu and ()ka and j )roVide
increased accurac in t he values of I hi’ spec) rai em :ist ants , part ictil~tr l~’ those influenced
liv the (list or) ion caused by rot at ion about t h e  svn,ti~et rv ax is. For observation of weak
transitions such as these in the shorter millinieler-wave region, ‘vi’ (leSigned the excep-
ionallv sensit ivi’ milliniet cr-wave spect roun d en descril)ed below.
The Q-branch .~K = ±3 transitions represent only one class of forbidden transit ions

in svtiiniet nc iiiolectties include(l in tile general I heorv of ~Vat son ci a!. (2, 7) and ot hers
9 ( 5 , 9). ()ka (10) has recent lv written an excellent review of I lie experitili-nt al and t heo-

ret ical developments of this relat ivc iv new type of Spectra. It should be mentioned that
forbid(Ien transitions of svmtiietric-top tiiolccules in vibralionailv excited states were
t heoretically predicle(1 iiianv ~‘ears ear lier liv Mizushitna and Venkatcs;varltt (11),
before sutlicienl lv sensitive spec) rotlieters ~verc available for I heir (idIeCt ion. In the
groun(l v ibrational St ate I lie oil— axis dipole tiioment which couj)les the radiation field to
th1- rotal ion is j fl(ItiCe(I by cent rifugni disl e nt ion. T he select ion rules are dcl ertiiined 1)V
he molecular S\’uilniet rv. In (lie tiioiecules at tidied here, I lie rot at ion about the b axis

of inertia indu -es a small dipitle tiiotiicnt perpendicular to the svmniet r~ axis which
leads II) a slight adtiiixl tire of the K levels and a breakdown of the .~K = () select ion
rule. The threefold svn it iietrv 111)001 the c axis lim its t h i s  admixture to K levels ditlering
liv 3. It is of interest I lilt! centrifugal distort ion due ( e m  rotation 111)001 I lie svrtimet rv
ax is can likewise generate a sniall (Iij)ole cotnpoflctit along the svmnietrv axis. This com-
ponent is of no particular consequence in t iat lecules such as I’H3, w hich already has a ‘ 

-

permanent dipoie ti’nttiient along the svtiimct rv axi s , but it can give risc ill forb idden I —

= ± I transit ions iii tiiolcculcs such aS (‘H4, which has no permanent (lipidIc moment.
In f~tct , = 1 rot at ion~t l transitions of CH4, SiH4, and GeH4 have been observed by . 

.

Rosenberg ci a!. (/2 - 15) in ti le far-infrared region. Forbidden transit ions of (‘H, in the
ground vibra) tonal at :itc have also been detected in t lie microwave region by b i t
Gerry , and Ozier (16). Th,’~e and ot her forbidden spectra of svmtiiet ric-tiip tiiolecules
are I rcated in ( )ka’s review ( / 0) , lIe also reports t h a t  lie and his associates have recetit lv
detected .~K = ±3 tratisitions (If NH3 with an infrared i;isen (/7).

2. EX l ’ERt ~~1 Ex’rAl. I)E1’.~JI , S

The microwave spec) rotiieter used iti I iliac tiicasurenients has: for I he t isill iui,cter-wave
soil no t’ , a kivst rt>n—d r ivcn hartiionic general t ir for t lie ahsorpl ion ccii , a high—Q Fabrv —

Pero t I r~tnstii ission c:ivil c (sctii teonliecoii arrllngetiient ) ; ‘and f t l r millitiieter-wave

S
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r lt’ t t’&’lii ti , an m d  i t t i i t  anti no in ii Ic del ccl m n  oj lena) i’d ~t I I It K. ‘flit’ pm o’er fri o t t  I lii’
harmonic generator is iti cited j ulIo the cavi ty liv \l’l tV of a stillill , recllttigl iiltr ils’rt or,’

(0.t )7 5 X 0.1)3—I in.) in tilt’ i- cut te r of the f iat , circo lat- iltirror. T he  11110cr live1 iti I lit’
cavi ty  is t i le unb red by radial ion from anttl hen stuali , rccl angular aIlerl ttre itt I lit’ sl iti le
1)1111 i’, I lie oul put from which is chantieled t i  I he indiutii- - 11111 itiion idc dcl tel or. ‘l’lit’ () (c f
I lie nesonanl cavil v tiiode as itulical e~I by I he i’ 

‘
~~~p, I lie real man) frequency divided liv

I ice haif—widt ii of I lit’ Loren I zian mode shape , is al)pr( Ix i t i l l t )  ely 6(X) (XX ) at 141) ( lIz.
In operation , t hi’ rcaoliltnt cavil v is t itled x~- it Ii I lie absorbing satiii dc i if gas lot  a pnt’ssu rt’

• if abou t 15 t m i 25 p01. The kivsl noti is I unt’(I S I  that l iii’ pn~ i Icr iiantiionic coincides wit h
I lie l)rcilicl i’d abseen itt O Il  frequcnt ’

~
’, Itti(I t lie CIt\ ’ i t  ~

‘ is a(ljusl cd t ; m real itl:il e at I hat
frequeticv. ‘l’he kIvst ni en hartiii enic is I ht’t’t locked I ,  I he peak of I lie ta x i I resietiatice ,
and 1 he cavil v is I utied I llr(Iogli t iit’ tiialet-t i iar abse IrpI ion hitie. ‘I’ltt’ drop iti t lie anti i—
Ii red power result ing fri itit lilt’ chiatige in I he headed () i I lie cavil v cierrt ’spe aids b e  Iht’
del eel ed spoil ra I h nit- .

To ach ieve cc mti l rid of t h e  kivst run frcqut ’ticv In’ I lie cavil v , a 2,6 kbz sine \vax- e is
supenmuip- tst’d I In I he kR’s! no en retied cr to so- c O l e I lie harnio inic back antI f t tnt Ii Icr’ ‘as I hi’
ceu itcn of I lie cavil v rem mtiati co ’ . ‘flit’ signal icr uduced at I he di’) ccl en (xvi I Ii I he b e  t Ic
mi petied) cliatigi’s phase I Iv 1800 as tilt’ klvst ruiti is I unt’d t hrough t he clix-it v ream et iauice.
This di’) ccl (in signal is processed ltv a phase— li u k-in 111111 ch tier which getso r;t I i’s 11 ci urrect mu ll
vi fit agt’ oil h lilt’ pne >1 Icr phase—a nd—I itilt’ resp~ m nsc t o e  lock tile kivst roll Iiantiii tiii- I I lit’
peak m mf I he cavi I~ resonatict ’. ‘I’lius , as I lie cavil Y is t utied by tiluvemenl I if t lie curved
minre en ~rt 1111(1 uc ut . I lie kI~’sI n Ih harme cli ii’ ant i I he cavil V rim et lat l t’e I rack Ii (gi l Itcr. in
practice , t he ahilhilib tide of t h e  2.6 kHz slabihzit ig sigtiai is reduced to alseul 41) m\’ , or
less , t o e kit-p ti losl i if I lie ilartile ti ii ’ p(~ \- t’r \V it  hiti I Itt’ clix’ eie ilk’ III I he cavil V —nes po iliac

curve.
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ROTATIONAL ENERGY LEVELS OF PD 3
I”it~, 2. l-;T,, - lC\ level mliag r;i nnm of tIme tirSi i ivm ’ A o i ( u t m ’II i c r .! —= Ii) 5 I’I) 0 oh ,,ov ioo g Ott’ t’tmergy oloof t o

i-atos’c I I V  I lit’ k’ po rt url at im ui m _ t Ito’ K 3 sp lit Oiug. h it’ k’s-el ~~ IIliIlti TV I uIuek’ r luotrti,k’ t’ ‘.o Iu;muo go ’ - , anul
t Ito’ tou t lear s~min (Io’gel mi’rotm v. ‘t’tt i’ lratlsit i ,,t m it o , I i m -at i ’ m I l IT 1 ) 1  u— that t it m’a ’.urt’,I Im’ 1 tm ,,  ati ,I (((c a / - t ’ Io o—e
itieIi,~iteil 1ev ii - ~it oeI I i j j l  overt’ tno’aVuro’ ,I itt ulik o

The iuiside I of the cavity is fillet1 wi t  It Stank-,u’tdulation plates wh ich are 15051!
wel l nit I of I lit’ hilii’ni mw-ave It~’id In ave uiul ii euvcrit lg I he Q . .-

~ aqua ri’- \l ltV e gi’tienat e In O S t iYo’e I
to pre dtii- e Star k ti n md 111111 ie un of I he al isu cr1 ul cell hot’ at I (XI ki bi As I he i- lock-driven
c: ivilv Ititics t hrough the abus linp ll Ion , Ihe (ht ’ Iedtter signal is prumt’esscil liv It lchase-i uiek - it i
ahll lciitui ’ r refcri’utced to t i l t ’  1)X )-khlz Yigt i,Il . ‘flit’ lira l—de niva live iitic’sbapc sigulal fr utt n
liii’ amphtio ’ r is dis1 d avi d t eti I he chili rI rcc n u n  sot ’ i’ ~z. I . .~1 I en i ’x Ili u un It) i urv Sc:ihis I i>

t’s)ahhshi the sh~upe of bhc brie, t i le peak m c I  tilt’ o ’ :u\ ’ i (v nt’sIuotiso’ is It ihl ed lo u 11w e d i t o r  uuf
t in’ lulu so nle t m u l t i - h I t 0 ’  c i uh l t i uo r , 111111 I lie c irrespe undiuig kivsl ruin frc qocticv is t iieasored xvi l Il
a frc qur’ticv at atirian l ntt utt i i t o ne ul 1ev Y b :u t i uu n \\ ‘\\ ‘\ ‘ l(. RelceaIl’Ii hl i i’ast trcllld T ltS art’ niadt’
f i r  Elicit t hrr’m,- tieuui  II I  a llllniilichi tuu titi’ hut.’ ct’t llcr, ‘I’hte ai’t-t iracv au,’hicv,-d f o r  liii’ htit’—
freqoeticv hlti’ :t~Itrdotui ’ t l Is is estm n ,ati ’t l  h I  lid 1 pur l  in 10~. ‘i’he sctl si l ivitv u m f  itur sjk ’dlrom-
tIer ( 4 \ 1 ( 1 0’ i’m i i 144 1 IIz f u r  a t i hli t ’ ce ut t s l ;t n t  • e f  I set ’) etia belt ’s tis to tilt’Iisti nt’
lilt’ weo tk .XK = ±3 t n a h l s i t i i i t l s  o~~ tt tins high lent’i’ isi uut i. ‘I’lte fat h ers h i t tc it i t ig liii’
So’hlsi t i V i t \  uproar t i e  hi’ the dt’gnt’t’ of klvst rieti slal-uilit v , liii ’ hsnvcr :tvaihlc leie Ir it ix t h e
hunnitu nit’ ~a- t~ -r :oI ‘ I T , 110(1 lilt’ o’ ‘~I rlutli ’’ ‘us vihnat U uris of I lit’ i’a\’il V end phd i’s.

3, ‘ I ’ I I I- :ORE’t ’ R’ , \ I.  t t \C K( I~ i0 ’\ l t

a no-st ilt i cf oct11 nifugal oUst uirt ic it , Iii’ r u t  .o iucnal waveluticl jI In ~ o c f  a no ulecliht’
llltving (‘

~t . s~ t i l I l o - I r \ ’  It t iS es slightly wi bu i the w: tv c f t i t ic lm u uti ~‘,,t ~:o iti the gr .ut it ieh x - iIir:i —
t o n a l  -Jute. Ille tent h iti the II:ut iiiib uni: it i res l l iet lsi hlic for tin’ iuili’nai’I iuut , nlltv lm t ’ t’\-
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I- I l  .1K

ui ’ = (I,1 r~~ If[L! ’ + ,I ,! + J u l  + .1- u], ( 1 )

whine i- ,,- . I~. a t i - I l l  ni Ioo ’ ~,u l ih i Y l m i rh i uu t i  t m I l u Y t , L h i I  aiiul f ,,.,. ,  anti J_ are r I t t l i t t i u t l t h
t u lk.r’,tti c rY .

Iti t h e  t l IKt ’ lu ( i ’  c u t  t h e  l c t ’ r l 1 0 0 ) b T o 1  It’ ’ t m ,’ n t t i , lil t ’ r ollt t i ii ti ,i i I t - vu-I ’ — arc all eloul,Iv uk—
generatt’ f e r t’otcl i vot lut ’ icf K (K � 1 ) 1 . Figure 2 illusl r ot h i’s the effect t i f  I he pe.’rl urboil iu in

uin Ihe J It) energy levels in I’I ) , The ent-rey levels ciurresp uttithiuig lii K � 3 art’
raised ‘ In Iuuwered , but they reul ua iul u lo- l O - t ou- r , I t t ’  W i t  Ii ~‘ IlulIl e Ir I’.. Ihc K = 3 level is ,
l i o m xs o- vt- r . split in tuu .I~ ~tnd .l~ 

Cotii JRitii’ t 1I-~. l’I
~ ’ + and — sigh s indicate Ih~ h i i r i b~ of

l lie tu ut at wavo’func l intl. ‘I’tit’ sVtlunli’) r Iis” IlZl III Oi’ l l I  5 .I~. . I ~, 1001 I’. int1ic~tt &‘ I lit’ s~ t t i  -

711(1 rv mf liii’ r uvil rIil ii enal ~va vt’funt-i m o l t  u c \ m It iii ul L’ 
~I 

ii ti) ft ir an in) t’rcliltngt’ of h o  i

livdni tgens. The integer ercci’diuig I ho’ svtiinio’I rv o iss ig ni t uuo- tt t ( . Ii ,  . I ~, or 1’. ifllbidltt us I lie
tiot’hearstalisl idl tl wi’ight of t h e  s h a l t ’ , ‘FIn’ svtt i t i iel ry seli’t ’ l ituui ru im- ’ — I’i u r ( t - t vlie.’ ~K ±3

t-rans ih it uti s (11fl are ± ‘ •± , alictig wib h It ’ ‘ .lu. .1? ’ .I~. or I’~ m l ’ ,,

r 
Each tttlIk’rl tIn ui’e I chicnL’y k’vi’h ‘ if ~ SC I i n e t  rio - h “

~ 
u t i l e  1t’t ’uli’ is tO irtita ll y dtcithly

uhi’gi’uw’ral c f ict’ cat’li flu uti zenu u value t if K. It is t lct ’t’ssoi n’. I’ t f t trtii lit iiot r ci etlibul i l t l ii 111. cc l

/ - - K antI 4’j . — K iii t,rdc r t i c ’ ii it t il l  WItVefthlii’l ii ills which have I hit’ pr’ per svtilttli’ I rv ft ir
an e.xt’hotiigi’ of 1 wo ecf I lie t iv Ibr I  Igetis. ‘I’lte new WItV ’ftifldl ‘ins fiu r P113, ~ ‘ 

- J,h’ 1111(1 
~/‘ 

J,K,

~m nt ’ ihi’fined in I c r ious of the ss uy o ’ t t iu de .’t ilitis ‘~‘j , ‘K  and ~ts ., and the nut- lear wavefunc tions
id,i , uc ~~u u , d o ’ . (w hen .’ c i  anti e~ ~ I and I tr 

~I 
lilt UI) alit I sj)ili II m oo Ii , t’e5~ ~ ‘i’t ivi’I ) as f t ii Ii iso’s

(.?‘fl : f , u r  K � tb or ii titu i l ihile of 3.

— ‘/‘ J , K ( 1 ~~~~~~~~~~ u, ( dm ,e c —I” IC 5 ~ IiI ‘s + IuIu1~u ’’ II !3)

± tJ’, K( ~~IflS -4— m i 5 ~ m , e  “~~~~‘ ‘ + iu m e 1~ii 
4 , . ! ’  ) ]  (2)

atiti

~ ~~~~~ = (1, (i i)[ ~~ j , , ~ ( m c ~~m~ + 1~ e i ,~~e
” ~‘ - . + ~~~m ce ’~~~

!’ “ )

± v’ - ’ K ( m I / ~~~ ‘4- ~ m (I ~ l ’ “ - ‘ - ‘4- dç~Io
’ •- -~~ ‘ b] I ( 1 )

for K =

((iCIER ‘4— I(~1Ii ‘~f” (t(i~~
= (1 5 ) t / ’ u e o  ~ . I i ’)

hu ~~,i ‘4— 1 t ~ + ~
and for K = 3

1
= (1 (i ~~~~ - k  ± ~~ J ‘s ) L (4lm )

(iiUO ‘‘f’ mu ~~o ‘f IO~~~

o(i/1 + 1imt 1~ + 111jo

‘l’lce a i t t t i l o i r  xv;ivi.f iinelii mti s for l b  ) . , are nllie rt’ t - .Iltllihica led IiI’, .utlsI ‘ of 11w’ spin y lu l lu e

/ = I It O’ I).
‘I’iie fuirti iti lois giviuig tI le energy m s - m i ” — t ltav lut- o-s jur t -— .~i-ei i ,.’,, _‘_‘ l for A � -~

, r .

~~ tL~ — ‘ - 
~~~~~~~~~~~ _____

~~~~~~~~~~~~~~~

,
K
, .

~~~~~~~~~~~

±

~~~~~~~
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These K 3 k’vels c tOl tI tii i (lie ti’ rhll ± /,,j (.J + 1)[J(J + 1) — 2][J(J + 1) — (c],
Ii rat derived In’ N it’bsen antI I )et lti istcn (2,/i in I liii r cx l liI t l iI iI it un tcf I lit’ alit t t l l I t I ( c t ts  t ’ t le t I
in K = 3 lint’s u ilcsenved liv earI~’ nuit-n,cw’ave 

~ 
ui’u ’t ne usi ’ u II uist a. The I ccl al spl I t  ing ccl t he

K 3 ievi’is is

= [E (J , 3) — F1 (J, 3)1 Ii

r l$(I,4r,,,,, , ‘4/~)2 1
= 1  2l,~ — — - ----- - - 

~~~
--
‘ 1 J - ’+  H[.l ( J + 1 )— 2][J( J + I ) — O ] .  (00

L 1”(.l,U) — 1”(J,3)J

The Ica rt tc l Eq. (0) 111111 is euicbi used in bc rackt ’ I 5 is h i d  It ii tuist It111 Icecause ucf liii ’ presence
of I lit. F (.1, I ) )  — I” (J, 3) i’ \~ )rcss iu uti in I hu t ’ denu ito m tia Ii in. ‘Ilit’ dclii cuii flint tIn 1” (.1, II)
— 1 ”(J , 3) is a po~~’r ser ies iii f (J  + I ) :

r 0/3K l)JK — 
~ !IJKK

F(J,0) —/ ” ( J , 3) = 9 ( / 3 — ( ’ ) I  1+- - - - +  ~~
--- - - - - -- -

~~
- -J(J + 1)

L 1 3 — C  B — C

I!JJK + 91-JJKK LJJJK 1 
_ JC (J~~~ I) 1 — - ~~~— J t ( J + h~~~. ç1~~

J $ _ ( ’ J3 (’ J

It is not sull’ucieti l tee nil aiti t tuck ’ I hi’ linst I into , 9(13 — ( ‘). Wi’ ftiutid 111111 a smti luil auieeius ,

least —squares lit e cf I hi’ ax-a i llii)lc (111111 ft cr hi u inta~e I I ratisi I it iris auitl ft cr 1 )mtltli ’ti I nansi I it ma
f u n the t at e let,’ulan i.e utis t ants ibiul lie t cc mnvengc pnt ii curly tuu ilt’ss I lit’ ftt hl cx l cnessm(cn \O’i t S used.

‘Flit’ liuie at retigt ha ‘ uf liii ’ fe uni tiubt leh i _
~K = ± 3 I ro tnsi h iem ns (1, 2) lint’ gmvct l lix’

X (.1 ± K + Ii) .! ± K + 2 1( .l ± K + 3) ( 2 . l + I l  ,l( J  + I) (II)
sv liere

(O ’ ’ ~],~~ = 0’ ‘~, + lu~r~,~,p5 ’[2Ii(// — (‘)] (12)

is I lie ellect ive dm ice cli’ liii ctiieiil itiil t it’mt lg I lit’ I ratisi lit uti. The ( i’r~ii ,

(I 0 : u/ t ~/2 ,\ mt ’’~ /ög,\~0’ ‘. = 2( 1$)~ — ( — ) + — ( — — 
) I. (13)

P~ \i)() ,/ b’ i

is I t t i  irttl t i ’~ul t li j u tIle t ’u i l l l f c i t t i e t t t  ~iiii’lt results friuni o tu ih i d i sl thnc m t  tI lt’ grtct t uti l  vibna t ie uui ~ii
at a t e oil Ii excited vi icral ii tuiltl t i le utlcs. ‘l’lhis ci ttit n i h utit uli , tirs t reel eguiizcd icy \Vat soui (2),
is chil led vi lcna liectia i itiletisil v Iceerrulwilig by Oka (10). ‘I’lie last term results fr ucus i i-en—
rifuga I lv induced n iii xit lg cf ru cl at ii enal levels cf I hi- gnu uthuid x’ibrat ional s t o u t  o’ . This

c(ctit niboul iuun ( i t  I he hurbitltk’ul I rltnsml lict is, linst derived Icy I Ilttlsen (I) , is cabled ne ul a t iucnaI
iud tet lsi tV icorneuwitig liv ( )ka (10). 115 t h i s  expressioli r~~~ is I lie cen t nifugal dist ucntiucn
ct inst ant ill IC ’ cf Eq. (1), /L~ is b lie I )crtiiatieli I d i1 ce cle ti n ih il i’ti t , 11101 ( - auid 13 a no’ (lie
spectral eouisl atits w’ ilh nefi’nence Iii I lIe svuntii cl nC aX IS anti t h e  pt’nlet’ndicuilar axis~
ni’sl ~‘e ’b ive lv.

I ’ er  liii’ pni’selit tii,ilt’ -cule s , t lte i’uu ul lnilO hli ,u lh t u f t lti ’ Vi l , l ’ l tti ui tt l t ) it ih’ itsi t ~ ’ Iuuurrt uoo itt g is
s t l t le ll i tt t ’tu t t l 1can isieui os - it Ii I Intl tuf t h~’ nui t III iotll i l j i l t  etisil V itturn i ufl ihig. Ii n I’I 1~, 

( ‘hit Ituid
)ka ( - I) i’aIi’ti htl i’d I bial ( / - -  = I .0 

~~~ 
it) “ I ) atiti I h a t  liii’ ct-ti ) nil ugalbv ihitlthi’t’t l tii tct neuct ,

the second tent h of Eq. (12), is 8.3 N 10 1). The relative cotit nibut ions of these 1110 -
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g “t’UISI t I l u te I - ,\ ’  Sl I-;u ’ l ’ t < .\ ( I I -  I’ ll , ,~X l ) F l u , 2 13

unen t s  t i c  hilc f uur hui u luht ’ t i liuie s t t ’t - tu gt ios , Ee1. ( 1 2 ) , is (I ,(u ~~$~2 = (1,1137, TInts, for I’ll , i t t

Ibie gntuuuiul v i l cn ot t ie uu iai  s t o u t t ’ , lilt.’ i’uu nlrilculitcti u u f  the vi l cnat me i ui o t l  t lh i \i u i g I eu  1 1w’ j h ihu t i ’. it it ’s

t if the ..~A’ = ±3 b roi ns ihituns is ucegli gilcic in cu dlh i l )Ii nisec n wi t h  111111 freet ti n ett oi tiot i al

nii\ mtig , (‘liii Ittd ul ()k~i .ulsmu l’slihiiltl i ’ 111111 liii’ t’t’ti lnifugai rtutaliti uilt l i t o t t ’ti ’~it~ Ic eer nt iw iu t g
is I lIe ulu etitiui ~tt1 I I i_ n h  It ur I’I)

4 . RI:St’l;I’S

Twelve K = I t  c— 3 t rlttisi) j eetus  m i t  IIIIo Its O’t’hl as b u t t  l’s = ± I ‘- - — j 4  l i t t u t  h is’e K
= ( i i  —- 3 t r l t l t s i t m i u l i s  il l I i  I. st-crc hltt ’Ii si ur (’il . ‘l’hu’et busc ’rvt ’uI fnt’m 1 t iu’ t i u ’it’s lin e gis’i’ti lii I
I lit lu l I I .  I ) isjc h lt t ’c ntt ’t l t i t t  ~~~~~~~~~ 

t m f  Iitu t. ’s u t  l’II ~ i’ltihst’Il liv ( Iii’ \ui ’hst ’ t i  I ) t ’ l d t h isu i t t

SI l i i ( t i t th Z ~ _‘./ uif th e l’s’ = 3 It ’s- o hs 1115 Mlii ftcr .1 = it) j u t I’ll ) iuti ’re~ust ’e l t b leub i lh i l  t t l hs
(it t heir uk’ leo ’ t i u m t i .  This spl i t t ing duet ’s tau t u i - t hur in the I ratc o i l i ut t ls tihusc’ny i’ mI I~ 

( Thu Itt hi l
Vka (I , hit it ii hi~is lct ’i’ti d irectly uubt sen s ’ t’mi h un 1 1 11 Icy I)avis u/ il/, ) J / I  in a tnuilet ’ti ho tn
huea ti h n e si uita h to ’i’ t’X ltt ’nit iii ’td). . 1.uit ’o i ( i i i t t  ti t l Ilt’ l’s = It t— 3 t n l tn s i t m t ut ls  w t uu hml h oi s t ’ l,t’eht
eveu t unucno’ iii tllt ’ o hht w i_ ni’ it- in it for coi n ii o t’ss ( i i  I ht’i n ui lumh et ’ ui har I u~.’~ttii hnelisuno’tlii’ui Is.

TIle ~ K = ±3 Ina utsi l it uuls i’xltiiiil a no tj c id t’hatlgt’ in the udcai’rvo’ul i t t l e t ts i t v  w i t h
Iut&’reltsihlg VIilt ii’ if .1. I”igtire 3 ihitist r oot -s tI lt. ’ i’aht - u lotl t ’ t l intensity lc rt c l ’t lt’ (s I t’ Et1, (I - l u .
This vltrial i iu u ~ is uluc i doi rt iv m l  I lie ihho ’ ro’Itsi ’ iui I Itt’ 1- 11 1111 ie il1Itlt~’ j uiubt it ’i’u l -t u o i~c hiut g t t leut i ienl
w’ i lh .1 Ituiul plt rhi y t u u  t l t ~ \ ‘ Iit - i , i b i t u t l  itt Ilti’ ict lc t t h th i t eh t  ief ,l sI. i lo-s .  ,\t lIlt’ tehllpt’ nhitttre te l

• t h e  ulh iservli b ituti , 311( 1 I’~, the i th t ch isj bv nt’ai’iies .1 t hll t\i hhll h hll fmm r _1 = It ) , ‘l’lte soUth venl ii’Iul
tins in I”i g. 3 i’uenrc s ~c uuiuI It t  t nouns il ju ut is  I h u t  Wi.’ hiitvt ’ uult’ I iat inc ub. l ilt’ (lltsiii’II s’i’ rh ic,ii Ii.ir’.

ni’~)n(’si’t itmuig t -a ict lllihi’ul iit t i,’s lhllv c luo’i ’tt itli’iiUlcul f tur hi t ’ bt e r it tul i co it i i it i  f the t ni’iiil,
I”igure 4 slit iw s Iui’t tilt b nt’cu enu h ihi gs t if t o t e  t i t u s.

‘l’lit’ lct’ak Itb Is c un i ut ieut ’u t ’t i i,’t Iii’it ’thIs list ~(l it ) IIll lt’s I litlul II O’t’ni’ t’Iihi’thlliti ’ul f ni u hi l liii’

0 ur l hu t o ho t ,

1.147 X It) - °~ // i’~
Eu (ciii t )  = ~~~~~~ — i’2 , (

~ 
— — —

‘ 
,~~i, ’/ ’i 21,7’

N e\~t (_ 1 : J ~~, /,. 7 ’~~(l$ 2 C) i ,g! ’,ç,s[ (J , K ± 3 ) ’  - (J , K)]], (i-4

where tilt’ t i t le -st  nt’t igb It flu c lumn .~ is givehi Ic’.’ Eu1. (ii) , ‘1’ = 3(1(1 K , g, is liii’ netluceul
ti ucit ’oun sl l it is l ielul weight fai’ he i n ( 25) , g~ is t Ilt’ sllilish ical weighl fac tt cn fun t’Itt’bi K k’vui,
Ituit i ..~~i’ = 2)) Mlix is l ilt’ h u e  bcne ou bb hi III a pnt’sstini’ oil I ‘I’tunr. This value (tin bitt ’ ~~ is

I lie s ho w’ us I Ilo t I ttseul b 1%’ ( ‘1101 h u l l  ( )ka (4) fein I~1 ~ 
( )t lien b id  tins it icitideul in I Ice

n uon t u u ’ n m t’a I I.e uthsl til l ant’ ib sen 1 it’ll in Ref. ( 25) .
We h o o t l i lt i c dj t liu,’iiily ih i  ubt ’ tce tit ig liii’ .1 = 3, _X _l = 0, K = ( I ’  3 b rotnusil iutui ohio-li

h ots a preubi c leu l it t t c t isi l v ut fe i n l v  7 N It) 10 i’ti l ~. l’ reeh it cedhl ih)linisiih is uif the smgillii ’ Ieu—h iuuisc
roll it us ft in I he ft eun sve otkt ’ n hini’s ee l  I’ll, 1111(1 P1) 3 sv it bi liii’ calt’ulat i’d bihhi’ itlI eiisil ies givetu
iii Talci cs I and II , So c i ’sti t tt 1 it c lilt’ sehiai(i’ .’ity uuf itut’ s lcecl rotihe bcr to ice a Ic i ) r utx mt di a le hv
4 >K 1(1 ii( ( l i t

,-\ t ’iitu iuiticul t ’ eu hl u ldit to ’ r ht hlItlVSIS soo i s  iii.ieii’ u I  liii’ IIVIiiIItiuht’ frct ltit ’tit ’it _ ’s filn ditl’t’netit
I’ h~ ’~ 

tu f I nl l t ts i t ie , h is lluel iat unt ’ ih liv its itt a b liv t t l h t o - t ’ s  as liste d j ut ‘I’It ld hi’s I Itiud II. ‘l’ luu’
io ,u hsis ~,m i t sj sI t ’ub of a im ’ ous b -si llianes t ’ihl itig of 10 lt itibi ’t ’t u har i’t i t t s t l t t l t s  l u ,  tilt’ t iicsenvi,’d

fr t ’ultot ’ lt i’ii’s of P113 I i t t t l  0 I i i  I htu usc te l  I’l II. ‘I’ltc pr(tgna lt l t’lihi’ti llibi’s I lit - uhitlt’nt’ticc il l I lIe
t’ttt ’ngv leve ls 1 t~ usc t if Fe l~’ ) 1 (5) so it It Iussulutt’t l ‘s’alties ml tilt’ IOu ulet ’ular C’ ‘l ist , utu I
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l” un, 3. Caht -tiba it’uI iIIt i ’ It siii i ’ s f u r  the /~
, I) ’ —  3 jIl t’ S ultst ’rvt ’ Ih ti the ’ prt ’s i’Ii t oo’ eurk (siiliii li m te ’~ and

fmm r sotno’ hunt mcI served (m I, m i hi l t l Imo , ’ ,.) ,

lrahh s m Iii itt frequencies lire e’a li’uIa I i’(I huRl Ci (till )ant’tI be i I Ile tiii’Iisu neil I rlunsi I ie u t  fre—
oluencics tic gcnt’rztle new cst iuiihu bt ’s of the tihiilt’cuIan cu lnsta u’uls , ‘Fiiis iterative prot’t’~ is
nepehl It’ll hiiiiti’m ’ I ihili ’5 In’ I itt’ cucti i pu Icr until ic itivergeulce is all am tied, ‘l’iie u hi_gr it ’ of lit I ih i g
e if I iie i’ohihpIel e fnt’tlueuit’v set is sbt iew’ n Icy i’u Ilti ti i h i 3 of h itidi.’s I anti II. Thi’ uinchi’i’ulltn
t i  mtis t  au ib a fuur :u ant I I’l ):, 0( 1)1 aitietl fruut ii tile’ dud tt h bem ne t h lthiltlVses are list ed in ‘I’ahIe III.
‘Ilie ctut~ l Itt’its ‘lee Ittiul T ,,’,r,m” four I’h );~ are rat her ~veI l tIet erniitit’iI siuit’e we were ~t lc lc t t c
Ineasure ic u ub hi liii ’ K = ± I ± 4 1111(1 1) 3 I rlttisi I it diis . Illcae 511110,’ Iwo ii iti st I ttht s ft in
PhI 1 l Int’ h tml u’uean Iv siu w i ll  dett ’ntiiitieul , icet - otu st ’ uif I heir Iti gli at III j ot ical i’uunnelat iucui hitit l

• I lie lack u if t i l t Ia fri on I lie K = ± 1 ± 4 1 nat hsm Iii tuis. ‘I’Iie ha rgt’ uncertain lies iui I he’
nt’Iat ivt’ x-a lot’s mit Ii,, 1111(1 I hi’ r~-,~- oh I 1101 11111 rei’i ii liv Ii l i t  i I liii ’ anti noti’v ucf I lie you h o o t ’ s
cf I lie ot lien ~‘i 11151 an Is lien I’ll:,,

There Itre only lo ut  ititlt’j lt’hidt’ttb sb nuct oral plt nhtlhht ’ I ens iui Ph :0 i in l~I ) :m , I Itt’ icuc nul atighe
1115(1 l)udhi(1 letigt Ii. ~ ‘it Ii I lie I woc tiidll surt’il lhi(llhh t’t ll 5, lb = I!, $ir I/ ~, and l~ = /~ $~~2( ‘,o ~
hi t S  i’ITcct ivt’ zinc c— Ice uiui I x’il cr 111 licuial sb rut’ tore cliii i~c cit liii ha I i’d for icu it Ii sj )eeies. ‘I’lte
effect ive sI ntict urlil Idhtrant t ’ t ins I hots denjveul line hisl i_ o h i t t Talcle l \.  ‘Fiit’~’ lire Iiuihi t t’d iui

J~~
6 f \

~~~ ThJ~
PH3 K ~~~ 3 TRANS lT R2 N~;

I u u ; . I. t~,-. iu r i b i t u t ~’,. of tIn’ .! - -I ut te l .F -. (,, it’ - i i .  — 1 , lint.’,. f l ur I ’ II j ii 3uXu K.
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The study of laser processes by millim eter and
submillimeter micr owave spectros copya)

Frank C. De Lucia
Department of Physics. Duke University, Durham , North Carolina 27706
(Received 5 July 1977; accepted for publication 31 August 1977)

Mull imeter and submil limeter micr owave spectnoscopy is shown to be a powerful technique for the study of
the fundamental processes of molecular lasers. The calculation of absolute chemical compositions ,
excitation panamelers, and the observation of collisional deexcitatio n are demonstrated for the HCN FIR
laser.

PA~ S nu mbers: 42.55,Hq, 33.20.Ea , 52.70.0w

Althoug h a number of techniques have been described mil l imeter  region. Rotational I iui e s t rengths also in -
for the study of the fundamental  processes of n iolecuhar crease as approxi lnatel y I A 1 and their  transition
lasers , t~~5 niuch remains to be understood about their  moments are orders of t i i agn itude stronger than those

-‘ chetn i s t r v .  exci ta t ion mechanisms , and decay pathways of the vibrat ional  transitions studied in the i ti f rared .
This letter reports the results of experiments that Because of the widely tuu iable spectral coverage of our
cleniouisti ’ate the unique capabilities of mil linieter  and techt sique , s tudies  of both t ionradiat ive states and
suhm t l I i n ie t e r  microwave specti’oscopy iu i this field species as w e l l  as t h ose that Participate directly in the

lasing process ai’e possible The sharpuiess of theIhi this spectral region , molecular  laser p lasmas are resonances l~~t ’ r 1 M H z )  is such that the d i f fe ren t  statestransparent  except at molecular resonances and emit
and species are ove ll resolved and can be studied in-ins ig i t i f i can t  noise. This lat ter  property is direct l y depehi dently Of equal itsiportance is the direct relatiot irelated t o o  the well -knowus d i f f i c u l t y  of producing radia-

tion in the SUI )u i i ihl in ieter  ‘f a r - i n f r a r e d  region of the l~~t o t e u i  the exper imenta l  observables (frequencies ,
ltbS(ll’ptioti coeff i c ients , l inew idths  and l i fe t iu i i es)  andspe ct ruu i i  Equall y impot ’tauit , the noise n i odulat ion ~~ t h e  dv hl ah i l i l ’ s  of the  molecu la r  laser systems,the pt’ obi t ig sigt ial due to p lasma fluctuations decreases

rapidly  as the sigu sal  f requency is increased f rom the Out’ cxpet ’in ient  is shown in Fig.  I. ’ Microwave ener-
e eo i to uit ete l’ -wao’e region ihi t o the  m i l l iu i i e t er  and sub - gy i t i  the  30—6O - Gllz  u’ange is produced by a reflex

kl ys t ron .  A sma l l  p~ h ’ti on of th is  signal is compared
wi th a ft ’equet icy stahi clal’d and the  rest unatched onto a

‘Wo rk ‘ 0 0 1 0 1 5 o  r l t ’ o l  bc the I -
. S. Army Researc h (hi f i ce , ;rati’s c i-vs l  oil hat’nioui ii,’ ;encrato i’, The harmonic output of

7’, , te ,\ ,\I , ,-77 - ( , - mIo i 7 . tliis i; ’t i t ’ l ’ l t t oo n {t V b ) l l ’ a l I v  3rd — 12th hau’nillnic) is trans-
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FIG. :0 . Excitatj m ,n o mf  tIme I CC - u and ‘‘il - i o’ibrati o’n:ut — l o o t s ’ s  of

k ~~~~~~
-
o 1~ I~) relation

t N 0 0 0 .tM I ‘ It

~~~~~~~~~~~~ 
~~~~~~~~~~~~~~ ~ I’ I’  - I — exp (— e l )  ( 2 )

‘1 ~i ~~ relates the exper imehlta l data ~ I ’ I’ ~‘it h t a and ul t imate  —

lv W ith  F~,
‘ ‘ ‘  Three studies of the HCN FIR t i io le cu lai’  laser which

t ’ IG . t , Slw1.’t l’lo ooot ’ t i’i’ lot- the studs’ t ,t I : t ss ’r j mlasti i:us . sllusth ’ate the ki t i d s  of i l i form at i oh i  that can be acquired
are described below. CH 0 CN was used as the fuel .

The t otal UCN coulcentration is an important , but 011—
ti i lt l t ’d th u-oughi the laser tube Ltv quas it )pt i ca l  tec h niques ktiowti , pal’ahneter of the laser. Chahit i’y~ est imates it as
and detected by a 1. 4 K InSb photodetector, The sensi — 1 ;. i i t  part Ial l)l’essul’e for typical  opera t in g  COhi d it iouls ,
t iv i lv  ill this techtiique is such thsat s ta tes  whose popula— and Sch~itzat i and Kneubiih l ° have measured with a mass
I 000 I is .l r s’ 10 0 c t i i  ° call be seeti in i-cal tiliie OIl an SPe(’t t’oniete i’ the b’ m ’lti/j /’ t ’ concelitrat ioti as a fut ictiot i of I -

otsc i l lsos c ope screehi w i t h  large stg uia l  to i to isc discharge current. Figure 2 shows results calculated
fi’Ohii measurelilehits on the 1 = 0 —  1 t r ans i t i on  of theIt i ‘sn be sItoo’s’n lit it I o ‘5 ,.,ood 1I)I)i O\ilii’st loll t h e  ab — 00 0 tbration”t l state In out expet tnsent the HCN

o Sm ) t’pt io ,iIl (‘ 0 01,0 t t o s ’ o cot ‘‘ loi’ a I inca i- oo ,o let .’ u Ic can be ‘ ‘ -
concenti’ation is tltaxit ii u ni at a i’eniat’kab ly loss’ current

S’s I i t I L h i  
) t y p t c a l l y  0, 01 A) and decl’eases substant ia l ly  at h igher

a t c t i i ’1 ) ~4. 94 ~~~~
- 

~~~~ 
C 1,

) ,~ i ’ ’I ’ ‘
. ( i i  currents ,

wiiet’c o ’ , ,  iUHz; is the t i ’ au ls i t i ( , n  fl’equehlcv ~~0 ’ ( 7 o l l l z  Th e a ’ell—kt ’iown HCN laser mechahilsu li of Lide ahld
T,ui’t’) is the I ities’ idtli , p (D)  is the dipole hllommCllt , 7’ Moi k 1 clepehids upon the h eal’ degenerac y of I — - 10 in the

K C ts lhe ts ’m l iet’ atl l  I’t’ , ahld i’ , is t he fraction of ii ‘0 and 0 4 0  vibrational states and a populatiohi j hi’,’ei’ —

IiiOlCC1tI ~ ’ r’. in (lie villrat iohlal state . This relation as— sion between them il l the laser plasnia. This Ln’.’el’S iOhl 
•

SI lO /Cs  hht a t the nitational stales and nioleciilai’ o’eloc — has  oflet i been attributed 5’ ‘ to the metastable nature of
oh,es ai’e in equtl ibt’iut ii and can be described by a tern - the 10 0

0 s ta te  a hi d the behlding stack built 01)011 it . Fig—
pcratol’e T . F o r  pure  rotational spectra p aiid v , are ure  3 shows the absolute p~pulatiohis o f the io°~ and
khi ow n to high ac cur acy ahid ~~o ’  can be accura te l y t i i ea— 00 0 1 states as a fun ct io t i  of the discharge curi’etit . It
sured from tile high —l’e s olutiol l microwave data. The should be noted that these states are essehitially equally

populated and that the “metasta ble ” nature of io~O is
thus showti not to be a requirement for a population
excess.

t F:: ~~~~~~~~~~~~~~~~~~~ 
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I’ : O I l , ’ 4 —‘ i Io tWs t lt s ’ I000 I lu lhs t i o i t  o l  100 atol ICC ) 1 as a The auth lol’ wt ,tt ld like i t o  t h ank tIle hlt’sea”cll C o o i ’ p o m x ’ o t  —

.0 i l o i t t  io l  o i l ’ S ’ — O I i’ s - . l Ioi ’se i’ s’ ,’- o l i ts  i i i ’  C o ’ I i ~~o s h t ’ O O I  w i th  t iOll [ui its suppot’t ‘I t Ins ~‘ss m i’k .
a hilt ‘ ot ’I i t t  svliii’h i’o ’’,o ‘o lol t i t  ,lo ’t ’ xi’ it it i t o / i  I oi_ ’ I0 ,m, (’ t,°11 t il e

(h , i, , C l o  ,uti ,h 1 m o — 3 . O~ t t ( - o l o l i o t o C  s tacks is ati it llpoi’tallt
l i t t i t tut i g ,i o t o ’ i ’ t Ill t lts ’ ~o s i ’o t h illg ,i ’essoi re oh tI le IICN
Li - m i . ( l i : t i l t -  othli’i’ Iiaisd , Ilit’ (0. 11.1) s ta ck is not ih i ,. , , ., - - ‘- ‘ 

1 t I ,.1. Sclio mt z :m t i  t ooo!  I- . kiii,’ubulil, II I I - , .J. (
~uomnt uni t’ , t , - t ’O m o o .& ‘ l o o ’ o t ’ i’t’o— t ’ l i . t n i ’i,’ S Olo _ I o l o o i l t , ’l’ ta t n i ly  mI t  stat es h5hid QE._ 11 ‘17 11)7 ,) 0

1 0 0 , l 0 0 0 I , l O : N  Is ,‘ \ o ’ o I , l I o o o l  it substantial ly Iiiglii’i’ , t ’ . ~ I 0OI l ~~ 0,11(1 ,~.‘r. \V& ’t l im ’ i ’ i’II , \ l o I o l . ‘pi . 11, 17: 0 7 (1972).
i’ s ’s . I) . It, l ,m tl t ’  m d  .-\ .I , ~h:m k i , .~pp I. I’ Ius . l.ett , 11 , o2 101 0 17) .

11 .-I , 1’1vCti ~l i :oo o ~itiil I . Kncitl.miiIiI , ,\ l o t o l . i ’ Iov ~~, 6, C ’m 11)7 1),
Iti c m S h c l l i s i , o i l  , lv i’ h av e  di ’hl ioihlS t l ’05 t , ,’il t i le kihids s o t  \I, \:llllo ili: ik :i , 1’. \‘omt ii: mtichi , :itid I I . ‘e o o s l o u o o : o o v , . .lpn. -1 ,

r 1 0 0 a l i s m h l  thaI cail be obtained in a s- ei ’v ilii’es’ h IlianIler Alop t . l’Io ’ ,- s . 10, he;III 1 1 0 7 1 ) ,
t t ’ ohli o ut ’ exps’I’illim.’t its .  It is s’Iear th lat they have app l i— - I’. I C , ’ l o o o o o o , ’ o - o ’  , F. ( ‘ . Iii’ I oo o ’ o : i , Ihid \V . P o m ’ ,h’ . I’hvs . lit-’,

o ’aIli l ihv t > mo t h too ,mt h ii,’i’ sthlt i’s ahld sI)et.’~ ’5 b UIld ill the I,ctt. 25, I 01 ) 7 C l O T ) ) ) .
‘ ‘ - 

- . ‘ ‘ ‘ \ \ , Gm mi’mls’ oitid It. I,, t ,,,,k l’ o, - o ’ , o l o - o ,) !o o / t ’ i ’ o o / a ; ’  ,S- ’oo - m C o ’ot
• t t t,_ ~ t ,so ” m ’ i ’  ~itid t o o  ll,i m le cu la u ’ lasm, ’i ’s ill genei-aI. I hm’se , ,  - . - ‘  —

- - 
, 

(V~ lli ,’\ ’ —t l i t i .’ l ’Si’t , ’ O l t .’ o’ , 7’oi ’Wo ’ \ , o l ’k , 1 1 1 0 1 0 ) ,
s i—i t i p t t m s  idt. btdli I. (111”,t l  1_ t i l t s 1_hid l i sts  fot Illodi. 1-~ of ( \\ ( I, mot i’ s / 0 / /0  C o  °o/ C o  0 / o I \ ids m o m s
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NOTES

Centrifugal Distortion in Water and Hy drogen Sulfide 1

• It ‘io d im’ inh s ’nt of t i m i~ flt mtt ’ to t  ~~~~~~ ,spe c i t t o ’ to ~uIt-  ‘, t l . t i i , i 0 o ~ I ’ m Ill,’ ‘ I0,00 0 1 0 - - Ill 0 5 , ! , , oo! ,, r ‘e l : , rv

of wat e ’ ra lmd Io\ - , l r o o g o ’:I nuhi m m Is’ os hij e-hi ~ tc j lomi uo ’ s’t l I s  ,o - o o l m  0 - .o - .’oo l 0 o (s ill 0 0 1 , 0 ?  i ’ .o, , i l  ‘ l . o t o r o O f  Oi l ,  0 0 0 ! i US- I.

h l ydrtogs ’ii. ds ’ i , t cr i m i ni , osi t ml t r o t o u l m I  ‘u io , . i j h Ut i , t l / , , o tr i ’ o ’ ’ ’, o — : , l o , r , o l ,  A oo i’ m l &‘s ~ o ro- — — s , o o  f ’ tr co m o t m , i o , ~~,o h ’

inmluced gs’ t ol i m c tr y o’Ita ngc,, ha’- mclii lIrs’9s’iits -ml l.~ ‘I 0 - 0 . 0 0 0 - i  0 .1/ , o f )  C , ~o I  —
~~°‘ o o ic ts ’~tlII,o 0 ! o ’ l : o ° S  ‘ 0 o o : ) ! s

th~ s) n1n1ctr ic i ’ o ro ,o ~ of wa to ’m , tl~
(1 to ’ 1 11 ,11 , ,\ ~ 0 C 1 0  t ’t l o , i  %5 

~~
ro -0 - 0 1  I i  l l . . t )  oo ,, r i- , C ’ , i  l : l l o I ’ o .- ,lr’. t ’ o  l ’ s ’ ‘ - ‘11

o ts~ o oog r ;t J 0 t o o o  ml . a~ t his’ itumns ’r ioa I t oo- o dIn gis ’s’n arc co mr t , ’s l .  ‘I lms ’ h O b O )
~ -0 0  u itO l o ~ . ~ ‘‘ ~h mo ui,! I” - 00,

Cortsi ilt,’ru lolo ’ s - im loh i i l co ih i000 ocCtmN iii (hI m’ 
~ 

Ilititeh rt,: o’o / — o ’ — o i mo t l  a ,:,!. ,o l ,o i  o ’ ’ t o  o h ccntr iiugo il o I , . m  o , r ~ o o ’  00 III

111 >0, 1)1’S , et C ., 001st jn ojcsc d fr om thc n imo ~ t general a h I l m r o s I t ti .

TABLE I, Co--C’ ’, c o ”r- ’os of to Ii) for  ,o ’,” tn-i 5,1,’, ,:- , 0- i l ’

‘ ri” ‘ ‘ .‘ ‘- ,‘ r

H7
0 a 1 .016  -10. 71:’ 625 0 .300 -2 . 57

0 .2 93  3 .04 1 0 .2 12 2 . 2 3 0

0.2 .0 7 0.000 O H ’, 0, ’:):’

1120 a 0.565 -5.976 112
S 0 .159 -1 5:’.

b 0, 14 7  1 .5 2 1  0.1)5 1 .120

0, 12 6 0 .073 0 .063 0,015

12
0 a 0, 4) / .  - 0 , 3 ) 1  175 “0 , 112 - 1 , ”’S

0.031 1.016 0 ,071 0. 7 ’ .

0 .006 0, ’ .J ~ 0.04’) 0 .02 0

~ 
,7r 1 “i 

‘ “v “2 ‘ -‘ o- -
. r . . ‘‘o

600 a 0.9 69 7 0 , C -9. 132 631 0 , 37 2  O. ” . ’ S -2 . 639

0. 66 5 0 , 2 5 )  1 . 46, ; 0 . 000 4 . ? ; ’  0 ,705

0 . 1 1 1  0. 2 0 1  0. 030 3 0.0 1 (0 , O’FO 3 .013

BTO a 0 . 9 55 2’ HC. . 3 , 1 5 - 7  HIS 0 , 3 ’ )  0 ,0 75  -2 . 51 5
5 6, 0?’: 0. 1 3 ’  0. .”? 0 .052 0. 125 0. 370 , -

c 0 .066 0.1 2 .. 0 ,034 0 ,56  11 .014 0.0 1 2

1110 a 0. 5 0 1  0. 4-0 0 - 5 . 3 3 4  ITS 0 . 1 9  6 .0 71  -1 .3 53
b 0.07,? 0, 157 1.11 7 0.021 0 .116 0 . 6 C ~
C 0. 3- ” ) 0, 117 (0 .1- 7 6  0 317 1 . 3 - 4  0.022

O A t h  coo o ’ f l o c C ’ o . t s  0 o , ,  C- - - ”  n , l i l p h i c ’ t  H 1 or )” , a,’,’ i n r.o ,Co ’n’ . ;  r 1 
O s

, , c s c c m,01c .1  ~: o ~~b t O - ,  l ’0 ’ ot ~’r a!o’, o- , in 0’ - i- , . O .r m c  g o e s ,

‘‘J’hm~’, ssot l, ,.,, l ’ I o t o h i O o !  la ihi~ 1 ,5, , \t f l ly  I~ I oa ; l lC lo  (111k1,’ , Gra, t t  I l A t t L ’Oi ~4 C’. 0034.

3.0)

i’ ‘ei ‘ I t  019H by S ,~1 , e o - - I’ , ’ . — , t i , ’
Sit m o o 6 o t ’  (if , o - i s . . C , o o t o ’ ’ o t  I t t  0 0 0 )  t . , , o o ,  ~, . 0 ’ 1 0 , , I .  iso-N i i t IC l—?S12

I-
I

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

‘4



N0’I’ES 331

‘l’h~- g ’iie’roil u s j t o o .’’.’o!oO l l  bo ’ r  Il/c o h is icm r l is i l i  tiT~ o t ~ art ’ givo ’ll in I~o ’f. ( 1) it t  bOo. i h  ri’, I ’  t I l l

I’~. l~’.,,—l ~l.u.X , ( I )
0 si hicre’

0 / .Srj \
(R ),’smo t ( .~~Ti ) (2)

\( ri I. t~ tAti /

anm i X Is , in thi s’ ca’os’ of thi s ’ ht t ’ lb t I r i o t to oh ih i s ’  it ioolm -cuh , a nine i’O o f l t l t o i o i t ’ t t h s- 0’oo ,o r  I ’ — r i l o o o - :  ho , - j o . — t i ll o f

(lie th ree 1tu,_i o ’i in 01 hio mo k t isul (‘a l - i l —i a n  t’t o o o r d i o s o i m ’ , - \ 0 o ’ i O O  wl t ic lm lmolr.11l ’l t i  l imo ’  l m bo l lo - o i , l , 1 r t t bs ’ r i ios l
axes. F,1. (;~~, B , ansi ‘I’ are’ oIm ’ll roo ’ oI ti 1.1sf. i / o , .1’- 00.1,,  “b oo , o hm s ’ III ,’ au tho r— ‘‘ 1 h’i m ’C , 1 / ‘ i l  i- s o o i t o o ’ iol, ’ilt

to reorritc l’ o j .  ( 1) 015
(R~,,.11 po.(J~~~ ,’ + p.’.~/° ,’ - + p- I’, ” ;, (3)

w here a , b , and C obo ’ —L710001 , - Ills’ iri,,lt’s- t i iotr ino~rt ioi l a so - s om no i ( / 0 0 .  ‘Ii . , 0(0’ this’ s ’ ’ ,j  .,,‘i;O i s o  sam ma I it t oo

a ngu lar  iom o mrois ’ t i t U i i l  e m t / t i j t t o hh m ’llt 0 ‘~ s ’ 0 ,O ‘ i a  ll ’ 0io0 4 ilis’ t o t o o l s ’ctml ;ir s’ojli i loto riu rl i  I S o ’ s. lbo .’ .o s- oil, t , - — tOOl ) ho’

eas ily ca lcit la l’ :th boor any s 1oo ’e’iI’mc r,oi,ii jo ono m l leve l of  a o~io o n  nro,Io ’i’im le ’ C 2 .  I S o ’ vcs’I’ or o s ’  i i , ’ ,,- 0 1 —  p.,.

p~, aimct /0~ i t f  l,-~. ,1 0 , 0I iii~Ii oi l’s’ mIs ’ i’o t os ’oi in Rt ’f , ~1o , ho ivo ’ b e e n t ’v aiuais ’ot  and arc h m r s ’ o - e’ oo io ’oi ~ll 1.11 , 10 ’ 1 ‘
I

for ss-ate r ami,l hivd r ,oo s-n suit i o bo ’ . ( ‘o o - h , ie -n t ~ boo r 11,1) ot i mol 1) 0 ) 1  have tm o,s’n re’~oi lo ’til:ihs ’ti mr e o m i l r ! o i c t e ’ h ts ’ n0.

Ttis’ f o r c e  c o o r o — 0 , 0 0 l —  us - m h o Lr o -  i ltoec’ o f  ( ‘ so t ,, lIe l ucia . 000( 1 l le’ ln r i r i go - r  k_ i , / : , ,‘~-. fo o ted ho ) ’ th i s  a iml fm o , r , ,

of 1-0th . (3) om tm d (- / : . iio om e ht ’ l t ’ rroors ;or oo o ius ’ c ~igiti m a t t E  Ut ic ’s’r io t t n t io - — ill iii,’ ,ol o,c - a of ibis’ fmo r e ~ eo ’ o ,o -  allIs,

‘l ime em m nstants ci,,’’! a re iI~ ose o o b o l ~t i mte -d fr oni j r o f r o s r c -o I obo t ta  wi th co)I oal  oct -i: !,) 0 0 0 - ,Z , ‘l’hmo ’ ,.o’ U l ioe r io t i f l t i s’,’ ol re

a the priniary limitolhioo n t o o  thte io’i’tbr:ic s ’ ‘o f  t h e  t o o l ’  0 1 0 0  Och i?n  of iii! ,, sn- t o r t, 011101 ii ‘so mob lOs -f. ~/ , , Ss i , IOi io ’ i rj C

for m s of w a lc r at/o .I livdroog o ,’mi st i lndc thi7t ,, rt ns- ntn oetr io ’.m hhv ot nol o o l i l v o o : o o ’ o ’ o o c ’ u,  lit I~ roe — ole , - i, 1k— 
- -

— scribe t im,’ o - han~ o’ itt l00 ~ itl length . Jom h o c  l’:iss’ o f  lilt 00—0 m o m 0 0 0 c ’ t r b o ’ b o r i / o o - , o.i o o o o o o ~s - ,. m o ‘ l b  I’,me,l-, ho mlo ~ t lot ’
O s1is-cjt ic,l, Ii: ‘1 o m bo le 1, r~ t o -Ceo ’, t o o  hIs’ l , .o no i  C \ i 1 . i t O l O i l ’. Ii ’s, thi~’ og o o s o o ioo l o l  i t ,  the o t t o o i l i  o f  b o O t _ h 0 0 0 0 — — .
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Millimeter spectrum and molecular constants of silicon monoxide *
F Lowry Molhi s oh l , J r . ,  W l h h l a ht i  W Clark. Frank C, Dc I too ,i , and Wa lito r Gord%

De part ,ne°?m o o ~ Ph coh n, fli t i, I ‘ , i o oo -r, o io: Duj r) iu, n, \ oo r l l t  C o t ro  o t t  ,~~j 23 lI0i’t

IRtoce l%o’d .1 - \ooc tmO l’) 76)

O 5 uese high-temperature nhiIiilllete r .%l oI % e T l, is ’ r ml%la%e spt ’o’t ritllie ter hot s biten cott s t ru o ’lcd and used I,, nie,i°.utc

~ ohs ’ range of ‘. ib rati tinal and r il t ol t i,,iioil stal es iii si hic,,,i t~ onos ide, h i ts ~s o  ‘tie results m , o acc urat e res t
t ’rcq ueno’les fo r all of th e j nterstclkr S m) 1 maser I r , I lm s m h m o ’ lm s I I m, m l hofl e bet-tm itbsersed as ~et °lh as 5 mIt . ite
0 0 0 o ’ ,I’ , L i I o ,’I O O e i l t S  or ‘rs’O I IO t to o l l s  ml ’ all l tOI I i ’ , l l t o ’ l t s  tha t . i , o ’ Imk t ’l to b e )  ast r itp tl)sIe’al interest h I  addition, the
1)unhoint spectral and I~ 1 hs ’ Im im. I l cO nstant ’ . ,i ,e ’ s ’ . I lebob: i ls ’,I I~tr the three h I t t e r  i s o o l o o j o oo species I ’ m  “‘ 

‘(I

) 21 7~7 4 51 111 ) MIt,, I’ = 151 02*111) M u ,. 9’ 7(0 S~~4 o LII,, 9’ 2’) hi) h i t  LII,.
oh , 10914/2) tO ’ Cm o

• it 2 t900 0 1 )4 I). i4 5 “I 7) .  ci , ‘1 (ii 5 ) t Ii,’ ,,‘j lc ul j to , ’il ,ajIiilII ~rlUlll 10 _Il .i m l t c t e ’ rS

t o o l So ‘ (1 are 8, 21 6’0 5i 10) Mt I, , cci, 1 2 5 2 ) l i  em . w , s , 5, 9* 171) eni , and r l ,5O~H° o 4 o  5

t\  I R t ) t f l t  I I t \  mixture of silicon and stl icon dioxide to I :lhfC C

in .t hig h —  tc ’mp erosture reaction chambe r which
In 1968 , Törring t reported the laboratory mea- also sor s’od as the microwave absorption cell.

surement of the .1=0— 1 rotational troussit iot ls of This combination of reaction chounbe r and .tbsorp-
:o Si iciO in tile 43-GHz region for four vibrational Lion cell consisted of a Mul l i te  MV3 O ceramic
states , r= 0 , 1.2 .3. Meanwhile , a maser sigtial tube (9 x 45 cm) concentrically positioned inside
at 86 243 M hz , observed by radioastrononiors ” a co ld- rolled steel pipe (25 ’- 105 cm) which  was
in the nebular source Orion A . has been assigned connected to a pumping line. For the purpose of
to the J = 2 —  1, i’ = l  transition of 20Si ”°O t v  Lovas tliechanical support and thermal insulation, the

O and Johnson3 from a theoretical prediction of the volume between the ceramic tube and the outer
frequency based on Törring ’s measurement of tile steel jacket seas filled with A . P. Green G-26
J = 0 —  I transition. Since that time . SiO maser insulating firebricks. The heating eletllt’nt was
emission lines corresponding to the transitions constructed f r o m  ten graphite welding rods which
t’ = l , .1= 1—0 : t - = l , J = 2 — 1 ; ,‘ = l , J = 3 — 2 :  and we’re electrically connected in series and equally

= 2 , .J= 1—0 have been observed in 20 astronom- spaced around the inside of the 2tIt lllile tube,
ical sources. A tapered horn combined with a Teflon lens

With the present work , direct laboratory nieos- focused the micl’owave radiation into the reaction
surements have been made of the frequencies of chamber and through the vapor above the re-
all of the transitions which give rise to the iiii- actants. The radiation emerging frotil the reac-
portant maser signals from outer space , and nlea- tion zone was then focused onto a sensitive InSb
surements of the rotational spectrum of 1”Si t ”’O radiation detector operated at 1.6 K. The detected
are extended to 303 926.96 GHz. These measure- absorption-line signals , after amplificatioti . were

ments . shown in Table I. include seven rotational displayed on an oscilloscope for the frequency
t ransi t ions of 20Si 15O in five vibrational states. measuretiients . Description of the millimeter-
They allow precise evaluation of the centrifugal wave spectrometer and measuring techniques are
distortion effects which influence all rotational given in an earl ier publication. 5

and vibrational constants of the molecu le and
which cannot be evaluated from the J = 0 —  1 t 5 1  ¶eN t )  5~s - \ I ,Y S lS
transition alone. These constants make possible

o the  accurate prediction of all transitions that are The most accurate formulas for analysis of the
likely to be of astrophysical interest. Figu re 1 rotational spectra of diatomic m olecules are pro-
shows the laboratory, real-time oscilloscope vided by Dunham theory.° Dunham solved the
display of tile most commonly observed astro- Schrödinger wave equation for the diatomic vi-
physical maser , the J = 2 —  1, ‘ - = 1  transition. broiling rotor with a potentia l function of t ile form

EXP E~R I M FN T  
l ’ (~~) = cha 0f 2( 1 + a 1~ + a2~

2 + ) (1)

A sufficient concentration of silicon tlsonoxide where E = (;‘ _ i’ .) ‘ i’ ,,  0,0 = ~~~ - ‘41/ ,.. and a1, a , , . . .
vapor for microwave absorption measurements are the potential constants. His solution for the

0’ was produced by tile heating of a homogeneous rotation-vibration energies is expressed by the

223
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h’~5 It 1.1-: 1, ( l l mso ’ t r i o ) I m’ansit iimns ol’ silicon momlosi(l(’ .

: : 

l~~~u~~~~:

1 1:1 122.03 a (1 , 00
2 42820 ,15 a — 0 .06  FIG. 1. Vi deo tbioo plav of the J=  1 — 2 , t ’  =1 transition
:1 12 519:0 -1 0.01 of 2sSi h t O

1 — 2  0 86816 .96 0 ,117

462’ 13 . t7 () .1m2 Dunham ’s constants. Each Y 1 ,, is a funct ion of
2 ‘15 6-I n. 0; 0 .09 the molecular parameters ,‘~~, a~, a~, a. which

2 — 3  1) 1 :10265 . 61 0 , 0-h appear in Eq. (1), In terms of tile familiar spec—
I 129: 103 , 2 I —0 ,02 troscopic constants ,

:0— -t 0 17 01 655 :01 0,16 

~
, 

‘ — 
~ Y

1 172 181 , 15 0 (19 10 ‘C • cii ‘ ‘ i i  — — ,. . Ye .  
(3)

2 171 275 , /S 0.18 9’ = _ ,,c,’ t -  Y ~ — D  1’ _ /  Y 11
3 h700’7 O,35 0,07 O i ° Os’! C ’  iZ ‘ c ‘ 03 C

(1 2h7  104 ,95 0 .09 With the selection rules J~~J+ I and c — I ’  for pure
I 21’, To OlS /I’ , 0,09 rotational transitions. Eq. (2) predicts the rota-
2 214 055 .5-I — o ,on tional frequencies to be
3 212 552 ,61) 0,O’t . I - i

o I 2 1 107 7 57 -11,117 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~ t ( J + l )

-‘ 4; 0 260 S h ’ 1,02 — 0 ,0/1 + 4 ) ’
02 (J +  i)~+ ... . (4)

.055 7)17 , 5 — 0 ,0’t where otll\° terms which give a detectable contri—
th — 7 Il :5 0: 0 C oo /I) ; — ( 1 ,15 bution to the spectra reported in this paper are

retained. For the less abundant isotopic species
the Dunham isotope relatiomi .

I I  t I) 2 5 7 / 0 , 52 a 0,00
00 0 ’1j lO () = (g !g’) ( t 2”0 ) ‘ i, (5)

I)— I 0 1.0 :t7:o ,:iI ci ~~~ 
is accurate to within experimental error for all

~~~ except 
~
‘
0,~~

• In Eq. (5) j,i’ denotes the reduced
i t t ~~~~~~~~~~ I. mass of the lessabundant species , and the unprimed

parameters , 9~ ,,,, and ~a , i’efer to tile parent species
series (°5Si m1’O).

The silicon monoxide microwave spectrum was
E~, ~~

= h ~~ Y 1 ,,,(i’ + .~) [J(J + 1)1’” . (2) analyzed by substitution of each measured ab-
I. “ sorption frequency and the appropriate J and ”

in which the coefficients l’s ,,,, are now known as quantum numbers into Eq. (4). In this manner a

‘I’o\lll. E 11. Corn par) son of nolt’i,’m i lot i’ 0 0 0 1 0  si om , it  s nt, ’a SO red in this w ork w it  Ii previous t o m  bitt’ s ,

28/li 60 ‘0
~~ 100 30S) GO

Constants ‘rhis wm rka Others This work Othm’t’s This te’ork Others

1’O h  (MItz) 2h 757 ,’ l T o O t ( h l )  2 1 747 ,462 (2S )~ 21 51 1 ,0-10(15) 21 5 I I ,07-I (25) b 21 259,194(13) 21 /T ,/ t .4 /O’m( /S) b

~
‘ (Mt tz )  — 151,026(11) _ 151,05(4) b — 1-1- 4 ,19 :1(11) _ 1 ,15 ,22 1 ,11 b —1-15 ,570(11 ) _ 145 ,59(4) b

Y
~~ 

(kltz) 7)1 . 5(2.1) 76 (1) b 05 ,7(2-I) 7 1  (h ) ~ 67 ,1(24) 72 ,(1)~
0 Y02 (kIli ) /9. :hS (h 3 )  , O / I / ) ( l ) b . C  — 2 5 ,6- i( I :h) _ 2 / ) , 2(1 ) 5 t  —2 7 ,9 7(13) , 2 8 ,S(1) b.r

H
~ 

(MHZ) 21 7.87. 5 ( I o o )  2 h 5 14.1 (10) 2125 9 ,5( 1) 1 1

~ e ~crn~ ) t / 52 (5) 1 /- l b . 1(1 ) 1 2.1 1 (01) 1 2 t 7 . e t )
- c ,, (cm~ ) 5 .9C (7 h )  5 ,9( l )  S .~’ O ) ( 7 b )  5 .82(7 1)

No t  lit Ito ’ s  in pa rc’nthesvs n’Ilt’t’s)’nI ‘‘lit. st anda i’d cic’viaI ion ,
1flefer(•nce 1 .
C Heft’ renec ’ 7,

I.
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‘rAlll,l : Ill. Pot ential t ’ t inslocnls in,t eqtiilihi’itiiit bond of equations was solved for these constants. The
length l o o t ’  silicon monmm ~ itfc ’ , vibrational constants 

~~~~ 
an~ Y.,~, were calculated

I’his wo i ka  l(t’f . 1 for each isotopic species by use of the following
- —  --

~~~~~~~~~
--— --—- relations:

a 0 5,390(22) ‘o 10 ’. (‘lll ~~ To .295( h ) ”  10” ( ‘t hl ~ / .
a — 2 ,9899(41) — 2 ,0)7 3(2) (4} ~

t_  9 ~) (6)

~~, 5 ,7(7) 0 ,55(111) and
a —9 .0(5) - 5 :02( 75)

~ I m )) 1 7 13(40) \ I II ) ”  (III) S 
— 

I = Y,~1(a — Ta t ) (7)

Ei’r ol’s arc’ in standai’d deviati on, where  a 1 and a. are the Dunham potential con-
stants which appear in Eq. (1).

set of N simultaneous equations in six unknoWns 
RI St 1,15 ,~NI) (‘O%IMI NTS

was constructed , where .5’ is the number of cx-
perinientally measured frequencies and where the Tab le II summar izes t h e  results of this analys is

o six unknown constants ’are 
~~~~~~ 

Y 0. )‘
~~~ . and 

~~~~ 
and gives a comparison of the rotational , vibr.i—

for 28Si ”O. plus the }‘
~~ values for 2’°Si ’°’O and tion al , and pot et iti al constants derived f i’o ni our

30Si t6 O. By the method of least squares , this set me a s u r e m e n t s  with those obtained by others ,
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I 
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Törring1 could not determine the effects of cen- to be zero within the Limits of experimental er-
trifugal distortion from his microwave measure- ror. A contribution to the uncertainty in the a1
nlent~ alone; but , by combining his accurate inca- from a calculated upper hinitt for V 12 is included

surements of the J = O —  I transition with the in our est imates of the uncertainty in the a1, This
earlier measurements of the vibrational spectra contribution , as we ll as ot her contr ibut ions , was

of SiO by Lagerqvist and Uhler .7 he was able to neglected in T6rring ’s uncertainties. Although

make corrections for these effects in his derived our l isted uncertainties are somewhat larger
constants. We believe that tile vibrational con- than those quoted for previous work , our a~ val-

stant u’,.. which we have derived entire ly from ues are , in fact , substantia lly niore accurate.

microwa ve measurements (see Table II). is more T ile values for B,. which appear in Table II were

accurate than the values obtained more directly obtained from V 01 by appl ication of the Dunham

from vibrational spectra. The inclusion of correction. The wobble-stretch correction is
Törring ’s frequencies for the ,j = O —  1 transitions zero to within experimental error , but a ca lcu-

with our results did not alter the constants de- lated upper limit on it is included in the uncer-
rived from our results alone. We conc lude that tainty.”

O his measurements are at least as accurate as Table IV shows a set of predictions of all tran-

ours. sitions that appear to be of possible astrophysical

Table III O iVcs tile Dunham potential constants interest as welt as tile uncertainties in these pre-

a, 0, a 0. 01 , 0 1 .  w hich were calculated frotn the dictions . For the higher o .1 states , these pre—
o l’, ,,,’s of Table II. The Y12 constant , which is dictions are comparable in accuracy with the cx-

O necessary for tile comput ation of tile constants periniental observatiohls . but at low o’ . 1 they are

o a2 and 0 1 but not recorded ill Table II. was found substantially better.
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Mil limeterwave spectroscopy of activ e laser plasmas; the
excited vibrational states of HCNa)

Franck C. De Lucia
Department of Physics; Duke University. Du rham, North Carolina 27706

Paul A. Helminger1’~
Department of Physics; University of South Alabamao Mobile, Alabama 36688
(Received 30 J une 1977)

Millimeter and submi llimeter microwave techni ques have been used for the spectroscopic study of an HCN
laser plasma. Forty-seven rotational transitions in 12 excited vibrational stat es have been observed .
Numerous rotational , vibrational, and perturbation parameters have been calculated from these data, A
discussion of experimental techniques is included,

I. INTRODUCTION molecular species conta ined in laser plasmaa. A corol-
The selective excitatio n of vibrationa l states in din- lary of the well-known difficulty of produc ing radiation

charges or in the products of discharges is the basis for in this spectra l region is that Laser plas mas emit almost
a number of important molecular lasers. Calculations no interferi ng radiation. It can also be shown that the
based on oscillatio n threshold conditions show that these noise modulation of the microwave signal due to fluctua-
highly excited states are sufficientl y populated in active tions in the index of refraction which result from plasma
laser plasmas for study by the techniques of quasioptical instabilities decreases systema ticall y with increases in
millimeter and submil limeter microwave spectroscopy . freque ncy. In addition, at lower microwave frequencies,
Most molecular lasers are active on small molecular the quasiopt ical techniques that allow the remote sam-
species with large rotational constants and favorable plingofthep lasmaared ifficu lt and rotational line
partition functions . As a result , spectral coverage stre ngths decrease as approximate ly v3 . At infrared

0 throughout the millimeter regio n and into the submilli - wavelengths the vibrationa l transiti ons are orders of
meter region is required if for no other reason than to magnitude weaker than the strong pure-rotat ional transi-
reach the transitio ns of interest. Microwave studies of ti ons studied in this work , and the emission of noise in-
these highly excited vibrational states are uncommon due creases sharply. It is interesting to note that other
to their vanishing ly small populations at room tempera- spec t roscopic techniques have been unable to establish
ture. the existence of HCN in any vibratio nal state in the laser

plasma . 9
Many interesti ng and comp lex vibration —rotatio n in-j teractions become important at microwave resolution and Figure 1 shows the details of the syste m used for this

can be studied by these techniques . In additio n, they are study~ ° Ener~~ in the millimeter and submil limeter re-
0 a powerful means for the stud y of the physics of the corn- gion is produced by klystron driven crystal harmoni c

plex molecular laser systems . We have given a pre- generation . The output of this generator is focused by
lirni nary report on a stud y of the HCN laser 1 and a full quasioptical techniques thro ugh the laser plasma and
discussion will be published elsewhere, detected by an InSb photodetecto r which operates at

1.4 ° K. Because onl y the stretching modes are pref-
HCN has been extensively studied in the infrared and erentially excited in a laser discharge,1 the lower en-has been the prototype mole cule for investigations of ergy bending modes were thermally populated in a cellvibration —rotation interactions in linear molecules . 2 6

O at 600 °K. The sensitivity of this technique is such thatRotational transitions in the ground vibrational stat e all studies reported in this paper are either the resultwere among the first to be observed by millimeter mi- of real time measurements on an oscilloscope screen orcrowave spectroscopy 7 and transitions in low ly ing, lock-in techniques with r~ 1 sec.thermall y populated vibrational states have also been in-
vestigated. 5,6.8 In this paper are reported spectroscopic Il l . TH EORY
studies in the millimeter and submil limeter microwave In principle , the energy levels and rotatio nal transi-region of 12 excited vibrational states of HCN. Included
are the 1110 and 0400 states which are the basis of the tion frequencies of HCN can be calculated by construc-

t ion and diagonalization of the vibration—rotation Hamil-well known laser emission in the far infra red. tonian . Altho ugh this procedure leads directl y to the

II. EXP E R I M E N T A L unperturbed spectral constants , it requires iterative
nonlinear fitting and makes prediction of unobserved

The millimeter and submillimeter wave regio n of the spectral lines cumbersome . As a result , the emphasisspectrum is in many ways ideal for the stud y of the in this sectio n will be placed upon the relation between
effective constants defined by

a1Thj $ work was supported by the U. S. Army Research Office , Er = ~~~ J( J + 1) — D.~0 J 2(J + j)2 + H,,~ J
3 ( J + 1)~ , (1)

Gran t No, DAAG29-77-G-0007.
b) Trawe l to Duke University supported by the Southern Regional and the unperturbed spectral constants of the several

Education Board of Atlanta. vibrational states , B~, D~, q5 , q~ , etc .
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A. Effects of /-type doubling ~ ~q
’
~ J 2 (J- + l)~ — D,,[ J (J + 1) — 192 . (4)

The basic theory of i-type doubling has been developed It should be recognized that thin equation contains terms
by Amat and Nielsen~

”2 and extended and applied by of the form B~l 2 and D~
l 4 that are not functions of J and

0 Maki and Lide. The notation used here is consistent do not contribute to the rotational frequencies. In this
with that of Ref . 5. paper these will be considered to be part of the vibra-

tional energy, thereby making Eqs. (1) and (3) corn-For linear triatomic molecules vibrational states are
specified as “i , ,~~ , s’3 ,  and states with i = ~~, ~ , 2, 3~,,  

patible. Equation (4) can be factored into coefficients of
J(J + 1) and J t (J+ 1)2 to giveare referr ed to as 2 , sr, A, 4’ For all states with

~ 1, there exists a multiplet of vibrational states that B :ff B~ ± q,, + 2D~ (5)
is degenerate in the harmonic approximation. The con-
tributions of 1-type resonances to the lifting of these = D,,* ~q, . (6)
degeneracies can be calculated by the solution of a secu- For v5 = 2 the secular determinant is of the form 5
lar determinant of dimension (v2 + 1).

For “~ 
= I, the secular determinant is of the form ~~0 — E W20 0 II A

I w20 E~~— W20 I =0 (7)
IE~ — c ~W1 I I

=0 (2) f 0 W20 E~~— E !
~W11 E~~—

with W11 =q ,J (J+ 1). E~ is the unperturbed energy of the with
ol~o state. The rotational contribution to this energy is W20 = (q,, ~‘~“) f J 2(~J + I )~ — 2J(J+ 1 )~h I ’2

L,. =B ~[ J ( J + l ) — l 2 l — D [ J ( J + l ) — l 2 j 2 . (3)
Solution of this equation gives

When centrifugal distortion in the i-type doubling con-
s tant is included, Eq. (2) gives for its solutions Ec = E °~ + — 

~, 
+ 4q~[J2(J+ l )~ — 2J(~J+ j ) J } 1 / t  (8)

E = B ~[J(J+l)_i 2I±~ q~J(J+l) E =F ° (9)Ad ‘A
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ D = D . ~~~~~ 24y 13 q ~ (33)
( 10)

where  6 = — / °, .  ‘Fhe rotational contribution to k~ 
= H•tt — 12)ti q

2 - 62 (34)
and I. ~ is g iven by Eq. (3) . The term which contains ~ ,, results from the expansion

For transit ions in the millimeter and subniillimeter of E~ — ‘~ A and accounts for the difference between the ro-
tational constants of t he 04°0 and 04~O states.nhI&’ ruwj v(’  region, these expressions can be expanded

and compared a tb Eq. 1) to g ive

F r - !‘ ~~ , — (q~. ~~~~~~ ~ —2J (J . 1) 1 (11) 
B. Effects due to Coriolis coupling between lVOand O4°O

B~ B.u — 2 ( q ~ ~
‘l (12) Because a near degeneracy exists between the rota-

tional levels of the 1l’O and 04°0 vibrational states at
I) ,, fl,~ — O’- ’i (13) J= 10, it is not possible to fit either the ll~O or 04°0

1’ (q~, 6) 1., ‘ (.1 . 1) 2 — 2J(J + 1) 1 (14) data on the basis of the effective constants of Eq. (1).
The perturbation between the states can be given by4

B~, Be,, ~~ ~ 6 —  8t)~ (15)
.~
2 = 62 44J(J+1)W~1 , (35)

$ 1) , , = f )~ , + ( q ~~ 
6) (16) where 6 is the separation of the unperturbed states , A

F,~ F~ (17)  the  separation of t he perturbed states, and W~1 the
Coriolis constants , 6 is a function of j and can be ex-B~ B.1~ — 8J) ~ (18) pressed as

1), fl•~ . (19)

For ‘-~ 3, the secula r dete ’rniin a iit IS )f the t i m  
6 ~~ I’ — A1~~(J + 1)4 ~~~ 

2 (J4 1) 2 
, (36 )

I — w ,, 0 0 I where 
~~~~~ 

represents vibrational energy difference
I between the two states.

I - . —~~ lI’~ 0 
— 0 , (20)

0 ~~~ !~~ - 1V~1 III. RESULTS
0 0 U L — A. Observed frequencies and effective rotational

constants
with lI’ ,~ - I +3 ,~ 2 1 [ J 2 f.T * I — 8.J ~J 4  1 1+ l2 J hl’z. =cool ut i~~n Table 1 displays the forty -seven rotational transitions• - if this i’qu.il ‘ii i~ i yes

in 12 different excited vibrational states that have been
- /1 ~~ ~64 i i . .  —

~~ { I  6 —  tI 1i I ~ 4 4I~~~ !~
/ 2  

~2 l) ol,served, With t he exception of the rotational transi-

I — 6 ,  t i ’ , • {(o  — Il’
~~~~+ 4 I l~~, ~ (22 ) l ions in the 04°O and 1110 states, all may be represented

• liv the effective rotational constants of Eq. (1). These
/ • /- + ~ 6 — ~ 11 11 — 

~ 
.+ 4 W ~

- ‘ (23 ) effective constants are shown in Table II. Also included
1 -

~ — — + { I  o. ~~~ ~ 
-
~~~

‘ , (24) are precise ground-state constants which were calcu-
lated from the re~ults of a beam maser experiment of

where 6 =  i-~~ — 1- . W hen centrifugal d ls l )rt i(, i i  is in- De Lucia and Gordy. !3
cluded , for n~ sL , It cs

14 ,. 
~~~ 

— q,, — 6q~ 6 — 21~ (25) B. Unperturbed rotat ional constan ts

- — q~ — 
~~~~~~ 

6) (26) Since the rotational levels of the 10°0, 20°0, 00°l,
IL,, = 

~~~ 
q 62 (27) 00°2, and 1001 are essentiall y unperturbed , the effective

For ~ ,, states:
constants of Table II are also the unperturbed spectral
constants for these states .

B,, = ~~ q,, — 6q~ 6 —  2D,, (28) Table III shows the unperturbed rotational constants
- • — (q~ 6) (29) for all states for which corrections between the effective

H,, = ~~~ — ,
~ 

, (30) 
and unperturbed constants are necessary. Equations
(5) and (6) show that the constants for 0110 can be ob-

Only the I - 0 state of “~ 
-4 was studied and since there ta m ed by the averaging of the effective constants for the

is no I degeneracy for this state , perturbation theory two components and subtracting 21),,. A similar proce-
may be used to calculate the effects of 1 doubling. dure was used for the 0111 state. Equations (l l )—( 13)

2 were used to calculate the constants of the 02°0 and the
0 2[ w52 12 

- ~~~ ~~LiL [ J 2 (J + j)2 — 2J(J4 l )J results of Eqs. ( 14) — ( 19) were used for the 0220 state.Er - F . c4 
Fc — ’FA 

C

Because the J = 0— 1 and 1 — 2 transitions do not exist
l2~,, q 

~ 
3 (J 1)~ — 2J 2 (J 1)9 , (31) 

for states w i t h  I - 2, there is no experimental redundancy
~ 62 within the 0220 state and the listed standard deviations

reflect estimated experimental uncertainty. Equationsand (25)— (30 ) were used to calculate the constants for the
6 ( 32 ) 0310 state.
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TA BLE I. Observed transition frequencies in v ibrationa lly excited HCN (MHz).

J = 0 —l  J = l — 2  J=2— ’- 3 J~~3 _ 4

State Observed Obs.-calc. Observed Oba. -calc. Observed Obs . -calc. Observed Obs. -calc.
Ol icO ... 177 238 73” 0.04 265 852 .68 —0.02 354460,33 0,01
01~~0 ... 178 136,50” — 0 . 02 267 199.37 0,01 356255, 71 0, 00
02~0 89087,69” 0.04 178 170 .38 0.01 267 243. 15 — 0.07 356301.33 0,04
02~”0 ... ... 267 109.37 356 135. 46
02~ 0 ... ... 267 120 .02 356 162 . 77
03k0 177 698,78 0.02 266540. 00 — 0 . 04 355371 . 69 0 . 02
O3 ” O ... 179547, 32 —0. 10 269 3 12 .89 0 . 16 359067 . 86 — 0 .07
04~0 179 127, 26c 268 663. 29~
1000 88 027.28” 0. 03 176052 .38 —0. 01 264073.30 —0 .01 352087 .89 0.01
20~0 87419 .40” 0.06 174 836,53 —0 .04 262 249.60 0.01 34 9656,27 —0 .00
00~1 88006.69” 0.03 176011.26 0. 03 264011 .53 —0 .08 352 005. 76 0.04

174725. 29 262 082 , 87
1001 87415. 29 0.07 262 237.31 —0 .07 349640 ,22 0.04

264005 . 10 351996. 75
01~~1 ... 176919.08 265373. 12
11 ’~0 ... 264 019.77~ — 0 , 09 352016 . 88~ 0 , 07
li wo ... 176913 . 10 265364 .36

‘Corrected for quadrupole sp1it~ings. “These lines have also been observed by R. C. Woods
“From }tef. 6. (prIvate communicat ion ).
cSee footnote b, Tab le II.

C. The 11’ 0/04° 0 system coupled with the pure rotational transition measured in
this study make possible the calculation of a number ofThe 11’O and 04°0 states must be considered together

em. This isbecause of the Coriolis coupling between th - - parameters to high accuracy, including the centrifugal
distortion parameters for both states , the Coriolis in-an exceedingly important and interesting system. It is

the basis of the well known far-infrared laser. 14 The teraction constant W~1, and the energy difference be-
absolute frequency measurement of the laser emissions ’5 tween the two vibrational states AE0 .  These constants

are shown in Table IV and the transition frequencies
calculated from them are compared with the observed
frequencies shown in Table V. It is interesting to note

TABLE II. Effective rotational constants forexcited vibrational that vibrational energy difference between the 0400 and
states of HCN (MHz). 1110 states has been calculated to ±0. 0001 cm ’.

a B,00 D,00 In addition to the Corio lis perturbation , both the ll ’O
State Constant Constant e and 04°0 states are affected by i-type doubling. Equa-

tions (32) and (33) provide the corrections for the 04°00000 44 315.9757 0.0004 0.08724 0 .00006
0j iC0 44 310.381 0. 013 0.0888 0.0005 state, but values of q,, and 6 are required . The value of
01~~0 44 534.851 0.004 0. 0902 0. 0002 q,, can be extrapolated from the values for the 01’O,
02°0 44 544. 233 0.014 0. 2054 0 . 0006 0220, and 03b 0 states and Maki gives E °A — F~ to be
O2

~~
O 44 519.595 0.0926 15. 225 cm~ . The unperturbed values of both B~ o0 and

U2~~0 44 519.563 0.0245 D04 o0 are shown in Table III. D~o0 is a very sensitive
o3~co 44425. 766 ” 0.013 0.1350” 0 .0005 test of q, and 6. Its value is in good agreement with its
03” O 44 887.974 ” 0.050 0.1397” 0. 0021
04 °C 44 785.584 ” 0.051 0. 45297” 0. 00034 expected value and this serves as a confirmation of the
1000 44 013.803 0. 006 0.0881 0.0003 va lues of q,, and 6 used in Eq. (33).
20°C 43 709.54 6 0.014 0.0879 0.0006
00°1 44 003.505 0.015 0.08716 0 . 0006
0002 43 681.998 0.0844
i~ °i 43707 .783  0.036 0.0863 0.0014 TABLE Ill. Unperturbed rotational constants of the pertu rbed
oi~ 1 44 002.465 0.0898 excited vibrational states of UCN (MHz) ,
U1”' l 14230 . 503 0.0917 ____________________________________________________

1l 1c0 44 004.714 ” 0.037 0.08873 ” 0 .00016 8,, Dv
11~~0 44 229.006 0.0912

State Const ants Constant e
aint eractio ns wit h ~~~ produce an H,,u that makes a significant 011 0 44 4 2 2 . 4:3 s 0.01)7 0.0895 0. 0003
contribution at low J. To reproduce the calculate d frequencies 02 00 -1-! ~-I4 . 004 0.014 0.0908 0.0006
of Table I fo r 03 1~ 0, ll,~~= — 1 . 5 2  -~ i~’~ M I I z . and for 03~~0, 0220 44 519.112 0 .050 0.0914 0. 0015
H,00 = + 1 . 52~~10 5 MHz. 03 10 44656 .332 0.026 0.0933 0.0010
“Because of the Corio lis perturbati on between the rotational 04 °0 44 784 .866 0.05 0.0937 0.0005
levels of the 0400 and Il ’~U states, these constants will not ui’i 44116. 303 0.05 0. 0908 0. 0010
reproduce the rotatio’ial levels wit hout the use of Eqs. (35) and 111 0 44116.680 0.05 0. 0900 0.0010
(36) antI t he constants In Table IV. __________________________________________________________
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TABLE IV. Spectral constants calculated TABLE VI. Equilibrium rotational constant e~cpansion (MHz) .
from the 04°0J11~~o system (MHz).
___________________________________ Con— This work Reference 6
Constant Value a atant Value a Value p

W,, 112.27 0 .06 B9 44511.62 0.03 44512.36 0 2 3
78663 .1 4 .0 a~ 300.028 0.03 299.043 0 .57

(B,40o),~ 44 785 .58  0.05 02 — 108 .369 0.05 — 106. 774 0.075
D,600),~ 0.452 97 0.000 34 03 312. 983 0. 03 313. 163 0.270
(B,11c0),,, 44 004.71 0. 04 Vu — 0 .893 0.009 — 1 .049 0.300

0.088 73 0.00016 Y,2 — 3 . 5 83 0.033 —4. 116 0. 075

_____________________________________ 
6.448 0.027 6. 625 0.210

‘l’22 0.762 0.027 1.532 0. 015
6. 332 0.033 6.434 0.075

~~~~ 
— 4 . 52 1 0.018 —4 .527 0. 008

D. Vibrational effects of moments of inertia 0. 094 0.003
—6. 224 0.006 —6 .056 0. 010

The relation between the effective and equilibrium con 

-

___________________________________________________

stants can be expressed as

B, = B, — ~~ n,(z’, +~ d,) +  ~~ y,,( v, +fd ,) (t ’, +~ d,) tribution to the B,, of the lower bending modes as evi—
I I) denced by the differences between the B9, a2,  and y~

+ ~~~ ~~~~~ + ~d,) ( i ’~ + ~d,)(z ’5 + ~d5 ) + v,,  
j2 (3’?) of the two analyses.

I,, Although our constants result from a fit of 12 constants

Table VI shows a comparison between the constants cal- to only 13 microwave data points, the constants which

culated from extensive infrared data and the previously result accurately predict, with the several exceptions,

existing mic rowave datae and an analysis of our micro- the infrared t~B which were used in the previous analysis
and the weighted addition of this infrared data to ourwave data alone. It is necessary to include the ~~ term

in our expansion because of the significantly larger analysis makes no significant change in our calculated
constants.amount of microwave data now available. Previcusly, - 

-

microwave data for onl y two excited bending modes were The ~B ’s which are not well predicted are interesting.
avai lable and they essentially determined a2 and v~~. It The value of ~B for 0220_  02°0 is —80 . 72±0. 30x 10”
is interesting to note that ~~ mak es a signific ant con- cm ” . 5 The microwave value for this AB is —83.02

±0 . l7~< io ’ cm ’~, an analysis of all microwave data pre-
diets — 83. 0 5± 0 .03x 10 ’ cm”, and an analysis of all

TABLE V. Analysis of the 04°O/1 1” O system (MTlz). microwave data except B02z0 predicts —83. 09x 10 ’ cm~ .
Since the calculation of the previous value requires a

Transition Corio lis com plicated and indirect calculat ion , assumptions about
i” —o” Observed Obs. -caic. Pertur ba- other spectroscopic constants , and since a more recent

J’ J” tion version of th is calculation now g ives — 82 .23 ±0 .24x10 ’
04°O—0 4°0 cm °, 16 it would seem reasonable to conclude that this

179 127 . 26 0. 12 —0 . 692—1 does not represent any real inconsistency with our anal-

0400_ 0400 268 663 . 29 — 0 .08 — 1 .15
3—2 Our predict ions of the ~ B for the 1200_Ol b O band di!-

04°0—04 °0 804 750 , 9” 0.00 —61 .35 
fers by about three times the stated unce rtainty of

9—8 ± 0. 7x l0~’ cm”, But the difference between this ~ B
04°0—0 4°0 and the ~ B for the 1220 —0 1’O is — 80. 80±1 . 1 x 10 ’ cm t .

894414 . 2a 0. 28 524 .42
10—9 This value is in excellent agreement with the 0220 — 02°0

ll ’0— 04 °0 ~ B of Ref. 6, but dif f ers f rom both the newer
890760 .7” — 0 . 27 327.87 of Ref. 16 and our microwave data.10—9

1l ’ 0— o4 °O The value of ~ B for 05’O —0 1’O of 1590±15 cm~ dif-
964313 , 4” 0. 28 —517 .2211—jo f ers from our predicted value by 20 cm ”1. It is interest-

11 ’o— ll ’o ing to note that the 1200, 1220 and 0510 are involved in a
176016 .82 0.08 0 .69 Coriolis interaction and were analyzed together .2— 1

‘ 
1l ’ 0—11 ’o Recently, Maki ’° has made some highly precise mea-

264019 ,77 —0 .09 1.15
3— 2 surements on hot baitdz of HCN and has results which

1110_ l i t O question the completeness of Eq. (37). For example, he
352016 .88 0.07 1.794,,..3 finds ~~B(12°0 — 02°0) = — 999. 26(31) x 10”’ cm and

11~0—11 ’ 0 ~ B(1220 _ 02 20) = — 999. 95(29)X lO”’ cm. In the context
967 965 , 8” — 0 . 28 335 .07 of Eq. (37) these two values should be the same. At11—10

____________________________________________________ 
face value these results require terms to be added to

aMeasu red frequencies of HCN laser emission lines from Ref. Eq. (37) which mix T ’~ and 1. However , it is also pos-
14 . sible that since the analyses used to produce these re-
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suits require the fixing of energy levelsand spectroscopic ACKNOWLEDGMENTS F.
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tional and rotational states , For most states these cal— 9G. W. Chantry, Subinilli,nc(cr Spectroscopy, (Academic ,
culations are especially convenient because of t he re- London and New York , 1971).
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“F orbidden ” Millimeter -Wave Transitions in Arsine ’

I )AVID A. HELMS AND WALTER G0RDY

Department of Physics , Duke University, Durham , North Carolina 27706

A millimeter-wave spectrometer having a sensitivit y of 4 X 10 b0 cm~~ in the 2-mm region
has been used for observation of the ‘ forbidden ” trans itions J —* J, K = ±4 —s ±1 and
J —s J, K = ±5 —. ±2 in AsH ,,. A com prehensive computer analysis was made of the fre-
quenc ies measured in this work together with available microwave frequencies of other transi-
t ions. This analysis provides accurate values of the rotational constants , nuc lear quadrupole
couplings , and effective structural parameters of the molecule. The s pectral constants B, and
Co (in MHz) are 112470.597 and 104 884.665, respectively.

I. INTRODUCTION

In a previous ~~~~ (1) we reported observations of forbidden .~K = ±3 microwave
transitions in PH, and PD,. Our measurements of K = 3 —+ (1 transitions in PH, and
K = 3 —~~ 0 and K = ±4 —s ± 1 transitions in PD3 confirmed the assignments of the
lower-frequency K = ±2 —~ ~~ 1 transitions of PH, and of PD, reported by Chu and
Oka (2), and improved significantl y the molecular constants , especially C0. A similar
investi gation is here described for arsine.

Transitions in AsH, obey ing the 2sJ = 0, 1K = ±3 selection rules were first observed
by Chu and Oka (2) . They reported eight transitions obeying the selection rules ~J = 0, ‘ -

K = ±2—s Fl , .IF = 0 in the frequency range of 21.16 to 21.84 GHz. The large As
quadrupole coupling splits the K = ±2 —~ Fl line into two doublets, each component
of which is an unresolved doublet. Chu and Oka combined their value of C0 with the
known value of B0 (3) and with other information to obtain the zero-point effective ,
the zero-point average, and the equilibrium structures. Recently, Olson et a!. (4)
reported their observation of “perturbation-allowed” transitions of the type ~~ K — I
= ±3 in the vj and p5 infrared bands of AsH,. They combined their A.~K — I! = ±3
infrared measurements w ith the K = ±2—s ~~1 microwave measurements of Chu
and Oka and with the normally allowed ~1K = I) microwave measurements of Helminger
ci al. (3) to obtain both a set of ground state molecular constants and an associated
zero-point-effect ive structure. Olson ci at. then used the constants for the v2 and v4
bands given by Sarka, ci at. (5) with their constants for the v, and p5 bands to determine
the equilibrium stiucture. Our detection of the K = ±4 ±1 and the K = ±5 —p ±2
forbidden transitions was assisted by a preliminary prediction of their frequencies from
the results of Helminger ci at., of Olson el at., and of Chu and Oka.

‘T his work was supported by the U. S. Army Research Office, Grant No. DAAG29- 77-G-0007.
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474 HELMS AND GORDY

The need for observat ion of the higher K = ±4 —s ±1 and K = ±5 — 0 ±2 milli-
meter-wave transit ions described in this paper was indicated by Chu and Oka (2), who
reporte( l that their spectrometer was not sufficiently sensitive at the higher frequencies
to detect t hem. Measurements of these transitions confirm the assignments of the
frequencies measured by (‘hu and Oka and provide increased accuracy in the values of
the spectral constants , particularly those influenced by the distortion caused by rotat ion
about the symmetry axis. For observation of very weak transitions such as these in the
shorter millimeter-wave region, we designed an exceptionally sensitive millimeter-wave
spectrometer , which is described in the earlier paper (1).

The Q-l,ranch .1K = ±3 transitions represent only one class of forbidden transitions
in symmetric top molecules includ ed in the general theory of Watson (6, 7) and others
(8, P). Oka (10) has recently written an excellent review of the experimental and
theoretical developments of this relatively new type of spectra. In the ground vibrational
state, the off-axis dipole moment which couples the radiation field to the rotation is
induced by centrifuga l distortion. The selection rules are determined by the molecular
symmetry. In AsH;,, the rotation about the b-axis of inertia ind uces a small dipole
moment (~~3.938 X 10—’ 1)) perpendicular to the symmetry axis which leads to a slight
admixture of the K levels and a breakdown of the familiar .1K = 0 selection rule. The
threefold symmetry about the c-axis limits this admixture to K levels differing by three
units. It is of interest that centrifugal distortion due to rotation about the symmetry
ax is can likewise generate a small dipole component along the symmetry axis. This
component is of no particular consequence in molecules such as PH,, PD,, and AsH,
which already have permanent dipole moments along the symmetry axis , but it can give
rise to forbidden .IJ = ±1 transitions in molecules such as (‘H, which has no permanent . 

-

dipole moment. In fact , .XJ = 1 rotational transitions in CH,, SiH,, and GeH, have been
observed by Rosenberg ci a!. (11 -14) in the far-infrared region. Kreiner ci at. (15) have
used Laser-Stark spectroscopy to measure the distortion-induced dipole moment of
GeH,. Forbidden transitions of CH, in the ground vibrational state have also been
detected in the microwave region by Holt ci a!. (16). .~ t a recent symposium, Kagann
ci a!. (17) reported their observations of over 14() Q-type .1K = ±3 microwave transi-
tions in OPF,.

II. EXPERIMENTAL DETAILS

The millimeter-wave spectrometer and the experimental procedure used in these
measurements are described in the earlier paper ( 1). The high sensitivity of this spec-
trometer (~~4 X 10~’° cm ’ at 144 GHz for a time constant of 1 sec) made possible the
measurement of these weak .1K = ±3 transitions with an estimated accuracy of three
parts in l0~.

Ill. THEORETICAL BACKGR OUNI)

As a result of centrifugal d istortion, t he rotational wavefunction #1K of a molecule
having C,, symmetry mixes slightly with the wavelunction #J.K~~a in the ground vibra-
tional state. The term in the Hamiltonian responsible for the interaction may be eN-

_ __ _ _  
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pressed (IS) as

11’ = - [(.!~ ‘ + .L’) J ,  + J ~(J f ’ + J ’) ] ,  (1)
4

where ~~~ is a centrifugal distortion constant and .1.., .! + , and .!~ are rotationa l

~pt.rators.
In the absence of the perturhing 11’ ter m, t he rotational levels are all doubly (legen&’ratc

for each va lue of K , (K � 0). ‘l’he energy levels corrt.s~)o)nding to K � 3 are raised or
lowered , hut thes’ remain degenerate with symnwt rv B. ‘l’he K = 3 lcyel , howev,’r , is
split into .1, and ;I 2 components. 1’ht designa t ions .1,,. .1.,, and B indicate the symmetry
of t he rovibrational wavefunction (excluding spin). In the cast’ of AsH;;, each of t he
energy levels is split further into (21 + 1) components by the quadrupole interaction of
the .1 s( J = ~) nucleus. The symmetry select ion rules for Q— tvpe .1K = ±3 transitions
(19) are + ‘—* — , along with .1~ .—s .1 2, or F ~~~~ B.
‘I’he formulas giving the energy levels may be expressed (Jo . 21 for K � 3 as:

E ( F .J , K )
- — - ---- - - - —~~~ i . K~+I[~~ + 5—~~~- K2  .i (J + 1 ]

Is

r K’ ~

X [ F ( F + I) — 1 ( I + O — .f l . / i - l ) ] — e Qq 1 3 - — - - — - — l  I t) . 
~.1-(+ I

t. J( .1+ l )  ~ 4/, 

-- --——
~~~~~~~

—- —  - - ——- --- -—-———-

t. G o .  K) — G o,J . K — 3)

) 2K + 3 ’t ’E. F ~1 +f l —  K ( K+ l) ]E . 1 (.1 +I~ — (K + 0 t K  +fl]li.! (.1+ I ) —  ( K + 2 ) ( K + 3 ) ])
+ —

~~~~~~~~
- - —--—--——-- ---— - - -

~~~~~
———--- -— - - — ---

~~~~
--------— --—-—---

~~~~ ; ~2(
C - I . K) — G ( . I , K+3) -~

and for K = 3 as

J.~— (J~
’ .!, )

= Gc! , 3) + ~[(
‘ .v + ((~ — C ) K2  J ( . J + 1)]

/ K2
X [ l ~’( l ” + l ) — 1 o l + l ) — .I ( . I + l ) ] — e Q q ( 3  

\ J ( J + 1) /
/h’T .,r \

2 Sl [ . ! ( . l + 1) — 12] [ . F ( . F + I) — 20] [ J ( . 1 + 1) 30]
+ I - - I - - - - - - ____

\ 4/, / G o ,  3) — G(J, 6)

+ 1”~ 
— 

~~~ ( — ) /~~~.I, (1) — G(J , 3)]}

X J ( .J + 1) [ J ( J  + I) — 2 ] [ J ( J  + 1) — o], (3 )

LL. 
-~~~~ -
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Oh~erved Frequem it’s and Cakulated lntt’,,sities for the’ .-~sIl, ‘l’rans it ions

- 

~~~
ii—_

-±
_~~~~ 

- - I

— - .. . ;  , .- - .‘-

- , !-
_

; : - / ‘_ _ - t~ - - ‘. t . - - - - 
-
, .;.

and

/
~

(F , .1, 3)
= G(J . .~~ + ~~[(

‘
~~ + ((K — ~~ ) K 2  ,1~./ + fl ]

/ K 2
X [ F OP  + 1) — 1(1 + 1) — ,I ( . 1 + 1)] — s~)q ( 3 ~~~~~~~~~~~~~~~ 

— i~ 1 ( . 1, ~ , F)
\ .i’(./ + l )  /

+ ~~~~~~ 
S1[ .I ( J + l )  12] [ J ( J  + l~ -— 2 0 ] [ J ( .1 + = 

30]

\ 4/’ / G(J , 3) — Go.J ,
— h5(J (.F + I I [ J ( ,J + l~ — 2][.1(J + 1) — o], (4)

where

K)  = H[J (.I + 1) — K2]  + ~
K2 — !)~.i2 (J + l)~ — I) J N. ’J  + 1)K2

— 1) ~ K ’ + I l j ~~ j ~~.I + l~~/~2 + !l j s ,~.’(.’ + 1)K ’

+ I . j ~~~ J 2 ( J  + 1 ( 2 K ’  + 1!,~K t  -I - ~~~~~~~ + 1) ’K2 . ~~~

p

~~~~~~ ,~~~~ 0 
-- - 
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-rA BLE I—Continued

Fr~.,, L t L I - ;  - - :~~~. -
- s t . ’ - - . - - 

—

LI -. S I — , 1. — I - ’  ,,, t;, - - 1t

t : :‘:/: to? • - . -0 1. J2 22.
1 ~~ / 101 . _ — - 21 .;:,

i t  :1/: l a i t ’i. :io - -3.31

— ;: :.,:; 10 00. 1-i . 3 3
12 :t~-i:; 0 3 1 -1 K
12 :1/2 / 3 1 . 30 2.3-I 2 1 .;
12 1~ /:~ :J, :- . . - ,2 0~ 2’ 2 1 . 1
2 2:,’:: 10’ 1 - - . I ’  LI. ]  — -

:3/7 10 I: —  .‘. -;
I :’ :~,~ 0- 0.; .;: 13. 4

~19/~. 101 002 .1.0 - - . -3: I.’. 4
I;; :3. :; 101 003 .”] - - 33 . 0.4

1-1 21/7 t-33 3 j -; — - 3, 3 . ;;
14 2 / 2  102 7:11- 0; - -

31 /2  ‘33 ‘13 . ,.j 3. I,’,
-1 7 -f: :  :u . ‘3. ; . 1 .,,~ 1. , ‘ . :

I ‘3 31 . LI, - - 12.0
1 -  :.‘/:: i:~~:0: . o’ - - . - ,

CI

(cont inued )

The l ’ (J , 1, F) which appears in the contribution from the quadrupole intetaction
may be expressed as:

~C ( C + l ) — ! ( 1 + 1 ) J ( J + l )
Y(J , 1, F) = — - , (6)

21(21 — l ) ( 2 J  — 1) (2J  + 3)

where
( = F ( 1 ” + 1 ) — !(I -4- l ) — J ( J + l) , and wher e F = J+ I .  (7)

(I = ~ in the case of AsH;, considered here.) i’hc K = 3 levels contain the term
±h0J(J + 1)[J(J + 1) — 2] [J(J + 1) — 6], first derived by Nielsen and Deni~ison
(22) in their explanation of the anomalous effects in K = 3 lines observed b early
microwave spectroscopists. Unfortunately , we we’re’ unable to evaluate the splitting
constant Is0 for AsH, because’ t he frequencies of the Q-type K = 3 —. 0 series occur
below the operating range of our spectrometer.

The line strengths of the forbidden .1K = ±3 t,ansitions (6, 23) are given by

S = ~(Op)010’(J ~ K)(J ~ K — 1) (J  ~ K — 2) ( J  ±K + l) ( J  ± K + 2)
X(J±K+3)(2J+l)J(J + l), (8)

0
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where
(O/ ~) ,,r~ = O/~ + Ii 4 r~,~,uj ~, [2h( 13 — (‘)] (9)

is the effective’ dipole moment inducing the transition. ‘l’he tern ,

r”~’ /~~~M~~\ 
a ’ / 9p,~~~

= ~(/fl
2 - + — — . , (10)

v3 2 oX), I’,-

is an irid uced di1 sole’ ce 5111 1 ~ ment w hich results front ad mix t tire ’ of I he’ grouiu I vibrational

state wit Ii exci ted vibrational modes. ‘l’lw last term of Eq. (0) ) results froni centrifugally
inducc(l mixing of rotational le’ve’ls of the ground vibrational state .  In this expression,

~~~ is the centr ifugal distortion constant in 11’ of Eq. (1), p, is (lie l)erlmt nent (li1)Ok’
mom ent , and ( ‘ arid /1 are t ht’ SI)(’Ctfa l &‘onsia nts w ith respect to the’ symmetry axis
and t he ’ perpendicular axis, respectively.

‘l’lw contribtition of the ‘‘vibrational intensity borrowing’’ [first term in Eq. (9)]
is small in comparison with that 1)1 the’ ‘‘rotat ional intensity borrowing’’ [second term
in Eq. (9)] (2).  l”or PH;;, 1 he relative contribution of these ’ two it’s ms Ii) t h e ’ forbidden
line strengths , Eo1. ~8), is ( 1.t~ 5,3)2 = 0.037 , and it is estimated that the’ relative
contribution is e ven smaller in .-\sI I,. ‘l’hu~, for AsH, in the ground vibrational I.t a t e

t he contribution of t h e  vibrational mixing to the intensities of the’ .1K = ±3 transit ions
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It s; - I - Single’ s~ ass oF Q—type K ±5 - - - j ±2 niuloip ie’t for .1 14.

is ne’gl igil ile’ itt comi a ris so with that from rest at iona I mixi rig. We ’ use’el the value’ of

~~~ from t he’ analysis of the ’ transit ion data to calculate’ the’ value of (O/~)e.tt used in
the’ calculation of the ’ intensities, ‘I’he’ peak absorption eoe’flicients , cs ,,,~~, listed in Tal)I&’
I were’ calculated from the’ for mula,

1.147 X 10” hi’s
a rn~(e’iii 5) = ‘ S’ ,7 (i — - -

.lvTt \ 2A ’T

X e ’xp [—L(l ” , i , K ) k7 ’] (B2 ( ’) i gKg , ,S [ ( i~’, J , K ± 3) (F , J , K) ] ,  (11)

whe re S is give’t s by Eq. (8), 1’ = 3(X ) K . g,, is the’ re’eluceel nuele’at statistical weight
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facte r, g~ is t he statistica l weight factor for each K level , and .1v = 20 ~IHz is the line
bread th at a pressure of I Torr. This value’ for the’ .1v is the same as that useel by (‘hu
and Oka (2) for AsH15.

IV. RESUI.’I’S

‘l’weinty-seven K = ±4 —
~~ ±1 and thirty—six K = ±5—s ±2 transitions were mea-

suredl in this work. ‘l’he obseirve( l frequencies are given in ‘Fable I. Figure 1 shows a
chart recording of a single scan of the Q-tvpe K = ±5 — ±2 multiplet for J = 14. ‘[he
quttdrupole de)ublet is well resolved.

A cemibine’d Computer analysis was made of the available frequencies for different
ty pe’s of transitiems measured by us and by others as listed in Table I. The analysis
consisted of a least—squares litting d)f thirteen molecular constants te) the observedi
frequencies of .-~sH;. i’he program calculates the difference in the energy levels by use
of E;1s. (2) (7) with assumed values of the molecular constants, Transition frequencies
are calculated and compared to the measured transition frequencies to generate new
est imates of the molecular constants. This iterative procedure is repeated by the
computer until convergence is attained!, The degree of fitting of the coml)Iete frequency
set is shown by column 3 of Table 1. Thei molecular constants for AsH, obtained from
the combined analysis are listed in Tabk 11.

The two independent zero-point-effective structural parameters for AsH,, r 0 and a~,
we’re’ caicu late’eI from the /~ and (‘a ; the resulting values are listed at the bottom of ‘ -

Tal)le 11. ‘l’he standard deviations recorded fer these values re’tlect only those un-
certa inties in the measurement of B0 and C’~ and do not indicate the possible errors in the
absolute value’s which d epend on Planck’s constant.
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‘tV e’ have’ eo ii i iiit ie’sl 46 of tile ’ far—infrared l i l Ies re’lssrtcd by \Viuther ô , 31 snu’
loj il at lion s l i t ’t’e ’ t’ e - t l s  s -n s aie -u la te ’ sl  f rssn i  t h e  data ssl ’I’ss t h i l  al 5’ : , 2(1 e’oolll)in;otis ;n el if—
l e ’ r eus  ,-, sal ;  t ihtj e ’d ‘ r Oll t i le ’ data s I (‘;dtn\ - I’ e’vrc ’ t i t  sO1 . ~~~ and s;ur StI\’e’n microwave’
lilt’S 12/  I I I  1 ~ve ’ igtt t e ’ e l \V . I I ss i t l  I l t l I t l \s iS. I’iie’ ;nni’4 tle ’(l we’igilts We’re’ inversely P~°-

Isort l inal l ’s tile’ ns ! h l ; I cs’ si ’ t he’ e x p e c t e d  lltls - c ’ r t ls i o l t v  toinl ranged frsnu Itt7 for the
mie -rssw av e ’ 1j tts ’~ to s i lo - fs ;r \\ ‘ inthie ’r ’s wea kest lines. lii orde r to e’are’ltiilv 5, re’ e’n the ’
si . : ~ ,s , e’I lc ’il ‘‘I’ t i le ’ lot :Itit ;l 1)i;i Its st - IS  re’tlh i;\ ’ e’sl ( i t O  g ri s lh 1ss I from tile ’ 111 1115 515 100(1
pre -s hc t e ’si  s il l t i te ’  isl inIn ‘‘1 the’ rc’lll;litlitlg o ho ta.  \\ ‘ i th the ’ e - \ c e ’ lst i i i t i  (i t II few lines at
iIi’.7h I,, Ills’ t lile ’e ’ r t ; L i t l t v it ) c - I; I s of Ihe- ,src’d i i’ ll, was ‘~~ ±0.01 c u t  and most Were’
III(i ci I h e l t e r ,  l”ss r a ll t i le ’  lii:,-, s ss nt a ine ’s l  ill t i le sla In st ’t , t i l e’  agre ’ e’ t l :c’ nt betw een the
d IdleulIlt cd  urn- s r I IlitlI s in the’ src’d ict loll 1:11,1 t llc’ e’ ‘I l e s t  ed e ’\j  le n lIe u I ti] t ltl ’e’rt a m t
0 ,5n n . t t i ” I . ; s l s s r ’ s e ’’us’pt lss r Ihe’ s l t o t t t  pss if l t s  hstc’d in ‘Fable’ I. W hile’ ,,lll\- ‘one’ of t i le ’se
s la t a  h i l t s  in ;lrlltilalie ’ali v had I tile’ re S t are’ oil by to b s i t i t  () .t ) .~ cut I~ t he’s ’ are’ all
sttl;stan titslis \ s s s r ’ u - 111111) t i le ’ s I,: re ’ t to i ne’el ill tile ’ IlIlIli\5i5. ‘I’he’ spectr a l constants 5

%% ii ie ’il re ’s lhiI (rio: ssll r ;111,li\nis Irs - nll;)~v11 in l.ilIie’ II 111151 lile’ e’lle’ rg\ level s s-alculatt’el - -

trims d isc o1 in t .i ), t s (II. I- our place ’s ,lre’ re’taine’sl in th e’ e’ne’rg\ leve ls h)e’catlse’ it (ins

bee n  ts; ullsi t i l l i t  the ’ 11111015 nt -S s t l c s c s n i / t i i \  pred ict  LI t i I l I l tOI v / .e ’d  l l l icrowa\ ’ e’ lines t i
t i t i s  ;le ’csl rae ’\

It ’’() \\  0 l 15 ’o .~N,~I.VSI.:S

‘l’ili’ lII~
’() c l l s - c~~\ iev cl~ si lssWn in tab le ’  Ill result from I l l  analysis ve ry s ui la r

lii the ’ llIs t )  ;olltl l \s is ohiss -usss’i l ahssve e x c e p t  t ha t  s I t s  it if the o l a ta  subse’Is is large r
and II 115 1 111 ‘‘ I  211 ) sitit Il Iss i i t l ls  we ’re ’ 11110 1% i.e’sl. .~~l ti le’ hi ghest .1, it WaS Out p0ssible’
to )  t’14t11l )hish IV it li o ’e’ rt ; t i n t s tile’ re ’ha i i ih i t t  s i Ills ’ infrared 1111111 pss i t l t s  I5(’c IIllne of the ’
ss , I t te ’f l ’oj  ui, lt l i re’ i i )  l i t 5 ’ 5 1 11 111,  l l ss l V e ’ Ve ’ r , i t loIter .1, ti le ’ deviat ions s f  several point s
f rs , t t i  t i le ’  Ill u s s r , - j IIs ’ s s h i n i n l s - t l l  \ % ‘ i t l l  t i le’ ir snnIi,1ths - s i  \Vt ’igilIs 10 1 1 11 the ’s’ us’ere’ e’li ltli nate ’el

t r o l l  h i t s ’  l i t .  I iss ~ s I i ’ s ’  s i l s ) ’s V t l ill l ahie’ li’.
(‘iii’ ii - 1 ) )  s - Is , - rI~s le’\’e’liA lisle’ol in ‘l’tl lsie ’ Ill Ire’ Ito s, W il isil  result  fro nt ti le ’ sirig~iittl

allills sin (1~ of 15 t i l ls  c s m : i V s -  lute’s tin e1 the ’ inlrto re’e l data avai lable’ to  ~ S at 111111 l itt le.

‘l’ .SBI.h ( I —
-

l0 ,olso I’ssu, in  R ,’lli,,v,’s t f rs,n, 11, 10 ,tiial ,sin

- 
5

— 
I s • - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

31 ss” ’r - s r ; : I - , ’51, : ,1 :5. 1. .‘ 5 -  
~‘si  I . ‘ s ’ - s n - ’ ’

~~
, — -

iT5 t ’ I , f l  ‘1 r - - ‘ — 5 - - ’ , , — ’ -g, -I is

4 t’ s,r It ,is’Iai Is ’s I Ii’., II~~ 5 ’  5 5 5  sf sun a n s i ,  s l s  Is ’ s t o t i ls i t is ’ , s t - s Ref . / I

_ _ _ _ _  — ~~~~~~~ . 
_ _ _ _ _ _ _  

____  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



fl

(‘ I’ X ’t ’RlI”l ’ ( ;A I. DIS’I’OR’t ’IOX .5X.~ LVSIS 265

‘I’ABI .I; II
$ 

R,;tatj ot l ato ;I I) ists ;rt jots (‘ss t i , t ass t ,  of the ’ Grountt V its ralj ss nal  State sf Waler M Ito I

:,rvsor.t 

.5 1/ 
li, 1’

5 th,,- ~ :0 -r ,j ,-- - .

CL 5.3, 1- - -~ 3. 50 830 5,2,115 1 ‘4 y2 ,3” . s’ -I 1 . :)
.
~
‘ 3/ 31 1, 57 1. -Is 43i 1n~~ 2~.. 2 , ’ 435 3 1. 0 0.,

275. 13~,”OO ‘ -is 277 : 3-,, y. 5 , ’ 27e ..4o ~ y - -  0 ,v

-~ 37. 1-0 100 0 , 02 S’i . / 1 0 - 1 4  0. 31’ 37 . ’ - 1,’ 0.01”
- 177,3 10,  0. 1’-’ -1”1 .rI’32 0.3 -171 . 1,5.3 0, 13

3’/3.2o01 2 0. 10 I.OI . -,’ ” S i O n  /5-13 , 5.5.1220 0,2

~.1 
10. 21040 3,013 11 .% - 11.S ’J, J- ; ls , 2315.1 0. 0 1 1

1- ,. -11.0502 0. 1/ / 035.  1 0  3, ,bbIO 0.2

1. bs2~~” 0.32 0 1 ,2103 0. 12 I, ,ln~7” 0.013
- 1 . 2081 3.5 -2 . 1730 0 /
-~ . 0:,:3~ 3, 10 - “,424”~ 2,5.  - : 0031’, 0, 12

~ Hi :1 ,733028 . 7-Jo 3. ‘03r123 0.3” 3. 1,11 “ ~.037

1 i1O
~ i ‘5 ,1 . 0 3  3.0,1 0. 10003 0.5. 5.. Q-; ’ - I I  0, 14

-l o iS -  .1I 3.l,I~, 2. ; -5 . 115.7 0. 2/
0 / ’ 0~ i 1.-3/s1-1 3. 33 / .  1-0)1 0. 13 1 . 3- /no 0.04 4
LJK~ - :- , o. ’ -~ 0, ;r - I . “4-0) 3,

: 1-03 / 1.02952 0. 12 1, 4 1 - 3 7  0. 10
LK ’ 1~~ ) - :731513, 0,08 -1. ’ : 32 1 2 , 17 -2 5.113, .’ 0,11
1~~’ / 100 ) - 2 : 3  0 5 .

‘ K ~~~~~ -4 , 257 3, ’

1K ’ (102 ) -1 ,3,-tO 0, 10 -7 . 321 3.2 -1.32005. 0, 13

I10 ) 0 , 13,-Il 0.07 ‘ 0 1.1. 1,722 /4 0. 4
r-,- ’ / 10’ ) 3.7 0 3  1.0

I:s rs ’ n.m; yr  a i ll; r- 1- s i n -- 1 is : t h ’-  h i , h ’-r  Sr o r  ‘ r:~5,,:1: is rsS q ,ir’ - I
-r s r  ‘n r’- rr ,  - .1- Es in ’-  -nn’r .j levels t o -  xr-’ :r03,- -: , ’ , I in C- rS- ,h:: - ,,

‘4

More recent energy levels (10) .  based upon the high resolution cxpe’rinic-nlal dala
of Guelachvihi (and apparently upon our microwave data , wIll, resu lt in essenlially
t he samc’ energy levels over the J, range of thc’ original analysis.

l”RALEV-RA() IN’l’ERPOLA’l’IoN Rt.’LL

‘[‘he 1”r~e lev- Rao (-/ : interpolation rule can l)e stated a~
‘ 

Pu — Pie -~~~
—-—- — = k  (1)
~ l.S — 

~‘l6

‘Fteblc s shows the result (If the applica u.is)n of this rule to the ssiIsc ’rvcs l nliCrOWa~’e’ 4
r;ons it ions of II . I70. It is ‘;hvissiis that Ia rgc’ s k’vi~i t I, ins exist. A similar effect has lIsICI)

iibse’rve’t l for nt is - r i,w 1lve ’ transitions of 1)30 (i i :. l l s ,w c ’vc - r , critical jtlspe’c’( ism of the

_ _  -
~~~~, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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/.17 — /Sls
(2)

~~ —

where ’ k = (1 .5307 ~
- 0.5275. ‘[‘his re sults directly Irssttl

.117 — I s 
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(‘~~ — (‘ os 
- — -= (I.zs 3(t7 avso~ - - =

. 1 ’ s — 
~~ ( Is  — (‘16

ut’it 11 the cii att ic- ill r ;st tttio ntsl e ’llc’r03’, tit le’ ii) iSl ii 
~1 lie ’ s t i hss t it LII ml Ii ‘~i yell liv

ai~, a!
=— - ~~.-1+ /~ +—-~~~’ (3)
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TAt tLE  V

\ z s  SIl o sit the I’ raie’y 1-tasi t,5)llSIIet it f ;sr (II sns,’rve ’ s I Mj ers ;w ave’ ‘l’ransitiotss

Yr ,flSIt/ ,r. S

~~~~ 
13/  -3 . :‘oo30

2 ,I~~
2 ,2 7, 0 3 3 1 4 ,1

3 ,, — - - : -  0 : 3 2 7 2 1
I. -S Os”

“2’ ‘ 30
~~~~~~ 1,.,: 0,

5 ,,, 0, ,-‘35.’5..7

ai~, ~L-l = (1’~H is large and ~3L ~((‘ 
= (1’ ,-’) is sma ll, k 0,5307. Conversely at

low K_ 1, k 0.5275,
Equtetiotu ( 2 /  can he’ rewritten fur transitions as

— i’iss E 15 ’ —

—————— = k 1 + (k~~— k ’) ——— (4)
Pit — P06 P08 — P06

W ilere the supe’rscrq st s refer to tile’ sipper 110(1 lowe r energy leve ls of tile transit is .sn.

‘[he correction term is large’ in regions where the dsitiiinant te’rtlls of Eq. ( 3 1  are
c’ilanging, e’SIle’Cilll\’ for t ransitissns uvhs se’ f rs,’quene’v chatlgcs l i t t le upon isotopic
su hsi it sit isin. ‘l’lse’ lilIes sIt aisle ’ \‘ whic h silous’ the greatest deviations Irutll I’,s j-  (1)
are tile 51111117 hit~e’s that Eq. (4 1 predicts to have’ these ~‘ariat is 115,

CU~st I5AR t SO\ W1’t’lI o’IIIEIi ENERG\’ LEV EI.S .\Nt) CONCI.t.’StONS

Our origitial II3~’O analysis \V I I S  based ulKstl (stir tlleasure’(I nlicriluvave data and
elis t ss r t i ss n  c ,sl ls t t lnts calculated frotu till’ H3170 

~uis1 il ~ls0 analvse’s. A comparison
hetweet i tile (‘tle’flZ\’ levels which rt’sulte’d from this Ittld those s sf Table I l l  show
exceeding ly close 1lgre’etue’tlt / lvpicahlv (( .002 Ctll ”1) u~ to t ile’ S it level. At higher ,1,
t ile so ~rccisIetlt  is still good ( typ ically 0.002 e’til’ ‘ at, lout’ Ix,.~ till to 0,02 cm ’ at

high 1’ I / e xcept Issr tile’ (5(0 atid 66 levels. ‘l’he’sc arc louver by 0,17 Ct11~~ ill our lates t

analysis. This is hecat’ se’ our earlier analysis of H31’sO wa s perturbex l hy infrared
e’rtergv levels for 66 and 661 which we re ’ high by 0.30 17111 ‘~ conl’IpIlred tsl  tile I~I~I’sO

TABLE Vt

( ss l l I t s ie r Ioss ts  ;sf I l / , , , ’ rv e ’ s i  Esss’rgv I.e’u’ets ss -j th t t s ss n , ’ (‘ai(u ialc’,t Irsit it I’.si. (2 1 ( , sSs  ‘ I

. 1,1’ - - - s C - s/c- :  I- I t ’ - 1 / 0 n

-53 030 ’bO ‘3, 15.70 3.0000
I1 _ .; IS: , 1511’ ‘31 , 13 13 -- ‘- JOn’

1,3 , ‘“5’ “35” 0 - Jul01
1, ,  ir5 , l’S’ ’ ‘ - I , 11301 1 — , 5l3 ’-i —

‘S’ .”I.:II 137 , - IS- ,’ - ‘ 30 1/
‘ ‘,,

~ 
1,103~, , 0-IS’ Ii’S, , ‘ ‘ ‘ ~3, .33 0)

‘10 Sr ’ . 1: 13:s ’ , -1 03 ’ -

0315. , ‘II’’: , 5-~03 ,I ~O I~5~7
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energy ie’~’5’lS shown in ‘l’ahle 111, For riie’diuni values of J, t he energy levels of Refs.
(61 and ( t I  stiller from tile levels of Table III  b~’ substat’itia llv more (typically

(1 .01 cnn ’) than do se o r earlier ene’rg% ’ 1e’vels. The’ energ s - leve ls esf Ref. (6) , which
extend Is) higher .1, t httt i those of Re’f . I t ’ ) , deteriorate somew hat relative to this’ values
of litlslt~ 111 , but all agre e’ tes within 0.05 cnr1 or better.

It is tes he ex pe’clt ’d t hat s~tor latest anai~’sis is i)et Icr than 1)re’I’iOti s anal~-se’s because’
it e’o st ltains tile earlier d ata s e t S  as subsets and be’cttstse’ our tenalvsis te’chniqtie m ake’s

~
ssiss ohsle ’ rather se nsitive tt ’StS for bad el1tta points and substant i~ell~’ reduces the degrees

of frecelont . It is perhaps somewhat surprising (11101 our earlier analysis was so good.
Sine’e’ a ll of the e’ne’rgv levels of till’ three’ iSI)tope’s We’re’ caleulate’d independently .

slits’ e’he’ck of their accuracy aliel also of the ae’e’dirae’\’ of 15( 1. (21 can be aecot ’nplisheel
iss ’ the’ Lose’ ssf the H2 t60 and 112100 eni’rgv leve’ls in this equation to e’aleultete t he
efle’rgv levels (If 1I.’t ’) Si nce ’ it is nlost ditlocult to get g(sod •lflergy levels at high K_ 1
101(1 since t he’ isotopic’ splittings of tile’ ene’rgv le’ve’ls are 1115(1 greatest there , the’ most
S t riflge’llt test wottld i~e’ t he’ .I j s s levels. The’ c lose argut ne’nt shown in ‘I’able VI between
t ile t’nergv levels ca lcsol at ed dire’ct l~- from tile 112170 dat a titiel t lie leve’ls calculated
~~~ “351’ (2 1 cS)ntirrns bot h t h e  1tce’tl rItc\ of t his relation arid the’ quality of the energy

le’ve ’ ls for all three ’ specie’s.

RF:c tslvt’ Ip: November 18, 1977

‘Is ’ ,,dded j,i ps ‘,‘(, The’ 1irss ts le’nls in otor earlier at laI~-si is of II,~ ( )  tlas’ e’ recent Iv t;e’e’n at t  nt ;ute ’d

~~~
. ~tI , I”laus.i, ( ‘ , (‘amy Pe’~’re’t ansi R. ,-~., Tot lt , ,1 , If , ’! . .5. 0’s / o s ; ,  (p5, 21°) / 197 1/ to the’ heavy ~ve’ights

assigned I lit’ nhicl- s ;w as - c’ s tat a itt that analysis. Ill fitsi . as shsscv ti a lss sv e’ . t he’ e’rrors in the’ lite’rature’ of
(1,3( 3 c ’ttt ’ itt t he ittf rto rc’d e’ne’o’g/e’s sit ii ~ and /5~s f ;crtIl rte’ ;I ses’e’ral ssf the ltioihs’r ssrder SIi.utssrt i;;zt constants
t t os s l sisnis’ ;sf the’ energ y leve ls s’tss5 ” I\ assssc iate ’s t st-it h (1~ ans I a~ , .-t tl analyse’s re’porled iti t his paper con~
lain he’a~’itv svs ’s , ttl s’~I nhic ’r ;swav e’ l IZ l t t t .  tit ist . as ele ’tits ;nsil rale’s t atss sve ’ . e’xee’lIe’nt agrs’s’menl among the’

( 
10(11 ‘5

~
55’ 5 result, ~ l1 c’t ie’ck ~ ssf isotopic agre’eme’tlt se, rn’ pt’r fss rni,’sI ttller each isss t s pic’ analysis was fitial.

— at is t nd astj t ,sI tne’tit s at set I;j e’s ’t is’s’ ps;it1t s its the’ siata atiaI~-siss We’ re’ ea rn est s lut wit Is isotop ic agreeme’nt as
an ols ;e’ct is’s’ .
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Millimeter-Wave Spectrum , Centrifugal Distortion
Analysis , and Energy Levels of HNOI ’

GABRIEI.E CAZZOI,l 2 ’ 1 AM) FRANK C. DE LUCIA

1) ep arrsne ’szt ;~j  Phs’ .s i l ’ s  , /)uI.;’ (Jssi;’s’,’.sits - , /)isrha,sI , \‘;sPi/t C ‘lls’;;Iills; 277s’16

One hundred and eleven new rotational transitions of HNO - , have been measured in
the millimeter-microwave region. This data set us the basis for a centrifugal distortion
ana lysis and for the calculation of a complete se l elf encrg ~ levels through J = 50. The
constants w hich result fr o m this ana lysis are On megahertz ) : ,4 = 13 011.0287 0.0057.
B = 12 099.8611 ± 0,0057, C = 6260.6391 ± 0.0006, ,~ , = (14 .038 0.026) s’ 10 -‘ .

= (—20.  178(1 0.0037) x 10- ’ . .~~ 
= ( 7 .4 153 55 0(1108) ‘ It) .1 , sI , I 1.1828 (( .00039)

x I)) ‘ , ~ =1-20 .5648 55 0.0046) 10 ’ . H,= (  9.84 3.8 2 /  10 ’ . H,5 = ( — 9 ,933
± 0.367) ‘ t 0 ’ , I1~, = (1.03 0.12 ) ‘ tO ‘, Il , = ( 9 .24 1 0,1 27) I L l  “ , lt~~
= 1— 1.398 0.032) x I 0’ . and /t~ = ( 1 . 13 5 55 0.027) 1( 1

INTRODUCTION

Nitric acid is a near-oblate asymmetric rotor with rotational constants of the
order of 10GHz and moderate centrifugal distortion, The presence of this species
in the atmosphere and its basic role in chemistry have stimulated numerous
spectroscop ic studies. The rotational spectrum of HNO I has been studied in the
cent imeter-wave region ( 1— 3 ) ,  and Kaushik and Venkatesw arlu 4) have per-
formed a centrifugal distortion analysis of these data. They noted that the rela-
lively large standard deviations of the resulting coefficients and the indeter-
minacy of r . ,.,.,. must be ascribed to the data set available, Conventional infrared
spectroscopy revea ls only broad vibrational bands because of the dense rota-
tional fine structure of HNOI ( 5—8 ).  Recently, however. Brockman s t  a!. (9) have
published an unassigned diode laser spectrum of HNO II in the I I-~.cm region that
c learly resolves the rotational fine structure , Several other diode laser studies
of HNO:I are also in progress ( 1 0 ) .

In this paper we report the measurement of Ill rotational transi tions in the 
‘region between 80 and 300 GHz. This spectra l coverage results in a well-

conditioned data set which makes possible an accurate centrifugal distortion
analysis and calculation of energy levels through J = 50. These ground-vibra-
t ional-state energy levels can serve as a basis for the analys is of the complex
rotation—vibration spectra w hich are now being recorded as well as for the study of

This wor k w/ s s sup~~rted h~ Army Research Office Grant DAAG29-77.G.~ 8)7.I Present address : I .ahoratorio eli Spet inoscop ia Molecolaroi . Consiglin N~ozionaIe delle Ricerche.
Via ele ’(’astag nesl i . I. 40 26 Bolesgna. Italy.

N.s ts s Sensor Postdocts,sraJ Fellow.

13 1 0022 -2852 79 070l) l-I1$02.OO/o
C;spynght 4’ 47’S Sc As,.dcnssc Press , inc. 5
A l l  rsghi’, t;f repr;ssh;elion sn sn, Iisrm reserved.
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HNO ,, by direct microwave techniques. A preliminary report of this work has been
given recently ( I I ) .

II. EXP FRI M I /N  IA ! .  DETAII.s

We have previously detailed our general experimental technique ( 1 2, 13). A
brief descri ption of the specific configuration for this work follows. Millimeter -
wave energy cc as produced by King and Gordy ( / 4 ) crystal harmonic generators
driven by OKI klvstron s in the 35-GHz range . This energy was focused by quasi-
optical techniques through a 4-m-long absorption cell made of 10-cm-diameter
KIMAX glass pipe and detected by a 1.6-K lnSh pholoconduction detector.

‘ The HNOII vapor was taken directly from a standard laboratory mixture of con-
cenlraled nitric acid.

Although most of the lines reported here are strong video oscilloscope lines . ‘5 .
sourc e modulation and lock-in techniques were used to record the weaker high-i
lines. For this work the 35-GHz kly.stron was phase locked, via a phased-
locked X-1 3 Varian klystron and transfer oscillator , to a crystal oscillator whose
phase Was continuously monitored against WWVB.

I l l .  RESULTS ANI) DISCUSSION

We have used Watson ’s reduced centrifugal distortion Hamiltonian (/5 ) and
the computational and stat istical techniques that we have previously discussed
( / 6 . 17)  for the analysis of the rotational spectrum øf HNO:s. A “bootstra p”
assignment —anal ys is pre)cedure was used. At each step lines that would pre)vide a
balance between a maximum of new , independent information for the ana lys is
and a minimum nsk of assignment error were selected for measurement. In
practice this amounted to the selection of lines whose prediction uncertainties
were several megahertz. This procedure was iterated until all of the approximately
5000 lilies of significant strength below .! = 50 scene predicted with an uncertainty
of I MHz or less ,

Table I shows the 13 1 rotational transitions included in our anal ysis and Table
II shows the spectral constants which result. In our analysis H5 was found
tel he only marginally determined and was subsequently eliminated from the
constant set. The rms deviation of the analysis was 0.124 MHz with or without

T.’ \ t t t .t - . II
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H,, as a variable. The spectral constants have been used to generate the energy
levels shown in Tabl e III. Because of the large number of rotational line s , the
calculated spectrum is not reproduced here . h i s  available either from the Editorial
Office of this Journal oi’ from the second author.

An important point should he made about the use of these data in conjunc-
t ion with other data sets , espec ially infrared rotation—vibration data sets.
Although accurate ground-state energy levels are a convenient starting point
for spectra assignments . from a statistical point of view it is preferable to use the
observed microwave data directly in the final spectral analysis. The appropriate
weightings for data are then reasonably straightforward . On the other hand, if
energ y level s or spectra l constants are used , t he appropriate statistical treat-
ment requires the consideration of both the uncertainties in the spectral constants
and in the correlation matrix ( / 8 ) .  This is especially important in large centrifugal
distortion analyses because of the significant corre lations among the constants.
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; Millimeter wave measurements of the rotational spectra of
CIF, BrF, BrCI, ICI, and lBr

‘ 
Robert E. Willis , Jr. 1) and William W. Clark , 111 b)

Department of Physics~ Duke University. Durham. North Carolina 27706
(Received 7 December 1979; accepted 18 January 1980)

The rotational spect ra of all twelve stable isotopic species of CIF, BrF, BrCI, Id. and IBr were observed
‘ 

and measured in the millimeter wave region by means of a sensitive microwave spectrometer. Transitions
were detected over a wide range of frequencies for molecules in both the ground vibrational State and

0 
several exci ted states. The rotational spectrum of each molecule was split by the nuclear quadrupole
interaction. Altogether , 250 new lines were measured. These corres pond to 136 pure rotational
trans itions , Values of the Dunham coefficients Y01, Y,1, Y2i. Y~, Y02, Y,1. and Y03 were obtain ed from a
computer analysis of the measured frequencies. From these coefficients a number of equilibr ium cons tants
were derived to significantly greater accuracy than in previous work. In particular, the equilibrium
distance , r,, was found to two or three more si gnificant figures.

INTRODUCTION flanges and end plates were sealed with neoprene 0 rings.
Because of reactions w ith the halogens, these ringsThe mixed halide diatomic molecules described in this

report have all been studied previously through tech- had to be regreased or replaced frequently. A nitrogen
niques of microwave spectroscopy by various workers~~

8 cold trap was used to protect the forepump from the
whose results are presented in the N.B.S. tables of ~~ses; nevertheless , the oil had to be changed occasion-

: diatomic molecules .9 However , most of their work was ally, especially during the use of iodine compounds.
confined to the centimeter wave region and was con-.

CHEMICAL PREPARATION Scerned with nuclear quadrupole splittings of a few , low ,
j  

rota tiona l levels . Consequently, only a small number CIF and BrF
of rotational constants have been reported. The present0 ~ work in the millimeter wave region has generated mea- Chlorine trifluoride C1F3 was used in the preparation

of CIF and BrF . This is an extremely reactive gast>
surements of 136 new rotational transitions for mole-

‘ even at the pressures used in the experiment (— 5 X 10’2
cules in a number of excited vibrational states . This Torn ; therefore, a few special precautions were takenhas increased both the quantity and the accuracy of the
rotational/vibrational constants which, in turn , has per- for the fluorine compounds: (1) The neoprene 0 rings

mitted the derivation of the equilibrium constants B were wrapped with Teflon tape and (2) copper tubing and
brass fittings were used for connectors in place of

~~~~ , w9x~, and r9 as well as the Dunham potential con- rubber or glass tubing.stants a0, a>, a>, and O~ . ln addition, this w ork has
yielded rotational constants which are significantly dif- Chlorine monofluoride C1F was observed as a decay
ferent from previously reported values for six out of the product of CIF3 as the latter was was simply allowed to
12 isotopic species studied, flow through the cell . This method was chosen over the

use of CIF gas directly because CIF3 is less expensive,
THE SPECTROMETER easier to handle, and somewhat safer than CIF gas.

The spectrometer used for this study was similar in However , the reaction CIF3 — CIF + F2 proceeds very
many respects to the ones used in other investigations slowly at the low pressures of the absorption cell . As a
of this laboratory. ’°’t t  Brief ly, it consisted of a kly- result, the CIF line s w ere relatively weak . Adding
stron-driven crystal harmonic generator , a quasi-free- chlorine gas to the stream caused the line strength to

space absorption cell , and a helium-cooled InSb photo- go down rather than up. Warming the cell to about
detector . Most of the transitions were measured in real 100 °C increased the reaction rate, but above 100 °C,
time on an oscilloscope sc reen, although a few were ob- the line strength decayed, dropping to 1/4 of the maxi-

served on a chart recorder with a lock-in amplifier and mum strength at only 200 °C. The rapid signal decay at
a phase-locked, slow-sweep klystron . 12 elevated temperatures made it difficult to observe

higher vibrational states. This problem was common
For these experiments the absorption cell was a con- to all the molecules in this study but was most severe -

,

tinuously evacuate d 2 in. “ 4 ft . nickel pipe with Teflon for C1F because of its small molecular weight .
end plates to permit entry of the microwave radiation.
The cell was encased by two 1400 W Linberg 2724-KS P Bromine monofluoride BrF has been found only in the
semicircular heating elements . This arrangement al- gaseouE state in equilibrium with Br> and BrF3. For
lowed the temperature of the cell to be raised so that this reason BrF was made by simultaneously pumping
excited vibrational states could be populated. The room-temperature quantities of Br> and CIF3 through

a cell that varied in tempera ture from 25 to 450 °C.

~ Present address: I)epartment 0!
. Physics , St ississ ip~si State Optimum line strength occurred with the cell at 200 °C,

University , Miss issippi State . Miss, IL 17 ;2 .  and the lines disappeared at 500 05 C. Temperatures as
W presen t address: Night Vision Electro-csptic Laboratory , high as 450 0C were used to populate excited vibrational

I”ort Itelvoir , Va. 220 60.  states. Ofte n strong lines were observed when the bro-
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mine flow was off . This agrees with the fact that in an ,‘,,, ~
. — ~~~~~~ — 2f } ’ ~~ 

+ )‘
~~

( , -  + ~
) + 

~
‘
2i (’ ‘ ~~ ‘ };i (” • ~~

)‘ ÷ - ‘

equilibrium mixture of Br5, BrF3, and BrF, the rela- .. (J ,  l ) + 4 E } ’ ~_, s 
~~~~~~~~~~ 

. . .  ~(J+ l t~live frac tion of BrF drops off sharply at Br> is added.
S 

~
‘in (J ‘ l) 3 f ( J  + 2 )~ —~~~~I + - . - . (4) 5

BrCI. Id , and Brl
where on h t e r iss s v itc h give a detectable con tribution to

The compounds not involving fluorine were all easier the spectra of tF.s report are retained.
to make and handle than the above two . Bromine mono - Tht ~ ns’~ t run> 1)1 each species was analyzed by sub-chloride , BrCl , was mad e when one-third mole each of

st itu tion of e.sch reduced experi tssenbi l rotational Ire-bromine and chlorine were combined in a 22 1 Pyrex
flask . At roo m temperature such a mixture will be que is( y (see quadrup ol e a matl y si s )  and the appropriate J
57% BrCl. The BrC I, which boils at 20 °C , was then ~~~ ~‘ quantum numbers into Eq. (4) . This produced a

set of sim ultaneo us equat ions which were solved by theallowed to flow throug h the cell . The ground-state line s method of least squares for the F,.,’s . Although it iswere strongest at room temperature and 200 ~C was the
highest temperature used to populate excited vibrational possible to analyze each individual isotopic species in-

dependently, use of the Dunham isotope relationshipstates,
y ;_ = (ii ~~~)?l t2 ~~/ 2?  y,,_ (5)Since the vapor pressure of iodine is too high for it to

be placed directly in the cell , the iodine compounds allows all the isotopic data for each molecula r species
were also made in the 22 1 flask. Addition of one -third to be analyzed together . This results in signi ficantly
mole of chlorine to excess iodine resulted in a rap id better values for the Y ,,, , especially in the case of less
exothermic reaction producing Id , a red liquid or gas abundant species for which few transitions are observed .
(melti ng point 27 °C) , as well as Id >, a dark yellow Equation (5) is accurate to within experimenta l error for
solid. The ICI was then allowed to flow through the cell , all Y1_  except 1’~>.
All measurements were made at room temperature be-

The 1’>> was calculate d from the Dunham relationcause ICI decomposes at 9’? °C.
I — Y ~\>’> 2F~ (6 )Iodine monobromide lflr was made in a similar man- = ~~ Ll. k—v—) + —

ner from a mixture of iodine and bromine in the 22 1
flask. This produced lBr , dark grey crystals that melt and its contribution to the measur ed frequencies re-
at 41 eC and sublime at 50 °C , as well as IBr > , a brown moved before the least-squares analysis. Althoug h its
liquid . The flask was heated slightly with an infrared value can be calculated directly from the spectra, the
lamp to produce flow rate sufficient for measurement , procedure used here results in a more accurate Y>> as
The IBR lines did not appear until the IBR> was pumped well as improved values for the other constants .
out of the flask . Since LBR decomposes at 116 °C , the
cell was not heate d. This did not prevent observation After determination of the Dunham coefficients the
of higher vibrational states , since in molecules as heavy first four potential constants of Eq. (1) can be found by

the relationsas lBr , excited vibrational states are well populated at
room temperature . 2 

-a> ~~~~~— — —

ANALYSIS OF ROTATIONAL SPECTRA
Yi1 Y10 

~ 
— Y t i

The most accurate formulas for analysis of the rota- at = 
6Y~1 

— — 3( y y )11> — 1  (8)
tional spectra of diatomic molecules are provided by
Dunham theory. ‘~ Dunham solved the Schrbdinger wave = ~~~~~ 

~~ 
+ ~ a>(2 +a 1) + , (9)

Y >~~ >

equation for the diatomic vibrating rotor with a potential
function of the form 

— 
2 XII + 2a (3 + 13a 1) — -~~f4 +3a 1(1 +a j )1 — 1. (10)a> 

~v(~ ) = eha >~> (1 +a 1~ + a>~~ + ~) (1)

where ~ = (r — r1)/r 1, and a>, a t, a>, ... are the potential The relations given in Eq. (3) and subsequently used
constants. His solution for the rotation—vibration ener- in Eqs. (7)—(10) are not exact , The exact relations are
gies is expressed by the series power series in (R 1/w,)> . Since for the mixed halides

this ratio is of the order io’~, these relations may be
= I: ~~ Y,,,, (p + ~ )t 

~~~~ 1) 1” , (2) considered acc urate to the experimental uncertainty ex-
cept for 

~~ 
which can be calculated to a higher accu-

in which the coefficients Y, ,,, are known as the Dunham racy from precision spectral data. The precise rela-
coefficients . Each Y,,,,, is a function of the molecular tionship between Y>~ and B1 is
parameters “i, a0, a 1, a>, ... which appear in Eq. (1). 

F BJ~ + C>(B1/w~
)>

~ = B1 + ~~ ( 11)In terms of the familiar spectroscopic constants,
This difference between Be and }‘~ is known as the Dun-1’~~ ~‘.‘} o~ =~~1’Y 11 — a .’Y2i )‘ ‘ ham correction (n> ) .

— ~~~~~ Y>2 — D,. Y~> — 
~~ 

1>> H1 - Two other snsall corrections to 1’>~ 
result from elec-

For pure rotational transi tions the transition frequen— tronic effects which are not include d in the Dunham
cies are given by theory. These arise from the nonspherical distribution

J. Chem. Phys ., Vol . 72, No , 9, 1 May 1980
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of the atomic electrons around their respective nuclei ‘l ’A ItL E 1. l)unhan> coefficients and equilibrIum con-

~~ and the wobble—stretch effect (it >
). 

10 , 16 The first o~ 
st ait t a of chlorine monofluoride.

these may be calculated fron t knowledge of the nio lecu - 
>~ • ~ . 3: • ,s~•lar m~’ factor by ~

‘ 1 1’ (~ I

S lot (MIl z) 154 i ~t . 2702(36( a 15 1$>? . 8247(30 )
!~i — — (“. ,,i,)

~ B1 . (12) 
~~ 

(Mh z) — 129.  64 9 7 (50)  — 125.  9687(49)

Although 
~> cafl ito t be calculated directl y f rotti known 1’

~m (ktli~ — ~I~!0 . :‘ 1. 7) — ,‘sOO , 7) I .6)

molecular  parameters, its reduced niass dependence of ~~‘ 
(kI IZ~ ..m~. 91(.. ) — ..~~. 9tit.i

(1 - 
~i’l

> allows its calculation if two or more isotopic ~* (lIt) — 5. ‘17( :i( \ l0~ — 
~~. 16(a) \ it ?’ >

species are observable . Since 
~ 

and ô> also has”~ a B1 ) S lt l , )  t~~ •184.  -m:ss i - ,7o 15 189. tm-I 12(7t ?)
‘ U ~~~ dependence , the net effect of all three correc — ,,, ~A i  t .  ?;:‘s~i-m 11,~)b 

~ , (;~ s:s i

t.ioiis ntay be calculated froni the syste m>> of equations . . -
~ (Cl m>~~) 7s, ‘( ,~~ s~

’s3(: is i(  ;- ‘~g

“
,
., S ~‘t >l ’~) ~ ()-I s)s ~7) 5 , 1) !?i)S-l)

(B ,— 101\ — c  ‘~.~~— o  , (13) _________________________________________________
. . . . - . ‘5 1 - i,~’ c It O  iiit k’ss represent su e  standard des’ iist ion.where ( — 

~~~ 
+ 

~~
, 

~ 
t~> and r is an isotop ic speci es label . ~. . . -— I hi’ unc e’ i’ t:m m m,t~’ :i~’s’ l’ut’ s I Coin Planek s COilStSuItt

The values of B, thus calculated provide .t vei’v ac-
curate determination of the cquilibt’ium distance ,-, by •ti >~~ltt ’ niomentu mn quantum nuniber which cam s assume
means of the definition of B,: the values (J ~ 1) , (J ÷ I — I ) IJ — 1 I . Each rota —

1~’~, 
- - Ii 8r2

~.ir~ . (14) tioii~tl transition is thus split into a nun>ber of hyperftne
lines, some of whic h are doubly degenerate or nearly

The zero—point vibration frequency ,.~‘, can next be cal — ciegemierate. Figure 1 show s a typical rotationa l transi —
&‘ul~,t~d front the i’elation t-ii.)t i whic h is split  b~’ the quadrupole interaction .

; =
,
- - (4B~ D,)t ~ ~ [4B~ (— 1512 ) 1 1 / 2  (15) For J — J  + I rotational transitions , the selectio n

and ~~~ t-, is obtained fron> rules for quadrupole structure are ~F ~ 0, ± I . For the
. ‘ , -, high J values observed in this report , the .&F — ~ I

s.’, 5~~
— — 3 1 ,,t(a3 — t~~”,

’

~ 
2 . t r ans i t ions  dominate in strength . Therefore , the devia—

lion in line frequency from >> Eq. (4’) is given by
NUCLEAR QUADRUPOLE INTERACTIONS

- .~~j ’  .. _.1 ’~j Q [ ) (J 1 , 1, F • 1) — 11,1, 1,F)] . ( 17)
llvp erf t ne st t ’u m.’ture which occurs in the diatontic

ha lides causes the observed frequencies to deviate Since the frequency shift given in Eq. (17’) decreases
slightly from those g iv et i ii> Eq. (4) , These deviatiot is .ts I J~, the quadrup ol e structure was unresolved at

are caused by nuclear electric quadrupole it s t er act iom >s hi gh values of J . Nevertheless , quadrupole structure
w tI lt tIte electr ic f ield gradient at the tiuc letis . This ss’as observed ii> lower J transitions for all of the mote —
splits the rotat iot >al et lel’gv levels into 21 1 sLit)levels , eules in this report and had to be considered before the
where I is the nuclear spin . The actual energy levels rotational analysts was attempted .
are found from per turbation theory and to first order ‘l~ic frequencies of the unsplit rotationa l lines were
.m re given by determined in two ways. First , through measurement

F1 , - —i ’Qq l’(J. 1,F) , (16) of the hvperfine splitting in this work , a reduced ire —
quenc y could be determined from Eq. (17) . The second

where F1,~ is the rota t.ton.tl emie r gy given b~ Eq. (2 ’), method was to use the ~‘sjQ ’s obtained 1w the earlier
i’qQ is the quadrupole coupling constant , and Y(J , 1. F) lower fi’equenc v work , which yielded values one to two
is C.isimer s tø function . ‘l’he F in Eq. (16) is the tota l ot-ders of magnitude more .tccurate thai> the m ’qQ s ca l—

culated f rom this work . This latter method gave a
slightly different center frequency for each hype r f ine
component;  the average of these frequenc ies was then

“

~~~

‘

~~

“ averaged w i t h  the frequency resul t ing from the first
method to yield a final value for the reduced rotatiomial
frequency.

~ ~t t t ~ For the species in which tx th nuclei have a quadrupole
moment , the weaker quadrupo le moment produced no
observable sp littings or shifts but did cause cons ider-
able broadening in some cases . The effect was strong -
est for  tow—frequenc y transitions in lBr and BrC l .
Severely broadened transitions which could not be re-
solved were avoided in most ins ta nces because of diff i—
culty in determination of the center frequency .

SPECTRAL CONSTANTS
Is ; . I . & ‘ s s s I s ( ’ ~ s m ’  ss s. m > st (h tl~ ’s ’i’ct i s ’:ii ill ! e \ ( ’s ’i’ l so’ni,,t

sjs i : i , ts ’ ssj s ’I~’ s t i ’ s i s ’ I ,s r , ’  I t : t - I’ . .1 ‘ t ’ , m :‘ . i . 5 ,;9 , i The actual trans ition frequencies are not listed here
SI It.’ , but are recorded in the Ph . 1’? . thesis of H, E_ \Vt I Its ,

.1 Chern. Phys . , V ss i  72 , No. 9, 1 May 1980
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. Pt’evtous ni ic rowave measure nients of 13r F have beet >
S niade bs’ Smith et a!. > As ii> the case of C I F, otity the

I CIF 
llVsS’CSt i’Ot~iUt)I1~il ti’;tt lsi t iOml S i> the 0, 1 v ibra tiomul states

~ Previous n>ic rowave nicasu reme m>ts of C I F have beet> wa 5 nieaSUi’ed . 1 ii I lie cu rrent work 56 new I i’a nsit jo lts
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niade by \%‘hitc ‘ and Gilbert . ~ l~iev n>eastired a miumber ha ~‘e beet> tt >t ’asu ted :  20 ~sf 7 BrF’ a tid 26 of ~‘Br F .
of quadrupole h u e s  of the J 0 — I rotational transition these mt.’asuren ’sents produced 28 reduced i’oLttiona l
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‘
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~~~~ 
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~~~ 
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~~~ ~ ~ i, i it i t “so D>i. ‘st _ >. .“ “ 4. —0007 I’lt~ muthot ‘-
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mneasurenients of over 1 50 qsi,mdrupc’le I ins’s in three lit ’s- . ~ ~, I 90 ; s I 9.st 1S

rotation il m d  t~ o ~ ibr mUon >1 ‘.t i It ‘. flit ‘.t nit i’..urt ~ ~ Vi , t lit, t I is’ , I i ‘ ) I ~ I

iuients , in t u r n , have given s’er~’ at’csi t’ate values of I 
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rhese w e re obtat ned Iron> ‘O new qtudrsmpolt’ 1 itst ’ s i4 2 ‘ i . s ~~~~~~ t , ,i . si~i , ~~~~ - ~ . .
~.i.

, 15 ~15 -

of l”C I and eight of 1 . l ’
~ of 23 new rota tiona l fre qu me n— ~l- . .1 , los  zss soid 1- . t t e ss inn . .1 , Phys . u ’h,’t i  . Us’t . Ikm u,

s.’ie s. The curren t work s’o vt’red the t ’o ta lio n;i I states ( 19 c-I ) -

(ron> 1 12 to J - 44 and vibrational states :‘ 0 to ‘~~
= 3 “\\ . 5 ’ . t\tf l )  in,t \V . s~ordv. I’h~ s . lii ’s . 90 . .~i 9 t i  ~~~~~ ~3 .

The frequencies involved ranged front 85 to 300 1 ii: . 
40. s>; t .’ Ii - , , -

- . F . Pr~ i’s ’,SiS most \\ . ss ’t’ sI ’ , . l’h>-~ , Rev . I:’ . - i: IThe rms deviation ~ f the f itting w.is higher for It’ 1 (50 
~

‘ . s ’ . 1k’ I tts ’iO , .1 , Slot. ~~~~~ - 55 , .‘ ‘1 519
kllz) than for .itw other molecule in this study ts es ’ .t ust ’ of is 

~~~~~ s . , . Il 5 . 1 ,., ,,r ~
‘ ii, ’’,. , ..:~ ‘ 1  i,~~~ \ts ’ t , ’Is , Rsm hwav .

difficu lty in resolution of the quadrupole structure. i ;i ;sO
I - ikmntta ,n. P) i’ ,s . Ri’’,. 41 , ‘ .1 s 5 9 . :’ ? ,

• lBr 5 . i i . S tin ~4es.’k . ,1 , i’he’ns. Phs s. 4, .:‘

Ii - Rs ’sst ’ntslssn? . A.  It .  Nt’ t hi ’l’ s.’ t ’ ,s I . lu St 5,’ . II , h’ss st ’s . t’hs
Like IC I , I~~r is a heavy diatomti’ wit ) > .i coniplu’.ited t t ’~ . 109 , I S O  ~i -

• qua drtmpole strut ’ litre .t t low 7 , .1 ,u 5,’ 1., has iiiea so red ‘ .S ~‘ t ’t iCi ’ 1? I I re’;mt tSis ’??t of qst$slt ’stps ’l t’ t i l ls’ s, ’15 ,‘its ,‘SiS t i~’ ts ssinsl

o si ’ r 150 quadrupole’ Ii ne’s of tw O rota I issna 1 1 i’ .u t is it ions in \~ . o s’dv in,) H - C ~‘,‘I, , I: , - 
~~~~~~~~ .1 1 ,’I ‘ ‘. .~~~ ,‘,~t , .~

(.1 - 4 —  5 .mnd ,I = 5—6 ) in three vibi’at.iot~iI st . i tOs (:-  = 0 , 
I \~ iii’’, . \~ ‘ts \ ~~t ’ss . I

2~. in  this stuslv we’ have measured 40 new quadrupole I I ~ I ’ . ~ i asmnte ’ r . t >tt the’ It~t s’s’ ,i,’ t t s ’ti lie?’,, e’e’n .\ Is ’ i i iss’
- 

~i \tis ’Ie’i tuissi I’ L,’s.’t rs ’ns. ‘‘ I s’~~t,’ i- l n s ’s’,li’ s t ’iis ’,s( ss ’hts~’. I’ . F’.Iit>es ( 19 of I h r  .ind 2! of I h r t m u 30 c~sst ~m t i on.il st.tt,’s i.otiii . l im o rleni ,
anti five vibrational st.ite’s (0 , 1, 2 , 3 , 4 5 The’ ro t _ i  t.iona l °tt . 1- - \ V t l t s s , ‘ s’ Mi l l t iue t e ’r st ud ~~ttsmmli inss ’te’i’ Wit ’ ,-i’
st.i It ’s cove ’ red the’ r.i nge fro mu , 1 43 (0 - ‘ Ot .i ii d t h e  .~~‘t ’ s ’t i ’ m  ‘i the M t~t~I I > IOI s ’ni is.’ I tat isles , ‘‘ stmipubt tshe~1 Ph. ii.
frequencies , from 150 to 325 t t I .’ , lilt’ ti’,it >$i t is ’t ls t t - t s t ,’ii . hitiLt’ t i~t ’ , t’ i s t t’ ,  .
above ‘ — 54 revealed no qu.idrupole structure . ‘ -~~. I - \%‘stit’hafit~~. .1 , i’!it’m - I’li’, s . is5 . ‘- is s19421 .
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Nuclear coupling of 33S and the nature of free radicals in irradiated
crystals of N-acety l-L-cysteine

(electron sp in reso ,ianct ’/-5-’S hs’pe rline structure)

JOSEPh II. lI.~Dl.EY , JI1. * ANt )  \\ALT ER GORDY t1
. l)s’p.srt si,’isi sit l’ Im~ ‘ is -s . ( ;,‘ss rgs.s ~st.iti, t isss ,‘Tsim ’ , . ~tlaiit.i. t ;~ -Is i’sis- I . ~tiiml ‘ I )m’ls.t rt tis ,’ ist 5 1 l ’ )ss s i t -s . I)mi k, - I iii ’ , , ‘r ,ml s I )ui r l~.~ ss 5 “ ,s sO l~ ( .s rs sliti,s 2T’ S N

( o,i trj lnsls ’d by %l ’ aj ie ’r Gor dy. Oi’toher 2h. J.9 ’ii

.&BSTBAC ’I’ Hyperuine structure due to t-5S in its natural crystals, we det’itle’d tim .‘onct’ ,itrati’ our eulort s on in>provernent
ab,indanct’ of 0.76% hac been measured in the electron spin of our spectrorimett ’r sensitivity so that reliable measurement
resonance of free radicals produced by ~‘irrad iati on of single (‘~,jl(l 

~~
. imiade’ on ers stals ‘,, ith ‘ ~S in its natural abundance of

cr~’st a ls of .\‘-ac’e’ Is -I. I. -(’s -stt ’ int ’ at 77 K. l’lie ’,e meucuremmients
pnms t’d that (he’ radi cals produc ed al 77 K su it1, principal g s - aloes ~~ 

‘b~ . To our gra ti fm (’a ( ion . we’ found hat we were able lit
of l.99().2.006. and 2.214 are’ immo mmostihli de radicals wilh the 3p t1t’t,’~’t the’ “S line’s for lmt’ hyp er fine components . wit h amp le
im paired ,‘he’t’tron density of 0.70 mni the ’ ~ . The~ ~mr e hc liev e’d to Se’ t is i t iVi t ~ (sigm ial res~x rnw’ about 25 times great er than buck’
hi,’ nvmtutiveI~ charged nmolt’(’ules RCil~S h l or ne’utral R(hI~SIl~ gr000(l noise’ level) Iii m ake re’liablm’ measu rements of the ~rs m(h i e’UlS in s,hichi I)))” ~ of t he, s I)i ii density of ihc captured e’k’c’- cou pli ng for (‘( ‘rta in irradiat ed (‘r~staIs. In some instances where
(roil is c’one’t’iitrsite’d in a d-p h brid orbital on the S. As the Ifie ’ ~s splitting is sniall or (lie’ spin-lattice relaxation time is
temperature i’~ ra ised to 300 K. these, as well as the carbon ’ t ir ifu v es ra ble , the’ ~S components are masked b~ wings ol thecentered radicals produced at the lower temperature , are mostl y
(‘ons-e’rted to neutral d isu lfide radicals RCH2SS like those ob- filch stronger abso rption lines oi the normal isottipic species.

5 sen’ ed in irradiated cs’ sti ne. Other factors of imp rtarice to dete’ctabilitv of the ~‘~S lines are
the degre’t’ t)f g anis trol)s- of the s-ariotls s1x’cit’s of radicals in

Fret’ rad ica ls 5% ith ,‘lt’(’t roim spin density concentrated on sulfur the irradiated saniple and the number of magnetically distin’
(simlfur-ct’ute’r,’d radk’uls) h ave now been detected ss’ith electron gimisliahie orientations for m’ach species. ‘iVe ’ have noss- succeeded
s,pirI rs’s(nIan(’(’ I ESH) ri mans- irradiated organic and blo— in nieasmiring the ~ S hvperfine structure of the radicals st’ith
c’he’niical c mniixnmnds i’tmntaiiung sulfur. TI>t’ir principal g ~‘a lues the u n u su al g tensors in cr~sta ls of both ‘vst eine•HCI (H20) and
are us u ally in tlmt ’ range’ of 2.0(X3—2.0~i5. However , a sulfur— ,\‘‘act’tvl- i.—cs - ste ine. The meas mi remm ’rmt s pr~s’e that both are
s’entt’resl radical with an (‘xce’ptional g tensor hav ing principal rnonosulf i(lv radicals with similar electronic structures, A de’
va lu e’s ranging fr mntl 1.99 to 2.29 ss’asobsers-,’d by A kasaka (1 ) ss’rj p(jon of the results for .‘s’ -acetv l- i.-cvste ine is given

; in single cr~ st ais (ml i.-(’vst(’uss”l((:l. irvadiatt’d with I .5 Mc\’ lx’l~~- .
at 77 K (one’ \)t’\~ equa ls 1 .6 X I()~ ~ ~ joule I . The g tensor was
found to have approximately axial s~ nin>t’try about the larger EXPERIMENTAL DETAILS
val u e. In 1965, th~ str tmc t mi re of t he crystal stus unknown, and The .“,-acetv l-l .-evste’ iriv crystals v,’ere grown b~ S I n  t’sapo-it was therefore imp(lSS(l)lt’ to relate the o1)st’rved g tensor to the
molt’emilar st rmmc’tmi re. In II>,’ following sear . Box et a!. (2) oh- lierskeslal ~5) ‘l’lmev ‘,sore give im 2(~ \Irad dosages of 50 ke~’

ration freirti satu rated 112() solutions as was done by SaxebØl arid
se rvi’sI ra(li(’1e15 wit h princi pal g values of g,, I .9K5 . g5-
2.0(14 . arid g,5 = 2.2:3 I in si ng le’ crysta ls i mf cvst eine’HCI i rra- s- ra ys at 77 K arid se-en’ oI)served with an X-ba~.d (9.3 GHz)
diated ss-ith 

~~~ 

at 77 K. Time similarity ii, g tensors stmp~)orted 5l5~ ’tr~ nuht’ t ’r like’ that ‘rl>l dewed in  our earlier work stfl One
Nirad e’q mis mls lO~ J . Kg.t he conclu:,morm that these ra(licals were ’ probably of the same Sarim lilt’s were atm mme,mk’d at :31)0 K to destroy a carbon—centeredform as those obst’rved In Akas’aka. Ii~ the meant ime, th~ r ,m il ics m l (5). Hec,mmist’ the linewidth stus too great to permit oh-( structure of 11mm ’ cvst eir ie’ •hl ( :1 crysta ls seas obtaim’d from x- ru~ se’rvatiorm of (It,~ B i smilfmir-e’,’riter,’t l radical at rex)m temperature.diffraction liv .-~vv ar and Stinivasan (.~). This made’ it ~~~~~~~ time ESH sslN ’t ra s,,’re ol>tai ,t r’d at 77 Kfi,r l3os ci (1! ~ 2) to (Ii’(lIIc(’ tha t th1’ largest g s ahie had the di- .~ltfmu iigli h it’ de’ta iled structure of acetyl cvsteine is unknown.rt~’tior m ii) th e’ ( :s 15)15(1’, mif the mindam’agt’d m olecule’. I .ate’r , this

radical ss - s m s ~Isis mmbss’rve,I by Kuvij slii it i ’t a! ( 4 )  Recently our prel inhi ims mr s- ray- diffraction shows that the cr~’sta I is tn-
cl inm is - wi th one nmiilecmilt’ in ii imit cell. An orthogonal ut’tt’ c(X)r—Sasclmol and I Ie’rskedal 5) h’~st’ i,l~,wrs i’d sulfur radicals ss ith 
‘i niate 55 stem co inci d i im~ wi th the principal directions of ti me ’principal g values iii 1.990, 2.(X~6, and 2.214 (denoted as “U ”

radicals) iii single’ crystals of ,\‘—as ’u’ts - i’( -s’s ste ’ ine irradiated .m t g tm’nsiir was chose’ im for the im~-ix’r fine’ immeasmirernents Our ii a~~ts

77 K w ith 4 1) \lm ’V electrons. t’mirres1iiinds to (Ii, Z a sis emp loyed h~- Ss mxe ix~l and Herikedal
a ni  I o u r u arid ri s m su ’ s are als mm it 2M Iron> their I send X .e~~’s -To distinguish lx’twceum th e’ different t\ pt’s of sulfur radicals u s  rl~and to gain more q ni a nh i tat i v m ’  information about them , we in’ -

itiated a program for nwasmirt’ment of the’ ~S hvperfiiu’ str uc-
Till; %IO\OSULFIDE RAI)ICALmire ’ iii irra( Iiated single e rv sts m ls of sulfur conipounds (6— ~8).

L nmltke’ the’ g tensor , the t~~ coupling gives sm reliable distinct im>n This is the’ su lf u r radical (IIi I witl t the’ ‘sct’pI jolla1 g tents i irS 
Ia’Is~ ’m’ ri dismillkh’ and mem nm iisrml fi di’ radicals and prov ides (ii’s( rsI),’d sil )ii5 m’ It is prixlun’e’d by tI~, irr ,milisllimni ~it 77 K and
il ima ii i ) .it is , ’  s-aloe’s for t he’ spin densitie s ni> particular S atoms, is rm’lat is-m’k- ~t~mhle’ to tt ’mjs ’ ratm iri ’s wi ll sm lsms - e ’ 77 K. has’ i img a
I~ ’e .m mis c ’  u I  I hi’ difficult y of imhta ininmg su fficient quantities of r iwi i i i— te ’mpt’ ratmire’ lial l—li fo of t h~’ order of I das I h iss ~e ’ ’ , m r .

‘nm i i m us i  is it- it im e’iirk’hed ‘ 5 to grow the required single rad ical dt ’c. m s 5 rapidl~ at lent h~ 
‘ rs mt tires of ItE K .m umd als ni ( )u ir

,itm ’sm smmr e ’ iti m’ n ts usoilirm lime iivmus ;~ml g te ’ n m suu r ohsers ed Its 5,i~ -

- s - .  . t t m  ‘is I ~ll elm’ s t r o ut s~ iii re’sonsm uit’m’ m’hç*l and I h’rskedal. \\ m ’ i lid ii i mt liii prm is i’ their r ether .ie -mi rat e
- .5 . us r ’ ’ pr muil ri ’qsss ’s ts s i s s i m i l d  Is’ imlsl ri ’ ssm ’ sI s lilui(’S: g,5 = 1.990. g, 2 (Mlii. sm nd g5, 2 2 14
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I The ESR slx’c’trmm,ll of this radical has an essentially iM tropic ~~ ~S 32 ~ ~

. proton hvperfiuie strt icture’ t’onsistinmg of fou r lines arising fron t , ‘~~ . . S 
~ 

_ >,~

- t%s e) prote)lls ss’ith c’oupliumgj of 22 C aimd 29 C. (One gauss equals . 
- 

, 
1 ‘ ‘ -

I 
I X l0”~ tesla. ) Th is strtmc’ture’ is supe’rimposeei mil l each 11ts I m 

~ 
~ I I ~

.
. hs’p ’rfine’ (‘omp()nent and provides a reads’ identification for m 

~ 
‘

- then>. Fig. 1 shose-s a typical l)attern observed. Iui the c’entral ~
~ 

region is t h e’ ch aracteristic pattern for he ai)un(Iant ~S species,

j ‘,s-ith ti me rec’e’ivt’r gain> redLa’ed by a factor of 1/500. Beyond ~~~~~~ ~ 
~51 ~I the breaks in tht’ curve, OH either side, w here the gain is 500 ~ 

— s., - ~~~ 1\ . T\( - ~~ ~ 
“

~ t imes greater , are components of the 1. 55 species as indicated. I ~ ~ 
‘\ ~ ( \~ -! 

~ 

‘ ~ ~ ; ~: Time’ l15 hmvperfinme splitting was found to i~ maximum along I 
~ 

5 

~ ~ ~ 
, . 

~ 
~ I I

t the ax is (if g,,. time nmininmimnm l)rinmci paI g value, arid to be very ‘ ~

nearly ax ially synmn>e’tric about timis axis. Fig. 2 shows plots of ~ - . ~ 
)

- t ime observed dispiac’ements of the ‘
~S components as a funmetion : ~ ~

Of angular deviation Iron> the axis of g~. as far as the coffipo- I b O G  —~~nents could be followed.
There is a small (3 MHz) low-field shift of the center of the *— osi N ~ 5~~) 

- -5~s’ ~~ G,AJN • I - — —---~~- G~JN s 5~~ —9

7 
i, ’,s patterns from the ~S spectra due to a second—order Breit— E’ui ; I. Ses ’ssuim l-thm ’rivat iv , ’ KSU st ie’ m’trm lnl (or the’ uiimiiim,sulfi ilt’

~ 
Rabi t~-pe of iriteract ionm. I-h)5%’ever , this interaction (lid riot rsm dit ’s m l h-I ~ iils-sersed w ii Ii ut ism g mit ’ t i, f ie ld iii the tat l , llm it ( ’ _‘O° )riiuii ml>,’

~ nmeasurablv influence the’ conip nenmt spacings wh elm were u es is nlirt’t’t mimi iii uimi it )ttimiiti ~ . ‘l’tu’ t~itm r. h u e  Protein Pattern t s r  the
f itted to time’ first—order formula expressed in the principal axes mt ui l ls mmr e ’ ( l  spin Imicsilii.ed in m S ati i im > ii. shiiwii in I he’ ee’uiie’ r 5 ‘I t h e .

, s~stem as s ite ’ s - I rimtn sit re’dmitt ’d gain. ‘l’he’ — - smuic i + - S (‘e,rii ls m i me nt i. (‘ai m lie
. . 

5(’(’ti t m m the right u sc ) kIt s mu high zs i i i i .  ‘l’hm’ i - s - sm ni m pmsns s s l —  irs s -ss ss i
—1 = ( 1 

~
., I ,,. I I —I— 5L I I ‘4— 

~
, I I ) I  [I j Pie t t  Ii. si ll i t ire d Is’, lIst In tt 1~er “ s ;i u t ,  ru m i lls) r mdii il’. t ’ itm le at

I ni m s im si is ’ttijs ’rsmtii r ,’.I ss’here

~ 
g = g~~l~~ + g •~/~ 11 

~ g ~l 11 ) i. . 2 ~ nmetrv in g anmd t he aimouiiahimisI~- lsi rg ’ g5, 2.29 ss- hmi(’h ime’ oh—
- ‘ . . served for irradiate’d s’s st,’iume’ll( II I I ‘0) at 77 K ntiiglmt 1w at—S Here the 1 s are the cosines of time angles the exter n al field ntiakes , . 

. . ‘ . . -
‘ . ‘ t rihutesi Iii a raeluc’se l of t him ’ t s 

~
X’ H( .1 I ‘S m ii se lush I he’rt’ is a nmt’ar

- witlm time orth ogonal uii’u’ coordmnate system. A least-squ ares . .
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• Time’ spin densities on (ii,’ twc i suilfurs obtained front the e’oeipling
is uitice’rtaini. W hate’s-e’r (lie’ c ’asisv , time ( U~ c’ott phiumgs are’ sig— su c imme ’s arc ’ alsei listed ium lable’ 2.
nificanmtlv larger feur time ’ cemrre ’uut radical t imaim feir the RCII2S Ulm(I

- 
R( 1 I2SS ruedic ’als ‘l’ lius rc ’s c’ar t ’ l m seas simiqcmrte’cI iii 

~~~ 
In t he n t i s  t lese’ arciu ( )It ic-c’

h lmr u iumg h Crat ml 0cm , I) .-’c.-’cU29-77.( .t111117 iii i ) ui ke ’ I t m is c ’ r s i hc
TI lE DISULF IDE RADICALS

Fig. :3 simem se -s tiie’ ESR spectrum for onme’ orie ’ umtumt icun of art ac’e’t l I - ‘c I,.s..k.  I~. I um~s ,j . ( ~~ i ’i~~. 43 , II .52 1 1 5 - I
c’vste ’ iume crystal whic h lists be’eum age’el for I unonmth after irra— 2 l b s . II ( ., Fre’ uit ud. II, ( . ~ ttuich, itiski . F. l- I 915(0 / ( lu’,mi i’!mt~.s
diatioui. In the loss —gaium rt ’gic ulm thue ’re’ are’ hiutr c listi umct si gimals 45. .50)) .511.
euf sui lfc mr—c ’e’nmte ’re’t l radicals of (lie’ tisu rnm ai isotopic specie’s: a :3 ‘cc s smr , II. H. ~ Sr sisus su”)?, . II. 1965) ( ‘urn s i  34, 1- 10 (50
triplet nm(Iic’ated 1)5 1’! aumd t imrc ’e’ simm g hc’ts iumdic’att ’d bs SI . S2 4. ksn lusl um l u . I .. t’ . K ri vc’ uik uu . I - ( ~ i’um lat eu va . ‘ci K . I 5)72 Sled.
and S3. Time’ print(’Ipah g sa u te’s for ‘I’! are 2.003, 2 (124 , 2.05:3: !tttt ilm u i.s. 33, s I - 59 (tO

for SI . 2 002, 2.025. 2 (164: fcin 52, 2.002, 2 ((25, 2 (15-i: for 5:3 ‘5 Ssmsc ’ht ~I. I. ~ t le ’ r’skc ’dat . 0. i I975~ Radia l . l u - s (12, :35)5 405 .

I ‘ — ‘ . ~ ~~~~~~~~~ .1- II Jr. ~ Gu ru s IV 1 (174) / ‘r~i ’ ‘cai I. . ts -asj .‘c~-, ‘c2.OU’3, 2.026. 2.0.~-I. rlmev fall iumto time tsvo sets of g s-aic ie’s earlier — ,. . 
. . -

cibserse’d for elisumlf idc’ radicals (6—9). diffenittg signilicaimt lv cmlv — 
~i slIt .~~J I l jr ~ Gui rcls . \u 51 0 7  I )  l’ros St i l /  ti sis! ‘cs -u ( ‘ 5

j Im the ciiaxitiiunm salmie sv imichi is either close’ to 2.054 or to 2.064. 71, -I-4 (~) -i-n 2
For timi s reason, al l four signseis sure’ I)ne’suiiiie’d to arise’ fnonmm th i— .s I l ;u cll m’ s - J . II . J r. ~ ( u i rmls - . II’. I 5(75 Pros’. Sail sit! .‘cs i  L ~.-t
su lfid e’ radicals alt h ou gh th u s struct u re cou ld be ve’rifie’d b ‘ ‘S 72, :31. 50 :3 . 15)0

— hvperfi ne’ struct u re univ fuin time ’ SI sig umal. (I t lzmehlcn , J II.. Jr (970) !Imull. trim. l ’lm y.c . Sos ’. 21, :3.52

I

\

“.—~~~~~~~‘‘.•‘ — .— 
. , 

- .‘

‘ i t  ~~~~~~~~~~~ - - = ~~~~~~

. - ‘
~~~~~

‘
~~~~~~~~~~~~± .. -~~~~~~



rP— 1— ’—— 
~~~~~~~~ 

‘

~

“ ‘ — .  .— .- -———

~

=.—— —,-—‘—“ — —— ,“- .‘ .— --— -.—. .—. .—‘ —— - —— ,‘- . . —‘- -— —.
‘ ‘•—T’,,’—’=. - 

~~~~~~ 

‘ —r -— ’ -— — ’ —.~— — r  ... = ‘,———-—-‘ ‘— — -‘--‘-—--—-. — —

Proc. Nail, Acad . S ci. (- ‘.5,1
I’uil. 77, Ne. 1 , pp 34:3— 34(j , Jaum di ury I 980
Biophysics

Electron spin resonance of 170-labe led protein—peroxide radicals:
Zein and edestin

(oxygenated free rad icals /electron sp in re’son ance speetra / i70 hyperuine structure)

LOUIS J . DIMMEY * AND WALTER Gol1D~’
Departmenr cut Physics, I3mike Unisu’ rsiis . E),ir huurn, Nssr ih ( sercul i iu,s .i77uJ6

) Contributed by Walter Gordy, October 22, 197.’)

ABSTRACT Hyperline structure due to 170 has been mea- C,, II fragm ent in irradiated ~xulyglycine is formed (2). which
sure d in irradiated zein and edestin after exposure to gaseous indicates that R H and that the radical is formed in the ghy-
oxygen wit h 170 concentrated to 24% ~ The observations prove c~n~ un it. A similar doublet is eubserved for evacuated zein, but
t hat the free radicals produced by ion izing irradiation under 

~ j th a sump er innp ()sed qtm arte t hike that for polyahanine (2). Thisvacuum at 300 K are converted by the oxygen to protein—per-
oxide free radicals ~~~~~~~~~~ w ith the unpaired electron indicates formation of rad ical s ites iii both glycine and ahanine
density in a un-type orbital predominantl y on t he peroxide group , (K CH:3) un its of zein. Relative intensities of the superimpos ed
From the obser v ed coup lings , t he 2p,~ sp in densities on zein — patterns indicate that formatio n iii the ahanine unit is somewhat
perox ide are found to be 0,29 and 0,45 for Ø~m( and O~ respec - less than that in the glyc ine uinit. h3oth patterns are converted
tiveh y; t hose on edes lin-peroxide are 0,26 and 0,48 for O(

~ and 
~ sing lets when n(mrnma l oxyge n ( 1602) is admitted to the irra-

~j (2)
, respective ly, 

d iated samp le.
; In the first observationms of electron spin resonance (ESR) signals Upon exposure of the irradiated samples to oxygen, peroxide

in irradiated proteins (1), a proton hyperfine deiublet produmced radical II is evidently formed. When this occurs, as the present
from bone collagen was fo und to be converted to a si n glet when st ud y confirms , the sp in densit y o f  I is effectivel y transferred
the specimen irradiated in vacuu m was exposed to dixvgen. It to the captured 02, where its iumteraction w ith the protons of the
svas postulated that that 02 combined with the free radicals in R group is itisufficient to produce’ a resolvable proton splitting.
the irradiated sample to pnodtmce a protein— peroxide free rad’ Although It i~~ has no iiype’rfinie structure , t he substituted ~~
ical. Since this initial finding, man s’ examp ies of t his oxygen has nuchean spin I 5/2 , ss-lu ich gives rise to a sextet ESR
effect have been observed for other proteins (2) as svehl as for sphittinmg by each of the inequmi~aienmt oxygens in peroxide radical
biochemicais of other types (3). m m  certain proteins suicim as zein II.
and edest in , chose n for th e present 0 stumd y . the conversion Previouts iy, i70 hvperfinme structure has been observed for
of t he protein multi plet to the oxygen singlet is rapid. ss it h nandomiv oriented peroxide radicals of irradiated polytetra-
complete conversion to the singlet occurring ss- ithin tiiinitmtes fltmoroet iuylenie (4) arid for onienited peroxide radicals C~1~Hm mOO
after exposure of the sample to atmospheric oxygen. In others , 

~ sinmg le ~rystals (5). Also, he’ isotrop ic component of t he i70
most notably silk , the oxygen e’ffect is shosv , requiring (lays of hvperfine structure has been observed for some simpler per-
ex posure for partial conversion. This slower c’onversionm is he- oxide free’ radicals in liqumid solutions (6. 7 ) . These earlier ob-
h ieved to resu lt from steric factors that Iminiclen on prevent the servat ions have been he’hpful to us in our analysis of the 170
molecumles of oxygen from reaching the free-radical c’e ’umters in hyperfine structure for t he protein —peroxide radicals.
f ibrous proteins such as silk. The oxygen effect is rmot observed
for sulfur-centered radicals pnodumced In irradiation of proteins.
probably because molecular oxygen does not ccimbine with the EXPERIMENTAL PROCEDURES
sum ifide free radicals. A balanced-bridge, X- hand ESR spectrometer operated at aThe earlier studies of the oxygen effect in irra(Iiated protein s frequency of 9000 MHz was umsed for these measurements.were made with ill0, which has rio hyperfine’ structu mre. Al- Evacumate d tumbes made of Spectrosil qumantz held the proteinthou gh there seems to be little docibt that the radicals formed powders, which were placed in a 60Co ‘y-rav source for irra-upon admission of oxygen are pereuxi(ie radicals , t he Presen t diation at 300 K. Doses were approximately 3 X 10~ rads (800study of t70,labeled radicals urniuiestionabi confirms this m grass) . .“cfterwar d, the tumbes were annealed in a gas/oxygenterpretation and, in ad(hition , provi(Ies new information aboumt flame’ to e’ liminate any free radicals formed in the quartz.t he’ electronic struct u re of the pnote’in—penoxi(le radicals. Exposu re of the irradiated samples to normal gaseous oxygenIn many irradiated proteins. inc’iuding e’destin and zeini. the 

uir to 170 concemitrated gas was accom plished in this way Thefree-radical site giving the ESR pattern in the absence of oxsgen tube svas c’esnm nected to a flask of the oxygen gas , the glasswareis believed to be the C5, — R groump i u m struictu ire I 
b,’tweetu them was e vacuated , and the I hask was immersed in
liqu id nitreigeum. Whieim the’ valve’ on the flask was opened, the

ii R ~ H R 
~ uusvge ’t u at its vapor preucsumrd’ at 77 K (about 130 torr) flowed into

I II I I U the’ sample’ tt m h’ s ’. .\fter t he’ samp le was discominiected from the
—N— (’,,—C— _N— (’_(’— flask, it ss as ready for observatioti in the spectrometer. Con-

versi dmn of (hu e’ radicais fiurme’d umniek’r s’acm iumm to peroxide’s re—
) — (  ) qum ired 2—4 hr. The eumriciieel oxygen gas conitumined 24%
ii atoms.

-‘c bbres-sat u n :  ESIl. dcci rs sl s 
~~~ 

ru’siiiiane’e.formed liv hoss of a II freunmm a c ’s mr b um nm cii time ’ pohype’p(ide’ cha in. Prm ’ s t’t u ( acidness: Ss’hcmo l mit Umugiuum’m’ring, Dum ke Li uiis’e~rsits- , Dumr ham,
For edestin umnde’r s-ac uim inn, a protc uuu (louliulc’t like that for the : 2770(5.
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