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Lifeume measurements have been pertormed for two vibrotational levels of the A OE states of the 13o'l'e-z molecule, ex-
cited by the 496.35 nm Ar *-laser line. Deactivation cross sections for Te, ~Te, collisions have been determined.

[n our previous paper [1] lifetime measurement
results have been reported for four vibrotational levels
in the B O, state of the 130Te, molecule, excited by
488.0 and 496.5 nm Ar*-laser lines, as well as of one
level in the A 0; state excited at 514.5 nm *. The
main result obtained was the fact that the lifetime
for the (u' =11,/ = 53) A O] state, equalling 670 ns,
exceeds by about an order ot magnitude those of
BO; levels withv' =0, 1, 3,lying berween 54 and 73
ns {levels were identified according to refs. [2,3]).

However, quite recently results have been pub-
lished [4] containing data on lifetime measurements
for four v’. /" levels of the A 0] state with v’ = 16 and
17, yielding = values between 62 and 71 ns, the levels
being non-perturbed. according to the authors of ref.
[4]. We consider it of interest, in this connection, to
report on additional v measurements tor 130Te2 in
A 0: state. The assembly employed was that used for
measuring kinetics of laser-induced fluorescence
(LIF), described in ref. {1].

The LIF spectrum ot 13O'['el excited by the 496.5
am line showed that at TEM,), operation and at a
current ot =25 A through the laser tube (amplifica-
uon contour =10 GHz) in addition to the progression
from (0. 107) B 0. mentoned in ref. [2], other
doublet peogressions could be observed. s shown in

* There has heen a tlaw in the settiing of table 1 in our previ-
dus paper i L], As clearly follows from the textof that .-
ticle, thew =0,/ = 107 levelexcited by X = 496 .5 nm
aaveienath has been artribated by us to the 8 I)L: state. and
a0t (o the |)I state, py Tiehi have Becn 2rroneousty @
ferred trom wete Lo ocetl (L
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Fig. 1. Partof the LIF pectrum of ‘*Te,, ex:ited by the
496.5 nm Ar -laser line,

fig. 1. Fur two of them lifetimies were re corded ex-
ceeding that of the {0, 107) B 0, level by-an ordet of
magnitude. Passing over to sirigle mode operation of
the laser made it possible, through frequency-tuning,
to excite these two progressi-ons only, the rest prac-
tically remaining suppressed . [t was inferred from

the number of anti-Stokes lines in LIF ,that we have
v =3 for both progressions. since intensity varied
smoothly up to the third anti-Stokes, then abruptly
falling to zero (sensitivity of registration permutted
identification of the signal 10% times weaker than the
last anti-Stokes line observed). Measurement of
doublet splitting. as dependent on v”, yielded an es-
timated value for J* equalling 133 = 2 for one transi-
don tPabsorption). and 139 £ 2 for the other one

(R absorpuion). It may be easily seen that the photon
2nergy ot the iuser beam 5 insurficient tor excitation

“h
~1
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Fig. 2. Dependence of the decay rate T on concentration

NTe,, with temperature change from 7'=To = 650K to T =
700 X; + for (12,133), o for (12,139) A 0.

of BO; from the (v" = 3) X 0; state. The term struc-
ture and the spectroscopic constants given in réfs.
[2,3,5] show that the A Q7 term can be excited, and
“in this case v’ = 12. The obtained v’,J values do not
contradict coincidence calculations of energy differ-
ences between the combining states and the laser
frequency. The same considerations exclude X 1,—
A 1, excitation.

Fig. 2 shows decay rates of the levels under con-
sideration, as dependent on Te, concentration. Extra-
polation to zero concentration permitted determina-
tion of the spontaneous lifetimes presented in table 1.
These values are in good agreement with the 7 value
for (11, 53) A 0}, as reported previously in ref. [1].

Table 1
Lifetimes and effective cross sections for the A 0:1 state of
130Te

2

CHEMICAL PHYSICS LETTERS

v J T (ns) a(Tei—Teg) Ref,
(107** em?)

12 133 +2 670 40 1.6 +0.4 this work

12 139 +2 620 = 50 1.6 = 0.5 this work

11 53 670 + 30 1.6 = 0.3 [11
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The slope of the straight lines in fig. 2 yields equal
values for effective cross sections of level deactivation
also presented in table 1. The error corresponding
to two standard deviations is given in each case.

We consider that the lifetime values contained in
table 1 are characteristic for the A 0; state.

It is difficult to give a convincing explanation of
the discrepancy between this conclusion and results of
measurements [4]. The following suggestions might
be proposed. The authors of ref. [4] measured 7 value:
for different (v', J') levels — thus, they had v’ = 16, 17
whereas we had v’ = 11 and 12. Further, it may be
pointed out that the Stem—Volmer plots in ref, {4]
start at Te, concentrations exceeding the last point
in our Stern—Volmer plots. This may lead to extra-
polation errors towards Jower 7 values, owing to pos-
sible bending of the curves at high concentrations.
Finally, one must not exclude the possibility of the
levels studied in ref. [4] belonging to the B-state,
which is not impossible from energy considerations.

1t is worth noting that 7 measurements for the
adjoining group VI A molecule 80Se, yielded a value
of 780 ns for the A O, state, and 85 * 10 ns for the
B 0, state [6].
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OIIPENEJIEHHE 3HAKA ®AKTOPA JIAHJE JBYXATOMHBIX MOJIEKYJI
B OCHOBHOM H BO3BYKIEHHOM COCTOAHHAX IO 3OPOEKTY XAHJE

Aysunvw M. I., Tamanuc M. A., ®epbep P. C.

_ IlpmEBopATCA ¥ aHANMBAHPYIOTCA aHANBTHIECKAE® BHPAKOBEA, OMACHBANIIEe B ANNapaTe DOMA-
PE3aNACHEHX MOMOHTOB CHTHAJH NepeceJeHAs MATrHATHHX NOORYPOBHeA B HYINeBOM MaIHHET-
HoM Tofe (agppext Xamme) nacnepcEOHEOM POPMH Ipw NHHeHHO NOAAPHIOBAHHOM BO36YIRIeHBH
AAA chaydafd OpefellbHO CiaGod HaKaYKE (¢JHHeHHHH» OTKIAK CHCTeMH) UPH mepexofax Q- H
P, R-rnma B OBYXaTOMHKWX MoOJeKyJdax ¢ GOJbIIAMH 3HAYGHEAMH YTAOBOTO MOMeRTa J >> 1.
Paccmorpen cinysait 3¢eKTEBHOR OUTHYeCKOM HAKAYKA ¢ONYCTOIIOHHEGM?, IPH KOTOPOH TPOSBAA-
eTcA CYNePHO3MIBOHHEE CHTHAJX XaHIe ¢THCOePCHOHMOH» GOpME OCHOBHOXO B BO30YRIeHHOTO
COCTOAHMH, CBA3aHHNX OUTHIECKHM IepPeXoNoM. IIpeficTaBiaeH: pesyAbTATH BKCHEPEMEHTOR, PO~
BelCHEHX Ha MoNexynaax YK, mpm X! £} — B, BoaGy:xpenum ammuek 632.8 BM He— Ne-nasepa

r 1%0Te, npa X0} —AO} posGysxpenn nmaaaumA 488.0 m 514.5 B Art-masepa. Hs nomyvemamx
CHTHAJNOB FACHEPCHOHHOE GopME ompefedeHH smake faxropos JaEje KOMGEHEPYIMIAX COCTOS-
BER

MarsaTHLe MOMEHTH JBYXaTOMHHX MONeKYX O6yClOBIeHH He TONbKO OpOH-
TAJbHHMHE A COOCTBOHHWMHA MOMEHTAME JJEKTPOHOB M siiep, HO M BDPAI@HHEM MO-
JeKynax (cM., Bampmmep, [+ 2]). Crpormii pacuer MATHATHOFO MOMEHTa [JIA KOH-
KPETHOr0 3JIEeKTPOHHO-KoJebaTensHo-BpamaTensaoro (JKB) yposRa Mmomer GuTh
OpPOH3BEJeH JHImb B Clydae gEcToro Tama ceasm mo Iympy [V 3]. Tax, ana cesasm
@-THOA BeOWYHHA p, NPOEKOHM MATHHTHOTO MOMEHTA Ha HANPSBJICHH® BHEMIHEr0
margaTHOrO moxA B pasma ['] :

A 'lzz A Z) M’ . :

rre A, I — mpoexnam OpGHTAJBHOr0 M COHHOBOTO MOMEHTOB 3JIEKTPOEOB Ha MO-
NeKyAAPEYIO 0Ch, M’ — MarHETHOE KBAHTOBOE YHCAO JTIOBOro Momenrta J', g, —
$axrop Jlamne, po — Marmeror Bopa; npe aT0M H3MeHeHWe SHOPrHH B Houe B ecTh
AWjz=—p B. Cnenys (1), aropama [¢] paccumrmpanca ¢akrop Jlamne pan IKB
yposrs Na, (B, v’ =10, J'=12) ¢ A=1, E=0, 9ro npmBonaT K g»=—1/J"(J" 1)
Ha atoM cocrosmmm B [¢] peammaoraH mepBHi 3KcHepEMEHT 10 addexry
Xanmne Aas ABYXATOMHWX MOJNEKylI ¢ IPHMEHEHHeM Ja3ePHO-HEyIAPOBAHHON
duryopecneRmun, H3 KOTOPOro OMpeeleHO BPeMA RM3EW. BHpaykeHHA s THIOB
cBasy b a ¢ mo T'yrny npwsenern B [*]. OmEako Raa cocToABEHE, B KoTOPHX A=
= £=0 ma6o npoexknua moaHOro momenra =0, Bupamenna Taua (1) AawoT HOJB,
B MArHATHWH MOMEHT ONpeleNfercd BPAIMATENHHNM JBIKeHEeM Molexynn [¢].
IIpm 3ToM B GONbLOIHECTBE CIYyJaeB CJIOKHO 3apaHee HPEJCKasaTh He TONBKO BeJH-
@HY, BO B 3HaK ¢aktopa Jlamne, moaToMy OCHOBHKM HCTOYHHKOM HHGQODMaHH
3[ech CIYKAT IKCIEPHMEHTH, YHCJO KoTopmx Hevexmko. B [7+ ®] mccaenosanmchs
BO?}-cocroarma #Se, ¢ Q=0. B [*] MeTonoM pagmOYacTOTHOrO pe3OEaHCA B MOTE-
KYJTADPHHX ITyYKax ONpegeseHsl MArAATENE MOMEHTH X' L7-COCTOAHEE ANA mexod-
Hux fmMepoB Li,, Na,, K,, Rb,, Cs, 6es cenexnqrmm mo KB yposrsu v, J°. [Ipm
arom maa Li, (X' I]) ompeneneHo Taxyke, 9T0 HAOPABICHHE MArHATHOIO MOMEHTA
coBmajaer ¢ yrioBeM MomerToM J (B aToM ciyvae Gynem cumrarh paxtop Jlampme
noxoKETeNbENM). ABTopH [°] clenanu BuBOX 06 ompenenAIOmeM BKJIale BPAMEHAN
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anep. Henasuo wamm [*!'] nna ompenesesnsA BenmYMHB MArBEUTHOIO MOMEHTA O1
peasaoro IKB ypoeEa (27, v, J’) OCHOBHOTO BIEKTPOHHOrO COCTOAHUA a” Onla
MCIONb30BaHbl HETMHEHHKE BapHAaHTbI METONOB HMHTepdepeBHiil MArHUTHHX 101
ypoBHER Ipu Ja3epHOH ONTHYeCKO# Hakadke: pesomanc Omemnmit maa 13Te, (XO)

Z
// Id
Z
I’> <J paL B 2
4 [
7 -a
P
IL B /7 \\
021+ [/
/
/ %
/0 Y I/ S
I3 01—/ 3 ==
X
pl ] ! ] ! | " I
-1.0  -05 05 10 Q/r
\\ /
y/
/ -
N /,
\.//
-0.3}

Puc. |. Pacterane caraann Xasne facmepcroHHOHE GOpPMW B ABYXATOMHHX MOLeKyJIaXx Aad
JIAHENHOI'0 OTIKIHKA.

6,53) [°], apppexr Xanne [1°] m xBaBTOBHe OHenms B mepexogmoM Mponecce [}
ma PK, (X* X7, 1, 73). Onmako 3gak daxtopa Jlamme B ITHX IKCHEPAMEHTAX He
onpelesIAcA.

018y H3 BO3MOKHOCTell ompeleneHEHa 3gaxka g qaer adpdert Xanre, 3aKI09A10-
igaiicA B fenogspusanmy QJayopecHeHnnyr BHemHIM marBEMTEHM Dogexm [12]. Ho
B TpalllQWoBHOH reoMeTpHM 3KcOepmMesrTa (pHc. 1), Korxa mamepsaercAa CTEOeHb
apuefiEoil moaspmsawun P =(/,—/)/(I,+I,), rae I, -- METeHCABHOCTH QIYyO-
pecueRAl, MOJAPA3IOBAHHON NAPALNEILHEO A0 OepuneHIMKyagpHO Bexrtopy E
B030y/KIAWU[Er0 CBETA, 3ABACHMOCTb OT MATHHTHOIO mOJA B uMeeT JPeHTIOBCKHM
BH]I

990



P, (0)T3
PrBY=T7F 4g*BRf/h? @
H I03TOMY HHEQOPMAIAA O 3HAKE MATHATHOIO MOMEHTa TepsercA. 3gech I'y — cko-
pocTs penaxcanud Beicrpamsarma [*°]. Kak xopomo ussectmo [®], 3Hak ¢axropa
Jlasne nprRATO M3MepsATh B cATHANE XaHNe MTHCOEPCHOEHOH GOPMHW, PErmcTpHpys
HHTEHCHBHOCTH, NOJADH30BaHEHE OON yraoM +45° k Bexktopy E (T. e. a= +45°
Ha cxeme puc. 1). Torma
1,—1 2ugBP; (0)/A
By = te— I &8P, (0)/

Pio B) =7 T, = T3+ auie? B (3)

45° (

Carmansl Takod QOPME perucTpEpoBaauch, HanpaMep, B [7] mas moxocw %%Se,

B—X.

" B mactoame# pafore ¢ HCmONBb30BaHMEM aNNapaTa NOMAPH3ANHEOHHHX MOMEH-
TOB aHAJIM3HDPYETCA BHX CHIHAJOB NHCOEPCHOHHOA $opMu P, (B) RadA Ipom3BOJIb-
HOTO yTia o ¥ nepexopnoB J-m P, R-THna B AByXAaTOMHHX MOJEKYAaX ¢ 6oabmaMa
yriaosumu MomeETamMu J 3> 1. C pennio onpenenenma 3Haka ¢gaxropa Jlagne ocHOB-
HOTO COCTOSAHHA AHAJHM3APYeTCA NHCOepCcHoHHAA $opMa HeaMHEHHOTO CULHAJA
Xanne B caydae, KOTAa CAFHAJ OT OCHOBHOILO COCTOAHHA HAaKJIaXHBAETCH HA KOHTYP
Xanne B0o30y:kNeHHOro ypOBAA (BIepBHE TakoX aPdexTt sapermcTpEpeBaH B [14]
IUIA CHIHAJOB JOPeHTUOBCKOE ¢opmu). [IpmBomsATcs pe3ynpTaTH IKCOepHMedTa
IO ONpefejeHMmI0 3HaKa (axTopa Jlamge OCHOBHOrO 3NEKTPOHHOIO COCTOAHHSA M-
mepos xamna K, (X! I7) m rennypa *°Te, (XO;).

dacoepcrmounan popmMa cCATrHaAXA
XaHEnae IBYXAaTOMHHNX MONeKya npu caabom
’ Bo30yxxeaan

IIycts Bo3Gy;kmaromee omTmueckmii mepexon (o, v, J7) —(a’, v}, J}) (mnm
COKpameHHo a — b) manydenme HampaBiaeHo BRoas OX (peuc. 1) m nHEHe#AHO MONsA-
pazosano BRoab OY. Bynem ciaenmTh 3a AHTEHCHBHOCThbES Quyopecnenmamnm I, Ha
nepexone (a’, v, J,) — (a”, v;, J, ), mnm b — ¢, TAHEAHO DOJAPAESOBABRHOH IIOX
yraoM a k sektopy E || OY. Paccmorpenre GyneMm mpOBOAMTEL B aOmIApaTe NOIAPH-
3anuoRALRXx MoMeHToB (IIM) '3 15] ¢ mCmONR30BAHHMEM ACIIMIOTOTHIECKHX BHpasKe-
BARE masa caysaa J — oo [®]. Bupaskemme HiuA HHTeHCEBHOCTH

I,= (‘-1)&; V2K -1 ClK—oAIA Zo:(—i)o,g(_pfo (@), : “)

rpe ®F (a) — GyBKUMA, EBe/leHHAA B [8]; fg — TIM go36y:xaewnoOro cocroAunn paara K
A npoexnuu (Q; C‘;gq—}coadxbuuaemm Knebma —I'opros:; A:’]G——J:._H HaleM
cnysae X =0 u 2, a oramusme or mnyia Pi= —1 V3, 02=—1y30, z,=
= (1/2y5)exi . ; '
Q-mepexopn (J,=J;,). 3avenns f; ompeeasmTICH ¢yarmmed. [{paxo-
HOBa IPH OOTJIOMEHAR B XA CIydasd, KOTJa CBETOBOE IM0JIe He MEeHAET 3ace:IeHHOCTH
ocrosroro KB yposma (a”, U], J7 ), ¢ KOTOpPOro HAeT NOTJIOMEHHE, MIyT OHTDH

1 Pﬁ i P P 1 .P’ o
sammcams kek f=5 190 f=—p 1, % =" 5 T, Tae »

DT BHpakeHAA OpaMo caenylor B3 gopmynu (2) (). 3pecs ¢ — [IM ocrOB-
HOTO COCTOAHRAA HYJEBOr0 paHra, COOTBETCTBYIOMMAE KOHOEHTPANHA 4YacTHI HA

yposre a, ' — cKopocTe mormomeras, [y -—— CKOPOCTH peak:amad 33 ceNeHHOCTH.
ITogcraroBKA fg B (4) OPHBOAHT K
Cpp8 [ 1 1 1 /Ts cos a + 29 sin 2a)
oy ___rrof 1 Ll s }
L' =—3 [31‘0 + 15T, +3 \ T2 442 ) ’
PO 0.49 sm1 2a

1 .
(T3 4+ 4Q2) (3_[‘0 + T[‘z) -+ 0.2I'5 cos 2a
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3necr gacrora Q=g,Buy/h. Jlaa aByxaToMEHX ModeKysa ¢ J S 1, no-sammmoMmy,
pomyctamo npubiamxenae Iy=I,=I; pnia Te, (A0!) aro noxasamo B {*7]. Torma
(5) ympomaerca

Q
ZT sin 2a

P{®) — . (6)

2.(1 +4%:)+cos 2a

Bunmo, aro 3aBmcuMocTh cTemeHm monaspmaammm oT Q/I' mMeer mECHEPCAOHHEYIO
¢opmy. Hna obwamo BmuGupaemoro yraa a=45° momywaem

Q/r
Pi§3=T4lga,ﬁ (7)

3apacamocth (7) mpusegena Ha puc. 1, KpEBadg I; IKCTPEMYMB PAcCIOOKEHE
Ba Q/I'=+0.5, cooTBeTcTBYIOMUE 3HAYGHHA CTENeHH NOJApPH3anuMA paBHH +0.25.
Onpaxo 3TH 3HaYeHHA CTeNeHH HE ABIATCA Hambompmuami. Onpenenemme abco-
MIOTHHX 3KCTpeMyMos P9 mo gy mepememmnM a #H Q/I' a3 (6) maer 3Hagemme
yraa o, = (1/2)arccos [—1/(2 +3)]~52.8° 1 I = +y/12/4~ +0.465, nps
aTom me ~ +0.2588. Hrak, ¢ Touxwm 3peHAsA HONYYeHHA HaHOGOJBIIHX BHATEHHIN
CTeHeHH HOJAPH3ANAH NJIA NEpexomoB (J-TAOA ONTHMANLHHM SBIACTCHA HE YTroJ
a=45°, a yroa a_ = +52.77°, [Ipasga, BHMrpHm B AMIUTATYAe CHrHaJA HOXYdIa-
erca HeGonpmmoit — mopanka 3.5 % or MaxkcmMyma; BN KOBTypa XaHie HpHBegeH
Ha pmEc. 1, Kpasag 2. , ‘

P, R-nepexonu (J;=177 + 1). Paccmorpas ¢uyopecneHnni0 OPA IEPOXOHAX
P, R-tana B muxne J,—>J,—>J7. B aroM cayuae B Bumpam:EuE (4) A=41.
Cea3p oraauawx ot myna [IM Bepxmero cocrogaas f5 m EEKHErO ¢} BHpaRaeTCA [*] xax

18=(T,/3T,) 93, f2=(T,/30T,)¢} = f3,=T,98/(T; F 2i2)10y8. Hurescmemocrs
165 B = (1313) + (3/6) — (11V8) Ro (110~ (22%) = |
= (T 9813} [1/3Cs + 1/60Fz -} (T'z cos 2z 1 2Q sin 2a) /20 (T'} - 4Q%)]. - ®
Bupaxenue qnsa crenenm nmmedwol nonapmsanum P(F.2) p cnysae I', =I\y=T
HMEeT BAN o ’ .
Q
2 T sin 2z C :
PR o .. S 9)
7 (i +45 )+ cos2a ‘

OnTAMajIbHAA BeJHYAHA yria o MOKeT OWTh HaifeHa aHSIOrHIHO Caydam Q-
nepexonos kax a, = (1/2)arccos [—4/(7 4 4y3)] ~ 47.1°, emy coorsercrByer
QT = + y/147[7T~0.497. Orciopa aas mepexoga P, R-tanz xomryp Xaune npa
ODTAMAIBHOM yTJe a, NPAKTHIECKH HEeOTIHYAM OT KOHTypa mpm a=45° (pmec. 1,
KpuBas J). ' '

Ona J > 1 ¢ moMOompio KIACCHYECKOro MpEeNCTa BJIeEHA MGKHO HOCTPOHTh Kap-
THHY OPOCTPAHCTBEHHOIO PAaCHPEEIeHHS MOMEHTOB J; B036yKIEHBOro COCTOAHES
(mompo6Hee cM. Hasee), HATAANHO HANNCTPAPYOIYEs CYTh adéerta Xarne. Maobpa-
eEAA s P, R-mepexofos BpHBeeHH HA pHC. il (BHE3Y cIpaBa); OHE COOTBeT-
crsyior 3aadeHHaM Q/I'=0 m 1/3. Taxo# BER HPOCTPABCTBEHHOTO P ACHPENSNEHEA
YTI0BHX MOMEHTOB 00yCIOBIIEH TeM, 910 JJA nepexofos P, A-THOA B KIACCHIECKOH
MOIEJ OCHEJIJIADPYIOMEA JANOIDb KECTKO CBASAH ¢ MEXBLA[EPHOH OCHI0 MOJNOKYIH
B Bpamaetca BMecTe ¢ Heil Bokpyr J [!°]. Bmmmo, aro pacmpenenenyie MoMeRToB J,
noBopaguBaercA Bokpyr B B mampaBieHnd, 3aBACANIEM OT 3HAKA daxropa Jlamme.

MposBienane nacnepcaoBHEOro carnana XaHnae
OCHOBHOIroO COCTOAHHKA

[Tepeiimes k cnyvajo, Korga Hemsas INpeHe6peds KOTE€PEHTEOCTHI OCHOBHOIO
COCTOSHAA, BO3HAKAIOUER OpPA €ro ONyCTOMEHAA B Opomecce LOrIomenAa ¢ —> b,
€CJId CKOPOCTH OOrJOMmMEeHRusa FF CpaBHEMA 7O CKOPOCThYO 3aceneand 68351311“&'1'0115—
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HuMEA mpomeccaMm Y. dPPEKT focTEraeTcA HpH Ja3epHOH onTmueckoil Hakauxe [*?]
A [aeT BO3MOKHOCTH Habmiofate agdext Xamae ocHoBHOro coctoamma [] mua
Q-mepexonoe B Na, (X'Z)), K, (X*L} ) m [*] mna P, R-nepexonos Te, (X0,).
B atax pa6orax permcTpEpoBanmch cHrHAJAN Xanje JopedTnoBckod dopmul. [Tpo-
CleXAM, KAK IMPOABAAETCH CYNEPHO3MOUOHHNE CHrHad XaHne AHCIEPCHOHHOM
$opMEL OT OCHOBHOFO B BO36Y)KIEHHOr0 COCTOAHWA (AHANH3 CHTYARHWHA AJIA NUDPKY-
AAPHO NOJAPU30BAHHOr0 BO30yskmennsa cofepkdtca B [*']). Temepr B ocHOBHOM
COCTOAHEE ¥MMeTcsl He Toabko IIM ¢) (3acenemmocTs), HO B MOMEHTH @) Goiee

BEICOKHX DAaHIOB x (x — YeTHOE YACJIO AJA cXeMul Bo30yxnenng Ha puc. 1). las na-
xoxaerns [IM Boaby:kmeHHOr0 cocToAHHA fg, ompefeIAIMAxX, cnenys (4), NATeH-

CABHOCTb ¢UIyopecHeHOHH, HEOOXOJAMO pemaTh CHCTeMY ypaBHEHHH IBH:KeHHA
7 | '

Pmc. 2. CynmepmoaunmonAne CBrEann XaHEme FEcOepcHOHEOH ¢opMm (a=45°), paccumTauHHe
oo (9), (10). "y
KpEBHS I B 2 — 1A ¢-Depexofa UPH Da8AAMX ¥ ONMNAKOBHX SHAKaX ga M gp; Ty =3 « 10 c~', Pp=3 .10 ct,
Tg=86.2-.100 ¢c™'. KpEBR® 3 W 4 —nA P, R-nepexcioB OPH DaBHMX ¥ ONNHAKOBMXI SHAKAX gg B g3; Tx =
=2-10°c™, Pg==15.4 - 10° ¢™', Tp=3 - 10* ¢™". KpEBaA 5 c00BBTCTRBYOT rpadEKy / Fa PHC. 1.

nas f§ m @7 Bo Mmormx caytasx mns mesaMxryToro (mo ['°]) mmkas omrmyeckol

HAKA9KH [BYXATOMHBIX MOJIEKY.l MOKHO IO0Jb30BAThCH MOARABI0 TAK HA3HBAEMOH
HOJHOCTbI) OTKDHTOH CHCTEMH, KOTfa B pe3yabnTare 0e3nsIydaTeNbHod pelakca-
OHE COCTOAHHA, COCEJHHE C HCXOQHKM ypoBHeM (a”, U, , J,), IOCTaBJISIOT TOXBKO
3aCeNeHHOCTh, 4 OOpAaTHHIMH CHOOHTAHBHMH NepexofaMn b — a npereGperarort.
Ypasaenus B Takod dopme mpasemeHH 3 [°]; 3nech OHE 3aNMCAHH B ACHMOTOTH-
qeckoM npegene J — oo, caenya ['¥], rage Tak:ke aHAJIWM3KPYIOTCH HX CTPVKTYpA
U aJropuMT™M YHCJAeHHOro pemeHmsa. JlJA cTagnosapHRX ycJO0BHMH BO30Yy:kieHHSA
aMeeM '
(S50 3, 505 ) - € =09y =o.
xq Ko’
r, (2 iDgfg — > ;Dsiﬁi) — (1x — 1qug) 33 + 2330 =0,
50 o (10)

I N ,
% pya’ A v X0 x x X
'I[)q, = (_1) V 2x + i 2 \/ZX + L CIA 1 —ACX;xDCqu—q’x'q'(bq-q’ (0)-
X

B ypasmemuax (10) ydtemH BhIHYKOeHHBe mepexolnl, a A=J,—J, . fAcHo,
9TO 3ajada ompeldelleHuA 3aBlcAMOcTn Habamjaemux Beaname [ n P, ot moasa B
cojepskiT Goaboe dic10 mapaMeTpoB. Mni coganm nenecooGpa3EnM OPHBECTH
Ha pHC. 2 Pe3y.ibTaTsl PACUeTOB I HAPAMETPOB, AMEBIUNX MECTO B 9KCIEPHMERTAX
nopit Q-nepexozax Ha I\, ['% M| w P, R-nepexonax sa Te, [* 2°], n onrcamne axc-
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nepnveATa HacToAmeld paboTel. B obBonx cayuasx mmpmma koHTypa Xanne Bos-
Oymaeraoro cocToAHMA Goabmre, 9eM OCHOBHOro, T. e. g,/7 < g,/T. Ilpm pacwerax
yaareBanuch HM ¢ « <10, K < 2.

s puc. 2 BagBo, uTo $opMa CyHepUOSHOAOHEOrO CATHAJNA XAH/Ie CYIECTBEHRO
3aBUCHT OT.TOrO, HMEIT AE (aKTOpPel J[aHNe KOMOMEHPYIOIMHEX COCTOABHE g, B g,
ONMHAKROBLIE H/IM Pa3Ane 3HaKkdA (uX Beamauaa 1-107° [°] m 1.9.10* coorBercTBO-

Ppc. 3. I'padpmdeckme m3ob6pasxeHHs NIpOCTPAHC TBEHHOIO piacHpeeleHrid YTAOBHI MOMEHTOB
OCHOBHOrQ (BHEBY) M BO3GYKIEHHOrO (BBepXy) COCTOAHHMA B IIPECYTCTBOP! BHEMEBErc: MATHATHOIO
noasa B | OZ.

OTROWEENA w(y, M 2/Tg COOTBOTCTBeHHO DaBHH: I--dymo, 2~—14 u 0.05, 3--26 n 0.1, 4— 10 & 0.48,
5 — GeCKOHEOqHOCTH. [IN0THOCTD BOPOA TROCTH BBEPXY COBEDHHT MHOWKHATENb [fyy.

saaa (X' I, 1,73) m (B, 8, 73) naa K,). B cayuae pasmrix 3EaKos Cynepoosm-
OHEOHHHI CHIHAT 110 GOpME HE CAAMIKOM OT.IHTIAeT<A OT JHHRHHOrO curHajda XaHme
BO30Y/KAEHHOro cocTognnA (puc. 2, kpisoe I o 5). Ecam 3paky g, 0 g, ONMHAKOBH,
TO DKCTPEMYMEl B THCOEPCIOHHON CTPYKTYpPe OT OCHOBHOLS N BO3DYiKIEHHOTO CO-
CTOAHMII HMMEIOT MPOTHBONO.I0;KHbIE 3gHaKM (pmc. 2, wpnsas 2). 14 mepexodos
P, R-tnma HadaqiolaeTca HoXorKas cutyaund. Membwmmas oTHOCHTenbHASA aMOdm-
TyfAa JOMOTHATEIBLHOH CTPYKTYPbI, BO3HIIKAOMENl 0T OCROBHOTO CocTOARNA (pHC. 2,
Kpunsas 4) CBA3aHA B OCHOBHOM ¢ MEHbUINM 3HadeHUeM [apauerpa OOTHYECKOH
HAKAIKIL F,,/Tv OpHEATHM npu pacterax. HeGolbmoe HapyuieEne MOHOTOHHOCTH
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BO3PACTAHHA CHrHAJa IOPH pPa3HuIX 3HaKax g, M g, (ax Beamumua 1.68-10~* [?]
7 0.54-107% [17]) Ha KpuBoit 3 0fBLACHAETCA TeM, 9TO OTHOmMERHE g,/7 K g,/ mmeer
60abmyro BenmauEy, 4eM HaA kpuso# 7. [loEaATEO, 910 ecam BemmunHa g,/I' Dpe-
HeOpeuMO Maja IO CPABHEHUK ¢ £/, TO CTPYKTYpa, CBA3RHHAA ¢ OCHOBHEHM CO-
crosiHHeM, GyneT BRIIEJATHCA TAKI/KE H DM Pa3HHX 3HAKAX g, A g,.

Tak xax pemenune (10) mocraTroumo ciaoxkHO, 3/eCh HpeiCcTaBIAAeT HHTEpeC Tpa-
dugeckoe wu300paKeHHe NPOCTPAHCTBEHHOrO pACHOpENeNeHHs YIJOBHX MOMEHTOB
aHCaMOJs B IPHCYTCTBHA BHEMHEr0 MAarHMTHEOro moxs (pac. 3). Pacmpenenernne
nosnygeso npu nomomu IBM ¢ mcmonszosaEmeM rpadomocTpOHTENA DO METONHKE,
onucapHoil B [*]. IIpm aroM oCymiecTisercs mepexoN OT NPENCTABIEHHAA pacHpe-
lejleHHA YrioBeix MoMeHToB Hpm nomomu I[IM K mpencraBiaeHmIo kiaccauecKoi
maoTHOCTH BepoaTHOocTA [¥~2%]. Ha puc. 3 npaBenes ciydait nepexonos P, R-tuna,
KOTOpHIl OBLT peanM3oBaH B 3KCOEDEMEHTe B HACTOsied pafore: 3HAKE g, H g,
COCTOAEMH OfHHAKOBEL. BHIHO, 9TO yriioBee MOMEHTH HM}KHErO COCTOSHHS ONTH-
H9eCKHA BHICTPOGHH LPEAMYINECTBEHHC BOOAbL BekTopa E B030Oy:kmammero csera.
C manoxkernem monda B Broas OZ pacupenenenne mOBOpaYdBAaeTCA M yMEHbIIAETCA
aau3orponus B miaockocte XOY. Tlpu aToM anu30Tponas B BO3GY:KIEHHOM COCTOA-
HHH YBEJIAYHBAeTCA («BRITATHBaHME» Topouna BRoab OX), 4T0 COOTBETCTBYET LPO-
ABJCHHIO CUrEaJ1a XamiIe OCHOBHOILO COCTOAHHEA. JTO CBA3aHO ¢ Tem [0 5], uro
Korfa agdext Xanne oT OCHOBHOIO COCTOAHHASA yrKe HPOABHICSH, & 0T Bo30y:KAeHHOro
eme He 3aMeTeH (pdc. 3, moxokenue J), DONAPH3ANMA P; NPEBHINAET HOCTHMAMYIO
B mpefene ciadoro Bo3byxaernsa sBeamamny P=1/7, 1. e. aEM3OTpOnHA pacOpene-
neans G6onpme, deM Ha puc. 2 gna B=0. [Ipr eme Gonbmux mossx passopavmsa-
eTca pacopenejesne Bo30y:KNeHEOro cocTogHAA (puc, 3, monos;kenme 4) BILIOTH HO
noHOHE n3orponau B miyockoctn XOY BHM3Yy m HaBepxy (puc. 3, moioskeHme J).

JKCOEpPpUMEHT

IIpmBemennoe paccMOTpeHHe XOKa3HpBaeT, 4TO CYHEPOO3HIHAOEHHN CHCHAJ
Xanne ocHOBHOro ® BO30YKIEHHOIO COCTOAHMM NHCIEPCHOHHEOH (PODMH MO3BOIAET
ODpeleNnTh 3HAKM MArEHTHHX MOMEHTOB KOMOHHHDYIOIMEX cOCTOAHHHE. B akcme-
PHMEHTE CTaBHJIACh 3aJada HOJYIWTh TaKde CArHAAKW AuA mMoxekyn 9K, m 13°Te,.

JKCOepAMEHTANLHAA YCTAHOBKA NOX00HA WCIOONL3OBAHHOM pamee B [ 10 20,
Jlya apromosoro (rmma JITH-402) nuGo renmit-aeonosoro (tmma JII-38) nasepa
HAOpaBifAeTcA B AYEHAKY ¢ HACHUICHHKRMHEA OapaM¥ Tennypa ambo xaama. fluedika
IOMEIMAeTCA MEXIY HOJOCAMH 3JIEKTPOMATHATA H COEJHHACTCA C BAKyyMEBLIM LO-
crom. Qayopecneanas HaGNIOAAETCA BEOJH MACHATHOrO HONA MO CXeMe, IPABENeH-
Hoft Ha pHc. 1, 49To obecmeumBaercs YCTAHOBJEHHEM MEXKIY INOJIOCAMH® MATHHATA
HOBODOTHBIM 3€DPKaJIOM. YO00Has RIA pErHCTpPANMU JIMHAA PE30HAHCHOH CepaH
Bupgenserca moaoxpoMaropom HAMC-12 (0.5 am/mm). Bxomaaa mens JPC-12 pas-
AesisieTcd DO BHCOTE HA [iBe JaCTH, HePel] KOTOPHMH YCTAHABIHBAWTCH HOJAPOBIK
nox yriaom 45° u —45° k E (pmc. 1). CoorsercTByromue y9acTKH BHXOHOH MR
¢ IOMONIbIO CBETOBOXOB CoeNUHAIOTCA ¢ AsyMa PIY-79, paboraromuMs B pexxmMe
caera ¢poroHoB. TakmM 06pasom, OMHOBPEMEHHO IO LBYM KAHATAM HAKIIITHBAIOTCH
OfHO3JEKTPOHAKE HMOyabcel ¢ MY, 9mcno KOTOpHX ONpeRsIsder UHETEeHCHBHOCTH
Iia.

B wmonekyne *°K, naseprasa nmams 632.8 M spdextEBMO Bo3byrsmaer IHB
mepexon Q-tama (X! E" 1, 73) - (BMl,, 8, 73); nnearadukaraa KB apcen no [*7].
Curraa Xanne IlECHepCHOHHOK bopmu Ha 1EEEA (), PE30OHAH CHOH CEPFM HPERCTAB-
neR Ha DAC. 4 InA ABYX caydae Haxauxw: crabok (I, < 1) & camvroi (I, 2> 7).
B mepBoM ciryuae faHHEKE 9KCHEPAMEHTA XOPOMO AMNPOKCAMEDPYIOTCH 3. 8BACAMOCTHIO
(7); CIUIOMAAS KPHBAs 1 COOTBETCTBYET <, ,=11.6 mc [*] = Benmamme gaxropa
Jlanne 1/J, (J, +1)=1.9-1075. :

Bo Bropom cnyuae otHOmerme I' /7 'yBesm4eHO 3a cu4eT NOBBRINEFIAS MONTEOCTH
nazepa n normxerdaa T ot 503 mo 453 K, 9to yMempmaer CKOPOCTh pelaKCamal
7 u3-3a coynapermii K, ¢ atomamn kanmmsa. U3 saBacmmocta 2 Ha prc. 4 XOpoOmo
BAOHO 00yca0BAEHHOE cynepno3nnued addexrta X aHie BepXHErO M BIKHETO COCTOA-
BH{ 3HAYATENbHOE CYKEeHMe CHTHAla, HO 0e3 HOMONHWTENBEOH CTpPYKTYpH (31ech
H Jajee UyHKTAPHBIE JHHMA JHAD COCNHHAIOT 3KCIEPAMEHTUIbHBE TOTKHA).
CpaBgeerne ¢ kpassiMA I ® 5 Ha pAC. 2 D03BOJIAET YTBED/KNATh, ¥T0 3HAaK¥W $aKToO-
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pos JlaEge g, ® g, ocHOBHOro m BO3GY)KIEHHOTO COCTOAHHEA NPOTHBOIOJOKEH.
A TaK Kak g, o0ycioBIeH opGETanbHHM MOMEHTOM 3JI@KTPOHA B TI-cocToammn
(cM. (1)), 1. e. oTpmmatenerm, To g, MOJO/KATENEH M OGYCIOBJIEH BpaIeHAEM ANEP.

ITOT BHIBON cOTiacyeTes ¢ pe3ynbTaToM HaMepeHmA smaka g, Aaa Li, (X' 3j) B[f],
cM. Takde |B).
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Prc, 4. OKCHepHMEHTAXGHO 3apePHGTPEPOBAHNNS CErHANN Xamile XEcHep EOHHOH dopMu mam
39Ky m 139Te,,

B momexyxe 13%Te, mccmeroBamack fsa KB meperona B romoce AO) —X0;:
a mmerHo nmepexox (X0j, 6, 52) —» (A0;, 11, 53) npm BoaGympennn JasepHOR ma-
mEeil 514.5 mM 1 (X0;, 1, 132) — (A0;, 11, 131), BoaGyrnaemst marnek 488.0 mu.
HpeBTROAKAAA EPEXONOB 3[4eCh NPEBEEHS. COrIack.0 RaNHHN [2°]. Ycuosma akc-
nepmmenTa (I'=600 K, [Te,]=2-10"* cM~®) pubapamEcr TAKAMH, IXPE KOTOPHX,
cormacmo [*], T,/y >>1 ® saMerso NpOABIeHHe RONMHEAHOro cHTHana Xamie
AmxBero OKB ypoBEsA. Pe3ynnTaTH sKCIepEMeHTA I1eMOHCTDADYIOT KPHBHE $ H
4 ga prc. 4. VI3 xpymHOMacmTa0ROH CTPYKTYPH rpadaKoB, OTPAKADMER riaaBHkM
o6pazoM BmA KoHTYpoB Xasne Bo30yMNeHHHX ypoBHEH, BHNHO, ITO MATHHTHHE
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Momertsl nna (AO;, 11, 53) m (AO], 11, 131) EMeoT pasHHe 3HAKHE, YTO IO AHATO-
rad ¢ (%} nna Se, cemperenscrayer 0 RaswIHR BOBMYIOHHE B AO"-coc'roml}m 130Te,.
IIpm arom 3mak dakropa Jlamme mma (11, 131) Taxoit ke, kak m aua K, (BUIL,),
T. €. orpunarenen, a masa (11, 53) — monoxurenern. Ilpepcrasaser mETEpec ycra-
HOBJIGHME 3HAKA MArHATHOI'O MOMEHTa OCHOBHOro cocroanma Te, (XO0)), nns xoto-
poro abcomotman Bexrmamua ¢axtopa Jlamme ompemenema B [°] wax g,=(1.68+
+0.05)-107*. Tak Kax B 3aBECAMOCTH J Ha PHC. 4 OTYETIHBO HPOABIAETCA y3KaA
(monrymmpmaa mopsaaka 0.005 Tx) crpyxrypa necuepcHoRHOA (OPMH, TO 3HAKH
MAarEETHHX MomerToB ana (XO0;, 1, 131) m (A0] 11, 131) onmmaxosu. ITo0 cuexyer

H3 CpaBHEHHA ¢ pacYeTHOH KpEBoi 4 Ha pmc. 2. CmepmosarenbEO, (axrop Jlampme
XO,-cocronmna Te, orpunarenen. Takoit BLBOM COTIACYETCA CO 3HAKOM, KOTODHIX
naer nprbinsatensHoe Brpaxenue [* °] g =—4B°/)\", rme BY — BpamatenbHas
KoHcTarTa, 2)"=1975 cM~! — pacmennenne Mo;xxy TepMoy X(, B NeKAMAM BHINE
tepmom X1* mua gmmepa temrypa.
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Quantum beats in the fluorescence kinetics of Tea(A0) molecules

[.P. Klintsare, M. Ya. Tamanis,andR.S. Ferber

(Received 3 December 1987, in revised form, 19 August 1983)

Opt. Spektrosk. 66, 827-829 ( April 1989)

The method of quantum beats in the kinetics of laser-induced fluorescence during pulse excitation
withthe 514.5-nm line of an Ar ™ laser is used to determine the dependence of the splitting

frequency of Zeeman sublevels with AM " =

+ 2 on the external magnetic field for the '*°Te, state

(40 ,v' = 6.J" = 87). A Landé factor value for this level equal to

g, = — (1.07 £ 0.08) X 10~ " isobtained.

Quantum beats (QB) in the emission following excita-
tion by a pulse of width Ar«T ~', where I' ™' is the charac-
teristic relaxation time, are a clear manifestation of interfer-
ence of nondegenerate coherent states,' in particular, in a
system of Zeeman sublevels M, split by an external magnet-
ic field B. The effect was applied quite extensively to atoms
(see the surveys of Refs. 1 and 2), and, beginning with Ref.
3, 10 "'I,(B’Il, ), and for diatomic molecules in the var-
iant of laser-induced fluorescence (LIF). References 4—8 in-
vestigated the magnetism of electronically excited vibration-
al-rotational (EVR) states; in particular, Landé factors,
hyperfine structure, and influence of the interaction between
terms were measured. Thus, the rotational Landé factor in
the Br, molecule was determined in Ref. 4, and it was deter-
mined in the free radical OH in Ref. 5. Particular mention
should be made of Ref. 6, where a combination of QB spec-
troscopy and scanning over EVR levels permitted a detailed
study of the magnetism and perturbation of states on the
80Se,(BO." ) molecule. The QB effect was also studied in
Ref. 70on NO,(4 *B,) and in Ref. 8 on SO,. The QB effect in
the system of magnetic sublevels M of the ground elec-
tronic state, after its pulsed optical emptying, was recorded
in Ref.9on K, (X '2 ). Thus, magnetic QB have recently
begun to be applied to the study of small molecules. Of par-
ticular interest here are states in which the projections of the
orbital and spin angular momenta are A =0, S=0 (or
Q =0 for the Hund ¢ coupling), i.e., with closed electron
shells.'® Moreover, as was found in Ref. 6, the magnetic mo-
ment is extremely sensitive to weak perturbations caused by
interaction between terms.

In the present work, the QB method in LIF is applied to
'*°Te, molecules in the 4 0" state. Measurements of the g,.
factor carried out in Refs. 11 and 12 by the method of the
Hanle effect showed that for Te,(4 0.7 ,v',J "), the g,. factors
are small, lend themseives poorly to interpretation, and
change in both magnitude and sign for different v’ and J'. In
this connection, it is desirable to expand the studies by ap-
plying the QB method. An advantage of the QB method in
comparison with the Hanle effect’'? is the possibility of di-
rect determination of g,. (the Hanle method gives the prod-
uctg,. ['™",

The experimental apparatus is similar to the one de-
scribed in Ref. 14. A beam from a LGN-402 continuous Ar*
laser in multiple-frequency operation was modulated by an
ML-102 Pockels-effect electrooptical modulator; the pulse
duration was Az~ 100 nsec. A magnetic fieldupto B=1T
was generated by an electromagnet, between the poles of
which was placed a quartz fluorescence cell measuring
10 10X 30 mm, connected to a vacuum station. A small
rotatable mirror between the pole and the cell made it possi-
ble to achieve an experimental geometry in which the vector
E of the linearly polarized laser beam was orthogonal to the
field B and to the direction of observation of LIF. The after-.
glow kinetics were recorded by the delayed «oincidence
method, the photon counting being done with an FEU-79
photomultiplier in the start-stop mode with storage over
time by means of an amplitude convexter using an AI-256-6
pulse analyzer.

We chose for the measurements the '3°Te, {4 0, ) level
with v’ = 6,J ' = 87, excited by the 514.5-nm laser line from
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the *°Te,(X 0., 3, 88) state.'’ The radiation was recorded
onthe R line, isolated by a DFS-12 monochromator. Figure
1 shows the recorded signals of the exciting pulse (curve /)
as well as the signals of LIF kinetics without in the absence of
a magnetic field (curve 2) and in the presence of a field
B = 0.702 T (curve 3). Radiation linearly polarized parallel
to E was recorded. It is evident that the presence of a mag-
netic field gives rise to harmonic modulation with a falling
amplitude against a background of exponential decay of
LIF. For P- and R-type transitions in the approximation of
J', J” - « and §-pulse excitation, such a signal can be de-
scribed as follows'*'*:

/. ~20exp{—TCot) (1 & 3cos lut) exp (=), (1

where the plus or minus signs correspond to the observation
of polarization paralle! or orthogonal to E, I’y and I, are the
rates of population relaxation or alignment, and
2w = 2u,Bg, /fiis the frequency of magnetic splitting of co-
herent sublevels with AM ' = + 2. Assuming I'y =TI,=T
(which is entirely sound for molecules with large /'), we
arrive at the simple expression

I, ~ (21 + 3 cos 2wi) exp (—T1). (2)

Under actual experimental conditions, the finite dura-
tion of the exciting pulse (see Fig. 1) and other depolarizing
factors lead to a decrease of the modulation index and to the
appearance of the initial phase @, and therefore

1, - =|4 = Bcos (2wt 4 3)| exp (=), (3

where B /A < 1/7 (let us recall that 1/7 is the limiting degree
of LIF polarization in the case of P- and R-type transitions).

To determine the frequency of the QB level, we first
determined I" from the kinetic signal at B =0 (curve 2),
then multiplied the values of curve 3 by exp (I't). This
makes it possible to change to

[y =C,cos 2wt 4+ Ca sin 20t 4 Cy 4)

and determine one nonlinear parameter w by fitting. The
result of the approximation is demonstrated by curve 4, ob-
tained for w =0.133x 10® Hz, ' = 1.72x 10° sec™'. The
analysis involved the use of the middle region of the decay

485 Opt. Spectrosc. (USSRA) 66 (4), Apnl 1989

curve, since initially, the form of the excitation has an effect,
and the last channels do not contain information because of
the small amplitude of QB.

The inset of Fig. 1 shows the dependence of the 2w val-
ues thus determined for different magnetic fields. Linear ap-
proximation leads to the value of the Landé factor g,.

= (1.07 + 0.08) X 107° for '**Te(40.;, v’ =6, J' = 87);
the error here is one standard deviation. As in Ref. 12, deter-
mination of the sign of the Landé factor from the Hanle
signal of dispersion form showed that g,. <0, i.e., the mag-
netic moment is antiparallel to the mechanical moment. It is
interesting to note that according to Refs. 11 and 12 for the
state v' =11, J =353 of the same term A0}, g,
=0.52X 107" and has a different sign, and for v' = 11,
J' =131,g, = —0.45x10™%

The authors thank M. P. Auzinsh and A. P. Brukho-
vetskii for helpful consultations and assistance in the analy-
sis of the data.
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Anomalous behavior of Lande factors of the Te, (B0} ) malecule of the intensities
ofthe B0} -X1;} transition

[.P. Klintsare,A.V. Stolyarov, M.Ya. Tamanis, A.S. Ferber,andYa.A. Kharya

(Received 21 April 1988)
Opt. Spektrosk. 66, 1018-1021 (May 1989)

From measurements of the fluorescence polarization of tellurium vapor molecules

Te, (B0, ,v',J/") as afunction of the external magnetic field ( Hanle effect) and independently of
measured timesofradiative decay, we have determined the magnitude and sign of Lande factors
8., for different vibration-rotation ( VR ) levels with vibrational numbers v’ from O to 7, excited
by the lines of Ar = and He—Cd lasers. Considerable variations of the magnitude and signof g, .
were observed for different VR levelsof the Te, (B 0, ) state. Recorded at the same time were the
singularitiesinttheratios of the P, R, and Q branches of the intensities of the intercombination
series of laser-induced fluorescence (B0, v', J*) — (X 1,7, v". J 7). Both effects are interpreted

from a unified standpoint as a manifestation of rotation-induced heterogeneous (AQ = 1)

interaction of the electronicterms (B0 )and 4 1.

The magnetism of molecular states with closed electron
shells. when the projections of orbital and spin angular mo-
mentaon the axis A = = O are zero, is a direct result of the
mixing of wave functions with states having a nonzero elec-
tronic paramagnetism ( concerning the nature of such mag-
netism, see Ref, 1). Hence, the Lande factors (magnitude
and sign) of such diarmagnetic states can give a highly sensi-
tive method for studying perturbations and determining the
parameters of the perturbing term. Studies dealing with the
ground state XZ_ of alkali dimers,”™ as well as with the
X0, stateof the tellurium dimer." involved measurement of
Lande factors, which characterize the electronic state as a
whole. For the electronically excited term of the selenium
dimer *'Se(B0," ), according to Ref. 6, one can also indicate
atypical value of the Lande factor with variations only near
local perturbations. An entirely different situation was ob-
served in the case '*Te, (B0, ) (see Table 1), where it is
generally difficuit to talk about the magnitude and sign of
the Lande factor which are charactenistic of the term as a
whole.

The experimental values of Lande factors g,., were ob-
tained from Hanle signals’ of laser-induced fluorescence
(LIF) of tellurium vaporin a quartz cell (7 = 650t0 720 K)
during excitation by laser lines of wavelength 4., equal to
457.9,476.5,and 48 8.0 nm of an argon Ar ™ laser, as well as
the 441.6-nm line of helium-cadmium laser. Examples of
Hanle profiles are given in Fig. 1(a), and from them, the
values of g,,,- 7,, were determined. Then, with the aid of
separately measured lifetimes® 7., the values of g,,,. for the
tabulated vibrational—rotational (VR) levels are deter-
mined. The error of determination of g, amounts to ~ 15—
20%. The sign of the Lande factors was determined from
Hanle signals of dispersions shape [see Fig. 1(b) and (c),
Refs. 7and 9].

To interpret thedala obtained, we shall assume that the
VR length Te,(BO, .t',J ") 1s perturbed by the neighbor-
hood 4 1, state Te~ (4 |, .v".J") (the difference between T,
is 13cm ' :seethe termdiagram in Ref. 10), and this inter-
action is weak and caused by the nondiagonal terms of the
rotation operator ff,. Then the effective wave function may
be represented in the form
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2%, = (1 ==e®) 21 BOE | 1135, (1)
where c is the mixing coefficient, equal to

200" R0tV
EQ, v, I —E@d. & 77 (2)

o,
€T AE =

and 7 is a parameter which for heterogeneous perturbation is
of the order of unity.'' The Lande factor is calculated from
the mean value of the Zeeman Hamiltonian of the level stud-
ied, and for Te, (4 1,,v',J ") is equal to

Spr X2

AT = @62 0w AT T 1) (3)

where 0 = 1and G=(0|L, +2S, | — 1) is a parameter
to unity, which is difficult to calcuiate theoretically. Using
Eq. (2), we obtain for g, ,-, the approximate expression

20 =2YIGT,

LGOI R 10T 00 | 160
CTEO, L) —E e T - (4)

When Gy =3, the calculation gives values of g,,.
which have the same sign as the measured values and are
close to them in magnitude (see Table I). The VR wave
functions necessary for the calculation were determined
from the solution of the radial Schrodinger equation with

TABLE L. Measured g% and calculated g™
Lande factors for different VR levels v, J* of the
diatomic molecule '*°Te, (806,* ).

Ao |0 | 0| g | g
496.5| v 107 —2.00 —2.44
4880 0 179 —1.145 —1.27
4880 1 243 0.36 0.36
476.5| 2 197 0.10 0.27
457.9| 3 u4 0.15 0.20
488.0| 5 | 251 —0.30 —0.31
4416 5 | 103 —0.23 —0.29
457.9 | 5 [8h —0.36 ~0.40
48846 | 7 as 0.3t 0.28
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FI1G. 1. Degree of polarization of LIF P = (/, — [.)/(/, + [.} as a func-
tion of magnetic field B (Hanle effect) of the ' "Te. (80 .3.251) level for
signals of Lorentzian shape (a). when the polarization of /. . is either
parallel or orthogonal to the excitation vector E. and signals of dispersion
shape (b), when /| . are polarized at an angle + /410 E | dashes denote
the dispersion signal of the (B), .1.234) level].

effective vibrational potentials'? on the basis of the RKR
procedure with molecular constants taken from Refs. 10 and
13. It was found that the oscillations of sign were related to
the sign of AE in the denominator of Eq. (4). In Eq. (1), itis
understood that the RV level (B0, ,v',J’) interacts primar-
ily withone VR level (4 1,,v*,J '), and it is also assumed that
¢« 1. The above was confirmed by a calculation of ¢ for dif-
ferent v*; their small contribution is due to the increase in
AE and decrease in (0v'J'|1v*J").

Special measurements were carried out in order to de-
termine how the interaction (1) changes the intensity of the
P, R, and Q branches of the intercombination (A =1)
transition 80, -X 1.7 in comparison with the expected ones
when the charger of the transitions is adiabatic (a qualitative
discussion of such an effect is given in Ref. 10). The results
are shown in Fig. 2. For their interpretation, we shall also
proceed from (1) and (2); the intensity of the transition is

((t — e idar i + e dyy 17 = 2 (1 — et "dydy ),

(5)

where the dipole moments of the transition are
doy=no 0TI a gl 17, 2= 1), } )
diy=u ot e, 17, 0 =0),

and « are the direction cosines.'' Finally, for the intensities
of the P. R, and Q branches. one can obtain expressions
which. allowing for the simplifications used for J'» |, c <,
are :

Bamt}
lo =i 1o I | 7I75 12 (217 4 1), (7
Mu‘v%
lp=——=p—ullo 771D 21 +2) (1 + )%, (8)
6(‘.“!.,.;!{ .
[ —gp— ol I E I — D=2 (9)
g =y M 0TI T U 0TI, (10)

It is evident that the interference term containing 1, u,
enters only into [, and Iy [the contribution of u_ to I, is
small because of the facior 1/yJ"(J’ + 1) ]. Therefore, the
distribution of I, in the progression in »” should be de-
scribed in the adiabatic approximation by the Franck-Con-
don factors of the B0 -X 1" transition, as was indeed re-
corded. For I, and I; from Egs. (8) and (9), the ratio
Io/1, = (1 4+ ¥)*/(1 — y)?is calculated from Eq. (10). As
a whole, what we have said makes it possible to interpret the
observed anomalous ratios of iniensities (Fig. 2). On the
basis of experimental data on /, and I, in the progression
with Te, (B0,",5,103), the value gy /u, = 20.0 + 4.0 was
obtained. The large exror is explained by both the experi-
mental error ( $15% ) and by an appreciable error in the
calculation of the wave functions.

3

¥1G. 2. Measured (dark columns) and calculated
(light colurans) intensities of the LIF series of
"“"Te. with (B0, ,5.103) on (X1, .u"J"); aster-

el

8

hhh _rl_.ﬂ
9 ia

17 72 13
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isk—overlap with other lines: absent lines with
v = 6.7, 11. 12 were not recorded because of low
intensity (in the calculations u /p is assumed in-
dependent of the intemuclear distance).
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Determination of the lifetime and relaxation cross section of the Te,(41, ) molecule

by the Hanle method

I. P. Klintsare, M. Ya. Tamanis,andR.S. Ferber

(Received 13 June 1988)
Opt. Spektrosk. 67, 1222-1224 (November 1989)

The Hanle effect is a very widely used method of obtain-
ing data on the radiative and collisional constants of atoms
and molecules.' Beginning with Ref. 2 the Hanle effect was
successfully applied in the variant of laser induced fluores-
cence (LIF) for determination of the value 7., the lifetime
of theindividual vibrational-rotational (VR) levelv'J ’ of an
electronically excited state, and also the relaxation cross sec-
tion. However, for diatomic molecules the method is con-
venient only in the case of pure Hund coupling® where the
Landéfactor of the VR state g,.,- is subject to simple calcula-
tion, which permits from the product g,., r,.,- obtained from
the Hanle signal going over to the lifetime 7.

In an investigation of the magnetic properties of the °Z
states of heavy molecules of the 6A group of the periodic
table such as Se, (Ref. 4) and especially Te, (Ref. 5), it was
clarified that the Lande factors of the VR states as a rule
itself need experimental determination. Theoretical calcula-
tion is complicated by the fact that in these cases interaction
between the terms must be taken into account. The largest
contribution is introduced by the rotation-induced hetero-
geneous interaction between the terms with Q =0and 1,>#
which substantially affects the magnetism of the ;" and 1"
states. In some sense the inverse problem was solved for the
indicated reason in Refs. 5 and 9 for '*°Te, in the 4 0 and
B0 states: From the Hanle effect and the independently
measured lifetimes the values of G,.,. were determined. For
these diamagnetic states perturbations were the single factor
determining the magnetism; estimates show that also for the
paramagnetic |, states perturbations in many cases must be
takeninto account, at least for large J '. An interesting excep-
tionisthe 1 state, for which interaction with the 0.~ stateis
forbidden by the selection rules. This leads to the simple
expression®’

2
G:,J.=——/sz—,_:_—“ (1)

and permits using the Hanle effect to determine the lifetime
and relaxation parameters. The purpose of this work is de-
termination of the lifetime 7., and the cross section for
alignment relaxation for the VR level of the '*"Te.(A1,7)
molecule. Up to now information on 7, of the tellurium
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molecule exists only for the states with £ = 0, specifically
A0} and B0 351

The experimental setup is similar to that we used earlier
in Refs. 5and 9. The '*°Te isotope was placed in a quartz cell,
connected with a vacuum post (residual pressure no worse
than 10~° Torr). The working temperatures of the branch
with tellurium varied from 7, = 653 K to T'= 725 K, which
corresponds to a concentration of vapors from 2X 10" to
62 10" cm ~>."2 In this temperature region the vapor con-
sists of approximately 98% dimers. The '**Te, molecules
were excited by the 514.5-nm line of an Ar*laser operating
in the multifrequency regime. The resonance series of LIF
was recorded, which fluoresced as a result of the R transition
(X1;7,J"=95)=(A 1,7, v =12, J" = 96); identification
of the states was performed by the data of Ref. 14. The LIF
spectrum was recorded photoelectrically in the photon
count regime using a DFS-12 monochromator (5 A/mm).
The cell was placed between the poles of an electromagnet,
to one of which a rotatable mirror was cemented, guarantee-
ing observation of LIF along the magnetic field B. The de-
gree of linear polarization P= (Iy —1,)/(Iy + 1) of the
LIF was measured, where the intensity components I, , are
polarized either along or transverse to the vector of the excit-
ing light E. The dependence of the degree of polarization P
on the magnetic field B (Hanle signal) is given in Fig. 1; it
was approximated by the expression

S S (2)
v () |

where T, is the rate constant of relaxation of alignment,' x4,
is the Bohr magneton, and a and b are adjustment param-
eters. One nonlinear parameter, the ratio [',/g,.,- was deter-
mined by the least-squares method. The values of I',/g,.,-
for various concentrations of '>°Te, molecules are given in
Fig. 1. The points were approximated by a linear dependence
according to

//.T
r. 1 vow: |/ (3)
a = _sp + 3 ’
Dert Sedr ety o¢

where /V is the concentration of particles, 7, is the mean rela-
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FIG. 1. Hanlessignal P(B) = (1/2){P( =~ B) = Pi=-B)} of the 4 1, level
tv'=2.J" =96) of the '**Te. molecule. Solid line—calculation. On the
upper right the concentration dependence of the width of the signal is
given.

tive velocity of Te, molecules at the temperature Ty, o, is the
effective cross section for relaxation of alignment for Te.-
Te- collisions. '

As a result of the approximation the value
/g, 70 =4.32% 10" sec™' was obtained. For J' = 96
Eq. (1) leadstog,,» = — 2.15x10™*. From this it follows
that the value of the spontaneous lifetime is equal to
rF,. = (108 + 7) nsec; the error corresponds to a confi-
dence probability of 0.95. The negative sign of the Landé
factor was confirmed by us in a separate experiment by the
method of recording the Hanle signal of dispersion form'*
and indicates the antiparallel nature of the corresponding
components of the magnetic and mechanical moments. Cor-
respondingly from Eq. (3) values of the cross section were
obtained equal to g, = (1.2 + 0.5) X 10~ " em™.

We note that the value of the lifetime obtained some-
what exceeds the lifetime for the VR levels of the B0 state,
where 7%, is within the limits from 54 to 90 sec.>'* In this
case it is considerably less than the value of 7., characteris-
tic for low-lying VR levels with ¢"<12 for Te.(40,7) lying

721 Opt. Spectrosc. (USSR 67 (5). November 1989
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within the limits from 620 to 800 nsec.®'®'* The value of the
alignment relaxation cross section for Te.-Te, collisions is
close to the previously measured cross sections for the VR
levels of the 40,7 and BO_ states of the *>**Te, molecule.

In conclusion a remark should be made concerning the
applicability of Eq. (1). It was obtained under the condition
that the 1 termis a component of the *Z ” state. In distinc-
tion from earlier works some authors'* attributed to the state
discussed 1, together with 40 orgin froin the °I1 term.
However, in ab initio calculations performed recently'® in
the basis used by the author 1, the term on such origin has a
repulsive character, and proceeding from >X a bound state
is obtained. Evidently here it would be useful to study the
magnetic properities of the given 1 state.

The authors thank A. P. Bryukhovetskii for coopera-
tion in data processing and Ya. A. Khar for fruitful discus-
sions.
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Sponianeous lifetimes of the A1} state t'J° levels. excited by an Ar* laser in pulse mode, have been measured. Estimated
values decrease from 117 to 10 ns when v levels increase from 2 1o 8. respectively. The measured lifetimes have been used to
obtain Landé factors by the Hanle-effect method for A1 and AQ states.

1. Introduction

Accurate spectroscopic information about the Te,
molecule [1] stimulates investigations of its other
characteristics including radiational and magnetic
ones. Thus, lifetimes of BOJ and AQ; states have
been measured in refs. {2-7] and Landé factors in
refs. [2,8-10]. A new Al, state has been registered
{11] near the BO; state. It is shown that A1, causes
many local perturbations in BOJ [1] and gives rise
to the rather strong magnetism of this state [§,10].
We used the Hanle effect to measure the lifetime of
a vibrotational level (v' =2, J'=96) Al; and ob-
tained the value 7,,=118 ns [12]. In the present
work, direct measurements of , for the group of v'J’
levels of Al, and AQ], excited by an Ar™ laser avail-
able to us, have been performed and Landé factors
for them have been obtained.

2. Experiment

Our experiment is based on registration of laser-
induced fluorescence (LIF) of Te, molecules and
consists of three stages: ( 1) The recording of the LIF
spectrum and identification and choosing of v’ J’ lev-
els. (2) measurements of fluorescence decay in real
time after pulsed excitation of selected levels; and
(3) measurements of degree of linear polarization of
LIF dependence on the external magnetic field.

Elsevier Science Publishers B.V. (North-Holland )

Fig. | shows all essential elements of the experi-
mental arrangement. Isotope '*°Te was distilled into
the fused silica cell which was connected with the
vacuum system. For excitation, Ar* lasers were used:
LGN-503 in muitimode or Spectra Physics model-
171 in the single-mode regime. LIF was focused onto
the entrance slit of a double spectrometer (SP) which
had an inverse dispersion of 0.5 nm/mm. As a rule,
spectra were registered by a photon-counting tech-
nique using a photomultiplier (PM), counter (C),
digital-analog converter (DAC) and a recording po-
tentiometer (RP).

The LIF kinetic was recorded by a time-correlated
single-photon-counting technique. The excitation

Fig. |. Expenmental setup for kinetic (upper) and magnetic
(lower ) measurements.
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pulses were obtained by an electro-optical modulator
{MOD) driven with a pulse generator (G1). The
width of the pulses was 80-120 ns. rear front —40
ns. The repetition frequency V,, was 10° s~! and
the nonmodulated background was 3-5% from the
pulse peak. The other nanosecond generator (G2)
started a time-amplitude convertor (TAC) and syn-
chronized it with G 1. Standard stop-pulses were pro-
duced by a fast time-fixing scheme (TFIX), when
the peak of the one-electron pulse from PM was
achieved. The pulses from TAC were stored in a
multichannel analyser (MCA). The time width of
channels was [-3 ns/channel. The rate of Naq, Nyop
and N, was controlled through service output by
the counter (C). The ratio N.,,/ Noan < 10°/10° was
kept in accordance with one-photon statistics con-
ditions. Data from MCA were fixed by a paper punch
(PP).

For the Hanle-signal measurements, the registra-
tion part was modified as shown in fig. | (lower
part). The cell, together with a miniature oven, was
placed between the poles of the electromagnet. A
small mirror was stuck to one of the magnet poles to
ensure observation along the magnetic field B. The
input slit of SP was divided in equal parts and linear
polarizers with orthogonal axes were placed before
them. The output slit was also divided accordingly.
The intensities /, and /, . .,, of LIF polarized along
the directions « and a+n/2, where the a-angles be-
tween the axes of the polarizer and the E vector of
excitation were registered through fibers F1, F2 by
PM1 and PM2 and stored by counters C1, C2. The
channels were carefully balanced. An electromagnet,
with 70 mm diameter poles and a 40 mm gap be-
tween them, provided magnetic fieldsup to 1.1 T. In
the experiments, the current / in the coils of the elec-
tromagnet was measured. The graduation curve B(J)
was determined by a calibrated Hall detector.

At first, '3°Te, LIF spectra were registered and cor-
rected to the relative spectral sensitivity of the reg-
istration system. Usually, they contain a few P, R se-
riesof Al1¥ -X, BOJ -X and A0S -X systems, see fig.
2. In the most complex parts of the spectrum where
lines of different series overlapped, a single-fre-
quency excitation mode was used. Most of these se-
ries and excited levels have been previously ob-
served and indicated [1,13]. We used these data and
molecular constants [1,14] to construct LIF spectra.
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Fig. 2. Fragment of spectrum '**Te,, 1., =488.0 nm. B0 -X0;
and Al -X1] (unsigned) systems.

which were compared with the experimental ones. In
all cases, the relative intensity distribution in the ex-
tracted series was checked by Franck-Condon fac-
tors (FCF), which we calculated taking into account
vibrational-rotational interaction *. Satisfactory
coincidence was obtained and the quantum numbers
v' and v” were estimated. Then, from the experi-
mental doublet-spacing dependence of v”, values of
J' were calculated, which, in turn, agreed well with
data from refs. [1,13]. By a similar procedure, the
levels AO; (v'=12) in our earlier work [3] and
AlZ (v =4) in this work were identified. For further
investigations, we chose all estimated Al1% and
AO0F v'J levels.

Kinetic measurements were made on well-re-
solved fluorescence lines from selected v'J’ levels.
LIF and excitation pulses were registered alterna-
tively and, in every case, absence of time drift was
checked. Some pulses are shown in fig. 3. Responsie
signals were fitted by a function @(t), which wis
represented in the form

d(1)= J‘F(r')l(t—r’)dr'+b, (1)
4]

*' FCF calculating program complex has been elaborated in
Moscow University [15].
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Fig. 3. Time-resoived fluorescence decay: ( @) excitation pulse
F(t). (O) LIF reply: solid line - fitted with (1). (a) Level
Al =40 =52); (b) level AlX (v =8. J' =181).

where F(1') is the scattered laser pulse and [(/—17")
=exp[(t—1")/7.] is the true function of decay with
time constant 7., and background b. Solid lines in fig.
3 represent signals for the A17 state levels v’ =4 and
8 fitted to (1). Responses for levels v’ =8 are very
similar to excitation pulses. Nevertheless, we believe
in the correctness of extracted t.; values =~ 10 ns be-
cause, for both of these levels, more than ten couples
of pulses were recorded and all results lay within 2
ns limits about the values obtained. To determine
the spontaneous lifetime 7, small corrections were
used according to 75'=15' +0vN, where V is the
concentration of molecules, v the mean relative ve-
locity, and the o relaxation cross section for colli-
sions Te3+Te,. For the Al, state, o equals (1.2%
0.5)X107'* cm? [9]. Due to the various intensity
of the lines. measurements were made at different
temperatures in the range from 680 to 730 K
(N7, =(6.4-33)x 10" cm~3 [16]). It must be
mentioned that corrections were essential only for
Tsx 100 ns.

When the Hanle signals were registered, the de-
pendence of the degree of linear polarization, P=
(Io=Iyins2)/ (Ux+1sirs2), on B was measured.
When o =0. the contours P(B) were approximated
bv

a

ol B) = PO e B T

b, (2)

where g, , is the Landé factor of the v J' level. ug 15
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the Bohr magneton, b the background, and I; the
alignment relaxation rate which in our case equals
10 75" [2]. P(O) for transitions of the P, R-type is
1/7. The coefficient a accounts for a small depolar-
ization which took place in the experiment. At a=n/
4. signals have the dispersion form,

2ausg. » B/AL,

P:"/a(B)ZP(.O) 1+4(#ng'/'3/hr2)2

+b. (3)

Experimental contours of both types are shown in
fig. 4. During the processing, values P(+8) and
P(— B) were averaged and approximated by (2) or
(3) using the least-squares method with variable pa-
rameters |g,, |/, a, b. In most cases, the |g, |
were obtained from more accurately recorded Lor-
enzian shape signals, but their signs from dispersion
signals. For some especially wide AO} and A1} con-
tours, the g, ,, were approximately estimated from
dispersion signals, because P.,,4(B) in the range
Usg. s B/ Iy << 1 varies more sharply than Py ,,2(B).

Fig. 4. Lorentz and dispersion-mode Hanle signals. Lines are
drawn for illustration. On right. below - g.,, dependence on
L/J(J+1) for Al . Straight line corresponds to the slope coef-
ficient 2.

65



Volume 180. number 1.2

Measurements were made at the same temperatures
as kinetics.

3. Discussion
3.1 Lifetimes

Al;: The values of 7, Al; are given in table 1.
It is seen that for low v levels, t,, equals =100 ns
and decreases. when v’ increases. for both compo-
nents approximately to the same extent. However.
we must not lose sight of the fact that Al interacts
rotationally with' the close-lving BO;, which has a
lifetime of 50-90 ns [2.5], and slows down the de-
crease of 7,(Al}) compared 1o 7,(Al;). Ob-
viously, weak predissociation with the rate I, ~ 108
s~ ! takes place in this case. From energy consider-
ations [ 1], it follows that the predissociating state
correlates with ground-state atoms °*P,+°P,. Ac-
cording to selection rules, from the vast number of
such states [17] w& must retain 05, 07, 1, 1, 2,
only. The terms 1, |,, 2, are bound and located
[17,18] so that, most probably, I, interacts with A1,
through the left part of the potential. If the role of 2,
is essential we must observe t,, dependence on J.
Data for v' =2, at least, give opposite evidence. The
unstable states 07 obviously can be neglected be-
cause we did not observe a substantial difference be-
tween [, for 17 and |, components in this region
and, at the same time, 7, for B0,/ does not diminish
even for higher v’ levels.

A0;: In table 2, our previously obtained results
are given. Values of t,, slowly decrease when v’ in-
creases; at v' =13, 1, falls sharply. In general, such

Table |
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behaviour of 7, i1s in accordance with the values
108060 ns (1" =5-10) [6], 730+ 55 ns (v =8)
[5], 60-70 ns (v'=16, 17) [4]. More detailed in-
vestigations are needed to determine which state
causes this 7., shortening. We only mention here that
the energy of the level ' =13, J'=133 (E=x=21600
cm~!') exceeds quite slightly the dissociation energy
of the ground X0, state, the latter being 21300 cm —*

(1]
3.2. Landé factors

Al}: The experimental g, values given in table
| for the 17 term are all negative and proportional
1o J~2 For the A1} term, the g, , values vary more
strongly, where a change of sign even occurs for v’ =35.
Such a difference arises from rotational interaction
which mixes Al and B0} states. The diamagnetic
B0 state exhibits a magnetic momeat, as has been
shown, for example, for Se; in ref. [19]. In the case
of Te,, this interaction fully determines the g, , be-
haviour in BOJ [8,10]. On the other hand,
g, (Al}) is also influenced by the same interac-
tion, according to [10]

2cc, G_ (vh" w9 16,
J2I(J+1) JU+)’

& (13)= (4)
where ¢,, ¢, are mixing coefficients of the interacting
rovibronic levels, and G_, G, the corresponding ¢lec-
tronic matrix elements. The first terma in (4) varies
from level to level and causes changes of the
&, (1F) which have been actually observed.

For the component of i which does not intieract
with B0}, g, = = G,/J(J+1).If 1 arises from the

Lifetimes and Landé factors of Al (v'J') levels of '*Te,. Errors for g, in the interval 20 are 15-20%, for levels v" =8, 40%

Aexe (NM) v (J7)-v () 15 (0S) BexpX 1074 B X 10749
Xlg -Aly i 514.5 4(87)-2(86) 10747 2.7 -2.67
4(95)-2(96) 117%11 -2.0 -2.15
488.0 1(53)-4(52) 49+4 —-6.4 -7.26
3(71)-8(70) 10+2 -33 -4.02
X1 -Aly 501.7 3(110)=3(111) 665 -33
488.0 1(132)-5(131) 45+6 +15.0
2(180)-8(181) 14+2 -27

M gae= —2J(J+1).
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Lifetimes and Landé factors of A7 (¢°J7) levels of '™ Te,. Errors for g, in interval 2g are | 5-20%

fere (D) RV AR TN A T, (NS) Cexp X 107%
X0Og -A07 REE 1(38)-6(87) 800 = 100 =12
0(32)-11(53) 67030 +0.52
488.0 LOI32)=1H(131) 62050 -0.45
496.3 3(134)Y=12(133) 67040 +0.03 >
3(138)-12(139) 620+=350¢ -0.16
476.3 O134-13(133) f60+£20* -0.2
1(38)-14(89) 40+ 102 -0.7
PRef [7). U Ref [2]0 YU Rell [3]. ¢ Value esumated tentatively.
‘T s1ate. (;.=2 [19]: in the case of the *II siate. G- References

would be two times smaller. As can be seen from ta-
bie | and fig. 4 (quadrant 4). the value of the coef-
ficient G.=2 is satisfactory. Some discrepancy ap-
pears here. due to the tact that this term. as well as
the well-known AQ7 . arises from the same °I1, state.
as spectroscopic studies have shown [1]. Thus. fur-
ther investigations are needed.

A0[ : The values ot g, - (AQJ ) given in table 2 are
about two orders of magnitude smaller than for the
B0 state [8.10]. This fact is easy to understand in
the framework of the above-mentioned model. but
variations of g, and changes of sign cannot be ex-
plained by the influence of a single Al; term. Of
course. other [ terms must be taken in account.
However. the available information about 17 states
is not sufficient to explain the behaviour of g, ,.. We
hope that turther accumulation of data about
2., (A0F) would contribute to a more detailed
knowledge about I, terms.
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Rotational magnetic moment of the Na, molecule in 4 'S} state:

Perturbation effects
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Values and signs of Landeé factors (g) have been measured for four rovibronic levels of the

A 'Z ] state of the Na, molecule. Because of a very small product gr~ 10~ '? 5, the level
crossing signal of a dispersion shape was employed using circular light polarization and
mutually orthogonal excitation, observation of laser induced fluorescence, and external
magnetic field directions. The effects of the 6 °*T1,, B '1,, and a *Z ;" states on the g factors of
the Na, (4 '), as well as their dependence on vibrational and rotational quantum numbers,
have been theoretically analyzed. An analytical connection has been found between the
constants of A doubling (¢) and Landé factors of the interacting singlet states. Simple
expressions have been found for estimating the effects of distant electronic states on ¢ and the g
factors without summing over bounded and integrating over continuum levels of the

perturbing state.

I. INTRODUCTION

The Na, molecule has been used for many years as a test
molecule tor spectroscopic theory and techniques. The first
excited singlet state 4 'Z” and the second excited triplet
state b *[1, have been known to interact for a long time.'™}
One ot the most obvious manifestations of this interaction is
the disturbance in the regular structure of the rotational
bands. as observed both in emission and absorption. It is
hardlv surprising therefore that high-resolution spectrosco-
pv is employed for studying such perturbations, since it
makes it possible to determine smail divergences in the posi-
tion of rovioronic levels in the interacting electronic states.
In the course of the past ten years, a number of laser spectro-
scopic methods have evolved which make it possible to ob-
tain highly resolved spectra. These methods have been suc-
cesstully emploved for studying the 4 'S~ and 6 °T1, states
and their interaction.™®

[t is rather obvious that any perturbation affects nox
aniy the energy of the states. but also their wave functions.
This naturally leads to changes in other affiliated molecular
characteristics. such as radiational and magnetic proper-
ties.””

The present study deals with some peculiarities in the
affects of A 'S -B'(1,, 4 '27-b°T,, and 4 ' -5 11,
-a ‘X[ interactions on the rotational magnetic moment of
the A state by means of determining Landé factors for a num-
2er of rovibronic levels of 4 state.

[tought to be noted that the method proposed for study-
ing molecular perturbations'® does not require such high
specirai resolving power, as is necessary in the experiments
sased solely on the measurements of the positions of rovi-
nronic energy levels. The main advantage, however, of the
use of Lande factors for studying perturbations of diamagne-
tic (2 = 0) states is their extreme sensitivity to the value and
ivpe ot not only local, but also of regular interactions. This is

' Present address: Deparunent of Chemustry, Moscow M. Lomoenosov
sate LUniversity, Moscow W.234 119899, USSR,

3310 s Chem. Shys 96 03),

easily understood, if one keeps in mind that a nonperturbed
diamagnetic state possesses a near zero magnetic moment,
which is independent of vibrational and rotational quantum
numbers. Accordingly, any, even small, perturbation due to
paramagnetic clectronic states leads to drastic reiative
changes of the magnetic moment value. This in turn is easily
observed experimentally, since: modern methods permit
Lande factor measurements of the osder of (107*-
1077).""1? It may also be noted that the sign of the Landé
factors is an additional source of information on the type of
perturbation. !’

The present work consists: of the study of the basic
causes of the appearznce of a nunzero magnetic moment in
the diamagnetic 4 'Z. state, as well as the:calculation of the
dependence of the g factors an vibratianal and rotation
quantun:number valaes, and firally, performing experimen-
tal testing of results on a nuraber of rovibronic levels of
Na, (4 “Z}). Although the ‘sability of the above state-
ments czn manifest iself most fully only in systematic g fac-
tor measurements cver a large: group of rovibronic levels of
the 4 2 state, we have undertaken, by way of a first stage,
measurements of four wellknown'* v.J levels, excited by the
632.8 mm He-Ne laser line. An initial report on the results
obtained can be found in Ref. 15. For these levels the product
grvalueis extremely small ( ~ 10~ 3-10~'%s). To avoid the
usage of very large magnetic field, sve developed a special
kind of method bhased on Hanle effect in laser induced fu-
orescence under circulary polarized excitation and mutually
orthogonal excitation, observation and magnetic field direc-
tions. For 'S-'"S transitions of P, R. type, this leads to Hani¢
signal of dispersion shape having the greatest steepness when
the magnetic field strength is equal to zerc.

Expected Landeé factors for Na, (A 'I,) were located
taking into account the “‘nuclear” contnbution caused bY
the rotation of shielded sodium atom cores as well as the
electronic part connected with 4'S;7-5°M, and
A'% 7 -B T, mixing. [tis shown that in this concrete situad-
tion one can neglect the influence of the @’ ~ state as well

Marcn 1992 G021-36£6/22/353510-153%506.00 7 1992 American nsttute of Physics
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asthe role of the second order perturbation effects according
10 magnetic field strength. The interaction between the
states A 'Z 7 and B 'T1, has been used for analyzing the pos-
sibility of emploving Lande factors for investigating struc-
wral and magnetic properties of mutually distant electronic
rerms, and that between the states 4 'S and 6 *I1, for in-
vestigating local perturoations caused bv the crossing terms.

I, EXPERIMENT
A. Method of measurement

The experimental determination of the g-factor values
in Na. (4 'S ) state is connected with certain difficulties.
Indeed, application of optomagnetic methods of measure-
ments requires that the product @+, where w 1s the frequency
of magnetic splitting, should have a value of the order of (or
larger than) umity. [T we consider that  in the case of
Na- (4 'S ) hasacharacteristic value of 12.5 ns (Ref. 16),
then the condition @~ = 1 corresponds to magnetic felds of
the order of B = A/(14g8,,7) = 10-20 T. which by far ex-
ceeds the possibilities of the eiectromagnet at our disposal.
However, a certain chance of measuring the Landé factor
under conditions when w7 lies considerably below unity vai-
ue can be obtained by appiving the Hanle effect in a variant
impiving a “dispersion shape” of signal. Sucha vanantof the
method vielding intormaton both on the value and the sign
of the g tactor. as far as we know. has been used with itnearly

polarized excitanon. see 2.2.. Refs. 17-19.
Let us consider the fuorescence in the cvele
JI=J—=J 7 (Fig.t.. excited by directed light with a given

polarization E. Inorder 1o describe the effect of the magnetc
field on polarizauon we shall apply a treatment in terms of
polarization moments. 2.¢.. Refs. 20~22. Thentensity /(E"
of given polarizauor. E' propagatng in a definite direction
on transiion J [ -/ 7 may be represented. according to Ref

2t the foliowing form:

IE = -1y 7 27~ 'L
: ‘ 1 -
LS k] ! ! K ]
e ST
SN —1"‘2_f§d>";,gt'E’). £}
s ==
Herz=- - isac')_:'-S}‘mbol.J,'"g-the poiarization moment

Ofstate J[*. K-uts rank. wnile 1ts projection @ varies from

— K 1o K Thetensor ®* ,{E") has been introduced in Ref.

y : Cn ) Zraren
Jrare
A
! it
V. - R
4 crouria
. i siare
v J
FIG T Oonew ranaines Somem
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21 and it characterizes the polarization of light. [ts compo-
nents may be calculated through the cyclic components E €
of the polarization vector E’ as

PE(E) = (2K~ 1)~

X (— D@ EC(ECy*CXe

_\"__ ¢ e (D)

-1

Qe

using Clebsch-Gordan coefficients C.,;. The necessary
values of @} can be found in table form. e.g.. in Ref. 23. The
polarization moments /¢, formed by the light in the act of
absorptionJ” -/, (Fig, 1) proceeding at therate [, in the
presence of an external magnetic field B can be calculated as
follows:

fE=(= U7 Tl —iQuy (2 = 1)

AR B S S I .
X(Wr=1D , ®E(E)n,..  (3)

JooJo 7]
where n . is the concentration of absorbing molecules. [ 4 1s

the relaxation rate of the moment of rank £ (under assump-
uon of I', «T 1. but $§ (E) characterizes the polarization
of the exciting radiation.

The Hanle effect is tradiuonally recorded with linearly
polarized excitation { Figs. 2. 5(a). and 3(b) | with magnetic
field BLE. while observation takes pilace along the Z axis.
The signal is observed through the degre= of linear poiariza-
non ¢~ from the intensines of orthogonally polarized com-

ponents /. =[_.J. =/, _ _...whichcan easiiy be expressed
through #31. /5. and % (=.g. Ref. 243
. I -1 - cos 2¢ — 2y sinla
.i-"(k’):—'—-:—v_’”(oy \_ (-‘r)
£ =1 ==y
vy=w/l,.
Here ¥ (0) denotes the degree of polarization of fiuores-
¢cence. as itwould beate = /2.y = 0.1.2..inthe absence of
7 2,
= o

-—

¢

SI1G 20 Expenmenia. oz¢
|
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a
= 4
-w 7 w/r
L
-J2 - <
L

FIG. 3. Calculated Hanle signai curves. (a) linear polanzed =zxcttation
(Fig.2), 2 = #/2in Eq. (3): (b) the same conditions. except g = 7/4: (¢)
circuiariy polarized excitauon { Fig. 4), cf. Ea. 1 8).

magnetic field. In the /— x limit the known=* . {0) values
are |/7 for (P.R) *. . and /2 for Q -, Q! transitions (here
the arrows : or | denote absorption or emission). [n order 1o
ascertawn the possibility of observing a Hanle signal at y € 1.

Z
51 g
G
APNPNTAVa)
S auvivay
7
X

FIG. 4. Experimental geometry for circularly polanized excitation.

If p =0, then the derivative becomes zero at y —0. Hence
the traditionallv most frequently observed signal is of Lor-
entzian shape 22 (x) = POV (1 = 43:). dating back from
Hanle's time,™ Fig. 3(a). On the other hand, we get the
largest value of d %2 /dy in the vicinity of y = O for ¢ = 7/4,
when the slope of the straight line equals 227 (0), Fig. 3(b).

For Q-type transitions such conditions are. indeed, opti-
mal, since 2 (0) = | at /— x. At the same ume, we get
2(0) = 2/7 for Por R transitions, i.e.. just the ones that
take place in the 'S~'S system of Na,. As it turns out, one
can find more advantageous conditions in this case. Let exci-
tation, polarized along a nght-hand circle, take place, as
shown in Fig. L. Let us now follow the degree of circulanity

. . S C= -1/ -1, 6
let us examine the behavior of the denivauve ( i, 2 (6)
= —- 20 bv measuring, at rignt angles to the fteld B direction,™® the
dy intensity /., [,. polarized along the right-hand (/.) or left-
< 2sin 2@(l = 4y7) — (cos 2p — 2y sin 22)3y hand (/,) circle. The value of C for arbitrary angles ¢ be-
(1 =4y ' tween (he excitaton and observaton directions, see Fig. 4.
(5 can be expressed through /7. /3, /5, /3 as
[I L l l
: P Re(e ™ 770
RS -
©= T 1 o0 R o
— 1/3){j, 7 J,_,l/‘,? - {j ;- ; ]- [(1L/60 528 — (1/2,5/3 Rede ™ 7951 ]
Substituting /5 from Ea. (3). we obtain
(1 l R i Lo . -
00,0 ey g g Do Toneosee = ysines -
C — 4 2 { . l [ - : ,f : —
; " - [ - R R
[3(—1)’ T = —ELJ ; :{J ,,,:'lr.),r;)LE—Q(coslac*lt51nZ£r =2y
3

The necessary walues of the 4/-svmbols are

.. Zrem. Shys, fei 3810020

Viarcn "23@2
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( ! /2
J'—J= —1(P): L[ Y ]
2 L=+ 13
1 L 1 2 172 _
= I —T=0(Q); _{ ] | ;
7 ° 2@ =0+ 13 (9)
[ 172
J'—1=1(R); (-—1)”’*11_[_3££_Ill_4
N 2 LJ(2J+1)3

the signal we are interested in will be determined by the
derivative, which in the /' — o limit for P,R transitions is as
rollows:

d<i
dy tx=o0

PN sSin@c(81 + 3¢cos 2. ) — 6¢cos @c Sin 29

(81 + 3cos 297
(10}

The derivative assumes zero value at ¢ = 0. Its maximum
value is attained in the case @ = 7/2, as shown in Fig. 4,
oeing equal to — 10/13, which exceeds the value for linear
polanization by a factor of almost 3. Thus maximum slope of
the Hanle signal can be achieved in the region of y = 0, cf.
Fig. 3(c). This provides a new possibility to measure the g-
factor values in conditions when wr < 1. An additional ad-
vantage consists in the fact that this situation provides the
most favorable geometry for collecting fluorescence from
the cell in the gap of the electromagnet, since observation is
performed at night angles with respect to the direction of the
magnetic field (Fig. 4). Unlike the sttuation in Fig. 2, here
we have no problem of deflecting the fluorescent beam in
order to direct it out the gap of the electromagnet.

B. Experimental details

Metallic sodium was placed into a glass cell joined to the
vacuum system by means of a dry valve. The optical part of
the cell was positioned in the gap of the electromagnet (up to
I T) of 40 mm width. The saturating sodium vapor was at a

r
temperature of 550-630 K, which corresponds to a content
of [Na] = 1-16 X 10" cm ™3, {Na,] = 7-240x 10" cm 3.7
The exciting light from a He-Ne laser was cut down to a
power of ~ I mW in order to avoid nonlinear effects of opti-
cal pumping of the lower state,?® since at a working power of

~49 mW a nonlinear Hanle effect of the lower state had

been observed of ~0.2 T half-width that is similar to the
results in Ref. 29.

Convenient working lines of the 4 ' -X ' * fluores-
cence spectrum corresponding to the v, J' levels (Table I)
were selected out by means of a double diffraction mono-
chromator (5 A/mm). The degree of linear polarization or
circularity was measured in the following way. The entrance
slit of the spectrometer was divided in height into two parts,
and two orthogonal analyzers were placed in front of them.
Light guides conducted the light from two respective parts of
the exit slit of the monochromator to the two photomult-
pliers, which counted simultaneously one-photon pulses
from two channels. Circular polarization was provided by
Inserting two mica quarter-wave plates.

C. Results

Dispersion-shaped initial parts of Hanle signals in the
regions o/ €1, as obtained within the B= 4+ 1 T range
were of rather insignificant magnitude at linear polarization
of light. However, they made it possible to obtain a prelimi-
nary estimate of the g factors for Na, (4 'Z}" ), as well as to
determine their sigm. More definite resulis were obtained
from signals received in an arrangement according to Fig. 4

TABLE 1. Calculated mixing coefficients Sy, . Sy and g factors for rovibronic states of Na, (427 .0°J")

invoived in this work. Here g:;: (6'M,) and g‘:,lf:(B‘ﬂu) denote the corresponding parts due to

A'I7 -5 M, ora 'S -B I, interaction. g%, (to1) = g* 2 (b°1,) = g}

experimentally measured values.

T (B'IL,) + g, whileg™®, are )

=147 =45 v'=22."=86 v =257

=87 v=16J"=17

S, 4.56% 107" —1.eax 107 —806x107"° 6.17%x 10"
Sa. —2.42x10°" — 507x107° 477x 1077 —7.74x 107
Su, 1.38% 1077 —411x10°" —5.78% 1077 1.23% 107"
S, 9.98% 107" 9.98 10" 997x 10" 1.0000

e .88 10" —721%10°° §.32% 10" 7.86% 107"
gt S B, —7.32%x10°° —688x10°° —~ 684 107" —744x10°?
7, ot - 395v10°° — 17107 — 337107 — 503~ 107¢
o — 310" —136>10"" — 24110 —332%x10°°

. Cnem. Pnvs. Vo!. 96 Nc. 3, 1 Marcr 1692
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S r Cooy (B) = a(£> ¢ g B /AT + 6. (11
2 dy/y=o
,\)l:
a05+ 9 g
For better fit the term 6 is introduced to compensate for the
] e~V residual errors of calibrating the channels. The datain Fig. 5 -
-08 -04 a8 87 are normalized allowing for condition 6 = O for better clar-
42\-" ity. The correcting coefficient a, which is close to unity, ac-
counts for the depolanzing effect of the optical channel. Its:.
-005 1 value was found from results of testing the setup. For R t, P} .
or P1, R1 transitions, which took place in the cases repre-
o/ ow L sented in Fig. 5, the value (dC/dy), ., = = 10/13 was

assumed, as obtained for J— «. This may be done, since it is
) ) _ _ well known?* that for this type of transition the values of the

FIG. 5. Magnetc field dependence for the degree of circularity C measured degree of ci larity do t depend on J. In th h
using the geometry shown in Fig. 4. The quantum numbers involved in a ) g ! circulanty not cep nJ. Inthe case when
transition (v7.J ") — (0.7 ) are as follows: (a} (2.46) —(14.45): (b) circularity was measured for the second component of the
(6.35) —(22.86); (¢) (8.86) —(25.87); (d) (4.18) — (16.17). doublet, which would correspondto P 1, Plor R t, R transi-
tions, use of expression ( 10) leads to a certain error, which
becomes particularly significant for J.=J" = 17. There-
(gc = 7/2). Examples of C,,, (B) dependences obtained fore, one must use, in such cases, values of the derivative

are presented in Fig. 5. Sausfactory accuracy within the giv- dC /dy for arbitrary J values, as obtained by employing ex-
en w/ I range can be achieved by approximating the results pressions (1)—(3) and (6)~(9). At = + 7/2 they areof
obtained by straight lines the form
1
_ i 6 __ . (PLPY)
dcC _ 8(J = Wy/J = (/52— D/ +3) (12)
i .
dy =0 : s . (R1,RD)

=8I — 1) — (/SN =T — 1)

[
This vields (dC/dy),_, values of 0.7236 (J" = 17), and of the given state with other electronic states which them-

0.7513 (J' = 45), as opposed to the value of 10/13 = 0.7692 selves possess a nonzero magnetic momen<.

(/' — % ). The relaxation constant [ was found through the Obviously, the degree of the effect of different electronic
time of spontaneous decay. This lies within the range of  states on the magnetic properties of the 4 '~ state is deter-
7 = 12.45-12.50 ns'® for the v', J* levels of Na, (4 'Z,”) mined by the ratio between the interactioa matrix element
inciuded in the present discussion. The contribution of colli- ~ value and the distance between the interacting states. Con-

sions at the working concentrations of vapors is expected to  sidering this circumstance, as veell as the aecessity of para-
be insignificant. It was accounted for, assuming, as a fair ~ magnetism of the perturbing state, as well as the u«»u selec-

estimate, a quenching cross section of 5X 10~ ' ¢cm”, as giv-  tion rules, it becomes possible to select the basic electronic

en in Ref. 30 for Na, (B '{1,)-Na collisions, leading to an states, interaction with which leads to the appearance of a

increase in [ by 4% with respect to ;. nonzero magnetic moment in the 4 '3 " state. The relative
The g-factor values obtained from the above procedure, ~ positioas of potential curves employed i the present work

as averaged over a number of experimental trials, are pre- are presented in Fig. 6.

sented in Table . The relative error of the values obtained

was estimated to be 15%. A. Caiculation of the nucleir contribution (g,,)

For a homoniuclear diatomic molecule the value of the

[Il. CAUSES FOR THE APPEARANCE OF A NONZERO nuclear contribution is given by the expression

ROTATIONAL MAGNETIC MOMENT INTHE 4 'T*

STATE OF Na, g =t Zi (13)
The Landé factor (g) of a diatomic molecule is well g M,

known 1o consist of a nuclear contnibution (g, ) caused by where VM, is the mass of the atorn forming the molecule.

the rotation ot the nuclear core of the molecule, and of the Here u; and u, are the Bohr and nuclear magnetons, and

electronic coatribution (g¢,) created by the electronic shell Z % is the effective nuclear charge produced by the atomic

of the rotating molecule.’’ In the case ot a diamagnetic elec- core screened by the internal “nonvalence’” atomic shell.

tronic state. as we have itinthe 4 'S 7 state (0 = 0) of Na.. The value of Z % 1s obviously not known a priori. Its calcula-

the 2lectronic contribution s exclusively due 1o interaction uon requires knowledge of the electronic wave functions of

J.Chem. Phys., /ol 36.No. 2. * Marcn 1992
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My, °T1, components of the *[1 state, after Kovacs'* in the
form

HZHOE.S:SLel(UI!UIlO)’ (15a)
Hszn =y lvglog [T+ D]VE (15b)

Na(3s)+Na(3p)
20+
- u
~:§ /F -
N
3
< é7,
10 r
5r Na(3s)» Ma(3s)
0 " " I}
5 prd ) 10

FIG. 6. Potenual curves for the electronic states of Na, molecule consid-
ered in this work.

the molecule. Nevertheless, using a number of simplified
model notions on the electronic structure of the given mole-
cule, the value of Z % may be tentatively estimated. Thus,
assuming that the electronic structure of alkali metal dimers
is hydrogenlike, i.e., assuming that in the formation of the
dimer only one external valence electron takes part from
each atom. and assuming further that the structure of the
internal shells of the atoms does not undergo any change in
the transition from isolated atoms to a molecule, one may
conclude that the value of Z % for them must be close to
unity. In that case the value of the nuclear contribution for
the Na, molecule must equal 2.4 10~* (in Bohr magne-
tons).

The viability of the given model of accounting for the
nuclear contribution is supported by the fair coincidence be-
tween calculated and measured rotational magnetic moment
values for the electronic ground states of alkali metal
dimers.™ It ought to be stressed that the nuclear contribu-
tion is always positive and does not depend on vibrational
and rotational quantum numbers. It appears also to change
little from one electronic state to another.

B. Effect of 'T-311 interaction on the Lande factors of
the A %} and b °I1, states

Let us first consider in a general way the effect of '=-T1
perturbation on the Lande factors of interacting states of a
diatomic molecule. After that we shall analyze in detail the
peculiarties of its manifestation in the case of concrete rovi-
bronic levels of 4 'S = and &6 °T1, states of the Na, molecule.

We shall represent the total wave function ¥, of the
states under consideration in the form of a linear combina-
tion of nonperturbed wave functions corresponding 1o a
“pure’” Hund’s case a

W,o=S503) = S ) = Sy L) = S T (1)

and the nonzero tnteraction matrix siements between 'S and

where vy, vy are vibrational quantum numbers and J de-
notes the rotational quantum number that must be equal for
both interacting states. The strongest '2-I1 interaction is
due to the spin—orbit interaction operator X, a,/,s,, where
the summation is over all valence electrons. This interaction
connects the '= and the *II, components and does not de-
pend on J in explicit form, but does depend on the overlap
integral between the vibrational wave functions |v: ) and

. |ug, ) of the interacting states. The nonzero matrix element

of interaction between the 'Z and *I1, component appears by
virtue of the operator terms — [1/(2uR?)]
X(J L * +J*L ~),wherepuis the reduced mass, and R
the internuclear distance (in atomic units). It is assumed
here that the pure Hund's case a is disturbed, and the quan-
tum number S of the spin vector S is no longer a good one.*
The value of the matrix element Hyp, for the molecules fol-
lowing pure Hund’s case a must obviously be smaller than
Hyp,- This appears to hold for such light molecules as Li,
and Na,.

An expression for the g factors of the states under dis-
cussion can be obtained from averaging the Zeeman opera-
tor Hy = ppB(L + 285),> where Bis the magnetic field op-
erator, over the total wave functions ¥,, cf. Eq. (14). Then,
using the expressions for the matrix.elements of operator A,
acting on the basic wave functions, and corresponding to
Hund’s case a we find, in first-order perturbation theory’?

g, = —[JJ+ D]~ H(Sh +45h,)
+ 2028y, [Su, T+ 1) +SpJ(T+1) —2]

+ 25; Sy, (T -= D7 vz jon )} (16a)
where
g = CIL |1 + 57 12). (16b)

Expression (16) is valid for describing Lande factors for the
'S state, as well as for each component of the *T1, state. Thus
in absence of ' 2-*I1 imteraction ( Sy = 0), formula {16) gets
transformed into the well known expression for the g factor
of the nonperturbed I state.’? The characteristic depend-
ence of Landé factors of each component of the nonper-
turbed b *11, state of Na, on the rotationial quantum number
Jis represented in Fig. 7. It ought to be moted that the values

of the g:',]‘ factors are practically independent of the vibra-
tional quantum number v.
The value of the electronic matrix element 7,,, similar to
., from Eq. (15b), must theoretically tend towards zero in
the case of closeness of the electronic states under considera-
tion to pure Hund's case a or b. One may, accordingly, easily
neglect the last terms in Eq. (16a) for such light molecules as
Li, and Na,. With this in mind, we obtain a simple expres-
sion for the Lande factor of the perturbed 'S state

it

8= —2\,'.5_5“,(5“0 = Su 3. an

J Cnem Pnys. Voi. 96 No. 5. 1 Marcn 1892



35186 Stoiyarov er a/.. Rotatonal magnethc moment of Na,

0/[

o0 4 M—o-._._._‘_.

-01
S3 I o— 87,
> 3
3 °_6/7/
-03H o= 67,

asr-

A

FIG. 7. The Lande factors’ variation with the rotational quantum number J
for the *Tl, components of nonperturbed Na, (&4°11,) triplet state with
v=0.

We wish to draw attention to the following peculiarity
of '2-TT interaction effect on the magnetic properties of the
'T state. As mentioned above, for pure Hund’s case a, non-
zero matrix elernents exist only between the !X state and the
*T1, component, which is itself diamagnetic, like the 'S state
(2 =0). It follows that this component cannot contribute
towards the magnetic moments of the ‘T state. The magne-
tism of the latter is, in this case, determined by indirect inter-
action with the paramagnetic *[1, and ’[I, components
through °T1,. This effect is analogous to well known phe-
nomenon of accidental predissociation.’® It is interesting to
note that the degree of interaction of the *I1, and *I1, com-
ponents with the 'Y state increases with increasing rota-
tional quantum number J, cf. Eq. (16a). On the other hand,
the rotational magnetic moment of a molecule is well known
to decrease with increasing rotation.'®*?**® The resulting
magnetic moment is thus determined by the competition be-
tween these two processes.

We now consider specific results for the Na, molecule.
As may be seen from Fig. 6, the potential curves of the
A'T7 and b°T1, states of Na, intersect and are strongly
displaced with respect to each other. It follows that interac-
tion between them is of distinctly local nature. Accordingly,
the Lande factors of these states ought to depend strongiy
not only on rotational quantum numbers (J), but also on
vibrational ones (v) in these regions. All vibrational levels of
the A 'T [ state are known to be perturbed by at least one,
more frequently by two, and sometimes, within the observed
J range, even by three levels of the & °I1, state.*”® In each of
these regions there are three resonances corresponding to
maximum interaction with components *I1., °T1,, and *,,
respectively, as shown in Fig. 8. In order to study the pecu-
liarities of the behavior of the g factors of perturbed A '~
and all components ot b °[1, states (/ = 0.1.2), as well as tor
analysis of their dependence on the absolute value of J and
on the sign of the overlap integral (v, v, ). cf. Eq. (1%a), a

/60 1 | 1 |
5
JI+1). 103

FIG. 8. Intersection of rovibronic levels Na,(4'Zrv,.)) and
Na, (5°11,,v,J) for vibration states involved in this work. The values of
triplet splitting for 4 >I1, state (dashed lines) are strongly exaggerated.

number of vibrational levels of the 4 'X state were select-
ed, having various ranges of J values, cf. Fig. 9. The g-factor
values for these levels were calculated according to formula
(16a), assuming 77,, = 0, cf. Eq. (16b). To this purpose, at
first the full wave functions were found through numencal
diagonalization of the 4 x 4 Hamilton matrix, cf. Eq. (14).
The matrix elements were given in the form proposed in Ref.
7. The vibrational wave functions of the interacting states
used in the calculations of (v, |v, ), cf. Eq. (15a) were found

. from anumerical solution of the radial Schriodinger equation

with RKR potentials for the 4 'Z " and b *H, states over
deperturbed molecular states, according to Rzf. 3 and 7, re-
spectively. The electronic matrix element £, was assumed to
be independent of the internuclear distance.

It was found that in the vicinity of the points of intersec-
tion, i.e., in the vicinity of resonances, as shown in Fig. §, the
values and signs of mixing coefficients, i.e., of the Landé
factors as well, are strongly dependent on the accuracy of the
employed matrix elements of the Hamiltonian matrix, and
are determined by the accuracy off the vibrational and rota-
tional molecular constants for the 4 '+ and 6 °[1, states.
However, the reliability of the deperturbed molecular con-
stants for bath states, as given in the literature, is regrettably
small, the constants of centrifugal distortion D,, H,, etc,,
being particularly poorly known (in percent). This, in its
turn, dramatically affects the accuracy of the calculated g
factors at large J valves. We therefore used effective sets of
molecular constants and matnx elements in the Hamilto-
nian matrix for more accurate calculation of full wave func-
tions of these levels. These setsare valid only within a limited
range of values of v,, v,, and /. *7* The results of calcula-
tions of the rovibronic levels of the 4 'Z " state, for which
the Landé factors have been measured in the present work
(ct. Sec. I1) are given in Table [ in form of mixing coeffi-
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FIG. 9. J dependence ofg:,l"'_ factors for 4 '
perturbation is considered according to Eq. (4). Ranges of J are 45-60 for v, = 14, 25-40 for v, = 16, 80-90: for v, = 22, and 85-95 for v, = 25.

cients and g factors. It may be seen from the presented data
that level v, = 16, /= 17 may be considered as nonper-
turbed with respect to other levels, i.e., its magnetism is not
determined by 4 '2 -5 *T1 interaction.

On the whole, the following conclusions can be drawn
from the results of our calculations of Landeé factor depen-
dences and of mixing factors, as dependent on quantum
number J values, and presented in Fig. 9:

él -2
' 23

107"
1072
¥ 1073

-0
1073

state. as well as of coefficients @ = (g — g*)/g for the components of b *¥1; state. Mutual 6°T1 -4 "2

(1) As expected, the g factors g:,lz: ofthe 4 '2 state
change relatively considerably more than the g factors of the
b°T1, state. Maximum changes of the values of g:,lz'- are
observed in the vicinity of intersection with the *T1, compo-
nent (positive sign of the g factor), and with the *IT, compo-
nent (negative sign of the g factor). Absence of or very insig-
nificant resonance in the vicinity of intersection with the *I1,

<. Chem_ Phys. Vol 96.No. 5. 1 March 1992
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component may be due to opposite signs of mixing coeffi-
cients for Sy and Sp,, cf. Eq. (17).

(11) The absolute value ofg:JI * near the resonances for
the given vibrational level v decreases monotonically with
increasing rotational quantum number J, assuming values
from 10~'-10~? for low J values, down to 10~°-10"" for
high ones. This is due to the fact that follows from Eq. (17):
the mixing coefficient values in resonance vicinity depend
only weakly on absolute J value and are mainly determined
by the distance between deperturbed rovibronic levels of
A4 'Z 7 and b 11, states near the resonances.

(iii) The nature of the / dependence of g factors of per-
turbed 4 *I1, states in the vicinity of resonances is affected by
circumstances: first, the distance between nonperturbed ro-
vibronic levels of the 4 'S * and & *I1, states, and second,
the steepness of the J dependence of nonperturbed compo-
nents of the 6 °T1, state, cf. Fig. 7. [ For sake of convenience
relative additions to the nonperturbed g factors in form of
a = (g* — g)/g are presented in Fig. 9.] It is for both these
reasons, as may be seen from Fig. 9, that the relative addition
to the g factor of & *I1, state is most drastically dependent on
J.

C. Effect ot 'I-'II interaction of the A '} and B 'lI,,
state Lande factors. Connection between Lande
tactors and A-doubling constants

The singlet 'I1 and '< states of diatomic molecules of
similar parity (u+—su and g«g) interact owing to nonzero
matrix  clements  of  operator [ — [/(2uR )]
X (J ~L - +J "L 7). Inenergy characteristics this leads
to A doubling of the '[I state, which manifests itself experi-
mentally in the splitting of the '[I state levels with different
parity ( + — + or — « — ). The A-doubling constant (g)
is determined by the dependence?®

g, =23 (WIIL ~(R)/RYu,)Y/AT,. (182)
where

L~ (R)=('TIHL ~1'Z), (18b)

ATU.UJZEU_/ _EU-J- {ISC)

In the case of the ' state this interaction leads to a
change in the value of the experimentally found rotational
constant 8T = B + g,. An experimental determination
of the divergence of the effective rotational constant B<"
from the value B ™ is difficult in the case of regular pertur-
bations, by virtue of the smallness of ¢, and its smooth de-
pendence on the vibrational quantum number. Here B\™
must be considered as the so-called “*deperturbed” value of
the rotational constant.™

The given interaction is also known (o lead to a change
in the Landé factors of the states under discussion’?

g = —2 (NL ~(RY/R )

WL TR, /AT L, 19

As may be seen, using expressions ( 18a) and ( 19) for calcu-

.. Chem. Phys., /ol 26,

lating g and ¢ factors it is necessary to perform the summing
(integrating) over all vibrational states of both the discrete
and the continuous spectrum. The difficulty here is due tqo
the necessity of executing a numerical solution of the radia]
Schrodinger equation for a large (in the general case, ag
infinite) number of levels of the discrete spectrum (v¥) ang
the continuous spectrum (€, ), in order to satisfy the well
known sum rule

S (wlon+ [ (wle)ide, =1, (20)
u* €

This problem becomes particularly acute in the case where
the potential curves of the interacting electronic states are
strongly displaced with respect to each other. Then condi-
tion (20) is approximately satisfied only in case of a very

“large number of terms in the summation and integration pro-

cess in Eqgs. (18a) and (19). We have used simple expres-
sions for estimating effects of distant electronic states on ¢
and the g factor without performing the summation and the
integration over the nonbounded rovibronic levels of the per-
turbing state (cf. the Appendix). These expressions prove to
be extremely time and labor saving in calculations.

Since there is one cause leading both to A doubling of
rotational levels as well as to change in Landé factors, there
must obviously exist a connection between the constants
charactenzing both effects. If such a connection is found, it
becomes possible to estimate the effect of remote electronic
states by means of experimentally accessible magnitudes.
Hence, in order to assess such an effect in the case of interact-
ingA '2 and B 'll, statesof Na,, let usstart by findingina
general form the connection between ¢ and the g factors of
the interacting singlet states.

If we assume that for '[T and 'Y states
L7 (Ry=|L 7| =const and AT, =AT, -=const, Egs.
(182) and (19) can be written in following form:

g M=2|L ~ 1B AT, (21a)

2.5 = —2iL ~|*B .*/AT,. (21b)
Then, using Egs. (21), e can easly find the connection

between A-doabling constant of the: ' state .ind Landé fac-
tor of the 'S state

gi=—qlBr/ (B (22)

The interaction betvseen the 4 ‘2 " ancl B 'I1, states of
Na, is known to have be:en experirnentally established in the
course of studying the /\ doubliny of the rotational levels of
the B 'T1, state.”® In order to estimate the exffect of this inter-
action on the Landé factorsof thed 'Z " siate, we employed
expressions ( 18a) and. (19), as well as approximate relations
(A9) and (A10). Before we did this, however, we checked
the feasibility of Eqgs. (A6) and (A7) for the states where
relation (20) is valid, i.e.. 0<v < 10and O<v* < 10. In order to
simplify the calculations we assumed that |L ~! = 1. Calcu-
lation results for ¢ and g factors obtained with the aid of
formula (18a), Egs. (19), (A9), and (A 10) were compared
for above-mentioned v values, as well as for those used in the
experiment. 1n all cases the relative difference of the results
given by Egs. (18a), (19), (A9),and ( A 10) does not exceed
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_ 2> 107" which lies far below experimental error range.

In order to construct the potential curve for the B 'I1,
siate we used data according to Refs. 39-41. Subsequently,
jormula (A9) was employed under the assumption
L ~ (R) = constfor calculating the values of factors g . , for
the levelsof the B 'TI, state, viz. forO<v* < 30and 0<J< 100.
A comparison between experimental values of A-doubling
constants, g2 as presented in Ref. 39, and theoretical q:,’;_,
ones shows that the magnitude |L ~| can be considered as
constant for all levels under study with 5% accuracy:
|L ~ =142 + 0.05. This demonstrates, on the one hand,
the validity of the assumption L * (R) = const for the states
under consideration, and confirms, on the other hand, with
respect to these states, the hypothesis of pure Van Vieck
precession:“2 (L = 1'3) =VI(T+ 1) =v2. After that,
using |L T}, as obtained by means of formulas (A9) and
(A10) the values of the ¢ factors for the B 'I1, state were
evaluated, as well as the g factor of the 4 'Z " state. The
dependences of the values obtained for the vibrational (v)
and rotational (J) quantum numbers are presented in Fig.
10.

Thus the interaction between the 4 'S and B 'll,
states leads to the production of a negative magnetic mo-
ment of the order of 7.5 107 ° in the 4 '3 state, which
only slightly depends on vand J.

D. Effect of indirect A 'X-b *I1,-a *X 7 interaction on
the Landeé factors of the 4 'Z state

As may be seen from Fig. 6, the next nearest to 4 'X”
paramagnetic state after 6 °I1, and B 'Il, is the weakly
bonded @ *X " state.**** [nteraction with the latter can also
contribute towards the rotational magnetic moment of the
4 'T .~ state. The peculianity of this interaction consists in
the circumstance that it is of indirect nature, since any non-
zero matrix elements between the 'Z ~ and the *X [~ state do
not exist, subject to pure Hund’s case a.*® This interaction
therefore takes place through the 6’1, component of the
b°T1, state. Another important feature of this 4—b—a inter-
actions is due to the repulsive nature of the potential curve of
the @ °Z 7 state in the relevant region of internuclear dis-
tances (Fig. 6). It may be of interest to note that in the case
of the Li, molecule the potential curves of the @ 2 and
b°T1, states intersect,** and the interaction produces an ef-
fect of indirect predissociation.*® Such an effect may take
place alsoin the case of Na,, but only for very high vibration-
al quantum numbers of the 4 'Z * state.*® In the case of the
rovibronic levels of the A4 'S state under consideration in-
teraction between the b *I1; and a *Z” levelsis smalland is
of regular nature owing to the remoteness of the @ °X " state
(AT, =T, (b°M,) — T,(¢'2)=7000 cm~']. Never-
theless, by virtue of locality of 4 ‘2 -6 °T1, interaction. the
total effect of @ 2 on the magnetism of the 4 'S state is
also of local nature. Using the expression for the matrix ele-
ments of *[15” ~*S” interaction,® viz.,

Hys, = (v, BIR)/Rv*)J(J — 1),

where

(23a)

76 +

_7,/ f—

AT 5
v A0
g9,
T
///
I & o
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FIG. 10. v dependence of g¢, for 4 'Z and g, factors; for B 'I1, states of
Na, as calculated according to Eqgs. (A9) and (A10) {br vanious J.

B(R) = P27 iL ~PM,), (23b)

we obtain In first-order perturbation theory an expression
for the contribution of the a *Z " state to the g factor of the
A 'Z7 state

x

gy F =125, S [ (0, IBRI/R?|v%)

e N

X(HBR) v, |/ (E,, —EL ). (24)

It ought to be stressed that, owing to the almost repulstve
nature of thea >~ state, it is necessary to perform the inte-
gration over the non-bonded states of the continuous spec-
trum [cf. Eq. (A1)].

Expression (24) can be easily simplified on assuming
that Eq. (A2) 1s valid in the case of khe states under discus-
sion. Then we can use the approximate dependence (A10),

thus obtaining

gL =28, (v, BHRY/[RAUR) s,), (25a)
where (cf. Fig. 1 1)
AU(R) = U,(R) — U,(R). (25b)
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aQor

FIG. Ul. The difference potential AU(R) between 8'[1,-A4 'S and
b°M,—a’3 " siates of Na,.

Assuming further that the 4 °TI, and @ T states, as well as
the 4 'S and the B 'T1, states follow the Van Vleck “pure
precession” hypothesis,*? the magnitude S(R) can be esti-
mated as B(R) =const = 2. We then obtain a rough assess-
ment of the contribution of the @ *Z T state

gl T =48y, B /AT, (26)

The contribution of the a £ state into the g factor of the
4 'E 7 state as evaluated according to Eq. (26) does not
exceed 0.01-0.1 of the contribution from the 4 °I1, state.
From our point of view it is small enough to neglect this
effect for the vibrational levels under consideration. How-
ever, the influence of the @ *Z - state may increase dramati-
cally in the vicinity of intersection of the curves of the & °I1,,
and g *°X 7 states when [AU(R)] ~'— . In this situation
expression (24) clearly ceases to apply, and the
6°11,—a "2 perturbation changes from regular to local,
such as in the case of 4 'S ~—b *T1, mixing.

IV. DISCUSSION

The resulting g-factor values, as obtained for
Na, (4 '3 ) from measurements (g5, ) and from calcula-
tions (g;',‘,,) presented in Table I are, in principle, not in
contradiction to each other. The best coincidence, for
v’ = 16, J' = 17, might be due to the circumstance that, in
this case, the contribution from 4 'Z - -b *11, interaction is
negligibly small. On the other hand, inaccuracy in the calcu-
lation of this interaction can affect most strongly the relative
erroring® . (tot) in asituation when the g-factor value (or,
rather, its electronic part 2. ) 1s the difference of two par-
tial contributions of interactions with the states » °T1, and
B '11,, these contributions being comparable in value, but
opposite in sign. This may be the cause of the deviation from
the experimental resuits tor levels with v’ = 4. and ¢’ = 23.

We performed an analysis. in order to elucidate the ac-
curacy of calculations of the contribution of the
b °T,-4 ' interaction 0 the Lande factor value of the
4 'X. state. We found this contribution to be highly sensi-

tive to the accuracy of the unperturbed molecular constantg
used. This was most striking at high J values. Thus, for ex-
ample, a change in the constant of centrifugal distortion D ,,
for v* = 25 of the b °T1,, level by 209 (which lies far below
the experimental error in its determination) causes a change
in Landé factor values of the v’ = 25 level of the 4 ' " state
in the resonance region (85KJ<95) by several orders of
magnitude. It may be expected that systematic high preci-
sion measurements of g factors of the 4 '3 state for each J
value within the probable resonance range might permit, by
solving the reverse problem, readjust the position of the rota-
tional number of the points of intersection (cf. Figs. 8 and
9), and thus obtain more accurate values of the molecular
constants.

Owing to the circumstance that the discussed electronic
states of Na, are, in our opinion, subject to pure Hund’s case
a, the interference term in Eq. (16a), which corresponds to
direct interaction, turns out to be negligibly small. It is
known, however, that with increasing nuclear charge in the
molecular series K,, Rb,, and Cs, (Ref. 47), an increase in
relativistic effects takes place. In particular, the value of
spin-orbit interaction becomes larger,'’ and it is not ex-
cluded that the interference term in Eq. (16a) may play
some role in the formation of the Lande factors of the state,
particularly for the levels with high J values.

Moreover, with increase in spin splitting of the triplet
one may apparently neglect the effect of 4 '2 interaction
with the components of b *T1, and & *II, on the g factors of
the 4 'T state. It will be the direct interaction between
4 '% and the 6 *[1,” component of b ’I1,, which will play
the main part in the formation of the nonzero magnetic mo-
ment of the A state. Expression (16a) will then assume the
form

'z ZSZSH,neI(U:‘Url,> ) Sfl,

& ST FmTn JI+n (278)
where

P = (TSP, (27b)

The preseat example of 4 'S -B ‘1, interaction per-
mits one to draw an interesting conclusion on how it is possi-
ble to study experimentally the characteristcs of a distant
electronic state. As may be seen, the effect of distant elec-
tronic states on the position of rovibronic levels of the 'Z
state are practically impossible to observe exxperimentally by
virtue of the insignificance of ¢, with respect to the deper-
turbed B ™ values. At the same time this e flect can be easily
assessed experimentally from the change in Landé factor
value, since this change is very considerable against the zero
value g factor of the unperturbed 4 'Z  state. In opposition
1o this. it appears to be expertmentally simpler to notice and
measure the A-doubling effect in the '[I state, since the
change in Landé factor value can be experimentally nouced
only at very large / values. when the intrinsic magnetism of
the '(Istateg, = — 1/{J(J + 1) ]isnegligible. The connec-
tion between g and the g tactors, as employed 1n the present
work. makes 1t possible to establish an unequivocal connec-
non between the results of physical expeniments which are
alien to each other. This circumstance acts in addition to the
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reviously established*® connection between g factors and
¢ enstants of hyperfine (spin—orbital) interaction. Thus re-
s« (ts of magnetism studies may in certain cases be used for
tRe determination of structural parameters of molecules
more accurately than possible by direct measurements.
Study of the effect of the above-mentioned interactions
magnetic properties appears to be of interest also from the
point of view of studies of the peculiarities of their manifesta-
tions in states belonging to various cases of Hund coupling in
the Li, —Cs, sequence. Thus, for example, in the case of the
{ i, molecule the peculiarity of the effect of the interactions
« nder discussion is connected with the circumstance that for
such a light molecule the value of spin—orbital interaction is
Lower by an order of magnitude than in the case of Na,,
teading to a Hund’s case b.*” Apparently, this leads both to
¢ onsiderable weakening of 4 'S -b 11, interaction effect
¢ nthe magnetic properties of the 4 '~ state and narrowing

of the resonance signal’s (in gf,lz“‘ ) dependence on J. Re-
¢ ently the magnetism in Li, (4 'Z ) was studied in Ref. 49
using the Faraday rotation method. On the other hand, with
¢ iminishing reduced mass value of the molecule an increase
94 the contribution of nuclear rotation takes place, cf. Eq.
13). as well as of the electronic contribution on the part of
the distant B ', state, cf. Eq. (3). Another peculiarity in
the behavior of Li, 1s connected with the fact that, owing to
mutual intersection of the potential curves of 5 °I1, and
2 -, there is a noticeable increase in the effect of the
*Z = state (in comparison with Na, ), this effect necessar-
{y being of pronounced local nature. As a further conse-
quence of this intersection there must be a diminution in the
{ifetime of the perturbed levels of the A4 ' state, caused by
accidental predissociation.*®

/. CONCLUSION

The approach used in the present work for studying per-
turbations, based on Landé factor measurements of per-
turbed diamagnetic (Q2 = 0) states, appears 10 us t0 be a
highly competitive method permitting detailed investigation
not only of local, but also of weak regular perturbations, the
analysis of which may be inaccessible by traditional high-
resolution spectroscopic methods.

(v [fTRY/AU(R) vy =

(v, IR —y, [ (ROX, +f(Rc)[X: (Y% —y) - Yz)’:]

APPENDIX

In the assessment of the effect of distant electronic states
on the characteristics under discussion [cf., e.g., expressions
(18a) and (19)] of the given rovibronic state it 1s necessary
to calculate the following form**-*°

(o, TR ey (eiu (R v, )
F =Z
v*J

Pad EuJ _E
+J (AR [€,) (e, [e(R) v, ) dEe,
Eu.l _€J

. (A1)

where summation and integration is performed over all rovi-
bronic states of the discrete and continuous spectrum, f(R)
and £ (R) being known continuous functions of the internu-
clear distance.

In the case then the perturbing electronic state is far off
the perturbed one, we propose a simple form for estimating
the expressions of (Al) type

F=(u,lf(R)(R)/AU(R)|v,), (A2)

where AU(R) is a potential difference of the states under
consideration. Let us consider the conditions when the ap-
proximation (A2) is valid. For this purpose let us use the
expansion of AU(R) into a Taylor series in the vicinity of the
point R,

AU(R) = AU(R,) + AU'(R,)AR

+ AU (R,)(AR)*}/2 + -+, (A3)
where AR =R — R, and R, = (v, |R |v$)/{uv,|v?) is so-
called R centroid.’’ Then neglecting the higher powers in
Eq. (A3) one can obtain

AR AR)
AU(R) ~ A¥U(R,)

(1 —p AR 5- (37 — 3, J(AR)?],
(A4)

whete  y, = AU'(R)/AU(R,),  y, =AU"(R.)/

[2aU(R,)]. Taking into account tha:*?
E. — E,. = (v, fAU(RY|uF)/ (e |uF)
=AU(R (1 +y, ¥, + 1), (A5)

where Y, = (v, [(AR)?|v*)/{v,|v*), and assuming that

ARY=f(R,) + [(R_)AR is weakly dependent on R after
integrating the both parts of Eq. {A4) we can.obtain

EUJ—E'

v

where X, = (v,;(AR)!v¥). Then multiplying both parts of
Eq. (A6) with (v} (R)jr,) and using the sum rule (20) it
1s possible to get the approximation (A2) and also to esti-
mate 1its relative error £ as

:i-F:z{[Uﬁl_yl)}'l“.V:]X:‘)':Y:}y (AT)

where f; = f(R_)/f(R_). It is clear that I = 0 in the R-
centroid approximation. In real case the I, value 1s the

, (A6)

J

srmaller. the larger is the distance AU(R) between the inter-
acting electronic states, and the closer to each other are the
shapes of their potential curves. i.e., the smaller the differ-
ence between their vibrational and rotational constants. The
AU=U, - U, andAU= U,y — U, ), values, asdepen-
dent on internuclear distance R are represented in Fig. 11 for
the electronic states discussed in this paper. Additionally,
the &, is smaller for the low vibrational levels and for the
states with small values of the parameter y = B,/w,.”* Tt
mayv be of interest to know that the obtained expression
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(A2) is similar to the approximation for lifetime estima-
A
tion

r7 = [AUR) P (R) |u,). (A8)
Thus substituting f(R) =L 7 (R)/R? u(R)=L *(R)
into Eq. (A2), we obtain the following expressions for the g
and g factors:
9,0, =2I[L T (R)Y]/[R*AUR) | |u}),
8= = 2(u L T (R [RPAU(R)]|u,).
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Observation of A 'S} ~b 3IIU interaction in g factors of weakly coupled
Na, A '=7 state levels
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The b°1,~4 'S interaction in Na, as manifested by 4 'S state Lande factors was investi-
gated. Landé factors g, were measured from the dispersion shape Hanle signal in fluores-
cence excited by 647.1 and 676.4 nm Kr*-laser lines. The partial contribution g, due to
weak 4 ~b interaction was extracted from measured g factors for v,, J levels with v, between
& and 29. The electronic part of the spin—orbit (SO) interaction matrix element A, = 5.86
+ 0.20 cm ™! was determined by deperturbation fitting of g4, values. Possible error sources in

4 'Z7 state g-factor treatment due to imperfection in the physical model employed, inaccu-
racy of existing set of b °TI, state molecular constants and nonlinear magnetic field effects

were analyzed.

l. INTRODUCTION -

Detailed spectroscopic investigation of diatomic mole-
cules with the aim of determining accurate molecular con-
stants often results in a deperturbation problem. The dep-
erturbation procedure strives to obtain the set of “pure”
molecular constants, that describe a molecular state undis-
turbed by interaction with any other state.! From another
point of view, the deperturbation is used to get information
about the perturbing state, which may be unobservable by
direct spectroscopic measurements. Increasing accuracy in
level shift and lifetime studies allows the detection of
weaker perturbations. It is clear however, that the most
perturbation sensitive parameters would be those possess-
ing a near zero value in perturbation free conditions. This
13 obviously not the case for level shifts and lifetimes
changes. It is possible to approach the desirable situation
by performing either intensity measurements of forbidden
transitions or studies of magnetic properties of a diamag-
netic state. For example, in Ref. 2 both the anomalous
relative intensities in the perpendicular B0; — X1, transi-
tion as well as B0 state Landé factors g were registered
in the Te, molecule. As shown in Ref. 3, both features can
be described simultaneously as a resuit of BOJ ~41, inter-
action with the near by A1, state. A nice demonstration of
the especially high sensitivity of g values to local perturba-
tions is given in Ref. 4 for the BOJ state in the ¥Se,
molecule.

To compare the sensitivity of the above mentioned
methods, one has to remember that the level shift value is
of the order of ~H%,-/AE,~,—, changes in lifetime ~ (H;/
AEij)z, while diamagnetic state g-factor value is ~H;/
AE,; assuming a zero perturbation free g value. H,; denotes
the interaction matrix element, AE, y the energy difference
between the two deperturbed interacting levels. Hence,
Landé factor measurements appear to be most useful for
the purpose of observing perturbations which are weak due

“'Permanent address: Department of Chemistry, Moscow M. Lomonosov
State University, Moscow W-234, 119899, Russia.
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to the smallness of the interaction matrix element (H,<0.1
cm™ ). ’

It is of interest to apply magnetic measurements to
such a known and extensively studied test system as the
b M,~A 'S} complex of a Na, molecule.>"* In our pre-
vious work'* Landé factors were determined for four rovi-
bronic v,J levels belonging to the Na, 4 ! state and
excited by a 632.8 nm He-~Ne laser line. The analysis of the
basic causes of appearance of a nonzero g-factor value in
the diamagnetic 4 'I; state of Na, as performed in Ref. 14
has shown that there are three main sources of magnetism,
namely, singlet-triplet interaction with a crossing b 311,
term, rotationally induced interaction with a distant B 'II,,
term, and finally, the rotation of atomic nuclei shielded by
inner electronic shell. The last two phenomena are of reg-
ular behavior while the first one is typically examplified by
a local perturbation producing pronounced resonant shape
dependence on vibrational (v) and rotational (J) quantum
numbers. The 4 'S state g/ factor for a given v,J level
exhibits an increase of up to 1-2 orslers of magnitude when
conditions of energy rzsonance with () components of
b1, state are met. Thus the g/ factors are able to supply
& lot of high precision information: about moilecular struc-
ture, including interaction constarits. However, such reso-
nances can be studied successfully by high resolution spec-
troscopic detection of level shifts®"*1%13 or by“performing
sufficiently accurate lifetime measuremenss.'®!! At the
same time for v,J values beyond the region of resonance the
size of the 4~b interaction in Na,, as can be seen from
calculation and the experimental results of Ref. 14, is too
small to be registered in level shifts or lifetime changes. It
is just these cases that are treated in the present work. We
calculate g-factor values using a definite set of deperturbed
molecular constants (a direct problem), and also deter-
mine the spin-orbit interaction parameters using experi-
mentally measured g values (an inverse problem) for
weakly coupled 4~ b levels.

It 1s rather obvious that the precision of a description
of g factors is from one point of view connected with the
inadequacy of the applied physical model, while from an-

© 1993 American Institute of Physics



Stolyarov et al.: Weakly coupled Na, A 'T; state levels 827

other with insufficient accuracy of the existing set of de-
perturbed constants. Moreover, the very small Landé fac-
tors are known'> to be extremely sensitive to the structural
molecular parameters. That is why special attention is
payed here to the procedure for choosing the most reliable
set of molecular constants and evaluating the effect of its
errors on calculated g factors.

The organization of the paper is as follows. In Sec. II
we present a brief description of the experimental method
and the results of Na, 4 'S state g-factor measurements
using zero field crossing signal (Hanle effect) in laser in-
duced fluorescence (LIF) excited by Kr™-laser lines. The
main part of the paper, Sec. III, details the theoretical
description and the possibility to obtain information about
A ~ b interaction parameters from measured gf;’ values. Af-
ter presentation of a basic approach (Sec. III A) and the
method of extracting a partial contribution g, to the total
g, factor caused by 4 ~b interaction (Sec. III B), we, in
Sec. III C, analyze in detail the procedure for choosing the
molecular constants and the effect of errors originated both
from imperfections in the physical model employed and
the uncertainty in b °I1, state molecular constants as avail-
able from literature. In Sec. III D calculated g%, factors
and their variations are presented and compared with the
experimentally measured values. The possibility of apply-
ing some of the measured g5 factors to determine the
value of the electronic part (H,) of the spin—orbit A~b
interaction is demonstrated (Sec. [II E). The methodolog-
ically important question of possible external magnetic
field influence on g-factor values is examined in Sec. IV.

Il. EXPERIMENT

The method of measurement and data processing for
the experimental determination of Na, 4 =} state g fac-
tors 1s the same as described in more detail in Ref. 14. We
employed here the same modification of a dispersion shape
Hanle signal in 4 'S =X 'S} LIF under circular polar-
1zed excitation allowing us to determine very small values
of the product gr=10"'2 5. We managed to observe the
very beginning part of the magnetic field (#Z <1T) depen-
dence of the degree of circularity ¢ = (I,—1,)/(I,+1;) by
detecting the fluorescence intensities circularly polarized
along the right (I,) or left (I,) circle, cf. Fig. 1(a). Flu-
orescence was observed at right angles both to field Z and
exciting laser beam directions. The circularly polarized ir-
radiation lines 647.1 and 676.4 nm of a 100 mW cw Kr™
laser were used to excite the sodium vapor in a glass cell at
a temperature of 600-630 K. Using 647.1 nm excitation we
found the seven LIF progressions mentioned in Ref. 16 and
originating from the Na, 4 'Z} state v,J levels listed in
Table . We also identified three new LIF progressions
using 676.4 nm excitation. This pumps X —A transitions
with following uv.J numbers: (1,42)—(3,43), (2,106)
—(8,107), and (10,30) —(15,29).

An example of the experimentally measured % (%)
dependence is given in Fig. 1(b). As previously,'* the
% (94 ) values obtained were approximated with straight
lines assuming ¥ = (10/13)ag7Puo/Al + 4, where ad-
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FIG. 1. Experimental geometry (a), and magnetic field dependence of the
degree of circularity ¥ (b), measured for LIF transition X '2;, v=4,
J=34—A'S;, v=13, J=35-X '3}, v=2, /=34

justing parameters « and 4 are introduced to account for
inaccuracies in calibration of the /,, and /, channels. The
spontaneous iifetime value was taken from Ref. 17 as equal
to 7=12.4 ns, and a small correction of about 3% account-
ing for collisions was introduced. The g%® factors obtained
are listed in Table I together with estimated error values.
For 676.4 nm excitation a g-factor value for v=8, J=107
only is given. The results for two other levels are not pre-
sented because of great errors due to weak fluorescence
intensity.

Ill. CALCULATION OF A '3 STATE g FACTORS AND
DETERMINATION OF A 'S} ~b 11, INTERACTION
PARAMETERS

A. Expressions for g factors

It is convenient to use the following form: of expres-
sions for g factors arising due to A 'Z} ~ b *I1 interaction:

g4 =1{gh+5%(g— g5} +{gia(1+2Sq,Sn )
+Sigh—8) 1+ 8im o (1)

where in addition to the similar expression given in Ref. 14
regular 4 'SF ~ B I, and 6’1, ~a’S7 interactions are
taken into account. Here g%, is the contribution caused by
direct A ~ b interaction's

4= —{&(Sh +25%) +8(2SH) /X

—{2(g,+85) S, (S, +Sn) M/ 2X, 2)

where X =J(J+1), g;=1, and g,=2.0023 are orbital and
spin electronic g factors, S, Sp, are the mixing coefficients
of the levels of the 4 ~ b complex as obtained by diagonal-
ization of a 4Xx 4 Hamiltonian matrix of the Hy+ ¥V, op-
erator.” The nonzero elements of this matrix are repre-
sented by the following simplified expressions:

J. Chem. Phys., Vol. 98, No. 2, 15 January 1993
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TABLE I. The exciting line 4,,, excited v,, J levels, calcuiated (g%}, g7 + 25 and g7+ g% 5+£%,) and experimentally measured (g5°) g-factor values as
well as calculated energy shifts SE and lifetime changes &7 for Na, 4 '] state. Values in parentheses after g5, are variations in the last digits.

P i Zir gl o o o
nm v, J (in 10~° Bohr magnetons) cm™! ns
676.4 8 107 —6.6(42) —5.1 —11.7 —10.8x1.6 0.01 0.06
647.1 10 59 —-0.9(2) =51 —6.0 —7.6x1.5 0.03 0.01
12 41 —0.6(1) -5.2 -5.8 —-5.1%£1.0 0.01 - 0.01
13 35 0.0(2) —5.2 —5.2 —4.7=0.7 0.00 0.00
13 83 —0.2(5) —4.8 -50 —5.6x06 0.05 ) 0.04
632.8 14 45 +9.4(8} —5.1 +4.3 +3.1* 0.05 0.04
16 17 0.0(1) -5.2 52 —5.3 0.00 0.00
647.1 20 33 +1.5(8) —5.1 3.7 —48+1.5 0.0] 0.01
20 98 —0.4(45) —4.5 —-4.9 —92x1.8 0.00 0.00
632.8 22 86 —9.6(36) —4.6 —14.2 —-13.6 0.01 0.06
25 87 +6.1(41) —4.6 +1.5 +2.4* 0.01 0.06
647.1 29 50 —2.9(16) —4.9 -~7.8 —7.7%0.8 0.03 0.02

*As measured in Ref. 14.

Hu =T, + B X~ DX +H,X,
Hoo=T,—Ap+ By(X+1) = Dp(X*+4X + 1) + Hy(X +1)
X (XP+8X+1),
Hy =T+ By(X+1)=Dy(X*+6X—3)
+H (X’ 415X —5X —5),
Hyy=T,+Ay+ By(X—=3)— Dy(X*—4X +5) + Hy(X?
—3X 45X -17), (3)
H01=H10
=— 2X[B,~2D,(X+1)+H,y(3X*+10X —1)],
H12=H21
=— 2(X=2)[By—2Dy(X + 1)+ Hy(3X*—2X
+3)],

Hy=Hy=E4,

where 4, 0, 1, and 2 denote 4 '27}, b°M,, 6°M,, and
b T1,,, respectively, T is the vibronic energy, B rotational
constant, D and H centrifugal distortion constants, 4, the
b °T1, spin-orbit constant, and £, the spin—orbit interac-
tion parameter. The spin—spin constant and A-type dou-
bling in the b °T1, state are neglected here. g5 in Eq. (1)
and g in Eq. (2) are partial contributions to the 4 'S
and b [1, state g factors caused by interactions with B ',
and a *T7 states, respectively, while terms with g7 and gj
in Eq. (1) describe the “‘nuclear” contribution appearing
due to the rotation of the shielded nuclei in the Na, mol-
ecule.'®

The present study deals only with 4 'S] state levels
weakly coupled to the & 3Hu state, Le., S,=1, Sp, < 1, In
which case Eq. (1) is simplified,

8y =g\ +8\p+8 (4)

thus allowing us to consider additive contributions of the
three sources of A 'S7 state magnetism.

B. Estimation of g45, gJ2, and g3 factors

g4s and g values were calculated for experimentally
studied 4 'S} and b I1,, state levels according to expres-
sions (19) and (A10) in Ref. 14. Calculations were based
on internuclear potentials’***? U,(R) and matrix ele-
ments of the -electronic-rotation interaction'*? L} (R).
The following expression was used:

gl=2g 2 Wl L (R) [ (]| L (R)
Yj

X [#/2mR*}|v))/(E, )~ E, )

=2g,(v]| [ L] (R) I (#2/2mRPAU (R 11w}, (5)
where m is the reduced mass of a molecule and AU;;(R)
=U{(R)—U/(R) are the difference potentials. Indices i
and j denote 4 '2} or b°Il, and B 'M, or a*Z7 states,
respectively. As expected, g%y and g are weakly depen-
dent on vibrational and rotational quantwn numbers.
Their approximate values are g5~ —7.0x 10> and g3
~ +1.4% 10™* (in Bokr magnetors). It can e seen from
Eq. (2) that g¥<g,, thus allowing us to neglect the a °Z;
state contribution to the total magnetic moment of the
A 'S} state. The nuclear g7 factor of the 4 'Z} state was
assumed to be independent of v and J, and a g7 value of
+2.4%10™* (in Bohr magnetons) was estimated accord-
ing to Ref. 19. The summary g +g:"3 values are given in
Table I for the 4 '3 levels under investigation.

C. Molecular constants and error analysis in g4,
caiculations

1. Dunham constants and RXR potential for b *11,
Sstate

As may be easily seen from Eq. (3), the computation
of g%, values starts with the search of deperturbed sets of
the Dunham constants for the interacting 4 ' and b T,
state levels. Molecular constants and RKR potentials for -
the A 'S} state have been known with sufficiently high
precision for 15 vears.** Since the main source of informa-
tion about the & I, state is from analysis of local pertur-
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TABLE II. Molecular constants in cm ~' for 6(1) *I1, state of Na, com-
piled in this work and corresponding constants from Refs. 7 and 9. (Val-
ues in parentheses are standard deviations in the last digits.)

TABLE III. Vibrauonal energies, rotational constants, and turning
points of the #(1) I, state of Na, up to v=134. (Values in parentheses
are standard deviations in the last digits.)

This work From Refs. 7 and 9 v G(v) cm™! Rom A Row A B(v) em™!
T, 13 524.29(39) 13 523.19(137) 0 76.70(1) 2.9743(46) 3.2510(45) 0.151 56(41)
4, 7.09(1) 7.08(6) 1 229.44(2) 2.8830(45) 3.3633(45) 0.15093(44)
a, —0.016 2(4) —0.015 6(35) 2 381.28(4) 2.8229(45) 3.4446(45) 0.150 30(44)
W, 153.62(7) 153.84(31) 3 532.23(6) 2.7756(46) 3.5130(46) 0.149 66(45)
DX, 0.440 7(36) 0.453 8(223) 4 682.28(8) 2.7359(46) 3.5742(46) 0.149 02(45)
10w,y, —0.901 4(58) —0.652(451) 5 831.43(10) 2.7013(47) 3.6303(46) 0.148 37(46)
B, 0.151 87(4) 0.151 13(40) 6 979.67(12)  2.6704(47) 3.6830(47) 0.147 72(47)
10°a, 0.626 6(41) 0.560(54) 7 1126.98(14)  2.6424(48) 3.7328(47) 0.147 07(49)
lOff/, —0.184(11) —0.32(16) 8 1273.38(16) 2.6167(49) 3.7806(48) 0.146 42(51)
10'D, 5.00(27) 5.12(184) 9 1418.85(19) 2.5929(50) 3.8266(49) 0.145 76(52)
IOSB, 0.193(144) 0.118(62) 10 1563.38(21) 2.5707(51) 3.8711(50) 0.145 09(55)
lO'oH, 0.10(4) 0.139(52) i1 1706.98(24) 2.5498(52) 3.9145(51) 0.144 43(57)
12 1849.64(26) 2.5302(54) 3.9568(53) 0.143 75(60)
13 1991.34(29) 2.5116(55) 3.9983(54) 0.143 08(63)
14 2132.09(32) 2.4940(57) 4.0390(56) 0.142 40(66)
: ls+ | 3 15 2271.89(34) 2.4771(5%) 4.0790(57) 0.141 72(69)
bations betweeq the A 27 and b1, state'& the mplecular 6 WI0.71(37)  2.4611(61) 4.1185(59) 0.141 03(72)
constants describing the last are known with considerably 17 2548.57(40)  2.4457(63) $.1575(61) 0.140 34(76)
lower precision and only for a limiied v interval 18 2685.45(43)  2.4309(65) 3.1961(64) 0.139 65(80)
(6<u<25).9 We investigate here 4 ‘2: state levels having 19 2891.34(46)  2.4167(68) 4.2343(66) 0.138 96(84)
v values up to v=29, the last being perturbed by the 5T, 20 ~ 2956.26(49) 24030(71)  4.2721(68)  0.13826(88)
state level with v=30. We have critically examined the 2 3090.18(51) - 2.3898(73) 4'§097(7” 0.13755(52)
. . 6.79.12 _ 2 3223.10(54)  2.3770(76)  4.3471(74)  0.136 84(97)
available onginally reported data which lead to the 23 3355.01(57)  2.3647(79) 4.3842(77) 0.136 13(101)
values of 7', By, A, D,, and H, for various 4°TI, state 24 3485.92(60)  2.3528(82)  4.4212(80)  0.13542(112)
levels, and then by means of linear least-squares fitting 25 3615.82(62)  2.3412(86)  4.4580(83)  0.134 70(115)
procedure obtained a new set of molecular constants valid 27 ;;‘;;;222;; ;;?gggg; :-‘;g‘l‘igg; g:g; giii;_‘] ;
up tov=134 (Tab_le I1), which was further used to compute 2 3999.37(70)  2.3084(97) 4.5680(93) 0.132 52(132)
the RKR potential (Table IIT). 39 4125.16(73)  2.2980(100)  4.6045(97)  0.13179(138)
30 4249.90(75) 2.2880(105) 4,6410(106) 0.131 05(143)
. , T 31 4373.60(78) 2.2782(112) 4.6775(111) 0.13031(147)
2. Overlap integrals (vz/ Vi) and spin-orbit interac- 32 449625(80)  2.2686(117)  4.7140(116)  0.129 56(154)
tion matrix elements §,, 33 4617.84(82)  2.2592(121)  4.7506(119)  0.128 82(161)
34 4738.37(84) 2.2501(125) 4.7872(123) 0.128 06(166)

Using the RKR potential for the b °TI,, state from Ta-
ble I1I and that for 4 '3 state from Ref. 20 we performed
the renormalized Numerov® computation of a radial
Schrodinger equation, thus obtaining the two state zero
order vibrational wave functions, used further to compute
spin-orbit interaction matrix element &= (v}|H|v})
values. The vibration-rotation interaction efect on the
quantities (uf,|ui) (sometimes called the Franck—Condon
factors, or FCFs) was accounted for by solving the Schro-
dinger equation with an effective internuclear potential
Urxr (RJ=0)+J(J+1)#*/(2mR*). As expected,’® this
interaction affects mostly the overlap integrals of small ab-
solute values (see Table IV).

When performing £ ,, computations of this kind, it is
common to assume that the electronic part of spin—orbit
interaction H, is not dependent on internuclear distance
R7® leading to &, = HY,(R7) (v’ | v]), where R¥*=3.75 A
is the crossing point for potential curves of the 4 '=; and
b 11, states. It holds well because effective electronic cou-
pling clements defined as (v 52 (R)|v])/{v}|vi) vary
only slightly around HY,(R7?), except for cases with very
small FCF’s. However, for some levels studied here FCF
values appear to be very small (Table [V), and the factor-
ization & ,, = H%(R?%)(v’;|v]) may not be justified. Owing
to this, we tried to employ as R-centroid approximation®’
in order to obtain the semiempiricai dependence A5 (R,),

where R.=<(v}|R|v})/{v}|vj) is the so-called R cen-
troid.”® For this purpose experimental £33 values were
used as reported previously®”'>3 from level shifts and'”
from lifetime measurements. In both cases A 'S state lev-
els close to energy resonance with b 31, state levels were
investigated. &SP values were transformed into Hi,(R.),
see Table V, by means of (v}|vj) and R, values as com-
puted in this work. The linear approximation of Hg (R.)
was performed, leading to

HY,(R) =HL(RY) + Hoy(RY) (R—RY). (6)

Linear least-square fitting of Eq. (6) gives the following
parameters: HY (R%°)=5.98(0.01) cm™' and HS(RY)
= —9.3(0.7) cm~'/A. Unfortunately, Eq. (6) appears to
be valid only within a narrow R, range, (3.72<R.<3.78)
A. This is quite understandable, as only levels with large
FCF's were involved in the H; (R.) computation (see Ta-
ble V). Hence, extrapolation of Eq. (6) beyond the men-
tioned R, region can lead to considerable errors in calcu-
lated &,, values when the vibrational overlap is small.
Hence, the average quantity H;, = 5.97 + 0.15 cm ™' was
used here for &,,. In order to obtain the A (R) depen-
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TABLE IV. The calculated overlap integrals {v;| v}, energy differences AES,= ES— E3, mixing coefficients
S4 Sp, R centroids, and matrix elements of spin-orbit interactions &, for investigated levels of A~b
complex. (The quantities in parentheses below the (17| s}) values correspond to variation of overlap inte-
grals due 1o systematic errors in molecular constants of 6(1) *I1, state; the number ( —n) in the S".- value

denotes 107").

(hl),  AES, R, b
v, v, J 10~° em~' S, Su, S, Su, A  cm™!
8 1l 107 —204 =4 +278 0997 550(—3) —~5.54(—2) —499(—2) 37539 -—1.31
10 15 59 _(17,:;82)5 —5L6 1000 273(—2) 6.44(—3)  129(—3) 3.7669 —1.15
12 17 4l .(1—2_719:;)5 —43.7 1.000  2.12(—=2)  4.05(=3)  656(—4) 3.7839 —0.75
13 18 35 _(1—5110)15 —557 1000  1.60(—3)  2.02(—4)  225(—5) 3.9655 —0.09
13 16 83 13(1_2)7 +6.5 0997  592(—2) ~2.23(—4) =—591(—2) 37601  0.77

(106)
14 18 45 (86 =6 +21.6 0942 4.65(—2) —2.50(—2) 145(—2) 37184 1.10
16 20 17 zs(liz.)lz +27.9 1.000  3.64(—3) —4.56(—4)  720(—5) 3.8548  0.14
20 23 33 51(1?)15 +16.5 1.000  1.64(—2) —~8.44(—3) 526(—3) 3.7020 0.30
20 21 98 15(6:)30 —39.2 1000 —145(—2) —8.12(—3) —322(—3) 39629 90.09
22 23 86 _(1:1327 —143 0958 —8.11(—3) —5.63(—2) —4.32(—2) 3.7458 —0.83
25 25 87 fszlf)s +18.6 0998  570(—3)  4.08(-2) —531(—2) 3.7325 0.79
29 30 50 14(.7152)3 —316 1000 —3.90(—2) —1.21(—=2) —295(—3) 3.7633  0.87

(146)

dence valid within a sufficiently large R region, it is neces-
sary to know §,, values corresponding to small FCF's
(when the R-centroid approximation becomes incor-
rect?). This can be achieved in principle using g-factor
measurements, see Sec. I.

During computation of the matrix elements §,,, we
also made an attempt to take into account the distortion of

((E, j+E, )/2—E, j](vy| H,| 03 (+3| 45 (R) ~ B(R) {2X | vy)

b Il,, state wave functions caused both by the R depen-
dence of the spin-orbit 4 ~b interactior. constant, as well
as by the electronic-rotation interaction with & °II,, state
3 levels, »ju. Then using a Van Vleck transformation,
it is easy to obtain corresponding seconc: order corrections
to matriz elements (v | H,|v}),

£(2)
Sab =
o yF=Up

(Eyy=Eup) (B py—Eop)

N

The off-diagonal matrix elements {3 4,(R) — B(R) \/Z—X’ |v]) appearing here due to interaction be:tween the: b M, and
b3 I1,, components with different u‘,: and wi can be. evaluated by considering the following expansicas of the 4,(R) and

B(R) functions:
Ay(R)=A,+ A, (R,)(R—R,)/R,+" ",

B(R)=B,—2B,(R—R,)/R,+ ",

(8)

9

where R,=3.101 A is the equilibrium distance of the b 311, state potential. Introducing the harmonic oscillator eigen-
functions, the matrix elements (uilAb(R) — B(R) J2X| v‘,:) can be estimated as [4;{R,) — 2.3,\/27] JB/w,, where v,
is the b state vibrational frequency. Then, Eq. (7) is approximated as

((Ey g+ Eo) /2= E. /) 0l Ha | 1) [43(R) = 2B, \2X] B0,

rp=UpE |

(10)

(E, ,~E, ) (E. ~E,)
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wexp

TABLE V. The absolute values of experimental spin-orbit interaction matrix elements 57, calculated
overlap integrals ()| v{), R centroids, and electronic parts of the spin—orbit interaction AL (R.).

St R, H(R,)

v, vy J em™! OAPS A em™! Ref.
0 6 80 2.50 0.427 3.751 5.86 9
0 7 50 2.26 0.379 3.752 5.96
| 7 75 1.39 0.236 3.757 5.89
1 8 40 2.05 0.343 3.754 5.98
2 8 69 0.5 0.081 3.732 6.30
2 9 28 0.65 0.112 3.767 5.85
5 9 63 1.58 0.265 3.750 5.96
4 10 55 1.43 0.241 3.755 5.93
s 1 48 0.42 0.075 3778 5.59
6 12 39 0.69 0.111 3.736 6.22
7 12 67 1.15 0.190 3.758 6.05
7 13 25 1.33 0.221 3.748 6.02
9 14 53 0.58 0.103 3.732 5.63

10 15 45 1.17 0.196 3.747 5.97
8 14 8 1.34 0.211 3.759 6.35 7
8 14 8 1.272£0.001 0.211 3.759 6.04 13
3 10 10 0.81=0.05 0.133 3.742 6.09 10
7 13 25 1.33£0.05 0.221 3.748 6.02
8 14 8 1.34+0.05 0.211 3.759 6.35

12 17 22 0.694 £0.02 0.122 3.766 5.69 6

1 21 16 0.501%0.02 0.078 3.723 6.45

22 25 10 0.977+0.015 0.163 3.751 6.01

26 28 50 0.8942£0.0018 0.154 3.782 5.81 12

34 34 36 0.5334 £0.0075 0.092 3.773 5.79
8 1 107 - 1.12=0.10 0.204 3.7539 5.51 This work _

14 18 45 1.04 +0.05 0.186 3.7184 5.59

22 23 86 ~ 0.82%0.06 0.141 3:7458 5.80

25 .25 87 0.83%0.06 0.134 3.7325 6.17

29 30 50 0.92+0.08 0.147 3.7633 6.23

Parameters in Eq. (8) as obtained in a semiempirical way
from the existing experimental v dependence®’®!2 of 4, are
as  follows (in cm~'): 4,=7.05(0.01), 4j(R,)
= —2.6(0.6). In particular, 4, values for various v levels
were taken both from high precision line position measure-
ments in LIF spectra of strongly forbidden & *Tly, — X ‘Z;
and b°M,, - X '=F transitions,® as well as from a deper-
turbation analysis of strongly perturbed a-state levels ob-
served in Doppler-free ¥ 'S} —A4 'S} excitation spec-
tra.%”!? Following from Eq. (10), the correction &2’ may
play a considerable role only for large J and small (v}|v})
values under conditions when FCF’s for the neighboring
terms of the vj progression are not small. Nevertheless,
even for such levels the £2) does not exceed 0.03 cm ™.

3. The influence of direct A 'T} ~b *11,, interaction

In the above performed treatment of 4~b perturba-
tion, the nonzero value of interaction matrix element be-
tween A 'S} and the b°Il,, component of b state was
neglected. The matrix element appears as a result of non-
validity of “pure” Hund’s case (a) coupling, and this ma-
trix element can be evaluated as follows:

Hy=H, =} d[F(F+1) —IUI+1)~X]/{X
+my2X |},

where d and 7 define the reduced: matrix clements of a
nuclear spin—electron spin and electronic-rotation cou-
pling, respectively. The d value is of the order of 10™* as
measured experimentally in Ref. 30. The: parameter 7
value is unknown, but it can be roughly estimated in a
following way. Spin—orbit intersction mixes the b°Il,,
component of the b state with the B 'IL, state. Conse-
quently, the perturbed wave fumction |f93r[h,)p can be
described in the form |b°M,,),=|b"Il,)+7|B'IL,),
and y can be estimated according to perturbation

an -’

theory as y=({b>M,,|H,|B'N,)/(E,—Ez). Since
(b°M,,|Ho|B'TI,) =A4,, v can be estimated as
A/ (T,~Tg=—10"2 This gives the value of

n={d 27| L*(R)/R*|6°Th,),=7{4 'I] | L* (R)/R’|
B'M,) =2B,y=—2x10"*cm™", L*(R)=VZ being the
electronic-rotation interaction matrix element between the
A and B states. As is clear, the breakdown of the pure
Hund’s case (a) description leads also to the appearance
of an additional contribution to the g,, factor in
Eq. (2), namely, —2cS,Sq (vf|v)/ 22X, where
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c=(4 'S [L*(R)|b°I1,,),can be estimated in a similar
way as c=2y=—2X 1073

Due to the smallness of ¢,d, and 7 values as estimated
above one can safely neglect the influence of a direct
A4 'S ~b°1,, interaction within the J values for the levels
under study.

4. The effect of molecular constant errors on
rovibronic level energies, RKR potentials and (v;(| Vi)
values

As was mentioned previously, the 3Hu state molecu-
lar constants are known with considerably less precision
than that for 4 'S state, thus only the effect of b *I1,, state
constant errors will be considered.

First, let us discuss the influence of imperfection in
vibration-rotation molecular constants on the calculation
accuracy of RKR potential turning points and overlap in-
tegrals (v%|v}). Assuming the errors are small, the “true”
potential can be treated as a sum of first order RKR po-
tential U¥xg(@sR) as calculated using a given molecular
constant set and a small additional term 8U{(a,R)
=}Zai(an/aa,ﬂ)c‘h»r Note that here the parameters q; are
describing the potential and are treated as molecular con-
stant functions. Then, using first order perturbation theory
we obtain relative changes in overlap integrals as
2 e, (U3 8U o) (|0 /I(E, s — E, ;) (}|v3)]. There-
fore, the most pronounced relative changes are expected
for small (v7|vi) values, especially if neighboring terms
(+3]v4) in o/ progression are large.

Computation of the §U(a,R) functions using a nu-
merical RKR potential is by no means a simple task.>!
That is why in order to calculate variations in the turning
points and (v}|v}) values we use Monte Carlo sampling
method, according to which the input parameters
(©p0Xg...,Bpte...,) Were subjected to random variations
within one (normal or systematic) standard deviation of
their obtained values (see Table II).

Variations in turning points and (v7;|v]) values caused
by systematic errors (estimated as the differences between
molecular constants obtained in this work and in Ref. 9,
see Table II) exceed normal deviations considerably. Ow-
ing to this, we present here only the results of systematic
error simulations (see Tables III and IV). As expected, the
variations are more pronounced for small (uﬁ|vi) values,
see Table IV. Note also, that the differences between turn-
ing points of RKR potentials as computed with our set of
molecular constants and that given in Ref. 32 are within
systematic vanations.

Let us now consider the effect of molecular constant
errors on the accuracy of calculated deperturbed 4 °I1,
state rovibronic term values E2,. From Monte Carlo sim-
ulations (see Table III), the effect of E2; due to vibrational
constant errors does not exceed 0.8 cm ™', while average B,
error value is about 6.6 10™* cm ™. Error values for D,
and H, estimated as the differences between the values
obtained here and reported previously”® (see Table II) are
about =1X1077 and 4X107'% cm™'. respectively. It is
evident that the absolute values of EJ, errors are increasing
with J. Thus for /=50 the error contribution into B,, Dy,

and H, is, respectively, 1.6, 0.6, and 0.05 cm ™!, whereas
that for /=100 gets to 6.6, 10, and 4 cm™'. Hence, inac-
curacies in EY; values in the case of large J are caused
mainly by imperfection of the centrifugal distortion con-
stants. The same conclusion is confirmed by comparison of
the differences between £, as calculated using a given set
of molecular constants and that obtained as a solution of
radial Schrodinger equation. The differences are about 0.1
cm ™! for small J, about 1 cm ™! for J=50, and come to 10
cm ™! for J=100. Similar considerations will be used in the
next section to calculate g%, values (a direct problem) and
to obtain spin—orbit interaction parameters & ,, from exper-
imentally measured A4 state Landé factors (an inverse prob-
lem), as well as to estimate the accuracy of these proce-
dures.

D. Calculated g, values and their variations. Com-
parison with experimental resuits

The matrix elements given by Eq. (3) were calculated
using &, values from Table I'V, the vibration—rotation con-
stant set derived in the present work (Table I1), and 4 '3}
state molecular constants from Ref. 24. The numerical di-
agonalization of the 4X4 matrix gave the mixing coefb-
cients S, S, Then g4} values were computed according to
Eq. (2) for the 4 '=7 state levels studied in this work, as
well as those measured previously in Ref. 14. The resuits
are given in Table I. It must be mertioned that some dif-
ferences between the results in Table I compared to the
quantites calculated for identical v,J levels in Ref. 14 is
due to the choice of parameters as discussed in Sec. ITI C.
Additionally, considering the evaluation of systematic er-
rors in (| v}y, HY,, and in b 11, state molecular constants
by means of Monte Carlo simulation analysis we obtain g,
variations (Table I). As can be seen, from the table, calcu-
lated g}+g%5+g5, Values are in agreement with experi-
mentally measured g5° within exparimental error, when
errors due to imperfection of the tizatment are accounted.
for cne exception is g5° as measured for the level with
v,=20, J=98, being of raore negazive value than the cal-
culated one.

It is well known tha: the strength of 2 perturbation is
determined both by the interaction matrix element value
and the energy difference between deperturbed levels. As
can be seen from Table [V, the spin—orbit: interaction ma-
trix element £,, comes to a considerable absolute value for
the levels withv,=8, 10, 12, 13(/=83), 14, 22, 25, and 29,
while energy differences AES, are relatively small for 8,
13(J=83), 14, 20(J==33), 22, and 25. Hence, the pertur-
bation is expected to be of a considerable value for v =8,
13(J=83), 14, 22, and 25. This is more or less in agree-
ment with computed g%, values, see Table L. It is of interest
to mention that the levels with v, =8, 13(J=1383), 22, and
25 are situated within the b °TI, state triplet complex, thus
being very sensitive to the accuracy of the b state molecular
constants. Good agreement between the measured and cal-
culated g factors for these levels proves the accuracy of the
chosen set of molecular constants and the reliability of the
theoretical approach. It ought to be noted that the level
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13(J=383) demonstrates a special situation. its interaction
with the Ty, and 3H2,, components being opposite in
sign are practically compensating each other
(S, + Sm,=—1.0x107"). Due to this peculiarity the v,
=13, J=83 level is almost insensitive to the changes in
spin—orbit interaction constant £,

As follows from g, values in Table I, v (J) levels
12(41) and 16(17) practically do not interact with the
b °I1, state, that is why the coincidence of measured and
calculated g factors confirms reliability of calculated
g% +g'/s values. For comparison, we also calculated the
level shifts §£ and lifetime increasing values &t appearing
due to 4~ interaction for the 4 'S state levels under
study. The results as presented in Table I are showing that
for all levels employed in the present work the upper limit
of these quantities is E=0.05 cm ™' and 67=:0.06 ns, re-
spectively, thus being practically unmeasurable.

E. £%% and H, determination from experimentally
measured g factors

We made an attempt to employ the experimental g5

values of the v,(J) levels undergoing not too small 4 ~b
interaction, namely, 8(107), 14(45), 22(86), 25(87),
29(50), in order to carry out some kind of “inverse’ treat-
ment. The aim was to achieve the best coincidence of mea-
sured g5® and calculated g5 +g% 5+ 8", quantities by means
of variation of spin—orbit interaction parameter £,, The
resuits of this fitting procedure are presented in Table V.
As can be seen, £ values obtained in this work are in a
good agreement with & values obtained earlier by means of
level shift and radiative lifetime measurements. However,
the R, region range for &5 in our studies is not broad
enough to get the A, (R) dependence in a semiempirical
way. At the same time, the {57 vaiues obtained here lead to
an averaged value of the electronic part of spin—orbit in-
ieraction equal to Ht,=5.86=0.20 cm™', which is in ex-
cellent agreement with the value of 5.97 cm ™! as obtained
by averaging all data reported in literature and listed in
Table V.

IV. THE EXTERNAL MAGNETIC FIELD EFFECT ON
THE g,, AND g,; FACTORS

In the last section we discussed the reliability in our
situation of the simplest assumption that the g; factor is the
only coefficient necessary to describe the linear Zeeman
effect of a rovibronic level in form E;=(i|H™|i)
= —uo(i|gL+8S|) B =ugMAF, g; being independent
of the external magnetic field strength % and J-projection
quantum number M. Here / labels a discrete v,J level, while
Ho=4.669 X 107% cm ~'/Gauss is the Bohr magneton. Let
us first consider the effect of magnetic field on 4 ~ b inter-
action and g%; factor values. For this purpose we have to
analyze the 4 X4 Hamilton matrix for the 4 ~4 complex,
see Eq. (3). As the Zeeman part H™* of a Hamiltonian is
able to mix only the states with Q' — Q" =AQ0=0,%1 (ex-
cept for 1’ =" =0), the nonzero matrix elements of ™
operator in a matrix of A ~6 complex18 will be

Hf=Sg/X,
H3¥=25(g1+8,)/X,
Hf$=Hig =S¢,/ 2X,
HTf=H78=Sg, [(X-2)/ \2X,

HE# = Hyf = —Sgpa (X =2)/ X,

where S=—uMZ%. It is easy to understand from Eq.
(12) that since H,, and H,y <X~} the additive Zeeman
energy corrections to corresponding matrix elements of Eq.
(3) are small compared to the energy of a deperturbed
level. At the same time, the off-diagonal (A{l==1) ma-
trix elements are proportional to X~ /2, thus being com-
parable with corresponding terms in Eq. (3) assuming suf-

(12)

ficiently strong field Z and large J values. Moreover, the

dependence of such an effect on the sign of M must cause
the interference phenomena between intramolecular
(electronic-rotation) and external (magnetic) interactions.
Performing a numerical diagonalization of a matrix equal
to the sum of matrices given by Egs. (3) and (12), it is
easy to compute the mixing coefficients S,, S, and g5
factors for 4~ b complex, cf. Eq. (2), including the exter-
nal magnetic field effect. In particular, we calculated the M
dependence of g%}, factors for magnetic fields up to 1 T for
considerably interacting 4 ~b levels used for the £57 de-
termination (Sec. IV D, Table V). The results, presented
in Fig. 2, allow for a conclusion that the external magnetic
field is able both to increase_or to diminish the g%, values
(dependent on the sign of M), and the function g%, (M)
does not possess +.M symmetry.

Some peculiarity in the magnetic field effect on g%,
values is connected with the fact that Zetman operator
obeys not only a AJ=:0 selection rule, but also AJ= 41
one. Therefore, in the case of 4 ~- B interaction there exist
nonzero H™ operator matrix ele¢ments not. only between
|4'SF,J) and | B'I1},J), but also betwen 4 'TF,))

w -5
Gap 10

________ .
sk T
1 1 1 1
-40 40 ‘ 40 0 M
:m-...’.___=4
<L

FIG. 2. Landé factor &% value dependence on magnetic quantum number
M calcularted for magnetic field @ =1 T (dashes denote & =0). v,())
values are (1) 14(45), (2) 22(86), (3) 25(87), (4) 29(50).
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and | B'T;,J+1) state levels, e.g., magnetic field gives
some admixture of the negative B 'Il, state component.
Consequently, the energy expression contains terms corre-
sponding to a quadratic Zeeman effect E;=(i|H™|i)
+Z (i|H™| j)*/(E,~E,). Note, that the two interacting
A4 and B states are sufficiently far apart in energy, thus
allowing to consider with satisfactory accuracy that

E,,;— E s = E, ; — E, ;and the quadratic term can
therefore be comparable with a linear one. Accordingly,
using an explicit form for diagonal and off-diagonal H™*
operator matrix elements, see Ref. 18, it is easy to obtain
an expression for the A state Zeeman energy due to A~ B
interaction in a following form:

E=2pogMB 2 (wy| L¥ (R)|vp) (W] L* (R) [#/(2mR) +puogM B /(2X) ]| v}) /(E, ;~E, )

vg

+uig B X (WG| LT (R) |05 Y I+ DI+ T+ LMY/ (E, j—E, y11)

vs

+ (U LT (R) oy Y= DT (M) /(E, ;—E, 41},

where T(J,M)=(J*~M?)/[2J*(4J*—1)]. Similar to the
case of the 4~ interaction, the first term in Eq. (13)
contains an interference factor dependent on the sign and
value of M. Besides, Eq. (13) shows that, in contradiction
to the case of the 4 ~b interaction, the second (negative)
term being a function of M? may play a considerable role,
especially for small M values. For the purpose of approx-
imate calculations, Eq. (13) can be simplified using the
approximation procedure as developed in our previous pa-
per,' leading to

Ei=2uqgMB (v}| L* (R)}[#/(2mR?)
+uogM B/ (2X)1/AU ,5(R) |v))
gt BHY| LT (R)Y/AU (5(R) U [(J+1)

X+ TJ+1LM)+J(J-1DTM)]. (14)

Based on Eq. (14), we carried out as an example the cal-
culation of M dependence of u, /pg values for v =16,
J=17, u, " being the magnetic moment determined as E;

= —uY% A . This specific level was chosen because its g fac-
tor is practically inaffected by the 4 ~ b interaction, and its
J value is the smallest of all involved in our studies (see
Table I). The results are presented in Fig. 3 for a maximal
field value of 1 T available in our measurements.

It is rather obvious that the external magnetic field
effect on the observed signal, as discussed in this section,
depends on a number of parameters, including J and gXx 7
values, the geometry of the arrangement for Hanle effect
measurements {direction of observation and excitation,
field direction, the type of molecular transition and light
polarization), etc. The estimations were made for the case
of our measurements (Fig. 1), showing that relative
changes in ¢ values due to nonlinear magnetic field effects
does not exceed 5% for field value of Z =1 T.

(13)

I

V. CONCLUDING REMARKS

The local 4 ~ b interaction in Na, molecule is showing
itself in A state g4 factors as an admixture g5, on the
background of regular contribution being of the order of
g+84% 5= —5x107>. From this point of view, 4 '27 state
levels can be devided into three groups accounting for the
effectivity of manifestation of 4 ~ b interaction in g factors:
(i) strongly coupled levels, where A ~ b interaction is strong
both due to a large interaction matrix element value £ ,, as
well as the smallness of zero order energy level differences
AES%, (energetic resonance). Here interaction is pro-
nounced noticeably in g% factors (showing the growth of
absolute values up to 1-2 orders of snagnitude as compared
to the regular “backgrecund” value, cf. Ref. 14), in level

x A(
3
% M
ol \1
4
40
16 2

FIG. 3. M dependence of a = p, (M, B )/uq 2s calculated at @=1T
according to Egs. (13) and (14) for Na, 4'E; state level v,(J)
=16(17). (1) Linear term. {2) The term caused by interference factor
(AJ=0). (3) The term caused by quadratic (AJ= +1) effect. (4) The
summary term. Curves 2 and J are ten times exaggerated.
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frequency shifts (up to 1 em™'), as well as in lifetime
changes (the increase up to 20 ns). (ii) Weakly coupled
levels, where A ~ b interaction is weak because of the large
AE%, and (or) small &, values, but nevertheless it is pos-
sible to gain information from magnetic measurements.
Landé factor measurements are most favorable to study
perturbations being weak due to small overlap integrals
(uﬁ | v}y, because it is just the case when g-factor values are
most sensitive to the accuracy of Dunham constants and
spin-orbit electronic interaction values H:o (i) Practically
noncoupled levels, where A ~ b interaction is so weak due to
small £, and large AEY,, that g%, <g7+ g%, therefore g*/-
factor measurements are practically noninformative from
the point of 4 ~ b interaction investigation.

- In the present paper we focused our attention just on
the second case (i1). It must be taken into account, how-
ever, that deperturbation makes sense only if its results are
outside the error range, caused by the inaccuracy of the
empirical molecular constants. Besides, note that for very
small Landé factor values a great number of subtle pertur-
bation effects must be taken into account. In particular, the
weak regular perturbations caused by interactions with dis-
tant paramagnetic states (4~ B, and possibly, the other
ones), as well as magnetic field effects on measured g val-
ues must be considered with great accuracy.
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Alignment-orientation conversion by quadratic Zeeman effect: Analysis

and observation for Te,
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This paper reports the observation of the molecular fluorescence circularity under irradiation
with linear polarized light. The phenomenon arises as a result of partial transformation from
alignment of the ensemble of molecular angular momenta into orientation due to quadratic
correction to Zeeman effect. Circularity rate up to 0.05 at magnetic field 0.4 T was registered in

B3Z7(17)=-X “2 (1) fluorescence of l:‘O'l'ez molecules at angle 7/4 with respect to E vector
of lmea.r polanzed cxcmng light. Quadratic magnetic energy terms are associated with magnetic

field induced AJ= +1 ¢/f mixing between 1, ~ 17

and 1; ~0;

states. Circularity data fitting

shows that the electronic part of Landé factor caused by 1; ~0; interaction is equal to G,

Egl(ou|‘]a:!: | 1u> + (g:_gl) (Ou|st | Iu> =2.72.

. INTRODUCTION

In the preceding paper' a theoretical consideration was
presented allowing to predict the appearance of orientation
of angular momenta under excitation by broadband linear
polarized light through the action of external perturbation
causing asymmetric splitting between coherent M M =1
magnetic sublevels when the corresponding magnetic split-
ting frequencies wagas, 1550 _ar=1—p- 10 this situation one
is inclined to speak about anisotropic destruction of coher-
ence, and the external field may play the same role as
anisotropic collisions, which, as was first forecast in Refs. 2
and 3, are able to produce partial transformation from
alignment to orientation. Significant interest in such a phe-
nomenon of alignment-orientation conversion is connected
with changing the symmetry type of angular momenta dis-
tribution, namely, with breaking the symmetry in respect
to the reflection in the plane perpendicular to the axis of
alignment. Nevertheless, as far as we know, there exist up
to now only a few direct experimental observations, cf.
Refs. 4-7, demonstrating the above mentioned effect of
alignment-orientation transformation, which have been
performed on atoms under anisotropic collisions. As is, in
principle, clear,’ any kind of external field action may
cause the effect, if necessary asymmetric magnetic sublevel
splitting is produced. In Ref. 8 it was proposed to achieve
effective J-selective angular momenta orientation of
aligned linear molecules moving in a2 beam with a fixed
velocity by means of quadratic Stark effect.

An interesting possibility appears to be the use of the
quadratic correction to the Zeeman effect in diatomic mol-
ecules. In particular, we direct now our attention on exter-
nal magnetic field % induced interaction between the lev-
els with AJ= =1, leading to quadratic Zeeman energy
dependence on field strength. We have chosen the Te, mol-
ecule as a convenient object for analysis and experimental
observation of the effect. Indeed, sufficiently enough data
are known about the energetic and radiative properties of

*'Present address: Department of Chemustry. Moscow M. Lomonosov
State University, Moscow W-234, 119899, Russia.
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low-lying excited electronic states of Te,, among them the
closely positioned BO; and 1 states (cf. Refs. 9-13 and
works cited therein). A number of data about g factors of
these states have been obtained previously by measuring
Hanle effect in laser induced fluorescence'*!® supposing
that only a linear Zeeman effect is taking place. In fact, as
recently established by deperturbation analysis in Ref. 13,
the 1= state mentioned above is, most likely, predomi-
nantly a Q=1 component of the B 33 - state, and not of
the 4°T1, state, as previously supposed,’ "0 hence the nota-
tion B’}: (1,) will be used herein for this state. It is
worth mcmioning that the 17 component can be consid-
ered, with fair approximation, as unperturbed by heteroge-
neous electron—rotation AJ=0 interaction with 07 state.
For this reason the 1] component of Te, molecule was
chosen here in order to demonstrate the appearance of
alignment-orientation transformation induced by quadratic
Zeeman effect.

Il. ZEEMAN ENER&GY CALCULATION
The Zeeman operator # p,, for Huad’s (c) coupling

case can be writter: in the folliawing form:'’
H =~ 1% 8N+ (8~ 8)S]. (D

We suppose here that the space-fixed z axis of quantization
is directed along the external :mmagnetic feld #, g,=1 is the

.orbital electronic g factor, g,:=2.0023 is the spin electronic

g factor, J,=L+S is an overall electronic orbital and elec-
tronic spin angular momentum of the molecule, up is the
Bohr magneton.

In contrast to intramolecular perturbations the Zee-
man operator has nonzero off-diagonal (AJ= =1) matrix
elements,'®!? hence, a magnetic field is able to induce in-
teraction between levels with different J in OF ~17 com-
plex of B33 state. As follows from the rigorously valid
selection rule, total parity @ or © is conserved, cf. Fig. 1.
In terms of e/f labeling,'® this means that allowed inter-
actions with AJ==1are 17 ~17 and 1] ~ 0], thus lead-
ing to magnetic field induced e~ f mixing. At the same
time, the 1, state can be considered as nonperturbed by

© 1993 American Institute of Physics
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STT——= r(J+1)
(G+1) + e
——— ()
(3) r-——=@
/ Lo
(J-
Gy 1z

FIG. |. Magnetic field induced mixing between 17 and 1], 07 state levels

with AJ= = 1. For an even isotopic *%Te, molecule J possesses an even
integer value and the levels shown with dashed lines are not realised due
to symmetry considerations. €, is the total parity, whilst +,— is the
electronic parity corresponding to e,/ states, respectively.

both intramolecular electron rotation 17 ~0; as well as by
diagonal over J(AJ=0) magnetic 1] ~17, 17 ~07 inter-
actions; it is the I state which is of interest to study in
order to analyze the role of quadratic Zeeman effect. In-
deed, neglecting diamagnetic terms'®% the quadratic over
4 contribution AE,, to magnetic energy can be written for
1, state as

(17 (D) | Fmagl 1 (T 1))?

AEy (1, 01,)) = Eu,J Eﬂszl
1o

(17 () | Hmag|OF (J=1))?

Eulf_Evohﬂ - (2)

Here v, and v, denote the vibrational levels of 0] and 17,
17 states, respectively.

We further neglect the heterogeneous 0} ~1; interac-
tion effect on rovibronic level energies of 0 and 1 states
and their wave functions. Then, assuming that the elec-
tronic part of the Zeeman operator #&°p,, is independent of
internuclear distance, the total magnetic energy of a cer-

tain rovibronic level (v,,J) takes the form

Ex(17 0, ) = Mu g @ + G A(M N5 B?

J(J+1)

+G§B(MJ),BF§92, (3)

where the first term corresponds to linear Zeeman effect.
G, 1s the electronic part of the molecular g factor in the
Q=1 state, which is equal to'"®

G.=[g0+ (g,—8gn {02 |S.|Q)]Q. (4)

The second term of Eq. (3), in agreement with Eq. (2), is
emerging due to 17 ~17, AJ= =1 interaction. The “geo-
metric” factor A(M,J) in Eq. (3) can be found by appli-
cation of direct cosine matrix elements'®* o

A (MIMI+1) o (MIMJI—1)
E"lj EU!J+[ EU‘J EJJ‘]— H

AM,J)=

5749

FIG. 2. Excitation and observation geometry.

ot (MM I+1)=J(J+2) f(TM),
ot (MM~ 1) = (P = Dh(IM),

1 [(J+1)2—M2]

f(J’M)=(J+1)2 4(J+1)°—1

1 (P—M?
hU,M)=72 (H) (5)
We are neglecting here the interaction between different
vibronic 1, state levels, supposing that the overlap inte-
grals (v]|vi=") =0 for v,v,, where vg, vq are different
1, state vibrational quantum numbers. Then, neglecting

the centrifugal distortion terms in expressions for energies
entering Eq. (5), we get

1 [ (MIMJI—-1) al(MJMJ+1)

A(anzz_gv J - J+1

(6)

The second quadratic term in Eq. (3) describes the mag-
netic field induced 1 ~07F, AJ= =1 interaction, and G,
is the component of the electronic pant of the g factor
caused by heterogeneous [Q'—Q=AQ=1) interac-
tiOﬂ”'la

G, =8KQ[Ja [0 +(g.—8) (2|5, [Q7). (7
The geornetric factor B(M,J} then apjrears as '

B(MJ) =al{ MM+ )5 +aio(MIMT~1)S,,
JJ+1) |

oM IMI+1) =

5 -f(I.M),
J(J+1)
(M M —1) === h(I M), (8)
where
(U‘|v/+l ] <U.1/|U0—l>2

Si=2 EJ—W z E;I—_J:F_YO+— -9

The direction cosine matrix elements?! a,; and a,, in Egs.
(6) and (8) are arising in the transformation from the
molecule-fixed coordinate system to a space-fixed one. The
overlap integrals and energy differences entering into Eq.
(9) can be calculated for given v, J values using molecular
constant set.>10

J. Chem. Phys., Vol. 99, No. 8, 15 October 1993
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Thus the problem of getting Zeeman energy
Ey (17 ,0,J) values accounted for quadratic terms due to
magnetic field induced interaction, cf. Eq. (3), is reduced

to a minimum number of adjustable parameters, namely,
G.and G..

. CALCULATION OF FLUORESCENCE CIRCULARITY

The general requirements imposed on the Zeeman sub-
level splitting matrix wy = (Ey— Ey) /% which are nec-
essary to observe the occurrence of circulanity under linear
polarized excitation were examined in Ref. 1. According to

!
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this, the nonzero even rank X coefficient a)a" value has to
appear in w,, expansion over irreducible tensor opera-
tors of the rotation group. This is equivalent to the condi-
tion

OMM+ 170 _M—1~M> (10)

which is fulfilled for the case described by Eq. (3) together
with Eqs. (6) and (8) due to the M? dependence of a,;,
ajo. By substitution the analytical expressions for the a,,
and a, values into Egs. (6), (8) and then into Eq. (3), we
get the explicit form for E,,

szJ. (11)

Eoli- _GMpp®  GuhB’ (A1) (=M JU+D)[(J+1) —M?]
wlle o) = JI+1) T 2B, [ J(4JF—1) (J+1)3[4(J_+1)2—1]}
GCub®@r | JIU+D2=MY] (1= MD)
2 [(J+l)[4(J—;-l)2—l] T IGAES
i
This leads to

Oypy=or[—1—(ay+bjow (2M+1)],

a.)_M_l_M=a)L[—l+(aj+bJ)a)L(?.M+1)], (12)
where

G, @ 13

r=jorn kR (13)

and a, and b; are M-independent factors arising from
A(M,J) and B(M,J), respectively. As is evident from Eqgs.
(11)-(13), condition (10) holds and hence the appear-
ance of circularity J,—1; is expected, /,,J, being fluores-
cence intensities in the cycle J —~ J' — J; possessing
right-handed and left-handed circular polarization, respec-
tively. Let us discuss the geometry of excitation and obser-
vation, cf. Fig. 2. The E-vector of linear polarized excita-
tion is directed at spherical angles 6,¢, whilst the direction
of observation is chosen along y axis. Expressions for /,—1;
and 1,41, at arbitrary 6,9 are given in Ref. 1. The optimal
6 value equal to 7/4, will be supposed in further treatment,
and we obtain

[,(T sin @+ wpr.1 COS @)
Il S o P+ Opp+1 COS P

737
M I+ oppiy
M M+1 M M1
X (C.;:'M-;-H—IC.;:'M+HO—C;'M10 M)
M M4t M M+1
X (C;'l'mod'l'un +C;YM+11—1C5TM+110)'

(14)

where CZ,p are Clebsch—Gordan coefficients, I is the ex-
cited state relaxation rate and I', is the pumping (excita-
tion) rate.

Figure 3 demonstrates the results of numeric calcula-
tion of the expected value of circularity rate € = (I,—1;)/
(I,+1,) as dependent on a dimensionless parameter @,/

T« &, cf. Eq. (13). The 1,41, value has been calculated
according to Eq. (15) from Ref. 1. Fig. 3(a) demonstrates
the case when @=1/2 which is fulfilled when the exciting
beam is perpendicular to the direction of observation, cf.
Fig. 2. Figure 3(b) refer to the geometry when ¢=0,
which can be.achieved when fluorescence is observed along
the exciting beam direction. Parameters involved in the
calculation refer to the B2, (17) state of *°Te, with
v;=2(J=96), as studied in Refs. 1% 14, and 16. The
J—1-J~J+1 cycle was considered. We used here G,=
—1.86 and T'=7""=8.55%x10° s~! cbtained from Hanle
effect: and lifetime measurements. Deperturbed molecular
constants were taken from Refs. 13 aad 22.

Curves 1 in Figs. 3(a) and 3(b} correspond to the
situation when we suppos:c G =0 i1z Egs. (3) and (11)
leading to ;=0 in Eq. (12). Thus we are neglecting the
magnetic field induced 17 ~07 interaction. This assump-
tion means thatthe G, is the only paymameter describing the
magnetic energy, and the quadratic term avises due to
17 ~1}, AJ= =1 interaction. As miay be seexn, curve 1 in
Fig. 3(a) is of dispersion type, being:; an odd a); /T function
with a maximam at w;/T ~ 1.5, and the appearing circu-
larity does not exceed 0.1. The orientation signal ¥ (@/
I') in Fig. 3(b), cf. curve 1, is an even w;/T function and
shows a more subtle form changing its sign in the vicinity
of @,/T =1. The fact that curves in Fig. 3(a) are odd by
reversing the magnetic field whilst those in Fig. 3(b) are
even has a simple geometric interpretation. The orientation
is always created perpendicular to the plane defined by the
light E vector and the direction of perturbation causing
alignment-orientation conversion."® In the case of Figs.
3(a) and 3(b) the created orientation is perpendicular to
the E, # plane. The appeared orientation starts to precess
in the magnetic field &. For the geometry of Fig. 3(a) the
orientation is created perpendicular to the direction of ob-
servation. Hence, the fluorescence circularity depends
strictly on the direction of precession (defined by the sign

J. Chem. Phys., Vol. 99, No. 8, 15 October 1993
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FIG. 3. Caiculated circularity rate % as dependent on parameter w /T,
which is proportional to magnetic field strength 4. (a) For E vecter
directed at §=w/4, p=u/2 (cf. Fig. 2), (b) 6=n/4, p=0. Curves |
correspond to G, =0. Curves 2 correspond to G, =2.9.

of magnetic field) and can be described by the odd type
% (%) function. In the case of geometry of Fig. 3(b) the
orientation is created in the direction of observation. It
means that the observed fluorescence circularity is inde-
pendent on the direction of precession of orientation and
can be described by the even type ¥ (%) function.

Let.us now include magnetic field induced 17 ~07
mixing which foliows the selection rule AJ==1. Using
molecular constant sets' for 1, and 0] states we get for
v;=2(J=96) the following values for the sums entering
Eg. (11): §;,=—-0.019 l/cm™, §,=—0.029 1/em™'. If
the G, value is known, G. remains the only adjustable
parameter. Curves 2 in Fig. 3(a) and 3(b) demonstrate the
total circularity signal which appears owing to both
17 ~17 and 17 ~0F Zeeman mixing. The concrete G.
=2.9 value was used as established in Ref. 13 by *“global”
deperturbation analysis from simultaneous processing of
magnetic and radiative data. As is seen, the circularity
caused owing to 1, ~0] interaction dominates in this
case. Circularity signals, as shown by curves 1 and 2 for the
more simple dependence in Fig. 3(a), are of opposite sign
due to the opposite sign of a; and b, in Eq. (12). Figure 4
demonstrates high sensitivity of the appeared orientation
signal to G, changes. Hence, it is promising to use the
alignment-orientation conversion effect in order to deter-
mine G, values and thus to pass to the matrix element of
the heterogeneous electronic interaction.
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FIG. 4. The same dependence as shown by curve 2 in Fig. 3(a) for
different G, values: (1) G, =8, (2) G.=4, (3) G, =2, (4) G.=1.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Molecular fluorescence from 130l'c-,_, vapor was induced
by a linear polarized line 514.5 nm from an Ar™ laser
operating in a multimode regime. The tellurium isotope
was held in a fused silica cell at a temperature T=650 K
and connected with a vacuum system through a dry valve.
The R-type molecular transition (Xl" ) —4,J” 95)
—(B17 v’ =2J"=96) was excited.’

The degree of circularity was measured at the geome-
try shown in Fig. 2 when 6=n/4, p=7/2. The external
magnetic field was varied between % = —0.4 and +0.4 T.
The results for a  fluorescence transition
(Bl ,v'=2J"=96) - (X1 W' =8,J" =97) are presented
in Fig. 5. showing the appearance of circularity up to
% =0.05. The solid line was calculated in the same way as
the curve 1 in Fig. 3(a) using G, as the only nonlinear
fitting parameter, and the value G, =2.72 yielding by fit-
ting is in excellent agreement with the resulis obtained in a

0.06 —
2
© 0.3
c
2 .
g Tzl A
I I71¢
E A}/ B
(@}
o
o
=S 003+ $ .
9 -
O
4:).04_30'4 olz 0.0 012 D 04

Magnetic field, B, Tesla

FIG. 5. Measured circularity signal for v, =2(J=96) level of B X (1]}
state in '*®Te,. Full line is obtained by fitting according to Eq. (17).
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different way in Ref. 13. As it may be seen from Fig. 5, the
general behavior of the calculated dependence reflects, to a
major extent, the main behavior of the measured circular-
ity values. It seems, however, that one can notice some
distinction which 1s beyond the statistical error limit. The
discrepancy in the small 4 region can not be explained by
accounting for the simultaneous 17, 07, and 1} interac-
tion, which gives an additional contribution to the qua-
dratic Zeeman term in Egs. (3) and (11) and is able ta
change only slightly the G. value yielded by fitting, with-
out changing the shape of the signal at a small magnetic
field. The higher order magnetic terms not involved in our
description are also unable to produce the structure. Thus,
up 1o now we can only suppose that the discrepancy may
be due to either some systematic experimental errors, or
else, because the broad excitation line approximation is not
valid with sufficient precision.

It is interesting to compare the information available
from magnetic field induced alignment-orientation conver-
sion with that yielded by conventional Landé factor mea-
surements supposing the linear Zeeman effect conditions.
Landé factors g go- of a diamagnetic (2=0) BOJ state of
13°Te2 were obtained in Ref. 15. The g ot values are de-

termined by electron-rotation 0 ~ 1 interaction with AJ
=0. The g+ data interpretation needs, however, the no-
'

tion of the electronic matrix element n={Q|J,, |’) for
heterogeneous electron-rotatian state mixing |Q2'—Q| =1
of the coupled 07 and 1 states. For weakly coupled levels
we get! 1522

(Uo|B(R)|U')<Uo|U')
gmf=ZG*T’Z lu'J =
n E::,’—Ell‘-'

Hence, the ggy+ factor data yield only the product G.7

and does not allow to determine G, in a direct way. The 7
value for 07 ~1; mixing in Te, was determined'’ from
energetic and radiative data as 1=1.43. This leads, for
instance, to G, =2.9 for the BOJ state level v,=0(J
=179). This result is in a good agreement with the G,
values obtained in a direct and independent way in the
present work. Such an agreement confirms once more that
the G. value is very close to 27, and thus we have an
additional reason for the conclusion'® that the Te,(1,)
state studied here is in main a >%, component of the B°X;
state. Indeed, as follows from Eqs. (7) and (15), G. and
7 are not independent, and G. —1=(|S.|Q"). Passing
to Hund’s case (a) basis set, we get G, =g,(*Zo|S. (%))
=27. If the 1, state is a *TI, component of the 4 °II, state
according to the point of view of the authors of Refs. 9 and
10, it should be G, =g,(*Zy|L. |’ M,) =17.

It is worth mentioning that the alignment-orientation
conversion induced by nonlinear Zeeman mixing gives the
possibility to study the weak intramolecular interaction ef-
fects via magnetic characteristics of not only diamagnetic
but paramagnetic states as well. For instance, the 1 state
of Te, studied here was always treated as unperturbed by
1,~07 interaction and its magnetic properties were de-
scribed by the G, value only.'>!*1®

(15)
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Q.16

0.12 ]
0.08

0.04} %

0.00 e . . ;

Linear polarization rate

FIG. 6. Calculated linear polarization rate @ =(I,—1,)/(I;+1;) as
dependent on @,/T for various observation-excitation schemes. Curve
1—with accounting on quadratic Zeeman term in Eq. (11), curve 2—the
ordinary Hanle effect signal.

Let us now follow the influence of quadratic Zeeman
effe; terms in Eqgs. (3) and (11) on the Hanle effect signal
measured in linear polarization of laser induced fluores-
cence. The results of calculations; of linear polarization rate
(I1—1,)/(1;+1;) of fluorescence as dependent on mag-
netic field strength 47 are presented in Fig. 6 for three
different eacitation-observation schemes for the same mo-
lecular transitions and parameters as in Fig. 5. As one may
see, the dependencies accounting for nonlinear Zeeman
term (curves 1) do not differ much from the signal caused
by linear Zeeman effect (curves 2). The *‘traditional”
Hanle signal of Lorenz shape, cf. Fig. 6{a), was the one
used in the experiments'*!® in order to determine G, for
v;=2(J=96) of the B> (1) state in '*Te,. The un-
certainty caused in this case by using the Lorenzian depen-
dence does not considerably exceed the experimental error
value. The most favorable is the situation in the case of
dispersion shape signal, cf. Fig. 6(b}, when one can deter-
mine G, value from the positions of signal maxima without
any influence of the quadratic Zeernan term. By contrast,
the geometry presented in Fig. 6(c) leads to the largest
changes due to the quadratic effe:t. Nevertheless, this ge-
ometry is very convenient technically and, besides, has its
advantages allowing to measure both circularity rate and
linear polarization rate in one and the same experimental
scheme when the exciting light beam is directed orthogo-
nally to both magnetc field and observation directions.
One needs only to tumn E vector of exciting beam to obtain

J. Chem. Phys., Voi. 99, No. 8, 15 October 1993
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g=m/4 (cf. Fig. 2) and to remove the 4/4 plate. Thus at
Jeast at certain parameters of the studied molecular state it
is possible to determine G, from the linear polarization rate
signal and G_ by measuring the circularity appeared at
linear polarized excitation as a result of magnetic e/ f mix-
ing.

V. CONCLUDING REMARKS

We demonstrated and analyzed the transformation of
alignment of molecular angular momenta into their orien-
tation under the influence of nonlinear Zeeman effect. This
effect of breaking the reflection symmetry manifests itself
in the occurrence of fluorescence circularity under linear
polarized excitation. Owing to the presence of a linear term~
of Zeeman energy the dispersion shape magnetic field de-
pendence of the circularity signal can be observed if fiuo-
rescence is viewed in the plane containing the exciting light
E vector and the magnetic field vector &, the signal being
zero in the case of pure quadratic external perturbation as
in the case of Stark effect.! Sufficiently effective alignment-
oriemation conversion was registered in a 1, component
of B3] state of Te, caused predominantly by magnetic
field induced 17 ~0; mixing with AJ==1. It is impor-
tant to mention that since the linear Zeeman effect is not
able to cause orientation, the registration of circularity at
linear polarized excitazon makes it possible to separate this
effect from the own 1,-state paramagnetism. Hence, the
measurement of magnetic properties can be used to study
intramolecular interaction not only in diamagnetic {A=0
or 1 =0) states which appeared to be an extremely sensi-
tive test of weak pertur!:)ations:"15'13'7'314 but can be applied
also to paramagnetic states. In doing so, it is possible by
combining the circularity measurement with the tradi-
tional (linear) Hanle effect measurement to determine
both matrix elements G, and G. of the electronic Landé
factor, in one and the same experiment. Generally speak-
ing, the emergence of circularity may serve as a test of any
kind of external perturbation causing asymmetric magnetic
sublevel splitting, including hyperfine structure effects. Fi-
nally, since the quite noticeable degree of orientation can
be maintained, alignment-orientation conversion may be
considered as an additional possibility to achieve orjenta-
tion of a molecular ensemble.
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Global deperturbation analysis from energetic, magnetic, and radiative
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In the framework of a unified physical model, employed as a basis Hund’s case “c,” a
quantitative description has been worked out for experimental data of term values, g factors, and
lifetimes of excited BO; and A1, states, as well as for relative intensities in BO;-X0;, A1,-
X1,, and Bot-Xx 1, transitions. The model includes a minimum number of adjustable fitting
parameters: deperturbed molecular constants for both states, intramolecular interaction matrix
element (77), two electronic matrix elements of magnetic interactions (G,,G ), as well as two
Br-x0r 4.1 . BY-x1, _Al-xot ] .
parailel (Rd' ',RJ' %) and two perpcndlcula_r(RtL" "R,l ) electronic transi-
tion moments. The BO} state g factors and the intensity distribution over P, R, Q branches in
B0} -X1, transition was found to be most sensitive to weak heterogeneous (AQ= +1) pertur-
bations, and a simple analytic connection between those characteristics has been proposed. The
Q-doubling constant for A1, state levels was evaluated. By transforming the responsible elec-
tronic matrix elements to Hund’s case “a” basis, the 41, state has been found to be basically a
3%, component of the B >3] state, with a small admixture ( < 14%) of a *II; component of the

A 11, state, and a change in term notation from A1, to Bl, is proposed.

1. INTRODUCTION

As is often the case in practical spectroscopy, the main
difficulty in a correct analysis of structural and dynamical
properties in the excited states of diatomic molecules is due
to the presence of various perturbations. At the same time,
if the nature of a perturbation can be understood, one gets
a unique source of information unobtainable in any other
way.!? Perturbations can be more or less pronounced in all
experimentally observed molecular characteristics, such as
energetic (term values, level shifts), radiative (lifetimes
and relative intensities), magnetic (Land¢ factors), etc. All
of them can be, at least hypothetically, considered as useful
in order to solve the inversed spectroscopic problem,
namely the deperturbation treatment. Each of the men-
tioned characteristics possesses both advantages and disad-
vantages caused, on the one hand, by different value and
accuracy of existing experimental material and, on the
other hand, by different sensitivity towards the type and
power of the intramolecular perturbation,?” the latter be-
ing particularly important in the case of weak perturba-
tions. This can be easily understood, if one remembers that
level shifts and lifetime changes are proportional to the
squared interaction matrix element H,z-j, while g factors of
diamagnetic states as well as intensities of forbidden tran-
sitions are proportional to H;. Besides, essentially differ-
ent phenomenological models were historically developed
to describe various characteristics, thus hindering their
joint usage in performing a global deperturbation analysis
{GDA). This situation seems somewhat unnatural, since
the common origin of the aforementioned effects is intu-

“Present address: Department of Chemistry, Moscow M. Lomonosov
State University, Moscow W-234, 119899, Russia.

itively rather obvious. Therefore, the need has arisen to
create a unified view at a differently manifested perturba-
tion. The Te, molecule is a convenient test object for dem-
onstrating the GDA for a heavy dimer, free of hyperfine
structure (HFS) for an even isotope and possessing a
Hund’s case *“c” coupling scheme. Indeed, during the last
20 years different Te, molecule characteristics were mea-
sured for the same conditions in tellurium vapor, in many
cases for the same rovibronic levels. The present paper
presents an attempt to interpret the comprehensive combi-
nation of existing experimental data of term values, g fac-
tors, lifetimes for some rovibronic levels of BO} and 41,
states, as well as the relative intensities of BOS-X0;, A1,~
X1,, and BO;-X1, transitions, in the framework of the
unified physical model with minimum number of adjust-
able fitting parameters.

It may be easy noticed that involving of any new phys-
ical characteristic into the GDA fitting process requires
including additional adjustable parameters into the
adopted model. These parameters are from the theoretical
point of view equivalent to matrix elements of electronic
wave functions of correspondent quantum operators de-
scribing the physical quantity. In particular, for energy
characteristics it is the zero order Hamiltonian 5/, as well
as the intramolecular interaction operator V,; for mag-
netic  interactions the Zeeman operator H mag
=—up@ (g L+gsS); and for radiative characteristics
the electric dipole transition moments d=Z3,ex;. The
number of such parameters can be sufficiently large® when
the most common Hund’s case “c” basis is used. Never-
theless, this number may be considerably diminished by
expanding the general case “c” matrix elements over a case
“a” basis set.” In spite of the fact that Hund’s case “a”
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approximation seems to be too limited (especially for
heavy molecules possessing considerable spin—orbit inter-
action), a change to an *“a” basis allows to ascertain the
connection between differing matrix elements and, in some
cases, as, for example, in the case when pure precession
approximation® is employed, also to estimate the absolute
value of the matrix element. Moreover, by passing over to
Hund’s case “a” approximation, it becomes possible to
evaluate the contribution of different electronic states to
the “a” matrix element, or in other words, to compute
mixing coefficients. This, in turn, allows unambiguous elec-
tronic assignment of the interacting states.

The principal difference is to be pointed out between
the magnetic and radiative characteristics. Indeed, compu-
tation of the latter needs detailed knowledge of the elec-

(Y1l

tronic wave functions in any basis set of Hund’s case “a,

“b,” or “c” functions. This is why the corresponding ma-

trix elements.are used as adjustable parameters in most of
semiempirical models.” On the other hand, angular mo-
menta L and S matrix elements used for g factor compu-
tation can be calculated in the framework of Hund’s case
*““a” basis set. Besides, certain relations exist between mag-
netic and intramolecular matrix elements, because most of
intramolecular interactions are dependent on the same op-
erators.'®!! A description of this relation results in better
understanding of the origin of an intramolecular interac-
tion. In order to demonstrate this possibility we have per-
formed, in the present work, an empiric fitting procedure
of magnetic matrix elements in Hund’s case ‘‘a” basis. This
leads to a somewhat unexpected conclusion that, in oppo-
sition to the previous assumption,'? the 41, state is mainly
(in ~86%) a %, component of the B S state, and in
<14% a I, component of the A4 °I1, state. This conclu-
sion is supported by processing of absolute strengths of the
Al,-X1, and A1,-X0; transitions and of their depen-
dence on internuclear distance.

The organization of the present paper is as follows.
The existing experimental information about the Te, mol-
ecule used for the deperturbation analysis is summarized in
Sec. I1. The theoretical model describing energetic, radia-
tive, and magnetic characteristics is detailed in Sec. IIIL.
The results of a least-squares fit procedure are presented in
Sec. IV. The connection between considered characteristics
and the values of related electronic parameters is discussed
in Sec. V. The origin of the 1, state studied here is dis-
cussed in Sec. VI.

Il. EXISTING EXPERIMENTAL DATA

Details of spectroscopic techmiques and energetic,
magnetic, and radiative measurements which led to the
development of the deperturbation model for coupled B0}
and A1, states of °Te,, cf. Fig. 1, have been described
previously.'>?” A few of the main experimental features
are summarized here. The range of vibrational levels in-
cluded in the present consideration will be as follows:
0<v <10 for BO] state and 0<v <12 for 41, state.

Energetic data such as the energy of the vibronic term
T,, the value of the effective rotational constant B,, etc.
for BOT state levels with v g»5 have been obtained in Ref.
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FIG. 1. Potential energy curves for the lowest electronic states of the Te
molecule. Solid lines denote spectroscopically investigated states.

13 from high-resolution absorption and emission spectra o
the BO;-XO; transition. For BO; state levels with vp
<5, as well as for A1, state levels these characteristic:
were taken from Refs. 12 and 14-17, where the laser
induced fluorescence (LIF) spectra, eucited by fixed Ar~
and Kr* laser lines, were analyzed. Data given for th.
tellurium isotope '?*Te, were transformed and included i
our analysis, too. For levels v gg=v,;==0, which had bees
indicated in Refs. 12, 14, and 16, as strongly perturbed, w:
reestimated the values of the rovibroric terms 7', by ap
plying highly precise molecular consiants of the grounc
X0, X1, states and the known laser frequency causing
the particular v”J” —v’J’ transition. 2

Lifetimes 7, of BO} and A1, state v'J’ levels hav.
been taken frora Refs. 20 2ad 22-24. Values of 7, for BO,
levels with vy,=0, 8, and 9, as obfained in Ref. 25, ar:
close to those used here, but were not taken into accoun
because they were measured without selection over rota
tional levels. Lifetimes were measured directly by register
ing LIF decay kinetics applying & time-correlated single
photon-counting technique. Exciting Ar* or He-Cd~
laser light pulses had 80-120 ns widths and =40 ns fronts
The shape of the exciting pulses was taken into accourn
when decay signals were processed by least square methoc
The negligible effect of the exciting light intensity on
values was confirmed. Errors caused by collisions at give’
concentrations were accounted for by means of small cor
rections with given quenching cross sections.’>?’ Statistic::
errors were evaluated to be 5-10% for 7,,~100 ns an
20-30% for Tsp=10 ns.
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Lande factors of BO} and A1, state v’ J’ levels have
sen measured by us earlier using the Hanle effect
iethod. #2922 Absolute values of the gr product were
btained from Lorentz shaped signals, and measured = val-
es were used to extract g factors. The signs of g were
stermined from dispersion-shaped Hanle signals. Errors
f the Lande factors reflected mainly lifetime uncertainties
ad were evaluated as 15-20%.

Relative intensities in LIF progressions, as well as in-
mnsity ratios of the P R, and Q components were also
»nsidered. These data have been given in Refs. 18 and 21
r BOJ-XO0; transitions starting from levels vg=0(J
:107), vg=2(J=197), and vpy=5(J/=103), and in
ef. 21 for Al;—Xlg_ transitions from v ,;=2(J=96) as
ell as for BO;—X1, transitions from vg=0(J=107)
ad vgp=5(J=103) levels. Intensity distribution for
0F-X1, transitions from vg=1(J=243), vp=3(J
=251), and vpy=>5(J=137) has been given in Ref. 12.
mly the ratios of the £, R, and Q component intensities
ave been taken from Ref. 12 because, as pointed out by
1e authors themselves, it was difficult to make a quanti-
itive comparison of the intensities in different spectral
sgions. On the other hand, in Refs. 18 and 21 special
1eans were used to remove various systematic errors by
erforming a careful calibration of the spectral sensitivity
f the registering system. Thus, an accuracy up to 3% for
rong lines and up to 20% for extremely weak lines was
nsured. It ought to be mentioned that in Ref. 21 the
ranching coefficients of BO;-X0; and BOJ-X1, transi-
ons from vp=0(J=107) and wvgy=5(/=103) were
Iso determined.

|. DEPERTURBATION MODEL
- Energy properties

The electronic states of the Te, molecule are known to
¢ characterized by large spin—orbit splitting.'? It is there-
re quite natural to describe them using Hund case *‘c”
asis set functions. Hence, the most reasonable choice of
1e unperturbed Hamiltonian seems to be ¥ ,=#",+#°,
- B(R)J?, where &#°, represents the electronic part in-
luding not only Coulomb but also all types of relativistic
iteractions (spin—orbit, spin-other orbit, spin-spin), #°,
enotes the vibrational part, and B( R)=1/(2mR?) is the
entrifugal term, m being the reduced molecular mass.

Further, we suppose that the eigenvalues of #%, could
e found from the radial Schrodinger equation

d*|vq)

m+[£?)(R)+B(R)J(J+1)]|Un)=E?;J|Un>v
(nH

ith a certain effective internuclear potential Ej(R) for
ach electronic state (or, more precisely, for the state with
definite Q value).” The E°, dependence on v and J can
e represented in form of a Dunham expansion,”’ while the
otential EQ(R) for a given EY, can be found by solving
n inverse spectroscopic problem using, for instance, the
KR procedure.*® In this assumption the perturbation op-
rator has the form

7875

V,=- (2)
where J,=L+S8. Let us be reminded that the first term in
Eq. (2) is responsible for the heterogeneous (AQ= 1)
interaction, while the second term describes the homoge-
neous (AQ =0) interaction. Then, if the symmetrized basis

2B(R)JJ,+ B(R)JL%,

¥, =2 ;[ JQ) vy + 2 c;| JQ*) | v¥) (3)
i J

is used, the matrix elements of the Hamiltonian matrix

describing electron-rotation interaction between the two

electronic states with 2=0 and (1*=1, take the form

Hy= 2 Y3 (u+ /) I(J+1)—207], (4)

k!
Hij=_Pij[ZJ(J+l)]l/zn (5)
where gt are Dunham coefficients, P

= (v,—|B(R)n|u’]-"), where 7=(Q|J,,|Q*) is the elec-
tronic matrix element of electron-rotation interaction. We
shall hereafter suppose that the matrix element 7 is inde-
pendent on the internuclear distance. Besides, for the situ-
ation when the interacting levels are close to energetic res-
onance we shall often use the simplest two-level interaction
scheme, leading to P;;= P in Eq. (5). In this case, for A1,
and BO; state mixing, the eigenfunction |¥,) is equal to

(6)

where ¢ g and ¢, are the corresponding mixing coeffi-
cients. Since in the two-level scheme the Hamiltonian ma-
trix has 2X2 dimension, the analytical solution is also
available, in order to find the eigenvalues and eigenfunc-
tions (to be more exactly, the mixing coefficients):*!

|Wp) =cpo| JA=0) [vpp) +cn | JQ*=1)|v,),

Ep q=HHpp+H 4% (Hpp—H )2 +415,1V%,

(7
o= H,p (:F Hpp—H,, 12
A ZIHBAl [{IIEB—H’AA)1+4H11“_) ’
(8)
Cm=(l—‘cil)l/2.

In the case when the interacting levels are ‘well apart from
the energy resonance, the heterogeneous perturbation man-
ifests itself in the variation 8B, of BOJ state effective
rotational constant B'f

E ),

Val

8B, = 2 2vm| BRI 0,0/ (£

o
Ym
Yal

(9

as well as in the (-doubling effect of the 41, state. The
latter effect is characterized by the g factor

Al

Guy=— 2 Noal BIRID|vp) /(B —E° ).
Ly 1}
(10)

Note that the 1, component of the A1_ state remains un-
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perturbed in the proposed model according to the selection
rules for homonuclear molecules. Thus, to describe term
values, at least one interaction parameter 77 must be
known, along with the two sets of Dunham coefficients.
The number of Dunham coefficients is dependent on v and

J ranges used in the fitting procedure.
B. Magnetic propertles

Neglecting the nuclear spin (being zero for even iso-
topes '*°Te and '%*Te) and the rotational g factor caused by
rotation of the shielded nuclei (being of the order of 10~°
bohr magneton®?), the Zeeman operator Hmag Can be rep-
resented in the form:” H,,.=—ppB(gd,.+ (g,
—81)S;], where g,=1 and g,=2.0023 are the orbital and
spin electronic g factors, respectively, and the space-fixed z
axis is directed along the magnetic field % . Then, using the
symmetrized ““c” basis set functions, see Eq. (3) and ne-
glecting second order magnetic effects, the resulting gen-
eral expressions for the electronic parts of the molecular g
factor of  and Q* states are

G.=[gQ+(g,—g)(0]S;[D)]Q, (1D

G.=8/ Q| /o, [Q%) +(g,—g){(Q[S.{Q%), (12)

while the total g factor of a given rovibronic level, ac-

counted for vibrational and rotational movement, is equal
11,33
to ™

gl =— (|G, v/ I+ 1), (13)

Ziicic{vi| Gy [v¥) _z,c§<u,| G.lvh
[2J(J+ 1] J(J+1)

ud
8o.+=—
(14)

Note that Eq. (13) defines g factors of noninteracting 1
component of the A1, state, while Eq. (14) allows to find
g factors of the coupled BO} and A1} states. In further
treatment we shall neglect the dependence of matrix ele-
ments G, and G, on the internuclear distance. Besides,
Eq. (14) can be simplified if the two-level model is em-
ployed, cf. Egs. (6) and (8). Then Eq. (14) takes the form

CilGZ
TJJ+D

vd —2G ¢ poc q1{v 0| Va1

gm,Al+= [2J(J+1)Tl/r (15)

If, by contrast, the interaction 1s weak (the levels are far
from resonance), the approximate expressions for B0, and
A1} state g factors can be written in the form

(vao| BOR) | v%) (vl V%)
e ’

Ly ] Va1

(16)

gw=2G.1 2

U4l

11

Pazyuk et al.: Global deperturbation analysis Te,

<UA1|B(R)|U;))<UA1|U&)>

J
ga+=—2G.n E
“ * veo ER)—E‘?’AI
G, 7
TJI+D an

Hence, two additional adjustable parameters G, and G,
are needed to describe the BO! and A1, state g factors as
compared to the energetic characteristics.

C. Radiative properties

To describe the lifetimes of B0, and A1, state levels as
well as intensity distribution in LIF progressions of the
parallel (||) transition (AQ=0, such as BOJ-XO0;,
Al,,—Xlg) or of the perpendicular (1) transition (A
==, such as BO,,*—XIS,), we shall, similarly to Eq. (3),
account not only for the B0} ~ A1, interaction, but for the
X0, ~ X1, interaction as well. Then it is possible to
present the matrix elements of the rovibronic transition in
the form

(n|d|m)= > cao cxmfo"ma(lm,Jm,AQ:O)
vx0

Um0

+ 2 cm 2 e Na(d g, J g, A0=1)

2.1} n

+ 2 cn 2 el ™a(d 1, 50, 00=1)
“x0

Y4y

+ 2 ca 2 cxpf ~Mall g, 0, 80=0),
Yal v
(18)
where
p" " =(v,| R;"™(R) | vy = R (RI"™){(v,| )

is the matrix element of an eliectronic vibrational transition
in the molecule-fixed coordinate systexn; R}~ "(R) is the
matrix element of the electron transition dipole moment as
dependent on internuclear distance; 7 stands for BOZ or
A1l,, and m for X0, or Xli;

s

R = (v, R|0m)/ (| Up) = RS

is the R centroid;** (v,|v,) is the overlap integral of FCF
type; and a, the direction cosine matrix element.!? Note
that in the context of a heterogeneous perturbation model
the A1, -X1, transition is considered to be unperturbed.

1. Relative intensities

Using the explicit form of a, see Refs. 1 and 2, we
obtain from Eq. (18) expressions for the intensities of R, £,
and Q branches of a spontaneous n— m transition, namely,
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1P=N,~}(J+1)( 2epl cxatt 0+ 2 e 2 cxpX M [ I/(T+ 1]V
. 1] U x0 Ugn U1
2
+ 2y Z e I U+ D)= 2 e 2 et "°[(J+2)/(J+1)]”2) , (19)
vq Vg vxo
=NJV}1J( 2w oy 2 ocp 2 cnp T+ 1)/T] VA
v vyp v go vn
2
+ 2 cq 2 cxpf TN IE T ey 2 el TRU(I-1/T]2) (20)
vl vn v Yxo

10=N,v§2(21+1)(

J: )] L9 ¢ va bx1

where v is the transition frequency, J=J,, and the factor
N; is dependent only on the molecular concentration of
the v,, J, level and on the normalization rule of rotational
wave functions.

To simplify further treatment let us introduce new
variables:

iP=[IP/Nwp(J+ D]V,

R=(IR/N % )V?,

i9=[19/Nwy(2J+1) ]2
Then, assuming J» 1 (the error incurred by such an as-
sumption that is less then 1% for the rovibronic levels

under consideration ), we get from Egs. (19)—~(21) the fol-
lowing expressions for i and i*:

iP—iR
=2 cpo 2 cpt® ™
2 Vao vx
-2 caq Z P T (22)
LZ]]
P R
P79
= Z Cm Z Cxu‘l'fo*m
2 L7 §] ’ro
+ 2 ey 2 CXWM_XI (23)
VAl
The X0,~ X1, interaction is sufficiently small as com-
pared to BO} ~ 41, interaction leading to ¢ yu= 1> ¢ y; =0
for the transition to the X0 state and ¢y, = I > ¢ y, for the
transition to the X 1 state. Moreover, since
upPm A ittt aswellaspm o pf=*, while py ex-

ceeds 14, by more than an order of magnitude, Eqgs. (22)
and (23) can be further simplified. For this purpose it is
convenient to introduce a dimensionless parameter y
which characterizes the manifestation of nonadiabacity in
intensity distribution:

IRI*D) cx® '+ Lo 2 Cxt#frl

2
SN ID] 4 T e 3 gt “), (21)

bq1 vxo
.
PR 2oai’ capf M i e a2
=5 . B-XI=F _R=7 ;PR 173’
X1 2 € Bk =iy 1=(I/IHY
(24)
i Vi 27
=5 =P _R=T (7P K12
QLS Py i+ip 1+ (/DY
(25)
Al-X1
POR_ ZDA‘ Aly‘"
=5 ®W—xT
Xl szcﬂhu'l
il +if
=27
=(IF/219" 24 (172192, (26)

Besides, if both parallel and perpendicular intensities start-
ing from the same upper level are measvred simulta-
neously, it is possible to arrive at. the follovsing relation-
ships:

oif o
P SR=TH=X0
it T
pr M

=X
o]

, (27)

ali = (28)
Al

Al—Xi
2, Cal)

5 . X=X
zumcmﬂn

—p—kif it (29)
S

It is quite clear from the aforementioned expressions that
intensity distribution in the LIF spectrum depends not
only on the extent of state mixing, but also on the relative
probability of the parallel and perpendicular transitions.
The perturbation impact is more pronounced for weak per-
pendicular transitions, thus giving the possibility of deter-
mining the ratio u,/uy , if the mixing coefficients are
known, and vice versa. At the su.ne time, if state mixing is
not that large, the parallel transitions can be considered as
unperturbed one. Besides, as follows from the analysis of
Eq. (28), the I%(vy,) distribution of the BO;~X1, tran-
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sition can also be treated as an unperturbed. Hence, the
intensity distribution in LIF progressions of such transi-
tions follows the usual Franck-Condon distribution, thus
allowing to determine the relative semiempirical depen-
dence of the electronic transition strength on internuclear
distance in a standard way, using, e.g., the R-centroid ap-
proximation.’ This leads to the ratio

1/2
» (30)

RETRI™ [ [ alomd \ (Vo) Lo
R’,"’"(R:"‘,,:)— (va| ) vou" | I
where /=v,,=0,1,2,.., and R;""(R]",™) = const. for a
given /-progression.

2. Lifetimes

As is known, the lifetime of a rovibronic level is equal
to the inverted sum of the probabilities of spontaneous
transitions to all lower lying levels (of course, if we neglect
all radiationless processes). Then, ir. accordance with the
aforementioned model [cf. Eq. (1)] and including for tran-
sitions not only to X0; and X1, but also to the & 12;
state (see Fig. 1), it is easy to obtain an approximate life-
time expression for the rovibronic level v,, J, of the
BO} ~ A1, complex, namely,

T"_n'l’nEC%‘)( % (2—6°.nk)v3w—b“2h)—ka2(1n’1krﬂm
=0,Qk))+0‘2“( 21: (2—51,01)1/?“_,;;?“_1412

X(J,,,J,,ﬂ,,:l,ﬂ,)), (31)
where the indices k and / denote summation over rovi-
bronic levels of the X0F, X1,, b'S,, and X0;, X1,
states, respectively. Obviously the number of the sum-
mands in the sums over X, / in Eq. (31) depends on how
fast the corresponding FCF sums approach unity. The
strong relative shift of the potential curves of the interact-
ing states (cf. Fig. 1) leads to a long summation procedure,
therefore we used the well approved expression”>®

TJ.‘J.zczm( % 2=bya) (vm| [UPH(R)]
X [REHR) Pl |+ ¢l T (2=810)

><<uﬂ|[AUA“’(R)]’[R?“%R)]Z\um), (32)

where AU "(R) =U"(R)—U"{( R) is the difference po-
tential between the electronic states.

It is quite clear that in accordance with the above as-
sumptions concerning the relative strength of the parallel
and perpendicular transitions, the lifetimes appear to be
not very sensitive to the existence of perturbations. Indeed,
as the perpendicular transitions are considerably weaker
than the parallel ones, the first are giving a notably smaller
contribution to the sums over k and /. Hence, the lifetime
value is determined mainly by the paralle] transition
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Jo

FIG. 2. Effective rotational constant B, values obtsined for 'Te, in
different works. For the BO} state see Refs. 14, 12 and 13 (in Ref. 13 for
12Te,). For the A1, state see Refs. 12 and 16. Straight lines represent the
analytic approximations of the v dependencies of deperturbed B, values
according to Table I.

strengths. Besides, as the frequencies and strengths of the
both parallel transitions BOS-X0; and A41,-X1, are close
to each other, we get an estimate
T'lg(cﬁo+ca,)v3y.ﬁ =v3pﬁ, that is, the r values are in-
dependent of the degree of 50} ~ A1, mixing.

We thus see that the four electron dipcie moment tran-
sition functions, viz, RZ*(R), RE™(R),
RA™*(R), and R4~ *'(R) are needed: to describe B0}
and A1, state lifetimes, together with imtensity distribu-
tions in BO;-X0;, A1,-X1,, BO}-X1,, and 41,-X0;
transitions.

IV. EXPERIMENTAL DATA PROCESSING

Owing to the local nature of the BO} ~ A1, state cou-
pling in the Te, molecule, it seems reasonable to obtain the
first approximation of the deperturbed characteristics
[such as Dunham coefficients, G, values, transition dipole
moment functions R,; (R} and R (R )] from the levels
which are weakly perturbed or, better, unperturbed as are,
e.g., A1, state levels.

A. Term values

The first approximation for the deperturbed Dunham
constants of BO} and Al, states has been determined by
linear least squares fit (LSF) of the experimental values of
their rotational constants B, and vibronic terms T, ex-
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TABLE I. Deperturbed molecular constants (in cm™') for B0} and Al, state of '*Te,.

B0} state Al state
Present work Ref. 19 Ref. 13 Present work Ref. 19 Ref. 17
T, 22202.83 22 203.5 222074 2221672 22209.2 222219
w, 163.70 163.5 162.3 152.20 155.9 150.5
©,x, 0.587 0.563 0.45 2.038 2.57 1.98
10w, y, —6.86 —42.0 —11.09 30.64 53.0
10°8, 32.55 32.58 32.53 32.18 32.16 32.20
10%a, 1.28 1.35 1.25 2.21 2.17 2.75

cluding data for strongly perturbed levels vp,=0 and 1.
Figure 2 demonstrates a substantial dispersion of the B,
values for the majority of vibrational levels of 41, and
BO; states analyzed in different experiments. This points
towards the presence of weak local heterogeneous pertur-
bations of the studied levels, since considerably different J
ranges were used in the corresponding rotational analysis.
Besides, the rotational analysis of data of LIF involves
difficulties due to limited ranges and high values of J. This,
in turn, requires inclusion of strongly correlated centrifu-
gal distortion constants D, and H,.

Then, for deperturbation analysis of the strongly per-
turbed rovibronic level vy =uv,, =0, we used the two-level
approximation described in Sec. III A, cf. Eq. (6). We
estimated the trial values for B,_q and 7,_, from the pre-
vious linear fits (that is, without accounting for the level
vp=0 and 1), while for P is from the “pure precession”
hypothesis.® The centrifugal distortion constants D,_q and
H,_, were evaluated according to the perturbed Morse-
oscillator model’” using the estimated trial values of Yy,

£,5(10%cm™")

R

J(7+1), 107

FIG. 3. Deperturbed term values of B0 (solid lines) and A1, (dashed
lines) states of '*Te, as dependent on vibrational {v) and rotational (J)
quantum numbers. The circles denote rovibronic levels for which radia-
tive and/or magnetic data are available.

and Y,;. The deperturbed T,_, and B,_ values for both
states were obtained by the weighted nonlinear LSF (Ref.
38) of the experimental energies E , using Eq. (7).
These values were then approximated by Dunham series
for /=0 [see Eq. (4)], together with analogous data for the
other vibrational levels. The resulting molecular constants
for BO} and A1, states are presented in Table I. Visual
demonstration of v, J ranges of energetic resonances be-
tween deperturbed B0 and A1, state levels are presented
in Fig. 3. The data from Table I were used in order to
construct®® the RKR potentials for both electronic states
(cf. Tables II and III) and to solve the radial Schrodinger
equation [see Eq. (1)] by the renormalized Numerov
method.*>*? Furthermore, the Franck—Condon type over-
lap integrals between vibrational wave functions of corre-
sponding levels of B0} and A1, states were obtained using
the Simpson rule. The mixing coefficients ¢, and ¢, were
determined (see Table IV) by means of a deperturbation
procedure [cf. Eq. (8)] of the terms with v =0, J=107
and 179, for which radiative and magnetic data are also
available. In the same way the matrix element P of in-
tramolecular electron-vibration intzraction [see Eq. (5)]
was evaluated as P*=0.0448 cm ~.. It is of interest to
compare this value with an analogous parameter
H),=0.035 66 cm~' which has bezn obtained' from the
deperturbaticn analysis of the levels v ;=12 and v 5=10.
Note that H;; must differ from P by the factor of v2 since
the unsymmetrized basis was used in Ref. 12. Taking this
into account and  calculating the integrals
{ug| B(R)|v,,) we get the matrix element. of “pure” elec-
ironic interaction, nawmnely 7™ =.2"/(vg| B(R)|v 4}, sec
Table V.

TABLE II. Rydberg-Klein—Rees (RKR) potential for the BO; state.

v E, (em™") Ry (A) R (A)
0 81.71 2.769 75 2.882 54
! 24421 2.73301 292898
2 405.48 2.708 97 2.962 78
3 56547 2,690 13 299144
4 724.14 2.674 30 3.017 14
s 881.45 2.660 50 3.040 88
6 1€37.36 2.648 17 3.063 22
7 1191.83 263697 3.084 50
8 1344.81 2.626 64 3.104 97
9 1496.27 2.61704 3.12479
10 1646.16 2.608 04 3.144 10
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TABLE III. Rydberg-Klein-Rees (RKR) potential for the A1, state.
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TABLE V. Matrx eclement values of vibrational interaction
{({(vg| B(R)|v4)), electron-vibration interaction (P*) and electronic

v E, (cm™") Ry (A) Rowe (A) interaction (7).

0 75.42 278513 2902 44 (vg| BIR)|vg) .

1 223.64 2.748 79 2.954 38 . . (em=) P (em™Y) =

2 368.07 272533 2.993 66

3 508.88 2.707 08 3.027 94 0 0 0.0312 0.0448(25) 1.44(8)

4 646.25 2.691 83 3.059 43 10 12 0.0174 0.0252(1) 1.45(2)

5 780.38 2.678 60 3.089 09

6 911.44 2.666 86 311746

7 1039.61 2.656 28 3.144 87

8 1165.09 2.646 66 317151 factor values are determined not only and not so much by

9 1288.06 2.637 84 3.197 53 the own paramagnetism, as mainly by the interaction with

10 1408.69 2.629 72 3223 02 the BO] state, up to changing sign, as in the case of

1 1527.18 2.62224 3.248 03 13 ulati

12 1643.71 2615 34 3272 62 941=§( =131). The results of g factor calculations _forall
investigated BO} and A1, state levels are presented in Ta-
hle VI (see column a), demonstrating good agreement
with the experimentally measured quantities. The excep-

B. g factors tion of the v =8(J=181) level is probably connected

We shall start g factor data processing with the four
levels belonging to the A1, component (see Table VI),
which can be considered as unperturbed in the frame of
our model. Using the approximation given by Eq. (13) and
the weighted LSF procedure, we obtain G = 1.86(9).

We shall begin the BO] state g factor data analysis
with the two vgy=0 levels, with J=107 and J=179, pos-
sessing g values for more than an order of magnitude larger
than the other levels, see Table VI. The two-level model
was applied in this case, cf. Eq. (15). We calculated the
correspondent integrals (v g| v, ), thus obtaining the elec-
tronic parameter G given in Table IV. In doing so we
used the experimental mixing coefficient values ¢ and
¢%, obtained in Sec. IV A, cf. Table IV. It is easy to see
from the comparison between G5 and 7™ values, cf. Ta-
bles IV and V, that, as G ~n=1.5(4), we get G =27).

Other BO] state g factors were treated by means of the
nonresonant approach, cf. Eq. (16). In the process of cal-
culating corresponding integrals (vm|B(R)|v,) and
(vp| V) and of energy differences between the unper-
turbed levels E?,m and Egﬂ, we found the product G , 7 for
each level. Assuming G, =27, we get 1™ values pre-
sented in Table VI. The average value 7 8=1.37 is close
enough to the 7™ values obtained from energy measure-
ments, cf. Table V.

In order to demonstrate the possibility of extrapolation
of the electronic parameters obtained, namely G,, G, , and
78, we calculated by means of Eq. (17) the experimen-
tally studied g factors not only for B0} and Al , but for
the A1 state as well. Since the levels of the 41 compo-
nent are mixed with BO] state levels, the 41 state g

TABLE IV. Mixing coefficients ¢%,, c%, obtained from term values using
Eq. {8), as well as magnetic parameters of electronic interaction G, . The
experimental values G are abtained using Eq. (15), while GT' are esti-
mated according to Eq. (38).

v, Iy Ca (o (O (o
0 107 0.776 0.603 3.0(4) 2.65
0179 0.601 0.799 2.9(4)

with uncertzinties in lifetime measurements due to rela-
tively short 7 values (=14 ns). Finally, we found it useful
to exploit the calculated g factors in order to evaluate life-
time values from the g7 products measured, see the col-
umn b in Table V1.

C. Intensities and lifetimes

1. Unperturbed progressions

We shall begin the data processing of radiative char-
acteristics with obtaining relative electronic transition di-
pole moments R,(R.), as dependent on internucliear dis-
tance, assurmning that the combining levels are unperturbed
and using the R-centroid approximation.** For this pur-
pose we shall employ the results'®*?! on intensity distribu-
tion over R and P branches. of v,-progressions in *“‘strong”
parallef B0, ~X0; and A1;-X1; LIF transitions, as well
as on unperturbed Q branches in a. perpendicular BO7 -
X1, transition, of. Eq. (28). We exploited progressions
starting from v 4,=2(J=%9) for a .41, -X1; system and
from
U =0(J=107), vg=2(J=197), vp=5(J =103) for a
BO; —XO0; system. Data processing was performed accord-
ing to Eq. (30). Since we used here a new seit of B0} and
A1, state molecular constants, as against Re:fs. 17 and 19,
the R,(R,.) dependencies were calculated (as compared to
that in Ref. 21) for some progressions :studied in the
present work. Let us mention that the lower state (X0,
and X1,) vibrational wave functions involved in FCF and
R, calculations were found from numeric: solution of Eq.
(1) with RKR potentials constructed by means of molec-
ular constants from Ref. 12.

The dependencies obtained for BO; -X0;, A1,-X1,,
and BO;-X1, systems were normalized with the experi-
mental lifetimes, see Eq. (32) and Tablie VI. For A1 ~X1,
system the lifetime of v, =2(J=96) level was used, while
that of vg=5(J=103) was used for the BO;-X0; sys-
tem. These lifetimes were supposed to be ‘purely’ sponta-
neous. Note that the normalization of a B0 -X0; transi-
tion was carried out accounting for BO; and A1, state
mixing, as well as for experimentally measured?’ branching
coefficients of radiation transitions to 'S, and X1, states.
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TABLE V1. g factors (g), electronic interaction matrix elements (7™*%), and experimental (g7) values and lifetimes (7).
-4 8 T
g (107°) (bohr mag.) gr (10-19) (ns}
State vy J. ex a s (s7h) ex b ¢
Bo} 0 107 —200(25) —183 1.50(20) 12.8 64(5) 70 71
0 179 —115(5) —109 1.45(20) 8.6 75(4) 79 82
i 243 +36(4) +37 1.36(15) 2.1 59(5) 57 58
2 197 +16(3) +21 1.20(22) 1.2 75¢12) 57 55
3 9 +15(2) +16 1.31(17) 1.0 68(5) 62 56
3 251 —30(3) -25 1.50(15) 1.6 54(5) 65 59
b 103 —23(3) —25 1.30(17) 1.3 57(3) 52 56
5 137 —36(4) —40 1.30(14) 1.6 45(6) 38 57
7 95 +30(4) +29 1.42(19) 1.7 55(5) 58 58
Aty 2 86 -2.7(2) -2.5 0.29 107(7) 115 109
2 96 —-2.0(2) =20 0.23 117¢11) 117 110
4 52 —6.4(5) —6.7 0.31 49(4) 46 112
8 70 -3.3(7) =37 0.033 10(2) 9 121
ALY 4 11 —3.8(3) —4.9 0.25 66(5) 51 115
5 131 +15.0(20) +11.2 0.68 45(6) 60 120
8 181 —2.7(4) —5.6 0.038 14(2) 7 133

*Estimated from 72 and G= by Egs. (15)-(17).
bCalculated using experimental g and estimated g values.
‘Estimated from radiative measurements by Eq. (32).
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FIG. 4. Experimental values of electronic transition matrix element (R.)
as dependent on R centroid ( R,). (a) For B0y -X0;; (b) for Al -X1g;
(c) for BO;-X1,; (d) for A1,-X0; transition. Solid lines denote the
approximating functions presented. Dashed lines are calculated according
to (a) Eq. (40) and (d) Eq. (41).

Resulting normalized R,(R,) values are given in Figs.
4(a)—4(c), respectively, along with their approximations
by smooth functions. As the dependence Rﬁ)_ Xl (R,) falls
off steeply, we used the exponential approximation to pro-
vide monotonous approach of R,(R,) to zero values.*
The dependencies obtained are further used to calculate
the mixing coefficients ¢, ¢ g0, and thus to get 7™, cf.
Table VIL

2. Periurbed progressio:s

Let us now jmass to the: R,(R,) treatment with regard
to perturbations. First, thz analysis of Eq. (25), with ac-
counting for Eq. (18), leads to a somewhat surprising con-
clusion: when the mixing coefficients ¢ 4, ¢ gy are known,
one can get the dependerce R:ﬂ‘n( R,) of :2 perpendic-
ular A1,-X07 transition using the iintensity r.atio of P and
R branches of a parallel. BO;-XO0;; trapsitioa. It is obvi-
ous, however, that this opportunity can be realized only for
the levels possessing strang 41,~ 1307 interaction, because
otherwise the difference i,f — ilf approaches zero, thus mak-
ing it impossible to get information from Eq. (25). Fortu-
nately, the level v gu=0(J=107) appeared suitable for this
procedure. Therefore, using experimental cata'® on 7 M Ir
and mixing coefficients ¢, ¢, obtaineci from the ener-
getic measurements (see Table TV and Sec. IV A), we de-
termined the dependence R7 ™ "*(R,), see Fig. 4(d). The
values obtained were approximated by an exponential
function similarly to the case: of R\ *(R,). It is inter-
esting that both the absolute values and the run of the
curves obtained for 41,-X0; and BO;-X1, transitions
are similar to each other.

Next, we shall show that it is possible to get informa-
tion about the R%™*'(R,) dependence in a different way,
employing the doublet component intensity difference of
strongly perturbed P and R branches which belong to the
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TABLE VIL Experimentally obtained () and calculated (y?) nona-
diabacity parameter y values for v,, progression of the B0}-X1, transi-
tion with fixed v,, J,. The electromic interaction matrix elemcnu
11":,~uobtamedfromx"mnhorepmmwd

Bo} xi, » ¥ =
Oy I U xt® " x()  Eq (34)
0107 4 ~7.1 —6.3 ~75
5 —8.0 —68 —82
6 -11 —74 —8.9
7 —7.8 —80 —96
8 —8.8 —8.7 —105
9 —~9.9 —9.4 —113
10 —10.3 ~104 —125
1 —1Ll —114 —-13.7
12 —-129 —124 —149
13 —129 —13.6 —16.4
14 —14.8 —150 —180
15 —15.6 ~16.6 ~19.9
16 —16.2 —183 -0
17 —180 ~20.3 —244
18 —220 -22.7 —21.3
19 —25.2 -25.3 —304
20 —253 —28.5 —343
21 —35.2 ~323 —38.7
1,‘:_‘,_=x.45(5)
1243 9 2.6 2.3 44 37
10 3.4 31 5.3 45
11 53 46 6.7 5.6
18 32 3.4 4.6 39
19 49 45 5.9 5.0
q’,'_‘;_zn.zs(m
3 251 11 —~42  —45 —44 ~40
12 ~49 —60 —5.5 ~50
16 —47 438 —4.5 —4.1
17 —-57 —s7 —5.7 ~52
18 —65 —S9 —6.6 ~6.0
1;:'_‘;.=1.40(11)
5103 2 —-20 —15 —14 —10
3 ~18 —16 —15 ~11
4 ~20 -18 —1.6 —-12
5 ~28 21 -2.1 ~16
8 ~L7 =15 —14 ~14
9 ~22 —19 —20 ~15
10 ~35 33 —34 ~25
13 ~21  -19 -20 —15
14 ~38 -3 ~23
1,*,_",_:1.53(21)
5137 19 —81 —6S5 —87 -70
21 -29 =32 -26 ~21
—38 44 —42 -34
23 —46 =51 —53 —43

oy, =1.39(15)

same vibronic tramsition starting from vgy=5(J=103)
and vm—0(1—107) We determined, according to Eq.
(27), the ratio R," O(R)/RE(R,) as dependent
on R, of a BOS-X1, transition, cf. Fig. 5(a). For com-
parison, the analogous dependence obtained from unper-
turbed functions [cf. Figs. 4(a) and 4(c)] is presented in
the same Fig. 5(a) (solid line). As can be seen, the agree-
ment is sufficiently good. Note that the values of
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ILT

S:""(R_ )/“:n.mm‘)
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FIG. 5. Experimental ratios of clectronic transition matrix ciements ob-
tained from intensity ratios of P and R branches. (a) For (B80}-X0})/
(BOT-X1,); (b) for (41,-X1,)/(BOY~X0;}); (c) for (Al —Xl,)/
(ao*-xx,) as dependent on R centroid (R,) of 8 BOJ-X1,, 41,-X1,
and BOS-X1, transition, respectively. Sdldhnadmethenmlom
dcpmdcncicsobuinedﬁ'mnunpamrbedfnmdompmtedinﬁg.&

BO} ~ 41, mxxmg coefficients ¢ ,; and ¢ g, are not needed
in getting Ré (I-: 3.

It musz be stressedi that the sbsolute values of parallel
and perperdicular transitions cosidered above correspond
perfectly to the assu_mption made in Sec: ITI A, namely
that /.l.ﬂm‘map,f"'“>pl K1~ As can be seen
from Eqgs. (24), (263, and (29), the measured intensities
of P and R branches of the HOJ-X1, transition can be
used: (i)} in order to get the ratio ot' mixing coefficients
cq/cp or (i) in order to get the ratios

:”’-'“(Rc)/x“’ (R, and  RAFUR,)/

Let us ﬁrst discuss the second possibility (ii). By
means of the quantity 75 (see Table VIII), we computed

TABLE VIII. Averaged over s, and J, electronic interaction matrix
elements 77 obtained from energetic (75y), raagnetic (7/5$), and radiative
(7)) measurements, as well as 7™ values calculated according to Eq.
(37).

L o T ™
1.44(8) 1.37(15) 1.42(13) 1.32
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the mixing coefficients between corresponding A4 and B
state levels in a two-level approach, cf. Eq. (8). Then we
calculated the overlap integrals (v | vyo), (vgolvx1), and
{vy|vxy). Using the known intensities of P and R
branches in BOJ-X1, and BOS-X0; transitions starting
from v gy=5(J=103) and vp,=0(J=107), we calculated
the ratio R4/ ~*'(R.)/RE~™(R,) according to Refs. 18
and 36, see Fig. 5(b). The results are in good conformance
with a smooth dependence [cf. solid line in Fig. 5(b}],
calculated from R4 ~*'(R,) and RZ~*(R,) obtained
earlier [see Figs. 4(a) and 4(b)]. Let us now turn to the
intensity relations of P, R, and Q lines belonging to the
same vibronic transition. Basing on Eqgs. (24) and (26), we
processed these data in BOJ-X1, LIF progressions from
vp=0(J=107), vgp=1(J=243), wvz=3(J=251),
vgp=>5(J=103), and vgy=5(J=137), thus obtaining
RA-T(R)/RZ™T(R,) as dependent on R-centroid
values of the BO} - X1, transition, cf. Fig. 5(c). The points
in Fig. 5(c) are in good agreement with the solid line,
which shows the analogous function
RA=T(R)/RZ™(R,), as calculated from the unper-
turbed progressions (see solid lines in Figs. 4(b) and 4(c).
It is significant that the ratio R4~ *'(R.)/RP~*(R,)
as district from R%~*'(R,)/RE~™(R.) can be deter-
mined without simultaneous measuring the BO;-X0;
transition intensities as follows
from the comparison of Egs. (24) and (29). Besides, as
intensity relations between If , IR, and 1? are analyzed
independently for different v,-progression terms, it is al-
most unnecessary to account for spectral sensitivity correc-
tions of the detector.

Evidently, the above presented matter confirms that
the chosen model is seif-consistent in describing the radi-
ative characteristics (lifetimes and intensity distributions),
both of parallel and perpendicular transitions.

Now let us demonstrate the feasibility of the first ap-
proach (i). As follows from Egs. (24) and (26), in order
to obtain the mixing coefficient ratio ¢ 4,/ ¢ g it is necessary
to know yy/p; and y, . The latter was taken from the
experimental data of BO}-X1, intensities presented in
Refs. 12 and 21 (cf. x{* in Table VII), while py /g, were
determined according to Eq. (18) using the dependencies
RA~%(R,) and RZ~*(R,) obtained from the unper-
turbed transitions (cf. Figs. 4(b) and 4(c), solid lines).
€ 41/ ¢ po values thus obtained for the fixed v, were then
substituted into Eqgs. (8) and (5) in order to get
n',,:‘f,n( Un). The v, -averaged 1]‘;:",' values are given in Table
VII for v,, J, levels studied here. After averaging them
over v,, J,, we get 17::" (see Table VIII), further involved
in an inverted procedure, namely in the calculation of
smoothed (averaged) values of the nonadiabacity param-
eter ¥, cf. Table VIL. Let us point out that 72 values are
in good agreement with the corresponding values of 75
and 778, as obtained from energetic and magnetic mea-
surements, cf. Table VIIL

We would like to pay attention to the manifestation of
the heterogeneous interaction in the intensities of a weak
perpendicular transition. As can be seen from Egs. (24)-
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(26), the maximum intensity changes in P or R branches
are expected for the transitions having y value close to
unity, or, in other words, when cALulfl_ e puP M 1.
Hence, if ) »p, , the smaller the interaction (or, other-
wise, the smaller ¢ ,,/c¢ p), the more I7/1R differs from
unity. Nevertheless this, at first glance, paradoxical con-
clusion agrees quite favorably with the experimental re-
sults. Thus, while for the level of strongest interaction,
namely vg=0(J=107), the relative difference between
I” and I% is about 40%, for the level possessing the small-
est perturbation, namely vg=5(J=103), the intensities
differ already by a factor of 10, see Table VII and also Ref.
21. Hence, the magnitude
K=R4™ (R walvn)/[RETT(R)

e|
X{vpolvx)]

can be considered as a special kind of interaction amplifi-
cation factor, K therewith exhibiting sharp dependence not
only on v ,;, but on vy, as well. Thus we are able to vary X
by choosing the convenient band in LIF spectrum, in order
to meet the condition of closeness y to unity. This distinc-
tion of relative intensities from other characteristics seems
to us to be of principal importance.

Summing up, basing ourselves on dipole moment func-
tions and mixing coefficients obtained here, we found it
useful to calculate the lifetimes of the levels considered in
present work (see column ¢ in Table VI) by means of Eq.
(32). As expected, the lifetimes appeared less sensitive to
the extent of 4~ B mixing. Thus, even for strongly inter-
acting levels v,,=0vz=0 the BO} state lifetimes are in-
creasing only by 15-20% as compared with the unper-
turbed levels. Let us also mention that while the
experimental BO] state lifetimes are in more or less satis-
factory agreement with the calculated values, the measured
lifetimes ,, for both 1} and 1, components of the A1,
state are diminishing with the growth of v, as opposed to
the calculated values (cf. column ¢ in Table WI). This
indicates the weak predisscciation of the 41, state levels
probably caused by weak hiomogeneous (A2=0) interac-
tion with an unknown unbound 1, state. It mus: be men-
tioned that the analogous predissociation was observed*
for the Bl, component of the B337 state of Se,, where
the levels with v, >6 were not obseirved at alll, owing to
strong homogeneous predissociation;, in contrast to the:
BO} component.

V. RELATICN BETWEEN ENERGETIC, RADIATIVE,
AND MAGNETIC CHARACTERISTICS

Let us examine to what exterit the parameters of elec-
tronic interaction obtained in Sec. IV from energetic, mag-
netic and radiative measurements are mutually compatible.
For this purpose it is useful to follow tke connection be-
tween the mentioned characteristics. In our recent papers
the approximate relation has been derived between the g
factor and the A-doubling constant values, applying
Hund’s case “a” basis for singlet states. The analogous
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relation between the g factors and the Q-doubling con-
stants (g) for the A1, state can be obtained by comparing
Egs. (10) and (17), namely,
U
o) oJ ‘1;1 G, (BAL* l;)ZGt

g + g - = v v
AT By T (B B

(33)

Therefore, knowing the experimental g factor values of
the Te,(A41}) component and using expression (13) for
the g factors of the A1, component we are able to evaluate
the (-doubling constant qﬂ, For the levels v ,,=4 and

v =38 (cf. Table VI) we get gy = —3.7x 107 ¢ em™!

and —3.3%x107% cm™!, respecnvely In Ref. 12 experi-
mental valu&s of rotational constants
B(1%)=00302386(18) cm~' and  B(17)
=0.030 237 5(15) cm ™! were determined for v=8 leading
togy’ = B(1*) — B(17) = (1.1 £ 23) X 10~%cm™"
which is not in contradiction with the negative ¢ value
given above especially if one takes into account that they
are obtained for different J regions.

It is notable that the ¢7,; factor for Te; has not been

measured experimentally till now, because its value is be-
yond the accuracy limit for direct energetic measure-
ments.'? Hence, it can only be obtained from the absorp-
tion spectrum of the perpendicular transition X0;-A41,,
which is rather weak [cf. Fig. 4(d)] and has not been ob-
served. More experimental data are available for the BI,
component of the B>3; state of the Se, molecule where
the rotational constant B, values have been measured*>4¢
separately for the B1} and Bl component, yielding
B.(B1})—B,(B1;)=33x10"*cm™. Using the aver-
aged BI, state rotational constant value 0.0708 cm ™' and
Eq. (33), we get the averaged one over v values for the
difference: g( B1}) —g(B1;)=9.4x 107>, Since we have
g(B17)<g(B1}) for high J (J>100) values [cf. Egs.
(13) and (14)], it is easy to evaluate g( B1})=9.4x 1073,
it being in good agreement with the experimental g( B17)
value 8.0:0.8 X 107 for the Se, molecule.*’

From the comparison of Egs. (16) and (24) one can
easily obtain the approximate relation between the g fac-
tors of a diamagnetic ( BO}) state, and the nonadiabacity
parameter ! ® of a perpendicular B0} — X1, transition:

1+ It/ 1fv2

P 1/2
W— _gm[ZJ(J-f-l)]

(R

“\26, RP (R,

(v lve)
. 4
X<050\UA1)(U30|UX1)) (34)

Since the sign of the quantity in the large parentheses is not
dependent on vibrational quantum numbers, the g factor
sign correlates with the sign of XlR which, in tum, is
uniquely determined by the sign of the intensity difference
IP— I% In other words, if the g factor is negative, 1f
exceeds 1L , and vice versa. This interesting qualitative con-
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clusion is supported by experimental observations. Indeed,
the g factor sign is positive for the vg=1(J=243) leve],
(cf. Table V1), and for the LIF progression from this leve]
only we have y*>0 (cf. Table VII), and accordingly
I < IR in agreement with the results in Ref. 12. More-
over, Eq. (34) makes it possible to describe the intensity
distribution using experimental g values in the case when
R," , R, , and G, are known. To confirm this, we eval-
uated by means of Eq. (34) the nonadiabacity parameter

R values (see Table VII), which are in good agreement
with the data obtained from the intensities.

Thus, the values of rovibronic terms, g factors, life-
times, and relative intensities for interacting levels of BO;
and A1} states are connected with each other through
Franck-Condon type overlap integrals. At the same time,
the electronic parameter values corresponding to the dis-
cussed characteristics (7, G,, G, R, , and R,) were
considered by us, until now, as independent adjustable fit-
ting parameters. It is intuitively clear, however, that at
least some of them, such as, e.g., 7 and G, are not inde-
pendent, since G, —7=(Q|S | Q*), as follows directly
from Egs. (5) and (12). To determine the detailed rela-
tionships of the considered parameters it is obviously nec-
essary to have more information about the electronic struc-
ture of the interacting states.

It is important that the absolute values of the treated
parameters are dependent on the type of the corresponding
electronic state, thus allowing to use the parameters in
order to establish the origin of this state. It will be of
greatest interest for us to clarify the problem of the genesis
of the A1, state: Is it the *II; component of the A °II, state
or the *Z; component of the B>Z] state (cf. Fig. 1)? For
this purpose it is convenient to pass from the Hund’s case
“c” basis set to the “a” basis. By analogy w1t.h the elec-
tronic structure of other VI A group dimers,*® namely O,,
S,, and Se,, it seems reasonable to suppose that the dis-
cussed 1=0 and )* =1 states snay be presented as a mix-
ture of the corresponding coraponents of X7 and °II,
states, connected by the spin—rbit interaction:

[2=0)=cy | 3-\20)-&-t-'no|'-}l-lo),
|Q‘=1)=C2,5321)+Cn”l3n1>- (36)

(35)

It is easy to obtain approximate expressions, transformed
into this basis, for corrtspon«dmg intrarnolecular and mag-
netic electronic matrix elcments, L3

n=cy oz (2ol SLPZp) +es em, (2ol L. 1)

+e3,en, 01| L, 1Tho), (37
G.=gc5.05 (2| S, %)
+gxc>:00n,(3xo|L:l3nl>
+gies,cn, 21| LT, (38)
G.=g1+(g;—g)est (39

As can be seen from expression (39), if the Q*=1 state is
predominantly a °Il; components, than G,—1 (as ¢,
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—~ 0). At the same time, if Q*=1 state is largely a 33,
component, then G,—2 (as ez, — 1). Further, when Eq.
(37) is compared with the Eq. (38), it is apparent that
G,—m=cs,c5,(*%|S,|’Z;). Now assuming the
Q=0(BO]) state to be predominantly a >3, component
(thatis, c3 = 1), it is easy to make the following conclu-
sions. If the Q*=1 state is predominantly a I, compo-
nent, then the G, value tends to 7, while if the Q* =1 state
is chiefly a ’Z, component, then G tends to 27. Hence,
assuming the ‘pure precession’ hypothesis® we get 7=1.41,
G,=141, and G,=1 for a pure Q*=1(’1I,) state and
n=141, G,=2.82, and G,=2 for a pure Q*=1(’%)
state. It is obvious that the latter set of parameters is the
closest to the experimental magnitudes, thus testifying of
the 3%, origin of the N*=1 state. It is of interest that the
intramolecular interaction parameter 7 is weakly depen-
dent on the origin of the Q*=1 state, as distinct from the
magnetic parameters G, and G,. As also follows from Eq.
(39), g factor measurements for the nonperturbed A1;
component allows to evaluate cy , thus yielding a partial
contribution of the >, component to the 41, state. In-
deed, insertion of the experimental value G = 1.86 dis-
cussed in Sec. IV B into Eq. (39) leads to (cy,)*=0.86.
Knowing (cy,)* and neglecting the interaction with the
M, component, we easily get the assessments 7™=1.32
and G=*=2.65 which are close enough to the experimental
values of these quantities, see Tables IV, V, and VIII.

The electronic transition matrix elements are not all
independent in the model employed. Thus, the electron
dipole moment functions for 41,-X1, and 41,-X0; tran-
sitions can be represented approximately as

R (R)=cs RE™T(RL),

el (40)

RET(R) = ez RETU(R,). (41)
Knowing the mixing coefficient, c3, as well as the semi-
empirical functions RJ~™(R.) and RZ*(R,), we
have used Eqgs. (40) and (41) in order to calculate the
dependencies R4 ~¥'(R,) and RJ\ ~"°(R.,), as presented
in Figs. 4(b) and 4(d), respectively (cf. the dashed lines).
Taking into account the rather crude nature of such an
approximation, one must agree that both the absolute val-
ues and general run of the obtained dependencies show a
reasonable fit to the experimental data. Let us mention that
if the Q* state should be in main a *[1; component of the
A°T1, state, the function R ~*'(R,) ought to be similar
to the corresponding function of the 40} -X0; transition,
that is to be ca. three times smaller in its strength and to
decrease steeply with growing internuclear distance, see
Ref. 18.

Thus, the good coincidence between 7, G,
RZ-™(R,), and R}/~*(R,) as obtained from ener-
getic, magnetic, and radiative measurements, together with
their good agreement with theoretical estimations [Tables
IV and VIII; Figs. 4(b) and 4(d)] can be considered as an
unambiguous test of the consistency of various observa-
tions and of validity of the aforementioned suggested
model of 2, and °Il, state interaction. Finally, we con-
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clude, that the 1, state studied here is predominantly
(>86%) a *3, component of the B3Z state and only
slightly (<14%) a *II, component of the 4 *II, state.

Vi. DISCUSSION: THE ORIGIN OF THE A1, STATE

The last conclusion of Sec. V about the 1, state basi-
cally belonging to the B X} state comes into conflict with
the presently accepted notion in most publications (except
experimental studies'>?’ and ab initio calculations*). We
shall therefore discuss this aspect in greater detail. Previ-
ously,'? on the basis of energy characteristics, the 1, state
was assigned to a *I1;, component of the 4 °I1, state, and
not to a °X,, component of the B *X] state. The following
arguments have been or could have been used to confirm
this assignment. The experimental distance A7, =13 cm ™!
between the BO_ and 1, states is too small for spin—orbit
splitting (A5 ) of such a heavy molecule as the tellurium
dimer. Thus, the experimental value of 245 o for the lighter
molecule Se, is as much as =78 cm™'.* The empiric ex-
trapolation of 245, in the progression of VI A group
dimers O,, S,, Se,, and Te,, based on spin—orbit splitting
of corresponding *P atoms leads to an estimated value of
the order of 245 =150-200 cm™" for Te,(B % ). Be-
sides, similar behavior of 1, and 40 state potential curves
is observed, cf. Fig. 1, as well as closeness of the discussed
1, state term value T,(1,) to that of T,(407)+ 4so.,
where A5 =2177 cm~' is the evalutted value of -the
A *T1, state spin—orbit splitting constant.?

Nevertheless, this obvious contradiction between the
assignments based, on the one hand, or: magnetic and ra-
diative treatment and, on the wther hand, on energetic mea-
surements, may be eliminated if we take into account the
following evidences. By analogy with D, and Se, mole-
cules, we may suppose that the B> s.ate in Te, exhibits
spin-orbit mixing not only with I}, but with 'IT,,
(2)°2}, 327, and °I1, states as well“**! These states, as
shown: by calculations for Oy, are unbounded and are re-
sponsible for the predissociation of the B33 stite.’! The
authorms of ab initio calculations of eletronic terms of Se,
and Te, (Refs. 48 and 49) point out the presence of a
strong spin—orbit interaction between isoconfiguirated 311,
and ’II,, states, growing wifth internuc:jear distarice. Conse-
quently, as can be expecteci from the proximity of energies
between the B ’I_ state and the aforementioned states,
most of them (except of 'IT,) are dissociating to the
‘P, + 3Py, limit, cf. Fig. 1. Even relatively small, for such
heavy molecule as Te,, spin—orbit interaction (~ 1000
cm™") is able to cause a noticeable shift ( ~200 cm™') and
potential curve deformation (towards more weakly
bounded) of the B 3, state. Due to selection rules
AQ=0, 0; —/—07, the spin—orbit interaction does not
take place between '[1,, >3} and 33X states and the
335 (0}) component; the discussed interaction has to have
an effect chiefly upon the position and shape of the
*2,(1,) component. Indeed, an estimate of A1, state dis-
sociation energy, based on molecular constants given in
Table 1 is about 2840 cm™', thus showing that this state
dissociates towards the *P, + 3Py, limit. Then the *TI,
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component of the A 'IT, state lies probably slightly (=500
cm™') below the BO] state, and appears to be shallow.
This °IT,(1,) state is not identified in spectroscopic mea-
surements, possibly due to its strong shift with respect to
the ground state, see Fig. 1. At the same time it is, most
likely, just this state which is responsible for the heteroge-
neous perturbations of the BO} state levels
vo=18 and 19,'>2 as well as of vg=2(J=202).52 Note
also that as the observed A1, state predissociation begins
below the 3P, + 3P0,, limit, none of the previous listed
states is responsible for this predissociation. This means
that the state causing predissociation has to approach the
3P, + 3P, limit and to possess 1, type symmetry, see Sec.
IV C, as is, for example, the corresponding component of a
bound *3+(1,) or/and A(1,) state,*®! cf. Fig. 1. The
predissociation of A1, state levels is of ¢~ or ¢ type®
emerging through the repulsive part of a corresponding
bound state. This mechanism is confirmed by the weakness
of the predissociation and by its unsensitivity to the rota-
tional quantum number J (cf. column ¢ in Table V1) as
distinct from the strong c¢* type predissociation of the
B0} (vgy> 18) levels caused, most probably, by the repul-
sive potential of the ’H,,(O) state.

The above considerations, at our glance, provide
enough reason to indicate the state 1, treated here as Bl
instead of A1,, thus underlining its belonging to B3Z].
However, in order to avoid misunderstanding, the indica-
tion (A1,), presently accepted in bibliographic sources,
has been used throughout the text.

Vil. CONCLUSIONS

The present GDA concept demonstrates the possibility
of describing all existing data obtained from energetic,
magnetic, and radiative measurements in a unified model
with a minimum number of adjustable fitting parameters
and possessing definite physical meaning. A comparative
analysis of the characteristics listed earlier reveals that the
& factors of a diamagnetic state, as well as the relative
intensities of a perpendicular (i.e,, BOS-X1,) transition,
are much more sensitive to weak local perturbations than
level shifts and lifetime changes, thus allowing to investi-
gate weak nonresonant interactions beyond the reach of
the energetic measurements. Moreover, the radiative and
especially the magnetic characteristics “remember” the
longest of their “electronic origin,” as compared to the
internuclear potential and molecular constants. Conse-
quently, the measurements of absolute values and signs of
g factors, as well as those of electron transition probabili-
ties may help to perform an unambiguous electronic as-
signment of interacting states, which is difficult to achieve
basing only on energetic characteristics, in particular, for
the states possessing large spin-orbit splitting, as in Hund’s
case ‘“c”. Additionally, as shown in our just accomplished
studies, the alignment-orientation conversion phenome-
non allows to extract the effect of magnetic field induced
1,~0F (AJ=x1) interaction yielding directly the pa-
rameter G, and thus giving the possibility to determine
separately 77 and G, from magnetic measurements only.
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Magnetic field induced alignment-orientation conversion: Nonlinear energy
shift'and predissociation in Te, B1, state

M. Auzinsh; A. V. Stolyarov,?) M: Tamanis, and R. Ferber
Department of Physics, University of Lawvia, Riga, LV-1586, Latvia
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The paper analyzes magnetic field induced alignment-orientation conversion (AOC) phenomenon
caused by simultaneous effect of quadratic terrns in Zeeman energy shift and magnetic
predissociation (PD), producing asymmetry either in energy spliting wp a1 # @ _pez|—p O in
relaxation of coherence [yp -y #[ _pz -y between coherently excited M, M *1 magnetic
sublevels. The AQOC is registered via the appearance of circular polarization (C) of fluorescence
under linearly polarized excitation. The unified perturbation treatment of a molecule in. external
magnetic field B is presented, accounting for magnetic and intramolecular perturbations via
interaction with bonded or continuum states, considering Hund’s (c)-case coupling and dividing the
intramolecular perturbation cperator into homogeneous (A{2=0) and heterogeneous (AQ==*1])
parts. Explicit expressions up to B? terms are given for energy shift and PD rate, adapted to 1., state
in conditions relevant to the B 33 . complex of Te, molecule. Numeric simulation revealed that
nonlinear magnetic energy shift and heterogeneous magnedc PD produce dispersion type
fluorescence circularity signals C(B) of different sign. Fitting of experimenwai data on Bl,,
v(J)=2(96) state of ‘“’I‘c2 molecule allowed to determine the electronic matrix element of
paramagnetic Hamiltonian (2 =0|H,|Q=1)=G .=2.7, as well as the nawral C}* = £6 s™? and
the magnetic a':" = 59 X 10° s~2 T™! rate constants of heterogeneous PD, supposing thatthe B1_
state PD takes place through O, state continuum. As a result, magnetic AOC represents a sensitive
method to investigate molecular structure and intramolecular interaction between both bonded and
continuum states. Additionally, it has been shown that the magnetic PD effect leads to strong
amplification of nonzero held level crossing signals caused by B? terms in Zeeman energy shift

© 1996 American Institute of Physics. [S0621-9606(96)01325-6]

[. INTRODUCTION

The anisotropic spatial distribution of angular momenta
in the ensemble of atoms or molecules is characterized in
terms of alignment and orientation. One speaks of alignment
when the disaribution is symmetrical with respect to the re-
flection in the plane which is perpendicular to a certain sym-
meuy axis, and of orientation if such symmetry is absent,
thus bringing into existence a preferable direction along the
symmetry axis. For clarity reason one may imagine that
alignment behaves like a double-headed arrow («») whereas

-orientation behaves like a single-headed one (=>). In particu-
lar, excitaon with linear polarized light creates alignment
only, and E-vector defines the axis of cylindrical symmetry.
It has been interest for a long tme, starting from Refs. 13,
to study the pertutbing factors, which are able to break the
reflection symmetry and thus to cause alignment—orientation

conversion (AQC). The more recent publicatons, dealing

with different versions of AOC in atoms and molecules, can
be found as references given in Ref. 4, to which, for com-
pleteness sake, we would like to add the works of Refs.
5-12. The case of AOC in diatomic molecules was invest-
gated in Refs. 4, 8—13. It is easy to understand the main
reasons for AOC if one remembers that the ensemble density
matrix element f,,+ which is obtained as a solution of the

*Present address: Department of Chemisary, Moscow State University,
119899. Moscow, Russia.
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stationary density matrix equation of motion and which de-
scribes the coherence between sublevels with magnetic quan-
tm numbers M and M’ in the state with definite angular
momentum J value, contains a factor (ruu""l.i)u“')—l»
namely

1

e T v
where
Eu—Eu
amu,;-.i’ﬁ_” . P)

is the splitting between Z:eman sublevels M, M’ with ener-
giCS EM .Eua, while

T+ )
FMM,=_ﬂ_2_‘L. 3)

is the rate of relaxation of coherence between M, M’ sublev-
els, I, and Ty being relaxation rate constan.s of respective
states. [t can be seen from the forra of Eq. (1) that, generally
speaking, at broad spectral line excitation there are two basic
reasons for the appearance of AOC in the excited state an-
gular momenta ensemble. Indeed. as it follows from the
analysis presented in Ref. 12, one must have such a pertur-
bation which leads to the asymmetry, with respect to the
M, M’ either in energy splittings
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Oym=1 F O pz1-M» @)
or in M-dependent coherence relaxation rate constants
Cum=1#T y=z1-u- )

In a number of our previous publications*'!~!* the AOC
effect in diatomic molecules was treated theoretically and
demonstrated experimentally in the case when it has been
caused by nonlinear, in particular quadratic Zeeman energy
E,, dependence on external static magnetic (B) or electric
(E) field strength, as well as on magnetic quantum numbers

M, thus entailing the condition (4). Sufficiently pronounced"

AQC signal was registered'! in B1] component of the Te,
B3] state complex as the appearance of the degree of
fluorescence circularity C(B) up to 0.05, under linearly po-
larized X1, —B1, excitation in the presence of static mag-
netic field up to B=0.4 T. The effect has been described as a
result of the asymmetric spliting of Zeeman sublevels, see
Eq. (4), due to the presence of quadratic Zeeman effect en-
ergy shift term. We found it to be a nice example of the
magnetc field assisted AJ=*1 mixing of states with differ-
ent elecronic parity, or e~f mixing, not only between
" Q2-doubling components B1, ~B1] of the electronic B >3]
state, but rather that of the B1, ~B0 close together situ-
ated components interaction. It is important to stress that
both interactions are forbidden in the absence of the external
magnetic field. Such a heavy diatomic molecule, without hy-
perfine structure, as Te,, possessing well enough invest-
gated energy levels and dynamic parameters (molecular con-
stants, intramolecular interaction parameters, lifetimes,
"Landé factors, etc.), see Refs. 14 and 15 and references
therein, can be considered as one of the ‘‘test’’ objects in
molecular spectroscopy, along with such diatomics as Na,,
1,. and others. At the same time, whilst the general behavior
of AOC in Te, (B1_) was well enough described by the
treatment deveioped in Ref. 11, there remained the unex-
plained additional structure of the experimentally registered
signal. To explain such a structure, it needs to be ascertained
if there is some influence of another fundamental reason for
AOC, namely of the asymmetric over M, M * 1, in the sense
of condition (5), relaxation rates I',,,. Indeed, as it was
demonstrated in Refs. 8 and 9 on the iodine molecuie I, in
the B 31'[0: state, fluorescence circularity may appear owing
to magnetic field effected M-seiective predissociation (PD).
The authors of Refs. 8 and 9 have presented the detailed PD
theory,'? accounting for rotational, magnetic, and hyperfine
PD, but they neglected the possible influence of Zeeman ef-
fect induced energy shifts in signal description. As it be-
comes clear even from the first glance at the dense electronic
term scheme of Te, molecule,!¢ it is highly probable that
such AOC mechanism as the magnetic PD effect, causing the
fulfillment of condition (5), has to be taken into account,
along with quadratic Zeeman effect terms. in energy shift,
“Causing the fulfillment of condition (4).

The main purpose of the present article is to develop an
extended treatment of AOC by accounting simultaneously
both for quadratic terms in Zeeman effect induced energy
shift as well as for magnetic field induced PD. The consid-

eration presented supplies more satisfactory interpretation of
experimental results of Ref. 11 on Te, B1, state and dem-
onstrates the possibility to determine separately the elec-
tronic mixing parameters, to distinguish between homoge-
neous and heterogeneous PD types and to determine the
parameters of very weak natural and magnetic PD. '
The paper has a following structure, In Sec. II we will

- remind brefly the analytical expressions for density matrix

elements and fluorescence intensity with a definite, in par-
ticular circular polarization, dependent on magnetic field af-
fected wyyy and Ty In Sec. IT a general approach is
developed to describe a diatomic molecule in external mag-
netic field, including both magnetic energy shifts and mag-
netic PD. A quick descripdon of Te, excited electronic
states, which are involved in the processes under discussion,
is given in Sec. IV. In Sec. V we will pass to the simulations
of expected signals in conditions typical for the B *Z 7 state
of Te, molecule, including fluorescence circularity under lin-
ear polarized excitation, as well as to the fitting of experi-
mentally obtained data, ending with a summarizing discus-
sion in Sec. VL.

L FLUORESCENCE INTENSITY

We will discuss the manifestation of AOC in fluores-
cence signal as the appearance of circular polarization under
linear polarized broad spectral line excitation. The detailed
treatment is given elsewhere*!'? and we will stress hereafter
the main points only. Let us assume thai the weak linearly
polarized cw broad spectral light had prepared excited (/)
state density matrix fy,,-'=" The explicit form of intensity
expression /, for light emitted at a J'— /] transition is

., KDL

KE)=—Spr— 2 fuw(-D®

MM qq2
_' -qz IM 'M'
X (E; "M (E; ") Crapig, Cromigy ©)

where E7', ¢;=0,x1 are cyclic components of unit fluores-

cence polarization vector 13,‘, Cj‘:’:’lq. are Clebsch—Gordan
coefficients, M, M’, and u are respective excited (J') and
ground (J}) state magnetic quantum numbers, (J7|D}J’)
denotes reduced matrix element for electric dipole transition,
K is proportionality factor. The excited state orientation is
certified through circularity of fluorescence,

1,—'1’
=L 1 7
C - [,+ 1[ ’ ( )
1., being right-handed and left-handed circularly polarized
light intensities. The excited state density matrix elements
fum are formed in |J”u)—|J' M) absorption and can be

found as stationary solution of the equation of motion'? as
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LI IDlm? 1 lil. LINEAR AND QUADRATIC TERMS IN ZEEMAN
= IATI
MM 27 +1 e +imm SHIFT AND MAGNETIC PREDISSOC ON
_ ) : The Hamiltonian H of a molecule in external stationary
X z (E‘“)*(E‘”)C‘j,f",q C‘,’.flqz. (8) homogeneous magnetic field B can be presented in a sunph-

K192

where the factor T,|(J/|D|J")[?/(2J’ +1) is the dynamic
part of absorption probability, £9¢ are cyclic components of
exciting light vector E. Let us assume that the exciting light
linear polarization vector E(3,¢) is directed at angles J,¢

is observed along y axis. These conditions make it possible
to find exciting light- and fluorescence light vector cyclic
components E% and E;" by means of Wigner D matrices,
thus allowing to write explicitly the expressions for [,—/,
and /,+1; (Refs. 4 and 12) entering Eq. (7). The final ex-
pression for the difference /,— I, which describes the appear-
ance of orientaton can be written as ..

sin 24 Z Crrreer SIN @+ wpgpgey €OS @

1,—1,°<Fp 2
M

rMM+l+wMM+l
M M+1 ‘M M+l
C-!,"M+ll 1Cj~u+no Cj"mocjﬂuu )

M+ M
X(Cj"mo ]"Wll +CJ M+il-1

Expression for [, + [, takes the form:

{ +[,°‘2‘ [(Cj": m)z"'(cjl’ﬁﬂl ! ]

[sm I

M M

+cos? 19(6‘5,:10) H C',’;M l“)24-(CJJ.,)’“0)2

1 I's
el M 2
* 2 (CJj‘l'M-u-u-l)
sin? @ Ty pee1 COS 26— Wag— g+ SIN 20
) 7
P2 rM—(M+|f‘”M—m+l
‘M-1 M+ A M- "M+
xcj'm—lcj"un Cj‘;m—lcj‘l'uu ]= (10)

Consequently, as it follows clearly from Egs. (9) and
(10), in order to analyze the appearance of magnetc field
induced orientation. one has to calculate:

(i)  the magnetic field induced energy splitting wygp+ val-
ues, which are defined by the magnetc sublevel en-
ergy set E,(B), see Eq. (2):

(i)  the magnetic field affected coherence relaxaton con-
stant values [, between M, M’ sublevels, which
are defined by the magnetic field-dependent relaxauon
constant set I" ,(B), see Eq. (3).

For this purpose we will further consider the Zeeman
effect induced energy shifts to account for (i), as well as the
magnetic predissociation to account for (ii).

Cruseeiio) ©

fied form as'®

A=Hy+ V+Hp + By, (11)
where Hy+V is the Hamiltonian of an isolated molecule
without external field, Hy is the Hamiltonian zero approxi-

mation, V is the perturbation operator of intramolecular in-
teractions,

Hon= - 25B(g.Ju* (8, ~20)S) (12

is the so-called paramagnetic term, 15 is Bohr magneton, g,
and g, are orbital and spin electronic g factors, respectively
(g;=—1and g,=-2), J,=L+S is the total elecronic angu-
lar momentum

Hyn=Kym2, [BXT)]? (13)

is the so-called diamagnetic term, i denoting summation over
all electrons, K gn=e/8m,c?=uim 2*=22X 10"* 43 (in
atomic units). In Egs. (11)-(13) we have neglecwd the
nuclear spins and the relativistic effects leading to quan-
tumelectrodynamical correction to g; and g, values.

We mllfurtherconsxderdmv Hpm ande,,,amsmall
in comparison with Ho which allows one to use first- and
second-order nondegenerative perturbation theory to de-
scribe the Zeeman effect induced epergy shifts as well as the
inframolecular interaction effects. We will use Fermi—
Wentzel golden rule ¢o describe natural and magnetic PD."
In further consideration we will account for magnetic field
and intramolecular perturbation isfluence or: the eigenfunc-
tions, but neglect the level shifts caused by PD. Then, since
we are interested mainly in w,,, and [y, dependeacies on
magnetic quantum numbers M and magnetic field strength
B, and restricting our consideration up to :srms containing
B?, we have 10 pass from Egs: (11)-(13) w0 the following
expressions for level energy E,, and predissaciation rate [y :

EY =E3 +(®,IM|H,g| 2, IM)
> (D, M| Al P, M)

®,/
@,/ °"' E

+(D, /M| Hy| ®,IM), (14)
2

'

2
@
ro/=r®+—

- IR 2
- (DIM{ By D' M)

+23 (DIM| VD' IMY SIM|H,,
ol

+Ha D' IM) |, (15)

@ . . .
where Eo) and F‘;{ are respective engrgy_shxft and ged:s-
sociation rate values for a cestain rovibrational level in ab-
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sence of external field, |®JM) are engenfuncuons of the H,
Hamiltonian, while £/ Ve and |®,J’ M) are eigenvalues and
eigenfunctions of the H0+V Hamiltonian. For the reason
which will be clear from the following discussion, the dia-
magnetic perturbadion has been taken into account only to
the first order permrbaton theory in Eq. (14). Functions
|@,J'M) or |®'JM) may correspond either to bonded [Eq.
(14)] or to continuum [Eq. (15)] states, with which intramo-
lecular interaction is taking place. It is supposed that
|®'JM) in Eq. (15) are the energy-normalized continuum
wave functions. Summands containing H.pm in Eq. (14) are
the first- and second-order permurbation terms, respectively,
the second—order term being the so-called ‘‘high-frequency
tem’” according to Van Vleck.”? Now we can write the
eigenfunctions ]&D“”JM ) which are perturbed by magnetic
field

|25 IMY=|D, M)

> (‘D,,JMIH,,.,.I:[;’J’M)
o,/ E:P"=EM’

(.7 M),

(16)

where the symbol |$,/M) denotes state wave function in
the absence of magnetic field, but with accounting for in-
tramolecular perturbations, namely

@, my=l0spny e S, SIS o,
@’ 7 TEy

(17)

Matix elements of the I:Io+\7 operator are independent of
magnetc quantum number M, whereas H,, and Hy,,, depen-
dence on M is ngen by Wigner—Eckart theorem in labora-
tory coordinates?!2

JNkJ )

’ 1| Xk) 1N =M
(M FPIIMY=(=1) (_M, oM

XTI, (18)
where ff,"’ denotes operator spherical tensorial components
of rank k and projection ¢ =0, (J'|Lf\¥||l7) are reduced matrix
elements, (_f;,, 5‘;’,) are 3j symbols used here because of
their higher symmetry instead of Clebsch—Gordan coeffi-
cients. Let us remind that the spherical functions Yo of rank
k=0,1,2, being a particular type of the spherical tensor, have
the following dependence on the spherical angle ¥':
Ygo=const, ¥ gxcos ¥ and Y,x(3 cos* &' —1). As follows
from Eq. (12), I?Ipm is defined as the scalar product of two
vectors, thus Hpm contains cos &’ and corresponds to the first

rank (k=1) tensor. At the same time, Hdm contains sin’ §',

see Eq. (13), and thus corresponds to zero (k=0)-and second -

“(k=2) rank tensors. Hence, the respective selection rules

over J are: AJ=0,=1 for H, and AJ=0,21,%2 for Hyg,..

Remember that, for the case of intramolecular interaction,
the selection rule over J is AJ=0 only. Besides, the addi-

12
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tional symmetry selection rules for both magnetic and in-
tramolecular interactions are @« with respect to the fuil
parity and, additionally, s«a regarding symmetric/
antisymmetric states in the case of a homonuclear diatomic
molecule (see Fig. 2). In order such requirements to be
obeyed, only the 3 symbols with AJ=J'~J/=0,%],+2
and with M’ =M have to be considered. The explicit expres-
sions for 3j symbols are given in Table L. In particular, as
follows from the table, the diagonal terms of Hamiltonian
flf,g are linear over M. The diagonal (/' =/) Hamiltonian
matrix elements are M independent for ﬁ,(g, while for
H{? they contain the factor [3M>—J(J+1)]. The squared
nondiagonal Hamiltonian matrix elemeats (J—J'==*1) con-
tain the factor (J+1)>~M? for H{Y). These considerations
allow one to obtain from Eqgs. (14)—(15) the general depen-
dence of E,; and 'y, on M and B in closed form as

Ey=a+bMB+(c+dM*)B?, (19)

Ty=a’+b'MB+(c'+d' M?)B?, (20)

where parameters a,b,c,d the and a’,b’,c’,d’ are indepen-
dent of M and B, being dependent on other quantum num-
bers characterizing isolated molecules in the absence of ex-
ternal field. From Egs. (19)—(20) one may judge immediately
that the conditions described by Egs. (4)—(5) are fulfilled.
Further, since V and H,, are composed from angular
momenta J, L, and S, the evaluation of a—d and a’'—d’
parameters in Egs. (19)-(20) will depend on the particular
type of the angular momenta coupling. We will consider here
the primitive Hund’s (c)-case coupding scheme.'® according
to which the full rovibrational Hamiltonian can be split into
parts in the following way. The zexro-order Hamiltonian Hy,
see Eq. (11}, includes:

{1) electronic term ﬁ:,(R ry which, however, contains
all refativistic effects caused by spm--orblt and spin—
spin interactions;

(i) vibrational term in form -(mu)(a’z/akz) where 4 is
reduced mass of the molecule, R is internuclear dis-
tance; - ’

(iii) rotational term in form B(R)J?, with eigenvalues
A2B(R)J(J+ 1), where B(R)=1/(2uR?).

In doing so, we. will also consider that for the cigen-
functions |Wq(R,ry)) of Hamiftonian H:(R ry, which are
obtamed via solving - the equation- H:,(R r¥q(R.rp
= Ed(R)‘Ifn(R r), the reladons (¥q|ld¥q/R)
=(Vq|d*¥/R?)=0 are tulfilled, Q denoting J projec-
tion on intemnuclear axis. Such a choice of electronic Hamil-
tonian corresponds to the socalled diabatic approximation.
Thus, in the coupling case under consideration. cach Q com-
ponent of an (a)-case multiplet is regarded as a separate elec-
tronic state with its own potential curve E®(R), the different
curves, however, being Jlowed to intersect each other. Ac-
cording to the described representation of zero-order Hamil-
tonian -H,, the perturbation operator V, which enters Eq:
(11), is equal to

J. Chem. Phys., Vol. 105, No. 1, 1 July 1986
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TABLEL 3j-symbois(}, | x

Zr) = (I_“: -1 I_u)- .

J
| eryre

"MOM 2.’+l
( J1J ) (1=)Y -4y

—MOM —Ig¥ D27+ 1y
( I ) (1= yi-H (J-M)J+M+1)

-M—~11M ' (T+DI+ 02T

Ji/+1 T_ 72
( N LV

- MOM (27 +3)([T+1)(2]+1)
( JIJ+1 ) —1"“"\/ (J=MYJ~-M+1)

-M~11M (=1 (27+3)(27+2)(2J+1)
( J27 ) (=Y%M -J(J+1)]

-MOM V(24 + 3T+ )27+ 1)I(2I-1)

727 6(J+M+1)(J—M)

— 1y —M

(—M—HM) (-n7HeM+D (27+3)(27+2)(27+1)2J(27~1)
(/2/+1) IV I+ 1) -M7]

-MOM (=D (J+2)(2J+3)(J+1)(27+ 1)1
J20+1 \/ (J-M+1)(J-M)

— J=M+|

(—M—HM) (=D UMD N G i @ s I D2l
(12“2) . _II-HM\/ S{U+2)T =M+ D=7
-MOM (=0 (27+5)(27+4)(2J+3)(2T+2)(27+ 1)
( J27+2 ) 2(_l)_,_“\/(J+M+2)(J—M+2)(J—M+l)(]—M)
-M-umM

(27+5)(24+a)(27+3)(27+2)(2/+1)

V=Vu(R.r) + BRI -2B(R)ITa=Viom* Viet» (21)

where V_(R.r) is the part of full electronic Hamiltonian
which is not included into HY(R.r), while the remaining
terms appear from the rotational part of Hamiltonian due to
the fact that pure rotational momentum N is constructed from
J and J, as N=J—],. First and second terms in Eq. (21) do
not depend on J explicitly and, consequently, the matrix el-
ements of these operators follow selection rule A{2=0, thus
defining the homogeneous interaction Vy.. . The third term
in Eq. (21) is linearly dependent on J and, hence, obeys the
Afl==1 selection rule. As a result, according o selection
-tules over (), the inamolecular perturbation operator V is
divided into respective homogeneous Vi (A(2=0) and her-
erogeneous Vi, (AQd==1) parts. .

The symmetrized basis eigenfunctions |®JM) corre-
sponding o the coupling case under consideration are:

4
|dIM)= Wa) lv | QIMY=|—QIM)], (22)
and for the special case (1=0:
|®IM)Y= Vo) v )| QIM). (23)

The vibradonal eigenfuncton |v ) is obtained via solution of

the radial Schrodinger equation with corresponding effectve
internuclear potental U?(R):

1 d?vy) :
—3; dI:zj +[U?(R)_E?J]|Uf}=0. (24)

where UNR)Y=EXR)+J(J+1)2R? is an exgcnvaluc of
the H%(R.ry) + B(R)J* operator.

Then, rovibronic magix elements of homogeneous
(A2=0) and heterogeneous (AL)=1) intramolecular interac- -
tion, see Eq. (21), which correspond to the chosen basis [see
Eq. (22}], can be writtan as

(0 | Viem (R0 ). | (25)

for ' =Q, ;nd as

for Q'=Q1*1, where

72 (R)
2uR

v?> W+ D) =1Q(Q]=1) (26)

20" (R)=(0'1..|Q). @27)

To obtain I:lpm and l:ldm operators dependence on (2 and J
quantum numbers, we apply again Wigner—Eckart theorem,
now in molecule fixed frame, in order to evaluate the re-
duced matrix elements which enter Eq. (18):

J. Chem. Phys.. Vol. 105, No. 1, 1 July 1996
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J' kJ

<J'ﬂ'||f*“|lm>~( _q ,Q)m'u"?"lﬂ). (28)

Considering H{)) with k=1, /=AQ=0,%1, and AP with

k=2, [=A0=0,£1,%2, we can get the following expres-

sions for comesponding electronic matrix elements

QA1) :

Q'=0: (QIEIQ)
=2:0800:+(g,~8){QI8IQ")=G(R), (29)

Q'=a=1: (QELQ")

=201zl Q )+ (2.~ 2(QUS:10)=G-(R).  (30)
<n|ﬁ‘£.’.|n'>=-§-<n 2 ri”a'>ahoo<m,
Q'=q: e

<Q|ﬁ(dﬂlﬂ')=<ﬂ‘z (‘3}-&2) Q'>Ehzo(R),
' (B

=Q=1: (QHP|Q")
=<Ql2 (xixiy;)z Q'>§h21(R), (32)

=2: (QJHZ|Q)
=<a!2 (x;xiy;)? Q'>ah7_z(R), (33)

where r;={x;,y;,z;}. Using Eqgs. (24)~(30) we arrive at fol-
lowing conclusions, which are important for our further dis-
cussion:

(1) Homogeneous intramolecular perturbations (A{)=0) are
independent of J/ whereas the heterogeneous ones in-
crease with J approximately as [J(J+1)]'?, see Egs.
(25), (26);

(2) Homogeneous (A{2=0) magnetic interaction, caused by
H,, operator, decreases with J as (J(J+1)] ', whereas
the heterogeneous ones decrease as [J(J+1)]~ 1z,

(3) Homogeneous mixing, caused by operator, appears
only due to (QS,]Q’) term, which is small at least for
smail internuclear distances since at pure Hund's (a)-
case coupling, when S, is a good quantum number. this
mixing is absent at all for =0’ belonging to the dif-
ferent electronic states; _

(4) Electronic matrix element 7 R) of the heterogeneous in-

— -teraction, see Eq. (27), is a part of electronic matrix el-
ement of the paramagnetic term G . (R), see Eq. (30).

Proceeding from' conclusions (1)-(3), one can expect
that, for large J values, the heterogeneous interaction, both

1
% 28 132
R(A)

FIG. 1. The panem of some Te, electronic states involved into consider-
ation.

intramolecular and magnetic, will be more pronounced than
the homogeneous one. To simplify our further treatment, we
will assume that:

(i)  all elecronic matrix elements, corresponding to v,
Hpm and Hm operators, are independent of internu-
clear distance R;

(iiy  vibrational wavefunctions belonging to the same vi-
bronic state are coinciding for adjacent J values,
namely

o7 y=sloi==loy ™). (34)

In particular, the above assumpuons (1) and (it) lead to
the following relation: (v,lG,(R)lv,) 8yp0p Where v, v,
belong to the same electronic state.

IV. TE; TERM PATTERN

Before passing to signal simulation, it is necessary to
concentrate briefly onto main features of electronic structure
of the molecule under investigation fthe even Te, isotope
will be beard in mind). The detailed: inspection of B *Z
terms of Te, molecule is presented in our recent paper,'*'see
also references therein. We will further keep ourselves to the
term structure as proposed in Ref: 15, that is supposing that
the closely located bonded B0 and B1; states, see Fig. 1,
belong basically to the B > state complex. It is necessary
to consider the interaction of B1)~B0, states caused by

electron-rotation interaction. The matrix clement A2%" [see
Eq. (27)] of such heterogeneous interaction was determined
as 7=1.35 from unified self-consistent. trcatmcnt of ener-
getic, magnetic and radiative measurement data.'s -
It is important to menton that B1; state PD in Te,
molecule was observed directly as a diminution of spontane-
ous lifetime with v growing for v; from 2 up to 8 and J from
52 up to 181, see Table . Note that ali these B1> state

J. Chem. Phys., Vol. 105, No. 1, 1 July 1996
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spontaneous lifetimes of v(J) levels of 1, and 1] components of B ’2'
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Jo] TmemnS ®@a. «+ oS 4'_@_ S
state of '*°Te,. - @a
—% - s + ®a +____._®a
Term v J . 7’ (ns) oy (os) J B - s
2 86 107 (7) 109 :
2 9% 17(11) 120 = - 92+ oS :_____-gsq
17 4. 52 49 (4) 112
. 8 70 10 (2) 121
4 111 66 (5) 115
17 5 131 45 (6) 120
8 181 14 (2) 133

levels are situated below the P, + 3P, dissociation limit
(ca. 26 000 cm“), which means that the state responsible for
PD must approach *P,+ 3P, ground electronic state limit. [t
has been supposed that PD of the B1" state levels belongs to
the so-called ¢~ classification type after Mulliken,” emerg-
ing through a repulsive part of bonded 1, and/or 0, states,
see Fig. 1. This.mechanism follows, in particular, from the
weakness of PD while speaking of the v=2, /=96 level of
1; component of the B *Z state, which can be proved, in
particular, by the existing experimental lifetime data given in
Table . The experiments were performed by laser-indlmd
ﬁuoresgence method, using (v"=4, J'=95)X1, —(v'=

=96)B1; absorption of 514.5 Ar”-laser hne 113 The
estimau:dls value of spontaneous lifetime 7, is ca. 110-130
ns.

All possible electronic states approaching > P, +3 P, dis-
sociaton limit in (c)-Hund's coupling case are:
07 (3).07 (2),1,(2),1,(2).24(2).2,.34.3,,4,.2* Hence, due
to the AQ}=0,*1, u~g selection rules for inramolecular
interaction, only states 2,, 0,(2) or 1,(2) approaching
3P, +3P, limit may be responsible for natural heterogeneous
or homogeneous very weak B1_. state PD. It is worth to
menton that, as distinct from the well investigated B *%;
complex, no one of the above discussed electronic states,
which could be responsibie for natural PD of the 81, state
had been observed in specoscopic measurements, and the
‘reliable information on molecular constants and potential
curves does not exist for them. The- only existing
publication'$ deals with relatvistic ab initio -evaluation of
low lying electronic terms of Te, molecule. Unfortunately,
the paper'® does not contain spin~orbit and spin—spin split-
ting parameters of >Z, 31, , and ’A, temms, the Q compo-
nents under discussion are most likely originating from.
Therefore we were forced to perform crude estimations of
relative locaton of these components by using the semi-
empirical scheme described in Ref. 19, which is based on the
knowledge of leading electronic configuration of *X;, *II,,
and A, stases, as well as on the empirical spin-orbit con-
stants of separated atoms, which the above molecular terms
are converging to at R —c, This allowed us to conciude that
the electronic states responsible for 81, state PD, which are
most preferable from energy consideration, are the 0, com-
ponent originating from the *I1, state and the 1. components

o 04 i

FIG. 2. Symmetry of rovibronic states of Te, molecule. The even tellurium
isotope and even J value are considered. Dashed lines denote the forbidden
states. Symbols +/—, or e/f in different notation, refer to electronic parity,

‘symbols @/O refer w full parity, s/a refer 0 symmetric/antisymmetric

staies.

originating from *Z; or/and %A, states, see Fig. 1. We there-
fore will restrict ourselves with taking into account in PD
treatment Bl ~0, and Bl ~17 incractions only. Since
07 term originates from °II, , while, 1 term originates from
32*‘ or *A,, we are able to evaluate the order of magnitude
of Franck-Condon factors density (FCD) entering expres-
sions for PD rate, see Sec. V. -

The symmetry of rovibronic levels of even isowpe Te,
molecule can be unoerstoodfromﬁg.z, where J is consid-
ered to be an even number. Symbols + or —, which corre-
spond to e or f notation respectively, stand for electronic
parity, while circled signs @ or © refer to total parity. Since
nuclear spin is zero, all antisymmetric (2) levels disappear.

V. SIGNAL SIMULATION AND DATA PROCESSING

Now we are going to use the theory presented in Secs. II
and III in order .to simulate fluorescence signals of different

. polarization, see Eq. (6), including thie appeasance of fluo-

rescence circularity, see Eq. {9), for the conditioas which are
relevant to Te, molecule 81, —X1/ ﬁuo:wce:m:e (see Sec./
IV) in external magnetic field..

A. Zeeman ensergy shift, or wy,y contribution

Let us first adapt the theory developed in Sec. OI o
describe the magnetic field dépendence of fuorescence po-
larization and circularity caused by different-order terms in
Zeeman effect induced energy shift E,,, see Eq. (14), as
appropriate for Te, B1, state. Applying Wigner—Eckart
theorem, first in laboratory coordinate system, see Eq. (18),
and after that in molecular coordinate sysiem, see Eq. (28),
accounting for explicit 3 j-symbols formulas (Table I) and
implementing vibrational and electronic parts of matrix ele-
ments defined by Egs. (25), (26) and (29)—(33), we arrive at
the following energy E,, expressions for the linear paramag-
nedc term (LPT) and for the high-frequency term (HFT):

/LBBMGZ

ECED R

Eip(M.B)=(® /M| Hpenl D, I M) = —
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O, JM|Hop| ) MY?  p}B? [ G2 {(J2=1)T(J.M)(1+ 1G-Sy /G)?
Eppy=S 2 lf{’"lol‘} NP _ [__[( )TUM(1+ G 150/G)
o Ey —Ey 2 7
U+ D= DTU+ LM)(1=9G (J+ 1)Sg/G)?|  GL [JT(J+1M) 2G, 7S5 )
. EL 5| T\ oy
(J+1)T(J. M) 2G, 7S .
T ( ? G-J‘) ]=E°m+5“;,§T, (36)

where Eflt: contains the summands proportional to G.G.,
whereas Eppy coincides with the previous treamment,!! which
was accomplished without accounting for wave function
mixing caused by. intramolecular perurbation operator 7.,
see Eq. (26). The T(J,M) and S; have the following mean-
ing: :

JZI_.MZ
T(J M)= e (37
(vilog) Vgl B(R)v1) —
S°=§} ! "EﬁEgj ) (38)
Uo o
[{oilvg™ D2
Koilvg™hHI?
$3=2, 'E—.,JI%Jrr (40)
,,3 1 ~ Lo
5= (vilvg” " Nval B(R)|w) @
i ET-ETOE-EY)
J J+1 -’B R J
Se= (Ullvo )(vol ( ),vl) (42)

s.t™M
=2

(Etl:.l_ ES.H-I)(ESJ_E({ ) ’

and B, is rotational constant. The diamaghctic term (DMT)
takes the form: '
Eowr{M?,B?) =(® ,JM|Hyn| ©, /M)

N P J(J+1)-3M?

= KB ho* 7T D)

-~

X

- . 4
hn+hm(1 e ] (43)
Thus, the closed form of Zeeman energy £,,, given by Eq.
(19), in the case of B1, state with fixed v,/,M values can
be written as

E(B1] ,u,J.M)=E M, B)+Eg(M? B?)
+Epu( M2, BY), (44)

where E pr is linear over M and B, while Eypr and Epyr are
quadratic functions of M and B, as defined by-the expres-
“sions (35)-(43).
In order to determine the wy,, values, which govemn
fluorescence intensities, see Egs. (9) and (10), let us evaluate
the parameters necessary to calculate the energy E,,. The G,

defined by Eq. (29) is the only factor determining the linear
LPT term; its numerical value will be taken as G,=—1.86

-according to the measurements in Refs. 15 and 25. In signal

simulation we will assume G.=2.7=27 in consistence with
the previous data obtained in Refs. 11 and 15. The negative
G. sign for a state with =1 means that we assume that the-

‘magnetic moment iy possesses the opposite direction with

respect to J, the precession angular velocity being equal to

;=G upBIJ(J+ 1)]. Rotational constant value B * ,
= 0.031 61 cm™! has been taken from Ref. 14. The S; values
given by Egs. (38)—(42) were calculated numerically using
vibrational wave functions |v,) obtained by solving Eq. (24)
with RKR potentials constructed by means of deperturbed
molecular constant sets given in Ref. 15 for 17 and 0 com-
ponents of B 3T state of **Te,. The results (in 1/cm™*) for
the v(J) level 2(96) of the 1, state have been obtained,
accounting for Eq. (34), as: Sp=—7.2X107%
$;=-19X107%,  §,=-29X107%,  S§3=-3.14X107°,
S¢=—2.05X10"3. It can be seen from S; values obtained
that the main contribution in the first brackets of Eq. (36) is
given by the part of interference term proportional to
G-G_Sy, namely :

- | TUM)

gintsy) _ 27G=GeSo [Jz—l.
(FP1)2<1

T T+ LM, - (85)

which is comparable: with the terms in the second brackets of
Eg. (36), containing Sy and S,.

Let us now try to evaluate the electronic parameters Ao,
hsg, and hy, of the DMT, see Eq. (43), which are given by
Egs. (31)-(33). In. order to obtain crude evaluation of the
order of magnitude of hoy, We will assume that the B *Z;
complex in Te, is of partiaily Rydberg, nature. Then one can
estmate the hgy value (in aw) as hg=If_ (n?/2)
(5n%+1=3I(I+1)]. Taking into account that the atomic
configuration of Te atom is 55%5p*, while in the united atom
limit Te, approaches the '*Ku configuration 642752, we can
estimate the upper limit for 2 as being somewhere from 10*
a.u. to 10° a.u. Further, we will assume that, for the Te, case
considered, as well as for the overwhelming majority of di-
atomnic molecules,?® the . and A, values do not exceed
several a.u. Using these estimations of electronic parameters
g, Rag, and Ay, and comparing expressions for LPT, HFT.
and DMT terms given by Egs. (35)-(43), it is easy.t0 con-
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FIG. 3. Calculated magnetic field dependence P(B) of the degree of linear
polarization of fluorescence (the geometry is shown in the setting-in).
|—ordinary Lorentz shape Hanle signal in case of linear Zeeran effect term
LPT. see Eq. (35); 2—accounting for LPT and for nonlinear Zeeman term
HFT, see Eq. (36); 3—accounting for LPT, HFT, homogeneous and hetero-
geneous magnetic PD; 4—accounting for LPT, heterogeneous and homoge-
peous magnetic PD; 5—accounting for LPT and beterogeneous magnetic
PD. The PD parameters used in calculations are C2* = —6 5™, o™ = 10*
sTRTTL O = 1P s™ Pand 22 = 10057 P T

clude that one can neglect the DMT contribution in the Eq.
(44). It is interesting to mention that for low-lying electronic
states of diatomic molecules the HFT and DMT values are,
as a rule, quite comparable with each other.”® The larter is
caused by the circumstance that, in spite of the fact that
diamagnetic constant K, value in Eq. (13) is approximately
10" times smaller than wj value in Eq. (12), the large enough
energy difference £, — EZ" makes the HFT and DMT con-
tributions comparable with each other. As a contrary, in our
case of B >Z (Te,) complex we have Eif'=! — ER=0 equal
to ca 13 cm™' only, which leads to
(B ='~E8=% k. and well explains the smallness
of the diamagnetic term DMT with respect to HFT.

Let us start with the simulaton of a signal appearing in
the experimental geometry, which is traditional for Hanle
effect manifestation as decrease of fluorescence linear polar-
izadon P(B)=(I,—I,)l(1,+1,) under echmal magnetic
field effect, see Fig. 3. We assume that 'y, in Eqgs. (9) and
(10) possesses a constant value [y, =T, being independent
of magnetic field, which means the absence of anisotropic
collisions (see discussion in Refs. 4 and 12) and of magnetic
PD. In particular, the value ['=8.55%x10% s™' was used as
determined in Refs. 15 and 27. Curve 1 in the figure corre-
sponds to the ‘‘traditional’” Hanle signal of Lorentz shape,
which appears in the case of linear Zeeman effect containing
LPT only, that is when all B2-dependent terms are neglected
in Eq. (44). Accounting for the HFT in the form given by Eq.
(36) produces the signal depicted by curve 2 in Fig. 3, which
demonsuates the slightly less steepness if compared with
curve 1. Additional maxima of very small amplitude can be
distinguished on curve 2 in high 8 region, that is when the
fluorescence is already almost compietely depolarized by the
linear Zeeman effect. These maxima have apparently to be

Circular polarization rate

-2 -1 Q 1 2
Magretic field, B, Tesla

FIG. 4. Calculated magnetic field dependence. C(B) of the degree of fluc-
rescence circular polarization, or AOC signal (the geometry is shown in the
setting-in). Curves -5 are calcuiated accounting for the same effects as in
Fig. 3, respectively.

connected with the crossings of magnetic M sublevels with
|M — M ’|=2 caused by nonlinear Zeeman effect.

- We will now proceed to the appearance of the degree of
circularity C(B), see Egs. (7), (9), (10), caused by B? terms
in E,, when the condition (4) for wy, is fulfilled. The
geometry of excitation and observation of fluorescence is
shown in Fig. 4 and is consistent with 9=45°, ¢=90° in
Egs. (9) and (10). Curves 1 and 2 in Fig. 4 are calculated for
the same £,,(B) dependencies as discussed above in connec-
tion with Fig. 3. Curve | in Fig. 4 is strictly zero since linear
Zeeman effect is not able to cause AOC.**2 Curve 2 demon-
strates a pronouaced AOC phenomenox caused by quadratic
Zeeman effect tarm HFT given by Eq. (36). It is important to
stress that such C(B) signal is an odd function of B, having
zem derivative at B=0. The last feature can be clearly seen
fromn the Fig. 5., curve 2, which is the same curve depicted in

e
o
[~

o
8

Circular polarization rute
&
[=]
W

i i

-04 0.2 0.0 0.2 0.4

Magnetic field, B, Tesla

FIG. 5. Fitting of experimentally obeined AOC signal in C(B) at the same
geometry as in. Fig. 4. Curves 1-3 are the same as in Fig. 4. Cusve 2’
ignoves the interference term £ in quadratic Zeeman effect, see Eg. (36),
while curve 3’ differs from curve 3 by ignoring homogeneous PD. The
parameters obtained by fiting are: C™™ = =652 a™ =9 x 10*s™ 2 T,
G.=27. :
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enlarged scale. Curve 2 in Fig. 5 differs markedly from the
signal depicted by curve 2’ in Fig. 5, which was calculated
without accounting for Ejgy in Eq. (36), as it had taken place
in our previous treatment!! [unfortunately the sign of G, in
formulas (3), (11) and (13) of Ref. 11 is inconsistent with the
definition of G. following from Egs. (1) and (4) of Ref. 11].
The major difference between curves 2 and 2’ in Fig. 5 en-
sures one of the important role of the interference term £ }.‘}}.—r
appearing because of B1,; ~B0, wave function mixing by
electron—rotation perturbation operator V, see Eq. (17). Fig-
ure 5 contains also the experimental results (depicted by
black circles) taken from Ref. 11. And what is important, the
results of the more complete treatment, presented by curve 2,
is much farther from describing the experimental points.
Moreover, in any choice of fitting parameters (which would
lead into contradiction with independently obtained results of
Ref. 15), the calculation based on quadratic Zeeman energy
shift terms,- or on wy,,+ contribution only, are not able to
reproduce the additional extrema of experimental C(B) val-
ues near B=*0.1 T, see Fig. 5.

B. Magnetic PD effect, or 'y, contribution

Let us now account for [y, dependence on magnetic
field caused by magnetic field induced PD. We will consider
the cases of homogeneous and heterogeneous PD separately,
accounting for 1, ~17 and 1, ~0, interactions respec-
tively, according to the discussion in Sec. IV. Then, adapting
again the theory developed in Sec. I, we are able to obtain
the explicit formulas. for the matrix elements which describe

_17~17F and 1] ~0, magnetic PD inT',, expression (15). In

213BM VoG, u3B*G}
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doing so, for homogeneous PD 17~ 17, one can obtain, by
applying Eqs. (18), (29) and Table L, the following expres-
sions for H,,p, operator marix elements with Q="
#3BMG;

<QJM|Hpm|QJM)= - m,

(46)

2

R R Je=-1-
(QIM|Hpnl QJ~ 1M)|*= u3B?G? ~—7— T(.M),

(47)
where T(J,M) is given by Eq. (37). Analogously, for het-
erogeneous PD 1, ~0., the operator matrix elements
with '=(*1 can be found, by accounting for Eq. (30), as
#BMG.
VIT+1)’
whilst the nonzero diamagnetic fldm operator matrix ele-”
ments can be found, by applying Egs. (18), (32) and Table L,
as

(QIM|Hyn) Q' TM)

(QJMlﬁ,,[d'JM)= (48)

o B 1 [—IU+D+3M " (49)
SR T+ L @I-D)RI+3) )
Note that for the 1, ~0, case the interaction matrix ele-
ments (QL/M|H,5,|Q2'J = | M) disappear.

Putting the expressions obtained into Eq. (15) and taking
into account the fact that the rovibronic matrix elements of
intramolecular interaction can be described by Egs. (25)-
(27), we arrive at final expressions in explicit form:

aM?  3(4M?P-1)

I‘,'::"’(l;-1f)§2wl(vzlez)lz["§m‘ J(J+1)

(1_

J(J+1) (21—1)(214-3))]

, : 3 JUJ+1)=3M2 ,_2BMCya, B}
+ 2K B Viom) hoot | Rt hool 1= 755 ) ) s+ [ |26 TR T 2
aM*  3(4M?-1) S S ISP L ) j(J+1)—3M2)
—(J(J+1) (2J—1)(2]+3)”+2B C"[B(v H BB i) | ey |69
bt — o 27T +1) 2upBMnG.  upB*MPGL KB nhy [ 3MP-J(J+1)
Dl ~00)=2m (v/le;) (2uR2)? 2R3 2J(7+1) 2uRE \(27=1)(2J+3)
| @, B*M* J(J+l)—3M2) |
- ¢ ) 2l JN S T
52C§](J+1)+2Cua,,BM+zj(j+1) B, C,B ((21—1)(21+3) , (s1)

where |(v,| €;)|? are the Franck-Condon densities (FCD), R,
1s the crossing point of the two potential curves, see Fig. I,
_@2 are the diamagnetic PD constants, V, . and 7= 7, are
the electronic parts of the matrix elements of homogeneous
and heterogeneous intramolecular interactions, respectively.
It is important that all these parameters are independent of

M, B, and J in explicit form. We have passed in the second

part of Egs. (50) and (51) to the following traditional nota-
tions: C, is the nawral PD constant, =~

7’.

Crm=V2m(v )l €) Vioms Cot=V2m(v,l€)) TRE
<

' (52)

whilst a, is the constant of paramagnetic PD,
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ah™= 2m(v | €;) 5G.. ay*=\2m(u e pnpG - .
(53)

It can be easy seen that the relations obtained are consistent
with the general expression given by Eq. (20). From Egs.

(50) and (51) one can also conclude that for /> | _the contri-__

“bution into T, of the term-describing interference between
natural and magnetic PD, which is proportional to C,«, and
linear over BM, is negligible in the case of homogeneous PD
when compared to the case of heterogeneous PD. This can be
explained by the presence of the factor 1/{J(J+1)] in Eq.
(50), as distinct from Eq. (51).

Let us now try to estimate the values of C,, ,, and A.°
parameters in Egs. (50)—(53) for the case of B1, state PD in
Te,. We will start with FCD |(v,|¢,)|? evaluation based on
Morse shape approximation of 0] and 1 potential curves
responsible for the PD. In doing so, we have used vibrational
constant w, values given in Ref. 16 for °IT,, =7, and A,
states. The anharmonic constant w,x, values were estimated
from the knowiedge of electronic Te, terms for these states,
as well as from the * P, + P, dissociation limit. The equilib-
num internuclear distance R, values for the states under dis-
cussion were chosen in the way to provide the condition that
intersections of the respective 0; and 1 potential curves
with the repulsive branch of the RKR B1] state potential
curve are taking placc at reasonable R, values, namely
26 A = R < R®' which correspond to the Mulliken’s
¢ ~-type PD.” The enctgy—norma]ucd vibrational wave func-
tions |¢;), belonging to continuum spectrum, were calculated
by numeric solving of Eq. (24). As a result, the following
FCD estimations were obtained: 107*-107% Uem™' for
Bl1,~0; PDand 1075-10"% Yem™'! for B1] ~ LT PD. The
#%2 uR? value is of the order of 0.1 cm™". Since the natural
PD rate of the level can not exceed its reciprocal lifetime
7.}, which is given in Table II, one can easy obtain the
following estmations of nawral PD rates upper limits:
|CoY < 605”2 and C2™ < 10° s~ "2 Let us also suppose
that the h,, values entering Eq. (50) do not exceed 10° a.u
while the values of G, and G. are of the order of one a.u.

Then we arrive at the following esnmau'ons ak

= 102-10° sT2T7!, ad® = 10°-10* s7'* 17! ;s‘°’<10z

—lfl-l- 2 ‘B(I)EB(Z)sl s leT—- E:’)Slo‘—’ S-lflT
“Thus, if our electronic parameter estimations are correct, we
can well neglect the diamagnetic term contribudon into [y,
see Eqgs. (50) and (51), as it had been done in the case of E,
calculations.

Let us pass to PD signals simulations. Figure 6 demon-
strates the circularity signals caused exclusively by PD ef-
fect, or by [y, contribution. Calculations were performed
by using the above estumated values of C, and a, for either
heterogeneous {curve 1) or homogeneous (curve 2) PD. The
calculations are made by putting Eq. (50) or Eq. (51), respec-
tively, into expression (3) for Iy, which enters Eqgs. (8)-
(10), under assumption that wy,, is independent of M,
which means that we neglect B2 terms in Eq. (44) or. equiva-
lently, we neglect wy,, contribution into AOC. As it can be
seen, the heterogeneous PD produces a pronounced disper-
sion type circularity signal, whereas the AOC signal pro-
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FIG. 6. Comparisoa of AOC signais in fluorescence circularity C(B) caused
by heterogeneous (curve 1) and homogeneous (curve 2) PD, calculated with
maximal C, , @, values, pamely C*= =| C*|27(T+ 1) = 82 x 10°s™'2,

hom = 10° s TT, CMF = — 60572, 22 = 10° s~2 T, Geometry and
other parameters are the same as in Figs. 4 and 5.

duced by homogeneous PD is almost nonobservable.

It is interesting to trace the PD manifestation in wide B
range Hanle signals P(B), see Fig. 3. Curves 4 and S in Fig.
3 demonstrate the distortion of Lorentz’s shape Hanle signal,
which is caused by magnetic PD only, that is when the B?
terms are neglected in wy,,+ calculations. It seams that the
remaining nonzero degree of polarizaticn at large B values, -
see curves 4 and 5, is caused by such I'y,,’ growing with B
which does not change much the wy, /T 4, ratio. The
most interesting is the P(BY behavior in the case when all
effects are taken into account, see curve 3 in Fig. 3. As it was
checked from the E, pattem calculation, the pronounced
signal broadening in B range of (1+3) T, see curve 3, is
caused by numerous overlapping nonzero field crossings of
magnetic sublevels M, M =2 with 96>}M|>6. Starting from -
|B|=3 T, the nonzero field crossings for each particular
|M| <6 value become quite distinguishable, which is under-
standable for two reasons. First, the absorption--emission
cross sections for P-, R-{ype molecular tramsitions have
maximal values near M =0.'"”*! Second, the level crossing
peaks for |M|=<6 are much better separated since they occur
at largest |B| for the smallest |M| values, see Eq. (19). Of
course, such crossings, produced by the influence of qua-
dratic Zeeman energy terms, can be slightly distinguished
aiso on curve 2, see Fig. 3, possessing, however, much
smaller amplitude because of fast coherence destruction. It is
thus clear that the nonzero magnetic field level crossing sig-
nals are pronounced so well in the case depicted by curve 3
due to the ‘‘delay’’ in P(B) diminuton, which occurs be-
cause magnetic PD shows the tendency to increase [yu
with 8 growing.

The role of T'yu conmbuuon in wide B range AOC
signals is demonstrated by curves 3-3 in Fig. 4, which are
calculated using the same parameters as in the case of analo-
gous curves in Fig. 3. The most interesting is the behavior of
curve 3. which is calculated” accourting for all effects in
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wyp and Ty, and demonstrates the appearance of addi-
tional maxima caused by I'y/,» contribution, having opposite
signs with respect to the maxima caused by B? terms in
Wy - 1t can be also seen that the nonzero field level cross-
ings do not manifest themselves in the C(B) signal, as dis-
tinct from the P(B) dependence. Curves 4 and 5 are calcu-
lated neglecting the HFT contribution in wy,,,. Since curve
4, obtained by accounting for both heterogeneous and homo-
geneous PD, aimost coincides with curve 5, in which only
heterogeneous PD was taken into account, the role of homo-
geneous PD is negligible. This result is in consistence with
Fig. 6 and its discussion.

Since the PD-induced AOC leads to opposite sign C(B)
signal when compared to the quadratic Zeeman effect, see
Fig. 4, it looked promising to fit experimental data, given in
Fig. 5, by accounting simultaneously for both nonlinear Zee-
man effect and magnenc PD. If one neglects the homoge-
neous PD effect, it is possible to obtaiz: simultaneously three
parameters from C(B) data fitting, namely: the electronic
mairix element G. of paramagnetic Zeeman Hamiltonian
defined by Eq. (30), the rate constant a' of paramagnetic
heterogeneous PD, and the rate constant C"“ of natural het-

erogeneous PD The best fitting was obtamcd at G,.=217,
C*f‘- +6s anda™ = 79 X 10°s™2 T, see curve 3’

in Fig. 5. Itis howcver impossible to judge about the signs of

C f,"‘ and af,’“ separately except that their signs have to be
opposite. Comparison of curve 3’ with the curve 3, which

was calculated by including into calculation the estimated

upper limits of homogeneous PD parameters C™® = 103 s~

and a™® = 10° s”Y2T"!, confirms that accounting for
B1,~1; PD practically does not imply the fitting.

VI. DISCUSSION AND CONCLUSIONS

The effect of AOC is an exclusively sensitive tool to
investigate the quadratic terms both in Zeeman energy shifts
(waag contribution) and magnetic PD (T, contribution).
The above effects produce large enough fluorescence circu-
larity signal C(B) under linear polarized excitation, which
disappears completely when the quadratic terms are absent.
It should be stressed that the conventonal Hanle effect,
which is observed via changes of the degree of linear polar-
ization P(B), is almost insensitive to the presence of both
quadratic Zeeman energy shift terms and magnetic PD ef-
fects in the experimentally applied region of B, as it can be
seen from Fig. 7. Indeed, the experimental P(B) data can be
equally well described by the simplest Lorentz shape depen-
dence and by the dependence accounting for all above-
mentioned effects, see curves 1 and 3 in Fig. 7.

Since the influence of wy,,, and Ty, produce circular-
ity signals of different sign and shape, see Fig. 4, the wyy
and Ty, contributions can be easy separated, in the pro-
cessing of C(B) data, at least at certain dynamic parameters

-of the states under study. The wy,, contribution allows, in
particular, to determine the electronic matrix element G . of
magnetic field induced heterogeneous |Q—'|=1 interaction
which, in its turn, is connected with the electronic matix ele-
ment 7 of electron—rotation , ' state mixing, see Egs.

0.14 4 8 .
0.124 J

0.10 4 .

Linear polarization rate

0.04

T T Yy
Q.0 01 0.2 03 0.4

Magnetic field, B, Tesla

FIG. 7. Fining of experimenually obtained Hanle signals in degree of.linur

polarization P(B)..Geometry, parameter values and curve numbering are the-
same as in Fig. 3. I—Lmentzshapcngnal 3—the signal accounting for all

effects. .

(27) and (30). The [, contribution smdies yield new pos-
sibilities in investigating PD phenomena. First of all, it is
quite surprising that the characteristic additional maxima
produced by PD contribution into C(B) signal allow to
judge, from the first glance, about the heterogeneous type of
PD. And, what is more, it is possible 1o determine separately,
from oneﬂt. both meconstantC"’ofnann'alPDandtbe
constam a of magnetic PD. As it is known from I,
studies,®'© due to the interference term a,C, it is possible
to determine very weak natural PD rate C,, . Also in the case
of '®Te, B1] state we obtained c':'1(1+1)as.7x105
s7', which is only about 8% of the full relaxation rate
I'=8.55%10° s~ for v =2(96) level.
As it can be seen from Egs. (52) aud (53), it is possible
to use the PD parameters C2* = =6 s~ af* = 79 x 10°
sT2T7!, obtained for the B1; state of Te,, .m order to
evaluate the ratio of electronic matrix elements 7" = 7 and
G.:

a?‘ V2m(v] )G
\/_(vle)(nﬂuRz)

Using the evaluated ﬁzl(Z,J.R )E!O I' cm™! value and taking
ug=0.467 em™! T™!, one obtains, by applying Eqs (27) and
(30), the following G ./ 7 value:

(54)

2, O-=
= uﬂcﬂ-a';,-

G- _ glja:+(g:—gl)5:
7 Ja=
het
S. a
= —= 2 =—-32X10%. 55
7 =c 2y (53)

" The fact that G /77 ratio is so large means that almost com-

plete canceilation of L. and §. takes place. Indeed, since
J.- = L, + S..Eq. (55) ylelds L.=-1.0031S. . Hence,
for 81, state of Te, the values of electronic matrix elements
L. and S. almost coincide, being opposite in signs. This
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striking point was observed also for the B *II,+ state of I,

molecule,'? where the ratio L. =—1.04355.. was obtained.

Let us try to trace how the results of PD studies by
magnetic AOC are cousistent with other data about dynamic
characteristics of B1, state in Te, molecule. An interesting
possibility to obtain some indirect information about PD
based on global deperturbation analysis (GDA) was consid-
ered in Ref. 15. In particular, the experimentally measured?
ransition moment dependence on internuclear distance R al-
lowed us to evaluate the ‘‘pure’” spontaneous lifetime values
7p Of the level, see the last column of Table II. From com-
parison of these values with the effective lifetimes 73;° of
Table 0 which were directly measured,”’ one can arrive at
the following conclusions. First, as it can be seen from the
table, 753 exhibits faster decrease with v for the B1, com-
ponent than for the B1, one, which allows one to suppose
the existence of an additional channel for the B1, state de-
cay. Second, the B1, rovibronic v(J) level energies pracu-
cally coincide for v =8(70) and 5(131) states, being equal to
1315.66 and 1313.58 cm™', respectively. Then, if only ho-
mogeneous ¢ ~-type PD, which is J independent, would take
place, one had to expect almost equal PD rates for both lev-
els. Howeve, as it can be seen from Table II, 7§30 <7511
If one supposes that the heterogeneous B1; state PD takes
place via B1)~2. interaction, then the PD rate for the
5(131) level had to be ca. 131/70 times larger then the one
for the 8(70) level, which also disagrees with experimental
data. Hence, the only PD mechanism, which is consistent
with 7%, measurements, is that only the B1; state predis-

sociates heterogeneously, whereas the Bl state does not.
And this is possible only if B1; ~0, PD takes place, which. "

is in complete consistence with the data obtained from mag-
netc AOC swdies, see Sec. V.

It is worth to mention that only the simpiest PD mecha-
nism, namely the direct predissociation, was considered in
the present investigation. In the situation of quite dense state
pattern, which is the case for Te, molecule, one cannot ex-
clude the influence of indirect (or accidental) PD,' which
takes place via an intermediate state. Due to this fact, as well
as because of the restricted amount of experimental data, we
do not pretend our analysis of PD mechanisms in (B1,)Te,
to be complete. Nevertheless, the general feamres of AOC

“phenomenon, caused by simultaneous effect of magnenc
field induced energy shift and changes in PD rate, which
were revealed in the present work, will not change with
elaboration of PD mechanisms. It is worth to mention that
the nonlinear terms both in £,, and in [',, magnetic field
dependencies occur also under more precise, nonperturbative
treatment, which has to be applied at large 8 values.

ACKNQWLEDGMENTS

The authors are indebted to Professor Jacque Vigue for
stimulating exchange with information, to Dr. Elena Pazyuk
and Dr. Ilze Klincare for useful discussions, as well as to
Olga Nikolayeva for technical assistance. Support from ISF
Grant No.-LF-7000 and from Joint ISF and Latvian Govém-
ment Grant LJ 7100 is gratefully acknowledged. Three of us
(M.A., M.T., and RF.) are grateful for the support from
Latvian Science Council (Grant No. 93.256), as well as for
the support from European Commission in the frame of
PECO Human Capital & Mobility (Networks) program,
Contract No. ERBCIPDCT940633. One of us (A.V.S)) is
grateful for the support from Russian Foundation for Basic
Research (Grant No. 93-03-18059).

'U. Fano, Phys. Rev. 133, B328 (1964).

V. N. Rebane, Opt. Spectrosc. (USSR) 24, 163 (1968).

3M. Lombardi, C. R. Acad. Sci. Ser. B 265 B, 191 (1967).

*M. P. Auzinsh, and R. S. Ferber, J. Chem. Phys. 99, 5742 (1993).

IX. L. Han, and G. W. Schinn. Phys. Rev. A 43, 266 (1991).

¢R. C. Hilbom. L. R. Hunter, K. Johnson, S. K. Peck. A_ Spencer. and J.
Watson, Phys. Rev. A 50, 2467 (1994).

"H. Awci, and H.-P. Neitzke, J. Phys. B 22, 495 (1989).

SM. Broyer, J. Vigue, and J. C. Lehmann, Chem. Phys. Lett 22, 313
(1973). '

%1. Vigue. M. Broyer. and J. C. Lehmann, J. Phys. B 7, L158 (1974).

'] Vigue, M. Broyer. and J. C. Lehmann. J. Phys. 42, 937, %49, 961
(1981).

111 p. Klincare. M. Ya. Tamanis, A. V. Stolyarov, M. P. Auzinsh, and R. S.
Ferber. J. Chem. Phys. 99, 5748 (1993).

12M. Auzinsh and R. Ferber, Oprtical Polarization of Molecules (Cambridge
University, Cambridge, 4995). '

3M. P. Auzinsh and R. S. Ferber, Phys. Rev. Lea. 69, 3463 (1992).

'*]. Verges. C. Effaniin, O. Babaky, J. d’'Incan. S. J. Prosser, and R F.
Barrow, Phys. Sct. 25, 338 (1982).

SE. A. Pazyuk, A. V. Stolyarov, M. Ya Tamanis. and R F. Ferber, J.
Chem. Phys. 99, 7873 (1993).

18X Balasubramanian, and Ch. Rarimohan, J. Mol. Spectrosc. 126, 220
(1987).

7C. Cohen-Tannoudji, Ann. Phys. (Paris) 7. 423, 469 (1962).

8¢ P. Landan and E. M. Lifshizz, Quannion ec:ianics (Pergamon, Loa-
doa, 1965).

Y. Lefebvre-Brion and R W. Fitdd, Perrurbation in the Spectra of Di-
atomic Molecules {Academic. New York, 1986). ’

] H. van Vieck. Rev. Mod-Phys. 23, 213 (1951). -

2R N. Zare, Anguiar Momenwum {Wiley, New York, 1988).

2 A R Edmonds, Angular Momentum in Quantun. Mechanics (Princeton
U.P., Princeton, 1974). :

BR. S. Mulliken, J. Chem. Phys. .33, 247 (1960)..

% G. Herzberg, Molecular Spectria and Molecudar Strucwure. L Spectra of
Diatomic Molecules (Van Nosuand, Princeton, NJ 1957).

By p. Klintsare. M. Ya Tamanis., and R. S. Ferber, Opt. Specyosc. (USSR)
67, 720 (1989). :

%M. Mizushima. Theory of Rotating Diatomsic Molecules (Wiley, New
York, 1975).

71 p. Klincare and M. Ya. Tamanis. Chem. Phys. Lexr. 180, 63 (1991).

B3R, S. Ferber, Ya. A. Harya. and A V. Stolyarov, J. Quant. Spectrosc.
Radiat. Transfer 42, 143 (1992).

J. Chem. Phys.. Vol. 105, No. 1, 1 July 1996



NaK D 1T Electric Dipole Moment Measurement

by Stark Level Crossing and e- f Mixing Spectroscopy
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ABSTRACT

The paper presents the first permanentvelectric dipole moment d, measurements for Nak
DI state rovibronic levels. Two different methods were applied to obtain d, values. Stark
effect induced level crossing registered as the changes of fluorescence linear polarization P(E)
with external electric field € yielded from one fit both the electric dipole moment value and the
A-doubling splitting between e, f substates of an individual rotational state. Another method
consisted of obtaining the ratio Agf/dp from &£-dependence of the forbidden line appearing in
fluorescence as a result of e~ f Stark mixing, along with direct Agf measurement by RF - optical
double resonance. The respective dipole moment values obtained are 5.9 - 6.4 D for the state
v =T, J =23, as well as 4.5 - 4.8 D for v’ = 12, J' = 7. the typical errors being ca. 12
20%. The d, value for the latter state reflects d, diminution expected due to the admixture of
the d®I1 state caused by intramolecular interaction. Signal simulation and data fitting have been
accomplished using direct Hamiltonian diagonalization accounting for Stark interaction withiu

rotational states J + AJ, AJ = 0,1 and 2 in the initial, excited and final state.
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I. INTRODUCTION

There 1s interest in determining the permanent electric dipole moment of a molecule since
this quantity reflects very sensitively the details of electronic structure. At the same time there is
still a lack of information about electric dipole moments for short-lived excited states of diatomic
molecules. One of the methods to determine electric dipole moments consists of applying the
electric-field-induced analogue to the Hanle effect. The electric-field-caused changes in atomic
fluorescence polarization were first revealed by Hanle [1] as early as in 1926, very soon after
his discovery of magnetic-field-induced fluorescence depolarization, or the “Hanle effect” [2].
These two phenomena are caused by Stark and Zeeman effects respectively, having their physical
origin in removing the degeneracy between coherently excited magnetic sublevels M, being thus
called “zero field electric/magnetic field level crossing”, see monographs [3-5]. The application
of external-field-caused level crossing methods to molecules was proposed by Zare [6]. However,
as distinct from widely applied magnetic-field-induced level crossings [3-5], the pure electric-field
level crossing signals in resonance fluorescence, first applied to atoms [7.8]. for molecules have
been observed in relatively few works, see Refs. [9-11]. For the states with closed electronic shells.
such as A'Y in BaO [11] and B>[ly+ in I, [10], the monotonic “Stark-Hanle” (Stark analogue
of Hanle effect) curves were observed in laser-induced fluorescence (LIF). In these cases it is the
second-order Stark effect [12,13] which determines the Stark splitting manifold. This follows
directly from the selection rules for the electric-dipole allowed interaction, which connects only
the states with different, even or odd, total parity, labelled as + or —, respectively. Hence. the
first-order perturbation terms are absent in the non-degenerated perturbation approach for the

Stark operator
Hs, = —d, €. (1)

This means that the terms linear over electric field strength £ equal zero for a rovibronic level
with fixed rotational quantum number J. The appearance of linear over £ terms is possible only
in the case when the states. which are interacting due to I:ISh are so close in energy that 1t is

impossible to use the non-degenerate perturbation theory. This is the case for quasi-degenerate



electronic states with A # 0. In particular. the 'l-state possesses two A-doublet components of
different total parity, + or —, within a rotational state J, see Fig. 1la. The total parity alternates
with J, and another type of label, named the e/ f symmetry, is often used, which factors out the
(—1)? J-dependence, thus being a rotation-independent label [14,15], see Fig. 1a. The A-doublet
splitting A7, caused by electron-rotation interaction, is regularly given by Al =qlJ(J+1)- N2
where q is the A-doubling constant. This leads, as distinct from the 'Y state, to the “quasi-linear”
Stark effect [13] in the !II state (see Fig. 1b).

A deeper insight into the 'II state Stark effect, including Stark zero-field level crossing. was
first given by Klemperer and co-authors [9] and appiied to the (A'IT) CS molecule. Further. in
a number of works [16-24], the main attention was paid to the changes in the 'Y — Il — 'X
LIF spectra induced by dc Stark effect mixing of e/ f levels. Indeed, due to AJ = 0,+1 and
+ & — selection rules [14,15], see Fig. la, only the (P, R)-doublet emission is allowed at P- or
R-type excitation, whereas only @)-singlet emission is allowed at Q-type excitation. If. however.
an external electric field is applied, the + « —, or e/f Stark effect mixing in a 'II state with
fixed J gives rise to the appearance of a “forbidden” line. Therefore, one can observe in the
LIF progression the whole (P, Q. R)-triplet, instead of either doublets or singlets. The relative
intensity of a forbidden line, in the case when A}, is much larger than the natural width of each
A-doubling component, is mainly governed by tlhe I(d,,E)/Agfl parameter, allowing one to obtain
the absolute value of d,, provided additional information on ¢ values can be obtained.

Concerning electronically excited alkali dimers, there have been. according to our knowledge.
two attempts to determine d,, both for NaK 'II states. Drullinger and co-workers [16] have
recorded Stark induced “forbidden” lines in LIF from NaK (D'T), and have also demonstrated
the RF - optical double resonance signal on the v = 7, J" = 5 level. However, they present only
qualitative information without mentioning any d, values. Later, Derouard and co-workers [24]
made an attempt to determine NaK ( B'[I) dipole moments by applying Stark ¢ f mixing. Thev
present dipole moment values for several vibrational states. These are ca. two times smaller
than the values obtained from ab initio calculations by Stevens. Konowalow and Ratcliff 23]

In this sense. the predicted [25] large permanent electric dipole moment values. reaching 4.5
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for NaK (B!1l) and 7.8 D for NaK (D 'I1) have still not been proved experimentally. It seems,
however, that there could be some contradictions within the results given in Ref. [24], manifested
in the large discrepancy of q values obtained. Thus, there is still a lack of reliable information
about excited state dipole moments even for such a “test” alkali dimer as NaK. We also are
not aware of such data pertaining to any other alkali dimer. It is important to mention that in
Refs. [9,16-24] the description was restricted by the first-order Stark effect, without accounting
for Stark mixing of different rotational states, thus the approach used in data processing has to
be improvéd.

The main goals of the present paper are as follows. First, we intend to determine the Nak
permanent electric dipole moment values in its D'Il state, for which there exists developed
spectroscopic information [26-32], including lifetime measurements [33]. We have applied two
methods: (i) Stark-induced changes in LIF polarization; (ii) Stark induced “forbidden™ line
relative intensity ratio measurements in combination with the direct Aif measurement by RF -
optical double resonance method [9,34,35]. Secondly, we developed further the description of '[I-
state dc Stark effect, allowing one to calculate the £ dependence of fluorescence intensity for anv
geometry and polarization type. We used different order perturbation theory. as well as the direct
numerical diagonalization of the Hamiltonian matrix accounting for the interaction of rotational
states with different J, both in the excited 11 state and in the ground % state. At this point
we have not considered the influence of hyperfine effects. In the situation under discussion. the
Stark energy remains small with respect to the rotational energy, d,& <« BJ(J +1), which means
that the main rotational-vibrational pattern is conserved, as distinct from the “pendular states”
situation [36], which takes place for extremely strong electric fields, destroying the rotational
motion of a molecule.

The paper starts from the theoretical description of the Stark effect manifestation in 'l — 'S
fluorescence (Section I1). After a quick description of the experiment (Section I11). the simulation
of expected signals in LIF polarization 1s given (Section 1V), followed by the presentation of

experimental results (Section V) and discussion (Section V1).
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II. THEORETICAL DESCRIPTION

Let us consider the interaction of cw broad band radiation with diatomic molecules causing
a 'TI(v", J') « 'Z(v”,J”) rovibronic transition in the presence of an external static electric field.
Using the general density matrix approach [5,37-39], one may write the density matrix element

fmae of the excited state as

FP 1 ey 1 1 il A IR
= — k MATE D 2. :
A (M TKE" DI S) (M THE D u'S) (

w“

[§¥]
——

e

Here i are magnetic sublevels of the ground state 'Y with rotational quantum number J”, whilst
M, M’ are magnetic sublevels of the excited state with rotational quantum number J', belonging
to A-doublet components k, /. The unit vector E describes the exciting light polarization. D is
the transition dipole moment unit vector, f‘p is the reduced absorption rate, I' is the effective
excited state relaxation rate, ¥ Awpy is the energy splitting between M, M’ sublevels, belonging
either to the same (I = k) or to the different (I # k) A-doublet components, accounting both for
A-doubling and Stark effect level shifts. The excited state density matrix * fasasr allows one to
calculate the intensity of fluorescence I (Eg) with polarization vector Eg, originating from this
state in the transition J' — Jy, as

I5(Be) = 1To 3 > (M T[EFD]! £) (M TUED ' £)" farar (3)
MM’y ki

where Iy 1s proportionality coefficient. The structure of Eq. (3) allows one to notice that the
terms entering the sums are formed as excited state matrix elements *' fasar, multiplied by the
observation matrix elements.

The next step is to represent the molecular wave functions in Egs. (2), (3) accounting for static
external electric field effects. Since the external electric field destroys the spherical symmetry.
the rotational quantum number J does not remain a good quantum number any more. At the
same time the external electric field does not change the axial symmetry, therefore the projection
quantum number M (or u) is still conserved.

The wave functions included in Eqs. (2) and (3) are obtained in a coupled-basis set as
expansions over non-perturbed states with different J' (1 = e. f) and J” values mixed by the

static external electric field. For a ‘I excited state we have
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(M'TTRY = % CR(J', M) M), (4)
J'=11=e,f
thus obtaining, as it is usually done, a new wave function for each k = 1, 2, found as the linear
combination of e and f substates, with mixing coefficients Cfi(J', M) and Cf;,(J', M).

For the ground electronic state ¥, one can represent the wavefunction |p'E), by accounting

for J"-mixing, as

Ty = C(J" )l h).

—_
(11

Coeflicients Cp; and Cx, have to be found from diagdnalization of the Hamiltonian accounting
for molecular rotation and the Stark effect (Eq. (1)).

It is easy to see that the respective matrix elements, both in absorption and fluorescence.
are proportional to the multiplication of the correspondent mixing coefficients Cf,(J', M), and
Cxs(J", 1) or Cx(JY, ). For the absorption, one obtains

(M'TIE|BDI'S) = S Ch(J. M)Cs(J”. w)(J' M B DI|J"p). (6)
JrJn
and the same for the fluorescence, if one replaces J” by J;' and E by E;. Eq. (6) allows one to

apply the Wigner-Eckart theorem [5,39-42]:.

(J'MIED|J"s) =

-1
—

1 ,
Y (EY) Gy (T3] DY T, (
; V2J' +1

in which, due to the selection rules propagation into the reduced matrix element [41,42]. we have

, ; VG I, J = J" = %1
(J' el DIIJ") = (%)
0. J —J" =042, 43 ..
, . VG(IL I, J = J" =0,
(J', FIID|IJ") = : (9)
0. J—J" = +1.42.

The E? in Eq. (7) are cyclic components of unit vector E describing light polarization [5.43].

whilst G(J', J”) in Egs. (8) and (9) is the Honl-London factor

G Ty = (20" + V(CIS i an ) (101

6
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Crabs being Clebsch-Gordan coefficients.

To determine ' Awasarr, one needs Stark energy expressions Ef{,’, In the first approximation
one can obtain first order Stark energies () E$} in a simple analytical form (the energy of 'Il state
f-sublevel is considered to be zero):

1 (A @2eMme
W pel — 2 AJ ef p _ 11
M2 °fi\/ 1 TR (1)

It is easy to see that, as € increases, leading to d,M/[J(J+1)] > AJ /2, Stark energy shifts have
linear asymptotic behaviour with respect to |EM], see Fig. 1b. A second order approximation
in the #Awpap calculation takes place if one is accounting for the interaction between J' and
adjacent J’' £ 1 excited state levels. The Stark-effect-induced energy second-order correction for
a 11 state can be also written in analytical form, see Ref. (13]. However, with &£ increasing. the
second-order perturbation treatment becomes incorrect as well, and one has to solve the secular
equation system [44] for the relevant Hamiltonian matrix. The analysis of such a treatment.
accounting for J + AJ mixing within a given vibrational state centered at the initial (J).

excited (J') and final (J]') rotational state of a J” — J' — J{ transition, will be given in Section

Iv.

III. EXPERIMENTAL

3Na**K molecules were formed thermally in a glass cell joined to the vacuum system by means
of a dry valve. The cylindrical head of the cell was made from a special alkali-resistant glass
tube. An electric field was produced by applying a static voltage across a pair of round polished
stainless steel parallel Stark plates located inside the cell. Altogether three cells were used.
differing in diameter (d) and spacing ({) of the electrodes, namely: (1) d =25 mm. [ =29 £ 0.1
mm; (2)d =7mm,!=18+01mm; (3)d=7mm,/=12+0.1 mm. The spacing between the
electrodes was measured by means of a measuring microscope. The cells were filled with metallic
potassium and sodium. via a repeated distillation process. in a weight ratio of approximately 7:3.
respectively. The metal-containing reservoir was kept at stabilised temperatures between 270°(’

and 320°C. The dc voltage was kept below the threshold for electrical breakdown i the cell.
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which did not exceed 6 kV/cm at any of the temperatures employed.

The linearly polarized light from a cw Art-laser was used to excite X'*¥+ — D!II transitions
in 2Na%?K molecules, see Fig. 2. Fluorescence at right angles, both to the laser beam and to the
electric field €, originating from the ca. 0.5~ 1.2 mm diameter laser beam excitation region, was
imaged onto the entrance slit of a double monochromator with 5 A /mm dispersion and resolved
by a 1200 lines/mm grating in first diffraction order, providing an overall spectral resolution up to
0.3 A. We restricted the observation zone to the size of ca. 1.5 mm in height, thus diminishing the
possible influence of electric field inhomogenity. The particular D'II — X'X* LIF progressions.
originating from the definite D I, v/, J’ states, were identified from the recorded LIF spectrum
by comparison of line positions and relative intensities with the ones calculated by means of
spectroscopic constants given by the authors of Ref. [26], for the transitions mentioned by them
at excitation by 4765 A and 4880 A Art-laser lines. The data from Ref. [45], considering
optical depopulation of the ground 'X7 state of NaK, allowed us to suppose that non-linear
optical pumping effects [5,46] are negligible at the range of excitation-relaxation parameters
employed. The degree of linear polarization was measured by dividing the entrance slit of the
monochromator in height into two parts, placing two orthogonal polarizers in front of them.
Light guides conducted fluorescence light from the two respective parts of the exit slit to the two
photomultipliers, with subsequent counting of one-photon pulses from the two channels. The
unpolarized LIF in the absence of an external electric field. excited by the laser light with E-
vector set parallel to the observation direction, was used to calibrate the channels before each
experiment.

In the case of optical ~ electric RF double resonance experiments, we used a 1 - 300 MHz (0.2
W, 50 ) Wavetek RF oscillator supply, which was connected to the same Stark plates instead
of a static electric field source. A fast oscilloscope served as a 30 Q load and as an RF output

drift monitor. The resonance was measured by sweeping the frequency of the RF generator.

o' 9]
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IV. SIMULATION OF EXPECTED SIGNALS

We will apply the developed theory to simulate the 'II state Stark signals in the intensity and
linear polarization P(€) of DI — X'E+ fluorescence. We use the dynamical parameters close
to the ones which can be found in literature, namely, the dipole moment value d, = 7 D (following
theoretical prediction in Ref. [25]), the lifetime '"!' = 20ns (as determined in Ref. [33]), the g-
factor ¢ = 1.2 x 107°cm™! and the rotational constant B, values given in Ref. [26]. The absolute
values of d, and g will be assumed hereafter, since their sign does not affect the calculation
results.

First, we will present zero-field level-crossing signal simulations for the “traditional” geometry
(EL £, observation along £). Fig. 3 presents such calculations for the J' = 23 level of the D'
state. In the £ range demonstrated in Fig. 3, the signal is determined by the first-order effect.
the difference between the first-order approximation (curve 1) and the second-order one (curve 2)
being small, yet still distinguishable. Taking into account the Stark mixing between J £ \J with
AJ > 1 practically does not change the signal, cf. curves 2 and 3 at the insertion in Fig. 3. The
monotonous behaviour of pure quadratic Stark-Hanle effect for a hypothetic 'Y state. supposing
the same I', d, and B! as for 'II state, is also presented in Fig. 3, see curve 4. A comparison of
curves 1 — 3 and curve 4 demonstrates clearly the peculiarity of *Tl-state Stark effect. the latter
possessing a small additional maximum, which appears mainly due to the competition between
the M-dependent Stark induced e- f mixing and the destruction of coherence among M-sublevels.

This peculiarity in P(€) is more pronounced at another geometry. when fluorescence is ob-
served “from the end” of E-vector. EL £ (see Fig. 4). Both first-order (AJ = 0, curve 1) and
second-order (AJ = 1, curve 2) approximations are insufficient to describe with adequate accu-
racy the polarization in the coherence destruction region. This can be seen from comparison with
curve 3 obtained via Hamiltonian diagonalization accounting for Stark mixing between J £ \J
with AJ = 2; accounting for AJ > 2 practically does not affect the result. We will further
exploit the geometry shown in Fig. 4. performing (AJ = 2)-approximation in the calculations of
Stark effect signals.

Let us now investigate the sensitivity of the signal presented in Fig. 4 to the variations of
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the main parameters of the 'II state, namely to the permanent electric dipole moment d,. A-
doubling constant g and relaxation rate I' values. The results are presented in Figs. 5 and 6.
Fig. 5a demonstrates a polarization signal simulation at d, values taken as 3 D, 5 D-and 7 D,
when all other parameters remained unchanged. In Fig. 5b, the d, and ¢ values have been varied
simultaneously, whereas their ratio was maintained constant. It can be seen from comparison
between Figs. 5a and 5b that the peak amplitude is uniquely determined by the ¢ value, whilst
the position of the peak in £-scale and the slope of the growing part are mainly determined by
the d, value. This allows one to determine simultaneously both d, and ¢ values from one fit,
provided that I' is known. The situation is quite different for the intensity ratios Iy //p g of Stark
induced “forbidden” line /g to the “parent” line Ipp, see Fig. 5c. Indeed, the respective curves
in Fig. 5¢ undergo minor changes at different d, and q used in calculations presented in Figs. 5a
and 5b, if the ¢/d, ratio remains unchanged, thus only this ratio can be determined from the
fitting. Fig. 6 demonstrates the sensitivity of the signals under discussion with respect to the
variation in the relaxation rate I'. As expected, the changes of polarization signal P(&) with
I' are quite similar to respective P(&) changes with ¢ (cf. Fig. 6a and Fig. 5b). In contrast.
the intensity ratios are almost insensitive to I' variations, especially for the € HE{ geometry (see

curves 1 and 2 in Fig. 6b).

V. MEASUREMENTS AND RESULTS

NaK D'II state electric dipole moment and A-splitting measurements have been carried out
by the following methods:

(1) by recording spectrally resolved LIF and measuring the intensity ratio between “forbidden”
and allowed (“parent”) lines as a function of static voltage;

(11) by measuring the variation of the degree of linear polarization of the “parent” line with
variation in the static voltage;

(111) by measuring the electric RF - optical double resonance A-doublet signal from the “for-

bidden” line intensity dependence on RF field frequency.
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A. Intensity ratios

Fig. 7 demonstrates the effect of static electric field on the spectrally resolved LIF leading to
the appearance of forbidden @ line due to e-f mixing. Since the effect i1s mainly governed by
the Sdp/A;’f ratio, one needs a larger electric field strength to observe the ()-lines originating
from v/ = 7, J' = 23 than from the v' = 12, J' = 7 state. The (P, @, R)-triplet component
separation for the latter case, being ca. 0.3 A, is on the edge of the spectral resolution of the
monochromator used.

A fitting procedure employing three Gaussians was used to obtain “forbidden”/“parent” line
ratio Ig/Ip r. The intensity ratios lo/lp g, obtained in different cells (see Section III) and
experimental geometries, are shown as insets in Figs. 8 and 9. Least-square data processing
yielded ¢/d, ratios. The averaged values are (2.40 £ 0.25) x 107%cm~!/D for v/ = 7. J' = 23
and (2.10 £ 0.20) x 107®cm™'/D for v’ = 12, J' = 7 state. The q/d, systematic errors are most
likely attributable to uncertainties in Stark plate separation. For instance, the curves in Fig. 9b.c
demonstrate the £-dependences of Ip/Ip and Ip/Ir, which are registered for two different cells
and different exciting light vector directions, E|| £ or E|| £, with fluorescence light vector E¢|| €
in both cases. The one-parameter (q/d,) least-square routine yields the following constant ratios:
g/d, = 1.9 x 107%cm™"/D for Fig. 9b and ¢/d, = 2.3 x 10~6cm~'/D for Fig. 9c, the discrepancy

reflecting both statistical and systematic errors.

B. Polarization measurements

Results for the D'I1 (v = 7. J' = 23) state. Experimentally measured electric field dependen-
cies of the polarization degree are presented‘in Fig. 8. The results are obtained in two different
cells (see Section I1I), using the most favourable geometry when LIF is viewed from the “end” of
exciting light vector EL £, as depicted in Fig. 4. The data fitting was realized by accounting for
Stark interaction among five rotational states J, J+1, J£2for all J”, J" and J|" involved in the
transition. The best-fit constants ¢ and d,. obtained from a two-parameter weighted least-square

routine. vield the values in question. Cell 1 vields ¢ = 1.6 x 107°cm™" and d,, = 6.3 D. whilst cell



2 yieldsq =1.7x107°cm~" and d, = 6.5 D. Cell 2 allowed us to achieve higher electric field inten-
sities (up to 5.6 kV/cm) owing to the special working of Stark plates surface and edges in order to
avoid sparking; the conditions were more favourable also because of lower cell temperatures (ca.
270°C). On the other hand, the results for cell 2 may have a larger systematic error because of
smaller plate separation. Evaluation of the possible contribution of both statistical and system-
atic errors for different cells enabled us to take d, = (6.4+0.8)D and ¢ = (1.65+0.2) x 10~ °cm™"
as the averaged permanent electric dipole moment and g¢-factor values, see Table 1. As it {ollows
from the simulations presented in Figs. 5 and 6, the A-doubling constant g obtained from the fit
seems to be more subject to the systematic error in absolute polarization values, which can arise.
say, from even slight inaccuracie« in the calib'ration of channels and in accounting for background
signal, as well as any possible uncertainty in the relaxation constant I' value.

Results for D'TI (v’ = 12, J' = T) state. Measurements for this state were much more com-
plicated because of the small spectral separation between the triplet components (see Fig. 7b).
requiring narrow spectrometer slits to maintain necessary resolution. This leads to considerably
larger errors, both statistical and systematic. in polarization measurements (see Fig. 9a). The
most favourable conditions were achieved using cell 3 (see Section III). P(£) was registered in
P-transitions (J' = 7) — (J{ = 8) because of better spectral separation. In spite of wide statisti-
cal scatter in the results, we have accomplished direct least-square two-parameter fitting. which
yielded the values d, = 4.5+ 08 D and ¢ = (1.1 £ 0.2) x 10~5cm~", see Table 1. The large
inaccuracy in the g value accounts for the uncertainty in relaxation rate I' for this state. We

supposed I' to be 5 x 107s7!, that is the same as for the v’ =7, J' = 23 state [33].

C. Electric RF — optical double resonance

Since the routine based on both d, and A}, variation in the fitting of the measured P(¢)
signal 1s very sensitive to inaccuracies in absolute P(€) measurements. as well as to I' values
(see Figs. 5 and 6). it seemed important to exploit a method allowing direct AEJf measurement
in some independent experiment. For this purpose we have employed the electric RF - optical

double resonance method. In order to increase the RF field amplitude &3, the measurements
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were carried out at a Stark-plate separation of 0.85 4+ 0.05 mm. The RF field voltage enabled us
to produce €%, < 20 V/em. In order to diminish LIF intensity drift during signal accumulation
the normalised difference ([ — [g,)/IF, was considered to be a result of a single measurement.
that is the difference between intensity at current frequency F' and at some reference frequency
F,. The signal accumulation time varied from 10 minutes to 1 hour.

Results for D'I1,, v = 7,J = 23 stdte. Figure 10b (dots) presents experimental data
obtained by registering the intensity of a “forbidden” (J-line as dependent on the RF electric
field frequency, demonstrating resonance intensity increase, with a maximum near 230 MHz.
Although the resonance signal width exceeded the one expected from the natural broadening.
probably possessing some structure, we assumed that the signal is reliable enough to determine
the e/ f separation Ajf, yielding ¢ = (1.42 £ 0.07) x 107°cm ™" as an averaged value. This makes
it possible to determine the permanent electric dipole moment d, in question, using ¢/d, values
presented in Section VA, as d, = 5.9+ 0.9 D.

Results for D'I1,, v/ = 12, J" = 7 state. Fig. 10a presents the experimental data (dots)
demonstrating the RF field frequency depeﬁdence of the “forbidden” @Q-line intensity in (J" =
8) — (J' = T) — (JI' = 7) transition. The average of ¢ over a number of experiments is
q=(1.034 0.08) x 10~°cm™"'. Taken together with q/d, obtained from intensity ratios. see Sec.
VA, the dipole moment value is d, = (4.8 £0.9) D, where the estimated relative error consists of

10% assigned to ¢/d fitting and 8% assigned to A/, uncertainty.

VI. DISCUSSION AND CONCLUSIONS

Method. Investigation of permanent electric dipole moments is not an easy matter for short-
lived excited molecular states with large rotational numbers (J > 1). Let us compare the two
more or less independent methods exploited in the present work. Both methods are based on
analyzing Stark effect induced changes in fluorescence, which are caused predominatelyv by ¢-f
mixing within the same rotational state, which. in turn, is governed mainly by dipole moments
(dp). A-splittings (;\EJI. or g-factors) and relaxation rates (I').

(1) E-dependence of linear polarization degree P{E). In the most favourable experimental

13
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geometry P(E) signal is characteristic enough to obtain both ¢ and d, from the fitting. This
demands high accuracy in measuring P(€) and precise knowledge of the relaxation rate T'.

(ii) RF - optical double resonance along with £-dependence of intensity ratios of “forbidden”
- to — “parents” lines in LIF triplet exhibit an alternative method. In this case the RF resonance
yields directly the A-doubling splitting Agf, whilst the processing of relative intensity data yields
A;’f/dp, the latter procedure being weakly dependent on I'. Thus, the accuracy of d, values in
question, obtained by this method is only slightly affected by the accuracy of relaxation rate [
A crude estimate of I' gained from the width of the RF-optical double resonance may even work
to obtain reliable d,, values without any previous knoﬁledge of molecular lifetime.

The developed theoretical description (Sec. II) and simulations of expected signals (Sec. V)
allowed us to conclude that, even though thé main Stark features arise from the lst order effect.
in order to avoid possible inaccuracies in the case when the Stark energy is not too small in
comparison with rotational splitting (i.e., in case of not too small d,£/(B.J")), it 1s necessary.
for both methods (i) and (ii), to consider Stark interaction with no less than four neighbouring
rotational levels, both in excited and ground (initial and final) states.

Dipole moments and A-splittings. The dipole moments determined seem to be reliable. in
particular since there is good agreement between the results gained from two independent meth-
ods. As for the absolute d, values, they can be considered as very large when compared to tvpical
dipole moment values which had been measured for diatomic molecules [13,47]. Let us compare
the measured d, values with theoretical quantities given by Stevens, Konowalow and Ratcliff
[25]. In order to pass from ab initio d'*(R) dependence presented in Ref. [25] to the predicted d,
values for particular v/, J’ states, we have used the averaging routine based on either ab initio
potentials [25], or RKR potentials [26] for the NaK D'IT state. The results differ by no more than
1%, yielding the following predicted d;h(v’, J') values for the states under study: d‘ph(T. 23)=7.1
D and d'*(12. 7) = 6.5 D. see lable 1.

As follows from Table 1. the measured d, value for the ' = 12. J' = 7 state is smaller than for
the v’ =7, J' = 23, being also markedly smaller than the theoretically predicted value. Asis well

known [26.31,32]. levels belonging to the NaK D'Il state are perturbed, at least to some extent.
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by the close lying d°Il state. Basing on Ref. [26], the level v’ = 7, J' = 23 can be considered as
almost unperturbed, whereas the level v/ = 12, J’ = T is shifted to AE = 0.468cm™" with respect
to the deperturbed position. Using the calculated difference of deperturbed D'II (v' = 12) and
T (v' = 13) terms [31] with J' = 7, being Esg — Eig = 3.87cm™!, one can get the estimation
for the squared state mixing coefficient C¥; = AE/(Fsg ~ Eip) = 0.13. This creates a reduction
in pure singlet character of the state to C?n- =1- Cl?n ~ (.87 and allows one to estimate the
relative change in the D'II (v = 12, J' = 7) state electric dipole moment, which arises due to
singlet-triplet coupling, as C¥y + Cfn(d;n/d;n), d;“ and d;n being unperturbed dipole moments.
The averaging of the ab initio calculations [25] for the dII, v’ = 13 state yields a’;n = —0.7
D, which is opposite in sign from d;n. As a result, the experimentally measured d, value for
(D', o' = 12, J = T) is expected to be ca. 15% smaller than would be anticipated for the
unperturbed state. It is thus not excluded that the difference between d, values obtained for the
two states, see Table 1, reflects the role of perturbations. Indeed, the relative difference between
the measured d, values for v' =7, J' =23 and v’ =12, J' = 7 is ca. 20% - 25%. which does not
contradict the above estimation. Hence, the experimentally measured d, values do not disprove
the ab initio calculation in Ref. [25], accounting for the fact that the deperturbed quantities have
been calculated.

Regarding the A-doubling factor g, it can be noted that its tendency to be smaller for ' =
12, J' = T level, corresponds to what can be expected due to the perturbation, allowing one to
estimate a ca. 13% diminution from the following considerations. Although the singlet-triplet
D'I1—d>I] interaction does not change the A-doubling splitting directly since e and f components
of the D'II state are perturbed by the two A-doublet substates of the d°Il state to about the
same amount, this singlet-triplet interaction diminishes the singlet character of the perturbed
state as C7;. Hence. the matrix element of electronic-rotational interaction with the remote
singlet ¥ states. giving rise to A-doubling in the D'II state, has to be Cig(D'II|L*|'S). since
the matrix elements between the states having a different multiplicity vanish. The ¢ value for
NaK (D'II) presented in Ref. [26] has been obtained from conventional spectroscopic analvsis as

G =go—q{v+1/2) =1.16%107°=1.3x 107" (v +1/2)em~'. The RF - optical double resonance
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signal for NaK (DI, v’ = 7, J’ = 5) can be found in Ref. [16], yielding ¢ = 1.5 x 107 em™".
Thus, the g-factor values presented in Table 1 do not disagree much with the previqus data.
The A-doubling constant for D'II state can be estimated from the well-known relation: ¢ =
4B?/y(I1, %), where v(I1, %) is the difference between the electronic term values T — T%. Then,
assuming that D'II state A-doubling arises from the interaction with low-lying C'¥ and A'Y
states, one gets ¢ &~ 1.2 x 10~>cm ™.

As mentioned above, the experimental data on excited-state electric dipole moments of any
alkali diatomic are extremely scanty. The authors of Ref. [24] present d, values varying from
2.4 to 2.1 D for the NaK B'Il state with v’ equaling 1, 5, 10 and 14. The d, values are
smaller than the ones predicted from ab initio calculations by Stevens and co-authors [25], which,
according to averaging as mentioned above, range from di* = 4.5 D for v’ = 1 to d}* =28 D
for v/ = 14. It can be noted however that there are some contradictions in ¢-factors determined
in the measurements [24], presenting, for instance, the absolute values ¢ = 0.65 x 107 cm™! for
v =1and ¢ =1.77 x 107®cm™! for v’ = 5. These quantities disagree with the respective values
g =2.08 x 107®cm™! and ¢ = 2.36 x 107%cm™" obtained for corresponding v’ by Baba. Tanaka
and Kato [48] using Doppler-free polarization spectroscopy. In order to obtain the same ¢/d,
ratio as presented in Ref. [24] with ¢ values from Ref. [48] instead of the ones given in Ref. [24].
the d, for v’ = 5 should be increased from 2.4 D to 3.2 D, the latter being not far from the
averaged calculated value d*(v’ = 5) = 3.9 D [25]. The results given in [24] for the v/ = 1 level
of NaK B'II seem strange since it is hard to imagine so dramatic a change in ¢ (being 3 times
smaller than for v’ = 5), whilst dipole moments remain unchanged, see Table I1I in Ref. [24].

In conclusion, the measurements constituted in the present work confirm the existence of a
large permanent electric dipole moment in the NaK D'II state. It is of importance to strive
to refine the experimental d, values. Besides increasing the accuracy of measurements and
extending the number of vibrational states involved in the investigation. there is reason to believe
that further progress is connected with accounting for intramolecular perturbation. the most

important of which might involve the simultaneous effects of hyperfine structure and Il D'I]

interaction.
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FIGURES

FIG. 1. Selection rules (a) and Stark effect energy shifts (b) for !X — 'II transition. Notations for

(b) refer to Eqgs. (4) and (5).

FIG. 2. Low-lying bonded terms of NaK molecule [25].

FIG. 3. Stark zero-field level-crossing signals calculated in a wide range of electric field £ for de-
gree of linear polarization P(&) = (I, — II)/(.Iy + I.) in “traditional” Stark-Hanle effect geometry
(EL &, observation along £) at a transition (J” = 22) — (J' = 23) — (J/ = 22). 1 — first or-
der. 2 — Hamiltonian diagonalization, AJ' = AJ" = AJ! = 1. 3 — AJ = AJ" = AJ) = 2.
The parameters characteristic for NaK (D!II) state were used for simulation: T' = 5 x 107s~! [33].
B, = 0.0643cm™! B! =0.0945cm™!, ¢ = 1.2 x 10~%cm™! [26], d, =7 D [25]. Curve 4 (dashed line)

refers to pure quadratic Stark effect in a hypothetic ' excited state with the same I' and d, values.

FIG. 4. Calculated 'l (J' = 23) state Stark level crossing signals in degree of linear polarization
P(&) = (I, = I,)/(I, + I;) of LIF viewed from the “end” of the exciting light vector E as shown in
the setting-in. 1 — AJ = 0 (linear approximation). 2 — AJ = 1. 3 — AJ = 2. Curve 4 represents

calculated signal for a hypothetic !X state. Parameters are the same as in Fig. 3.

FIG. 5. (a) Simulations of Stark level crossing signals in polarization of LIF from Il (J' = 23).
assuming the same ¢ = 1.2 x 107° cm ™! value and different permanent electric dipole moment values:
—d, =7D,2—d, =5D,3 —d, = 3D. (b) The same signals for different ¢ and d,, values in condition
of the constant q/d, ratio. 1 — ¢ =12x102cm™'. d, =7D. 2 —¢=0857x10"ecm™!. d, = 3
D.3 — ¢=0514x 10°cm™", d, = 3 D. (¢) Correspondent intensity ratios Ig/lp g calculated for
the same parameters at two orthogonal fluorescence polarization directions. Calculation are performed

with fixed relaxation rate I = 5 x 107s™!. Geometry and other parameters are the same as in Fig. .

FIG. 6. Simulations of Stark level crossing signals in polarization of LIF from 'II (J’ = 23). and
intensity ratio Ig/I g, assuming different T values. 1 —T = 5x107s7!. 2— T = 7x107s™!. calculations

are performed with ¢ = 1.2 x 107°cm™!. d, = 7 D. (a) — LIF polarization. (b) — Intensity ratios.
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FIG. 7. Effect of electric field on spectrally resolved LIF signal for NaK D'IT — X!+ system. (a)
transition (v" = 1, J” = 22) — (v' = 7, J' = 23) — (v = 24, J/' = 22 and 24); 4880 A excitation. (b)

transition (v =0, J” = 8) — (v' =12, J' = 7) — (v = 31, J = 6 and 8); 4765 A excitation.

FIG. 8. Linear polarization degree and intensity ratios measured in LIF from NaK (D'II) state
with v/ = 7, J' = 23. (a), (¢) — electric field depe..dence of the polarization degree obtained on
R(22) component. (b), (d) — electric field dependence of intensity ratios Ig/Ip or Ig/Ir. Results are
obtained in different cells at geometry depicted in Fig. 4, dots are the measured values, the lines refer

to the calculations at fitted parameters.

FIG. 9. Linear polarization degree and intensity ratios measured in LIF from NaK (D'II).
v’ = 12,J" = 7. (a) — electric field dependence of polarization degree obtained on P(8) compo-
nent. (b), (c) — electric field dependence of intensity ratios /g//p and [g/Ir. Data for (a), (b) are
obtained at geometry depicted in Fig. 4, whereas for (c) we used E|| £. Dots are the measured values.

full lines refer to the calculations with fitted parameters.

FIG. 10. RF-optical double resonance signals. (a) for NaK D!l v/ = 12. J' = 7 state. (b) for Nak

D'l v =7, J' = 23 state.
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TABLES

TABLE I. Experimental values of permanent electric dipole moment d, and A - doubling constant

q for NaK (D1, o', J'). Values d:,h are ab initio calculations [25] averaged for particular v’

v’ J’ g, 10~5cm ™! d,, Debye di*. Debye

7 23 1.65 £ 0.20° 6.4 + 0.8° 7.1
1.42 4 0.07° 5.9 4 0.9¢

12 7 1.10 £ 0.20° 4.5+ 0.8° 6.5
1.03 £ 0.08° 4.84 0.9

¢ Values determined from two-parameter fitting of LIF polarization £-dependencies.

b Values determined directly from RF - optical double resonance.

¢ Values determined using ¢/d, obtained from the £-dependence of Io//pgr and g obtained

from RF - optical double resonance.
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Electric Dipole Moment and A-Doubling Measurement in (D 'II) NaK
M. Tamanis', A.V. Stolyarov?, M. Auzinsh!, I.Klincare!, O.Nikolayeva', and R. Ferber!

! Department of Physics, University of Latvia, Riga, LV-1586, Latvia
2 Department of Chemistry, Moscow State University, 119899 Moscow, Russia

We report here [1] the combined application of dc Stark induced e ~ f mixing spectroscopy [2,3]
and optical - radio frequency (RF) double resonance spectroscopy [4] for individual rotational levels
belonging to a short-lived electronically excited rovibronic v(J) state of polar diatomic molecule,
allowing to measure the permanent electric dipole moment (d,) and A-doubling splitting energy
(Agf) between Il - state e, f components of opposite symmetry, see Fig. 1. The method was
applied to DIl state 2*Na®®K molecules, which were formed thermally (at ca. 300 C°) in an
alkali-resistant glass cell. Electric field, both de¢ (up to & = 6 kV) and RF (1 + 300 MHz, 0.2 W,
50 ), was produced by applying voltage across a pair of round stainless steel Stark plates located
inside the cell. Linearly polarized cw Art - laser was used to excite X '+ — DI transition with
fixed v(J). Fig. 2 demonstrates the effect of dc electric field £ on laser-induced fluorescence (LIF),
leading to the appearance of forbidden )-line due to + « —, or e « f mixing in 'II state with
fixed J. Indeed, as is clear from Fig. 1 and + < — selection rule, at £ = 0 only (P, R)-doublet
emission follows P- or R- type excitation 1(22) — 7(23) for Fig. 2a and 0(8) — 12(7) for Fig. 2b.
At £ # 0, the “forbidden” Q-line appears. The relative intensity of a “forbidden”/“parent” line is
mainly governed by Sdp//_\.gj ratio, Ay = ¢[J(J + 1) — A?], where g is the A-doubling factor.

This allowed us [1] to obtain the g/d, ratio as (2.40 + 0.25) x 107%cm~"'/D for 7(23) state and
(2.10 £ 0.20) x 107%cm™!/D for 12(7) state. To determine g and d, separately, we measured Aejf
directly by electric RF-optical double resonance. By means of RF frequency sweeping, resonance
enhance of “forbidden” line intensity in LIEF was detected. The method allows to measure A;]f with
resolution below the Doppler limit. Although the resonance signal width exceeded the one expected
from natural broadening, with a tendency to exhibit some structure, it allowed to obtained g values
for a number of v(J) of (D'Il) NaK, see Table 1. Using the above g/d, ratios, we passed to d,
values presented in the table.

v(J) ¢q,107%cm™! d,, Debye (EE, Debye
3(23) 130£006 — -

4(19) 1324006 —
7(23) 1.42 +0.07 59409 7.1

165+ 0207 64+ 08P Table 1. g-factors and dipole moments.
12(7) 1.03+£0.08 48%+0.9 6.5

1.10+0.20° 4.5+ 0.8°
14(19) 1.33+0.05 — —

The alternative method was based on dec Stark effect induced changes in degree of linear polarization
P(&) of P- or R- line in most favourable experimental geometry, when LIF is viewed “from the
end” of exciting light E - vector [1]. The P(£) dependence was characteristic enough to obtain
both ¢ and d, from the fitting routine, using elaborated theoretical description, accounting for
Stark interaction within J + AJ, AJ = 0,1 and 2 in initial, excited and final state. The ¢© and
dg values thus obtained are given in the table.
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The d, value for DIl 7(23) state agrees well enough with the value d;,h obtained from ab initio
calculations presented in [5], see the table. The smaller ¢ and d, values for 12(7) state are explained
as the influence of local perturbations caused by the close lying d31l; 13(7) state. Hence, our
measurements confirmed the existence of unusually large permanent electric dipole moment in
(D) NaK as predicted in calculations [5]. Till now the only measured value for an electronically
excited alkali dimer is given by the authors of (3], presenting d, varying from 2.1 to 2.4 D for NaK
B Il state. The q values presented in Table 1 fall, except for 12(7) state, between 1.16 x 10™3cm ™!
estimated for (D '1I) NaK states with J > 100 from conventional Doppler limited spectroscopy [6],
and ¢ = 1.45 x 107%cm ™! as estimated from RF signal given in [2] for 7(5) state. The ¢ values do
not disagree much with the estimation ¢ ~ 4B?/v(I1,L). where v(I[, %) is the difference between
electronic term values T — Ty, B is the rotation constant. Assuming that A-doubling arises {rom
the interaction with lying below C'¥ and A'Y states. we calculated ¢** =~ 1.2 x 107 'em ™},
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