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The influenceof thedynamicStarkeffect on theopticalpumpingofatomsin a magneticfield,usingthebroadbandapproxi-
mation,is examined.It is demonstratedthatthedynamicStarkeffect can leadto a nonlineareffecton thelight intensityconver-
sionof alignmentproducedby linearly polarizedlight in theorientationof theangularmomentumof atoms.

Practicallyimmediatelyaftertheappearanceof lasersourcestheybecamewidelyemployedforopticalpump-
ing of atoms,seefor exampleref. [1]. The interactionbetweenthe laserradiationandthe atomsmustbe of
resonantnature.For this reasononeandthe samekind of atomswereat first usedboth for lasergeneration
andforpumping.Thisresultedin a largeamountof researchon Ne atomspumpedby meansof He—Ne lasers,
cf., e.g.,ref. [2].

Theappearanceof the dyelasermadepracticallyall atomsaccessiblefor opticalpumping. However,in this
casea coincidencebetweenthelaserfrequencyandthatof the pumpedtransitiondoesnotautomaticallytake
place.The presentpaperdiscussesthe possibleeffectsof a notprecisecoincidencebetweenthesefrequencies.

A generaltheoryof optical pumpingof atomsby meansof multimodelasershasbeendevelopedto a large
extentin a seriesof papersby Ducloy [3—51.In ref. [3] the authorintroducesthe broadpumpingline ap-
proximation(BLA) which makesit possibleto excludethe dependenceon the translationmovementvelocity
of atomsfrom theequationsof motion of the densitymatrix. Soit is possibleto concentrateall attentionon
the angular(magneticquantumnumberdependent)part of absorption.It mayseemthat the BLA is far from
realisticin the caseof laserexcitation.But on the otherhandnow an interestrisesin the excitationof atoms
with laserradiationwith out of modestructure[61 for which theBLA holdsvery well. BLA assumesthat in-
dependentof the velocity of the particleandof the magnitudeof the appliedmagneticfield all the atoms,in
any Zeemanstate,are in sufficiently goodresonancewith theexciting light of largespectralwidth. The de-
scription methodof optical pumpingthusdevelopedpermittedus to performa full analysisandinterpretation
of the resultsfor a largenumberof experimentson Neatoms.

A further extensionof the methoddevelopedby Ducloy hasrecentlymadeit possible[7—9]to showthat
the dynamicStark effect may be of importancein the processof optical pumpingin the BLA. We shall now
presenta detailedanalysisof a possiblemanifestationof suchan influence.

Usingthe BLA, the equationsof motion for polarizationmoments(PM) wereobtainedin ref. [71,taking
accountofthe dynamicStarkeffect. In otherwords,the equationsof motion for theexpansioncoefficientsfor
the densitymatrix overthe irreducibletensoroperators[10] wereobtained.They are
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Heref ~ andq~denotePM of rankK and ic, respectively,describingthe excitedf~andgroundj, stateof the
atom,1K andYK are their relaxationrates,co~as well as (Oj~~are the frequenciesof the Zeemansplitting of
statesj~andj, in an externalmagneticfield. The first summandin the right-handpart of bothequationsde-
scribesthe absorptionof light. The absorptionrateequals [111

Fp=27t(21e+ 1 )‘h—21 (Ie IIrILi~)I 2e2i(w
0) , (2)

where(J~r~[/1) isthe reducedmatrix element,e is the electroncharge, i (a)0) is thespectraldensityof thelaser
radiationat theatomictransitionfrequencycoo.The coefficientsKFXK KF~(K KA ~K’~ KAf~’,which accountfor
the conservationof the angularmomentumin the absorptionandemissionof a photon,canbe found from
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wherethe quantitiesinsidethe accoladesare 9j and61 symbols [121. Thepolarizationof the exciting light is
denotedby the Dyakonov [131 tensor

~ (_l)a2Eat(Ea2)*C~qijq. (7)
at q2

whereC~bparethe Clebsch—Gordancoefficients,eq
1, eq2 arecyclic componentsof theunit vectorof light po-

larization,and ® denotesirreducibletensormultiplication.
The secondsummandsin eqs.(1) are responsiblefor the dynamicStark effectwhich causesa shift in the

resonancefrequencyof the atomic transitionby [11]
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— ~Je rL,I) 2 ~ _______
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It may beseenfrom (8) that ws differs from zeroin thecasewhentheresonanceabsorptionfrequencyis sit-
uatedout of centerin the spectralcontourof the laseri (co1).

The third summandsdescribestimulatedemissionof light. Thisprocessis the reverseof absorption.
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Thefourthsummandsdescribetherelaxationof thePM, includingtheir destructionby theexternalmagnetic
field.

The fifth summandof eq. (lb) characterizesthereversespontaneoustransitionsJe~~Jjat a rateT~,.In the
generalcase1~,doesnot coincidewith FK, sincethe latter includesalso collisional relaxationandpossible
transitionson otherlevels,different fromj1. Conservationof angularmomentumin reversespontaneoustran-
sitions is providedby the coefficient

CK=(_l)uJt+1(2je+l)I/2(2jj+l)1/2~1 ~ ~. (9)
tie Je lj

Finally, the lastsummandof eq. (lb) describestherestorationof the lower level j~populationin isotropic
relaxationprocesses.

The main differenceof the equationsof motion of the PM from those usedpreviously,cf., e.g.,ref. [4],
consistsin the appearanceof termsproportionalto ~ which are responsiblefor the actionof the dynamic
Stark effect. We shall now try to demonstratewhat new effectsthis phenomenonmay leadto.

In the absenceof the dynamicStark effectonly alignmentof atoms,both in excitedandgroundstates,is
knownto takeplaceon excitationwith linearly polarizedlight. In otherwords,the atomicensembleis char-
acterizedby PM of evenranksK, K, andno orientationoroddrankPM arise,cf., e.g.,ref. [2]. Thisisformally
due to thefact that ~‘ ~ differs from zero only at X= 0, 2 for linearlypolarizedlight, whilst the coefficients
KFxic, KF~(K ?CAX+K’ andKAf+K’ responsiblefor PM formationdiffer from zero only in the caseof anevensum
of the upperindices.The situationchangesunderthe conditionsof the dynamicStarkeffect (Ws~ 0),andthe
coefficientsKA~.c’andKA ~‘ whichdiffer from zeroat an odd sum of the upperindicesstart playinga role.
Transitionfrom alignmentto orientationstarts,which manifestsitself experimentallyin the form of the ap-
pearanceof circularlypolarizedfluorescence,in the transitionj~—t~j~.

Let us discussin moredetailthe following model situation.Let us assumethat the excitingradiationis suf-
ficiently weak, so asnot to inducethe stimulatedtransitionsT’~,<< r~,however,strongenoughfor the optical
pumpingof atomsfp~y~.Themagnitudeof the orientationon the lower level j~canthenbe estimatedex-
pandingthesolutionfor thePM into a seriesoverthe parametersI’~/YKand~S/YK. If weputtheanglebetween
thepolarizationvectorof the exciting light E andthe externalmagneticfield equalto 0, thenwehavefor the
transitionsIi = lJe= 1 in secondorderof the expansion,
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It maybe seenthat in the caseof orthogonalitybetweenthe vectorF andthe magneticfield, i.e. 0= ~jt, only
thelongitudinalorientationq,~is formed, i.e. orientationalongthemagneticfield. In theoppositecase,trans-
versalorientation~, is alsopresentin the ensemble.It oughtto be stressedthata transitionfrom alignment
to orientationtakesplaceonly in the presenceof themagneticfield cop, a)j. ~ 0, andif the dependenceof the
effecton WJ, andWft is of resonancecharacter.
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If wehavearbitraryangularmomentumvalues~ f~,andat 0= ~x thelongitudinalorientationappearingin
secondorder of the expansionis connectedwith thetransversalalignment ~ calculatedin first order,

~ . (12)

Sincethe coefficient 1A~ is proportional to ~ in the limit of high 1~values, expression(12) permitsone
to concludethat thetransitioneffectfromalignmentto orientationispurely ofquantumnatureanddisappears
at the transitionin the limit j~—~~.

In the caseof thetransitionJ~= 1 1e= 2 the formula yields

~S”p ( 7F~,(wJ~y2+wJIP2) 13
° 108 yi(y~+4wi,) ~\WJ~ 2(fl+4w~7~) . ( )

Comparisonbetweenexpressions(10) at 0= x and (13) showsthat reversespontaneoustransitionsat the
rateI~, mayenhance(j

1 =
1Ie = 1) or weaken, and even (at I~, 12) changethesignof theeffectof transition

from alignmentto orientation.In otherwords,the secondsummandbetweenthe largeparenthesesin expres-
sion (13) may turn out to be larger thanthe first one.

Experimentalobservationof the orientationthusformedis connectedwith thecircularpolarizationof flu-
orescencealongthe magneticfield. Theintensityof the fluorescenceI with a polarizationF’ in the transition

li—Jo is expressedby [13]
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wherep~is the PM on levelI ~. If the observationis carriedout along the magneticfield, then the degreeof
circular polarization equals

c=~:~ ~ (15)

where‘yr, 4 arethe right andleft polarizedcomponents,respectively.In theseexamplesit is possibleto observe
fluorescencefromJ, to somelower situatedlevelJ~.Thenwe havep~= ~ in expression(15). 1ff1 represents
thegroundstateof the atom,andfluorescencefrom it cannotbe directlyobserved,theeffectcannevertheless
manifestitself by the following scheme.Orientationproducedby theexciting light on level11 accordingto eq.
(1a) is transferredto the excitedlevelIc on which thePM f ~ ~ is produced.Theobservationis carriedout
on the transitionJe~~~Jfandwehavep~=f ~ in formula (15).

Theaboveanalysismakesit possibleto obtaina clearideaof themechanismof thetransitionfromalignment
to orientationof atomsin a magneticfield underthe actionof the dynamicStark effect. The physicalreason
for the appearanceof the orientationis the following. On the excitationof atomsby intensiveplanepolarized
light ina weakmagneticfield thecoherenceofthemagneticsublevelsof thestatesj1,j~appears[2]. An increase
in the magneticfield intensityleadsto a spreadin the Zeemancomponentsandto the destructionof the co-
herence.This spreadproceedswith equalefficiency for all magneticsublevelsin the absenceof the dynamic
Starkeffect, independentlyof thevalueof the magneticquantumnumber,owing to theequidistanceof all the
Zeemancomponents.If, however,the dynamicStark effectoccurs,theequidistanceof themagneticsublevels
doesnot exist any longer [14,15], andthe coherencefor the positive andnegativemagneticsublevelsdis-
appearswith a different efficiency. This is the reasonwhich leadsto the conversionof alignmentinto orien-
tation. The modificationof theZeemanstructuredue to the dynamicStarkeffect wasexperimentallystudied
and theoreticallyanalyzedusingan effectiveHamiltonianformalism by Cohen-TannoudjiandDupont-Roc
[14]. Sucha transformationof alignmentinto orientationin a dischargeexperimentwith argonions wasex-
perimentallystudiedin a recentpaperof Elbel et al. [16]. In the dischargeconditionsthereareproblemsto
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separatethe influenceof the dynamicStark effect andthe collisional interactionwith electrons.The authors
suggestthat in their experimentsthe influence of electronsprevails.

For a moreexact,but less comprehensibleanalysisof the transformationof alignmentinto orientationas
a result of thedynamicStark effect, it is necessaryto solve the systemof equations(1) numerically.

As an exampleweshall analyzethe optical pumpingof the transition2p4—3s2 (I, = 2—jr=1) for a Neatom.
Theauthorsin ref. [2] observedoptical pumpingon thistransitionby meansof excitationwitha He—Nelaser.
Thegeometrywaschosensuchthat the vectorF of laserradiationandthe magneticfield H wereoriented
orthogonally,cf. fig. 1, whilst the signalwasobservedasthe intensitydifference4—1~betweentwo fluores-
cencecomponentsin thetransition

352—2P (.4= l—j~=O).Since the pumpedatomsandthe atomsfrom which
thelasergenerationtakesplaceareof thesamesort in thiscase,wehavea~= 0. In theH dependenceof 4—I~
asobservedin the experiments,a peakappearedin the vicinity of the zeromagneticfield, cf. curve 1 in fig.
2. This peakwasinterpretedas a manifestationof the hexadecapolemomentç~of the lower level j~.Assume
thefollowing valuesof thedynamicconstants,Yo=9.8 J.t51, Y2Y4 14.5 ~ 1~2.75~ “25.75 ~

1~,=0.5gs~,f’~=ll5 ~ w
11=l.299xu~H/il,w~~=l.

293X
1u~H//l,where4u~is the Bohr magneton.An

excellentcoincidenceof the theoreticalcurvewith the experimentalresultswasobtained[2] by solvinga sys-
tem of equationssimilar to (1) without accountingfor the dynamicStark effect. For the calculationof the
observedsignalformula (14) wasemployed.Theresultsof the calculationsrepeatedby us are presentedby
curve 1 of fig. 2.

Let us now assumethat a similarexperimentis performedby meansof a dye laser,andthe dynamicStark
effectis presentdue to the inexacttuning of the laserfrequencyon the atomictransitionfrequency,suchthat
co~= Vi,. Leavingall parametersunchangedin the calculatiohbut addingw5 = 115 ~ts~ we obtain curve 2 of
fig. 2. It may be seenthat the dynamicStark effect may substantiallydistort the signalif the observationis
carriedoutwith respectto thelinearlypolarizedlight. It oughtto be notedthat the situation,whenco~equals
1,, in magnitudeor evenexceedsit, is fully realistic,as maybe seenfrom a comparisonof formulas (2) and
(8). This problemis discussedin ref. [9] in moredetail.

In order to observedirectly the orientationobtainedon the levelsJ~and.4wemay calculatethe signalI,- —4
asviewedalongthedirectionofthe magneticfield, cf. fig. 1. Repeatingthecalculationsfor the sameparameter

Fig. 1. Geometryfor thecalculations. Fig. 2. Dependenceof thedifferencebetweenthetwo polariza-
tion componentsin thefluorescenceon theexternalmagneticfield
H. (1) Absenceof thedynamicStarkeffect, linearly polarized

observation;(2) presenceof thedynamicStarkeffect, linearly
polarizedobservation;(3) presenceofthedynamicStarkeffect,

circularly polarizedobservation.
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valuesasforcurve 2, weobtaincurve 3 of fig. 2. In this casetheamplitudeofthe expectedsignalexceedsthat
of thesignalobservedin the caseof linearly polarizedlight.

Thus,accountingfor the actionof thedynamicStark effect on optical pumpingof atomsmaybe essential
for a correctinterpretationof theexperimentalresults.Suchan actionmaybeobservedin thetransitionfrom
alignmentto orientation.This, asshown above,is a nonlineareffectwhich disappearsat stateswith high an-
gularmomentumvalues.

Owing to its largeamplitude,the registrationof signalsof the type as in curve 3 of fig. 2 might beof in-
dependentinterestin the studiesof atomsandin thedeterminationof variousatomicconstantson whichthese
signalsare dependent.
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