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As anextensionto our earlierwork we studyhow a weakaxial magneticfield appliedalong
the axis of an optical lattice can coherentlycontrol the photon statisticsof a trappedcold
metastabléelium atoms.

PACS: 42.50p, 42.55/¢c, 32.80Pj,32.80-t

1 Intr oduction

Recentspectaclar advanesin lasercooling andtrappirg provides an opportunity to explore
the fluorescenlight emittedby a single confinedatomicion. This light is expectedto contain
informationaboutthequantum natureof thesingle-aton source Whenthesources athreelevel
atom,with thefluorescenceriginatirg from two separatéransitions a quarium jump between
two levels canhave animmediatedetectale effect on the probability of phaon emissionfrom
the othertransition[1-6]. Theoketical analysishave demastratedhattheresonanefluorescence
of threelevel systemin the presereof two laserfieldsundercertainconditiors, mayexhibit light
anddarkperiods[7-11]. Duringthedarkperiad theatomis predaninantlyin themetastablstate
(electra shelvirg). A primary condtion for sucha situationto occuris thatone of the lasers
shoud have sufficiently small Rabifrequeng ascomparedto the other The switchingoff and
onof thefluorescencevould bea dired manifestationof theinstantaneoes quartum jump of the
atombetweerthe weakly coupledstateandthe driven state.HegerfedtandPlenio[12] shaved
the presenceof a nariow peakin the spectrm of resonane fluorescene, the origin of which
coud betracedbackto electronshelving Recently we investigaedthe effect of atomicmotion
andan axial magneticfield on the spectrumof resomncefluorescencef a “He atomin the A
corfigurationin an opticd lattice [13]. We found that polaiization gradien induceselectron
shelvirg at selectedpointson the optical lattice. In particularlocalizatian of the atominhibits
electran shelvingbut canberecoveredin the presencef anaxial magretic field. We alsofound
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Fig. 1. The Zeemansublesels of “He andthe relevant Clebsch-Gordamoeficients. Sincethe e, < g,
transitionis forbidden, all atomsare pumpedinto g+ andg_ after few flourescenceycles. Thesetwo
levelsarecougded only to ¢,, anda closedthree-level A configurationis realized.

thatthe magretic field significantlybroadensthe narow peakspectrum.A similar broadning
effed in resonane fluorescene spectrim dueto magneticfield was obseved experimentally
in Rubidium atomsin an optical Molasseg[14]. In this paperas an extersion to our earlier
work, we studythe intensity correlationfunction (f(¢)), waiting time distribution (w(t)) and
therate constantsvhich determire the statisticaldistribution for the darkandbright periadsin

the fluoresceh emissionas a function of atomic motion and the strengthof the appliedaxial

magretic field. We applya generaformalismdevelopedby Nienhuis[10] for the separatiorof

rapid andslow time scalesin linear evolution equatims to threestateatomswith a strongand
a weakradidive transition The startingpoint for the above studywould be the optical Bloch

eqguations(OBE).

2 The optical Bloch equations

Fig. 1 shovs a A atomicsystemdriven by two cowunterprgagaing orthogoral plane-plarized
laserfields with the samefrequengy wy,. For the experimentswith “He, g arethetwo Zeeman
sublerels m = + 1 of the 23S, stateande, is them = 0 Zeemansublesd of 22P;. The
light shiftsof theZeemarsublevelsarepositiondepenént,sincethecougings (C.G.cougings)
varywith polatization. Thesuperpasition of thetwo countempropagatingorthogorally-polatized
planewavesgivesrise to a standingwave for which the polaiization is spacedependent. The
polaiizationis alternatiely circulare~ in Z = 0, linearin Z = M8, circularo Tin Z = M4 etc.,
with a spatialperiadicity \/2. This polaiization gradien leadsto a periodicspatialmoduation
of the degenerateground stateZeemansublerels, which actsas a potertial for the motion of
theatomiccentreof mass.An axial magnetidield providesthe necessargowling betweerthe
two degererateground statesavenfor atomswith a nonzro momentum. The Sisyphts cooling
mechlanismof Fig. 2 trapsthe atomin the laserinduced optical poteriial well only for blue
deturing. For reddetunirg theatomgetsheatedandis expelledout of the optical potential. The
time evolution of theatomicdensitymatrix p, in the Schralingerpicture,obeys

W L+ (), @

Herethetotal HamiltonianH consistof anatomicHamiltonianH 5, alaser— atominterac-
tion HamiltorianHy, o= —D- E, whereD is theelectricdipde momen operato, andthepositive
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Fig. 2. One-dimensioal optical potentialinduced by interferencebetweenoppasitely travelling blue de-
tunedorthogamally polarizedplanewaves.

frequeng partof theelectricfield E propagatingalongthe z-axisis

ot E r. .
E (z,t) = — |e 4 cos(kz) + € _sin(kz 2

(2,1) 7 L5 (kz) (kz) )
with e+ = F(e, £ie,)/V2,wherec, ande _ arethe polarizdion unit vectorsaterm H g
corresponthg to the shift in the enegy dueto anappliedaxial magneticfield B, and( %%)5,, is
thedampng termby spontaeousemissionprocesses.

Hp = gusB(l9+){(9+| — 19-){9-1) 3)

g is thegyromagretic ratio for the 23S, state,up is theBohrmagneta =-9.2741 x 10-24 J/T.
(dp/dt)sp, is thedampingdueto spontaeousemission.Thetime evolution of the atomicdensity
matrix p;;(t) = (045 (t)) (Whereo;;(0) = |i)(j]) is governedby the quartum Bloch equatiors
arisingfrom Eq. (1). Thefastoscillationswith the optical frequeng/ w . canbe eliminatedby
taking

Peveo(t) = Peges () Pgrgs (t) = Pgige (t); Pgyg (t) = pgr g (t),
ﬁeogi(t) (t) = Pe,g+ (t) eXp(*ith)a
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and
Pg-g- + Pgigp t Pege, = 1.

TheopticalBloch equatios are:

L Q . - . . .
Pege,(t) = i51c08(k2)(Peogy — Pgue,) — sin(k2)(Pg_c, — Peag-)]
- 2(]‘19797 +F9+g+)ﬁeoeo7
. Q . . .
pg+g+ (t) = Z§ COS(kZ)(ngreo _peog+) +2Fg+y+peo€o7
L Q. . - .
Pg_g- t) = 15 sin(k2)(Pg_e, = Peag-) + 209 g_Pee,s
. Q. . . s
ora () = il e, — 05(K2)pesg ] — 2005
- , . Q) - - . .
ongs () = 800+ + By + i 21605(82) Fese, — Fyegs) = sin(k2)7, o]
- F9+9+ﬁ€og+=
- , - Qo . - .
Pg_e,(t) = —i(0+wr—0B)pg_c, =i [sin(k2)(Peoe, = Pyg) = cos(k2)pg_g.]
— Dy g Pgeo (4)

wheref) is theRabifrequeng, § is thedeturing, w r = %ik?/2m is therecoil frequeng shift and
B = (kp/m + gBpug/h) is the Dopger shift associateavith thevelocity p/m in absencef the
axialmagreticfield. Wheng # 0 theenepiesof |g_) and|g) differ by 2.

3 Separatimn of time scalesand photon ststistics

The setof Bloch equatiols maybe viewed asthe singleevolution equatim %@ = Lp(t) with an
evolution operaure L thatis definedby theright-handside of equatios (4). This operaure L
is time independen. We needto find an appraimate evolution equationby usingthe factthat
thetransition|e,) « (g.| is very weak,which mears thatcos? (kz) < sin?(kz) andlg 4 <
I';_,_. This conditionmakesthe o_ polarizedfield, which drivesthe |e,) < (g-+| transition
weakas compredto the o polarizedfield, which drivesthe |e,) < (g_| transition. Hence
leo) < (g+| beconesthe metastableransitionandduringthis time the atomis predaninantly
in the metastablstate(electronshelving) Dark periods (absene of resorancefluorescenceis a
signatuie of electronshelving Thisoccursatpointsnearz = n\/4,i.e.,wherethepolaizationis
eithero™ or o~ sincehereonly oneof thetransitionis morefavoured Fromexperimentalview
z = n)\/4 arethe pointscorresponéhg to bottomof the potertial well wherethe atomstendto
accunulateoncetheir kinetic enegy is sufficiently small. Henceit is natural to treatsin ?(k2) as
beinglinearin somesmallexparsionparametg andto assumd’ .+ is of secondrderin this
paraneterL. Therebre,we formally write

L =Lo+ Ly + Lo, )

whereL, is definal by the termson the right-nandsideof Egs.(4) with I' .+, Wwhereasl is
definal by thetermswith cos?(kz). Theremainirg terms,i.e.,I'y_,_, sin*(kz), (&' £ 3) define
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thezerothorde opertor L. In usingthis separatia of the evolution operato in rapidandslow
partsto derive simplifiedexpressiondor * f(¢)’ and‘w(t)’, we follow Nienhuis[10]. Theinitial
state(t = 0) of the atomis assumedo be |g_). Sincethetime scalesdefinedby L, arevery
shortcompaed with thetime scalesof L., and L, the rapid evolution definel by L ¢ drives the
atomto a steadystatew.r.t Lq, befae L; andL, have a charceto cortribute apprecialy to the
evolution. Consequetty, the steadystatedensitymatrix p for ¢ < F;}gi is simply a matrix
within the two-dimersionsubspacepannedy |g_) andle,). This mears thatthe excited state
populationis the steadystatedensitymatrix of a driven two-level atom, with matrix elemen
deterninedby.

52 — __ 5
peOEO (1 + 28) 3 (6)

with
02 sin®(k2)
4[(F55=)2 4 (5 — B)?]

S =

Onatime scalelong compaedto F;}gf , theevolution operates L , L, andthe paraneter
( startto contrikute to the evolution of the atomby causinga slow transferof probability from
brightnessto darkressandvice versa. This canbe represeted by the following two couged

linearevolution equatia for theparametesn,(t) andnq(t)

dnp(t) dnq(t)
dt dt

whereny, is theprobability for theatomto bein thebright period,andn 4 to bein thedarkperiod
thenny, + ng = 1, whereny, = pege, + pg_g_ @Ndng = pg, 4. . With theinitial corditions
n,(0) = 1 andng(0) = 0, thetwo paranetersny,(¢) andng(t) determire the densitymatrix
fort > T';", . Forafinite 3 andfor ¢t > T';", , the elementsof the densitymatrix arethe
populationsapprariateto a threelevel A systemwith the corditions cos?(kz) < sin?(kz) and
Igig+ < I'g_g—. Theexpressiorfor the steadyexcitedstateof thethreelevel atomis:

(7)

= R,nd(t) — R.,.TL[,(i) =

163202 sin’(kz)
Q4 — 1683(8" — B)Q2 cos?(kz) + 3232(Q2 sin? (k2) +2I7_, +2(0" = 5)?)

5(3)

Pejes=

. (8)

Theabove rateequaion is atwo valuedMarkov processor therandam telegragh signal. The
coeficient R_ is theswitchingratefrom a stateof theatomwith nofluorescene,to thestatewith
the fluorescene switchedon, and R ;. the switchingratefor the reverse process. The quarium
jump apprachallows oneto calculatethe meanlengthof thedarkandbright periad. Thesetwo
guantities competely deternine the statisticalpropertiesof the light emittedby a single atom.
The averagedurationof the dark periad is T; = 1/R_ andaccordnhg to the rate Eq. (7), the
averaye durationof the bright periad is 7, = 1/R... We find for a cold *He atomin an opticd
latticetheexpressiosfor R andR_ as

326°Ty 4 Q2 cos?(kz)

- 643°T2_, + (Q2sin®(kz) 4 8B(8 + () ®)
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B Q*sin?(kz)
- 323%(02sin’(kz) +2(0 — B)2+ 202 )

Ry (10)

Thebasicquariity which monita's the correlation betweertwo phaonsemittedby anatom
with atime separatiorf¢” is the intensitycorrelationfundion f(¢). Fromthe behaior of f(t)
both for shot andlong time values one can conclude the existenceof quantum jumps of the
atomswhichareobsened asintermittentdarkandbrightperiodsof fluorescene. An expression
for the intensity correlationfunction f(¢) easilyfollows from standarcconsideréion from the
theow of phaon correlatiors in fluorescence.The conditian of anearlieremissionat time zero
ensuesthattheatomwasin state|g_) thismomen, sothattheinitial densitymatrix p(0) wasthe
prgector Py = po = |g—){g—| onthis state.Theprokability densityfor anotler phaonemission
attimet is thenequal to I'y_; pe,e, (), Whichis the rate of spontaeousdecaymultiplied by
the probability thattheatomis in theupper state|e).

f(t) =Ty g TrPiexp(Lt)Fy, (11)

with P, theprgectoronstateleg). Eq.(11)illustratesthat f(¢) moritors the probability thatthe
atomis in the stateleq) attime ¢, whenit wasknow to bein state|g_) attimet = 0. For times
t < nglgf, L, and L, canbeignoredin the evolution of p andthe densitymatrix is just the
two statedensitymatrixthatappoacheghe steadystateeqn.g) afterafew lifetimesI® ;} g - FOr
shorttimes,thecouplingto thestate|g ) hasnotyetbeeneffective. Consequetty for thisrange
of smalltime scalegheintensitycorrelatian is simply thatfor two stateatom.Onecanshaw that
theexplicit expressionfor theintensitycorrelationfunction valid for arbitraryvaluesof thetime

t andfor 3 # 0 is givenas:

Iy g ﬁgi)eoR+{1 —exp[—(R4 + R-)t]}
(Rt +R-) '

f(t) = folt) — (12)
where fo(t) = T'y_,4_ P, (1 — exp(—I'y_,4_t) is the intensity correlationfunction for a two
stateatom. fy(t) = 0 for t = 0, reflectsthe antitunching property andthatit apprachesthe
steadystatevaluel',_,_ ﬁéf)e in afew life timesI‘g*}gf. Here(R, + R_) ! isthecorrdation
time for the randomtelegraph processf(t) which stimulatesthe light and dark periads. It is
this structurethatis obseredin the spectrunof resorancefluorescene asanadditioral nariow
peak[12]. In theabsencef theground statecoherere (5), ,55;)9 in thesecondermof Eq.(12)
is to bereplacedy ngO . Thisis becausén theabsene of groundstatecoupling thepopuation
of state|g, ) is noteffectedby L, andherce the population of the statele,,) for ¢ > T ', is

thusequa to f)g)eanb(t).

4 Resultsand discussion

Thebehaiour of R_ and R asafunction of 5 is shavn in Fig. 3a. We find aninitial steady
increasein R_ andthenit appoachezeroslowly for highvaluesof thecouging paramete R
on the otherhanddecay rapidly to zerofor large 5. The averageratel/(T p + T7,) atwhich
we obseve quarium jumps (i.e., the onsetof darkperiads)is alsoshavn in Fig. 3aasafundion
of 5. We obseve a initial increasdan the quantum jump rate (QJR)andit reachesa maxima
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Fig. 3a. The switchingrate R_ (solidline), R+ (long dashedine) and Quantumjump rate (shortdashed
line) asa function of groundstatecohereme paramete /T, 4. ) for 6’ /Ty, 4, = 0, Q/T

9+9+ — 10,
Dy g /Ty g, =9, cos’(kz) = 0.1, andsin* (kz) = 0.9.

for thatvalueof g3 for which thetwo rateskR _ and R, areequal. For highervaluesof g QJR
steadilydecreasedrig. 3b shavs asymméric behaiour of R, R andQJRwith respecto the
deturing. A very high valueof theseparametesis noticedfor red detured laserascomparedto
thatfor bluedetuning A transpaentdescriptionof this prodem canbe reachedn the couped

|¥.) andnoncaipled| ¥ y¢) statebasis.This basisis compaedof thefollowing two orthcgonad
linearcombirationsof |g_)and|g )

We) = = {cos(kz)lgs) + sin(k2)lg)), (13
W) = \/%{sin<kz>|g+> — cos(kz)lg-)}. (14)

Thestate|V n¢) is alwaysdecouped from thelaserfield for any valueof j3:

(eoV[¥nc) =0. (15)
On the otherhand, the atomic motion and/orthe appliedweak axial magretic field inducesa
cowling between ¥ .) and|¥ x¢),

(Vo|Hp|¥Ne) = —gupB. (16)
Finally, thelaserfield couges | ¥ .) to theexcitedstate,

(eo|V W) = h—\/%exp(ith). (17)
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Fig. 3b. The switchingrate R_ (solid line), R+ (long dashel line) and Quantumjump rate (shortdashed
line) asafunctionof &' /Iy, 4, for 3/Tg, 4, = 0.05, /Ty, g, =10,Tg_g_ /Ty, g =9, cos?(kz) =
0.1, andsin?(kz) = 0.9.

Soin the absencef couging (i.e. 5 = 0) betweerthe | ) andthe |¥ y¢) states,R_ is
zero(i.e. darkperiadsof infinite duratian) andthe prabability of theatomto switchfrom theon
stateto the off stateis high. If g appr@acheszero,the upper level occugtion probaliity tends
to zerosothatthe intensityof theresonanefluorescene vanishesn this limit. Thisis thewell
known Velocity selectie cohaent popuation trappindVSCPT)[ 16 ] andfindsits explandion
in thefactthatthe uncowpled stateis stableaganst laserexcitation (once the atomis trappedn
theuncolpledstate|t is unavailablefor excitationto the excited state)but canonly bepopuated
via sporntaneousdecayfrom the upper level. For quaatum jumps to occur (i.e for the atomto
switch betweenon and off states)the atommustmale a transitionto the excited state. This
canhapgen only for a finite value of the coupling paraneter Oncethe atomis in the excited
state,it hasa finite rateto jump eitherto the weakground state|g) or the strongsate|g_).
For larger valuesof 3 larger thanthe Rabifrequenciesandthe spontaneusemissiorrateof the
excited state),the atomswitchingbetweerthe lower levels take placeat a very small but finite
occlpationprobability of the upperlevel. This explains the practicallyzeroquantumjump rate
for highvaluesof 3.

Thetime developmen of intensitycorrelationfunction f(¢) for differentthreedifferert val-
uesof 3 is shavn in Fig. 4a. For 8 = 0, thetime devdlopmert of f(¢) is thatfor atwo level
atomdecreasindo zerofor largetimes. Thedecreaein f(t) for long time valuesis anindica-
tion of the switchingon of the dark periad. However for afinite 5 the atomis transfered from
the | ¥ v ) to the |,.) stateandthento the excited stateby the couplirg of the laserfield with
the couged state. This inducesthe correlatio functionto settledown to afinite nonzerovalue
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Fig. 4a. Time development of the correlationfunction for threedifferentvaluesof 3/I', ,, = [0 (solid
line), 0.1 (long dashel line), and0.5 (shortdashedine)]. Otherparametersresameasthatfor Fig. 3a.

for large times. With an appliedmagretic field greaterthana certainvalue (for which QJRis

maximum), theincoheentRamarcontrikution to the scatteringoroessincreasesandcauseshe
correlationsto decreaseavith increasing3. Thisis illustratedin Fig. 4b wherewe have plotted
the steadystatevalue of the intensity correlation fundion asa function of 5. This decreasén

the degreeof secondordercoheencewith increasingmagretic field hasbeenobsered by Bali

etal. [14]. In orderto decideon the existenceof darkperiodsanotter relevart quantityis wait-

ing time distribution. The distribution of the time lapsesonehasto wait for until the emission
of thefirst next phaon afteranearlieremissionis calledthe waiting time distribution fundion

w(t). It obeys the nomalizationcordition f0°° w(t)dt = 1 andw(t) appoacheserofor ¢t — oo.
W (t) is amoreappopriatequantity than f(¢) for discussingquantum jumpsin three-level sys-
tems[17, 18]. We now write down the expressionfor w(¢) in our model,without goinginto the
detailedderivation:

RJer eXp(fR,t)

Fgfg— ﬁeoeo

w(t) = Wo (t) + ) (18)
wherewy(t) is the waiting time distribution for a two stateatom. For large time (¢ > F;_lg_)
w(t) hasaweakbutfinite slowly decayimy tail. Thismeanghataftereachphotm emissioronthe
strongtransition thereis a small probability thatthe next photontakesa longtime of theorder
R~ to arrive. This correspondgo a dark periad in the fluorescene. Naturallyas 3 increases
R_ increasestherefge the time periodone hasto wait to obsenre the next phaon decrases.
The above analysisindicatesthat a coheent contrd of the QJRis possiblewith a weakaxial
magretic field.
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Fig. 4b. Steadystatevalue of the correlationfunction as a function of 8/T'y, 4, for §' /Ty, 4, = 0,

QTg g, =10,Tg_g_ /Ty g, =9,cos?(kz) = 0.1, andsin®(kz) = 0.9.

5 Conclusions

In conclsionwe have shavn thatcertainpoints on the optical latticeinducesquantum jumpsin
metastabléielium atom. At thesespecialpointsif theatomis somelow localized the statistics
of the photors scatteredoy the atom can be cortrolled coheretly by a weak magneticfield
appied alongthe laseraxis. We find that the evolution of the atom on a long time scaleis
governal by theweakmagreticfield (whichalsocortrolstheground statecoherace)by causing
aslow transferof prokability from brightnessto darknessandvice versa.

Acknowledgements:Thiswork wasdore within theframework of the Associateshifschemeof
the Abdus SalaminterrationalCentrefor Theaetical Physics,Trieste, ltaly. | alsoackrowledge
finandal suppated from the University GrantsCommission,New Delhi vide ProjectNo. F
15-1/20QL(SR-1).

References

[1] J.C.Berquist,R. G. Hulet, W. M. Itano,D. J. Wineland:Phys.Rev. Lett. 57 (1986)1699
[2] T.SauterW. Neuhase R.Blatt, P. E. Toschek Phys.Rev. Lett. 57 (1986) 1696

[3] T.SauterR.Blatt, W. NeuhaserP. E. Toschek Opt. Commun 60 (1986) 287

[4] W. Nagourng, J.Sandbey, H. G. Dehmelt:Phys.Rev. Lett. 56 (1986) 2797

[5] M. A. Finn,G.W. GreenleesD. A. Lewis: Opt. Commun.60 (1986)149

[6] H.J.Metcalf, P. Vander Straten:Lasercooling andtrapping Springer New York 1999
[7] H.G.Dehmelt:Bull. Am. Phys.Soc.20 (1975)60



Cohere@t contol of quartumjumpsin anopticallattice 357

[8] R.J.Cook,H. J.Kimble: Phys.Rev. Lett. 54 (1985 1023
[9] D.T.Pag,R.Loudon P L. Knight: Phys.Rev. A 33 (1986)4085
[10] G.Nienhuis:Phys.Rev. A 35(1987) 4639
[11] S.Reynaud,J.Dalibard,C. Cohen-Bnnaudji: IEEE J. Quant.Electron.24 (1988 1395
[12] G.C.Hegerfeldt,M. B. Plenio:Phys.Rev. A 52 (1995)3333
[13] A. BhattacherjeeOpt. Commun.191(2001)83
[14] S.Bali, D. Hoffmann,J. Siman,T. Walker: Phys.Rev. A 53 (1996)3469

[15] A. Aspect,E. Arimondo, R. Kaiser N. VansteenkisteC. Cohen-Rnroudji: Opt. Soc.Am. 6 (1989
2112

[16] C.Cohen-Bnnaudji, J. Dalibard: EurophysLett. 1 (1986)441
[17] P. Zoller, M. Marte,D. F. Walls: Phys.Rev. A 35(1987)198



