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we rra'c.bserrred opticul i 'ree intr*ction rJecay (FIDI ir cord 
s5l{b uror's.'[ 'hc sltortening.f tbe FII) l if 'etinrc t ' ith irtcreasing

optical depth of the rrap has been fountr. 
't ' lr is 

slr.rtening is expl.ined by an arr.tttalotls absotptiolr t irl '  FID prtrpagating tn it

'or.uogencons arrrl resonanr sarnplc. Tlreorctical cirlculati.ns a-re c,nsisten, *itr, e'xpcrittrental rcsttlts' ' l 'he Rabi oscil lnliorts tlI

FID arnpl i tude have been obsen'cd by incrcasing thc puise arca'  [Dot :  l0 '1143/JJAP'41'3688]
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l. Introduction

Recetrt dramatii: cleveloptnetlts in lascr cooling and

trapping Lechniqtrcs for ncutrai atoms havc opened tlp

various atonlic experirnental are&\. Colterence transient

expcrinrents are refocused on the laser cooled atcrtns due

to the i rneg l i g i b i eDopp l c r r r , i d th ,h i ghde r r s i t yand loca l i t y

i n s p a c e ' C o h e r e n t t r a n s i e n t e f f e c t s o f t h e c o l d a t o l . l l s

invoh,ing atolnlc ground and excited statesl 
't' 

nt rvell as

ground an4 grounO state le\rels6'7) hat'e been recently

ierf..,nned. In paiticular, ech. schettres r:reatittg coltercnce

brtru."n ground-state sr-rblevels arc' used to llleasurl' pfeclsO

uoi,,"r r-,i lr1,,rr,"'*' gravitatictnal acceleraticltt'6'e) and l'ota-

t io t t . l ( t )

When a resonant or near-lesonAnt excitat iol l  laSer pulse

illteracts u,ith h^,o-level Atonrs, the wave radiated treely by

the atons induced by the excitation pulse is extingtrished

fol lowing the excitat ion pulse. This radiat ion, which coIIIes

front coherently coupled dipole monronts along the propaga-

ritln direction of the exc.itation pulsc, is knorvtt as lice

i 'ducti 'n clecay (F-fD),1l ' l -1) I11 a hol*ogcttcotrsly broadened

ensetnblc of atomic systems, the FID signal decays

exportentiatly u'ith the dipole moment decay time T:' In

thc case of an inhonrogeneously broadened sarnpie, such as a

ro()rn tell'lperattl[e vapor, groups of atoms with differcnt

velocities trave cliffet'ent resonant frequencies. Dephasiug

frrrrn diffe1ent freqgettcies reduces the tifetime of the FID to

below rr. If the Rabi frequency o{' the exc.itatiot't pulse is

higher than the inhonlogeneous broadening A{');,,1,',the FID

,r ' i l l  d"ro1' with a characterist ic t i rne o1' (Aar;nn)- l '  Ir t  the

trapped uionl, whose inhontogeneous broadetring (approxi-

matety 0.5lv{Hz) is nruch smaller than honrogclleous broad-

ening (5.9 MHz), rhe expon_ential lifetime of FID is expected

to Ue l:. As Toyoda et ul.2\ ptlirtted out, the study of pulsc

propagation with laser-cooled atonrs is interesting due to

itr.it t'tlgt clensity and homogeneity. Slrortcning of I{D

accorrling to the optical depth has been obsen'ed' We

attempt to explain this sltortening by the propagation of an

exponential pulsc having a srnall pulse area through a

rcsolant lnedia atrtl a classical abpormal absorption for pulse

widths smaller than the decay t inie of dipole nlonlent '

Another expcrinient will be prcsel)ted involving the Rabi

osci l lat io'sla. ls) u; FID wSen the pulse area is g.adually

increased to the ortier of n. When a two-level atont interacts

witlr a resonallt electrornagnetic fieki' the prclbatrilitl' fs1

each population trnclergoes transient oscillatiolrs between tts

ground and excitctl states witlr thc Rabi lrequency gEltt'

i6, RuUi osci l lat ior i t l ' l r)  ;n an optical i t t teraction is elearly

obscrvecl h-v using a shott (compared rvith the excited state

l i fet ime), cohe rettt  and intetrse l ight pulsc altd measuring the

fluorcsc:ence atter the excitation pulse' Because the ffuorcs-

cence is proportiollal to tlte excitc:<l state populatiorr' thc

integrated fluorescc'r.rce as a lunctiort of the pulsc area ie)

snoitt show Rahi oscillaticltrs' Tliis obsen'ation lras been

lnade by Gitrbsta) rt"ith a sTRb at'<-rmic beattl under a high

nragnetic f ield involving three levels. Sir l i lar osci l lat iorts are

er[ct.,] q'itir c:tlhet'ent racliation of atorruc p.larizatrt;n'

Many attempts to observe rhe Rabi oscillations hy probing

thc jopulation as a function of initial fielcl have been nrade.

ln thc latter part of this paper rve rvill discuss the Rabi

oscillations of FtD r.vhich is one ot'the coherent racliations of

atontic polarization.

2, Experinrental SetuP

C,ld sjRb ato.rs are pl-eparcd in a lnagleto-optical trap

(MOT).,6) The Doppler width }nd tenrperature of the cold

u tomsa rc rueasu redbyanewtechn ique rv l r i ch tneas t l r es the

gr'und-grotrnd state coherent trartsient eft-ectlr'18) and found

in U" upptoximately 0'5MHz and 200pK' r 'espectively'  At

this ternperatul'e, the saruple can be considered a hotno 
l

geneous ntediunt. Optical pumping and au exciutiort pulse :l

Ire applieil 3 or 4llls after the trapping laser heatns-are

turnccl off. To prevenI an unwtrnted residual rnagnetic: fielcl

from the anti-Hi lmholtz coi l ,  i t  is t ' rned olf  l2 ms before t lre

excitat ion pulsc. A small  ( t300mG) 8-rns-l t>ng homoge-

neous magnetic tielcl beginning 3 ms before thc opfical

pumping ancl excitat ior l  pulses is appl ied along their

prnpugniion clirection. To elirninate the a'rbiettt lnaglletic

'P,c.ent 
aclt iress: Thermlrtvave Korel Blanch Co., Survon 442-070' Korda

i E-nrai l  address: Limjt ( t)chosutt.ac.kr

hel,O at the trap duri'g the trapping period, we ttsed three :

pairs 0t Helmholtz coils rvith active cancelling circuits' '

ipplying a 6-1rs-long optical punrping pulsc with circular

pnfotitoUon (ot ) pumps atoms ittto a single nragtietic

lround substatc (tttp - 3). Several micro-second later' a 40-

ns-long excitatitln pulse whose pulsc area is closc to n is

appliect with the same circular polarization as that of thc

optical pumping pulse. These two optical pulses are realized

by passing the light frorn a CW Ti:salrpire laser through a

pair of acoustic optic nrodulators (AOMs). The two pulses

are tunecl to the [5Srt:  F : 3l-[5P3p F' = 4] transit ion'
' fhe 

basic experitr lental apparatus is slrowrt in Fig' l '  l 'he

FID signal is obtained with a heterodyne n)ethod. Irr this

')::
ll r l :
aa  \ !
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ii:.I-*i = nrirror. BS : L'eam splittcr.

,I,..A-QM 
= itcottsto-opric modulator, I- =

l'- 200MI{2.

7 Cold

.,/ atoms

l-O : ur>ti t :ai  Iocal osci l latt .rr.

PD : higir-spccd photodiocie.

letts, f : freeluency ,-'f C\rV lir,ser.

-1. Thcory for the Shortening ()f FID

When a two-level atotn, which has upper level lc) ancl

loivcr level lb), interacts with a nlonochromatic f ield E. the

I{anriltonian ancl thc licld arc given bv

E,,la) (al - Eblb) (bl

11\Put, * pt,,)!.

E -- (E+ * c-)e .

U. Sttlt ' t er a/. 3689

( l )

(2)

( 3 r

E,

,PPF : band-pass fi lter'.

ique, the CW locral oscillator frorn the undiffracted

nt passing through the AOM is nrixed rsith the srnall FID
ignal on a photodiode. To increase the signal-to-noise ratio.

i$ye used a balanced detection schcrnc rvith trvo high-speed

uhottxlirdes (risetirne is smaller than I ns) and a beanr
cplitter. The spatial diarneter of electric field amplirude is

1p2mm. Because the diametet' of the trapped aturn ckrutl.

ionitored by a calibrated charge-coupled dcvicc (CCD)

a, is less than 0.4 mrn, most ol'the atonrs are under the
electric field. Care was taken to ensure that the center

ion of the beanr hit t.he trapped atonts with a pinholc lbr

i..rcprrect alicnment. The optical depth was rncasured by

l$c-anning a weak plobe,bearn slowll, through the resonance

i+trd measulirtg thc absorption. The sequence of the

Expcrinrent shown in Fig. 2 is the satne as thar of FID

$Xcept for a very long (4 rns) and weak excitarion pulse
i:lwhose licquency is scanned slorvly with ramping. The
iilieterodyne FID signal is amplificd hy two ,4.C arnplifiers ancl
.i::filtered by 150-300MHz banil-pass filters. Transient and

iliabsorptioll spectra were acquired using a Tektronix ctigiriz-
ing oscillossope wirh 2 C sarnple/s.

Homogwus rnrgxtic fi ck-l

Fig. 2. Expcrimcntal scquences.

rvlrere .8u and E6 nre the uppcrr and lorver level energies. 1116
is the quantum-rnec:hanical average velne of the osci l lut ing

dipole tnol'nent and p is the transition dipole rnatrix element.

We have assunred that the iield and dipole have the sanre

spatial orientation e. Thc ficld 6+ can he written as

E+t.r.  t)  -
- i tu t -k \ - ( i^x . ! t ) .  

(4)

u,iter-e thc field O- can be described as E- - (E*)*, .. is

complex amplirude and q6(.r. t) is the .slowly valying phase ot'

the electrir: field. Based on the fact that the tirne evolution of

thc dcnsitl, tnatrix p obeys the l{eisenlrer.q equatiott, three

c'quations known as o;rtjcal Bloch equations can be obtained

using rotaring-\'/ave approxirnation and definine

lli = pr,,, - p1,1,, puh = i),,1,gi(k'-'.,t+d) and Fat, = (,L/ - iV)/?:

( " / : _ . 1 5 + d ) \ V
,  T ? '

y : ( A  + O l U + e u ,
T7'  

(5)

l t : - ( l u + l ) - e y .
f1

whete thc Rabi frcquency !) - pt,,/h.

Consider a collection of dipoles with unillrnr density

through a srnal l  region. This assuntption is nornral ly

achieved by a cold sanrple in II4OT having lnore rhan :l x

104 atonrs. le) Thcr atonric polarization /r(x. t)  ol '  the

homogcncous sample can lre written as

P(.r, r) : N l-r,,b!: 2#e Re[F,,6eitL'-"'+4't1

- N pRe(U(.r.  t \  -  iV(x,t)16si\k'-" ' t+o1, (6)

The electric lield anrplitude E is relatecl to the nracroscopic

polarization P by M;rxwell 's wi ive equation:

( a, 61 \ ^. 4r ,tJ p1x,tS

|.ur, 
-  

, .7r)E(x,t) 
= 

;r- .rZ-. (7)

ln gene.ral, the rnicroscopic electric ficlcl in eq. (5) is not the
sanre as the uracroscopic field in eq. (7), which contains all
local fields lbr a dcnse sample.2o) [n our case, the density
(ry1010.m-3) is suff iciently low to neglect the dif ference

between thent.

This wave equation can be sinrplifie.d even fufiher by the
slowly varying envclope approxintation. rvhich rneans the
electr ic f ield, polarization arnpl i tudes and phasc: vary slowly
in time conrpared to the optical frequcncy and slorvly irr
space cornpared to an optical wavelength. We use this
approxirnation to simpli fy the equation as

/ a  d \
l -  *  -  l c n ( - r , t ) a i o \ " r ) -
\ d r  c \ t ) '  

'

0scil loscope

0.giMint of ctcitilim pubc,

oplical pnrpirrc pu.lrc rnd rbvvpirxr
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z:!tt* 
( u(.r, r) - iy(r./);4irr(.t 'r). (8) 

',,^::;

c' . .  ,0.,

Rcsouant pulse propagation can be desc:ribed by solvirtg' eqs' ' '

(.5) and (7) siurultaneously. l.':::

Accordipg to Crisp's work'?l) snrall-area ptrlse approx- r )c?s

irnation lilrearizes optic:al Bloch equations (5) tor stttall-area ) .:

pulse propagation through resonant rneclia in the case thtt

tlic p,,,lse rvidth is cornparable to or shortet' than T2' Iror an

expc)nentiai pulsc ti'hose area is small, the tirtal shapc of tlte

pulsc after the tncditttn is obtained as

t,,(-r. l)r,id'('tt') :

_  
( / - . : , ' r ' )

e  r t  
l ( r -

where r1(r) is tltc unit step tunction ancl -/e is the zeroth-order

Be ssel tirnction. The shape of the optic:al FID of laser-cooled

atoms is exponelttial. Norrlrally, the' inpuL pulse area for this

experimcut is slightly less than fi ' Contrary to our

cxpectations, the FID signal is lalge evon with that pulse

area' Becanse the pulse rviclth (140 ns) is larger thari the

excitecl state lifetime (27.0 ns), spontaneous emissiorr pltrys

an itnponant role in realizing a lalge signal where the

srnallest signal is expected for a verl' short pulscr comparr:d

to the excited lifetime. Also, the size of the F-[D hetertxlyne

signal is nornrally 100 or 1000 times sttraller tharl thc initial

putr" arnplitude in a .small QL, which the snrall-area

approxitnation satis(ies. Total IiID rncasured by the pht-rto-

diode is tjetcrurined by adding all of the exporlential FID

signals occurittg at cvet] position of the sample with

consideration 111' the facI that the dimensions of the sample

are vefy snral l  (50.4 rnrn), and the shape of the total FID can

be rvdtten us

( h )

Fig. 3. (ai Heterodyne sigrrnl t t t '  FtD and ih) sqtrure ot i ts Fouli"r

iransf.u.m. From t5e Lorcnztiarr ht.  thc cenrer trcqueucv is ]20 3 MHz- utd

the decay t ir t te is 37.9 tts.

t !

{ a )

rloJolT@,,x(t - -.'7.'))r/2]. 
(e)

4. Results and Discussiorr

A heteroclyne FID signal and thcr sqttilre tlf its Ftlurier

transfonp al'c shown ilr Fig. 3. This is a cleitr obsel'vation of

oprtical FIf) irnnrecliatcly after the initial ptllse in the cold

rwo-level ittoms. As we expected, the FID in thc holno-

gcneous rneclia shorvs exponential decay modulated r'vith

beating frec'1uency. A l-orentzian lit to the squafe ot' the

Fourier transfonl gf the heterodype FID gives the beat

lrequency and the lifetirne for FlD. The atonric liequency

can be determined very precisely with all i1Q1:ur&cy of less

than 0.5 MHz frorn the beat lrequency and thc RF applied to

AoM. whilc rhe frequency of the loc:al oscillator is fixed,

the radiation o1 FID has the atomic transition frequency. The

diflerence betn,een the beat and AOM frecltrettcy provides

the exact detuning. Figure 4 clearly shows the changcs of

beat frequcncy when the frequency of the local oscillator is

varied by changing the frequency of the CW incoming beam

while the AoM fr-equency is fixed. 
'fhis 

confirms that FID

racliates with the atornic liequency. As the optical length

irlcreases, the lifetinte of FID clecreases. This shorrening of

FID is quite clifferent frotn sttcldetr tertrtiuatiotr of FID

causillg the banclwidth of partially excited atotns itt alt

inhomogcneous satnple. l l '12) This is related to radiat ion

damping,22 23) u'hich occurs i t t  an optical ly thick sample'

240

logU/1ol : -ul '. ( l l )

Fr6rn tfte rnodified absorption sf]ec[uln, wc can detcltttine

the value of cr(0)L. where a(0) is the highcst atrsorptiott

c:oemcient at atornic rcsonant frequenc:y. The weak probe

(much srual ler than thc saturaLion intensity) is scanned

ry84 MHz arouncl the resonance. The trap size q/as

controllect by adjusting thc size ol' the repuntping laser

bearn. Al ' ter changing thc trap size, we wait to ensure that the

-40 -20 0 z0 40
Pulse detuning (MHz)

Fig. 4. tseal i trg frequency of the heterodyne FID signal as a func't ion oi

ir"qu"n.y of the CW laser beforc AOM rvhile RF of AOM is fixcd'

The optical thickness was ohtained by dividing an absorp-

tion spectra with trapped atotus by orte withotrt atonrs and

taking the logarithm as

N

= 220

O

g 2AO
q,

,i

E 180
'o

t& 
160

g- E rr(r\,[ 
o' 

t o1rtu,,.rt] l  
i  2) dr - ( t0 )

. . , , , i j
' l :  

:  l l
' . i . 1

' : :  t l

i, I
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0.2 0.4 0.6 a,8 1 |.2

aL(optical depth)

Fig. - ' r .  DcEa.\ '  t i rne of FID us a functiou ol 'rr(0)1.

is sabi l izcd by monitoring rhe absorption. Absorption

tra are rccorded before and irftel' the FID experintents.
ithan l0 FID signals irre rilken ar cach cr(0)L. The error

,qf F--ig. 5 is the standard deviation of the mean value. The

{y(0)f shows a large error bar because the FID sicnal

$!"ery small. The soUd line is the simulared lif'etirne of the
). obtaincd from the exponenrial fitting of the generated

gqvcform b1' equation ( l0). lrairly good agreelnent wirh clata

,'ii.Shorvn.

ii,.,,W" observecl that FID decays faster rhan 72 even in the
rtous two-lcvel svstem iurd depends on the opfical

ij$"X.irr* of the trap. Ttris kind of shorrcninss u,hich lras

liiSen otrserved even in small a(0)L (less than 1). can be
tl.;explained by the propilgar.iorr efiect of the snrall FID

ntial envelopc Lhrough the nredia.
\ . . i . .

t i r : ' :  .

itl8: Rati Osciltation of FID

les one simple vectol-equation.

dlvl

, r t  
: M x Q '

;where Q:  (kc , ,0 ,A)  and M -  (U,V.Wl  is  ca l led a  B loch
i:rveclor. This equation shows that the Bloch vector M

i precesses about the efl'ective field A. On resoltance

;,;fqequency, becauss: Q is in the direction of the u axis. M

1i,pfegeSses in the W*V plane. W (associatod with the
iri,ptlpulatir>n inversion) ancl V (associatetl with the atonric
: : ' l ; : ; i ^ l ^ - : - ^ l : ^ - \  

^ - ^  r  ^ -  -  -  - r r  .

,.,,'polarization) are expected to oscillate ar the Rahi frequency.
i ' ' '  In a honrogeneous samplc. rhe FID anrpl irude is i impty

ptoportional to V. With the laser-cooled 85Rb atoms. the
[5Srz :  F :3Qnp  -  3 ) ] - [ 5P r t :  F '  : 4 (n i r : 4y1  r rans i t i on

1,j.::ntakes an ideal two-level system. Wc: have used a heterodyne
i:,.,np6 homodyne detection scheme to obtain the FID

,.', amplitude. Because pulses are createcl by AOM with CW
Ti-sappire laser, a 4O-ns-long pulse, largcr than the exciter{
stute l i fet ime (27.0 ns), is used to observe Rabi osci l lar ions,

:.r i ln this case, spontancous enrission plays a signif icant role. I f
, the pulse is short an<i sufficiently strong to observe the
: osci l lat ions, thc nraxirna ancl minima of Rabi osci lrat ion can

be estirnated using a simple Bloch scherne. Maxirna are
expected for  d :  n /2 .  3n/? ,  5n/2 , . . .  and the rn in inra  for

U. SHnl ct a/.

0 . 0 8

0 .  0 6

0 . 0 4

0 . 0 2

0

o l .n  2n  3 f i  4n

Pulse area of 30ns pulsc

Fig. 6. Integrated Flf i  ampli tude shows osci l l l t ions as rhe pulse area

iut:rcases, Circlcs show cxpcrimental results and thc s<_rl id l inc is the

simulatcd cul 've.

e  :  r ,2 t r .  3n, . . . .  Horvever .  the pos i t ions o f  the nrax inra

and ntinirna are expectecl at a larger pulse area. due to

spontaneous elnission, when rhe rviclth cf the inconrinu pulsc
(.r) i r tcreases.

Sinrulat ion has been can' ied out by nurncricalh, irr tegrat-

ing the optical Bloch ecluutions wit lr  longirudinal (7i )  and

lransverse (I:) relaxalion time and a Gaussian excitation

pulse. Because optical l l ,  thin sarnples (r.r(O)L I 0.5) arc

used, the effect of optical thickness is taken into account irr

this simulation only hy reducing 7'1 and 12, which are
obtained from the FID signal. The homodvne signal is
obtairred by rnixing the heterodync FID rvith a reference
(220 MI{z) frorn thc RF oscillaror in a quadrature demrxlu-
lator. The intcgrttted antplitude of honrod.inc FID is

rneasuled a.s a function of the pulse arerr d. Figure 6 shorvs

osci l lat ions of the integlated FID and sinrulared cun'e. Sl ight

disagreemellt between e.rperimental and simulated result is

believed to be causcd by simple trearnlent of the elfect of

dense media in the sirnulat ion.

6. Conclusions

In conclusion. we have observed optical free induction
decay (FID) in homogeneously broaden 85Rh atoms. which
is diflir:ult to observe in fast decaying inhornogeneously

bloadened sumples, We fouud that the FID lifetime is
sensit ively dependent on t l)e opl. ical thickness of the sarnple

arrd the shortening of thc FID lifetirne is explained by

anomalous FID absorption in resonatrt media. FID amplitude
is expc:cted to show Rabi frequcncy oscillation with
incrcrasin-q excitation pulse area. Wer can not get clear Rabi
oscillation due to excitation pulse width conrparable to T1.
Experirnental oscillation of the integrated FID sigrral is
lbund to be fairly consistent wirh the simulation result by
taking spontaltous emission into account.
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