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Matter-wave interference using two-level atoms and resonant optical fields
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A theory of matter-wave interference is developed in which resonant, standing-wave optical fields interact
with an ensemble of two-level atoms. If effects related to the recoil the atoms undergo on absorbing or emitting
radiation are neglected, thetal atomic density is spatially uniform. However, when recoil effects are in-
cluded, spatial modulation of the atomic density can occur for times that are greater than or comparable to the
inverse recoil frequency. In this regime, the atoms exhibit matter-wave interference that can be used as the
basis of a matter-wave atom interferometer. Two specific atom-field geometries are considered, involving
either one or two field-interaction zones. For each geometry, the recoil-induced spatial modulation of the total
atomic density is calculated. In contrast to the normal Talbot and Talbot-Lau effects, the spatially modulated
density isnot a periodic function of time, owing to spontaneous emission; however, after a sufficiently long
time, the contribution from spontaneous processes no longer plays a role and the periodicity is restored. With
a suitable choice of observation time and field strengths, the spatially modulated atomic density serves as an
indirect probe of the distribution of spontaneously emitted radiafist050-2947{9)07803-8

PACS numbes): 03.75.Dg, 39.20+q, 32.80.Lg

[. INTRODUCTION CAI's include those based on radio-frequeriéy or optical
[10-12 Ramsey fringes.

Atom interferometry has emerged as an important new Matter-wave atom interferometers operate only in the re-
research area in the past 15 yefts Thermal atoms offer gime w,T=1. We distinguish matter-wave atom interferom-
unique properties as the working element of an interferometers in which thetotal atomic density is monitored from
eter, owing to their small de Broglie wavelength. Atom in- those in which an internal state coherence or population is
terferometry has already led to impressive results in preciprobed. The former we refer to simply as matter-wave atom
sion measurements of [2], atomic polarizability [3], interferometerstMWAI's) and the latter as internal state
rotation rate§4,5] and the acceleration of gravif]. Appli- ~ Matter wave atom interferometelSMWAI's). An impor--
cations to nanolithography have also been prop¢gede-  tant feature that distinguishes MWAI's from ISMWAI's is
spite the advances in atom interferometry, there still does ndf€ dependence of the observed signal on the paramgler
seem to be a universally accepted definition as to what conl.n€® ISMWAI signal does not vanish n the limit, T<1, but
stitutes an atom interferometer. We have previously disd0€s vanish in this limit for MWAI's. In other words,
cussed[8] the distinction between classical and quantum'vIWAI s depend cr|t|_cally on the_ quanhzz_atlon of the atoms
scattering for atom interferometers in which microfabricate entfer—of-mass motion for thelr_ operation, whereas ISM-

. R . . Al's can operate in the classical or quantum scattering
gratings are used as the “optical” elements in the mterfer-l. . ) :

) . . . ; imits. Although matter wave effects can modify the signals

ometer. In this paper, we limit the discussion to atom inter-

¢ ters that | ical fields t difv the atom in ISMWALI's, many features of the signals are determined
erometers that employ optical fields to modify the aom|cby classical considerations, as in CAl's. Examples of ISM-

state wave function. Our goal is to develop a theory Ofyya jnterferometers include those which explore recoil
matter-wave interference in which resonant, standing-wavejitiing of optical Ramsey fringes in the frequency domain
optical fields interact with an ensemble of two-level atoms. [13-17,4 and time domairi6,18,19.

Atom interferometers use optical fields to create atomic patter-wave atom interferometers can be constructed us-
coherence between internal states, extefoahter-of-mass  ing off-resonant standing-wave optical fields. Such fields act
states, or both. Depending on which coherence is created ar@ phase gratings for the matter waves. Atoms enter a field
probed, one can classify such atom interferometers into threigteraction region in their ground state, and leave the region
general categories. A critical parameter in the classificationith their spatial density unaffected. On the other hand, the
is the productw T, wherewq=ﬁq2/2m is a recoil frequency phaseof the ground-state wave function is spatially modu-
associated with the absorption or emission of radiation by théated, corresponding to a coherence between momentum
atoms,m is an atomic mass, arilis a typical time scale in states differing bynzq(n is an integer and 4/q is the pe-
an experiment. Classical atom interferometéCAl's) use riod of the standing-wave fieldAs the matter wave evolves
internal state coherence but in no way rely on quantization ofreely following the field interaction region, the phase-
the atoms’ center-of-mass motion for their operation. Themodulated wave function is transformed into a spatially
CAl's operate in the regimes,T<1, for which quantum modulated density, which can be probed using various tech-
scattering effects can be ignored. If one restricts the use afiques. Atom interferometers can be constructed using two
the term “atom interferometer” to those devices which de-or more field-interaction zon¢20—-22. In the transient echo
pend on guantization of the atoms’ center-of-mass motiorexperiment of Cahret al. [21], the vanishing of spatial
for their operation, the CAl would not qualify. Examples of modulation at the echo timeas=2T andt=3T (but not in
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the immediate vicinity of the echo times consistent with  lation of the atomic density departs significantly from a uni-
MWAI theory [23]. Cahnet al. also found that the spatial form distribution. Thus, although certain features of the den-
modulation vanished in the classical scattering regiogit sity depend on the ratia,/I'<1(I" is the upper-state decay
<1, as it must for any MWAI. rate, the overall qualitative nature of the density depends on
It is also possible to create MWAI's by resonantly driving the parametew T which is not small in the quantum scat-
one-photon transitions between electronic stg2&$or two-  tering limit. In analyzing the signal, it will prove useful to
photon Raman transitions between ground-state sublevels useparate the contributions from spontaneous and stimulated
ing optical fields. The lifetime of the electronic or ground- Processes. Immediately following the excited-state decay,
state coherence must be greater than', a condition that these two contributions cancel one another, but, as time
restricts one to intercombination lines in the case of elecProgresses, the contribution from spontaneous processes dis-
tronic state coherence. It is possible to shi®@] that the ~appears, leaving a net modulated ground-state density. When
total atomic density is uniform in the classical scatteringtwo field interaction zones are used, echolike phenomena can
limit, but is spatially modulated in the quantum scatteringoccur. For this caséoth stimulated and spontaneous pro-
domain, w,T=1. This effect has not yet been observed. [fcesses contribute to the echo signals, even for pulse separa-
one were to probe the total atomic density rather than som#ons T> g *.
internal state density in the experiments of Réfst, 15,17, The paper is arranged as follows. The change in the
the sought after effect should be observable. atomic density matrix following the interaction of atoms
In this paper, we describe a type of MWJ24] that also  With a standing-wave, optical, field is calculated in Sec. II. In
uses resonant rather than off-resonant fields. Two-level aSec. lll, we consider atom interference using a single-atom
oms pass through standing wave, optical fields that resdield-interaction zone. It is seen that focusing of the atoms,
nantly drive aclosedtwo-level transition in the atoms. In Similar to that found with phase gratings, can also occur

contrast to Ref[23], it is now assumed that the excited-state Using resonant fields. The atomic density following two

lifetime is much less than)q‘l. As a result of the atom-field atom-field interaction zones is calculated in Sec. IV. The
interaction, a matter grating in the excited state is created, §Sults are summarized in Sec. V.
is a "hole grating” in the ground state. If one neglects all
effects related to quantization of the atoms’ center-of-mass [l. BASIC EQUATIONS
motion, it is easy to show that, after excited-state decay back Atom interferometers can operate in the spatial or time
to the ground state, the ground-state density is uniform. In . ) ! 0P . P

. L » b s domain. In the spatial domain an atomic beam traverses one
some sense, the excited-state grating fills the “hole” in the

ground-state density that had been created by the field. Whepj More field regions. In the time domain, a vapor of cold

the recoil associated with stimulaté#5] and spontaneous aﬁoms(or condensateis subjected to one or more radiation

[26,27] processes are included, however, new features appeﬁllulses. The spatial domain interferometer can be analyzed in
y ' ' e time domain if calculations are carried out in the atomic

in the ground-state density matrix. . :
" . . . rest frame. Consequently, we restrict our calculations to the
Two specific atom-field geometries are considered. In thefime domain

first, atoms characterized by a homogeneous velocity distri- Two-level (upper statde) and ground statég)) atoms

bution are subjected to a single radiation pulse. The pulse : S .
excites the atoms which then decay back to the lower staté © subjected to two _rad|at|0n pulse_s separated by a time
The spatial modulation of the total atomic density is calcu—w;?/rgaé;}] E:r?gnr;dﬁg\?i?] pulrsoe acogt?ésrfsvgitgvgatrzgvke ling-
lated as a function of, wheret is the time following the P 9 propag i 2

pulse. In contrast to the normal Talbot efféeg], the spa- cSPectively, whergk,|=k;| =k=Q/c, and(} is the fre-
tially modulated density isota periodic function of, owing quency of each field. The total electric field can be written as
to spontaneous emission; however, after a sufficiently long T
time, the contribution from spontaneous processes no longer E(r,t)=ee " "17cogdq-1/2)[E191(1) + Exga(t=T)]
plays a role and the Talbot periodicity is restored. In the +c.c., 2.1
second atom-field geometry, there are two pulses separated

by an intervalT. The atomic velocity distribution in this case whereQ=(k; +k,)/2, q=(k;—Ks), eisa polarization vec-
is assumed to be inhomogeneously broadened. Owing to tf}gr, E. is the amplitude of pulsg (j=1,2), andg;(t) is a
inhomogeneous broadening, one finds a nonvanishing spatig}noojth pulse envelope function having widt,hcejntered at
modulation of the density only at specific “echo times” fol- t=T,, with T,=0 andT,=T. We assume that the pulse
lowing the second pulse. In contrast to the normal TalbOI'sepa{rationT, pulse durationr, atom-field detuningh =0

]Ic_au effectf,_lt_he spatially modulated den§ityrist.er11periodicf — w(w is the atomic transition frequengyupper state decay
unction of T, owing to spontaneous emission; however, O ateT", recoil frequency

sufficiently long time, the contribution from spontaneous
processes no longer plays a role and the Talbot periodicity is quth/Zm, (2.2
restored. The structure of the spatially modulated density in
the vicinity of the echo times is studied, and is found toand Doppler shifk;-v (v is an atomic velocity satisfy the
mirror the atomic density following the first pulse. With a inequalities
suitable choice of observation time and field strengths, the
spatially modulated atomic density serves as an indirect I't>1, (2.39
probe of the distribution of spontaneously emitted radiation.

It is important to note that, fow,T=1, the spatial modu- I'r<1, (2.3b
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|A|7<1, (2.30 It has been assumed that, during each pulse, any effects aris-
ing from atomic motion can be neglectidequalities(2.3b)

|ki-v|<T, (2.30  and(2.3d], which is the reason the kinetic-energy term has
been omitted from the Hamiltonian in EQ2.4) (the Raman-

wqT=1. (2.38  Nath approximation Before the first pulse acts, it is as-

. o ) ~ sumed that all atoms are in their ground state. Owing to
Inequality (2.33_ implies that any excited-state _popu_latlon inequality (2.3a, all population is returned to the ground
created by the fields decays to the ground state in a time thagste pefore the action of the second pulse=sT,. Thus we
is short compared with the time scale of the experimentpeed only calculate the change in the ground- and excited-

Inequalities(2.3b and (2.39 imply that spontaneous decay gtate density matrices produced by puisstarting from a
and atom-field detuning can be neglected during the radiagensity matrix

tion pulses, while inequality2.3d (atoms cooled below the

Doppler limit of laser cooling guarantees that there is neg- 0 0

ligible Doppler dephasing for times of order of the excited- p(r,r’;TJ(‘))z( (=) ) (2.7

state lifetime. Finally, conditiori2.3e states that we are in Pgg(r.rs T ) 0

the quantum scattering limit. ) ) ) ) i
Conditions(2.3) allow one to map out the time develop- N which all atoms are in their ground gta_te. On_e can inte-

ment of the density matrix resulting from each radiationgrate Eq.(2.4) to obtain the density matrix immediately fol-

pulse in three stage$l) an impulsive change in the density lowing the pulse at timg*,

matrix produced by the atom-field interactiq®) a sponta-

neous decay of the excited state, d8pa free evolution of p(r,r ;T =n(Dp(r,r; TS pl(r),  (2.8a
the density matrix. Depending on the specific application, we

calculate the atomic density matrix following the first or sec- 7,(r)= cog 6,co8q-r/2)]—i sin £ 6,cogq-r/2)]
ond pulse. Owing to inequalitigs2.3), we can define times

before (T{™)) and following (T{")) pulsej such that changes X[cogQ-r)ay—sin(Q-r)ay], (2.8

in the atomic density resulting from spontaneous decay and
atom-field detunings can be neglected in the time intervawhere
T 17,

A. Stage 1

During pulsej, the density matrix, in an interaction rep-
resentation, evolves according to

is a pulse area.
It is convenient to use the Wigner representation for the
density matrix,

ihp=[V.p], (2.4 p(r,p,t)=j exp —ip-FI) p(r +F12,6=F12,0),

(27h)3

V=Zﬁ)(jgj(t—Tj)cos(q-r/Z)[coiQ-r)ax—sin(Q-r)Té],S) and expand the populations as

_ , o pan(1.PO=2 pon(s,p,t)exilisg-rl. (2,10
wherey;= — uwE;/24 is a Rabi frequencyy is a dipole mo- s

ment operator matrix element, ando, are Pauli matrices,

and Using Egs. (2.89-(2.10 and expanding the
L 0 sinz6,cos@-r/2)] and coBzfcosq-r/2)] functions in
&)= Ig)= (2.6) terms of Bessel functions, one obtains, for the Fourier coef-
o) !9 1) ' ficients,
Pag(S. TV =20 (=15 3,(6i/2) 35/ — 5 (6/2) pg 5= ,p—ha(/ —s'/2),T| ], (2.113
/s’

Ped SP.TI)= 20 (=17 Do (61235 —s)+1(6i1D pyglS =S P=AIA(/~(s' =1+ QLT ), (211
/S

whereJy(x) is a Bessel function of ordes:
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B. Stages 2 and 3 pgg(s,p,t)=p(gsg)(s,p,t)+p£)(s,p,t). (2.16
In the next stages of the calculation, the excited state de- h
cays to the ground state and the ground-state density matrix'¢ homogeneous part,

evolves freely following the decay. The Wigner function as- pésé)(s,p,t)zexp[— isq-p(t—Tj)/m]pgg(s,p,TJ“)),

sociated with the excited-state population obeys the equation 2.17
of motion '
5 represents the evolution of the ground state in the absence of
_ decay. TheS superscript indicates that this part is associated
—+v-V r,p,t)y=-_ r,p,t). 21 . ) . )
at Ped.P.1) Ped.P.0) 212 purely with stimulated processes. The particular solution

pgg)(s,p,t) represents the contribution to the ground-state
density matrix resulting from excitation by the pulse and
subsequent decay of the excited stiditence, the superscript

. : i i >rt icu-
pee(s,p,t)=exp[—(l“+|sq-p/m)(t—Tj)]pee(s,p,T}”). D for decay. One finds that at timets-T;>I" "~ the particu

2.13 lar solution is given by

It then follows from Eq.(2.12) that thes-order Fourier com-
ponent evolves as

(D) — _i _
The excited-state repopulates the ground state. The ground-  Pgg (S:P.t) =X —isq-p(t—T;)/m]
state Wigner function is governed by the equation
><fdn,N(n,)(lJriSwdnq/F)‘1

J
—+Vv-Vip (r,p,t)=1"f dn,N(n;)pedr,ptrk, t),
at 99 rorre ' X peds,p+iik, T\, (2.189
(2.19
o . . Where
from which it follows that the ground-state Fourier coeffi-
cients evolve as wg=hgk,/m (2.19
J andng=n;-g/q. The quantitysw is a recoil frequency as-
- Tisa-p/m pgg(s,p,t)=FfdnrN(nr)pee(s,erhkr 1).  sociated with the spontaneous decay of stieexcited state

(2.15  Fourier component. Alternativelysog can be viewed as a
Doppler shift of the spontaneously emitted photon that is
In these equation, is a spontaneous photon wave vector,dependent on the momentum kiskq which the atom ac-
n.=k,/k;, andN(n,) is the normalized probability density quires in the excitation process.

for the radiation of a photon in the direction. Piecing together Eq$2.18), (2.17), and(2.11), one finds
The solution of Eq(2.14 involves both a homogeneous that the ground state density matrix 1t01=Tj>1"*1 is given
and particular solution which we write as by

Pag(SP)= 2 (—1>S’exq—isq-p<t—Tj>/m][J2/<ej/2>J2</sq(ej/2>pgg[s—s',p—ﬁq</—s'/2>]

/.8
+J2/+1(491-/2)J2(/,Sr)+1(0j/2)jdnrN(nr)(l-l-iSwdnq/F)_lpgg{S—S’,p—ﬁ[q(/—s’/Z)—}—Q—kr],TJ(_)} )

(2.20

This is the building-block solution which can be used to lll. ONE FIELD-INTERACTION ZONE

analyze several possible experimental schemes. . .
When an electromagnetic wave passes through an ampli-

-1 71> —T. -1 1 -
FOr g, 0q >t-T;>I' ", recoil effects can be ne tude or phase grating, the diffraction pattern as a function of

glected and the terms involving recoil momenta in the ar9Ushe distance from the grating is a periodic function of the

ments 9f .the density mgtrlx elements can .be dr.Oppedso—called Talbot length. Similar effects occur for matter
In that limit the sum over” of the Bessel functions gives

o waves and have been observed experimentally by Chapman
50, and Eq. (220 reduces 10 pgq(s,p.t)= et al. [29] and Nowaket al. [30]. In these experiments, one

exd —isq-p(t—T))/mlpgq(s,p,T{ ), which implies that sent ground-state atoms through a microfabricated grating.
o For atoms, the Talbot length is given Hyr=2d?/\4g,
rpt)= r——(t=T).p, T . 29 whered=2/q is the period of the grating producing the
Pag(1 Pt =pgg| F =1 (1= T)).P.T, (221 scattering and g is the atomic de Broglie wavelength. The

spatial periodicity in the laboratory frame translates into a
As expected, the density matrix simply undergoes a classicaémporal periodicity in the atomic rest, frame having period
translation if recoil is neglected. 2wl wq. When atoms are scattered by resonant optical fields,
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rather than microfabricated gratings or off-resonant fields, ng(S,p,T(l_)):5soW(p)- (3.1
the atomic response is no longer strictly periodic owing to ’

spontaneous decay. In this section we calculate the atomic

density following the interaction of a highly collimated In this equation\W(p) is the momentum distribution of the
atomic beam qué,t<<1) or a condensateg(it<1) with a atoms.

resonant optical field. In the atomic rest frame, the field ap- It is convenient to orient the, y, andz axes along the

pears as a pulse centeredlat=0. The initial Wigner distri- mutually orthogonal vectorg, Q, andk,xk, It then fol-

bution IS taken apgq(r,p, T3 *) =W(p) [31], corresponding lows from Egs.(2.20, along with the summation identities
to Fourier components

s<f>(a)z§/) Jz/(a)Jz(/,,,)(a)exp(—i/a)=%exp*iV“’z{Jzy[Zacos{a/4)]+(—1)”J2V[2asin(a/4)]}, (3.23

(0) (1) = ) N :_1 —i(v—1)al2 o 1\v :
S, (a) E/Jz/+1(a)Jz</-V>+1(a)exp( i/ a)=—Sexp {J2,[2acoga/d)]—(—1)"y,[2asin(a/d)]},

(3.2b
that the Fourier component at tinhe
pgg(s,t)=f dppgg(s,p.t), 3.3
is given by
pyg(S:t)=z(exp —isq-pt/m)){Jod 01 Sin(¢r (sH)/D][1+ C(¢r (St),504/T)]
+(=1)%24 61 copr (sH)/D][1—C(r,(sV),S0q/T)]}, (3.9

where(- - -) represents an average over atomic momenta, Eq. ( 2.10) is of order mafl,6,}. It is assumed in this sec-
tion that the Doppler broadening is small,

br (1) =gt (35
is the Talbot phase associated with stimulated processes, max(1,61}|9-pt/m|<1, (3.9
b7, (=gt (3.60  which allows one to setexp(—isq-pt/m)) equal to unity in

Eqg. (3.4). Note that, even without this factor, the general
is the Talbot phase associated with spontaneous processespressior(3.4) is nota periodic function of time. Owing to
and spontaneous emission, the Talbot effect is destroyed. We
will see below that, for sufficiently large times, the Talbot
periodicity is restored.

If both traveling wave components of the field are linearly
polarized along, and if the ground state angular momentum
Terms involvingC(«a,B) in Eq. (3.4) are connected with s equal to 0, then
spontaneous processes while the remaining terms arise from
stimulated processes.

It follows from Eq. (3.4) that the spatially homogeneous
part of the atomic density is unchanged,

C(a,,B)=J’dnN(n)exmanx)(lﬂﬁnx)*l. (3.7

N(n)=3/g,(1-n3). (3.10

We assume that the recoil frequency is sufficiently small to
Pgg(0t)=1, (3.8 ensure that

consistent with probability conservation in the closed two-
level system. We are interested primarily in the time depen-
dence of the Fourier components havisg 0, since these
components determine the spatial modulation of the atomids a consequence one need only evalgat® at 5=0. Us-
density. The maximum value afentering the summation in ing the identity[32]

max 1,61} wq/T'<1. (3.11)
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a;a
f dnnneexplia-n]=4ma 3 (sina—acosa)&i’kJr'—zk[(a2—3)sina+3acosa] , (3.12
a

one finds
C(a,00=3a Y acosa+(a’—1)sinal. (3.13

Note thatC(a,0)~1—3a?/16 for a<1 andC(«,0)~ (3/2a)sina for a>1.
The time scale of the transient respori8e) is determined by the recoil frequencies,

wy=4wySiNO/2), wq=4wysint(0/2) (3.14

where® is the angle between the wave vecthysandk,. There are essentially two time scales in the problem, one associated

with spontaneous processes,= wgl, and one associated with stimulated proces§e5wq‘1. For Fourier components

having s#0, it is possible to isolate the contribution from stimulated processes since the contribution from spontaneous
processes becomes negligible fer 74. It is not difficult to understand why spontaneous processes contribute a negligible
amount in this limit. The recoil phase factor associated with spontaneous prof@3pisse’r 9/2M=ginr, @it As mentioned

above, this phase factor can be viewed as a recoil-related Doppler phase. When summed over all directions of the spontane-
ously emitted photon, it averages to zero fegt>1. As a consequence, one finds from E8.4) that, for wqt>1 ands

#0,

Pag(8,1)="2{Jod 61 SiN(br (/)] + (—1)*Jpd 61 COLpr (S1)/2)]} (3.19

In effect, Eq.(3.19 represents a periodic rephasifitalbot Pag(S.1)=3(—1)%Jo 6,][1—C(o1_(s1),0)], (3.18
effecy of the ground-state amplitude gratirifpat was cre- P
ated immediately followingthe radiation pulse, since for
wqt>1 the spontaneous contribution no longer plays a rolegjowing one to isolate the contribution from spontaneous
One cogld ha\(e equally Well ionized all the excited-st_ateprocesses_ The Fourier componggy(st) is plotted in Fig.
atoms immediately following the pulse. The Fourier 1 a5 3 function 0w t; it is not a periodic function ofwgt.
components, pgg(s,t), and total density, pgg(rit)  The time dependence of E(8.18 can serve as a probe of
=Zgpgg(s,t)€*¥", are periodic functions having periods the spontaneous emission distribution functifsee Eq.
equal to 27/wy, and can be used to measure recoil fre—(3_7)]_
quency[21,34, but, in contrast to scattering by phase grat-  For counterpropagating wave® & ), the recoil fre-
ings, there is no time for which the density is uniform Whenquenciequ and wy coincide and achieve their maximum
wyt>1. When all Fourier components are taken into aCvjajue wy=wq=4w. In this limit, atom interference effects
count, and for large pulse ared@sit not so large as to violate occur on the shortest possible time scale. The Fourier com-
the Raman-Nath approximatipn ponentp,yy(11) is plotted as a function ab,t in Fig. 2 for

® = 7. Other Fourier components could be shown as well,

(wgm) 1> 0,>1, (3.16
r(n” - m)o,T

. , . 0 3 6 9 12 15
it can be shown that the atoms are focused by the field. This
new regime of atom focusing, as well as its relation to fo- Los 064
cusing by phase gratings, will be considered in a future pub- = _
lication. 5 13

For earlier times, whet<wg'=< w;l, the spontaneous o oad 3
term contributes to the atomic density.tkwg *, the total S ?H
density is approximately uniform since spontaneous decay ST 1%
“refills” the "hole” in the ground state that is created by the s, 0l =
radiation pulse. From Eq$3.4) and(3.13, one finds that

Pag(S) = ga(Swgt) 20186 1+ 15 (— 1) A(Swit) *Jos( 61). 0 3 6 s 1 s

(3.17) syt

) ) 1 FIG. 1. The quantity +C(x,0) is plotted as a function of .
The Fourier components build up gswhent<wgy*. When When® <1, this function gives the time dependence of the Fourier
the angle between wave vectors is sm@l<€1), and for component | pgq(S,t)/Jzs(01)| (x=Ssw4t) for t~wgl<w;1 and
somewhat larger times~ wg '<w ', Eqs.(3.4) reduces to  |F(T)/Jz0,(8,)[[x=r(n'—N)wyT] for T~wgl<wg®.
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pag(s) =€~ CWHI, 01 (s/2], (4.3

correct to ordeiwy/qu. This term survives only for times of
order (squ)~!, which implies that the argument of the
Bessel function is of ordef; wq/qu. This, in turn, implies
that only Fourier components havirgymax1,0;w4/qu}
contribute significantly for times in which Fourier compo-
nents other thas=0 are nonvanishing.

The picture is rather simple. The radiation pulse excites
the atoms, which then decay back to the ground state, giving
a uniform density. For time$<(squ) %, the sth Fourier
component begins to build up significantly, provided
610q/qu>s, and a modulated atomic density appears. For
L3 timest>(squ) "%, all spatial modulation has been washed

"o s 10 15 out as a result of Doppler dephasing. Since this time is
ot shorter than the inverse recoil frequencies, the main features
a of the time dependengg,q(s,t) found in Sec. IlI for homo-
geneous broadening never can be realized in this inhomoge-

pgg( 1 ’t)

FIG. 2. Fourier componentyq(1t) for a single field-interaction

zone. The pulse areé;=38.9 (dashed curveis chosen to maxi- neously bro,adened samplg.
mize pgq(11), while the areap,—4.81 (solid curve is chosen to The spatial modulation is not lost, however, and can be

maximize the relative contribution from spontaneous processes. "estored using echo techniques if a second pulse is applied at
some timeT following the initial pulse. The time dependence
but pgqy(11) is the component most easily monitored usingOf pgq(S:t,T), considered as a function df, displays the
backscattering techniques. One sees that, initiafy(1t) is ~ Same features found in Sec. Il fpgy(s,t) as a function of
aperiodic, but it asymptotically approaches periodic behaviof- Specifically, it can be used as a probe of spontaneous pro-
for wgt>1. The areag;=38.9 is that for whichpgg(1t)| ~ CESSEs. _ . . .
achieves its maximum, which is approximately equal to 0.5 In this section, we consider the atomic response following
of the initial density. The ared,=4.81 is chosen to maxi- Wo pulses centered &=0 andt=T(T,=0 andT,=T).
mize the relative contribution of spontaneous processes. (PNe key point to remember is that the relevant time window
was obtained by maximizing the ratjg,/p3°, wherep,, is for wh_lch the m_odulatlon is restored is of or(_je?c(u)* -
the maximum of the exact expressi4), which occurs at Thus it is possible that the Doppler dephasing associated

wgt~1, andp?S is the maximum of the asymptotic expres- with spontaneous emission no longer plays a critical role in
A ' mo killing off the Fourier components, since this dephasing is
sion (3.19 occurring atwqt>1.

negligible on a time scalesqu) ~1. We shall see this to be
the case; as a consequence the Fourier components at the
“echo times” have contributions fronboth the stimulated
and spontaneous terms, even &yT>1.
In Sec. lll, it was assumed that any Doppler dephasing The Fourier components of the density at tintesT,
was negligible on the time scales under consideration. In thiz>I' ~* following the second pulse can be written as
section, we look at the limit in which

IV. TWO FIELD-INTERACTION ZONES

Pag(5:P.1)=pgs (,p,1) + pg Y (5,p,1) + pgg (S,p.)

qQuU> wq, g, (4.1 +pP(s,p,t), (4.9

whereu is the width of the velocity distribution in the direc- where pgg)(s,p,t) represents the contribution from stimu-
tion of g. To be specific, we take the momentum distributionjated (K=S) or spontaneouskK=D) processes following
asW(p) =W, (p.)Wq4(Pg); the second pulse that depend on the stimulatedS) or
spontaneousl & D) component of the ground-state density-
matrix Fourier components that were created by the first
pulse. Consider, for examplep(s(s,p.t). Using Egs.
(2.119, (2.17), (3.1), and (4.2), one finds that the Fourier
component

1
Wq(pg) = e Pg(mu? 4.2)

~ Jamu

is the distribution of momenta in the direction gf and

W, (P,) is the distribution of momenta transverseqoBy pgsgs(s,t):f dp pi53(s,p.t), (4.5
combining Eqgs.(3.4) and (4.2), one finds that, following a

single pulse, the Fourier components of the density are given

by is given by
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IICRIEDY exp[—nzqzuz[s(t—T)Jr(s—s’)T]2/4}Z exp{—2i wg[ /1~ (s—s')/2]
s’ 1

X[s(t=T)+(s=s" )T}z, (01/2) I3/ —s+5)( 01/2); exf —2iswq(t—T)(/,—s'/2)]

X J2/(0212)35(,—511(0212). (4.6)

When the time separation between pulses is larger than the St=<1/nrqu).
inverse Doppler width,

quT>1, (4.7)

the average over momenta leads to a nonvanishing contribelthough not indicated explicitlyét is a function oft,n,n’
tion only if andT.
Sincenr=s, Eq. (4.10 implies that the Qr)th Fourier
S(t=T)+(s—s)T=(qu) " (4.8 component(=1,2,3...) isnonvanishing in the vicinity of
the echo time. For example, iif=1, all the Fourier compo-
nents contribute near the echo timesn’'T(n’=2,3...),
corresponding to a macroscopic atomic grating having period
n’ N[2sin@®/2)]; if n=2, the (2)th Fourier components con-
te="-T, (4.9  tribute near the echo timés=n’T/2(n’=3,5,7....), corre-
sponding to a macroscopic atomic grating having period
wheren’ andn (n’>n) are positive integers having no com- A/[4sin@®/2)]. In this manner one can generate macroscopic
mon factors, provided that atomic gratings having period/[2nsin(®/2)]. Note that
condition(4.8) for a nondestructive Doppler phase islas-
sical condition, since it does not contatn The shape of the
echo signal about the echo times and the dependence of the
signal on the time separation of the pulses are determined by

Inequality (4.8) can be satisfied in the vicinity of the echo
timest,, defined as

s=nr,s'=n'r, (4.10

wherer is an integer. Setting

n’ effects related to quantum scattering, but the adngdtion
St=t—te=1— FTv of the signals is determined by classical considerations only
[8].
and using inequality4.8) and Eqs(4.10, one finds that the Using Eq.(3.29 for the sums over’; and/’,, one finds
Doppler phase is nondestructive for times that, atst=t—(n'/n)T,

pag (N1, 8t) =1 exp — (Nrquat)>/4{ Iz (s [ 01 SiN(b7 (NT 8T+ (= 1) "M Iy [ 61 COLr (N 51)/2)]}
X{ e[ 02 SINT i J2)T+ (= 1)™ "0 [ 02 COST 7 /2)]}, (4.13)
where ¢ is a Talbot-Lau phase, defined as
dr = (N —NwgT. (4.12

It is easy to show that the Fourier componaé@s(nr,étzm does not vanish fas# 0. We shall return to this point shortly.
The remaining terms in Ed4.4) can be evaluated in the same manner, and one finds

pag(NF.8LT)=D(S)F(T), (4.133
O (ot)=3 exd — (nrqudt) /41 Iy -l 61 sin(¢r(nrét)/2)][1+Cgpr (nrét), —r(n'—nwy/T)]+(~ 1)r(n’7n)~]2r<n' -n)

X[ 61 codpr(nrot)/2)][1—C(er (nrét),—r(n"—n)wy/T)]}, (4.13b

F(T)=3{Jam/[ 62 SIN(r 71 J2) [ 1+ C(r i, 0q /T ]+ (= 1)™ Jprn [ 65 COS 1y J2)1[ 1= C(r i, g /T) 1},
(4.130
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where F(T)=212(~ 1) o [6,][ 1~ C(r by O],
$r,= (N —NawgT. (4.19 (4.19

which is to be compared with Eq3.18. The Talbot-Lau

Result(4.133 is the product .Of a termy (ét).’ giving_ t_h_e ependencé&(T) [see Eq(4.130] is qualitatively similar to
time dependence of the Fourier component in the vicinity o he Talbot dependence gf,(s,t) [see Eq.(3.4]. In the
99(Ss (3.9)].

the echo time, and a tern,(T), giving its dependence on limit that ® <1, and forTngl [Eq. (4.19] Orthgl [Eq.

the time separation of the pulses. : ' (3.18], the agreement is quantitative.
We consider these terms separately, starting @igiot). For the case of counterpropagating waves=(m), the

Vaishing contibuton to the.atorio density only for tmes d€PeNGeNcE(T) i pltted n Fg. 3 fom—1; ~1(s=nr
9 y only =1) andn’=2. The pulse ared,=7.52 was chosen to

- -1 -1 -1 ST
zlﬁtE(qul)13<wdd <“’qt - In this limit, and for eg/I" o linive F(T), while the aread,=10.75 was chosen to
» Eq.(4.13 reduces to maximize the contribution from spontaneous processes. The
d(st)=exd — (nrqudt)2/413o..., [0 nrot)/21. value 6,=10.75 was obtaln_ed by maximizing the rqﬂo
(90 =ex —(Nrquot) Al -l b1 )(4]13 Fm/F2%, whereF, is the maximum of the exact expression
: (4.130, which occurs atoqT~1, andF 7 is the maximum of

Comparing this expression with E¢1.3), one sees that the the asymptotic expressia#.17) occurring atwqT>1. The
atomic density near the echo times mirrors the atomic den@mplitude of the second harmonic is as large as it was for a
sity in the time intervabt following the first pulse. Thus the Single interaction zone.

dependence of the Fourier componertnr near the echo

time can be understood in terms of the dependence ditthe V. SUMMARY

Fourier component at a timét following the first pulse. In
this time interval, only those Fourier components having

=< 61wq/qu are created with nonnegligible amplitude. . . ; )
It is important to note that the recoil dephasing respon_mteract with an ensemble of atoms. Atomic motion during

sible for the "washing out” of the spontaneous contribution th€ Pulse is neglecte(Raman-Nath approximationas is
in the Talbot effect plays no role here, since it is negligibly SPOntaneous emission. As a result of the atom-field interac-
small in the time intervabt~ (qu) L. The recoil dephasing tions, th_e total atomic densn_y acquiressignificant spatial
during the spontaneous decay of the excited sthtespro- _modulatlon that can be att_rlbutable so!ely to matter-wave
vide a small correction to Eq4.15 for st=0. It follows interference—the signals arise only for times greater than or

We have described a type of matter-wave atom interfer-
ometer(MWALI). One or two standing-wave, resonant, pulses

from Eq.(4.13 that, to lowest order inog /T <1, comparable to the inverse recoil frequen«aﬁl or wgl.
Spontaneous processes destroy the periodicity of the Talbot
<I>(5t=0)~1(—1)r(”"”)[r(n’—n)wd/F]2J2 ( 1(61) or Talbot-Lau signals. However, for sufficiently long times,
5 r(n’—n .

the spatially modulated atomic density becomes a periodic
(416 function of wyt (Talbot effect or wyT (Talbot-Lau effeck
This is a small effect that might be difficult to measure ex- To observe the Talbot effect discussed in Sec. I, one can
perimentally. use a highly collimatedqué,< w,) atomic beam that is sent
We return now to the dependence of the Fourier Compothrough a field-interaction region. The fields can be pU|SEd, if

nents onT, given by F(T). The echo configuration consid- necessary, to ensure that the interaction time is much less
ered in this section is the same as that which leads to th&an the excited state lifetime. The modulated atomic density
Talbot-Lau effect. In thelmatter wave Talbot-Lau effect,
the atomic density is a periodic function of the time separa-
tion between the pulses. In contrast to the normal Talbot-Lau - 0,=7.52
effect, density(4.133 is not a periodic function ofT, owing
to the spontaneous contributions E(T). However, for

pulse separation¥>w4', the spontaneous processes Nno P
longer contribute td-(T) and one finds the periodic depen- h i
dence - /\

. . B e I~ CASVane

F(T)=~3{J2m/[ 02 SIN(r b7 J2)] | 0,210.75
+(=1)™ Iy [ B2 cOLr prLJ2)1},  (4.17) -3
I0 1 I4 1 Is 1 I12
which is reminiscent of Eq3.15. For shorter pulse separa-
o, T

tions T<< wd_l, the functionF(T) builds up as

, FIG. 3. A graph of the functiofr(T) that gives the dependence
F(M~15(—1)™ I (8)[r(n" =N weT]* (418  of the Fourier componeny,(1,8,T) on the separation between
pulses. The pulse argg="7.52 is chosen to maximiZe(T), while
[compare with Eq(3.17]. When the angle betwedqy and  the areas,=10.75 is chosen to maximize the relative contribution
ko is small, one finds that, fof ~wy '<wg*, from spontaneous processes.
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can be monitored by scattering a probe field off the atoms or This situation differs from that involving phase gratings
by directly depositing the atoms on a substrate. One mightn open two-level transitions. Imagine that the atoms have
also contemplate doing this experiment in the time domaintwo ground stateg andg’, to which the excited state can
using a Bose condensate. The Talbot-Lau effect can be oldecay, but that the field drives only tlpe transition. By
served either in the spatial domafnsing an atomic beam using a far detuned field, spontaneous emission to state
having an appropriate angular divergenoein the time do-  can be suppressed by a factd/()2. Following decay, but
main, using a laser-cooled and -trapped vapor. for times much less than the inverse recoil time, the popula-
Finally, we would like to comment on the fact that the tion densityp, is spatially modulated to ordef’(A)?, as is
Talbot-Lau Fourier components, do not vanish identically forpg, o, , but the total density dyq+pgrq/) is uniform. The
ot=0 [see Eq.(4.16]. The amplitude of these components opening of thee-g, two-level, system in this case has noth-
at 5t=0 is of order @q/T)?, reflecting the contribution of ing to do with quantum scattering effects.
recoil dephasing on the time scale of the excited-state life-
time. Although we _dld not give the equation in the text, there ACKNOWLEDGMENTS
is also a contribution to the Talbot Fourier components of
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