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Optical measurements of the condensate phase
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We propose a light-scattering scheme to measure the relative phase of atomic Bose-Einstein condensates and
its diffusion rate. The proposal relies on the existence of two independent condensates coupled to a common
excited state. To this end, we consider a two-well ground-state potential together with excited-state trap wave
functions that extend over the whole region. When the first trap is driven by a weak monochromatic laser field,
the light scattered from the second trap has a nonzero mean-electric field amplitude with a phase shift propor-
tional to the difference of the condensate phases. When both condensates are driven, the phases of the two laser
fields can be adjusted to cancel the scattering completely by a quantum interference. The particular value of the
laser phase difference that gives zero scattering determines the relative phase of the two condensates.
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The impressive progress in laser and evaporative coolinthe laser-excited atoms have enough time to travel from the
of atoms has recently resulted in the experimental realizatioregion of one(ground-statepotential well to the other; this
of a Bose-Einstein condensatBEC) of cold rubidium[1], is the primary criterion that we must fulfill. How can this be
lithium [2], and sodiun{3] atoms. These experiments have arranged? The excited-state potential could be formed by us-
established that a macroscopic number of atoms occupy tHeg the dipole force from an additional laser that couples
lowest-energy quantum state of an atom trap, without prot€) to another excited levgf ), with a red detuning. Excited
viding any further information about the condensate wavedtoms created in one trap would then be accelerated along
function. The majority of theoretical work on the BEC in a the z axis that connects the two ground-state minima. The
weakly interacting Bose gas utilizes mean-field theery],  trap frequency is controlled by the intensity of the additional
where the ground state of the condensate is predicted to be iaser. We require that the resulting excited-state trap fre-
a coherent state with a well-defined phase. Many interestin§uencyw; (> wy,w,) exceed the effective linewidth of the
physical phenomena, such as superfluidity and the Josephsgicited statg¢e) and assume that the probe fieldea) reso-
effect, are associated with the phase of the condensate. It igntly couple the two condensates to excited trap states with
therefore interesting to measure and monitor the time evoluthe sameq, quantum number, wherg= (d,dy,q,) labels
tion of the condensate phase in atomic BEC experimentthe trap eigenstates. Clearly, |#) is an electronically ex-
using a nondestructive method. cited state, its natural linewidth is going to provide a lower

We propose two related schemes for measuring the phag®und onw, . Alternatively, if |e) were stable, for example,
difference between two independent condensates. BotAnother hyperfine level of the ground state, this would be
schemes rely on the fact that coherent light is generated bigleal. Such a state could be excited from the condensate by
an absorption-emission cycle between initial- and final-statéesonant two-photon Raman transitions, and this suggests an
condensates. Our goal is to illustrate in principle how these

generic schemes give information on the relative phase of
two condensates. To be concrete we will present an analysis \ /
of what is probably the theoretically simplest configuration. le> S Gz

The limitations that are necessary to impose along the way,
such as a relatively stable excited state, suggest alternative
configurations that may be more practical. However, as these = ELo
are not different in principle, we choose the simplest setup as
a basis for our discussion.

We envisage a two-well, spatially separated, ground-state lg>
potential along with a single-well excited-state potential that Trap 1 —_— Trap 2
extends over the regionR; and R, of both ground-state
potentials(Fig. 1). Non-overlapping probe laser fields are g1, 1. The ground- and excited-state trap potentials that we
used to weakly excite the condensates in either trap. As demyision. The ground-state trap minima are assumed to be separated
scribed by Ketterle and co-workers, the use of a strong bluepy at least a few optical wavelengths, so that each trap may be
detuned lasefcoupled to an atomic stafé;)) would realize  accessed independently by two laser fields. To satisfy the long life-
the described ground state potentigd3. The excited state time requirement for the excited std), it might in practice be
|e) of the probe transitions must be relatively stable so thahecessary to use two-photon transitions.
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alternative configuration in which the excitation and deexci-whereK(r,r’) is the appropriate propagation kernel for the
tation stages of the cycle between the condensates are eagtnfiguration of two ground-state trapg], t,e; is the re-
made using Raman transitions. The intermediate propagatia@arded timed is the trap separation, and the origin is chosen
between condensates takes place in a stable hyperfine levgldway between the traps. The integration is taken over the
with acceleration provided by dipole forces. In this case, w&olume of the respective traps. The next step is to obtain an
have a field tunable excited-state lifetime that eliminates th%xpression for the excited-state operators that is correct to
long (single-photon lifetime requirement and enables Us t0 first order in the incident classical fields. As stated before, we

keep the medium optically thin. are interested in resonant coupling to a set of quasimetastable

. Rletuzrnlng to om;rl bals,l_c modlel,dwe Ss;]ume thg\t ogly %xcited state$e,qx,qy,qz>, all with the sameq, value; in
single ceeman Sublevel IS INVoIved In both ground and exy,;q case, it is convenient to work with mode operators for
cited levels. In general, two weak, resonant monochromatic

light fieldsE, 4(r) andE_,(r) excite the two wells, which we he€ excited-state trap potentiale(r,t) = Sqpq(r)ag(t).

label 1 and 2, respectively; these classical fields do not oversince we are interested in near-resonance conditions, the
lap spatially. We start from the Hamiltonian lifetime broadening of the excited state needs to be included

in the effective detuningd wq=(wo+ wq—w ) —ilqet/2,

- 5 s : . . wherel’, .11 is the Bose-enhanced collective linewidth of the
HZJ d>r __212 Pai(NHE M (N Pgi(r) + Hyg gth trap eigenstate. We remark thBy, .¢; depends on the
e particular trap state under consideration via the overlap inte-
+,:/,;(r)(|_|g_m_(r)+ﬁwo) Po(1) gral betweenqbg(r) and the condensed ground-stateap)

wave function. Equatioi2) can then be integrated to give
_i;”D(+)'%(r)'}l(r)l}gi(f)+H.c. , 1)

~ I t 1 "
a.(t)~— dtneflAwq(tft )
where HY (r) and H¢ ., (r) denote the center-of-mass alt) ﬁfo

(trap single-particle Hamiltonians for the ground- and
excited-state atoms, respectivel}A/Lgg is the Hamiltonian xfd3r”D*~
density for the interactions between ground-state atoms.
D=D(*)+D() denotes the dipole moment a&(r) is the . d
electric-field operator. The atomic transition and laser fre- X‘I’gl(r”— 5) + g
guencies are given by, and o, respectively.z}gi(r) de-
notes the ground-state field annihilation operator forithe
potential well §=1,2). For simplicity, we assumed a single-
photon coupling between the ground- and excited-state at-
oms in Eq.(1); extension to the practically more important
two-photon transitionsdescribed aboves straightforward.  \here we have ignored the contribution from the initial value
_ We introduce slowly varying field operators by setting of the mode operataflangevin noise terjn The expansion
pe=Vy, =V '“t', and E=EMe o'+ E(Del“lt,  uysed to obtain Eq4) is valid as long as the medium remains
The atomic field operators in the rotating frame obey theoptically thin; we will discuss the validity of this assumption
Heisenberg equations shortly.

We now substitute Eq4) back into Eq.(3) to obtain our
- i A i principal result,

d d
<”3*(f ‘E)Eﬂ(r ‘z)

n d + " d
r +§ Eflr +§

4

i " A
gi gHgm.qjgi+gD7'E7\I’e_ %[‘Pgiv?—{gg]
i t
X He n i A ~+ :I_ J 3 /J 3 //f ret —iAwy(trei—t")
\Ifez_i<(1)0 L+ ;i'm' \Ife+g D+.E+\I,gi, ESC(r,t) ﬁ% d°r d°r o dt"e qi'ret
i=1,2

2 d d
X1 kg r,r’—z,r”—2
where a rotating-wave approximation on the electric field has
been made. Following Javanaini)7], we express the scat- ~o . . ,
tered field amplitude in terms of the atomic field operators XW | r'= 5 lret Wai| 1= 5t
. d\ . d d d
Egc(r,t):j d3r’ K(r,r/_E ‘I’gl(f'—z.tret) +kg(r,r +§,r _5)
T ’ ’ d 1t ’ d T ” d ”
XWelr _Eitret +K{r,r +§ X\sz r +§atret \Pgl r —E,t
It ’ d T ’ d + + ” d
XWgol 1 +Ertret Wl r +§,tret , (3) XDV-Eq|r —3 +[1-2d«—d], 5)
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where the last term in parentheses is obtained by interchang- When the phase diffusion rate of the condensate atoms is
ing the subscripts 1 and 2, and- —d in the previous ex-  slow on the scale of the inverse effective detunikg,*
pression. For compactness we have defined an adiabatic elimination of the excited-state atoms may be
€0 1 PN e e pek (on ) carried out. In this limitt”—t,e, and fe'dt"e "4 @altre=t)
Ka(T I = (1) dg” (rK(r.rY). © —1/Awq in Eq. (5). We will assume that such an adiabatic
The quantum interference and nonlocal correlations betweeglimination is valid in order to describe the light-scattering
the two condensates are apparent in ). If retardation schemes we propose:
effects are negligible one may sgt,=t [7]. We note that (a) Excitation of trap 1 only(E, ,=0). We assume that
the excited-state potential is likely to be strongly asymmetridaser 1 is used to excite trap 1 only, and only the photons
with wy,wy<T'g o¢, Which implies that manyy,,q, states emitted from trap 2 are collected. In terms of E5). we may
will contribute to the scattered field. The scattering therefordormally put terms that depend on creating ground-state at-
carries information about nonlocal atomic correlations alongoms in trap 1 equal to zero. The part of the scattered field
the z axis only. that is detected is thus given by

=+ 3,7 3.1 N ' d ” d + ” dj - T ’ d T " d
Egeor,t)y=| dr" | d>r" Alr,r LT B P L Wl 1 t ot Wl 1 ot (7)
|
where the tensor (b) Excitation of both trapsAlthough both traps are ex-
cited to a common electronic excited state, for simplicity we
K(r,r’) will assume that only photons scattered from one of the

A e — + g€rpr ex .1
Ar,ri,r )—Eq: hAw, DY ¢q(r) g (r"). (8 traps, say trap 2, are detected. The scattered electric field is
given in this case by
In contrast to scattering from independent atoms, the de-

tected scattered fieIdAE;C’z(r,t)) has a nonzero mean value EX r t):f d3r,J Bt

that is determined by the phase difference of the two con-5¢2""" 92

densates. Using the exciting laser field asltual oscillator,

either homodyne or heterodyne measurements may be used ‘*( / 9 " 9) + ( n_ 9)
Alr,r'+-r SEfLr

to measure this difference. For independent condensates ' 2’ 2) 2

nonlocal field scattering will realize a continuous quantum

measurement on a single quantum system, rather than an X 1(r”——,t)

ensemble of systeni8]. While this measurement will fix the g

mean value of the relative phase, it does not unambiguously

'+dt
r E,

X

determine that the condensates were prepared in coherent +Alr r’+9 4 E)E* r”+9
stateq9]. Too2n 2] TR 2
We remark that there will be two contributions to the . d
scattered field: Stimulated scattering of the excited-state at- xquz( r"+-t]|. 9
oms into the ground condensed trap state and spontaneous 2

scattering into noncondensed excited trap states. In principle,

by operating in theboson-accumulation regime.0], where As the laser fields are numbers their amplitude and rela-
the number of condensate atoms greatly exceeds the numbére phase may in principle be fixed, over times short com-
of trap states into which spontaneous emission may occupared to that for laser phase diffusion. We assume that they
the noise due to spontaneous scattering may be effectivegre derived from a common source so that diffusion of the

eliminated. relative phase can be ignored. Now, if we write
We have seen that in the absence of reabsorption or reg"; (r)=E, ,f ; r), then Eg. (9) gives (E;Clz(r,t»:

cattering events, the light scattered from the nonexcited conD* - E;) aponiocalr:t) + (DT Ep) jgeal(r,t). In the pres-
densate has a coherent component due to stimulated scattehce of the BEC in both traps, the mean scattered field from
ing. Since the analysis was carried out to first order in therap 2 is a superposition of contributions due to the excitation
incident classical field, the predictions are valid as long asf the condensates in traps 1 and 2, respectively, and at any
the atomic medium remainsptically thin In the case of particular observation point, can be made to vanish by ad-
optically thick media, a decorrelation approximation hasjusting the amplitudes and relative phase of the laser fields.
been employed to discuss coherent light scattering in RefThis is the general result, cancellation of the scattered field at
[11]. In our case this implies that the coherently scatteredhe point of observation by a fixed pair & ,, the mean

field depends on nonlocal correlations of the fo(rﬁflgz(r’ field being nonzero elsewhere.

+ dI2 tre)) W4y (r" — d/2,t)), which are still sensitive to the ~ We observe from Eqs(3) and(4), that if (We(r,t)) =0,
relative phase of the two condensates. or equivalently(a,)=0 for everyq (with a fixed q,), the
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mean field vanishes everywhere, provided that the factorizaand phase of the coupling may be adjusted simply by chang-
tion <\i,T ¥ >:<\i,‘r ><\i, ), w=1,2, is valid in Eq(3). Us- ing the amplitude and relative phase of the laser fields, re-
gu - € aqu e/ 15y E .

-~ spectively.
ing Eq. (4) one can show thafay) =0, for all g, is possible pA Iimit)::\tion of both methods is the assumed long lifetime
for a fixed pair ofE; ,, under certain conditions. Here we for the excited atomic state. We believe that experimentally
simply quote sufficient conditiond(i) the lasers are plane the most promising method is to use two-photon transition to
waves(over the trap dimensionswith identical wave vec- a stable excited state, as described earlier. In contrast to ear-
tors directed perpendicular to tieaxis, (ii) the two conden-  lier works[6,7], our proposal relies on spatially nonlocalized
sate wave functions are proportion(ai'gﬂ(r+(—)”d/2)> transitions, which in turn requires that we access (rea
«®y(r), w=1,2; and(iii) the excited-state wave functions few) of the excited-state trap eigenstates resonantly, either

and condensate wave function have a well-defined parit))t,’i"(i)t:egnti;?;Jﬁg}ggg?& ga;ﬁggnz.ig\gr?spazetﬁge;?gitgien-
; e _ e e e[ — ) -
"e&) qu(x’y’z))_ = ¢qx(x)¢qy(y) ¢qz( 7) and ®y(x,y,2) state trap frequency along tlzeaxis (w,) must exceed’ ;
x X,Y,—2). z

g

N . using a strong red-detuned laser fi the|e)—|f,) tran-
This scheme based on the quantum interference of th&tior%]) one an obtaifw.~10° s X IsdrT/sicatljw' i§>deter-
dipole moments generated by the two laser fields is th ' 3 ' g

. g , fnined by the laser field intensity that is required to acceler-
nonlocal analog of coherent population trappli@PT) in @ 5t the excited atom so that it travels from one potential well

double lambda scheme, proposed earlier in the context Gf the other (-20 um) in an effective upper-state lifetime.
lasers without population inversigi2]. In the latter, two  The corresponding lifetime&; *~10"1—10"% s may be
strong laser fields pre-fix the relative phase and magnitude of i

) . ) . readily obtainedand tunedif one uses the two-photon tran-
the atomic probability amplitudes in two lower-energy . -
; X . ition between hyperfine states.
atomic states by transferring the atoms into the stable CP‘? In summary, we have discussed related coherent light-
state. Two weak laser fields then couple the two lower stateg, {

_ attering schemes that may be used to measure the relative
to a common upper state where scattering may be observ%%ase of two atomic condensates. Both schemes rely on the

unless a certain phase-amplitude relation exists between t'?’fssumption that the phase of the condensates will not diffuse
laser fields. In the case of CPT systems, the cancellation quring the time of the measurement so that an adiabatic
the atomic scattering remains valid to all orders in the laseg|imination of the excited state may be carried out. Con-
field intensity. Even though our analysis is valid to first or- versely, the proposed measurements may be used to deter-
der, it is clear from the form of Ed4) that the excited-state yine the phase diffusion rate of Bose condensates.
amplitude remains zero at all times, provided that the laser Note added in revisiarSince the completion of this work

fields are turned on adiabatically. Therefore, it is likely that\ye have become aware of a related preprint by J. Javanainen.
even in an optically thick sample, the cancellation of the

mean scattered field could be possible. Finally, we remark This work was supported by the N$R.l. and T.A.B.K).
that this method provides a way to realizgtical Josephson We acknowledge useful comments by W. Ketterle, D. Weiss,
couplingbetween two independent condensates. The strength. Zoller, M. Kasevich, and L. You.
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