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Measurement scheme for relative phase diffusion between two Bose-Einstein condensates
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We propose a method of measuring diffusion of the relative phase between two Bose-Einstein condensates
occupying different nuclear or electronic spin hyperfine states coupled by a two-photon magnetic-dipole
transition via an intermediate level. Due to the macroscopic quantum coherence the condensates can be
decoupled from the electromagnetic fields. The rate of decoherence and the phase collapse may be determined
from the occupation of the intermediate level or the absorption of radidi&#050-29479)50404-9

PACS numbg(s): 03.75.Fi, 05.30.Jp, 42.50.Dv

In this paper we propose a method of measuring the difstudies of coherence properties. The atom-atom interactions
fusion of the relative phase between two Bose-Einstein conin finite-sized BECs affect the matter wave coherence. The
densate$BEC9 formed in different hyperfine states of the vv_|dth o_f the number distribution in the ground state has_ a
magnetic-dipole transition via an intermediate atomic Ievel.‘z’h""‘?‘,e undergoes quantum c'ollapses and “?V'msla-

Due to the macroscopic quantum coherence of the BECs t dditional sources of phase diffusion are spatial mode fluc-

two-photon transition between the two hyperfine states i?uat|0ns[14] and finite temperature decoherence due to the

. i nteractions between condensate and noncondensate atoms
suppressed by quantum interference effects. This effect is g 16.

similar in origin to that occurring in electromagnetically in- = | this paper we consider a system closely related to the
duced transparend§IT) [1,2] and lasing without inversion  recent experiments of overlapping BECs in different hyper-
[3]. Atomic interactions give rise to phase diffusion and de-fine levels coupled by a two-photon transitigh-9]. Analo-
stroy the coherence, so that the two-photon transition is hgous BEC pairs could possibly be produced also in dipole
longer completely suppressed. The rate of phase diffusiotfaps [6]. As a consequence of the macroscopic quantum
may be determined by monitoring the population in the in-coherence of BECs the two hyperfine levels coupled by a
termediate level or the absorption rate. two-photon transition exhibit two-photon coherence. By ad-
Since the first realizations of dilute gas alkali-metal BECslUSting the initial conditions of the BECs and the driving
[4] the experiments have been broadened to include two- arffectromagneti¢em) fields, the atoms in the BECs can be

multiple-condensate systenj§—9]. Myatt et al. [5] pro- decoupled from the em fields. However, as a consequence of
duced two overlapping BECs dff=1m=—1) and [F  the decoherence and the collapse of the relative phase the

—2m=2) states of®’Rb using sympathetic cooling. The two-photon coherence is reduced, and the cw em fields start
stability of this pair is due to an unexpectedly small inelasticinducing atomic transitions. This provides an excellent

collision rate between these stafg)]. Recently, another scheme for measuring phase dynamics in the present experi-
BEC pair of|1,—1) and|2,1) states of’Rb has been realized Mental setup$7—9]. The two-photon coherence of two op-

at JILA [7—9]. These two states have essentially identicalfically coupled BECs has been previously predicted to result

magnetic moments and an adjustable spatial overlap allow Various dramatic properties of the scattered light,18.

ing the creation of a fully interpenetrating binary mixture. Measurements of magnetic coherence-related phenomena in

An especially interesting property is that these two BECs catomic BECs have been previously addressed, e.g., in spin-
be coupled by a two-photon transitiéane microwave and polanze_d hydrogen19] and in the electronic spin resonance
one radio-frequency photpn of alkali-metal gase§20]. _ ,

In general, inelastic collisions will limit the possibilities ~ We consider a three-level system with the energies of
of magnetically trapping BEC pairs. However, optical dipole |€Vels 1), [2), and [3) denoted byw;, w,, and w;. The
traps, which use optical forces to trap atoms, have a majofea@k microwave or rf cw em field8, and Bg induce
advantage over magnetic traps since they can stably trap gRagnetic-dipole transitions between the levels:2 and
oms in arbitrary hyperfine states. An evaporatively cooled?—3. respectively. For simplicity, we assume that the radia-
23Na gas has been succesfully confined in a dipole trap withive lifetimes are long, so that the level widths can be ig-
a simultaneous observation of BECs in several different hyhored. The EM interaction introduces the following terms
perfine state§6]. into the Hamiltonian density:

A fascinating property of BECs is that they exhibit a mac- — T T
roscopic quantum coherence that is absent in thermal atomic em=~ 12 Bat1¥2 pog Beayst H.C., @
ensemblegll]. Since one needs a phase reference to obserwghere ¢;(r) is the field operator for the hyperfine staté
a phase, binary mixtures of BECs are especially useful in thendﬂij denotes the magnetic moment for the transitienj .

We consider a situation where two macroscopic, perfectly
overlapping BECs occupy level$) and|3) and level|2) is
*Present address: Abteilungrf@uantenphysik, UniversitdJim, initially empty. In Refs.[7-9] the double BEC system in
D-89069 Ulm, Germany. levels|1) and |3) is prepared from the single BEC in state
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|1) by a two-photon transition. If the occupation of ley2l ~ where the Rabi frequencies are given by,
is small, the collisional interactions are mainly between at=2[d% ¢3 ¢y uo1-Balti, Qg=2[d°r ¢ paprs-Bg/h, and
oms in levels|1) and |3). We write the interaction Hamil- Im denotes the imaginary part. For simplicity, in Ed) we
tonian density in terms of the field operatogg(r) and have set), and Qg to be real. Here the equations corre-

P3(r), spond to the cascade or ladder three-level system with
<wy<wsz. In the case of a\ (V) three-level scheme the
o Yi oy Tt sign of 85, (J,;) should be changed. The dominant mean-
H'“t_i;m 2 Vi it Uashnibsibsihn, @ field contribution of the BEC self-interactions is to shift the

resonance conditions in Eq&ld) and (4e).
where u;=47%2a;/m. We could directly obtain the equa- Level |2) is assumed to be initially empty and two BECs
tions of motion for the condensate mean fields from @y.  occupy leveld1l) and|3). The off-diagonal elements; de-
but the interactions are significantly simplified in the case ofscribes the macroscopic coherence between the two BECs.
approximately equal scattering lengths resultinguir=u;  As explained earlier this collapses and decoheres due to the
=u;;=u. In ®Rb [7,8], the scattering lengths satisfy atom-atom interactions. We have included the effect of the
a;:a;3:83::1.031:0.97, wherea, (a;) denotes the in- decay of the matter wave coherence in E4).in terms of a
traspecies scattering length for stfite-1) (|2,1)), anda,zis ~ phenomenological damping parametein the equation of
the interspecies scattering length. We approximate the fielthotion for o3;. This damping parameter includes contribu-
operatorsy; (r)=¢;(r)b; for levels|1) and|3) in terms of the  tions from both the quantum effects of BEC self-interactions
BEC annihilation operatob; and the corresponding spatial and collisions between condensate and noncondensate atoms.
wave functiong;(r). It is also assumed thap, = ps= ¢. We assume that these dominate other damping mechanisms
Our aim is to write the equations of motion for the expecta-as long as the population in levi@) remains small.
tion valueso;;=(b/b;)/N, where the total initial number of ~ For an initial condition for Eq.(4) we setoy;=o03;
BEC particles is denoted by. The effect of noncondensate = o31=1/2, indicating a well-established coherence between
atoms is treated by a phenomenological damping in the equdbe two BECs with a vanishing relative phase. This corre-
tion of motion for the coherence between the two BECs. Bysponds, e.g., to a situation where a BEC is first prepared in
approximating the scattering lengths to be equal and by adevel |1) and half of the BEC atoms are then coherently trans-

suming(b3b,)<N we may then approximate the interaction ferred to level|3), so that the atoms remain entangled. Ini-
Hamiltonian[Eq. (2)] by tially there are no atoms in the intermediate lewghb=0.

The em fields are two-photon resonani,{= — 63, and
he . . -_ QA=—Qg=Q. Itis easy to see from Ed4) that for y=0,
Him:7(N2—N—2szbz), (3 this corresponds to a steady-state situation. Both BECs are
decoupled from the em fields and the absorption described
by Im(o,1) and Im(o3,) vanisheg21]. However, for non-
zeroy, Im(o,q) and Im(o3,) also become nonzero, and at-

WhereN=EibIbi is assumed to be a constant of the motion
andfk=ufd%|¢|*. We see that for perfectly overlapping

. : ; ms start accumulating in lev&?) due to the absorption of
BECs with approximately equal scattering lengths the effec . . ]
of BEC self-interactions is strongly suppressed. Finally, thegm radiation. The phase damping parameteray be deter

. ) = o mined by measuring the oscillations of the em fields or the
detunings are defined b§,1=wp— wy and dz3,=wg— wa», S
n is the  th fielB. (B dih population in level|2).
){N er?[.wA(“;B) IS the rebqtiency Oth € f:e Af.( B)I an I&ze Equations(4) may be integrated numerically, but it is also
ransiion requency between the hypertine leve illuminating to look at analytic estimates. We consider a situ-
(23) is wy; (w3y). In the rotating-wave approximation we

. . , ) ation where the em fields are resonadt;+ N«= 53— N«
thgn obtain the following equations of motion for the eXPeC-_ 5 and the damping is much smaller than the Rabi fre-
tation valuesos; :

quency(). We look for an exponential solution to E@) to
: leading order in the small parametgl(). By also determin-
011=QaIM(020), (43 ing the coefficients to first order in/Q) we obtainogy(t),
describing the matter wave coherence between the BECs as

T2= — QalM(0p) + Qg IM(03), (4b)
. 1 v
=—Q0glm , 4c oy()=—e 3MWi_ e MBgin\20OL). (5
033 gIM(o3) (40) 31(t) > 820 n(
) . I A IQB
091= — (0t Nk)op+ T(Uzg— o11)— 5 s The absorption of the field, is proportional to
(4d)
Y o Y o
: _ iQg iQa Im{o()]=— g€ Sy 30 ¢ "8 cog \2Qt). (6)
03~ ~1(83~ NK) 03yt — (035~ 020 + —— a1,

(49 The absorption results in oscillating em fields with the am-
_ ) plitude of the oscillations given by/(8Q)e~ "8, The real
Q4 iQg parts satisfy Rer,,(t)]=Rg o35(t)]=0. Finally, the occu-

r31=—i( 83+ 81— i +— 0 — 4f > > :
0317 ~1(Fg2t 621~ 1) 01 2 782 T T (4) pation in level|2) is
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x10~° rendered almost transparddt2]. The transition amplitudes

' ' ' ' driven by two oppositely phased em fields destructively in-
terfere. The effect of the medium on the em fields is can-
celed. The crucial quantities for the interference are the co-
herencesr,; and o3, describing the transition dipole matrix
elements excited by the driving em fields. In EIT the coher-
ence between leveld) and |3) is present only as a conse-
guence of the em coupling via levi@). For BECs in hyper-
fine statedl) and|3) the coherencers, is present from the
start without being created by the driving fields due to the
macroscopic matter wave coherence. As a result, the em
fields coupleos, to the oscillating dipoles. The presence of

0 02 oa 05 0B 1 the macroscopic quantum coherence of BECs can then com-
(a) Time (in units of 1/) pletely inhibit the em fields from establishing any coherence
between level$l) and|2) or [2) and|3). On the other hand,
the rate at which coherencesy; and o3, are induced de-
scribes the decoherence rate of BECs.

Although so far only a two-photon coupling between a
BEC pair has been experimentally implemented, one may
wonder whether the coherence of BECs coupled by a single-
photon transition could also suppress absorption in such a
N way that the phase diffusion rate could be measured. In the
absence of matter wave coherence between lggglsand
0.05} 1 |g’), a driving em field will start inducing oscillations of the
atom numbers if the population is initially unbalanced or if
the em field is nonresonant. The macroscopic quantum co-

- : - : herence of BECs in levelg) and|g’) results in a nonvan-
(b) 0 0.2 Tir?{:(in units 02‘?/7) 08 ! ishing.initial valug ofagg . For .ar.\.unbalanced population
and with appropriately selected initial valuesaf, and the

FIG. 1. Particular example of the response of the medium in thedetuning, the absorption may be completely canceled accord-
case of)=20y. (a) Im[ 0754(t)] proportional to the absorption of the ing to the Bloch equations. Instead of being due to the quan-
em radiation from the field driving the transition between ley&ls  tum interference of transition amplitudes, the cancellation of
and|2). (b) o,(t) proportional to the population of the intermediate the absorption in this case results from the suppression of the
level. The em fields are assumed to be resonant. phase rotation of the dipole matrix element. As the coher-

ence is reduced due to the phase diffusion, the absorption
1 y becomes nonzero and the population balanced. However, the
op(t)==(1—e 34— e MBsin(\20t). (7)  validity of the present formalism is questionable in the case
3 4420 of significant population imbalance, because the BECs may
then occupy different spatial regions.
Due to the decoherence of the BECs the em fields absorb In recent experiments Hadit al. [9] studied phase diffu-
radiation and atoms start occupying ley®l. By measuring sion in a binary BEC mixture of’Rb. A BEC was first
the number of atoms in staf®) at timet, after switching on  prepared in leve|l,—1) and a part of the condensate was
the driving em fields, one could determine the damping ratehen transferred to levé2,1). The relative phase between the
of the matter wave coherenage Alternatively, the damping two separated halves was determined by interfering the at-
rate could be observed from the amplitude of the oscillatingoms at a later time. The phase diffusion rate was estimated
em signal. by varying the evolution time of the two BECs before the

In Fig. 1 we have plotted one example of the signal cor-interference measurement. In every interference measure-
responding to a particular val§gé=20y. We plot Inf a54(t) ] ment the BECs were destructively imaged and the repetitions
and o,5(t) obtained by numerically integrating E@) for  of independent runs produced information about the uncer-
8,1+ Nk=35,—Nk=0, and for the initial conditions tainty of the phase. Only weak phase diffusion was observed.
011(0)=033(0)=03:(0)=1/2 ando,;1(0)=03,(0)=0. The In addition to the environmentally induced decoherence
oscillating signakl@ and the accumulating population in the due to the interactions between condensate and thermal non-
intermediate levelb) are clearly observed. The graphs arecondensate atomd5,16], the quantum collapse due to the
also well represented by the approximate analytic result8EC self-interactions has an important effect on the phase
[Egs.(6) and(7)]. diffusion[12,13. This rate dramatically depends on the rela-

If the fields are off-resonant from the intermediate leveltive strengths of the three scattering lengihs a5, anda;s
|2), the absorption of the radiation and the occupation of statén Eq. (2). Under conditions where the scattering lengths are
|2) are reduced, but Ret,) and Regg,) are, in this case, equal, the two BECs are perfectly overlapping, and only lev-
nonzero. els |1) and |3) are occupied; the interaction Hamiltonian in

In EIT the interference between the off-diagonal densityEqg. (3) depends only on the constant total atom number. This
matrix elements leads to an initially opaque medium beingsuppresses the phase collapse. If the mean-field contribution

0.15f ]

o1f 1
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of Eq. (2) vanishes, Eqg4) may also be define@ithout the  due to the technical noise in magnetic fields. In that case
termsN«k) in terms of the expectation values for the total may have to be determined by an ensemble of measure-
field operatorSTijEfd3r(¢i*(r)¢j(r))/N. ments. Another experimental challenge may be the assump-

A two-photon transition between a BEC pair @f—1) tion of the spatial overlap between the two BECs. In the case
and|2,1) states of*’Rb has been implemented via leV2J0)  of magnetically trapped’Rb the BEC pair ofl1,—1) and
[7-9]. This intermediate state for the two-photon coupling is|2,1) states may easily separ48. Nevertheless, it is easy to
untrappable. The atoms if2,0) can escape the trap. This see from the Thomas-Fermi solutions for the binary BECs
would correspond in our scheme to an additional damping that, at least in the Thomas-Fermi limit, the overlap of the
for level |2). If the population in leve]2) is small, this damp-  ground states can be perfect, even if the two BECs “see”
ing would be approximately independent of the number ofyyq different trap frequencies. It is also important to empha-
atoms in[2). In that case we could add the following addi- gj,¢ that in our measurement scheme, in the case of resonant
tional term to EqQ.(4b): =" —T'og,. Then the phase oy fie|ds; the initially equal occupation of the two BECs
diffusion could possibly be measured by monitoring the o ing equal also at later times, so that the relative spatial
tnhuemabtg:nc;f raetrcr)lg]ii:;?r?ﬁ):\? d$T¥§2n|§%2§ oor;)t}ilc;?gin;g]lg volume of the_ condensate wave functions does not change.
traps[6] can stably trap atorﬁs in arbitr:ari/ hyperfine levels In conclusion, we have propose_d a r_nethod of measuring
Suitable BEC pairs, without losses of atoms, could possibl.the “phase memory” of a BEC pair. -Thls method relies on

’ X he quantum interference of transition amplitudes and is

be produced in dipole traps to |mplement. the. PrOPOSELimilar in origin to that occurring in EIT and lasing without
scheme for the measurement of the phase diffusion. inversion

Unlike the previous measurements of phase diffu$fin
our model may, in principle, allow continuous and nonde- We would like to thank M. J. Collett for helpful com-
structive monitoring of the phase dynamics. However, inments. This work was supported by the Marsden Fund of the
practice it may be difficult to realize the two-photon reso-Royal Society of New Zealand and The University of Auck-
nance condition over the duration of the experiment, e.g.land Research Fund.
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