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Suppression of elastic scattering loss for slowly colliding Bose-Einstein condensates
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Superfluid suppression of the elastic scattering loss in atomic Bose condensed systems can be significant
when the ratio of the relative velocity of the wave packets to the critical velocity s We show how to
incorporate the effect of such losses and their suppression into the time-dependent dynamics of two colliding
condensate wave packets. We illustrate the magnitude of the effect through three-dimensional simulations of
the collision dynamics of afF =2, M=2) with an|F=2, Mg=1) 8Rb condensate in a harmonic trap, as
studied in a recent experimefiladdaloniet al, Phys. Rev. Lett85, 2413(2000]. These calculations show
that the effect of elastic scattering and its suppression should be seen in the oscillatory center-of-mass ampli-
tude of theM =1 wave packet for suitable experimental conditions.
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[. INTRODUCTION |2,1) trap is much larger than the size of the condensates.
Therefore, the two wave packets overlap and collide near the
In a recent papefl], we pointed out the importance of end of each oscillation cycle as the relative velocity de-
elastic scattering los$ESL) in Bose-Einstein condensate creases from a finite value to zero. Suppression of ESL
(BEC) collision dynamics involving wave packets having should be important in this regime. Although we show that
disparate velocity components. When one BEC wave packenformation about the suppression of ESL is difficult to ex-
with velocity v; moves through another BEC wave packettract from this specific experiment, we find that similar ex-
with velocity v,, the collision of an atom from wave packet 1 periments with larger numbers of condensed atoms could
with one from wave packet 2 results in elastic scattering inteyield detailed information about superfluid suppression of
all directions, and consequent loss of the atoms from th&SL. It may be easier to experimentally characterize the os-
wave packets. Referencgl] only considered the high- cillatory motion of the BEC wave packets than to count atom
velocity case, for which the relative speedis large com- loss as in Ref[4]. Furthermore, suppression of ESL, and its
pared to the speed of sound in the condensate so that the effect on BEC dynamics, may play important roles in other
free-particle dispersion relation applies. Here, we consideexperiments such as the bouncing of BECs off a mirror or
the superfluid suppression of elastic scattering loss when beam splitter formed by a far-detuned light shgEd] and
becomes comparable o, and the free-particle dispersion other types of devices that manipulate BEC wave packets.
relation no longer applies. In particular, we give an exampléiere we develop a theory capable of modeling such experi-
of a specific type of experiment involving the collision of ments and we explicitly compare with the experimental re-
two condensate wave packets that might yield informatiorsults of Ref.[9]. Section Il describes the specific physical
about superfluid suppression of ESL. system we study, and the incorporation of ESL and its sup-
Quasiparticles are created in a zero-temperature condefression into the time-dependent Gross-Pitaevskii equation
sate when an atom that is not part of the condensate is scder moving BEC wave packets. Section Ill presents our cal-
tered off the condensate. A suppression of scattering occugsilated results and a final section summarizes our conclu-
due to the superfluidity of the condensate whenever the ato$ions.
has a velocity relative to the center of massm) of the

condensate that is either slower than or comparablegto II. THEORY
[2,3]. Arecent experimerd] demonstrated such suppression _
of ESL when an impurity atom with a velocity on the order A. Physical system

of vs moves through a Na BEC. Recent theoretical studies The physical system that we have is two colliding BEC
have also examined the effect of trap shape on such suppresave packets in different spin states. Although there are a
sion[5] and the effect of suppression on sympathetic coolinghumber of experimental scenarios for such collisions, for the
[6]. sake of concrete illustration we will keep in mind the geom-
Moving BEC wave packets can be created by a variety oktry of the recent experiment by Maddala@tial.[9] that we
means, such as Brad@] or Raman[8] outcoupling. In a described in the Introduction. Due to the different magnetic
recent experiment by Maddaloet al.[9], a radio frequency moments of thé2,2) and|2,1) states, and the effect of grav-
(rf) pulse was used to convert a fraction of conden$®b ity, these states are trapped in different potentials whose
atoms from thg F=2, M=2) to the|2,1) hyperfine state. minima are displaced along the direction of grauigbeled
The|2,1) BEC wave packet then undergoes oscillatory mo-as they axis in Fig. 2 by a distance larger than the initial
tion in its harmonic potential, which has a smaller frequencysize of each condensate wave packet. As a consequence, the
than the|2,2) potential and is displaced by gravity from that |2,1) cigar-shaped condensatthe axis of the cigar is ori-
of the |2,2) potential (see Fig. 1L The displacement of the ented horizontally and is called theaxis), initially created
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FIG. 1. Harmonic trapping potentials for the two spin compo- gt h

nents,|2,2) and|2,1). The solid lineVS" includes the mean-field

4h
overlap potential. Theg axis is in the vertical direction. =—j %(Nzazﬂ 1p2|2+ N1a12| (//1|2) o
identical in shape and size to the pargh®) condensate and
at the equilibrium position of the parent condensate, under- _ vi(Ho(v) 2
— : ————Nu|g|*4s. (2
goes large c.m. oscillations along tleaxis. The two con- 2

densate wave packets interact as [bd) wave packet col- The last terms on the right-hand side of E¢s) and (2)

lides at the top of its oscillatory trajectory with t&,2) el the ESL of atoms from the condensate wave packets.
wave packet. Our simulations show thal it is necessary 10 pgre 4, (1) is the time-dependent relative velocity of the
include ESL of atoms into the dynamics of the above—the12 1) and [2,2 components, andr(v,) is the velocity-

] ] ] r

mean-field components, an@) it can be important to in-  genendent elastic scattering cross sectisee below. We
clude superfluid suppression of the ESL in the modeling ol e the approximation that we can ignore the spread in
these experiments since the ratio of the relative velocity of, .. <5 the wave packet and use the center-of-mass velocity
the wave packet_s tos Is g.sm large. _ of each packet to obtain a single at each time.

In Ref. [9], N=1.5x10° condensate atoms in std2) The energy dispersion relation for the quasiparticles cre-
are trapped in an asymmetric harmonic trap with angula(tﬂed in a homogeneoy®,2) condensate upon scattering a
frequencies w,,=27x12.6(2) Hz, andw, ,=w,,=wy, o : - -

a ) : probe atom isv=vqy1+ (q/kcor)z, whereq is the magni-
azwég/ejll\?(gt)om? i;eifsgti\éegyfpﬁy\i,\r/%vz gﬁglr(te:fvglltfl]se tude of the momentum transfer of the probe particle to the
1~ 0 , - . .
. ; condensate, k.= Vy16mn,as, is the inverse coherence
leavingN,~87%x N in the |2,2) state. To a very good ap- length anwsiovhkco42m2=zjulm is the sound velocity. In
proximation, the rf pulse makes|,1) copy of the parent the long wavelength limit, the dispersion relation is phonon-

2,2 wave packet. Th¢2,1) trapping frequencies are;, like, and incoherent scattering of atoms moving with veloci-

Izwjé/\/%' J:k1'2’3’ due to its tsn]lallerdmagntetg: moment.tties smaller than the speed of sound does not occur because
n order {0 make a measurement of condensate dynamics, I%(?1ergy and momentum cannot be simultaneously conserved
trapping magnetic field is turned off after a variable tibpe if v,<v,. Here v, is the critical velocity estimated by
from the onset of the rf pulse, after which tf&1) and|2,2) Ca ¢

ket d and fall i o K tthe Landau criterion to be equal #Q, but recently assessed
wave packets expand and fal in gravity. 1he wave packely, o significantly smaller thang for inhomogeneous con-

expand for 30 me. Sebton Il describes the merpretation ofrS21e8SI:for example, ReflS]found thats~0.42, fo
théose images in térms of condensate wave—packzt collision he lowest mode of a particular condensate with cylindrical
SEOmetry. Moreover, fay, =v, a substantial suppression of
elastic scattering occuifg,6,11,12. Superfluid suppression
results in a velocity-dependent cross sectiotfy,). For
Using an analysis based upon Rif], we model the dy- v,/v.>1, the elastic scattering collision cross section
namics of two colliding BEC wave packets using a generaliteaches its nominal Wigner threshold valwes 47a?,, but
zation of the Gross-Pitaevskii equati0BPE) that accounts otherwise the cross section is reducedr@,)=I"/(nv,):

B. Theory of suppressed ESL losses

2 —Amh?T(q)
r=—7> fd3q W1Vl p1-gpag V1 W) 2 S(E¢—Ey)
h T mq
2 4rhla 2 [[R(q+k)]? (hk;)?
%TMZ fde’q le<q+kial/f2,f|l)2,q|kial/f2> 2 TIJFEz,f_ﬁ_Ez,i
=nwdmac,0(v, lve—1)[1— (v, lve) *=4In(v, vl (v, lve)?], ©)
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-1.3 ' turned off. The c.m. of théth wave packet evolves during
the free-fall evolution as

-14
Vi) =yi(t) +oyi(t) (t—ty) +(9/2) (t—t4)?, (4

B wheret —t; is the time when the trap is turned off, since the

mean-field interaction between the condensates during free
expansion is negligibl¢16]. Whenuv, i(t;) is not close to
zero, the second term in this equation is much larget at
—1;=30 ms than the first termy;(t;) (the third term is a
constant fort—t;=30 ms). Hence, Fig. 2, which plots
-1.8 : ‘ * y;(ts+30 ms) versus;, approximately corresponds to plot-
ting vy i(tr) versusts. The peak of thé2,1) c.m. trajectory
corresponds to the largest upward moving(ts), whereas

FIG. 2. Position of the center of mass of 1) wave packet the minimum of the trajectory corresponds to the largest
versust; after 30 ms of ballistic expansion. Experimental points downward moving(i.e., negativg v, ;(t;). Figure 2 shows
taken from Ref[1]. The theoretical curves calculated #apwith-  calculated resultga) without ESL, (b) with ESL using o
out elastic scattering loséh) with ESL usingo=4ma3,, (c) with 24’7Ta§2, and(c) with ESL using the suppressed elastic scat-
ESL using the suppressed elastic scattering cross sectionvwith tering cross section, Eq3), with v.=v. The figure does
=vs, and(d) with ESL using the suppressed elastic scattering cros$iot show the caséd) with ESL where we take a suppressed
section withv;=0.425. The latter,(d), is virtually indistinguish-  elastic scattering cross section witg=0.42% , because this
able from the results with unsuppressed elastic scattefingand  case is virtually indistinguishable from caé® with unsup-
hence has not been included in the figure. pressed elastic scattering.

The c.m. of the|2,1) wave packet exhibits a modified
where the fundamental many-body form for the interactionoscillation frequency that is significantly upshifted relative to
between atoms involving th& matrix has been used w,;=2wX116.3 Hz. The frequency shift is due to the in-
[1,13,14, p, is the Fourier transform of the particle density, teraction of thg2,1) with the|2,2) wave packet, which con-
and 0 is the theta step functiofhence whenv,/v. tributes to the effective interaction potential experienced by
<1, o(v,)=0]. In this analysis, the scattering rdte[15]  the |2,2) componentV§"=\V,+N,(2m#%a,/m)|¢,|? (see
has been simplified to be appropriate for the case when theig. 1); the mean-field repulsion shifts the oscillation fre-
number of atoms in thé2,1) condensate is small so that its quency. The measured frequency of tBel) c.m. motion is
critical velocity is negligibly small and superfluid suppres- shifted to about 123.9 Hz, and our calculations yielded
sion of elastic scatteriny,6] for the |2,1) need not be con- 122.7 Hz for caseéb) with ESL and 122.5 Hz for cas&)
sidered. The generalization, treatifi,1) as a condensate without ESL. Thus, ESL does not have a significant effect on
that collides with thel2,2) condensate rather than as indi- the frequency shift. However, Fig. 2 shows a clear loss of
vidual impurity atoms that collide with thé2,2), will be  amplitude of th¢2,1) c.m. motion that is due to two factors.
considered elsewhere. In our modeling, we calculate the reléSome of the kinetic energy of tH&,1) c.m. motion is con-
tive collision velocity, v.(t), as follows: uv,(t) verted into other degrees of freedagmostly into the|2,2)
= [ (t) [Pyl e (t)) — (1) [ Pyl eh2(1))[1/m. Thus, we have c.m. kinetic energy However, energy transfer cannot com-
for simplicity assumed that the internal velocities of the at-pletely describe the amplitude loss seen in R&f. ESL
oms in the condensate are small in comparison wiitt),  affects the/2,1) c.m. motion because particles with high ki-
and therefore can be neglected in the determination of theetic and potential energy are preferentially removed from
relative velocity of the collisions. the|2,1) wave packet, thereby resulting in lower c.m. energy

after reequilibration. Comparison of the calculated curves in
Fig. 2 with the experimental data shows that cadpsand
Il. RESULTS (d) compare well with the experimental amplitudé&7].
Thus, ESL is important for this particular experimental case,
but there is little evidence of suppression of ESL.

We solve Egs.(1) and (2) using standard fast Fourier Figure 3 illustrates more fully the nature of the conden-
transform techniques for time-dependent propagation. Ougate collision dynamics and the effect of elastic scattering.
method uses a fully three-dimensional grid. We find that alThe figure shows the following energies per particle versus
grid with 32, 512, and 32 points in the y, andz directions  t;: the energies of each of componeh; 5 andE|; ;, [we
is adequate for accurate calculations. In fact, our resultdefine Ej;3 with Vi(zy,) added to it for plotting
without ESL are not significantly different from the simpler purpose§ the cross mean-field energy, Ecoss
two-dimensional model used in R¢B). =Ny(27ha,/m) (i (1) || 22| #1(1)), and the total energy,

Figure 2 compares our calculat¢?ll) condensate c.m. E(ts)=E|22(tr) +Ej21(tr) + Ecros{ts). Ejoy is large de-
position with the experimental data of R§®] as a function  spite only 13% of the atoms being in this component because
of t;, the time from the rf pulse to the time the trap is turnedit is created with large potential energy. Figure 3 shows that
off. The measurement takes place 30 ms after the trap ithe [2,1) and |2,2) wave packets collide around;

y (mm)
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-1.7

A. Experiment and theory compared
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t (ms) FIG. 5. Fraction of atoms in thi2,1) wave packet as a function

dOf t;. The number of atombl in the initial paren{2,2) condensate
is labeled in the legend. We assume full ESle., c=4ma?,) in
these examples.

FIG. 3. Energies of the BEC wave packets versus time; soli
lines are casda) with full ESL, and dashed lines are caf®
without ESL. The total energk,; is the sum of the two component
energies plus the energy associated with the overlap of the tw

componentsE ;s ?2,1) wave packet to break up and spread out after multiple

collisions. Therefore, GPE calculations based on center-of-
mass velocities may be less reliable after several wave-
=8,16,24 ... ms.This is evident from the increase by,  Packet collisions. In addition, this breakup may make it more
as the wave packets overlap, and in the exchange of energljfficult to obtain an accurate experimental determination of
between wave packets. The total energy per partigjg, is  the c.m. position of th¢2,1) wave-packet trajectory at large
constant in time unless ESL is included in the calculationt after multiple collisions. We expect that it will be most
The effect of ESL is to remove atoms and a significant'€liable to compare theory and experiment only after the first
amount of energy from each of the wave packets. The fracOr second wave-packet collisions if possible.

tional effect on thg2,1) wave packet is largest, since is has

many fewer atoms to start with. B. New experiments to show ESL

Figure 4 shows the calculated distribution of atoms in the - e cajculations described above indicate the importance
two wave _pr_alckets in the trap at times just before the first ands 5| and its suppression in BEC collision dynamics. It
fourth collisions of the wave packets near 8 and 32 ms, regp o4 be possible to detect ESL and its suppression in suit-
spectively. The figure shows the tendency of the smallegy|e BEC wave-packet collision experiments. Here we will

examine ways that experiments of the type in R8f.might
be used to show such effects.
S | —— Unambiguously determining the extent of superfluid sup-
———— . - pression of ESL might be obtained by simply expanding the
clouds longer. This in principle would allow the variation in
the velocity distributions of the different scattering models to
be experimentally resolved. However, accurate measure-
ments of the ¢c.m. position will become more difficult as the
cloud expands and becomes more dilute. Increasing the num-
ber of atoms in the parent condensate and thereforf2ttie
- - wave packet(while maintaining a 10-15 % ratiowould
te= 5.45 ms te= 29,78 ms naturally gllow the_ expan_sion time to be increased. More-
== = over, we find that increasing the number of atoms enhances
the effects due to ESL.

Figure 5 shows the loss of atoms from tf&1) wave
packet(assuming full ES) as a function ot; for three dif-
ferent initial values ofN. The two-million-atom case shows a
23% loss of atoms from thi2,1) wave packet in the initial

tg=3.78 ms te=28.78 ms half-collision. In this case, the effects of ESL are dramatic
FIG. 4.|2,1) and|2,2) wave packets during the first and fourth and immediately obvious in the first two oscillations of the

oscillation cycles. In each of the six frames, 18¢2) wave packetis |2,1) wave packet. We noted above why observing the colli-
on the top. The frames on the left are for times before the firsSional effects in the first couple of bounces is important due
recollision of the|2,1) and|2,2) wave packets, and the frames on 10 |2,1) wave-packet breakup with increasing Figure 6
the right are before the fourth recollision. In each frame,|th&) plots the calculated c.m. motion of th2,1) and|2,2) con-
wave packet is moving towards t2,2) parent condensate. densates in the trap as a function of time duratipfor N

tg= 6.44 ms te=30.78 ms

A —
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FIG. 7. Position of the center of mass of tf&1) wave packet
versust; for the N=2.0x 10° atom case after the wave packet has
been allowed to fall under the influence of gravity for 30 ms. Cases
(@), (b), (c), and(d) are the same as described for Fig. 2.

t, (ms)

oms having different internal states is sensitive to the ESL
FIG. 6. Position of the center of mass of ff&1) and the]2,2)  that can occur during the collision of the wave packets.

wave packets in the magnetic trap versusor N=0.5x10° and  Therefore, the types of experiments described here may be

2.0x10° atoms. In each case, we assume 13% of the atoms angsed to study ESL and superfluid suppression of ESL. From

transferred into the initigl2,1) wave packet. Casés), (b), (0), and  the detailed comparison with the data of Ri&], we con-

(d) are the same as described for Fig. 2. clude that ESL of atoms from the condensates is necessary in

. order to fit the data. However, it is difficult to determine the
=0.5x10° and 2.0<10° atoms ancN; =13%XxN. The four  getajls of the superfluid suppression that occur. Future ex-

calculated curves shown in the figure correspond to d@es periments with larger numbers of initial atoms as a function
(b), (c), and(d) enumerated above. Now, there are clear dif-of {rap frequencies and percentage of atoms converted to the
ferences between the c.m. motion that might be experimeny 1y internal state will hopefully yield a detailed probe of
tally distinguishable. For the 2:010° case, large conversion superfluid suppression of ESL.
of the|2,1) c.m. kinetic energy into the2,2) kinetic energy The bouncing condensate example we have treated is only
occurs with a concomitant reduction in oscillation amplitude, eant to be illustrative of the type of effects that can occur in
even without ESL. Moreover, large differences in the ampli-condensate collisions. It is clear from Refa.4] and our
tude of the remaining oscillatory motion is evident betweenpresem calculations that ESL will affect propagation of mat-
the curves for the four different cas@, (b), (c), and(d). It ter wave packets when they pass through each other, perhaps
experimental imaging of th¢2,1) wave packet inside the dramatically so. It is also clear from theoretical consider-
trap could be carried out, further information on ESL and itSations and the measurements in Heil. that suppression of
superfluid suppression could be obtained. ESL is expected when the relative collision velocities be-
Figure 7 shows the calculated c.m. motion of {l)  come sufficiently low. A variety of experiments that prepare
wave packet 30 ms after the trap is turned off and the waveng interact matter wave packets might be able to probe such
packet expands as it falls freely in gravity. For the case Okffects. For example, experiments similar to that of FR@F.
2.0x 10P atoms, the difference between the c.m. motion withysing a Raman pulse sequence rather than an rf pulse might
and without elastic scattering loss is about 33% in the firsgjlow greater control of the initial velocity of the condensate

several bounces of th@,1) wave packet. This should allow wave packets, thereby making it easier to determine the ve-
experimental verification of the effects of superfluid suppresiocity dependence of superfluid suppression.

sion, and perhaps even discrimination between more detailed

models of superfluid suppression that may be developed in ACKNOWLEDGMENTS
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