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We theoretically explore coherent information transfer between ultraslow light pulses and Bose-Einstein
condensateBEC’s) and find that storing light pulses in BEC's allows the coherent condensate dynamics to
process optical information. We consider BEC's of alkali atoms with anergy level configuration. In this
configuration, one lasgithe coupling fielgl can cause a pulse of a second pulsed léter probe fielgl to
propagate with little attenuatiotelectromagnetically induced transpareney a very slow group velocity
(~10 m/9 and be spatially compressed to lengths smaller than the BEC. These pulses can be fully stopped
and later revived by switching the coupling field off and on. Here we develop a formalism, applicable in both
the weak- and strong-probe regimes, to analyze such experiments and establish severalle¥idtshow
that the switching can be performed on time scales much faster than the adiabatic time scale for electromag-
netically induced transparancy even in the strong-probe regime. We also study the behavior of the system
changes when this time scale is faster than the excited state lif¢@in&topped light pulses write their phase
and amplitude information onto spatially dependent atomic wave functions, resulting in coherent two-
component BEC dynamics during long storage times. We investigate examples rele¥&tt experimental
parameters and see a variety of novel dynamics occur, including interference fringes, gentle breathing excita-
tions, and two-component solitons, depending on the relative scattering lengths of the atomic states used and
the probe to coupling intensity ratio. We find that the dynamics when the léFeld , M=-1) and |F
=2,Mg=+1) are used could be well suited to designing controlled processing of the information input on the
probe.(3) Switching the coupling field on after the dynamics writes the evolved BEC wave functions density
and phase features onto a revived probe pulse, which then propagates out. We establish equations linking the
BEC wave function to the resulting output probe pulses in both the strong- and weak-probe regimes. We then
identify sources of deviations from these equations due to absorption and distortion of the pulses. These
deviations result in imperfect fidelity of the information transfer from the atoms to the light fields and we
calculate this fidelity for Gaussian-shaped features in the BEC wave functions. In the weak-probe case, we find
that the fidelity is affected both by absorption of very-small-length-scale features and absorption of features
occupying regions near the condensate edge. We discuss how to optimize the fidelity using these consider-
ations. In the strong-probe case, we find that when the oscillator strengths for the two transitions are equal the
fidelity is not strongly sensitive to the probe strength, while when they are unequal the fidelity is worse for
stronger probes. Applications to distant communication between BEC'’s, squeezed light generation, and quan-
tum information are anticipated.
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I. INTRODUCTION A-configuration atom$see Fig. 1a)]. A coupling light field

In discussions of quantum information technoldgy, it Q). is used to control the propagation of a pulse of probe light
has been pointed out that the ability to coherently transfef2p- The probe propagates at a slow group velocity and, as it
information between “flying” and stationary qubits will be is doing so, coherently imprints its amplitude and phase on
essential. Atomic samples are good candidates for quantuthe coherence between two stable internal states of the at-
storage and processing due to their long coherence times aohs, labeledl) and|2) (which are generally particular hy-
large, controllable interactions, while photons are the fastegterfine and Zeeman sublevelSwitching the coupling field
and most robust way to transfer information. This impliesoff stops the probe pulse and ramps its intensity to zero,
that methods to transfer information between atoms and phdreezing the probe’s coherefthat is, intensityand phase
tons will be important to the development of this technology.information into the atomic media, where it can be stored for

Recently the observation of ultraslow ligitSL) [2,3],  a controllable time. Switching the coupling field back on at a
propagating at group velocities more than seven orders déter time writes the information back onto a revived probe
magnitude below its vacuum speeévg~1(T7c), and the pulse, which then propagates out of the atom cloud and can
subsequent stopping and storing of light pulses in atomide detected, for example, with a photomultiplier tyB&T)
media[4,5] has demonstrated a tool to possibly accomplisnsee Fig. 1b)]. In the original experimenf4], the revived
this [6]. The technique relies on the conceptedéctromag- output pulses were indistinguishable in width and amplitude
netically induced transparencyEIT) [7] in three-level from nonstored USL pulses, indicating that the switching
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[3> probe periments to date. During the storage time, the light fields are
——-.f \ g BEC off and the atomic wave functions evolve due to kinetic en-
o Q L4527 —— < ergy, the external trapping potential, anq atom-atom interac-

P ) ’ "—\"T J tions. (We label all theseexternal dynamics to distinguish
_L 12> z, WIS pmTiz them from couplings between the internal levels provided by
1> the light fields) To successfully regenerate the probe pulse
@) (b) by then switching on the coupling field, there must be a

nonzero value of thensemble averagever all atom$ of
the coherence betwedh) and|2). When revivals were at-
tempted after longer storage times in thermal cloisgwveral
milliseconds in[4]) the external dynamics had washed out
the phase coherence betweéh and |2) (due to the atoms
occupying a distribution of single-particle energy leyelad
no output pulses were observed. In zero-temperature BEC's
the situation is completely different. There each atom
evolves in an identical manner, described by a nonlinear
Schrodinger equatiofiGross-Pitaevskii equatiofiLQ]), pre-
serving the ensemble average of the coherence during the
external dynamics. That is, even as the amplitude and phase
bf the wave functions representing the BEC evolve, the rela-
tive phase of the two components continues to be well de-
process preserved the information in the atomic mediuniined at all points in space. Thus, if we switch the coupling
with a high fidelity. field back on, we expect that the evolved BEC wave func-
In addition to the ability to store coherent information, tions will be written onto a revived probe field. In this way,
compressing ultraslow probe pulses to lengths shorter thatihe probe pulses can lpocessedy the BEC dynamics.
the atomic cloud puts the atoms in spatially dependent super- We show several examples, relevant to curréfiRb
positions of|1) and|2), offering novel possibilities to study BEC's, of the interesting two-component dynamics which
two component Bose-Einstein condensg®EC’s) dynam-  can occur during the storage time. This atom possesses inter-
ics [8]. In [9] slow light pulses propagating in BEC[40] of nal states with very small inelastic loss rafé§] and, thus,
sodium were used to create density defects with length scaldsng lifetimes[16]. We find that, depending upon the relative
~2 wm, near the BEC healing length, leading to quantumscattering lengths of the internal states involved and the rela-
shock waves and the nucleation of vortices. tive intensity of the probe and coupling fields, one could
Motivated by both observations of coherent optical infor-observe the formation of interference fringes, gentle breath-
mation storage in atom clouds and the interesting dynamicsg motion, or the formation and motion of two-component
which slow and stopped light pulses can induce in BEC's(vecton solitons[17]. In particular we find that using the
the present paper theoretically examines possibilities offeretévels|F=1,M=-1) and|F=2,Mg=+1) in 8'Rb could al-
by stopping light in BEC's. We first present a novel treatmentiow for long, robust storage of information and controllable
of the switching process and establish that switch-off andgrocessing. In each case, we observe the amplitude and
switch-on of the coupling field can occur without dissipating phase due to the dynamical evolution is written onto revived
the coherent information, provided the length scale of variaprobe pulses. These pulses then propagate out of the BEC as
tions in the atomic wave functions are sufficiently large. Weslow light pulses, at which point they can be detected, leav-
find that the switching of the coupling field can be doneing behind a BEC purely in its original stal®).
arbitrarily fast in the ultraslow group velocity lim¥,<c. For practical applications of this technique to storage and
This is consistent with previous worjé,11-13, but goes processing, one must understand in detail how, and with
further as it applies to pulses in both the weak- and strongwhat fidelity, the information contained in the atomic coher-
probe regimeg14]. We also present the first explicit calcu- ence is transferred and output on the light fields. Thus, the
lation of how the behavior of the system differs when onelast part of the paper is devoted to finding the exact relation-
switches the coupling field faster than the natural lifetime ofship between the BEC wave functions before the switch-on
the excited statd’ ™! [see Fig. 1a)] and find that the infor- and the observed output probe pulses. We find equations
mation is successfully transferred even in this regime. Furlinking the two in the ideal limitfwithout absorption or dis-
thermore, we will see that the analysis presented here, beirtgrtion). Then, using our earlier treatment of the switching
phrased in terms of the spatial characteristics of the atomiprocess, we identify several sources of imperfections and
wave functions, is well suited to addressing the issue of storealculate the fidelity of the information transfer for Gaussian-
age for times long compared to the time scale for atomicshaped wave functions of various amplitudes and lengths. In
dynamics. the weak-probe limit, we find a simple relationship between
Investigation of this very issue of longer storage timesthe wave function if2) and the output probe field. We find
constitutes the central results of the paper. In this regimethat optimizing the fidelity involves balancing considerations
there are important differences between optical informationelated to, on the one hand, absorption of small length scale
storage in BEC's versus atom clouds above the condensatidaatures in the BEC wave functions and, on the other hand,
temperatufrgthermal cloudy which have been used in ex- imperfect writing of wave functions which are too near the

FIG. 1. Schematic of ultraslow lightJSL) and stopped experi-
ments.(a) The A energy level structure which we consider has two
stable stategl) and|2) and an excited stat@) which decays at a
rateI" [which is (277) 10 MHz for Na and(27) 6 MHz for 87Rb].
Atoms which spontaneously decay frd&) are assumed to exit the
levels under consideratioth) We consider the two light fields to be
copropagatingand input in the # direction [the long axis of the
Bose-Einstein condensatBEC)] at z,. The output intensity a,
can be detected experimentally with a photomultiplier t@@®IT).
The probe field is pulsed with half-widtk. The coupling beam is
cw but can be switched off quickly to stop the probe pulse while it
is in the BEC. Switching it back on later regenerates the probe ligh
pulse.
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condensate edge. For stronger probes, we find a more corfy ) =-d323 -Epq/fi, WhereE, are slowly varying enve-
plicated relationship, though we see one can still reconstrugbpes of the electric fieldgboth of which can be time and
the amplitude and phase of the wave functionanusing  space dependenandds.s are the electric dipole moments
only the output probe. In this regime, we find that the fidelity of the transitions. The BEC is described with a two-
of the writing and output is nearly independent of the probe;omponent spinor wave functiofys, )T representing the
strength when the oscillator strengths for the two transitiongyean field of the atomic field operator for stafisand [2).
involved (|1)—[3) and |2)—[3)) are equal. However, un- e jgnore quantum fluctuations of these quantities, which is
equal oscillator strengths lead to additional distortions anq,jig when the temperature is substantially below the BEC
phase shifts, and therefore lower fidelity of information yansition temperaturgl9]. The excited level3) can be adia-
transfer, for stronger probes. _ . batically eliminated[20] when the variations of the light
We first, in Sec. I, introduce a formalism combining fie|ds’ envelopes are slow compared to the excited state life-
Maxwell-Schrodinger and Gross-Pitaevskii equatigh],  tjme -2 (which is 16 ns in sodiuin The procedure is out-
which self-consistently describe both the atonfisternal |ineq in the Appendix. The functiong,, %, evolve via two
and externgldynamics as well as light field propagation. We coupled Gross-Pitaevski(GP) equations [10]. For the
have written a code which implements this formalism nu-present paper, we will only consider dynamics in thei-
merically. Section |l presents our novel analysis of themensjon, giving the BEC some cross-sectional déa the
switching process, whereby the coupling field is rapidlyyansverse dimensions over which all dynamical quantities
turned off or on, and extends previous treatments of the fas{re assumed to be homogeneous. This model is sufficient to
switching regime, as described above. Section IV shows eXjemonstrate the essential effects here. We have considered
amples of the very rich variety of two-component dynamiCSeffects due to the transverse dimensions, but a full explora-

which occur when one stops light pulses in BECs and wait$jgn of these issue is beyond our present scope. The GP
for much times longer than the characteristic time scale fobquations arg9,21]

atomic dynamics. Section V contains our quantitative analy-

sis of the fidelity with which the BEC wave functions are >
transferred onto the probe field. We conclude in Sec. VI and -ﬁ’g_‘ﬂl = [_ LNl +V4(2) + Uyl 2 + Uy |2] "
.. . 1 1171 12172 1
anticipate how the method studied here could eventually be at 2m gz*
applied to transfer of information between distant BEC’s and 02 Q0
the generation of light with squeezed statistics. iﬁ(#lﬂl_zpr—c 2),
Il. DESCRIPTION OF ULTRASLOW LIGHT
IN BOSE-EINSTEIN CONDENSATES
2 2
We first introduce our formalism to describe the system in 2V [- LA Vy(2) + Uy ihy|? + Uy ¢1|2] W
and review USL propagation within this formalism. Assume a 2maz*
a Bose-condensed sample of alkali atoms, with each atom in Ol2 fooN
S€ : : \ - (19 pe
the BEC containing three intern&lectronig states in aA —inh ?dfﬁ T ], (1

configuration[Fig. 1(a)]. The statel) and|2) are stable, and
the excited level3) radiatively decays af. In the alkalis
which we consider, these internal levels correspond to pawherem is the mass of the atoms and we will consider a
ticular hyperfine and Zeeman sublevels for the valence elediarmonic external trapping potentidy(z)=3mw,’2>. The
tron. When the atoms are prepared in a particular ZeemapotentialV, can in general differ fronV;. For example, in a
sublevel and the proper light polarizations and frequenciesnagnetic trap the staté$) and|2) can have different mag-
are used4,9], this three-level analysis is a good descriptionnetic dipole moments. However, in the examples we consider
in practice. All atoms are initially condensed i) and the the potentials are equal to a good approximation, and so
entire BEC is illuminated with aoupling field resonant with ~ V,(2)=V,(2) is assumed in the calculations. Atom-atom in-
the [2) —3) transition and propagating in thez-€irection  teractions are characterized by tHe;=4mN.i%;/mA
[see Fig. b)]. A pulse of probe field with temporal half-  whereN, is the total number of condensate atoms apdre
width 7, resonant with thell)«|3) transition, and also the s-wave scattering lengths for binary collisions between
propagating in the zdirection, is then injected into the me- atoms in internal statg$) and|j). The last pair of terms in
dium. The presence of the coupling field completely alterseach equation represent the coupling via the light fields and
the optical properties of the atoms as seen by the probgjive rise to both coherent exchange betwgen|2) as well
What would otherwise be an opaque medi@ypical optical ~ as absorption intd3). In our model, atoms which populate
densities of BECs are-400) is rendered transparent via EIT |3) and then spontaneously emit are assumed to be lost from
[7], and the light pulse propagates at ultraslow group velocithe condensatfFig. 1(a)], which is why the light coupling
ties (~10 m/9 [2]. As this occurs, all but a tiny fraction of terms are non-Hermitian.
the probe energy is temporarily put into the coupling field, The light fields’ propagation can be described by Max-
leading to a compression of the probe pulse to a lengthvell's equations. Assuming slowly varying envelopes in time
smaller than the atomic medium its¢¥,4,1§. and spacg¢compared to optical frequencies and wavelengths,
To describe the system theoretically, we represent theespectively and with the polarization densities written in
probe and coupling electric fields with their Rabi frequencieserms of the BEC wave functions these equations[&y21]
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does this, it transfers the atoms into superpositior{)cind

J 1 J _ N f130'0 *
(a—; 55) p=" CZA (Qplenl?+ Qe ), |2) such thaf21]
O, (z,1)
) 14 N o(z,t) = - _EQ 0 h(z,1), 3
L2, =- 8% 1y 24 O gus,)), (2 o
(az c&t) ¢ 2A (Qelol"+ Doty ), ) which is a generalization to BEC's of the single atolark

state[26]. Thus, the probe field), imprints its (time- and
where fy3,f,3 are the dimensionless oscillator strengths ofspace-dependenphase and intensity pattern in the BEC
the transitions andry is the resonant cross sectigh.65 wave functions as it propagates. When E8) is exactly
X tl%iRCsz and 2.?]><§(T_I‘;’hcmz for th(i_D1 lines of sodiurp satisfied, it iﬁ efasily seen th?t the two I:%T) fielctizl|2(;oupling
an , respective ese equations ignore quantum terms in each of Eqg1l) cancel, meaning t an are
fluctuations of the light fields, just as the GP equatiéhs completely decoupled from the excited stég However,
ignore quantum fluctuations of the atomic fields. Note that inime dependence d2, causes small deviations from E@&)
the absence of any coheren@z these equations predict to occur, giving rise to some light-atom interaction which is,
absorption of each field with the usual two-level atom resodn fact, the origin of the slow light propagation. If one as-
nant absorption coefficieithe atom density times the single sumes the weak-probe limitQ,,<€Qq) and disregards
ato'gn crosshse?tion e Il solve Eqe) and(2) terms of order(Q,0/Q)? the group velocity of the probe
or much of our analysis, we will solve an ulse is[18,2
self-consistently with a numerical code, described inp [ . 5
[9,21,23. In [9], this was successfully applied to predict and V,(2) = %# (4)
analyze the experimental observation of the nucleation of g r ch13cro|¢(16)(z)|2
solitons and vortices via thigght roadblock When the light . . L . .
fields are off, the two states do not exchange population anf’-md SO IS proportional the COUP"”Q g{;‘}e”z‘ty and inversely
plitude and Eqs(1) reduce to coupled Gross-Pitaevskii equa-Proportional to the atomic density |y~ (2)|*/A. The half-
tions for a two-component condensate. By contrast, wheiidth length of the pulse in the mediumlig= 7oV, which is
they are on and the probe pulse lengghand inverse Rabi @ reduction fr_om its free space value by a fad!gfc,_ while _
frequencied).*, ;") are much faster than the time scale for its peak amplitude does not change. Thus only a tiny fraction
atomic dynamicstypically ~ms), the internal couplings in- pf the |nput.prope pulse energy is in the probe.flgld while it
duced by the light field couplings will dominate the externallS Propagating in the BEC. Most of the remaining energy
dynamics. coherently floyvs into the coupllng field and exits the_ BE_C, as
For our initial conditions, we considét,~ 10f atoms ini-  €an be seen in the small hump in the output coupling inten-
tially in |1) in the condensed ground state. We determine th&lty [thin solid curve in Fig. )] during the probe input.
wave function of this state"'(z) numerically by propagat- This has been dubbed an adiabaf@]. The magnitude of
ing Eq.(1) in imaginary time[23], though the Thomas-Fermi E)hueisgdlabaton is determined by the intensity of the probe
app(rg)X|mat|on[24] provides a goqd analync approximation In the weak-probe limit/;(z,t) never significantly devi-
to ;" (2). In the cases presented in this paper, we choose the . @)
transverse ared so that the central density and chemical ates from thg grqund—state wave functig(z,t)~ ¢,”(2) .
potentialz=U,| ll/(lG)(O)|2 are in accordance with their values ?lnd the coupling field is nearly unaffected by ghe p2ropagat|on
; . ST . (z,1) = Q¢ [both of these results hold ©(€Q;,/Qg)]. In
in a trap with transverse frequencieg=w,=3.8v,, as in hi Eac3) sh th ol th bp field),
previous experimentfd]. In Fig. 2 we consider an example this case Eqc3) shows that, fo Ows the probe Tield.2, as
with N,=1.2x 10° sodium atomswith a;;=2.75 nm[25]), the pulse propagates. The arrow in F|@)2nd|cates atime
0,=(2m21 Hz, andA= (8.3 um)2. The ground-state den- where the probe has.been_cor.npletely input and has not yet
. . OYANTI . . begun to output. During this time, the probe is fully com-
S'.ty profile Nl (Z.)| is indicated with the dotted curve in pressed in the BEC and Fig(l® shows the atomic densities
Fig. 2b). In this case the chemical potentiak in |1y and|2) at this time. The spatial region with a nonzero
:(%/GE.Z kl-!z:t. | d statef®(2) determined . density in|2) corresponds to the region occupied by the
Ith our iniial ground statey, ~(z) determined, CONSIOEr probe pulselin accordance with Eq3)]. Equation(3) ap-
that we initially (t=-c) input a constant coupling field with plies to the phases as well as the amplitudes; however, the
a Rabi frequency)e, and then inject a Gaussian-shapedphases in this example are homogenous and not plotted.
probe pulse afj, [see Fig. 1b)] with a temporal half-width Once the pulse has propagated through the BEC, it begins
7o and a peak Rabi frequendy,o. We define our times such to exit the + side. The energy coherently flows back from
that t=0 corresponds to the time the peak of the pulse ishe coupling to probe field, and we see the output probe
input. The dotted and dashed curves in Fi) Zhow, re-  pulse (thick solid curvg. Correspondingly, we see a dip in
spectively, a constant coupling inpQt,=(27)8 MHz and a  the coupling output at this time. In the experiments the delay
weaker input probe pulse with peak amplitud@,,  between the input and output probe pulses seen in Fayi
=(2m7)3.5 MHz and width7g=1.5 us. measured with a PMTFig. 1(b)]. This delay and the length
Solving Egs(1) and(2) reveals that, when the conditions of the atomic cloud are used to calculate the group velocity.
necessary for EIT hold, the pulse will compress upon enterThe group velocity at the center of the BEC in the case
ing the BEC and propagate with a slow group velocity. As itplotted isVy(0)=6 m/s.
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FIG. 2. Coherent storage of a light pulse via fast switching. Results of numerical integration o1 Easd(2) showing both a slow and
stopped light experimenta The dashed curve shows the normalizegut probe pulse |ntenS|tyQp(zm,t)|2/Q [a p=1.5us 1/e
half-width, Q,,=(27) 3.5 MHz puls§, while the dotted curve show$(z,,1)]? /Qco for a constant input coupling field)
=(2m) 8.0 MHz The thick solid curve shows the delayed output probe fdalsg,; see Fig. 1b)]. The time that the tail of the input has
vanished and the rise of the output has not beguarked by the arropcorresponds to the time the pulse is completely compressed inside
the BEC. In the output coupling intensitghin solid curvg we see adiabatons. The valueg=1.65x 107° cn? and f13=1/2 andfy,
=1/3have been usedb) The atomic density in the two states|4]?/A (solid curve andN|,|?/ A (dashed curvg att=3.7 us [indicated
by the arrow in(a)]. The dotted curve shows the original densmyz,b(G)\Z/A before the probe is input. The arrow here ando)ﬁand(d)
marks the positiorz, discussed later in the textc) Spatial profiles of the probmp\zlﬂ (solid curve$ and coupllng|Qc|2/QcO (dashed
curveg field intensities at various times while the coupling field input is switched off. The switch-off is an error function profile with a width
7s=0.1 us, centered at,=3.7 us. Successively thinner curves refertto3.52, 3.65, 3.68, and 3.7&s. The dotted curve indicates the
original condensate densitarbitrary unit3. (d) Spatial profiles of the normalized damD\Z/ng (dashed curves, scale on the Jednd
absorbedQAF/Qio (solid curves, scale on rightield intensities, at the same times ag@ (e) The input and output probe and coupling
intensities, with the same conventions(as in a stopped light simulation. In this case, the coupling field is switched affat3.7 us and
then back on at,,=15.3 us.

=

Note that the output pulse plotted in Figa@ at z,, is  sity of the pulse is reduced by a factbt while the temporal
slightly attenuated. This reduction in transmission is due tawidth is increased by ! [this spreading can be seen in Fig.
the EIT bandwidth. The degree to which the adiabatic re2(a)]. The appearance of the large optical den§ity,,) in
quirementr,>T'/Q2) is not satisfied will determine the de- Eq. (5) represents the cumulative effect of the pulse seeing a
viation the wave functions from the dark stat®, which  large number of atoms as it passes through the BEC. To
leads to absorption intd3) and subsequent spontaneousprevent severe attenuation and spreading, we see we must
emission. Quantitatively, this reduces the probe transmissiopse r,> 70" = 2,/D(z,,) '/ QZ), which is 1.0us in our ex-

(the time-integrated output energy relative to the input engmple.
ergy) to [21]

f dt|Q ZOUt1t)|2 IIl. FAST SWITCHING AND STORAGE OF COHERENT
7oz 1 ) OPTICAL INFORMATION
[ ) r \# We now turn our attention to the ti f stoppi
)2 L question of stopping,
f_x A 2p(Zn ) \/1 " 4D(Z°“‘)(roggo) storing, and reviving probe pulses. We will show here that

G once the probe is contained in the BEC, the coupling field
WhereD(z)=(ch13<ro/A)f§indZ’|l,b(l )(z')|2 is the optical den-  can be switched off and dasterthan the EIT adiabatic time
sity. In the example in Fig. 2D(z,,)=390. The peak inten- scale without causing absorptions or dissipation of the infor-
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mation [4,21]. While we find no requirement on the time 1 || dje|
scale for the switching, wwiill obtain criteria on the length ONA= ? A dz |l dz
scales ofi;, i, which must be maintained to avoid absorp- 0

tion events. While previous woild,12,13 had addressed the [d¢, de¢py

fast switching case in the weak-probe limit, here we obtain * '(E B E)Wl”l//zq,

results that are valid even whéb,,~ (¢, [14]. As we will

see, for shorter storage times where the external atomic dy- 1 ,d¢y ,d¢b,
namics play no role, these length scale requirements can be o = ?(Wﬂ dz + 4| 4z )
related to the adiabatic requirements on the input probe pulse 0
width 75. The advantage of the current analysis is that it isand we have ignored the vacuum propagation tefrigc in
easily applied to analyzing probe revivals after the atomideq. (2). They are unimportant as long as the fastest time
dynamics has completely altered the wave functignsy,.  scale in the problem is slow compared to time it takes a
In such a case it is these altered wave functions, rather thaphoton travelling atc to cross the condensatgbout

the input pulse widthr, which is relevant. 100 um/c~1 p9. Note thata, represents the usual absorp-
tion coefficient weighted according to the atomic density in

each of|1) and [2). The termsay,, « arise from spatial
A. Analyzing fast switching in the dark and absorbed basis variations in the wave functions, which make the transforma-
tion (6) space dependent. The tefm, represents an addi-
tional effect present when the light-atom coupling coefficient
differs on the two transitiongf,3# f,3) and is discussed in
detail in Sec. V C.

9)

Consider that we switch the coupling field input off at
some timet; with a fast time scales<< 7,. Figure 2c) plots
the probe and coupling intensities as a functiorz et vari-
ous times during a switch-off with;=0.1 us. We see the . o . .
probe intensity smoothly ramps down with the coupling field Consider for the moment a case wit{y=fa3 (iMplying

) . ) J " a,=0) and assume a region in whiahy, ¢» are homog-
such that their ratio remains everywhere constant in t'meenous(so ana=ay=0). Equation(8) shows that thabsorbed

Remarkably, for reasons we discuss below, the wave fun‘:f'ield Q, attenuates with a length scaig’, the same as that
2222 (ﬁli/,loﬁizvi:gogqplﬁitglyvyenﬂﬁczﬁu{hg]foﬁ;vxfnhlnge1§sr8;ne for resonant light in a two-level atomic medium and less than
that ' d ty ' i d ing this f t-g' tchi 1 um at the cloud center for the parameters here. One would
at Y1, Y do not vary In ime during this fast-switching o, getQ,— 0 after propagating several of these lengths.
period and later chepk this assumption. . Conversely Eq(7) shows that thelark light field Q5 expe-
To understand Fh's behaylor, 't. IS useful'to go Into a dar.kriences no interaction with the BEC and propagates without
and absorb_ec_i basis for the light fields, similar to that used N tenuation or delay.
[28], by defining[21] However, the spatial dependencedn, i, gives rise to
ana @ #0 in Egs.(7) and (8), introducing some coupling
(QD) (= (Qp) 5 between(p and Q,, with the degree of coupling governed
N - Do\ vy )\ ) (6) by the spatial derivatived,;/dz din/dz A simple and rel-
evant example to consider is the case of a weak-ultraslow-
R probe pulse input and contained in a BEC, as discussed
where=|ya|*+|y*. From Eq.(6) one sees that when the apove[see Fig. 2b)]. The wave functiony, has a homog-
condensate is in the dark sta®, (2,=0. Using the notation  enoys phase and an amplitude which follows the pulse shape
¢=|i/€% and transforming the propagation equatid@%  according to Eq(3), meaning thaty, scales as the inverse
according to Eq(6), one gets of the pulse’s spatial length,".
It is important to note that this coupling is determined by
J . . spatial variations in theelative amplitude i,/ », and does
(a_z + ia|>QD = (- ana+ @) Qp, (7)  not get any contribution from variations in thetal atomic
density 3. To see this we note that if we can write the wave
functions asy(z) =c,10(2), ¥(2)=Cothp(2), wherec,, ¢, are
J constants independent nfthenay, and ¢ as defined in Eq.
(— +ap - ia|>QA = analdp, (8) (9 vanish.
0z When variations in the relative amplitude are present, ex-
amination of Eq(8) reveals that when the damping is much
where stronger than the couplinfay,/, @< @), one can ignore
the spatial derivative term in analogy to an adiabatic elimi-
nation procedure. When we do this, E8) can be approxi-

[\ oy
o= ZCAO(f13| )+ Fod 4], mated by
an
N.o i i i i
1y = ~—0(f15— foa) i, Strictly speaking, one can only apply this procedure in the
2A region where), has propagated more than one absorption
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length [that is, for z>z. where z, is defined by Using our results for the light fields, we can now see why
fz_cndz’aA(z’)=1]. However,z; is in practice only a short dis- the wave functionss, ¢, do not change during the switch-
tance into the BEGmarked with arrows in Figs.(B)-2(d)].  ing. Physically, the probe is in fact adjusting to maintain the
When the probe has already been input, as in Fig),2), dark state(12) and, in doing so, mduce_s some transitions
and therefore, [see Eq(6)] are already trivially zero for betweenl) and[2). However, only a fractioVy/c~ 107" of
z<z,, so Eq.(10) holds everywhere. We next plug EG.0) the input energy is in the probe while it is contained in the

into Eq.(7), giving medium, and so the probe is completely depleted before any
5 . significant change occurs iy, ¥» [4]. In fact, the energy
9p - _ |anal 4 oNa%12 i | (11) content of the probe field right before the switch-off is less
9z an ap HEe than 1/100th of a free-space photon in the case here. Thus,

. . ), is completed depleted after only a fraction of odg
These last two equations rely only on assumptions about thg|2> transition. Note that Eq12) is equivalent to Eq(3).

spatial derivatives of, 4, andnoton the tirglelscalt'e of t_he However, writing it in this way emphasizes that, during the
switch-off 7, [though we have assumed>1"" in adiabati-  g\itching, the probe is being driven by a reservoir consisting
cally eliminating|3) from our original Eqs(1) and(2)]. ot the coupling field and atoms and adjusts to establish the
These results allow us to conclude two important thingsyar state. This is contrast to the situation during the probe
which hold whenevefaya,« < a, and the probe has been o+ “\when many photons from both fields are being input at
completely input. First, the coefficients governing the propa gpecific amplitude ratio, forcing thetomic fieldsto adjust
gation of Qg in Eq. (11) are extremely small. The length , ggapiish the appropriate dark state. Plugging in our results

scales|aya L, aI% are already generally comparable to the¢y e |i : ; :
. e ght fields(10) and(11) into our equationgl) we can
total BEC size and the length scales for change@dngiven ;- late the changes that occur g and ¢, during the

by Eq.(11), scale as these terms multiplied by the large ratioswitch off. Doing thi . :
; o -off. g this, we find relative changesdn, ¢, are
anl anp. [The o term in Eq.(11) can lead to additional phase 1), gmalier tham/ 7, which can be made arbitrarily small

fsig:gtséwhlr%h ;vzgssf/t/ji?ﬁ J/r;rsﬁﬁt'lg/gt;hu‘iﬁgﬂep\g‘ag?‘rg\/efor fast switchingrs<< 7. The little change which does occur
p Propag y X is due not to any process associated with the switching itself

noted(and later justify and discuss in more defdiie wave ut is due to the small amount of propagation during the
functions[and therefore the propagation constant in bracket? X X propag 9
switch-off. It is therefore safe to assurtes we saw numeri-

in Eq. (11)] are virtually unchanged during the switch-off. o ! :
Under this condition, changes initiated @y, at the entering  C2lly) that ¢, ¢, are constant in time during the switch-off.

edgez, quickly propagate across the entire BEC. To applyone can also show with this anaIyS|s_ that the raticdfer-
this observation to the switch-off, we note when the pulse j€ntexchange eventrom |1) to |2) or vice versato absorp-
contained saf,=0 at the entering edge, E¢) shows(), tive events(transitions tg3) followed by spontaneous emis-
=(), there. Switching off the coupling field at, then Sion) is [Qp/Q, implying that the switch-off occurs
amounts to switching off)y at z,, and Eq.(11) shows that primarily via coherent exchanges.
this switch-off propagates through the entire BEC with little  In the original stopped-light experimept], the coupling
attenuation or delay. Second, from EGO) we see that as field was then switched back on o, after some control-
Qp is reduced to zerof), is reduced such that the ratio lable storage timey, at a timet,,=ty+ 75 In that experi-
QA/Qp remains constant in time. ment, revivals were observed for storage timggoo short

A numerical simulation corroborating this behavior is for significant external atomic dynamics to occur, so the state
plotted in Fig. 2d). The dark field intensityQ)p|? is seen to  of the atoms was virtually identical &}, andtys. Then the
switch-off everywhere as the coupling field input is reducedanalysis of the switch-on is identical to the switch-off as it is
to zero over arg=0.1us time scale, confirming that the just the same coherent process in reverse. The probe is then
changes in the input propagate across the BEC quickly angkstored to the same intensity and phase profile as before the
with little attenutation. The rati¢,?/|Qp|? is everywhere  switch-off. An example of such a case is plotted in Fige)2
much smaller than unity and constant in time. The only ex-The output revived pulse then looks exactly like the normal
ception to this is in a small region<z, at the cloud en- USL pulse[compare the output in Figs(® and 2e)], as
trance, wherdé), has not yet been fully damped. The plot of was the case in the experiment.
|Q4l? during the switch-off indeed demonstrates how Eq. We have established the requirem@ng, < a, is neces-
(10) is a generally good approximation, but breaks down insary and sufficient for coherent switching to occur. Under
this region. In the case plottg¢end any case where the probe what conditions is this satisfied? When the switch-off occurs
is fully contained the wave functiony, is so negligible in  while the probe is compressed, itabvayssatisfied because
this region that}, is rather small and unimportatiote the  of bandwidth considerations mentioned abgsee Eq(5)].
scale on the right-hand side of the plot Specifically, the input pulse must satisty>7o"". How-

Translating this back into th8,, (). basis, we note from ever, this leads to a pulse width in the medium of

Eq. (6) that keepind2,~0 means that the probe must all | >2,/D(z, )}, implying that |ay, <, is satisfied[as

z) constantly adjust to the coupling field via D(zy,)>1]. Therefore, any pulse which can successfully
W propagate to the cloud center can be abruptly stopped and
Qp=- " Qc (12 coherently depleted by a rapid switch-off of the coupling

field. Of course, if the switch-on is then done before signifi-
Thus we see tha2, smoothly ramps down witli), even if  cant atomic dynamics, the same reasoning applies then. In
Q. is ramped down quickly, as seen in FigcR this case, our requirements on the spatial derivatives are al-
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ready encapsulated by the adiabatic requirements on the ] ..-...-"\' ="
probe pulse. It is when the external atomic dynamics during

L . g 08
the storage significantly change and, that the analysis of <E(
the switch-on becomes more complicated. This is the central g 0.6
purpose of the Secs. IV and V below. 5 04
P

input, the switching can cause absorptions and dissipation of

As hinted at above, when the pulse is not yet completely 0.2 J ‘

the information. In this case, is significant in the region 0 - "

z<z, and sof), is significant for several absorption lengths -5/0 5 10 15 30 25

into the BEC. Physically, the coupling field sees atoms in a H t(u s)

superposition of1) and |2) immediately upon entering the s kY

condensate rather than only atoms. Numerical simulations Veeas, ‘ ! o ——— -

of this situation confirm this. During both the switch-on and % \ 08 ! .
. C 0.6 0.6

switch-off, a significant number of atoms are lost from both 0.c 0.4 :

condensate components, primarily concentrated irzthe, 0:2 9.2 f

region, and the revived probe pulse is significantly attenuated . 0

relative to the pulse before the storage. 349 37 3an 372 1532 1533 1534 1535 1536

Incidentally, this explains the apparent asymmetry be-
tween the probe and Coup”ng in a Stopped_“ght experiment' FIG. 3. SWitching faster than the natural linewidth. Solid and
Wheneveibothfields are being input, the temporal variations dashgd lines show, res.pecFiver, the normalized probe and coupling
in both fields must be slow compared with the EIT adiabatic?™plitudes at a point in the center of the BEQ(z=
time scale, as the atomic fields must adjust their amplitudes2 #M .0/ Qpo, Qe(z=-12 um, /0o Wh?ln the switching is
to prevent absorptions. However, when one of the fields is né#Ste" than the natural linewidth=2 ns<I"" [but otherwise the
longer being inputlike a contained probe pulsethe other same parameters as Figef. The two insets magnify the regions
field’s input can be quickly varied in time. near theto andtop,

one can see that the increase)p for smallerr is precisely
B. Switching faster than I'"* offset by this frequency width effect, leading us to the con-
clusion that spontaneous emission loss is independent of

When the switching is done quickly compared to the nat
swirening 1s cone quicky P N Unlike the case of switching slowly compared with?,

ral lifetime of [3) (r,<I'"%), the assumptions needed for the adiust tof th be | " h " Rath
adiabatic elimination off; are no longer valid. The analysis € adjustment ot the probe IS not a conerent process. Rather,

of the switching then becomes more complicated but, reSPontaneous emission damps the system until the dark state

markably, we find the quality of the storage is not reduced irﬁlz) is reached. However,.because we are in the regine
this regime. <c, the amount of energy in the probe is much less than one

To see this, we performed numerical simulations ofP10ton and thus still has virtually no impact g4, i,. This

P ; - ; will not necessarily hold whe/y~c and in [13] it was
&Sl\;\gtﬁnglgallqglt:; rggllrznqessf)y ;r?(ljvg)g vsi?ﬁﬁ&t)_t(rgl)a([jviv;kgt-]i c predicted that there are, in fact, adiabatic requirementsgfor

elimination of ¢3] for the same parameters as Fig. 2 but!n this _reg.ime. Howgv_er, in all cases of intergs.t here this

varying 7, from 80 ns to 0.1 ng29]. An example withz, inequality is well satisfied and there is no restrictiongQn

=2 ns is shown in Fig. 3. We plot the probe and coupling

amplitudes versus time at a point near the center of the BEC IV. BEC DYNAMICS AND PROCESSING OPTICAL

and zoom in on the regions near the switch-on and -off. Note INFORMATION

that while the coupling field smoothly varies to its new value  \yie now turn to the question of the atomic dynamics dur-

in each case, the probe field slightly overshoots the valug,q the storage time. These dynamics depend strongly on the

glven_?y Eq.(12) before returning to it. In all cases with |g|ative scattering lengths of the states used and the probe to

7s<I'""" the probe amplitudi(},| experienced damped oscil- ¢opling intensity ratio. We will see that the these dynamics

lations before reaching its final value. The frequency of theyre written onto revived probe pulses by switching the cou-

oscillations was determined by" and the damping rate was ping field back on. The length scale requirement on varia-

L. ) o S tions in the relative amplitudes,/ ¢, derived above|aypy)
During these oscillations, the absorbing fi€lg is in fact <ay) plays a central role in the fidelity with which these

th|te S|g?n|f|car.|t. lHow%ver, the maximum valug|¢_§| and dynamics are written. We will demonstrate with several ex-
the total atomic loss due to spontaneous emissions evenlg, o relevant to curreAtRb experimental parameters.
was completely independerdf 7, over the range we ex-

plored. To understand this, we note that even tho(ighis
larger, the frequency components of the quickly varying cou-
pling field are spread over a range much wider thafhus In [4] the revived pulses were seen to be attenuated for
a very small fraction of the energy in the fiefd, is near longer storage times with a time constant oL ms. The
resonant with the atomic transition and it passes through theelative phase between the) and|2) (or coherencg aver-

BEC unattenuated. Analyzing the problem in Fourier spaceaged over all the atoms, washed out because the atoms, al-

A. Writing from wave functions onto light fields
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though at a cold temperature of Qu&, were above the switch-on and the subsequent propagation out more compli-
Bose-condensation temperature and so occupied a distribaated and less reliable. Our following examples will demon-
tion of energy levels. By contrast, a zero-temperature twostrate these considerations.

component BEC will maintain a well-defined phagbe

phase betweenm;, and ) at all z, even asyy, i, evolve. B. Formation and writing of interference fringes

They evolve according to the two-component coupled GP |yteresting dynamics occur in when the two internal states
equations(1) with the light fields set to zeré(,=Qc=0), e trapped equalljV,=V,) and the scattering lengttes,,

and the initial conditions are determined by the superposmo%lll are slightly different. We consider a case wikh=1.0
created by the input pulse & [see Fig. 20)]. After suchan 16 87rRp atoms and choosf)=[5S,,, F=2,Mg= +1),
evolution, we can then switch the coupling field back on anq2>:|5sl/2 F=1,Mq=-1), and |3)=|5Py F=2,M=0).

the probe will b_e revived according to EG.2) but with the T two' lower state$1) and [2) are magnetically trapped
newwave functionsy,, s, evaluated aty, with nearly identical magnetic moments, and we consider a

Here we examine a wide variety of different two- 0 \ith o =(27) 21 Hz and assume a tranvserse afea
component BEC dynamics which can occur after a pulse has

b ¢ 4B f the initial tial struct ‘ =27(5 um)2. These two states have an anomalously small
een stopped. Because of the initial spatial structuré;o .inelastic collisional loss ratfl5] and so have been success-

¥, created with the USL pulses, we see some novel effects IﬂJIIy used to study interacting two-component condensates

the ensuring dynamics. - . .
Upon the switch-on, in many cases the probe will be re_for hundreds of millisecond$16]. The elastic scattering

vived via Eq.(12). We label the spatial profile of the revived lengths area;; =5.36 M, a3,=1.0243y,, andag,=1.057ay,

(rev) o\ . [30].
probe by€d,"(2) =0z, ton+ 79). When we are in the weak- ~ £iq ;e 42) shows the initial wave functiong,, ¢, after

probe limit (|2, < |€1| or, stated in terms of the wave func- e input and stopping of a probe pulse. We see a Gaussian-

tions, [1f2| <[¢s]) Eq. (12) becomes shaped density profile if2), reflecting the input probe’s
Gaussian shape. The subsequent dynamics are governed by

o (13) Egs. (1) with Q,=Q.=0. In this case, a weak prok(élgo
=02,/16) was input. As a result,(z,t) = «/f(lG)(z) is nearly

) _constant in time and the evolution g4 is governed by es-

allowing us to make a correspondence between the revivegentially linear dynamics, with a potential determined by the

probe andys if Qg and ¢,°(2) are known. The revived magnetic trapand interactions with/1) atoms:

pulse will then propagate out of the BEC to the PMTzgt. (G (2

In the absence of any attenuation or distortion during the Vaeif2) = Vo(2) + Uy (2)]* - . (15

propagation out, the spatial features of the revived probe ggtig e 4b) shows this potential in this case. The hill in the

translate(d ;nto temporal features. Thus, if we observe the,iqqie has a height[ (a;,-a47)/ay1] and arises because at-
out) —
output 0,77 () = Qp(Zoue, 1), then we would deduce that re- gms feel a stronger repulsion from the condensatélin

(rev) —-_ ¢2(Zaton)
Qp (2) 'r/f(1G) @)

vived pulse was when they are in2). Figures 4c) and 4d) show the subse-
(rev (oud quent dynamics. One sees that tBecondensate is pushed
0,72 = Q7" (1(Zoy) — (2 +tor), (14)  down both sides of the potential hill and spreads. However,

once it reaches the border of the BEC, it sees sharp walls

where 7(zo) ~1(2) = (I'/Q%)[D(zo,) ~D(2)] is the time it  from the trap potential. Even for the fairly moderate scatter-
takes the probe pulse to travel from some paitd z,,. Note  ing length difference here, there is sufficient momentum ac-
that we are relying here on the the fact that we can switch thguired in the descent down the hill to cause a reflection and
coupling field onto its full value of), with a time scale fast  formation of interference fringes near the walls. The wave-
compared to the pulse delay timeg,,) - 7(z). A slow ramp  |ength of the fringes is determined by this momentum.
up would lead to a more complicated relationship between What happens if one switches the coupling field back on
Qge")(z) and Q°(t). after these dynamics? Figuregyshows the revived probe

Combining Eqs(13) and (14) shows how the phase and pulsesﬂge")(z) upon switch-ons at the times corresponding
amplitude information that was containedign at the time of  to Fig. 4d). One sees a remarkable transfer of the sharp
the switch-on is transferred to the output prdbié“t)(t). This  density and phase features of t{® condensate onto the
transfer will be imperfect for three reasons. First, when sufprobe field, according to Eq13). Because we are in the
ficiently small spatial features are i3, thenay, is compa-  weak-probe regime, the coupling field intensity only very
rable to a,, giving rise to a significanf),. The resulting slightly deviates from its input valu€.,. Figures 4f) then
absorptions will cause deviations 6™ from our expecta- shows the output probélg’“‘)(t). The sharp interference
tion (13). Second, we mentioned how spatial features ardringes are able to propagate out, though there is some at-
translated into temporal features on the output probe. Duringenuation and washing out of the features. Note that the fea-
the output, fast-time features on the output probe will betures at more positive propagate out first, leading to a
attenuated via the bandwidth effect discussed in(Bg.af-  mirror-image-like relationship between the spatial, Fig)4
fecting the accuracy of the correspondendd). Finally,  and temporal, Fig. @), patterns as predicted by E@d.4).
stronger output probes, which will occur whef| ~ || at In this particular example, we successfully output many
the time of the switch-on, make both the writing at the small features from the, to the output probe field. Here the
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FIG. 4. Formation of interference fringes $ARb and writing fringes to probe light fielda) The initial wave functions created by
=2.0 us, Qpo=(2m) 2 MHz probe pulse. The coupling field is initially on 8t,=(27) 8 MHz then switched off aty=7.5 us. The cloud
parameters and atomic levels are described in the text. The thick solid curve shows the Mgusi|2/ A (multiplied by 10 for clarity
while the thick dashed curve shows the phas€z). The thin curve shows the densily#4(2)|?/A. The phaseg, is approximately
homogenous and not show(p) The effective potentiaV/,_¢«/ 1, EQ. (15), seen by the condensate|R). (c) The resulting evolution of the
densityN | #»(z,1)|?/ A (white represents higher densitys the wave packet is pushed down the both sides of potential hill and interferes with
itself upon reaching the hard wall WM,_ at the condensate edge. The vertical grey lines show the condensate boundary, and the horizontal
grey lines indicate the times plotted {d). (d) Plots of the density and phase of the wave functions at the indicated fwithsthe same
conventions aga)] att=55 ms, 101 ms, and 291 m®) Spatial profiles of the probe and coupling field directly after a fast switch-on after
a storage time 7g=t,,—to corresponding to the times in(d). The thick [thin] solid curves show the intensities
|Qge")(z)/0po\2 [[Q4(2)/Q|?] and the dashed curve shows the pmg%") (¢ is nearly homogenous and not plotte¢f) The time profile
of the probe output intensitgsolid curvg and phasédot9 at the outputzy.

fringes are~3 um, which is still larger than the absorption hill is turned into a trougtisee Fig. 8a)]. The effective po-
length ~0.5 um, but not substantially so, leading to sometential in the region of thél) condensate, in the Thomas-
small amount of dissipation during the switch-on and outputFermi limit, becomesV,_¢x=V;[(a;;—a;,)/a;;] and so is
This gives us a sense of the “information capacity.” Theharmonic, with a much smaller oscillator frequency than the
number of absorption lengths, or optical density, which inmagnetic trap. The evolution can be easily calculated by de-
this case isD(z,,)~300, ultimately limits the number of composing the wave functiog, into a basis of the harmonic
featuregfor a given desired fidelitywhich could be success- ©scillator states of this potential. In the example here, there is
fully written and output. Note also that in the,=101 ms significant occupation of the f|rs_t several os_(:lll_ator levels,
case, some of thes, amplitude occupies the entering region &nd S0 one sees an overall relative phase shift in {inoen
(z<z), leading to additional imperfections in the writing ("€ ground-state energy of the zeroth stateslight dipole
process in this region. oscnlat_lon (from occupation of the first excr_[ed staa,tand

breathing (from the second After one oscillator period
(310 ms in the case showny, replicates its original value at
the switch-off.

In this case, the dynamics are quite gentle, and so the
The dynamics in the previous example are quite dramaticspatial scales of the phase and density features are always
but are not particularly conducive to preserving or controlla-quite large compared with the absorption Ien@t}\‘il. The
bly processing the information in the BEC. For this, it would fidelity of the writing and output of the information on the
be preferable to switch the roles |df and|2). Such a case is probe field[shown in Figs. &) and Fe)] is correspondingly
shown in Fig. 5. Becaus@,<ay; in this case, the potential better than in the previous example. Additionally, because

C. Breathing behavior and long storage
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FIG. 5. Breathing behavior and long storage. In this case the states chosBrefud |2) are reversed, changing the sign of the curvature
in the effective potentia{15) in (a). All plots are the plotted with the same conventions as Fig. 4 except we additionally plot thin dotted
curves in(c) showing the phase;(z) and in(d) showing the phaseé(2).

the|2) is trapped near the BEC center, this case avoids prob=0.71Q). In this case we chose our levels to hB
lems associated with, occupying the regioz< z.. =|5S,)5,F=1,Mg=-1), |2)=|5S;),,F=1,M=+1), and |3)
Because of both the ease of analyzing the evolution ang|5P,,,F=2,Mg=0), which would require an optical trap
the high fidelity of outputting the information, we expect this [34] in order to trap th¢l) and|2) equally. This level scheme
case to be well suited to controlled processing of opticais advantageous in the strong probe case sifigefy;
information. For example, if the input pulse created a wavewhich, as we will discuss in more detail in Sec. V C, im-
function ¢, corresponding to the ground state of the oscilla-proves the fidelity of the writing and output processes. We
tor potential, the evolution would result only in a homog- chose the scattering lengéh,=1.04a,,, higher than the ac-
enous phase shift, proportional to the storage time, allowingual background scattering length, to exaggerate the phase
long storage of the information or introduction of control- separation dynamics. One sees in Fi@) @nd Gc) that over
lable phase shifts. By choosing the pulse lengths differentlya 30-ms time scale, the phase separation causes the density in
so several oscillator states are occupied, one could achiey@ to become highly localized and dense. This occurs be-
linear processing or pulse reshaping. cause the scattering lengéy,> a,; causeg1) atoms to be
Furthermore, note that in this example there is a small butepelled from the region occupied by tf# atoms, and in
discernable dip in thél) density at 51 ms, indicating some turn the|2) atoms find it favorable to occupy the resulting
nonlinearity in the evolution of,. One can tune this non- “well” in the |1) density. These two processes enhance each
linearity by varying the probe to coupling ratio, leading to other until they are balanced by the cost of the kinetic energy
nonlinear processing of the information. associated with the increasingly large spatial derivatives and
we see the formation of two-componefiecton solitons
[17]. In the case here, two solitons form and propagate
The two-component dynamics are even richer when onaround the BEC, even interacting with each other. The alter-
uses strong probe pulses, so nonlinear effects become venating grey and white regions along each strip in Fi@) 6
evident in the evolution. In such a case, the qualitative feaindicate that the solitons are undergoing breathing motion on
tures of the dynamics will be strongly effected by whether ortop of motion of their centers of mass. FigurgpBshows that
not the relative scattering lengths are in a phase separatirige total density profileﬁé varies very little in time. It is the
regime a;,>\a;;a,, [31,33. Experiments have confirmed relative densities of the two components that accounts for
that the|1), |2) studied in our previous examplesifRb are  nearly all the dynamics.
very slightly in the phase separating regirfi]. Relative We found solitons formed even in only slightly phase
scattering lengths can also be tuned via Feshbach resonanc&parating regime@,,/ va,1a,,=1.02). The number of soli-
[33]. tons formed, the speed of their formation, and their width
Figure 6 shows the evolution of the two components fol-were highly dependent on this ratio as well as the number of
lowing the input and stopping of a stronger prot®,, atoms in|2). The ability of stopped light pulses to create very

D. Strong-probe case: Two-component solitons
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FIG. 7. Writing solitons onto probe fielda) Writing of vector

solitons onto probe and coupling fields directly after a switch-on
after a storage time of4=110 ms andb) probe output. The plots
use the same conventions as Fig&l)&nd Fe).

N

v We have performed some preliminary simulations in traps
\_/ with weaker transverse confinement and which calculate the
evolution in the transverse degrees of freedom. They show
that the solitons can break up into two-component vortex
4 patterns via the snake instabilif9,35.
We chose our parameters to be in the phase separating
. - regime here. Just as in the weak-probe case, other regimes
20320 =10 0 51020 30 =30 20 10,0 10 20 30 will lead instead to much gentler dynamics. For example, it
has been showjB6] that whena;,<<a;;=a,, then there exist
FIG. 6. Strong probe case: formation of vector solitons. Dynam-‘breathe-together” solutions of the BEC whereby complete
ics resulting from using a relatively strong-probe indo=(2) overlap of the wave functiong,, », persists. In this case the
5.7 MHz, Q=(2m) 8 MHz. In this case we havdl.=0.5x10°  nonlinear atomic interaction can lead to spin squeefaT
8Rb atoms in aw,=(2m) 21-Hz trap and usé;s=f3=1/12 and It would be extremely interesting to investigate a probe-
a;1=a,=5.36 nm corresponding to the systef)=|5S;,,F  revival experiment in such a case, to see to what extent the
=1,Mg=-1), [2)=[6S;,,F=1,Me=+1), and [3)=|5P;5,F  squeezed statistics are written into probe pulse, producing
=2,Mg=0). We artificially seta;,=1.04,, to exaggerate the phase squeezed lighf38]. This would require taking both the light
separation dynamicga) Evolution of density in2) Nely2(z,)I*/A"_ propagation and atomic dynamics in our formalism beyond
shows the development and interaction of two vector solitons. Thgne mean field. Steps in this direction have been taken in

dotted lines indicate the times plotted (ic). (b) The total density [6,39, but these analyses are restricted to the weak-probe
N[ |#1(z,)[>+| (2, 1)|?]/ A=Ny/3/ A remains almost constant in case

time. (c) The densitiedN|y1(z,1)[2/A and Ng|¢(z,t)|?/ A (now on
the samescalg are plotted as thin and thick solid curves, respec-
tively, at the times indicated. The phasgsand ¢, are plotted as V. QUANTITATIVE STUDY OF WRITING AND OUTPUT
dotted and dashed curves, respectively.

Density (10" cm®)
N
N
N

-
-

The above examples demonstrate that a rich variety of
localized two-component structures seems to be a very effedwo component BEC dynamics can occur, depending on the
tive method for inducing the formation of vector solitons, relative interaction strengths and densities of the states in-
which has hitherto been unobserved in atomic BEC’s. A fullvolved. They also show that remarkably complicated spatial
exploration of these dynamics is beyond our scope here. features in both the density and phase can be written into

These nontrivial features can also be written onto probe@emporal features of a probe light pulse and output. The pur-
pulses as shown in Fig.(d. Note that the condition for pose of this section is to quantify the fidelity with which
coherent revivalay,| <a, doesnot depend on the weak- ave functions can be written onto the probe field.
probe limit. Therefore, the writing process is still primarily a 19 do this we consider an example of a two-component
coherent process, and E@.2) is still well satisfied. How-  gec with a Gaussian-shaped featureyin) with parameters

ever, we see in Fig.(@ that the coupling field is strongly characterizing length scales and amplitudes of density and

'?hﬁee(\j\t/gglf)};;rtgt?ewrrglst%ﬂ%?dczlasnaaortfi)oemuzggoggggtjhséI(ransesar\]/:/ggphase variations. Note that these Gaussian pulse shapes are
see that the qualitative features of both the density and phaéglevant to cases in which one might perform controlled

of ¢, have still been transferred ond,. The writing in the processing—e.g., Fig. 5. Switching on a coupling fleld.then
strong-probe regime will be studied in more detail in Sec. ygenerates and outputs a probe pulse with these density and

In Fig. 7(b) we plot the resulting output probe pulse in phase features. We'WiII calculate this output, vgrying the
this case. As in the weak-probe case there is some degradd@d’@meters over a wide range. In each case, we will compare
tion in the subsequent propagation due to attenuation of’® Output to what one expect from an “ideal” outgwith-
high-frequency components. In addition, unlike the weak-Out d|SS|pat|on or d|stort|<3nan<_j calculgte an error WhICh
probe case, there are nonlinearities in the pulse propagatigiharacterizes how much they differ. Using the analysis of the
itself which causes some additional distortion. Section V Cswitching process in Sec. Ill and the USL propagation in
also addresses this issue. Even so, we again see a very cl&&c. |l we also obtain analytic estimates of this error.
signature of the two solitons in the both the intensity and In the weak-probe case, we find a simple relationship be-
phase of the output probe. tween ¢(z,t,,) and the outpuﬂg’“t)(t). We find that to op-
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timize the fidelity in this case one should choose the Gausssimply reflect the relative phase of the two wave functions

ian pulse length between two important length scales. The,=¢,— ¢+ (choosing our phase conventions $g=0).

shorter length scale is determined by EIT bandwidth considThis is indeed the case in the weak-probe limit, as then the

erations, which primarily contribute error during the output.coupling field phasep, is unaffected by the atomic fields

On the other hand, for large pulses comparable to the totalpon the switch-on. However, this is not necessarily so in the

condensate size, the error during the writing process domistrong-probe regime. To calculate the true phase shift, we

nates due taj, partially occupying the condensate enteringcalculate phase of)y from Eg. (11). In the ideal limit,

edge regionz<z,). ¢D(z):f§mdz’a|(z’) [choosing our phase conventions such
In the strong-probe case, we find that the relationship bethat ¢,(z,)=0]. Defining ¢,;= ¢,— ¢, and using the defini-

tween i(z,t,,) and Q(po“t)(t) is more complicated; however, tion of «;, Egs.(9) and(17), we find the relationship

when fi3=f,3, one can still make an accurate correspon- _

dence. We find that the fidelity in this case depends only bn(2) = $3° N2 + - )",

weakly on the probe strength. Conversely, whegg+ f,,

even a small nonlinearity causes additional phase shifts and 2 g ¢<re\,_idea) | Q”E’V"dea’(z')F

distortions, making this correspondence much more difficult, ¢,g") :f dz —2 B

leading to higher errors for stronger probes. For this reason, Zn

a system that uses, for examplg)=|F=1,Mg=-1), |2) o _ S . _

=|F=1,Mp=+1) (as in Fig. J would be preferable when The equation is written in thl$ waythe atomic phase in

one is interested in applications where there are comparablerms of the probe phase and intengitecause our purpose

densities in the two states. is to derive the phase patterh,; based on the observed
By considering the switch-on and output processes, S,tarprolbe field, rather than vice versa. The nonlinear correction

ing with an arbitrary initial two-component BEC, we empha- ¢:)n) is fact the phase imprinted on the coupling field

size that this method of outputting the atomic field informa-during the switch-on.

tion onto light fields works regardless of how the BEC state However, in an experiment, we do not have direct access

was generated. One could prepare a BEC in a coherent ste the revived probélge")(z). Rather, we observe the tempo-

perposition ofl1) and|2) by any available method including, ral outpth(p"”‘)(t). In practice, the intensity of this quantity

. . (18
dz Q(Z:O_|Qgev—|dea)(zf)|2 ( )

but not limited to, inputting a slow light pulse. can be measured with a PMT, while the phase pattern could
be measured by beating it with a reference probe field which
A. Deriving i, from the written and output probe field did not propagate though the BEC. In the ideal lirtthe

absence of attenuation or distortjothe relationship(14)
‘will link the observed output to the revived probe fiél(ge").

Thus we define the “ideal” output via

Assume we have a two-component BEC with wave func
tions ¢, ¥, (and again definely= |i|?+|,|?). For now
we assumd 3=F,3 [SO @1,=0; see Eq(9)], as we treat the

fi3# fo3 case in Sec. V C. Upon a rapid switch-on of a cou- (rev-idea) ) — ()(out-idea) _
pling field with amplitudeQ, inverting Eq.(6) shows that O @ =% (nZaw) =72 + o). (19)
the pattern written onto the probe field will be In practice, additional absorption events and distortion can
* occur during the output. If variations of the relative ampli-
Qge") =— ﬁQD + ﬁQA_ (16) tude i/ ¢ have some characteristic scélg then time fea-
0 o tures with a scale~ L,/ V, will be introduced into the probe

In the ideal limit, where the spatial variations of the wave {%p- USing our result for the bandwidth-induced attenuation,

function are sufficiently smalky,— 0 and the second term EQ: (5) yields an estimate for transm{:gsmn ene(at is, the
vanishes. Furthermore, E¢L1) shows in this case that the €nergy of the actual output puldg,™ relative to an unat-
dark field intensity is constarip|=Qc. So in the ideal tenuated output of)y®’):

limit we have, for the amplitude,

1
T= ,
g = %—2'900- (17) 1+
0

In practice this will be a good approximation as long as the D(zou) — D(2,)
inequality |ayal| ] < an| 4 is satisfied. The extent to which B= Loz (20)
the second term in Eq16) cannot be neglected will deter- VA Zp
mine the error between the 'deﬁge\” *? and aCtuangeV) For this simple estimate we evaluatg andD at the location

output. Note that in all the cases studied in Sec.y#y(z,t)  of the center of the pulsg,, though one could also construct
was nearly constant in time, being always well approximatednore sophisticated estimates by integrating over the spatial
by the original ground statar(lG)(z). Thusy, can be consid- distribution of the pulse. Just as in our discussion below Eq.

ered a known function of. (5), the temporal width is increased by a fac®r and the
Turning now to the phase, the simple relationslp  peak intensity reduced bi? during the propagation out.
- $1= ¢y~ +  is always satisfied in the dark stdtee Eq. We now apply these findings to a Gaussian pulse, with

(12)]. If ¢, was just a constant, then the probe phase wouldssumed to be of the form
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quite small compared witly,. Translating this back into the
Q,, Q, basis, Eq(6) predicts that(); acquires a dip in in-
tensity with a height proportional to the densji|>. This
behavior is indeed seen in the figure.

The phase differenceb,, is plotted as the dot-dashed
curve in Fig. 8b). One sees that in the region whepg, is
inhomogeneous, a small phase shift, equabgl:?, Eq. (18),

N W
aseyd

—

£ Densiy{10"cm)

—

Y

go‘ g0-3__/{—— 3 is introduced in the coupling fiel(otted curve Again this
%,o. So.z PANY T shift only arises in the strong-probe regime. The phase shift
B =0.1 /\ in the dark field¢y is plotted as the dashed curve.

5T 00T o3 0 Figure &c) then compares written probe field to our ideal
(c) (d) t(ms) limit predictions(17) and(18) in this example. The numeri-

= _ o _ cally calculated intensity)"®”|2 (solid curve is almost in-
FIG. 8. Writing and outputting atomic field information onto the distinguishable from our predictiom(re"'idea)F Eq. (17)
probe fields.(a) A test case with a density feature of lendth (dashed curve The phase written OntC'!) the pro’be fiakde”
Elo_’;m of amp:;tud;lAzzoasAan_dOp;:sLe f(ia5tures _’?&2:_0'277' is also very close to the ideal limit predictigh8). One sees
-4, =0 pm [see Eq(2])] andA, =0.5m, L, =5 um. The conven- that including the nonlinear correctiop™ to the simpler
tions for the curves are the same as Fi@).6b) Upon switch-on of estimatec,,+ 1 (dot-dashed curveis important in makin
the coupling field withQQ,g=(27) 8 MHz, we show the dark inten- 21 P 9
the comparison good.

sity |Qp(2)/Qgl? (thick solid curvg and coupling intensity ; . o .
[Qc(2)/ Qgl? (thin solid). The dotted, dashed, and dot-dashed curves Figure &d) then shows intensitythick solid curvg and

: . (out) :

show, respectively, the phase profilds ¢p and ¢,1. (c)The nor- phase(thin solid) of the output pulseﬂp (t). For C.Ompa”‘

malized probe intensity profil€)"®[2/02 (solid curve is indis- son the dashed and dotted curves show, respectively, the out-

tinguishable from the expectepd profﬁ%l(rev-idea”zmz (thick put expected from an unattenuated and undistorted transmis-
P 0 sion of the revived puls€"®’(2) via Eq. (19). One sees a

dashedl [see Eq.(17)]. The thin solid curve showsbge") and the q i the oh hile there i
dot-dashed curve showy+ 7, while the thin dashed curve shows very good agreement in the phase pattern, while there is a

the expected probe phase profile with the nonlinear correctioﬁ/i.Sible r_?gucgon(ijn tue(;ntensity, gue to bandwidth con_sir(;ie[]-
¢(rev-|dea):¢21+¢gnl)+w’ Eq. (18). For reference, the dotted curve ations. The dot-dashed curve shows our estimate with the

sﬁows the total density? profile. (d)The temporal pattern of the estlmateq rgductlon in Inten3|ﬂ]2 [see Eq.(20)] using a
output probe intensityQ°]2 102, (thick solid curve and phase characterlsth Ier_1gth scale, calculafced from a quadrature
¢(°“‘) (thin solid) versuspan esti?nate based on perfect propagatio -Sum of coniributions fro-m t-he amp“-wde and phase features
p , ey ) i Eqg. (21) (the expression is given in the captjon
of the revived puls€) ~" according to Eq(1_4) (dashed and dotted We have thus calculated a method by which the output
c;lrves). The dot-dashed curve shows the ideal (_)utput atter_luated bﬁfrobe pulse can be solely used to calculate the relative den-
T” [see Eq,(20) and the discussion afterwdrdsing the estimate iy ang phase of the wave functions which generated it and
Ly= (L Ag gt AgLy) " demonstrated the method with a generic example. Further-
more, we have identified the leading-order terms which will
cause errors in these predictions. In particular we have seen
) . in our example in Fig. @) that including the expected band-
width attenuation accounts for most of the deviation between
(21)  our ideal predictions and the actual output pulse.

_ CZ Vo i o 2
wz(z)—gbo(z)Azex;J( 2L§>exp[| > erf(l_q52

B. Quantifying and estimating the fidelity

Note thaty, has a density feature of amplitudg and length We now quantify the deviations from our predictions
L, and a phase feature of amplltuét@2 and IengthL¢2. For (17)~(19) for our example(21), varying the length and am-
yn(2) we choose the amplitude, so the total density matcheplitude parameters over a wide range. These results can be
the ground state for the trapﬁ=|¢(ls)|2 and in the phase we directly applied to pulses which are approximately Gaussian
put in a shift with some amplitude\(,,1 and IengthL¢l. An  (as in Fig. 5. The results here should also provide a good
example is shown in Fig.(8). These parameters will be guide to the expected fidelity in more complicated cases as
varied throughout this section to learn how they effect thdong as the length scale and amplitude of features can be
writing and output. We choose a@,=(27) 20 Hz trap[A  reasonably estimated.

=7(5 um)?] with N,=2.0x10° ®Rb atoms. We us€; To quantify the deviation from our ideal case prediction
=f,;=1/12, corresponding to the systefi)=|5S,,,F  (17) and(18) we define the write error
=1,Mg=-1), |2=|5S,,,,F=1,Mg=+1), and [3)=|5P;,,F Zout o o
:2!MF:0> in 87Rb. f dZ/|Qgev) _ |Qgev-|dea)|e|(¢21+¢p +7r)|2
In the example of Fig. &), A,=0.5 is not particularly E — 2 (22)
small, so the weak-probe limit can not be assumed. Figure W out (rew12 '
8(b) shows the spatial profiles of the dark fielly and cou- f dz ||
pling field . immediately following a fast switch-oiirg Fin

=0.1us). We see that very little attenuation 6f, occurs  We plot this quantity in a series of cases with differegtin
across the BEC, agya~ O(AZLZ,iA2A¢,2L¢2,iA2A¢1L¢1) is  Fig. Q@) (circles in a case with amplitudé,=0.5 and no
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0.004r—= Fout (rev) (out) 2
50.003 f dz |Q,(Z) - Q[ H(zow) = (2)]|
[) .
©0.002 - 2r E = —n -
= 0.001 _\___ v J dz|QJ* ()2
| P e x
/7 N\ 3 Zin
CLum) e /\/\ (23
? ”?[‘u@ --------- 02010 01 02 © _ _ _ _
t (ms) In Fig. 9b) we plot this quantity for the cases corresponding
5 0.08 to Fig. 9a). For comparison, for the series with no phase
% 0.06 03 shift, we calculated an estimate based on the expected attenu-
goo4 gy 02 /’\\ ation T? and spreading ™! of a Gaussian pulse, due band-
3002 N\ T Y \ width considerationgsee Eq.(20) and subsequent discus-
5101530 35 sion], choosing L,=L,. In the limit of small g this

L, Lum) 0201 (?ns)m 02 calculation yieldsE, =~ (5/16) 8% This is plotted as a solid
: curve and we see good agreement with the numerical data.

FIG. 9. Writing and outputting atomic field information onto  1Ne €rrorEg is seen to dominatg,, for smallL,, due to
light fields. (a) Circles show the write errdg,,, Eq.(22), versus the the fact that the large optical density effects the former
length L, for BEC’s with no phase jumpgA,,=A, =0) and with [D(Z,) =617 in the case plottg¢dThus our analytic estimate
A,=0.5 [see Eq.(21)]. The solid curve shows an analytic result Eq,=(5/16)8% is a good estimate of the total error. But for
based on the analytic expressiqi$), (10), and(11). The squares largerL, the edge effect ifk,, becomes important. To mini-
show a case holding,=10 um, A,=0.1, and introducing a phase mize the total errorE,+E,, we should choosé, so the
featureA, =0.757 with varying length scale. . (b) The output  error E,=(5/16)8? is comparable to the edge effect error.
error Bqy, Eq. (23), for the same cases aa). The solid curves in Fig. 9 the optimal length i3 ~17.5 um and the total
showing the predictior{5/16)3“ discussed in the textchoosing error isE, +E, ~0.0009. The scaling di(zopt) with the con-

Ly=L2) for.the case W'th no phase .jumgsrcles). .The Insets show. densate siz&, is difficult to estimate. Assuming it roughly
the output in the cases indicated with arrows, with the same plottln? (opt) (op)
ncreases aslL," xR, then Egq. (200 shows g%

conventions as Fig.(8) (in the lower inset on the righ#, is ho- o . . s
mogenous and not plottgdwe again usew,=(2m) 20p Hz, A «1/D(zoy), giving us a guide as to the improvement in fi-

=m(5 um)?, N,=2.0x 10°, and f,5=f,3=1/12, corresponding to delity we can expect by increasing the total optical density of
the system|1)=|5S,,,F=1,Mg=-1), |[2)=|5S,,,F=1,M=+1), the condensate.
and|3)=|5Py,,,F=2,M¢=0) in ¥'Rb. The insets show the plots of the ideal outputﬂn‘f")(z)

(solid curves versus actual outpu@g)”t)(t) (dotted curvep

in two of the cases. In one case, with no phase jumps and a
phase profiles. This is compared with a calculated predictiosmallL,, we see an overall reduction in amplitude and slight
for E,, (solid curvg based on Eq.16) where we calculat€l,  spreading. In the other, with a larges but a phase shift with
with Eq(10) and calculate the small attenuation(@§ with a small length scaled,z, we see that the attenuation is local-
Eq. (11). These errors grow as, becomes comparable to ized in the middle of the pulse. This is because it is the
a,§1=0.2 um, according to the discussion in Sec. Il A. We components which contain the sharpest phase profile, near
see the agreement between the analytic and numerical estire middle, which are most severely attenuated. Generally, in
mates is quite good for small to moderate confirming that ~ cases with complicated spatial features, one must be aware of
this is the leading source of error. However , wHenbe-  this potential for local attenuation of the sharpest features.
comes comparable to the total BEC sitiee Thomas-Fermi Note, however, that in many cases of interest, such as the
radius isR,=44 um here, we begin to see additional errors interference fringegrig. 4) and solitongFig. 6), large phase
becausel, becomes nonzero at the BEC edge. Thus, we se@hifts occur primarily in regions of low density, meaning
that for a given BEC length and density, one must choosd€Se features often survive during the output propagation.
al<L,<R, to minimize the write erroiE,. Because this Our analysis O.f switching process in Sec._lll applies even
edge effect depends on the density structure near the BE ith a large amplitudéh, as was seen in th,=0.5 case in

edge, it is difficult to estimate analytically, but it is related to Ie:'fcljor?s \I/\r/]i tEE \}g?)i:veaﬁlﬁf:ﬁarejuIi;ifoagssggssgé zmu'
the fraction of the pulse in or near the regiariz.. For 2 varying yup ) y

; . a very small impact ort,, for A,=<0.8. Most of our results
pulses near the BEC center, this will depend I51R,, y b " 2

oo for the propagation of USL pulses—e.g., E@%) and (5)—
whereas for pulses far off center, it will also depend on therely on the weak-probe limit. Surprisingly though Fig (D

location of the center of the pulse. shows that the output erré,,, is independent oA, through
We also plot a series of cases keeping=10 um and A,=0.9.

A,=0.1 but varying the length scalc—;;,,2 of a phase profile of
amplitudeA, =0.75m. One sees similar but slightly smaller
errorsE,, in this case.

We define the error accumulated Qg propagates out The lack of distortion in the strong-probe cases discussed
using Eq.(14): so far in this section is a result of us choosing a system with

C. Effect of unequal oscillator strengths
ev)
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FIG. 10. Writing and outputting atomic field information onto _g'g: .-

light fields. (a) The write errorE,,, Eq.(22), versusA, for the case So.0al+"
Lo=10 um, Ly =Ly, =5 um, Ay =0.57, and Ay =0.2m. (b) The <002
output errorkEy, EQg.(23), in the same cases. The solid line shows
the estimate(5/16) 8% [see Eq.(20)] using L,,,:(L£2+A¢2L:é ()
+A¢1L;i)‘1’2. The condensate parameters are the same as in Fig. €

< )
-0.2-01 0 0.1 0.2
(d) t(us)

_ _ 5 0.015 . 50.12}
equal oscillator strength$é;;=f,3 The importance of the 5 ;440 2008 *
relative size of the oscillator strengths can be understood by . a8 *
S . ; < 0.005 50.04
considering the adiabatorjthe changes in the output cou- obe o O Ve
pling intensity seen in Figs.(8) and 2e)]. The adiabatons 02 04 06 08 1 62 04 06 08 1
arise because of the coherent flow of photons between th(e) A, ® A,

two light fields and their amplitude is determined by the FIG. 12. Writing inf i ith | oscillator strenath
requirement that the sum of the number of photons in bot q -Plot-s a:rltelnf%rlntr?(;rlz:gg W;razggfsaazsgi a %r Z;g:gt v?/ith
fields is constant upon such an exchange. In a case whe @__( ) N = P . 9. P
. g . 12=1/12,f53=1/4 andA,=0.25.(e), (f) Write E,, and outputE,,

Q,~ () one must take into account that it is the total field _ o

5 5 2 . . errors versush; for the parametert,=10 um, L4 =L4=5 um,
strength|Q}| —|Q£,| +|Q %, rather than simply the input cou- 057 and A= —0.2
pling strength)2, which enters the numerator in our equa- e e
tion for the group velocityy(2), Eq. (4). However, the ex- regular USL output pulse to cases with strong probes
pressions for the Rabi frequencies involve the oscillato=¢ a_lnd varyf23:1/3,1/2,2/_3(f1_3:1/2_ in all cases
strengths of the relevant transitions. Thus, preserving the td=ach time we chose the coupling intensity so that that the
tal number ofphotonsat each point in space will result in a Rabi frequency is(;=(2m) 8 MHz. One sees that when
homogenousJQ|2:Q§0 if and only if f;3=f,s During the f1_3:f23 there is no asymmetrical d|stort.|on, though we geta
time that the probe is completely contained in the BE@2  slight spreading and a shorter delay time. However, in the

will differ from Q2 in the vicinity of the pulse according to Other two cases, there is asymmetry in the output pulses,
consistent with the picture that the center of the pulse will

travel slower or faster than the edges according to EfS.

and (4) (with Q2 replaced bylQ|? in the numerator The
result is a breakdown of our estimated). As this is a propa-
This leads to a nonlinear distortion, whereby the center of th@ation effect, the absolute magnitude of this effect should
pulse (where the probe intensity is greatet#nds to move roughly be linear with optical density and the relative distor-
faster or slower than the front and back edges, depending afbn will go as the optical density divided by the pulse
the Sign Of termin parentheses. This behavior is quite Clearlkngth_ Th|s is the primary reason |t W0u|d be advantageous
seen in Fig. 11, where we compare a delayed weak-probg yse the levels we chose in our simulation in Fig. 7 if there
is a strong probe.

|Q(z,1)|?= Q%+ |Qp(z,t)|2<1—:—23). (24)
13

1 . We just outlined the reason that the equal oscillator
S 0.8 F3 strengths can be important in reducing distortion during
£ 06 propagation and thug,,. It turns out that the writing pro-
E cess is also more robust whépe=f,3. The reason is the
204 presence of the additional teraa,,, Eq. (9). This term is
0.2 quite small in the weak-probe limit, but in the strong-probe
case leads to an additional phase shift, not accounted for in
-5 0 5 10 15 20 25 Eq. (18), which depends in detail on the pulse amplitude and

Hus) structure.

FIG. 11. USL with a strong probe. The dotted curve shows a _Figures 12a-12d) shows a case, similar to Fig. 8, but
strong probe pulse amplitude with peak valu@p=0c with f13=1/12,f,3=1/4 (as in the cases in Figs. 4 ang, 5
=(2m) 8 MHz input into a sodium cloud with an optical density @nd with a fairly small nonlinearityA,=0.25. One sees in
D(z0,)=407. We use an oscillator strengths=1/2 butvary the ~ Fig. 12b) that there is a dip i), in the region of the probe
coupling oscillator strengtl,s, The output®"/Q, is shown in ~ dué to theay, term. Figure 1) shows the written probe
the cased,3=1/2 (thick solid curve, f,;=2/3 (dot-dashed curye ~ Pulse. There is a small but discernable difference between
and f,3=1/3 (dashed curve For reference, the thin solid curve the predictedﬁge""dea’, EqQ.(18), and actuatﬁ(prev) phase. Fig-
shows output for a weak input prolfg,,=(2m) 1.4 MHz. ure 12d) then shows the asymmetric distortion which devel-
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ops as the strong probe propagates out. One sees the phassses and quantitative errors were calculated for a wide
jump is distorted in addition to the amplitude. Figureg€l2 range of length and amplitudes of Gaussian pu(fégs. 9
and 12f) demonstrate how these effects lead to substantiallgnd 10. As we saw there, the error during the output domi-
higher errorsE,, and E,; as A, becomes larger. From our nates for shorter pulses and(5/16) 8% [see Eq.(20)]. For
estimate from the previous section we expect an output errdonger pulses effects due to the condensate edge introduce
of Eo,=0.0147 and we see in Fig. @2 that the distortion errors into the writing process. Balancing these two consid-
effect leads to errors higher than this why=0.3. erations one can optimize the fidelity, which improves with
We thus conclude that the fidelity of both the writing and optical density.
output is compromised in a system with unequal oscillator For the strong-probe case, we found that for equal oscil-
strengths. However, this only comes into effect in casegator strengthgf,3="f,3), one could still relate the wave func-
where the nonlinearity is important. In weak-probe cases neitions to the output pulses by taking into account an addi-
ther of these effects is important and the fidelity can still betional nonlinear phase shiftL8). The fidelity of transfer of
estimated with the analysis of tlig;=f,3 case in Secs. VA information was virtually independent of the probe strength
and V B. 02, even wher(),,~ Q (see Fig. 10 For unequal oscilla-
tor strengthqf3# f,3) we found that strong probes lead to
VI. OUTLOOK additional fea_ture_s in _the ph_ase pattern duripg the _vvriting
process and in distortion during the propagation during the
In conclusion, we have established first several new reeutput, leading to much higher errafsee Fig. 12
sults regarding the fast switching of the coupling field in  Looking towards future work, we note that it is trivial to
light storage experiments. We found the switching could beextend the analysis here to cases where there are two or more
done arbitrarily fast without inducing absorptions as long asspatially distinct BEC's present. As long as they are optically
the probe is completely contained in the atomic mediand  connected, information contained in the form of excitations
Vy<<c which is usually the case in practicee have also of one BEC could be output with this method and then input
seen that when the switching is slow compared to the excitetb another nearby BEC, leading to a network. In the near
state lifetime(~25 n9, the probe smoothly follows the tem- future, there is the exciting possibility of extending these
poral switching of the coupling field, while in the other limit results beyond the mean field to learn how using this method
the probe amplitude undergoes oscillations which damp oudf writing onto light pulses could be used as a diagnostic of
with this time scalgsee Fig. 3. quantum evolution in BEC’s. A particular example of interest
Next, we saw that these stopped pulses can induce novelould be to investigate the spin squeezing due to atom-atom
and rich two-component BEC'’s dynamics during the storagénteractions in a two-component system and the subsequent
time. Both the relative scattering lengths of the states usedriting of the squeezed statistics onto the output probe
and the probe to coupling intensity ratio have a strong effecpulses. Furthermore, we expect that performing revival ex-
on the qualitative features of the dynamics. In the weakperiments after long times could be used as a sensitive probe
probe case, thé2) condensate sees en either an effectiveof decoherence in BEC dynamics, similar to the proposal in
repulsive hill [when a;,>a;q; see Fig. 4b)] or harmonic  [40]. Last, there is the prospect of inputting two or more
oscillator potentiajwhena;,<a;4; see Fig. 5a)]. The char- pulses in a BEC and using controllable nonlinear processing
acteristic time scale for the dynamics is given by the chemifrom atom-atom interactions to the design of multiple-bit
cal potential of the BEQin our cases~(2m) 1 kHz] times  gates, such as conditional phase gates. We anticipate that the
the relative scattering length differenf@,—aj4|/a;;. In the  results presented here can be applied to these problems as
latter case, the resulting evolution can be easily calculated byell as to applications in quantum information storage,
decomposing the pulse into the various harmonic oscillatowhich require the ability to transfer coherent information be-
eigenstates. Thus it is possible to choose input pulses whidiween light and atom fields.
preserve their density over time or undergo predictable re-
shaping such as dipole sloshing or breathing, allowing con-

trolled storage and linear processing of optical information. APPENDIX: ADIABATIC ELIMINATION OF s

Inputting stronger probes will add nonlinearity to the evolu- AND FASTER SWITCHING

tion, making nonlinear processing possible. Very strong

probes and phase separating scattering lenaths a;1a,, We arrived at Eqs(1) and(2) by first considering a sys-
lead to the formation and motion of vector solitons, whichtem of equations with all three levels considered and then
have not been observed in BEC'’s to date. adiabatically eliminating the wave function ft&. For com-

We then showed that switching the coupling field on afterpleteness we write the original equations here.
the dynamics writes the various density and phase features of The three coupled GP equations are
the wave functions onto revived probe pulses. This was seen
qualitatively for various examplegigs. 4—3. A precise re-

lationship between the wave functions and output pulses was ., di h? &

found Eqs.(17)«(19), meaning that the output probe pulse 'ﬁ? | omaZ V1@ + Unglgnl® + Usall® |1y
can be used as a diagnostic of the relative density and phase

in the BEC wave functions. We have also identified sources i }ﬁﬂ*l// (A1)
of attenuation and distortion in the writing and output pro- 2 P
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. 61/12 ﬁz 32 Jd 1 d ,f230'0F *
L R +Vo(2) + Updlhal” + Und g | ozt oo )T Iy Nt (A4)
1 . In adiabatically eliminatingls, we assume that all quantities
Sy, (A2) " vary slowly compared to the excited-state lifetinfe™

(~16 ns in sodium This allows us to sed;/dt— 0 in Eq.
(A3) and arrive at

a1 1 r ~_ !
ih% = Qs+ S Q=i s (A3) s~ = 1 (Qpin + Qctly). (A5)

Plugging this into Eqs(Al), (A2), and(A4) yields Eqgs.(1)
and (2).

Note we have ignored the external dynamics/ghltogether @

as it will be negligible compared witf’, (,, Q. (on the ACKNOWLEDGMENTS
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