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k
Phase velocity: vy, = u)_f(_) = “nﬁ?)

Group velocity:

_do C
Vg =dk = n(w)+o(dn/dm)

=  slow group velocity near steep
positive variation of refractive index
with frequency

dn

— <5 — —> 00
=5 \/ >0 when do >

Electromagnetically Induced
Transparency

+ Interference between absorption paths
+ With atoms in appropriate state, no absorption

Q |+> - Qg |->

VIR R + 19,2

|dark> =
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1

transmission

Electromagnetically induced transparency

index of
refraction

frequency

Advantages of EIT

Controllable dispersion relation

= easy manipulation of group velocity,
transparency window,
pulse compression, etc.

k an > 0
can make —>00 = V. —>
¢ dw 8

Strong interaction of atoms and light on
2-photon Raman transition with

no l-photon absorption
= efficient information transfer

Long coherence times of ground states
=> long-lived information storage
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EIT Transparency Window

Group velocity drops with laser power:
02
Ty 2vNo

Bandwidth of transparency also drops:

Q2
T .. I
MaX ™ o/ NoL
% [ 2
’ N :""Ml":: “ N

Harris and Hau, PRL, 82 4611 (1999).

Problem: use EIT to make Vg = 0

Using “conventional” slow light technique:
Set control beam to low power

=V, reduced AND transparency window

is narrowed
= pulse length goes to infinity in limit that
v, gOes to Zero, otherwise pulse is

absorbed.

Solution: use dynamic EIT

1) Set control beam to moderate power
= both v, and transparency window
have moderate values ‘
=> reasonable length pulse enters medium
and slows down
spatial compression of pulse by ~ 10°
no change to temporal extent of pulse

2) Reduce control beam to zero
= V,, transparency window, AND

spectral bandwidth of pulse go to zero
= pulse halted with no absorbtion
infinite temporal expansion of pulse
no change to spatial profile




Dr. Ronald Walsworth, Harvar d-Smithsonian (K1 TP 7-23-02) Update on Walsworth-L ukin " Stored Light" Collaboration at Harvard

Page 6

Dark-State Polaritons - How to store photons...

Dark-Sate Polaritons, W, are a linear combination of atomic (p) and

o
photonic (£2,) excitations. 2
S
=
U(z,t) = cos0Q,(2,t) —sinOv/kp_4(2,1) 8
tal e o L 0 50
YT

!
£ =cos?f = =< i _
¢ Q2+ x photon A spin coherence ,‘,
a‘”
) g E l‘l‘;’l‘lul‘l
The polariton shape is preserved as the light intensity 4 iy
1,

| I
(parameterized by @) is varied adiabatically.

50

Fleischhauer and Lukin, PRL, 84 5094 (2000).

...coherently

storage time limited only by coherence lifetime
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Light Storage
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Stored Light Apparatus

"Storage of light": data

.....................................

‘.' control

signal

normalized transmitted signal (%)

50

1 1 1 1 ]

-100 -50 0 50 100 150 2(130 250
time (us)

® up to 50% of input pulse is "stored"

@ storage intervals up to ~ 0.5 ms are observed

Phillips, Fleischhauer, Mair, Walsworth, Lukin, PRL 86,783 (2001)
(see also Liu, Hau, et al., Nature 409, 490 (2001))
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Calculations

(a) .
NSO 1s |
&
~ ) S
% 40| (b)
8 |
E 20| 100 us
— [
g 0 /\
.?—n I -
© 40 ©
20. 2004 s
50 0 50 100 150 200
time (U s)

Calculations match well to observed pulse heights with time

constant of ~ 150us.

Writing a Phase on Stored Light

©
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Writing a phase on stored light Writing a Phase on Stored Light
I T I
signal ro:;-:; ;-;o-b | f | }
contri———> | g5 o > 0> 8 s et | s
£ o e e e s
2 |
s e Ty ]
signal P s f” [ | | '
control————=> | gk > > o+ os 8 A L
[ R DN = E - II ‘ ’ l
e e P
signal g I
"""‘Ac‘*” e T =
sontrol ——> zz ::::.:z I'I
signal ”.‘: ., 0
control :-_:.o;‘ :; :::..'_: ] g ST
=iy - - ;
: time (us)

e *rererer
control———"> &> 0> 0> 0>
[ X =
et Phase of signal light
varied relative to
control light
signal

control—————">, | > 0> 0> 0> 0>
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PHYSICAL REVIEW A, VOLUME 65, 031802(R)

Phase cok and

A Mair,' ). Hager.! DFPmmps. nl_w.wom.'mu D. Lukin®
! Harvard-Soith ‘enier for A C

idge, Massachusens 02138

‘qunrsfl’k)mrnu TAMP, Hanwd’ Universiry, Cambridge, Massachuserts 02138
(Received 9 August 2001: published 14 February 2002)

umumammwmmhhmmaow"umw"

technique. Specifically, we employ a dynamic form of el

ically induced 10 bring the

group velocity of a light pulse 10 zero, thereby mapping the photonic information into an ensemble spin

coherence in warm Rb vapor. We then apply a pulsed magnetic field 10 vary the phase of the atomic spin

cmmmdmpm.wm«—mmx-nmmmmmlmmmmmuw
thus confi that the storage process preserves phase coherence.

DOL: 10.1103/PhysRevA.65.031802

The coherent and reversible storage of photon states in
marter is an outstanding problem for u.: mu! mhunm
of many basic in

PACS number(s): 42.50.Gy, 03.67.—a

bandwidth li ¥ in ional EIT by a
sutic control field [14]. However, the two initial ligh-
storage [89] only the i of

Phatons are the fmnu\dnmpleummurqumumm—
formation, but in general they are difficult 1o localize and
store; for this reason matter (¢.g., spins) will lMy m as
quantum memory A

terface is a key component in the realization of scﬂnble
quantum networks [1,2]. In contrast to ordinary techni

the output fields, not the phases. Thus these previous experi-
ments did not show that the light-storage lechnique provides
coherent wriling and reading of the signal light pulse into
and out of a collective atomic state,

Here we present experimental evidence that the hgju
storage technique is phase Although

which, e.g., desiructively conven light intensity inio electri-
cal signals by photoabsorplion. or transfer angular momen-
twm from polarized light into oricnted am!mc spins by dissi-
pative oplical ag CAIT Y interface
would ¥. lmuri). and bly conven entire ex-
citauons carried by light pulses inlo long-lived matter states
with minimal dissipation.

Several theoretical proposals have addressed the transfer
of quantum states from pholons to matter excitations. Early
work focused on the use of indi aloms as g

from th ical predictions [6], this | feature of dy-
namic EIT has not been verified experimentally. Specifically.
we demonstrate that the phase of the stored coherence. afier
being manipulated during the storage interval using standard
techniques, is mapped coherently onto the released light
pulse. We also demonstrale that light storage is a linear op-
mﬂmMmluummwwnﬁ-
nique should be suitable for applications in quantum infor-
mation processing, aithough this remains 1o be demonstrated

memory [3]. and active experi efforts toward
this goal are currently underway [4.5]. However, it was re-
cently realized that quantum state transfer could be simpli-
fied by using atomic ensembies [6,7]. In particular, recent
experiments emplaying cold Na atoms [8] and warm Rb va-
por [9] demonstrated an important step in this direction: the
“storage” of a classical light pulse in an stomic ensembie by
the dynamic and reversible reduction of the light pulse group
velocity to zero,

The light starage technique is based on a recuuly pro-
posed [6], d ic form of the of el
netically induced transparency (EIT) [10]. In

with ical (e.g., single photon) stales [6]. We note that
the light storage technique is an of a
recently proposed “quantum repeater” protocol [15] 10 en-
able scalable quanum communication over very long dis-
1ances [16]. Scalable quantum computation using stomic cn-
sembles coupled by hgl’t hi also been suggested [17]

The present can be by consid-
ering & A configuration of atomic states coupled by two op-
tical ficlds [see Fig. 1(a)]. Here, the control field (Rabi-
frequency ().} and signal ﬂcld(ﬂlntl:ﬂnﬂng’:
circularly polarized light (¢ and @ ). Via Raman transi-
tions, these light ﬁcld: creaie in the atomic ensemble a co-

EIT. an external optical ficld (the “control field™) is used to
make an othcrwise opaque medium near an

of a pair of g J-stal
henunlubievdsﬂ )| ))wh:chh-wma;mucquanmm

atomic resonance. A second, weak optical ﬁeld (the “signal
field™) at an appropriale frequency and polarization can then
propagate without dissipation and loss but with a substan-
tially reduced group velocity [11-13).

In contrast 1 conventional EIT, the light-storage tech-
nique involves the use of a dysamic control field. Theoretical
wark to date [6] indicates that “dynamic EIT* should allow
the information in an input pulse of signal light 1 be linearly,
coherently, and reversibly mapped with high efficiency into a
collective alomic state without suffering the signal pulse

1050-2947/2002465(3)/03 | BO2(4)/520.00 65 031802-1

bers differing by two. Associated with the reduced group
velocity of the signal field is a considerable spatial compres-
sion which allows a signal pulse 10 be almost completely
localized in the atomic medium. Inside the medium the light
pulse propagates together with the ensemble Zecman coher-
ence, like a wave of fipped spins. The propagation of the
coupled light and spin excitations can be efficiently de-
scribed in terms of a quasiparticle, the “dark-state polariton”
[6], which is a coherent superpasition of photonic and spin-
wave contributions. n order 1o store the state of a pulse of
signal light, one smoothly turns off the control field, causing

©2002 The American Physical Society

of stored ph ic information

Frequently Asked Questions

e What happens to the speed of light in the cell?
« The phase velocity is within 1% of c.

» The group velocity is brought to zero when the light is stored.

e Do we stop photons?
« The flux of photons out of the cell is equal to that entering.
« We stop the information.

« The pulse shape, angular momentum, phase and statistics of
the signal field relative to the control field are stored.

e Where does the energy go?
« The control field carries the energy away.

« The control field also carries the linear momentum.

e How is this different from a hologram or photon echo?
« The input pulse can be stored with near perfect efficiency.

« Theory indicates that it should thus be possible to store
quantum states.
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Q y for pt

Dark-state polaritons

M. Fleischhauer' and M. D. Lukin*

! Fachbereich Physik,

m, D-67663 Ki Germany

o
Physics Deparmmen: and ITAMP Harvard University, Cambridge, Massachusens 02) 18
(Received 29 June 2001; published 15 January 2002)
An ideal and reversible transfer technique for the quantum state between light and metastable collcctive
states of mater is presented and analyred in detail. The method is based on the control of photon propagation
mm-uy&wmlhev-kwlmmunmm#mvdomyumlymnm

ﬁmﬂcsﬂd:md‘iﬂlnﬂmlhﬁm ") iated with the

of quantm ficlds in induced

are identified, their basic properties discussed

and their application for quantum memories for light analyzed.

DOL: 10.1103PhysRevA 65022314

L INTRODUCTION

Recent in g science have led
0 many ing new pls such as compu-
totion, cr and Iclepor [|—3]. The
practical i jon of

requires coherent mwlaﬂon of a lnrge number uquled
quantum systems, which is an extremely difficult task. One
of the particular chall fon.he' | ol'lhzn
ideas involves physically

PACS number(s): 03.67.-a. 42.50.Gy, 42.65.Tg

an individual atom. This approach involves a coberent ab-
sorption and emission of single photons by single atoms.
However, the single-atom absorption cross section is very
small, which makes such a process very inefficient. A very
elegam solution 10 this problem is provided by cavity QED
[11]. Placing an atom in a high-Q resonalar effectively on-
hances its cross-section by the number of photon round trips
during the ring-down Lime and thus makes an cffective rans-
fer possible. Ruman sdiabatic-passage techniques [12] with

quantum states between mﬂ’:mm nodes nfqu:mnm netwaorks
[4]. Quanwm optical systems appear 1o be very aitractive for
the realization of such networks. On one hand photons are
ideal carriers of quantum information: they are fast, robust,

[ external control fields can be used 1o imple-
ment & directed but reversible wansfer of the quantum state
of a photon to the atom (i.e., coherent absorption). However,
despite the enormous expenimental progress in this field [13],
i is lﬂ‘hllﬁlly very challenging 10 achieve the necessary

and readily available. On the other hand atoms re-
liable and long-lived storage and p ing units, The

me. the single-atom system
uhvy ion highly 1o the loss of atoms and

the challenge is to develop a technique for coherent transfer
of quantum information carried by light to atoms and vice
versa. In other words it is necessary lo have a quantum
memory that is capable of storing and releasing quanum
states on the level of individual qubits and on demand. Such
a device needs to be entirely coherent, and in order to
achieve a unidirectional transfer (from field to atoms or vice

the speed of operations is limited by the large Q factor.
On the other hand a photon can be absurbed with unit
probability in an optically thick ensemble or aoms. Nor-
mally such absorption is panied by dissiy pro-
cesses, which result in decoh and thus deteri the
quantum state. Nevertheless it has been shown that such ab-
sorption of light leads to a partial mapping of its quamum

versa), an explicil ti control is

0 alomic [14,15] Asa of

required.

Classical optical-data storage in the ume domain, based
on the phenomenon of spin [5] and photon echo [6], has a
long history. After the first proposals of stimulated two-level
phaton echo [7] and demonstrations of light-pulse storage in
these systems [8] many imponant developments have tuken
place in this field. Particularly interesting are techniques
hased an Raman photon echos [9] as they euntmelh long
lifecime of ground-state hyperfine or Zeeman for

dussipation these methods do nat allow to reversibly store the
quanum state on the level of individual photon wave packets
(single qubits), Rather, a stationary source of identical copies
is required (e.g.. & stationary source of squeezed vacuum.
which can be considered as a train of identical wave packets
in a squeezed vacuum siate) to partially map quantum statis-
tics from light 10 marter.

ley we have pruposcd a method that combines the

of the g

storage with dara transfer by light at optical frequencies [10]
While these techniques promise to be powerful for high-
capacity storage of classical optical data, lh:yatmhnd-
rectly applied for The

cross section in many- -atomn

systems with d
[16-18]. It is based on an adiabatic umsferdu!qmuum
state of photons to collective aiomic excitations using elec-

memory p
cmploy m:c! or d’nnad-nﬂ: npnﬂl lllmﬂng (and thus
contain dissi ically require that the
numtcrofphmuulwwl}unthmnﬂ:udmms

ly induced transparency (EIT) in three-level at-
oms [191 Since the technique alleviates most of the stringent
requirements of single-astom cavity QED, it could become
the basis for a fast and reliable guantum network. Recent
i [20.21] have already demonstrated one of the

simplest
memory for light is to *store™ lh:mol'lmglcphmmm

1050-2947/2002/65(21/0223 1 4(12)/$20.00 68 022314-)

basic pnnciples of ths techmique—the dynamic group-

©2002 The American Physical Society

arXiv:quant-ph/0206024 v2 4 Jun 2002

Two-photon linewidth of light “stopping” via electromagnetically induced
transparency

Claudia Mewes and Michael Fleischhauer

Fachbereich Physik, Univ. Ki

n, D-67665 Ki { 1, Cermany

(June 4, 2002)

We analyze the two-photon linewidth of the recently pro-
powerd adiabatic !r-n#n- technique for “stopping” of light us-

Essential for a high fidelity of the transfer process is
an explicitly time-dependent control field which varies in
most parts adiabatically. When the group velocity of the
polariton approaches zero, so does the spectral width of

ing el induced P (EIT). We show
that & successful and reliable transfer of excitation from light
to atoms and back can be achieved if the sp of the

input probe pulse lies within the initial transparency window
nlE.lT and the two-photon detuning & is less than the col-

i h {coll vacuum Rabi-freq ¥)
M N divided by \/"7' with 5 being the radistive decay rate,
N the effective number of atoms in the sample, and T the
pulse duration. Hence in an optically thick medium light
“storage” and retrieval is possible with high fidelity even for
systems with rather large two-phaton detuning or inhomoge-
neons broadening.

L INTRODUCTION

One of the challenges of practical quantum informa-
tion processing and communication is the faithful stor-
age and retrieval of an unknown quantum state in a
memory system [1]. Recently we have proposed a tech-
nique for a controlled transfer of the quantum state of
a photon wavepacket to and from a collective atomic
spin excitation [2 4] using electromagnetically induced
transparency (EIT) (5 and Raman adiabatic pussage [6).
When a weak probe pulse and a much stronger con-
trol field couple two metastable states of a 3-level atom
through & Raman transition in two-photon (but not nec-
essarily in single-photon) Fesonance, lh! control field ren-

P in EIT. Adiahatic following leads however
to a narrowing of the spectral width uHIw probe pulse
parellel to the narrowing of the transparency windaw and
thus there are no absorption losses during the slow-down
provided the carrier frequency of the probe pulse and the
cantrol field are in precise two-photon resonance [4]. For
a non-vanishing two-photon detuning the pulse spectrum
will move outside the transparency region st some finite
value of Lhe group velocity. Thus the question arises what
values of the two photon detuning, if auy, are tolerable
Lo mainisin & sufficiently high fidelity of the quantum
memory. ‘This question is of particular practical impor-
tance in gas experiments wich different pump and probe
Irequencies |7,8] or different propagation dircctions of the
fields since two-photon Doppler-shifts are then no longer
negligible. An estimate of the two photon linewidih of
light “starage” is furthermore interesting for applications
in rare-earth doped solid-state materials with inhomoge-
neously hroadened two-photon Leansitions [11].

In the present paper we analyze the two-photon
linewidth of the storage process based on an analytic per-
turbation theory and compare it with exact numerical re-
sults. We will show that under otherwise favorahle condi-
tions, the linewidth is given by the collectively enhanced
coupling strength (vacuum Rabi-lrequency) gv'N, with
N being the number of atoms divided by 3T, with 4
being the excited-stale decay rate and T' the character-
istic pulse duration. In an optically thick eusemble Lhis

ders an otherwise i thick tr

The induced parency is inted with a subst.
tinl reduction of the propagation velocity of the prabe
pulse due to the formation of a coupled fickd-spin ex-
citation called dark-state polariton 3.4). Dynamically
reducing the intensity of the control field decelerates the
polariton and can bring it to a full stop [7,8]. When the
velocity reaches zero, the polariton is entirely matter like
and the quantum state of the original light pulse is com-
pletely transferred to a collective spin excitation of the
atomic ensemble. The process is reversible and the quan-
tum state can be transierred back to a light pulse by re-
accelerating the polariton, which can be un exact replica
of the original one or — if desired — can oceupy different
modes (different direction, carrier irequency etc.) [9,10].

ity can be large and thus rather large two-photan
detunings are tolerable.

1. MODEL

We consider the quasi l-dimensional system shown in
Fig. 1. A probe pulse with positive frequency part of
the electric field E'* couples the transition between the
ground state |b) and the excited state |a). 8, = wop — »
is the detuning between the carrier frequency v and the
atomic transition frequency wey. The upper level la} is
coupled to the stable state |c) via a coberent coutrol field
with Rabi-frequency €. doc = war — ¥ Is the corre-
rpmdln; detuning of the muplm,; transition. The Rabi-

of the ling field is to be large
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* Raman modes create a fluctuating EIT window for the drive field?

[M. D. Lukin ez al., PRL 81, 2675 (1999)].
» Strong classical correlations between fluctuat

the residual drive and Raman fields.

ions in

.

(Stokes component)

('n *qre) uorssrwsues) 4,

Frequency (FP scan) —

Black data show noise on transmission spectra of the Stokes field (a),
and drive (b). When Raman scattering is suppressed with a magnetic

field the noise vanishes (Red data).
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Manipulating Light Pulses via Dynamically controlled Photonic Bandgap

A. André and M. D. Lukin
Physies Depertment and ITAMP, Harvard University, Cambridge, Massachuaetts 02138
(May 14, 2002)

When a resonance associated with akﬂromlpeucally -
duced y (EIT) in an i s modulated
by an off-resonant standing light wave, » band of frequencies
can appear for which light propagation is forbidden, We show
that dynamic control of such a bandgap can be used to co-
herently convert a pmpnpnq light pulse into a stationary

tively understood by first considering a medium consist-
ing of stationary atoms with a level structure shown in
Fig. la. The atoms are interacting with a weak signal
field and two strong fields. The running wave control field
{1, is tuned to resonant {requency of the |b) — |} tran-
sition. In the absence of the field (2, this situation cor-
responds to the usual EIT: in the vicinity of a frequency
corresponding to two-photon resonance the medium be-

excitation with This can
be an lished with Iu;in T and noise even
u-lrv-lnrfuw}ﬂmtnnqunmumﬁelda:hzmby“ I

possible ions in optics and qum—

tum information.

PACS numbers 03 67.-a, 42.50.-p, 42.50.Gy

lechniques for coherent vontrol of light-matter inter-
action are now actively explared for storing and manupi-
lating quantum states of photons. In particular, using
cloet ically induced tr v (EIT) [1,2] and
adiahatic following of “dark-state polaritous™ |'S|, the
group velocity of light pulses can be d ically de-

comes P for a signal field. This transparency is
accompanied by a steep variation of the refractive index.

The dispresion relation can be further manipulated by
applying an ofi-tesonant standing wave field with Rabi
frequency 0,(z) = 202, cos(k,z) and a frequency detun-
ing A. This field induces an effective shift of resonant
frequency (light shift) that varies periodically in space,
resulting in a spatial modulation of t!u’ index of refrac-
tion sceording to dn(z) — (r,fu,)d%-m‘(k,z}. where
/vy is the ratio of speed of light in vacuum to group
velocity in the medium. When the modulation depth

celerated and their quantum state can be mapped onto
metastable collective states of atomic ensembles [4].

In contrast to such a coherent absorption process, the
present Letter describes how a propagating light pulse
can ha mnvmad into a stationary excitation with non-

I b p This is lished via

is iently large, signal light propagating uear atomic
resonunce in the forward z direction with wavenumber
k near k, may undergo Bragg scatlering into the back-
ward propagating mode with wavenumber —&. In direct
analogy ta e.g., optical interferometers, the souttering of
the counterpropagating fields into each other can modify

controlled rrmdmmtkm of the photonic demu.y of states
in EIT media by modulating the refractive index with an
off-resonant standing light wave. By varying the prop-
erties of the resulting photonic band structure in time,
the original light pulse can be converted into an exci-

tation inside the band where its proj ion is for-
Indden Long storage of excitations wn.h nou-vanishing
may open p l'or

mhwement af nanlinear optical Interactions 15,8].
particlular, an intriguing und practically important |7, R|
application of this effect for interactions between few-
photan fields is dicussed in the concluding paragraph af
this Letter.

Defore proceeding, we note that there exists a sub-
stantial litterature on photonic bandgap [9] materinls.
Recently photonic bandgup structures have been inves-
tigatad theoretically 10| for strong coupling of single
atoms with photons. Photonic bandgnp based on inter-
aciion with atoms in an optical lattice were also investi-
gated [L1]. We also note other related work on EIT-based
control of the propagation properties of light in atomic
media [12].

The key idea of the present approach can be qualita-

the ph ic density of states. In particulur, & range of
frequencies (“photonic bandgap”) can appear for which
light propagation is forbidden [13]. According to a stan-
dard technique Lo analyze the resulting band structare,
Bloch's theorem can be applied so that the propagating
solutions obey £(z  a) = ¢'K® £(z), where K is the Bloch
wave vector. Imposing this condition and g that
the wave vectors of the fields are close [k = k,), we can
solve for the hand structure and obtain near two-photon
resonance

mu{h'n)f-m-h(ﬂ}vo ) g (..,-m:). ()

]

where g = p. /!tv is the atam-field coupling constant,

N is the number of atoms, A, = Q2/A is the amplitude
of the light shift modulation, p is the dipole moment of
the @ = b transition, V' the quantization volume nnd the
factor g'.'\’/ﬂg corresponds to ¢/vy. For frequencies such
that [w — wse| < |As] a bondgap is created: the Bloch

wequires an imaginary part and the propaga-
tion of waves in the medium is forbidden. For an outside
observer such a medium can be viewed as a mirror: an
incident wave with frequency inside the bandgap would
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t)/2(0)

FIG. 3. a) Amplitude of forward and backward propagat-
ing polaritons W4 (z,t) and ¥_(z,¢). b) Corresponding elec-
tric fields and c) total intensity (forward and backward com-
ponents) averaged over the optical wavelength. Also shown
is the time-dependence of the “control” field §2.(¢) (dotted
line) and of standing wave field Q,(t) (dashed line). Note
that v§"/v) ~ 15 here so that initial motion of the pulse is
noticeable on these plots. Axes are in arbitrary units.

FIG. 1. Atomic level configuration for EIT-induced pho-
tonic bandgap. a) Stationary atoms scheme, b) moving atoms

scheme. The standing wave of Rabi frequency Q. is detuned

by A from resonance with the |¢) — |d) transition, givinzg rise
to a spatially modulated light shift A,(z,t) = |Qs(z,8)|"/A.
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Coherent Atom Interactions Mediated by Dark-State Polaritons
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We suggest a technique to induce effective. controllable interactions berween atoms that is based on
Raman scauering into an optical mode propagating with a slow group velocity. The resulling excitation
mupunhmmeummdspnnwedmmmlnunyuulnhmmm:lu:dm

h The :

in optical
atomic spin ing. and

mhmm(wm»rm;bﬂ

DOL 10.1103/PhysRevleil. 83243602

The intriguing possibility for controlled manipulation of
mt:n:ung quantum systems is the basis for a number of

in quamum

PACS numbers: 42.50.Gy. 0167 -a

esting new possibilities for studying many-body phenom-
ena of strongly interacting atoms.

exciting developments in the field of inf
science [1]. These are expected to have an impact in a
hudmmpngrmqnmmmmww

Before p ding we note that a number of proposals
have been made for generating entangled states of atomic
emembln Some are based on interalomic interactions at

wm ion [2] 1o p [3] and
Hod fing of p 141
I'm Im dewnbcsa ncw lechnq\n lomdm effective
atoms in le states,

‘The technique is based an a hanced nonli

[14], whereas others involve map-
nclhesxmofm-chwml light ficlds into atoms [15],
of spins [16] with
hglu and Rydberg blackade [17]. Also note the recent ex-

process involving Raman scallering mm u “slow” optical
mode [5]. which creates a pair of spin-flipped atoms and
slowly propagating coupled excilation of light and matter
(dark-state polariton). When the group velocity of the
palariton is reduced to zero [6,7]. this resulls in pairs of
spin-flipped atoms.

‘The present ph of spin pair creation exhibits
strong similarities with optical parametric amplification
(OPA), in which pairs of photons are generated that pos-
SUsS mnclum.al comlmuu in pimon number, quadra-

ture ization states [8). In
direct analogy, wpmmmchmucapdﬂeof;em
ating lassically correlated atomic bles and en-

langled spin excitations. The lauer can easily be converted
into corresponding states of pholon wave packets “on de-
mand,” which makes the present sppmnd| most suitable
for impl in pro-
cessing that mpmt -mnhmuun of deterministic sources
of entangled states and long-lived quantum memory [9,10].
The present technigue can also be viewed as a new
mechanism for coherent “collisions” [11] between atoms
mediated by light. In particular, the case when atomic pairs
are excited into two dlﬂuut Ievels (as, e.g., in Fig. la)
that

bl

closely in-ch

oceur in & alomic samples [12], wh the
case when alomic p-mmmmlxed into identical states
{Fig. Ib) is remini of d of a molecular con-

densate [13]. To put this analogy in perspective we note
that the rate of the present optically induced process can
exceed thal of weak interatomic interactions by orders of
magnitude. Therefore the present work may open up inter-

243602-1 0031-9007/02/88(24)/ 243602(4)520.00

on numh:r-phue squeered states and the Mot
insulator phase in Bose-Einstein condensation [18]. In

contrast 1o these mech the present apy h does not
m@:mmdmwmmmmmxﬂm
lassical light and is I thereby sig-

nificantly simplifying possible experimental realizations.
We further show that the present lechnique can be made
robust with respect 1o reabistic decoherence processes such
as spontaneous emission and lcakage of slow photons from
the medium. Noutmmprem\tmh.msmdounm
rely on so-called “photon
by Franson &7 al. [19.20].

We consider a system of N atoms (Fig. 1) interacting
with two classical driving fields and one quantized mode
that is initially in a vacuum state. Relevant atomic sub-
levels include iwo manifolds of metastable states (e.g.. hy-
perfine sublevels of electronic ground statc) and excited
stales that might be accessed by optical transitions. The
atoms are initially prepared in their ground states |g). One
of the classical ficlds (Rabi frequency (1)) is detuned from

Sit==p== IA b) Byyeoeeo 'lA

FIG. |.  Level scheme for the cohcrent interaction leading w
pairs of atoms in (a) different final states |b,) and |by), (B) the
same final swte [b).

© 2002 The American Physical Socicty 243602-1
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Atom correlations and spin squeezing near the Heisenberg limit: finite size effect and
decoherence

A. André and M.D. Lukin
Physics Department, Harvard University and
ITAMP, Harvard. h Center for Astroph Cambridge, MA 02138

(December 24, 2001)

\‘Lema}ynnmxﬂl’mspusqum‘bmdonlh-u—
called visting including the effects of
dissipation and Emlp system size. We dhnlii the condi-
tions under which the Heisenberg limit, i.e. phase mmt.\rny

o I/N, can be achieved. A specific impl of this

Il such & simple mechanism may lead to entanglement
of atoms interacting in a similar manner. In complete
analogy to the OPA mechanism, a process that Lransfers
pairs of atoms from their ground state to two well de-
fined final states also gives rise to quantum correlations
b atoms. Wbenawlled.nnn(h'mlrvrmmu

anuhl based on atom-atom interactions via quantized photon
exchange is presented in detail. The resulting excitation cor-
responds to the creation of spln-ﬂlwod atomic pairs nnﬂ un
e used for fast a\omnc

is thought of as an ensemble of effective spin § particles
with total pseudo-angular momentum J = N/2, it turns
nut 1] :m the quantum correlations produced by an

i and applications in quar i ion pro-
cessing. The conditions for achieving strong spin squeezing
analyzed.

with this mechanism are also

PACS numbers 03.67.-a, 42.50.-p, 42.60.Gy

I. INTRODUCTION

Interacting quantum systems that start in uncorrelated
states generally evolve towards entangled states due to
quantum correlations building up in time. These carre-
lations and the form they take depend crucially on the
interaction that gives rise to them. For example in para-
metric down conversion or in the optical os-

fers atoms in pairs from the lower
state to thg up;m state shows up as reduced fuctuntions
in & component of the angular momentum e.g. AJ? — 0.
We will discuss entanglement. of atoms with oue another
in an atomic ensemble for which an effective interaction
leads to the transfer of atoms in pairs to well defined final
states and we will use the concept of spin squeezing to
quantify the wuount of quantum carrelations produced
in such & case. As for squeezed stutes of light, deco-
herence mechanisms und dissipation are acting in such
a way as Lo destroy or limit the amount of squeezing
achievable in practice. We also analyze the inHuence of
such dissipation mechanisins and find relations between
the spin squeezing interaction rate, thz dissipation rate
and the nmount of sq hievable in the |
of d han Thc h mmml of the

cillatar (OPO) pairs of photons can be created in distinct
modes of the electromagnetic field. The fact that pairs of
photons are generated leads to quantum correlations be-
tween the two modes. Since each mode is described by n
harmonic oscillator, one can think of the state of the field
as the quantum state of lwo fictitious particles m hu:—
monic oscillator p The
correspond to eg. the positions of the particles being
strongly correlated. in the ideal case A(X, — X3)* — 0
aud their momenta being anticorrelated A(F) +#)? — 0.
For the electromagnetic field modes, Lthe position and mo-
mienta correspond Lo guadratures of the field modes and
it is between these that correlations are produced [1,2).
These correlati are ial to q i
cation e.g. quantum teleportation of information from
one location to another [3]. Entanglement is also erucial
for many sch in quantum cryptography and for long-
i quantium ion th h lossy ch X
4).

Since the mechanism for producing correlations in elec-
tromagnetic field modes is at the fundamental level so
simple {pholons created in pairs) it is natural to wonder

d ical evolution of complex sy such as atomic
ensembles may lead to the production of entangled non-
clussical states such as spin squeezed states |5 (analogous
to squeczed states of light [2]) and correlated colleetive
atomic modes (similar to twin photons generated by a
non-degencrate QPQO).

The main result of this paper is that for a collection
of N atoms with average single atom nonlinearity y (two
atom interaction energy) and with single atom loss rate
T', the condition for achieving some spin squeezing is that
Ny > T. In arder ta achieve reduction of uncertainty in
say J; compared to the uncertainly in the Bloch state
|J = N/2,J, = N/2) for which (AJ,)* = N/4 by an
amaunt & (i.e. (AJ;)* = N/(4s)) with 1 € & < N, one
requires that Ny > sI" and the interaction time needed
scales as ¢ ~ (log s)/( N x) while the maximum number of
atoms than can be lost without destraying the squeezing
scales as AN ~ (N/s)logs. To achieve Heisenberg lim-
ited precision (i.e. maximum spin squeezing s ~ N}, one
needs a large single atom noalinearity y > I. This means
that the interaction time needed to achieve this strongly
correlated state is ¢ ~ (log ¥N)/(Nx) and Lhe maximum
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Dr. Ronald Walsworth, Harvar d-Smithsonian (K1 TP 7-23-02) Update on Walsworth-L ukin " Stored Light" Collaboration at Harvard

‘(uotsioa  PyeIdUadap,, )saje)s [euy
[eorjuaprt ut (q pue (WLYDS  21eIousSop-uou,, ) Saje)s [euy jus
-1oy1p ut (e swoje jo sired jo uoIyeaId 03 JUIpeI] UOIIRISUI
JUSIAY0D SAIDAR I} I0j JWOYDS S[@Ad] AS1BU P "DIJ

3




