PHYSICAL REVIEW A 69, 043810(2004)

Quantum-state transfer between fields and atoms in electromagnetically induced transparency
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We show that a quasiperfect quantum-state transfer between an atomic ensemble and fields in an optical
cavity can be achieved in electromagnetically induced transpai@ity. A squeezed vacuum field state can
be mapped onto the long-lived atomic spin associated to the ground-state sublevelsAofyjhe atoms
considered. The EIT on-resonance situation show interesting similarities with the Raman off-resonant configu-
ration. We then show how to transfer the atomic squeezing back to the field exiting the cavity, thus realizing a
guantum memory—type operation.
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I. INTRODUCTION Sec. IV we check that these conclusions are in agreement
) with full quantum calculations, evaluate the transfer robust-
If photons are known to be fast and robust carriers Ofyegs with respect to a detuning from two-photon resonance,
quantum information, a major difficulty is to store their 4nqg generalize to the case of nonzero amplitude fields. Last,
quantum state. In order to realize scalablle quantum networkge present a simple readout scheme for the atomic squeezing
[1] quantum memory elements are required to store and 16 Sec. \: the squeezing stored in the atomic medium can be
trieve photqn states. To t.hIS end atomic ensembles have beggieved on the vacuum field exiting the cavity by switching
widely studied as potential quantum memofi2s3]. Indeed,  off and on the pump field. The efficiency of the readout
the long-lived collective spin of an atomic ensemble W'thfprocess is conditioned by the temporal profile of the local
two ground-state sublevels appears as a good candidate fg&cillator used to detect the outgoing vacuum field fluctua-

the storage and manipulation of quantum information CONtions, and can be close to 100% by an adequate choice of the
veyed by light[4]. Various schemes have been studied: first,5.4) oscillator profile.

the recent “slow-" and “stopped-light” experiments have
shown that it was possible to store a light pulse inside an
atomic cloud[5,6] in the electromagnetically induced trans-
parency(EIT) configuration[7]. EIT is known to occur when
two fields are both one- and two-photon resonant with three-
level A-type atoms, which allows one field to propagate
without dissipation through the medium. However, the stor o
age has only been demonstrated for classical variables so f

On thg other hand, the stationary mapping of & quantun(]:*Iectromagnetic fielda;, in an optical cavity(i=1,2). The
state of light(squeezed vacuunonto an atomic ensemble detunings from atomic resonance axgand the cavity de-

has been expenmental!y demonstrated,_ this time in an OfffuningsAci. The three-level system is described using nine
resonant Raman configuratiof8] and in a single-pass

. : . -~ collective operators for th& atoms of the ensemble: the
scheme. Squeezing transfer from light to atoms is also inter:

esting in relation to “spin squeezing9] and has been populatpnﬂ'[i—EH:1||)M<||M ('_1_3)'Fhe components of the

widely studied[10-15 optical dipolesP; in the frames rotating at the frequency of
In this paper, unlike the single-pass approaches, we coﬁhe'r corresponding lasers, a_nd their ngmman conjugates

sider a cavity configuration, allowing a full quantum treat- and the components of the dipole associated to the ground-

ment of the fluctuations for the atom-field syst¢h?]. We state COherenC@f:2E=l|2>#<l|ﬂ and P:'
show that it is possible to continuously transfer squeezing,

either in an EIT or Raman configuration, between a cloud of 3

cold three-levelA-type atoms placed in an optical cavity and Al
interacting with two fields: a coherent pump field and a
broadband squeezed vacuum field.

The paper is organized as follows. Section Il briefly de-
scribes the system; in Sec. Il we develop a simplified model
and study the conditions under which the squeezing transfer
is optimal. Both EIT and Raman schemes result in a quasip-

Il. MODEL SYSTEM

A. Atom-field evolution equations

The system considered in this paper is a seNdhree-
vel atoms in a\ configuration, as represented in Fig. 1. On
ach transition— 3 the atoms interact with one mode of the

erfect transfer, which is not true for an arbitrary detuning. In
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FIG. 1. Three-level system in & configuration.
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The atom-field coupling constants are defined &gy then decoupled from the other operator fluctuations
=&ydi/h, where d, are the atomic dipoles and;

=\hw;/2€,Sc (S being the beam cross sectjoWith this 0P == (y—10)6P, +iQP, +f,, 1)
definition, the mean-square value of a field is expressed in

number of photons per second. To simplify, the decay con- 5|';,2: —(y+iA) 8P, +iQ8P, +igNSA, + F, )
stants of dipole$®; and P, are both equal toy. In order to ' ’

take into account the finite lifetime of the two ground-state )

sublevels 1 and 2, we include in the model another decay 5A2=—(K+iAC)5A2+ E5p2+ \ /_"5Ai2n' (3)
rate y,, which is supposed to be much smaller tharTypi- T T

cally, the atoms fall out of the interaction area with the light

beam in a time of the order of a few milliseconds, whergas assume that the Rabi pulsation associated to the pump field

is of the order of a few MHz for excited states. We aIsoQ: (A, is real. The atomic spin associated to the ground
consider that the sublevels 1 and 2 are repopulated with in-. 911 ' P g

termsA, and A,, so that the total atomic population is kept states Is al|g-ned along at steady St_""te<_‘JZ>:,<H2_H1_>/2
constantly equal to\. =N/2. We will place ourselves in this situation, which not

The system evolution is given by a set of quantumonly 'alloyvs for anqutical calculations and provides simple_
Heisenberg-Langevin equations: physical interpretations, but can also b_e generalized to arbi-
trary states for field#\; and A,, as we will show further.

ﬁl =ig,AIP; —igiAlP] + Y3 — oIy + Ay + Fqg, To characterize the quantum state of the atomic ensemble
we look at the fluctuations of the spin components in the
plane orthogonal to the mean spid=(P,+P!)/2 and Jy
=(P,—P!)/2i. The spin component,=J, cos 6+Jy sin 0 in
) the (x,y) plane is said to be spin-squeezed when its variance
3= - (ig;AlP; —ig;A;P]) is less than the coherent-state val(i)|/2, and the degree

_ (iggA;Pz_ ingzpb — 24115+ Fas, of spin-squeezing is giveflL6] by

2

Al
: : _ _ AB L =min0—L- <1 4
Pl == (’y+ |A1)Pl + IglAl(Hl - H3) + |92/A\2P;¢r + Fl’ min [ |<‘]Z>|/2 ( )

To simplify, we omit the subscript 2 fag, A, andA., and

1L, = ig,ANP, — igAPY + YIT; — yollp + Ay + Fap,

Py == (y+iA,)P,+igoAx(IT, — Ilg) +ig, AP, + Fy,
I1l. ADIABATICAL ELIMINATIONS

- . . . IN THE LOW-FREQUENCY LIMIT
Pr==(%n-i9P + |91AIP2‘ |92A2PI+ fr, Q

A. EIT configuration

- . ig, 2K \in Since the ground-state sublevels have a long lifetime
Ap= = (k+iAc)A + =Py + \/;Al ' compared to tﬁe excited statg,< y), and in the badgcavity
limit (k= ), the atomic spin associated to levels 1 and 2
2% evolves much slowly than the field or the optical coherence.
\/: 7, Fourier-transforming Eq$1)—3) and adiabatically eliminat-
ing 6P, and J6A,, one gets a simplified equation for the

where g, , are assumed reali=A;-A, is the two-photon ~ground-state coherence fluctuations,
detuning,« is the intracavity field decay, ancithe round-trip Q%k+iA,)

time in the cavity. The~'s are standard-correlated Lange- |:'y0— i+ ———=
vin operators taking into account the coupling with the other

cavity modes. From the previous set of equations, it is pos- gNQ  [2k iQ(k+iAy)
sible to derive the steady-state values and the correlation === —5Ag‘(w)+—°
matrix for the fluctuations of the atom-fields systdisee, d T d

e.g., Ref[12]). , )

N
with d=(x+idg)(y+id)+ 2
T

. i
A= (k+iAp)Ay+ &Pz*'
T

- iw:| 6P, (w)

Fa(w) + fi(w),

B. Decoupled equations for the fluctuations . . .
In the so-called EIT configuration, the fields are one- and

In the cases(A)=0 and A2=Nyo, all the atoms are  wo-photon resonant =5=0. Moreover, for the squeezing
pumped in|2), so that only(IT,) is nonzero in steady state. transfer to be optimal, one must have a zero-cavity detuning:
Here, we assume thg®,) is zero, even if the number of A.=0[12,15. The equations for the spin components in the
intracavity photons is nonzerstricto sensufor a squeezed (X,y) plane are then
vacuum, this assumption is valid as long as the number of
i i ; -~ . -gNQ L~
intracavity photons is much smaller than the number of at- (Vo—iw)8)= ————=6A"+T,, (6)
oms. In this case, the fluctuations féP,, 5P,, and 5A, are YWL+20NT P
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-gNQ o~ (10) can be understood as the coupling with the incident field
7’(1+—ZC)\T|' Ag + 1y, (7 (e ), the noise contribution of the optical dipoleI'g),
and the noise due to the loss of coherence in the ground state
with an effective decay constaft=y,+[T'e/(1+2C)], I'e (=), respectively. We characterize the transfer efficiency
=02/ y being the one-photon resonant pumping rate @d as the ratio of the atomic squeezing created in the ground
=g?N/Ty the standard cooperativity parameter quantifyingstate to the incident-field squeezing,

(7)‘/0_ iw)&]y:

the strength of the atom-field cavity coupling= 2«7 is the )

fOlip”ng mirror transmission of the single-input cavity and n= 1 _A‘zr;rin,

f,, f, are effective Langevin operators, 1-e
~ QO ~ QO n reduces to 0 when the atoms are not squeezed and, for
=1y~ MFW y=fy+ MFX- (8)  experimentally accesszible values of squeezing in the field,

n~1 corresponds taJ:. .~ e, thus providing a relevant
Ap:A2+A; anqu:i(A;—Az) are the standard amplitude and measure of the mapping efficiency. Note that, in the limit
phase quadratures for the squeezed vacuum field. Althoughf perfect field squeezingy can be close to 1 even for
the two mode#\; , do not need to be orthogonally polarized Very different values of atomic and field squeezing. In an
modes, it is rather convenient for the discussion to consideifleal EIT configuration and in the lower frequency ap-
them aso, and o modes of the field. In order to stress the Proximation, this parameter thus takes the form
similarity between the atomic spin and the Stokes vector

2C I'e/(1+2C)

which characterize the polarization state of the light, we in- e = _ (12)
troduce 1+2Cy+ /(1 +2C)
S=AA +AIA, S =i(AIA - AAD), The transfer is almost perfectsz~ 1—for a good coopera-
tive behaviorlC> 1) and when the effective EIT pumping is
S=-(AlA + AAD), S, =AlA; - A much larger than the loss rate in the ground sfdig/

(1+2C)> y,]. Note that, for a closed syste,=0), the

The Stokes operators obey commutation relatif§sS]  efficiency takes the extremely simple form
=2€S (i=1,2,3 similar to the atomic spin and therefore _
provide a useful and intuitive representation of the quantum __ 2C _ (coupling
state of the field in our situation. Since we assun{ég) MTmax= 9" o [(coupling + (atomic noisg]’
=0, the Stokes vector is parallel to the atomic spi8;)
=(A))? and (S)=(S)=0. Let us assume that the incident which emphasizes the central role played by the cooperativ-
vacuum is squeezed for the amplitude quadragyrand that ity to qgantify the atom/field interaction in cavity. The noise
the squeezing bandwidth is broad with respect to the cavitflegrading the transfgee1/(1+2C)] can thus be made very
bandwidth, so that its minimal noise spectrum(igam?2 ~ Small with respect to the coupling=2C/(1+2C)] by in-
e As 6S=—(A)SA,, the field is also said ?o pe Creasing the cooperativity, i.e., for large atomic samg@s
S,-polarization squeezeg «N). In a cavity configuration, the cooperativity easily

It is easy to see that the first terms in the right-hand sigé€aches 100-1000, ensuring in principle a perfect transfer.

of Egs.(6) and(7) derive from an effective Hamiltonian

B. Analogy with the Raman configuration

2
He= —hLJ—[JXS{/” -J3,87. (9) In a previous worK15], we studied squeezing transfer in
HL+ 20T a A system in the case where the fields are strongly detuned
The Langevin forces in Eq$6) and (7) being white noises, With respect to the atomic resonan@, ;> 7). In such a
their contribution to the atomic noise is the same for anyconfiguration the three-level system can be reduced to an
component in théx, y) plane. By looking at Eq¢6) and(7), effective two-le_vel system for the groun(g st;;lte. We denote
one can see that, for 8-squeezed incident field, the least the Raman optical pumping rate by.=y(1*/A%. When the

noisy spin component will be the component. Its normal- effective two-photon delunin@: 5+0?/A, as well as the
ized variance is effective cavity detuning\.=A.—g?N/Ar are canceled, the
1 1 equations for the,y-spin components read
AR = (— f dw<5J§(w)>)

2

"I\ 2 - N
azizn Go~iw)ad= + 0%+, (12)
_ € Te ., Te % ANT
1+2C(1+20%  (1+20% % )
N . ~
(10 (70—iw)53y:—§—,;59&”+fy, (19
\!

We used the fact thaff,(w)f(w’))=278 w+w')Ny,/2 and
(Fy(w)F(w"))=2m8w+w")Ny/2. The three terms in Eq. with y=7,+(1+2C)I'; and
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~ QO ~ QO Na

fXZfX—ZFy, fy=fy+ ZFX. (14) 1
These equations were derived from the effective equationgg
given in Ref.[15] by eliminating the intracavity field and
introducing the incident Stokes vector as in the preceding
section. As in EIT, one can deduce an effective Raman™

Hamiltonian
0.4

20° . -
Hr= ﬁm[‘]xsp + ‘]ysyn]- (15

0.2

Assuming again &-squeezed incident field, the minimal L
variance is now that of thg component, and one gets the 0.0001 0.01 1 100 10000
following efficiency:

FIG. 2. (Color online Transfer efficiency versua for v=0

__2C  (1+20)g (1)  (Plain) and y,=y/1000(dash (C=100,y:=15.
RT1+2Cy+ 1+ 20T
3 -
The similarity between the EIT and Raman configuration 5=6+T¢ yA*+(1-2C)y°A =0. (20)
appears clearly by comparing Eq§)—(8) and (11) to Egs. (¥ +A9)[(1+2C)* +A?]

(12—(16). The equations are formally identical by making

the substitution, Equation(5) then leads to the general equation for the spin

(1+2C)y < A. (17) ~ component, with angle @ in the (x,y) plane,

The important result is that the transfer efficiency takes the . o o
same form in both the on-resonant and strongly off-resonant (3o — i®)83,= adA™(0— ¢)+ Ble”¢F, + & *¢IF]]/2
situations,

+[e%, +€%)2, (21)
2 T
g 1+2Cy+ 1" with a, B, 70, ¢, and¢’ functions depending oA. Starting
(18 again with aS,-squeezed field, the squeezed spin component
) T'e will be J,. After straightforward calculations the optimal ef-
with  I'= 1+2c (1+2C)Tk. ficiency for a givenA is

The effective pumping ratd;=1"z/(1+2C) or (1+2C)I'g, is _
obtained in each case by making the substitutibf, and _ 2Cy(1+A%?
can be made much larger thapwith an adequate choice of = (1+ 2C+K2)
Q. Note, however, that the EIT and Raman Hamiltonian are
identical up to a spin rotation by/2 in the(x,y) plane. We % 1
retrieve a well-known #/2” phase-shift phenomenon when o(1 +K2)(1 + 2C+K2) +oyl1+(1+ 2C)K2]’

going from “on-resonance” to “off-resonance.” (22)

C. Transfer for an arbitrary detuning

The predictions given by the low frequency approxima-With o=yo/y, ye=I'e/y, and A=A/y. This efficiency is
tion in both the EIT and Raman configurations could leadplotted in Fig. 2 for the two cases considered previously:
one to expect squeezing transfer for any value of the one¥o=0 andy,=0. In the first case the efficiency is optimal in
photon detuningA, provided one maintains the optimal EIT (A=0, 7,=7n,y, decreases to a minimum f¢a|=1
transfer conditions\,=8=0. Moreover, given ther/2 rota-  (7~2/C<1), and increases again back to its maximal
tion of the squeezed spin component when going over fronvalue 7,,,, Wwhen A>1. The _squeezed component angle
Onrrzesznirt]cte to n(t)lﬁ resolnarctet O{:eme)épg:tzsvmensg]ueezggn be shown to bé,,=arctam, which varies as expected
component o coNintously rotate 1ro en e by /2 whenA goes from O tox. One retrieves that the

detuning is increased. transfer is optimal either in an EIT or a Raman configu
Using Egs«(1), (3), and(5) one finds the optimal transfer . . . o
Ing Eqs(1), (3) ® ! bl ration. However, the transfer is really degraded in the in-

conditions to be _ _
termediate regimé ~ 1.

yA —0 (19 If one takes into account losses in the ground state

A,=A,-2C
© e “V+A +0), the efficiency now reaches a maximum foe1,
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before decreasing when the coupling(in+2C)I'g becomes

too small as\ is increased() being fixed to compensate for 3 :
the noise associated to the loss of coherepgdsee Eq. I 1I : 111
(16)]. These effects stress the fragility of the squeezing trans- 0.85
fer with respect to dissipation and explain why dissipation- ‘ :
less situations such as EIT or Raman are favorable. Ve

0.8
20 40 60 80 100

IV. FULL THREE-LEVEL CALCULATION
FIG. 3. (Color online EIT transfer efficiency versus EIT pump-

From the Heisenberg-Langevin equations given at the beng rate: analytical23) (plain), low frequency approximationll)
ginning we calculated without approximation the spin cova-(dots, and lossless syste(24) (dashegl The three regimes are |
riance matrix and now compare it with the analytical model(T' < y,), Il (yo<T'<7y,x), and Ill ('= vy, ). ParametersC=100,
used in the previous sections. 0=1/1000,p=1/2. Theoptimal pumping rate is thep. = 15.

A. Exact calculation in EIT pumping. In an intermediate regimg<I'<y,« the effi-

In the previous sections we neglected the frequencie§i€ncy reaches its maximum. The optimal pumping rate
larger than the atomic fluctuation evolution constagtas- Can be shown to be proportional t@,
suming thatk, y>%,. We therefore neglected high atom-
field coupling frequencies due to the cavity. However, the =
analytical calculation of the minimal spin variance in EIT is 1+2C p
possible using the Fourier transforms of EAS—~3). IN EIT  in good agreement with the results shown in Fig. 3. For
(A=A.=6=0), the resulting equation for the component values ofl’ comparable toy, «, the efficiency is no longer

* \‘\Jl+ _
Y —p\//(f (C>1,0<1)

reads well reproduced by the low frequency approximation, since
5 the adiabatical eliminations are no longer valid. In this re-
{3’0‘ i+ M} ) gime, the efficiency asymptotically reaches that of a closed
D(w) system(y,=0), for which Eq. (23) reduces to a monoto-
N %ﬂnﬁ _Ole-io) nously decreasing function of,
" D(w) V D v 2C
T « R (24
2 1+2C+ye2

with D(w):(K—iw)(y—iw)+¥. 1+p

The optimal transfer is naturally obtained by making a com-
If the incident field is Si-squeezed, we know the promise between the coupling and the atomic noise, and oc-
x-component will be squeezed. However, a well-known coucurs in the intermediate regime Il between regime |, for
pling frequency(w.=\2C/py) appears at high frequency which the coupling is small and the atomic noise due to
[12], resulting in an increase of atomic noise, and, conseground-state coherence losses dominates, and regime lll, in
quently, in a degradation of the atomic squeezing. Aftewhich the coupling is large, but the atomic noise due to

integration, the exact efficiency is spontaneous emission is more important.
Ve = & B. Robustness with respect to two-photon detuning
+ +
(1+20)0+ % In a A scheme, the coherence created between the ground-
l+p+op state sublevels strongly depends on the two-photon reso-
X 2C(L+p) +(L+0)(L+p+op+op?+yep?)’ nance, the width of which is given by the effective atomic

decay constanf,. In Fig. 4 we plot the transfer efficiency
(23) for the least noisy spin component as a function of the two-
with ye=T'e/ vy, p=7y/k, ando=1y,/ y. Three regimes can be Photon detuning for a zero-cavity detuning, that is, when Eq.
distinguished: for very small values of the effective pumping(19) is fuffilled, but not Eq.(20). In addition to rotating the
I'=Te/(1+2C) compared to the loss rate in the ground statemaximally squeezed component in they) plane, the spin
Yo, ONe retrieves the low frequency res(ilil) as can be seen squeezing is clearly destroyed as soorvasy,. We would
from Fig. 3: the efficiency is bad as long as the loss oflike to emphasize that both EIT and Raman configurations
coherence in the ground statg is not overcome by the are equally sensitive to this two-photon resonance condition.
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nE V. READING SCHEME AND QUANTUM MEMORY

1 We have shown how the quantum state of the incident

field could be transferred to the atomic spin in the ground
state. Note that the lifetime associated to the ground state is
quite long for cold atoms, and therefore the quantum infor-
mation can be stored for a long tinggeveral milliseconds
Let us start with our spin-squeezed atomic ensemble and
switch off the fields when the transfer is completed. The spin
squeezing then decreases on a time scale given by the
ground-state Iifetimeyal. After a variable delayts corre-
sponding to the storage time, we rapidly switch on again the
pump field at=0, field A7 being in a coherent vacuum state,
—_— and we look at the fluctuations of the field exiting the cavity
50 100 150 200 ’87 AQ"'=\TA,~Al. Let us assume an EIT configuration for sim-

0 plicity and start with aJ,-squeezed atomic spin; one expects

) . -~ its fluctuations to imprint on th& component of the outgo-
FIG. 4. (Color onling Transfer efficiency versus/ vy, in EIT ing field [see Eq(9)].

(plainy and Raman(dash schemes. Parameter<C=100, o
=1/1000,e 2 =0.5. With these valued;g andI'g are chosen so

that, in both casesy,= 75y,. A. Standard homodyne detection

L . We assume a standard homodyne detection scheme with a
This similarity adds to the resemblance already stressed IBonstant local oscillator and calculate the noise powﬂg&tr

Sec. Il B. measured by a spectrum analyzer integrating during a time
T, over a frequency bandwidtAhw centered around zero-
C. Transformation to the “(A;)=0" basis frequency,

0.8

0.6

04

0.2

actually be transferred to the atoms in EIT. To simplify the
discussion let us assume again that the méggsnteracting ~dwi2 To

with the transitions of the\ system are orthogonally polar- where ¢(7,7)=(SA% (1) 5A%(+')) is the correlation func-
ized modes. Because of the similarities existing between thg,, of A%t Note t%atTo a’rj1d Aw must satisfyT,Aw= 2.

Stokes vector and the atomic spin, the results obtained in the, e 10w frequency approximation and in the “good”
special caséA)=0 and(J,) =N/2 considered previously can (agime for transfer [y,<I'e/(1+2C)<y,«. see Sec.
be applied to any polarization state of the incident field. Th§y, A ] the correlation function o may be calculated

Hamiltonian for aA system in EIT reads via the Laplace transforms of Eqel)—(3),

In this section we show that any incident field state can Awl2 g (HTo t+To o,
P(t) :J f dTJ dr’ e =e(r, 1),
t t

H = A[g;AlP; + G,ALP, + H.Cl. ACT:

Clrr)=8lr-7)- —=3
If both (A;) and(A,) are nonzero, one can always turn to a 1+20)
basis (A},A;) for which (A7)=0 via a rotationR in the  whereR,=(1-AJ2. )e 2 represents the atomic squeez-
Poincaré sphere. The Hamiltonian is invariant under théng when the pump field is switched on againtaD. After
same rotation performed on the atomic spin, the atoms arsome algebra, one gets
pumped into the dark stai®)=R|2) and theA, field state
will thus imprint on the atomic spin. Let us assume, for ip(t)zl_s(a b)R,, & 2ot
instance, that\; and A, have minimal noiseg i for the w e ’
same quadratures and take=g;(A) (i=1,2) as real num-
bers. The dark state is then

Ry € ™), (25

whereS is an integral depending on two dimensionless pa-
rametersa=Tyy, andb=Aw/%,, which, for large values of

- — Q1)+ 0,[2) C, is equal to
S e B b2 4— -2 - —
. . . . . b2 @b 1+0°
The minimal atomic variance is then a weight of the, o
mode squeezings, with w=w/%,. This integral, which can be understood as the
signal-to-noise ratio of the readout process, is also the ratio
AR Qe 21+ (222 of the measured field squeezifRy,=1-P(0)/Aw to the
min 02+ 03 ' initial atomic squeezin®R,.. Squeezing may thus be trans-

ferred back from the atoms to the field. This squeezing
One finds naturally that one cannot transfer more than thelecreases back to a coherent vacuum state on a time scale
squeezing of one mode. %! given by the atomsS(a,b) is optimal when the spec-
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trum analyzer is Fourier-limitedo=2#/a, and when the 47

time measurement is of the order of the inverse of the Mm~ m

atomic spectrum widtha=1.3. Under these conditions,

the integral is about 0.64, and about two-third of thelt is maximal and equal to 1 whefr1, i.e., when the tem-

atomic squeezing is transferred to the field exiting theporal profile of the local oscillator perfectly matches the

cavity, Ry, =0.64R,,. atomic noise spectrum. It is thus possible to fully retrieve the
atomic squeezing stored into the atoms in an EIT configura-
tion. Note that the same results can be obtained in a Raman

B. Temporal matching configuration, in the regimey,<(1+2C)['g<7y,«. In both
Fchemes, to ensure that the retrieved squeezing indeed origi-

This imperfect readout comes from the fact that the Iocanates from the atoms, one may vary the deldyetween the

oscillator detecting the fluctuations of vacuum mode eXitingSWitChing on and off, and check the exponential decay of the

the cavity is not perfectly matched with the atomic Squeezm%queezing withy,. Last, to evaluate the global efficiency of

spectr.um[14]. l.t Is possible to reach a perfect readeut bythe atomic memory, one should compare the retrieved field
choosing the right temporal profile for the local oscillator: squeezindR, to the initial squeezing in the input field,,

ELo(T):e_ﬁOT’ with { a dimensionless adjustable parameter.ine ratio of which is given by the produefue 2o,
The spectrum analyzer now measures
VI. CONCLUSION

P() = f“”z do [*To dq_f“TO S To conclude, we have shown that a quasiideal squeezing
t

—awr2 To e transfer should be possible between a broadband squeezed
vacuum and the ground-state spin/otype atoms. The cav-
X E o(NELo(T)C(7,7'). ity interaction allows for good transfer. Our results for a
cavity configuration are consistent with those obtained in
Using the correlation functiof25), one gets single-pass schemes with thick atomic ensembles

[2,3,11,13,14 although efforts are still being conducted to
1 develop a full free-space quantum treatmgkif]. The most
—P(t) =N(a,0) - Sa,b,)e Ry, favorable schemes are those minimizing dissipation, such as
Aw EIT or Raman[15], for the fluctuations of the intracavity

field imprint on the atomic spin, thus mapping the incident
oa field state onto the atoms. The relevant physical parameter

~ for the transfer efficiency is the cooperativity, which quanti-

2fa fies the collective spin-field interaction and which can be
large in a cavity scheme. The mapping efficiency was evalu-
b2 —oa14g) (L) ated taking into account possible Ios_ses in the ground state.
Sab,) = if le +e -2e cogaw) Its robustness with respect to a detuning from the two-photon
T abJ_), (1+0%+ o? ' resonance is shown to be the same in EIT and in the Raman
scheme. We also generalized the EIT results to the case in
.which both fields have nonzero intensity. The atomic squeez-

. b 2 th litude of th : an is in this case a combination of the incident field squeez-
squeezing an&(a, b, ¢) the amplitude of the atomic squeez- j,os This is related to the fact that, in EIT, the atoms are

ing transferred to the field. The field squeezing can be eXpumped into a dark state and the atomic medium is then

with N(a,¢) = !

’

pressed as transparent for a certain combination of the fields. Such a
dark-state pumping was exploited for doulNeatoms in Ref.
P(t) S@a,b,0) _» [18] to generate “self-spin-squeezing” using only coherent
t)=1- = e 2R i
Rl = NoN@D ~ Nap © fields.

Last, we propose a simple reading scheme for the atomic
: - . state, allowing a quantum memory—type operation. When the
and, for short times, the readout efficiency i8  ,mp field is again switched on, the outgoing vacuum is
=Rou{0)/Ry=Sa,b,{)/N(a,¢). This efficiency is opti- gqueezed by the atoms, and the atomic squeezing can be
mized when the spectrum analyzer is Fourier limited andy|ly transferred back by temporally matching the local os-
when the integration time is larger than the inverse of thegjjlator used to detect the outgoing vacuum fluctuations with
atomic spectrum widthb=2m/a anda>1. In this case, the atomic spectrum. To our knowledge, it is the first in-
one hasN(a,{)~1/(2af) and S(@,b,)~2/a(1+{)? so  stance in which the conservation of quantum variables is
that the efficiency reads predicted in an EIT scheme within a full quantum model.
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