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Spin Squeezing in an Ensemble of Atoms Illuminated with Squeezed Light
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We propose an experimentally feasible way to generate spin squeezing in an ensemble of V-type
atoms. The proposal involves absorption of a squeezed light beam, and it does not require a large solid
angle to be occupied by squeezed light. 50% of the amount of squeezing of the optical field can be
transferred onto spin squeezing of the excited atomic states. The analogy with the input-output theory
for quantum fields is used to elucidate this result. An experimental setup for generation and detection
of spin squeezing within magnetic or hf manifolds is outlined. [S0031-9007(97)04808-4]

PACS numbers: 42.50.Lc, 03.70.+k, 75.10.Jm

The extensive research activity devoted during the ladight to occupy a major part of the full solid angle of
decade to generation and applications of nonclassicalacuum modes which match the atomic dipole pattern.
squeezed states of the electromagnetic field [1] has beeXithough considerable experimental progress has been
paralleled by the quest for similar states in other physicahchieved in the generation of frequency tunable squeezed
systems, in particular, spin squeezed states (SSS) Gfht and its applications in atomic physics experiments
atoms [2,3]. Just as squeezed states of light provide @2,13], the existing sources generate a Gaussian beam
reduction in the measurement uncertainty due to quanturof squeezed light which is difficult to mode match to the
fluctuations of light, SSS of atoms and ions hold theatomic dipole pattern. Thist%” problem is common for
promise to overcome uncertainties introduced by quantura variety of theoretical proposals concerning the dynamics
fluctuations in atomic systems. Atomic noise has beemf an atom driven by nonclassical light [14].
observed in a variety of experiments [4—7], therefore, In this Letter we consider the effect dfiving V atoms
its reduction becomes a practical problem for sensitivavith a normal Gaussian beam of squeezed light, which
measurements. More specifically, possible applications deads to spin squeezing within the pair of excited states
SSS include improved sensitivity of atom interferometry,with no optically driven transition between them (see
Ramsey separated oscillatory fields spectroscopy, andset in Fig. 1). The light absorption process creates an

atomic spin polarization measurements [3,7,8]. entanglement of the field and the individual atoms, and
For a system of two level atoms the spin componentsvhen all the light is absorbed in the sample we realize a
are defined as steady state multiparticle entanglement, which as we shall
Fo =5 (Fi + F),
. 1(135°)
Fy = 5 (F1a — Fa1), (1) ‘

|
F.=5(F — Fpn),

with collective operators F;; = > i) (jl, i,j =12
summed over all atoms in the sample. .
We apply the definition of spin squeezing of [2,9] ‘“x
where the collective spin of a system of sgif2 particles k
is considered squeezed if the variance of a component R
the total spin perpendicular to the direction of the mear
spin is less than the standard quantum limit defined for
coherent spin stat&\F; < /F/2 . For trapped ions it has
been suggested to use the coupling via their translationi
degrees of freedom to impose correlation between th h .

individual spins a_nd in this way to obtain a Spin Squ(:"(:"Zecii—'lG. 1. Detection of spin squeezing in a polarization experi-
state [3,9]. Oscillatory exchange of squeezing betweefent. o coherent andr; squeezed beams fully absorbed at
nondecaying atoms and squeezed cavity modes in thel, 2 transitions create a squeezed spin state within the atomic
framework of the Jaynes-Cummings model has beefgubstatesl(m = —1) and 2(m = 1). For the correct choice
discussed in [9,10]. of the phase between the coherent and squeezed beams the

Spi ; ia int fi f tral two-| IFy spin component is squeezed. Quantum noise of the probe
pin Squeezing via Interaction OF neutral tWo-1eVel jitterence photocurrent = 1(45°) — 1(135°) is then reduced
atoms with squeezed vacuum in free space has been CObkyond the limit set by the coherent spin state fluctuations, thus

sidered in [11]. However, this proposal requires squeezedemonstrating SSS of atoms (more details in the text).
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show is only partly deteriorated (50%) by the effect oftransition frequencyw(;, and where we have introduced
atomic spontaneous emission. We stress that considerimgntinuous operators of atomic noisé (7, 1), b (7, 1)
spin squeezing within the final states of the transitionin the same manner as the atomic operators in (2).
is crucial because the large initial state population ofSupposing the noise operatavg (r) for different atoms
atoms provides a dominant nonsqueezed contribution tto be independent we have the commutation relations
the collective optical atomic coherence. Spin squeezing e . ..

within a close pair of atomic states is, in fact, the situation p[b" (7, 1),b" " (F1,1)] = 6(F — 7)ot — ). (5)

relevant for precision spin measurements in frequencyya now suppose that the field is so weak that in the

stalmdards_, magfnetometers,btletc.f it f equation for og;(z,t) we can omit the terms involv-
nteraction of an ensemble of atoms with free SpaCe?ng the upper-state populations and make the replace-
quantized field modes-We consider first the inter- . ooo(7, 1) — o1 (7, 1) = 1. The equation (4) then

6;]0“0” hOf a field tr)r|10dg hpropagatir&g a!onfg tfzelaxisl becomes linear and this equation and Eq. (3) can be
through an ensemble with number dengityof two-leve ived by introducing the Fourier transf pin

atoms with the lower statf®) and upper stat¢l). The Solved by INfroducing the Fourier frans (_)rm@(fl’ 4

field is described by the continuous annihilation op- _gulx,yalz, @) + [y b" (7, w)

erator a(z,¢), and the atoms are characterized by the o7, @) = L (e — wy) . (6
atomic operatorsr;; = |i){jl, i,j = 0,1. To describe 2
the interaction of the field With the atoms we use the alz, w) = a(()’w)eik(w)z
approach of [15], where continuous atomic operators are k() G—21)
introduced: ) JY gpe " i
. - le 1 .( ) b (Zl’ (l)) ’
> 1 . Wij w 0 7Y — Hlw — wo
0',‘]'(1",1‘) = pA_V %exp{l T (Z - ZM):|0','J‘ (2) (7)

and where the sum is performed over atoms, enumeratédhere we used the normalization of the transverse
by the superscripiz, enclosed in the volumaV around Mode function [ [dxdyu*(x,y)=1 and rede-

the position?. The phase factor on each term in the sum/finéd the continuous noise operators &8 (z, @) =
where z# is the z coordinate of thewth atom, ensures J Jdxdyu(x,y)b™ (7, ) with commutation relation
that the volumeAV may extend over many optical P[0" (2. @), 6" (21, @1)] = 8(z = 21)8(w — wy). ,
wavelengths, being still “infinitesimal” on the length scale Eg- (7) we have introducedik(w) = iw/c — g°p/

of field changes due to absorption and dispersiay; [7 v — i(w — wor)l.

is the Bohr frequency between the atomic levieknd ;. The expectation values of the expressions in Eq. (7)
We separate the transverse mode funciibn y) assumed reveal the usual expression for the dispersion and damping
not to depend on over the extent of the atomic sample. of a classical field in a gas of two-level atoms. When
In the slowly varying amplitude and phase approximatiorthe result is substituted back in Eq. (6) we obtain the
the evolution of the continuous field operator is thenposition dependent dipole and after integration over space

described by the equation the collective atomic dipole of the sample. Although the
collective dipoleF(; acquires some of the noise proper-
1 0 d . M - .
= o + Py a(z, 1) ties of the incident field, we cannot relate this to the
c z

definition of SSS given in the introduction because the
_ dx dy ulx.y)oo (7 1) 3) main fraction of atoms stays in the ground state and their
&p Y YIT0T 1) fluctuations are not affected by the light.
Instead, the above results will be used in the discussion

We chose a definition ofi(z,7) so thata™(z,1)a(z,t) fay ¢ h . SO tional
provides the flux of photons and the relation betweerf! & V System, Wheré spin squeezing in a conventiona
ense can be introduced consistently. We consider a

continuous field operator and the operator of the inciden\?/ transition with each am® < 1(2) interacting with a

field is simplya(z = 0,1) = a™ (). ; :
The Heisenberg equation of motion for the continuoug>SPaTate quantum field») and we focus on the collective
ptomic operators

atomic dipole operator is readily obtained from the usua
single-atom equations [16],
J a [16] Fij=ZU;;=P[dr0ij(r), i,j=12. (8)
M

1

oo1(7,t) = — — yog — iwo O
: 2 7 o We restrict ourselves to the case where the 0-2 transition
+ gu(x,y)a(o1; — o) interacts with a squeezed vacuum and the 0-1 transi-
in tion interacts with a coherent field. To simplify our
+ v (on = ow)b™, (4)  analysis, we assume that the two modes have identical

where the interaction constagt and the atomic decay transverse mode functiongx,y) and that the coherent
rate v are given by the atomic dipole moment and theamplitude is much stronger than the squeezed vacuum
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fluctuations so that the coherent part ofy;, with o127, 1) = {oo(F, ))on(F, 1),
(o10(F, 1)) = (o10(F,t = 0))e @, is much greater than oa _ — 5

the fluctuating quantityog,. Linearizing the operator o, A = 0 = o)) = (ow(.1 = 0)on, o). (9)
products contributing ter»(7, ¢) then yields Equations (6) and (7)) applied to each of the two
transitions in the V system now yield

gu(x, y)p(aek@)z)*

o, A) = (F + i(w; — wn))(F — i(0 — ©p))

gulx,y)pJv [*
T = ilo — wp) Jo
We assume complete absorption of the light fields in the atomic gas so thatirtkegral can be extended to infinity
when Eq. (10) is inserted into Eq. (8). Itis convenient to change the order of integration of the ensuing double integral

Jo dz [4dzi- — [§ dz [7, dz- to perform thez integration ofc-number functions first and to subsequently replace the
symbolz; by z. Assuming for simplicity thatv; = w¢; = wg, we thus obtain

X |:gu()c,y)aizn(wz)e"k(‘”)Z + ﬁbizn(?,w) — dz1b12“(zl,w)eik(‘”)(zZ')i|. (10)

< gplaetesy
Fio(A =f dz =5———
12 ) 0 % % — lA)
- : - g’p 1
% galzn(w)elk(w)z + ﬁbéﬂ(z’w) 1+ 7 _ A A 7 o (12)
2 ! © T y/2 T y2-iA

The noise operatorsy (z, w), bt (z, w) are § correlated ' as an input fielda,, when, e.g.,.X2 =0, we obtain

in frequency and space. Thus any spatial integrathe spin squeezed state with 50% squeeziffgt) =

of these operators will bed correlated in fre- %(F). The analogy with the resonator goes beyond the
quency, and the noise operator defined asesemblance of equations. In the resonator case, the 50%
d3' (@) = 2Imlk(w))]p [y dz(e™@)?)*bY (z, @)  is  reduction is due to the intracavity field being coupled both
readily shown to satisfy the commutator relationto the incident and the reflected field modes at the input
[d5 (w),d5y " (w')] = 8(w — w'). For practical cases of mirror. In the atom case, the atomic dipoles are similarly
interest, g?p > yA/c, implying that the absorption is coupled to both the incident field and the scattered field
complete and that light travels through the sample fast asiodes (spontaneous emission). Like a resonator, the
compared to the atomic spontaneous decay rate. Undatomic medium interacts with the squeezed light in a

this assumption we finally obtain frequency selective way, and a bandwidth of squeezing
ot . of a few v is effectively “broad” and still in accordance
Fip(d) = — A ay (o + A) with our assumption of complete absorption.
Y . Discussion and an experimental proposailn our pro-
« dMw; + A). (12) posal SS_S_ are ggnerated for atoms in the final states of
Y the transitions driven by quantum correlated excitation

Equation (12) is the main result of the paper. It showsstates 1,2 of the previous section). To observe it we
that the collective atomic operatst, obtains even noise need to address only these atoms in our measurement pro-
contributions from a white noise reservait?, and from  cedure. One way to do this is to perform the measure-

the input beamal. It is hence clear that any noise ment of the quantum noise of a transmitted light probe
reduction ina} compared to, e.g., a coherent field or quasiresonant with the transitions for which 1,2 are the

a vacuum field will manifest itself in the spin noise as!ower states. The layout for SSS observation in such

measured by;,. Equation (12) is in fact identical to the @n €xperiment is shown in Fig. 1. Levels 1 and 2 are
expression for the intracavity field in the resonator input/SPecified to be magnetic sublevels with = —1,1 of
output theory [17], and the variances of the pseudospiR" €xcited state with angular momentufm= 1. The
components are therefore simply linked to the quadratur§oherent and the squeezed components of the exciting

phase variance¥2 _ of the input fieldas: fields areo— and o4 polarized, respectively. The spin
’ componentsF, , (1) now physically correspond to cer-

(F3,) = T(FYAX2 _ +1). (13)  tain components of the alignment tensor in the= 1 ex-

. . o cited stateF, = T2, + T; andF, = T2, — T; [18]. To

For the vacuum input field;, the variancestX? ~ =1  measure, e.g.F,, a probe linearly polarized along is

and <F§,y> = %<F1> = %(F} as they should be for the analyzed with a polarizing beam splitter oriented4at
coherent spin state. With a broadband squeezed vacuutm the x axis rendering the intensitiegg45°) and 7(135°)
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[19]. For the resonant probE. = [(45°) — I(135°) =  further spin squeezing. Such a scheme involving two

alyy'F,, wherea is a constant proportional to the opti- quantum correlated fields in two Raman-type transitions

cal depth of the mediun, is the probe intensity ang’  will be of direct relevance for spin squeezing of ground

is the width of the transition. Obviously, quantum noisestate substates in frequency standards and magnetometers.

of /_ is determined by the quantum noise B&f. When A. K. acknowledges the hospitality of Aarhus Univer-

F, is squeezed the noise of drops below the level set sity. This work was supported by the Danish Research

by the coherent spin state fluctuations (13) demonstraouncil.

ing the spin squeezed state of the atomic ensemble. The

quantum noise of - will contain also the shot noise of
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