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Abstract. We show the equivalence between an ensemble of two-level atoms driven by a squeezed vacuum
field, and a harmonic oscillator coupled to a squeezed field. We give the conditions for optimal squeezing
transfer from the field to the atomic ensemble. We show that EPR-type correlations are created between

the atomic ensemble and the incoming field.

PACS. 42.50.Lc Quantum fluctuations, quantum noise, and quantum jumps — 42.50.Dv Nonclassical field
states; squeezed, antibunched, and sub-Poissonian states; operational definitions of the phase of the field;

phase measurements

1 Introduction

For quantum information processing as well as for high
precision measurements in atomic physics, it is highly de-
sirable to be able to engineer the quantum state of ei-
ther individual atoms or atomic ensembles. In order to
realize quantum registers or quantum memories for the
information carried by light, one should be able to map
the quantum state of light onto a material system. To re-
duce the quantum projection noise in measurements, one
can consider putting the atoms in squeezed atomic states
that exhibit reduced fluctuations for the measurement of
interest [1-3]. Atomic ensembles have a variety of superpo-
sition states, that can be manipulated by the interaction
with light fields. In the case of large enough ensembles,
the components of the total polarization of the system,
or of its equivalent collective spin, can be considered as
a continuous variable, in the same way as the quadrature
components of a light field. As was shown by other authors
previously, one can get squeezed atomic states by having
the atomic ensemble interact with a squeezed field [4-6].
The interaction of atoms with a squeezed field has been a
subject of interest for a long time. It has been shown to
cause changes in the spectral line shape [7-9]. Here we will
concentrate on the generation of squeezed atomic states.
We show that this operation can be treated completely
analytically while keeping a full quantum treatment if the
incoming intensity field is extremely weak. Moreover we
show that the resulting atomic state can be correlated at a
quantum level with the light input state, leading to EPR-
type correlations.

We consider a model system made of an ensemble of
2-level atoms in an optical cavity interacting with a very
weak squeezed field. We show that if the mean value of
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the field is zero, and if the photon number in the field
is small i.e. for moderate values of the field squeezing,
the quantum system is fully equivalent to two coupled
harmonic oscillators, an atomic one and a field one. The
quantum Langevin equations, taking into account all the
noise sources can then be solved in a simple analytical way.

We derive the conditions for obtaining optimal squeez-
ing transfer from a field to an atomic ensemble and we
calculate the correlations between the atomic state and
the field input state.

2 Model for atomic fluctuations

We consider a set of two level atoms placed inside a single-
ended optical cavity and driven by a field the frequency
of which is wy,. The intra-cavity field is represented in the
rotating frame by the two dimensionless operators A(t)
and A(t)T: A(t)A(t)" is the number of photons in the cav-
ity at time ¢. The round-trip time in the cavity is 7, the
amplitude transmission coefficient of the coupling mirror
iS teav, its amplitude reflection coefficient is 7., with
r2, + 3, = 1. The cavity is assumed to have a high
finesse (tcay < 1). The decay rate of the field in the cav-
ity is Ka = (1 — reay)/7 = T/27, where T = 2, . Let
wc be the frequency of the cavity resonance which is the
closest to wr,. We define the cavity detuning parameters
AC = Wc — WL, and (bc = Ac//ia.

The atomic frequency is equal to wg. We define the
atomic detunings A = wy — wy, and 6 = A/k,. The atom-
field coupling constant is g.s = Epd/h, where d is the
atomic dipole, and & = +/hwy/2¢pScr corresponds to
the electric field of one photon in the cavity mode. In this
formula S is the section of the beam. We call v the atomic
dipole decay rate.
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We define the collective polarization P(t) and the col-
lective population difference S, (t) as:

N
= Z S0)
1;1
t)=>_ 5l
z;l
= Z S, i(t)

where S;(t) and SZ (t) are the lowering and raising opera-
tors for individual atoms in the rotating frame

(1)

(2)

(3)

Si(t) = |gi) (el 7! (4)
81(t) = lei) gif e~ (5)

and S, ;(t) is given by
Sei(t) = % (les) (el = lgi) (9:l) - (6)

The field inside the cavity is related to the incident field
Aj, and to the atomic polarization by:

1w _ P(t) + v/ Au().

(7)

The evolution of Af(t) is given by an equation which is
Hermitian conjugate of equation (7). Equation (7) gives
the derivative of the intracavity field as coming from the
recycling of the field of the cavity, from the field emitted by
the atomic polarization and from the incoming field trans-
mitted through the coupling mirror. The fluctuations of
the incoming field can be seen as a Langevin force for the
intracavity field. The evolution of the atomic polarization
and of the populations are given by quantum Langevin
equations, derived from the Bloch equations by adding
the Langevin forces corresponding to the coupling with
the vacuum field surrounding the system

—(Ka +1Ac¢) A(t) + igat

%it) = 7(7 + 1A)P(t) — 2igatA(t)Sz (t) + Fp(t) (8)
dljt(t) = —(y —iA)PT(t) + 2igas AT(1) S, () + Fpi (t)

9)
db:ft( ) _ —2v(5.(t) + N/2)

—igas (AT(t)P(t) — A(t)PT(t)) + Fs.(t). (10)

The noise operators Fp(t), Fpt(t) and Fg_(t) are charac-
terized by zero averages and by their correlation functions.
The non zero ones are equal to [10]:

(Fp(t)Fpt(t')) = 2yNo(t — ') (11)
(Fp()Fs. (1) = 2vPod(t — 1) (12)
(Fs.(t)Fpt (') = 29Pgo(t — ') (13)
(Fs.(t)Fs. (') = 27(N/2+ s:0)3(t — ') (14)
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with the atomic steady state mean values:
Py=(P(t))y, Py =(P'(t)),, s:0=(S:(t))y. (15)

We are interested in the quantum fluctuations of the field
operator A and of the atomic operators around their
steady states mean values. The associated operators are
defined by:

0Ain(t) = Ain(t) — ain, 0A(t) = A(t) — ag (16)
§P(t) = P(t) — Py, 6P1(t) = P(t) — P,
55.(t) = S5.(t) — 520 (17)
with the two mean field values:
ain = (Ain(®))0 » a0 = (A(t),. (18)

In this paper, we consider that the incoming field is a
broadband squeezed vacuum field the mean value of which
is equal to zero (ai, = 0). This assumption implies that:

ag = 0, PO = PO* =0. (19)

If the photon number in the squeezed field remain small,
one also has:

5.0 = —N/2. (20)

To obtain equations for the field and atomic fluctua-
tion operators, we linearize equations (7-10). Using equa-
tions (19-20), the equations for the atomic fluctuation op-
erators are very simple. We get:

da(l;(t) = —(y+1A)SP(t) +iNga 0A(t) + Fp(t) (21)
d(sz; t) _ —(y —1A)SPT(t) — iNga; SAT(t) + Fpi(t)

(22)

55.(t) = 23

These equations show that the evolution of (P, PT) and
S, are not coupled any more when a;, = 0. Furthermore
equation (23) implies that the atomic state is an eigenstate
of the operator S,. This property comes from the fact that
the autocorrelation function of the Langevin force Fs, ()
given by equation (14) is equal to zero when s,g = —N/2.
Consequently the noise spectrum of S, is equal to zero.

Introducing the quantities p = P/ VN and pf =
pt / /N we obtain the set of equations:

déglt( ) —(ka +1Ac)SA(t)
+igar VNOP() + v/2had Ain (1) 2
déﬁz W (2 —iAc)dA'(t)
—igaVNOp! (1) + VERSAL () (25)
dé(z;t(t) = —(y+iA)dp(t)
+igaVNOA(t) + Fp(t)/VN -
déi(t) = —(y—iQ)6p'(t)
—iguVNSAI(t) + Fpi (/YN (27)
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The atomic fluctuations can be easily deduced from this
system of four coupled equations. Before giving the result,
we will study the quantum fluctuations of a harmonic os-
cillator placed in the same conditions and show that the
two systems have a similar behavior.

3 Model for harmonic oscillator fluctuations

We consider a harmonic oscillator described by the oper-
ators B(t) and Bf(t). This harmonic oscillator is placed
inside the cavity defined in the previous section. The free
evolution frequency of B(t) is equal to wy. The harmonic
oscillator is represented in the rotating frame by the op-
erator b(t) = B(t)e'“tt and bf(t) = BT (t)e~'“Lt. We define
the detunings Ay, = wy, — wr, and ¢ = Ap/k.. We call
k1 the decay rate of b(t) and bf(¢), due to the coupling
with a reservoir in the vacuum state [11]. The coupling
between the harmonic oscillator and the field is given by
the Hamiltonian H; = hg(A'b + b7 A). The Heisenberg
evolution equations of the system operators are:

%(tt) = — (kb +14b)b(t) + igA(t) + V2rpbin(t)  (28)

% = —(kp —1AL)bT(t) — igAT () + v/2rpbi. () (29)
%l(tt) = —(ka +1AC)A(t) + igb(t) + V2raAm(t) (30)
%Tt(t) = —(ka —1AC)AT(t) — ighT () + V2ra AL (1).

(31)

In these equations the source terms proportional to Ay (t),
A;n (t) and by, (t), b;rn(t) correspond to the coupling of the
field and of the harmonic oscillator with their respective
baths.

We introduce the harmonic oscillator mean values b =
(b(t))st and biy = (bin(t))st. We assume that the mean
value of by, () is equal to zero (bin(t) = dbin(t)). The mean
values a and b can be easily computed from equations (28—
31) without the fluctuating terms.

The steady state of this system is:

ig\/ 2K:aain
92 + (ko +1Ac) (kb +i4p)°

0= (I{b + iAb)\/2/£aain
- g2+ (Iia + iﬂc)(lﬁb + iAb)

b=

(32)

The mean value of the reflected field is deduced from the
preceding equation by using the input-output relations for
the field:

Qout = Tcav@in — tcav@ (33)

and we obtain:

*92 + (Ha — iﬂc) (Kb + iAb)
92 + (Ra +14¢) (kp +14p)

Qip - (34)

Gout =
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Fig. 1. Reflection coefficient R of a Fabry Perot cavity con-
taining a harmonic oscillator function of the normalized de-
tuning ¢ between field and cavity for p = 0.1. In (a) n = 0.2,
the coupling between the harmonic oscillator and the field is
weak while in (b) n = 10, corresponding to the strong coupling
regime.

Defining the coupling parameter 7 = g/k, and the ra-
tio between the dampings p = K1/ka, We can rewrite the
preceding equation as:

Gout

Qin

R =

_ ’—772 +(1=ide) (prion)| g

n?2 4+ (1 +igc)(p + igy)

The shape of the reflected field intensity as a function of
¢ (¢ = ¢c = ¢p) depends on the value of 7, with only
one resonance at ¢ = 0 if the coupling is weak (n < 1, p),

or two resonances around ¢ = ++/12 — (1 + p?)/2 if the
strong coupling regime [12] is achieved (n > 1, p). Figure 1
gives the variation of R as a function of ¢ with p = 0.1,
for increasing values of . For 0 < n < 1, the reflected
intensity has a dip around ¢ = 0 (see Fig. 1a). This dip is
due to an energy transfer from the field to the harmonic
oscillator, and when 7 increases this hole broadens. For
1n > 1 the reflected intensity has two minima, which are
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obtained for ¢ = +n when n > 1 (see Fig. 1b which
corresponds to 1 = 10).

Now, we are going to compute the fluctuations of the
field and harmonic oscillator operators. We are interested
in the quantum fluctuations of the operators A (¢) and b (¢)

around their steady state mean values. We define:
0b(t)=">b(t) —b. (36)

Equations (28-31) give the following equations for the
fluctuations:

%t(t) = —(kp +141)0b(t) + igd A(t) + v2k1,0bin (1)
(37)

déi(t) = —(kp — iAb)ébT(t) —igs A (t) + \/ﬁéb;ﬂ(t)
(38)

déi(t) = —(Ka +1AC)SA(L) + igdb(t) + v/2rab Ain(t)
(39)
déﬁZ(t) _ 7(/§a — iAC)(SAT (t) _ igébT(t) + \/E(M;n(t).

(40)

Let us notice that these equations are valid even for
large values of the mean field and of the photon num-
bers, on contrast to equations (21-23). We see that equa-
tions (24-27) are identical to equations (37-40) with the
equivalences:

Fp(t)

vN
(41)

p < b, gat\/NHga A Ay and 5b1n(t) e

Consequently, the same results will be obtained for the
variances of the atomic polarization p with the 2-level
atom model and for the variances of the annihilation op-
erator b with the harmonic oscillator model.

To solve the system of equations, it is useful to work in
Fourier space. For any operator O(t) in the rotating frame
we define the Fourier transform O(w) as:

O(w) = / O(t)e“dt (42)

O (w) = / Of (t)e“td. (43)

The Fourier components of the fluctuation operators are
then given by:

(—iw + kp +14p)6b(w) = igd A(w) + v/2k0bin (W)

(44)
(—iw + Kb — 1Ap)6bT (w) = —igd AT (w) + \/Mabjn(w() |
45

(—iw + Ka +1Ac)0A(w) = igdb(w) + v2Ka0 Ain(w) (46)

(—itw + 0 — 1AC)IAT () = —igdbf (w) + VIR AL (w).
(17)
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This system of coupled equations can easily be solved by
introducing the quantities:

_ i9v/2ka
Jalw) = G2 + (—iw + ko +1A¢) (—iw + Ky +iA4p) (48)
_ V261 (—iw + ka +1A¢) .
Tolw) = 9% + (—w + Ka +1A¢) (—iw + kp +14) (49)
We obtain:
db(w) = Ja(w)IAin(w) + Jp(w)dbin (w) (50)
01 (@) = (Ja(~w))* 045, (@) + (Jo(~w))"db], (w).  (51)

Using the parameters 1 and p we can rewrite equa-
tions (48, 49) with the normalized frequency 2 = w/k,
as:

inv/2
Ja(02) = D) (52)
~V2p(1 +igc —i82)
Jb(Q) - \/K,—aD(C.;Z) (53)
with:
D(2) =n* + (1 +igc — i) (p +igp — i02). (54)

To calculate the fluctuations we write equations (50, 51)
in a matrix form. We introduce the 2-dimensional vectors
[0b(w)], |0bin(w)] and |§ Ajn(w)]:

)] = fbﬁ((‘:})] [8bin(e)] = 2&81 ,
)] = | S (55)
and their adjoints (for example [0b(w)| = |5b(w)]Jr =

[6b (—w), 6b(—w)|). Then equations (37-40) can be writ-
ten under the form:
|0b(w)] = [Ja(W)] 6 Ain(w)] + [Jo(w)] [6bin (w)]

where the 2 x 2 matrices [J,(w)] and [Jp(w)] are respec-
tively equal to:

(56)

a(w)] = ["aé“’) 5 (O_w)] (57)
and:
()] = [Jbé‘” . (O_w)] . (59)

The covariance matrices [Va,, (w)] of the incoming field
and [V;, (w)] of the harmonic oscillator bath are de-
fined as:

(10 Ain ()] [0 Ain (@")]) = 27 [Va,,, ()] 6 (w — &)
(10bin (w)] [0bin (w)]) = 27 [Vh,, (w)] 6 (w — ')
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The fluctuations of the harmonic oscillator bath are taken
to be at the standard quantum level, and the matrix
[Vb,, (w)] is consequently equal to [13]:

Vo ()] = [; 8] .

For a broadband squeezed field, the field fluctuations are
given by [14]:

(61)

(62)

sinh(2r)/2 sinh? (r)

Vi, ()] = [ cosh”(r) sinh(2r)/2] '

The quadrature operators of the incoming field are de-
fined as:

Eino(t) = Ain(t)e'¥ + Al (1)e™'% (63)
The noise spectrum of Eiy () will be denoted Sp. . (w):
<6Ein,gp (w)&Ein,w(w’)> = 27TSEin ; (LU)(S (w + w/) (64)

and is obtained from the matrix elements of [Vy,, (w)]:

St (W)=Vau1,1(w)+Va,2.2(w)+2Re(€ ¥V, 12(w)).
(65)

in, o

In the case of the broadband squeezed field equa-
tions (62, 65) show that the quadrature with the minimal
noise spectrum is obtained for ¢ = 7/2:

Sp L (w)= e, (66)
in,p=%

The parameter r gives the amount of squeezing, equal to

e~ 2", The quadrature corresponding to ¢ = 0 is the nois-

iest one:
SE;I,,FO (w) = e, (67)

When r = 0 the fluctuations of the standard quantum
limit are recovered.

We define the covariance matrix [Sp(w)] of the har-
monic oscillator as:

(10b(w)] [9b(w)]) = 27 [Sp(w)] &

Using equations (56, 59, 60), we obtain the following ex-
pression for [Sp(w)]:

[Sb(W)] = [Ja(@)] [Vay, (@)] [Ja(@)] e
+ [Jo(@)] Vo, (@)] [J6(@)]ne

where [Ja(w)]he (resp. [Jb(w)]ne) is the Hermitian conju-
gate matrix of [J,(w)] (resp. [Jp(w)]).

Using equations (61, 62), and the expressions we have
obtained for [J,(w)],,. and [Jy(w)]he, We can rewrite equa-
tion (69) as

(w—w'). (68)

(69)

[Sp(w)] =
cosh?(r) | Ju (@) + | Jb(w)|* Ja(w)Ja(—w) sinh(2r) /2 .
JX (w)JF(—w) sinh(2r)/2 sinh?(r) [Ja(—w)|?

(70)
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The quadrature operators of the harmonic oscillator are

defined by:
Y, (t) = b(t)e'? + bl (t)e™'%. (71)

The corresponding noise spectrum Sy, (w) is calculated
using equation (68), and can then be evaluated with the
matrix elements of [Sp(w)]:

Syw (W) = Sb171(w) -+ Sbgyg(w) +2 Re(eQi‘PSbLg(w)). (72)

Using equation (70), we obtain:

Sy, (w) = cosh®(r) | Ja(w)[* +sinh® () [ Ja(—w)[* +[ b ()]
+ Re{e?? sinh(2r)J, (w) Ja(—w)}.  (73)
When the incoming field is in a coherent state (r = 0), the

noise spectra of the quadratures of the harmonic oscillator
do not depend on ¢ and are equal to:

[ Ja(@)[* + [T (@) (74)

The variance of any operator O is defined by AO = (§0?).
Then the variance AY,, of the ¢ quadrature of the har-
monic oscillator is given by:

SY¢ (W)coherent -

Ay, = L / dw Sy, (w). (75)
21

Squeezing is obtained when one of the quadrature opera-
tors has a variance smaller than one. Considering the min-
imal variance AYpi,, the condition for having squeezing
is then AYpmin < 1.

Using equations (73, 75), we find the value of AYjin
when the incoming field is a broadband squeezed field:

AYnin = I + cosh(2r)I, — sinh(2r) 1. (76)
We have introduced the following integrals:
1
I, = dw | Ja(@)[? (77)
1 / dw [ (w (78)
fo=o / dw Ja () Ta(—w)| (79)

When the incoming field is in a coherent state (r = 0),
the harmonic oscillator is also in a coherent state, and
the variances of all the quadrature components are equal
to one, as in the case of the ground state. This property
implies that:

I+ 5L, =1. (80)

When the incoming field is squeezed, the harmonic oscil-
lator can be squeezed as well if the integral I. is large
enough. I, satisfies the following inequalities:

1 1 )
< — —u)| < — =
I, < 27T/dw|Ja(w)J w)| < o /dw|Ja(w)| I,
(51)
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and consequently:

AYmin > I, + (cosh(2r) — sinh(2r))I, = I, + Le 7.
(82)

The equality between I. and I, is obtained when the argu-
ment of (J,(w)Ja(—w)) is independent of w, and |J,(w)| =
|Jo(—w)|. This condition is verified if:

Ac= Ay =0 (83)

or if:

AC = —Ab, Ka = Kb- (84)
The second condition, given by (84), is of minor inter-
est since it corresponds to a squeezing transfer from the
field to the atoms limited to 50% as we will see below.
In the following we will only consider the first condition,
given by (83). When (83) is fulfilled, J,(—w) = —Ja(w)*,
and (73) becomes:

Sy, (W)ac=a,=0 =
| Jb(w)]? 4 |Ja(w)|? (cosh(2r) — sinh(2r) cos(2¢)).  (85)

The quadrature component corresponding to ¢ = 0 has
the minimal noise spectrum for all the values of the noise
frequency:

Sy p=0(w)(Ac=a,=0) = e |Ja(W)|2 + |Jb(W)|2 (86)

and consequently it has the minimal variance:
AVmin (Ac=ay=0) = AYp—o = I, + Lie > > e (87)

The latter inequality is due to equation (80). It means
that the squeezing of the harmonic oscillator is smaller
than the squeezing of the field, due to its coupling with a
reservoir. Then equations (83, 84) can be seen as optimal
squeezing transfer conditions from field to the harmonic
oscillator.

When one of this squeezing transfer conditions is ver-
ified, the integrals I}, and I, can be easily calculated, and
in the case of equation (83):

1 1
Iy ac=n,=0) = Uzm P (88)
p 1
Iiac=a,-0 = T <1+772+p>' (89)

Consequently the value of AYy,;, is equal to:

772

. —2r
AYnin (Ac=A,=0) = 1+ (e B 1) m

(90)

To have AY,,i, as small as possible, one needs n? > p.
Then (90) writes:

(2 — 1) .

o (91)

AYmin (Ac=Ap=0,n2>p) = 1 +
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For a perfectly squeezed field (r — o0), we get:

P __ R
1+p FKp+EKa

AYmin (Ac=Ap=0,r—00,n2>p) — (92)
The best squeezing transfer then corresponds to p < 1,
which means that the relaxation rate of the harmonic os-
cillator, Ky, is much smaller than that of the cavity, k..
We would obtain the same expression for Ac = —Ay,
Ka = Kb, ° > p which shows that in this case the squeez-
ing of the harmonic oscillator is limited to 50%.

4 Spin squeezing

In the same way as a squeezed state of the electromag-
netic field is defined by comparison to the coherent state,
a squeezed spin state will be defined as having fluctuations
in one component lower than the one of a coherent spin
state [3]. Since the noise spectrum of a coherent spin state
is not white, contrary to the one of a freely propagating co-
herent light field, one has to compare the variances of the
considered spin components to the variances of the com-
ponents of a coherent spin state. We introduce S, and Sy:

S_P+PT _p—pt
S R D]

(93)

Due to the commutation relations of an angular momen-
tum [S;, Sk = iS;, where j, k,l = x,y, z, the variances of
two orthogonal components S, and S, of the spin in the
x, y-plane obey a Heisenberg inequality:

Jasas, < W5,

Since the field has a zero mean value, the mean value of the
spin is aligned with the z-axis, and consequently there is
spin squeezing if one of the spin components in the (z, y)-
plane has a variance smaller than the reference given by
the Heisenberg inequality (|(S.)| /2) [3,2], which is equal
to N/4 according to equation (19). We call ASpin the
minimal variance in the (z,y)-plane normalized to N/4
which is found for some direction u and we compare its
value with 1.

In order to evaluate ASy;, in the case of interac-
tion between atoms and zero mean field value, we use
the equivalence given by equation (41). We see that we
will obtain the same value for the spin components in
the (z,y)-plane as the one we obtained for the quadra-
ture components of the harmonic oscillator in Section 2.
In particular, we obtain the equality:

(94)

ASpin = AYnin- (95)
As mentioned above this equivalence is valid when the
photon number in the squeezed incoming field is small.
The model also allows to show that the interaction of the
spin with a squeezed field also causes changes in the spec-
tral line shape of the atoms. This effect was studied in
detail in [9,15], for the case of the bad cavity limit.
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Fig. 2. Noise spectra of harmonic oscillator quadratures versus the normalized frequency {2 in the conditions of good squeezing
transfer for p = 0.1, n = 10. In (a) the incoming field is in a coherent state, and all the quadrature have the same spectra
Seconerent (£2). In (b) the amount of squeezing of the incoming field is 80% and Smin(§2) the spectrum of the squeezed quadrature

component is plotted.
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Fig. 3. Evolution of the minimal variance

AYmmin of the quadrature of the harmonic

In order to minimize ASpnin, we have to take A =
Ac = 0 according to (83). Since a;, = a = 0 for a squeezed
vacuum state, the choice of wy, corresponds to the center
of the squeezing broadband. Introducing the parameter
Pat = 7Y/ Ka, we deduce from equations (90, 41) that:

2C

2C+1) (1 + pay)
(96)

ASmin (A=ag=0) = 1+ (7" = 1)

C is the cooperativit

i parameter characterizing the
strength of the coupling

etween atoms and field:

Ng?
C = —Zat . 97
Dy (97)
For a large number of atoms (C > 1) we obtain:
1
ASmin(A=Ac= =1 ).
Shin(A=Ac=0, C>1) + 1 ot (e ) (98)

This equality is the equivalent of the one obtained in (91)
for the harmonic oscillator. It shows that the spin squeez-
ing is deteriorated by the coupling of the atoms with the
vacuum field the rate of which is . But the spin noise

‘ oscillator with the squeezing rate of the in-
0.8 R I coming field Ra,, for different values of the
Ain coupling constant 7 in the optimal squeez-

ing transfer regime.

can be made very small if 4 is much smaller than k,,
which characterizes the coupling of the atoms with the
cavity mode: significant squeezing transfer corresponds to
pat << ]-

5 Results for the squeezing transfer

We discuss the noise reduction in the case of the harmonic
oscillator, which is valid for any value of the squeezing rate
of the incoming field. When Ay, = A¢ = 0, the noise spec-
trum of the minimal quadrature of the harmonic oscillator
is obtained from equation (86). If 7 is large enough, the
noise spectrum exhibits two peaks, occurring at two op-
posite frequencies +w.. When 7 > 1, p, Owe have w. =~ g.
In Figure 2 we have plotted the noise spectra: Figure 2a
shows the noise spectrum of any quadrature of the har-
monic oscillator in the coherent state (r = 0), and Fig-
ure 2b the noise spectrum of the minimal quadrature
when the amount of squeezing of the incoming field is
80% (e=2" = 0.2). The value of p is 0.1 and 7 is equal to
10, which corresponds to w./k, = 2. = 10.

In Figure 3 we show the evolution of the minimal vari-
ance of the harmonic oscillator with R4, the squeezing
rate of the incoming field (R4, = 1—e~2") for several val-
ues of 7 in the squeezing transfer regime (Ac = Ap = 0).
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1o O O . S— B B R g 28 Fig. 4. Evolution of the minimal variance
AYmin with the squeezing rate of the in-
0 ‘ ‘ ‘ coming field Ry, for different values of the
coupling constant 1 when the conditions for
0 0.2 0.4 0.6 0.8 Raj 1 optimal squeezing transfer are not fulfilled
" (Ac =0and Ay =1).
These curves are plotted for p = 0.1. The limit 1/11, cor- with:
responding to perfect field squeezing and high value of 7, 5 .
is given by equation (92). Ka(w) = *29 + (lw + Ka) (*.lw + Fp) (101)
In Figure 4 the conditions for optimal squeezing trans- 9% + (—iw + Ka) (—iw + £
fer are not fulfilled: we have A¢ = 0 and A, = 1. We 2ig+/Kakb
. . Kp(w) = - - . (102)
see that the squeezing decreases as the field squeezing g% 4 (—iw + Ka)(—iw + Kp)
becomes large, and that the excess noise goes to infinity
for perfect squeezed field: when the integral I is smaller § Alut (w) is given by the Hermitian conjugate of this

than integral I,,, high values of field squeezing degrade the
squeezing of the harmonic oscillator. The minimal quadra-
ture gets a contribution from the excess noise quadrature
of the field, and consequently its variance tends to infinity
when the field is perfectly squeezed.

6 Fluctuations of the reflected field

We now compute the noise spectra of the field reflected by
the cavity when an incoming squeezed field interacts with
a harmonic oscillator. We will concentrate on the case of
the optimal squeezing transfer given by (83). In the same
way as we have calculated the fluctuations of the harmonic
oscillator in Section 2, we break down the fluctuations of
the reflected field into the fluctuations of the incoming
field and of the intracavity bath, because these fluctua-
tions are uncorrelated. From equation (46), one deduces
the expression of the intracavity field fluctuations:

_ ig
0A(w) = E—y 0b(w)

2K, SA

+m in(w). (99)

Using equations (33, 50) we easily obtain the reflected field
fluctuations d Aoyt (w) for Ac = Ap = 0:

JAout (W) Ag=Ap=0 = Ka(w)dAin(w) + K (w)0bin(w)
(100)

equation, and we thus obtain the following matrix form
equality:

10 Aout(W)] ac=a,=0 = [Ka(w)] [64in(w)]

+ [Kp(w)] [8bin(w)]  (103)
with:
B (sAout(w) — Ka((d) 0
|5Aout(w)] = 6Alut(w)] ) [Ka(w)] - [ 0 Ka(w)‘| )
. Kb(w) 0
[Kp(w)] = l 0 r, (w)] : (104)

From equation (103) we deduce the value of the covariance
matrix of the reflected field:

Vitous @] a2, —0 = [Ka(@)[* [Va,, ()]

+ [ Kb (@) [Voy, ()] (105)

For the value of the covariance matrix of the squeezed field
given by equation (62), we finally get:

(VA (W)]Ac=Ab=0 =
|Ka(w)|? cosh?(r) 4 |Kb(w)|? |Ka(w)|® sinh(2r) /2
| K (w)|? sinh(2r) /2 | K, (w)]? sinh?(r)
(106)
The quadrature components Eoump of the reflected field

are defined in the same way as the ones of the incom-
ing field (see Eq. (63)). From equation (106) we see that
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the quadrature component corresponding to ¢ = 7/2 has
the minimal noise spectrum for all values of the noise fre-
quency, given by:

St (@) 0= =0 = [Ka(@) e + Ky ().
(107)

The quadrature component corresponding to ¢ = 0 has
the maximal noise spectrum for all frequencies:

St (@) acmanmo = [Ku(@)* e + |[Ky(w). (108)
We note that we have the following equality:
| Ka(w)|” + [ Kn(@)[* = 1. (109)

These results are also valid for the case of a field going
out of a cavity containing atoms when the incoming field
is in a squeezed vacuum state.

From equations (107-109) we deduce that if the in-
coming field is in a coherent state (r = 0), the noise
spectra of all the quadratures of the reflected field, which
are the same, are equal to 1 for any value of the analysis
frequency w: the reflected field is in a coherent state as
well. In Figure 5 we show for an incoming squeezed field
(e7?" = 0.2) the minimal (Fig. 5a) and maximal (Fig. 5b)
noise spectra of the reflected field for p = 0.1 and n = 10
in the case of optimal squeezing transfer, Ac = Ap = 0.
We see that these spectra have the same constant values
as the ones of the incoming field, equal respectively to
0.2 and 5, except near the two coupling frequencies £f2..
Around these frequencies the field fluctuations enter the
cavity and squeezing or excess noise are transferred in part
to the harmonic oscillator. The squeezed quadrature goes
out with additional noise, while the antisqueezed quadra-
ture goes out with reduced fluctuations.

7 Correlations between atoms and incoming
field

In this part we first show that EPR-type correlations ex-
ist between the quadratures of an incoming squeezed field
and the quadratures of the harmonic oscillator with which
the field interacts. We will be interested in the extremal
quadratures. We have seen in Section 3 that the mini-
mal noise quadratures are Eim p=z and Y,—o, while the
maximal noise quadratures are EA’iny o=0 and Y, =z. Using
equations (50, 51), and the equalities J,(w) = —J,(—w)*,
Jp(w) = Jp(—w)* when Ac = Ay = 0, one obtains easily
the following relations:

§Ypmo(w) = —1Ja(w)0 B, p—z ()

+ Ji (W) (bin () + 0B (w)) (110)
5ng=g (w) = iJa(w)(SEim =0 (w)
+ iy (w) (8bin (w) — 8b] (w)). (111)
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Fig. 5. Noise spectra of the extremal quadrature components
of the reflected field in the optimal squeezing transfer regime,
with p = 0.1, 5 = 10, e 2" = 0.2. The minimal noise spectrum
is plotted in (a) while the maximal noise spectrum is plotted
in (b).

We define the normalized correlation function between two
operators O and O’, the noise spectra of which are respec-
tively So(w) and Sor (w), from the noise spectra of the sum
0+ 0, Sotor(w):

_ Sotor(w) = So(w) = Sor(w)

2\/ So (w)So/ (w)

By calculating So1o (w) we show that Co, o (w) is related
to the statistical average of 60 (w)dO’ (w’) by the relation

Co,or (w) (112)

Re((60(w)d0" (")) =
271'5(w + w')\/ So(w)SO/ (w) Co,or (w) (113)

and obeys the inequality: —1 < Copo(w) < 1, with
perfect correlation when Cp o(w) = 1, perfect anticor-
relation when Cp o/(w) = —1, and no correlation for
Co,or (w)=0.

Since incoming field and harmonic oscillator bath are
uncorrelated, we derive from equations (110, 111) the four
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correlation functions:

Cos(2)=Cy s R
0=0:Ein, =1 \/|J | +62T|Jb( )|
P te— 92
~C g
Cz0(2)=Cy ol — )
=g B, o= \/|J ) +e=2r |y (w)]”
B 77 +p— 92 —1
S D@ i ey 22 e
Con()— N 0 Re(Ja(w))
=0,Ein, o= \/|J | + e | Jp(w )|
(erl).Q
D2 \/1+ﬂe2r(1+92> o
oo e — Re(Ja(w))
R " e
(p+1)9 (117)

|D($2 \/1+£e 2r(1+92)

where 2 = w/k, and D({2) is given by (54). As previously
we obtain the same results for atoms interacting with a
squeezed vacuum field.

The four corresponding correlation functions Co,z (92),
Cz 0(£2), Co,0($2) and Cz =z (§2) are plotted in Figure 6 for
p=0.1,17=10and e =0.2.

We see that the squeezed quadratures of the atomic
system and field, Y,,—o and Ein, p=2, are well correlated or
anticorrelated outside the resonance peaks at 2 = £2, =
+10. In the vicinity of the resonance peaks, the correla-
tion goes to zero (see Fig. 6a). The same is true for the
two antisqueezed quadratures (see Fig. 6b). On the other
hand, the correlations either between Y,—o and EAinM:o,
or Y _r/o and Ein,go:ﬂ'/% are maximum close to the res-
onance frequencies and zero for other frequencies (see re-
spectively Fig. 6¢c and Fig. 6d).

From equations (114-117), we can compute the in-
ferred spectra of the incoming field when the one of the
harmonic oscillator is known [16]:

St () =8, (1—Ci,0(2)%)

Ein, =0 in, p=0
=e?"(1 - C;,0(2)%) (118)
SiEp’;i, ¢=W/2(Q) - SEim w:w/fz(l -G, 7T/Q(“Q)Q)
=e V(1= Cj /2(2)) (119)

where we can use either (i = 0, j = 7/2) or (i = 7/2,
J = 0) to infer the field spectra.
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Fig. 6. The four correlation functions between the squeezed
quadrature and antisqueezed quadrature of the harmonic os-
cillator and squeezed and antisqueezed quadratures of the in-
coming field for Ac = A, =0, p = 0.1, n = 10, and 80% of
squeezing of the incoming field.
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Fig. 7. Products of the inferred spectra of the incoming field
quadratures versus the normalized frequency (2 for Ac = Ay, =
0, p = 0.1 and n = 10. For I1;(2) plotted in (a) the squeezed
and antisqueezed quadratures of the incoming field are respec-
tively inferred from the squeezed and antisqueezed quadra-
ture of the harmonic oscillator. For IT2({2) plotted in (b) they
are respectively inferred from the antisqueezed and squeezed
quadrature.

Figure 7 shows for p = 0.1, n = 10 and e~ 2" = 0.2 the
products I11(§2) and II5({2), with:

I, (2) = §inf

Ein, o=0

(@)s!

Ein, p=n/2

= (1 - CW/Q,O(Q)Q)(]' - CO,W/Q(Q)Q)

(92) (i=r /2, j=0)
(120)

5(£2) = S

in, =0

= (1= Co0(2)*)(1 = Crya, r/2(£2)%).

()5

Ein, p=n/2

(Q)(izo,j:w/Z)
(121)

It can be seen that IT;({2) goes below one around {2 =0
and for frequencies larger than (2. or smaller than —{2,
while IT5(f2) goes below one around {2 = +£(2.. This
shows that measurements on two conjugate quadratures
of the harmonic oscillator allows to infer the incom-
ing field quadratures with accuracies apparently violating
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Heisenberg inequalities which corresponds to EPR-type
correlations.

8 Conclusion

We have shown that an ensemble of two level atoms driven
by a squeezed vacuum field with a low photon number (i.e.
moderate squeezing) is equivalent to a harmonic oscilla-
tor, and consequently can be treated fully analytically.
The squeezing transfer from the field to the atoms can be
very good at the condition that the coupling of the atomic
system to its reservoir is very small, and the coupling be-
tween the field and the atomic system is large (g2 > Kakp,
and K, > Kp). Strong coupling as defined as g > K,, kp i8
however not necessary. Once the squeezed driving field id
turned off, the lifetime of the atomic squeezing is of the or-
der of the lifetime of the atomic dipole in the cavity which
is short for an atomic transition. Strong EPR-type corre-
lations are found between the quadrature components of
the harmonic oscillator and the field. The considered two
level atom or harmonic oscillator is a model system that
has allowed us to highlight the main conditions for squeez-
ing transfer. Here the squeezing imprinted on the atoms
can only be tested indirectly through the measurements
on the outgoing field.

Atomic three level systems interacting with a squeezed
field and a coherent field have already been considered in
the case of single pass interaction. They allow independent
probing of long lived atomic coherences that are likely to
be squeezed [5]. It is possible to generalize our results to a
three level system interacting with two fields in a cavity.
This will be the subject of a forthcoming publication.
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