INSTITUTE OF PHYSICS PUBLISHING

J. Opt. B: Quantum Semiclass. Opt. 4 (2002) 326-335

JOURNAL OF OPTICS B: QUANTUM AND SEMICLASSICAL OPTICS

PII: S1464-4266(02)36456-5

Temperature-enhanced squeezing in
cavity QED

D Spehner' and M Orszag?

! Universitit Essen, Fachbereich Physik, D-45117 Essen, Germany
2 Pontificia Universidad Catélica de Chile, Facultad de Fisica, Casilla 306, Santiago 22, Chile

Received 25 April 2002, in final form 1 August 2002
Published 29 August 2002
Online at stacks.iop.org/JOptB/4/326

Abstract

We study the time evolution of the quantum field inside a cavity coupled to a
beam of two-level atoms of temperature 7', given that each atom, after
having crossed the cavity, interacts with a classical field £ and finally with a
detector measuring its state. It is found that, if the coupling between the
atoms and the quantum field is weak and £ is not too small, for any given
realization of the measurements, an arbitrary initial state of the field
localizes after some time into squeezed states. The centre « of the squeezed
state moves randomly in time in the complex plane, but the squeezing
amplitude r and phase ¢ show very small fluctuations. Their mean values 7
and ¢ are independent of the random results of the measurements, of the
initial state and of the atom—field coupling constant A. The time evolution of
r and ¢ is determined analytically by deriving and solving the quantum state

diffusion equation describing the field dynamics in the limit of small A,
keeping & finite. It is shown that 7 increases with 7', i.e., the squeezing is
enhanced by increasing the temperature of the atomic beam.

Keywords: Open quantum systems, quantum trajectories, micromasers

1. Introduction

Dissipation has played a central role in quantum optics. A
typical example of this is spontaneous emission, where an
individual atom is coupled to an ensemble of modes of the
electromagnetic field, giving, as a final result, a finite lifetime
to every atomic excited state. Traditionally, the dynamics of
a dissipative quantum system is described through a master
equation for the reduced density matrix, obtained by tracing
out the degrees of freedom of the reservoir (the electromagnetic
field in the above example) and making the Markov
approximation. Also, a great deal of work has been done
in quantum optics on continuously monitored systems with
dissipation, referred to as ‘quantum jumps’ or ‘Monte Carlo
wavefunction’ schemes, which are examples of a wider class
of techniques concerned with ‘quantum trajectories’. In these
approaches, the master equation is replaced by a stochastic
differential equation for a pure state. If one averages over
the realizations of the dynamical noise, the master equation
is reproduced. Such a stochastic equation is referred to as
the ‘unraveling’ of the master equation. This is not a unique
process and there can be several stochastic equations that will
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average to the same master equation [1-12]. This technique
has become important, because the trend in modern optics has
been towards isolating and manipulating individual quantum
systems. Examples include cavity QED with single atoms
and photons [13], micromasers [14, 15], microlasers [16],
trapped ions cooled to the motional zero point [17],
Coulomb blockade [18] and Bose—Einstein condensates in
electromagnetic traps [19]. Wide interest in such systems has
been stimulated by possible applications to quantum computers
(manipulation and storage of quantum states).

The aim of this paper is to investigate the localization
properties of quantum trajectories for the electromagnetic field
inside a high-Q cavity interacting with a beam of two-level
atoms, which form the reservoir of temperature 7. The states
of the atoms leaving the cavity are measured by a detector. A
laser field £ with frequency close to the resonance with the
atomic transition is placed between the cavity and the detector.
The same system has been considered in [20] in the reverse
situation where one knows exactly the state of each atom before
it crosses the cavity and no measurement is performed on it
at its exit (its final state being thus unknown). It has been
shown in this reference that the cavity field evolves at large
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times to a state which is completely controlled by the initial
states of the atoms, and that any field state can be obtained
asymptotically by an appropriate choice of the sequence of
atomic states. We find in our case a somewhat related result:
for sufficiently large £ and small atom-field coupling, the
cavity field evolves at large times to squeezed states |«, &),
whose squeezing parameters » = |£| and ¢ = arg(§)/2
are controlled by the temperature 7 of the beam and by
&, respectively. An important difference is, however, that
randomness is left in the problem: the centre « fluctuates
randomly in the complex plane, in such a way that the
photon number distribution reproduces after time averaging
the equilibrium (Bose—Einstein) distribution at temperature
T. The present work extends some previous results presented
in [21].

2. The experimental scheme

Let us consider one mode of the quantized electromagnetic
field of a lossless cavity coupled to its environment. The
environment is a beam of atoms prepared in one of two Rydberg
states |g) (‘ground state’) and |e) (‘excited state’) in resonance
with the frequency @ of the mode. The fluxes r, and r, of
atoms crossing the cavity, prepared respectively in states |g)
and |e), are assumed to be such that at most one atom is in
the cavity at any time. The time interval between the crossing
of consecutive atoms is 8t = (r, +r.)~". To simplify, all the
atoms of the beam are supposed to have the same speed. They
thus spend the same time t < 4t in the cavity, interacting with
the photon mode. The atom—mode interaction Hamiltonian is
in the interaction picture (rotating-wave approximation) [22]

Hin = —i(2*|g) (ela” — Ale) (gla), ()

where a' and a are the creation and annihilation operators of
a photon in the cavity mode. The coupling constant A is equal
to /q2w/2eq Vdge - o, where dy, is the matrix element of the
atomic dipole, o the polarization vector of the mode, g the
charge of the electron and V' the volume of the cavity.

At the exit of the cavity, the atoms enter into a second
cavity, identical to the first but containing a classical field £
(figure 1). We again assume that each atom spends the same
time t;, < 4t there, and denote by U = e LHL the time
evolution operator of the atom driven by the classical field. In
the special case of a classical laser field &£, the atom—classical
field interaction Hamiltonian reads

Hy = =3 (@'[)(e] = le)(g) = Sledel. (@)

where Q2 = igge . € is the Rabi frequency and § = w; — w is
the detuning between the laser and the atomic frequencies.

Finally, the state of each atom is measured at the exit of the
second cavity by a perfect detector, telling us whether it is in
its ground or its excited state. The corresponding experimental
set-up is presented in figure 1. It has been considered in [23]
without the second cavity. A similar set-up has been studied
in [24], but the atoms were assumed to be pumped in their
‘excited’ state before entering the first cavity (r, = 0). In
contrast, we shall assume in what follows r, > r,. The times
of flight of the atoms between the two cavities and between
the second cavity and the detector are supposed to be much
smaller than the lifetime of |e), so spontaneous emission of
photons can be neglected.

MBS

Figure 1. The two-level atoms of the beam cross one by one a
cavity containing the quantum field studied, a, a second cavity
containing a laser field £ and a detector measuring their states.

3. Stochastic dynamics of the quantum field

Let us determine the evolution of the state of the field in
the first cavity when one atom, initially in state |i), i = g
or e, crosses the two cavities and the detector. At the time
t just prior the entrance of the atom in the first cavity, the
wavefunction | W (z)) of the total system ‘atom + quantum field’
is a tensor product state |V (¢)) = [i)|y(¢)). Since the two
fields are in separated cavities, the atom interacts with the
quantum field before interacting with the classical field £. The
total wavefunction at the exit of the second cavity (before the
measurement) is thus in the interaction picture

|Wene) = e Hre T iy (1)), 3)

The interaction leads to an entanglement between the quantum
field and the atom, i.e., |Wey) is no longer a tensor product
state. After the measurement on the atom has been performed,
the field and the atom become again disentangled and the
wavefunction of the total system is

|Vt +60)) = ()Y (2 +80),

(1 Went) )
51y = I Went)
00 = 1 T

with j = g if the atom is detected in state |g) and j = e if itis
detected in state |e). It is convenient to introduce the complex
numbers

u Ug,
n=hr 6=t = )
ATUge )Lrugg
and the operator
i = asinc(nn?), ©)

where u;; = (ile ™| j), n'/? = (a'a)'/? is the square root

of the photon number operator and sinc(x) = sin(x)/x. If the

atom-laser coupling is given by (2) with §t;, < 1, one finds

ne ~ Qtan(|2|t./2)/|2|. An easy computation using (1)

leads to [25]

_itH: 1 1

e "M = | g) (g cos(Inln?) + |e) (e| cos(|n|(n + 1)?)
+nle)(gla —n*|g){ela". @)

Let |@(t + 8t)) = (j|Wen) be the unnormalized wavefunction

of the quantum field after the measurement. Since the initial

and final atomic states i and j can take two values g or e, we
must distinguish four cases.

(1) i = j = g. Then, by (3) and (7),
|<P(t +8t)> = uggWg—>g|w(t)>7
(3)

1 ~
Wy = cos(lnln?) — |n*e*a.
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(2) i =g, j=ce. Then,

|<P(t +8t)> = nueeWg—w'w(t))’

1 ©
Weoe = W_=a+ecos(In|n?).
(3)i=e,j=g. Then,
|¢(t +8t)) = _n*uggwe%gwf(t»y
, 1 (10)
Weoo=W,=a"+€*cos(nl(n+1)7).
(4) i = j =e. Then,
|(/)(t +8t)> = ueeWe%eh/f(t))v
(11)

W,_e = cos(Inl(n + 1)) — |n|%ea’.

Thus, the crossing by the atom of the two cavities and the
detector modifies the normalized wavefunction |1/ (¢)) of the
field in the interaction picture as follows:

Wi ()
) ==l
W+ 00) = o

The cases (2) and (3) correspond, respectively, to the
absorption and the emission of a photon of the quantum field
or of the laser field by the atom. We then say that the quantum
field suffers a ‘quantum jump’ — or + (this denomination
comes from the limit |[n] — 0, € fixed, in which these
jumps are separated by Hamiltonian-like evolutions [21]). The
probability that the atom is detected in state |j), given that it
enters the first cavity in state |i), is pi—.; = 1 W) 1> =
ll(t +81)|1>. The probability 8p_(¢) of a jump — is equal to
Dg— times the probability 1,47 that the atom is initially in state
|g). Similarly, §p.(t) = p.—gr.dt. Introducing the damping
rates

(12)

_ 2 _ 2 _ _Inl?
y- = relnl’, Y = relnl”, V=YtV =
(13)
and using the unitarity of the matrix (u;;), one arrives at
Y40t
Sp+(t) = ——— Wy (). (14)
1+ |ne|

The probabilities of cases (1) and (4) are respectively ry6t —
dp_(t) and r,6t — 8p.(t). The stochastic dynamics of the field
depends only on the dimensionless parameters 7, € and on the
damping rates y1. The ratio y,/y_ defines the temperature 7
of the atomic beam:

—=—=exp|l — ),

V- Iy kT
where o is the atomic transition frequency and kp the
Boltzmann constant.

15)

4. Localization into squeezed states

Let us follow the evolution of the state |y (z)) of the
quantum field when many atoms cross the cavities, for a
given result (realization) of the measurements. Such a time
evolution defines a quantum trajectory [3]. We computed
[ (¢)) numerically, taking a particular initial state | (0)) and
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Figure 2. Ax?(t) (full, broken and dotted curves) and

Ax2(t) Ay*(t) (O, Oand +) versus y¢ for three different quantum
trajectories. The values of the parameters are € = 20, y,/y_ = 3/4
and y = 3.5. The initial state is a coherent state |1/ (0)) = |«) with
a = 4/3/2(1 +1) in the trajectory (a) (full curve, ¢) and in the
trajectory (b) (broken curve, o). It is a Fock state |n) with n = 20
photons in the trajectory (c) (dotted curve, +). In (a) and (c), the
number of atoms crossing the cavity in the whole time interval is
Ny =5x10*and n ~ 0.059. In (b), Ny = 5 x 10° and n ~ 0.019.
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Figure 3. As figure 2, but with ¢ = 100 and with an initial state for
the trajectory (c) (dotted curve, +) chosen randomly ((n|y(0)) is a
random number for 0 < n < 20 and vanishes otherwise). For the
trajectories (a) and (c) (full and dotted curves, ¢ and +), N4 = 10°
atoms and 1 >~ 0.013. For the trajectory (b) (broken curve, o),

Ny =5 x 10% and n ~ 0.006.

modifying | (¢)) according to (12) at each time step 8¢, with
the above probabilities.

For big |e| and small |n|, we find that, for any choice
of [ (0)), | (¢)) evolves to a squeezed state |« (t), £(t)), up
to small fluctuating errors. In order to illustrate this result,
let us study the mean square deviations (MSD) Axé(t) and
Ay; (¢) of the field quadratures X4 = (ae™? + a'e?)/2 and
Yy = (ae™® — a'e?)/2i. Denote by ¢pmin(t) the angle for
which Ax2(1) = (Y (OIX3,,, [W (1)) — (WO X g Y (1))
is minimum (the phase wt must be added to ¢ since we are
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working in the interaction picture). Let Ax*(1) = Ax; ) (t)
and Ay*(t) = Ayémin(t)(t) be the minimal and maximal
MSD. The time evolutions of Ax?(¢) and of the product
Ax?(t) Ay*(t) are shown in figures 2 and 3 for different
quantum trajectories. Figure 2 corresponds to € = 20 and
figure 3 to € = 100. One sees in both figures that Ax?(¢)
begins to fluctuate around a mean value Ax? after some
transient time At. The fluctuations are considerably reduced
in the case ¢ = 100 (figure 3) with respect to the case
€ = 20 (figure 2). Moreover, the product Ax?(r) Ay>(t) is
much closer in figure 3 to the minimum value 1/16 allowed
by Heisenberg’s uncertainty principle. The trajectories (a)
and (b) start from the same initial coherent state but correspond
to different values of n and 47, with fixed damping rate
y = |n|?/8t = 7/2; the trajectory (c) starts from a different
initial state (the Fock state in figure 2 and a state chosen by
picking the 20 first components (| (0)) randomly in figure 3).
The comparison of the different curves, together with other
numerical results presented elsewhere [21], indicates that the
mean values Ax2 and Ax2 Ay? ~ 1/16 are independent of:

(1) the specific realization of the measurements;

(2) the initial state | (0));

(3) the values of € and n, when |€] is larger than some value
€o and |n| smaller than 7.

The fact that Ax?(r) Ay>(¢) fluctuates closer and closer
to 1/16 as |e| becomes bigger supports the idea that the
localization into squeezed states |« (¢), £(¢)) holds in the limit
le] — oo. As is well known [22], the minimal MSD
of a squeezed state is Ax> = e 2ll/4,  Strikingly, the
squeezing amplitude r(t) = |&(t)| = —In(2Ax(¢)) is nearly
deterministic for + = Az, |e€] = € and |n] < 1o, and it
depends neither on the initial state nor on 7, €. It is important,
however, that |n| be small enough: for values between 0.06 and
0.09 or greater, we observed completely different behaviours
of Ax2(t) and Ax%(t) Ay*(¢) in figure 2 (¢ = 20). The
same breakdown occurs for |n] between 0.02 and 0.04 in
figure 3 (¢ = 100). One can thus expect the localization
into squeezed states to be exact in the joint limit [e|] — oo,
[n| — 0. The squeezing phase ¢ (1) = arg(£(z))/2 is also
nearly deterministic and is given by ¢ () = arg(e) — wt for
t 2 At [21]. Unlike &(z), the centre «(¢) of the squeezed state
moves randomly, as seen in figure 4.

Our main result is shown in figure 5. Ax?(¢) is plotted
versus yt for five quantum trajectories, corresponding to
different temperatures T of the atomic beam. Itis seen that Ax?
decreases for increasing 7, i.e., the final squeezing increases
with the temperature. The purpose of the remaining sections
is to explain this phenomenon quantitatively.

5. Photon number statistics

In the absence of measurements, i.e., in the same experimental
set-up as in figure 1 but without the detector, the quantum
field thermalizes with the atomic beam at temperature 7 >
0. The state of the field is described by a density matrix
p(t) = trpo(t), obtained by tracing out the atomic degrees
of freedom in the density matrix o(¢) of the total system
‘atoms + field’. The probability (n|p(¢)|n) of finding n
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Figure 4. Re(a), (full curve) and Im(a), (broken curve) versus y ¢
for a quantum trajectory starting from a coherent state [ (0)) = |«),
with y, /Y- =0.892,y =3.5,7 =0.0118,e =84.5~ n~!,

Ny = 1.25 x 10° atoms and o = /3/2(1 +1).
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Figure 5. Ax?(¢) versus yt for trajectories with different
temperatures: (a) y, =0, ®;(b) y,./v_ = 1/4, A; (c) y./v- =3/4,
Qs (d) yu/y- = 0.892, O; (e) vy /y- = 0.987, +. In (a), (b) and (c),
n = 0.0132, Ny = 10® atoms; in (d), n = 0.0118, Ny, = 1.25 x 10°
atoms; in (e), n = 0.0013, N, = 10® atoms. For all trajectories,

€ = n~!, y = 3.5 and the initial coherent state is as in figure 4. The

full curves are the theoretical result (39).

photons in the first cavity converges at large times to the Bose—
Einstein distribution pp, = (1 — e~@/%sT)e=@n/ksT  Such
a thermalization does not occur if the measurements on the
atoms are performed: then the field is constantly maintained
out of equilibrium. One should thus keep in mind when
confronted with the above-mentioned numerical results that
T is the temperature of the atomic beam, not that of the field!

Let us denote by M the mean over all results of the
measurements. Since averaging the projector [ (2)) (¥ (7)]
over all results of a measurement is the same as not performing
the measurement,

p(t) = tra(o (1)) = My ) (y @)].

One may verify this formula explicitly by comparing the
evolution of the second and third members when one atom

(16)
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crosses the cavities [21]. Ttis expected from ergodicity that the
time average of the quantum probability P, (t) = |(n|¥ (t))|?
of finding n photons coincides with the equilibrium value o,y

t

lim ds Pa(t) = lim MP,(r) = lim (n|p(t)|n) = p;.
t—oo Jo t 1—>00 1—>0o0

A7)
In order to check the ergodic hypothesis, we computed
numerically the first and fourth members. The corresponding
values, represented in figure 6 by the circles and the full curve,
agree reasonably well. P, (¢) is shown in the same figure for a
fixed time #. One sees the well known oscillations exhibited by
squeezed states, with an overall exponential decay [26]. For
squeezed states |«, &) with real « and &, P, has the following
asymptotic behaviour as n — 0o:

eZrO(Z

-4
4tanhr>

2
P, ~ NG <(2n +1)cosh?r —

o2
X exP(m) (tanh r)” COSQ((D,,),

with @, = [/7%1, |, de V21— 2% — x/dand r = [§|
(see [26]). It has been seen in section 4 that the squeezing
amplitude r (t) >~ — In(4 Ax?)/2 is almost time and realization
independent for sufficiently large . This must also be the case
for the rate | In(tanh r)|~! of the exponential decay of P, (¢)
as n — oo. By (17), this rate must coincide with the decay
rate kg T /w of the Bose—Einstein distribution o, This gives

(18)

tanhr = e~“/%7 =y, /y_. As aresult,
N — _ o—@/ksT
s V-—ve_ 1-—e
A T T A g ey (19)

The values (19) are the large-time limits of the exponentially
decaying functions shown in full curves in figure 5. A
good agreement is found with the numerical data. Another
consequence of (17) is worth noting. In order to reproduce
the Bose—Einstein distribution, the oscillations of P,(r) as
a function of n must disappear after a time (or realization)
averaging. Since |£(¢)]is constant forz = At, this implies that
the centre «(7) of the squeezed state varies randomly in time.
The factor e*'/25ih2n) jp (18) shifts the whole distribution to
the right or to the left as « varies, and the amplitude and phase
of the oscillations are also changed. These large random time
fluctuations are observed for Re « in figure 4.

Formula (19) shows that Ax? decreases on increasing 7.
A perfect squeezing (Ax? = 0) is predicted at T = o0.
However, one finds numerically that the localization into
squeezed states only holds for |n| smaller than some value
no and for |€| bigger than €y, where n decreases to zero and €,
increases to infinity as kg T /w — oo. Thus perfect squeezing
cannot be reached in a practical numerical or real experiment
with finite 1 and €. We shall come back below to this limit of
validity of (19).

6. Quantum state diffusion

The argument of section 5 does not explain why the squeezed
states form an invariant family under the stochastic dynamics
and why the squeezing amplitudes evolve exponentially to
a temperature-dependent limiting value at large times, as
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Figure 6. The probability P, (t) = |(n|y(¢))|? of finding n photons
versus n for a given trajectory: (1) at a fixed time t = 35/y
(impulses); (2) the time average over 20 000 times in the interval
[10/y,100/y] (circles, o). The Bose—Einstein distribution P is
shown as a full curve. The parameters are y,/y_ =~ 0.892, ¢ = 100,
n 2~ 0.006; y = 3.5; the initial state is as in figure 4; N, = 107
atoms cross the cavity between t = 0 and 100/y.

observed in the numerical simulations. In order to understand
these points, we determine in this section the coarse-grained
evolution of the field state |/ (7)) for timescales on which many
atoms cross the cavities.

The numerical data suggest considering the limit

le] — oo, In] = 0, |ne| = const. (20)

Let us assume moreover that the moments (n?), are much
smaller than |n|’2q; more precisely,

In**(n?), = O,

where (O), = (¥ (¢)|O|yr (1)) is the quantum expectation in
state |y (¢)). Under this condition, the crossing of the cavities
and the detector by one atom weakly perturbs the quantum field
in all cases (1)—(4) (perturbative regime). In fact, since |y (¢))
is renormalized at each time step d¢, | (¢t + &t)) is defined up
to an arbitrary multiplicative constant in equations (8)—(11).
Hence one may divide the right-hand sides of these equations
by uge, Nitee€, —N*ug,€™ and u,,, respectively. This yields

g=1,2,...,t>0, ()

lp(t +80) = (1+8W,i DIy () + 0> (22)
with )
_ nl= . *
SWoo = —T(a a+2*a)
2
Wy e =0W_ = a_ %cfa
¢ (23)
W —sw, =9 _ I
exg T O = LT A
2
SW,_o = —%(aa'r +2ea).

In all cases (1)—(4), the wavefunction |y (¢)) is modified by a
small amount, of order n'/2. The equality @ = a + O(n'/?),
which follows from (6) and (21), has been used.
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Let us consider a time interval [¢, ¢ + At] such that many
atoms cross the cavities between ¢ and 7 + At but | ( + At))
does not differ much from |y (¢)). This is the case if

At i
<€ — <K n|2 (24)

St

Let us denote by AN () the number of jumps + (cases (3)
or (2)) and by AN;(t) the number of atoms entering the first
cavity in state i (i = g or e) between ¢ and ¢ + At. Then,
lp@+ Ar) =[1+ AN ()W, — W)

+ AN_()(W_ — §W,_p)

+ AN (1) SWerse + ANy (1) W o119 (1))

+0O At%Q
st )

Since the variation of |/ (7)) between ¢ and ¢ + At is small, the
jump probability ép4 (¢,) can be approximated by dp (¢) for
any t,, =t+mét,m =0, ..., At/st. From (9), (10) and (14),

(25)

At /5t
MANL() = ) 8pa(tn)
m=0
2ys At 2
~ ML 1+ — Re ( —i0 )t s
1+ |nel? lel
with € = |elel’. Replacing this formula into (25), one

obtains the mean value over the measurements of |Ag(t)) =
lp(t + At)) — Iw(t))i

MAp (1) ~ [2Re(e"a)i(rea’ +y_e
—s(nd'a+y_a'a) Ay ).

The identity M AN; (t) = r; At has been used.

It remains to evaluate the fluctuation of |A¢(¢)). Consider
the random variable § N; (¢,,) equal to 1 if the mth atom enters
in the first cavity at time #,, = t +m 8¢ in state |i ), and equal to
0 otherwise. The random variable § N, (tw) (8 N_ (t)) is equal
to 1 if a jump + (—) occurs when the mth atom is sent into the
cavity in state |e) (|g)). The probability that SN, (tw) = 11is
equal to the conditional probability p._., of occurrence of a
jump +, given that the mth atom is initially in its upper state
le). Similarly, SN_ (tn) = 1 has probability p,_... Leti, =e
and i_ = g. With these definitions, §N;, (f,) and 81\~/i(tm)
are independent random variables. Variables corresponding
to different times #,, are also independent. The fluctuation of
ANL(t) = Zit/gt SN, (tn) SNy (t,,) can be written as a sum
of two terms:

YAt
(26)

At /5t
ANL(t) =MANL(t) = Y 8N;, (tn) SM(t)
m=0
At /8t .
+ Y SM;, (tw) MSN(t),
m=0

where § M; (t,,,) and § M, (t,,) are the fluctuations of S NV; (t,,) and
8N4 (t,,), respectively. The square variance of the first term is
found to be approximately (y+At/y81)|ne|>(1 +|ne|*)~2. By
the central limit theorem,

8t 1+ |ne> R .
Aw (1) = ﬂy—% D SNi (tn) M (1) (27)
+

m=0

tends in the limit A7 > &t to a Gaussian random variable
of zero mean and variance Ar. Shifting ¢ by Ar leads to an
independent Gaussian variable Awy (f + At). Hence Aw..(¢)
are the increments of two independent Wiener processes
(w+(1))r>0. With the help of (25), we find

|AQ()) — M|A@() =~ [ e Aw, ()

y_e a Aw_(1) +2|n*Re(e a),
x (ea’ AM,(t) +eYa AM, (1))

Inl 28)

— (aa" AM,(t) +a'a AM (t))]lW(t))
The third and fourth terms, proportional to the fluctuations
AM; (t) of the numbers AN; (¢) of atoms entering the cavity in
state i between ¢ and ¢ + At, are of order (At/8t)'/?n. They
can be neglected with respect to the first and second terms,
proportional to Aw. (¢), which are larger by an amount n~!/2,

Since we are interested in the coarse-grained dynamics of
the field with a ‘time resolution” At, the Gaussian increments
Aw4(t) will be treated as infinitesimal It6 differentials,
denoted by dwi(r), and Ar will be denoted by a time
differential dz.

The last step consists in normalizing |@(t +dr)). Its
inverse norm, assumed to be one at time ¢, can be computed
by using the 1t6 formalism of stochastic differentials [27]:

lot +do)|~' =1 +d<

1
¢||</>(t)||2>
=1—3dle®I* + 5 dlle®I dlg®)|*. 29)

The first differential in the right-hand side is dllo(®)||> =
2Re(p(t)|de(t)) + (de(t)|de(r)). The last term is non-zero
since dw (t) dwy (r) = dt. Collecting (26), (28) and (29) and
using the other It rules dwy dwy = dwy df = 0, we arrive
at our final result:

ldy) = [f (e”a’ —Re(e’a’),) dw. (1)

+ ./ _(e_iea —Rele a),) dw_(r)
+Reea’, (viea’ +y_e%a — %Re(eiga'r),) dr

— S(psad’ +y_a'a) dt] [V (1)). (30)
Note that [dv/) is independent of |ne|, i.e., the coarse-grained
dynamics depends only on & = arge and on the damping
constants y, and y_.

Equation (30) pertains to a known class of stochastic
Schrodinger equations with real Wiener processes, which
has been studied in [8, 10]; related equations with complex
Wiener processes have been discussed in [9]. Both kinds of
equation unravel the same Lindblad master equation for the
density matrix (16). In our case, the master equation is easy
to determine directly. The change of p(f) when one atom,
initially in state |i}), crosses the cavity is

p(t+81) = trale ") (i|p(r)e'™ ). €1V
p(t) describes the evolution of the quantum field without
the measurements on the atoms. Hence it does not depend
upon the classical field £ in the second cavity (this is seen
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mathematically by using the cyclicity of the trace to get rid
in (31) of the two exponentials e*'™ /2 multiplying e*i* ),
The coarse-grained average dynamics on the timescale At >
8t is obtained by replacing (7) into (31), using similar
approximations to those above. Not surprisingly, one finds
the equation of the damped harmonic oscillator:

dp 4
5 = r-(apa’ —3la‘a p)})

+ye(atp(a — Haa', p)}). (32)
The curly brackets denote the anticommutators. Although

the quantum trajectories depend on arg(e), the corresponding
master equation is the same for all €s. The equilibrium is the
Bose-Einstein matrix p® with temperature 7 (T > 0).

Let us end this section by making two remarks. Firstly,
the above analysis can be carried out under the following
hypothesis, which is more general than (21):

((Inln? —km)?), = O(Y), g=1,2,...,1>0, (33)

with k a non-negative integer. For k > 1, this means that
the typical number of photons is close to (km/|n))* > 1,
with relative fluctuations at most of order |n|. Then, most
atoms crossing the first cavity make approximately k/2 Rabi
oscillations and leave it almost in the same state as when
they entered it. The coarse-grained stochastic and average
dynamics are then given by (30) and (32) with a replaced
by @ and 6 replaced by 6 + kx. If (kx/|n|)? is an integer
ng, @'lng — 1) = 0 and the atoms cannot bring more than
ny — 1 photons into the cavity (trapping states) [15]. Secondly,
let us mention that the stochastic dynamics of section 3
has been studied in [21] in the limit || — 0, keeping €
finite and assuming that (21) holds. This yields a quantum
jump (or Monte Carlo wavefunction) model similar to the
model introduced in [2, 3]. This is because for small
[nel and |n|, the jump probabilities dp.(¢) are very small
(see (14)) and the (coarse-grained) evolution between these
jumps is Hamiltonian-like, with an effective non-self-adjoint
Hamiltonian K = y_(a'a +2¢*a + |€|?)/2i + y,(aa’ +2ea’ +
l€[)/2i. The jump operators are W_ = a+e and W, = a’ +¢*.
Both K and W, depend on €. The limit |[¢] — oo of
the quantum jump dynamics of course gives the stochastic
Schrodinger equation (30) again [6, 21].

7. Evolution of the squeezing parameters

As shown by Rigo and Gisin [28], the stochastic Schrddinger
equation (30) preserves squeezed states. More precisely,
[ (1)) = |a(r), (1)) is a solution of (30) if a(¢) and &(1) =
r(t)e?® satisfy the Itd stochastic differential equations:
dl' = =2 (1+e 2T (1) (yy + y_e 2T (1)) ds
df = — (% + y,e*mr(t)> B(t) dt

+ 2.6 +y_e T (1)) Re(e (1)) dt

+ J/yee? dw, (1) + Sy_e T (t) dw_(2), (34)
with ' () = —e®?® tanh(r (1)) and B(¢) = a(t) — T ()™ ().
These equations are derived in [21, 28], so we only quote

here the result (note that dw+ are Itd stochastic differentials,
whereas Stratanovich differentials are wused in [28]).
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The squeezing parameters r(t) and ¢(¢) are given by the
solution of the first equation, which is deterministic:

26 y+e()/7*y+)f +c

—T(t) = ¥ tanh(r (1)) = e (35)

yﬁe(l’——%)t +c ’

where c¢ is an arbitrary complex constant. Replacing (35)
into the second equation in (34), xy(t) = Re(e ?a(r)) and
yo(t) = Im(e " (r)) are found to satisfy

— (y-—yt
Y-V y-e +c
dx@ = — 5 X@([)dl“l‘m«/)ﬁ_dw*_([)
(y——yst .
y.e +c
— 7)/(30’**%)’ e [y_dw_(1) (36)
dyy = - g % oty dr.
The second equation is again deterministic and gives
Yo(t) = Im(e M a(r)) = e "2y, (0).  (37)

In figure 4, we indeed observe an exponential decay of yy(t) =
Im(a), with the rate (y_ — y,)/2.

In the large-time limit # > (y_ — y,)~', the centre a(¢)
moves randomly on the line arg(e) = 6, and

tanh(r () — 25 = exp<—i)
V4 kBT

(38)
b(t) — 6.

Since for squeezed states Ax? = e ¥ /4, one recovers the
expression (19) for the time average (or, equivalently, the
infinite-time limit) of Ax?(¢). In the Schrodinger picture, the
field wavefunction is [Wg(7)) = |a(t)e ", £(r)e~ "), The
centre of this squeezed state now also rotates in the complex
plane. The squeezing phase is ¢s () >~ 0 — wt at large times.
Inthe special case of an initial coherent state [ (0)) = |«),
the constant c¢ is equal to —y,, so ¢ () = 0 at all times and

V- —V+
4y_ + 4y, (1 —2e=——rary’

AX%(r) = (39)

In particular, Ax?(¢) = 1/4 at zero temperature (y, = 0).
This means that coherent states |/ (¢)) = |« (t)) are preserved
by the stochastic dynamics if all atoms are initially in their
lower state. The result (39) is compared in figure 5 with the
numerical data. One sees a very good agreement. Note that the
rate (y_ — y,) of the exponential decay of Ax>(¢) decreases
to zero at high temperatures: one needs to wait longer and
longer to reach the value Ax? given by (19) as T becomes
larger. In any real or numerical experiment, the quantum field
is observed up to a finite time #, so this limits the maximal
squeezing that can be reached: Ax?(¢) > Ax2.

By ergodicity, the time average of (n), is the Bose—
Einstein average 1/(e”/*#T — 1). For squeezed states, (n) =
sinh? r + ||? (see [22]). Using (38) gives the time average of
lor(1)*:

2 VY-

e =x2= 27— | 40
le|* = x SO —70) (40)
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8. Limitations on the squeezing

Let us discuss the limit of validity of (19) and (39). The
first restriction comes from the fact that real cavities are not
perfect. In experiments with micromasers [15], the time
8t separating consecutive atoms is smaller than the photon
lifetime .,y and the interaction time t is small compared with
d8t, in order to avoid events involving more than one atom in
the cavity. It is legitimate under these conditions to neglect
photon losses during the interaction. The dynamics thus splits
into squeezing and damping cycles, with time durations t and
8t — 7, respectively. In order to ensure that damping cycles do
not destroy the squeezing effect, y 1.,y must be large enough.
The interesting problem of the determination of the large-
time limit of the field state in the presence of photon losses
is left to a future work. Note also that the presence of thermal
photons in the cavity has not been taken into account in our
analysis. These can be neglected if the cavity is cooled at very
low temperature (much smaller than the temperature 7' of the
beam), as is generally the case in the experiments [15].

A second limitation is brought about by the fact that the
computation of section 6 and the preservation of squeezed
states by the dynamics is only valid in the limits (20) and (21).
A closer look at (23) shows that the condition of validity is

Inl*lelv/(n), < 1 lel V), <1 (41)

at all times. Given n and T, the best choice of |€| minimizing
both quantities in (41) is clearly || = |n|~'. Then the
condition reduces to Inl(n),l/ ? « 1. At low or intermediate
temperatures, the mean number of photons in the cavity is not
very large and this condition is met in the weak-coupling limit
=<1

However, since (n) = 1/(e®/*sT — 1) increases to infinity
at large T, the condition (41) is violated, for any value of 7,
above a certain temperature 7T depending on 7 and €. For
T 2 Ty, the localization of the quantum field into squeezed
states no longer occurs. This reasoning explains qualitatively
why we had to go to smaller values of 1 and higher values of
€ when increasing T in the simulations of figure 5. Taking
le] = |n|7", kgTy/w =~ vi(y— — y,)~" must be small with
respect to || 2. This gives, however, an overestimation of Tp,
since the fluctuations of (n), = sinh® r + |a(¢)|2, which appear
to be important in figure 4, have not been taken into account.

One may be concerned that, even if (41) is fulfilled, the
error made after N4 > 1 atoms have crossed the cavity might
be large, despite the smallness of the error made for each atom
taken separately. We argue below that such an accumulation
of errors at large times, if it exists, leads to much smaller
errors than one might expect. It seems reasonable to assume
that only the average part of the variation of the state |y (¢))
when one atom crosses the cavities, denoted by M;|5v (1)),
can lead to accumulating errors. For fixed | (1)) = |, &) and

lel = nl~",
W () + M8 (1) = lo + 8, § +85) + O (n)).

The proof of this formula is based on the following result:
if b, cx and d are complex numbers with b = 1 + O(7),
ce = Om*J/n);) and d = O(n?), then there are complex
numbers «’ and £’ and a normalization constant A such that

(43)

and

(42)

b+cea’ +ce_a+dn)a, £) = Ale, €Y + Ot (n)?).

t

Indeed, using the known properties of squeezed states, this is
equivalent to the existence of an operator (@ — Ia" — p’),
with IV and 8’ € C, which, when applied to the left-hand
member of (43), gives zero plus some terms of order n*(n)?.
A simple computation shows that such I'" and B’ exist. This
proves (43). The mean variation M, |§¢(#)) of the unnormalized
wavefunction |¢()) is given, to lowest order, by (26) with
At = 6t. It can be further checked that it has the same
form as the left-hand member of (43), with b,c+ and d
satisfying the above hypothesis, up to corrections of order
n*(n)?. Moreover, as is clear from (22) and (23), the fluctuation
[8p (1)) = (1—=M,)|8¢(t)) is also of the form (43), up to terms
of order n3(n);%, but with b, d = O(»?) and ¢y = O(17). We
now write
[Y (D) +M |89 (1)) = C(¥ (1)) + M;[¢(1)))

+ M, (lo(t +80) 7" = DISg, (1)),
with C = M, |le(7 +81)[|~". Since |8/ (1)) = O(n/(n),), this
makes it clear that [y (¢)) + M; |61/ (¢)) is also of the form (43)
with b, c and d satisfying the above hypothesis. It follows
that (42) holds true.

Let us assume that the above errors accumulate. The total
error after the crossing of a large number N4 of atoms is then

oA 4, \2 4 2 AT )’+VNA|71|4

> g s = Nalnl*(n)? < Nalnl*(n?), = =———=.

m=0 (y7 - ]/+)
(44)

where the last expression is the average of n” at thermal

equilibrium. If N4 is bigger than (Na)o = |n|~*(y- —
v4)%/ v+, or, equivalently, if y 7 is bigger than
(- =)’
yro= 21— 45)
y+vInl

then the field state should differ significantly from a squeezed
state. Replacing the values of y, and y_ in the trajectories
(d) and (e) in figure 5, one finds yfy =~ 50. Nevertheless,
a good agreement with (39) is observed at much bigger
times! Numerically, we find that Ax?(r) Ay?(¢) cannot be
distinguished from 1/16 over the whole time interval, using
the scale of figure 5. The values of y1, for the trajectories
(a), (b) and (c) are higher; other simulations not presented
here also show no deviation of Ax2(¢) Ay>(t) from 1/16 for
eg v_/y. = 3/4and n = €' = 0.03, corresponding to
y1o =~ 50 (but the fluctuations of Ax?(¢) around (y_ — y,)/4y
have a larger amplitude). Moreover, longer-time simulations,
running up to t+ = 1750/y, show no further deviations of
the quantum field from a squeezed state, and the squeezing
amplitudes continue to fluctuate around the value (39). Hence
one can conclude that there are no accumulations of errors of
the kind studied above.

9. Conclusions

We have presented a quantum trajectory model applied to a
particularly simple optical system, that of a damped harmonic
oscillator at temperature 7. The model that we have considered
is a beam of two-level atoms crossing one by one a lossless
cavity containing the quantum field studied, coupled to a
classical field and finally to a detector at the exit of the cavity.
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The idealized case of two-level atoms interacting with a single
mode of the electromagnetic field in a lossless cavity is nearly
realized in micromasers [15]. In the recent experiment [29], a
cavity with a quality factor as high as Q = 4 x 10'° has been
employed, corresponding to a photon lifetime 7.,y = 0.3 s.
The main difference between the physics of the micromaser
and our model is that, in the experiments known to us, the two-
level atoms are pumped in their upper level before interacting
with the quantum field, whereas we assumed in this work that
the atomic beam has a positive temperature 7. We have given
numerical evidence that, for a non-zero classical field intensity
and a small enough coupling strength n = At (A is the atom—
field coupling constant and t the time spent by each atom in
the cavity), the cavity field localizes into squeezed states. The
corresponding squeezing amplitude r(¢) and phase ¢ (¢) have
been shown to be nearly deterministic and given by (38) in
the large-time limit. The centre «(f) of the squeezed state
moves randomly in the complex plane, in such a way that the
quantum probabilities for the photon numbers reproduce the
thermal (Bose—Einstein) distribution after a time averaging.
The main result is that the final degree of squeezing increases
with the temperature of the atomic beam. A perfect squeezing
can be obtained a priori in the limit of infinite tempeature and
of zero coupling strength n, keeping a finite laser field intensity.
However, the time needed to obtain this perfect squeezing goes
to infinity in this high-temperature limit, and corrections for
finite 7 and € become important at high temperatures. This,
together with the finite lifetime of photons in a real cavity,
limits in practice the squeezing that can be achieved.

The squeezing effect found in the present work should be
in principle observable in micromasers. Since the probability
of field-induced transitions between adjacent atomic levels
with principal quantum number n scales as n*, experiments
with values of 7 ranging from 10~3 to more than 1 can be found
in the literature. According to our numerical simulations, the
best value for observing a rapid localization of the cavity field
into squeezed states is n >~ 0.03, and the localization time
is typically ¢+ ~ 10/y with y = n?8t~'. The experiments
described in [15] have higher values of n, due to the high
degree of excitation of the rubidium atoms (A = 10* s~!
for the 63p3, — 6lds), transition and the shorter 7 is
25 x 1075 s, giving n = 0.25). The intensity of the beam
must be small enough in order to ensure that the cavity field
is coupled to at most one atom at any time. Using a flux of
atoms r = 8t~! = 0.1t~!, one finds, assuming a Poissonian
statistics for the number of atoms in the cavity, that 95% of
the events involve only one atom. This flux is in the range of
the experimental data for T = 25 x 107 s. The condition of
observation of the predicted localization into squeezed states
is met for ¥ty = N’teay(0.1771) > 10 and n < 0.03. One
concludes that T must be smaller than 3 x 107% 5. Again,
this value is a bit too small compared with typical micromaser
experimental data (relatively large cavities are used in order
to ensure that the low mode is in resonance with the nearby
Rydberg level transition). In order to observe the temperature-
enhanced squeezing described in this work, atomic transitions
corresponding to lower coupling constants could be more
suitable, or faster atoms spending less time in the cavity could
be used. According to [15], the squeezing of the cavity field
could be measured by using probe atoms.
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