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Quantum-Controlled Few-Photon State Generated by Squeezed Atoms
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General principles and experimental schemes for generating a desired few-photon state from
aggregate of squeezed atoms are presented. Quantum-statistical information of the collective at
dipole is found to be faithfully transferred to the photon state even in a few-photon regime. T
controllability of few-photon states is shown to increase with increasing the number of squeezed ato
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One of the main aims in quantum optics has been
manipulate quantum-statistical properties of the electr
magnetic field. Since the first milestone of generating th
squeezed state of light was successfully achieved [1], co
siderable efforts have been devoted towards the prod
tion of a number state whose average photon number
less than a few tens [2,3]. If the average photon numb
is much greater than this, the necessity for using noncla
sical light virtually disappears because the coherent st
having a few tens of photons already has a sufficiently lo
bit error rate required for optical communication and pre
cision measurement. Photons also carry information abo
the phase whose quantum fluctuations limit the interfer
metric sensitivity [4]. In contrast to the case of photo
number, methods of regulating the phase of few-phot
states have yet to be explored. In this Letter we prese
general principles and experimental schemes for gener
ing a desired few-photon state. By this method, we ca
control not only the average and variance in photon num
ber but also the width and orientation of the uncertain
ellipse in phase space in any desired direction. We w
show that quantum-statistical information of the collectiv
atom dipole is rather faithfully transferred to those of emi
ted photons, and discuss how to exploit this property
produce a desired few-photon state. We can thus gen
ate any desired few-photon state by preparing the atoms
some prescribed quantum state.

We first discuss a general condition for a collectio
of atoms to be able to generate any desired few-phot
state. Consider a simple situation in which a collection
atoms are placed in a resonant cavity and interact with
single-mode photon field. It is well known that collective
properties of two-level atoms, which are placed withi
the photon wavelength but not too close to avoid dire
interaction between the atoms, can be described in ter
of the collective spin operators asŜx 

P
i ŝixy2, Ŝy P

i ŝiyy2, and Ŝz 
P

i ŝizy2, where ŝix , ŝiy, and ŝiz

denote the Pauli spin operators for theith atom. Assuming
the Jaynes-Cummings interaction [5] between the atom
and the photon field, the total Hamiltonian is given by

Ĥ  h̄vaŜz 1 h̄vfâyâ 1 h̄gsâŜ1 1 âyŜ2d , (1)
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where ây and â are the creation and annihilation opera-
tors of the photon field,̂S6 ; Ŝx 6 iŜy , h̄va is the en-
ergy difference between the two levels of the atoms,h̄vf

is an energy quantum of the photon, andg is a coupling
constant. Whenvf  va, we can eliminate the noninter-
acting part of the HamiltonianH0  h̄vaŜz 1 h̄vf âyâ
by working on a rotating frameeiĤ0ty h̄jcl. Since we want
to manipulate the width and the orientation of the uncer
tainty ellipse in phase space in any desired direction, it
convenient to introduce operators in the direction specifie
by the azimuth anglef as âf ; 1

2 sâê2if 1 âyeifd and
Ŝf ; 1

2 sŜ1e2if 1 Ŝ2eifd. These operators obey the fol-
lowing equations of motion:

dâf

dt
 2gŜ2f1py2 , (2)

dŜ2f1py2

dt
 22gâfŜz , (3)

dŜz

dt
 2gsâfŜ2f1py2 1 âf1py2Ŝ2fd . (4)

When the atoms are irradiated by coherent light with
classical intensity, the mean field approximation is valid
and Eqs. (2)–(4) reduce to the familiar optical Bloch
equations. Since we are interested in reducing quantu
fluctuations in a few-photon regime, we have to take int
account higher-order correlations. In particular, we ar
interested in the variance ofâf. Its dynamical evolution
is governed by

dksDâfd2l
dt

 22gksDâfd sDŜ2f1py2dl , (5)

d2ksDâfd2l
dt2

 g2f4ksDâfd sssDsâfŜzddddl

1 2ksDŜ2f1py2d2lg , (6)

where DÔ ; Ô 2 kÔ l for an arbitrary operatorÔ .
When the field is initially in the vacuum state, there is
no initial correlation between the atoms and the field
© 1997 The American Physical Society 3869
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so the right-hand side of Eq. (5) vanishes att  0 and
the first term in the square brackets in Eq. (6) becom
4ksDâfd2l kŜzl  kŜzl. The second derivative in Eq. (6)
is therefore negative if and only if

ksDŜ2f1py2d2l ,
jkŜzlj

2
and kŜzl , 0 . (7)

In this case, the fluctuations in̂af will be suppressed to
below the standard quantum limit at times much short
than,g21. The field displacementkâfl and its variance
ksDâfd2l can be controlled independently because the
time evolutions are governed, respectively, bykŜ2f1py2l
and ksDŜ2f1py2d2l. From Eqs. (2)–(6) we find that the
amplitude-squeezed state is obtained from the atom
state that satisfies, e.g.,kŜxl  0, kŜyl fi 0, kŜzl , 0, and
ksDŜyd2l , jkŜzljy2. The phase-squeezed state is o
tained merely by replacingksDŜyd2l by ksDŜxd2l. The right
figures in Figs. 1(a) and 1(b) illustrate the generation
the amplitude-squeezed state and the phase-squeezed
from squeezed fifty atoms. The left figures show the initi
squeezed atom states, prepared by the scheme discu
below, in the spin quasiprobability distribution define
by ku, fjr̂atomju, fl, where ju, fl ; e2ifŜz e2iuŜy 3

jS, Sz  Sl is the coherent state of spin or angula
momentum and will be referred to as the Bloch sta
[6]. The quasiprobability distributions of the photon fiel
Qsad ; Tratomfkajr̂jalgyp [right figures in Figs. 1(a)
and 1(b)] are obtained by numerical diagonalization of th
Jaynes-Cummings Hamiltonian, wherejal is the coherent
state of the radiation field with amplitudea, andr̂ is the
density operator of the entire system when the maxim
squeezing is obtained. From Fig. 1 we find that the profi
of Qsad follows that of ku, fjr̂atomju, fl projected on
the Sx-Sy plane, whereSx and Sy correspond to2Im a

and 2Rea. This rather faithful transfer of quantum
information from the atomic system to the photon syste
holds in general, and tells us how to prepare the collect
atomic state in order to produce a desired few-phot
state. Figure 1(c) shows the time evolutions of the atom
and field observables for the case of Fig. 1(b). Th
radiation-field amplitudekâl grows as the mean spin
vector tilts towards the negativez axis (i.e.,u ! 0). We
also note that quantum fluctuations in the radiation fie
ksDâ2d2l decreases in time at the expense of increasi
atomic fluctuationsksDŜxd2l.

For a collection of atoms to be able to radiate a ph
ton state that is squeezed in any desired direction in ph
space, which we will refer to astailor-made radiation,con-
dition (7) has to be met for arbitraryf. Thus the neces-
sary and sufficient condition for the tailor-made radiatio
is given by

ksDŜmin
' d2l ,

jkŜlj
2

, (8)

whereksDŜmin
' d2l denotes the minimum value of the vari

ance perpendicular to the mean spin vectorkŜl. A cru-
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FIG. 1. (a),(b) Quasiprobability distributions of squeezed fif
atoms withksDŜ'd2l  2.93, jkŜlj  24.2, kŜxl  0, andu 
py6 as seen from the negativez axis (left) and those of
the radiation field emitted from the atoms (right). In (a) th
amplitude is squeezed, while in (b) the phase is squeez
(c) Time evolutions of amplitudekâl and varianceksDâ2d2l of
the radiation field and the normalized variance of the atom
dipoles for the case of (b). The standard quantum limit sho
the value ofksDâ2d2l for the coherent state andu denotes the
angle between the mean spin vector and the negativez axis.

cial observation is that phase squeezing [as in Fig. 1(
can only be obtained by states satisfying the condition (
This is because fluctuations projected on theSx-Sy plane
cannot be reduced to belowksDŜmin

' d2l in the direction of
f by any rotation of the spin vector. This is why the Bloc
state which has an isotropic uncertainty distribution wi
respect to the plane perpendicular to the mean spin ve
cannot radiate the phase-squeezed state. The Bloch



VOLUME 79, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 17 NOVEMBER 1997

-

i-

-
e

e
l-
s:
t
g

ss

e
-

e

e

n

m
es
he
-
f
-
-

e

,
nt
can, on the other hand, radiate amplitude-squeezed stat
tilting the spin vector [7]. A single atom cannot be use
for the tailor-made radiation because it has no partner
be quantum-mechanically entangled with in order to me
condition (8). It should also be noted that a popular de
nition of the spin squeezing [7–10],

ksDŜid2l ,
jkŜzlj

2
, si  x or yd , (9)

cannot be used as a criterion for the tailor-made radiat
because this condition can be met by the Bloch st
whose spin vector is tilted from thez axis [11].

In order to control the degree of squeezing of photon
we must solve the time evolution (2)–(6). Although th
exact solutions are unavailable because of high non
earity of these equations, we can obtain an approxim
solution which is very precise when the number of atom
is large andkŜzl , 2S, i.e., the spin angle from the neg
ativez axis is small:

ksDâfd2l 
1
4

cos2
p

2S0 gt

1
ksDŜ2f1py2d2l0

2S0
sin2

p
2S0 gt , (10)

ksDŜ2f1py2d2l  ksDŜ2f1py2d2l0 cos2
p

2S0 gt

1
S0

2
sin2

p
2S0 gt , (11)

where ksDŜ2f1py2d2l0 denotes the variance in the ini
tial spin state, and the length of the mean spin vec
jkŜlj is assumed to be almost constantS0. These so-
lutions are periodic functions with periodpsg

p
2S0 d21.

The photon fluctuation (10) attains a minimum valu
ksDŜ2f1py2d2l0ys2S0d at t  ps2g

p
2S0 d21, and there-

fore the squeezed radiation can be obtained if the s
satisfies the condition (7) and the degree of squeezing
proportional to that of the spin. The expressions (10) a
(11) imply that quantum fluctuation is transferred from th
field to the atoms, as can be seen in Fig. 1(c).

Several methods have been proposed to gene
squeezed spin state: the Jaynes-Cummings interac
with the coherent state [12], or with the squeezed va
uum [13], and interaction of the spins through nonline
Hamiltonians [4,10]. We focus our attention on the fir
method. In Ref. [12] the Jaynes-Cummings Hamiltonia
Ĥint with the initial coherent photon state and the initia
spin statejS, Sl are used, while in Ref. [13] the interaction
Hamiltonian Ĥ2  h̄VsâyŜ1 1 âŜ2d with the initial
spin statejS, 2Sl are used, whereV is a coupling con-
stant. Since these models are mathematically equiva
[14], we restrict our attention to the former.

The quantity of our interest is the degree of squeezi
of the spin obtained by the interaction with the cohere
state, given the number of atoms. We seek the maxima
squeezed spin state numerically, rotate it in various
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rections, and use it as the initial spin state in the radia
tion process. Figure 2 shows the range of amplitudejkâlj
and varianceksDâfd2l of the radiation field that can be
achieved by2 100 atoms. This shows that the larger the
number of atoms, the wider the tunable range for the rad
ation field.

We propose two possible experimental schemes to im
plement our theory. The first one is a scheme using th
micromaser technique [15] as illustrated in Fig. 3, wher
the state of atoms is indicated in the spin quasiprobabi
ity distribution at each stage. It consists of three stage
(i) The excited two-level atoms are injected into the firs
cavity in which the atoms become squeezed by interactin
with the coherent state of the radiation fieldjal prepared by
laser or maser [12]. (ii) The output squeezed atoms pa
through the coherent field with classical intensity. This
field rotates the mean spin vector in the spin space to th
desired direction. To control the rotation axis the coher
ent field in the first cavity and the classical field must be
driven synchronously with an appropriate phase differenc
provided by a phase shifter. (iii) The atoms go into the
third vacuum cavity, radiate photons, and come out of th
cavity before reabsorbing the emitted photons. Left in
the third cavity is the desired photon state which we ca
take out by switching theQ factor of the cavity mechani-
cally or by applying a magnetic field.

The second scheme is to employ the techniques of ato
trapping and laser cooling, where the above three stag
are implemented at the same place. For this purpose, t
optical cavity should be off resonant during the prepara
tion of the atomic state, and be resonant only at the time o
radiation. Interaction with the coherent state correspond
ing to the first stage above might be realized by interac
tion with the center-of-mass oscillation of atoms through
the stimulated Raman transition [16]. This second schem

FIG. 2. Possible range of amplitudejkâlj and its variance
ksDâfd2l of the radiation field that can be obtained by 2, 5, 10
50, and 100 atoms prepared by interaction with the cohere
state.
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FIG. 3. Schematic illustration of an experimental setup t
generate a few-photon state that features any desired quan
statistics. The state of the atoms at each stage is shown by
spin quasiprobability distribution. The two-level excited atom
go into the first cavity and interact with a coherent state of th
radiation field jal. The output atoms are in a squeezed sp
state (SSS). By interaction with a classical field in the seco
cavity, the mean spin vector is rotated to a desired directio
where the rotation axis can be specified by the phase shift
The atoms then go into the third cavity and emit photons the
Left in the third cavity is the desired few-photon state whic
can be extracted by our changing the cavity quality factor.

has the advantage of producing a large number of squee
atoms.

In an actual experiment, we must finish the whole s
quence of processes before the two-level atoms decay i
other levels. If we use, for example, the63p3y2 ! 61d3y2
transition of rubidium atoms, the lifetime is of the or
der of a millisecond and the coupling constant isg ,
104 Hz. Since the required interaction time isgt , 1,
i.e.,t , 1024 s, the whole procedure can be accomplishe
within the atomic lifetime. The finiteQ factor of the cav-
ity will not be an obstacle, since the cavity lifetime now
reachestc , 1021 s in the microwave regime [2]. Ther-
mal photons, however, must be carefully suppressed. If
use the above-mentioned transitions21.5 GHzd, the tem-
perature should be below, say, 0.2 K in order to suppre
the average number of thermal photons in the cavity
below 0.01.

In conclusion, we have shown that the quantum
statistical information of collective atomic dipoles is
faithfully transferred to the radiation field even in a few
photon regime. This implies that we can produce a desir
few-photon state by preparing atoms in an appropria
squeezed state. This idea can be tested using a highQ
cavity that sustains more than one atom undergoing t
Jaynes-Cummings interaction with the radiation field.
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