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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 an
aggregate of squeezed atoms are presented. Quantum-statistical information of the collective atomic
dipole is found to be faithfully transferred to the photon state even in a few-photon regime. The
controllability of few-photon states is shown to increase with increasing the number of squeezed atoms.
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One of the main aims in quantum optics has been tavherea® anda are the creation and annihilation opera-
manipulate quantum-statistical properties of the electrotors of the photon fieldS+ = 8§, = i§,, fiw, is the en-
magnetic field. Since the first milestone of generating thesrgy difference between the two levels of the atoms,
squeezed state of light was successfully achieved [1], coris an energy quantum of the photon, ands a coupling
siderable efforts have been devoted towards the produconstant. Whew,; = w,, we can eliminate the noninter-
tion of a number state whose average photon number iscting part of the Hamiltonia#ly = iw,S, + hwosata

less than a few tens [2,3]. If the average photon numbegy working on a rotating frameiﬁol/ﬁwj>_ Since we want

is much greater than this, the necessity for using nonclago manipulate the width and the orientation of the uncer-
sical light virtually disappears because the coherent staiginty ellipse in phase space in any desired direction, it is
B?\Vlng afew tens _ofgr;otons_alrleady has a su_fﬂmen(tjly lowsonvenient to introduce operators in the direction specified

it error rate required for optical communication and pre- i A= Las—id 4 At,id
cision measurement. Photons also carry information abo v thela§|mu§h angJeb aSde (4 + a'e™) and
) . i . o = 5(S+e7% + §_¢i%). These operators obey the fol-

the phase whose quantum fluctuations limit the mterferol-owing equations of motion:

metric sensitivity [4]. In contrast to the case of photon '

number, methods of regulating the phase of few-photon dag R

states have yet to be explored. In this Letter we present ar T8S-¢rm/2s (2)
general principles and experimental schemes for generat-

ing a desired few-photon state. By this method, we can dﬁ,wﬂ/z .

control not only the average and variance in photon num- i —28a4S:, ®3)
ber but also the width and orientation of the uncertainty

ellipse in phase space in any desired direction. We will ds.

show that quantum-statistical information of the collective = 28(ag8—p4mpp + Ag+m2S—4). (4)
atom dipole is rather faithfully transferred to those of emit-
ted photons, and discuss how to exploit this property tdVhen the atoms are irradiated by coherent light with
produce a desired few-photon state. We can thus genetlassical intensity, the mean field approximation is valid,
ate any desired few-photon state by preparing the atoms imnd Eqgs. (2)—(4) reduce to the familiar optical Bloch
some prescribed quantum state. equations. Since we are interested in reducing quantum
We first discuss a general condition for a collectionfluctuations in a few-photon regime, we have to take into
of atoms to be able to generate any desired few-photoaccount higher-order correlations. In particular, we are
state. Consider a simple situation in which a collection ofinterested in the variance @f,. Its dynamical evolution

atoms are placed in a resonant cavity and interact with & governed by

dt

single-mode photon field. It is well known that collective d(Ady)?)
properties of two-level atoms, which are placed within ¢ 7 _ —2g<(Afl¢)(A§—¢+w/z)>, (5)
the photon wavelength but not too close to avoid direct dr

interaction between the atoms, can be described in terms

~ ~ 2 ~ )2
of the collective spin operators & = > 6i./2, Sy = d(Aag)") — ¢ [#(Ady) (A(ay3.)))
Y. 64/2, and 8. = 3, 6../2, where &y, 0y, and 6. dr?
denote the Pauli spin operators for itleatom. Assuming + 2(AS_psm2)))], (6)

the Jaynes-Cummings interaction [5] between the atoms

and the photon field, the total Hamiltonian is given by ~ Where A0 = O — (0) for an arbitrary operator©0.
When the field is initially in the vacuum state, there is

A =lhw,S, + hwrata + hgaSy + a'S-), (1) no initial correlation between the atoms and the field,
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so the right-hand side of Eg. (5) vanishesrat 0 and a
the first term in the square brackets in Eq. (6) becomes

4(Aay)*(8.) = (8,). The second derivative in Eq. (6)

is therefore negative if and only if m
(A8 yemp) < O and gy <0, @ kJ

In this case, the fluctuations i, will be suppressed to

below the standard quantum limit at times much shorter S

than~g~!. The field displacementi,) and its variance y

((Aag)* can be controlled independently because their

time evolutions are governed, respectively,(@yww/z)

and((AS_4+/2)%). From Egs. (2)-(6) we find that the  (b) Q(a)

amplitude-squeezed state is obtained from the atomic

state that satisfies, e.gS,) = 0, (5,) # 0,(S.) < 0, and

((AS,)*y < (8.)I/2. The phase-squeezed state is ob-

tained merely by replacin@AS, )?) by ((AS,)?). The right

figures in Figs. 1(a) and 1(b) illustrate the generation of

the amplitude-squeezed state and the phase-squeezed ste

from squeezed fifty atoms. The left figures show the initial

squeezed atom states, prepared by the scheme discusst

below, in the spin quasiprobability distribution defined

by (0, ¢ |paoml0, ¢), where [0, ¢) = e #5710 X

|S,S. = S) is the coherent state of spin or angular

momentum and will be referred to as the Bloch state (€)

[6]. The quasiprobability distributions of the photon field

O(a) = Tryoml{alpla)]/# [right figures in Figs. 1(a)

and 1(b)] are obtained by numerical diagonalization of the

Jaynes-Cummings Hamiltonian, whete) is the coherent

state of the radiation field with amplitude, and p is the

density operator of the entire system when the maximal

squeezing is obtained. From Fig. 1 we find that the profile

of Q(a) follows that of (0, ¢|patem|6, @) projected on

the S,-S, plane, whereS, and S, correspond to—Im «

and —Rea. This rather faithful transfer of quantum

information from the atomic system to the photon system 0 05 1
holds in general, and tells us how to prepare the collective ‘t
atomic state in order to produce a desired few-photon g

state. Figure 1(c) shows the time evolutions of the atomi . G )
and field observables for the case of Fig. 1(b). Thettlgrhsl'Wit(}?g(’(:?g;;ajgr_gga%;{i'sztzgmégxnf ifg q;r(]aggeiﬁfty

radiation-field amplitude(a) grows as the mean spin /6 as seen from the negative axis (left) and those of
vector tilts towards the negativeaxis (i.e.,0 — 0). We  the radiation field emitted from the atoms (right). In (a) the
also note that quantum fluctuations in the radiation fieldamplitude is squeezed, while in (b) the phase is squeezed.

~ )2 it ; . {c) Time evolutions of amplitudéa) and variance(Aa,)?) of
gt?)?rfi)c ilggiﬁfr?;( AI% t)Ig;e at the expense of mcreasmﬁﬁe radiation field and the normalized variance of the atomic
).

) . dipoles for the case of (b). The standard quantum limit shows
For a collection of atoms to be able to radiate a phothe value of((Aa,)?) for the coherent state angl denotes the
ton state that is squeezed in any desired direction in phasagle between the mean spin vector and the negatids.

space, which we will refer to aailor-made radiationcon-

dition (7) has to be met for arbitrarp. Thus the neces- g observation is that phase squeezing [as in Fig. 1(b)]
sary and sufficient condition for the tailor-made radiation4p, only be obtained by states satisfying the condition (8).
is given by This is because fluctuations projected on $heS, plane

1(S)| cannot be reduced to beloftAST™)?) in the direction of
o (8) ¢ by any rotation of the spin vector. This is why the Bloch

_ state which has an isotropic uncertainty distribution with
where((AST™)?) denotes the minimum value of the vari- respect to the plane perpendicular to the mean spin vector
ance perpendicular to the mean spin ved®y. A cru- cannot radiate the phase-squeezed state. The Bloch state
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can, on the other hand, radiate amplitude-squeezed state f®ctions, and use it as the initial spin state in the radia-
tilting the spin vector [7]. A single atom cannot be usedtion process. Figure 2 shows the range of amplitid

for the tailor-made radiation because it has no partner tand variance((A&(/,)Z) of the radiation field that can be
be quantum-mechanically entangled with in order to meeachieved by2—-100 atoms. This shows that the larger the
condition (8). It should also be noted that a popular definumber of atoms, the wider the tunable range for the radi-

nition of the spin squeezing [7-10], ation field.
A We propose two possible experimental schemes to im-
(A8 < K8l (i=xory) (9) plement our theory. The first one is a scheme using the
1 2 B 9

micromaser technique [15] as illustrated in Fig. 3, where

cannot be used as a criterion for the tailor-made radiatiog'e state of atoms is indicated in the spin quasiprobabil-

because this condition can be met by the Bloch stat y dlstrlbut!on at each stage. It consists of f[hree stages:
i) The excited two-level atoms are injected into the first

whose spin vector is tilted from theaxis [11]. L . . ;
In ordgr to control the degree of sque[ez%ng of photonscaV|ty in which the atoms become squeezed by interacting

we must solve the time evolution (2)—(6). Although the\’/vith the coherent state of the radiation figdg prepared by

exact solutions are unavailable because of high nonlinl—"jlser or maser [12]. (ii) The output squeezed atoms pass

earity of these equations, we can obtain an approximat rough the coherent f'el.d with cla_lssmal Intensity. This
ield rotates the mean spin vector in the spin space to the

solution which is very precise when the number of atom desired direction. To control the rotation axis the coher-

's large and;) ~ TS’ €., the spin angle from the neg- ent field in the first cavity and the classical field must be

ative z axis is small: . . . .
driven synchronously with an appropriate phase difference
1 provided by a phase shifter. (iii) The atoms go into the

A2\

(Adg)T) = n cos’ /250 gt third vacuum cavity, radiate photons, and come out of the
(A8 2 cavity before reabsorbing the emitted photons. Left in
4 222metml 0 G2 S e, (10)  the third cavity is the desired photon state which we can

280 take out by switching th@ factor of the cavity mechani-
R R cally or by applying a magnetic field.
(AS— 4+ 72)?) = ((AS— 4+ 72)*)o COS /28 gt The second scheme is to employ the techniques of atom
So . trapping and laser cooling, where the above three stages
3 Sin’ v/28o g1 , (11)  are implemented at the same place. For this purpose, the

optical cavity should be off resonant during the prepara-
where <(A§,¢+W/2)2>0 denotes the variance in the ini- tion of the atomic state, and be resonant only at the time of
tial spin state, and the length of the mean spin vectoradiation. Interaction with the coherent state correspond-
[(S)| is assumed to be almost constafit These so- ing to the first stage above might be realized by interac-
lutions are periodic functions with periost(g+/2S,)~'.  tion with the center-of-mass oscillation of atoms through
The photon fluctuation (10) attains a minimum valuethe stimulated Raman transition [16]. This second scheme
(AS—g17/2)%0/(280) at t = m(2g+/25;) ", and there-
fore the squeezed radiation can be obtained if the spin
satisfies the condition (7) and the degree of squeezing is 2510 50 100atoms
proportional to that of the spin. The expressions (10) and Ly
(11) imply that quantum fluctuation is transferred from the
field to the atoms, as can be seen in Fig. 1(c).

Several methods have been proposed to generate
squeezed spin state: the Jaynes-Cummings interaction
with the coherent state [12], or with the squeezed vac-
uum [13], and interaction of the spins through nonlinear
Hamiltonians [4,10]. We focus our attention on the first 0.1
method. In Ref. [12] the Jaynes-Cummings Hamiltonian
Hi, with the initial coherent photon state and the initial
spin statdS, S) are used, while in Ref. [13] the interaction

0.2

((Ady)*)

Hamiltonian A, = iQ a8, + aS_) with the initial 0 ; ! !

spin state|S, —S) are used, wher€) is a coupling con- 0 2 4 6 8
stant. Since these models are mathematically equivalent R

[14], we restrict our attention to the former. |<a>|

The quantity of our interest is the degree of squeezin IG. 2. Possible range of amplitudéa)l and its variance

of the s_pin obtained by the interaction with the cohgren (Ad,)?) of the radiation field that can be obtained by 2, 5, 10,
state, given the number of atoms. We seek the maximallgo, and 100 atoms prepared by interaction with the coherent

squeezed spin state numerically, rotate it in various distate.
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In an actual experiment, we must finish the whole se-
guence of processes before the two-level atoms decay into
other levels. If we use, for example, théps,, — 61d3), [11]
transition of rubidium atoms, the lifetime is of the or-
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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 desiret4]
few-photon state by preparing atoms in an appropriate
squeezed state. This idea can be tested using agigh-
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Jaynes-Cummings interaction with the radiation field.
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