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We discuss the effects of the initial atomic coherent factors (including the phase and the distribution parameter)

and the dipole—dipole interaction on the sum and two-atom dipole squeezing in the system. The results show that

the maximum squeezing in both cases is determined by the phase and the distribution parameter, and the duration of

squeezing becomes longer by strengthening the dipole—dipole interaction. In addition, the comparison of the two types

of squeezing shows that one type of squeezing is obtained at the expense of increased fluctuations in the other squeezing

function.
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1. Introduction

The squeezing of a radiation field,[!! due to its

[2] attracts extensive attention.

potential applications,
The field squeezing of a two-mode field interacting
with a two-level atom has been discussed in a number
of papers.3=°! Hilleryl® has generalized sum squeez-
ing as a version of higher-order squeezing of the two-
mode field. On the other hand, since atomic squeez-
ing was first investigated by Wolls and Zoller,”) much
attention has been paid to atomic dipole squeez-
ing in a variety of Jaynes—Cummings models (JCM)
under different initial conditions.®~14 Barnett and
Dupertuis'® have defined two-atom dipole squeezing
(TADS). The relation between a field and the atomic
dipole squeezing in the JCM has been pointed out
in some papers.[816:17 In this paper, we discuss sum
squeezing and TADS, as well as their relation, in a
system of a two-mode vacuum field interacting with

two coupled atoms.

2.Model and solution

We consider the nondegenerate two-photon inter-
action of the two-mode field with two identical two-
level atoms involving the emission or absorption of two
photons from two different modes per transition, and
assume that the distance between the two atoms is so
short that the dipole—dipole interaction cannot be ne-
glected. The effective Hamiltonian for the system in

the rotating-wave approximation reads!*®19l
ﬁ:ﬁo+ﬁ1+ﬁ2, (1)
where )
Hy = wyay a1 + waiada + wo Z 89, (2)
, i=1
=3 glatas s + anass?), (3)
i=1
and Hy = gp (3152 4 505@), (4)

where §(f)(§$)) and 5 are the lowering (raising) and
inversion operators for the ith atom, a; (a;) is the
creation (annihilation) operator for the field, g is the
atom—field coupling, and g, is the coupling between
the two atoms. For simplicity, we take the resonant
case, i.e. wg = w1 + wa.

By assuming that the two atoms are initially in
an atomic coherent statel2’]

[4(0))a = cosblg, g) —sinbe’le,e), ()

and the field in a two-mode vacuum state
[(0))e = [0,0), (6)

i.e. the initial state for the total system is
[4(0)) = cosf|g, g;0,0) — sinfe'®|e, e;0,0),  (7)

where 6 denotes the distribution of the initial atoms
ranging from zero to mw, and ¢ is the phase of the
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atomic coherent state. In the interaction picture, the
state at a later time ¢ can be written as

' (t)) =cosflg,g;0,0) — sin fexpli(¢ — 07)]
X [Cge(t”ga e;1,1) + ng(t)|e=9§ 1,1)
+ Cee(t)]e, €;0,0) + cgq(t)]g, 9:2,2)]. (8)

Inserting Eq.(8) into the Schrédinger equation, we ob-
tain the coefficients

Cee(t) = é[cos 2 +16sin 2/6 + dexp(i67/2)], (9)

Cge(t) = ceq(t) = —2isin 2/ 0, (10)

and

Coa(t) = g[cos 2 +i6sin /6 — explior/2)], (1)

where 7 = gt, 2 = V62 +407/2 and © = /62 + 40,
and § = g, /g is the relative value of the atom-field
and dipole-dipole coupling.

3. Theory

To consider the field squeezing, we use two slowly-
varying Hermitian operators defined as!®

2
Xy =232 "afexp(—iwit) + diexp(iwit)], (12)
i=1
2
X, =i273/2 Z[d?‘exp(—iwit) — azexp(iw;t)], (13)
i=1
with the commutation relation

PN 7
[X71, Xo] = 7 (14)
The variances (AX;)? = (X?) — (X;)? satisfy the un-

certainty relation (AX;)%(AX5)% > 1/16, then the
fluctuations in X; are said to be squeezed, if

5 1
(AX;)? < 7 (15)
or )
F; = (AX;)? - 7 <0 (16)
We call this squeezing two-mode normal squeezing
(TMNS).

For sum squeezing, the corresponding Hermitian
operators are given byl

N 1
Vi =5{a g expl=i(wn + wo)1]
+ a1agoexpli(wr + wo)t]}, (17)

T .
Va =§{a1+az+exp[—l(w1 + wa)t]

— aqagexpli(wr + we)t]}, (18)

and they satisfy the commutation relation
~ T .
Vi, V5] = §(afa1 +agas + 1). (19)

Then the uncertainty relation is (AVi)%(AVz)? >

1
1_6<d;rdl + aFaz + 1)2, where the variances are

(AV;)2 = (V2) — (V;)2. Sum squeezing exists if

1
(AV;)? < Z<d1+&1 +afas + 1), (20)
or
N
R; = (AV)? — (afan +afap +1) <0. (21)

Now, we turn to TADS. The Hermitian operators
of the atoms are defined as!'®!
2

5 1 NG . NG :
S = 3 Z[si)exp(—lwit) + sf)exp(lwit)], (22)

i=1

2
3 1 i . (i .
Sy = Z[éi)exp(—lwit) - s(_)exp(lwit)]. (23)
i=1
They satisfy the commutation relation

(1,95 =S, (24)
2 .
where S, = Z 3 The uncertainty relation is
i=1
(AS12(88) = (5.2 (25)
where (AS;)? = (5§2) — (S;)? are the variances in 5.
The fluctuations in S; are said to be squeezed if
N 1, -
(A8)? < 3182 (26)
or )
Qi = (AS:)* = 5[{3:)] < 0. (27)

After rigorous calculations, we obtain some quan-
tities as follows

Py = F, = sin? e[lcge(t)|2 + |ng(t)|2]v (28)

R; = sin? 8[|y (£)]2 + 2legy (1)]7] + (—1)-1% sin § cos 6
x [exp[—i(¢ — 67/2)]cy, (1)
+ expli(¢ — 07/2)]egq (1)), (29)
and
Qj :%{Sin2 Ollcee (I + 4lege ()] + legg (1))
+ cos® 0 + (—1)! sin § cos 0
x [exp[—i(¢ — 67/2)]cC,(t)
+ expli(¢ — 67/2)]cee (t)]}
- %| sin? 0| cee (£)])? — |cgg (1)]?] — cos? 0]. (30)
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4. Results and discussion

Firstly, we consider the squeezing of the field. Ac-
cording to Eq.(28), the functions F} and F5 cannot be
negative, i.e. the TMNS does not exist. The term
dfd;‘é@ + d1d2§$) in Eq.(1) and the resonant condi-
tion (wp = w1 + ws) allow only two photons from two
different modes to be produced or destroyed at the
same time per transition, implying (a*2) = (a%)=0.
That is why the TMNS does not exist.
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Fig.1. Time evolutions of Ry (dashed line) and Q1

(solid line) as functions of T=gt for =0, 0=n/4: (a)

¢=0; (b) ¢=m/6; (c) p=m/4.

In the following, we discuss another field squeez-
ing, i.e. sum squeezing. The results for the squeez-
ing function Ry in Eq.(29) for different ¢, with the

same 6 (=7 /4), when neglecting the dipole-dipole in-
teraction (§=0), are shown in Fig.1. The effect of ¢
on the squeezing in Ry is that the maximum squeez-
ing decreases and the duration of squeezing becomes
shorter with the increase in ¢, and the peak position
of squeezing does not change.

Choosing =0 and ¢=0, we consider the influence
of 6 on the squeezing in Ra. It is seen in Fig.2 that
the increase of # causes the maximum squeezing to de-
crease quickly. In particular, the squeezing, as shown
in Fig.2(a), appears almost all the time in the internal
[0,10] of 7 = gt for § = 7/6; its maximum squeezing
is about 7%, but it disappears for § = /3. In both
cases, the squeezing occurs periodically.
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Fig.2. Time evolutions of Ry (dashed line) and Q1

(solid line) as functions of 7=gt for =0, ¢=0: (a)
0=m/6; (b) O0=m/4; (c) O=m/3.
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In the former cases, we discuss only the influence
of the initial atomic conditions. In these results, it is
natural to wonder if the important quantity § affects
the sum squeezing. We illustrate the results in Fig.3
for 6=m/4 and ¢=n/6. It is shown that, when the
quantity ¢ is relatively small (=0.2), the squeezing in
R, as shown in Fig.3(a), occurs only at the initial mo-
ments, and then the squeezing is revoked permanently.
However, in Fig.3(b), the squeezing recurs after some

time with a larger value of § (=6). A comparison be-
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Fig.3. Time evolutions of Ry (dashed line) and Q1
(solid line) as functions of T7=gt for 6=n/4, ¢=m/6:
(a) 6=0.2; (b) 6=6; (c) 6=10.

tween Figs.3(b) and 3(c) shows that the duration of
squeezing becomes longer with the increase of §, but
the frequency of the squeezing becomes smaller in the
same interval [0,10] of 7. Comparing Fig.1(b) with
Fig.3, it is easy to see that the dipole—dipole interac-
tion destroys the periodicity of squeezing.

Secondly, we focus on the TADS. The influences
of ¢ and § on the atomic squeezing in 1 are simi-
lar to the case in Rs, but the squeezing magnitudes
are larger than that of the sum squeezing. For =0,
¢=0 and #=m/4, the maximum squeezing in Q) (see
Fig.1(a)) is about 12%. However, the increase of 6
(see Fig.2) causes a larger maximum of squeezing in
Q1. At this time, the maximum squeezing is approxi-
mately 18%.

Now, we turn to the relation between the sum
squeezing and TADS. Figures 1-3 show that one type
of squeezing is obtained at the expense of increased
This demonstrates that

we can hardly obtain both types of squeezing at the

fluctuations in the other.

same time. It is noticeable that both types of squeez-
ing cannot appear in spontaneous radiation for which
0= (k+1/2)m.

5. Conclusion

We have discussed the atomic dipole and field
squeezing in a system of a two-mode vacuum field
interacting with two coupled atoms. The maximum
squeezing in both cases is determined by the phase ¢
and distribution : increases of these quantities will
decrease the maximum squeezing except that the max-
imum squeezing in )1 becomes larger with the in-
crease of . The dipole-dipole interaction disorders
the periodicity of oscillation in both Ry and Q7. A
larger ¢ results in a longer duration and a smaller fre-
quency of the squeezing. The atomic (field) squeezing
is obtained at the expense of the field (atomic) noise.
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