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The influence of atomic motion on squeezing of the double-mode field in the interaction with a moving V-type three

level atom is investigated by means of the quantum theory and the method of numerical analysis. The results show,

on the one hand, when the initial photon field is in non-correlative coherent state of double-mode, only the quadrature

U; is squeezed and the squeezed degree of U; increases with the increasing of the parameter 8 which describes the

atomic motion and structure of the field mode. On the other hand, when the initial field is in the vacuum squeezed

state of double-mode, the quadrature Uz is squeezed principally and we can obtain a steady squeezed light by choosing

an appropriate parameter 3.
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1. Introduction

Since the Jaynes—Cummings model (JCM) was
proposed in 1963,[! people have extensively stud-
ied it and revealed many striking nonclassical effects

[2—-4]

such as squeezing, anti-bunching, sub-Poisson

statistics!®:6]

and the collapse-revivals of atomic
population.l”] In recent years, some extended JCMs
have been proposed, such as three-level atom inter-
acting with double-mode field,[® JCM in the pres-
ence of a nonlinear medium,!”) and many others.[10—12]
But it has been noticed that the atom is always
regarded as motionless in all the above researches
and the influence of atomic motion on photon field
is neglected. Recently, with the development of
cavity quantum electrodynamics (QED) the interac-
tion between a moving atom and the field has at-

[13—18]

tracted much attention. Researches show that

the atomic motion can bring about the nonlinear ef-

(13-15] change the creating

fect of atomic population,
time of Schrodinger cat statel!92°] and enhance the
fidelity of quantum state.?!! Furthermore, it has be-
come an active research subject to prepare squeezed

light using the interaction between the photon field
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http://www.iop.org/journals/cp

and atom,?] which has potential application in de-
tecting weak signals and light communications. It not
only can reveal the quantum features of photon field

but also has practical significance.

The model of a V-type three level atom inter-
acting with double-mode field is the fundament for
preparing macroscopical quantum state, Schrodinger
cat state and quantum hidden teleportation. We will
start from this model to investigate the influence of
atomic motion on squeezing effect in cases of the ini-
tial field being in non-correlative coherent state and
vacuum squeezed state of double-mode, respectively.
At first, the state vector of the system is obtained
by solving the Schrédinger equation in interactional
picture. Then we investigate the influences of atomic
motion and structure of cavity mode on squeezing ef-

fect using numerical analysis.

2.The theoretical model and

state vector

We consider a system in which a V-type three
level atom interacts with double-mode field as shown

in Fig.1. The transitions between levels |a) and |c),
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|b) and |c) are connected, respectively, to the photons
with frequencies v and v, while that between |a) and
|b) is dipole forbidden. We consider only the double
photon resonance condition, that is w, — w. = vy,
wp — we = V5. The Hamiltonian of the system in ro-

tating wave approximation can be written as

H=Ho+V, (1)

Hy= Y wi|i><i\+zuja;aj, (h=1) (2)

i=a,b,c

V = gi(a1]a)(c|+alle)(al)+ga(az[b) (c|+ae) (b)), (3)

where Hg stands for the Hamiltonian of bare atom
and photon field, V' the interactional Hamiltonian. w;
represents the eigenenergy of the ith level of the atom,
aj(a;[)(j = 1,2) the annihilation (creation) operators
and g; the coupling constant between the atom and

the ith mode field.

|a)

v [b)

le)

Fig.1. The model of V-type three level atom inter-
acting with double-mode photon field (in case of reso-
nance).

Supposing that the atom moves along the axis z of
the cavity with velocity v and interacts with double-
mode field. Then the velocity and the structure of
the cavity can influence the interaction. The Hamil-

tonian of the system in the interactional picture can

be expressed asl'*:19]

V! =g1Q1(2)(a1]a)(c| + allc)(al)

+ 92Q2(2) (az|b){c| + alle) (b)), (4)

where Q;(z) is the form function of cavity mode,

which we have defined as T'EM,,,,,, mode and can be

expressed asl!415]

Q) - Qe =sn (27%), 9

where p; stands for the half-wave number of the jth
mode field in the cavity with length L.

We suppose that the atom is initially in the upper
state |a) and the field is initially in a certain superpo-

sition state

|r(0)) = D Fuynalna,na). (6)

ni,n2
Then the initial state of the system can be written as

[9(0)) = D Fuynala,na,ma). (7)

ni,n2

In the interactional picture, the state of the system at

an arbitrary moment t evolves as

|W1(t)> = Z Foy 05 [Cany ins ()] @, m1,m2)

ni,n2

+ Cbﬂllmz (t)|ba ny +1,np — ]->
+CC,77417”2 (t)‘ca ni + 17 ’I’Lz)] . (8)

Substituting Egs.(4), (5) and (8) into the follow-

ing Schrodinger equation of interactional picture:
.0

i [ 01(0) = VB @), (9)

we get the coefficients as follows:

1
Ca ny,ne —
Y gi(n1+ 1) + g3n,
2 1 2 t
X {ggng + gf(nl + 1) cos lwgl (n;;)/i—i_ 9212 <1 — cos p7;v >] } , (10)
1 2 1 2 t
Conyns = 92192 (n1 + )2n2 —1+ cos \/91 (m +1) + gano <1 _cos ITY > , (11)
gi(n1+ 1)+ g3ng prv/L L
v 1 2 1 2 t
Compmg = — 1TV sin | Vi(m 1) + gina <1 — cos 7 > : (12)
V@ (ni +1) + g3ns prv/L L
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In the above equations we have supposed p; = ps = p
in order to simplify the problem.

From Eq.(8) and Egs. (10)—(12), the state vector
of the system at an arbitrary moment t can be deter-
mined. It can be seen that the state of the system
is obviously influenced by the atomic motion and the
structure of field mode.

In order to investigate the squeezing effect of the
photon field in the case of atomic motion, we de-
fine the following two dimensionless quadrature am-
plitudes Uy, U, for double-mode field:

U, = aI + a1+ a; + a2> , (13)

7

U, = aJ{ —a; + a; — a2> . (14)

g

They satisfy the commutation relation
i
[UI’U2] = 9’ (15)
and the uncertainty relation

1
(AT)*N(AD2)?) > - (16)
For a given state of the system, if the component

U; satisfies the following expression:

Pi(t) = ((AU;)?) — i <0, (17)

we say that the ith component of the photon field is
squeezed.

Moreover, to simplify the discussion, we introduce
the parameter § to describe the effect of atomic mo-

tion and structure of field mode hereinafter, namely

pTv
p=r (13)
and let gy = g2 = 1.
8t
6.
= 4
R,
2F
0.
0 20 40 60 80

3. The initial photon field in non-
correlative coherent state of

double-mode

We firstly discuss the situation that the photon
field is initially in the double-mode coherent state,
then g ] ]

Frimy = ﬁe—(lal\ Flez|)/2 (19)

From Egs.(8), (13), and (14), we can obtain the
expression of P;(t). Figure 2 shows the evolution of
P;(t) when the atomic motion is neglected. We can see
that both quadratures cannot be squeezed and the am-
plitudes of P; and P, decrease gradually. To compare
with this, we discuss the squeezing effect with atomic
motion considered. The quadrature squeezing in case
of atomic motion is shown in Fig.3. It can be seen
that, as a result of the atomic motion, the quantum
fluctuations of both quadratures exhibit the periodical
evolution with time and have the same peak values in
every period. Furthermore, because of the influence
of atomic motion, the quadrature U; is squeezed (as
shown in Fig.3(a) (¢) (d)), and the squeezed degree
become deeper as well as the squeezing time longer
with the increasing of 3. However, the quadrature U,
cannot be squeezed (as shown in Fig.3(b)). Increasing
[ can only make the frequency of P increase and the
intensity decrease (this is not shown). So we confirm
that when the field is initially in non-correlative co-
herent state the atomic motion makes the quadrature
U; squeezed. We give the curves of Py, P, versus (3
at t = 10 as shown in Fig.4. We can see with the
increasing of 3, the squeezed degree of U; tends to a
steady value, but the non-squeezed state always ap-
pears periodically. Meanwhile the amplitude of P is

always greater than 0 and decreases gradually.

Py(t)

Fig.2. There are no squeezing for both quadratures of the field when the atomic motion is

neglected and 1 = iy = 5.
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Fig.3. Quadrature squeezing effect for 7 = fig = 5 when the initial field is in non-correlative
coherent state of double-mode.
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Fig.4. Evolution of quadrature squeezing with 8 when n; = g = 20 and t = 10.
4. The initial phOtOl’l field is vac- From Egs.(8), (13) and (14), we have
- 1
uum squeezed state of double P =(U3) — (0 -
mode 1
=, ((alar) + (afaz) + (ala}) + (@ra2)) . (21)
Secondly, we investigate the situation that the ini- ) , 1
tial field is in the vacuum squeezed state of double- Py =(Us) — (U2)” — 4

mode. In this case we have n;y = ny = n and the

coefficient F,, ,,, in Eq.(6) is

(tanhr)™ _. 4
Fopn = ——7——e"", 20
’ coshr (20)

where r is the squeezing factor and 6 is the angle of
squeezing direction. To simplify the discussion, we let
6=0.

:i ((aiaﬁ + (a;a2> - (a{ab - <a1a2>> .(22)

According to the above equations, we can investigate
the squeezing effect.

Figures 5 and 6 show the evolutions of squeezing
with ¢ for different squeezing factor r when the atomic
motion is neglected. It can be seen that the squeez-
ing of quadratures U; and U, appears only when the

squeezing factor r takes a small value and the durative
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time of squeezing is very short (as shown in Fig.5(a)
and Fig.6(a)). When r increases from 0.1 to 0.5, the
quadrature U; is not squeezed (as shown in Fig.5(b)),
while the opportunity of squeezing for Us decreases

but its squeezing degree deepens a little (as shown

in Fig.6(b)). With the value of r increased to 1, the
fluctuation of Uy continuously increases (as shown in
Fig.5(c)), while Uy can only be squeezed in a very
short time at the beginning (as shown in Fig.6(c)).

(a) r=0.1 (b) =05 (c) r=1.0
0.3 0.6f
1.6}
= 0.2 . 0.4} 141
— R =
A, — P Nad
0.1 — 1.2}
& 0.2} A,
0.0 1.0t
. ¥ i
L L Al . . 0.0k . . . . 0.8L . M L
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
t t t
Fig.5. Evolution of squeezing for quadrature U; when the initial field is in vacuum squeezed
state of double-mode and the atomic motion is neglected.
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Fig.6. Evolution of squeezing for quadrature Uz when the initial field is in vacuum squeezed

state of double-mode and the atomic motion is neglected.

The squeezing effects with atomic motion consid-
ered are shown in Fig.7 and Fig.8. From them we
can see the squeezing of U; only appears when both
B and r have small values. When (3 increases to 0.8,
there is no squeezing for Uy, however, the quadrature

U, steadily exhibits periodical squeezing, and the du-

(a) 8=0.1,7=0.1

(b) B=0.8, r=0.1

ration is longer than that without atomic motion (as
shown in Fig.8(b)). When the parameter 3 is equal
to 4.5, we find the quadrature U, is completely in
squeezed state (as shown in Fig.8(c)). After this the
increasing of 4 can hardly deepen the squeezing degree
of Us.

(c) B=45, r=0.1

0.3f
s 0.25} 0.10}
=~ 02 0.20f .
- ] = < 0.08f
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Fig.7. Evolution of squeezing for quadrature U; when the initial field is in vacuum squeezed

state of double-mode and the atomic motion is considered.
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Fig.8. Squeezing for quadrature Uz when the initial field is in vacuum squeezed state of

double-mode and the atomic motion is considered.

The influences of atomic motion and structure
of field mode on the quadrature squeezing are shown
vividly in the Fig.9 and Fig.10. From the Fig.9, we see
that the squeezing effects only appear when squeezing
factor is in the range of 0-1 and the squeezing de-
gree is very small. The influence of atomic motion on
quadrature Us is stronger than on U;. This can be
seen from the Fig.10, in which the maximum squeez-
ing degree of Us reaches 0.25 or so at the point r ~ 1.8.
After this the squeezing degree of U, decreases with

the increasing of r. We have noticed a flat area in
the Fig.10(b) which is always below P> = 0, and the
larger the squeezing factor, the more closer to P, =0
the flat area is. Combining with the Fig.8, we can
confirm that a steady squeezed light with the opti-
mal squeezed degree can be obtained by choosing ap-

But the squeezing of

propriate parameters § and r.
quadrature U; cannot be obviously seen (as shown in

Fig.10(a)).

Fig.9. Evolutions of quadrature squeezing with r and t when the initial field is in vacuum

squeezed state of double-mode and the atomic motion is neglected.

Fig.10. Evolutions of quadrature squeezing with r and 3 for t = 5 when the initial field is

in vacuum squeezed state of double-mode.
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5. Conclusion

From the above investigation, we reach the con-
clusion that the atomic motion has prominent impact
upon the squeezing property of double-mode photon
field. Firstly, when the initial photon field is in non-
correlative coherent state of double-mode, the atomic
motion results in the squeezing of quadrature U; and
its squeezing degree increases with the increasing of 3
(we have shown that the squeezing effect exhibits for
neither U; nor Us; when the atomic motion is absent in
this initial state). Secondly, when the initial photon
field is in the vacuum squeezed state of double-mode,
the atomic motion primarily results in the squeezing
of quadrature Us, and the squeezing degree changes
What is most

important is that we can obtain a steady squeezed

with both 8 and squeezing factor r.

light by choosing an appropriate parameter g for a
given squeezing factor r. Lastly, by researching on the
squeezing effect of double-mode field in the above two
situations, we confirm it is a better way to obtain the
squeezed light using a moving atom interacting with a
photon field of vacuum squeezed state than with one

of double-mode coherent state.

In short, we have investigated the influence of
atomic motion and structure mode on squeezing effect
of the double-mode field on conditions of initial non-
correlative coherent state and vacuum squeezed state
of double-mode, respectively, and reached some sig-
nificant results as above-mentioned. We believe these
results will be useful to the preparation of squeezed
light and to the research of the properties of interac-

tion between the atom and field.
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