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The interactions between a two-level atom and a field via two-photon transition without rotating wave approx-
imation have been investigated. We emphasize the dynamic behaviors of the atomic population inversion, the field
squeezing, and the atomic dipole squeezing numerically when the field frequency varies with time in the forms of sine
and rectangle. Some interesting phenomena are discovered and discussed. The good periodic character of the atomic
population inversion in the standard two-photon Jaynes-Cummings model is weakened by the influence of the sine
field frequency modulation. The rectangular field frequency modulation can change the correlation among different
oscillations suddenly and induce new collapse-revival processes of the atomic population inversion. The field squeezing
increases at the beginning of time, but then decreases and loses as the time increases after it reaches the maximum due
to the sine modulation. The effects of the rectangular modulation on the field squeezing depend mostly on the appear-
ance time of the modulation. The atomic dipole squeezing is weakened under the influence of the sine or rectangular
modulation. Our results indicate that it is possible to perform the dynamic controlling of the system properties by
changing the parameters of the system with time. This implies that one can dynamically control a quantum information
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process by choosing the system modulation properly.
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1. Introduction

In recent years, entanglement and decoherence
have been two subjects of current interest because
they lie at the heart of proposals for quantum infor-
mation processing and quantum computation. One
of the challenges of realizing a quantum information
process is control of the evolution of qubits in the pres-
ence of environmental noises and manipulation inac-
curacies. Since the 1970s many techniques for control-
ling single quantum systems have been developed. By
obtaining complete control over single quantum sys-
tems, people are exploring untouched regimes of Na-
ture in the hope of discovering new and unexpected
phenomena.ll For example, methods have been de-
veloped for trapping a single atom in an “atom trap”,
isolating it from the rest of the world and allowing
us to probe many different aspects of its behavior
with incredible precision.?! The two-qubit states with
the desired degree of entanglement can be generated
by using time-dependent atom-cavity coupling.l?! Re-
cently, some methods have been posed to realize the
quantum controlling.l) There are a few works on the

interaction between an atom and a field with time-

Bl or time-dependent amplitude. (6!

varying frequency
In fact, the time variation of the frequency will influ-
ence the interaction and cause the coupling between
The time-

dependent coupling can change the dynamic proper-

an atom and a field to vary with time.

ties of the atom and field with one-photon transition
greatly.[”]

In this paper, we study how to control the quan-
tum properties by introducing the modulation of the
field frequency and discuss the influence of the field
frequency modulation on the dynamic properties of a
two-level atom and an electromagnetic field via two-
photon transition with the virtual-photon processes,
which are the source of the Lamb shift®! and also lead

] Here we mainly

to the quantum noise of the system.
investigate three dynamic properties: the atomic pop-
ulation inversion, the field squeezing, and the atomic
dipole squeezing. And our attention is restricted to
two typical cases, the frequency of the field varying
with time in the forms of sine and rectangle. These
two modulation forms are typical and easier to im-

plement in experiments. Based on this model, we find
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that the dynamic properties are very different from the
previous static field case and show striking new fea-
tures. The good periodic character of the atomic pop-
ulation inversion in the standard two-photon Jaynes—
Cummings model (TPJCM) is weakened by the in-
fluence of the sine field frequency modulation. The
rectangular field frequency modulation can change the
correlation among different oscillations suddenly and
induce new collapse-revival processes of the atomic
population inversion. Owing to the influence of the
sine modulation, the field squeezing increases at the
beginning, but then decreases and vanishes as the time
increases after it reaches the maximum. Some quan-
tum correlation is enhanced first and then lost as the
time increases due to the sine modulation. The effects
of the rectangular modulation on the field squeezing
depend mostly on the appearance of the modulation.
Thus atomic dipole squeezing is weakened under the
influence of the sine or rectangular modulation. These
results indicate that we can complete the dynamic
controlling of the simple JCM by changing the field
frequency. In the future, we can extend the research
to more complex systems. And our conclusions may
also be an important reference for the experimental
implementation.

This paper is organized as follows. In Section 2,
the model and the basic theory to study the near-
resonant interaction between a single atom and an
electromagnetic field with a two-photon process are
given. In Sections 3, 4 and 5, we discuss the influ-
ence of the field frequency modulation on the atomic
population, the field squeezing and the atomic dipole
squeezing, respectively. Furthermore, we study the
relationship between the atomic population inversion
and the squeezing properties. Finally, we summarize
our results in Section 6.

2. The model and the equations

of motion

We consider a system in which a two-level atom
interacts with an electromagnetic field via a two-
photon process. The frequency of the field varies with
time. When the variation of frequency is very small,

l

dCy (1)

dt 2

= i ($)Ca(t) — w

the Hamiltonian for the system without the rotating
wave approximation (RWA) can be written as

1
H =tvata + 57&)02
+hg(opa® +o_a? +oa® +0_d?). (1)

Here a' (a) is the creation (annihilation) operator
of the field with time-varying frequency v(t). ox
and o, denote the usual pseudospin operators acting
in the space of atomic states, and satisfy the rela-
tions [oy,0_] = o0, and [0,,04] = +o4, and w is
the atomic transition frequency, and g represents the
atom-field coupling coefficient. The frequency v(t) of
the field can be rewritten as v(t) = vy + f(t), and
f(t) is a time-dependent function and represents the
modulation of the radiation field frequency. From
Ref.[10], we know that the coupling coefficient g is
v(t)/V(t), where the quantization
volume V(¢) is dependent on time ¢, and takes the
form V(t) = Vo/[1 + f(t)/vo]. The coupling coeffi-
cient g can be rewritten as g=go[l + f(t)/vo], where

proportional to

go is the coupling constant as the field frequency is
constant. The last two terms are the counter-rotating
terms (or energy-nonconserving terms) which exhibit
a rapid oscillatory behavior and represent the virtual-
photon processes.

We assume the atom initially in the upper level
[1). The wave function of the system at an arbitrary
time ¢ can be written as

[$(8) =Y [Cra(®)]1,n) + Con()|0,n)]  (2)
with > |C1.,(0)]*> = 1, and Cj,,(0) = 0. Here |1,n)
(]0,n)) represents the atom in its excited state |1)
(ground state |0)) with n photons. Suppose the field
is initially in a coherent state, which is described by
pnn(0) = (n)"e=(™ /n!. Here (n) is the mean num-
ber of photons and p,,(0) is the probability of finding
n photons in the field initially. For a coherent state
the probability distribution p,,(0) obeys the Poisson
distribution.

Using the time-dependent Schrodinger equation
with the Hamiltonian (1), we can obtain the infinite

set of equations of motion for the probability ampli-
tudes Cy ,,(t) and Cy p(%):

Cyn(t)

—igvV(n+1)(n+2)Copnia(t) —igy/ (n — 1)nCoh pn—2a(t), (3a)
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dCy n(t i
?i%t() = —inw(t)Con(t) + 5wCon(t)
—igV(n+1)(n+2)Cinia(t) —igy/(n — 1nCrpo(1). (3b)
Setting
1 t
Cina(t) = {exp —i (TLV@ + 2w) t} exp {— in/ f(t)dt] M (t)
0
and
1 t
Co.n(t) = exp {—i <m/0 — 2w) t] exp — in/ f(t)dt} Mo n (),
0
we obtain the equations of motion for the slowly varying amplitudes M ,,(¢) and My, (t).
dMq ,(t o o[t
é,t ( ) =—ig (TL—|— 1)(n+ 2) el( 2u0+w)te 2i [, f(t)dtMO,n+2(t)
—igy/n(n—1) el (2votw)t 2 [§ f(t)dtMom_g(t), (4a)
dMy ,(t . Lt
Wonlt) _ ;g /= Dot £ 10007, o1
—igV/(n+ 1)(n+2) e i@ote)te=21fg FOdtpr (). (4b)

It is obvious that the terms including My ,42(t) and M; ,_2(t) in Egs.(4) are the contribution of real-photon
processes to the probability amplitude, and the terms including My ,—2(t) and M ,,12(t) are the contribution

of virtual-photon processes.

In the case of f(t) = 0, the Hamiltonian (1) is reduced to that of the standard TPJCM. Equation (4) can

be rewritten as

dMy ()
dit

dMO,n(t)
dt

In the following discussion, we focus on two typi-
cal cases: the frequency of the field varies with time in
the forms of sine and rectangle. For the sine-varying
case, the time-dependent function f(t) can be defined
as f(t) = asin(ft), where o and § are the param-
We shall limit
our discussion to the regime where the modulation

eters for the frequency modulation.

amplitude @ <« w (and vp) and the modulation fre-
quency ( are also small. The field frequency varies
with time in the form of v(t) = vy + asin(5t). For the
rectangular-varying case, the time function of the fre-
quency modulation, f(¢), is a form of pulse, f(t) = «
for t € [mT + tg,mT + 7+ to] and (m = 0,1,2,...),
otherwise f(t) = 0. Here T, 7, a and ¢ are the pe-
riod, the width, the amplitude and the initial time of
the rectangular frequency modulation, respectively.
The above equations can be solved numerically.
After obtaining M ,(t) and My ,(t), we can calcu-
late and study the quantum dynamic properties of
the atom and the field, such as the atomic population
inversion, the field squeezing and the atomic dipole

=—igoy/(n—1)ne” i(“_2"0)tM1’n,2(t) —igy(n+1)(n+2)e” i(2””+“’)t1\417n+2(t).

= —igoV/(n+1)(n +2) @72 Mo 4o (t) —igy/n(n — 1) 0T M, _o(8), (5a)

squeezing. In the following discussion, the mean num-
ber of photons for the coherent state is assumed as
(ny = 25 in the initial field. We will firstly give the
numerical results of the standard TPJCM. It will be
useful for the investigation of the influences of the field
frequency modulation on the evolution of the prop-
erties of the field and the atom by comparing these
results with those of the standard TPJCM.

3. Atomic population inversion

The atomic population inversion, which is defined
as the difference between the excited-state and the
ground-state probabilities, can be written as

W(t) =3 [|CLu(t) ~ |Con(D)]?]
= S (MA@ — [Moa®P] . (6)

For the standard TPJCM (f(¢) = 0) case with RWA
and the field being initially in a coherent state, we
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find that the typical periodic collapse-revival phenom-
ena occur in the time-evolution process of the atomic
population inversion (as shown in Fig.1(a)). In addi-
tion, the duration of collapse is much wider than that
of revival in a period. The shape of every revival en-
velope is very sharp and exhibits good symmetry with
respect to its own maximum amplitude. In the single-
photon process, the revivals of the inversion become
wider as the time ¢ increases, so the first two successive
revivals exhibit a head-tail overlap.'! Eventually, ow-
ing to the overlap, several revivals interfere with each
other, displaying an irregular character. Unlike the
single-photon case, the revivals in the two-photon case
are perfect with no spreading as ¢ increases. The rea-
son for this periodic phenomena of Rabi oscillations is
well understood now. In the case of the average pho-
tons (n) > 1, equation (6) can be written as W (¢) ~
exp[—2(n) sin?(got)] cos[(n) sin(2got) — got] approxi-
mately. The exponential function exp[—2(n) sin®(got)]
will rapidly decay to zero and then grow to unity in
each period, so it is called the collapse-revival function
and governs the short behavior of the Rabi oscillation
envelope. The cosine function cos[(n) sin(2got) — got]
shows that the quantum Rabi oscillations of the inver-
sion have combined into a collective oscillation, which
can be called the combination (or collectivity) Rabi

oscillations.
. 1.0
= 0 ) . | .
= —1.0t (2)
o2
= 0
S f
~0.2 , \ \ , . .
0 6.28 12.56 18.84

got

Fig.1. The time evolution of the quantum properties
(solid line) in the standard TPJCM with RWA for (n) =
25, wo = 1000g0, vo = 500go. (a) The time evolution of
the atomic population inversion. (b) The time evolution
of the field squeezing parameter Q1(t). The dotted line at
zero represents the reference line.

In Fig.2(a), we have plotted the time evolution of
the atomic population inversion W (t) without RWA in
the case of on-resonance, i.e. w = 21y = 1000gy. Com-
parison of the atomic population inversion with RWA
(Fig.1(a)) with that without RWA (Fig.2(a)) shows
the effect of the virtual-photon processes on the inver-
sion. The envelope does not collapse altogether to zero
but there are rapid oscillations during the otherwise
relaxed period for the RWA case. From Eqgs.(3a) and
(3b), it is clear that the coefficient Cy ,,(¢) can be ob-

tained not only on the transition from the state |1,n)
to the state |0,n + 2), but also on the transition from
|1,n) to the state |0,n — 2). The transition from the
state |1,m) to the state |0,n + 2) makes contribution
to Con(t) due to the real-photon processes, which is
pronounced for w = 2vy. The transition from the state
|1,n) to the state |0,n — 2) makes a contribution to
Con(t) due to the virtual-photon processes, which can
become as prominent as the real-photon processes for
w # 2v5. The mini periodic distinct collapse-revival
phenomena also occur in the time evolution process of
the small amplitude rapid oscillations resulting from
the virtual-photon processes. The physical essence of
the mini oscillations is that the virtual-photon pro-
cesses are non-energy-conserving processes, and the
rapidly emitted and absorbed virtual photons cause
energy to change in the form of two-photon energy and
create a virtual-photon cloud around the field source.
However, the main Rabi oscillations display sharp re-
vivals and the dead oscillations (where the atomic
population inversion collapses to zero) still exist
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Fig.2. The time evolution of the quantum properties

(solid line) in the standard TPJCM without RWA for
(n) = 25. (a) The time evolution of the atomic popu-
lation inversion W (t). (b) The time evolution of the field
squeezing parameter Q1(¢); (c) and (d) The time evolu-
tion of the atomic squeezing parameters F(t) and F5(t).
The dotted line at zero represents the reference line.

The vir-
tual processes do not change the period of the main

as well as the inversion in the RWA case.

collapses-revivals. The envelopes of the revivals corre-
sponding to the main Rabi oscillations and the mini
rapid oscillations display strict symmetry with respect
to the maximum amplitude. In the following discus-
sion, we will investigate the influence of the differ-
ent field frequency modulation on the evolution of
the atomic population inversion W(t), especially fo-
cusing on the evolution of the rapid oscillations of
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the atomic population inversion W (t) corresponding
to the virtual-photon processes.

First, we consider the frequency of the field vary-
ing with time in the form of sine, i.e. f(t) = asin(5t).
In Figs.3(a), 4(a), we have plotted the time evolu-
tion of the atomic population inversion W (t) for var-
ious values of the system parameters in the case of
w = 2yy = 1000gg. When both the amplitude « and
the angular frequency § of the field frequency mod-
ulation are very small, the influence of the frequency
modulation on the collapses and revivals is very weak.
The time evolution of the atomic population inversion
W (t) in this case is similar to that without field fre-
When the ampli-
tude « increases, the influence of the frequency mod-

quency modulation (see Fig.2(a)).

ulation on the population inversion is enhanced (as
shown in Fig.3(a), @« = 10gg, 3 = 0.5g¢). The am-
plitude of the main Rabi oscillations decreases and
the collapse time increases as the time t increases as
The
shape of the revival envelope cannot keep its sym-

indicated by comparing Fig.3(a) with Fig.2(a).

metry with respect to the maximum amplitude any
longer. For the Poisson distribution of the initial co-
herent field, the root-mean-square deviation in the
photon number An is equal to \/(n). An estimate
of the collapse time t. can therefore be obtained from
the condition (Q<n>+ i Q(ﬂ)-M)tC ~ 1. Here
{2 is the Rabi oscillation frequency, which is equal to
VA2 +4¢2(n + 1)(n + 2). We may approximately re-
gard the field frequency variation « as the effective
detuning A. Since (n) > 1, ¢, reads

1
Q(HH-\/ (n) Q(TI)—\/ (n)
1 AZ V2
~ {1 +— 2]
2g+/(n) 4g*(n)
Due to g = go[1+A/wy] = go, t. can be written

as to = 1/(2g0/(n)) [1+ 42/(4g2(n)?)]"/%. The col-
lapse time will increase as the detuning value A in-

te ~

(7)

creases. So the collapse time increases when the am-
On the other
hand, the durations of the revivals become wider and

plitude of sine modulation increases.

wider as the time t increases, so that the two succes-
sive revivals tend to exhibit a head-tail overlap sim-
ilar to that of the single-photon process. The good
periodic character of the atomic population inversion
W (t) in the standard TPJCM is weakened by the in-
fluence of the field frequency modulation. However,
when [ increases (see Fig.4(a)), the main Rabi oscil-
lation envelopes have not much change as indicated

by comparing Fig.4(a) with Fig.3(a). So we conclude
that the effect of the amplitude « of field frequency
modulation on the atomic population inversion W (t)
is stronger than the angular frequency (.

—

O

Qu1(t)

Fi(t)

Fa(t)

|
o 9L o 002 O
—ORN CORN N O o o O

0 6.28 12.56

got

Fig.3. The time evolution of the quantum dynamic prop-
erties (solid line) for (n) = 25 in the TPJCM without
RWA. The field frequency varies in the form of sine for
a = 10go, 8 = 0.5go (dashed line). (a) The time evolution
(b) The time
evolution of the field squeezing parameter Q1 (¢); (¢) and

of the atomic population inversion W (¢).

(d) The time evolution of the atomic squeezing parame-
ters Fi(t) and Fa(t).
the reference line.

The dotted line at zero represents

[y
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Fig.4. Same as Fig.3, but the field frequency varies in the
form of sine for a« = 10go, 8 = go-

Then, we consider the frequency of the field vary-
In the
following, we investigate the influence of the different

ing with time in the form of a rectangle.

pulses on the evolution of the atomic population inver-
sion (as shown in Figs.5(a), 6(a), w = 219 = 1000gp).
When the pulses occur on each revival and the period
of the rectangular frequency modulation is exactly
equal to that of the collapse-revival for the standard
TPJCM, Tp, the sudden change of the field frequency
will change the phase of each Rabi oscillation. At
the time of the beginning or ending of the pulses, the
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sudden jumping of the field frequency will change the
correlation among different Rabi oscillations, from
being correlated to uncorrelated or from being un-
correlated to correlated and thus induce some new
collapse-revival processes of the Rabi oscillations (see
Fig.5(a)). If the pulses occur at the time of collapses
of the main Rabi oscillation (as shown in Fig.6(a))
and the period is also equal to Ty, the time evolu-
tion of the main Rabi oscillations and the mini rapid
oscillations is influenced weakly since the Rabi os-
cillations are uncorrelated to each other at the time
of collapse. Due to the build-up effect of pulses,
the revival duration becomes longer and longer as
time t increases as indicated by comparing Fig.5(a)
with Fig.2(a). When the period is equal to Tj/2 and
pulses occur at every revival and collapse region (as
shown in Fig.7), the sudden jumping of the field fre-
quency can transfer the uncorrelated Rabi oscillations
to the correlated ones and lead to new revivals in
the time evolution of the inversion. So the interfer-
ence are weakened at revival regions, and enforced at
collapse regions. Furthermore, the revivals are not
well separated but overlapped, and in fact the inver-
sion behaves in a fairly irregular manner as seen by
comparing Fig.7 with Fig.2(a). In the regions with-
out the rectangular frequency modulation, the case is
on-resonance (A = 0) and the amplitude of the Rabi

_Lof
g—l.g_ | NF M#W 'ww N% %;)
2r
< WM AW VYV
s O (b)
—0.2 - ' : ' ' '
= 0.2WWW
= 01
E—Oq : I . 1 L '(C)
SO e e YAV AV YAV YAY
LL‘—O? L |‘ 1 L '(d)

6.28

o

12.56 18.84

got

Fig.5. Same as Fig.3, but the field frequency varies in the

form of a rectangle for a = 10gg, goT = 3.14, goto = 0,

goT = 0.3.
oscillations is unchanged. However, during the rect-
angular frequency modulation, it is equivalent to the
off-resonant case. So the amplitude of the Rabi os-
cillations in these regions is changed greatly and the
inversion will exhibit the Rabi oscillations around a
new basic value.

The above research indicates that we can affect

and control the Rabi oscillations and the rapid virtual-

photon processes by the sine and rectangular field fre-
quency modulations.

P T I I T A
§, ofb—L . & i i '.h[ i % %ﬁ
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6.28
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Fig.6. Same as Fig.3, but the field frequency varies in the
form of a rectangle for a = 10go, goT = 3.14, goto = 1.57,
goT = 0.3.

W (D)

hvw#w@wWMWM»"M%WWWWMWMMMWWM‘”IW

6.28

12.56 18.84
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Fig.7. The time evolution of the atomic population in-
version (solid line) for (n) = 25 in the TPJCM without
RWA. The field frequency varies in the form of a rectangle
for a = 10g0, goT = 1.57, goto = 0, gor = 0.3 (dashed
line).

4. The field squeezing

In order to investigate the squeezing properties
of the radiation field, we introduce two slowly vary-
ing Hermitian quadrature operators X; and X5 of the
field

1, . ot
X, = §(aelf0 vdt | ate—1Jo udt)’

(8a)

1 Lt .t
Xy = —(aelJo vt — gle=ifovdty (8b)

2i

with the communication relation [X7, X5] =1/2, and
the corresponding uncertainty relation

(AX)2(AX)? > - (9)

/T67

where (AX;)? is the variance of X; (i = 1,2), which
is defined as (X?2) — (X;)?. If one of the variances
(AX1)? or (AX,)? of a state satisfies the relation
1
Qi = (AX1)2 - 1 <0 (’L = 172)7 (10)

the state is called the squeezed state.'?
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Using the wave function of the system [i(t)) and solving Egs.(4a) and (4b), we obtain
1 * *
@u(t) = 5{ o (MO8 (0) + 25, (0 1)
+ DV +1)(n+2) Re [M ()M () + Ma‘,n+2(t)Mo,n<t)]}
n
2
VAT RO M (001000 + 35,0 (01} (11a)
1 * *
Qa(t) = 5{ S L8100+ 35,000, (0]
— > V(n+1)(n+2) Re [My,, o (t) M1a(t) + Mg,n—i-Q(t)MOm(t)]}
2
- { S VAT I (M, () Mg (1) + M;,n@)Mo,nH(t)}} . (11b)

First, we consider the frequency of the field vary-
ing with time in the form of sine. In Figs.1(b)-5(b),
we have plotted the time evolution of the parame-
ter @1 for various system parameters in the case of
w = 2yy = 1000gp. In the corresponding figures, a
horizontal line at 0 is drawn as a reference. Whenever
the curve crosses below this line the field is squeezed.
We find that only the component ()1 may display
squeezing in certain time regions. If a = 0, the
model is equivalent to the standard TPJCM. In the
standard TPJCM, the field displays squeezing period-
ically as the field is initially in a coherent state (as
shown in Fig.2(b)). This is different from that of
the one-photon JCM, in which the squeezing occurs
only at the beginning of time. The squeezing state is
the eigenstate of the two-photon operator 2.3 The
TPJCM is a process for realizing the squeezing state.
So the squeezing can be kept for longer time and dis-
plays good periodic squeezing in TPJCM. Comparing
Fig.2(b) (without RWA) with Fig.1(b) (with RWA),
the value of Q1 (¢) increases as the time ¢ increases in
the non-RWA case. But there is no obvious change
of the squeezing of Q1. The squeezing degree of )y
is also small and the squeezing depth can only reach
—0.058. We notice that the field squeezing also oc-
curs periodically near T' = nw (n = 0,1,2...), viz.,
the time regions of the field squeezing correspond to
the revival ones of W ().
field is in good order due to the constructive correla-

In the revival regions, the

tion of various Rabi oscillations. The quantum chaos
of the field is squeezed.
Here we care more about whether we can use the

sine and rectangular frequency modulation of the field
to yield noticeable squeezing. We consider the sine
modulation first. Comparing Fig.3(b) (o = 10go, 5 =
0.5g9) with Fig.2(b), there is not much change of the
squeezing degree of Q1(t) at the very beginning time.
However, the depth and duration of the squeezing re-
gions can be enhanced as the time ¢ increases. For ex-
ample, the squeezing depth can be enhanced to —0.156
in the fifth squeezing region in Fig.3(b). So the large
amplitude of sine modulation is beneficial to the field
squeezing. Now we increase the angular frequency of
the field frequency modulation, i.e. 8 = gg. The field
squeezing only changes weakly as is seen by comparing
Fig.4(b) with Fig.3(b). In conclusion, the field squeez-
ing is more sensitive to the amplitude a than to the
angular frequency (. In order to understand the field
squeezing property in more detail, its long time evolu-
tion status has been constructed in Fig.8. We find that
the field squeezing decreases gradually and disappears
finally as the time increases after the field squeezing
degree reaches the maximum (see Fig.8). Due to the
constructive correlation of various Rabi oscillations,
the field squeezing can be realized periodically within
the time regions of the revival of W (¢) within the be-
ginning of time, viz. got = 97. However, the quan-
tum correlation tends to be out-of-order as the time
increases due to the sine modulation. The quantum
correlation property of the TPJCM tends to that of
the one-photon JCM and some quantum correlation of

the two-photon process is lost, and in turn the squeez-
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Fig.8. The time evolution of the field squeezing Q1 (¢) for
(n) = 25 in the TPJCM without RWA. The field frequency
varies in the form of sine for (a) a = 10go, 8 = 0.5g0; (b)
a = 10go, B = go-

We now turn our attention to the case of the field
frequency varying with time in the form of a rectan-
gle. It is well known that the squeezing of the field
is mostly dependent on the atomic initial state as
well as the initial state of the field. If the field fre-
quency varies in the form of a rectangle, this will lead
to the atom interacting with field in a different ini-
tial state frequently and the field squeezing effect will
be changed. The time evolutions of @1 for different
initial time of the rectangular frequency modulation
are shown in Figs.5(b) and 6(b). When the first pulse
occurs at the beginning of time which is the squeez-
ing region (as shown in Fig.5(b)), the squeezing still
appears in the same time regions, but the duration
and depth of the squeezing decrease and even disap-
pear after ¢ > 15/go as seen by comparing Fig.5(b)
with Fig.2(b). Here the squeezing regions still corre-
spond to the revival regions of the atomic population
inversion. When the first pulse occurs in the non-
squeezing regions (see Fig.6(b)), we find that compo-
nent (1 shows squeezing only under the rigid con-
dition that it is squeezed before the first modulation
pulse, or it does not squeeze at all permanently. Com-
paring the influence of the sine frequency modulation
with that of the rectangular frequency modulation on
the field squeezing, we can understand why the large
angular frequency modulation is disadvantaged to the
field squeezing. Unlike the small angular frequency
of sine frequency modulation, the large angular fre-
quency of sine modulation and the rectangular fre-
quency modulation are two kinds of quick modulation.
The slow modulation is good for field squeezing, while

the quick modulation is not useful to keep the field
squeezing.

5. Atomic dipole squeezing

A two-level atom is most conveniently described
by the Pauli raising and lowering operators o, and
o_ and the inversion operator o, = cy0_ —o_0o.
From the Pauli raising and lowering operators o4 and
o_, we define two slowly varying Hermitian quadra-
ture operators

1

Sl = §(O'+eiiw0t —+ O'_eiwot), (123,)
1 . .
52 = ?(0'4,671“)0#’ — O'felw[)t), (12b)
1
1
53 = §O'z. (12C)

In fact, S7 and Sy correspond to the in-phase and
out-of-phase components for the atomic polarization,
respectively. The communication relation

[S1,52] =153 (13)

leads to the following Heisenberg uncertainty relation
1

(A81)*(A8)* = 21 (Ss) |, (14)

where (AS;)? = (S2) — (5;)? (i = 1,2) is the variance
in the quadrature component .S; of the atomic dipole.
The atomic state is said to be squeezed if the following
condition holds.

Fi= (A8 - g(S3) <0, (i=12).  (15)

Using the wave function of the system [¢(¢)) and solv-
ing Egs.(4a) and (4b), we obtain

F = i — {Re[zn:Min(t)Mom(t)} }2

S 0 - 0]

— (16a)
_i D M (P = [Mon ()]

~ (16b)

First, we consider the field frequency varying with
time in the form of sine. The time evolution of the
parameters F; for various system parameters in the
case of on-resonance (w = 2y = 1000gp) is shown in
Figs.2(c), 2(d)-4(c), 4(d).
ures, a horizontal line at 0 is drawn as a reference.

In the corresponding fig-
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Whenever the curve crosses below this line, the atomic
operators are squeezed. For the standard TPJCM
(f(t) = 0) and the field being initially in a coherent
state, F} does not squeeze at all (see Fig.2(c)). Fs,
on the other hand, shows recurrently squeezing (see
Fig.2(d)). When the field frequency varies in the form
of sine (see Figs.3(c) and 3(d), a = 10go, 8 = 0.59o,
and Figs.4(c) and 4(d), a = 10g0,08 = ¢o), F1 and
F; display squeezing alternately. The squeezing of Fy
and Fy disappears permanently after a certain time.
Moreover, the larger the angular frequency of the field
frequency modulation 3 is, the earlier the squeezing
disappears. After that, the time evolution proper-
ties of the atomic dipole operators tend to an out-
of-order state. In total, the squeezing is weakened
due to the sine modulation of the field. We notice
that the squeezing regions correspond to the revival
ones of the atomic population inversion whether the
field frequency is constant or varies in the form of
sine. The Rabi oscillations of various frequencies cor-
relate more strongly with one another at the vicin-
ity of t = kTg (k = 0,1,2,...).
these regions is stronger, which results in the chaos of

The interference in

the atomic dipole squeezing being restrained in these
vicinities. So the atomic dipole operators recurrently
display squeezing at the vicinity of ¢t = kTg. When
the field frequency varies in the form of sine, the am-
plitude of the atomic population inversion decreases
(see Figs.3(a) and 4(a)). The interference is weakened
in these cases, which leads to the increases of the chaos
of F;(t). So the squeezing effect of the atomic operator
is weakened.

Then we consider the field-frequency varying in
the form of a rectangle. The time evolution of
the atomic dipole squeezing F; for different initial
time of rectangular frequency modulation is shown in
Figs.5(c), 5(d) and 6(c), 6(d) for w = 219 = 1000g.
In the corresponding figures, a horizontal line at 0 is
drawn as a reference. When the field frequency vary-
ing in the form of a rectangle, the atomic dipole op-
erators F; and Fy still display squeezing alternately
(see Figs.5(c), 5(d) and 6(c), 6(d)).
pulse modulation cases with the no-pulse modulation

Comparing the

case, we find that the squeezing is also weakened. The
reason is similar to that for the sine modulation cases.
However, the amplitude of the Rabi oscillations de-
creases less in the rectangular modulation cases than
in the sine modulation cases. That is to say, a better
constructive interference of different Rabi oscillations
can hold in the rectangular modulation cases than in

the sine modulation cases. So the squeezing of F}
and F5 can be kept longer regularly in the rectangular

modulation cases than in sine modulation ones.

6. Conclusion

The dynamic properties of the interaction be-
tween a two-level atom and a coherent field via two-
photon transition in the JCM without RWA have been
investigated. In particular, we have studied the time
evolution of the atomic population inversion, the field
squeezing and the atomic dipole squeezing as the field
frequency varying with time in the form of sine and
rectangle. The consideration of the virtual-photon
processes and the varying field frequency makes our re-
sults closer to the actual experimental condition. And
the results obtained are found to be completely differ-
ent from those in the case of the exact resonance. The
good periodic character of the atomic population in-
version in the standard TPJCM is weakened by the
influence of the sine field frequency modulation. The
rectangular field frequency modulation can change the
correlation among different oscillations suddenly and
induce new collapse-revival processes of the atomic
population inversion. Based on the influence of the
sine modulation, the field squeezing increases at the
beginning of time, but then decreases and loses as the
time increases after it reaches the maximum. Some
quantum correlation is enhanced first and then lost as
the time increases due to the sine modulation. The ef-
fects of the rectangular modulation on the field squeez-
ing depend mostly on the appearance of time of the
modulation. The atomic dipole squeezing is weakened
under the influence of the sine or rectangular mod-
ulation. Finally we also analyze the relationship be-
tween the atomic population inversion and the squeez-
ing properties. We discover the regime of the influence
of the field frequency modulation on the properties of
the TPJCM system. Our results also indicate that it
is possible to realize the dynamic controlling of the
system properties by changing the parameters of the
system. And the right forms of field frequency modu-
lation can be chosen to advance the degree of squeez-
ing in the presence of environmental noises and ma-
nipulation inaccuracies. The conclusions in this paper
may offer important reference to put them in force.
This also implies the possibility of the application of
the dynamic quantum controlling in quantum infor-

mation processes.
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