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Influence of nonlinearity in one-photon processes on the relationship between field
and dipole squeezing in the two-level thermal Jaynes-Cummings model
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This paper describes the influence of nonlinear interaction of a two-level atom with a single-mode field via
one-photon interaction on the squeezing properties of the radiation and the fluctuations of the atomic dipole
variables. The thermal Jaynes-Cummings model nonlinear in occupation number is [84€%0-
294797)04806-3

PACS numbd(ps): 42.50.Dv, 32.80-t

I. INTRODUCTION H=Hy+H,, (1)

The possibility of generating squeezed states of the radiawhere
tion field in the laboratory have opened new perspectives in
guantum optics and laser physics with potential applications ®
in high-resolution spectroscopy, quantum nondemolition ex- H0=QaTa+§SZ+ g(a's_+as,) 2
periments, quantum communications, and low light level mi-
crqscopy[l]. The Ja)_/nes.-Cummlngs moc{éCM} in the 0" s the usual Hamiltonian for the JCM in the rotating wave
tating wave approximation has been a subject of 'ntensgpproximation and
investigationg 2—5]. Recently, increased attention has been
paid to the atomic coherent stafeéd. It was found that the
JCM initially in an atomic coherent state together with the H,=\a'aa'a (©)
vacuum field can generate field squeezing as well as squeez- o _ _ ) ]
ing of the fluctuations of the atomic dipole variabl@-5] IS the Hamiltonian nonlinear in occupation numigee., two
and it has been shown that squeezed atoms can radig@€-photon processThe nonlinear ternH,, is actually the
squeezed lighf3,4]. The relationship between the field and Seécond-order correction to Rayleigh scattering. An exact so-
atomic squeezing in the thermal JCM with an initially coher-ution of Eq. (1) can be derived if the field is detuned from
ent atom has been discussed by a few autfiérg. The the resonance frequency qf the_ atom by an amount equal to
problem of interaction of matter with squeezed light has beef€ nonlinear parametex (i.e., if w—Q=N\). The model
extensively studied for the past ten yepBs-10,. However, NOW degcrlbes the npnllngar interaction of a t.V\_/o-IeveI atom
the influence of nonlinearity in one-photon process on thevith a single-mode field via one-photon transiti®., S,
squeezing properties of the radiation field and the fluctua®NdS; are atomic pseudospin inversion, lowering and rais-
tions of the atomic dipole variables has not been studiedd operators, respectively, is the atomic transition fre-
earlier. Nonlinear one-photon processes are important for urfluency,a’ anda are boson creation and annihilation opera-
derstanding the generation of squeezed states in off-resond@fs- {2 is the free field-mode frequency. The linear atom-
fluorescencg11]. One-photon excitation causes significantfield coupling constang is retained because the transitions
attenuation of the incident signal without being saturatedare still one-photon process.is a constant describing the
This makes it a better candidate over multiphoton process as
an effective nonlinear filtering procegk2]. Consequently, it
will be worthwhile to examine the influence of nonlinear f% ﬂ
interaction of a two-level atom with a single-mode field via la>
one-photon transition on the relationship between the field
and atomic squeezing in the thermal JCM for an initially
coherent atom.

v
.)
Il. MODEL K

To obtain the nonlinearities in one-photon interaction pro-
cesses, it is necessary to go one order higher in perturbation
theory(Fig. 1), which is, in fact, a second-order correction to b>
Rayleigh scattering. The Hamiltonian for our system of in-
terest may be written as FIG. 1. Second-order correction to Rayleigh scattering.
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extent of nonlinearity in occupation number. Throughout wewheren is the initial mean photon number. If the field is
employ7Z =c=1. The density operatgr of the thermal field initially in a number statén) and the atom is prepared in a

is coherent superposition of its ground state) and excited
|+) states, the initial state of the atom field system reads

p=2 Poln)(nl, (4) 1W(0))=sin(@/2)e~ 2 =)+ cog ®/2)e #2 +), (6)

where the photon number distribution functi® has the here® denotes the distribution of the initial atom ranging
form from O to 7 and ¢ is the phase of the atomic coherent state.

The time-dependent Schilimger equation with the initial
o o condition (6) gives the general time-dependent stalt))
P,=n"/(1+n)""1 (5) of the system with the detuning factér=w—Q =N\,

o0

W (1))= > cog@/2)f e Ln+12Q trAn*t—¢2lfcoq 1/2)Rt—i( B/R)sIN( 1/2)RE|+,n)
n=0

%)

—iY Sin@/2)f e 122 - 1A+ ¢ RIR ) sin( /2Rt +,n— 1)
n=1

[

+ > sin@/2)f,e 120 =D+ #2010oq 1/2) R t+1( B /R")sin( LRt} —,n)
n=0

[

Y cog@/2)f e ilnt12Q trAn-d2) R R)sin(1/2)RY —,n+1), (7)
n=0

where Q' =Q+\, |[f|?>=P,, R andR’ are the quantum The above operators follow the commutation relations
Rabi frequencies of the oscillations of the model given as

R=[4\2n?+4g%(n+1)]"%  R'=[4\%(n-1)? [a,8,]=i/2, [S,,S,]=iS,. (11)
_'_492”]1/2, (8)

and The corresponding Heisenberg uncertainty relations are

B=2\n, Ry=2g(n+1)¥"2
(Aay)%(Aa,y)*>1/16, (AS)A(AS,)*>(1/4)(Sy)?,
(12

B'=2\(n—-1), Ry=2g(n)"2

The statg —,n) is coupled with the state+,n—1) and the

Stat8| + ,n) is Coupled with the Statb— ,n+ l> In order to lll. FIELD AND ATOMIC SQUEEZING
investigate the squeezing properties of the radiation field and

the atom, we follow the standard procedure of defining the We define the functions

slowly varying operators

a;=(1/2[ae+a’e ], a=(1/2)i[ae—a’e 1], fi=(Aa)%—1/4, di=(AS)’—(1D|(Sy)], i=1,2.
9 (13

S;=(1/2)[S,e '“'+S_ge'“], Then field squeezing is defined <0 [13] and atomic
squeezing ifd;<<0 [14]. Using the general time-dependent
. . state vector of Eq(7), the functions of Eqs(13) are written
S,=(1/2)i[S,e '“'—S_g'“!]. (100 as
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f,=n/2+(1/2)[cog(O/2)—q sirf(0/2)] ZO (R3/R?)P,sin(1/2) Rt— (1/4)sirP®

©

X }_‘,0 PasiM¢—A(2n—1)t][(n+1)Y(Ry/R)sin(1/2)Rt cog 1/2)R't—

2
nYARY/R")sin(1/2)R’t cog 1/2)Rt]

(14)

f,=n/2+(1/2)[co(O/2)—q sirf(0/2)] ZO (R3/R?)P,sin(1/2)Rt—1/4 sirf®

o

2

X ZO P,co§ #—\(2n—D)t][(n+1)YARy/R)sin(1/2)Rt cog1/2R't—nYA RY/R’)sin(1/2R’t cog 1/2)Rt]

(15

d;=3%—1 sirf® ZO P2 cod[ ¢—N(2n—1)t]{cog 1/2)Rt cog 1/2R't— (BIR)(B'IR")sin(1/2)Rt sin(1/2)R’t}2

_1
2

lco®— > P, (RYR?)(cog@/2—q sif@®/2)si?(1/2)Rt],
n=0

(16)

d,=1—1sirf® }_}0 P2sir’[ ¢—\(2n—1)t]{cog 1/2)Rt cog 1/2)R"t— (B/R)(B'/R’)sin(1/2)Rt sin(1/2)R’t}?

©

Nll—‘
NII—'

whereq=n/(1+n).

IV. DISCUSSION

A. The case ofn=0

2 Pn(R2/R?)(cof0/2—q sirf®/2)sir’(1/2)Rt|,

17

We notice from Egs.(18) and (19) that the maximum
squeezingA=0.0625 can be obtained for atomic squeezing
as ¢=0, Mt=kw (k=0, integej, gt=k, and ® =27/3,

Taking the fluctuations irf5; anda, as an example, we «/3 and for field squeezing ag=0, At=km, gt=(k
now study the relationship between dipole squeezing and- 1)z, and ® =2=/3. Taking the case of=0, gt=2.57

field squeezing in the vacuum field. Putting=0 into Egs.

(15 and(16), we have
f,=2co(0/2)sirfgt

—1{sin ® cog ¢+ \t]sin gt cost}?, (18

d;=21—1sirf® cos[ ¢+ \t]coSgt coSat
—3|3cod —cog0/2 sirfgt]. (19

for field squeezing, andt= 3 for atomic squeezing, Figs.
2(a) and 2b) show how the squeezing of the radiation field
(f,) and the fluctuations of the atomic dipole variables
(d;) versus® changes with the nonlinear paramekerFor
0< 0O < 7/2 the fluctuations ir5; can be squeezed but those
in a, cannot, while for7/2<® <, the fluctuations inS;

and a, can be squeezed almost all the time with identical
squeeze duration and there exists a symmetry between the
field and atomic squeezingFAS. With the increase of,

we find that both field and atomic squeezitand SFAS
start to disappear simultaneously. Furthermore, on increasing
\, the width of the the® interval in which squeezing ap-
pears, decreases by the same amount for dgtland f,.
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FIG. 2. (a8 f, (gt=2.57) versus® for ¢=0 and @) At=0,
(b) At==/15, and €) AMt==/10. (b) d; (gt=37) versus® for
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FIG. 3. (@ Time evolution off, for ®=2=/3, ¢=0, g=1.0,
and @) A=0 and @) A=0.2. (b) Time evolution ofd; for ®
=2m/3, $=0, g=1.0, and &) A=0 and @) A=0.2.
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FIG. 4. Time evolution of , (dotted ling andd; (solid line) for
0=27/3, $=0, andg=1.0.(a) A=1.0, (b) A\=1.5, (c) A=2.0,

and(d) A=2.5.
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This demonstrates that the sensitivity of atomic and field 0.06 -
squeezing to variations ik is the same throughout th@ '
range and at a particular instant of time, as long as squeezir
occurs, variations i\ cannot destroy SFAS. In Figs(&8 0.08 .
and 3c), we show the time evolution of; and f, for 0 1.5708 3.1416
=2m/3, g=1land\ <1 (0,0.2. It is seen that foh =0, field ®) @

and atomic squeezing appear almost all the time, and th

SFAS is shown clearly. Fox=0.2, we find that the initial

atomic and field squeezing is revoked and is never seen to FIG. 6. (a) f, (¢=0, A=0.1, g=1.5, andt= ) versus® for
become squeezed again ti# 27, but recur in the long time  (a) n=0, (b) n=0.01, and ¢) n=0.05. (b) d; (=0, A=0.1,
scale. From the experimental point of view, the result of longg=1.0, andt= ) versus® for (a) n=0, (b) n=0.01, and ¢)
time scale is not practical, so for experimentally relevantn=0.05.

time scales, squeezing is restored periodically for large non-

linearity. Figures 4 and 5 show how the time evolution of

d, andf, changes with variations in botl and large non-

linearity (\>1). It is seen that for a fixed and with the

increase in\, the initial squeezing is revoked but recurs pe-geas duration is seen to decrease with increask. ifihe
riodically. The higher the value of, the more rapidly the fie|g squeezingand SFAS present near=0, gradually dis-
SqueeZing is revoked and the periodical revival of SqueeZinappearS, W|th increase m Wh||e no Such effect iS seen on
as well as SFAS increaséise., the oscillations become more atomic squeezing at=0. The influence of on field squeez-
regula). However, it is noticed that with increasirgg there  ing att=0 is seen to be exactly opposite to that\pfwhile
is no change in the periodicity of revival. Furthermore, theatomic squeezing at=0 is insensitive to variations ig.



d,orf,

FIG. 7. f, (g=1.5, dot-dashednlir)eand d, (g=1.0, the line
versusn for ®=27/3, $=0,A=0.1, andt=.

(b)

FIG. 8. (a) f, (¢=0,g=1.5, t=m, andn=0.01) versus® for
() A=0, (b) A=0.1, and €) A=0.2. (b) d; (¢=0,9g=10,t
=, andn=0.00) versus® for (a) A=0, (b) A=0.1, and €) A

=0.2.
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The condition for maximum squeezing to occur and/or recur
for f, is (N\/g)(k+1)7r=km and the times at which it will
recur ist=(w/g)(k+1)=ka/N. The maximum squeezing
condition ford, is A =kg or g=Kk\. In general for squeezing
(not maximum to occur is kaw—cos '(Z)Yi<at<kw
+cos Y(3) V4.

B. The case ofn#0

Here with the help of humerical calculations, we examine
the combined effect of nonlinearity and finite number of
thermal photons on the relationship between the field and
atomic squeezing. Figures(é& and Gb) show how the
squeezing of the radiation field and the atomic dipole vari-
able versu® changes in the presence of thermal photons for
A=0.1. With the increase af, we find that both field and
atomic squeezing start to disappear. The width of@Ghim-
terval in which squeezing appears is also seen to decrease
with n. The dipole squeezing for 00 <m/2 decreases
faster than form/2<® <. The field squeezing is found to
be much more sensitive to the presence of thermal photons
than the dipole squeezing far/2<0 <.

From Fig. 7 we find that, when the initial photon number
is 0.05, field squeezing disappears, and only the dipole
squeezing form/2<® < can appear. When is greater
than 0.12 not only the field squeezing but also the atomic
squeezing disappears. Figure@8and 8b) show how the
squeezing versu® changes with the nonlinear paramexer
for n=0.01. Unlike the case afi=0, the dipole squeezing
for 0<® < 7/2 and field squeezing are more sensitive to the
variations in\ in the presence of thermal photons than the
dipole squeezing forr/2< O <7r.

Figure 9 presents the effect nfon the time evolution of
the functionsd; andf, for ® =2x/3. Whenn is up to 0.01,
we notice from Fig. 88) that SFAS is almost destroyed ex-
cept around = 7/8, where the squeezed atom can still radi-
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ate a squeezed field but for a very brief period. Wheis In the presence of thermal photons, fBenterval in which
increased up to 0.05Fig. 9b)], SFAS is completely de- squeezing appears decreases. The dipole squeezing for
stroyed although the field and dipole squeezing can appear 8 © < /2 and the field squeezing is found to be more sen-
some regions. For the case 0, dipole squeezing is seen to sitive to the presence of thermal photons than the dipole

be insensitive to the presence of thermal photons. squeezing forr/2<® <. SFAS gradually disappears with
increase im. The periodical revival of SFAS also disappears
V. CONCLUSIONS with n. Hence nonlinear interaction of a two-level atom with

In conclusion, we have shown that nonlinear interaction® single-mode field via one-photon transition in the presence
of a two-level atom with a single-mode field via one-photon®f thermal photons greatly enhances the destruction of
transition for vacuum field does not enhance the squeezing §du€ezing and SFAS than the corresponding linear case. This
the radiation field and the fluctuations of the atomic dipoleStudy could be of interest for the micromaser experiments. In
variables but tends to revoke the initial squeezing. Furtherthe present study dissipation have been neglected. To make
more, for experimentally relevant time scale, SFAS and inithe problem more realistic damping should be taken into
tial squeezing is restored periodically for large nonlinearity.account. This problem will be discussed elsewhere.
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