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Relationship between field and atomic squeezing in the thermal Jaynes-Cummings model
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In this paper, the relationship between field and atomic squeezing in the thermal Jaynes-Cummings model
with an initially coherent atom is examined.

PACS numbsd(s): 42.50.Dv, 32.80-t

The squeezing of the radiation field, due to its potential H=0afa+ S, + G(a's_+as.), (1)
application [1] in high-resolution spectroscopy, quantum

nondemolition experiments, quantum communications, am\j/vheresz andS. are operators of the atomic inversion and
low-light-level microscopy, has been extensively studied for . = are ope . " )
ransition, respectivelyy is the atomic transition frequency;

the past fifteen years or so. It has been shown both theorelli-Jr . P
cally [2] and experimentally3] that the squeezed field can a anda are Fhe creation and ann|h|lf';1t|on. operators of the
be generated by various physical processes. Recently, iIIII—eId ”?Ode W'th_ frequency}, respectively; ands is the .
creased attention has also been paid to the squeezing of tﬁéom'f'eld coupling constant. Throughout we employ the unit
fluctuations of the atomic dipole variablg4]. In addition, with 7 =c=1. . .
the field squeezing connected with the atomic squeezing has '€ density operatgs of a thermal field can be written as
been discussed by some authffs]. g=2n=0Pn|n>(n|, and the photon-number distribution func-

The thermal Jaynes-Cummings mo@&CM) with an ini-  tion P, has the form P,=N3/(Na+1)""*, where
tially excited[7,8] or unexcited atonfi9] can exhibit a sub- N a=(e?“6T=1)"* (Kg and T are the Boltzmann's con-
Poissonian field but not field squeezing for sufficiently smallstant and the temperature of the cavity, respectjvisiythe
initial photon number. Very recently, Kozierowski, Poyatos, initial mean photon number.
and Sanchez-Sotfil0] have shown that the thermal JCM  [f the system is initially prepared in the atomic coherent
with an initially coherent atom can manifest the field squeezState| ) given below and the thermal field,
ing only for small numbers of thermal photons.

In this paper, our aim is to show the relationship between o g2 1 B2 1
the field and atomic squeezing in the thermal JCM with an |B)=sin(6/2)e™!%% —3)+ cog 6/2)e'*73). @
initially coherent atom.

The Hamiltonian for the JCM in the rotating-wave ap- Then, the general time-dependent sfatét)) of the system
proximation read$11] evolves agunder resonange

ly(t))= >, cog 6/2)f e LNV 2lcoq N+ 1Gt)|L,n)—i >, sin(6/2)f,e (=129t #2gin [nGt)|L,n—1)
n=0 n=1

©

+ >, sin(6/2)f e [NVt d2lcog \nGt)|— §,n)—i >, cog 6/2)f,e (MU= d2gin \n+1Gt)|—L,n+1),
n=0 n=0

()

where|f,|?=P,. hi=(Aa)?—% and F;=(AS)2-3[(S,)| (i=1,2). Then,
In order to investigate the squeezing properties of the rafield squeezing 2] is defined if h;<0, and so is atomic

diation field and the atom, we define the slowly varying Her-squeezingdipole squeezing[4] if F;<0 (i=1 or 2.

mitian  quadrature  operates a;= }(a€®'+afe %), Using (3), we arrived at

a,=(1/2)(ae—a'e ', 5 =}S,e “'+S_e'“!), and

_ —1_ 1g; _
S,=(1/2)(S, e '*'—S_ge'“"). The above operators obey Fi=3—3sirf(9)cos(#)A(D) ~B(Y), @)
the following commutation relations{a;,a,]=i; and F,o=1—1sir(0)sird($)A(t)—B(t), (5)
[S,S:]=1S,. Correspzpndingzly, the Heisenberg 2uncertglinty
relations are Afa;)?(Aay)’=% and (AS)?(AS,) _ .
=%(S,)2. It is convenient to define the following functions h1:%+c(t)—%3m2( 0)sin’(¢)D(t), (6)
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FIG. 1. hy(Gt=2.57) and F(Gt=3m) vs 4 for ¢=0. (&
Na=0; (b) N ,,=0.01;(c) N,,=0.05;(d) N,,=0.1; () N,,=0.5.

hZ:N73V+C(t)—%sinz(e)cos’-(qb)o(t), (7)
where
[e¢] 2
A(t)=(20 Pncos{\/ﬁGt)cos(\/nJrth)) . (3
1)1 6
B(t)= 5| 504 6) cos’-(i)
Naw [0\l < _ .
-3 +1sm2(§”20 P,sirf(\n+1Gt)|, (9)
C(t)=% cos?(%)
Nav

L0 ]w -
Nt 1sm2(§”§0 P,sif(vn+1Gt), (10)

D(t)= ( Z‘o P.[Vn+1cog/nGt)sin(yn+1Gt)
2

(11)

— Jnsin( \/ﬁGt)coe{\/n+1Gt)])

In the following, taking the fluctuations i8, anda, as an
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hy(t)= %cos’-(%) Sir?(Gt)

—sin2<g co§(§>sin2(Gt)cosz(¢), (12)
Fi(t)= %—siﬂ(%) cos g) coS(Gt)coS (o)
- % cosz(g cos?(Gt)—% . (13

We have demonstrated thét) for 0<cos@<1 and arbi-
trary ¢, the fluctuations irS; can be squeezed but those in
a, cannot; (2) for —1<cos@<-tarf(¢) and
—1<tan(¢)<1, the fluctuations inS; and a, can be
squeezed almost all the time with identical squeeze duration
(GTs=m), squeeze period@Tp=), and heightA,, of
squeezing peakA,, appears aGt= ks for atomic squeezing
and atGt=(k+ 3) 7 for field squeezingk=0, integet:

Am:|F1<O|max

:|h2<0|max
o[ [0 1
=cos’-<§) smz(z) cog(¢)— 5}'

and there exists a symmetry between the field and atomic
squeezingSFAS. In casg(1), it is obvious that the squeezed
atom cannot radiate a squeezed field. In cé&8g the
squeezed atom can radiate a squeezed [iexdept a special
time Gt=(k+ 3) 7, at which the field squeezing appears but
the atomic squeezing canfotMoreover, we have also
shown that the maximum squeeziAg,=0.0625 can be ob-
tained for¢=0 and#=2=/3 (or 8= =/3 only for the atomic
squeezing

According to the above analysis, it might appear surpris-
ing that the fluctuation ira, (a;) is related to those i,
(S,) rather thanS, (S;). In fact, the origin of such a rela-
tionship is connected with the form of the interaction Hamil-
tonianH,=G(aS, +a'S_) [5]. As for the fact that the field
squeezing can be obtained only under the parameter condi-
tion —1<cos(@)<—tarf(¢$) and —1<tan(¢)<1, it is a re-
sult of the factiwhich has been demonstrated by Wodkiewicz
et al. [5]) that in order to obtain field squeezing, the initial
atomic superposition state has to satisfy two conditions: one
of the atomic dipole operators should be squeezed and the
expectation value of the commutafds, ,S_]=2S, should
be negative. Otherwise, the field squeezing cannot appear.

Hu and Aravind[6] have reported that fop=0 and ar-
bitrary 6, there exists the SFAS. However, detailed results

(14)

example, we study the squeezing properties of the field antlere have shown that the SFAS can exist only for a special

the atom in the thermal JCM.

interval of 4, and it can also appear for arbitragy at fixed

(i) For the case of N,=0. In the vacuum field JCM 6.

(Na=0), Wodkiewiczet al. [5] have examined the relation

In the following, taking the case ap=0 as an example,

between the field and atomic squeezing. Now we give detailsre show the relationship between the field and atomic
in order to see the changes of squeezing due to the presensgueezing.

of thermal photons. Puttiny,,=0 into Egs.(4) and(7), we
have

In Fig. 1(a), it is seen that both field and atomic squeezing
appear forr/2< <, and only atomic squeezing appears
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FIG. 2. hy(Gt= 2.5, the dot-dashed lineandF,(Gt= 3, the

solid ling) vs N, for 6=2/3 and¢$=0. FIG. 3. h, (line a at Gt=2.57 and lineb at Gt=6.57) and

) ) ~ Fy (line a at Gt=37 and lineb at Gt=6m) vs 0 for ¢=0 and
for 0<#<w/2. Also, we notice that the maximum squeezingn , - 0.05.

A,,=0.0625 is obtained fof=27/3 (or 6= =/3 only for the
atomic squeezing Figure 4 presents the time evolution of the functiepn

In Fig. 4@), we show the time evolution df; andh, for  gng h, for 6=2=/3. Figure 4a) is the result ofN,,=0,
6=2m/3. It is seen that field and atomic squeezing appeajyhich has been discussed in cage With the increase of
almost all the time, and the SFAS is shown clearly, wherey,  itis seen that the position of the squeeze peak changes
GTs=GTp=m, andAn=0.0625 appearing a&t=k= for  gjightly, while the squeeze duratioG{s= ) is decreased
atomic squeezing and &t=(k+ 3) for field squeezing.  greatly. Details are as follows. For sufficiently small, ,

(ii) For the cases of )#0. The JCM dynamics is exactly gt the time B<Gt<4, the dynamics of the squeezing can
solvable in the rotating-wave approximation when the field is

in a number state, showing the quantum Rabi oscillations.
For the thermal field, the dynamics is not so simple and the

main problem is the appearance of infinite sums aven 003

Egs.(8)—(11). Here we examine the relationship between the 0.00

field and atomic squeezing with the help of numerical calcu- -0.03

lations. From the experimental point of view, the result of N _0.06

large time is not practical, so we only restrict our attention to < 03

the small times. 'g 0.00 A
Figures 1a)-1(b) show how the squeezing versus o

changes in the presence of the thermal photons. Figlaje 1 - 00

absence of the thermal photons, has been discussed in case b -0.06

(i). With the increase oN,,, we find that both field and 5 v

atomic squeezing start to disappear. And, we see that the o 0001

width of the @ interval in which squeezing appears varies O _oo0s

with N,,. Clearly, it is difficult to obtain the field and/or S oo

atomic squeezing ne#=0, 7/2,7. In detail, it is seen that O o.03

for sufficiently small number of thermal photons, as shown > 0.00 L.

in Fig. 4(b) and Xc), the atomic squeezing for<00< /2 © ’

and the field squeezing are much more sensitive to the pres- g %%

ence of thermal photons than the atomic squeezing for 'S -0.06

w/2<#<a. When the initial photon number is up to 0.5, 0.03

field squeezing disappears, and only the atomic squeezing for 0.00

7/2<6<w can appear. WheilN,, is bigger than 0.9, not —0.03

only the field squeezing but also the atomic squeegig

cept the case at/ne&@t=0, details are given in cas@i)] 006 N

disappears, which can be seen from Fig. 2. 0 m _m 3r  4n
In Fig. 3, we show the relationship betweEn (andh,) Gt

and 6 for different times. It is seen that the width of tife

interval in which squeezing appears varies in time. This re- F|G. 4. Time evolution oh, (the line 2 andF; (the line 1 for
sult is the same as that of Kozierowski, Poyatos, anth=2#/3 and¢=0. (8) N ,=0; (b) N,,=0.01;(c) N,,~=0.05; (d)
Sanchez-Sotf10]. N,=0.1; () N,,=0.5.
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be described by that dfi,,=0. WhenN,, is up to 0.01, we described by that oN,,=0. In detail, the field and atomic
notice from Fig. 4b) that the SFAS begins to be destroyed squeezing can appear almost all the time and there exists a
due to the presence of thermal photons. Wiy is in-  SFAS under the parameter condition
creased a bit more, as shown in Figci the field and —1<cos@)<—tar’(¢) and —1<tan(¢)<1l; atomic
atomic squeezing can appear, but the SFAS is destroyeshueezing can appear but the field squeezing cannot under
greatly, where mostly the squeezed atom cannot radiate fhe parameter condition<0cos@)<1 and arbitrary. (4)
squeezed field. WheN,, is increased up to 0.1, it is seen The squeeze duration of the field squeezing or atomic

from Fig. 4(d) that although the field and atomic Sq“eezmgs$eezing is decreased with the increastgf. The field

can appear at some time regions, the squeezed atom canel,cezing di : :

. . i g disappears entirely whéi,>0.1, while the
radiate a squeezgd f'.e'd any Io_nger. Wheyg, is increased atomic squeezing except that at or nénzo also disap-
further, as shown in Fig.(é), we find that only two peaks of pears entirely wherN_,>0.9. (5) The field squeezing is

}2%:;?E;,chmi?;ggh@ppear n&t=0, 37, and the SFAS much more sensitive to the presence of thermal photons than
' _ . the atomic squeezing(6) For small photon number
(iify For the case at or near Gt0. For Gt=0, according (0.1=N,<0.5), both the field and atomic squeezing can

to Egs.(4) and(7), we can easily find that the fluctuations in ) .
a, cannot be squeezed, while the atomic squeezing can a ppear, but the squeezed atom cannot radiate a squeezed field

pear for anyN,, under the following parameter condition: tall.(7) T.he. SFAS begins to be destroyed WM IS up to
0<cos@)<1 and arbitrarye, or, — 1<cos@)<—tari( ) 0.01, and it is destroyed Fhoroughly whbsly, is up to 0.5.
and —1<tan(¢)<1, where the height of squeeze peak Recent experiments with the one-atom mdda, where
A= 3sir?(6)cos(¢) + 3| cos@)|— 3. Rydberg atoms with a very large principal quantum number

Now we reexamine the squeezing in Fig. 4 during thelvere used and the quality factor is high enough for a periodic

time interval 0<Gt<1. Near the timeGt=0, we find that energy exchange between atom and cavity field to be ob-

onlv the atomic saueezing can appear for Althouah served, have demonstrated that it is possible to study the
Y >4 9 PP By, houg interaction of a single two-level atom with a single quantized
the field squeezing can appear n&tr=0 for a sufficiently

small number of thermal photons, it is too weak to be ob—mOde of a radiation field. Taking the transition
cerved P : 63P3,— 61D, (w=135 GH32 of the Rydberg atonf°Rb

X . . . . [12] as an example, we have obtained cavity temperature
(iv) Conclusions We draw main conclusions as follows:

(1) At and nearGt=0, the atomic squeezing can appear forgjo'gzs’ %r?ggboé%,rgs.g:,cgcgl 1.3\?e|r< mfggr']gl’ OF'{%% e
any initial photon number. AGt=0, the field squeezing can- o .. " P Y- y Y. pe,

not appear. Although the field squeezing can appear ne Sé:hmidt-Kaler, and Walther have cooled a very high-
. 7_ . . . .
Gt=0 for sufficiently small initial photon number, it is too ? 0"-10") superconducting niobium maser cavity down to a

: . temperatures of 0.5 and 0.15 K by means dHa cryostat.
weak tq be seen(2) Th? W'th O.f the 6 interval, Whe_re In light of this point, our results are significant in any micro-
squeezing appears, varies with time My,. (3) For suffi-

ciently small initial photon numbem,,<0.01), the dynam- maser experiment.
ics of the field and atomic squeezing can be approximately This work was supported by the Tianma Foundation.
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