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A squeezed state of the radiation field/ 1- J / which may have po

tential application in the optical corrununication sy'stem/ 4/ and grá.vi

t a t Lo ne.I radiation det ector/5/ has become the s~b'lj ect of extensive 

theoretical/ 6-28/ and experimental studies/29/. 

A number of n0nlinear optical systems susceptible 

a squeezed state has been analysed theoretically. ThBse 
' '11 t /6-10/ ' ,degenerate parame t r1C 08C1 a or , fourwave m1x1ng 

to produ~ing 

include the 
/11-17/ , re

sonance fluorescence/ 18-24/, optical bistability/25,26/ two-photon 

processes/27,28/ and others. 

In this work we present the squeezed-state generation by the 

mixture of the two-signal modes interacting with strongly driven two

level atoms. The signal modes are ~ssumed to be located near two 

sidebands of resonance fluorescence. The collective effects, cavity 

damping and the effects of atomic and field reservoirs are accounted 

for. A large squeszing has been obtained for suitable values of the 

parameters of the system (cavity damping constants, frequency detun

ing of resonance,number of atoms,etc.). For the case of a large num

ber of atoms the factor of squeezing can be reached to a limiting 

value. 

The N. two-level atoms concentrated in- a region small compared 

to the wavelength of all the relevent radiation modes interact with 

an intense dri ving mode Ê a t frequency C0 and wi th two signal 

modes E: , E)L a t frequencies W 1 . , Wr.... (E'ig. 1). The externaI 

field ~ is assumed 80 intense that it can be treated classically. 

The coherence part of the hamiltonian in the rotating wave ap

proximation and interaction picture is 

! - 3"11 ) + G- (J:Z 1 -t J1~ )HCoh = :0 (.52 2 

(., J
-++ '11 (a; J1~ ..,. ~-1 a ) CJ.t.. a~ ~.e + -21 ~ ) 
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where /Jo -= f~ ~ ~ - W (system with 1; 1)::li 

~ -. ~ ~ -'> 

A~fi. .: W~.t - W; G' = ~ 1., E; fiJ.f/2. == - "'.t4', E1,Jl /IE~~ J 
here J ia the electric dipole operator for the ayatem; «; ' Q,,,, 

and al ,'l.t are the cr-ea't í on and annihilation operators of the 
signal modes E; and ~ respectively. The operatora 

N 
(i,i-1,2)Jii = r. tJ ~ ~ j I 

K=4 
are the collective angular momenta of the atorna. They aatiafy the 
commutation relation 

[ J .. J.-,.,J = J .. "d.. ,_J./.d, ./. (2)"J' l.J l.-J Jt. (,J l.-J 

Considering the operator Q..-'1 ,a., + 
and cz,..z., a..t+ 

in hamil tonia.n 
(1) aa C -numbera and using the Markovian approximation, onB finde 
the maater equation for atomic aystem as follows/30/ z 

of = _i [Hcoh I f' J + JfJ I O)L.f ' õt ê> t A 

where the dissipative term for the atorna is 

Of I = - ~4 ( J.t/ J;.t f - :l {,t f -!t.f + § ~r~.t ) . 
õt J,4 

The term 2~1 is the transition rate caused by the atomio reaervoir 
from level 12) to J 1'>. Following refs/3 i ,32/ we introduce the 

Schwinger representation for angular rnomentum 

r c," ..
tJt'i =- i Ci (L ,J = 1,2) J 

where e
L
• obey the boson commutation relation 

[C'c~J := °t';' .L, J 

Further, we shall consider only the case of intense driving field,or 

large detuning ! o so that 

1(.. ~ ~ -'}J (4)JL '-: ( Ao + l.t G) »IV ~-f; ÇJ" ., IE • 
~ o<- 1,..t. 

After performing the canonical transformation 

2 

C -= COS~ Q-1 + S t'?') t; Gl:l

" (5)C.t, = - St7Z t; tfJ1 1- cos ~ ~.t. ' 

where 
..2ei
-jiCJ2.(j -= 
Ao 

one can find that the Liouville operator L appearing in eq.(3) 
splits into two componente Lo and Li • The component Lo is 
slowly varying in time wher~as Li contains rapidly o8cillating 
terms wi th frequencies ..n.. and .t-lt. For the case of intense 
driving field or large detuning /).0 so that the condition (4) is 
satisfied, it ia reasonable to make the secular approximation, i.e., 
to retain only the slowly varying part/32,33/ A correction to the 

results obtained in thia fashion will be of an order of 

(~.f#J/.Il)1, ~r (~~~ 1E;;~I/.a. )~. 
Making the secular approximation, one can find a stationary 80

lution of the master equation 

N IV4 
,.", -I -1 " Jf= UfU = Z [ X /"''1>< (6)-I' 

11, =6 

where U is a uni tary operator representing the canonical tl'ans
forrna~ion (5) 

A1-+..f 
~ Z. ::'I. = C ir;} 'Í, / 

X -" 
)(- -1 

"" J "'1 > is an eigenstate of the operators R11 , N:: R."., -+ R.2/l, 

here k L'i z: Q/' Gi ( t' ,J' IZ 1.2). The operators ~ (.. satisfy 
the boson cornrnutation relation 

[ G· 'Q: ] - e5'" 
1-1 J - t~ 

so that 

[R .. I R./."J = R.,.I' Ó,,,, R." ó" -' 
L J L J LJ c J f, J ~J 

(7) 

"l 
By using solution (6) one can calculate the statistical moments <R ~ 

where <B~ indicates the expectation value of an operator B in 
steady-state (4). In particular', we find 

N <- N+'(
N X "t _ (#..,.-1) X -f-)( 

!.. R'ti ~ = ( )C - -f ) ( X N'H _ -1 ) (8) 
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1/t·2 fJ.. ,vf{ .f. i.n. t,.., >.,i..,;J!T.3 /<)".f.: 4 N _f ) X ·· + (;y-f-f) X -x-X/ :.. > _ IV J( __ IV _ -JJ2. t /V a (t) ~ e a (~)_I .... a (t) 7 e a- (i )
<, R'115--- 1 1 ~ ~ 

(~_,,).t ( X Nt1 _ -1 ) 
i.Il.t -i.n. i - ~;f (t ) -?> e R (x)R .(t) ~ e R1~,.rt),1Now we return to hamiltonian (1). Following the theory of laser u -t1 

by Haken/ 3 4/, one may obtain quantum Langevin equation for signal -i.Jl.t /V i.n. i 
~ .-o;. 1 f,t (i) ~ e F.;t (i' )modes E~ and Ez. in the cavi ty. fi (t) ~ e F1 (t ) .I • 

à" cc: ::: (-i 1'1 - ~1 )a.,{(tJ- C,'f!1 :;;z(i) -t F:t(~), (10) 1 and with the use of the secular approximation eqs. (10,11) reduce to
1 

~ ~, ~ 

aLei) -= (-it>.z - &e,t )~(t) - ,i~.J.. J(..t (i)t ~(t), (11) ai (t) = r. i ~ - ~,,) a..1 (t) - c (;1 R.t!l, (i) + r: tI!) ( 1 5 ) 

where à.,t(t): (-"'e& - ~) ~ (z) - l'(j-tl íi;,,(tJ -I- íi (;I), (16) 

~.t (t)::: CoS.t.~ Ri~Jt) - S in ~t; ~1(t)+ scn. y. ces~ (R.tit)~ ~ {tJ ~ . ~ a'( (1~) where 6"1:: cas t; <J" .I Gz = - St7Z ~ d~' 

it is easy to see that in the secular approximation the operators Rtft) 
For simplicity we consider only the case of n+~Ji)= O, i.e.,the

and R {i ) are rapidly oscillating terms with frequency-D- whereas
4 temperature T = O. In this case, as is easily seen from relations 

the operator R.2/0 - R..,~ ri) is slowly varying in time; br-1 ' XR.. (12) and e qs , (15,16), the noise operators F; i., (i) cannot affect the 
and fi (I) , ~ (i) ~e the c~ ty damping constants and noise opera J , 

normally ordered variance of the signal modes but they give commuta
tors for t he modes e., and E-t respectively. The noise operators 

tors [4. ' a. -t J and [q, ct+ J addi tional values equal to
F (i) ().. = 1,2) obey the relations/34/ 1 

). l_e-.2f4t -? ~ and .,t1_~-,.t~~.( , respectively/3,4/. 
t.~ ~ i; ~ ':P<~(t)~.:; <F/(t)~ :: o I~ssing the noise operator, one may obtain the stationary solu

ti ons of e qs , (15, 16) in the form<F/(t) F)~{t)~ ::: <1). (r)Fj/(;t/);J:, = o ...... 
_ - (,. q-"z R"t,fai ::: - ,,' ri:!.-R;-t "" (17 )( 13) . ) cc..4 F-f(t-) F,,(iJ ) ;,?, -= n+~.A (T) ..2~1 0($. t ') ~ À;'

) .> fi / /> .t 
+;t'ã.t + .?t1 ti~ + 2'.,t. 

< ~ (t)F:(;t/):: = (11+~ (7)+ .f)..2~~ O(t-t) ~,A;" We shall consider the normally-ordered variance of fluctuation inÀ H / A 
the in-phase (boi) and out-of-phase component ~ of the mixture of 

where <... > indicates the thermal average over the states of heat signal modes a.. and a..,l.. • 
bath; n (T) is the number of thermal quanta at the temperature 1 

T~ .A b =: 1.. ( lo ~ -+ b ) and b; = - L: ( b !. b ) ,T. 1 ~ ~ ~
 

Further, we shall discuss only the case when the signal modes b + -+ +
where b ::: a 1 -t tt...z'; =: ~ .,. Q,...z .Êf., and ~~ are located near the two sidebands of the collective 
By using solution (17) and steady-state density matrix (6), one 

y 
resonance fluorescence (Fig.1), ~.e., 

finds the normally-ordered variance of fluctuation of the operators 
« ..fL ,18 1 I ; J~I ( 14) 1:?, and b.t. in the form 

where 1 -=: ~i - .n. / ~ = L1~ + ..n.. . s.< (/). b.,,1~) : > <'. (b1.1 Z - <b1,;2- » 
~ 

: > 
Under -t he °transformation 
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2. 2.

=;f ~ co5 "~ <R. R ~5 -t CiJ.:t, s(,n 4 ç <~" f(~1 ~ a:L ",4 »-c ~ ,-I:t:~::t 
1 ~ (18 ) 

~., 92. s/"n~ ~s<~ «R<'1 R1:l ~ + «K1.e R~.,~) ~-+ 

re" ~Jl . S j
where 

<R Ri.., ~ =. < R1~ ~ + .(#+1 ) <f(11 >s
f t (19 ) ;1 

<R., R > :: - {K-t; ~ + (N-1) <R11 >s T N' (20) 
".f 1-t S :1 

~ 
here <R"if~ and < R14'~ can be found in relations (8,9). 

In relation (18) and further, for aimplicity we take ~ = ~ = o. 
The symbol <...>·indicates the expectation value over the states of 
heatbath and atomic steady-state (4). • 

Taking into account the noise operators f1.J Jlâ), one may obtain 
the corrunutator of the herrnitian amplitude operators h and b.:z. in

1 
the form 

.t {IL 2. 4 
(21)b.,) V.t J >=- ( ÇJ1 cos (j CiJ.t C<1S t; )<f? _R ~ - t .<[ 

~ ~ - ~ 2. -.u..f.1 S 
z. 

The factor of squeezing of the operators b., and b.,t can be defined 
as/23/ . 

:L 
<: (1!1 b".1 ~) : >.. 

(22)F... ~ 
'.I f I <[ b1 .1 Q.,t J > I 

We speak abou t squeezing if the factors F1 or F.:z are less than 
zero/ 19-29/. By using the relations (18-22), one can see that: 

(i) In the case of resonance cifJ~fj =1 we hav e <R1:? R-e-t ~ = 
:: <'R" ~ R ~ and 

<'I ~:t S -t.t /l 
<. ( t1 b. )~. >:: i < R R ~ ( c;., Ccs ti ±. CJ-1, s(,n r;) ~ O
 

. 1.1'-' :l. 1~ ~1 s;x,., ~..i.
 

thus squeezing is absent in this case; ~ 

ii) In the case of ÇJ, ~O or lj,t,-;3> O we have <: (t>b".e):> ~ O
1E, Be.t- - Y ~ 

thus the squeezing is absent for the aepa.ra t e mode E" or E.;L • 

~The detailed behaviour of the factor of squeezing F.z. as a 
function of ctg4t; when!li -= c;J.L = -( is plotted in Fig. 2; and 

t:e., :l:',.:z.. 

6 ·i 

62 Fig. 1. Two-level atoms intaracting with 
-C- 12> intens~ drivi~ field l and wi th signal 

modes EL and'-r--- E2. • 
-l 

w w, W 2 

F

E,! ! , 11> 21.0
 

Fig. 2. Factor of squeez1ng Ft as a 

function of the parameter x = ctg4 !f ~ -0.2 

for the case of ~J.. Icei:; 92,/~2. =1. . 

-0.4 

-0.2

-;0.4

-0.6

-0.8

0.4 t f 2 

Fig. 3. Factor of squeezing fi as a 

function of the parameter 9J /7>tJ for the 

case of ~z/7e~:::3; ctg4y III 0.75. 

2.5 3.0 3.5 9,/1e, 

as a f~nction of ~ when ct~4~ = 0.75; ~ = 3,in Fig. 3. For 
the one atom case, a~ is seen from Fig. 2, the~que~zing is small. 
For a large number of atoms and suitable values of parameters ~~, 

~~Jf~ and ctg4~ the substantial squeezing is presented (90% of sqte
ezing is obtained for the case W = 500; Fig. 3). In the collective 
limi t N~?O the factor of squeezing tends to a limi'ting value 

F~ = ~1. To conclude, we have shown that the collective behaviour 
affects considerably the degree of squeezing. By us~ng the system, as 
has been described above, one should obtain the intense field (the 
intensity is proportional to N ) with substantial squeezing. 

The authors thank Yu.M.Golubev and I.V.Sokolov for 

valuble discussions. 
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Boromoêos H.H. (r-trt.) , lllYMOBCt<:HM A.Co, traH KYaHr E4-86-688 

Cxcarae CBeTa B CMeCH nBYX MO.n, B3aHMonei1:cTBYIOlllHX 
CCHnbHO B036Y;IcneHHbIMH aTOMaMH 

06CY;I<:,n:eHO cscarae CBeTa B CMeCH ,lJ,BYX MO.n;, B3aHMo.n;eHcTBYlO
urax C CHnbHO B036Y')I<:.neHHhIMH aTOMaMH. Haõrnoneao aaasarensaoe CIKa
THe CBeTa. 

Pa60Ta BbmOJIHeHa B Jlaõoparopna TeOpeTHQeCKOH <pH3HKH OHHH. 

Ilperrpaar Ü6'beUHHeHHoro HHcTHTYTa anepasrx HcCneUOBaHHH. ny6Ha 1986 

Bogolubov N.N 0' Jr 0' Shumovsky A.S., ~ran Quang E4-86-688 

Squeezing in a Mixture of Two Modes Interacting 
with Strongly Driven Two-Level Atoms 

The squeezing in a mixture of two modes interacting with strong
ly driven two-Ievel atomis is discussed. The substantial squeezing is presented, 

The investigation has been performed at the Laboratory of Theore
tical Physics, JINRo 

" 

.'~ 

Preprint of the Joint Institute for Nuclear Research. Dubna f986 


