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There has been much recent interest in the generation of sque
ezed or two-photon coherent atates/ 1-31. SUch states have leas 'noise 
than a coherent state in one of the field quadraturea and have poten
tial applications in optical communication syatema/4/ ·and gravita
tional radiation detectors/sf. 

A number of nonlinear optical systems susceptible to produce 
squeezed states has been analyzed theoretically. These include dege
nerate parametric oacillatora/6/, resonance fluorescence/sf, degene
rate four-wave mixing/7/ , optical bistability/9/, free-electron la
sers hV• the Jaynes-Cumming model110/ and the two-photon processes/1~ 

In this letter we present the generation of squeezed states of 
light via four-photon processes in systems of three-level atoma(aee the 
figure). The collective effects and effects of an atomic reservoir 
are accounted for. The condition for receiving the optimum squeezing 
is defined. The ~ three-level atoms, concentrated in a region small 
compared to the wave length of ~1 th~elevan~adiation modes inte

ract with three driving modes Ei , E.t and E ~,with f~quencis 
..fl.i , .!'la, and ..n. 5 respectively. The external fields E i and ER, 

are assumed~ntense and can be treated classically. For simplicity 
the field E1 is assumed to be in resonance with the level se~a

tion WSI.- w 1 = Wst1. (system with h = 1) and the field E'a, is 
assumed to be in resonance with W~ - We,: c.v

8
,- The transition 
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between the upper I 5 > and lower levels I 1 > is the two-phQton 
prQcess and let c::t and c::t""be annihilation and creation operators of 

the mode ~ 
The coherence part of the Hamiltonian in the rotating-wave ap

proximation and interaction picture is 
+ ta.> ( , .,..,J'. ) 

Hcoh = Sa a + '1s1 .rJt a + a u + 

t Ciu c .li.t .. Ji&-) + G-,z, C .I&.r. + ~~ ), ( 1 ) 

where d : f (R-AJ - w 5 + CAJ:I ) 

:r. . ::::: .:. 6(1C.) 
I.J L- .. 

IC: 1 C,J • 
(2) 

Here 
(IC l . . I 

6ij = J "~ ~J ( i.,i= 1/1,_,3) 

Gr.&t ... and.-G,~,. a~ th2.electric dipole interacU;.on matrix elements, 
- cJa.1 Et and - d5J, f ~ respectively. Here d is the electric 

dipole operator for the system. The ~ta.J is the matrix element 

fQr the two-photon transition 1 !5 > !.,i I .-1. > · 
- _,.,. 

Considering the operators u. ana (,..C., 1.n tlam:Li -.on:~.an ll J as 1.. -

numbers and using the Markovian approximation one finds the master 

equation for the atomic system as/131 

a.r 
at 

= - i [ Hcoh -' .f J + of\ ::: 
at A 

Lf. 

where the dissipative term for the atoms is 

a fl = - 'lf.,t ( .Tu ~, f- 2~ ... ~~t + .f .r,,~ Jja,) 
at A 

~!JI- ( .T.u. r,5 f - £Jttaf .r,a, + .PJ_,, ~a) 

<f 51 ( J".u J~~ f- £. Jj5 .f'Jj~ + .fJ'u Jj !J) 

(3) 

The terms ~ij are the transition rates caused by the atomic re-

servoirs from level I i- > to I j > . 
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Atomic coherence phenomena can perhaps be illustrated with gre
ater lucidity by introducing the schwinger representation for angu

lar momentw/ 14/ J"ij = ct CJ, where Ci obey boson commuta
tion relations. The operators Ci and ct can be considered the 

annihilation and creation operators of the atoms on the level I i > 
In the case of sufficiently intense G- ;: ( C?r:t + G-:£)%, 

so that 

G >> N 't;,j 
(1,) -

-' ~!Jt /Es/ (4) 

it is possible to develop an approximation scheme that enables us 
to obtain analytic results. 

where 

After performing the canonical transformation 

c~ 
sinaL 
?r Q:t + easel.. Ga, 

CA. = fi G:t + ..J:_ Gl.!) 
{"£ 

c-1 = - cost:/.. U/ rrt - sinol G~ 

:i<J ol = c;;J,_ 
<it.t 

+ 

+ .sino... Gl 
r£ 8 

ccsr:J.. 
{C Gs. 

( 5) 

one can find that the Liouville operator L appearing in equation 

(3) splits into two components L0 and Lt . The component L0 

is slowly varying in time whereas L, contains rapidly oscillating 

t~s at fr~uencies G , 2 G and 4 G . For intense fields 
E t and E., , so that the condition (4) is fulfilled, it is rea

sonable to make the secular approximation/ 15/, i.e., to retain only 
the slowly varying part. Corrections to the results obtained in this 
fashion will be of an order of 

fl, 

( N ?f i-j I G-) or ( alA,> I e I) i.
~u ' . 

Making the secular approximation, one can find a stationary so
lution of the master equation 

,.., t N R 
i =.fl. L X R r. I R~M > < T1, Rl 

R: o /'f: - R~ - R + SL_... .. · 
(6) 

where 

:i 



X = tfu. cas e.'"' -t 71'~1. eos +"' 
7f~,t sin~ + lfu sintl 

_nl.: (X-0f[(N+1.)XN+R-_:(N+Il-) X 11"'~+ ~ J 

f = U !' U + , where U is a unitary operator representing the 
canonical transformation (5). A 

I R, M >is an eigenstate of the operators R = Ru + P. J 5 
Ll 5 : R~ 3 - R<jt and of the operator of the total number of 

atoms 
A 

N = :r11 + J",_, + .r85 = R_,1 + R,, + R5 ~ . 

Here Ri.j = Q~ Gj ( i,j = I.,R-,.5) · 

Now we return to Hamiltonian (1) Retaining only the slowly varying 
terms (secular approximation), one can find the equations for the 
operators a and ct-+ 

act)= -i daCt)- i BttJd+(t) 

a c.tJ = ;; 0 O:ct) + i t.HtJ ac:t~·· <7> 

h J:l ct) - al'-) sino( coso/. ( N - 8 R,u.ttJ) · 
w ere 1.1 - (/ B1. 

Ignoring the slow time dependence of R~.e,Ct)(stationary stage), we 
can write the solution of equations (7) in the form 

where 

ac:t) =,/"'l'tJa + -vct-Ja+, 

_,#tJl) = c.os(€.t)- i- [ sin(E z) 

- i ~ sin(E.t) 
E --v c e) == 

EJ(, = 8 a-_ ,SL-_ 

(8) 

The Hermitian amplitude operators Gt~ and ct~are defined 
(in the interaction picture) as 

a = a-t + ~ aa,.. . ..... 
When the field E .5 is initially in a coherent state I ol. > , the va-
riances of the operators ct:t C~) and c:t-AptJ for large time have 
the form. 

.~ 

tJ 
' .. , 

(A·oc1ctiJ"= : f1· - sz. S~B}j - <~8 A-;; sin Z({cr&_ <8._~· t) 1 c9 > 
8 - <8 ~ J 

ft 

(Aa1}t~~ ;[~-t-c5'~~~ ;::~~ s;,n~L-(VJil:.<f!lz>s t)], c1o> 

where .t.A ~ indicates an expectation value {)f operator A in sta
tionary state (6). In relation (9) the correlators of a higher than 
second order are factorized. 

From relation (6) one can fined 

N+J(, N+l NX -CN+R,)X +(N+Il..)X -N 

< Ru. >s: (N + 1. )X"'"''+ CltN+S)X 11"'£+ (N+tt)iitl+l+ X-1. 

( 11 ) 

lt/+J tl+lt N+ ~ It , I, ) It 
t. NX -~X -(N+R..)X +(N+1l-))(- t,(N +ILI.J-1. XHI 

< Rt,~ .. (-I.- x)lt' [( N -t-t)x N1-.e-- (N+R..) x N'f'$. + l j 
( 12) 

It is easy to shown for relations (9-12) that squeezing is 
presented when 

lSI > <~ ... ~ /1< B>sl ( 13) 

In the case 
tisfied and 
that <: 6 >s, 
sent too. 

of 0 = 0 (no de tuning ) the condition ( 13) is not sa
squeezing is absent. One can find from relations (11-12) 

= 0 if )( = 1 and in this case the squeezing is ab-

The optimum variances of operators ct
1 

or ct~ are achievab
le when 
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lol= 
<'8R-)! 

I< 8~1 
.,. 11'::'8~)~ i. \ 
~s~; - < e ~ 

and equal the value: 

~ 
~ 

when 

~tt I ll- st.. • 
(i18) + "V < 5~ (~B) + (L)B)" 

<B>s~ + CA~Ja:+ Y<e>/"c AeJ"+ cAeJ" ' 

sin~t-( Va..,- < e">s'-t). 

2- 2. fl., .. ~,l-
Here(llB)=< 5 ~- <B~ _,(c18) =((~8)./. 

( 14) 

One can show from relation (14) that squeezing tends to the 
limited value if 

(.18)jl. << < 8>.~ s 
(15) 

It is easy to see from relations (11-12) that condition (15) 
is satisfied when 

X>-1. 
;II. ..:. i 

' N >> 1. 

' 
N ;,;, 1 

or in the case of 

so that ' X "'>> AI or 
- .. , "' so •na• A··c;.c;,;:., 

X>> N or X<<.!... 
N 

~~ ~~ 

~~ 

~IJu l ~ 

..n! ..O.c 

Three-level system of atoms 
interacting with the three 
monochromatic applied fields 
via four-photon process. II> w,. 
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8 06"beA11HeHHOM 11HCTI1TYTe RAepHbiX 11CC11eAOBaHI1H Hal.la.A 
awxOAI1Tb c6opHI1K "HpamKue coo6~J~eHu.R 011HH". B HeM 
6YAYT noMe~aTbCR CTaTbl1, COAeP*a.l1e Opl1ri1HallbHble Ha~Hble, 
Hayi.IHO-TeXHI11.1eCK11e, MeTOAHI.IeCK11e 11 npi1K11aAHble pe3y11bTaTbl, 
Tpe6y1011111e CpQI.IHOH ny61111Kattl111, 6YAYI.II1 l.laCTbiO "CC>06iQeHI1H 
OHRW', cTaTbH, aoweAWI1e a c6opHI1K, 11MeiOT, KaK 11 APyr11e 
113AaHI1R OHRH, cTaTyc ~11ttl1allbHblx.ny6~11Katti!IH. 

C6opHI1K ''KpaTKI1e coo6~eHI1R OHRH" 6yAeT Bb1XOAI1Tb 
peryllRPHO, 

The Joint Institute for Nuclear Research begins publi
shing a collection of papers entitled JINR Rapid Cornmuni
aatiorw which is a section·of the JINR Co11111unications 
and is intended for the accelerated publication of impor
tant results on the following subjects: 

Physics of elementary particles and atomic nuclei. 
Theoretical physics. 
Experimental techniques, and method~ . 
.'•.cc~1 e~atcr~. 
Cryogenics. 
Computing mathematics and methods. 
Solid state physics. Liquids. 
Theory of condensed rna tter. 
Applied researches. 
Being a part of the JINR Communications, the articles 

of new collection like all other publications of 
the Joint Institute for Nuclear Research have the status 
of official publications. · 

JINR Rapid Communiaations will be issued regularly. 

Boronm6oB H.H./Mn./, WYMOBCKHH A.C., qaH KyaHr 
reHepa~HH c~aTOrO CCCTOHHHH CBeTa 
qepes t~eTbipexclloTOHHblli npo~ecc 
B CHCTeMe TpexypOBHeBhlX aTOMOB 

E4-85-621 

Hccne~oBaHa reHepa~HH c~aToro cocToHHHH cBeTa qepes 
qeTbipexcliOTOHHbiH npo~ecc B CHCTeMe TpexypoBHeBhlX aTOMOB, 
CcllopMynHpoBaHo ycnoBHe nonyqeHHH onTHManbHOro c~aTHH CBeTa. 

Pa6oTa BbinOnHeHa B lla6opaTOpHH TeopeTH'IeCKOH cllHSHKH OlliJ:H 

JlpenpHHT 0(5,e,QHHeHHOro HHCTHTYTA JIAepHWX HCCn@OBaHHA, ,lly«5Ha 1985 
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Generation of Squeezed States of Light 
via Four-Photon Process 
in System of Three-Level Atoms 

The generation of squeezed states of light via four
photon processes in systems of three-level atoms is presen
ted. The condition for receiving an optimum squeezing is 
defined. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 
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