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A squeezed state is a nonclassical state of light having 

the property that 1ts noise in one electr1c-f1eld quadrature 

1s less than that of a ooherent state (Walls 1983). A number of 

nonlínear optlca1 systems sUscept1ble to produce a squeezed state 

have been analysed theoretically. Tbese 1nclude the degenerate 

parametric oscillator (Milburn and Walls 1981, Lugiato and 

Strirni 1982 b) , Collet and Gard1ner 1984), four-wave m1xing 

(Yuen a nd Shapiro 1979, Bondurant et alo 19B4, Re1d ando Walls 

1985 a, Reid et aI. 1984, Klauder et alo 1986), r~sonance 

fluorescence (Wa11s and Zoli~r 1981, Mandel 1982, Loudon 1984a, 

Lakshmi and Agarwall 1984, Anantha et alo 1984 ))opt1cal 

b1stab11ity (Lugiato and Str1ni 1982a; Re1d and Walls 1985b), 

two-photon transit10n (Loudon 1984b, Savage and Walls 1986, 

Bogolubov et aI. 1986) and athers. Slusher et aI. (~985) have 

recently reported observing a squeezed state in four-wave 

rnix1ng exper1ment in an atom1c beam of sod1um. 

In this letter, we present the squeezed-state generat10n
 

via nondegenerate four-wave'm1x1ng 1n a system of three-level
 

atoms. The collect1ve atomic effects, cav1ty damping and the 

effects of atomic and f1eld reservo1rs are taken into account. 

For the case of a large number of atorns the system can give 

perfect squeez1ng. 

The N three-level atoms concentrated 1n a reg10n small 

compared to the wavelengthof alI the relevant rad1ation ma~e8- .....,.1nteraot w1th two oav1ty mades E1,E~and w1th two pump1ng
 

waves , E" w1th frequenc1es Ai J fi.2.- fl..3 and ri.
E3 
~ -+" 

írespeotively (Fig.l). The pump ng f1elds E~ anil: E~ are 
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assurned intense and can be treated classically. For simplicity 
-:!> afl = - ~" (J:l 1 .J.;.t s - ~.J.;.:l ~ ~1 + s ~1 ~.2 )the purnping	 field E; is as sumad to be in resonance with the at A
 

leveI seP..::.ration Wx, - ~ = W 2 f ("#1 := {) and the purnping
 
?f3~ ( Ja.t ~.3 f - -2 ~.3 s J!3:l	 -t ~ J 3 -l ~ 3 ),field f 

lt 
is assurned to be in resonance wi th W;;, - W.,z. = {J~~ •
 

t +
Let .ct.,	 / a... and a. ct be the annihilation and 
.. .....1 Jb -+ -+ 

creation operators of the modes fi and E.,2, ,respecti  where terms s 'lf,; J' are transition ~ates caused by the atomic 

vely. reservoir~ from leveI J G > to I j > . As was done in the 

The coherence part of the hamiltonian in the rotating wave works by Schwingar (1965), Bogolubov et aI. (1985), we introduce 

approximation and interaction picture is the Schwinger representàtion for angular momentum 

-/ 
-t A~ a.:z,+ a.:z., .., C!t1 ({, -f .r;.t ) .r.. c"!' c.	 ( c, j -/", e. !J ) Iz:Hcoh, = !li ai CX-" , J'J = 

where C'c.. obey the boson commutation relation 

(1) 

+ G-~..t (J3 :l- t {3 ) 1" CJ (	 ~ «, -t a./ ~.t )
1 +	 (J)[C,; / Ci ] = <: 

9.2. (J3 2 Ci..z + a; J..23 )}+ Further, we	 shall consider only the case of intense pumping 
~ ~. 

fields E~ and E~ so that 

where	 .1 1 = .1l..., - w.z-1 Ó:t :: fl.:l - w 3 .t 
-~ (4)~ .f. * q.. :: (~.<!-1 T G 3~ ) »	 Ntf .. .1 0/ .JE.,~ I 

N tJ .7-1." ~ ~ 
( i."i = .f.,,f,.,J a)r. ~	 ~ j J

J~ j 
k=..f and it is possible to develop an approximation scheme that 

allows us to obtain analytic results. 
are the collective angular momenta of atoms 

After performing the canonical	 transformation 
.~ 

..... .....	 -> E., - ..:. --v~	 -.fh.a--J '-=i""(f - - d E G z: - ol~fl E~ ; C.3 = -..2 s,ino(, 611 
+ co s eX. G.z -+!l S e-'n ol. G3.t-l - ".t-t	 ~ / 3-t df - ~.f I E., I
 

-4> -'lO ~ ~
 
-//.t	 -.(/~ (5)and CiJ~ ~	 - d .:l · E-t /J ~J, here d i s the electric dipole C.t,. :: ~	 G.,-t ~ a!>3

-+ 
operator for the at om , Let the	 fields E., and E-t; be --I/:l.--I1z. 

C ':: -:l.	 GOsoJ. G., - sinO< cX.l -+ ~ Coso/. G,3
1
 

T + (
 
initially in a coherent state.	 After Agarwal (1974), conside

ring the operators a.., ./ a.,	 and~./ a.t" in Hamiltonian 1) with ~~ cl. =~~/~.(. one finds that the Liouville operator
 
as c-numbers and using the markov1an approximation, one finda
 appearing in e quation (2) splits into two components Lo and Li. 
the maater equation for the atomic system as: 

The oomponent Lo 1s slowly varying in time whereas l.,
(2) 

oontain~ rapidly osoillating te:rms at frequenoie. q..l.t qaf 
[ Hc.oh .I .f] T	 sr I Lj' 

~'ae -
-.(,	 

ôtA 
and ~~ • For intense pumping	 fields E~/it 80 that oond1where th~ dissipative term for	 the atoms is
 

2
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tion (4) is fulfilled, it is reasonable to make the secular 

approximation (Agarwal et alo 1978, Bogolubov et alo 1985), 

i.e. to retain only a slowly varying parto Correction to the 

results obtained in this fashion will be of order 
2,	 ~.t-

( N 'lf,:/ / Cr ) O"" ( CJ t ~ J E ~ ~ I/q ) , . 

Making the secular approximation, one finds a stationary solu

tion of the master equation (Bogolubov et alo 1985) 

IV R
-'1 r R	 (6)

R~ M> < ~/J RIi. L X Lf == 
R=o M= o 

:L
where X = -:{.3~ COS 'ol
 

~.., s in2..o(.
 

N+<- Ni .,
 
(#+-1) X - (N+~) X -t -1
 

z -=
 
(X_-1j.2

where u is the unitary operator representingf=u5'u+ , 

the canonical transformation (5). I R,. M> is an eigenstate of 

the operators R -= R RB8 ; R1"I and or the operator of the11 + 

total number of atoms 
À 

fi -=. J H + J'~.< + .),3.3 ::: R11 -t R.).fl -t R3 3 •	 Here 

R·. :: Q:O' (~ .. j::~!t.J3) 
I. J (, J
 

Using solution (6) one calculate the statistical moments.
can 

In pàrticular, we find 
. N-t3 IIf.!l #t1<R>' = N 0/+·1) X - .til (/V+:t) X -t (f/f f)(N1/l) X -.t X () 

s _ (X_i)(CN+I)XN+~~(N+:t)XN+/+I) 7 

11-14 !l, 11+3
<R.t~ = [H.t.(N-t1)X _ N(?JN -t6N-.f)X +(N.,.~,)-

N-I~ fi, lJi/.t
(3N~+ 3N-~)X -(N''''') (II+~)X .,. ~ X T~XJI[ 

•	 (8) 

( 't,-~ )!l(( Nt4) xNt ~ (N+~)( Nt-l1" -f)] , 

where <A~ indicates the expectation value of operator A 

4 

over the stationary state (6). Now we return to Hami.l tonian 

(1). Fo11owing the laser theory by Haken (1970), one mayobtain 
- -+ 

a quantuw Langevin equation for cavity modes Ei .. E~ in the 

form 

Q,1(t) = (-iLl i - ~.,)<çt,,{t)-l:'11 {.e(t) + ~(t) 
(9) 

a.,t (t) = c- i Ll.t, - ae~ ) C#~(t) - i CJ:z. ~3 «: T ~ (t) f 

where ;]e., ~ re.,e and F.,(tJ., ~(t)are cavity damping c ons t ant a ' 
~ ~ 

and noise operators for the modes EI and E.:l-' respective1y.
 

The noise operators F) t t') (oA =-lJ.t.) obey the re1at1ons
 

(Haken 1970)
 

<F,..\ (t ) >1-1 == < F). -f (t) ~ == O
 

<F\+ (tJ F: (t'') == <F, (t) F .. (t/): z: O 
(10)
 

r /> H ,.,;\ H 

<F+{tJ F,{&)~ =?Z (T)-~a:,..\ c5rt-t) ~~.., 
.Á .Á H th.., Â 

F (t) F~(t~» -::(n (T)+1).<,~ Ó (t-t"') 6))/7< ;. .Á U -I:h.,/A 

whera <.... > indicates the thermal average over the states of 
, li 

heatbath. n. (T J is the number of thermal quanta at a tem-
J +h,J J ~ 

perature T for a field mode E.) • Using the canonical 

transformation (5) one finds 

J,,1l. = i C<)So{ (R~3-RlI) + f cos « (R!U- Rf3) 

(11)-	 ..i- sincl. (R.z/ + R,t ~ )a	 . 

J.t 3 = {sinal ( Ra~ - RoI1 ) + i Stnd.. (I(J?J - Ra1 ) 
(12) 

t	 .J.. (,05 c:ot (R 1-2 + R 8 -t ) 
fi
 

It is.easy to see that (Bogolubov, et alo 1985) in the secular 

approx~tion one can write 

's' 



-&.6-~ ,.... For simplicity we consider only the case of n-b L (T):::. O.iert "'" ~~A •RI fl, ( t ) = e R1~(t)1 R.2/ (t) = e R.t" t e ) i. e. the temperature T:: O • In this case, as is easily 

",,"fit ,..."-t.;<;-i,..., seen from relations (10) and e~s. (15-16), the noise operators
R.:z. ( t ) :::. e R.t ( t ) .J R,3-2(t):: e R-3 :t ( t ) 

3 3 """" 
F~ t. (~) cannot affect the normally ordered variance of signal 

-.2l (ji "'" Jli(i t ,...., '.I --;, ~ 

R4~ (t):: e R,18 (~) ) R:J1 (t) = e Rg., (t), modes E-{ and E~ but they give c-ommutators [a".J a/ ] 
r -+J -.l:ie. ~ 

"-J and L~.J a addi tional values a qual, to -f - e 'f --> ..f 
tJ., i~=1P:]
where Ri,J (t) are slowly varying in time. 

-.2~ ~ 
and -/- e --? '" • respectively (Hakeh 1974) •As follows from calculations, a substantial s~ueezing in the -t...p :;7D 

~ -. ~ Missing the noise operator. one may obtain a stationarymixture of two modes E1 and E~ can be obtained if modes Ef 
~ 

solution of e~s. (15-16) in the formand E,.t. are located near fluorescence sp e c t r a at f'r-e quenc t e s 

-w ± q. and CU :; q , respectively (Fig.l), i. €. 
.t..f 3~ • Q R<'V 'V -""fit.- • R 

,y

Ji ", 
(17) 

J, (1"1 '1 -t~ .,.., z: __ Cose< _ó7_~a = -- St-no<.. --- .,I ~ "4 
J s J I s I « Ú" (13) y~ (,.~ -I' «, .:l, Y:i. i~ ..,. ~~ ~ ~ ~ f 

01 = .11 - q..; O,At = L1 ~ -t CT we shall consider the normally-ordered variable of fluctuationwhere 
in the in-phase (bf ) and out-of-phase components (b~)(14)

0(" 1 6., -t G- l ; I t1.:z - q I « G-. 
of the mixture of signal modes a1 and Q,~ 

w] -Lo13> b :: .i (b+-t b) ; b z: - (b+- b), 
"..t . L .:t. 

fl2Pig. 1. Thr••-level a·t0In!. i~.raotiD« Sl, 
G wh er e ~ + 

with two PUDlping field! E$' E'ftnd 
I 

__C b = a...,-t Q..-l,. .; 
b -+::::: Q,,,, .,. Cl..,t, • 

W2 I ,.,- 12>1fi th two oaTity modaa é i and EL • 

fi] 1n, By using sQlutlon (17) and steady-state density rnatrix (6). one 
W t ' , 11> finda the .normally-or~ered variance of fl~ctuation of the ope


With the use of the condition (13) and secular approximation rators b" and b,t. in the form
 
2, .. . 

equatione (9) reduce to <: (&1 b4 .:l.)'~'= >= f.. f !!. s'n~ <R2 4 R#J ~ -t tJ~ c.o./:<'(K /( ~ 
:J It ~ -t .;1< -e..3 S ~.t -1." ~-l s;5, ce: -= c-cs. - ;;e~) ã (:t-) + i 1I SÚJol. i «» F(t) (15) 1 ~ 

" ..,.., 1 a ..l~ 1 
f 919:l. si: o/. Cos.J.1<R R 2 -tIo R '-) 1 (lS)~ l t) :: (- -iô - tJe ) ã. (t) - i 'L casei R;,.(t) .,. F., (t), (16) it. ~ vn.. \~ 'J.t:.t~.s Y'.l~ a.:l"J • 

.t .1..t. "'" fi: :7~ ... :;,t 

where -i(ft ,.., -"·ff~ - where 

ct"lt):::. e a" (t)~ F., (t );: e li (J-) <.R.t!l R~~ 1 =1(N-.t){111 - <.;"'~ + N . (19) . 

itr:e ,..." ~.~~ - . 
a; (t) z: e a, (~) ~ o : = e F." t» J . - ~ ~ 

I <Ra.t Rol' ~ z: 1(N -t")<R~ -1 <R ~ (20) 
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obta1ned far the oase o~ N~1000. In the collective lim1t 

N~ ~ the faotor of squeez1ng tenda to à l1m1t1ng value
Here <R~ and <R~~ can be found in relations (7-8). 

In relation (18) and further, for simplicity,. we take 

~ =~ = O • The symbol <.... > indicates the expectation value 

over the states of heatbath and atomic steady-state (6). 

Taking into accbunt the noise operators F~~'~one can find 

the commutator of the hermi tian amp'l í.t ude operators "., and b,L 

as 
. ~ .t. 

<[b ) b.t,J) = -V( 9-" Stn~- 9-J- cos~'\(N-~<IÜ)-t". (21)
i "~.'l. ~~ /..%:S

'I ..1

The factor of s que ez í.ng of the operators Di and b.t, can be 

as (Anantha et 1984)defined ,- aI. 
.t.<: (LI, b.,... ..t) : > (22) 

Ft:l. = f I < [ b.1 -, b~ ] >I 
11 e speak about s"'lueezing if the factors ~ or F.z are 1 ess 

than zero. For the case of )(=.f (i. e. v: ~ /'1',. = éra / (j ti..- )
.,"\.,.." :Jt.t-l 

we have <R~< ~~~ ~ = -<':t8 R3~ ~ and it.·!Ol10WS that .t 

. .2.. _ I f( R <, (t}1 StnoJ..+ fJ.,z CaSal)<. t s b.f Z) . >- - < .2 3 3 ~ "S ~ - ':» ~ O 
~.z PV1 c.v..l. 

thus, squee~ing is absent in this case. S'lueesing also is 
-:> 

absent for a separate mode E., or E~ (1. e. when 9/l. 7 O or 
~,:t. 

j! ~ o ). The behav10ur of'the factor Of squeaz1ng f~ as 
z.. 

a funot1o~ of the relat10n of the pump1ng f1eld 1ntens1t1es
 

c~L~ • when ti., = 92. = ~.t =4. and as a funot1on of para
~., ~ .2" . 

meter 9L I~..t. when cr'J~~ =o·r ... fh/~ =!t~ t15~ /~ = -# 

1& plotted in f1g.2 and f1g.3, respeotively. As 1s seen from 

f1g.2 for the one atom oase the squeez1ng 1s small. For the 

case of larga number of atoms, as 1t seen from figs. 2-3, one 

oan f1nd the su1table values of paraméters ci~.tol ... ~z. /~ 

91 j-;e., and 9..t j:Je.:z, -Ln wh1ch the substant1a1 8queez1ng 

1a present~d. In f1g.3, the 92~ cf squeez1ng 18 

8 

f-t =-., 
I
 
I
 

tt 
okV -==- ",....-=- ~.I 

- 0.2 

- 0.1. 

- 0.6 

- 0.8 

P1g. 2. ~aotar af squee
z1ng f~ a8 a funot1on af 
the parameter C .:t'jt for 

CJ~ ~-&-ithe caae of,..., =~ - ...y 
lVi h '4.-1 
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Boronw6oB H.H. /Mn./, mYMOBCKHH A.C., qaH KyaHr EI7-86-766 
CEaTHe CBeTa Qepe3 HeB~OEAeHHoe CMeWHBaHHe 
qeT~peX BonH B CHCTeMe TpeX-YPOBHeBWX aTOMOB 

06CYEAaeTCH reHep~HH CEaToro COCTOHHHH CBeTa qepeg 
B~o~eHHoe CMemHB~HHe QeT~eX BonH B·CHCTeMe TpeX-YPOB
HeBMX aTOMOB.· OnpeAeneHO ycnoBHe AnH nonYQeHHH 60nbmoro 
CEaTHH CBeTa. 

Pa60Ta B~onHeHa B TIa6opaTopHH TeOpeTHQeCKOH ~H9HKH 

OHHH. 
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Squ~ezing of Líght ~~a Nondegenerate Four-Wave 
Mixing in a SYstem of Three-Level Atoms 

The generation of a squeezed state via nondegenerate 
four-wave m~~ing in a svstem of three-level atoms ia dis
cussed. The condition for large 'squeezing is discussed too. 

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