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In recent ~ears, a large amount of t heo r e t ical 11-14,25/ and 
experimental/ 5,161 works is concentrated on the problem of ge
neratión of squeezed iight having noise in one electric-field 
quadrature b~ing. less than that of a coherent state. ~he 

first experiment u sing t he s que e zed light to reduce -t he levei 
of fluctuations below the shot-noise limit has been demonst
rated in the work /17/ • 

In this letter we discuss the generation of squeezed light 
in the process of collective Raman scattering in an in tens e 
externai fi~ld. Tt has been shown the condition for receiv
ing a field with a iarge (nearly perfect) degree of squeez
ing that is necessary ~6 increase the signal-to-noise ratio 
r e l a t i ve to the shot-noise limit '17,181 • 

'rhe theory of c9lIective Raman scattering has been develo
ped in the works /19~ The N three-Ievel atoms concentrated in 
a region small compared to the wavelength of alI the relevant 
radiation modes (Dicke model) interact with one mode of mono
c hrorna t c deriving field of frequency (')L and with the vacuumí 

of other modes (fig. 1.). The states i 1-, and ! 2> are the gro
und and exciterl ~tates, respectively. The state 3> may be a 
low-lying vibrational or rotational excitation Erom the gro
und s t a t e , The t r ans i t i on s : 2> -+ 1, and i 2> -~ '3> are elect

" 
ro-dipole transitions and the t r ans i t i on 3> -+ I I> i s c au s ed 
by an atomic reservoir and í s, assumed to he nonradiative/261 . 

In treating 'the externai field classically and us~ng the 
Born and Markov approximations ta describe the system-reser
voii couplings,one obtains a master equation for the reduce~ 
densíty operator P of the atomic system alone in the f~llow~ 

ing form/ 22, (h= 1 units are 
used): 

6 
W2 I j J 12> 

t2]
~. 

j " 1 • J 13> 

Fig. 1~ Level scheme af the 
W,! I J 11> atamic system. 
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ap. ~21at == - 1 [ H coh ' p] - -2"-(J21 J12 P - J t 2 P J 21 + H.C.) 
( 1) 

Y23 Y31 ( J )- ---(J23 J 32 pJ23 + H.C.) - -- 13 P -J13 pJ 31 + H.C. ==Lp,
2 

J 32 P - J 31 2 
where Y21 and Y23 are the radiative spontaneous transition 
probabilities per unit time for a single atom to change fram 
leveI 12> to 11> and from 12> to 13> respectively; Y31 is the 
nonradiative rate for the atomic transition from I» to \ 1>. 

The coherent part of the Hamiltonian Hcoh in the interac
tion picture has the form 

ô . 
H == 2(J22 -J11 ) + 0(J21 + J 12) -0 3 J 33 . coh 

Here 0 3 == Ú)23 -úJ2/ 2(\;Jhe r e w
i
' == w i -w,); 8 == w21 ':""úJLis the fre

quency detuning of resonancJ; G == ~d21Eo is the resonânce 
Rahi frequency describing the interaction of the driving field 
with the atomic system; Jkr (k,f == 1,2,3) are the collective 
operators of the atomic system having in the Schwinger repre
sentation/21/ the following form: 

== C~ C f (k,f ==1,2,3),J kf 

where the operators C
k 

and C; obey the boson commutation rela
tion 

+ 
[ C k " Cf } == Ôke 

and can be treated as the annihilation and creation operators 
for the atoms being populated in the leveI I k > • 

Further, we investigate the case of an intense externaI 
field or of a large detuning Ô only so that the following re
lation is fulfilled: 

O == (~_ 8 2 + O 2 ) 1/2 » N Y (2)
4 kr 

After the canonical (dressing) transformation 

C 1 == cos <p Q 1 + sín <p Q 2' C 2 == - sin cf;Q 1 + COS <p Q 2' C 3 == Q 3' (3 ) 

where .tg2<,b = 20/8 and af ter performing the secular approxima
tion/ 19,2 3/ , i.e. ignoring the part of the Liouville 'operator \~ 

L containing rapidly oscillating terms with frequencies 2ü, 
~, one can find a stationary solution of the master equation 
in t he form /19/ 

;.. 

+ -1 ,N P P M 
P == U pU == A L x L Z i p-, M> < M, p! , ('4 ) 

p==o M==O 

íwhere U s the uni tary operator representing the canonical 
transformation (3) 

4 
x == Y31 /(Y23 ctg,2 c/J), z == ctg cP , 

N+l N + 1 
Z (xz) + 1 1 x - 1 (5 )A == -~~-- . ------ - -- . --------. 

z - 1 xz - 1 z - 1 x-I 

'P, M> is an eigenstate of the operator s R == Rll +Rz2, R. 11and 
the operator ofa number of atoms N ==Rll+~2+~3' here Rkf == 
== Q:Qr (k,E == 1,2,3) are the collective ,operators of "dressed" 
a t oms , The operator Qk,Q~ satisfies t he 'boson commutation r e-: 
lation (the transformation (3) is canonical) 

[ Q k' Q
+
k ] == 8 kf • (6) 

The solution (4) allows one to c~lculate alI stationary 
expectation values of the atomic observables/ 19! . 

We proceed with the study of the reduction of the quantum 
fluctuation in the fluorescent field according to the atomic 
transition I 2> I 1> (Rayleigh line). In the radiation zone ,--t 

the positive frequency part of tbe electric field ha~ the 
form /7,8-/ . 

- íCl) (t - .!_)
 
E(+) (~; t) == E (+) (l, t) + t/J(i) J (t _..!...) e L c
 (7)

free 12 C 

where ~~) is a geometrical factor, f== lil . 
With the use of'the canonical transformation (3), the ato

mic collective operator J 12 (t) has the structure 

J12 (t) == 8 o(t) + 8 -1 (t) + 8 +1 (t) , (8) 

where 

So (t) == Sinç6cos<,b(R 22 (t) -Ru(t», 

2iOt 8+ 1 (t) == cos 2 <,bR 12(t) = cos 2 cPR12 (t) e- , 

8 -1 (t) == -sin2 cP R21(t) == - sm 2 c/JR 21 (t) e 2iÜt 

In the secular approximat ion RJ~(t) , R22 (t), R12(t) and R21 (t) 
are the slowly varying "dresse atomic operátors. The opera. . 
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tors 8 -1 (t), (t) and 8 +1 (t) can be cons idered as opera tor

sources of the

80 
spectrum components centered at frequencies .<R ((2 )R ((1» =~((1 -(2). :<R 12R21~·r-l ( 12)
12 21 

(2 + r2cuL-2n, úJL and cuL+20, r e spec ti.ve Ly , 1 -1 
In the follo~ing calculations we omit the free part E~1e 

in relation (7) that does not affect the normally ordered va where 
riance of the fluorescence field. The delayed time contribu

2	 (I3)tion has been ignored toa /241 in the stationary limito By	 = .<R11 > + <RR11 > - <Rll > , <R 12.R21> 
using the steady-state solution (4) and eqs. (7-8) one can 

2show that squeezing is absent for the whole stationary fluo Ir} =	 (14)<R 21R12> <RR ll>+<R> -<R 11 >-<R 11>, 
rescence field E+ (~, t) and for any spectrum components 8_ 1 (i) , I I 
So (t) and S+l (t) taken separately. 

t> 
r 11 = 2Y21 sin2 cPcos 2 cP + Y.21 cos 2 cP + 12- Y23 + 

Analogously to the resonance fluorescenGe in a system of 1 (15)
2cP)«R> -2<R ll »two-level ato~si13/ the squeezing may occur only in the mix + ; Y21 (s in 2cP -cos +2(Y23 -Y31)·(N -<R>),
 

ture of two sidebands S -1 (t) and S+l (t) and the spectral ana

lysis of squeezing will be given in the following calculations. 4
r -1 = 2Y21 sin2 cP cos 2 cfJ + Y21 sin cP + ~ Y23 + ~ Y21 x 

Applying eqs. (7-8), one finds the Fourier transform of (16 ) 
the field at two frequencies 1/ 1 and 1/2 located on the two si- x (sin2 cP - cos 2r/J) «R> - 2.<R 11 » + ~ (Y23 - Y31 J(N - <R». 
debands S+ 1 and S -1 in the form 

In eqs. (13-16) stationary expectation values <Rn R~> are 
~ (+) ~ ... 2 ~
 

E (x, úJ L + 20 - (1 ) = t/J (x) cos cP R 12(f 1 ) , cal-culated over the atomic steady-state (4) /191 • Th~ quantiti 

(9) es	 [+1 and f_1 are the spectral widths of two sidebands S+l 

~ (+) -> ... 2 ~ 

E (x, cu L - 20 +e 2) = - cP (x ) s in q; R 21 (( 2 ), and S-l' respectively. 
The 'normally. ordered variance of the quadrature phase com

where ponent Efj(fl,f2) can be found using the relations (9-12) and 
takes the forro 

f = Ú)L + 2fl -1/ 1 , (2 =-(Ú)L -2U)+1/2 .1 
~ 2 

<: (~E e (l 1 ' (2 )) : > ô (( 1 - e 2 ) (17) 
Thc quadrature phase components for the mi~ture of two fre

quency components on the two sidebands are defined as with 

1 ~(+) ... le - (-) ~ -ie 
E (x, (1 ' (2 ) = 2[ E M (x, (1 ' e 2 ) e + E M (x , f 1 ' e 2 ) e ], ( 1.0)	 Se (( 1) = ~ Y21 {(cos2 cP - cos2e sin 2cfJ ) · COB 2<p<R 21R12 > . 

e 
f f 1 (18)

where 
x +1 + (sin 2cP -coB2ecos2cP)·sin2~.<R12R21>· 2 - 2 l.
 

- (+) ~ 1 ~ (+) ~ "" (+) 1 (2+r 2 l1+ f_l
4 

E M (x, e l' f 2 ) =	 --=-[ E (x, to L + 2ü - l 1 ) + E M (x, W L - 20 + (2) , 1 +1 
',12 where we identify Se (l1) wi th the. spectrum of squeezing in the 

...	 ~(_) ~ ~ (_) 4 

E(-) (x, e , e ) = -W E (x , liJ + 2ü - f 2 ) + E M (x, cu L - 20 + (1)] . mixture of two sidebands 8+ 1 and S -1 . 
M 1 2 vr-tE L " In relations (17-18) we have dropped the argument x (the 

For the cases e = o and e = "/2 the quadrature phase com position of the detector) and have followed the usual conven

ponents Ee(i, e !} 2) ~oincide wi th the in-phase (E.1 (~, ll'( 2 )	 tion and have renormalized the correlation functions to the 
tota 1 flux /7 ,121 •and out-rphase (E 2 (x, (1'( 2 » components, respect1vely. í}
In the case of a large number of atoms / 19 one finds í~e speak of squeezing for the quadrature phase component 

\.,l Ee (( 1 • (2 ) i f 
-	 2r+1 

<R 21 (( 1) R 12 (( 2) > = ô(( 1 - (2 ) <R 21 R 12 > . - 2 2 ( 11) Se (( 1 ) < O.	 ( 19) 
e 1 + f +1 
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From relatíon (18) one can see that the spectrum of squeezing :! 
8e(f2) has the negative Lorentzian form with the peak degree 
of squeezing occuring at the point fI = O, i.e. when the two 
frequency components E(+) (VI) and E(+) (V2) are located at 
the centered frequencies of the two sidebands 8+ 1 and 8_1 , 

; t~ 

respectively (i.e. vl=Wr..+20 ; v2=Ú>L-2Q). The peak degree of 
squeezing 8 1 (f1= 0-) as a functiori of the pararneter ctg 2<;b f or ' li 
t he	 case Y21 = Y23 = 2Y31 and for the case Y21 = Y23 =t~lis plotted 

on	 figo 2a and figo 2b, respectively. 11; 
For	 the case 2.~!.._ < I (see f ig. Za) , the func tion 8 1(f 1 = O) -I 

. Y23 
.1shows the behavíour 

(í) In the region of the pararne
ter ctg2 qs 

Y31 2 Y23 
--	<ctg c/J <-

S,<E1=0 ) Y23 Y3 1 
1.0 2.0 3.0 ctg 2 4'00 1 

Lne	 degree of squeezing reduces as 
- 005 the	 number of atoms increases. For 

the limi ting case N --) 00, squeezing 
is ab sen t (8 1 «(1 =0) = O) in this re

- 0.1 

-0.15 
gion of the parameter ctg 2c/J .. Such a
 

020 behaviour of the degree of squeezíng
 
is connected with the phenomenon of
-(125 

I	 collective 'popú La t í.on trapping/ 20/ ' . 
when almost alI atoms are trapped(a) 
on	 the atomic Leve L I 3> . 

(ii) In the other regions 

Y31S,(E.-O)	 ctg 2 rf; < -- or ctg 2c/J > -~~
1 

70	 Y31
00 L 1.0 _.- 3.0 ctg2 lf Y23 

I	 > 

the degree of squeezing increases as 
the number of atoms increases.and 

-0.05 

- 0.1 
tends to the limiting value 81 "" -0.25
 

-0,15
 (perfect squeezing) when N --) r>o. 

-0.2 (;'\Fig. 2. Function 8 1 (f 1 = O) is pZotted 
-0.25 l N&100 against the paramet.er ctg 2 cP for the 

ca se (a): Y21 = Y 23 = 2. Y31 and f or t he l:
I 

(b)	 1 case (b ) : = Y23 :: 2"'YY 2 1 3·1• 

For the case Y31 > 1 (sée figo 2b) the collective popula-
Y . 

tion tr~pping on tfi~ Leve I 3> í.s absent for any value of theJ 

parameter ctg 2c:P /201 and in this case the degree of squeezing 
incre,.ases as the number of atoms increases. In the limiting 

00case N -t the degree of squeezing tends to the limi ting va
lue 8 1 "" -0.25 in the region of ctg2~ "" I (ctg 2 rf; I: I) (see 
figo 2b). 

By using the above procedure ope can show that squeezing 
is absent in the stokes line according to the atomic transi
t ion 2> -> I 3 > . 1 
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"llaH KyaHr, A.C.llIYMOBCKHH E17-87-854 
C*aTHe B KonneKTHBHOM pacceHHHH 

OõcY*AeHa reHepaLJ;HH C)KaTOrO COCTOHHHH AnH KonneKTHBHO
ro pacceHHHH PHMaHa B HHTeHCHBHOM BHernHeM none. IToKa3aHO, 
qTO C)KaTHe c~ecTByeT TonbKO B CMeCH ABYX KpaHHHX cneKT
p arrs asrx KOMnOHeHT p3neeBCKOH nHHHH H OTCYTCTByeT AnH 
CTOKCOBOH JlHHHH. ,UaHbI crrercrparrsnuã aHaJIH3 C)KaTHH H ycno
BHH AnH nonyqeHHH nOqTH rrpeAenbHoH CTeneHH c~aTHH. 

PaõOTa BwnonHeHa B flaõopaTopHH TeOpeT~qeCKOH ~H3HKH 

OHHH. 

Ilperrpanr Ü6'be,lUlHeHHOrO HHCTHTYTa anepasrx HCCJIe,n,pBaHHH. Jly6Ha 1987 

Tran Quang, Sh~rnovsky A.S. E17-87-854 
Squeezing in Collective Raman Scattering 

The generation of a squee~ed state via the coIIective 
Raman scattering in an intense externaI fieId is discus
sede It is shown that squeezing is present onIy in the 
rnixture of two sidebands of the RayIeigh line whiIe it 
is absent for the Stokes line. The spectraI anaIysis of 
the squeezing and the condition for recei~ing prefect 
squeezing is given. 

The investigation has been perforrned at the Laboratory 
Df Theoretical Physics, JINR. 

Preprint of the Joint Institute for Nuclear Research. Dubna 1987 

8
 


