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Jumps in the collective limit 12-71 and bistability (Ill and 
refs. cited therein) in an atomic system interacting with an 
electromagnetic field have attracted considerable interest. 
There have recently been a number of works concentrated on the 
novel problem of observing quantum jumps in a single atomic 
system and applications of such jumps to measure linewidths of 
weak transitions in spectroscopy78-1W. Since the weak transi
tion linewidth may be exceptionally narrow, this scheme has 
been proposed for an ultimate laser frequency standard I 12.13/. 

In this paper we investigate the collective jumps and col
lective population trapping in a system of three level atoms 
interacting with an intense external field and discuss poten
tial applications of the collective jumps to measure narrow 
linewidths of weak transitions. 

We consider N three-level atoms in the 1\ configuration 
shown .in fig. \. The states I I> and I 2> are the ground 

5 Fig. 1. LepeZ scheme of the ato
W2 12> mic system.rn 

J 13> and excited states, respectively. 
c..,)l S # \ The state I 3> may be a low-lying 

vibrational or rotational exci
tation accessible from the 

w 1 I ., 11> d .groun state 1n Raman scatter
ing 16/, or it may be a metastab
le state 1131. In order to keep 

the discussion general, ve will not specify these states and 
will return to this question later on. 

The three-level atoms (Dicke model) interact with one mode 
of monochromatic driving field of frequency WL and with the 
vacuum of other modes (fig. I). The external field is assumed 
to be intense and can be treated classically. By using the ro
tating wave approximation and Born and Markov approximations 
one can obtain a master equation for the reduced density mat
rix p of the atomic system alone in the following form 1:161 
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- Y21 - + H.C. )(J21 J12 P J 12 PJ21 

- Y23 (J23 J32 P - J32 pJ23 + H.C.) 

+ H.C.) Lp,- Y31 (J 31 J 13 P - J 13 P J 31 

where 2Yke (k, e = 1,2,3) are the trans1t10n rates from level 
Ik>'tole> due to the atomic interaction with the reservoir; 

(021 
0a=(023 - T'"" (where ~f =w k-we,l1 '" I); 82w21-wL 1S the 

detuning o~ laser frequency from the atomic resonance frequen
cy w 21 ; 0 =- d 21 Eo is the resonance Rabi frequency describ
ing the interaction of the driving field with the atomic sys
tem; Jke (k. e = 1,2,3) are the collective angular momenta of 
the atomic system having in Schwinger representation /N1 the 
following form 

Jkf C; Ce ' 

where the operators Ck and C; obey boson communication rela
tion 

+ 
[ Ck • Ce) = 8 ke • 

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

Further, we investigate the case of an intense external 
field of large detuning 8 only so that the following relation 
is fulfilled 

n (1., 2 0 2 ) V. .. N (2)
u = "4 u + »Yk e' 

After the canonical transformation 

C1 Q 1 ·008 rP + Q 2 sinrP, C2 = -Q 1 sin</> + Q 2 <Ds¢>. C3 = Q3' (3) 

where 

tg 2</> ,. 20/8, 

and after performing the secular approximation/5-5.ml , i.e. 
ignoring the part of the Liouville operator L containing ra
pidly oscillating terms with frequencies nG (n = 2,4), one can 
find a stationary solution of the master equation in the form/~1 

N p 

u pu+,. A-Ip = ~ X p ~ Z M I p. M > < M, PI. 
(4)

P = 0 M=O 

where U is the unitary operator representing the canonical 
transformation (3), 

X Y / ( Y 23 ctg 2 </> ) , Z ctg 4 rP
S1 

XN + 1Z (XZ)N+l_ 1 _ 1 (5 )1 
~A 
Z - 1 ,XZ - 1 Z - 1 X-I 

1 P, ?1 > is an eigenstate of the operiltors R = R11 + R 22 ' R 11 
and the operat()r of number of atoms N = Rl1 + R22 + R33 , here
Rxe= Q~Qe(k,f = 1,2,3) are the collective angular momenta of 
"dres$ed" atoms. The operators Qk' Qt satisfy the boson connnu
tation relation 

[ Q k ' Q e) 8kf ' (6 ) 

so 

[R kf • Rk'e'] R k f,8 k 'e - R k 'e 8 ke', (7) 

· f 119 1 fl' d h h "As 1n re. , or ater use we 1ntro uce t e c aracter1st1c 
function 

i"1Rll+I~R 
X ("1, ,n = <e >

R11' R 
• N+l N+l 
=A'I[~_(YIY2) -1 __1 __ -1Y1 

'2- 1 Yl Y2 - 1 Y2 -1 -1 
) , 

Y1 

where Y1 = Xe 1~ , Y2 =Zei
"1 , and < ••••• ;> denotes the expectation 

value in the steady state described by the density matrix (4). 
Once the characteristic function is known, it is easy to cal
culate the statistical moments 

n m an am 
<R R 11 > X (l1,~)lil'/.=Oma(i~)n RU,R i,= 0a(il1 ) 

In particular, we have 

-1 Z 1 (8)< R > = A [-- (1 (XZ) Z-l f 1(X)],Z-l 

2 3 
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-
(i.e. when X > I, X.Z < I) and N » 1 so that X~> I, (XZ)N < 

2 -1 Z 1]< R > A [--C2 (X. Z) - --f2 (X) • (9) < N -1 and in the case of ctg2¢ >~ > 1 (Le. when X < I,
Z-1 Z-1 Y31 

XZ > I) and for N » 1 so that XN < N -1, (XZ)N » 1 the popu
lation of the level 1 3> is small in comparison with N.<RU> A- 1[-Z_C1 (X.Z) - Z (Co(X.Z)-Co(X»). (10)

Z - 1 (Z _1)2 2 YS 1 Y23
In the points where ctg ¢ = - or ctg2¢ = --, the nearly

Y23 Y31 
2 -1 Z 2Z half of the atoms (N 3 '" N/2) is populated on the level I 3> •<R11> A [--f2(X.Z)- C1 (X.Z)+

Z-l (Z-1)2 The jump-like behaviour of the atomic population on the le
(J I) 

vel 13>· (per atom) Le. tile quantity N3 /N,is plotted in fig',2
2 

+ Z + Zs (Co(X,Z) - fo(X))l, 
(Z -1) 

-1 [ Z Z 1 
1.0 

<RRll > '" A --f2(X.Z) - 2{(1(X,Z) - f1 (X» , (12) 

,~Z-l (Z-l) 0.8 

0.6 
wh~re 

0.4
N+1 

fo(a) =(a -1)/(a.-1), 0.2 

f (a) =["Na N+2 _(N+l)a N+ 1 + a] /(a - 1)2 ,1 

as a function of the parameter
N)/N ctg2¢, for YS1/Y2S = 0.5, In the 

collective limit N 4 ~ (the dot
ted curve) ~he function Ns/N 
has a discontinuous behaviour 
(jump) at the crit:ical points 

N:l00 

ctg
2

¢ = Ya1!Y2s. an4 ~ 2¢"'~2S/YS1' 

Fig. 2. PopuZation (per atom) 
of the ZeveZ I J >as a function 
of ctg 2 ¢ for Ya1 /Y23 = 0.5. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 ctg 2 ¢ The clotted curve iUustrates
N S N+1f2 (a) [N2a + _(2N 2 +2N_l)aN+2 +(N+U2 a _a2 ]!(a_l)S. the case N -.. "", 

In a similar manner one can show that ~n tne case Yat/Y2S> 1 
and for N » I the population of the level I 3> is small compa

Now we discuss the stationary population of the atomic le
red to N for all values of the parameter ctg2¢ , thus in this

vel 13> • By using the canonicai transformation (3) one can 
case the collective jump in the function Na/N is absent, In

write the number of atoms populating the level 13> in the form 
the case when YSt/ Y2a = 1 we have 

NS <Jss > N - <R>, (13) 0 if ctg2¢ > 1, 
N-+oo 

2where the statistical moment < R > can be found according to NalN 113 ctg ¢ '" 1.
{

equation (8). o ctg2 ¢ < 1, 
First, let us consider the case of YSt/Y23 < I. By using 

the relations (13) and (8) one can show that: 
thus in the collective limit N - ~ the function Ns/N shows 

YS1 YS1 Y2S disconth.tlOus behaviour at the critical point ctg2¢ •
(i) for -- < I, < ctg2¢ < 

We note that in the one atom case the level ~ 3>is the "trap"Y2S Y2s YS1 .~ of the atom, Le., Na/N - 1, only in the case of YS1/Y2S 4 O.(Le. when X <I, x·z <I) and N» I so that xN, (XZ)N < N-1• 
The effects of the collective population trapping and col

almost all of the atoms are populated on the level 1 3 >, Ns", N, 
lective jump of the atomic population of the level i 3> strong

thus the atomic level 1 3> plays a role of a IItrap" for the 
ly affect the behaviour of the stationary intensity I of the

atoms. 
fluorescent field due to the atomic transition 12> i I>. The4 

explicit form for the intensity I can be found by applying the(ii) For ctg2¢ < ~ < 
canonical transformation (3) and the stationary density matrixYea 
solution (4) 
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2I - < J21 J 12 > sin ¢ 008
2 ¢ < (R - 2 R 11)2 > + 

4 (14 ) 
+ oo8 ¢ < R21 R12 > + sin4¢ < R12 R21 >. 

where 

222«R-2RU ) > <R > +4<RU> -4<RR 
l1 

>, (15) 

<: R21 R12 > < R > - < RU > + < RRll > D2 > (16)< 1"11 ' 

<: R12R21 > < RU> + < RRU > - < RU2 >. 	 ( 17) 

in the equations (15)-(17), the statistical moments <R >, <R2>, 
<:Ru> , < R[l > and <RR11 > can be found according to rel.ations 
(8-12). By using the equations (14-17) one can show that in 

the case of ~ < I, Y:l1 < ctg ¢ < ~ and N » I (the 
Y23 ' Y23 Y31 

condition (i», Le., when atoms are "trapped" on the level 13> 
the intensity I is independent of the numbers of atoms N. For 
all other values of the parameters Y31 /Y23 and etg2¢ the in
tensity I is pro~ortional to N2. The jump-like behaviour of 
the quantity lIN as a function of parameter etg2¢ for Y /Y = 

31 	 21 
= 0.5 is plotted in fig. 3, where the dotted curve indicates 
the collective limit N ~ 00. As it is seen from fig. 3, in the 
case of Y31 /Y23 < I and N ...... the function I/N2 shows discon

. b h' h' . . 2 Y31 d 2tlnuous e aVlour at t e crltlcal pOlnts etg ¢ = -- an etg ¢ = 
Y23 	 Y23.. -. 
Y31 

The collective jump in the atomic population of the level 
13> and the intensity of the fluorescence field is caused only 
by the collective interaction between atoms and the driving 

field and it could be used to 
measure the narrow line-width 

IIN2 
of the weak transition. 

Let the level 13> is a meta. ...... stable state, the transition.0.2 
I 3 	> -+11 > is forbidden and 

0.15 other transitions 12 > ~II > and 

0.1 Fig. 3. Scaled intensity of 
fluorescent light I IN 2 as a0.05 	

~ 

1.0 1.5 2.0 2.5 ctg 2 

function of etg 2¢ for Y31/Y23 = 
= 0.5. The dotted curve illust

¢ rates the case N .... 00. 
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2 > ~13 > are allowed transitions 113/. It has been argued 
that the weak transition I 3 > .... 1I >, which is difficult to de
tect, could be monitored by the scattered light of the strong 
transition 12 > -+11 >. Changing the parameter ctg2¢ , i.e., 
changing the detuning 8 or intensity of the external field one 
can observe the jump (see fig. 3) in the intensity of the flu
orescence corresponding to the strong transition 12 > .... 1 I > 
at the critical points ctg2¢ = Y31 /Y23 or ctg2¢ .., Y23/Y31' and 
this allows us in principle to measure the quantity Y31 • 

The 	 authors thank Yu.M.r~lubev for valuable discussions. 
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lliYMOBCKHH A.C., TaHacb P., qaH KyaHr EI7-87-194 
KonneKTHBHble CKa4KH B CHCTeMe TpexypoBHeBhrn 
aTOMOB 

Ooc~eHhl KonneKTHBHhle CKa4KH B CTaqHOHapHOH HHTeHCHB
HOCTH pe30HaHcHoH tPnyopecn;eHn;HH H KonneKTHBHaH "noBymKa" 
aTOMOB B CHCTeMe TpexYPoBHeBbIX aToMoB, B3aHMOAeHCTB~ 
C CHnbHb~ BHemHHM noneM. lloKa3aHo, 4TO AnH nOAXOAH~X na
paMeTpoB aTOMHaH HaceneHHOCTb H CTaqHOHapHaH HHTeHCHBHOCTl 
pe30HaHcHoH $nyopecn;eHn;HH TaKOH CHCTeMbI oo~aA~oT npephlB
HhlM nOBeAeHHeM "/cKa4KH) B KonneKTHBHOM npeAene N .... "".00-
c~eHO B03MOlitHOe npHMeHE~HHe Kon~eKTHBHhlX CKa'tJKOB AnH H3-
MepeHHH mHpHHbI cnaooro nepeXOAa. 

Pa.ooTa BhlI10nHeHa B na6opaTopHl't TeopeTH'tJecKoit CPH3HKJ{ 
Ol1HH. 

fipenpHHT 06~HHeHHOro HHCTHTyra .a,u;epKbllt HCCJle.a;oBuum • .lly6Ha 1987 

Shumovsky A.S., Tanas R., Tran Quang EI7-87-194 
Collective Jumps in a System of Three-Level 
Atoms 

The collective jumps in the steady-state intensity of 
resonance fluorescence and the collective population trap 
ping in a system of three~level atoms interacting with 
intense external field are considered. It is shown that 
for a proper choice of parameters the atomic populations 
and the steady-state intensity of resonance fluorescence 
from such a system display discontinuous behaviour (jumps 
in a collective limit N .... co. Potential applications of 
collective jumps to measure weak transition linewidths 
are shortly discussed. 

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