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1. Introduction 

In recent years, much interest has been paid to tbe Jaynes
-Cummings (J-C) model (JBynes and Cummings 1963) ex~ctly aolvable 
in the rotating wave approximation (RWA) of a two-level atom line
arly interacting with a aingle mode of the quantized-field radiation 
(Eberly et aI. 1980, 1981, Knight and Radmore 1982, Singh 1982). A 
distinctive, from a physioal point of view, feature of the J-C mode~ 

ia an infinite aequence of quantum collapaea and revivala of Rabi 
oscillations revealed by Eberly et aI. (1980, 1981) and Knight and 
Redmore (1982). There have been considered varioua posaible genera
lizations of the J-C mouel. In particular, Buck and Sukumar (1981a, 
1981b, 1984a, i984b) have found an exact solution to the equations 
of motion for an atomic system with an interaction nonlinear in bo
sonie variables. Singh (1982) has atudied photon statistical proper
ties of auch nonlipear syatems. Exact wave functions and energy 
leveIs have been found f~r variouB J-C-type syatems nonlinear both 
in bOBonic and spin variablea (Kochetov 1987). There also ahould be 
mentioned a recent series of papera by Agarwal and Puri (1986a. 
1986b) devoted to tbe generalization of the J-C model to include 
the effect of cavity damping. AlI of these rather aimple modela 
describe, however, the essential physics of radiation-matter inter
action. Apart from the above vacuum-field Rabi oscillations, these 
modela are capable tD describe auch very interesting phenomena now 
intensively atudied theoretically Bnd experimentally as photon anti 
bunching ahd aub-Poiasonian dietribution (Paul 1982, MandeI 1986, 
Zakharovand Tynterev 1987) and aqueezing (Paul 1982, Knight 1986) 
effects. 

Another form of the generalization of the J-C model doaIs witb 
adding other levela leading, in particular, to the appearance of 
naw branchee of the Rabi frequency 8S compared to the standard 
two-level J-C model. Li and Bei (1984) have extended the J-C 
model to the case of a three-level atom interacting with a two-mode 
radietion field. Multtpboton transitions in such a syatam have been 
co~~idered oa wall (Shumovaky 1985). Very recently, photon antibunching 
and squeezing effect heve bean revealed in a three-level system 
(Bogolubov (jr) et aI. 1986a, 1986b). Mention 1s also to be made of 
a recent paper by Abdel-Hafez et aI. (1987a) containing detailed in
veatigations of the phenomena of col1apaes and revivals, ~queezing 
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and sub-Poissonian photon statistics in three-level systems. 

There are two possible ways to generalize the J-C model to an 
N-level eystem: considering en N-level atom interacting either witb 
a) a single mode or b) N-1 modes of the radiation field. Both the 
caeee are exactly 80luble due to the existence of coneerved charges 
and completely independent of each other except the caBe Na2. In 
particular, the mean photon numbers and average valuea of the atomic 
level occupations bave 'been studied by Kozierowski and Shumovsky 
(1981) for en N-level atom coupled with. N-1 modes of the radiation 
field. There have alao been considered multiphoton trenaitions in 
such a system (Abdel-Hafez et al.1987Q), both the papers dealing 
with the operator equatione of motion. 

In the present note, I would like to consider en N-level atom 
immersed in a lossless cavity and ~nteracting with N-1 field modes 
in a nonlinear way. Owing to the conservation laws, the state epece 
Df the eystem can be decompoaed into a direct SUID of finite-dimen
sional subspaces corresponding to fixed volues of constants of 
motion. An eigenatate vector Df the sYBtem parametrized by a fixed 
Bet of theee constants ia determined as an expanaion over the basia 
of an appropriate finite-dimensional a~bapace, witb the expanaion 
coefficient being defined from the Schrodinger equotion that ia redu
ced on every eubepace to a finite eystem of algobraic equations. 

In aec.2, a multiboson variant of the N-level N-1 mode 
J-C model i8 formulated; the etructure of atete spooe is thoroughly 
analysed, exact wave functiona and energy levels of a system are 
found., and completeness of the obtained system of eigenfunctions ia 
diacuBsed. Secs. 3 and 4 illuatrate the applioation of tbe obtained 
epectrum to examine the aub-Poissonian distribution and squeezing 
effecte. 

2. Tbe N-1 mode nonlinear N-level J-C problem 

The Hamiltonian for an N-level N-1 mode eystem in RWA is 

N N-1 N.1). ). 

'1t :: [llj Rji + ~ Wj n:i t\.j t [" )j( ~/ Rwi -+ tlt~· J Ri"') (1 ) 

J':: \ Vi )=1 
/ 

tbe R.\~ :. \.\) <. i \ are the transi tion ( \ \) ) and pro
jections ( i ::. j) operators wi th tbe oommutation relations 

t~\il'R~t1:: Q..,t~)~- R"\~it 

2 

• 
\i> and Sl.i"\ \:= ~ \'l, ... I I'l are the éigenstates and ei

genvalues of an N-level atom. The pboton creation ~j and anni
hilation ()...j operators ~':. ~)'l)"'1 N-1 describe N-1 modes of the 
radiotion field wi th frequencies Wi and .Ài are the corres
ponding atom-mode ooupling constante. Note that 

\" .~. ~"":: 'b .' L I).,.t) R\Cl1 -=- t ~.{) R ..t "\ >: O,\. \1 ~J 'I 

According to (1) the N-th level is coupled with anyother j-th level 
by I>S -photon dipole traneiton ( )j >., O are integere, 

~ ~j ~ N-~ ), whereas th~ mutual transitions between the re
maining N-l levele are forbidden. Note that (1) is at N.2 and ~ .1 
reduced to a standard J-C problem whose exact solution ie known since 
1963 (Jaynes and Cumminge 1963, Lee 1913, Rupssov 1982). 

2.1. The Struoture of State Space 

The state space of syetem (1) ia generated by the baeis 

{ \ q>~~d > \ \'n.. .:'r> ''''''> ) "";'"),0 , ,\~M ~ N \' 

"hera by ~~, \ one should understand the set of the arguments: 

\ \\.~ \ -:: (\.v~ )\\, to) '" ) "".., 0\ ) \ \. \'\..,'> ':: \v...) 1't\1) ... , .... "'.,), 

where 

~ 
+ 
J llvj 

. 
\ \I.. i > ~ \'\.) \ \I\, j ) R,.; \"" >.: ~ \\'W\ \ ~ .>: 

Model (1) posseeses N~1 independent constants of motion 

" +tv\. = ..,\~} - ~j Rii ~~i~N-1') 
" Conservation of the charges of a eystem M'l limits the range 

of variation of numbers ~ ~i\ and I'\v by the N-1 conditions 

M·
J ~i .- ~j ri WI 1~j~N-"I, 

r 
where ( M~ ) M)., ..• I M ~~ I s \ M.; \ are common eigenvalues 
of charges M~. Owing to the conservetion ~awe, the etate 
space can be represented by L G) 1t {Moi 1 ,where every 
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Due t~ (5) expaneion (4) assumes tbe form 

Bubspace 

t M~ \ 

dt\Mi\ corresponding to 
ia 'generated by the basie 

a fixed Bet of charges 
\ ~ \!'Ii: ~i \) : \ ~ \ ~\ ) 

:= c.., \\>.~~,).,') \\\).) ... \'11\,,_\/ \~) t t.,. \""\)\lI\1.~j~) \"'\) ... \"''''_\'>\~') 

\ \ C? ~Md > = \ t M~ ~ ~\ S"'\ }) \~ > I h; E:: 9~ Mi \ } 

(2 ) 
+ ... + C... _\ \"'~'> \n,,) ... I\\-II-~> \'ilu_,-+ ~Il-I) \N-\> 

M.\<p\Mi.~ 
~ \'n > ~ I\'\.\~\.t-\i~ 

J M > ;. -Cl'I )\\'1)\1\.)..)•.. \~~-I)\N» 1\, ">/0) 
~ oi. , ... 

(6 ) 

and nv runs over the set 

(I\ Mi \ = \. ~ \ 'I, 'lo, ... IN} fi t \vi \ ~,,+ ~'~\'YI" ~ 01 n \ M \ M1.+ J).~~~.:~O 1 and 

n ... (\ l 'rt\ \ M tI--\ -t ~N-" ~ VVI N-~ ~ O } 
I

1·~1...u..\.~i 
. 1

::~\1 
. ~.

,.M.i:~rl) 
~ li)

!!!.,'V\"'-~>= 
. 

\1A.\)\\\t.) ... \~ .. _,)\}l. 
(6' ) 

the state vector \ \V \ Md ;> obeying the Sohrodinger equation where 

o .!- \"'j <.. ~j ) \\-.;., ~ ~ o 1 '\ ~ t 1 \ t'l- s.. 
to. \ M" l 
~\'f\q> t<- \ '\' \Mi \ > (J) 

with Hemiltonian (1) and corresponding to the aet ~ Mi} can be 
represented by the following expansion over the baáis (2) of tbe Inaerting (6) and (6') into tbe Scbrodinger equation (J) and intro

aubapaee 'ht \ Mi \ ducing the detuning parameter 

• \ \f \ to\i \ ) '= L (~\ q> ~d >. 
6 = Q \ 

j 
.. Q. N + \0,)')'

j 1 ~" 4, '"I ." I ti - -1 (7 ) 

M € 9\M) (4 ) we obtain the foll~wing solutionBI 

2.2. Energy leveIs and e1genfunotions i) 

It may be verified that feaaible oommon 
" form the setaMi t. ,. " ?)"') N-" 

I 

eigenvalues of charges \ ,\- lt ) 
\ v. , 

) ; 
( 

?. 
Q.. -I +. 

t -~\2.

J \!\) .,: 

w·., 

lY\,'\-~1, 't'\.,-) V1.~I''") 'w\..w-,,) 

(n." ) ~).. - ~ ').) V\~ \ ••• I 'v\..N-", ) 

( L
r=:" 

~ j \ l '" i <i1) I "rii) \ j> ~ di \ \ "-; \ ) \ N» 
) 

. J 
.1 n.~ ~ o I '\ ~t ~ N-1 (8) 

l "'" ~ V\.~) ••• I ~H-'l.' \\ ...-1 -~1I'-4) , r"i >-. o . (5 ) 
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C'I .-t
:: -ll N w·!\,,·t \~! L • t, .t- ~ to + Ô "', ~ o. (9 ) 
1.:1 

Here and in what follows we use the notation 

I t "'.~ l i ~ ) \ \\- i ·d j >::. \v.\ ) \ ~ ..'> ,.. \\o\..i") I \'I.j -\ ~ j) í k Sti) ". \ 1.1. 11~ \ > 

d!. - 6 1- ~ &. 2- 2- 7.. ~.~ 

:= 2" .- ~ /2.) t Q",.\ QIH '=: L. ~2. 
f~~ } 

i. t ("'-j~~j)~ .. ).~} j 
""..I .i 

li) apart from thia, N-2 eigenfunctiona 

l'.-\~K'
 
\'Y~~\>~ Nl"-\(- ~ ~i.\t"'i'\-i,)\\\,t~\)h>
 

\"''\ (10 )
 

t ! \< I \ h i *IC.r) \ \\ \o: t ~r- >I lo:':> ) 1. ~ k.
 
N - " 

correspond to the eigenvalues 

rl-~t \. \4.\ ~ ";;:. S2. N-\ t ~ Wj·\l.j T /J'''_I (Lt-Al-I + JIJ_) ) (11 )1

~::, 

where 

'l i t 
.o..k_1 Q \<.tfKJ. Q'H:7 

---1J.\C. 
~~ ~Il: 

(i 

6 

... 

iii ) 

----(j) 

~ \ \\ \ ):: \ ~ \t.; ~ > i j ) ~.; ~ o I O~~j<"~j (12) 

~.,~ (jl


t \"\ ~ .D..) t ~ w\ í'\..i. ~ ) (""1~(13)
 
t =\ 

Formu18~ (8)-(1) at N.2, ~ .1 go over into the well-known resulta 
of the standard two-level J-C model, whereaa at N.2 and ~~ ~ 

we arrive at the spectrum of the non-linear two-level J-C model to 
be found in the paper by Kochetov (1987)_ At N.) and ~ ~O formulae 
(8)-(13) reproduce the apectrum of the two-mode three-level J-C 
model with multiphoton traneitione firat obtained by Shumovaky 
et aI. (1986). 

2.3. Completeness of the system of eigenfunction. 

Let ua verify the completenessof tQe orthonormalized system of 
functions (8), (10), (12). Compoeing of theee functions the operator

L \\}J, ><. 'ti \ we get the N )( N matrix 

C'" a-... '-,.
IL lI c..'l,'1.... 1)..1N 

t 
•• , •••• I 

, ••• ". I • )
~N~ \l..Nl... o...N" 

where, for instance, 

l. 1 

ll,lhl L \~\O.''r)(\ ..... .;})Jl_~t__ ~1.tJ . I') 1 1. (\t 1 1 
l ~ l ~ ~ o '\ 11_\ t ~ + ~N-\ + ~_ 

~ b '{ 1. z, 1Due to the relation à"t :: - 1: '!. \I b 11..) + Q. tI'-1 the expression 
1n the braces is equal to unity and consequently, ~tltI -1. 
One can 88811y verify also that a, \01' ::. ().,i IJ -= O 

j "" " t, -.. I }I - \ •" l1) (t) } .1 I
Purther, wehave ~ bi;. t t l<. ' W'here theG..lC.lC. 

operator 
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(1) 

L, L \ \Vl.d ><. \ ~d \	 t L \h ~ ) <. \.~ .....\ \ :. L, l \. \\i \ ) L.- \ IA, \ \ 1. 
\ ~i ~ ... , ~ o) h" < ) ... ~~ ~J\l:.	 {lo." ~ o 

.	 Analogoualy, it ia eaBY to sce that O--K\ .. O I ~li ~1,'2.'·'·1 /'i-Ij ~t:i •
io cons~ru~ted from the functionB belonging to system (12); 

and ~: • trom the appropriate functions belonging to syatem 
(8) and (10):	 i1l 

,.(1) , l~ 3.	 Sub-PoiBBonian photon otatistica 
t....	 '" L I \ IA. 'Í ,\~ ) ) <. \ v....: '" ~'t ~ \ \\ ~ t h. ) ( h Ir. -\" J.. \ 

Here we apply the above resulta to analyac the aub-Poisaonian{~i \ ~ O 

'l 
photon distribution and aqueez1ng effectB in the conaidered model. 

~ 11-1
~k Q ~-,	 Both the aub-Poisaonian distribution and aqueezing

+ Ij I '- 1. t\ 
~	 

~~ L Jf.1- Q'I..\i: are 8specta of	 the quantum nature of light: the former being a parQ.lI-t	 \ 
'l :. \\\-1 ticle effect and the latter, a wave one.fheae unique propertiea are 

related to the decrease of quantum fluctuationa in the photon number 
and phase below thoae of coherent light. The photona are aaid to be 
sub-Poisson1an if tbere ia a nonclassical state of the field in which 
the varíance of the number of photons ia leae than the mean value ofTaking into account the relationebip 
photons. 

\l-I To oheracterize the photon statiatical propert1es Df the S1~

L	 A 
-t ~I to[ ~ - - ~ c r-. { ~-'\ mode l ~ $j t N-') , we introduce the normally ordered varianoe 

~t \ 

1/-, ; -~:\\ 
\{~	 Vjlt) of the pboton number in the ) \~ mode· 

that oan be e8sily proved by induction, we obtain ,. 
~~ A 1\ ).

Vj llc) :: <. "".
}

l 'c:") '> - (, 'h'
j 

l {-) '> ( \A. i l lo) >
(4) (14 )
 

tlr- .... [ \ \\,4.,\-+\l:.\)( \ "--l-/t-c.\\ \\I\",~JK)Z"'-\<.~~~\
 I\, 
~i{t t - \..ôt~ 

"". l+) :: Q.. \J...)' ClS Q,. • 
)\ \\, \ )( O 

1. The quantity (14)	 ia proportional to the exoess of ooinciden
Q. ....-I	 cea in counting ratea measured in the Hanbury Brown and Twiaa-type~~) 
1 

~ 

\1'1 
\.. > \{\Ai \ ) Z {~\) \

\ Q't	 experiment (Hanbur,y Brown and Twiss 1956, Glauber 1965). Tbe sign 
lt 

'k. { \\,;~ \ ~ O I \1\(. ~ ~ IC. ~) or \-) of ~~ l~) ShOW8 tbat the photon statistics Df tbe 

and finally	 field are super or sub-Poissonian, respectively (Walla 1~79, Ficek" 
et al 1984). Usually, to examine the number and pbase-dependent field 
fluctuationa in the J-C-type model! the radiation field ia initially 

c., ~ L· \ ~ t\\t-lC.~\ ( \I.\\*;.\«.\-\ { L \\'ll'o)<'A~\ + assumed to be in a coberent atate interacting with an atom initially 

{ \li,," K.\ ), O 'ri\<.. <Vk. Gl'i exeited to a certain level. Very recently, Kn1ght (1986) baa conai
dered the two-level J-C model for an atom int~r8cting at ~= b not~; 
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The average value of the time-dependent function ~t (~.'S) :: 
lllt -t 4- . ,l1\ t .

~ith a coher.ent state but with a vacuum field, provided the atom ;' ~ '\ (()..ilo.)) e. 1.S then 
ie excited to a coherent auperposition of upper and lower statea. :1 
To generalize Knightta procedure to an N-level J-C model, we aasume	 '! 

'1. 1.
\C.~\ ~'" t SoN-II <J \: ") ~ (tV" \t \~>	 

<. 
.J. I J i ~.);\

1
o 

J' 1 \ J 
N ~~.\
 

\ '+' (t " o) ,>': \.<p) L Li \ \Oi~) \j>, "J~
 (17 ) 

jq (15 ) 

provided that ~ l "L ~ o) .~ o • To characterize the departure 
where L lej i1." ")' .\ {o. \) ,. \0\ lo)'). ... lo>"., ia the field-vacuum 'i from Poiaaon statiatics, it ia convenient to introduce the parameter 
atate and 11> ia the pure atomic etate wi th the energy Jl j . (Mandel 1986) 
We eball neglect tbe effect of detuning (i. e., wri te 6.. = O ) and 
aeeume aleo that all )j	 > O i J '" ~) 2., . '. I t.J .• '\ • Then using the 

li 'l. li

\locomplete set of functione (8), (10), (12) one Can eaaily obtain the	 j «(tü~i) > - <. l\.j> 
=.atate vector for t 'l O 

(\,\.0)
}	 <~j > 

-l)t.t	 t. 1 . e ('tI
- ,. f+\ -lt l. \"" 

\ \{'~ t) '> "e.. \ <fi '>	 L \'\'\~})(~\k\1 <:l» e
 
\ ~, ~ ~ o
 which has some value between O and -1 when the variance Vi 

ia eub-Poissonian. With the help of eq. (17) for <1(~))> it 
ia not difficult to ehow that 

• f l-\ N _I . . . "'lil
 
l-l .H -d \3~ .. \ \" '\ I\-(J' /VIJI -Itt\,,~
 

+ L I 'V'lo\\ ><. 'ttl<.\ \'<VI ~ + L L \ *~"'~ v.~~"'I.IY> e.	 'l.. 'l. 
\J. \ C.,,\ ~V\ \- S"_I t '. I \lo\ \0.\\ ~ o i- 1 {'l\; '\'i b, o, kj <. JJ' -=-+ "'. - ~ 	 \c:.... \,..; .... -\:.Ç.N_1 ~ Q.

-::. "~	 "J.. :\j "j' 1 , 

.i 
.( \..i >	 S \0_, 

•	 (18) 
-lt:Sl..N 

Tbie impliea that tbe ~t~ -mode light field generated from the- - ~c.tJ e... ~""t.StJ"I ( ~~Jv,\. IJ\>\o> ... lo) H) ~ ~d~~ 'D)IJ~)."lo)l~ 
S... _,	 initial vacuum by an atomio-field interaction hae the eub-Poiaeonian 

pboton atatistics for all times ~ satiafying the condition 

, lt: Q.,.. '2. 
~ 1..+ t ') ['1-\ ~ ~IH '. \0> ... \o) \ J N •1>\N-I») + t", Q. CQ~\;~tJ'l	 S1\'" Jj .." 

\ t 1\I \ ,.,:. VI. t ~ N _I ) ;..'1. ~., 
~.j J' J 

N -.\ (19 )-l tstj .IQ) •.• \o,>\rJ) Eq. (19) rev.eala an interesting V} N -dependence of the time bet Li ~ \0) ... 10> \1>.~ 
baviour of tbe sub-Poiaaonian diatribution effect. Namely if the'l.. tI,( (16).I"'''1

"here S1'1-1 atands for ). r.h.a. of eq. (19) ia leaa tban unity, tbere exiate, witbin any
0...""_'1 ; [ 1\.\ ~.\'\ • 

aufficiently large fixed time interval l T'\) \1.) T1 '> T11 

\\1d= \Oit 
\~1 

a eequence of sucb time subintervala that in each of them pbotone 
exhibi t the sub-Poiasonian ~tatiatica. Aa S~ -I increasea, but

li 1j remaina fixed, the total length of tbeae subintervBle deoreaaea. 

~ I 

I	 11, 
10	 ,I

:l 
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SO", as N and (nr ) li I (..f j inerease the time durati on of the 
4. Sgueezing affeet

effeet within ( T",) T 2. ) beeomes shorter. '1'he same is also 
true if ~j inereases, provided ~i is suffieiently large. To 

Another nonelsssical effeet, the so-called squeezing affeet,
i~~uBtrate the point, let us eonsider the speeial case N.2 

hae recently beeome a Bubjeet Df intense studies. As for the Bub
( ~I ';; ~ )~"S Ã. ), the Bo-ealled nonlinear two-.level J-C model.J 

-PoisBonian distribution effeet, the light field in a squeezed atate
Then eq.(19) gaes over into 

bas no classieal eounterpart. Strietly apeaking, aqueezing ia eha

I' racterized by a field atate in whicb tbe varianee of one of two 
\ tI' \ 

1. 
~'" t x ~ 

-
~\_ ) ~ - ~ / ~ •I noneommuting obaervablea is lesa tbsn balf the absolute value Df 

their eommutator (Stoler 1910, Yuen 1915, Hollenborat 1919, KnightL. 
1986). We define the Hermitian field operators of tbe J'+\ modeand the affeet 8symptotically- dies out as ~ ~ ~ (~\ (I)

ll-j and O-i by (Knight 1986)lt is worth noting also that tbere is a more usual way to cboose 
the_ initial atate vector consí.der-Ing the ao-ealled pwnping mode·i, ~ N ~\l'l ~ 
in a eoherent state 1~); all tbe remaining IDodes,in vaeuum;and the ~. i ~ ~~ ~ ~i) ~. 

) h " ~i - a.,Tj ) 
at om jon an \. +\ level: ~ 

~, (.1) F\ t 
ao that l t j) o., j j -; ~ I't and the variance (~ Q.,1-) = 

~~) t ~l L. aatiafias tbe unoertainty relation
\'Vi(t-=o)) ( <. 0,:.) '\. =- { l..\ lOj~\\) Ie:)i. 't >(l.t- ') 

i _ ~":Hd • Il,i > ~) , 
C~l 1. l",)..

\Ô~i) (~()vl) ~ ~11C.' 
With the help Df the compl~te set Df funetions (8), (10), {121 for 
any sígnal mode ~ + ; belng lnltlally in vacuum it ls not . t~ ~") lo 

Tbe field in the l . mode ia squeezed if (~D.j) <. -'\ (~
ditticult to sho" ·that 

for eitbar \.:: 1 or 2. With tbe aid Df the state-veetor (16) it ia 
eaey to obtain 

'I'ztlt::o)\ ~ .. l-\:) \ *~Lt=o» - ( -, " ». 
1. <. "'-. > <. '-Y l t) \ o,.. 

\' 
\ *l~) )

} j 

1 *- .I (k.\t~i.\t)\ 1.. t . t - vt P'" \ 1 
~ ~L ~\ ~ ~ ~'" -'ri"" t ~\l'1 h. , ~j ~"" t Silo' ~ O ~j, f ~ i P~ ) P"> o (20 )S'i SW-I.... ,~\ ~o 

provided tbat as befor ~::: Q and all ~. ") O Taking
which tor 1i ;o" and x . :: ). . '\ s ) ~., g08S over into J) ) into 8CCOunt tbe relationBthe expression 

. ~) 1 t I t. t(ll." > ~ "'< i ( o. i ~ >4: ~ (~i ~ + \ <. c.i ;>t J
 
" /. \ ~ (\\. ~ \ l: ) \ _ 1


( "'- '). - , L n- ,",,,, Ü C~l t
 
o.. \ • ~... ,,'/.. '" t Z. 

\1-" ) ~ t "'-~ + N - 1 11 'I 1 ~ ~\ '- N .. li <- 0... > - ;- - <.. I).. " ~~) - - (. CI..) - _ (. ~. >
'-\ 1.. J..I \( \ ~ j~ 

witb the belp of eq.(11) and (20) we have for the var1aoeas 

l
:i 

' ~ 

" 
3 • 'L. t.tirst obtained by Kozierowski (1987) by means of an exact solution (A), \t",\ "tI-"" t s,,_, t. 

of operator equations Df motion. I i ~l\ t?v j \ \\ -t to >. i J.I ~
J j' j;). S\j_1 
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'1
!I 

1. lo 
~ ~",t ~tJ-\ c ( * -t;tv) ( litv.» '1'\.... \;,SII-1 ).1' \ 

- ?V~~_, ':\j O~J', '- \.1:.",Lj 'V c.1J Li ~ + -- i)V' i. (21 )-o 

.lt g,~2..-I j ) 

'I. 'l t.'" ,-tI.\) 1t _ltW\'J... (2.' t 1. t lC~1 ~l\.oBfH ),j ~i~ V'c.. tj Q. - l", lj ~ ) ) (ll Oj ) ::l 'i ?"S\l\ j 

-litw ~ 2itW) 2.. 1. \'t ~'~\\'tSIl'\ Ài SJi '''- C(~t1 e.. ,- t .... tj ~ .\ ~'" tS~H Á' e \l. i
 
- 2. I J'


"~IH , . ~ '1 S tJ-I (22)

'" ttw ~ - \ tw ) J'l t", tj ~ + cf.J (j Q. 

, 
~ ", 

As a conaequence of re1ationa (21 )-(22) there ia no aqueezing in
 
the ) +\ mode if J

j
' '>/ 3. The aqueezing might aCC:llr prov ided
 

~. • 1 or 2.

J Let ua put, for inatance ~j .1, then (20), (21) go over into 

t 2..2. 1. z, }
l'\ t , .li \'". "'''' il,., J 1 _ r. ,"", l lo"', ~i) (23 ) ( Cl ~ . \:: \; + S~ l '1. )
I 1 IH 

t, 1. 'l.. 1. 'I.. 1
 
\>1' \ li Y. ;;",H,., \ ~ _ r.... \ (iw + 'fi) r' (24)(fl ~, l > t: + I'~ l ~ I
 

'I , ~~~ 

\ \f'Where we use the parametrization t l" ':: V'", \ c.} 'l' e \ 
Not~ that for N.2 and rJ.. = UJ~ Q/z. 1 1', ~ ~\I\.. l<) I).. formulae (23), 
(24) reduce to the appropriate resulta obtained by Knight (1986).
 
Due to eqa, (23), (24) ( 6. L t . , 2.) ., 3- are aqueezed for a11
 
times aati8~ying the relationa J
 

,t 

l '\t"" ~ tw t ~i) \ ~ . 
'2. \ > - 2. I l"111 '" \"- t S~ oI '\ O 

UJ\ \ tw ~ 'fi) J ~~ 

It ia wortb noting tbat the equeezing effect is diminiahing as N
 
increaaea, due .to the increaae of S,,~, • Tbe case ~j' .2
 
can be conaidered in a aimi1ar way. The aqueezing conaidered above
 
ia due to the initial1y excited atomic states. Tbere is a number of
 

I";' 
! . papera dealing with that type of aqueezing (Walla and Zo11er 1981,
 

Wodkiewiez 1984), including the modela,where many atoma ~oherently 
I
 

interact with the field (Heidmann et a1.1985a, 1985b, 1985c). L·
 
, 11
 

Thua, we bave conetructed the complete set of wave functions and 
energy 1eve1s of the nonlinear ( {vl -dependent) N-level N-1 mode 
J-C mode1 and then ueed the obtained epectrum to inveatigate the aub~ 

-Poiaaonian diatribution and aqueezing effecta. There have been 
revea1ed the v - and N-dependencea of parametera characterizing 
theae effecta. 

Referencea 

Abde1-Hafez AM, Obada A-S F and Ahmad MMA 19878, Phya.Rev. A35 1684
 
1987b J.Phye. A: Math. Gew. 20 L359
 

Agarwal G S and Puri R R 1986a Phya Rev. A33 1757
 
1986b Phya Rev A33 3610
 

Bogolubov N N Jr, Fam Le Kien and Shymovsky A S 19868 J.de Physique
 
47 427
 

1986b Pbya Lett. A11G 175
 
Buck B and Sukumar C V 1981a' Phya.Lett. A81 132
 

1981b Phya Lett A83 211
 
19848 J. PhYe. A: Math.Gen 17 877
 
1984b J. Pbya A: Math Gen 17 885
 

Eberly J H, Narozhny N B and Sanchez-Mondrogon I I
 
1980 Phya Rev Lett 44 1323
 
1981 Phya Rev A23 236
 

Ficek Z., Tensa R and Kielich S 1984 Phya Rev. A29 2004
 

Glauber R J Optica1 Coherence snd Photon Statiatica in: (eda)
 
C de Witt, Blandin A and Coben Tannondji C Quantum Optica and
 
Electronica (Gordon and Breach New York) 1965
 
Hànbury Brown R and Twisa R Q 1956 Nature 177 21
 
Heidmann A Raimond J.M. and Reynand S 1985a
 

Phya Rev Lett 54 326
 
Heidmann A, Raimond J M, Reynand S and Zagury N
 

1985b Opt.Commun 54 54
 
1985c 'Opt.Commun 54 189
 

Ho11enhorat J N 1979 Phya Rev D19 1669
 
Jaynea E T and Cumminga F W 1963 Proc IEEE 89
 
Knight P L and Radmore P M 1982 Phys Lett 90A 342
 
Knight P L 1986 Phyaica Scripta T12 51
 
Kochetov E A 1986 Preprint, JINR P17-86-45
 
~ochetov E A 1987 J~Phyà A~-~th 20 ?4J3
 

Kozierowaki M and Shumovsky A S 1987 Preprint~ JINR E17-87-27
 
Lee B S 1973 J Phya C: Solid State Phya. 6 2873
 

15
14
 -, 



MandeI L 1986 Phyaica Seripta T 12 34
 
Meyatre P and Zubairy M S 1982 Phya Lett. A89
 
Paul H 1982 Rev.Mod.Phya.390 54 1061
 
Rupaaov V 1982 JETP Lett. 36 115
 
Singh S 1982 Phys Rev A25 3206
 
Sto1er D 1970 Phys Rev. Dl 3217
 

Shumovsky AS,	 Fam Le Kien snd Nguyen Dln~ Vinh 1986 J.
 
Gen 19 3607
 

Wa11s DF 1979 Nature 280 451
 
Wa11s D F and Zoller P 1981 Phys Rev Lett 47
 
Wodkiewiez K 1984 Opt. Commun 51 198
 
Yuen H P 1975 Phye Lett A51 1
 
Zakharov V I and Tynterev V G 1987
 
Laser and Partic1e Besma 5 27
 

Reeeived by Publish1ng Depsrtment 
on Oetober 9, 1987. 

16
 

, t 

Phya. A: Math 

11
1
 

I
 
. '. 

KOtIeTOB E.A. E17-87-736 
0606~eHHaH N -ypOBHeBaHN -l-Mo.n;oBaH 
MO.n;eJIb· 'u)KeHHCa-KaMMHHrCa 

PaCCMOTpeHa KBaHTOBaH MO.n;eJIb, orracsraaroutaa HeJIHHeHHOe 
B3aHMO.n;eHCTBHe N-ypOBHeBOH CHCTeMbl C N-l MO.n;OH nona aany
qeHHH. TIOJIyqeHbl rrOJIHaH CHCTeMa BOJIHOBbIX cPYHKI.\HH H ypOBHeH 
3HeprHH. Oõcyacnarorca npHJIO)KeHHH MO.n;eJIH nna HCCne,nOBaHHH 
3lP<t>eKTOB cyõ-nyaccoaoacxoro pacnpeneneaaa lPOTOHOB H C)KaTHH 
CBeTa. 

Pa60Ta asmonaeaa B Jlaõoparopaa TeOpeTHtIeCKOH lPH3HKH 
ül1HI1. 

Ilpenpaar 06'henHHeHHOrO HHCTHTyra R,llepHblX accnenoaaaaã. ,ny6Ha 1987
 

Kochetov E .A. E17-87-736 
A Géneralized N-Level N-I-Mode 
J-C Model 

A quantum statistical model for the interaction of an N-leveI 
atom with N-l-mode radiation field in a nonlineàr way is presen
ted, and a complete system of eigenfunctions and eigenvalues is 
found. Application of this model to the investigation of photon 
sub-Poissonian distribution and squeezing effects is also discussed. 

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