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I. INTRODUCTION 

The Jaynes-cunlIlinge model I II of a two- l evel atom interac ti ng 
with a quantized single-mode radiation field is at the core of 
many problems in qurultum optics, NHR and quantum e l ectronics. 
the importance of this model lie s in tha t i t is per haps the 
simplest solva~le model t hat desc r ibes the es sent ia l physics of 
radiation-matter interaction. Recen t studies of th i s model by 
Eberly et a1.' 11 and Knight a nd Radmore ' " have revealed qunn­
tum collapse and revival which are clearly a manifestation of 
the role of quantum mechanics io tbe coherence and fluctuation 
properties of radiation-matter systems. I n a series of paper 
Buck and Sukumar/ 4.-1 ·and Singh 18/ have propo s ed t hree exactly 
solvably generations of the Jaynes-Cummings model one involving 
intensity dependent coupling, One involving mu l tiphoton interac­
tion between the field and atom, th~ other i nvolving few-level 
struC:ture of Lhe atom . A generalized model cLe scribing a tvo­
mode process in a three-level atom with one-photon transitions 
has been investigated by li and Bei .'9 ' and 8ogolubov (J r. ) et 
i11 ~ 10-14 ~ An excellent review of the dYllamjcal theory of Jaynes­
CulIlDings-type models has recently beep given by Yoo and eber­
ly ' 40 

The possibility of a multiphoton transi cion. which proceeds 
via intermediate states, has rirst been pointed out by Mayer/l~1 
Various multiphonon transition processes have been studied 
both theoretically and experimentally . Amon~ them are tvo-pho­
ton and more general multiphoton lasers /18 - 2< two-photon de­
cayl!3 .241 multiphoton absorption and emission in a two-level 
atomic system ' 26.28 /. Rrnan and hyper-Raman processes 127.2,8 1 

We wish to present in this paper a rigurous and fully quan­
tum mechanical LreaLment of multiphoton two-mode processes in 
a ~hr~e-level atom on the basis of an exactly SO l vable Jaynes­

. / 29 ' 
Cuma~ng.-type model . 

In 12 we describe the model . Sec"tion 3 contains derivations 
of general explicit expressions for the time dependence of the 
level population and photon number operators. In §4 we study 
photon statistics. Sec.tion 5 gives 0 consideration of the quan­
tum dressed states and transit i on probabilities . In 16 we sum­
msrize the resu l t s . --; t 
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2 . 	 DI:: SCRI PTlON OF THE MODEL 

We consid e r a three-level atOOI he.ing at rest i n a lossless 
cavi t y and interac t i ng with a resonant quantiz~d two-mode ra­
d iatioD f ield4 The energy operator (or the atom is 

s 
t1~ 	: l: 1; O)R JJ . ( I ) 

) - 1 

Here, the operator I!JJ I j '''- J d~scribes the popuLation or level 
J and 1>11) is the correspondin leve l energy. The fteld namtl ­
[onian is 

2, + 
Hr · !. n tIJaa.,,3 a 	 (2)acJ 

tThe rho ton annihilation and c reation operators u a I~ (0::::1:1.2) 
describe mode a of the quantized radiation field in t he cavity, 
The (0); 9 are the Diode frequencies. Let the upper level 3 be 
coupled with [he level 1 (level 2) due to the i ntenction with 
the field in mode I (mode 2) via a m I-photon ( ma-photon) 
transition, see the figut'e in which the. energy level structure 
a nd t rans ition scheme at'e sketched for the case IDI = ), m2 • I . 
The corresponding mu l ciphoton resonance conditions 

0s - Oa = m.wo' (•• 1.2) (3) 

a r e assumed to occur. As is well known, lhe atom-field i n t er­
ac t ion for a rnu l t iphoton process may be des cribed by the effec ­
t ive H£lJll'~ton ~an wher e a summat i on over intermediate states is 
impli c it 26,30,. In the case of a t hree-level two-mode system con­
s i de r ed here the effective Hamiltonian in the e lectric dipole 
and rOlating wave approxlmat i on takes the form 

HAF~ 1'.} Igo(Rso":· , Rasa :mO 
). 	 (I, ) 

-r-	 3 
W 2 

-	 .........-2 

3(,.)\ t:"e1'fJY /.iwel s t l 'U.C­

I tu ,'" and tnlnsitum 
scJ,."fle v[ the system CGn ­

sidel'ed in the p<ll"tieu lin' 
case Dl =3.m 1. 

1 

_11 __ 1 n 
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Here, the oper a to r Rij .. ' · ....:. JI descr ibes t he a t omic transi tion 
f r om leve l J to level i (I I- j). The mode a - a t om cou p ling c onst an t 
ga i s propo r t i ona l to XCma >, t he dipo le ma t r ix e l emen t for 
II rn" -photon t ransition between l eve l s 3 and a . Th e op e r a t ors 
R1J -I I> <J ( I. j 1, 2, 3) obey t he re l ations:c 

(Sa)R IJR kl · Rlr 8 . J • 

! R IJ .Rk/ l ~ Rlt0'J - RkJlltl • 	 (5b ) 

s 
l: R lI = l. (5 c ) 

\ _ 1 

Thus , t he ful l model Hamilton i an o f the U~ tom- rieldll tlystcm 
is 

II =II A +Hy , HM• = 

(0)
a 2 2 , ~ 0 " t ,. 1 (It m. +ID. 

~ 	 .: n J R IJ T - 1"'. • a '. + n 1 l!,. Sa • • R. s I a ) . j _) CI.:o J a - l (l 

No t e , 	 t he case m 1 = m2 z: 1 has been con s idered by Bogolubov (Jr.)
lO- lfet al . . In t be s pecial case when t he s econd mode is exclu ­

ded from consid@ration , i.e., whe n 82 0 we can obtain from 
the Hamil t onian (6) that examined by Buck and Sukumar ' 5.7 

"lid Singb 181 . 

J. 	TIME-DEPENDENT LEVEL POPULATI ON 
AND PHOTON NUMBER OPERATORS 

J. 1. Equations o f Mot ion 

Starting from the Hamiltonian (6) ~e ~rite down t he Reisen­
berg equations for varioua operators in the u9ua] way . i.e. t 

() - (I '\,) [H. D). rirst o f nil we define for convenience the sub­
sidiary operators 

.. +"'0 
(7)A•• I( Rao"ao -R.3 • a ) . 

Then , 	 the Heisenberg equa tions for the level-populali.on oper8­•tors Rcza and the photon-number operators Na =- aa6Q lo • tt 2 ) 

are quickly established 


Rao (I) 	~ loA. (I). (6a) 

Na (I) - rna l!,.Aa(I). 	 (Bb) 

3 
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From the se equ.ations it follows that 

Na(l) - maRaa (,) ~oons ' aMQ • (9) 

where Me's a re constants oC mo tion. 
By us i ng re lations (5) tbe Heisenberg equations for Aa are 

found t o be 

• 2(M a +ma), 
QA Q(t) - 2ga u , 11 - RIl(') - R2~t)-R.J')1 - glg2B('). (10 ) 

a 

wbere 

tD) 1"m2 tID l Il~ 8 o R. I " I"' • R 12 a l "•• ( I I ) 

TIle operator B obeys t he equation o( motion 

(M .m) (M. t lllall 
B(,)~g, 1 IA.(I) . 'z A 1(1). (12 )

MI , M.' 

Equations (8a ), (10) and (12) fnro a closed 8y8t"'" of linear 
equations chat has the follow ing integra l of motion : 

gl'zB(') - .\~22 (1) - .\;Rl1(l) - cOIlSI = K. (13 ) 

Ilc.re the notation 

)..2 • •• (MQ + m ), 
a -n: t'l ( 14)

Mal 

bas been introduced. 
Let uS noy differentiate each of equations (8a) with respect 

to time. Taking into account eqs.(lO} and th~ constant of motio n 
(13) we get then 
•. 2 2 2 2
R l1 (Il +(H I + .\. )R II(') t 3A,R.2(1l - 2A 1 - K, 

(15) 

. . 2 2 2 2

R 22 (t) + (4A.+.\I)R••(') . 3.\.Rll (.) - 2A. -K. 

Note that equations (1 5 ) arc the same as the equations obcained 
previously in the paper of Bogolubov (Jr.) et al."01 for th" 
case mI - mZ _1. One can consider these second-order difCerenti­
al equations as a system of equations for bounded quantum os­
cillators / ai / generating Rnbi nonlinear o scillations of level 
populations and photon nUlllbers /~U in our model. The dependence 
of (15) upon the numbers of multiple photons per atomic transi ­
tion m 1 and m2 is included in the expressions of Al , As and K 
only. 

4 

Tbe solutions of the oystcm (15) caD easily be found and 
represented in the form 

·R Il(.) =~(CO.~I-l) </lSInA ' + A~ 10(0082'\1-1) +vsln2~1 1 + Ru(O). 

( 16) 

Re2 (I) --,, (cos >.t-l) - /loin'" 1+'\: 1u(oos2 "I - 1) + vsln2 At 1 • R.iO) , 

where the operator 

A. (",.,,,")y, lJ(Ml t m~ ' • (M. +IIle) I] y, 
(17)

1 • - &1 M I + '. M.II 

describes the Rabi oscillation frequenci es . The: "amplitude ope­
rators" Il ,fJ. u. , Yare defined by the initial conditions .8S 

f 011ows : 

• eel~.IA2[ ....• Ru(O) -AIR ••(O) ] • (A.- ... 1)K ... ' 

o =1 ..."\1-2R (0)] +KI / (H' ).ss
(18) 

• 2 8 
/l= 1'\.'I A1(O) -.\lc ..... (O)\ / .\ 

v _lgI"'I(O) + ~"'.(O)1 (2A'). 

By UBing the conservation lavs (5c) Bnd (9) together with eqs . 
(16) we can obtain 

Rn(1) _ _ ),2(0(oos2>.. -I) + v 0In2,\,). R • (0),B

N 1(') • mll~(oo.~ t -I) + /l sin AI t A~[D(oo.2At-l) .veln2AIII+N 1(O).(19) 

N2 (I) • m. t-,.(cos AI -1) - /lain A I .A:I u(cos2>.-I) +V 11.2 >.til + N2 (0) . 

Thul, we have found the soLutions Df the equations of ~cion 
for the level-population and photon-number operator. in the 
Heisenberg picture. Since the. operators Mo. thereCore, and the 
operators . >. a and A are diagonal in the space of the basis 
states t we can use the solutions (!6). (19) 8S conventional 
mean' to find the t ime dependences of the level populations and 
photon numbers. By uling these solutions we can find also the 
statistical characteristics of the photons in the system (see 

et a1. / 121 andl!ogolubov (Jr.) 54). 
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3.2. TUne Evolut ion Operator 

We denote the free Uami l t oni on of tbe ~ tom and f ield by Ho 

HO HA • HI' 
(20) 

Then , the f ull Hamiltonian (6) can be writ t en as 

H ~ li0 1 H AP ' (21 ) 

It 	is easi l y shown tbat bo t h Ho and H AF' are constant s of mo­
t ion, i.e., 

[ H , Ho ] ~ [ Ii. II AF 1~ [liD, H AF 1= o. (22) 

Thi s a l l ows the Lime evolution operator OC t) t o be written as 

U(I) ~ .xp[-iHI/El = exp[ -iH ,It] exp [ -iH 'Ail ­o AF 
(23) 

= exp[ -iH tAil U (tl. 
Oint 

where 

U ln t (t). exp[ - iH ,,,.t : t>l 
(24) 

is 	the time evolu tion operator in the interac. t ion pic l ure. 

By using the identiti e s 


N 	 ,t m 	 (Nm , m)101 . a 3 111 U,+m • 
3a 	 aa (No - m) ! Q a (25)Ncr ! 

and the r e lations (Sa) we Col n easil y sho\l tha t 

(H&/1i)" n l{ ,~2 , II K. 0,Ar 	 «6) 

where the constant opera t ors K and ,\ have been defined i n the 
previous subsection by eqs . (13) and (17 ), respective l y. From 
cqs. (26) it (011 0 1.'6 t hat fo r an i nteger Dumber n ~ 1 

(H 	 •~A2nAr,n~)2. 
= (HAT ' 1il'D' I . (ff ,, /f. ) 1. 2n • (27).... 

He nce, it is easy t o express the time evolution operators U (t) 
an d U(I) w. the f orm 	 1h' 

(t) : K + ... 
e 

U ln , t OSAI - i ( ff AT ,t) ~ Sin Al - :.,Ai'" 	 (28a) 
6 

U(I) • • 'P(-iffo l/1i ) U 1nt (t). 	 (28b) 

The t ime evo lution of any opera tor is now de t ermined by appl y ing 
the transformation (28 ) [0 its va lue at the in i ti al time t .., O . 
10 pa-rticular, the. densit y ope rator p (t) of t he system 11 3tOI1l­

field" in t he SchrlSdinger pi Clure ",il l be g iven by 

p (I) U(t) P (0) U~ (t) 	 (29) 

in terms of its value at time t o. 'rhe dE"llsi l y matrix p,{t) of 
the radiation f i eld and the probability P(nl.o.;t) of fi nding 01 

photons in mode 1 and "2 pholons in mode 2 are found fr om oq . 
(29) t o be 

+
P/I): 1'[ U(t)P.(O) U (I) ]. Pt., .o . :t) " 2'· , ' Pr(l) In l ,,,. , · (lO) 

Us ing cqs.(28 ) -(JO) we. can c:xamine pholon Sla tistics for a given 
in itial state of the system in tbe manne r o f Si ngh 18 .', 

On the o t her hand, the time evolut i on of the operator f' 
in th~ Heisenbe rg picture is given by 

t' ( t) : Ut (t) ~ U (t) . 	 (3 1 ) 

Using eq•• (28) and (31) we can quickly como to t be same equa­
t ions (16)-(19) .nd e.amine the time behaviour of the level 
popula.tions and photol1 numberfi for any initial state of the 

system. 


4. 	PIIO'j (1N STATlSl'lCS 

Let us introduce the following operato rs of t he character is ­
lic function o f pho t on di s tribution 

). «(,,(.).OIp( il,Nt(I). l(eN.(t)!. 	 (32) 

• Using the conservolion laws (9) we find 

"u1 ' l e' ~ exp(i( 1 MI' i(. Me) I( exp(l(, m, ) -11 R,,(I) , 

(33)
+! expUleme)-llR2.(t) .11. 

Denote by p(O) the de os ity operator describi n g an in i t ia l 
state of the "atom-field" system. Then. the characteri stic 
func tion <lI(l" (2» i . defined as 

<lI(ll'(e» · Trll«("le)p(O). 	 (34) 
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It is connected with the photon distri bution funct ion P(D ,D 2 ;t)t 
b y the relation R20,""De ;1) = 2~ (I.n " " 2) SiD' A(L'"D2 )1

2 

<)«';1 ,';.»=:1: exp(i,;,n ,+i';.n.) P(n ,°2 ;1) (35)
D1,02 1 

-l! '~(1,D, " ,) u(i ,n ,.D e) 8inel. (I," , .D.) I +oel 
which allows us to get the latter if t he f o rmer is known . 

Once the characteristic and photon di s tr ibulion func t ions 
where are known, it is easy to find the stat istical moatentr of phot on 

number <Na"tl» and the correla tions of "odes <N~(I) Ne<I» using (Da - "a Ba' + ma)1- ' - Ithe relations Aa("O"De ) - ga' 
(Da - 1lIa8 . 1)1 

m m am 
< N a (I) > = :1: "a P (0I'" 2;t) ~ <)(a -J . 0, ( 2 a O) > (4 J ) 

"In 2 a(l ,; ).. A(i ,", ,n .) c -./ >.2 (1," ,.D ) +),~ (i,D I ,D2 ).a 1 e(36) 

k f a l-t-I 


<NI(t) N, (I» = :1: okl,P(n"D.;I) = r < )«fI= O'';2~ 0». ~ 0,0 , ,n 2) m 2 ),~ (i , n J '"e ) .! (i, 0, ,D.) {o,; - °21 1/ >.4(1,01 ,D,l. 

"In . <1 (i ';I;0(1( 2) 


U(i,Dp0.,l = {,I,~ (i 'D, ,0 t 811 i,l,~ (i,D, ,0 2) O~I - .:t(i,D ,,0 ,)oSI 1112 *(i,o, ,"t1. 
Equations (33)-(36 ) toge ther wi t h eqs. (1 6) al l ow us to dis­

cus s photon statist i c s f or a given ini~ial state of the system. 
Comparing eq .(38) with eq.(35 ) we obtainA de t a i l ed cons i dera t ion o f t hi s prob lem wil l be given belovo 

We fi rst a s sume tha t the stom is initial l y on a de f ini t e 
P(n" D,; t) = level i. i . e. , 

~ P (D ," m1011 - m, ,De +m20 21 ) R,(i; ", +m, 011 - 00 1 ,De + "II 821 ; I) -t­p (0) = I I> <i ! " Pr (37) 
(42) 

+ P( " +00 18" • ne+me D2, - m,)R2(!; n,+oo,o" , "2+m. 8' I-m e ; I) -t­wher e the densi t y matrix P descr ibe s the i nitia l s t ate ofr
t he fie ld. Then, by using eq•• ( 33) , (1 6) and (3 7) t he c hara c­

+P (0, +m,8 u, °2 + 002 8 'I ) R3 (i ; n, +m, 0'1 ' n2 +002°.1; I) ,ter is t ic funct i on ( 34 ) is found to be 

< )( ( ,, (. ) >. :1: Pen " n. ) .xp[ i ,;, (" , -m,81!)+i( . (0 2-iD 2 0'I )1 where 

°, °2 


(38) Ra(i " 1 .n ;t) - 2 ),'O, n .n ) u (!. D, ,De) Sine)'(i,n"n.)!, 0SI (43)2 l e
 
l[eIP(i ( I " t -lJ R,(I,"I ' "2 ; I ) -t- [ elp(I!i".) - 1]R.(I'" 1.n2 ,t)+1l 


t he stat i s t ical 11loment s of pho ton numbe r and the correlations 
of modes ar e found from e q8 , (36) and (38) to be 

<Nam(I» = 1: pen, ,n ) 1(0 -1D 8 1 ) m ,­
2 a a aH.ere P (01.02) is the initia l dist.ribution of photon numbers hi B2 

(4 4 ) 
+ [ (0 a -maDa l + IDa )m - ("" -maDa l f'l R. 0,0, ,D .; ell

P (" " lle ) -<O" 'I \py, 0, .n." ( 39 ) 

I , "" tThe funr t ions Ru(i,o,,".; !) in eq.(38) are determined as ~ < N, (I) N e(I» - I P(n ,'" e ) l (o l - ,(D e - w.o21) +mI 8 11 
.. "2 

..P_ ),(i,",.n.)!
R ,(1, . I' ' '; 1)--2 p (i , n ,.n 2) 8irr 

2 + ("_l,-ro IS,, )k [(D e-me Oel + m 2)f - (n e -m20" {1 R 2(i ,D
1 

.n.; Ih 

I 

( 40) t • • 
+(0 2-002° 21 ) [ (n l -m, DII· m,) -(n1-m,o'l) JR, O, OI,02;1) ­-2 >.i(i ," , '"2) u(I,n , ." , J8il,'! A (i,0.J""' ) t ~ '811 
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In 	particular, we fin d 

<Na(I» - :£ P(n"D 2)lna - ",05 al • maRa (Ln ,," .;l )}.
Dine 

<Na
2
(1) > - :£ P("I,n ) l(o a- ma8./ >1 2ma(na -!\laO a l ) +m! JR. (I,o,.n.; I) I. e 

D]Q 2 
(45) 

<NI (.) N .(1) > 1: P (n l,D e) I (0 l-m,611 )(n 2-me 8
21 

)t2 

2°1 °

.(0 1-mI D 11 ) m.ReO, nl ,oil) I (n 2- IIf el )0\1 RI ( i ," "n2; 1) , 


Note. in the case i :c 1 t nl l:. m := 1 equations (45) reduce 
t o the resu lt s obtained by Bogolutov (J r.) .t 01. ' 121 Equa t ions 
(42 ) for the distri bu tion function of photon numbers can e asily 
be f ound by other ways usinf; either t he time evoluti on operators 
(28) and eqs. (30) i n t he Schrodingcr picture o r the dressed 
sta te formalism (see section 5). With the aid o{ the ab ove-ob­
tained eqs.(42), (44) and (45) we can examioe the time beha­
viour of var ious photon statistical characteristics. mean photon 
numbers a nd mean atomic level popula l ions ' 19,14'. Tn pa ccic:ular, 
the i nteresting effects such as quantum co l lapse and r e v i ­
val 12 •S , l S / . quantum c haos l 3S,3•• photon antibunchi ng / 141 in exaC't ­
ly solubl e mod els can be investigated. 

S. 	 QUANTUM DRESSED STATES 
AND TRANSIT1DN PROBAB1 LITIES 

We represent an eigenst3le vectOr of the free Hamiltonian 
Ho by 1! ;n J.D£> , ""he r e I i> is an atomic eigensta te vector co r ­
r esponding to level t. and Inl'nR"'> deno tes a Fock state with Dl 
photons in mode I and "e phD tons in mode 2. This ve.ctor desc­
ribes the so-called undressed state of the system '8$-51/. The 
eigenstate. of the full Hamiltonian are easily found by solving 
the s tationary Schrodinger equation 

H", =Et/I . 	 (46) 

Their.expressions in terms of the uudr~5scd states I t;n ,02>1
are g1ven by 

~~J 	 ~~~ .L 
"'.'0 n - II;DI +ml,og>' 12 ;0I,02+"\!'. 13;","." 

. " 2 ,,2 ~(o "Del ..; 2 .\(11"ry "IT 

A ,(01) 	 AiDe) I (4 )'t. n II;D,+!\II'"e'>; 12; ,\ ,°2+0\ ,( - -13;0,,"2'. 7 n , I' 2 ,,2A(n,'" e) ,,2 A(o r oe) "IT 
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~~ ~~ 2; nl,n2 +me~ ' "'O:Ol. n 2 ~(nl.o~) I I; nl,ml'" e ' - ~(n l'" 2) 

and also by .].". ~t 1;n.n 2:. wi th 01 S; m 1 - 1 and I/J .­_1• n 1. h2 2 ; ° 1,02 
• 2 ; n 1:0'2> wi t h De $.. m -1 . Her e f or convenience ~e have deno t ed 2 

~I (n I ) 0 'I V (n 1+ m ,) I ~ e (n 2) = go V (n .+me) 1 

n l - Del
I 

( 48 ) 

~(n I'~ ) "- v' ~~(D I) , ~~ne) _ V g~ (n ! +'"1 ) 1 ;. g ~ (nZ+m2 )! 
n 1 r n 21 

The e igenenerg ies Ev' (v = 0, of ,I f 2) of the f ull Hami 1 t onian,° 1,° 2 ­
H 	 that correspond to the eigenstates I r/J > arc found t() be 

".:n l' o S! 

EO;nl.n2 = t(!J S+J\"1 ,ntf' ,l. 

(49) 
E = E ~ ~ ~(n! ,021.± :o t,n 2 O;0l'D2 

and 

E. _ =t(!JI + ii f"I+'\!"2 )1.nl'n 2 	 nl~mi-l 

(50)
E 2 ,n_ - - t(!J 2 .. 01'" 1 +"2"'2l ii 2 5m2 -1.,D

t 2 

Thus, tlle s pec trum of t1le Hami l t on ian H consists of a l at t ice 
of tripl e t s o f c losely s paced e i gens t ates w. (s=O, ±) and 

S.n 1. 02 
Ewo sets of e qual ly _s paced undressed s t ates 11 : 0l,n 2> with 
° I~ m.-l a nd 12 ; 01 ' 0 g> wi th " 2 S m2 -1. Each t rip let is cha ­
racter ized by a pair o( ind kes (0 1,°2) that i ndicates that those 
tr iplet staces are l inear combina t ions of the t hree degenerate 
states l1; ol ,m l.og>, .2; ", .o2.m., a nd 13 ; 01 ,°2> , see (3 3 ) . The 
energy splil t ings ! t~(0\,n2' wi thin the tr1pl e t (n .n 2) are of 
;ourse due co t he coupl Ing of the atom to che fie Id and are re­
f e r r ed to a s t h e resonanl St ark e f fect . The trip l et eigenst8tes 
"".: 0 1.n2 (6 • 0, ± ) are called qu an t um dressed s t a Les of the 
sy9tem 136-31,40 / . It i s i nteresting to note that t he dressed 
states ~o . ,see the last eq . in ( 47), are t he coherenl su­

,n l ·De 
pe rposi tions of only the undressed states 1 ;01+m l .Dt> a nd 
12 ; n l .n2+ID,y b ut no t 3 ;° 1_°2>, The exi stence of such d re.ssed 
states uncoupled with t he upper l eve l 3 pl ays the impoTt-ant 
r ole i n t he mec hanism of t he population t r a ppi ng effect/37-401 
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due to which the decay channels in multiphoton excitation 
can be turned off. 

We now proceed to calculate the probabilities for the multi ­
photon ttansitions of l:he atom. Let us denote by ¢(t) the wave 
function of the total system "atom+field" in die SchrOdinger 
picture. Then, the probability of finding tbe atom On its J -th 
l evel at t ime t as a result of the transition i~ J initiated 
by 0, pbotons in mode I and 02 photons in mode 2 of the field 
i. 	defined by the formula 

P (I : I - J ) ~ 1: I< ¢ (I) 1J ; 0 '1 .o~ >12 . 	 (51 ) 
n · a ' (D1De ­

J 2 
Here, the initial condition 

¢ (0) ~ II: D I' D 2 > 	 (52)
ill 1 D i! 

bas 	been assumed. By expanding'" I (0) in terms of the dres­
n1 a 2: 

sed eigenstates (47) we can easily find the time dependent wave 
functions "'I (I). They tead 

tI ttl, 

"' 1DI 1m ,D2(1)8Ip( I(Os t D101 1 t".",.)11­

2 	 • 2
~Jl,0 1 +"'1""2> 1'\1(D1)COO (A("1.0.lt ). '\.(11.») / ,1. (01.D.l t 

+ 12: 0 I ,D2+ m 2> Ico. ( A(n I"D e) I 1- LIA I (n 1 ) A e(oe) / ,1.2 (n ,oD 2 ) ­

- II 3; 0 1 ,D., A1(D,hlD [ ,1.(0 1.0 2)110 (n 1 ,n 2)' 

¢ (I) e.p[l(O •• D "'1' o''''e)ll.
tD1Dz+me ~ 1 or; 

- 11; "1 +mI' De> ICoo ( A(1l 1,Il 2)11- 1 IA1(D ,) AJOe) I ,I.e (D I ,n.) + 
(53) 

e 2 2­
+ \2: D I ,n •• m.> I),.(n; co.! MOl .0.)1] tA1(D,) 1/ A \D 1.D.) ­

-liS ;D,'''I>'\2(D.)01.( A(DloD.) 11 / 1o.(0 . ,D.). 

¢ an D (I) up ( I{Os + a I .. 1 +"2 01 el 1 ] ­
I • 

--111: 0 , +m 1 ,D.> AI(a l )e1D[ A (D ..n e )l] / A(DI,n 2)­

-112 : DI ,n.+mz> '\2(n2lolD( A(n I,n .) I1 / ,1.(11 I .n.) t 18 : D I"nz> c"et .It(Dl.Dsl I]. 
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Hence, the expres s ions of the probabilities (51) f or the multi ­
photon transit i o ns are found to be 

P (t ; i • J) - R I (I. 0 I .0 2 ; I) • (54) 

where the funct i ons R I(i.n 1.0 2: t) have been defined by eqs . (40) 
and (43). Equation (54 ) impli es t ha t t he t r ansition probabili ty 
P (I; i • j ) i s equal to t he popU l ation of lev el j under t be ini ­
t ial s ta te (52). Us i ng eq. (54) and the deta iled bal aoce prin­
c iple, and under the init ial condi t i on (37) ~e can eas ily ob tain 
t he same eq. (42 ) f or t he photon di s t r i bution func t ion P (n 1.D 2 ,t). 

6. 	 S~RY 

In th is paper we have present.ed and s tudied a soluble Jaynes­
CuOtn ings-type model. 'the model considered consis t s of a l ambda 
configuration th ree- level atom i nterac t ing with a two-mode re­
sonant radiat i oo field throu gh t he mult::ipho to n transition mecha ­
nism. The general exp l icit express i ons for ch~ cime-d ependenr 
leve l populat ion and photon number operators have been derived 
by various ways us i ng either equations of motion or time evo­
lut ion operators . The quantum electrodynamic expression of Rabi 
osc i l la tion fr equencies has been obtained. Pho ton statistics in 
the mode l ha9 been s tudi ed . Expressions for the photon distri ­
but i on, chnracteris t i c function, mean photon numb ers , statis ­
tical moments and cor relations of phv ton number s i n the modes 
are present ed f or var ious ini tial conditions. The quantum dres­
s ed e i gensta t es and t he energy s pectrum have b e~n fo und. The 
probabilities for mulliphoton t. r ans i t i ons from a level t o 8 le ­
ve l of the atom have been calculated. Application of t he model 
to the study of mu l tiphoton two-mode laper vili be dipcussed 
in a future work. 
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On a Jaynes-·Cuunnings-Type Model 

We present a soluble quantum electrodynamic model 
of a three-level atom interacting with a two-mode resonant 
radiation field through the multiphoton transition mechanism. 
Population dynamics and photon statistics in this Jaynes­
Cuunnings-type model are examined. 

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