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1 · Introduction· r: -' ;·· 

The interaction between a two-level, atom and a single mode of the radiation field 

(Jaynes-Cummings model (JCM} (1]) is a subject of intensive researchin the last years 
•;' .. . . . ' . .. . . -· . - ·--

(2]-(6]. It-has been shown that the' dynamic~· of the system is very sensiti~e t~ the 
. . . -.' . . . ~ ' - , ' . . ' 

• statistical properties of the field. If the initial field state is ~ Fock state, the atomic 
r '- • ' j < • .'1 ' ~ ' • • ' ' - • 

resp~nse is purely aa.Ssical .With periodic R.abi o~cillati~ris. (I]. However, if the field . . ~ . < . ~.' . ' . ~ 
is a superposition of the Fock states with ; for example, coherent photon statistics, 

' -' -- . . . . ~ ; ' 

,the envelop~s of these oscillati~n~:exhibit collapses:a~d rev,ivals (7]-(9] .. Experiments 
/ . . "" ' ·, ', ,· .-'.>.- • '•,,: ,) I •.. -.·· < ; •,'~;_··,· -,_ < ._- ,· .'.·. :.:•.:.--:·· • ' < 

with Rydberg atoT.s in .high-Q microwav~ ':c~;ities (10H15J. makeit now pos~ible to .. 

test .1.11any predictions irl: th'e JCM and experime~tal observati~n of the collapse-revival 
':, • ) -• • ';'' • • . . )· ' ·, ·; -~ • . • . o' • ·, ' ' L·,·; ·' 

phenomenon has beim reported (14]; 

;h~ .collapses: a~d ~e~~v~ls' of ~he Ral?i oscill~ti~ns c·~n ·als~ be. c~nsideredfr~m an~ 
' ' ' 1, ' . J ' .• -~ 

other poillt of ;iew." Recentiy,' Eiselt a!l'd Risken (16; 17] have propos~d 'a method 
\ ~ ' - • t. • • . ~~ .• - - ' •'· ' ' 

for calciihting the s-parametrized quasi probability di,stributions W( ci:, s) of Cahill and 
--;-·. ~~: \ .. ,, , ~ ;_:,;., '<· __ .. ,.. __ :~- '·- -.... -.. :· .. - •. _ .· 

Glauber (18] for the damped JCM: Starting with the cavity field initially in a coherent 

sta~e and the atom in~ts upper Jltate,'they have fou~dth~t th~ illiti~~single-:-peak func~ 
. . •' . . . ' . 

' tion. splits into two peaked functions which rotate on a.' ~ircle in: the complex a-plane . 
0 

o ,• :•"- e-,~- - ,: ; \ o , '·:, ~ ·,:,·~~- < ·,· .·~' 0 
,•}.., • '• ·:·., ',<, ~ .. ··,·:~ r 0 

0
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:-, ,• 

When the peaks are,well separated; one.observes the collapses--of the Rabi oscillations, 
. ' ·- __ ';: -.-· .:. \,· > ,, " ' ~---- ·--_.',. .... ~--·· ;., .. .-.'_. _-- __ ',. ·.;:\. --~----·_. ,1, 

, . when they overlap there('ivals occur; ,Th~ bifurcation of the quasip'robability.distr~bu-

.. "tionhas also. been mentioned ~y Phoenix a~d Knight [19] fo; the two-photon JCM a~d 
• ' ' • • . • • • f ' I • . . • : ' J. , ~ • • • • . : • • , • • ~ • I 

the Raman-coupled modd (20]. Using the same approach P,S in (16, 17], Schoendorf£ 
/ ' ~ ; ' . • - . ~ • - ' - ' ~ I 

· and Risken have re-examined this modei taking into. account the damping of the ca~ity . -. '. ·- . 

[21]:•Cirac and San:ch~z-Sot~have analyzed the q..:.function fo; the JCM in the contexi 
. ,• ' . _J:. . . . ·•· .: 

of the population trapping and Buz~k et al.. (23] - in- the context of the oscillations of 
. ' -~ . 

·the photon number distribution.' 

In thispaper, we consider an expanded version of the.JCM.,namely, the one-mode 

thr~e-le~~l system under two-photon resonance (for a review see [3, 5] and t;efs. therein). . ~ . . . 

This model shows a fe~ture of collapses and revivals with some modifications compared.· 
. . .' . . ' . .. . . ' . . . . ) 

...... ~~~.e...-~-:-..m~'-''~.L.:-~;,.;>H·-~ 

. ·~ ~-~~~;~.i ~ ~\:;~-' :;;; i~~~:i~':gt\ 
r;.:.~;{t:' J]lir"'l-j ~e.i~. f 

, , f_;::tt<At.)-'l' ,.JJt:J, -.::.\.-\•'""'\ ~ 
·""'"·"~"'II; .. :_~~;,. ~···... ::.: • ..o;_~ ... :.,:· .. ~--
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with those in' the standard JCM. For example, at far~off-resonance, th~ coilapses and 
·~. . ' . -

revivals are closely periodi~ w:hereas those in the tw~lev~l JCM become quasi chaotic 

[3]. It i~ then interesti_ng to know how the qmtsiprobabilityd.istributi~ns. will. behave i~ · 
the three-level system. Below, ~he formulas for the 9:-::fun~tion and Wigner function are 

obtained for allthree possible types (3-, V -, and i\,-(ypes) o[the atomi~ level co~fi~-
. -, /.-· - - . .. ' 

uratioris. We particU:larize the.Q-fU:nction for theA::type and establish its connection . - :- - . - . . . ' . -~ - . . 

. with th~ c~llapse~ and revivals of.the Rabi OjCillations in both. zero and finite de~uning .. 
I' . ~ • . 

regimes. \vhen the atom is injected into the cavit.y in the" upper state; the dynamics of ' 
. . . -~ ·. . · .... • . . . .... :; . . . . : ; . . ··:. \ > . .·. . 

the quasiprobability"distribution Q is shown t.obe quite similar to that occurring. in the 

two~level JCi.l. The peculiarities of the three-level.system rri~~ife~t th~mselves more 

prominently when: the atom' is injeded int(} the cavity in one of its lower states. We 
'"'' r 1 

explain the splitting of the Q-:-function in' terms ~f the eigenstates of the s~iniclassi~al 
.... -., • • - - c ••• ·".' •• 

Hamiltoni~n~ We also predict tlie con.:~rgerice of the atom into a unique pure state and· 
- ~- ~ - '. _-.. . ~- "- :-.·'. . ,:_ . - . i .· • · .. -- • _-- ' • - .· - . - . 

the generation of the fi~ld macroscopi~·superposition st~te in the middle ofthe collapse 

region urid~ra pwper choice of th~iriitial c'onditions. 

. ./. ' '- .. :· . t -. 

2 Dynamics of the Q--::fu:iu:tio·n ··· . - - . . . . . 

For a th~ee-lever' ato~ ~ith tw~ allowed arid one forbidden transitions there e~ist three· 
. ; . - .:_ ·_ • ;,- •' • :_· _ _ .. ~ /' ;· /' -- • • / ._· ·_ \' <"- • • : . ~) 

possible atomic levelconfigura:tions:: 3-, V ~and A~types:. Let u~ assume that the 

allow~d dipol~ transitions ar~ those of• the atomicJevels } +-> 2 ~nd of 2 H 3, but not 
< • • - • ' • ' { • 

of i +-> 3.' Wealsoassume the tw<r::photon ;es~nari~e condition where the sum (3-

type). or the, difference (V- ~nd. A;-types) of the. t~o· transiti;n-;reque~cies. is· ~xactly 
onr~sonance with the atomic frequenc~ di~~r~~ce ~~t~een leve~sl and 3 (see F.ig. 1). ' 

. . ' ' . ·. - ' .. - ·~ / . " ': . 
' ' ... 

The hamiltonian of the system under.consid~rationis theil giveiJ. by ~ 
... ·, .. · . ,". . I . . . . 

: H= HA + H; + H.4F, .. . (1) 

' . 

/ \ "2 
·, .. 
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·, 

where HA and HF describe~ free atom 'ail.da free field; re~pectively; a:n.d. HAF describes' , - . . ' ' ' 

the atom-~~Jd inter~~tion iri. the rotating wa"V~ app;oJ<Oimatiol} (h_ = 1 J · .'• 

HA· 
3 

. t . . . : . -·· 't 
~"bb"···H-~ ><j i i> F - wa a.; 
j=l 

. HAF ;J~abJb1 + 7]atbjb;'+ h,c.· "•(2). . 
.. 

Here at and a are the c~eation and. annihii~tion. ope~ators of a photon iii. th; mode and 
\ . --..._ ' I . 

_bj and bi are those of an electr~n at level j; w is' the mode fre~u~ncy ·and n1 is the 

corresponding level eil.~rgy; ~ and rj. are the coupling co~stants whidi inay be' treated 

as real andpositive.without any I.o?s of generality.· 

For a given ex~itation number N the;e exist three ~a~e states. 
,_ 

. ij)<N>;=.Ij;N-'flil:. 
( 

U= 1,2,3);· · (J) ,·. 

where the cm1flguration parameters (/lt. 'fl2,Jt3) at:e equal to (O; 1,2) for :=:-type, (I ,0, 1) 
c ' ' ; - - '. • J . ' • 

for V-type and (0,1,0) for A:...type atoms [3]. These states are used as the basis in 
> - • •• • ( ;. ' • • : ·,- • 

the N.-subspa~e \~hidt giv~s the following matrix rep~esen~atlon ()qhetime evolutio.II ·· 
. . . - . . 

oper~torin the "quasi-inter~ction~' picture 

ij(Nl(t) ::: exp (i!it) · .. ··;·. 
' . 2 .. ' 

I ,. 

.(·.·. ,.i]J.r exp (i~t) + [J.rxN(t) . J 

X • · [NYN(t) . . 
. 'Dvi/N[..::exp(i~;)'.f.xjy(t)} 

__ [in:_N(t) .. _,[N··. iJN [.:....· ···.e.~p ('.·~. t) +xN(t)J -~) 
JN(t) . . . 1JNYN(t) , 
i]I<YN(t),t. [J.,exp (i~t) + i]J.rxN(t). . • 

(~) 

whet:e .0. is thedetuning paramet~r, ~~- ~ (;JN, 7JN, "=. ~TN for·~:._ and A-type~, 
I • • •' ·' 

17~ ~-ryJN- 1 for 3-type; and . .. ... . 

. , 
-"' 

giJ 

[iV 

XN(t) 

:_YN(t) :....: . 

I 2 . ·· 2 
V~N+ 71N• 

'.-~ 
Iti= Vg~+A"' 

' -~ . ., ~N .. c 1]N 
:--, I 1/N = .,........, 
9N 9N ·, 

cos(!Nt).+ i 2~N sin(.("':t), 

. . gN :. (f t). ' .. ... 
-z-~ Sill N • 

N . 

(5f 
. ' ~ ; : i 

Note that UN ( t) i.s nothing but the matrix representation of the time evdlution operator 
~. - . . . . . 

m the. II~picture Uf}(t) in· [3]. Thi~ II~picture. coincides with the usual interaction 

,, 3· 



.:/ 

picture when the one-photon resonance condition (.6. =0) is met. If theiriitial state·of 

the cavity field mode is a coherent state 

~"" 

.. lao) = L bonln), 
,~ n=O . 

','-<.. ' (6) 

where 

( 
ja~l 2 ). l~oln ein;:>,. 

bon = exp - 2 v'TJ . · . ' .· ' 

(7) 

and the electron is initially at level i, the st~te of the tot~l ato~-field system. in the. 

11"-picture is given by 

" \ . ··. a'··.--- r-
. 'j·'·( )) ~ b . ~ (n+l'i)j; . . ') . 

· 'I' t = C on~Uji· Jin+.Jlij. ..(8) 
n j=l-' 

·' 
Here Jlij ~ Jl;.- Jli·. 

.~ 

The quasipiobabiEty distribution Q(a, t) is.defineO·as [Is] · 
·.·,.-

Q(a;t) = (ajpja)J' (9) 
.' ~ / ~"· 

. which. has the form of a shifted Gaussian 

) 
_....:: 

Qo(a) =· e~~( ..:.1~-:- aol2) . '.(10) 

int~e ca:se of ~he initial ,st~t~ l~o}-~Since the s~t~t: ~ftlu~system i.s give~ by Eq: (S),its 

density operator is p(t) = 11/J(t)}(l/;(t)j. After tracirig over the a to~, the quasipi:6bability 
' . . ,. . .. ' . ; .. .. . . ' 

.. . 
distribution Q. is found. to be 

,., 

'' ·,·-

Q(a,t) TrA[(ajp(t)ja}] 

I;.lbonJ(bokl{cos[(n':.. k)(O.:_ ~)]ReCJ+ sin!(~ -·k)(O·~ ~~ImU}, (11) 
n,k. · ,..:_ · .t • -- 1 '-

where the notation 

- . 3 . 
_ . ·• _ ~ . .. (N) [. (K) ] • ·. 

U = U(n,k_,z,t)- ~ jb~+~'''libk+l'<iiU;; (t) U;; (t) . , 
. . _: j=l . -, . -- ,. . 

N. = :·~ + Jl;, .·• [{ = k + Jl;, (12). 

. b ... ·_. . 1 (_:1~12 ) jajn in~ 
n :- exp . 2 . . ~e , · -·. · · vn! -

' - . -
has been ·introduced: 

.4 

I 
I 

! 
l . 

~"··-':' 

i 
I 
I· 

j; 

j. 
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! 

The Wigner distribution can be calculated by using the formula [18] 
• ,, • :•• I ' ' , ' .•· 

00 

. W(a, t)=;= 2 L( -:-1t'lh[{~lp(t)D(2a)in)], . (13) 
n=O " 

where· D(2a) is the displacement operator. 

D(2a) = exp(2aat- 2a•a). .~-(14) . 

After some algebra we get 

. ()()-.. 3 ' .· . 

W(a, t) .= 2 .E bonb~k l:C-1t+l':j uJ;;I'i)(t) [uJt+l'i)(t) r (k +p;;ID(2a)jn + Jl;;}(15) 
n,k=O. ·· j=l " 

. - - . - ' .' ' \ 

with the ~atrix ~lements ofthe expone~tiai ~perat~rD(a )being given by [18] 

-· .' · . . - ·• . , ,{· Vn!lkfak-n·L~k~n)(jaj2 ) f~r\ > ~ · 
(kjD(a)j~) ~. e~p( -~aj2~2),x · .. ..jk!FJ( .:.-a:)n~kLkn-k)(jaj2) f~ n~i k" .(f6) " 

Here L~m>(x) is an associated Laguerre P?lyn<_>miaL 
.. . '.' . . .· - '"' 

· · Since in theJCM the Wigner function contains the sarrie phase information as, the · 

\. · ~Q~function.[16, 17], in w~at follows ,we co~centrate our attc:nti~n on the Q-:-fu~ction. 
· 'Ta'.be'definite, we choose the A-type :..the configuration ~ith the common upperlevel - '.. - ~ . . < ·' 

· 2 and two lower levels 'land 3 (Th~ two-phot~n reson~nce im~lies. that the levels 1 ~nd . 
' • 'j " • • " • ' 

3 at~ degenei-ate) .• ,We conside~two initial atomic states: ~hen the electron is initially 
. ' ' ' ' " . . - . . ~ 

~t level' 2. o; level·L Level3, obviously, ~ay· be\reated equivalently' to level 1. 
. .' . ·. ~ . .. . -· . '' . ' -· ' '~ . !' \_' ..• ' . . - ' . 

Case 1. .The intermediate)evel2.i~ initially.occupied (sowe put i:="2) 
'.-'" r , , • . , . ~, 

... 
From Eqs: (4), (5), ~nd (12) we have 

ReU ":'Jb.u•.{~(fNtiCO<(Ixt) ·. . .... , ·,_., 

+ ··· ·f·. 
1

1··.: ·.[v~ · .. · 1 :~~k I) ((!i.(~+ 7JN71K) +~.2 ] ~n(!Nt)sin .. cfKt)}; (17). 
N K n+,. + .. . , . .. , 

.ImU .= Lbnlibkl~, [)K s~~(fKt)~s(fNt)~)Nsin(!Nt)~os(~~t)]- .-'-~ .. (18) 
~ . . . \ ·. . ~ ' ' -. -. . ._ . , . ' .· 

Substitutin? Eqs: (17) and (18) into Eq. (11 ), olle readily obtains' the explicit expression 
' .... ' ... " .. · . '.·· . . '·. . . . . 

for. the quasiprobability' distribution Q( a, t) . .By letting the dipole coupling· constant • 
. . l .• . '•, 

/ 

•s 



··:' 
~ 

'· c ;,::.·:·:~·-···\·~...:~ •• i. ,-;:· .... ·:. -·~ .:._:·· . . · ·, _;·_ ' .. :.,_ . .-_ -~~ . ~. '. ' 
'T/ between levels 2 and 3 vanish,"Eqs. (17) and (18} reduce to those for the two-level 

}CM. On the other h~nd, on~ can set; ,that;~fter·letting TJ=O, Eqs._(17}, (18} do ~ot 

Change their ti~e dependence. Thus,-for. i = 2 th;'time b~haviour of the Q-Junction in 

the thre~level system is quite similar to that i~ a tw~h!v~l system consisting of level 
' ·- .. ,. . . . . . . ' 

' 2 and the combination of levels 1 ~n"d3, iii·""hich the relation between the contribution 

from level T to that fi~~ level3is e /~2 • As )he time goes ci'~, the initially on~ peak · . 

quasip!obabilityfunction s~lits into t:o ~e~ked functions .• -- . • .· .: . . . . . 

(J(a,t) ='Q+·(a;t)_:FQ-(~,t) .. - / . 
' .· '(19} 

. . ~. 
counterrotath1g ,iil. the complex plane. Revivals of the Rabi oscillations are founa' for 

. those times when the two peaks ~ollid~. E~plicit form's for Q± at exact o~~photon 
• .;, • • • "l •• ) • • • - ·~.:- : \ ··' •• •• ~ - •• • • - ' - ~ ,. • • 

resona~ce (~ = 0), in a first ~pproximation, can be <;>btai~edby replacing•the ~oupling 
. . . \-. •' " .,.\ . . ', ........ 

co~~tant g by J e + TJ2)~thosefor the JCM [17], Notice thafthesa~e similarities 
·· .. -~ __ : .. '~;~·· .. ::-,. ~-~··,:. . .,, 

hold forthe time beh~viour of the Rabi oscillati~u's'in this situation [3] .. 
' ~·· •.• ·•• :.· ,' ,(, - . ; 0·-~." . ~-; -·.: · .. ··.• .. ' ~ -~:' ;,,- ~ 

On resonance, oli:e call. easily _check that the two coii1porients Q± are ~yriimetri~al 

with' ;~s~ect t~ 'the reala~e, s~pposi~g-:that cp ~· 0. ' ~~en, the detu~ing parameter. 

differ~-f~omz:r~, 'th~yh~ve di;~;~Il;: h~gh~s. At far-off~reson~~ce•<~uch that.. , . 
' ' " ·" '- + • "' ' •• " 

4g2' • 
2 J ____!!, « l,. 

·Et;. ~-~2 '. 
"i .. 

. " 

' the qllasiprob~bilrt;· distrib~ti;ri Q can be written'ih the for~ 

Q(a, t) ~ ~xp hia :2. a0 (t)j2]+'0(E~), 
-~, "F: 

-where. 

... > : ... •· •• •.. ·( . e + ~:i ;)· ". 
ao(t) ~ Jaol exp ip- ~ ·,_ t ,- . 

' • ' .• (20) ·: 

.. -" 

(21) 

'(22)'_ 

and O(E~) is a 'set. of oscillating term~ of~ali'·~rder:~f E~ or~maller .. This means that 

whe.n. 1~1 in~~·eas~s, ·on~ pe~k is ~vent~~ly quench~d w.hil~ the other become~. near!~ 
'.. ~- -: < ,. ·; '·, ·.,_·. ·' __ ,,· '-* •·.-··" ·, •• : ~· '~ .~-· . ::::. ·'": !" ··.~. ·- '~:- ; ; . ' 

Gaussi~n a~d move~al~ng the circle Jaj ;::= Ja0 J in the cci~plex plane.' Our results are 
' . . ~ . 'i ·..._ ,_. _-. _1 ': _ _-.:. _: <:.: ,.·· :- :-' ·., :.,- ···>·t ·-~/ ·: ..... '·; ; ...... '. ~:,_ 

consistent with those of Yo5> itnd Eberly [3] stating that under th~ conditio,n (20), the. 
"/ . . . ',. 

·'6 ~-

::--....· 

I 
'· 

l 
J 
I. 

'1(1' 

1 

I 

j 
. I 

I 
'1 

k 
T 
l\ 
I 
! 

. . ,. ' : . "\ .·. ''; ' . ' " - . ' 

reduced field density operator can be roughlY written as PF(t) ~ Ja0 (t)){ci0 (t)j where 

ao(t))s given byEq. (22}. 

Case 2. Levell is initially occupied 

After putting i,;; 1, fromEqs. (4);(5) and (12) ~e have 

lbnJibkl {. t:2. 'T/
2 

2 
+ t:2 "e 

2 
[cos(ffvtfc~.s(fl(~) 

: ... +TJ .. +TJ ..• 
ReU 

. + fNlfh· (~9N;K, +~
2

) ~in~frvt)~~n(ht)] r 
. \ --- . - ·. . 

(23} 

ImU = Jbn!ibkj ~/
2 

2 ~ [fl ~in{!Nt) c~;(fit).c.f.l ~ sin(fKt) cos(!Nt)] ; , . (24) 
• . <, + 'T/ 2. N \ . , .. · , K , . , · . 

,· ', \ o ~ F - <. , 0 '• ' ,L < 0 0 
>< T ' 

0 
, 

The Q-function now 'can be presented as the sum of time-independe~t and tim~ 

dependent terms ., 
·- .· ry2 ... : .': e· . . -

Q(a,t)=f2+ 2 Qo.(a)+t:2 + 2 Qt(a;'t), ' 
.. . 'TJ, .· ... 'T/ ..• 

(25) 

_where Q0(ci}is gi~en by Eq. {10) a~d Q 1(a, t) isassoci~ted \\'ith _the, time-dependent 

ten~s in E~s. (;3) arid (~4). The com~~rison betweeii Eqs. (23), (2~) and Eqs. (17), 
' • • ·; • •• c • .'/ ••••• ;.. ,-, _ •• ' ' <; '· ., ; <' •.. , : .. , .' 

(18) shows· clearly thatQ1(a,t) m~y also be·treated as,a Q,-function whic~ splits into 
•-· :, . ·. , . I . ._· . .' . . .. , . . . . . .· ... . . • • : .. , ~-- . . ' . .; . 

. ·tvvo c6unterrqtating peaks a~ the interaction is t~rlledon whereas Q0 (a) represent~ an 

urimoved shifted G~ussi~n bell . .Th,is is displ~yed in Fig .. 2where we have' plotted the-
• <, , • ~. • • r ', 

Q-functio~ in the complex a~plane for ~xa.ctresonance' case and for various momenis of .. - . ___ , . ·," .. '.'. -.__. . .( ' . ' 

the scaled t~n:eJ~ = (t/TR) with TR being the reviva.lperiod. When the counterro~ating 

peaks are .welF-separated, the Rabi oscillations -are in the collapse regime, when they . ~ / . ' . ·-· . - ' 

collide the Rabi ~scillatio~s showreviva.ls. What is more, we observe two series of 

collidings -.-one when only two rotatin~ peaks overlap and the. other wh~n: all three pe'aks 

overlap. These ~~rr'espond to the .two series· of revivals of th~ occupation probabilities 
' ... ·. ' ' 

of levels 1 and 3 (3]:_.Fo.r longer time the tw~ rotating p~aks spread o~er th~-whole circle 

and the collisions b~t~e~n them ~ w~ll as the distinctlyis~lated revivals do not appear 

any ~ore.· However; in contrast with the. sta~dard,(losslc~s) JCM where the Q-fu~ction

in the lo~g tim~ regi6ri spreads ov~r ~the ,'vhol6 circle Jal = Ja0 J, ~~re t~e maxi~m~ due' . 
. -- . 

to th~ t'im~indep~~dimt term in_ Eq. (25) always remains [see Fig. 2(f)]. 

.7 



"~ 

· At far-off-~esonance, Q1 (a:, t) is ag~in ~implified to' 
' ~ ~ ' ' . . . . 

Q1(a, t) -~ exp [~Ia:- o:o(tW] + O(f~), ~ .(26) 

\ 

~ where o:~(t) is now 1 

,:_.~o(t) ~ lco:olexp (cp +; e+ 712 t)~ .,.~ 
~ t ~ ~ . ~. ~ ~ ~ -

(27) 

The time behaviour ofQ1(a, t(in: Eq; (26) is clos~iy:peri~dic.· It ~oughly describes a 
I , , . -. . :. . . . . -~ - . :: . ~ ' , . . ;·-.- . ~ -.· ~- , - . 

r~tating Gaus~ian which colli~es with:th~_/unmoved one associated .with Q0 (o:) ~fter 

each time i~t~rval of21r6.j(e +~2 ). • This is the ti~e when the revivals: ofthe~Rabi 
. " . :, . , " . . 

oscillations; which are compa~t and ne~~ly periodic in: the large deturiing li~it (3], occu~. 
.. Th~· ~ulHp~~ke~ slr~ciure:of th~ q:a.:iprob~bil\ty di~trib~ti~~' .its .depe~de~ce on 

. • , ' ' ~.· ·-._· .··; < .. · ·.·, .:. ·!·I :· .·~ -.-: ··. < ','t . -:·.· ·'" ·.·, .;· ·_\ ·' :: -~.:·.· .•_-,;,:-' _...'' • • 

the initial atOJ?ic' conditions and detuning parameterare ~xplainabl~ from the dressed-

state vie~point ~by connecting each~ contributing ~omp6nent. of . th~ 'Q__:fu'nction: ~ ;ith. 

the corres~~nding" d~e;~e~: ~t~te (19]~ Thi.s ~pp;o~ch, how~ver; d~es .not tellus much• 

about th~ state. of the~ s;;t~~ ·itself; . As lias 'b~!eri: pointed oqt by de~-Badaciciche [2,4]' 
• 0 0 0 ' / ,' o/ • • • '< ' / \ -.· •' .' ~~- • //-' ~ 

. in order. to foll9w the tirrie evolution of the quasi probability distributions and ofthe 
.· '' -.. ·, -·~;· . 

field and ato~icstates a; well; in the high field limit; it is ~eryinstructiveto write the 
.. : ·~. ... . ~ ~ . . ~ ~ .. ~ ~ .,-' ~ ~ ~ . ' . . ' . . . ·. : .· .·: : . . . . ; 

· initial atomic state in terms ofthe semiclassical eigenstates: 'For simplicity, we impose 

on:reso1unce (~' = 0)~ T~(!ri: the s~micl~1sical-Hamiitoni~ni~ ixi~~n1i:tlo~ :~icture )s 

obtained by 'replaci~g thdi~ld ahnihiiation operatm'in HAF (Eq .. ·(2)j by' the complex .. , - ·-. ;____ ' ' -. . - ~ ~ . . ~ -

number z = lzle'"': Its eigenstates read ' ' •, 
------

.11/Jl) ; :::; ~ . TJ ' ~.II); - . . ( . '.13). . •. -
c···' vf(2+TJ2 ''' J(2+712 ·.':· .. : ~ 

(. ~ ,. 

· ~ .lip2
) .. ~ ~.-1 · (. ··.. ·': ·riH' '.'"'12. )+ ~ · 71 ·• · I~)) , 
. ~ .0 . .J(2 + 712 

. ~, : • Je.+ 71~ , · 
'(28). 

/ 

Wl ~ · ;;(kill- '"i~r+;;;fa)} ' · ... 
... I. ., 

If the cavity initi~lly c~~tain~ ·~ hi~hly ~xcited ~~her~nt .field lao) ~ith ~ ~ ·l~ol 2 ;· 1; 

,. 

-~ .~---:: _·· ~, ~--~~ ... : :,- ·-·. ~- .:-:.:-:: ... ··, .. :; .; )~·'·:~~ 

these states e~olve as 
; ,- ~: . ; ~-. 

W{t)) -.[t/J1 )I~o), 'j_ . / . :{ i: ;: •\~ I . '"""" ., .. ,' . ' <. (29) 

8 

I • / 

J 

< 

J 

~ . it/?(t)) ·~ _!_:_ ( . ( . 11} + e'"' e~p [:.:.iV(2 + 1!2 ·. t ~:] 12) +·.; .. '71 .13)) · 
0 ,j(2 + TJ2 . .. ' ,2,ffi . . ,j(2 + 712 

> • ' >" 7 '• \. O • ~ • > ,_ : : 0 A- O ~· , ... ~. ~ '... ' A 

00 • 

x. 2)on exp(-iV((2 + TJ2)nt]ln); _-,..,. -·. (30) 
'c_n=O_ , • ·,..-·._ · ~ --- ~ . . _____ . ::_._ . 

W(t)) ~ ~ ( ~11);:-: ~~i~~~1[iff f~~~~.0r] ~~) .+ ~~~~>) .· 
00 

' ~ L)on exp(iy'((2 + TJ2)nt]ln). ·. \ 
-- -~=:=0\ ~ ,,-_ ·.· ·:. '- :· ... T""-_;· .• : ~ 

(31) 

Equation (29) is exact since I1P }~is a coherent trapping state (3] while the equ'ations · 
':;: ' .. ! ·: ~' .;. _,:-_:c:: .. _~·-_, ~ -- ---~ ''. ·- ~~---- ·-._ - _,;; _.: .. ·:-·--·:·_:;_; 

. (30) and (31) are asymptotici~ the sense that the differences het~~n their right-hand 
,',: ' , ' I • ~, :•-' ,_, ,-,,'• _.•,' • ,.·' ,•::.' d .• -, ·.-::'>' '-•\ ···.:.• .~.··,·.~ 

-sides and the ex~ct solutions(8) are vectors•whose norms va~ishin the limit n :-+ oo .. 

,_;heproduct ~or~ of E~s. (~d)-(3i};~di~.a~:~th~ti~ ~h~atom is- i~~tiallypre~~red in o~e ~ 
~f th: .st~tes.l ~;) .( i = ·1-, 2,'3), the -~t~~ "and the. fi~l~ s~bs-~q~entiy r~~aindi~~nta~gl~~' 

.· ' . ' ' ---; ·. ' ·- ,• _;' . 

desp.ite the. fact that they in fact influence each other dynamically: Since the states (28) 

forni a basis set forth~ a to~,. the ~volution o~ any other initialstate ca~ be expressed 

'.is·~ li:;ar combinatim:i ~f (29), (30), and(31).' For instan~~' when.the atom is prepared 

initially in the uppe.t;state 12) 

<[2)'= ::..!___ (1~2) ·-1~3)). 
~. ·. . ..;2 . ' . . . . ' ~. . . 

.. ~" 
~ (32) 

·. 
' (apart fr~m a 'globalphas~ fac~ar), the a:tom__:field state vector at timet can be .written 

• • ' ~ • .' • • • • : • I ' ·, ' • • ' ~ '- < .I • ,- ' • ' • •' \ • 

.'~ 

.as 

l2)t ~··~[11/J~(t)) ~ ~~~(t))J .. · (33) 

Fro0 .Eqs. (30); :(31),:and (J3)·it follows that'the"quasiprobability.clistribution Q is 

- ~composed of two ~omponents. '.' ~. :' ;' 

~ f 

'Q~ = l(~l~:{t)}'l 2 ~, • 
• '. • ! 

(34) 
--. ,, 

'_ •, -,, ~ 

-where 
~ -: ' 

,.;._,. : 

~ _ lci>±(tW= L bon~xp(=Fiv(ef.712 )nt]ln}, 
. n=O 0 • * · 

. "~_ ... : .(35) . 

that·:is; we recover the double-peaked ·structllre of the Q.:.fundion ·mentio~ed ~above. 

·The field states lci>±(t)) have·the·sameform as the ones in the-JCM'do.[24]with 
- ' '. . 

/ 
f9 ~, 

\ 



Jez + TJ2 standing for theJCM ~oupling constant_ g~ Their statistical properties have 

been studied thoroughly Ill [24]. Fro~ Eqs~ (30) and (31), italso f~llow~ thatai half-of 
• - • • ' • • ~- • "'" •• •• • • < 

the revival time 

1r.../fi· ' (' TR) 
to= - 2 2 = 2> ' ..... ~ .·, 

(36) 

the atomic states become identi~al and ~e equ~l to . 

," ;,· (~til:_ ;;S,l+kt'l) , • .(37) 

Conseque~tly, ift~e initial ~to~ic~tate i~ a lin~a; sup~rp~sitio~· oflt/>2
) a~d lt/>3

), the 

int~~~ctio~ fo~ces the ~tom.into the unique .attraet~r st~te (37) at to = TR/2. This 
\ ' -. .,___ ' . ·- .. _ - .· . 

means aiso that at that tim~: the st~te of the cavity fieldi~ ;;, coh~rent sup~iposition 
... • '- • - • - ~ • '- •• ". 7 / 

()f the 'states I~±( to)); ~hich, as' has bee~ slio~n· in [24J, are ma~ro~copically distinct 
. .... ~ ~ ~ ' '- . "' . 

st~tes ~ith opposite phases ... - -· ' . 

lnc~ntrast ~ith the ~tat~:12): '!~the i~itialatomic state.li) 

·11) = , ~· . ··1·'·1 ) ; _!_ , ~ . (1·'·2) + It/>~)) 
. . ve2o+TJ2.'~' 0 . ..J~2+TJ2 '~'. . . ..· 

(38) 

all three serriicl~sical ~igeri~t'ates (2S) cont~ibu~~~ 'As a c~~seq~enc~ithe c~rresponding 
' •,7 • : )" ' "'::. - ' ~ "-. 

Q-function at timet ~ill be composed of the three components Qo and Q± with 'their 
,. ~ .. ·, --· .· - . . . . . . . : 

weights equal to TJ 2 /W + ~2 ) and (I;i)e /(e + TJ2), resp~ctively, which i~ in agreement 
·• • - •. ; ~- . --,' • - • ' ' l 

with Eq. (25).'_ Cle'arly, the ~ppe1r~~ce ~fthe tiin~indeperident com~onent Q0' is d~e 
' •,- I . . ;o 

to the presence .of the thii;d level 3. This peak disappears if the' dipole coupling c~nstant 
. -~ ' . . ·, . . 

TJ between levels 2 and 3 va~i~hes. · 

In concld;ion, we hiw~ studied the q1,1a~iprobability distributions in.the one-inode . ' 

three-level proble~. The dynamics of the Q-function has been considered in detail for. 

the A-~ype atom under the high fiel~liinit and.variou~ initial atomic c~nditi~~s. It has 
. : . . ' . . 

be~n show_n that wh{!~ the,{!l~ctron is i~iti~llyat~e~el2, the dywi.mics ~fth~ Q~fu~ct~on 

in the three-le~el system resembles ve~y much that in the JCM. A not-iceably different 
. ' . . . . ----· 

behaviour takes place whell the ~lectron is initially a£Ie~ell or level3. In both the cas~s, - ' . . - . 

the time behaviour of Q(~,t)has been connected with the co~lapses ~nd 're~i~ls of the . . . / '• " 

. Rabi oscillations:~The detuning-:-dependence of the Q:-function_ has been discussed. The 
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FIG. 2 

The quasiprobability distributi~n Q( a, t) foi the~ A-type three-level atorri pl~tted · 
\ ' ' ' ' .; . ' \ ' 

in the complex a-plane for .6.· = 0, e = '1 ~ ~~:,'laol2 = 10, 'P = 0, and for various . , ' . _: . , . c' - ,-

' times:'(a) T·= 0., (b)T=7·.5, (c) T =l.,(d) T=:=·1.5, (e) T= 2., {f)T =6 .. The 

scaledtime r' = ~~:t/(7rlaolv'2). 
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-t 

splitti~gs ~f thequasiprobabilit; distrib~tion Q into contributing components have been 
I . • 1 

explain~d from the point· of view of the eigenstates of the semiclassical Hamiltonian. 
0 •' <A ' ,,,. 

It has ,also been shown that for ce~tairi initial atomic states, th~ a to~ iS' forced into a 

u~ique pure st~te at precisely half of the revival time and at that time, the fleld in the 
• • • > • • ' • • • • ~ ' 

cavity represents a coherent superposition of thetwo macroscopicallydistii:tct states;· 
'/ .. 
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