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Lately a remarkable amount of interest has been devoted

to the study of the second order and higher-order squeezing in
the one- and multiphoton Jaynes - Cummings models.lm10 This
interest was stimulated by the experiments of a Rydberg-atom
maser which have allowed one to investigate the interaction of
one or a few atoms with an electromagnetic field in a high-Q
cavity. 11,12 One interesting type of a higher-—order squeezing,
namely squeezing of the squared field amplitude (SSFA), has
recently been proposed by Hillery, 13 As has been shown by

14,15
! , the SSFA may be generated in the multi-

Yang and Zheng
photon daynes — Cummings model for the initial atom in the

excited andthe field in the coherent state or for the initial

atom 1in the coherent state and the field in the vacuum state.

It is interesting to study what happens to SSFA in a coo-
perative system with the multiphoton interaction. ‘his paper is
devoted to examination of this problem on the basis of the simplest
cooperative model consisting of two two-level atoms.

Ve consider two two-level atoms lnteracting with a single-mo-
de radlation field in an ideal resonant cavity via m-photon-

—transition mechanism. The effective Hamiltonian for this system

in the rotating wave approximation is

+ 2 E3 2 + m - 4m
H=hwa'a + Phae R +Jhq(R/a +R, G ) O
F=1 f=q :

Here(f’@l) is the operator of creation (annihilation) of a pho-
® *
ton, Pi and R} are the populatlon inversion and transition

operators of an f-th atom, () and (AJO are the frequencies of




the field and atom, g 1s the atom-field coupling constant, and
m 1s the photon multiple of transitions. The exact multiphoton
resonance 1s assumed to occur?: We = MW,

To define the SSFA effect, we introduce the quantities 1°
+a a . +a A
Y, = (A2 Aha, v = LA

Lt + + -t
where A= a @ and A= 0 e

varylng operators.

are slowly

The operators Yi and \fa correspond to the real and ima-
glnary parts, respectively, of the field amplitude squared and

obey the commutation relation

[‘r;,\ai] = L (a_N-+ 1) ,
where N = A+A.
The uncertalnty relation for these two quantities has the fomm
' 4
AY, 8Yy Y <N+ 3 |
The SSFA state 1in \{L exists 1if

(AYa)a < {N+ i»

and similarly for Ya .

13,15

Following the papers we can write the expressions

of the SSFA 1n components \f{ as

(AY;)a - <N+ fi)
Cl[ = < + A ’ L= L)a'; (2)
N 37

aa a
i <A+“+ AvaA A, - AR A

- 4 )
(11 4 < N *'%[T> » ¢!
y a
Qa-t SN oA ARy - <A A ()

a 4 (N + %i*) .

Let us lnvestigate the SSFA generation in the model (I)
for the initial fleld 1n the vacuum state. Of course, no
spontaneous emisslon squeezing will be produced 1f both the atoms
are initially fully excited. However, the atoms can be prepared
in coherent superpositions of an excited and a ground state, and

6,15
subsequent squeezing 1s possible .4' ’

We consider the
following three cases where analytical solutions for SS5FA can be
obtained:

Case 1. Let the atoms be prepared in a superposition state

such as
-

g
(W = Qgcm%(\+.—;ov +1-,+;,07) +¢ S'm%\-,—;O) ,

0L & 0<p <3,
Here (@ \P;N) are eigenstates ot the free hamiltonian

z
He = hwoa'a + 52'}’\‘*’095 :
\6,\?', ny = \®>Al\\p)Aa\n»F )
G,‘P =+,-y, n = 0,1, +... The sign "+" corresponds to an excited

and "-" to a ground state of an atom, \n)% is the Fock state of a
field.



The interaction couples the states|4,~;07, | —y+; 07
with the state |=,=;mMY but the zero quantum state \-,— 0> 1is
decoupled and does not involve. The time—evolved wave function

has the form

WY = g {RO(+,~500 +1-,+;0)) +

(5)
L t-
+F(t)\-,—-,m)} + e MWt e Sin%\-,‘;°> ,
where
R = \:—3: COS(\JQ.(m!)qt) , (6)
FQb) = -isin (VA QL) |

Using equations (5) and (6) one can easily obtain for the
+
expectation values of the operators <A 7 (A ) < A A»

and A‘. & Aa)

. ‘e
(AA> =--‘i\/m(m- 1) nd Sm(\IA('n‘)%‘L)e 8"1\,3 s

N .l Le’
Ny =~ 5\/ m(m-1)(m-(m-3) gnd sin(famhgtye Sy (7
CATRY = meos® S sin (YD gb) |

a
(RRY = mem-nen’s sn ({1 gty

Substituting equations (7) into fomulae (3) and (4) we obtain

Q,=Q,= = 5 st (2w gt) mem- 1) (8)
L+ am con?s Suna(\]a(m_)%‘c)

form # 2,4,

Q = dcos* § sl (gt) (4 - a s’ S sin’g]
' i+ ‘| N\ % sma(a%t) ’ (9

Q. = q M&% Sin® (&qt)[4 - & s;naf{“ Cbbaﬁ.l
a - Ad . 2 ’
A+ 4o 3 S (9.%‘\'.)

Q= asin.(mg‘\'.\) [GCnsa% Sin(mgt) + ‘l—gsinising;] (10)
L+ 8cos®y sin (g gt) )

a Sm(\l_q’c)[Gcos % Sm.(\l—sgt)- 3 smoLs..neA
1 + gcog? — sin (ﬁ%t)

form = 4,

The quantities Q;. in formulae (8)~(I0) vary perio-
dically at Rabi frequencies which are \l:). times that for a

15 . This result shows the collective

single-atom radiation,
character of the spontaneous emission from a system of two
atoms. It 1s seen from equations (8)-(I0) that SSFA may only
occur for the two-photon or for four-photon processes. Using the

numerical calculations one can easily investigate the time

M|



behaviour of the faotbrs Cls and Cla,- Similar dependences

have been presented in paper 15

for the case of a single atom
radiation. We offer here only the maximum magnitude of squeezing
in the component 5(1 (similarly, in\fa ). The maximum degree of
SSFA (oorresponding to the minimum value of Cli) 1s about 13 %
(d= 2.2,g="“/&) for a two—photon and 39% ( ol= 2,7, @=_qt/9_)
for a four-photon transition system. These maximum magnitudes of
SSFAargequal to the corresponding maximum degrees obtained in
the case with a single atom.

Case 2. Let one atom be prepared in a coherent superposition

state; while the other atom, in the ground state. Then, the initial

wave function is
-t

o
W (0 = cos T 1+, =507 +e  sinF -0y
QLd &N s o< @ < QT .
The wave functlion at the time + 1is

W)y =cos § IL RUI+,—;0Y + F()\~,+:0) +

c(mwt-a) v
+PWI-,—m>Y + o ® sngi-,-; 0y

’

where

R = cosa(%\/m!/a 1), (12)

FCE) = - sLn"‘*(%\(m‘.I& ),
Phy = - ﬁ_ sin (gqVa(mh) £),

For this oase from equations (11) and (12) we have

. ¥
(P\a) = -a‘;‘—? {mim-1) sind Sin (%\/&(m‘.)t) Smal

. B
A = - N_ mm-4)(m-a)(m-4) Sind Scn(ca\la(m!)t)sme ,
v 13

(ptp\v = -im cos EE s (%\h{"‘\) 1),
& a

dR NS = —‘im(m—&) cosf‘% sin® ({3t 4)

According to (3),(4) the factors Q’L and Qa are then

a 4 o g sin®(gVatmyt) m(m-1) e
= = '
s Qa L+ cos&% s‘ma(%\}am\‘.)t)

for m # 2.4,

. A . . a
a cosa‘% sun (&qt)[i = S.m.a% Sun ﬁ] 1%)

Q, =
a .
1 + Qcosg % sLna(a%t)

Qa - aCOSa% Sina(agt)[gj - Sina% cosaﬁ,] '.
& d .



form =2 , Here

. R) = & - i‘;! Slna(..Q. 1)
O . Sin(Vagqt) [6 cos % sinaggt) +VI sind sinp] Lr n 8
1 2 — ’ a 18
1+ 4 cos % sn (\/q_a%t) e F@k) = - _%_&2._ J(E:‘)! sma(nqt) ,
R
Q, - sm(\]—'g{)[ﬁco Sn(VGEQH) -3 sind sinp) PR) = - ¢ %%“—T sin (20t |
1+ 4cos %. Shna(\j—%t) ’ where :

for m = 4. ‘) \[i [h’\‘ * (am)ll -

By analogy with the previous case, the quantities Qt and Qa_ For Aa> (A"‘S (A Ay and (I\ A)we obtain
oscillate with a collective Babi frequency \/Q(m!) , and SSF4

states exist only 1f m = 2 and m = 4. a - 3 \Ja @ i)'\l(am T o . a :.9 (19

The maximum degree of SSFA 1s about 9% ( ok = 2,2) for two- {h> = 3“9% midm- ). Sind Sin ('QR{)Q
—photon and 38% ( oL =2,7) for four—photon processes. These values a

A = .
are smaller than the degrees that may be obtained in a one-atom A = -ia\lam(am-a)Qm-a)(am-B)'\Kam)\, sund x
two~ and four-photon transition system (13% and 399, respectively). R
B

Thus, the presence of an unexcited atom leads to a decrease X SLYLa(-QR\'-)e %m,& ,
of the maximum degree of SSFA in spontaneous emission from the \
superposition state—excited atom,. (P\*-A» a_m_m_%— -L e (Q t){ L - [}-— iam)l

Case 3. Let the initial state of the total system be -Q- !

-L .
W) = cos S \+,+0y + @ Psm-\-, 10y, o< d &, \ % Sin (Qat)} ,
0< g £3%,
At the time t, the wave function is P A0 amg? 84 .2 Va2
{A AY = 3MQTang % sin (.Qnt)f,_(m-nm.cos(ﬂgt)+
'Lmot & "Q':
ey = e s § {Q(t)\+,+;07 + Qarn + _3_3; (am-1)@m) s'ma(aat)}
o) .
R
- + - - . a 4
+ FCoN ’ ’am> +P(t)(\ LA ’+‘m>)‘& + For m? 2 oné can find from equations (L9) that <AHY=CAHY=0O
"L(?"'wf‘t) and therefore, no SSFA exists,

re singi-,- 0> |



For m = 1 the factors Q’l and 03. are

Q % COsa%: sinh(\lz %\:) [\ - agin® %‘j cosaga;_\

! & + ﬂ-cas % sin (\]—‘%t) 1(\ +5—Sm (\F%{)k , @0

Q- 505§ sin ‘WE gl -asins sin®e]
2oL bcosa“f*s.m (\[—'gt){\‘* Sm(\r‘qt)\

For a one-photon transition the maximum degree of SSFA 1s about
16% (d.fz.z). The occurrence of SSFA for m=l 1s an interesting
feature of a collective spontanecous radiation from a system of
two atoms. For a one-atom radiation this effect is not pecssibdle.

Form = 2 we have

2 srdFgiacoss (1 + & s (Fqh)] - 2 gind cos)
+ %— cosa% SLn.a(\ﬁ'%t“‘L + % stna(\ﬁ'g’c)} 221)

Cl:

(]

Sin (\r' %‘\-){a,c_o A+ 'lr Sin (J—'gtﬂ*f 3 sind.cos ﬁ}
+ % sma‘(\f"'%t){x + — s (VT %t)} )

Q-

i
&
N
%
a A
a
In that case the maximum magnitude of SSFA for two-photon
transition is about 38% ( okl =2,7). It 1s three times of the degree
1
that may be ohtalned in a one-atom two-photon transition system.5
For one-photoa  transition the maximum value of S8FA 1s about

16% (odl=2.2).

10

Thus, one oan prepare the atoms 1in such a oocherent super-
position of exclted and ground state as to increase the maximum
degree of SSFA in comparison to a single-atom situation.

We have 1lnvestigated the generation of squeezing of the
square of the fleld amplitude 1n the two-—atom one-mode model
with multiphoton transitions. The oase when the field is
initlally 1n the vaouum state together with an atomlo super-—
position state has been examined. The time-depending SSFA
factors have been calculated. The comparison of maximum degree
of squeezing for two- and single-atom situations has been
made. A mre detalled investigation of the SSFA in the model
considered, in partioular for ooherent and squeezed initial

field states, will be a subject of a subsequent paper.
Referenoces

1. P.Meystre and M.S.%ubairy, Phys.Lett. 894 (1982) 390.

2. M,Butler and P.D,Drummond, Optioa Acta 31 (1986) 1.

3., P.L.Enight, Phys., Scripta 12 (1986) 5l.

4, K., Wodkilewlocz, P.L.Knight, S.J.Buckle and S.M,Barnett,
Pnys.Rev. 435 (1987) 2567.

5. A.S.Shumovsky, Fam Le Kien and E.I.Aliskenderov,
Phys.Lett. 1244 (1987) 1987,

6, Fam Le Kien, E,P.Kadantseva and A,S.Shumovsky, Physica C
150 (1988) 445.

7. Ho Trung Dung, Fam Le Kien, E.I. Allskenderov and
4,8,Shunovsky, Phys.Lett. 136A (1983) 489,

8, Fam Le Kien, M.Kozierowski and Tran Quang, Phys.Rev.
A38 (1988) 263.

9. C.C.Gerry, Phys.Hev. 437 (1988) 2683.

11



10,C.C.Gerry and Moyer B.y Phys.Rev. 438 (1988) 5663.

11.D.Meschende, H.Walter and G,Muller, Phys.Rev. Lett. 54
(1985) 551.

12.G.Rempe, H.Walter and N.Klein, Phys.Rev.Lett. 58 (1987) 333.

13.M.Hillery, Opt. Commun. 62 (1987) 135,

14.X.Yang and X.Zheng, J.Phys. B22 (1989) 693.

15.X,Yang and X.Zheng, Phys.Lett.,1384 (1983) 409,

Received by rublishing Department
on December 25, 1989.

12

]

BauwxupoB E.K., HymoBckuii A.C. E17-89-853
CkaTHe KBallpaTa aMINIMTYOB NOIA B UBYXAaTOMHOBN
OAHOMOOBOH MO/IEJIK C MHOTOGO TOHIbLIMI

fie pexogamMu

HcenenoBallo cxartue kBasipara AMITIIMTY AL TIOJ1f B OBYXATOM—
HOIl OHMHOMOLOBOM MOLENH ¢ MHOI'O(GO TOHHLIMH repexoliaMi, Bsi—

YHCJIeHbl BpeMs3dBHCHIHE GaKTOpLl Cxa'UHs . [IpHBEeHB YCIIOBUSA
IS OIITHMANbHOIO CXAaTHS .
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Squeezing of the Square of the Field

Amplitude in the Two-Atom One-Mode Model

with Multiphoton Transitions

The squeezing of the square of the field amplitude in
the two-atom one-mode model with multiphoton transitions
is investigated. The time-dependent squeezing factors are
calculated. The conditions for the optimum squeezing are
shown.

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