PHYSICAL REVIEW A VOLUME 57, NUMBER 4 APRIL 1998
Cavity-induced two-photon absorption in unidentical atoms
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We predict the existence of cavity-induced two-photon absorption in unidentical atoms, and demonstrate the
nonclassical character of this two-photon absorption. We show the effects of photon statistics on cavity
induced two-photon absorption. We also note the possibility of trapping states in the present system.
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I. INTRODUCTION teresting possibility of the existence of two-photon
absorption in two unidentical atoms in a cavity a cavity
The transition probability for two-photon absorption, asthe atoms interact with a common quantized cavity field and
calculated first by Goepport May¢t ], depends on the value are effectively coupledVe would thus examine two-photon
of the two-photon matrix element defined by absorption by unidentical atoms in a single-mode caj8ly
. The resulting behavior will depend on the quality of the cav-
o=3 (fld-elj)(jld-eli) () v In addition, the nonclassical aspe¢8j of two-photon
"5 Eji—fhw ’ absorption should be quite pronounced in a higleavity.

. We note that, in the case of a lo@-cavity, the cavity mode
where ¢ and o are, respectively, the amplitude and fre- can be adiabatically eliminated and the problem essentially
quency of the electromagnetic field;; is the transition en- reduces to that of free spaf&| with dipole-dipole interac-
ergy between atomic energy levéls and|j), andd is the tion. In free space the dipole-dipole interaction arises from
dipole moment operator. The two-photon absorption willan infinite number of continuum of modes. In a I&@veavity
vanish if the matrix elemenp becomes zero. Many ex- the leakage to the outside world is sufficient, and this cou-
amples are known in the literature, whepecan be zero Pling to the outside world provides the continuum of modes.
[2,3]. An example of a system which is particularly interest- The dipole-dipole interaction can cause two-photon absorp-
ing consists of two unidentical two-level atorAsandB with ~ tion depending on the spatial separation of the two atoms. In
transition frequenciem, andwg. Let us denote byg) and @ high-quality cavity we have a single mode that interacts
|e) the lower and upper states of the transition. It can be seefith two atoms, and here the quantum correlations induced

that we have two different paths for two-photon absorption:bY the cavity field lead to two-photon absorption. It is shown
in this paper that two-photon absorption arises regardless of

|ga.08)—|€a,08)—|€A,€ER), the spatial separation of the atoms in the cavity. Thus in what
(2)  follows we concentrate on two-photon absorption by uniden-
|9a.98)—9a.€5)—|€n.€5). tical atoms in a high® cavity [9].

The organization of this paper is as follows. In Sec. I, we
present basic equations for a system of two unidentical two-
level atoms interacting with the single-mode cavity field. In
Sec. lll, we present explicit results for two-photon absorp-
and two-photon absorption vanishes under this conditiontion for a variety of the input states of the field. We identify
Note that Eq(3) is also the condition of two-photon absorp- terms in two-photon absorption which are due to the cavity.
tion [4], i.e., In particular, we discuss quantum correlations and the non-

classical character of two-photon absorption. The collapses
wptT wg=20. (4) and revivals in oscillations of atomic inversion are studied
) ) ) ~ for the cavity field initially prepared in a state with photon
It has been argued in the literatuf,6] that interatomic  nymper distribution with finite width. We also differentiate

interactions like dipole-dipole interaction will lead to nonva- the results for unidentical atoms from those for identical at-
nishingp as in the presence of dipole-dipole interaction thegms.

states|j) as well as energie€; become dependent on
dipole-dipole interactiorf5]. It is also known that dipole-
dipole interaction arises from the exchange of a photon be-
tween excited and unexcited atofi®d. This suggests an in-

These two transition amplitudes interfere distructively if

wp—0=—(wg~ 0), ©)

Il. HAMILTONIAN

We consider two unidentical atoms interacting with a
single-mode cavity field with annihilation and creation op-
*On leave from Department of Physics, Sogang University, CPCeratorsa anda' [10]. The Hamiltonian of the system in a
Box 1142, Seoul, Korea. frame rotating with cavity frequency is
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H=fika(a' e, +ale aC
KA( |gA>< Al | A><gA|) le_i'(\/mcs,
+fixg(a’|gs)(es| +ales)(gsl)
—#hA —hA , 5 aC , . .
A|gA><gA| B|gB><gB| ( ) 7s:_2|K\/mcl_HACa_zlK\/HCA,
8
where k5 and kg are the coupling constants. In the model, JC
the cavity field is detuned by, and Ag, respectively, for a— —iAC,
atomsA andB. ot
As two-level atoms are considered, an atom evolves be-

tween its ground statig, g) and excited statge, g), Where 9Cy — _ixnC
the subscript® andB refer to the atoms. Let us denote by at s’

|ga.0g,Nn) a state of the combined atom-field system, where

both of the atoms are in their ground states amghotons are  WhereC¢=C,+Cg is the amplitude of the symmetric state,
present in the cavity. When similar notations are used for th&a=C>—Cs that of the antisymmetric state, and
other combined states of the atom-field system, the total statéa= —Ag=A. In the unidentical-atom case the evolution of

vector at timet can be written as the system remains the four-level-atomic system, as the an-
tisymmetric state is strongly coupled with the symmetric
state.
|W(t))=Cylea,eg,n—2)+Cylea,05,n— 1) The equations of motiori8) are easily solved. We find

that when both the atoms are initially in their ground states,

+Cslga.€3.N~1)+C4lga.05.1), © the probability of the atoms being in excited states at time

is
whereC;, i=1, 2, 3, and 4, are the time-dependent ampli- ————\ 2
tudes of states. With use of Eg&) and (6), it is a simple |C1|2:<4K2 n(nz— 1)) sin“(z—ﬂ)
matter to write down the equations of motion for the ampli- z] 2)
tudes:
z;=VA%+2x%(2n—1). 9
dCyq . — . — This is a simple periodic function with the Rabi frequency
ot = eeVn—1Cmixayn—1Cs, 2z,. The evolution of the population density is plotted in Fig.

1(a) when the cavity field is initially prepared with thme= 10
Fock state. The simple sinusoidal behavior is the result of
aC, ) i i two-photon absorption by the atoms. Note the dependence of
il KB\/n—1C1+|ABC2—'KA\/ﬁC4v the Rabi frequency on the excitation of the Fock state. Note
that effective two-photon Hamiltoniard2] will lead to a
dependence of the form(n— 1) square root in the argument
dCs . _ _ (7 of the sine term. Note further that X is large compared to
. kaVN—1C1+iAxCa—ikgNCy, 2k%(2n—1), then we effectively obtain the result obtained
from second-order perturbation theory. In the absence of the
cavity we replacen andn—1 by o? (« is the c number
9C4 amplitude of the fielyd and for two-photon absorption we
7=—iKAJﬁcz—i,<E3Jﬁc3+i(AA+AB)C4. obtain

4k2a?

2 z.t
|C1|2:( 72 )Sinzl(%>, .= A% +4k%a?. (10)

C

These four coupled differential equations can be solved ana-
lytically. In this paper, however, for a clear study of two- ) ) o ]
photon absorption, we simplify the problem by settingWe also_ note the existence of trapping states if interaction
kA= Kg= K. OUr primary interest is in the evolution of the M€ i iS such that

atoms for various detunings. For identical atofg=Ag, > = _

and this case has been extensively studied in the literature VAZ+ 26520 1) 7ip=2m, (12)

gr:\g\.llvs\;/iﬁ glfs_%% cﬂgglgg;fgcr)gt)gndetunmg large so as to hav%vherem is an integer. These are analogs of the well-known

[13] trapping states for single-photon absorption.

In our case of two-photon absorption, the symmetric state
is coupled to the antisymmetric state, and the antisymmetric
state has a chance to be populated wheh0. To consider

We want to consider the two-photon absorption by twothe coupling between symmetric and antisymmetric states,
unidentical atoms under the conditich,+Az=0. Note we calculate the possibility of the atoms being in the anti-
here that single-photon detunings are nonzero. In this cassymmetric state having assumed that the atoms are initially
the equations of motiofi7) become in the symmetric state:

lll. TWO-PHOTON ABSORPTION
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FIG. 2. Quantum correlation when the cavity field is initially
o - (b) prepared with the ten-photon Fock state. The detunings are
T Ap=—Ag=5. Thex axis is in units of the coupling constast
] aC
: Tho ikn-1c,
0.3 ot
. iCs | .
. = =—2ikyn—1C;+iACs—2ikynC,, (13
02 ]
7 ] aC
S 4 _jk{nCF2iAC,.
1 i ot
0.1 For identical atoms the two-photon resonance condition be-
1 comes identical to the one-photon resonance condition.
] When the atomic transition is resonant with the cavity field,
1 the amplitude of both the atoms in the excited state is
L0 o o o o N L
2 4 6 8 10
t nn—1)

Ci=— (1—codt), (14

2n—1
FIG. 1. Probability of both the atoms being in their excited

states as a function of the interaction timeThe atoms were as- Where the resonant Rabi frequerf@y= \2«?(2n—1). In the

sumed to be initially in their excited states, and the cavity fieldidentical-atom case, Eq&l3) show that the evolution is the

initially prepared in the ten-photon Fock state. The detunings arsame as that for the three-level atom interacting with a

Ap=—Ap=5 (8 and A,=Ag=>5. Thex axis is in units of the single-mode field. When the two identical atoms are initially

coupling constank. prepared in their ground states and the cavity field in the
Fock state, the time evolution of the probabilitg,|? for

A2 both the atoms being in their excited states is plotted in Fig.
|Ca|2=(—) sirfz,t. (120 1b.

Z If the detuning is chosen to be larger than the resonant
Rabi frequency, i.eA?>0?, Egs.(13) are approximated to
have three eigenvalues), 2iA, and —2ik?>(n—1)/A. As

When the detuning is large, the atoms bounce back and fortihe eigenvalue ?(n—1)/A~0, we notice that the three

between the antisymmetric and symmetric states. When theigenvalues are nearly evenly spaced. The probability of the

detuning is zero the antisymmetric state is decoupled, andtoms being their excited states is

the atomic evolution reduces to the three-level system.

We next compare the results on two-photon absorption 2 k|4
with a system of identical atoms whose transition frequency |Cal*~ A n(n—1)
is detuned from the cavity field, so we sef=Ag=A. The )
i i i i - K
gggggotgs of motior(7) for the two identical atoms are re «|3—4 cos\t cosK(n—l)tJrCOSMt . (15
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The evolution is determined by the interference between the

second and third terms in the brackets. The beating occurs

because there are three evenly spaced eigenvalues which are

caused by the stepwise transitions from the atomic ground-

ground state to the excited-excited state. In Figp) e can 0.3

see that this analogy applies even whef~Q?. Clearly

there are differences between two-photon absorption in a

system of identical and unidentical atoms and these become

pronouncedor large times. o 0.2
If the cavity field is not quantized, the product of each o

atom being in its excited state is the same as the probability —

of both the atoms being in their respective excited states.

However, if the cavity field is quantized, the probability of 0.1

the other atom to be excited is influenced by the one atom

having been excited. We define the quantum correlafign

as

TR B B | TN I I S B MR S

[ R O o B e o e e AR R RS

Co=(len.ea)(en.esl)—(len) (ea)(les)(eal). (16 o E e

(b)

This value iszero when aclassical fieldis considered to 0.4
interact with the atoms. For our model, the quantum correla-
tion is plotted in Fig. 2 when the cavity is initially prepared
in the Fock state. The quantum correlations are found to be
quite pronounced. In fact, Fig. 2 shows th@g is of the 0.3
same order afC,|2.

It may also be noted that the probabilities of only a single-
atom excitation are different for the casesif= —Agz and
Ap=Ag. Assuming the atoms are initially in their ground = «_
states, the probability of atorA being in its excited state &)
while leaving atonB in its ground state, at time is o

2k2nA2

C,|?=
Cal* ==

K

A

2
z
ZsinZ?ltJr (2n—1)sirfz;t

17

when A;=—-A,=A. If the detunings are chosen as 0.0 T e e T e oo
A,=Ag, the probability amplitude of only atom being t
excited is the inverse-Laplace transform of

< e
— o
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FIG. 3. Probability of both atoms being in their excited states as
—ikJn z a function of the interaction time The atoms were assumed to be
23—3iA22+2[K2(2n— 1 —A2]2—4iAK2(n— 1)’ initially in their groungstates, and the cavity field initially prepared
in the coherent stata=10. The detunings aré) A,=—Ag=5
(18 and(b) A,=Ag=5. Thex axis is in units of the coupling constant

62(2) =

In the limit for largen, the denominator in Eq18) can be

factored. When there is only a single photon present initially - ) ]

in the cavity, both evolution&l7) and(18) will show simple of the mean photon number is |n|t'|ally.|n the cavity, the
sinusoidal oscillations. In general, however, evoluti@7)  Probability of two-photon absgrptlon is calculated as the
behaves differently from evolutiofl8). The evolutions can Poissonian-weighted sum (€, |*:

also be compared with the case if the second atom were % =

a_lbsent. _In thl_s case the probabili® of the atomic excita- P,= e—nz ”_|C1|2_ (20)
tion at timet is n=o0 N!

P 4k°n
€ A2+ 4k2n

(199 WhenAx=—Ag, Fig. 3@ shows the collapse and revival
character of two-photon absorption. Notice the first few full
revivals. The well-defined half-revivals are also clearly seen.
These half-revivals arise from the fourth power of sine term
in |C4|%. WhenA,=Ag, Fig. 3b) shows that the oscilla-
tions do not revive as fully as in Fig.(8. The stepwise

The Jaynes-Cummings model is well known for collapsedransitions between the ground-ground and excited-excited
and revivals in the evolution of atomic inversion when thestates bring about extra frequency dependence which makes
cavity is initially in a coherent state. When the coherent fieldthe revivals less pronounced.

A%+4k°n t
sin2< “ )

2

Note the distinction among the three resylt3)—(19).

Collapses and revivals
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FIG. 4. Quantum correlation when the cavity field is initially FlGI 5.thfect of Sut_J-Poi\jlsonl:nt StatIStICi otn thefco_lla[isoe Sl
prepared in a coherent state of the mean photon numbd0. The revivat -p enomenzj n oP o.or.1 .ex0|.a ion fon= 7
detunings areé\ .= —Ag=5. We can see that the quantum correla- AA_I_AUE_S, ando”=n/2. Thex axis is in units of the coupling
constantk.

tion also shows collapses and revivals. Bhaxis is in units of the
coupling constank.

ity frequency. When the sum of the detunings vanishes, the

The quantum correlatio@ is plotted in Fig. 4 when the population density of both the atoms being in their excited
cavity field is in the coherent state. We still note large quan-states is determined by simple sinusoidal evolution for an

tum correlations, even though the field is in a coherent staténitial Fock state cavity field. We have also found that the
However, the average number of photons is not large enouglntisymmetric state is strongly coupled with the symmetric
for semiclassical limit to apply. state for the unidentical-atom interaction. In particular, when
We also find that the revivals and fractional revivals be-the detuning is large, the atomic system oscillates between
come much more shai(fig. 5 if the field in the cavity has symmetric and antisymmetric states. The collapses and re-

sub-Poissonian statistics; the photon number distribution ofivals of oscillations in the atomic inversion persist for a
the initial cavity field is assumed to be longer interaction time for the case of two-photon absorp-
o tion. We have found that the atomic system is strongly cor-

1 (n—n)?
expy — ———,
\/ﬂo' 207

related via cavity field when the field is quantized.
IV. CONCLUSIONS

= n/2.

(n)= (21)
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