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Atomic two-photon excitation by an injected squeezed vacuum in a cavity
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We study the two-photon excitation rate and the spectrum of a three-level atom B twonfiguration
interacting with a resonant cavity mode which is coupled to a broadband squeezed vacuum through its input-
output mirror. We show that the optical Bloch equations in the cavity environment are formally identical to
these in free space but, in the bad-cavity limit, with cavity-modified parameters describing the injected
squeezed vacuum. It is shown that the two-photon excitation(veitech is proportional to the upper-level
population has two components, one depending linearly and the other quadratically on the squeezed photon
numberN, in excellent agreement with experimdé@eorgiadet al, Phys. Rev. Lett75, 3426(1995]. The
presence of the term quadratic M is entirely due to the effectively imperfect correlation of the squeezed
photon pairs in the bad cavity. We also find that the two-photon excitation spe¢asimeasured by the
fluorescent emission from the upper level to the intermediate)lexlibits an extremely narrow peak at line
center, under appropriate choices of the bad-cavity parameters. All these results are independent of the
squeezed phasgS1050-294706)10909-4

PACS numbds): 42.50.Dv, 32.80.Rm, 42.50.Lc

I. INTRODUCTION or A configuration is damped by a single, squeezed vacuum
reservoir. Other related problems, such as population trap-
The interaction of quadrature squeezed light with atomsping [15] of V- and A-type atoms in the presence of an
has been a topic of considerable theoretical and experimentaliditional coherent driving field, the optical double-
interest since the first successful generation of squeezed lightsonance spectrufi6] in a E -type atomic system, and the
about a decade aga]. This field of research was initiated by resonance fluorescence spe¢ttd] of a three-level atongin
Gardiner [2], who showed that broadband quadratureall possible configurationsvhich interacts with two conven-
squeezed light can in principle inhibit the phase decay of dional laser sources and two independent squeezed vacua,
two-level atom, thus resulting in a subnatural linewidth inhave been also investigated extensively. A variety of inter-
the atomic fluorescence spectrum. The modifications of thesting phenomena have been predicted.
resonance fluorescence spectrum of such a system were ex-All the effects described above take place in free space.
amined by Carmichael, Lane, and W4I8, who found that, However, as emphasized by Gardirf@] and Carmichael
for strong driving fields, the relative heights and widths ofet al. [3], such experiments would be difficult to perform
the peaks in the spectrum are very sensitive to the squeezsthce they requirall the modes with which the atom inter-
phase. A number of other investigations of the effect ofacts to be squeezed. That is, the squeezed modes must oc-
guadrature squeezing on resonance fluorescence and protigpy the whole 4r solid angle of space. In order to avoid
absorption of a coherently driven two-level atom have beerthis difficulty, the cavity situation is a natural alternative to
also reported4-10], with particularly distinctive spectral consider, since the atom interacts strongly only with the
features, for example, hole burning and dispersive profiles gtrivileged cavity mode. Only the modes within a small solid
line center{4], suppression of the fluorescence radiafih ~ angle about this cavity mode need be squeezed. Parkins and
Fano-like profiled6], and gain without population inversion Gardiner[18] have considered a single atom inside a micro-
[7], being found. These departures from the usual spectralavity which has squeezed light incident upon the output
features of a driven atom in an ordinary vacuum are due tenirror, and demonstrated that the inhibition of atomic phase
the fundamental alteration of atomic radiative processes bgecays should still be observable under appropriate condi-
the nonclassical field. tions. The resonance fluorescence and absorption spectra of a
Because of the strong two-photon correlations present itwo-level atom in an optical cavity with injected squeezed
squeezed light, it is quite natural to extend the studies ofacuum have been also reported in the bad cavity [it8{,
atom-squeezed-light interactions to three-level schemeshere unusual spectral features, for instance, hole-burning
where the behavior of atomic two-photon transitions will beand dispersion profiles at line center, have been shown to
influenced in a significant way by squeezed light. Recentlypersist, although they are less pronounced than in free space
great attention has been paid to the effect of a squeezedlie to a reduction of the degree of two-photon correlation of
vacuum on the two-photon transition rate in a three-levethe squeezing in the bad optical cavity. However, they re-
B system[11,12, where the dependence of the two-photonmain detectable within the cavity environment. The two-
transition rate on excitation intensity in the weak field limit photon population inversion of a three-level atom in the
is predicted to be linear, instead of the quadratic dependencg-type structure excited by a squeezed vacuum in a Fabry-
observed when coherent or thermal light is employed as thBeot microcavity has recently been reportg®d]. Gardiner
excitation field [13]. Buzek et al. [14] showed that pure and Parking21] have also evaluated the two-photon absorp-
states can be achieved when a three-level dtorthe =, V, tion rate of a= -type atom by squeezed light in an alternative

1050-2947/96/5)/24559)/$10.00 54 2455 © 1996 The American Physical Society



2456 PENG ZHOU AND S. SWAIN 54

cavity configuration where the nonlinear optical parametric

oscillator medium generating the squeezed vacuum is put
inside a cavity together with the atom, and the cavity mode

and atom are damped by ordinary vacua. They have shown
via a numerical solution of the master equation of the system
that the linear dependence of the absorption rate on the ex-
citation intensity for weak excitation still holds.

Recently, Georgiadest al.[22], have carried out the first
experimental investigation of the modification of the funda-
mental atomic radiative processes brought about by illumi-
nation with nonclassical light. More specifically, they ob-
served the rate of the two-photon transitioB, — 6Ds, for FIG. 1. Cavity configuration of the two-photon excitation of a
trapped atomic cesium excited by a squeezed vacuum ligi#-type atom by an injected squeezed vacuum, whei® the an-
generated via nondegenerate parametric down conversiofihilation operator of the cavity mod4, is the one-photon detuning
The rate observed shows both linear and quadratic growthsnd «,y,, and y, are the decay constants of the cavity mode, the
with the light intensity for weak excitation, in contrast with upper atomic level, and the intermediate atomic level, respectively.
the purely quadratic dependence produced by classical light
sourceq13], in qualitative agreement with theoretical stud- also assumed to be on two-photon resonance with the cavity
ies of a three-leveE-type atom interacting with a single mode, i.e..E;—E;=2w.. In a frame rotating at the reso-
squeezed vacuufil,12,2]. nance cavity frequencw., the master equation is of the

In this paper we study the two-photon transitions of aform
= -type atom excited by a squeezed vacuum injected through )
the input-output cavity mirror inside an optical cavity. This p=—i[H,p]+Lep+ Lap, (1)
system is somewhat in accordance with the experimental
configuration set up by Georgiadesal.[22] . We present a with
simple and physically appealing theory of this situation using A
the cavity renormalized squeezing parameters that we have _- : tA : tA
recently ?/ntroducec[lg]. Wcé also gornt out that interesting H=2Axtiga(a At~ Axa) Higs(a' A= AsA), (2)
features can be seen in the resonance fluorescence spectrum

of this system. L.p=xk(N+1)(2apa’'—a'ap—pa'a)+«N(2a'pa—aa'p
The current paper is organized as follows: the physical " Cio ) )
system under consideration is described in Sec. Il, where we —paa’)—«Me '?(2apa—a‘p—pa‘)

also derive the optical Bloch equations in the bad-cavity
limit. We show that these are formally identical to those in
free space, the only difference being a redefinition of theyg
parameters describing spontaneous decay and the squeezing.
In Sec. Ill we investigate the two-photon transition rate by 1 1
determining the upper-level population as a function of the Lap= 573(2A23pA32— Azzp—pAsz)+ 572(2A12pA21
squeezed photon numbg@xcitation intensity. We find that
the rate of two-photon excitation consists of a linear and a — Aoop— pAs) + Y23A230A 1+ V23A1pAL,, (4)
guadratic dependence on the squeezed photon number,
which is in excellent agreement with the experimental obserwhere H describes the two-photon interaction of the atom
vation[22]. We calculate the fluorescence emission spectrunith the cavity modeA = w.— (E,— E;)=(E3— E,) — w, iS
of such an atomic system under the two-photon excitation bynhe detuning of the intermediate std2) from the exact
squeezed light inside a cavity in Sec. IV, where a distinctivepne-photon resonance, aag.=|l)(k| represents a popula-
narrow spectral feature is found in the bad-cavity limit. Thistion operator for =k and a dipole transition operator for
spectral feature does not occur in free spptH, nor in a k. The cavity mode has annihilation and creation operators
cavity with an injected black-body radiation field. A sum- 3 anda’. g, andgs are the coupling constants of the respec-
mary is contained in Sec. V. tive atomic transitiong1)«|2) and|2)«|3) to the cavity
mode. Here transitions between the excited l¢8gland the
ground level|1) are dipole forbiddenl.p and £,p, respec-
tively describe damping of the cavity field by the injected
squeezed reservoir, and atomic damping to background
We consider the two-photon interaction of a singlemodes other than the privileged cavity modeis the cavity
E-type atom with a cavity mode that is assumed to bedecay constanty, and y; are the decay constants of the
coupled to an injected broadband squeezed vacuum via tHevels|2) and|3) respectively, and,; is associated with the
lossy mirror of a single-ended cavity. The atom is damped byjuantum correlation between thé)«—|2) and |2)«|3)
a single, standard vacuum environment. The configuratiofransition pathways, which is strongly dependent upon the
considered is shown in Fig. 1. For simplicity, the cavity reso-orientations of the atomic dipole polarizations. In what fol-
nance frequencyw. and the center frequency, of the lows we takey,;=+/v,7y3 to make the quantum interference
squeezed vacuum are taken to be identical, and the atom éffects maximal.

—kMe'®(2a’pa’—a'?p—pa’?), ()

II. OPTICAL BLOCH EQUATIONS
IN THE BAD-CAVITY LIMIT
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The real parametefd andM characterize the broadband ferred to the atom-cavity interaction. The alternative view-

squeezed reservoir through the relations point is that the atom couples to the transformed cavity
mode.
(af(w)a(w’))=Ns(w—w'), Accordingly, the time evolution of the expectation values

of the atom is governed by
(a(w)a'(w"))=(N+1)8(w— "), .

” (Agd)=— 73(Asd) — ga(1(aTAg)) + u(aTAzg) + u(AgR)
a(w)a(w'))=Me'?s(2ws—w—w'), 5
(a(w)a(w")) (20— w—o") (5) o (A,
where a(w) is the photon annihilation operator for the
squeezed vacuunay is the center frequency of the squeezed (A,y) = — y2(Ay) + v5(Ass) — go( (@ Ay + u(atAsy)
vacuum(which is tuned close to the cavity frequeney),

t t
N is the squeezing photon numb#t, measures the strength (A1) T 1" (A1) + ga(1(a' Agy) + u(@'Agg)
of the two-photon correlations, and is the phase of the + u(Agd) + 1* (Apad)),
squeezed vacuum. The squeezing is assumed to be broad-
band so thalN andM are independent of the frequenay _ 1
They obey the relation (Agp)=— 5 (72t ysti A){(Agp) —ga(v(aTAgy) + u(Aza))
M=7IN(N+1), (0=7y=1). © + g3l (2" Agd) — (@l Ag)) + v (Ag)
The quantityz measures the degree of two-photon corre- —v*(AA)),

lations in the squeezed vacuum. Its interpretation is simple:

n=0 implies no squeezing and our cavity field is then . 1

equivalently damped by a chaotic fielg=1, however, cor-  (Az1) =~ 5 (72~ i8)(Az1) + 725 Asa) + Gl v(a'Agy)
responds to the reservoir being in an ideal or minimum un-

certainty squeezed state. We refer to this as perfect correla- + {Aga)) — go( m{atAgy) — u(aAgy) + v* (Aya)
tion, since in this instance the photon twins, characteristic of .
a squeezed vacuum, are maximally correlated for the particu- —v*(A;1d)),

lar value ofN. In this paper we assume that the squeezed

vacuum is injected into the cavity with perfect two-photon - 1 + .
correlation (7= 1). Theory predicts that the squeezed output (As) =~ 5 73(As1) + Ga( (@' Agg) + v* (Ag2))
of an ideal parametric oscillator is characterized #¥ 1

[23]. —g3(u(a'Ayn) +v* (Aza)), (1D
If one performs the squeeze transformation on the master
equation(1) by where( ) denotes the averages in the squeezed picture.
These equations contain expectation values of higher-
p=5SpS, (7)  order operators, which lead to a series of coupled equations

for the atomic and cavity mode variables. In what follows,
whereS is the usual squeeze operafdf that transforms the we are interested in the bad-cavity linfit9,24); that is,
annihilation and creation operators as
K>y, g, with g>vy, (=273, (12
SaS=pa+va', e =
e ) but with C=g%/«y,, (I=2,3) [25] finite, whereC is the
Sas'=v*atua’, (8)  effective cooperativity parameter of a single atom familiar
_ i ) from optical bistability. Also, to ensure the validity of the
with u=N+1 andv=1N€'%, in the squeezed picture the proadband squeezing assumption, the bandwidth of squeez-

master equatiofl) takes the form ing would need to be large comparedioThese conditions

) _ imply that the cavity-mode response to the squeezed vacuum
p=—i[H,pl+Lp+L,p, (99  reservoir is much faster than that produced by its interaction

with the atom. Then the atom always experiences the cavity
where mode in the state induced by the squeezed reservoir, which

permits one to adiabatically eliminate the cavity-mode vari-

~ A . - + ables. This gives rise to a set of equations for the atomic
H=ZAntigal(na’+ v a)Ap—Ay(va'+ua)) variables only, which can be exactly solved. To do this we
consider the Heisenberg-Langevin equation of the trans-

+igsl (na'+v*a)A—Agy(va'+pa)l, formed cavity mode, which is expressed as
L,p=«(2apa’—pa’a—a'ap). (10 a=— ka+go( uAp— vAz) + (A~ vAz) +L(1),
(13

The transformed cavity mode is damped by a standard
vacuum, and the effect of the squeezed reservoir is transwwhose formal solution is given by



2458
t

a(t)=a(0)e “'+ ng [mA(t—T) = vAy(t—1)]e “TdT
0

t
+ gsJo[MAzs(t_ T)— VvAz(t—7)]e” “dr

—I—JtL(t—T)e*"TdT, (14
0
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) 1
(Agm) =T'3N(Az) —T'3(1+N)(Agy + > Erf(Az)

1
ts5 E5(A1a),

(Ap) =T Ne(Ar) —[T5(1+Ng) +TsNJ(Az)

+T3(1+ No)(Asg) — Exx(Azr) — €35 Arg),

whereL(t) indicates the Langevin operator associated with

the standard vacuuif24]. In the bad-cavity limit(12), the

transformed cavity moda(t) is reduced to

() = 2L pAsd )~ vAA(D ]+ [ A )~ vAD)]

1
+ =L(t). (15
K

Substituting a(t)
equations:

(Agz)=273CN(A) — ¥3(1+2C+ 2CN)(Agz)
+ ¥2CME#(Az) + y,CMe " ¥(Ayy),

(A22)=27,CN(A1) —[ 75(1+2C+2CN) +2y;CN](Ayy)
+ 93(1+2C+2CN)(Ags) — 2y,.CMe #( Az
—27,:CMe "¥(Ary),

: 1
(As)==5[7,(1+2C+2CN)
+y3(1+2C+4CN)+iAT(Agy)
—2y;CMe " (Ay) +2y,5C N(A,)
+¥,:CMe (A,
. 1 _

(Ag)=— 5[ 7,(1+2C+4CN) +2y;,CN—iA1(Az)
—29,CMe (A1) + yo5(1+2C+2CN)(Agy)
+72:CMe Az,

. 1
(As) == 5[73(1+2C+2CN)+27,CNI(As)

+y2CMe (A1) — 2(Axp) +(Agg).  (16)

If we define the following scaled parameters,

ﬁ—m, Ne=pBN, M =M, 17
I''=y(1+2C), &=I'M.? (1=2,3,23, (189

into (11) and utilizing the property
(L(t))=0, we obtain the following cavity modified Bloch

<A32>: - %[Fz(lJr Ng)+3(1+2N) +iA(Ag)
1
— €3(A29) T T pgN(Azp) +§§§3<A12>:
. 1 _
(Ap)=— §[F2(1+ 2N¢) +T3N—i1A (AL
1
— &5 (A1) + T o314+ Np)(Agp) +§§§3<A23>'

. 1 1
(Aa) = = ST N+ Ta(1+ N W Ag)+ 5 E5(Ar)

—2(Az) +(Asz3)). (19

The quantityl’; is the cavity enhanced spontaneous decay
rate of the levell), andN. andM. are the effective values
of the squeezing parameters for the atom in the cavity envi-
ronment. Equation§ 19) are formally identical to the optical
Bloch equations in free spadé2,14. It is as though we
were considering a free atom damped by a broadband
squeezed vacuum but that the squeezing in the reservoir was
now described bN. andM . The only difference between
the equations in the bad cavity and free space lies in the
values of the parameters.

From the definitions of the parameteétis andM .. (17), in
the bad cavity we have

M=M= BN(N+1)=yN(N.+B)
<VINg(Ng+1)<N(N+1) (20)

so that the effect of the cavity is to degrade the strength of
the two-photon correlations of the squeezed vacuum. Even if
the squeezed field has perfect two-photon correlations in free
space as we assume<1), within the cavity it necessarily
behaves like a squeezed field with imperfect two-photon cor-
relations, 7.=M./N.<1. Only in the limit C—«, (i.e.,
B—1) are the correlations the same strength in free space
and in the bad cavity. Therefore, we must now interpigt
andM . as theeffectivesqueezing parameters experienced by
the atom in the bad-cavity limit.

The renormalization of the parameters has very important
consequences. We shall see that the two-photon absorption
rate has not only a term linearly dependent on the excitation
intensity, but also a quadratically dependent term, as ob-
served experimentallj22]. The latter is due to the reduction

then the modified Bloch equations in the bad-cavity limit canof the two-photon correlation strength in the injected

be expressed as

squeezed vacuum inside the bad cavity. The extremely nar-
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row spectral features in the two-photon fluorescence spec-
trum are also due to this reduction: they do not arise in the

corresponding free space situation wigh=1.

IIl. TWO-PHOTON EXCITATION RATE

Experimentally, the two-photon excitation probability is

usually measured by recording the atomic fluorescence inten-

sity from the levels|3) to |2), that is, by measuring the
upper-level populatioiAzs) [22]. For our model the steady-
state populations of the excited and intermediate levels an
the steady-state two-photon coherence are

N2(T 2N+ T'3Ne+T'3) = ME(T N+ 3N —T'p)
(3NZ+ 3N +1—3M2)(T,N+ 3N+ T5)

(Agg) =

R Ne(1+Ng)—M2
(Aa)= 3NZ+3N,+1-3M2’

I'y)Me'?
(A1p)= %2 VY :
(3NZ+ 3N+ 1— 3M2) (TN + 3N+ T'5)

(21)

The steady-state, single-photon coherences are zer
(A19)=(A,3)=0. The nonzero two-photon coherence
(A13), proportional to the two-photon correlation strength of
the injected squeezed vacuum inside the bad cavity, reflec

the fact that the correlations in the excitation field induce a

stationary correlation between levels) and|3). Note that
(A1) is also proportional td" 3.

In free spaceB=1, we see that the population in the
intermediate level is zero{A,,)=0, and the population
transfers from the ground level to the upper level via
single-step, two-photon process. That is, one photon of th

pairs promotes the atom from the ground level to the virtual®

intermediate level, while its twin immediate(in a time less
than the virtual level lifetimg completes the two-photon
transition, due to the highly correlated photon pairs in th
squeezed vacuum. The resulting two-photon absorption ra
(proportional to the upper level populatidAss)) is linearly
dependent on the excitation intensify [11,12 when
M=+ JN(N+1).

However, in the bad-cavity situation3<1l so that
M <+Nc(Nc+1), (A,)#0 even in the case when a per-
fectly correlated squeezed vacuum is injected into the cavit
The effective degree of correlation. is now less than 1,

which means that some of the photon pairs in the squeeze{ﬁ

field are not correlated, due to the cavity effect. The corre
sponding two-photon excitation is a mixed, two-photon pro-
cess of one-step transitions and two-step transitions. Ther
fore, the two-step transition process makes a quadrati
intensity-dependent contribution to the two-photon absorp
tion rate(for low excitation strengths as shown by Mollow
[27].

We may rewrite the expression fh33) in Eq.(21) in the
abbreviated form

_ BNg+H(1-B)(at+ N
(Agg)= (a+aNg+N)[3N(1-B)+1]"

(22)
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FIG. 2. Two-photon transition ratgroportional to the popula-
tion in the upper leveglas a function ofN in regions of weak
excitation, for «=0.64, and in the bad-cavity limit with
C=10, M=0 (dashed ling and C=10, M?=N(N+1) (dash-
dotted ling, and in the free space witM=0 (solid line) and
M2=N(N+1) (dotted ling.

W_ith a=vy3/vy,=T3/T",. The population consists of not only
a’linear dependence term on the squeezed photon number
N, inside the cavity, but also a quadratic dependence term on
{gc, which is in excellent agreement with the experimental
result[22]. The former is always associated with the factor
B, the latter with (= 8). This result may be alternatively
understood as follows. As shown above, the two-photon cor-
relation strength of the injected squeezed vacuum is reduced
due to the cavity effect. We may imagine separating the
squeezed vacuum inside the cavity into a squeezed
énonclassical—fiel)jpart, indicated by the factg@®, and a non-
gueezed(classical-fieldl part, presented by (28). The
nonclassical-field excitatioficonsisting of perfectly corre-
lated photon paigscontributes a linear component to the
rate, whilst the classical-field excitatigoonsisting of uncor-

presence of the term quadratic My in Eq. (22) is entirely
due to the effectively imperfect correlation of the squeezed
photon pairs in the bad cavity.

We display the upper-level populatidAss) in free space
and in the bad-cavity configuratiorC& 10) for weak exci-
tation in Fig. 2, where the value=0.64 is set according to

Yhe linewidths of the intermediate level Pg,,F'=5) and

e upper level (B5;,,F"=6) of the cesium atom employed
recent experiment§22,26. One finds that for thermal
(classicaly field excitation M =0), the two-photon transi-
tion rates in free space and in a cavity are almost identical,

Suhilst for squeezednonclassical light excitation, the rates

Sre significantly different, with the rate in free space being
greater than that in a cavityn the bad-cavity limit. How-
ever, the rate of nonclassical excitation is larger than that of
classical excitation.

In general, the upper-level populati¢As,) is also deter-
mined by the ratioo of the upper- and intermediate-level
linewidths and the effective atomic cooperativity parameter
C. In the limit «<<1 (i.e., y3<<7v,), the upper-state popula-
tion (22) reduces approximately to
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evaluated by invoking the quantum regression thedr2ah

(a) (b) together with the optical Bloch equatiofit9), as
02 0.2 E(z)=[z+A3 —T3(1+Nc)B1+&,B,1(Asg)
=5 . i
< ~| £5B1—T5NeB,— 55;‘3}<A13>,
2o (0) 20 2o (g) 20 D(z)=[z+A% —T(1+N)B1+ &Byl[z+ Az +E5A;
(]
1
_FzchAz]_[szz_rzs(l+ Ne)A— Egzs}
~0.2 0.2
X 1
< X| €3BT 33NBo— 5533}’ (25)

20 % 20 where

0 0
Vv A% 1
. _53(Z+A2)+_§23r23(1+ Nc)

FIG. 3. Fluorescence emission spectrum from the upper level to _

the intermediate one, with=0, a«=0.64, N=2 and various val- A= ’

ues ofC: (8) C=10, (b) C=100, (c) C=1000, and(d) in the free (z+A)(z+A3)— |§23|

space. We assume that a perfect squeezed vacuum is injected into

the cavity in the following graphs.

1
Io(1+No)(z+A3Z) — 553533

B+B(1l-B)(a+1)N A,=
A _ 23 2
(Asg) 3NB(1-B)+1 @3 (Z+A2)(Z+A§)_%|§23|2

In free spacéAsz)=1, i.e., the atom is highly populated in
the excited leve|3) due to nonclassical two-photon excita- TN (z+ A ) — Ef*g
tion by a squeezed light. However, in the cavity configura- = 2 2523
tion, B<1, the two-photon population inversion is reduced B1= 1 '
depending upon the atomic cooperativity paramétewhen (z+A)(z+A3) - Z|§23|2
the parametelC is very small, which corresponds to the
field’s inside cavity being more chaotic, the populati@3) 1
. . . 1 . .
in the upper level is approximately reducedstoThis is the —E(z+ A+ S E N

. Lo . 2 23+ 23'N¢
value found in two-photon excitation by black-body radia- B
: 2
tion [14].

1
(z+A)(z+A3)— Z|§23|2

IV. TWO-PHOTON EXCITATION SPECTRUM

1

When the atom experiences a two-photon excitation, it A2=§[F2(1+2NC)+I‘3NC—iA],
will be excited to the upper level. The two-photon excitation
spectrum is represented by the fluorescence emission spec- 1
trum from the upper level to the intermediate level, which Ag==[To(1+N.)+T5(1+2N,)+iA]. (26)
can, in principle, be measured experimentally by monitoring 2
the fluorescence from the decay of the excited 1¢8¢lto i
the intermediate leveR) at frequencywa, as a function of a The fluorescence spectrum takes a complicated form. How-
reference frequency scanning near[22,26. The spectrum  €Ver, it is easy to see that it is independent of the squeezed
is proportional to the Fourier transform of the stationary av-Phase.

erage value of the two-time average of the atomic polariza- We show the numerical results of the fluorescence emis-
tion operators involvedi27]: sion spectrum\ (v) for A=0, «=0.64, N=2 and various

cooperativity parameterS in Fig. 3. It is clearly seen that a
" E(2) significant narrow peak is superimposed on the broad reso-
A(V):Ref dTei”T<A32(T)A23(O)>=Re{— , nance forC=10 in Fig. 3a), while, as the cooperativity
0 D(2)],_;, parameter increases, for instan€s-100 in Fig. 3b), the
(24)  height of the narrow peak is reduced. For large value€ of
the narrow peak disappears and only a broad component is
where v=w— w. is the frequency measured by the cavity exhibited; see, for exampl€= 1000 in the frame &). The
frequencyw.. E(z)/D(z) is the Laplace transform of the latter is almost identical to Fig.(8), the fluorescence spec-
two-time correlation functiodAsy(7)A»3(0)), which can be  trum in free space.
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The additional narrow spectral feature is also dependent < 0.1 »@@M&N&M
. ST
on the squeezed photon numbé¢rIn Fig. 4, where we set 0.054 ::&Z:?f&:&&&}}}}&&&ﬁ%§*
N=5 and keep the other parameters as in Fig. 3, we find that | .“W&&“ﬁ\
the narrow spectral feature is more pronounced than those in 05 s

: - —10 \:::s\ e
the previous figure. In the present case the narrow peak even

can occur atC=1000. However, the background peak is
wider than those foN=2. The sensitivity of the narrow 10
spectral structure in the two-photon excitation spectrum to v

the squeezed photon number is shown more transparently in

Fig. 5(a), where one sees that the larger the squeezed photon ©
number, the more significant is the narrow peak profile for a 0.54

given cooperativity paramet€r. However, Fig. 8) exhibits 0.4
that the narrow peak does not occur in the free space situa-
tion, no matter how large the squeezed photon number is  59%3%] \\\
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taken. <02
All the above results are obtained assuming that a perfect

squeezed vacuum is injected into the cavity. The distinctive 014

narrow spectral feature in the two-photon excitation spec- 0

trum occurs in the bad-cavity limit, where the field inside the -

cavity consists of the nonclassical squeezed-field part and the

classical thermal-field component. As shown above, the nar- 2 4

row spectral line does not occur in free space where the atom N

experiences only nonclassical two-photon excitation by the

perfect squeezed vacuum. If we relax the condition that the FIG. 5. Three-dimensional fluorescence spectrum for

injected squeezed vacuum is perfect, i.e., if we assume th%t:o, &:1,. (a) in the bad cavity withC= 10, and(b) in free space.

7 defined in Eq_'(G) is less than 1’,then the sharp peak €an, (¢), we assume the same parameters as in Klg, Bxcept that

reappear even in the free space situation. For example, if wg, take=0.99 instead ofy=1.

plot the spectra for same parameters as taken in the free
space plot Fig. &), but now assume;=0.99, we obtain a The effect of the one-photon detuning on the two-photon
spectrum qualitatively similar to the bad-cavity result in Fig. excitation spectrum is displayed in Fig. 7, where one finds
5(a) (wheren=1). This is shown in Fig. &). In the remain-  that when the squeezed photon numbeg1, the fluores-
der of our plots we revert to the assumption that 1. cence spectrum is centered around the Bohr frequency be-
In Fig. 6 we have plotted the fluorescence spectrum fotween the leveld3) and |2) of the fluorescent transition
different values ofa. In the limits of a<1 (y3<<v,) or involved, whilst the spectrum is shifted toward line center
a>1 (y3>y,) the narrow effects of the spectrum are not(the cavity frequencyand broadened ds increases. For the
very evident: the extremely narrow spectral features can ariskarger values ofN a remarkable narrow peak at the cavity
for a~1. Also, the fluorescence intensityne area under the frequency is superimposed on the wide background peak. In
spectral curvedecreases as increases. This is because the general, the spectrum is asymmetric. Comparing it with Fig.
excited-state population is greater wherg1, and there are 5(a) we see that the detuning tends to broaden the narrow
consequently more fluorescent photons emitted. spectral feature.

\
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tion of two single photons. The quantum interference be-
FIG. 6. Same as Fig. 3, but witi=10 and different values of tween these distinct exc_ltatlon processes may give rise to the

a: (@) a=0.1, (b) a=0.64,(c) a=1, and(d) a=10. narrow spectral f_eature in the tw_o-photon _flup_rescence spec-

trum under certain conditions. It is more significant for large

Neither does the narrow spectral profile result from exci-Sduéezed photon numbers.
tation with completely uncorrelated photons. In fact, if the
atom undergoes two-photon excitation by an injected thermal
field, then the fluorescence emission spectrum can be simpli-

fied to We have studied the nonclassical two-photon excitation
of a E-type atom inside an optical cavity by an injected
(Asg) Tt Ay T (I-+Ay) squeezed vacuum through the input-output cavity mirror. In
| R V2417 e N the bad-cavity limit, the atomic excitation is composed of a
(27 one-step, two-photon absorption process and a two-step pro-
cess involving the absorption of a single photon at each step.
where As a result, the steady-state two-photon transition (ate-
N2 portional to th_e upper-level populatipeonsists of a linear
(Agg)= c an(_i a quadratlc dependence on th_e squeezed photon number,
3Ng(1+Ng)+1’ which is in agreement with experimental observatj@g].
The rate is also sensitive to the ratio of the decay constants of
1 1 5 > the two excited levels. In the circumstance whetg<y,,
Fo=- E(A2+A3)i§\/(A2_A3) +4T5Nc(1+ Ne). the upper atomic level is almost fully populated in the free
(28) space situation, while the two-photon population inversion is
reduced inside the cavity to a degree that depends on the
The fluorescence emission spectrum is composed of twoooperativity parameter. For very small values ©f the
Lorentzians located at line center with linewidthE2. The  population is reduced t§, reminiscent of thermal-field exci-
spectrum is always very broad: no narrow spectral featuresation.
are exhibited in either the free space or cavity situations. We have also calculated the fluorescence emission spec-
We should emphasize that while some two-photon corretrum of such an atomic system under two-photon excitation
lations are necessary, they do not have to be of nonclassichl squeezed light inside a cavity. We have found that a dis-
magnitude. Thus if we assunmiéd =N, the maximum value tinctive narrow spectral feature occurs in the bad-cavity limit
permitted for a field that has a classical analog, it is stillfor certain values of the parameters. The larger the squeezed
possible under appropriate conditions to observe the narrowhoton number, the more pronounced is the narrow spectral
line at the center of the spectrum, although it is much refeature. The remarkable spectral narrowing is a result of the
duced in magnitude. qguantum interference between the single-step, two-photon
The significant spectral narrowing that occurs in the badexcitation by the nonclassical squeezed light and the two-
cavity limit may be qualitatively understood in terms of step absorption of two single photons by the classical black-
guantum interference. Due to the mixing of the nonclassicabody radiation field. No spectral narrowing effect takes place
two-photon correlated field and the black-body radiationin the cases oB<1 or 8=1. The former reduces to a cavity
field inside the cavity, the atom experiences two kinds ofconfiguration with injected black-body radiation where the
two-photon excitations: one is by the nonclassical, two-two-step excitation process is dominant, whilst the latter cor-
photon correlated field, which is a single-step excitation protesponds to the free space case where the single-step, two-
cess involving the simultaneous absorption of two correlategphoton excitation process is dominant.
photons, whilst the other is by the black-body radiation field, It is worth pointing out that the system considered here is
which is a two-step excitation requiring the separate absorpsomewhat in accordance with the experimental configuration

V. SUMMARY

A(v)=
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set up by Georgiadegt al. [22]. We have chosen the tions which characterize the squeezed vacuum being less
squeezed photon number injected to be a little larger thathan perfect.

those that they have used in the experiment, in order to make

the extremely spectral narrow feature more pronounced. ACKNOWLEDGMENTS
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