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Absorption spectrum and gain without inversion of a driven two-level atom
with arbitrary probe intensity in a squeezed vacuum
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We examine the response of a coherently driven two-level atom interacting with a broadband squeezed
vacuum to a probe beam of arbitrary intensity. The equations of motion for the reduced density matrix
elements are numerically solved by nonperturbative matrix inversion methods. For large driving intensities, the
absorption spectrum exhibits a number of multiphoton absorption peaks with increasing probe strength in a
standard vacuum and in a squeezed vacuum with small photon numbers, while the multiphoton absorption
peaks are wiped out for large squeezed photon numbers. Strong gain without inversion at line center can be
obtained in the presence of the squeezed vacuum when the probe strength does not exceed the driving one. The
absorption spectrum is phase sensitive. We also find the presence of remarkable, very narrow structures at line
center. In general, the spectrum is symmetric whenF50 andp; otherwise, it is asymmetric and displays a
dispersivelike profile at line center.@S1050-2947~97!02401-3#

PACS number~s!: 42.50.Dv, 32.80.2t, 32.30.2r
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I. INTRODUCTION

The absorption properties of driven atoms are of fun
mental importance in techniques of high-resolution satu
tion spectroscopy. The absorption spectrum of a weak pr
beam by a coherently driven two-level atom has been ex
sively studied theoretically, using linear response the
@1–5# and experimentally@6#. In the limit of a large driving
field Rabi frequency, the spectrum has a three-peaked s
ture~the Mollow triplet! where the central peak has a Loren
zian line shape while the Rabi sidebands exhibit dispers
like ~Rayleigh-wing type! profiles @2,3#. However, when the
driving field is detuned from resonance with the atomic tra
sition frequency, the central resonance of the probe abs
tion spectrum exhibits a dispersionlike profile@3–5#, while
the sidebands are two Lorentzians in which one exhibits
sorption and the other amplification. A physical interpre
tion of the dispersion profile at line center has been given
terms of interfering absorption pathways among dres
states by Grynberg and Cohen-Tannoudji@4#. Recently, Ling
and Barbay, and Szymanowskiet al. @5# have investigated
the switching between the absorption and dispersion l
shapes of the probe absorption spectrum. They conclu
that the Rabi sideband structures are due to coherently o
lating coherences while the central structures arise from
coherently oscillating populations. On the other hand, if
effect of rapid collisional dephasing is considered, the
sorption spectrum for small Rabi frequencies exhibits a
at line center@3#, which is qualitatively different from that o
the case of pure radiative damping. Again, the hole burn
can be understood to originate from the coherent popula
oscillations which are induced by the pump and probe fie
beating together at the difference frequency@3#. Lasing with-
out inversion, operating on the three-photon sideband of
Mollow triplet, has also been investigated theoretically a
experimentally@7#.

If the probe strength increases, the atomic nonlinear
551050-2947/97/55~1!/772~9!/$10.00
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sponse becomes substantial, and cannot be ignored. Co
quently, the system exhibits a number of remarkable spec
features. Bonch-Bruevichet al. @8# observed the subradiativ
structures in the probe absorption spectrum, which are
agreement with theoretical results predicted by Toptyg
and Fradkin@9#. Recently, Agarwal and Nayak, and Wilson
Gordonet al. @10# have investigated the effects of collision
and saturation on the higher-order nonlinear wave mix
processes, where multiphoton absorptions induced by b
intense fields occur. Subharmonic resonances@11# and reso-
nance fluorescence@12,13# of such a system have also bee
reported.

The successful generation of squeezed light has sti
lated a re-examination of fundamental atomic radiative p
cesses and the role of squeezed fluctuations in their inte
tion with atomic systems@14#. The first investigation by
Gardiner@15# showed that the two quadratures of the pol
ization of a two-level atom interacting with a squeez
vacuum decay at vastly different rates, one being much
hanced and the other markedly diminished. It is the mod
cation of the decays of the atomic dipole quadratures
gives rise to the unusual spectral features in the resona
fluorescence spectrum of a driven two-level atom in
squeezed vacuum, for instance, phase sensitivity of the
ewidths and heights of the Mollow triplet@16#, hole burning
and dispersion profiles@17#, and dark lines@18#, which are
qualitatively different from any predicted before for this sy
tem.

The effect of the squeezed vacuum on the weak pr
beam absorption spectrum of a driven two-level atom
also been of considerable interest over the years. Ritsch
Zoller, and Anet al. @19# have shown that for strong driving
intensities, the absorption spectrum is phase sensitive
has subnatural linewidths, when both driving and squee
fields are tuned to the atomic resonance. We have rece
found that the anomalous spectral features, for exam
pimples, hole burning, and dispersion profiles, at line cen
772 © 1997 The American Physical Society
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55 773ABSORPTION SPECTRUM AND GAIN WITHOUT . . .
of the probe absorption spectrum of such a system with
termediate Rabi intensities can take place in the vicinity
the critical point dividing the different dynamical regimes
the system, which marks the switch between probe abs
tion and amplification@20#. We have also studied squeezin
induced gain without inversion on resonance@21#. Ficek and
Dalton @22# have recently considered the role of the detun
in the absorption spectrum of a two-level atom in the a
sence of a coherently driven field, in a Fabry-Pe´rot micro-
cavity with injected squeezed light. An interesting pheno
enon, squeezing-induced transparency, is obtained, whic
qualitatively distinct from the one induced by the electr
magnetic field in multilevel atomic systems@23#. We have
recently found that probe transparency still occurs when
atom is coherently driven and the absorption spectrum ex
its Fano-like profiles in the large detuning and lar
squeezed photon number limit@24#. These remarkable result
are also due to the influence of phase-sensitive field corr
tions on atomic dipole dynamics.

Previous studies concerning effects of a squeezed vac
on the absorption spectra are subject to the condition tha
probe field is sufficiently weak to leave the atomic evoluti
essentially unperturbed. In this paper we wish to study
absorption spectrum of the atom probed by a tunable fi
with an arbitrary intensity, which can induce the atomic p
larization to oscillate at the frequency difference between
driving and probe fields and its harmonics, in the presenc
a squeezed vacuum. We find that a rich variety of spec
profiles are possible. Particularly noteworthy results are
follows: ~1! We find that remarkable structures—very na
row peaks within slightly broader dips— may occur for ce
tain values of the parameters. The half-widths of these n
row peaks may be only 1–2% of the natural width.~2!
Pronounced gain without population inversion is possible
line center, providing the probe beam intensity does not
ceed the pump beam intensity.

Our paper is organized as follows. In Sec. II we solve
equations of motion of the reduced density matrix eleme
for a driven two-level atom illuminated by a probe field wi
an arbitrary strength in a squeezed vacuum, based on a
perturbative infinite-dimensional matrix manipulation@13#.
The numerical analysis of the probe absorption in suc
system is presented in Sec. III. The final part contain
summary, and a brief discussion of the difficulties involv
in experimentally investigating these effects.

II. EQUATIONS OF MOTION

The squeezed vacuum has been successfully generat
many laboratories using a parametric oscillator. Ideally, t
is characterized by the correlation functions@14–22,24#

^a†~v!a~v8!&5Nd~v2v8!,

^a~v!a†~v8!&5~N11!d~v2v8!, ~1!

^a~v!a~v8!&5Meifsd~2vs2v2v8!,
-
f

p-

g
-

-
is
-

e
b-

a-

m
he

e
ld
-
e
of
al
s

r-

t
x-

e
ts

on-

a
a

in
s

where a(v) is the photon annihilation operator for th
squeezed vacuum,vs is the center frequency of the squeez
vacuum ~which is tuned close to the laser frequencyvL),
N is the squeezing photon number,M measures the strengt
of the two-photon correlations, andfs is the phase of the
squeezed vacuum. The squeezing is assumed to be b
band so thatN andM are independent of the frequencyv.
They obey the following relation:

M5hAN~N11! ~0<h<1!. ~2!

The valueh51 indicates an ideal squeezed vacuum, i.e., o
that shows the maximum degree of squeezing possible f
givenN, while h50 corresponds to no squeezing at all —
chaotic field. The squeezed vacuum may be ‘‘turned off’’
settingN50.

We here consider the interaction of such a squee
vacuum with a two-level atom driven by a monochroma
laser field of frequencyvL with amplitudeEL , and simulta-
neously illuminated by a tunable probe field of frequen
vp with amplitudeEp . For simplicity, we assume that bot
field modes have the same phasef. The equations of motion
for the reduced atomic density matrix elements, in t
rotating-wave approximation, take the form~in units of\)

ṙ1052~G1 ivA!r102gMe2 i ~2vst2fs!r011 i 12V@e2 i ~vLt2f!

1ae2 i ~vpt2f!#rz ,

ṙz522Grz1 iV@ei ~vLt2f!1aei ~vpt2f!#r10

2 iV@e2 i ~vLt2f!1ae2 i ~vpt2f!#r012g,
~3!

r015r10* ,

rz5r112r00,

with

V52m10EL , a5
Ep

EL
, G5g~N1 1

2 !, ~4!

whereV is the Rabi frequency of the driving field,a is the
ratio of the probe amplitude to the driving one, which m
assume arbitrary values,m10 is the dipole moment of the
atomic transition, andg is the spontaneous decay rate of t
atom to the normal vacuum,

Previous studies of such a system concentrated mostl
very weak probe intensities,a!1, where the atomic nonlin-
ear responses to the probe field are negligible@19–21, 24#, so
that the induced atomic polarization oscillates at three do
nant frequencies,vL , vp , and 2vL2vp . The latter reflects
the fact that a four-wave-mixing signal, which is associa
with a three-photon process consisting of a two-photon
sorption of the driving field and a one-photon emission of
weak probe beam, is generated. However, for arbitrary pr
intensities, both driving and probe fields, in general, indu
components of the atomic polarization oscillating not only
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774 55PENG ZHOU AND S. SWAIN
frequenciesvL andvp , but at the frequenciesnvL6mvp as
well, wheren andm are integers. Therefore, we may expa
r10(t),r01(t), andrz(t) in the Fourier series

r10~ t !5 (
n52`

1`

r10~vL2nd!e2 i [ ~vL2nd!t2f]

5e2 i ~vLt2f! (
n52`

1`

X1
~n!eindt,

r01~ t !5 (
n52`

1`

r01~vL1nd!ei [ ~vL1nd!t2f]

5ei ~vLt2f! (
n52`

1`

X2
~n!eindt, ~5!

rz~ t !5 (
n52`

1`

rz~nd!eindt5 (
n52`

1`

X3
~n!eindt,

whered5vp2vL is the frequency difference between th
driving and probe fields, a continuously tunable quantity.

Substituting Eq.~5! into Eq. ~3! leads to

Ẋ1
~n!52~G1 iD1 ind!X1

~n!2j*X2
~n!

1 i 12V@X3
~n!1aX3

~n11!#,
Ẋ2
~n!52~G2 iD1 ind!X2

~n!2jX1
~n!2 i 12V@X3

~n!1aX3
~n21!#,

~6!

Ẋ3
~n!52~2G1 ind!X3

~n!2gdn, 01 iV@X1
~n!1aX1

~n21!#

2 iV@X2
~n!1aX2

~n11!#,

whereD5vA2vL is a detuning of the driving field from the
atomic transition frequency,j5gMeiF whereF52f2fs
is the relative phase between the squeezed vacuum an
fields.

From the definition Eq. ~5!, one sees tha
X1
(0)5r10(vL), X1

(21)5r10(vp), X1
(1)5r10(2vL2vp),

. . . , andX1
(n)5r10@(n11)vL2nvp#, where, as we shal

see in the next section,r10(vL) andr10(vp) are associated
with atomic complex polarizations that yield refractive ind
and absorption~or amplification! characteristics for the driv-
ing and probe modes, respectively, whiler10(2vL2vp) rep-
resents a four-wave-mixing response, which gives rise
generation of an optical wave with frequency 2vL2vp , and
so on. However,X3

(0)5rz(0) indicates the dc component o
the atomic population inversion, whileX3

(6n)5rz(6nd) rep-
resents the population pulsations oscillating at harmonic
the beat frequency between the pump and probe fields.

In the steady state the Fourier amplitudes are indepen
of time, i.e., Ẋk

(n)50. From Eq.~6! the steady-state ampli
tudes are of the form
X1
~n!5

i ~V/2!@~Gn2 iD1j* !X3
~n!1a~Gn2 iD!X3

~n11!1aj*X3
~n21!#

Gn
21D22uju2

,

X2
~n!5

2 i ~V/2!@~Gn1 iD1j!X3
~n!1a~Gn1 iD!X3

~n21!1ajX3
~n11!#

Gn
21D22uju2

, ~7!
,

nd
n

whereX3
(n) is a solution of the recurrence relation

AnX3
~n!1BnX3

~n21!1CnX3
~n11!1DnX3

~n22!

1EnX3
~n12!52gdn, 0 ~8!

with

An5~G1Gn!1
V2

2 S 2Gn1j1j*

Gn
21D22uju2

1a2
Gn212 iD

Gn21
2 1D22uju2

1a2
Gn111 iD

Gn11
2 1D22uju2D ,

Bn5
V2

2
aS Gn1 iD1j*

Gn
21D22uju2

1
Gn212 iD1j*

Gn21
2 1D22uju2D ,

Cn5
V2

2
aS Gn2 iD1j

Gn
21D22uju2

1
Gn111 iD1j

Gn11
2 1D22uju2D , ~9!
Dn5
V2

2
a2

j*

Gn21
2 1D22uju2

,

En5
V2

2
a2

j

Gn11
2 1D22uju2

where Gn5G1 ind. Clearly, if there is no squeezing
Dn50 and En50, and the quantityX3

(n) couples only to
X3
(n21) andX3

(n11) .
In order to solve the recurrence relation Eq.~8!, using

matrix inversion methods recently proposed by Ficek a
Freedhoff@13#, we construct an infinite-dimensional colum
vectorX3 by putting together the amplitudesX3

(n) in the or-
der

X35F A

X3
~21!

X3
~0!

X3
~1!

A

G . ~10!
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The recurrence Eq.~8! can then be solved in the form

X35K21G, ~11!

whereK is an infinite-dimensional matrix composed of th
coefficientsAn ,Bn ,Cn ,Dn ,En ,

K53
•••

B22 A22 C22 E22 0

D21 B21 A21 C21 E21

D0 B0 A0 C0 E0

D1 B1 A1 C1 E1

0 D2 B2 A2 C2

•••

4
~12!

andG is an infinite-dimensional vector

G5F A

0

2g

0

A

G . ~13!

The solution~11!, together with Eq.~7!, can be used to
obtain the atomic dynamics to any desired accuracy sim
by matrix inversion. To invert the matrixK we truncate the
dimension of the vectorX3 at a large numbern of terms. For
given parametersV,a,D, andd, we choose the numbern to
be sufficiently large for us to achieve the same accuracy
X3
(n0) when we increase or reducen by one. All our numeri-

cal calculations of the probe absorption below are based
these exact solutions.

III. PROBE ABSORPTION SPECTRUM

For simplicity, we assume that the system is compose
an ensemble of identical and independent driven two-le
atoms, so that the polarization of the medium is determi
by the expectation value of the dipole operator multiplied
the density of the atoms@3#. Therefore, the polarization ca
be related to the off-diagonal elements of the atomic den
matrix

P~ t !5Nm10S (
n52`

1`

r10~vL2nd!e2 i [ ~vL2nd!t2f]1c.c.D ,
~14!

which harmonically oscillate at the frequencies of the drivi
and probe fields, and combinations of both field frequenc
N is the number density of atoms. We are here intereste
the response of the medium to the probe field, which can
expressed as

Pprobe~ t !5e0Ep@x~vp!e
2 i ~vpt2f!1c.c.#, ~15!

wheree0 is the free space permittivity andx(vp) the sus-
ceptibility whose real and imaginary parts contribute to
refractive index and absorption coefficient, respective
ly

or

n

of
el
d
y

ty

s.
in
e

e
.

Comparing Eqs.~14! with ~15!, the susceptibilityx(vp) at
the probe field frequencyvp may be expressed in terms o
the off-diagonal elements of the density matrixr10(vp)

x~vp!5
Nm10

e0Ep
r10~vp!. ~16!

Therefore, the renormalized probe absorption spectrum m
be defined as

A~vp!5
V

a
Im@r10~vp!#5

V

a
Im@X1

~21!#, ~17!

whereX1
(21) is determined by Eq.~7!.

We now discuss the numerical results. In Figs. 1–10 w
assumeF50. The effect of varying the squeezing phase
shown in Fig. 11. Figure 1 presents the probe absorpti
spectra for the squeezed photon numberN51 and phase
F50 and a weak driving strength (V50.5) for values of the
probe field strength increasing froma51025 in the first
frame toa53 in the final frame. When the probe field is
sufficiently weak, for example, in Fig. 1~a! where
a51025, the spectrum reduces to that found using line
response theory@20#, where squeezing-induced hole burnin
occurs at line center. As the probe intensity increases,
hole burning becomes shallower, and eventually an ad
tional narrow resonance takes place at the center of the d
This may just be seen in the frame 1~b! wherea50.18. In
frame 1~c!, wherea has been increased toa50.25, the hole-
burning is replaced by a sharp peak. It should be borne
mind that, in the absence of the squeezed vacuum,N50, the
spectrum consists of a single, Lorentzian-like peak at lin
center with half-width of the order ofg, for the whole range
of values ofa. The squeezed vacuum is entirely responsib
for the remarkable very narrow features at line center.

FIG. 1. The dimensionless absorption spectrum for the pro
beam as a function ofd5(vp2vL), for the squeezed photon num-
ber N51 and phaseF50 and the Rabi frequencyV50.5, with
different probe intensities,~a! a50.00001, ~b! a50.18, ~c!
a50.25,~d! a50.5,~e! a51, and~f! a53, respectively.~We take
D50,h51, andg51 throughout these figures.!
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776 55PENG ZHOU AND S. SWAIN
As the probe strength continues to increase, the narro
central peak gains in intensity. The central resonance
dominant and non-Lorentzian when the probe strength
comparable with the driving intensity, as we illustrate in th
frames 1~d!–1~f!, where a50.5, 1, and 3, respectively.
These frames also show that the central peak for the cas
a&1 is much narrower than for the cases ofa@1.

We investigate numerically the behavior of the probe ab
sorption for large Rabi frequencies (V510g) with different
probe intensitiesa in Figs. 2–4. In Fig. 2 we first consider
the case of the standard vacuum,N50. The probe absorption
spectra are far more interesting for the large Rabi frequen
case than for theV50.5 case. The spectra in the standar
vacuum exhibit an increasing number of multiphoton absorp
tion peaks within the frequency region2V<d<V as the
probe field intensity increases, up to the valuea51, as illus-
trated in Fig. 2~c!, after which the number of peaks decrease
again, as we see fora52 in Fig. 2~d!.

When a weak to moderate squeezed vacuum is present,
to N.1, the major effect is that the difference between th
peaks and dips in the wings of the spectrum diminishe
while the central portion becomes depressed. We show the
features in Fig. 3, where the parameters are taken the same
Fig. 2, exceptN51. One can also see that for the larger Rab
frequencies, strong amplification in the central regions
possible with the assistance of the squeezed vacuum, at le
for a<1. Interestingly, there are regions away from line cen
ter where gain is possible even fora51. Thus energy may
be absorbed from a beam of equal intensity. For the larg
values ofa @Fig. 3~d!#, no gain is possible for any value of
d, and we obtain just a dip at line center.

The spectral profiles are diverse for differing probe inten
sities. Whena51, which means that both fields have the
same intensity, all the sidebands are dispersivelike. See,
example, Figs. 2~c! and 3~c!. However, fora,1, e.g., Figs.
2~b! and 3~b!, the outermost sidebands exhibit dispersivelik
profiles while the others are absorptivelike; and fora.1,
e.g., Figs. 2~d! and 3~d!, the absorptivelike peaks are re-
placed by diplike profiles.

For larger values ofN, such asN55 in Fig. 4, the mul-

FIG. 2. Same as Fig. 1, but forN50, V510, and ~a!
a50.00001,~b! a50.5, ~c! a51, and~d! a52.
w
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tiphoton absorption peaks are wiped out, but the amplific
tion remains at line center fora<1. The amplification re-
gion is broad for smalla, but deep and narrow fora51.
However, fora52 in the frame 4~d! we actually obtain a
small, very sharp peak at line center. This peak has a wid
of the order of a tenth of the natural linewidth. Remarkabl
if we amplify the region around this peak, we find that it ha
structure: there is actually a very narrow hole bored in th
center of this peak with a half-width of the order of 5% o
g.

It is worth emphasizing that the amplification of the prob
beam at the atomic transition frequencyvA when the probe
strength does not exceed the driving one is due to squeez
but there is no population inversion.~We have examined the
population inversion and found it to be negative, though th
is not displayed here.!

In Fig. 5 we examine the amplification at line center from
a different point of view by plottingA(0) againsta for
V510 andN50, 0.1,1, and 10 in frames 5~b!, 5~c!, and
5~d!, respectively. We see that the central value of the spe

FIG. 3. Same as Fig. 2, but forN51.

FIG. 4. Same as Fig. 2, but forN55.
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55 777ABSORPTION SPECTRUM AND GAIN WITHOUT . . .
trum varies dramatically witha in the neighborhood of
a51. The final three frames show once more that, in
squeezed vacuum, gain at line center is possible wh
a&1, that the gain reaches a maximum value fora close to
1, and then switches to absorption for a value ofa slightly
greater than 1. The larger the squeezed photon number,
larger the maximal gain obtained. The probe does not ga
energy from the pump beam at line center when its intensi
slightly exceeds that of the pump beam.

Not only does the amplification vary rapidly neara51,
but so does the whole spectral profile. This is illustrated i
Fig. 6 whereV510, N51, anda51,1.025,1.05, and 1.1.
We see the development of a very sharp spike at line cen
asa increases. Thus, while amplification is possible at lin

FIG. 5. The central value of the dimensionless probe absorptio
spectrum as a function ofa, for the Rabi frequencyV510, the
squeezed phaseF50, and different squeezed photon numbers,~a!
N50 ~a standard vacuum!, ~b! N50.1, ~c! N51,~d! N510.

FIG. 6. The dimensionless absorption spectrum for the prob
intensity close to the driving intensity, i.e.,a51, for the Rabi fre-
quencyV510, the squeezed phaseF50, and the squeezed photon
numbersN51: ~a! a51, ~b! a51.025, ~c! a51.05, ~d! a51.1.
a
n

the
in
ty

n

er

center for a51.025, the sharp spike prevents this a
a51.05, although amplification is still possible for othe
frequencies. Fora51.1, as shown in frame 6~d!, there is no
amplification at any frequency. The central sharp line
frame 6~c! is noteworthy, its width being only a few percen
of the natural linewidth.

The sharp features at line center in the above figures s
prisingly show further structure when magnified. They po
sess an even sharper central dip for the case of a maxim
or a small sharp peak in the case of a minimum. This
shown in Fig. 7, where we magnify the central regions by
factor of 100. We have actually increasedV to V550 in
order to make the structure more apparent, but the featu
are qualitatively similar in theV510 case considered in Fig.
6. The central dip in frame 7~b!, for example, has a half-
width of only 1% ofg. The width of these features increase
quite rapidly witha.

Figure 8 indicates the variation of the spectral profiles
the probe absorption with the squeezed photon number
the casea51 andV55. It demonstrates clearly the ten
dency of the central peak to be depressed in the presenc
the squeezed vacuum. It is evident that the sidebands dis
pear and the central component exhibits increasing gain
the probe beam as the photon numberN increases. On the
other hand, the larger the value ofN, the narrower the fre-
quency domain of gain without population inversion.

The variation of the spectral profiles with Rabi frequenc
for N5a51 is shown in Fig. 9, which demonstrates, firs
the radical differences in behavior between weak and stro
probes and, second, that increasing the Rabi frequency gi
rise to an increased number of sidebands, associated w
multiphoton processes. We find that Figs. 1~b! and 9~b! have
a similar spectral structure: very sharp features occurring
the center of the dip. However, Figs. 1 and 9 represent tw
contrasting tendencies of spectral evolution. The former e
hibits that the dip at line center is elevated with increasin
probe intensity~for fixed driving intensity!, while the latter

n

e

FIG. 7. The central region of the dimensionless probe abso
tion spectrum for the Rabi frequencyV550, the squeezed phase
F50, and the squeezed photon numberN51, with ~a! a51, ~b!
a51.025, ~c! a51.05, ~d! a51.1.
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demonstrates that the central peak is depressed as the in
sities of both the probe and driving fields increase propo
tionally.

Figure 9 also implies the existence of a threshold value
the Rabi frequency that marks the change from probe abso
tion to amplification at line center. When the Rabi frequenc
is less than this value, the atom will absorb the probe bea
while it will amplify the probe beam when the Rabi fre-
quency is larger than this value. In order to display this i
detail, we plot the central value of the absorption spectru
versus the Rabi frequency in Fig. 10. One can see that t
threshold value, corresponding toA(0)50, i.e., probe trans-
parency, increases as the probe intensity increases. Howe
this threshold does not exist when the probe intensity suf
ciently exceeds the driving intensity. Fora.11«(N,V),
where« is small, it is impossible to amplify the probe beam

FIG. 8. Same as Fig. 1, but forV55, a51, andF50, with
various squeezed photon numbers,~a! N50, ~b! N50.1, ~c!
N51, and~d! N510.

FIG. 9. Same as Fig. 1, but fora51, N51, andF50, with
various Rabi frequencies,~a! V50.1, ~b! V51, ~c! V55, and~d!
V515.
en-
r-

f
rp-
y
,

he

er,
-

at line center for any Rabi frequency. However, as we hav
indicated previously, a small amount of amplification may b
possible at certain frequencies away from line center ifa
does not greatly exceed unity.

So far we have displayed results only for the caseF50.
Figure 11 shows the variation of the absorption spectru
with the phase, for the caseV510, N5a51. One sees that
whenF50, thep spectrum is symmetric; otherwise, it is
asymmetric, with a dispersivelike profile at line center bein
exhibited. We progress from a central minimum to a centra
maximum asF increases. For the caseF5p, probe gain
never occurs.

IV. SUMMARY

In this paper we have solved the equations of motion of
driven two-level atom probed by a frequency-tunable fiel

FIG. 10. The central value of the dimensionless probe absor
tion spectrum as a function ofV/g, for N51, F50, and different
probe intensities,~a! a50.00001,~b! a50.5, ~c! a51, and ~d!
a52.

FIG. 11. Same as Fig. 1, but forV510,a51, andN51, with
different squeezed phases,~a! F50, ~b! F5p/4, ~c! F5p/2, and
~d! F5p.
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with arbitrary intensity in the presence of a squeez
vacuum. The absorption spectrum for the probe beam is
amined numerically. For very weak probe field strength
absorption spectrum is in agreement with those obtained
linear response theory, where the spectrum has the Mo
triplet structure, and the sidebands exhibit dispersivelike p
files in the strong driving field~which is tuned to atomic
resonance!. As the probe strength increases, the spectr
exhibits a number of multiphoton resonances for sm
squeezed photon numbers, while the multiphoton proce
are wiped out for large squeezed photon numbers. The s
tral features are strongly dependent on the probe inten
When both field strengths are the same, all the sideba
display dispersivelike profiles. However, when the probe
tensity is less than the driving one, the outermost sideba
are dispersivelike and the others show absorptivelike p
files, while the absorptivelike features are replaced by dip
profiles when the probe intensity is larger than the driv
one.

For some ranges of the parameters, we have shown
existence of remarkably sharp features at line center, wh
show even sharper structure, with half-widths of about 1%
the natural linewidth.

Gain without inversion at line center has been shown
occur in the presence of the squeezed vacuum when
probe intensity does not greatly exceed the driving one. G
is most pronounced forF50 and does not occur fo
F5p. The absorption spectrum is phase sensitive, be
symmetric when the squeezing phase satisfiesF5 0 and
F5p. Otherwise, the spectrum is asymmetric and disp
sive profiles at line center may be obtained.
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It is worth pointing out that these effects would be dif
cult to realize experimentally in the free-space situation c
sidered here since they requireall the vacuum modes with
which the atom interacts to be squeezed@15,16#. That is, the
squeezed modes must occupy the whole 4p solid angle of
space. On the other hand, experiments need a small win
of unsqueezed vacuum modes in order to view the fluo
cence from the atom. Therefore, experiments manifesting
effect of squeezed light on the atomic radiative propert
would probably require some sort of cavity system, whe
the atom interacts strongly only with the privileged cav
mode, so that only the modes within a small solid an
about the cavity mode need be squeezed. Recently, theo
cal studies have shown that the anomalous spectral feat
brought about by the squeezed vacuum, in the resona
fluorescence and the absorption of a weak probe beam ca
carried over to the cavity situation in the bad cavity lim
@25#, but with reduced magnitudes. However, they still r
main detectable within the cavity environment. This do
indicate that the effects reported here may occur in a ca
configuration, which may be a practical scenario for expe
mentally investigating the modifications of the atomic rad
tive properties by squeezed light.
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