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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 wlen0 and; otherwise, it is asymmetric and displays a
dispersivelike profile at line centdrS1050-294{@7)02401-3

PACS numbsgs): 42.50.Dv, 32.80-t, 32.30—r

[. INTRODUCTION sponse becomes substantial, and cannot be ignored. Conse-
quently, the system exhibits a number of remarkable spectral
The absorption properties of driven atoms are of fundafeatures. Bonch-Bruevicét al.[8] observed the subradiative
mental importance in techniques of high-resolution saturastructures in the probe absorption spectrum, which are in
tion spectroscopy. The absorption spectrum of a weak probagreement with theoretical results predicted by Toptygina
beam by a coherently driven two-level atom has been exterand Fradkif9]. Recently, Agarwal and Nayak, and Wilson-
sively studied theoretically, using linear response theoryGordonet al.[10] have investigated the effects of collisions
[1-5] and experimentally6]. In the limit of a large driving and saturation on the higher-order nonlinear wave mixing
field Rabi frequency, the spectrum has a three-peaked struprocesses, where multiphoton absorptions induced by both
ture (the Mollow triplet) where the central peak has a Lorent- intense fields occur. Subharmonic resonarjd¢ds$ and reso-
zian line shape while the Rabi sidebands exhibit dispersionrance fluorescendd 2,13 of such a system have also been
like (Rayleigh-wing typg profiles[2,3]. However, when the reported.
driving field is detuned from resonance with the atomic tran- The successful generation of squeezed light has stimu-
sition frequency, the central resonance of the probe absorpated a re-examination of fundamental atomic radiative pro-
tion spectrum exhibits a dispersionlike proffl@-5], while  cesses and the role of squeezed fluctuations in their interac-
the sidebands are two Lorentzians in which one exhibits abtion with atomic systemg14]. The first investigation by
sorption and the other amplification. A physical interpreta-Gardiner[15] showed that the two quadratures of the polar-
tion of the dispersion profile at line center has been given irization of a two-level atom interacting with a squeezed
terms of interfering absorption pathways among dressestacuum decay at vastly different rates, one being much en-
states by Grynberg and Cohen-Tanno(dl]i Recently, Ling hanced and the other markedly diminished. It is the modifi-
and Barbay, and Szymanowsét al. [5] have investigated cation of the decays of the atomic dipole quadratures that
the switching between the absorption and dispersion linegives rise to the unusual spectral features in the resonance
shapes of the probe absorption spectrum. They concluddtliorescence spectrum of a driven two-level atom in the
that the Rabi sideband structures are due to coherently osc#queezed vacuum, for instance, phase sensitivity of the lin-
lating coherences while the central structures arise from thewidths and heights of the Mollow tripl¢16], hole burning
coherently oscillating populations. On the other hand, if theand dispersion profilegl7], and dark line§18], which are
effect of rapid collisional dephasing is considered, the abqualitatively different from any predicted before for this sys-
sorption spectrum for small Rabi frequencies exhibits a digem.
at line centef 3], which is qualitatively different from that of The effect of the squeezed vacuum on the weak probe
the case of pure radiative damping. Again, the hole burnindgpeam absorption spectrum of a driven two-level atom has
can be understood to originate from the coherent populatioalso been of considerable interest over the years. Ritsch and
oscillations which are induced by the pump and probe fieldZoller, and Anet al.[19] have shown that for strong driving
beating together at the difference frequefi8y Lasing with-  intensities, the absorption spectrum is phase sensitive and
out inversion, operating on the three-photon sideband of theas subnatural linewidths, when both driving and squeezed
Mollow triplet, has also been investigated theoretically andfields are tuned to the atomic resonance. We have recently
experimentally[ 7]. found that the anomalous spectral features, for example,
If the probe strength increases, the atomic nonlinear repimples, hole burning, and dispersion profiles, at line center
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of the probe absorption spectrum of such a system with inwhere a(w) is the photon annihilation operator for the
termediate Rabi intensities can take place in the vicinity ofsqueezed vacuunay is the center frequency of the squeezed
the critical point dividing the different dynamical regimes of vacuum (which is tuned close to the laser frequeneoy),

the system, which marks the switch between probe absorN is the squeezing photon numbét, measures the strength
tion and amplificatiod20]. We have also studied squeezing- of the two-photon correlations, and is the phase of the
induced gain without inversion on resonar2é]. Ficek and  squeezed vacuum. The squeezing is assumed to be broad-
Dalton[22] have recently considered the role of the detuningband so thatN andM are independent of the frequenay

in the absorption spectrum of a two-level atom in the ab-They obey the following relation:

sence of a coherently driven field, in a Fabry-demicro-

cavity with injected squeezed light. An interesting phenom- M=7yN(N+1) (0=sy=<1l). 2
enon, squeezing-induced transparency, is obtained, which is

qualitatively distinct from the one induced by the electro- The valuep=1 indicates an ideal squeezed vacuum, i.e., one
magnetic field in multilevel atomic systenig3]. We have that shows the maximum degree of squeezing possible for a
recently found that probe transparency still occurs when th&ivenN, while »=0 corresponds to no squeezing at all — a
atom is coherently driven and the absorption spectrum exhibchaotic field. The squeezed vacuum may be “turned off” by
its Fano-like profiles in the large detuning and largesettingN=0.

squeezed photon number linit4]. These remarkable results ~ We here consider the interaction of such a squeezed
are also due to the influence of phase-sensitive field correlaacuum with a two-level atom driven by a monochromatic
tions on atomic dipole dynamics. laser field of frequencw, with amplitudeE, , and simulta-

Previous studies concerning effects of a squeezed vacuuRtously illuminated by a tunable probe field of frequency
on the absorption spectra are subject to the condition that the, with amplitudeE, . For simplicity, we assume that both
probe field is sufficiently weak to leave the atomic evolutionfield modes have the same phaseThe equations of motion
essentially unperturbed. In this paper we wish to study théor the reduced atomic density matrix elements, in the
absorption spectrum of the atom probed by a tunable fieldotating-wave approximation, take the fofin units of )
with an arbitrary intensity, which can induce the atomic po-
larization to oscillate at the frequency difference between the ' .
driving and probe fields and its harmonics, in the presence gb1o=— (I'+iwp)p1o— yMe 2ot =495 +i2O[e (@t~ ¢)

a squeezed vacuum. We find that a rich variety of spectral iout—d)

profiles are possible. Particularly noteworthy results are as +tae "0 Y]p,,

follows: (1) We find that remarkable structures—very nar- . , ,

row peaks within slightly broader dips— may occur for cer- p,=—2p,+iQ[e' " P+ ae @t~ D]p

tain values of the parameters. The half-widths of these nar- . it ot

row peaks may be only 1-2% of the natural wid(®) —i0[e Y ae (T D pg —y,
Pronounced gain without population inversion is possible at ()
line center, providing the probe beam intensity does not ex-
ceed the pump beam intensity.

Our paper is organized as follows. In Sec. Il we solve the
equations of motion of the reduced density matrix elements
for a driven two-level atom illuminated by a probe field with
an arbitrary strength in a squeezed vacuum, based on a non-
perturbative infinite-dimensional matrix manipulatipb3]. with
The numerical analysis of the probe absorption in such a
system is presented in Sec. Ill. The final part contains a E
summary, and a brief discussion of the difficulties involved Q=2u1E, a= E—p I'=vy(N+3), 4
in experimentally investigating these effects. L

Po1= PIO’

Pz= P11~ Poo:

where(} is the Rabi frequency of the driving field; is the
Il. EQUATIONS OF MOTION ratio of the probe amplitude to the driving one, which may
assume arbitrary valuegyqo is the dipole moment of the
The squeezed vacuum has been successfully generatedgthmic transition, and is the spontaneous decay rate of the
many laboratories using a parametric oscillator. Ideally, thisstom to the normal vacuum,
is characterized by the correlation functiddsl—22,24 Previous studies of such a system concentrated mostly on
very weak probe intensitieg;<1, where the atomic nonlin-
ear responses to the probe field are neglidib#-21, 24, so
(af(w)a(w’))=Ns(w—w'), that the induced atomic polarization oscillates at three domi-
nant frequenciesy, , w,, and 2w, — w,. The latter reflects
the fact that a four-wave-mixing signal, which is associated
with a three-photon process consisting of a two-photon ab-
sorption of the driving field and a one-photon emission of the
weak probe beam, is generated. However, for arbitrary probe
_ intensities, both driving and probe fields, in general, induce
(a(w)a(w'))=Me'?62ws—v—w'), components of the atomic polarization oscillating not only at

(a(w)a’(0")=(N+1)5(w—w"), )
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frequenciesv; andw,, but at the frequencigsw = mw, as
well, wheren andm are integers. Therefore, we may expand
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p10(t),poi(t), andp,(t) in the Fourier series

where 5= w,— o is the frequency difference between the
driving and probe fields, a continuously tunable quantity.

+ o

p1olt) = 2 prol @ — no)e illeL—ndt=¢]
n=—owo

+ o

:e—i(u)Lt—QS) 2 X&n)ein&,

n=—w

+ o

por(t)= 2 po(w +ns)ellertndt=dl
n=—ow

—+ oo
:ei(thqu)n_Z | X{Meinat (5)
+ oo + oo
p)= X pond)en?= 3, X{Uen?,

Substituting Eq(5) into Eq. (3) leads to

X(ln): —(C+iA+in 5)X(1”)—§*X(2n)

+i3 QX+ aX P,

X(zn): —(I'—=iA+ in5)X(2n)—§X(ln)—i%Q[x(3ﬂ)+ ax(snfl)],
(6)

X{V=— (2T +in8) XY — ¥, o+ i QX+ aX{" ]
QX3+ aXy" ],

whereA = wa— w| is a detuning of the driving field from the
atomic transition frequencyg=yMe'® where®=2¢— ¢,

is the relative phase between the squeezed vacuum and the
fields.

From the definition Eqg. (5, one sees that
XP=pio(@), X V=pifwp),  X{P=pi20—wp),

., andX{V=pyd (n+1)w —nw,], where, as we shall
see in the next sectiop,(w ) andp,o(w,) are associated
with atomic complex polarizations that yield refractive index
and absorptiorior amplification characteristics for the driv-
ing and probe modes, respectively, whilg(2w, — wp) rep-
resents a four-wave-mixing response, which gives rise to
generation of an optical wave with frequency2- w,, and
so on. HoweverX{?=p,(0) indicates the dc component of
the atomic population inversion, whik™" = p,(+n ) rep-
resents the population pulsations oscillating at harmonics of
the beat frequency between the pump and probe fields.

In the steady state the Fourier amplitudes are independent
of time, i.e.,X(k“)=O. From Eq.(6) the steady-state ampli-
tudes are of the form

(o _ Q2T iA+ £)X+ a(Ty— 10X+ ag* X5 ]
' r2+A7—[g? !
i - DT I+ XS+ allyt14)XE ™+ atXg™ ) -
? l_‘n"_A2_|§|2 '
|
whereX{" is a solution of the recurrence relation 02 £
Dn—7a Th +AZ—]g*
AXD+ B XP D+ C XD 4D X2 o g
—__ 2
+EXS P =—y5, 0 ®8) B T AT gt

with

A=

C)

Q2 2"+ é+ & I'_,—iA

r+Iy)+— +a?
(T+Tn* 5 N N FP R S
+a2 rn+1—zlA )1

l_‘n+1+A _|§|

Q0% [T +iA+& T —iA+¢*
Bhi=5a| w22 3T 12 7142

2 I‘n+A _|§| I‘n71+A _|§|
c 0% [ To—iA+E Totid+g
"2 TR AT g2 T TR AT [

where I',=T"+iné. Clearly, if there is no squeezing,
D,=0 andE,=0, and the quantityx{" couples only to
XD and XY

In order to solve the recurrence relation E§), using
matrix inversion methods recently proposed by Ficek and
Freedhoff[13], we construct an infinite-dimensional column
vector X3 by putting together the amplitude€)” in the or-
der

(10




The recurrence Eq8) can then be solved in the form

X3=K1G,

11

whereK is an infinite-dimensional matrix composed of the
coefficientsA,,,B,,,C,,D,,,E,,
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The solution(11), together with Eq(7), can be used to

obtain the atomic dynamics to any desired accuracy simpl)t>he

by matrix inversion. To invert the matriK we truncate the
dimension of the vectoX; at a large numbenm of terms. For
given parameter§,«,A, andd, we choose the numberto

FIG. 1. The dimensionless absorption spectrum for the probe
beam as a function o= (w,— w ), for the squeezed photon num-
ber N=1 and phaseb=0 and the Rabi frequencf2=0.5, with
different probe intensities(a) «=0.00001, (b) «=0.18, (c)
a=0.25,(d) «=0.5,(e) «=1, and(f) a=3, respectively(We take
A=0,7=1, andy=1 throughout these figurgs.

Comparing Eqgs(14) with (15), the susceptibilityy(w,) at

the probe field frequency, may be expressed in terms of
off-diagonal elements of the density matpiy(w,)

(16)

be sufficiently large for us to achieve the same accuracy for

X(S”O) when we increase or reduceby one. All our numeri-

cal calculations of the probe absorption below are based o

these exact solutions.

Ill. PROBE ABSORPTION SPECTRUM

For simplicity, we assume that the system is composed
an ensemble of identical and independent driven two-levi

atoms, so that the polarization of the medium is determinec‘ijls

Therefore, the renormalized probe absorption spectrum may
he defined as

Q Q (-1)
A(wp) = —Imlpyp)]=—Im[X{ V], (17

gfvherex(l’l) is determined by Eq(7).

We now discuss the numerical results. In Figs. 1-10 we
sumed=0. The effect of varying the squeezing phase is

by the expectation value of the dipole operator multiplied byshown in Fig. 11. Figure 1 presents the probe absorption

the density of the atom8]. Therefore, the polarization can

be related to the off-diagonal elements of the atomic densityb

matrix

+ 00
P()=ANug 2 prow —nde ller—nat=aly c.c.) ,
n=—o
(14

which harmonically oscillate at the frequencies of the driving
and probe fields, and combinations of both field frequencie
N is the number density of atoms. We are here interested i
the response of the medium to the probe field, which can b

expressed as
Pprobét)=eoEp[)((wp)efi(“’p“d’)-l—C.C.], (15

where g, is the free space permittivity ang(wp) the sus-

spectra for the squeezed photon numbkrl and phase
=0 and a weak driving strengtlf)(= 0.5) for values of the
probe field strength increasing from=10"° in the first
frame to «=3 in the final frame. When the probe field is
sufficiently weak, for example, in Fig. (& where
a=10"°, the spectrum reduces to that found using linear
response theor20], where squeezing-induced hole burning
occurs at line center. As the probe intensity increases, the

41ole burning becomes shallower, and eventually an addi-

his may just be seen in the framébl where «=0.18. In
rame 1c), wherea has been increased &0=0.25, the hole-
burning is replaced by a sharp peak. It should be borne in
mind that, in the absence of the squeezed vaciNim0, the
spectrum consists of a single, Lorentzian-like peak at line
center with half-width of the order of, for the whole range

&onal narrow resonance takes place at the center of the dip.

ceptibility whose real and imaginary parts contribute to theof values ofa. The squeezed vacuum is entirely responsible
refractive index and absorption coefficient, respectivelyfor the remarkable very narrow features at line center.
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FIG. 2. Same as Fig. 1, but foN=0, =10, and (a)
a=0.00001,(b) =0.5,(c) «a=1, and(d) a=2.

FIG. 3. Same as Fig. 2, but foi=1.

. ) tiphoton absorption peaks are wiped out, but the amplifica-

As the probe strength continues to increase, the narmoWon remains at line center fag<1. The amplification re-
central peak gains in intensity. The central resonance i§ion is broad for smalke. but deep and narrow for=1.
dominant and non-Lorentzian when the probe strength i owever. fora=2 in thé frame 4d) we actually obtain a
comparable with the driving intensity, as we |Ilustrate_ in thesmall, very sharp peak at line center. This peak has a width
frames 1d)-1(f), where a=0.5, 1, and 3, respectively. qf the order of a tenth of the natural linewidth. Remarkably,
Thesg frames also show that the central peak for the casgs,e amplify the region around this peak, we find that it has
a=1 is much narrower than for the casescof 1. structure: there is actually a very narrow hole bored in the

We investigate numerically the behavior of the probe abenter of this peak with a half-width of the order of 5% of

sorption for large Rabi frequencie§)& 10y) with different

probe intensitiesy in Figs. 2—4. In Fig. 2 we first consider " ¢ i5 worth emphasizing that the amplification of the probe
the case of the standard vacuus: 0. The probe absorption  peam at the atomic transition frequeney when the probe
spectra are far more interesting for the Iarge_ Rabi freq“enc¥trength does not exceed the driving one is due to squeezing,
case than for thé)=0.5 case. The spectra in the standardy there is no population inversiofWe have examined the
vacuum exhibit an increasing number of multiphoton absorppopulation inversion and found it to be negative, though this

tion peaks within the frequency region (<6< as the
probe field intensity increases, up to the value 1, as illus-

is not displayed herg.
In Fig. 5 we examine the amplification at line center from

trated in Fig. Zc), after which the number of peaks decreases gifferent point of view by plottingA(0) againste for

again, as we see far=2 in Fig. 2d).

Q=10 andN=0, 0.1,1, and 10 in frames(l», 5(c), and

When a weak to moderate squeezed vacuum is present, wpg) respectively. We see that the central value of the spec-

to N=1, the major effect is that the difference between the
peaks and dips in the wings of the spectrum diminishes,
while the central portion becomes depressed. We show these

(@)

(b)

features in Fig. 3, where the parameters are taken the same as 01
Fig. 2, excepfN=1. One can also see that for the larger Rabi 0 0
frequencies, strong amplification in the central regions is 2 o1 -0.1
possible with the assistance of the squeezed vacuum, at leastt 02
for a<1. Interestingly, there are regions away from line cen-  -02
ter where gain is possible even far=1. Thus energy may 03
be absorbed from a beam of equal intensity. For the larger  -20 0 20 -20 0 20
values ofa [Fig. 3(d)], no gain is possible for any value of (© ()
5, and we obtain just a dip at line center. 0.14
The spectral profiles are diverse for differing probe inten- 012
sities. Whena=1, which means that both fields have the -02 01
same intensity, all the sidebands are dispersivelike. See, for<:v_0.4 0.08
example, Figs. @) and 3c). However, fora<1, e.g., Figs. 0.06
2(b) and 3b), the outermost sidebands exhibit dispersivelike  -06 | 0.04
profiles while the others are absorptivelike; and for 1, -20 5(/)7 20 -20 537 20

e.g., Figs. &d) and 3d), the absorptivelike peaks are re-
placed by diplike profiles.
For larger values oN, such asN=5 in Fig. 4, the mul-

FIG. 4. Same as Fig. 2, but fof=5.
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FIG. 5. The central value of the dimensionless probe absorption ) ) ]
spectrum as a function of, for the Rabi frequency2 =10, the _ FIG. 7. The central region of the dimensionless probe absorp-
squeezed phase =0, and different squeezed photon numbéas, tion spectrum for the Rabi frequendy=50, the_ squeezed phase
N=0 (a standard vacuum(b) N=0.1, (c) N=1,(d) N=10. ®=0, and the squeezed photon numbkt 1, with (a) a=1, (b)

a=1.025,(c) a=1.05,(d) a=1.1.

trum varies dramatically witha in the neighborhood of i i
a=1. The final three frames show once more that, in &C€nter for a=1.025, the sharp spike prevents this at
squeezed vacuum, gain at line center is possible Wheﬁ=1.05,-although amplification is still possible for other
a=1, that the gain reaches a maximum valuedoclose to ~ Ireduencies. Fow=1.1, as shown in frame(@), there is no -
1, and then switches to absorption for a valuexoflighty ~ @mPplification at any frequency. The central sharp line in
greater than 1. The larger the squeezed photon number, tﬁ?me Gc) is noteworthy, its width being only a few percent
larger the maximal gain obtained. The probe does not gaif! the natural linewidth.

energy from the pump beam at line center when its intensity "€ sharp features at line center in the above figures sur-
slightly exceeds that of the pump beam. prisingly show further structure when magnified. They pos-

Not only does the amplification vary rapidly near=1 sess an even sharper central dip for the case of a maximum,
but so does the whole spectral profile. This is illustrated in®’ @ Small sharp peak in the case of a minimum. This is
Fig. 6 whereQ=10, N=1, anda=1,1.025,1.05, and 1.1. shown in Fig. 7, where we magnify the central regions by a

We see the development of a very sharp spike at line centé?gtor of 108 V\Ae have actually increased ton =h50fin
as a increases. Thus, while amplification is possible at line®/d€r 0 make the structure more apparent, but the features
are qualitatively similar in th€) =10 case considered in Fig.

6. The central dip in frame (B), for example, has a half-

@) (b) width of only 1% ofy. The width of these features increases
0.2 02 quite rapidly witha.

0 0.1 Figure 8 indicates the variation of the spectral profiles of
= the probe absorption with the squeezed photon number for
z0 0 the casea=1 and Q=5. It demonstrates clearly the ten-

-04 -0.1 dency of the central peak to be depressed in the presence of
06 o the squeezed vacuum. It is evident that the sidebands disap-
220 0 20 Z20 0 20 pear and the central component exhibits increasing gain of
(©) (@ the probe beam as the photon numbkincreases. On the
0.18 - 0.4 other hand, the larger the value Wf the narrower the fre-
01 03 gquency domain of gain without population inversion.
= The variation of the spectral profiles with Rabi frequency
F 005 0.2 for N=a=1 is shown in Fig. 9, which demonstrates, first,
0 01 the radical differences in behavior between weak and strong
probes and, second, that increasing the Rabi frequency gives
-0.055 0 20 95 5 20 rise to an increased number of sidebands, associated with
oly oy multiphoton processes. We find that Fig&)land 9b) have

a similar spectral structure: very sharp features occurring at

FIG. 6. The dimensionless absorption spectrum for the probdhe center of the dip. However, Figs. 1 and 9 represent two

intensity close to the driving intensity, i.ex=1, for the Rabi fre-  contrasting tendencies of spectral evolution. The former ex-

quencyQ =10, the squeezed phage=0, and the squeezed photon hibits that the dip at line center is elevated with increasing
numbersN=1: (a) =1, (b) «a=1.025,(c) «=1.05,(d) a=1.1. probe intensity(for fixed driving intensity, while the latter
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FIG. 8. Same as Fig. 1, but f@@=5, =1, and®=0, with FIG. 10. The central value of the dimensionless probe absorp-
various squeezed photon numbefs) N=0, (b) N=0.1, (¢ tion spectrum as a function é1/y, for N=1, ®=0, and different
N=1, and(d) N=10. probe intensities(a) «=0.00001,(b) «=0.5, (¢) a=1, and(d)

a=2.

demonstrates that the central peak is depressed as the im%{?'line center for any Rabi frequency. However, as we have

Ziotir:e;”)?f both the probe and driving fields increase ProPOygicated previously, a small amount of amplification may be

Fiqure 9 also imolies the existen f a threshold val ossible at certain frequencies away from line cented if
gure 9 also implies the existence of a threshold value of, /" greatly exceed unity.

t_he Rabi frquen_cy that_marks the change from pFObe absorp- So far we have displayed results only for the cdse 0.
fuon to ampllflc_anon at line center. When the Rahi frequencyFigure 11 shows the variation of the absorption spectrum
e e e e Fonet el the phase,forthe case=10, N=c:~L. One sees ta

P P when ® =0, the 7 spectrum is symmetric; otherwise, it is

ggfar;f yW': ﬁg?iﬁéhggni?; \\//:lllljee'Olfnﬂ?éd:l;;grg,['%ﬂagpter!tsﬂjrr;asyrnmetric, with a dispersivelike profile at_line center being
versus the Rabi frequency in Fig. 10. One can see that th%Xh'b'ted' We progress from a central minimum to a cgntral
threshold value, corresponding A¢0)=0, i.e., probe trans- nmez?/xelrrng(r:r(l:uid) increases. For the case=, probe gain
parency, increases as the probe intensity increases. However, ’
this threshold does not exist when the probe intensity suffi-
ciently exceeds the driving intensity. Far>1+¢(N,Q),
wheree is small, it is impossible to amplify the probe beam In this paper we have solved the equations of motion of a

driven two-level atom probed by a frequency-tunable field

IV. SUMMARY

(a) (b)
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0.01 0 oA
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FIG. 9. Same as Fig. 1, but far=1, N=1, and® =0, with FIG. 11. Same as Fig. 1, but f6k=10, =1, andN=1, with

various Rabi frequencie$a) 1=0.1,(b) Q=1, (c) O =5, and(d) different squeezed phasda) =0, (b) ®= /4, (c) ®==/2, and
0 =15. (d) ®=.
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with arbitrary intensity in the presence of a squeezed It is worth pointing out that these effects would be diffi-
vacuum. The absorption spectrum for the probe beam is exsult to realize experimentally in the free-space situation con-
amined numerically. For very weak probe field strength thesidered here since they requiaé the vacuum modes with
absorption spectrum is in agreement with those obtained byhich the atom interacts to be squee28,16. That is, the
linear response theory, where the spectrum has the Mollowdueezed modes must occupy the whote gblid angle of
triplet structure, and the sidebands exhibit dispersivelike prospace. On the other hand, experiments need a small window
files in the strong driving fieldwhich is tuned to atomic ©f unsqueezed vacuum modes in order to view the fluores-

resonance As the probe strength increases, the spectrunfence from the atom._Therefore, exper_iment_s manifesting.the
exhibits a number of multiphoton resonances for smal€fféct of squeezed light on the atomic radiative properties
squeezed photon numbers, while the multiphoton processd¥uld probably require some sort of cavity system, where

are wiped out for large squeezed photon numbers. The spell€ atom interacts strongly only with the privileged cavity

tral features are strongly dependent on the probe intensitynde, so that only the modes within a small solid angle

When both field strengths are the same, all the sideband0Ut the cavity mode need be squeezed. Recently, theoreti-

display dispersivelike profiles. However, when the probe in-CaI studies have shown that the anomalous spectral features,

tensity is less than the driving one, the outermost sideban(}f%rought about by rfhe squeezed f"ac““”;’ in the resonance
are dispersivelike and the others show absorptivelike pro_uor_ezcence andht e absorption o a_weﬁ pbroct;e be?‘ml?a.” be
files, while the absorptivelike features are replaced by dipliké@11€d OVer to the cavity situation in the bad cavity limit

profiles when the probe intensity is larger than the driving 251’ but with redugeq magnituc_ies. Ho_wever, they .Sti” re-
one. main detectable within the cavity environment. This does

For some ranges of the parameters, we have shown tH’@dicate that the effects reported here may occur in a cavity

existence of remarkably sharp features at line center, whicfonfiguration, which may be a practical scenario for experi-
show even sharper structure, with half-widths of about 1% of"e€ntally investigating the modifications of the atomic radia-
the natural linewidth. tive properties by squeezed light.

Gain without inversion at line center has been shown to
occur in the presence of the squeezed vacuum when the
probe intensity does not greatly exceed the driving one. Gain This work is supported by the United Kingdom EPSRC,
is most pronounced fodd=0 and does not occur for by the EC, and by a NATO Collaborative Research Grant.
®=. The absorption spectrum is phase sensitive, beingVe would like to thank Dr. B. J. Dalton, Dr. Z. Ficek, and
symmetric when the squeezing phase satisfies 0 and  Dr. T. A. B. Kennedy for helpful conversations. P.Z. wishes
®=1. Otherwise, the spectrum is asymmetric and disperto thank the Queen’s University of Belfast for financial sup-
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