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The steady-state resonance fluorescence spectrum of a two-level atom driven by a bichromatic field in a
broadband squeezed vacuum is studied. When the carrier frequency of the squeezed vacuum is tuned to the
frequency of the central spectral line, anomalous spectral features, such as hole burning and dispersive profiles,
can occur at the central line. We show that these features appear for wider, and experimentally more conve-
nient, ranges of the parameters than in the case of monochromatic excitation. The absence of a coherent
spectral component at the central line makes any experimental attempt to observe these features much easier.
We also discuss the general features of the spectrum. When the carrier frequency of the squeezed vacuum is
tuned to the first odd or even sidebands, the spectrum is asymmetric and only the sidebands are sensitive to
phase. For appropriate choices of the phase the linewidths of only the odd or even sidebands can be reduced.
A dressed-state interpretation is provide81050-294®7)07302-3

PACS numbes): 42.50.Ct, 42.50.Dv, 32.86t, 32.30—r

I. INTRODUCTION particular, for a weak squeezed vacuum and large intensities
of the bichromatic field—which makes the experimental ob-

The radiative properties of atomic systems in a squeezegervation much easier. Furthermore, there is no coherently

vacuum have been the subject of intense investigation oveicattered component in the bichromatic case to interfere with
the past decadd]. The most well known is the fluorescence the observation of the incoherent spectri8h

spectrum of a two-level atom which, for a strong driving ~ We also briefly discuss the general properties of the reso-

field, is a triplet with peak heights and linewidths dependingn@nce fluorescence spectrum in a bichromatic field, paying

on the relative phase between the driving field and thdarticular attention to the phqse dependence_of the spectrum

squeezed vacuufi2]. A number of other interesting modifi- when the squeezed vacuum is tuned respectively to the cen-

cations of the fluorescence spectrum have also been reporté ,l line, the f|rst odd, .and the f|rs_t even S|debanc_is. A

such as asymmetrié8] and even suppression of the spectral _ressed-state interpretation of the principal features is pro-
lines[4]. However, the most distinctive features of the fluo- V'dled'th b fth d the incoh ¢
rescence spectrum are the hole-burning and dispersive Pray, n e absence of the squeezed vacuum, the inconeren

. . o . orescence spectrum in an intense bichromatic field has
files, which are qualitatively different from any features Pre-peen showif9] to be qualitatively different from the charac-
dicted before for the spectrurfb]. Asymmetries of the

i . X teristic triplet spectrum that is observed for the case of strong
spectral lines can appear in the fluorescence field of a Wy onochromatic excitation. Under a bichromatic excitation

level atom damped by a thermal fie]i}, whereas the hole- e spectrum consists of a series of symmetric sidebands
burning and dispersive profiles appear only in a squeezegaparated by half of the frequency difference between the
vacuum. two components of the driving field. The separation between
It has been showfb] that these unusual features appearthe sidebands is independent of the Rabi frequency of the
only at the central line of the incoherent component of thedriving field, but the number of sidebands in the spectrum
spectrum and occur alongside a significant reduction of théncreases as the Rabi frequency increases. When the compo-
spontaneous emission from the system. They provide thaents of the bichromatic field have unequal amplitudes, the
most striking and unusual consequences of the interaction afpectrum is asymmetric and the central peak and even side-
atomic systems with squeezed light, and their experimentddands split into doubletsl0]. As a result, the spectrum con-
observation would be a powerful demonstration of the abilitytains more peaks. The effect of a bichromatic laser field on
of the squeezed vacuum to modify atomic responses in the Autler-Townes spectrum has also been discussed and ob-
fundamental way. It has been pointed out, however, thaserved experimentallyl1].
these unusual features might be difficult to observe experi-
mentally, as they occur at parameter values where the coher- Il. OPTICAL BLOCH EQUATIONS
ent component dominates the spectrum. Moreover, they are
evident for only a highly restricted range of the parameters The model is composed of a two-level atom with ground
involved. In experiments, both the coherent and incoherenstate|g) and excited statée) and transition frequency, .
components contribute to the measured f{glH In this pa- The atom is driven by a bichromatic laser field with fre-
per, we show that the anomalous features also arise in thguency components;=wa— d; and w,=wa+ d,, Sepa-
bichromatic case, but for a wider range of parameters—imated by 2= §;+ &,. In general, the frequency components
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can be nonsymmetrically located about the atomic frequency —(T+iA) —¢e 2kt jQcosst
wp, With the average frequency=(w;+ w,)/2 detuned 2ik st . .
from wa by A=w,— ws. The system(atom + bichromatic D=| —¢e —(F=ia) - —iQcosdt|,  (5)
driving field) is coupled to the vacuum field, all the modes of i2Qcosst  —i2(Q)cosot —2r
which are assumed to be in a squeezed vacuum state.
The time evolution of the system can be described by thevith
reduced density operatpt which in a frame oscillating with

the frequencyw, obeys the master equatipp,12] T=y(N+ 1), &=yMe® ®=24 —¢
2/ ’ Sv 1

do . Y
qi —i[H.p]l=5(N+1) (040 ptpo.o_—20 poy)

and ké=wg, — w;. (6)

The parametek indicates a detuning of the carrier frequency
— %N(U_U+p+pg_g+ —20,.po_) wg, from the central frequencys: the choicek=0 indi-
cates that the squeezed vacuum is centered on the central
frequency, whereds=1 indicates that the squeezed vacuum
is centered on the first odd harmonic, dae?2 indicates that
—yMe bl =0ty o (1) itis centered on the first even harmonic, &f
In order to solve the system of equatio@d$, we decom-
where o, =|e)(g| and o_=|g)(e| are the atomic raising pose the componenk(t) of the vector(5) into slowly vary-
and lowering operators, respectively,is the spontaneous ing amplitudes oscillating at the frequencies
decay rate, and

— '}/M ei ¢se7 Zi(“‘)su*“)s>ta-+po-+

+ oo

H=}A0,+Q(0 e’cosdt+H.c), 2 X(n= 2 x"me", (=123, @

with QO and ¢, being the Rabi frequency and the phase, _ _ _
respectively, of the driving field(For simplicity, we have WhereXl_(t)_—<a,>, X?(t)_<"+>' andx3(t_)_<‘72>'

assumed that the bichromatic field components have equal Substituting Eq(7) into Eq. (4), and rt]?kmg the (%)aplace
amplitudes, i.e., the field is 100% amplitude modulat@te  transform, we find that the transfornyg (2)=L0CG7(1),
parameter$\, M, and ¢, which appear in Eq1), describe wherez is the Laplace transform parameter, satisfy the vec-
the squeezing of the vacuum modsis the squeezing pho- {OF récurrence relation

ton numberM measures the strength of the two-photon cor- - L

relations of the vacuum modes around the carrier frequency ~ AnX""29(2)+ B X""D(2) +(Cy+ Z,1)XM(2)

'f?]sev b(a)\rr:giﬁgvnls the phase of the squeezed vacuum. We have +B XM (2)+ D XM 20(2) = X((0), ®)

M=7JN(N+1), where 0<zy<1 (3) whereZ,=z+ings, theX™ are column vectors
is called the degree of correlation. (n) X{M(0)

The master equatiofil) leads to a closed set of three Xi(2) XM (0
equations of motion for the expectation values of the atomic  x(n(z)= XM(z) |, X(M(0)= 2 (0) ,
operatorgthe optical Bloch equatiomswhich can be written n) ") 0%
in matrix form as X3 (2) X37(0)=—dno

g €)
—X(t)=DX(t)+ L. 4
dt (H=DX(O+Lx @ andA,,B,,C,, andD, are matrices
The Bloch vector is of the form 0 0 O 0 0 -1
(o-(1) A=/ & 0 Of, B,=itQ| 0O 0 1],
X(t)=| {o+(1)) |, 0 00 -2 2 0
o,(t)
o) r+ia 0 0 0 & 0
the inhomogeneous term is C,=| O r-iaA 0|, b,=(0 0 O0f,.
0 0 0 2r 0 0 O
(10
LX: 0
—y In Sec. Il we will solve Eq.(10) numerically by a

continued-fraction techniquel3] for the steady-state values
andD is the 3X3 matrix of the component%,‘”) and the fluorescence spectrum.
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I1l. RESONANCE FLUORESCENCE SPECTRUM ;

The steady-state resonance fluorescence spectrum can be 041 :

expressed in terms of the two-time correlation of the atomic 0.35p :

operators as 0.3t ::

o _ 5025} p

A(w>=Ref t||m<a+(t+r)(L(t)>e*'<'*)*ws>fdr. = o0l "

— 0 II

17 0.15} "

!

. . . L 1

The correlation function lim,..(c . (t+7)o_(t)) can be 0.1 :‘..l
calculated from the Bloch equati@#) by using the quantum 0.05¢ ML ,
regression theorem. It is not difficult to show that ER. for ol— . . e
the two-time averages leads to the same equations as Eq. -20 -10 0 10 20

(10), but with the componentX(" replaced byY(" which

are defined as FIG. 1. The resonance fluorescence spectrum of a two-level

atom driven by a bichromatic field in a squeezed vacuum whose
carrier frequency is tuned to the central spectral frequency, as a
function of w, with the parameter€) =5vy,5=10y, andN=0.1.
The solid curves are fo =0, the dash lines fo =7, and the
dotted lines give the corresponding spectrum in the absence of the
squeezed vacuum. In all our figures, frequencies are measured in
andX("(0) replaced by units of y.
a two-level system driven by a monochromatic laser field
[5]. However, there are marked differences between the
monochromatic and bichromatic cases. These differences
Y2(0)=3[1+(ot))], Y3(0)=—(o_(1)). (13  will become apparent as we present more plots, but we sum-
marize the major points here. In the former case, the dip
The steady-state resonance fluorescence spectrum can thgstomes more pronounced as the squeezed photon number

Yi(t+7)=(o_(t+71)o_(1)),
Yo(t+7)=(o, (t+7)0_(1)),

Y3(t+ 1) =(a,(t+1)o_(1)), (12

Y1(0)=0,

be found from N increases, whereas in the bichromatic case, we find that
0) the dip is clearly present for very small valueshf and in
Aw)=RE Y5 (D) ]z=i(w-wy - (149 fact is most pronounced for small. (It actually disappears

for largeN values, unlike the monochromatic caséor the
In the following, we plot the fluorescence spectrum for amonochromatic case, the dip occurs for small driving inten-
strong driving field (1> vy) with the central frequency reso- sities, (1=+. This has the disadvantage that the coherent
nant with the atomic frequency, i.eA,=0, and three differ- scattering present in this case is strong, and may obscure the

ent values ok: k=0, 1, and 2. observation of the dip in the incoherent part of the spectrum.
In the case of a bichromatic driving field the dip may occur
A. The case ofk=0 for large intensities of the driving field, and there is no co-

) ] ) herent scattering. We also have an extra paraméten the

First, we consider the case when the carrier frequency ohichromatic case, and we may choose this quantity so as to
the squeezed vacuum is tuned to the central spectral fregnaximize the effects we are investigating. Finally, in the
quency, wg,=w (k=0). Figure 1 shows the fluorescence monochromatic case, the dip is very sensitive to the value of
spectrum of a two-level atom driven by a bichromatic laser;—it has to be very close to one—whereas in the bichro-
field with Q=5y, 6=10y, in a squeezed vacuum with matic case we can find parameter values such that the dip is
N=0.1, and with the two phaseB=0 andw. We see that relatively insensitive to the value ofy. All these factors
the general spectral structures in the presence of a squeezeahtribute to making the observation of the dip much easier
vacuum are qualitatively similar to those in the standardn the bichromatic case than the monochromatic case.
vacuum with the central component locatedeat and the In the monochromatic case, the anomalous features oc-
sidebands located aé,*+nés, wheren is an integer. How- curred when the incoherent intensity at line cent&(p),
ever, the central component is dramatically modified by thavas a minimum[5]. To investigate whether this property
squeezed vacuum. Fob=0 the central component is also holds for bichromatic excitation, we plot the value of the
greatly suppressed, whereas dr= 7 it dominates the spec- resonance fluorescence at the line center as a function of the
trum and is very narrow. On the other hand, the sidebandRabi frequency) for various small values ol in Fig. 2,
vary slowly with the phase and exhibit a slight broadeningwith §=10y and ®=0. In the absence of the squeezing:
when® increases from O ter. N=0, shown in the frame Fig.(3), the quantityA(0) in-

Although not very evident in Fig. 1, the reduction of the creases from zero monotonically then oscillates with
amplitude of the central line foib=0 leads to the appear- However, if a squeezed vacuum is applied, as shown in the
ance of shallow dip at line centefThe dipis obvious in  remaining frames, the quantit¥(0) is non-zero a)=0,
Figs. 4—6) The observation of this dip would be a matter of decreases to a minimum then increase$)aiscreases, and
some importance, since it only arises in the presence of thinally oscillates with increasing Rabi frequency. The exist-
squeezed vacuum. As we know, such dips can also appear @mce of the first minimum is due to the presence of the
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FIG. 4. The three-dimensional resonance fluorescence spectrum

0 16 2‘o 30 00 150 250 30 in the vicinity of the squeezing-induced minimum, for
Q Q 6=10y, ®=0, andN=0.005.
FIG. 2. The resonance fluorescence at line cemierwg, as a In Fig. 5 we assume a large Rabi frequency for the driving

function of Q, for §=10, ®=0, and(a) N=0, (b) N=0.005,(c)

field (0=10y) and plot the spectrum for different values of
N=0.1,(d) N=0.2.

S. In this case also the dip is pronounced, the greatest effect

squeezed vacuum. Hereafter, we shall call it $hheeezing- (;cciﬁrr;rllg %t \?viltghivl\? rt%?a \(/j?;;eo?féihgesfrzq:ne; Cg i(rillffaertsvr;cie

ihat w would Sxpect 1o See disimative Speoial fenturo gimensional plot, for greater clarty
P P Another factor which makes observation of the anoma-

gﬁi;isgna:ﬁg:]uoocrﬁrs;;ggﬁ Isgfgr%n;éaﬁi f?}g?i:g;:hniiiﬁt‘?gbs features difficult in the monochromatic case is the rapid
y : 9 adisappearance of the anomalous features as the degree of

do|zotthgw[;crrﬁgéc;t?cn?;zioﬁef?\?:\lljeretsﬁe extra paramater correlation » decreases from its ideal value of unity. The
. ' . P .' disappearance is particularly rapid for the larger values of
Figure 3 presents a three-dimensional plotAdf0) against : _
6 and ), and shows that the value 6I at which the first N. In Fig. 7 we plot the spectrum (w) for N=0.005,
’ ® =0, andQ)=2.4y for the valuesp=1,0.9 and 0.8. It can

minimum occurs Increases ste'adlly .W.'m Note however be seen that the anomalous features disappear rather slowly
that the absolute value of the first minima remains small agith 7 in the bichromatic case

d increases, showing that the anomalous features should per- Now we consider the effect of choosing phase values

sist for large as well as smadl values. : ... other than® =0. We find that the anomalous features disap-
Figure 4 shows the fluorescence spectrum in the vicinity

of the squeezing-induced minimum, with the parameterspear asd increases much more rapidly in the bichromatic
5=10y,®=0, andN=0.005 correspé)nding to franib) of tase than in the monochromatic case. In fact, we need to

. . LR .. restrict our attention to valud®|< x/8 in the former situa-
Fig. 2. A hole with subn_atural I|new_|dth IS cl_early exhibited tion, whereas in the monochromatic case, anomalous features
at line center. By numerical calculation, we find that the hole :
occurred ford > /2. Figure 8 shows the fluorescence spec-

burning can only occur when the value of the squeezing;[rum for the same parameters as in Fig. 5, but with

induced minimum is very smallclose to zerp It is also _ . X ) . . X
) ®=7/10. In this case there is a dispersive profile at line
essential for the squeezed vacuum to be weak. For stronger

squeezed vacua, for examphé=0.2 (the graph is not shown center. As pomte_d out in Re[_5]_, th_e dispersive p_rof|le in
. e ; - the fluorescence is another distinctive feature, which appears
here, no dip occurs at all, although there is a minimum

induced by the squeezed vacuum at line center, as shown in

Fig. 2(d). -3
x 10
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FIG. 3. The resonance fluorescence at line cerierwy, as a
function of Q and § for ®=0 andN=0.1. FIG. 5. Same as Fig. 3, but with =10y and § varying.
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FIG. 8. Same as Fig. 5, but fab = 77/10.

FIG. 6. The resonance fluorescence spectrum near the

squeezing-induced minimum ford=0, N=0.005 and (a) . .
Q=2.5y, 5=10y, (solid line) and(b) Q=10y, 5=40y (dashed number. Therefore, there is no coherent component at line

line). center to interfere with the experimental observation of
anomalous spectra.

only in the squeezed vacuum. Again, in the bichromatic field

the dispersive profiles appear for a weak squeezed vacuum B. The case ofk#0

and large Rabi frequencies of the driving field. The recurrence relatiofil0) permits us to calculate the
We have emphasized that the anomalous spectral featur@gorescence spectrum for a squeezed vacuum tuned to one

in the incoherent spectrum would be very difficult to observeof the spectral sidebands. The casekefl corresponds to

in the monochromatic case, since for the low driving inten-the squeezed vacuum tuned to the first odd sideband at

sities at which they arise, coherent fluorescence at line centg§— .= 5. Figure 9 shows the spectrum far= 1, 6= 10y,

dominates. However, in the bichromatic case, the Coherermzlsy and different phases_ The spectrum is qua|itative|y

fluorescence component is given 8] unchanged, but in contrast to the c&se0, the central com-
" ponent of the spectrum exhibits a small variation with the
Acoh(w):ReJ lim (o, (t+ 7)) (o_(t))e (" *Idr phase..However, the odd sidebands broa}den whereas the
0 t—o even sidebands narrow as the phase varies from @r.to

Moreover, for the latter value of the phase, the amplitudes of
the odd sidebands are asymmetric aroundw;=0.
The phase properties of the spectral sidebands are quite
different when the squeezed vacuum is tuned to the first even
_ i sideband. This is shown in Fig. 10, where we plot the spec-
and occurs at frequencies=ws=nd, wheren is an odd  {rym for the same parameters as in Fig. 9, but ith2. In
this case the squeezed vacuum is tuned to the even sideband

+ oo
= 2 IX{"28(w—wst+nd), (15)
n=—c

6 . : . . . 0.18
0.16f
0.14f

0.12f

% 2 0 1 > 3 Y

FIG. 7. The resonance fluorescence spectrum with the param- FIG. 9. The resonance fluorescence spectrum for the squeezed
eters:(1=2.5y, &=0, §=10y, andN=0.005, for different val- vacuum tuned to the first odd sideband, with
ues of the degree of correlatiofi@) »=1 (solid line), (b) »=0.9 k=1, §=10y, O=15y, N=1, and different phases. The solid
(dashed ling and(c) »=0.8 (dotted ling. curves are fodd =0, and the dashed lines fdr= .
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calculations show that the contribution of this correlation
function to the central component is zero for=0, the stan-
dard vacuum, and is negative for a weak squeezed vacuum
(N<1), resulting in a dip at line center. However, for almost
all parameter values, the magnitude of the negative compo-
nent is very small compared to the positive contribution, and
the central component is well approximated by

ISS

2yl ot
A =Xt
centel @) %2(+ (0— wA)z

(19

wherel$5=(1+X{?)/2 is the steady-state fluorescence in-

tensity.
0 . : > - An exception occurs near the squeezing-induced mini-
40 =20 (?) 0 0 mum, when the overall magnitude of the central line is

greatly reduced, enabling the negative dip to become signifi-
FIG. 10. Same as Fig. 9, but for the squeezed vacuum tuned 52Nt and giving rise to the anomalous features described ear-
the first even sideband, i.&k=2. lier (Figs. 4-8. The negative contribution from the final pair
of the Eqgs.(17) actually has two components: one, a broad
at w—ws=245. Again, the spectrum is qualitatively un- negative peak, acts to reduce the overall intensity of the fluo-
changed, but now the odd sidebands narrow and the eve@scence near line center, as can be seen in Fig. 2, while the

sidebands broaden when the phase varies from 6. to other, a sharp negative peak, acts to produce the dip at line
center.
IV. DRESSED-STATE INTERPRETATION Away from the squeezing-induced minimum, the central

spectral component clearly has a linewidth y,2
We may gain a qualitative understanding of the phase=2(I'+ yMcosb) (®=0,7), which is dependent on the
dependence of the width and height of the central peak byqueezed phase. The linewidth fér=0 is much greater
considering the spectra for the special cases0, k=0, and  than that for®== when the squeezed photon number
®=0,m. It is convenient to rewrite the two-time correlation N> 1. The phase sensitivity of the central spectral linewidth

function (o (t+ 7)o _(t)), and the Bloch equation in terms s similar to that of the case of a monochromatic field exci-
of the in-phase and out-phase quadratures of the atomic diation 2],

pole,ox=(0_+0,) andoy=i(o_—0y): On the other hand, the height of the central peak,
(o (t+7)o_(1))=(ox(t+ 7)oy(t)) +{oy(t+ 7)oy (1)) 2158
o
—i{oy(t+ D)oy (D) Fi{oy(t+ T ay(t)) Heente=— = (20
(18 is strongly sensitive to the squeezed photon nuntemd
and phase®, and is proportional to the steady-state fluorescence
: . intensity I o5, that oscillates with the Rabi frequen€y [10].
(o0)==rox), (oy)=—yoy)—20cos5t(o), In a standard vacuum, the height is extremely small for very
. low Rabi frequencies. However, in the presence of a
(02)= = yA02) +2Qc0osdt(oy) — v, (17 squeezed vacuum, the height may be larger, even for a very
with small value of(2, due to the saturating effect of the squeezed
vacuum on the total fluorescence intendify;. In general,
¥x=I'+yMcosb (®=0,7), for fixed Q and N, the heightH oo, for ® =1 is higher

than that ford=0. However, for a given Rabi frequency
(), the height decreases as the photon number increases for
y= Yt Ve - (19) ®=0. All these f_eatL_Jres r_esult from the phase-sensitive de-
zoxe cays of the atomic dipole induced by the squeezed vacuum.
It is evident that the motion of the-polarized quadrature The spectral features are a direct signature of the energy
(o) is decoupled from that of thg-polarized quadrature structures of the atom-field interaction. In the system of a
(oy) and the inversion(o,) which are entangled by the two-level atom with the ground and excited statiep, and
bichromatic field. As a consequence, the atomic correlatiofie), interacting with a bichromatic laser at frequencies
function [(oy(t+7)oy(t))—i{ox(t+7)oy(t))], which by w@ax*d (assumingwa>6), for a total excitation quantum
the quantum regression theorem follows the free decay of theumberA/=n;+n,+n, (wheren,,n, are the photon num-
x-polarized quadrature at ratg, makes a contribution only bers of the two frequency components of the bichromatic
to the central peak of the resonance fluorescence spectrufiield, andn,=(0,1) represents the atom in the ground or
However, the correlation function[(o(t+ 7)oy (t))  excited states, respectivglythe product states of the bare
+i(oy(t+7)0y())] , which is determined by the remaining atom and field, In,N—n,g), (n=0,1,2,...N) and
coupled Bloch equations, also makes a contribution to thén,N—n—1e), (n=0,1, 2,...N-1) are all nearly de-
central component as well as to the sidebands. Numericglenerate and are strongly mixed by the atom-field interac-

yy=I'—yMcosb (®=0,m),
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+N the central dressed state in each manifdl@,17, the reso-
nance fluorescence spectrum is symmetric about the atomic
frequencywp .

N {
\:N If the bichromatic field components have unequal ampli-
/:
—

tudes, or if the center frequency is detuned frap (A
#0), the symmetric distribution of populations is destroyed

2 and dressed state levels are shifted strongly depending on the
2 * ratio of the amplitudes and. As a result, the spectra are
T 3 asymmetrid 10]. For certain situations, some of the dressed
‘1" states may be trapped. Accordingly, the spontaneous emis-
1 £ % sion from these trapped levels will be quenched and the cor-
T ) — . : .
o responding spectral lines will disappddi.
0 J 0
N u V. SUMMARY

We have calculated the resonance fluorescence spectrum
FIG. 11. The energy level structure of the dressed-atom statesyf 5 two-level atom driven by a bichromatic laser in a
frequency-tunable squeezed vacuum by using continued-

) : fraction methods. We have evaluated the spectrum numeri-
2N+1. For example, in the ground-state manifold of thecaIIy in the three cases where the carrier frequency of the

atom-field interaction\'=0, the only state if0, 0,g), where squeezed vacuum is tuned close to the central spectral line,

the atom is in its ground state with no photons in eltherand the first-odd and first-even sideband, respectively. Apart

mode, while _the first expned—state ma”'fOM: L consists from the anomalous feature which may arise at line center,
of the atom in the excited state with no photons in either

field, |0, 0,e), or in the ground state with 1 photon in either :Ee gei?]e;ﬁl sr?ercr:]rall \_j,tructl:r:gsthare igush:]agwel)r/ S|r|n|Iardtot
mode,|1, 0,g) and|0, 1,g). ose e normal vacuum: the sidebands are placed a

It is well known that in the dressed-atom picture thewstné_wheren is an "“ege_“ a_nd th? nL_meer of the side-
Ath manifold is composed of @+ 1 equally spaced dressed bands increases as the driving |_n_tenS|ty increases. However,
states with separatio, which are linear combinations of the €Y are, in general, phase sensitive. We have indicated how
bare state§9,10,16,13. See Fig. 11, where the energy level the dressed-state picture may be used to understand these
structure of the dressed atom is exhibited. features.

The resonance fluorescence is described by a cascade of We have been particularly interested in the occurrence of
population down the quantum ladder of the dressed stat#1e anomalous spectral features at the central line, such as
manifold. The nature of the dipole coupling allows transi- hole-burning and dispersive profiles. We have shown that in
tions only from the manifoldV to the manifoldV—1, with  the case of the squeezed vacuum coupled to the central com-
no spontaneous transitions within each subl¢g8l. ponent these features can occur for a wide range of the

At very small Rabi frequencie®, the atom-bichromatic parameters—in particular, for a weak squeezed vacuum and
field interaction can only populate the lowest two dressedhigh intensities of the bichromatic laser field. The absence of
state manifolds V=0 and 1. Therefore, only three sponta- coherent scattering at line center provides the major advan-
neous emissions are probable, from fife: 1 manifold with  tage of bichromatic excitation for observing the anomalous
three components to thd/=0 manifold consisting of a spectral features as compared with the monochromatic case.
single dressed level. Accordingly, the resonance fluoresceng® number of other features, such as the relatively slow de-
spectrum consists of three components located at frequenciefine of the anomalous features with decreasingcombine
wa,wa* 8. As the Rabi frequency increases, the interactionto make the bichromatic situation more favorable to experi-
of the atom with the field is likely to populate higher ment.
dressed-state manifolds, leading for example to transitions In the case of the squeezed vacuum coupled to the first-
from the /=2 manifold consisting of five dressed states toodd or first-even sidebands, the spectrum is asymmetric and
the /=1 manifold, then to the ground state, so that theonly the sidebands are sensitive to the phase.
number of lines present in the resonance fluorescence spec- We note that Polzik, Carri, and Kimb[d8] have recently
trum increases. The positions of the spectral lines are detedeveloped a frequency-tunable source of squeezed light suit-
mined by the splitting of the dressed statéswhich is in-  able for spectroscopic applications over a broad range. It has
dependent on the Rabi frequency. However, the heights dfeen successfully applied to exploring the modification of
the spectra are proportional to the populations of the correatomic radiative properties in the presence of squeezed light
sponding dressed states. It is well known that the dressedh a recent landmark experimeft9], where they observed
state populations in such a system are associated with Besghht the two-photon excitation of atoms by a squeezed
functions of argumené/Q) [9,10,16,17, which oscillate. For vacuum possesses a component linear in the squeezed pho-
certain values of), the Bessel functions may be zero, result-ton number, as predicted theoreticdlB0]. This experimen-
ing in the vanishing of populations and the resulting disap+tal progress could make it possible to observe the anomalous
pearance of the corresponding spectral lines. Because of tlieatures in the resonance fluorescence spectrum in the near
symmetric distribution of the dressed-state populations aboutiture.

tion: they form theANth state manifold which has degeneracy
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