PHYSICAL REVIEW A VOLUME 58, NUMBER 2 AUGUST 1998
Resonance fluorescence spectrum in a weak squeezed field with an arbitrary bandwidth
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We analyze the linewidth narrowing in the fluorescence spectrum of a two-level atom driven by a squeezed
vacuum field of a finite bandwidth. It is found that the fluorescence spectrum in a low-intensity squeezed field
can exhibit a —wy) " ® frequency dependence in the wings. We show that this fast fall-off behavior is
intimately related to the properties of a narrow-bandwidth squeezed field and does not extend into the region
of broadband excitation. We apply the linear response model and find that the narrowing results from a
convolution of the atom response with the spectrum of the incident field. On the experimental side, we
emphasize that the linewidth narrowing is not sensitive to the solid angle of the squeezed modes coupled to the
atom. We also compare the fluorescence spectrum with the quadrature-noise spectrum and find that the fluo-
rescence spectrum for an off-resonance excitation does not reveal the noise spectrum. We show that this
difference arises from the competing three-photon scattering procgS4€60-29478)04308-X

PACS numbd(s): 42.50.Dv

The interaction of squeezed light with atoms has attractedreases with the decreasing bandwidth of the squeezed field
considerable attention in recent yefts Many unusual and [6,7]. We show that a low-intensity squeezed field of band-
interesting effects have been predicted exhibiting the basiwidths comparable to the atomic linewidth narrows the spec-
differences which occur when atoms interact with squeezedial line below any bandwidth involved in the process and
light rather than with the ordinary vacuum. The most signifi-this effect does not extend into the region of broadband ex-
cant of these predictions was the line narrowing in the fluo<itation. We explain the origin of the line narrowing as aris-
rescence and absorption spedta-4]. This effect has been ing from the convolution of the atomic response with the
predicted by Gardinef2] in the context of spontaneous Spectrum of the incident field, which is characteristic of the
emission. He showed that, compared to the normal atomitinear response model. With respect to experimental tests of
vacuum-decay rate, in a squeezed vacuum the two quadrt?e line narrowing, we find that the feature is not sensitive to
tures of the atomic polarization are damped at different rateghe solid angle of the squeezed modes coupled to the atom.
one at an enhanced rate and the other at the reduced rafdle coupling affects only the intensity of the fluorescence

This prediction, however, has been derived under the adield. We further calculate the quadrature-noise spectrum of
sumption that the squeezed field appears as an infinitdhe fluorescence field and find that for an off-resonance ex-

bandwidth(Markovian reservoir to the atom. citation the fluorescence spectrum does not reveal the

The assumption that the squeezed vacuum has an infinifgladrature-noise spectrum.
bandwidth is, of course, an approximation. The squeezed We consider a single two-level atom with the excited state
light generated in the present experiments has a finite rathé®) and the ground statd), separated by the transition fre-
than an infinite bandwidth and, in fact, exhibits bandwidthsquencywg, and coupled by the electric transition dipole mo-
only of the order of typical atomic linewidtH$]. Recogniz- mentd. We assume that the atom is driven by a squeezed
ing this, several authors have studied the influence of theacuum field of the carrier frequeney and is also coupled
finite bandwidth on the squeezing effects without applyingto the remaining modes of the three-dimensional electromag-
the Markov approximatiorf6,7]. It has been demonstrated netic field, which are initially in the vacuum state.
via numerical simulation that subnatural linewidths predicted The dynamics of the driven two-level atom is described
for a strong infinite-bandwidth squeezed field can be Ob-by the time evolution of the slowly varying pab(t) of the
served for any bandwidth of the squeezed field, but are diatomic lowering operator~ =|1)(2|, which in the low-
minished and ultimately lost for bandwidths comparable tointensity limit of the driving field obeys the equati¢8—11]
the atomic linewidth.

In this Brief Report we show that the spectral narrowing A A _
with a low-intensity squeezed field exhibits significant quan-  b(t)=b(0)e( A4t — af dt; Al (ty)eB1At=b ()
titative differences in behavior in comparison with the nar- 0
rowing by a strong squeezed field. Previous theoretical stud-
ies of the fluorescence and absorption spef®d] have \where
shown that a large narrowing is possible for a strong broad-

band squeezed field and the potential of the narrowing de- bt =6 (e, A;(t)=A§ee(t)e“"Lt @)
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ral decay rate of the atomh = w; — wg is the detuning of the -
field frequency from the atomic resonance, and

The low-intensity model considered here is known as the 38

linear response modglL0—-12 as the evolution of the atomic
dipole moment depends linearly on the amplitude of the in-

cident field. Raymer and CoopEt0O] have shown that in this

model the steady-state fluorescence spectrum, which is given
by the Fourier transform of the two-time correlation function

<B*(t)6(t+ 7)), can be written as a simple convolution
SWMzMOMnJ‘dMSA@wﬁMwU, 3

t—o —x
whereu(r) is a constant containing geometrical factf®$
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is the spectrum of the atom response, and

Tdtze(,B—iA)(tz—t— Do’ i-t)  (4)
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is the intensity spectrum of the driving field.
The field-correlation function, which appears in E§),
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FIG. 1. Fluorescence spectrum, normalized to onevatw,
=0, for A=0, N=0.125, M=0.375, and differenty.: (@ 7.
=18, (b) y.=B, (©) y.=2B, (d) y.=108. The solid line is the
normalized fluorescence spectri8y(w)/S;(0), thedashed line is
the normalized spectruti(w)/N(0) of the incident field, and the
dashed-dotted line is the Lorentzi@i[ B2+ (w— wg)?] L.

spectrum(6) exhibits the — wy) ~* frequency dependence
in the wings, which is intimately related to the properties of
the DPO as a source of squeezed light. The-(,) ~* de-
pendence in the wings is due to the negative weight of the
second term in Eq(6).

Performing the integrals in Eq4), we find that the fluo-

depends on the statistics of the driving field. Our source ofescence spectrufd) can be written as
the driving field is taken to be a degenerate parametric oscil-

lator (DPO) operating below thresholfil3]. The intensity
spectrum of the output of the DPO is given by

(N—M)A2
)\2+(w'—w|_)2 ’

(6)

1 (N+M)u?
N(w )—5,37/ M2+(w,_wL)2

whereu=3vy.—€, N\=3v.+¢€, 7. is the damping constant

of the DPO, e is its amplification parametdproportional to

the amplitude of the classical pump field of the DPO cayity

and

)\2_ 2 )\2_
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with M=+{N(N+1). The parameterg and\ determine the

B
Si(w)=4u(r) B2F (v F A2 N(v),

®
wherev=w—w, .

The result(8) is valid for arbitrary detuningd and band-
widths of the incident squeezed field and shows that at low
intensities the fluorescence spectrum is the product of the
atom responsdLorentzian of the bandwidthB) with the
spectrum of the incident field. However, the reg8ltis not
valid for more intense saturating driving fields, as the re-
sponse of the atom is then nonlinear and depends not only on
the intensity spectruml(w) but also on the spectrum of the
two-photon correlation$/( 7).

The spectrun(8) contains two terms, a Lorentzian of the
width B, centered onwg, corresponding to inelastic scatter-
ing of the driving field and a spectral line, centeredwn,

bandwidth of the squeezed field. In the broadband case botdbrresponding to elastic scattering of the driving field. In the
n and N are much larger than any decay rates occurring inimit of narrow-band excitation g,\ <) the coherent scat-
the atomic dynamics. In the narrow-bandwidth case hoth tering dominates over the incoherent, and then the spectral
and A are smaller than or comparable to the atomic line-line reduces to that of the driving field. For a broadband
width. The factorz, important from the experimental point excitation (4,\>g) the coherent scattering is negligible
of view, determines the matching of the input squeezedompared with the incoherent scattering and then the spectral
modes to the vacuum modes coupled to the atom. For perfegfidth tends to the atomic linewidt. For bandwidths com-
matching, when all modes coupled to the atom are squeezegarable to the atomic linewidthu(,\ =~ ) the product of the

n=1, whereasp<<1 for imperfect matching.

coherent and the incoherent fields can lead to narrowing of

We note here that, in contrast to a strong driving squeezethe spectral line below both: the atomic and the incident

field, the fluorescence spectru(®) is not sensitive to the

two-photon correlationdvl (7) =(A(t)A(t+ 7)) characteris-
tic of the squeezed vacuum figldi3]. Despite this the fluo-

squeezed field linewidths. This is shown in Fig. 1, where we
plot the fluorescence spectrum fdxr=0, N=0.125, M
=0.375(50% squeezing and different bandwidthg, of the

rescence spectrum is sensitive to squeezing as the intensibPO cavity. In order to see the linewidth narrowing we com-



PRA 58 BRIEF REPORTS 1599

pare the fluorescence spectrum with the Lorentzian of the

bandwidth 8 and with the spectrunN(») of the incident S
field. It is evident from Fig. 1 that for the cavity bandwidths °t
comparable to the atomic linewidth the fluorescence spec- S [
trum is narrower than any bandwidth involved in the process. 57 I
The convolution(3) is characteristic of the linear response 3 g 1
model[10,1]] and can lead to narrowing of the spectral line wor

independent of the shape and statistics of the driving field.

For a Lorentzian shape of the driving field the convolution

can produce a narrow spectrum which falls off as ( i
—wg) ~* in the wings. The ¢— wy) ¢ dependence in the

wings has also been found in the fluorescence spectrum of a §
two-level atom driven by a weak coherent laser fidd]. In s [
the case considered here, the spectrum falls off @as ( <
—wp) 8 in the wings. This strong fall-off behavior arises g'?o 1
from the (w— wy) ~* dependence in the wings of the spec- %‘% [

trum of the incident squeezed field.

It is also interesting to consider the noise properties of the
emitted fluorescenceg15] as one could expect that, in the
low-intensity limit, the fluorescence spectrum should reveal

0

components of the quadrature-noise spectfu®, 16, re-
spectively, and

the quadrature-noise spectrum. However, in terms of the sl ]
guadrature components of the emitted field the fluorescence °r ]
spectrum can be written as =t 1
Cof 1

3T 4

St(w)=Sp(w) + Sy w) + Sy(w), €) Laf ]

3 3 <

whereSy(w) andS,,(w) are the in-phase and out-of-phase <o J\/\/\/—

Su() == 38ur) [ “dr sio-wy)s © - 0}/

FIG. 2. (a) Fluorescence spectruntb) the quadrature-noise
spectrum, and(c) the asymmetric contribution, foA=58, N

is the asymmetric contribution to the spectrum. From Egs.~0-125:M=0.375, andy.=45.

(1) and(10), we find that

X Im[(b*(t),b(t+7))] (10

sponding to the elastic scattering of the driving field, and two
A(N=M)\?p sidebands; one at=—A (w=w,) and the other av=A
[(B+N)2+AZ][(B—N)%+A?] (0=2w_—wy). The peak av=A is due to a three-photon
incoherent scattering of the noise of the input squeezed field.

Sa(w)=—4B%nu(r)

2 2 2 2
% 1 _ (2B°—\)—2A%+w ) This peak is absent in the fluorescence spectrum. The “miss-
N+v2 B2+ (v+A)?][BP+ (v—A)?] ing” peak is in fact contained in the asymmetric part of the
fluorescence spectrum.
AN+M) u2v u pecti

+ The asymmetric part of the spectrum shows a negative
[(B+u)*+A%][(B—p)*+A%] peak atv=A whose amplitude is exactly equal to the corre-
1 (22— u?)— 202+ 12 sponding _positive peak in the qufadrature-noise spectrum.
X |~ = S 5 )] The negative peak in the asymmetric part of the fluorescence
potve B (v+HA)[ B+ (v—A)7] spectrum can be interpreted as arising from a three-photon
(11)  coherent scattering. In this process two photons of the fre-
quency w, are absorbed and one photon of the frequency
We see from Eq(11) that the asymmetric part vanishes 2w, — w, is emitted into the incident field.
for A=0. In this case the fluorescence spectrum is symmetric In summary, we have calculated the fluorescence spec-
and reveals the noise spectrum of the emitted field. Othetrum of a two-level atom driven by a weak squeezed field of
wise, forA # 0, the fluorescence spectrum is asymmetric ancan arbitrary bandwidth. We have shown that the spectrum
does not reveal the noise spectrum. can be narrower than any bandwidth involved in the prob-
This interesting effect is shown in more detail in Fig. 2, lem, and have found that in this case the spectrum exhibits a
where we plot the fluorescence, quadrature noise, and asyrfe — wo) ~® dependence in the wings which is attributed to
metric spectra forN=0.125, M=0.375, A=58, and y.  squeezing in the incident field.
=4p. The graphs show that there are two peaks in the fluo- We have also calculated the quadrature-noise spectrum of
rescence spectrum. However, the noise spectrum exhibithe fluorescence field and have shown that for an off-
three peaks, the central peak at the frequemgy corre- resonance excitation the spectrum can exhibit three peaks.
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The central peak, located at the frequeigy, and two side-  bitrary bandwidth of the squeezed field, and does not require
bands; one located at the atomic transition frequetngy  squeezing of all modes to which the atom is coupled. More-
and the other located at the frequenay 2- wy correspond-  over, this model is valid for weak squeezed fields, which are
ing to the three-photon incoherent scattering process. Theow available in experimen{$)].

fluorescence spectrum, however, does not exhibit the pres- )

ence of the three-photon scattering. We have shown that the This work has been supported by the Julmiesfonds der
asymmetric part of the spectrum exhibits a negative peak #gdesterreichischen  National-bank zur r&erung der

the frequency @&, —w,, which exactly compensates the Forschungs- und Lehraufgaben der Wissenschaft under Con-

positive peak of the quadrature-noise spectrum. tract No. 5968. Z.F. would like to thank the Institut fheo-
Finally, we would like to point out that the system con- retische Physik, Technische Universitien for their hos-
sidered here is realistic experimentally. It is valid for an ar-pitality.
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