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Anomalous resonance fluorescence from an atom in a cavity with injected squeezed vacuum
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As a realistic system for observing the distinctive features of the interaction of squeezed light with atoms, we
consider a single, coherently driven, two-level atom in a resonant optical cavity coupled to a broadband
squeezed vacuum field. In the bad cavity limit we derive equations of motion for the atomic operators that are
identical to those for the free-space situation, except for having modified parameters. We focus our attention on
the resonance fluorescence from this system and show that, in the above limit, many of the unusual spectral
features previously reported for the free atom situation persist. We also confirm the link between these anoma-
lous spectra and the collapse of an atom into a pure state. The cavity parameter values needed to verify some
of these interesting effects appear to be within the range of present day technology.

PACS numbsd(s): 42.50.Dv, 32.80-t

I. INTRODUCTION interaction with a broadband squeezed vacuum decay at
vastly different rates. The modifications to the resonance
The phenomenon of resonance fluorescence constitutesfldorescence spectra of such a system were considered by
central problem in quantum optics. It is an aspect of matterCarmichael, Lane, and Wall41]. They found that for weak
radiation interaction that has been extensively considereflrving fields the linewidth of the spectra could be drastically
over the years. As early as the 1930s Weisskopf used a qu‘.jﬂap_duced, ultimately vanishing in the limit of arbitrarily strong

tum perturbation approach to describe weak-field resonanciflU€€zing. They also showed that for Iargelclassic_al ahppli%d
fluorescence from free atonfd]. More recently Mollow fl€ld strengths the spectrum became a triplet, as in the ab-

showed that the resonance fluorescence spectra from sghece of squeezir{cj?],. but that the height and width of the;
strongly driven atom had a three-peaked struck@tewhich central peak of the triplet depended strongly on the relative

was subsequently observigl. He predicted the central peak phase of the squeezed and driving fields.

fthe | h A : to h idth 1o th t As Gardiner and Carmichael, Lane, and Walls indicated,
of the incoherent spectrum 1o have a width equalto the Nally, o oq effacts would be difficult to realize experimentally in

ral spontaneous decay rate of the atom while each of thgq free_space situations considered since they required the
S|debgnds are one aqd a half times as b_road. .Photon angt'queezed modes to occupy the whote golid angle. It was
bunching and squeezing have been predicted in resonanggsrefore necessary to consider alternative systems that re-
fluorescence, but so far only antibunching has been observegye( this condition while still enabling the desired effects to
[4]. be observable. The cavity situation is a natural one to con-
The squeezing of light fields is another major area of in-sider. When an atom is placed between mirrors or inside an
terest5]. Radiation fields of this nature find their roots in the optical cavity it interacts with a modified electromagnetic
foundations of quantum mechanics itself. That quantum flucyacuum. Many features of this modified system have been
tuations can, in one field quadrature, exhibit less noise thawerified including cavity-enhanced and inhibited spontaneous
empty space without violating the uncertainty principle, notemission12]. In the good coupling limit, vacuum Rabi split-
only has implications at a fundamental level but also potenting has been predictdd 3] and observed14], with of the
tial applications in areas such as telecommunicatiéhand  order of one atom in the cavity at a time. This system exhib-
high precision measurement, e.g., in the detection of gravitjts many other interesting features, and an increasing number
waves|[7]. The signal from such a field would, with standard have been subjected to experiment. One reason for the ad-
interferometry techniques, be swamped by the noise from theance in experimental work is recent developments in atomic
normal vacuum. Squeezed light has also been used to ebeam and atomic trapping techniques.
hance sensitivity in saturation spectrosc¢py Parkins and Gardindi5] have considered a single atom
A decade after the first experimental demonstration oinside a microcavity that has squeezed light incident upon
squeezed light generatid®], we have arrived at the stage the output mirror. They show that the inhibition of atomic
where many laboratories can successfully produce squeez@thiase decays can still be observed under appropriate phase
sources. This has provided extra impetus to the search fenatching conditions.
novel features in the interaction of squeezed light with The aspect of squeezed-light—atom interactions that inter-
atomic systems. ests us here is that of resonance fluorescence. Specifically we
The first prediction of fundamentally different behavior are concerned with the “anomalous” resonance fluorescence
was made by Gardin¢f0] who showed that the two quadra- spectra[16—18. These have been discussed for the free-
tures of the polarization of a two-level atom damped via itsspace situation, but experiments to demonstrate these effects
are likely to take place within the cavity environment. Our
particular aim is to show that many of these free-space prop-
*Also at the Department of Physics, The University of Queen-erties do in fact carry over to a measurable extent to the
sland, Brisbane, Queensland 4072, Australia. cavity configuration.
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-1 In a frame rotating at the resonance frequency the master

y equation is
p=i[H,p]+ yLap+ kLcp, D
= Squeezed
Vacuum where H is given by the sum of the driving and Jaynes-
Cummings Hamiltonians,

~— — |

K He=1Q(o_+0.) andH;=ig(oc,a—o_a"), (2
Q with

Lap=20_po,—0 0_p—po,o_ ©)

FIG. 1. A schematic representation of the physical system under
consideration. and

L.p=(N+1)(2apa’'—atap—pa'a)

A number of papers have examined the conditions for the
existence of pure states in systems of interacting atoms and ~ +N(2a'pa—aa’p—paa) (4)
fields. We are particularly concerned with the situation where —M[exp —ig,)(2apa—ap—pa?)+H.c.]. (5)
an applied squeezed field is present. Palma and Kinifjt
showed that a pair of two-level atoms in the presence of a,p andL.p describe atomic damping to modes other than
squeezed field but in the absence of a classical driving fielthe privileged cavity mode, and damping of the cavity field
may collapse into a pure state. The corresponding three-levely the squeezed reservoir, respectively. The cavity mode has
system was considered by Buzek, Knight, and Kudryavtsevhe annihilation and creation operatasand a’ while the
[27]. Agarwal and Pur{20] considered a number of two- atom is represented by the usual Pauli spioperators
level atoms driven by a classical field in the presence of ar, , o_, ) is the Rabi frequency of the driving laser field,
squeezed vacuum and showed that, under appropriate Cigris a measure of the atom-cavity coupling, apdnd « are
cumstances, the atomic system may evolve into a pure statghe atomic and cavity decay constants, respectively.
The single-atom version of this system was further consid- The broadband squeezed reservoir is characterized by the
ered by Tucci21], who emphasized the statistical mechani-real parametersl andM through the relation§5]
cal aspects. We showed that, for lafge the appearance of

the anomalous resonance fluorescence spectra coincides with (aT(wl)a(w2)>= No(w1— w,), (6)
the state of the system being a pure ¢h8].
It has also been pointed out that a number of atoms inter- (a(wy)a(wy)y=Mexpi¢,) (w1t w>), 7

acting with a driving field in the cavity environmeibut

with no applied squeezed vacupman also evolve into a Wherea(w) creates a photon of the squeezed vacuum with
pure state[22,23. Such systems also exhibit nonclassicalfrequencyw. Another important parameter is the squeezing
features in their output. In this situation, however, it is a purephase, defined as

state of the combined atom-field system, rather than the atom

alone, which is involved. O=2¢ —~d,=— by, (8)

The structure of the rest of this paper is as follows: the ) o )
physical system under consideration is described in Sec. [IVhere¢, is the laser phase, which is taken to be zero in Eg.
where we also derive the equations of motion in the bad?) above. The squeezed vacuum contains real photons with
cavity limit. We show that these are formally identical to N the mean number of photons preseater all frequen-
those in free-space, the only difference being a redefinitio§i€9, andM the magnitude of the two-photon correlations. It
of parameters. In Sec. IIl we investigate the anomalous resds the latter that provides the essential nonclassical features
nance fluorescence spectra for this system, and we determifiéthe squeezing process. For a given squeezing photon num-
how well the steady state of the atom in these cases can tRer N, M is bounded above by its value for a minimum
approximated by a pure state. We compare this situation witgncertainty state. It is convenient here to introduce the pa-
that for the free-space environment. Section IV contains ouf@metern where 0< <1, which enables us to write

conclusions. 12
M= [N(N+1)]%2 9

The quantityn measures the degree of two-photon correla-
tions in the squeezed vacuum. Its interpretation is simple:
We consider a single two-level atom, coupled to a reso#=0 implies no squeezing and our cavity field is then

nant cavity mode, and coherently driven through the operquivalently damped by a chaotic fielg=1 on the other
sides of this single-ended cavit{fSee Fig. 1. A broadband hand corresponds to the reservoir being in an ideal squeezed
squeezed vacuum also interacts with this system. The Bolstate or minimum uncertainty squeezed state. We refer to this
frequency of the atom, the cavity resonance frequency, ands perfect correlation, since in this instance the photon twins,
the center frequency of the squeezed vacuum are all taken 8o typical of a squeezed vacuum, are maximally correlated
be identical. for the particular value oN.

Il. THE TWO-LEVEL ATOM IN THE BAD CAVITY LIMIT
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The atomic operators mentioned above satisfy the com:s _ _ 5- +29(1+C)+CNlp—i 20 _
mutation relationg o, ,o_1=20,, [05,0.]=*0,. Using ' % vpoot 291 ) lp1=1 20 (P10~ por).
these relations anfll) we can derive the time evolution of -
the expectation values of these operators: p11=—27[(1+C)+ CN]p11+ 2CNypooti 2 Ap10~Por),
_ (13
po1= —[(1+C)+2CN]ypo1— 2CMyexpi®)p1o

(o )==v(0_)+29(0,a)=i1Q(0y), -
—i3Q(p11—Poo)s

7)== + M+ ,
<0'+> 7<O'+> Zg<0'za > IQ<0'2>n (10) P10= _[(1+C)+2CN]7P10_2CM76XF(—iq))p()l
1 B
(o)=—y(2(o,)+1)—g((a’o_)+(ac,)) +1 3 Q(p11~poo)-
+i3 Qo )—(o_)). Identifying 2CNy with the incoherent transition rate from

ground to excited statey;) and 2y[(1+C)+CN] as the

) o _rate for the incoherent processes in the opposite direction
These equations contain higher-order operator expectation,, ) we note that physical considerations require them to
values. This leads to a series of coupled equations that mugter only by spontaneous emission.

be solved to leave evolution equations in the atomic opera- Tpus we can write

tors only. We now adopt the approach used by Rice and

Pedrotti[24]. They showed that in the bad cavity lingee C
below) this hierarchy of equations can be truncated to yield Yoi— 4CN7:27’(1+C)RZN
the following:

and
N _ : C
~iQ(0), so that defining
(6,)=—y[1+C(2N+1) (o, )—2CMyexp —i®){o_) Ye=(1+C)y,
+iQ{o,), (11) C
Nc_va (14
()= =291+ CN+ D0 )+ 1 Q((os) (o)) c
—24(1+C). Me=17cM
The paramete€ = g?/ ky is the single-atom cooperativity we have
parameter familiar from optical bistabilityThe validity of vo1=2N.ve andy;0=2(Ng+ 1) v, (15)

the truncation depends on the relative sizes of the various
systematic parameters. Thus we can define the bad cavi

o Where is the cavity enhanced spontaneous emission rate.
limit as [23] Ve y P

The factorC/(1+C) that appears in the above expres-
sions has the following interpretation.is the rate of spon-
k>Q,g,y with g>y and C=g¥«yfinite. (12  taneous decay into the noncavity modes, ane y(1+C)
is the total spontaneous emission rate, so @mts the cav-

In contrast to Rice and Pedrotti we chose to drive the atonify €nhanced contribution. The fact@?(1+C) is therefore

directly but the physics contained in both approaches is th&€ ratio of the spontaneous emission into the cavity mode to

same[25]. Also, to ensure the validity of the broadband the total spontaneous decay rate. Th.IS quantity is sometimes

squeezing assumption, the bandwidth of squeezing woultgferred to as theeta valueof the cavity system. The atom

need to be large compared o therefore experiences an effective squeezed field whose pa-
There is clearly a link between Eq4.1) and the standard "ameters are modified by the beta factor.

free-space Bloch equations for the equivalent system, but for Thus making the appropriate changes throughout Egs.

a more direct comparison with the free-space analysis wé13) we have

express these equations in terms of the atomic density matrix )

elements. Using the relatiopA)=Tr(pA) and the cyclic Poo=— Y01+ Y10P11~1 3 (P10~ o),

properties of the tracélr) we have

p11= — Y1oP11+ YorPoo1 7 (P10~ po),

1Because of a factor of 2 difference in the definitionsygfthere 1 . . (16
is a numerical difference between our paramé&emnd that of Rice Po1= = 2 YsPor~ McYc€XRi®)p10=1 5 (P11~ poo),
and Pedrotti. The present choice reduces the number of factors of 2
that appear in our expressions. P10=— 3 YsP10— M yc€XP —i®)posti 3 Q(p11— Poo)s
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where ys= yo1t+ ¥10- we have

Equations (16) are formally identical to the density ma-
trix equations in free-space. Thus it would seem reasonable O=79.<1 (23
to assume that we could reproduce any of the previous re-
sults for the free atom. However, we already know fromand using the relation (9) we can simply evaluate the un-
simple physical arguments that since the atom sees urmvoidable fractional modification as
squeezed modes through the open sides of the cavity there is
a limit to the amount of linewidth narrowing achievable in 7 1 —2 1
this model. This can be easily seen in the mathematics. If we 7: 1+m :1_m for CN>1.
transform Egs. (11) by settingo,=o0,+io, and (24)
o_=oy—liogy, then from the equation for,,

By taking N or C large, we obtainy.= 5. Even in these
_ limits, however, the decay rate of the in-phase component of
(o) =—2y[1+C(1+2N—-2McosP)](ay) the polarization cannot be made arbitrarily narrow, as it can
. in free-spacd10]: there is always the residual width of,
~2CMysin®(ay), (17 the spontaneous decay rate into the unsqueezed modes. For
large C, we also note that the unsqueezed linewidth
it is easily seen that only the cavity enhanced part of they.=y(1+C) becomes very large. This quantity determines
decay rate is phase dependent, rather than the whole decthe scale of the spectral features.
rate as would be the case fotrdsolid angle squeezing. Let us summarize the position to date. Having started
Gardiner[10] showed that the basic difference in the de-from the master equation for the density operator we have,
cay of an atom bathed in squeezed modes rather than inva an adiabatic elimination of the cavity field in the bad
standard reservoir was that the two atomic polarizatiorcavity limit, derived equations of motion for the density ma-
quadratures decayed at different rates, and that in the case ik elements that are identical to those for the free, driven
minimum uncertainty squeezing, one decay rate tended tatom, bathed in 4 solid angle broadband squeezing, but
zero forN—o. Many results in the free-space situation werewhere these modes necessarily have less than perfect squeez-
derived in this limit. One might then ask how it is that equa-ing correlations.
tions have been derived which, on the one hand, are formally With regard to resonance fluorescence, we may expect
identical to those for the free atom and yet on the other hangualitatively similar spectra to those previously reported
apply in a regime where arbitrarily large linewidth narrowing [16—18,26 but for the case of an imperfectly correlated
is not possible. squeezed vacuum. It is already clear that effects that are
The answer is contained in the relation betwégnand  extremely sensitive to the degree of correlation of the
M., the parameters defined in Egs. (14). Notice that in Eqssqueezing will be difficult to reproduce, at least for experi-
(16), we must now interpreN. and M. as theeffective ~mentally feasible values df andC. It should be noted that
squeezing parameters experienced by the atom in the bdde sensitivity to the degree of correlation generally de-
cavity limit. It is as though we were considering a driven freecreases wittN [17].
atom damped by a broadband squeezed vacuum but that the

squeezing in the reservoir was now describedNyy and Il. THE RESONANCE FLUORESCENCE SPECTRA
M.. In the free-space case, the paramekéeEndM appear-
ing in the master equation (1) are related as follows: We consider here only the incoherently scattered part of
the resonance fluorescence spectrum. It is worth noting here
M<[N(N+1)]*2 (18  that the fluorescence from our system is carried away via the
normal vacuum modes, which exist out the sides of the cav-
Now in the bad cavity limit we have instead ity. This plays the role of the unsqueezed window implicit in

the calculations 0f10,11].

C The spectrum is related to the Fourier transform of the
- ] 1/2
M= 1+C M= 1+ C[N(N +1)] 19 atomic correlation functiof26]
(20) o
12 Aw)=7 f (0.(0)o_(n)e dr|, (25
={NC NC+—1+C) <[N(N+1)]*2 °

(21)  where. denotes the real part and the are the Pauli spin-

1 operators mentioned above. Working in Laplace space the
so that ultimately in this limit we cannot implement what evolution equations of these operators together with the
would be perfectly correlated (minimum uncertainty) quantum regression theorem may be used to calculate the
squeezing, i.e., the effective degree of correlation of thepectrum. Specifically we have
squeezing, in our model, is necessarily reduced from its

value in the input squeezed field. Defining as A w)=7Z[F(z=—-iw)], (26)
M where o is the frequency measured from the atomic reso-

e INg(No+ 1) ]2 @2 hance frequency anl@6]
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Z(z+2T)(z+T)+ 3 Q%]p+s(z+ y)[z+T + yMe'?]

Z{(z+20)[(z+T)%— y2M2]+ Q%(z+T + yMcosb)} @7
|
with I'=y.(Ns+3), and where z,= o +i By are the poles, and the residues of the
incoherent part 0€27) are of the formR,=x,+iy, [16]. We
Ych(rz_ 7(2:M(2:)+ %QZ(F"' YcMcosDb) 28 find
P TN (7= 2M2) + Q4T + y.Mcosb) '’ (a-2)? (a-d)a+1
_ X" 162 T 4222y
YCQZ(%F+7CMCeI(D) 29
S= 20 (T2 y2M2)+ Q4T + y,Mcosb)’ (29 y :stinCD N 402cogd/2 32
0" 2ar? 'yg ’

are related to the steady-state excited population and the
atomic coherence, respectively. These expressions suggest tiig(0) will be a minimum

In the free-space situation we are interested in the regim&hena=2, which gives
Q =1y, where the Mollow sidebands are not resolved and the
spectra normally consist of two components. The normal 0= Ye
spectrd 11] consist of a shargsubnaturalline at line center 2cosb/2’
superimposed upon a very broad, shallow background.

In recent publication§16—18 it was shown that under which, with the replacement of by ., gives the condition
very restrictive conditions, dispersive profiles, quite unlikewe have obtained previously for the free-space situation
any previously reported for this system, could be found. 1{16—-18.
was also shown that anomalous spectra existed over a con- We adopt the same prescription here in searching for the
tinuous but narrow range of parameter values. These specteanomalous spectra in our cavity configuration: we determine
took on a variety of profiles including holes, pimples, and anumerically the parameter values that minimi2g(0).
vanishing of the central feature altogether. The presence dflowever, we have the added complication of taking into
the squeezed vacuum was essential for these effects. Tlaecount the parametej. Recall thaty, now describes the
origin of these spectra together with a prescription of how tceffective degree of correlation of the squeezing as experi-
locate the parameter region of interest was given. enced by the atom and this consequently provides a further

The prescription followed from a realization that when limiting factor to both the existence of the anomalous spec-
these anomalous features arose the normal contributions teal profiles and to the robustness of any features that do
the spectrum were greatly reduced in magnitude. Conseexist.
guently we expect to find these spectra at those parameter From expressiori24), 7. is determined from the degree
values that minimize the incoherent part of the line-centeof correlation present in the squeezed bath initially coupled
amplitudeA;(0). into our system as well as by the strendtiof the squeezing.

Returning now to the cavity situation, we note that thelt also depends on the value 6f For what follows we will
features of the spectrum are determined by the poles amaksume that the squeezed vacuum injected into the cavity

(33

residues o0f27). The poles are given approximately by was perfectly correlated. Suppose that an anomalous feature
existed in the free-space case for a particular value of the
y2+802cogd/2 correlation coefficient—say = », . Then, if we can achieve
o=——1 a sufficiently large value fow, to satisfy n.=»,, we may

continue in the knowledge that it will also exist in our cavity
configuration.

Let us first consider the case df=/2. It has been
shown that, in the free-space situation, prominent dispersive
features arise in the resonance fluorescence spectra for large
in the regime of greatest interesb<m/2, >y, and N andQ?=1/2, providing=1 [16]. In2Fig. 2 we show the
Q=1,. Sincezy<Re(z.), the sharp features of the spec- spectra for t.he case wheke= 1Q ade =1/2, and |n.|t|ally
trum will result fromz,. The contribution from the poles at 7=1: The figure shows that ify is reduced by as little as
z=z. will be a flat, largely featureless background. Conse.0-0005% from the value unity, then the dispersive profile

quently, we concentrate on the contributions from the pole ayanishes. This implies that we neegl>0.999 995. Using
z=12,. (24) we see that to attain this value af. given =1,

The incoherent part of the spectrum has the form N=10, we requireC=5Xx 1_03. Unfortunately_ this an orde_r
of magnitude greater than is currently experimentally achiev-
1 able. In Fig. 2 we show the spectra for the above values of
A= Xkt~ Y@~ By » andN and for four values o€. As expected the dispersive
|((1)) — 2 7 (31) .
k=—1 (0— B+ ay profiles are only apparent for extremely large value€of

1
zi=—(1“—§zo) +iQsind/2 (30)
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FIG. 2. The resonance fluorescence spectra in the bad cavity

FIG. 4. The cavity resonance fluorescence intensity at line cen-

case, folN=10 andC=5x10%, 10*, 5x 10°, and 1 for frames
(@), (b), (c), and(d), respectively. In all our figures, we take=1, so
that the Rabi frequency) and the fluorescence frequenay are
measured relative to this quantity. The value(bin each case has
been taken to optimize the effect for the given value @f
[©2=0.69 in frames(a), (b), and(c); 1=0.72 in frame(d).] The
corresponding values of for the equivalent free-space situation
are 7=0.999 999 95, 0.999 998, 0.999 995, 0.999 98.

ter A(0) as a function of the Rabi frequen€ly . The phase is fixed
at® =0 throughout anda) N=1,C=200,(b) N=0.5,C=100,(c)
N=0.1,C=50, and(d) N=0.01,C=10.

N=0.2,C=50 andN=0.1,C=10 shown in framesgc) and

(d), the spectra retain distinctive profiles. We have found,

however, that the dispersive profiles are less robust to the

value of » than the hole burning profiles we consider next.

_ We now turn to the case @ =0. For this value of phase,

the anomalous features in free-space take the form of hole

burning at line center, as well as pimple structures and the

vanishing of the central contribution. In Fig. 4 we plot the

cavity resonance fluorescence spectral intensity at line-center
s a function of the Rabi frequené€y for various values of
andC. The minima are clearly present in each plot and we

We should emphasize that the sensitivity of the anoma
lous features to the value of decreases ad decreases, so
that in choosing the large valié= 10 we have a particularly
fragile situation, and one particularly difficult to test experi-
mentally. If we reduce the value &f to N=1, for example,
it may be shown that the dispersive profiles are still eviden

for »=0.999, which corresponds ©=125. In Fig. 3 we xpect anomalous features to arise for all these parameter
plot the resonance fluorescence spectra for some smaller valsP : : X param
values. It is worth noting the different form of the minima in

ues of N andC. In frames(a) and (b), whereN=0.5 and . .

C=125 and 100, respectively, the dispersive nature of theeaCh case. F_|gure S ShOws the spectrum corresponding to
spectra remains apparent. Even for the more modest valu egch of the line center plots in Fig. 4. As expected, hole
P PP ' %urning exists in all four plots. Remarkably, it not only per-

(a) (b)
0.15 0.15 (@) (b)
0.1 0.1 o 0.06
0. : 0.05
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FIG. 3. The cavity resonance fluorescence spectrabferm/2
and(a) N=1, C=125,0=0.61, (b) N=0.5,C=100,0=0.53, (c)

N=0.2,C=50, 2=0.44, and(d) N=0.1,C=10, =0.33.

FIG. 5. The spectral plots for each of the cases in Fig) has
been taken to be the minimum of the corresponding line-center plot.
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ambiguous manifestation of the distinctive properties of the

0.0154 squeezed vacuum.

IV. PURE STATES

We now consider another interesting effect that we found
to coincide with the anomalous spectra. This is the collapse
of the atom into a pure state. The first predictions of decay
into a pure state in squeezed-light—atom interactions were
made by Palma and Knight9]. They considered a pair of
two-level atoms damped by their interaction with a squeezed
vacuum in the absence of a driving field. The equivalent
three-level system was studied by Buzek, Knight, and
Kudryavtse[27]. Agarwal and Purj20] considered a driven

FIG. 6. A three-dimensional plot of the resonance fluorescenc&€nsemble of two-level atoms in a squeezed vacuum and in-
spectrum against Rabi frequen€y for the caseN=0.01,C=10, dicated the existence of special parameters values that lead to
®=0. the decay into a pure state for the cades 0 and .

Further considerations were presented for the single-atom
case 21] by Tucci, who discussed this phenomenon from the
point of view of the entropy of the system. He showed that

sists for very small values df but it becomes even more for ®=0 the pure state achieved was an eigenstate of the
pronounced adN is decreasedalthough obviously not for oy Pauli operator. I116] an in-depth analysis of the condi-
N=0), and perhaps more importantly, it persists for readilytions for anomalous spectra was presented and shown to co-
accessible values . incide with the condition for the atom to collapse into a pure

In Fig. 6 we present a three-dimensiott@D) mesh plot ~ state as well as the condition for amplification of a probe
of the spectrum againsf) for N=0.01P=0, C=100, beam tuned to center frequency. The connection between
which shows the transition from normal to anomalous specthese phenomena was clearly established andNfed the
tra, and then back to normal spectra again(as swept. €xpressions showed remarkable agreement. In fact even for
The hole burning region is clearly visible and should be ro-N~1 numerical evaluation of the complete expressions
bust enough as a function 6f to be observable in some of firmly justified the approximation made.
the cavity geometries presently in operation. It was also pointed out that in the ca®e=0 with N>1

Figure 7 shows the 3D dependence of the spectrum at lin@nd 7=1 an exactly pure state was achievable. For other
center as a functiof) and® for N=1 andC=100. This pPhase values the atomic steady-state could only approximate
reinforces what had already been indicafeé], that A(0) @ pure state.

possesses a minimum with respectoonly for smaller There are several approaches useful in investigating the
values of the phase, and consequently anomalous spectra 8¢ady-state atomic purity. A convenient way, with the ex-
not occur for® = . pressions we have already derived, is to consider the rela-

Our considerations of the anomalous spectra have showtiPnship between the steady state density matrix elements.
that, while some of the features predicted from our free atom FOr any system,
analysis transpire to be too fragile to persist in this mddel
least for practical parameter valjlgeany of the interesting Tr(p?)=<1, (34)
features have survived and are perhaps robust enough to be

observed. Observation of such spectra would provide an Uz 4 for a two-level atom this yields the simple condition

0.015+ pooP12=porl (35

with equality being the condition for purity. Settidg=0 and
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O/n Q This expression, as a function of, becomes identically

zero only in the limitN.>1 and n,=1 in which case

FIG. 7. A three-dimensional plot of the resonance fluorescenc®Nc+ 3— M vanishes, yielding)?= 1/4. This was the condi-
intensity at line center againgt and Q for the caseN=1 and tion mentioned in the free-atom analysis [d%6,18. How-

C=100. ever, as has been shown abovg=1 is not possible for
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FIG. 8. The plot of the steady-state atomic puity= 1— Trp?
against() for the same parameter values as Fig34=0 corre-
sponds to a pure state.

FIG. 9. The plot of2 =1—Trp? against(} for the same param-
eter values as Fig. 3.

- . . _ever, this is to be expected, in that as we move away from the
finite C and consequently an exactly pure state is not achiev

. . LY . . . anomalous region, the steady state of the atom is a more
able in this bad cavity limit. Having said this, we show that ;

L ) highly mixed state.
when these anomalous spectra do arise in our cavity model
the dynamical equilibrium state of the atom is very well
approximated by a pure state. That a quantum system can, V. CONCLUSION

via interaction with a reservoir, achieve what is very nearly a )
pure state is certainly surprising at least from the general We have considered the resonance fluorescence spectra of

perception of the role of standard reservoirs. This again & driven, cavity contained, two-level atom damped both by

further demonstration of the nonstandard properties of &€cay into the unsqueezed modes out the sides of the cavity
squeezed reservoir. and through the dissipation of the cavity field through the

In Fig. 8 we plot 1-Tr(p?) as a function of the Rabi leaky output mirror, with a squeezed vacuum coupled to the

frequency( for the same parameter values as in Fig. 3. The?YStem- o ,

coincidence of the minimum in each case with its equivalent, " the bad cavity limit we have shown the evolution equa-
case in Fig. 3 is apparent, the form of the curves around thHons for the atomic observables to be formally identical to
minimum are also similar’. It can be seen thathgs de-  those for the equivalent system in free-space, with the re-

creased, there is a slight discrepancy between the value §facement of the actual squeezing parameters by effective
Q) which minimizes the line-center amplitude and that whichSdueezing parameters. We have also shown that some of the
maximizes the atomic state purity. In the free-space analysi nomalous featL.Jres'ln resonance fluorescence predlcteq for
of [16,18, for ®=0 andN>1, these two phenomena are the free atom situation do in fact carry over to the cavity
optimized for the same value 6f. Only for ®=0 may the
atom be prepared in an exact pure state. We do not consider
this case further here because we are concerned in remaining
in that region of parameter space that is experimentally ac-
cessible.

In Fig. 9 we change the value of the phado 7/2 . The
minimum in each plot is again clear, as is its approximate
coincidence with the anomalous region depicted in Fig. 3,
but what is also clear and consistent with our previous analy-
sis is that the steady state achieved is less pure than for
smaller phase values. Finally in Fig. 10 we show a 3D mesh
plot of the atomic purity again€®2 and®. This figure bears
a striking resemblance to Fig. 7 from the point of view of
indicating the existence of the particular parameter range
over which the anomalous features can be expected and D/r Q
equivalently where the atom has evolved into what is very
nearly a pure state. The two plots differ quantitatively in the  FIG. 10. Three-dimensional plot of atomic purity agaifsand
central region and on towards the larger value$§lofHow-  Q for the same parameter values as Fig. 7.
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configuration and may be robust enough to permit observethe investigation of various conjectures associated with
tion. Schralinger catlike states.

When Rice and PedrotfR4] considered this model they
pointed out that it was quite a practical model for the obser-
vation of some predictions that had originally stipulated a ACKNOWLEDGMENTS
41 solid angle of squeezing. We feel that it would be a good
candidate for the observation of the anomalous spectra, We wish to acknowledge helpful conversations with
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