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Optimal squeezing, pure states, and amplification of squeezing in resonance fluorescence

Peng Zhoti and S. Swaih
Department of Applied Mathematics and Theoretical Physics, The Queen’s University of Belfast, Belfast BT7 1NN, United Kingdom
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It is shown that 100% squeezed output can be produced in the resonance fluorescence from a coherently
driven two-level atom interacting with a squeezed vacuum. This is only possibl=fd/8 squeezed input,
and is associated with a pure atomic state, i.e., a completely polarized state. The quadrature for which optimal
squeezing occurs depends on the squeezing phatiee Rabi frequency), and the atomic detuning. Pure
states are described for arbitraby not just® =0 or 7 as in previous work. For small values lf there may
be a greater degree of squeezing in the output field than the input, i.e., we have squeezing amplification.
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PACS numbes): 42.50.Hz, 42.50.Dv, 32.86t

[. INTRODUCTION observed for the first time in the resonance fluorescence of a
single two-level atonj15].

Both theoretical and experimental studies have shown that Also very recently, we have found that squeezing in reso-
the resonance fluorescence of a driven atom can serve ashance fluorescence can be greatly enhanced in a frequency-
source of nonclassical light. For example, Carmichael andunable cavity[16], or in a squeezed vacuufil1,12. The
Walls and Kimble and Manddl1] predicted that the reso- latter works mainly in the regime over which anomalous
nance fluorescence from a single two-level atom driven by &Pectra such as hole-burning and dispersive prafi@soc-
coherent laser field of low intensity would exhibit photon €U, i-e.,A=0 and®=0, where squeezing occurs in the
antibunching. The prediction has been confirmed in manyut—phasequadrature of the fluorescent field. In this paper
laboratoried 2—4]. The sub-Poissonian statistics of the fluo- we extend the study to the general case, and show that large

rescent photons emitted in a short time interval by a Singlesqueeztlr;g lgc%urs |d(|jfferent phe;ﬁequacljraturistr(])f the fluo-t
atom was also investigated experimentby. rescent Tield, depending upon the values of the parameters.
Jhe large squeezing is associated with an atomic pure state

There have been many theoretical investigations ofa completely polarized stateand thereby with a large

fqtu:eemr_lg n resodngnse fluor??ﬁer]llce,t bot.th n terTs Offt:] omic coherence. Perfect fluorescent squeezing may only
otal variances and In terms of the fiuctuation spectra ot thg, place for the particular squeezing numier 1/8.

phase quadratures. Walls and .Zolle_r and Loufi@rshowed There is previous evidence that the vaNe=1/8 is spe-
that the total quantum fluctuations in the phase quadratureS |t has been shown that large squeezing in resonance
of the resonance fluorescence of a driven two-level atom cafy,qrescence was produced for this input squeezed [y

be squeezed below the shot-noise limit. Single-mideor  ang that also for this value &, the sidebands in the reso-

frequency-tunable two-modé8] squeezing with a finite pance fluorescence spectrum have the same linewidth as in
bandwidth may be obtained, depending on the Rabi frethe N=0 case[18].

guency and detuning. This internally produced squeezing re-

sults in line narrowing in the resonance fluorescence spectra

[9,10]. Phase-quadrature squeezing has also been studied in

the presence of an applied squeezed vac[LoOa-12. Our model consists of a two-level atom with ground and

Experimental observation of squeezing in the fluorescencéxcited state$0) and|1), driven by a monochromatic laser

field has proved a great challenge, one problem being thdteld and damped by a broadband squeezed vacuum. In the

atomic motion produces phase shifts which destroy squeeftame rotating with the laser frequeney , the Hamiltonian

ing [13]. This difficulty was surmounted in the recent experi- (in units of#), is

mental advances in homodyne detection schemes of the fluo- A Q

rescent rad|§1t|pn of a single trapped ion reporteq by Hoffges H= 0,4+ — (%0, +e 1ty ), 1)

et al. [3]. Within the last couple of years, experiments car- 2 2

ried out by Zhaoet al. [14] have found some evidence of

squeezing by measuring the phase-dependent fluorescenwbereo,=(]1)(1]—|0){0|) is the atomic inversion operator

spectra of a coherently driven two-level atom with a longo, =|1){(0| ando_=|0)(1| are the atomic raising and low-

lifetime, stimulating the further exploration of squeezing in ering operators, respectivel}f,= w,— w, is the detuning(}

resonance fluorescence. Very recently, squeezing in thie the Rabi frequency, and, is the laser phase. The

qguadrature with phase/4 relative to the driving laser was squeezed vacuum is characterized by the squeezing photon
numberN, the squeezing phasg;, and the strength of the
two-photon correlation®!, which obeys

Il. PURE STATE
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The valuen=1 indicates an ideal squeezed vacuum, while z
7n=0 corresponds to no squeezing dt-al a thermal field.
The squeezed vacuum may be “turned off” by settiNg
=0. In the remainder of the paper, we take-1, and thus
M= {N(N+1).

The optical Bloch equations, modified by the squeezed
vacuum, are of the form

(0)=—vd o)~ (A+yM sin®)(a),

X

(oy)==7f0y) + (A= yM sin®){0) = o), FIG. 1. Polar angles and 3 defining the position of the Bloch

vectorB on the Bloch sphere.

(o)=—7{02) + Qo) =, 3 =
M
with =0, A=0, sz, ®
yx=1"+yM cosd, _ ym
yy=I—yM cos®, q)ZE’ A=T=9M, sz, ©
GOt @ d=m AST—yM g 2AM (10)
whereo,=(o_+o,) andoy=i(o_—o,) are the in-phase , , WN+1-N

(X) and out-phaseY) quadrature components of the atomic

polarization, respectivelyf\We have assumed in obtaining

Eqg. (3) that the applied electromagnetic field is coupled to

the o, component of the atorh® =2¢, — ¢, is the relative

phase between the laser field and squeezed vacuunl, and

= y(N+ 1/2), with y the spontaneous decay rate of the atom B=cosa sinBg,+sina Sinﬁéy+ cospe,, (11

into the standard vacuum modes. The modified decay rates

of the X and Y components of the atomic polarization are where

¥x» 7Yy, respectively, whiley, is the decay rate of the

atomic population inversion. B=arcco€ _
It has been shown that such a coherently driven two-level

atom interacting with the squeezed vacuum reservoir can ) ) -

collapse into a steady state which is a pure state, for the ca$gee Fig. 1L When®, Q, andA satisfy the condition8),

®=0 or « [17,20. This property is associated with anoma- thena= /2, and the atomic Bloch vect@polarization is in

lous spectral features in the resonance fluorescence afde Y-Z plane, whereas if the conditidi0) holds, we have

probe absorption. The condition for the atom to be in a purex=0 and the atom polarizes in theZ plane.

state is that the quantit}, where

Notice that for resonant excitation, a pure state is only pos-
sible if ®=0. In general, the pure stat6) describes a com-
pletely polraized atom with the Bloch vectBrlying on the
Bloch sphere with polar angles and 3,

M—N
M+N

(12

Ill. OPTIMAL AND MAXIMAL SQUEEZING

_ 2 2 2
2 =(0)" oy +{on)%, ® The measurement of the quadrature squeezing spectrum

requires the fluorescent radiation field to be first frequency
filtered and then homodyned with a strong local oscillator
field [14]. The squeezing may also be detected in terms of
the total normally ordered variances of the phase quadratures
in an alternative experimental scheme, where the total radia-

takes the value on@1]. We point out here that a steady pure
state can, in fact, be achieved for other values of the squee
ing phase as well, the requirement being that giden(},

andA are chosen to satisfy=1. The general pure state has

the form tion field and the local oscillator are directly homodyned,
o without first frequency filterind5,13]. In this paper we are
W)= N|0>_9' \/N| 1) ©6) interested in the latter quantity, which can be expressed in
(M +N)¥2 ' terms of the steady-state solution of the Bloch equati@hs
as[6,7]

where Sy=(:(AE)2) =1+ (o) — ({00000~ (,)sin0)2,
I'+ yM cos® (13
A+ yM sin® whereE,=e™'717)+e'%€' 7/ is the #-phase quadrature of

the atomic fluorescence field, measured by homodyning with
The conditions for the pure stat6) for a few specific cases a local oscillator having a controllable phageelative to the
are given below: driving laser.E,—y andE 4 ,,» are usually the in-phasexj
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and out-of-phaseY) quadratures of the fluorescent field,
respectively S, is the total normally ordered variance of the
0-phase quadrature of the fluorescent field. The field is said
to be squeezed whe®y<0. The normalization we have cho-
sen is such that maximum squeezing correspondS,te
—0.25. Equation(13) implies that the squeezing occurs at
large values of the atomic coherendesy)).
It is not difficult to show that the total normally ordered " 8
variances in the phase quadrature component of the fluores 924 N \\\\?‘*
cent field reach their minimal value o1 P

-0.2:;;:13 SH
Seo:1+<0'z>_<0'x>2_<0'y>2:<0'z>(1+<0'z>)+1_21 ° -
(14
when the quadrature phage- 6,, where 100 1 d/n
Q
0o= arctar( M ) (15) FIG. 2. Total normally ordered variance of the in-phase quadra-
A+yMsin® ture Sy against the Rabi frequendy and the squeezed phadbém,

_ for y=1, A=10, N=0.1.
(Note that only wher§, <0 is the resonance fluorescence a

noise-squeezed fie)dFurthermore, if the atom is in a pure conditions3 =1 and(a,)+ 1/2 can be satisfied, and it is not

state, i.e.2 =1, thenSf,O reduces to obvious from the outset that they can, we must haveND
<3.
SZ:=(GZ>(1+<JZ>)sO, (16) This argument does not explain why solutions are only
possible for theparticular value N=1/8, but as we have
showing that maximum squeezing occurs whém,)=  remarked earlier, the valud=1/8 appears to be a special

—1/2. Therefore, a completely polarized atom always radione from several points of viejd.2,18. For this value oN,
ates a fluorescent field withiy-phase quadrature squeezing. the two-photon correlation streng= yN(N+1) is ratio-
The quadrature phagg is same as the longitudinal angle ~ nal: M=3/8 and the principal decay rates are, respectively,

of the polarized atom in the Bloch sphere. twice and one-half the decay rate in the absence of the
It is clear from Eq.(14) that the squeezing is maximal Squeezed vacuumy,=y,y,=y/4, when®=0.
Sp,=—0.25 if the equation€ =1 and(o,)=—1/2 aresi- For small values ofN, large squeezing in the fluoresence

is possible, even if it is not maximal. We may conclude from
Eq. (15) that when® =0 andA =0, optimal squeezing in the
fluorescent field always occurs in the out-of-phasé (
quadrature component, i.e@y=m/2 [7,9-13. When &
=7/2 andA=T—yM, then ;= w/4, and optimal squeez-
ing takes place in ther/4-phase quadratufel5]. When ®
17) = andA>I"—yM, then §,=0, and optimal squeezing is
always in the in-phaseX) quadrature8,16).

where t=tan(®/2). These expressions are consistent with
the values presented in Eq8)—(10). It is clear thatA — oo A. In-phase quadrature squeezing
as®— r, and then() — +/3A.

We comment briefly on why maximal squeezing is only
possible for a small value éi. While, for arbitrary values of
N and ® it is always possible to find values &1 and A
which produce a pure state (satiffy=1), the condition
{o;)=—1/2 is much more stringent. This value @f,) im- Figure 2 showsS,_,= S, the in-phase quadrature of the
plies that the external fields must not be so strong as 9,

) D orescent field, in a three-dimensiortaD) plot against the
saturate the atom. This may be seen by examining the Ok api frequencyQ and the squeezed phas, for N
pression for o)+ 1/2. We require ’

=0.1,A=10yT, and y=1. Clearly, the greater squeezing
occurs for large phases. Whéh=16y and ® = 7, thenSy

multaneouslsatisfied. We find that this is possikbaly for
N=1/8, and then analytic solution can be found. The appro
priate values of) andA are

1

1
A=—, Q=—3(1+t?), a=90=arctar6Y,

4’ 4

We here present a detailed study of the fluorescence
squeezing in the case df== andA#0, which has previ-
ously received little attention. As we know from the above
discussion, the squeezing is exhibited in the in-phase (
quadrature component.

+ . ! .
(o) +1/2 =—0.25 displaying the optimal (100%) degree of squeez-
1 (N+1/24+ M cos®) Q2+ (2N—1)(A2+ 1/4) ing. Noti.ng that the degree of squeezing in the squeezed
=3 5 5 =0. vacuum input folN=0.1 is 46%, we see that the squeezing
(N+1/2+M cos®) Q"+ (A"+1/4)(2N+1) in the resonance fluorescence output is substantially en-

(18  hanced.
We plot Sy against ) and A in Fig. 3 whereN
Clearly,(o,)+1/2>0 if N>1/2, even if)=0. The condi- =0.125, &=, andy=1. This figure clearly shows that for
tion 3 =1 requires a nonzero value ¢, and thus if the this value ofN, near maximal squeezing occurs over wide
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FIG. 3. Same as Fig. 2, but agair@tand A, with y=1, ® FIG. 5. S{%andSg" as functions oN, represented by the solid
=, N=0.125. and dashed lines, respectively.
values of the Rabi frequendy and detuning\. When N=1/8, M=3/8. Then, from Eq(19) we haveSkS

Figure 4 presents the total normally ordered variance of_ —0.25 (100% squeezingThe corresponding value of the
the in-phase quadrature of the fluorescent figidand the Rabi f ( (TSQq_ \/§A|)g P g
magnitude of the atomic Bloch vectd@ ={o,)%+(c,)? abrirequency 1S2= voa. - -
X Y We plotS; >, indicated by the solid line, againktin Fig.

+(0,)? for the parametersb=m, A=125y, y=1, and _ .
{o2) P T AN 5, which demonstrates that large squeezing occurs for small

different squeezed photon numbefa) N=0.05, (b) N .
=0.125, and(c) N=0.5. The solid and dashed lines repre- photon numbers. For comparison, we also present the nor-

sentS, and S, respectively. Wher® =1, the atom is in a mally ordered variancsf(v of the in-phase quadrature in the

pure state. It is obvious that large squeezing in the resonangueezed vacuum field, represented by the dashed line in this

fluorescence of the two-level atom occurs for pure atomidigure. It is clear that the squeezing of the output figldo-
rescencgis greatly enhanced over the regiorBl<0.562,

states[11,19. When N=0.125, maximal squeezingS¢= . . .
—0.25) is achieved at the Rabi frequen@y=21.65y. The  compared with the squeezing of the inisqueezed vacuum

large squeezing is due to the large atomic coherence in tHé€!d- Hence, the atom may be applied as a nonlinear optical
element to amplify squeezing.

pure state.
When Eq.(10) is satisfied, the atom is in the pure stéig
with «=0. The corresponding total, normally ordered vari- )
anceSy of the in-phase quadrature of the fluorescent field is B. ar/4-phase quadrature squeezing
of the form Fluorescent field squeezing can also occur in other phase

quadratures with the phase betweer(i®-phase and /2
PS_ N—-M . (19) (out-of-phasg— for example,#= m/4. The varianceS,_ 4
N+M+1/2

of such a phase quadrature is shown in Fig. 6, where
=1, ®=7/2, N=0.125. It is obvious that fluorescence

oy
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FIG. 4. Sy and X as functions ofQ), for y=1, &=, A
=12.5 and(a) N=0.05, (b) N=0.125, and(c) N=0.5. The solid FIG. 6. Same as Fig. 2, but the variance of thél-phase

and dashed lines represent, respectivBlyand.. quadratureS,_ ;4 with y=1, ®==/2, N=0.125.
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C. Out-of-phase quadrature squeezing

The resonance fluorescence exhibits out-of-phagg (
guadrature squeezing whah=0 andA=0 [10-13. Fur-
thermore, if() obeys Eq.(8), the atom collapses into the
pure state(6) with a==w/2. Consequently, the optimal
Y-quadrature squeezin@$S is given by Eq.(19), as well.
When the squeezed photon numiés 0.125 and the Rabi
frequencyQ = \/3y/4, the maximal degree of thé quadra-
ture squeezing in the resonance fluorescence is achieved.

Sn/4 and =

IV. SUMMARY

o IN\L i~ We have shown that the total normally ordered variance
) R L S A R 1 : ; A of the phase quadrature of the fluorescent field emitted from
o ¢ : : a coherently driven two-level atom interacting with a
‘ squeezed vacuum can be grediy completely squeezed.

FIG. 7. Sy_,» and 3 as functions ofQ, for y=1, ® The squeezing in the fluorescent field is greatly increased for
=m/2, A=0.25 and(a) N=0.05, (b) N=0.125, and(c) N=0.5. small values oN compared with the degree of squeezing of
The solid and dashed lines represent, respecti&ly,andy.. the input squeezed vacuum field. Therefore, squeezing may

be amplified through resonance fluorescence. The squeezing
squeezingS,,,<0 occurs over a range di, A and the in the output may indeed _be the maximum _optainable, When
optimal (100%) degree of squeezing takes place ardand N=1/8. Analytic expressions for the conditions for maxi-
=0.612y andA=0.25y. mum squeezing are obtained in this case. Depending upon

As with in-phase quadrature squeezing, the optimafhe values of the squeezed phabeand the detuning\,
squeezing in ther/4-phase quadrature is also associated witiqueezing can occur in the in-phase, out-of-phase, or any
a pure statéa highly polarized atomic stateéWe plotS,_,,  Other phase quadrature of the resonance fluorescence. Large
and 3 together in Fig. 7 for the parameterg=1, &  Squeezing is always associated with the atom evolving into a
= /2, A=0.25, and different squeezed photon numieys ~Pure statéa highly polarized atomic state _
N=0.05, (b) N=0.125, and(c) N=0.5. This figure clearly _ From the experimental point of view, a cavity configura-
shows again that a completely polarized atom can emit 40N may be the best candidate to investigate the atom-
fluorescent field with large squeezifg1,19. When N squeezed-vacuum interactio®2]. As shown in Refs.

=0.125, maximal squeezing{= — 0.25) is obtained at the [22,23, many squeezing-induced effects in free space can
Rabi frequency =0.612y. carry over to the cavity situations in the bad cavity limit,

We have shown that whe®=m/2, A=T—yM, and where the atom evolves in accordance with formally the
Q=y\2M/(JN+ 1+ N), the atom develops into a station- same equations as those in free space. _We expect that Ia.rge
ary pure state, given by Ed6) with o= /4. This highly squeezing in resonance fluorescence will still take place in
polarized atom radiates a fluorescent field witid-phase the cavity configuration.
guadrature squeezing. The expression for the squeezing is

same as Eq19), but for thew/4-phase quadrature. Perfect ACKNOWLEDGMENTS
squeezing is obtained folN=0.125, A=y/4, and This work was supported by the U.K. EPSRC. We are
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