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Resonance fluorescence in photonic band gap waveguide architectures: Engineering the vacuum
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We describe the spectral characteristics of the radiation scattered by two-level(gtantum dotsdriven
by a strong external field, and coupled to a photonic crystal radiation reservoir. We show that in the presence
of strong variations with the frequency of the photonic reservoir density of states, the atomic, Mollow, sideband
components of the scattered intensity can be strongly modified. Consequently, a weak optical probe field
experiences a substantial differential gain in response to slight variations in the intensity of an optical driving
field. We suggest that these effects may be of relevance to all-optical transistor action in photonic crystals.
Using a specific photonic crystal heterostructure, we suggest that an all-optical microtransistor based on
photonic crystals may operate at less than 100 nW switching threshold power. CollNetitean effects
substantially enhance this optical switching effect. Near the switching threshold intensity, collective effects are
manifest in theN? scaling of the intensity spectrumeminiscent of superradianceAbove and below this
critical region, the gain spectrum widefigearly with N). This correspondingly reduces the switching time
scales of the atomic system in response to external fields. Furthermore, the quantum degree of second-order
coherence exhibits unusual features. Scattered photons display a variable degree of antibunching as function of
driving laser field intensity and the photonic density of states discontinuity. We analyze the effects of the
inhomogeneous atomic line broadening on the amplification process. We show, using suitable photonic density
of states engineering, that it is possible to select a narrow spectral range around the central frequency of the
atomic frequency distribution over which amplification and switching occur. This is done either by spectral
decoupling of the active elements from the electromagnetic {ibidbugh the introduction of band gaps at
specified spectral locationsr through incoherent pumping to selectively saturate atoms outside the spectral
region chosen for amplification.
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[. INTRODUCTION single atom or a collection dfl atoms, coherently driven by

an external laser field and coupled to the radiation reservoir

f a photonic crystal. The phenomenon of resonance fluores-
ence has attracted considerable experimental interest over

Photonic band gagPBG) material crystals constitute a
class of periodically ordered dielectrics that carry the concepg

of mouldm_glandl (Erohrjtr(_)lllng t.Tedf.IOW fOf (Ij'ght to Iltls most the years and has been a test bed for the development of
microscopic level. This is entailed in a fundamentally optica guantum theories of matter-radiation interaction. Of particu-
principle, namely the localization of light. The synergenc%-‘

! ; : S ar interest is the highly nonlinear character of this phenom-
interplay between the microcavity resonances of individual,o if the intensity of the driving field is sufficiently high,
dielectric unit cells'and the Bragg scattering resonances Ghe atom laser field interaction is dominated by multiphoton
the overall dielectric arrayl] controllably alters the basic ,p,q6n seattering processes. The presence of the frequency-
lelectLoma?netl_?h_m;cer:(ajcnon over c?rftaln frequencfy aNGependent radiation reservoir of a photonic crystal provides
ength scales. This leads to a range of requen@res) for n opportunity to engineer the resonance fluorescence pro-
which no propagating electromagnetic modes are allowe

23 Th f the ph ic band i the di ess. We show that the competition between the driving-
[2,3]. The presence of the photonic band gap in the dispergey inqyced nonlinearities and the feedback provided by the
sion relation of the electromagnetic field gives rise to phe-

h as the inhibiti £ th ; ¥ "~ photonic crystal gives rise to phenomena in the response of
nomena, such as the inhibition ot the€ spontaneous emMiSSIQe atomic system to the external excitation. In particular, we

[4], strong Iocalizgtion of lights], formati_on of atqm-photo_n demonstrate that the character of the absorption spectrum of
bound statef6], single-atom and collective atomic switching a probe(signal field can be switched by small variations in

b_ehavipr by coherent resonant pumping, and atomic inverl’ntensity of the driving(control field.
sion without fluctuation§7-9].

In thi detailed vsis of the d A suitably doped PBG material may, in the sense de-
n this paper, we present a detalled analysis of the dynams e apove, exhibit ultrafast all-optical switching and all-

ics and the spectral properties of the radiation emitted by @i transistor action. Similar to other all-optical transistor
proposalq10], the transition between the absorptive and the
amplifying regime can be modulated with a weak second
*Present address: Jet Propulsion Laboratory, California Instituteontrol laser fieldin phase and in resonance with the main
of Technology, Mail Stop 126-347, 4800 Oak Grove Drive, Pasa-strong pump fielgl Using a specific architectur@resented
dena, CA 91109, USA. in Fig. 1), involving two waveguide modes within a photonic
Electronic address: marian@physics.utoronto.ca band gap, we suggest th@h contrast to earlier proposals
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FIG. 2. Dispersion relation of a photonic crystal heterostructure
similar to one presented in Fig. 1 for propagation along the wave-
guide. The two-dimensional photonic crystal consists of Si cylin-
ders with aspect ratio/a=0.3 (herer is cylinder radius anda
dielectric lattice constaptand cylinder height oh=0.4a. The lin-
ear waveguide is generated by removing three rows of cylinders in
the longitudinal direction. The three-dimensional photonic crystal is
assumed to be an inverted square spiral strugiranfiltrated that

FIG. 1. Photonic band gap waveguide architecture for all-opticaP®S€nts a photonic band gap of 23.68]. For these parameters,
switching and transistor action. The microstructure consists in &N€ linear defect supports two waveguide modes, one of which ex-

waveguide channel in a two-dimensional photonic crystal, which ig?€riénces a sharp cutoff in the middle of the 3D PBG, same spectral
embedded in a 3D photonic crysfll]. range for which the second guided mode has a very large disper-

sion. Source: Refl12].

switching is not limited by the conventionéihversg rela-
tionship between the switchin@avity buildup time and the  [12] show that in a microstructure consisting of a waveguide
switching intensity thresholflLQ]. Instead of a narrow cavity channel in a 3D PBG heterostructure, it is possible to achieve
resonance, the PBG based switching effect requires the cowery large band-edge quality factors. For example, for a
pling of light emitters to a pair of electromagnetic waveguidesample of 20 unit cells in length and a jump in local density
modes. As schematically presented in Fig. 2, one waveguidef states(LDOS) of a factor of 100, the band-edge quality
exhibits a sharp cutoff over a narrow frequency intervalfactor is about 18 and, by increasing the length of the struc-
within the three dimensiongBD) PBG. The low group ve- ture, the quality factor may be further increasge., the
locity of this mode is suitable for conveying a steady-statedensity of states changes by a factor of 100 on a spectral
holding field to the atomic system. Another waveguide modeaange of 1-10 GHg In this case,(for frequencies in the
with high group velocity in the frequency range of the optical domaina 1 uW continuous-wave laser field guided
atomic resonance is suitable for coupling light from a modu-through a waveguide channel of cross sectior 1L um?
lation (contro)) field and a probe beam to the same atomicproduces an intensity of 0.1 kW/éand will generate the
system. As we show, a probe laser field of prescribed waveldolding intensity required to observe all-optical transistor ac-
length will experience a substantial differential gain by slighttion (the Rabi frequency associated with this driving field is
modulations in the weak control laser field. The high groupin the 10-20 GHz range For such small areas, it is likely
velocity of the second waveguide mode facilitates fastthat the most efficient way of coherently driving the active
switching without compromising the low switching threshold elements may be using a microlag&d] built into the pho-
provided by the sharp cutoff of the first waveguide mode. tonic crystal. Moreover, in a photonic crystal, due to field
The ability of an external pump laser to switch the specfocusing effects, it is possible to achieve very large local-
tral characteristics of the atomic system across the band eddield enhancementat certain positions inside the photonic
[or near any other discontinuous density of states DOS precerystal, the intensity of specific electromagnetic modes can
file] leads to coherent all-optical switching and transistor acbe increased from its empty space value by factors as large
tion. In order to estimate the intensities required to observas 600[15]). These effects may reduce the holding power
all-optical switching and transistor action in photonic crys-required to observe transistor action on the 10—nW scale,
tals, it is useful to introduce the concept of “quality factor of while the switching powe(intensity modulationmay be as
a band edge.” Analogous to the qual@factor of a conven- low as 500 pW.
tional microcavity, we define the quality factor of a band We also analyze the higher-order optical correlation func-
edge as the ratio between the central frequency and the fréons as they are modified by resonance fluorescence near the
guency range over which the photonic DOS presents a prevaveguide cutoff in the photonic crystal. A comparison be-
determined variatior(see Fig. 3. Preliminary calculations tween our model results and experimentally measured degree
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I crystal, andHgep, describes additional dephasing effects
that may arise from atomic collisions or the scattering of
phonons from quantum dots embedded in a solid part of
the dielectric structure. The noninteracting system is de-
scribed by

LDOS

HO = hAAL(Tg + 2 ﬁA)\aIa)\, (22)
\

the interaction of the atomic collection with the electromag-
L | netic modes of the photonic reservoir is given by

0 | & |
® ) T Har= -4 gy(alo. - ovay), (2.9
A

Frequency
and the interaction of the atomic system with the external
FIG. 3. A schematic description of the local density of stateslaser field has the form
(LDOS) generated by the structure presented in Figs. 1 and 2,
which illustrates the concept of band-edge quality _factor. The spec- Ha = fielo_— o). (2.4
tral range used here roughly corresponds to the middle of the gap in
Fig. 2, and the large dispersion mo@mntinuous curve in Fig.)2
generates a relatively small contribution to the LDOS, while the
sharp frequency cutoff of the second guided matlee dashed
Eurve In Fig. 2 gives rise to th? apparent jump in the LDOS. The tion operators for photons of the allowed modé€s
and-edge quality factor is definédnalogously to the quality fac- . L
tor of a cavity by the ratio between the central frequengy and ={ky.e, wherek, is the wave VeCt.Or of the r_adlat_lon
the frequencylwc range over which the LDOS jumps to half of its r_node)\,ex are the two transverse unit polarization direc-
peak, i.e.,QB=wc/ch. thI’lS)..A)\:w)\—wL andAAL:wA—wL are)x-rT.'IOde .frequency
detuning and the atom frequency detuning with respect to
he laser field frequencyy,, respectively.g, is the cou-
ling constant between the atom and the reservaitode,

Here,o_ o,, andoj describe the excitation, the deexcita-
tion, and the atomic inversion operators of the atomic sys-
tem, respectively 7-9]; aA,aI are the radiation annihila-

of second-order coherence could be used in extracting tht
magnitude of the jump of the photonic DOS and the amoun

of dipolar dephasing present in the system. When the system 5 12
consists of a single atortor a collection ofN identical at- \ = %<_> e -u, (2.5
omsg exhibiting only natural linewidth, the gain spectrum of fi \2e0w)\V

the probe beam is relatively narrow. The important effects
associated with the inhomogeneous line broadening of thevhereu and u are the unit vector and the absolute value of
atomic (or quantum dotensemble are investigated as well. the dipole moment of the atom. Alsv,is the volume of the
We show that for various inhomogeneously broadened ersample ana, is the Coulomb constant. Finallg=u-E/# is
sembles, the gain spectrum may be either broadened ¢he resonant Rabi frequency of the atom &nis the applied
washed out, depending on the details of the pump field anthser field amplitude. The Hamiltoniaf2.1) presents two
the details of the engineered vacuum density of states.  types of radiation field-matter interaction: a coherent inter-
action (H,) between the external applied field and the
atomic system, and an incoherent interactibing) between
the atom and the electromagnetic modes of the photonic
Consider a two-level atomic system interacting with a ra-Crystal reservoir. The latter describes the dissipation of
diation field reservoir of a confined photonic crystal, andatomic deexcitation energy into the radiation figbnsist-

II. DYNAMICS OF ATOMIC VARIABLES

driven by a “strong’(10 nW—1uW) classical laser fielig].  ing of a “bath” of quantum fluctuations of the photonic crys-
The atomic system is characterized by the stitpgground ~ tal vacuum. .
statg |2> (excited statg the resonant atomic transiti(‘_yﬂA7 The anaIyS|s IS Slmpllfled under the assumption that the

and may interact with the lattice vibrations of the dielectricPhotonic mode density, while discontinuous at specific fre-
host material. In a rotating wave approximation bdgis9] ~ duencies, is constant over the spectral regions surrounding
corresponding to the laser frequeney and in the interac- the dressed resonant frequencigs « -2, and o +2()
tion picture, the Hamiltonian of the system has the form  (WhereQ=[€*+A%, /4]*2is the generalized Rabi frequency
as shown in Fig. 4. However, as a result of the frequency-

H =Ho+Hap+ HaL + Haepn (2.1)  dependent character of the photonic reservoir DOS, is is not
Here Hy=H+Hg characterizes the free evolution of the POSSible to write a master equation in the bare atomic pic-
atomic system and photonic reservoir in the absence of atonfdr€- Consequently, we introduce an atomic basis change
radiation interactionHue represents the coupling between from the bare atomic statdl),[2)} to the dressed atomic
the atomic system and the radiation reservoir of the photonistates{|1),|2)}, defined by
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p(®) tilde on the interaction picture operators. Formally, the influ-
Ap= & - @ ence of the driving field on the atom-radiation interaction is
9 @ point of DOS discontinuity embedded in the memory functions

Go(t—t') = 2 gre (),
A

Gi(t_tr) :2 gie—i(A}\IZQ)(t—t/), (211)
20 o +2Q A

A which, in turn, are determined by the radiation field density
of states. For a broadband, smoothly varying density of states
(as in ordinary vacuup the dependence of the memory
functions on the external field can be ignored &@ylt—t’)
. . =G, (t-t")=(y/2)8(t-1"). However, the density of states of
G By o the photonic crystals exhibits band-edge and other Van Hove
. ) singularities. In systems with fast variations of the density of
X StFeIFC)sliki. ;er:;\sr:)tffrs(igtueesr.lmes and frequency scales in the case @t o ir.] thg spectral _rapge_ given '{)QDL‘ZQ,QﬁZ_Q}
(shown in Fig. 4, the distinctive memory functions intro-
duced in Eq.(2.1]) lead to qualitatively different behavior
1) =c|1) +5|1), from ordinary vacuum.
We consider that the atomic system is driven by a
“strong” (10 nW-1uW) (focused into a submicron wave-

[2)==51)+c[1). (26 guide channgl[7], such that the dressed frequencies
The corresponding dressed atomic operaRrsR; are @~ 2(), andw +2() are pushed away from the DOS discon-
related to the bare atomic operators by the relations tinuities, even thOUgh the Original atomic transition may Cco-
incide with a discontinuity. The “strong-field” assumption
o_=csR+Cc?R - s7R,, simplifies the analysis by ensuring that the Mollow spectral
components are well separated and the overlap between them
o,=csR-sR_+c°R,, is negligible. In this case, the spectral components of the
scattered spectrum will experience very different densities of
— (2 _ states and the memory functions in the Markov approxima-
03= (¢~ 5)Rs ~ 209R+R)), 27 tion are given by Go(t—t')=(y,/2)8(t-t'),G.(t-t")
with s andc defined by =(y,./2)8(t—t") [8]. The spontaneous emission decay rates
1 1A 'yo=.2772)\g)2\5(w)\—w|_),-7i=2772)\g)2\5(w)\—w|_1ZQ) are pro-
sir(¢) == —[1 -——AL] portional to the density of modes at dressed-state resonant
2l 20 frequencies.

Under these conditions, the usual formalism of open sys-
1 1A tems [16] can be employed to obtain the reduced master

— 22— — AL " - . .
cos(¢) =c*= 2{1"’ 20 ] (2.8 equation describing the evolution of the atomic system. In
) o ~order to obtain a more realistic picture, we assume that, in
In the dressed basis, the total Hamiltonian is now giveraddition to the radiative coupling of the atomic system to the

by H=Hp+H,, with electromagnetic reservoir of the photonic crystal, the atomic
system interacts with a nonradiative reservoir that describes

Ho= X #Aala, + hOR i inq i i i
0 - AN 3 additional dephasing interactions. These may arise from scat-

tering of phononsif quantum dots are embedded in the solid
_ . ) part of a photonic crystalor from interatomic collisiongif
H =ifig\[a\(csR+c®R.-’R,)]+H.c. (29  “cold” atoms are trapped in the voids of the dielectric struc-
Furthermore, we introduce the time-dependent interactiofi!'®- The dephasing is characterized by a phenomenological

picture generated by the unitary operator @iHt), such decay r.ateypzlngr_. We assume that the radiative and the
that the interaction Hamiltonian becomes dephasing reservoirs are statistically independent, such that

we can evaluate separately their contributions to the master

",_‘h (t) = iﬁg)\[a}i(cs%emxt + PR M2 2R (8)+20)t)] equation describing_the temp_oral eV(_)Iution of the atomic sys-
tem. We also consider the interaction between the atomic
+H.c. (2.10  system and the reservoirs to be turned or= (i.e., ini-

The dressed atomic operators in this interaction picture ext—'a"y’ th.ere are no correlations betwgen Fhe sy_stem .and the
o . ) ~ it reser'vom and make the_ Born approxmatm[ﬂ]G] (in which
hibit the time dependence given bR (t)=R.(0e™™™,  \ye discard terms containing contribution higher than second

R(t):&(O)eZim, andﬁz(t):R3(O). Hereafter, we drop the order in the atomic system-reservoir interacjioim the in-
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teraction picture, the evolution of the atomic system is de-

d AAg+A-+A, Y+
scribed by the following reduced master equatjivf]: d_t<R21(t)> =- 5 (Rag(D)) + CS{CZE
ap(t 1 ~ ~ - o . A 3
[_ﬂl] = | attrallPsdt [Festt) 50RD. -7 | PRy )+ o T+ 2L
It Jiad 7)o 2 2 2
2.1 . v
( 2) + ’YO:| e—ZIQt _ C282|: l + l:| e_4|Qt<R12(t)>,
Here,p(t) is the reduced density operator of the atomic sys- 2 2
tem (obtained after summation over the reservoir degrees of (2.143

freedom has been performedsgt) represents a generic
interaction Hamiltonian between the atomic system and the

reservoir[in our analysisHgris given by Eq.(2.10]. Ry is —(Ry(t)y = = [A_ + A, J(Rg(1)) + [A_ + A, ]+ yocqd c2
the initial density operator of the photonic reservoire res- dt
ervoir state is assumed to be virtually unchanged by the its - ]2 MR,(1)) + yoed ¢ — L] MRy (1))

coupling to the atomic systemwhich, for simplicity, is con- (2.14h
sidered to be the vacuum state. The modal density of states '
depicted in Fig. 4 allows us to make a simplifying Markov ~ For “strong” external laser fieldéas defined aboyeor
approximation, in which we replacép(t’) by 'p(t) large detuningge or A > y0.), the atoms undergo many

in Eq. (2.12. stimulated emission and absorption processes before sponta-
The reduced master equation for the atomic system in theeously emitting a photon. In this case, the terms in Eq.
dressed atomic basis is given py7] (2.14) that oscillate at the frequencies &2and +4) will
average to zero on the characteristic atomic time scale. In the
dp® _ dp®)| . de®]  dp(t) secular approximation, we neglect the fast oscillating terms
dt dt |gec dt |0 dt |0 at frequencies 29, +4(). In this approximation, the equa-
(2.133 tions of motion can be solved analytically, and the results are
cast in a very simple form:
where
8ol) (Ru(1)) =(R.(0))e™"eot, (2.153
p
2? == Aglp(t) = Rep()Rs] = A[Ry1p(t) + p()Ry1 -
sec (Rs(1)) = [(Rs(0)) = (Re)*Je™ por* + (R)*'.  (2.15D
= 2Ry1p(t)Ryo] — AL[Roop(t) + p(HR
20 (0Rs2] 2 P Here we have introduced the decay rates for the atomic
= 2Rip(HRx4], (2.130  populations and the atomic coherences, respectisy
do(t . Ion=A_+A,, (2.169
Zfil = cs €2y Rypn(t) ~ Rep(OR1o] o
+20)
+ Cy[Rizp(DRs + p(OR12] = ¢y [Rep(DRy Teon= w, (2.16b
= p(OR2]+ Sy [Rezp(t) = Riap(HRs]} + H.c.,
(2.130
A_ —
(Rysi= B, (2.160
dp(t) - At A
2—— = 25" (y_+ 7.)Ryp(HRyp + Hec., .
dt .40 and used the shorthand notatidRg=R, andR;,=R_.
(2.139 As shown in Ref[9], when the electromagnetic density of

states varies abruptly with the frequency, the population rate

with 4’/'\0:?’02Czsz +yp(C°)? A=y.S'+Ay e’ and A, of the dressed excited std® may become smaller than its
=,C*+4y,c’% In deriving Eq.(2.13, we have assumed delpopulation rate. In this case, there are values of the Rabi
that the spontaneous decay rates experienced by the Spectﬁ%quency for which the dressed st&é is less populated in

components of the scattered radiation are proportional to thf%e steady-state regime. In turn, this determines an accumu-

density of modes at the dressed-state transition frequencies;: . . :
w0, +2Q) (v, and y,, respectively, and we have isolated $tion of atomic population on the bare excited st@pe and

SO ; the atomic system becomes inverted. This occurs when
the fast oscillating terms at frequencies(x2+4(). More- Y

over, we havg .neglectled the small energy shifts caused by ASA O ych> ysh (2.17)
atom-reservoir interaction.

Using the master equation, §Q.13), the expectation val- The atomic switching threshold is obtained from the equa-
ues of atomic operators obey the following equations of motion A,=A_. The resulting threshold Rabi frequency can be
tion: expressed as
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4
|Z”"|: B (2.18) 1) = {\/ TesR(D) + | S e TR
AL

NY+— NY-

Remarkably, the threshold Rabi freque_ncy does not depend _ &szeZ‘“tRu(t)], (3.43
on the decay rateyp, nor on the dephasing ratg,. 2

In this Markov approximatiofi9], the magnitude of inver-
sion is smaller than in the non-Markovian treatmggjt and s =[O, (3.4b)
the threshold laser intensity required is greater. Also, the
switching threshold is not sharply defined. On the othemwhereA is a frequency-independent constant.
hand, sharpness and magnitude of atomic switching can be In the presence of realistic nonradiative dephasing, the
greatly enhanced7,9], if the single atom is replaced by a off-diagonal steady-state elements of the density operator
collection of (N> 1) identical atoms, all confined to a cubic vanish. The scattered radiation spectrum may then be sepa-
wavelength. rated into elastic and inelastic components

S(w) = Sy(w) + Sp(w), (3.5
IIl. FLUORESCENCE SPECTRUM NEAR A PHOTONIC

BAND EDGE where

A.Th ttered radiati t * .
€ scattered radiation spectrum Se|(w) - C]’)/OCZSZ Re|:f dr e_l(w_wL)T<R3(T)>§] , (36)
In this section, we evaluate the fluorescence spectrum of 0
the atomic system. The steady-state spectrum radiated by the 2 d

driven atomic system is defined as

w Sh(w) = S(w) + S(w) + Si(w), (3.7)
S(w) = glim Re“ e TE (L ﬂﬁ(ﬁdﬁ} ! with
toe 0
G g (w) =gy Re{ J dr €U Ry(7)(Ry - <R3>S))S],
where
(3.8a
£ = IE eK ray(t) .
26V S(w) =qy.s’ Re[ f dr e 2R (1) Rzos] :
0
ZEOV 'thg NN (YN PYY; (3.8b
Xfo dt’ o_lz(t/)e(wk—wL)(t—t’)_ (3.2 S.(w) = q,y+c4 Re[ JO dr e—i(w—wL—ZQ)r<R21( 7 R12>s‘| _
EX()(E(1)=[£(1)]") are the positive and negative frequency (3.80

component operators of the scattered electric fiel@, and

g is a constant containing geometric and atomic fadi@is.

In Eq. (3.2 akm(alm) is the annihilation(creation operator

of a reservoir mode with wave vect&rand polarization,
& is the polarization of this modey, corresponds to an
arbitrary dispersion relation, ardb, is the dipole moment
of the atomic transition. In the ordinary vacuum case
[w(k)=ckK], the positive and negative frequency compo-
nents of the scattered electric field become proportional tg
the atomic dipole operators,.(t). However, in the case of
a photonic crystal, the atomic dipole moment has compo;
nents which encounter different photonic density of state
and, implicitly, have different radiative rate$20]

(¥0: 7=, 7+). In particular,

Here the indes indicates averages over the steady-state dis-
tribution, and the atomic operators without argument refer to
the 7=0 values.

We assume that the photonic DOS surrounding the
dressed state frequencieg —2Q), w,w +2() is smoothly
varying(Markov mode). In this case, we utilize the quantum
regression theorerf22] to evaluate the correlation functions
(04(1)0,),, for O; and O, arbitrary atomic operators. The
quantum regression theorem facilitates the evaluation of two-
time averages by using equations that have the same struc-
ture as the ones obeyed by one-time operator averages. The
€two- -operator products appearing in the spectf&gs.(3.8)]
are then given bycompare with Eq(2.159]

. . R R-)qe eot, 3.9
o_ = opy(t) = csRe ™ - PRy 7 (L2 2R, g7 (L2, (RMR=)s= (ReR<)s 39
(3.3 (R3(7)(Rs — (Ra)¢))s = (Ra(R3 — (Rg)e) )& T por™, (3.10)
As a result, the operator of the scattered electric field has theith Iy, .0 given by Eq.(2.168. Performing the time inte-
form gral in Eq.(3.8) yields
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the sidebands have the same spectral weight. The left side-
band is determined by transitions originating from the

dressed stat¢1>, and has a spectral weight afI";_,,
r whereas the right sideband appears as a result of transition

Su(@) = 2 3L -~ 4mm 1o - w), (3113

So(w) = 2qmy,c*s? 772771F2—+[@p_—]2, (3.11b  from the dressed statd), and has a spectral weight of
pop™ L& ™ @1 w5 ;. It follows from Eq. (3.12 that in the absence of
other(nonradiativgé dephasing mechanisms, the spectrum of
N L Tcon the scattered radiation is symmetrical regardless of the fre-
S(w)=—vySs'm= 5, (3.119 i : )
2 Fiont (o= (w0, —20)] qguency dependence of the photonic reservoir density of
states.
qm Teon On the other hand, spectral asymmetry arises in the pres-
S (w) = —7+C4772 > 2 ence of nonradiative dephasifgg]. This breakdown of the
2 I+ [o- (o +2Q)] detailed balance condition can be associated with the nonra-
(3.11d diative redistribution of system energy among different states

. . caused by the interaction with an additional external reser-
where we introduced the shorthand notations=(RyRi2)s i | this case, the systeatom® driving field ® photo-

=(Rpp)s and m =(Ry:R,1)s=(Ryy)s: The inelastic scattered ra- i reservoiy becomes an open system. Dipolar dephasing
diation exhibits a Mollow spectrum, with three bands, cen-can transfer the atom from a dressed state to another dressed
tered at the frequencies, ,w ~2(),andw +2€Q). The dis-  gtate without the emission of a photon. This process results
tinction from ordinary vacuum is found in the details of the jy 5 redistribution of the population among different dressed
peak heights and widths. _ states, which, in turn, affects the relative magnitude of the
In the sharply colored vacuum of a photonic crystal, thespectral components of the emitted radiation. In the presence

spectral characteristics of the scattered radiation change Cogf gipolar dephasing, the weight of the left sideband is given
siderably. While maintaining the three-peaked structure, the

heights and the widths of the spectral components are
changed from their free space values. In the absence of the
phonon mediated dephasing, the symmetry of the Mollow
spectrum is preserved, despite the asymmetry of the under- (3.15
lying density of states. '

This spectral symmetry is consistent with the detailed balwhereas the weight of the right sideband is now given by
ance condition(valid in the absence of the nonradiative

dephasing mechanismsavhich states that W, 100= Mol 1 = 4
(3.12

where 7r; and 7, denote the stationary populations of the
dressed lower and upper states, respectivély,, andI’,_,;

are the transition rates between dressed sdates |§> and
|2)— |1), respectively. They are given by

4, 2
W, —oq=mIl = y.s" s 44pr s > 51
- 7+S4+ y.C + 8’)/pC s

y.S" + 4y’
7+S4 + 7+C4 + 87p0232 .

ml'y o=l ., (3.16
Clearly, the relative weight of the sideband components can
be controlled by variations in the driving field intensity. For
example, the right sideband weight becomes larger than the
weight of its left counterpar(WwL+29>WQ,L_29) for Rabi
frequencies for whichy,c*> y_s*. This is precisely the in-

Ty 2=y 2o D= y.s", (3.133  yersion threshold condition investigated in R¢®]. For
negative detunings of the atomic frequen@y, <0) and
Ty 1= 7,10 2)2 = y.ct. (3.13h  below the thresholde< ey, [see Eq.(2.18)], the weight of

the left sideband is larger than its right countergatiove-

In the absence of dipolar dephasifg,/y.=0), the equilib-
rium dressed-state populatiofisgs.(2.169] are given by

4
.S
=—F, 3.14
2 7—54 + '}’+C4 ( 3
4
Y+C
=—0» 3.14
T 7_S4+ ’)/+C4 ( b

and the detailed balance condition, E§.12), is verified.

threshold behavior is the mirror image of below-threshold
behavioy. This influence of the dipolar dephasing on the
relative weight of the spectral components is presented in
Figs. 5 and 6. We also note that for ordinary vacuum, for
negative detunings, the weight of the left sideband is always
larger than the weight of the right sidebasihce in this case
y:Cc*> y_s* for any value ofe).

We now discuss the specific influence of the photonic
DOS discontinuity on the spectral characteristics of the ra-
diation emitted by the atomic system. In Fig. 7, we plot the

The weight of a sideband is given by the number of photongeak height of the central Mollow component as a function
emitted per second in this line, which, in turn, is determinedof the Rabi frequency/|A,,| and the jump in the photonic
by the product between the population of the specific atomi®OS v_/y,, for negative detunings\,, and no dipolar
state and the corresponding transition probability. The dedephasing in the system. We obtain that, instead of the
tailed balance conditiofEq. (3.12)] expresses the fact that monotonic saturation of the spectral intensity with the ap-
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s — ¢/lA,|=0.08
Y - €/|Ay[=0.10
e/lA, |=0.15 -
r ik e/:AAL:—O 20 FIG. 5. Scattered radiation spectrum as a
i function of the detuning frequenc=w—-w, (in

units of v,), for different values of the Rabi fre-
quency in the presence of dipolar dephasing. All
Rabi frequencies used here are below the thresh-
old value, which, for the specific choice of the
parameters used in this figure,dg, /A =0.35.
The atomic system is negatively detuned from the
laser field frequency|Aa |/y,=3, and y_/vy,
=0.01. The dipolar dephasing rateys/ y,=0.1.

5,(@)

plied laser field obtained in the ordinary vacuum case, the B. Photon antibunching
switching effect in a photonic crystal is accompanied by a

resonance like behavior in the central Mollow ligeore become a maior tool in quantum obtics and the Spectrosco

pronounced for small ratiog_/ y,). Also, while the central of sinale- uarjnum S stgnIQB] Thg second-orderpcorrela- Py

component is enhanced in the immediate vicinity of the_ gle-q Y :
%on function of the light scattered from the resonant atom

switching threshold, the sidebands are strongly suppressed. i . ”
This characteristic feature of the switching threshold appearglves the p_robablllty of dete_ctmg wo photons with a tempo-
ral separation ofr [16], and is defined by

also in an exact multiphoton treatment of resonance fluores-
cence in colored vacuurfil7,19. The dependence of the © ) o) #H)  o)
widths of the spectral componentBp,,con On the decay G(7) < (€70 E(DNET(DNET(0)s. (3.17
constant ratioy_/y, can also be inferred from E@2.163.

All of the Spectra| Components exhibit a S||ght narrowing forThe normalized version of this correlation function is the
large jumps in the photonic density of states. Finally, wedegree of second-order coherence of the scattered field,
remark that the nonradiative dephasing has a deleterious in-

The measurements of photon correlation functions have

fluence on the Mollow spectrum, by strongly reducing the @ G2(7)
heights and increasing the widths of the individual g(n = m (3.18
components. oo
277025 =
— eA, =05
i e/A,, |=0.6 " FIG. 6. Scattered radiation spectrum in the
€/lA, 1=0.7 presence of dipolar dephasing, as a function of
15 ' - the detuning frequencyA=w—-w, (in units of

v,), for different values of the Rabi frequency.
All Rabi frequencies used here are above the
threshold value, which, for the specific choice of
the parameters used in this figure, ég/AaL
=0.35. The atomic system is negatively detuned
from the laser field frequencjAp |/y,=3, and
v-ly,=0.01. The dipolar dephasing rate is
¥p! v+=0.1. The inset shows an expanded the

y axis) view of the sideband peak region.
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004

el
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FIG. 7. The peak heightl?,, of the central
component of the scattered spectr(imarbitrary
units) as a function of the Rabi frequeney|Ap |
for |Aal|/y:=3, sgriAa)=-1, and the magni-
tude of the jump in the photonic DOS, /y,, in
the absence of the dipolar dephasing/y,=0.
The atomic resonant frequency is detuned nega-
tively from the laser field frequencyp =wp
- <0.

In this section, we evaluate the second-order correlatiomal. Also, the second-order coherence function shows impor-
function of the light scattered from the resonant atomtant features, such as a larger amplitude of oscillations and a
coupled to the radiation reservoir of a photonic crystal. Inslower rate of decay of the oscillatory behavior. In Fig. 10,
principle, the evaluation of the degree of second-order cohemwe show that the probability to simultaneously detect two
ence(in the Markovian formalism used in this papetoes  photons,g®(0), increases with the density of states jump
not bring with it new theoretical difficulties nor does it re- v,/v_. While for ratios y_/y, close to unity, the strong
quire new approximations: it follows a similar path to the [g®(0)=0] antibunching effect characterizing the ordinary
evaluation of the spectral properties of the scattered lightacuum case is regained, for larger jumps in the photonic
presented in the preceding section. Since the off-diagonabOS, the scattered photons exhibit a vanishingly small anti-
elements of the density matrix vanish in the stationary limit,ounching character. In the limit of a full band gap in the
four operator products in E@3.17) can be simplified using photonic DOS,y_/v,=0, the second-order coherence func-
the quantum regression theorem. We obtain after a tediougon reaches unity, i.e., the atom becomes a source of fully
but straightforward calculatiofsee the Appendix for deta)ls  coherent radiatiofin this regime[20], the atom scatters pho-

- tons only elastically, similar to a perfect classical scatjerer
991 =1-2ye FCOh_COS(ZQT) A physicyal interpre)t/ation of thesepeffects is provided bDeIow.
\;‘Z\ﬁ%CZSZJ, yiCm, + sty In the presence of dipolar dephasiqgig. 11), while the
2 2 a2 second-order correlation function maintains similar features,
(% + 7-1)C°" + 20 yuchmy + 7.8'm) important details emerge, such as a nontrivial dependence on
(3.19  the applied field Rabi frequency.
In ordinary vacuum caséy,=v,=7.) and in the absence of The dressed-state diagram together with the spectral prop-
dipolar dephasingy,,=0, this reduces to erties pf the scattereq radlatllon from the dr.essed sy&iear
ph lyzed in Sec. Il) provide a simple explanation of the photon
yze )p p p p
9@(7) =1 -eTeocog20)7), (3.20  antibunching effects described above. In the ordinary
_ 5 vacuum case, the correlations between the emitted photons
where nowl'con= 7/5(1; 25°c%). In the on-resonance case (which give rise to the antibunching eff¢ttave two equiva-
(AaL=0L = wp=0) $=c?=1/2, and we obtain the usual |en¢ jnterpretations. In the bare picture, after the atom has
strong-field limit of the second-order correlation function spontaneously emitted a photon, it takes a certain amount of
9?(9) = 1 -e¥coq2¢ 7). (3.21) time to be reexcitedby the absqrp.tion of a laser field pho-
ton). Thus two spontaneous emission events are separated by

In Fig. 8, we plotg®(7) for more general Rabi frequency, a finite time interval and the probability to detect simulta-
€/|Aa, in the ordinary vacuum case, and in the absence ofieously two photons is zero. In the dressed-state picture, the
dipolar dephasing. The second-order correlation function exeorrelations among emitted photons are apparent as well.
hibits the well-known antibunching character, lingg®(7) The barg(dresseglpicture diagram is presented on the left
=0 [16], which shows that the probability to simultaneously (right) panel of Fig. 12. We denote the state in which the
detect two photongtime separationr=0) vanishes and the atom is in itsith state(i=1,2) and there ar@ photons in the
photons tend to scatter individually. As shown in Fig. 9, for background by the ket vecttir,n). The splitting between the
small temporal separations, the probability to simultaneouslgtates|1,n+1) and|2,n) is given by the detuning between
detect two photons may increase slightly in a photonic crysthe atomic and laser frequencgs =wa—w,. The states
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FIG. 8. Second-order correlation function
g@(7) as a function of the scaled time=y t and
the Rabi laser field frequency/|Aa,|, for ordi-
nary vacuum case-/y,= vy, and in the absence
of the dipolar dephasingy,/y.=0. The atomic
resonant frequency is detuned negatively from
the laser field frequency\a =wa— o <O0.
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|1,n+1) and|2,n) are coupled by the laser field-atom inter- atom is in the statél,n—1). Then it can decay by either
action HamiltoniarH,, and we associate the interaction ma- emitting a “low” photon(at the frequency, —2Q) or a “me-

trix element with the Rabi frequency:(2,n|Ha |1,n+1)  dium” photon. In the first case the atom will decay into the

~fie. Provided that\, ande are small compared to,, we  state[2,n-2), whereas in the second case will decay in state
can neglect all the couplings between difierent atolser |1,n—2). This is the dressed picture of the so called “radia-

manifolds,. characterized by diﬁere.nt number of photons mtive cascade.” Clearly, between the emissions of two high
the laser f'e'd“_(s?? .Ieft F)anel of Fig. 12 (low) photons, there must be an emission of a Igvgh)

If the “atom” is initially in the staté2,n) on the left panel  photon. These correlations between high and low photons
of Fig. 12, then, it can only decay by the emission of ahaye been investigated theoretically8] and have been ob-
“high” photon (at the frequencyw +2€)) or a “medium”  seryed experimentallj25]. In this picture, the only uncorre-
photon(at the frequency, ). These processes place the atomjated photons are the medium photons, which contribute to
in either statel1,n—-1) or state|2,n—-1). Assume now the the central(both elastic and inelasticcomponents of the
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RESONANCE FLUORESCENCE IN PHOTONIC BAND GAP

08—~
057 = =107 FIG. 10. Second-order correlation function
| - yp=107 g@(0) as a function of the Rabi laser field fre-
g O - =107 quency, €/|A4 |, in the absence of the dipolar
I e - — = dephasing;y,/ v, =0, for different magnitudes of
TR the jump in the photonic DOS. The atomic reso-
1 e nant frequency is detuned negatively from the la-
ser field frequencyAs =wa—w <O0.
0.2
0
. : . : : .
0.25 0.5 0.75 1

glA, |

Mollow spectrum. In the presence of the photonic crystal, weexternal laser field. We assume the atoms(greonfined to
show that the decay rates involving low and high photonsa volume smaller than the cube of the radiation wavelength
suffer an important reduction. Therefore, the emission willor (ii) placed in a lattice of nearly equivalent positions in a
consist primarily of medium photons among which there arephotonic crystal. Consequently, the atoms experience the
no correlationgin the dressed emission cascade, there are ngame field amplitudeDicke mode). We also assume that the
restrictions about the subsequent emission of medium phgitom-laser field coupling is strong compared to any direct
tons. In the case of a full photonic band gdp.=0), the dipole-dipole interaction between atoms. _

only possible emission process is that of medium photons " Ref- [7] it was shown that, for large jumps in the pho-
(the probability of high and low photon emission vanishes jflonic DOS, the atomic ensc_emble exh|b|t§ collective .S‘W'tCh'

y.=0). Therefore, in this case, there are no correlations bel'9 anq atomic inversion without fluctua_thns. .The width of
tween the emitted photorj20] andg®(0)=1. the switching region is of orde:D(lll_\I). Thls |mpI|e§ that for

a large number of atoms, the switching effect is extremely

sudden(i.e., the required modulation in the intensity of the

external driving field is very small
The spectral properties of the scattered radiation from the

C. Collective atomic effects and ultrafast atomic switching
We consider a collection dfl identical two-level atomic
systems with a transition frequency near a discontinuoustomic ensemble can be obtained analogously to that of the
change in the electromagnetic DOS coherently driven by asingle atom. In the Heisenberg equation of motion approach,

08 / \“‘\\\\
. T
. Teeene
Hoo T T s ———
. 1
L - -z e
! R M e K
1 7 i T
s S—_—
: 7l — Y= . )
@ i / 5 FIG. 11. Second-order correlation function
g7 ;' 3 e L 10_2 g?(0) as a function of the Rabi laser field fre-
ol =y fy= 10 quency, €/|Ap ], in the presence of the dipolar
) -yl 107" dephasing,y,/ v,=0.2, for different magnitudes
1- of the jump in the photonic DOS. The atomic
......................................................... resonant frequency is detuned negatively from
02— BT the laser field frequencyya = wa—w <O0.
0
: I . I : I .
0 0.25 0.5 0.75 1
el|Ay |
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____ Dmn> d -
z Lnsl> =" 2[ &_I'j =% e M(y_ + y,)Ryp(H)Rp + H.c.
B : - +40)
AALI () pas (3.229

The master equatiof8.22) yields the following equations
o-2Q, of motion for the scaled atomic operators=R;;/N (i, ]
o .7, =1,2),andr;=R3/N,
o
. dp(t AA0+ A+ A
o+20, 2ty = 21 P20, | = - PP ATA
-1> at 4
A -A
4 A o} +N 5 {ra(t),r1(O} (3.233
f\ I'I’n_1>
: ap) | A+A
FIG. 12. Bare atom and dressed atom states diagram. Ar3(t) = ZTV[ ot fa} = (ra(t)) + N(A, -A)
the time rate of change of any productlofollective atomic ST on(D) Pt :A++A— r(0) + N(A. — A_
operators involves products &f+1 atomic operators. This {raa0).r A0 2 (ra(t) + NA. )

leads to a hierarchy of equations that contain an ever- 2
increasing number of atomicqoperators. In order to solve this XUrs®F = NIN+2)], (3.23b
system of equations for the operator expectation values, onghere{A,B} denotes the anticommutator of the operatars
can either assume a relatively small number of atoms in theand B. In the single-atom case(N=1),{rs(t),ry(t)}
ensemble and deal with it numerically, or introduce a suitable=0 {r,(t),r,,(t)}=1, etc., but forN>1, the hierarchy of
factorization schememean-field approximationfor the  equations needs to be closed by a factorization scheme.
product of atomic operatof24]. Both approaches have their  The steady-state behavior of the collective atomic vari-
own merits and drawbacks. The numerical approach can bgples was analyzed in Refd,9]. As in the single-atom case,
used to investigate the whole parameter space of the proloy |arge deviations of the photonic mode density between
lem, but is limited to a relative small number of atoms. In thethe components of the scattered radiation speciiMoilow
approach based on decorrelation schemes, the number of @pectruny, the inversion in the atomic population occurs at
oms can be arbitrary large, but the range of parameters g threshold. Unlike the single-atom case, for a large num-
||m|ted to the domain Of Val|d|ty Of the mean'ﬁeld appI‘OXi— ber Of atoms in the Cubic Waveleng(br Otherwise identi_
mation. In this section, we use a relatively simple decorrelaga|ly placed atoms the collective switching from the ground
tion scheme, suggested by Compagno and Pef8#oln a  state and the excited state becomes very sharp even within
natural generalization of the single-atom resonance fluoreshe Markov approximation. In particulaN-atom collective
cence problem, the reduced master equation that governs thgjitching occurs over a very narrow ran@é order 1 N) of
evolution of the atomic collection is given by intensities of the external laser field. Under certain condi-
tions, the excited atoms exhibit strong sub-Poissonian statis-
tics and the switching speed exhibits a collective enhance-

dp(t dp(t dp(t dp(t
de(®) = de(®) de(®) de(t) , ment proportional tdN. The average number of atoms in the
dt dt |sec dt li20 dt .0 excited dressed state is given [}
(3229 (N+ D& ¢
<n>: §N+1_1 _g_lr (324)
with
whereé=A_/A,.
3 We start by analyzing the dynamics of the atomic opera-
2{&—’:] = A)[RgpRs — Rgp] +A_[Ry1pR15 = RoR1p] tors in the immediate vicinity of the t.hreshold iqtensity. For
sec €= €, We haveA, =A_, and the equations of motion become
+ A[R12pRo1 — RosRyop] + H.C., (3.22b AAg+A, + A
i) == ), (3250
J P} £2i0
2| — =cs €22y [Ryp(t) — Rypp(H)R +A
{ It )20 il Ruzp(®) = Rep(Rec 2t4(t)) = A*T<r3(t)>- (3.25b

+ 2 yo[Rizp(HRs + p()Ry2] = 7. [Rap(H) Ry , _
2 The equations of motion for the dressed opera(8rad5 are
~ PRI+ Sy [Ryzp(t) = Rizp(ORs]} + H.cC., essentially linear and decoupled from each other. They admit
(3.229 a simple solution
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F21()) = (rp1(0))e eotf, 3.2 e
)= 020 325 SM(@) % (RoRDs 1 g = 2
) = 0 Trod 39 (e +[o = (0 +20)]

where I'copp0p are the single-atom widths of the spectral | . .
components calculated in Sec. [Bee Eq.(2.163]. In this UZ'Z%:Q; steady-state solution of the master equaBd),
case, the dressed-atom collective variables are damped 0
zero on time scales corresponding to the.single—atom sponta- (RoRop)s= (N = (M) ({n) + 1), (3.333
neous decay constants. The response time scale of the col-
lective atomic systerfgiven by the inverse of the decay rates (RygRyz)s = (MY(N = (n) + 1), (3.33b

[conpop) is the same as in the single-atom case. For atomic

transitions in the optical regime, this is of the order of nano-where the atomic population inversianis given by Eq.
seconds. Using the quantum regression theorem and the pr®.24. The collective response time of the active medium to
cedure developed in Sec. l(single-atom cage Egs.(3.25 a secondary pump pulse is inversely proportional to the num-

yield the scattered spectrum froNratoms: ber of atoms. This suggests that, for appropriate concentra-
o ) tions of active atoms, the atomic switching could take place
(0) = N"S(w), (3.28 on sub-picosecond time scales, rather than the nanosecond

where S(w) is the single-atom spectrum calculated in Sec.lime scale of a single atom.
ll. The N? factor arises from the N scaling of the collec-
tive atomic operators. At the threshold intensity, the collec- 1V. ABSORPTION AND GAIN SPECTRUM OF A WEAK
tive scattered spectrum consists of the three usual Mollow PROBE BEAM
lines with widths Ffﬂ%zfcoh (sideband componentsand
F:)“;)pd“pop (central component We conclude that in the . ) . ) O
threshold regime the shape of the spectrum remains un- In this section, we consider that, in addition to the strong
changed from the single-atom case. However, the Scagrlvmg_ laser field, the atomic system is probed by a second
tered intensity scales a¢. laser field. The probe field is assumed to be weak so as not to

We now investigate the scattered spectrum outside th@isturb the dressed state of the atomic system. The linear
threshold regime. In this casé, #A_ and the solution of susceptibility is given in terms of a field correlation function
Egs.(3.233 will strongly depend on the number of atoms. In €valuated in the absence of the probe filé,26,27:
order to proceed, we use a relatively simple decoupling ® .
schemd24], which corresponds to the approximation x(w) = iAf ([(EF(1),E])s €M, 4.

0

ra,ri ) = 2ra(ri), 3.29
(rarh) = 2rary) _ (3.29 where A is a normalization constant, the indexindicates
where the()s denotes steady-state expectation values, anghat the average is evaluated in the steady-state limit, and the
i,j=1,2. For simplicity, we concentrate on the sideband operators* [given by Eq.(3.4)] correspond to the positive

A. Single-atom optical susceptibility

spectra. The equation of motion foj; is now given by and negative frequency components of the scattered electric
field (similar to the scattered spectrum calculations presented
2 (1)) = — Mot A+ A NA+ tA t in Sec. Il A and Ref[20], we define the linear susceptibility
(F21(1)) (ra)s |[{raa()). . . i . )
4 2 in terms of the field correlation functignin the strong-field

(3.30  limit, it can be showr{using Eq.(4.1) and the fact that the
off-diagonal elements of the density matrix vanish in the
Here, we use the steady-state solution for the collectivetationary limii that the central component oflw) at the
atomic inversion operator evaluated in the preceding sectiofrequencyw, disappears from the absorption spectrum. The

(ra)s=2(n)/N-1. probe field “probes” the dressed transitigpsesented on the
The width of the sideband components of the scatteregdight panel of Fig. 12 and the contribution of a given tran-
spectrum is then given by sition, say between the statesand j, is proportional to(m;
Nesoo —-m)l'ji. Here, m;; denote the populations on thej states
1“%: FCeont N (A, = A)(ra)s = N (A, = A)ry)s. andl';; is the probability of the transitioin— j. In general the

(3.31) absorption spectrum woulésimilar to the scattered spec-
' trum) consist of three components at the Mollow compo-
In contrast to the threshold regime, the sidebands are nowents, w_, w £2(). The central line contains contributions
considerably broadened, with widths proportional to thefrom the transitiond1,n)— [1,n-1), [2,n)—[2,n-1), and
number of atoms. The sideband contributions to the scatteresh forth. However, in the case of large number of photons
spectrum are given by (large €), the dressed diagram becomes periodic, i.e., the
F(clg)h states|i,n) and|i,n—1) have roughly the same population.
N2 ~ - > As a result, the central component of the absorption signal
(o)™ + [ = (. = 20)] (proportional to the population difference between these
(3.329 state$ vanishes in this limit. The linear susceptibility has

S(-N)(w) % (RyoRop)sy- st
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FIG. 13. The imaginary part of the linear sus-
ceptibility of the probe beangabsorption spec-
trum) as a function of the detuning of the probe
beam frequency from the driving laser field fre-
quency w-w,, for y./y,=0.001, o/ y,=1,
¥p! ¥+=0.2,|Ap |/ .=10. The two curves corre-
spond to different Rabi frequencies|A,, |, one
of them (continuous curvebelow the inversion
threshold (e/|Ap |=0.176, and the other one
(dashed curve above the threshold intensity
(e/|Aa|=0.190. The atomic resonant frequency
is detuned negatively from the laser field fre-
quency, sgi,)=-1, and, for this choice of pa-
rameters, the inversion threshold &, /|Aa
=0.183.

two well separated components, at the frequeneies2()
[21],

X(0) = x»(w) + x)(o). (4.2)
Using Eq.(3.4), these components are given by
X () =iAy,c? f ([Ryz(t), Ryl (2 ldt,
0

(4.39

xo(w) =iAy.st f ([Raa(t),Rypleltem(e-2Mlig,
0

(4.3b
The correlation function present in Ed..3) is then evalu-

20

l_‘coh
[w=(w +2Q)+T7

coh

(4.50

X|(+)(w) =-A 7+C4(772 -m)

1—‘coh
[w= (0 = 20)]?+T7

coh.
(4.50

The spectrum experienced by the probe begiven by
the imaginary part of the linear susceptibijigonsists of one
absorptive sideband and one amplifying sidebfmate the
sign difference between the components in Egs5)]. The
discontinuous photonic DOS of the photonic crystal opens a
possibility of controlling the absorptive or amplifying char-
acter of the components through small variations in the in-

XI(-)((U) =-Ays(m-m)

analogous to that used to derive E§.6). We obtain

[Ro1(t), Ryl = [Rpq, Ry, €7 cot, (4.49

[Ry2(t),Rog] = [Ry2,Rpq] € T coff, (4.4b

tween the fluorescence spectrum and the absorption spectrum
[as seen from Eqg3.11) and (4.5)] is that the absorption
signal is proportional to the difference of the population be-
tween the dressed levels involved in the transition, whereas
the fluorescent signal depends only on the population of the
initial state of the transitioisee also Ref418,28). Clearly,

Here, for simplicity we have omitted the zero-time argumentth® character of the absorption signal components is deter-
of the atomic operatorR,=R/(0). Finally, the real and mined by the sign of the dressed atomic inversion, which, in
imaginary parts of components of the linear susceptibility®d': iS determined by the intensity of the driving field.

x(w) are cast in the form
o= (w +2Q)
[w- (0 +20)P+T2,
(4.59

X(Fi)(w) =A y.cXm— m)

o= (w —2Q)
[0~ (0, — 20) P+ T3

coh

(4.5b

Xo(@) = A ys*(my — m)

In both free space and the photonic crystal, one sideband
is absorptive and the other sideband is amplifyinggative
absorption. However, in the photonic crystéhs opposed to
ordinary vacuuny the magnitude of the amplifying compo-
nent is comparable to that of the absorbing component and is
readily detectable in a pump-probe spectroscopy experiment.
The spectral separation of the two components is propor-
tional to the intensity of the driving field and their relative
magnitude can be optimized by adjusting the driving field
intensity. In particular, as shown in Fig. 13, the absorptive or
amplifying character of the sidebands becomes extremely

053810-14



RESONANCE FLUORESCENCE IN PHOTONIC BAND GAP

15| e

05— P — ¢

/ S

0 0.1 0.2 0.3 0.4 0.5
e/|A

PHYSICAL REVIEW A 69, 053810(2004)

bs
W 220

oL

Af =

, (4.6)
l_‘coh

. wherevvj"u‘ii29 are the weights of the sideband spectral com-
- ¥ 4 ponents  [WEP3,0=(m-m)l1_, and  WE2,,=(m,

(0]

/ —m)l, 1] and =T, is their width. As we show in
Fig. 14, the peak height to width ratio of the components
/ of the probe beam absorption spectrgammeasure of the
/ efficiency of the amplificationh reaches a maximum of
24% (the negative minima in Fig. 14 about four times
larger than the ordinary vacuum val{@8]. In Fig. 15, we

/ compare the widths of the absorption spectrum sidebands
RR / as a function of the Rabi driving field laser frequency for
the photonic crystal and ordinary vacuum. Clearly, the
sideband components of the spectrum are appreciably nar-
o rowed in the presence of a strong jump in the DOS of the

photonic crystal.

FIG. 14. The peak height to width rat[&q. (4.6)] of the com-
ponents of the absorption spectrum of the probe field as a function
of the Rabi frequency of the driving field/|Ap|, for y_/y,
=0.001,y,/v,=0.001, and in the absence of the dipolar dephasing

- . . -~ “be
¥p! v+=0. The atomic resonant frequency is detuned negatlvel){io
from the laser field frequency s =wa—w <O0.

sensitive to variations in the driving laser field near the
switching threshold intensityy,,.

The frequency-dependent character of the photonic reser-
voir facilitates the inversion of the atomic population the
bare pictur¢ and the switching of the linear respon(sé the
dressed systeyrto a weak probe laser field.

The predicted gain spectrum can be optimized by appro-
priate choices of the control parameters. To facilitate this

optimization process, we introduce the peak height to width, i+,

ratio value as a measure of the efficiency of the amplification
process

B. Collective atomic effects and gain broadening

0.8
0.6 L
T —— Photonic crystal
-0 ——— Free space case
g 041
[
0.2
O T I T | T I T | T I T
0 0.25 0.5 0.75 1 125
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The evaluation of the absorption spectrum of a probe
am for a collection oN atoms follows closely the deriva-

n of the fluorescence spectrum presented in Sec. Il C. We
obtain for the sideband components

xNP(@) * ([Ry2Ro1, RogRyal)sy- °

Tcon
X . (47
T8N+ [0 - (0 - 20)? (4.7

co

XﬁTjR)(w) o ([Rp1R12, Ry oRo 1))y

X ng‘ (4.7
T2 +[w= (0, + 200"

([RiR21, RoiRizDs == (2(M = N) == (Ry),  (4.8)

FIG. 15. The widths of the components of the
absorption spectrum of the probe field in the pres-
ence of a photonic crystdl g, and in free space
'S, as a function of the Rabi frequency of the
driving laser field e/|Ap |, for y_/y,=0.001,
v/ v+=0.001, and in the absence of the dipolar
dephasing,y,/ v+=0. The atomic resonant fre-
quency is detuned negatively from the laser field

frequenCy,AAL= WA~ W <0.
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([ReaR12,R12Rp1J)s = 2(n) = N =(Ry). (4.9 p(®) M- -
e

Clearly, the switching and amplification of the probe field o @ point of DOS discontiuity
exhibit collective enhancement. The gain spectrum is broad- A
ened by a factor oN relative to the single-atom spectral

width, and the driving field modulation required to switch

the system from the absorbing to the amplifying regime is
reduced by a factor dfl [the width of the transition region is 020
of orderO(1/N)].

mL+29

V. SWITCHING IN AN INHOMOGENEOUSLY

BROADENED ATOMIC SYSTEM
Ao Aw; Awy

The application of the population inversion effect to an
all-optical switch or transistor device will invariably require
an ensemble of atomguantum dotgsinteracting resonantly (,',C o, o
with coherent laser field@]. Such an ensemble will involve
spatial distributionand size distribution of quantum doisf FIG. 16. Weakly inhomogeneously broadened Mollow spectrum
resonators which experience different local environments onear a steplike discontinuity in the electromagnetic density of states.
which have different inherent resonance frequencies. ThisVe assume that the density of states is constant over spectral ranges
will lead to an inhomogeneous broadening of the spectruntarger than the inhomogeneous linewidih,, surrounding the Mol-
that may be very useful if the optical device is intended tolow triplet frequenciesy, w +2€).
have a gain spectrum that covers a telecommunication band

of 60 nm. On the other hand, random detunings of the atomid’crsion (€pr/|Aa)) varies randomly from atom to atom.

resonance from the photonic band ecqgescontl_nwt_y in the we obtain a smeared feature. Moreover, some members of
d_ensny Of. ;tatasmay v_vash out _the _overall SW'tCh'.ng effect, the ensemble may contribute oppositely from others, chang-
S|nce.|nd|V|dua.I atomic swnchlng is very sensitive to theing their character from amplifyingabsorbing to absorbing
Qetun|ng. In this Ppaper, we Q|scuss in detail the effects Ofamplifying). As clearly seen in Fig. 18, this mutual cancel-
inhomogeneous line broadening on the probe beam spectrufgtion effect is less severe away from the switching threshold
and switching effect. We describe how further electromagintensity of the driving field, and the absorption/gain features
netic density of states engineering within a PB&mbined  are simply broadened. However cold atom systems may be
with photobleaching techniques to remove those absorbeigpractical for many important applications.

that degrade the switching eff@atan be effectively utilized To conclude, small amounts of inhomogeneous broaden-
to both offset the deleterious effects of inhomogeneousng may improve the switching characteristics by enlarging
broadening and provide an enlarged all-optical switchinghe spectral range over which the switching occurs. Practical
bandwidth. We explicitly show that, under certain conditions,applications, however, may require systems that operate at or
the amplification and the switching of a probe beam can b@bove room temperature. In general, this leads to stronger
fully recovered even in the presence of a broad distributiofProadening as discussed below.

of atomic resonance frequenci@sg. 16).

q’herefore, instead of a sharp amplifyirigbsorbing peak,

B. Vacuum engineering in the case of
strong inhomogeneous broadening

If the active medium consists of quantum dot layers in a
Consider an active medium consisting of a gas of trappe@lanar waveguide sandwiched inside a 3D PBG crystal, in-
atoms in the void regions of a PBG crystal. Such an enhomogeneous broadening arising from the size distribution
semble will exhibit a small amount of inhomogeneous broadof dots may be considerably larger than for cold, trapped,
ening caused by the Doppler effect. For the sodiu®,3 atoms. In this case, a simple step discontinuity in the photon
— 3P3, transition, in free space, at room temperature, andiensity of states is generally insufficient to realize an overall
for a density ofA’=6x 10'* atoms/cr, typical experimen-  switching effect on the probe susceptibility. As a simple es-
tal quantities ar¢29] y=0.031 GHz,A5 =1.5 GHz, and)  timate, the inhomogeneous broadening present in ensemble
=2.6 GHz. The width of the Doppler broadened atomic lineof quantum dots may be no smaller than few percent of the
shape isAw;=7.14 GHz(Aw,~5A,). For the correspond- central frequency, i.e., on the order of tens of Tidavering
ing cooled atomic system, we uggo, ~0.1-|A,|. In Fig. roughly 75 nm of bandwidth In this case, additional engi-
17, we plot the absorption spectrum as a function of theneering of the vacuum density of states is required to recap-
probe field frequency for inhomogeneous broadening in theure a transistor function. We discuss below the required pho-
rangeAw,/|Ap |=0.1-0.9. Clearly, not only does the ampli- tonic crystal density of states architectures for this situation.
fying (absorbing component become wider, but it also de- ) o
velops an absorbingamplifying) wing, whose relative C. Density of states engineering
weight increases witthw,. This wing can be easily traced to within the photonic band gap
the threshold condition for the atomic inversion. In the pres- By suitable engineering of the photonic DOS, it is pos-
ence of random detunings, , the effective threshold for sible to quench those parts of the inhomogeneous broadened

A. Weak inhomogeneous broadening
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atomic distribution which hinder the overall switching effect.

increased. This evolution is simply given by:

wLiZQ:wLiZ\/eZ+( 4

trajectory of the sideband undergoes a

wLiZQM”\,.

(ApL+Awp)?

reversal

(5.2

P
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FIG. 17. The imaginary part of the linear sus-

ceptibility of the probe beangabsorption spec-
trum) as a function of the detuning of the probe
beam frequencw with respect to the driving la-
ser field frequencyw,, for y_/y,=0.001, yo/ .
=1, €/|A5|=0.178 and in the absence of the pho-
non mediated dephasingy,/y.=0). The width

of the inhomogeneous line distribution varies
from Aw,/|Aa|=0 (no inhomogeneous broaden-
ing) for the solid curve tdAw,/|A5 |=0.9 for the
double-dot-dashed curve. The center of the
atomic frequency distribution is detuned nega-
tively from the laser field frequencyly =wp
-w <0.

The engineered photonic DOS presented in the lower part
The ideal photonic DOS is presented in Fig. 19. The uppeof Fig. 19 provides a filter effect on the very broad inhomo-
diagram depicts the simple steplike DQ$e staircase geneous atomic distribution. It introduces a new frequency
curve) used in the absence of the inhomogeneous broadercale(),, that represents the effective width of the active
ing. The solid curves depict the evolution of the Mollow ensemble that contributes to amplification. Atoms with reso-
sideband peaks for a particular quantum dot, as its deviatioant frequencies farther away from the center of the distri-
Awp from the center of the inhomogeneous distribution ispytion than this given spectral distance cannot couple to ei-
ther the driving field or the probe field. This scale is
determined by the robustness of the switching process with
respect to detunindw,. As an example, for the parameters
used in the preceding section, the switching effect survives
We note that whem\,, and Aw, have opposite signs, the for Aw, up to 20% of the threshold intensity valeg,. Ac-

atordingly, we choosé&)y,y=0.2 €4,. This atomic quenching

effect relies crucially on the ability to microfabricate the ap-

053810-17
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FIG. 18. The imaginary part of the linear sus-
ceptibility of the probe beangabsorption spec-
trum) as a function of the detuning of the probe-
pump detuning frequencw-w, and the driving
field Rabi frequencyge/|Ap, |, for y_/y,=0.001,
Yol v+=1, €l|Ap|=0.178, andy,/y,=0. The in-
homogeneous frequency distribution has a width
Aw/|Ap|=0.1 and is centered below the laser
field frequencyAp =wa— o <O.
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ApL=ApL+ Mg, (5.2b
Aw,>0 A< 0
3 > | 4 — _ a3
P § i i
T aapc0 D Q=1\/é+ TZ, (5.29
g2 g q +20 —
[, A2 Ap +Awp)?
- I A Q= 62+A:\/62+—( at Aoy . (5.20
| 4 4
Dy, S By | Figure 20 presents the evolution of the Mollow peaks
Pl i (thick dashed lings and the atomic frequencgmeasured
o : : | from the laser field frequengyor a specific atom as its de-
S 0 O tuning (from the center of the inhomogeneous distribution
F—f increasegalong they axis). The shaded vertical regions cor-
o 20 o %;29 respond to the engineered DOS presented in FigtHe®left

region corresponding to a decay constantand the central
FIG. 19. The engineered photonic DOS proposed to quench thand right regions corresponding to a decay constant

unfavorable members of the inhomogeneous quantum dot distribuStarting from the center of the inhomogeneous distribution,
tion. The upper panel shows the steplike density of st@hesstair-  was=w,, and increasing negative detunifg, < w,), the left
case curveused in the absence of inhomogeneous broadening. Thand right sidebands diverge from the central component ac-
dot-arrow curves depict the evolution of the Mollow sideband peaksording to Eq. (5.29. For small positive detunings
for a particular quantum dot as its deviatidw, from the center of  (y,>w,), the sidebands initially converge towards the cen-
the inhomogeneous distribution is increased. The lower panel dgra| component, up to a minimum spectral distance equal to
picts a simple engineered photonic DOS, which quenches dots deé but then diverge for larger positive detunings. For a spe-
tuned by|Aw,| > Qyy. This quenching prevents the smearing out oific atom to contribute to the amplification process, its rel-
of the switching effect. evant Mollow components must lie in a region of nonzero

density of states and thereby couple to pump and probe
propriate microcavity architecture within the 3D PBG mate-fields. This occurs in the horizontal shaded regions in Fig.
rial. 20. In the lower shaded region, the atomic detur(ifg,) is

We present below a more detailed picture of our fre-negative, as required for switching. In the upper shaded re-

quency selective atomic quenching mechanism. We denotgion, the atomic detuning is positivéA, >0), and no
the center of the inhomogeneous distributiondsy and its  switching occurs. These atoms only cause absorption of the
detuning from the pump laser field frequency by, =w,  probe beam and tend to offset the gain provided by the atoms
- w_ . We have in the lower shaded region. This cancellation effect can be

alleviated by means of an incoherent pump that “bleaches”

wp= wp+ Awp, (5.29 the positively detuned atoms in this upper region.

. : ~

LR |

N
N
N

(HH HH HH‘ FIG. 20. The evolution of the atomic fre-
quency detuning with respect to the laser field
frequency(the thick continuous curyeand the
spectral featureghe left, central, and right com-
ponents of the Mollow spectrum(the thick
dashed linesas a function of the position of the
atomic frequency with respect to the central fre-
quency of the inhomogeneous distribution. To

<
N

10

% simplify the interpretation, the plot is rotated by
N 90°. The numerical values correspond to the pa-
N S : rameters used abovwith a negative detuning of
(MR i e o e

| ‘ [l broadening with respect to the laser field fre-

\\ quency. The driving field Rabi frequency ig
! P T (I L =€y ANdAp =5 €y
-10 -8 -6 —4 -2 0 2 4 6 8 10
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10 — N
N
I, R
N
L \
e FIG. 21. Same as Fig. 20, but now we intro-
-0, 5| ‘l duce a colored incoherent pump that saturates
N 1 some members of the atomic distribution. The
thr Y g

frequency profile of the pump rate is represented
by the criss-crossed regigonentered on the right
sideband component of the Mollow spectium
and its presence has as consequence the elimina-
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D. Band gap engineering and incoherent pumping external laser field. This may have relevance to all-optical

Incoherent pumping can be done using a third density offansistor action. As a functiqn of the intensi_ty of the pump
states band that bleaches the positively detuned atoms who&@ntro) laser, the active region of a photonic materidle
lower Mollow sidebandin the absence of bleachipgiould ~ atomic system switches from an absorptive mediu(the
contribute only to absorption within the probe spectrum. Theatom spends most of its time in the ground statea gain
pump profile needed is presented in Fig. 21. Detailed calcumedium (higher probability to find the atom in its excited
lations show that the absorption of the probe fi#id). 22 is  statg. The ability to invert a two-level atomic system in a
almost identical to the one presented in Fig. 17, and thghotonic crystal, a phenomenon strictly forbidden in free

incoherent pump rate required is about50 vy,. space, is brought about by the additional degree of freedom
present in the resonance fluorescence problem as a result of
VI. CONCLUSION the structured radiation reservoir. The frequency dependence

of the dressed-atom spectral features causes a “symmetry”
We have analyzed the spectral response properties of twdwreaking of the decay processes in the atomic relaxation cas-
level atoms embedded in a photonic crystal and driven by anade presented in Fig. 12. This is similar to the case of a

1

xi((o—o.)l_)(a.u.)

FIG. 22. The full recovery of the amplifica-
tion effect in the presence of inhomogeneous
broadening by band gap engineering and incoher-
ent pump saturation mechanisms. The dashed
curve represents the signal in the absence of in-
homogeneous broadening. The continuous curve
is obtained using the photonic DOS and the inco-
herent pump presented in Fig. 21. The width of
the allowed passbands of the DOS Aswvpg
~ €, =0.183A,,|, and their magnitude is given
by vy./y,=0.001, y_/y,=1. The incoherent
pump is characterized by\wp=Awpg= €y,
p+!v+=50, p_/ y.=0.

051

-0.5 1
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three-levelatom in free space, where by introducing a spe-cal environments or have different inherent resonance fre-
cific structure in the atomic syste(different decay rates for quencies. We have analyzed the effects of inhomogeneous
different relaxation channelsone breaks the “symmetry” of atomic line broadening on the all-optical switching effect.
field assisted excitation and relaxation processes which charor small amounts of inhomogeneous broadening and away
acterizes a two-level atomic system, and makes possible thgom the threshold intensity, we find that the amplifying
presence of positive atomic inversi¢a]. . spectral range simply becomes broader. For a large amount
We have investigated the spectral properties of the scalf jnhomogeneous broadening, it is necessary to select a nar-
tered radiation by the atomic system. We showed that in the,,, spectral range around the central frequency of the dis-

phresence ofda_color(_ad vacugm, the s:debznd Cdomp(?n‘la.mhslﬂfbution, in order to retain the amplification and the switch-
the scattered intensity can be strongly reduced and slightlyyo ™ Jhdnomena. This can be done through carefully

narrowed. The dipolar dephasing influence on the scattere gineered waveguide modes, which enable quenching of

spectrum depends on the magnitude of the driving field in- . o
tensity. For intensities below the switching threshold, thethose parts of the atomic spectrum that degrade the amplifi

relative weight of the right sideband component is reducedcat'on Process. The dev“elop_ment. of appropriate ”photo_nlc
whereas for intensities above the threshold value, the dipole{?fystal architectures for engineering the vacuum- n this
dephasing has a more deleterious influence on the left sigd?@nner may prove very rewarding for basic science and
band. We have also shown that a weak second probe lasBfactical applications.

beam experiences a substantial differential gain when the
pump(control) laser intensity is near the switching threshold.
This switching of the response of a probe be@nha given
frequency to a small change in the punpontrol) beam is
absent in ordinary vacuum, and may offer a new approach to The evaluation of the second correlation functi@ml7),
all-optical transistor action in photonic crystals. The switch- @ ) ) A4 )

ing power and the response time of an all-optical transistor G(7) < (7O ET(DNET(DNET(0)s, (A1)

can be dramatically decreased by including collective atomigyjiows an analogous path to the evaluation of the scattered
effects (analyzed in Sec. Ill €and non-Markovian effects gpectrum. It proceeds by using the electric-field operators,

[8]. We have shown that the correlations between the phogq (3.2) and the temporal dependence of the dressed-atomic
tons emitted by the atom are determined by the relative Va'()perators found in Sec. II

ues of the photonic DOS at the dressed atomic frequencies.

APPENDIX: EVALUATION OF QUANTUM DEGREE OF
SECOND-ORDER OPTICAL COHERENCE

The degree of “antibunching” of the scattered photons can be (R,(1)) = (R.(0))e Fcott, (A2a)
controlled by the driving field intensity and may provide
valuable information about the local environment encoun- (Rg(1)) = [(R3(0)) = (RSt eort + (Ry)St, (A2b)

tered by the atom. ) -

Collective atomic effects may further enhance the optica®hereI'popcon @re given by Eq(2.163. The explicit evalu-
switching effect in photonic crystals. One enhancement is iftion of Eq.(Al) involves 81 terms, but only 18 of them
the sharpness of the switching threshold. Reatom switch- ~ Nave a nonvanishing contributigosing the fact that the off-
ing, the change in the pump intensity required to pasélllagonal terms_ vanish in the long-time limitVe write the
through threshold scales linearly with N/ The spectral 9eéneral result in the form

properties of the radiation emitted by the atomic ensemble 18
also differ from those of a single atom. While in the imme- GA(r) o > TY, (A3)
diate neighborhood of the threshold intensity the collective k=1

effects are manifest only in thi? scaling of the intensity @ . .

spectrum(reminiscent of superradiangeabove and below WhereT,” is a generic four-atomic-operator average gener-

this critical region the gain spectrum wideflmearly with ~ &ted by the electric-field product appearing in E&1). For

N). This correspondingly reduces the time scales for the reSimPplicity, we present here the evaluation of only four of

sponse of the atomic system to external fields. We hav&Uch terms. For instance,

shown tha'; the sharpness _of the svvjtching threshold and the T(14) - '}%3404<R3(0)R3(t)R3(t)R3(O)>S, (Ada)

response time of an all-optical transistor can be dramatically

reduced by including collective effects. This also provides a

natural mechanism of broadening of the gain spectrum. As

argued in the Introduction, such an all-optical device may — — _

have very low power requirements, with holding power in  T4” = = ¥\ 7-V7:S*cXRa(O)Ry(DR_(D) R, (0)) e 2,

the nonowalt range and switching power of about 500 pico- (A4c)

watt, and may achieve sub-picosecond switching times.
The application of the population inversion effect to an 4 _ 6 20t

all-optical switch or transistor device will invariably require T = 707 R(ORMDR(OR (). (A4d)

an active mediumensemble of atoms or quantum dpts By collapsing the two-operator product to single operators,

placed in a photonic crystal and interacting resonantly withve obtain

coherent laser fields. Such ensembles exhibit a random spa- @ 4a

tial distribution of resonators, which experience different lo- TV = 155" cXRy(0)R(0))s, (A5a)

T = 107, CXR(O)R(DR(DR3(0))s,  (A4b)
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T(24) = 0 7:52C%R3(0) RyoR5(0))s, (A5b) terms in Eq(A3) are evaluated in a similar fashion, and we
obtain

TW = oy 7S R (0O)R(DR, (0)) 2", (A5C
4 YoVY-NVV+ < 3( ) ( ) ( )>S ( ) G(z)(T) o (’)/S+ ’)/_’)/+)S4C4+ 2’)’05202(’)/+C4772+ 7_3471_1)

T4 = - 707, 2Ry (O)R(DR(0))s €2, (A5d) - 20\ y\ 1S yichmy
The temporal evolution of the four-operator product in + y_s*my)e Teofcog 20t),

Egs.(A5) is then found using the quantum regression theo-
rem, and(after calculating the steady-state averages, we

obtain im G2 (7) o (5 + y-y,)s*c? + 29,8y, Compt ys*my),
T—
T = 52s'c?, (A6a) (AT)
-|—<24) = 07,5 7, (A6b) such that the degree of second-order coherence function be-
comes
TD = o o v et Teort a=2i0t A
£ =y yseim et e (A8S) g = 1 - 2y, e Teorcog 20
" —
T = = y07,5%c® 7y @ Teotlgh2, (A6d) VYN, €% + y,ctmy + sty
2 4 '
Here,m, m, are the steady-state dressed-atomic populations (Yg*' Y-:)CS* + 2y0( .,y + y_s'my)
for the ground and excited states, respectively. The rest of 14 (A8)
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