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T. Shi (£15%)" and Shanhui Fan (Eil13)
' Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Strasse. 1, 85748 Garching, Germany
2Ginzton Laboratory, Department of Electrical Engineering, Stanford University, Stanford, California 94305, USA
(Received 21 August 2012; published 13 June 2013)

We investigate the two-photon transport through a waveguide side coupling to a whispering-gallery-atom
system. Using the Lehmann-Symanzik-Zimmermann reduction approach, we present the general formula for
the two-photon processes including the two-photon scattering matrices, the wave functions, and the second
order correlation functions of the outgoing photons. Based on the exact results of the second order correlation
functions, we analyze the quantum statistics behaviors of the outgoing photons for two different cases: (a) the
ideal case without the intermodal coupling in the whispering-gallery resonator; and (b) the case in the presence
of the intermodal coupling which leads to more complex nonlinear behavior. In the ideal case, we show that
the system consists of two independent scattering pathways, a free pathway by a cavity mode without atomic
excitation, and a “Jaynes-Cummings” pathway described by the Jaynes-Cummings Hamiltonian of a single-mode
cavity coupling to an atom. The presence of the free pathway leads to two-photon correlation properties that are
distinctively different from the standard Jaynes-Cummings model, in both the strong and weak-coupling regime.
In the presence of intermodal mixing, the system no longer exhibits a free resonant pathway. Instead, both the
single-photon and the two-photon transport properties depend on the position of the atom. Thus, in the presence
of intermodal mixing, one can in fact tune the photon correlation properties by changing the position of the atom.

Our formalism can be used to treat resonator and cavity dissipation as well.
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I. INTRODUCTION

Recently, the whispering-gallery-atom system has inspired
a lot of interest [1-11], owing to its broad applications in the
studies of quantum optics. A schematic of such a systemis
shown in Fig. 1, where a waveguide is side coupled to a
whispering-gallery resonator, which then couples to a two-
level system. In the experimental study of this system [2—4], the
two-level system can be either a quantum dot [2], or an actual
atom [3]. Here, we will refer to such a two-level system as
an “atom.”These experiments have measured the transmission
properties of such a waveguide-resonator-atom system under
weak light excitation, and have demonstrated quantum effects
including antibunching and photon-blockade effects.

The experimental progress on this system, in turn, moti-
vated several recent theoretical studies. Srinivasan and Painter
analyzed this system under the excitation of a weak coherent
state input [12], and obtained transmission and coherence
properties through a numerical procedure with a truncated
number-state basis for the photons in the resonator [5]. Shen
and Fan calculated analytically the transmission properties
of such a resonator system with an input of a single-photon
Fock state [6,7]. Subsequently, the single-photon transports in
the whispering-gallery system have been extensively studied
[8-11].

In this paper, we study the two-photon transport property of
this system shown in Fig. 1. While the response of the system
under weak coherent-state input yields much information
about its nonclassical properties, we note that one important
goal of integrated quantum optics is to process quantum states.
Therefore, it is important to study such a system with the
input of nonclassical states, such as the Fock state, as well. In
addition, in contrast to the study of the transport properties of
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a single photon [13-18], the studies of two-photon transports
provide important information [19-28] about atom-induced
photon-photon interaction that is absent in the single-photon
Hilbert space.

Our work provides contributions to the literature of cavity
quantum electrodynamics (QED) [29,30]. Unlike the stan-
dard Jaynes-Cummings (JC) system where a two-level atom
couples to a single-cavity mode [31], the whispering-gallery
resonator supports two modes, both of which may couple to
the atom. The simultaneous presence of both modes results in
transport and correlation properties that can be significantly
different as compared to the standard single-mode JC system
[6,7]. One of our contributions here is to illustrate, in the
two-photon Hilbert space, the connection and the difference
of the present system from the standard Jaynes-Cumming
system.

The paper is organized as follows. In Secs. II and III, we
review the model Hamiltonian and our theoretical approach
based on the Lehmann-Symanzik-Zimmermann (LSZ) reduc-
tion formula in quantum field theory [32]. This approach
results in an exact formula for the scattering matrix of the
system in multiphoton subspace. In Sec. IV, we present the
exact analytical results, including the single-photon transmis-
sions and the wave functions for the two outgoing photons.
Based on the general analytical results, we analyze the very
distinct quantum statistics behaviors of the outgoing photons
for two different cases of the strong coupling case in Secs. V
and VI. Section V considers the ideal case in the absence
of intermodal coupling in the whispering-gallery resonator.
Section VI analyzes the effect of intermodal coupling which
leads to more complex nonlinear behavior. In Sec. VII, the
results are summarized with some remarks and outlooks.

©2013 American Physical Society
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FIG. 1. (Color online) The schematics for the system: The blue
(left) and red (right) arrows denote the two whispering-gallery modes,
which interact with the atom and the waveguide.

II. MODEL SETUP
The system in Fig. 1 is described by the Hamiltonian [6,7]
H:HW+HWg+thb~ (D

Here,

Hy =Y krlre — Y kil 2)

k>0 k<0

describes photons propagating in the waveguide. ry (rZ ) and [

(l;) are the annihilation (creation) operators of right-moving
and left-moving photons, respectively. The right-moving
photons have momentum &k > 0, and the left-moving photons
have momentum k& < O . Here, one linearizes the waveguide
dispersion relation around the operating frequency. The group
velocity can then be taken to be unity by a rescaling of the
corresponding operator. A detailed derivation that justifies this
Hamiltonian with the linearized dispersion can be found in
Ref. [6].
In Eq. (1)

Hye = Qle)(e| + w.(a'a + b'b) + hb'a + h*a'b
+o07(g,a + g»b) + He. 3)

describes the two-level system, the resonator, and the inter-
action between them under the rotating-wave approximation.
In Eq. (3), a and b are the annihilation operators for the two
counterrotating modes in the resonator. £ is the strength of
intermodal coupling between these two modes and is typically
induced by surface roughness on the resonator. The atom
supports a ground state |g) and an excited state |e) with
a transition frequency 2. g, (gp) is the coupling constant
between mode a (b) and the atom, and o = |e){g]|.
In Eq. (1),

L
VL

describes the coupling between the waveguide and the res-
onator. Here, we adopt a box-normalization scheme with L
being the length of the waveguide, and Vg (V) is the coupling
strength between the right-moving (left-moving) photon in
the waveguide and the mode a (b) in the whispering-gallery
system. The waveguide-cavity coupling results in a cavity loss
rate 't = g + I'r, where 'z, = |VR,L|2 being the decay
rates of the two whispering-gallery modes to the waveguide,
respectively. We ignore all other possible loss mechanisms.

Hpyp = Z(VRTZLI + ViIlb 4+ He.) 4)
k
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We end this section by briefly commenting on various
experimental aspects that are related to the Hamiltonian of
Eq. (1). As a representative example, the experiment in
Refs. [2-4] has w, ~ 2 ~ 10° GHz. The resonator linewidth
[or/2m = 0.1 to 10 MHz. The atom-resonator coupling con-
stant |g;|/2m (i = a,b) canreach 1 MHz to 10 GHz. We quote
these numbers to provide a rough sense of the parameters
involved here. The theory does not depend on such a detailed
choice of parameters. We will consider both the strong
coupling regime, where |g;| > T',;, and the weak coupling
regime, where |g;| < [y

In the experiment in Ref. [3] the intermodal mixing has
a strength of |h|/2m = 1to 100 MHz. The phase of the &
depends on the detail of the surface roughness and typically
cannot be controlled in an experiment. On the other hand, the
relative phase of g, and g; depends on the position of the atom,
which can be controlled experimentally [6,7]. Since the size
of the whispering-gallery mode is at least a few wavelengths,
the relative phase of g, and g, can vary anywhere between 0
and 2.

III. OVERVIEW OF THE THEORETICAL APPROACH

We solve the single- and two-photon scattering matrix (S
matrix) for the Hamiltonian in Eq. (1) using the LSZ approach.
This approach has been discussed in detail in Refs. [23,24].
Here we only provide a brief summary of those aspects that
are relevant for subsequent discussions.

The single-photon and two-photon S matrices read

Spik = 8kp + i Tpik &)
and

SP]I’z;’ﬂ’Q = Splkl Sszz + szkl Splkz + iTPll’z;klkz’ (6)

respectively, where k (p) is the momentum of the incident
(outgoing) single photon, and &y, k» (p;, p») are the momenta
of two incident (outgoing) photons. The right- and left-moving
photons have the positive and negative momenta, respectively.
Here, the T-matrix element T}, . ,.k,..k = Ipx has the
form

.....

iTow = lim 27 ) Gpaq(wp,wk)
P~k T [Go(wr, k) Go(@p, . p )]

Wp; = Pj

)

In Eq. (7), Go(w,k) = i /(w — & + i07) is the free propagator
of a single photon with &, = |k| being the dispersion relation
of the waveguide.

dt;dt}
T

G[p;k](wp’wk):/l_[[ >
j=1

n

x H[exp(ia),,jt} —iwgt)]  (8)
j=1

] Gpx(t',t)

is the Fourier transform of the exact Green function
Gpx(t',t). Such a Green function can be determined
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as
Gpx(t',t)
_ (=)"8*" In Z[ni,n} ]
8%, () 8m% , ()80 fk, (11) - - - 81 i, (20) Z*{'kfg’
fk—

)

where
Zinent] = / Difield]exp(iS. +iSw)  (10)

is the generating functional in the path integral formalism.
Here, [ D[field] denotes the path integral over all fields in the
system, S, is the action of the system, and

Se=Y /er[nfk(r>fk(r>+Hc an

f=nrl

describes the external sources 7,x(?) that injects photons into
the waveguide.

Based on the formalism as outlined above, in the next
section we show the exact analytical results for the single-
photon and two-photon scattering processes.

IV. ANALYTIC RESULTS FOR ONE- AND
TWO-PHOTON S MATRICES

In this section, the S matrices are obtained by LSZ
reduction, which leads to the exact results of the single-photon
transmission and the second order correlation functions of the
two outgoing photons.

A. Single-photon transport

For the single-photon case, using the 7'-matrix element (7),
the Green function (9), and the generating functional (10), we
obtain

Spik = Tibpk + RiSp, i, (12)
where
o _
Ti =1 =il Vel (Ola;— Heﬁ‘a* 0) (13)
and
Ry = —iVLVi(0lb ! a'lo) (14)
k — Heg

are the transmission and reflection coefficients, respectively.
Here,

TR\ B
Hegr = Qle){e| + we —i— a'a + we —i—* b'b
+hbla + o (gqa + gyb) + Hee., (15)

is the effective Hamiltonian. Without loss of generality, we
consider ', = I';, = I". We notice that the excitation number
N = |e)(e| 4+ a'a + b'b commutes with H.g;. Thus, for single-
photon scattering, in the single-excitation subspace as spanned
by the basis {|€}[0)4[0)5,18)11)a10)s,18)10)a]1)5}, we represent
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the effective Hamiltonian as

Q 8a 8b
HyY =|8 o.—i5 n* 16
eff = | 8« @c 13 . (16)
g h a)c—i%

Using Eq. (16), the single-photon reflection and transmis-
sion coefficients can be determined as

—lVL R

Re=="D0

— (88, + hk — )] A7)

and

i r
Te=1- D(k)[(k Q)( wc+i5>—lgb|2} (18)

respectively. Here, we define

D(k)=(k wc+z£>|:(k Q)(k wc+,2)_ci]

—grgrh — gigah* — |h*(k — Q), (19)

and

Gy =VIgl* + Igl*- (20)

The results (17) and (18) accord with that obtained in
Refs. [6,7].

Equations (17) and (18) are applicable in the absence of in-
trinsic atomic or cavity dissipation. In the presence of intrinsic
dissipations, the reflection and transmission probabilities | Ry |?
and |Tj|* are obtained by substitutions  — iy, and w. — iy,
for 2 and w,. in Egs. (17) and ((18) ), where y, and y, are the
intrinsic decay rates of the atom and the cavity, respectively.

B. Two-photon transport

In the subsection, we derive the exact formula for the
scattering wave functions and the second-order correlation
functions of two outgoing photons by the LSZ reduction
approach. By evaluating Egs. (7), (9), and (10), we obtain
the S-matrix elements in the two-photon Hilbert space:

(R)
Sp1p2 kiky — = Ry sz((spl _k18[72,—k2 +6]71,—k28p2,—k1)
VEVE?
- 78171-"'172 —k1— kZUPIPZ skiky (21)
and
S =T Tes(Spy kS pas + Spr ko)
pipakiky — thkitka\Opy ki Opaiks P1,k2Cpa.ky
A Vel*
—1 T 8P|+P2~k1+k2WP1P2;k|kz (22)

for two reflected photons and two transmitted photons. In
Egs. (21) and (22),

Up,prikiks = Fi(p1,p2: ki,k2) + Fi(p1,p2; ka, ki)
+ Fi(p2, pr;ki, ko) + Fi(p2, piika,k1)  (23)

and

Wy paikik, = F2(p1, p2s ki,ka) + Fa(pr, pas ka.ky)
+ Fo(pa, piski ko) + Fa(pa, pis ko ky).  (24)
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Here, we define
Fi(p1,paiki,k2)

1 1
= (01b w0 (2)“T m
-p1—Hyg kit+ky—Hgy ky— Hy
+ ! (0]b !
D¢ 1
—P1— He(ff) ky — He(ff)

10)

a'loy  (25)

—p1 — ki
and
Fy(pi,p2ski,kz)
1 1 t
a a
pr—Hy ki+k—HE k- HY
n 1 (o) 1
a 1 a'ad 1
P — He(ff) ky — Hcfff)

= (Ola a'l0)

all0y,  (26)

p1— ki

where He(flf) is defined in Eq. (16). In the two-
excitation subspace as spanned by the basis {|g)(2),]0)s,

1€} 1)al0),18)11)al1)s, 1€)10)al1)s, 1€)10)a12)s }, We represent
the effective Hamiltonian

2a V2g:r N2k 0 0
V2, a+Q g kb 0
HY =|v2n g 2 & 2|, @D
0 h 8. o+ V2g
0 0  V2h V2g 2«

where o = w, —il'/2. In general, direct evaluation of
Up, prikik, and W, .4 1, can be rather complicated. However,
there are cases where U, .1k, and W), 4,1, can be obtained
exactly in a compact form. We will discuss such examples in
the next section.

The Fourier transformations of matrix elements (21) and
(22) result in wave functions of the two reflected or transmitted
photons:

1 . .
Yr(x1,x2) = E/dpldpzS;lTLz;klkzelplxl+1112x2

|
= 2—671EX“ |:Rkl Ry, cos(Agx)
T

1 dA, .
+3 L2V;2/_-pelApxUP1P2§k1k2i| (28)

2 2mi
and
1 ) )
) = o [ dpidpaSTy e

1.
Ze’E"“ |:Tk1 Ty, cos(Arx)

1 dA, .
+§|VR|4/ﬁeZAFXWPle;klkz}’ (29)

respectively. Here, we define the total momentum E = k; +
ko = p1 + p», the relative momenta Ay = (k; — k»)/2 and
A, = (p1 — p2)/2, as well as the center of mass coordinate
X = (x1 +x2)/2 and the relative coordinate x = x; — x».
Because U, ,:x,k, and W, . i x, are both even functions of A ,,
Yr(x1,x2) and Yrp(x1,x,) are invariant under the permutation
X] <—> X2, as required since photons are bosons. From now
on, we only focus on the wave functions for x > 0.

PHYSICAL REVIEW A 87, 063818 (2013)

The integral in Eqgs. (28) and (29) can be evaluated by
analyzing the analytic properties of the matrix elements
Up, pyikik, and W, .1k, These matrix elements exhibit three
poles p; = E/2 — o on the upper half plane, where «; is
the eigenvalue of He(flf) with [ = 1,2,3. Here, notice that the
eigenvalues of Héfzf) do not contribute to the polesin U, .k,
and W, .1, because they only associate with the total
energy E, as shown in Egs. (25) and (26), and we consider
here an incident two-photon state with a fixed total energy.
The residue theorem then leads to the wave functions

1 —iEx
Yr(x1,x2) = 7 Exc |:Rk, Ry, cos(Agx)

1 )
+ 2 ViV Z Res), Upnpz;klkzelp’x:| (30)
!

and

1 .
Yr(xr,x2) = Ee’E"‘ |:Tkl Ty, cos(Ayx)

1 .
+§|VR|4 ZRGSPI WPIPz;klkzelplxi|’ (€29)
i

where Res,, W(U), p,:x,k, denotes the residue of the function
W) p ok, at (p1 — p2)/2 = pr.

From the two-photon wave functions, the second-order
correlations functions for the reflected and transmitted photons
can be obtained as

(YRIITQ(x + DI + D) YR)

ge(1) = :
|(WRILT IO YR) 2 32)
@, _ Wl it + Or(x + 0)r@)|yr)
gr (1) = ,

[ lr T ) (o) 1Y) 2
where r(x) [/(x)] is the Fourier transformation of r; (I}).
Equation (32) can be simplified to yield g (t) = |y, (x +
7,%)|?/ f dy|¥s(x,y)|?, where s denote “R and “T. Therefore,
our theoretical results on the two-photon wave functions can be
compared to the experimental measurement of second-order
correlation functions for this system.

In the presence of intrinsic atomic or cavity dissipation,
Egs. (30) and (31) remain valid, provided that we substitute
Q —iy,and o, — iy, for Qand w. in U, p, 4.k, and Wy, k1, -

C. Spectrum of the whispering-gallery-atom system

For this system, its transport properties are closely related to
the spectrum of the resonator coupling to the atom. Therefore,
in this section we provide a brief discussion of the spectrum
of the resonator-atom Hamiltonian Hy, as defined in Eq. (3).
We consider two separate cases:

Case (a). As seen in Eq. (3), the whispering-gallery res-
onator by itself supports a clockwise and a counterclockwise
rotating mode, both coupled to the atom. However, assuming
that either

h =0, (33)
or

h#0,and &2 = 410 (34)

8a
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FIG. 2. (Color online) The schematics for the energy spectra of
the whispering-gallery-atom system, where I" is taken as unity. (a)
h=0; () h=2e%, and g,/g, = e~ %; (c) h = 5i and g;/g, = 1.
(a) and (b) correspond to the effective single mode case, and (c)
corresponds to the two mode case. In all panels, thin blue lines at
the bottom represent the ground state. Red dashed lines represent a
free mode without atomic excitation. Notice that it forms a linear
spectrum. Green dotted lines represent a mode that consists of one
excitation in the free mode, and one excitation in the JC mode. Solid
blue lines represent all other modes.

it is then possible to form a linear superposition of these modes
that is decoupled from the atom. In Eq. (34), 6, = argh is the
phase of k. In either case, the resonator-atom Hamiltonian can
be rewritten as:

Her = Qle)(e| + waATA + wgB'B + (G,oTA +H.c.),
(35)

where the operators A = (g,a + g,b)/ G and B = (gja —
gxb)/ G 4. For the case described by Eq. (33), we have wy =
wp = w, — iI"/2. For the case described by Eq. (34), we have
wp =w, —il'/2 £ |h| and wg = @, — i['/2 F |h|.

It follows from Eq. (35) that the mode B is decoupled
form the atom, while mode A couples to the atom through the
standard JC Hamiltonian

Hic = Qle)(e| + waATA+ (G0t A +He).  (36)

For subsequent discussion, we refer to mode A as the “JC
mode” and mode B as the “free mode, ’respectively.

The spectrum of the Hamiltonian (35) is displayed in
Fig. 2(a) for the case & = 0, and in Fig. 2(b) for the case when
h#0, and g,/g, = £e~"% . In either case, due to the very
different nature of modes A and B, for the incident photons
with energy on resonance with modes A and B, the outgoing
photons must exhibit very different statistics behaviors, which
could be investigated by the second order correlation functions
g (x).

Case (b). When neither conditions in Eq. (33) nor Eq. (34)
are satisfied, we can no longer form a linear superposition
of the two whispering-gallery modes that decouples with
the atom. The energy spectrum, shown in Fig. 2(c), is more
complicated.

In the next two sections, we study the photon transmissions
for the cases (a) and (b), respectively. In case (a), the atom
effectively couples only to one of the two modes of the
resonator, below we refer to this case as an “effective single-
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mode case.”’In contrast, for case (b) the atom couples to both
modes, and below we refer to this case as a “two-mode case.”

V. RESULTS FOR THE EFFECTIVE SINGLE-MODE CASE

In this section, we present transport properties of a single
photon and two photons, for the effective single-mode case
as discussed in Section III C, where the resonator supports
a photon mode that is decoupled from the atom. For the
numerical results in this and the next section, we normalize all
quantities that have the dimension of energy with respect to I,
the waveguide-resonator coupling rate. Also, we choose w, as
the origin of the energy axis.

A. Single-photon transport

For this effective single-mode case, the single-photon
reflection coefficient (14) can be rewritten as

gag) k—Q 1
—i 28 [ _ } (37)
G: Lk—Qk—wr) - G2 k—ws

in which the first and second terms describe the contributions
from the JC mode and the free mode, respectively. We show the
single-photon reflection and transmission probabilities |Ry|?
and |T;|? in Fig. 3.

Figures 3(a) and 3(b) correspond to the strong coupling case
where I' <« G,. In Fig. 3(a), we choose h = 0, Q = w,, and
|g.| = |g»|. There are three peaks in the reflection spectrum.
The peak in the center of the spectrum corresponds to the free
mode B. Two other peaks correspond to the JC modes in the
single-excitation subspace.

In Fig. 3(b), we choose Q2 = w, + |h| and g,/g, = e
The reflection spectrum again exhibits three peaks. The central
peak again corresponds to the free mode. Compared to the free
mode in Fig. 3(a) at the frequency w,, here the frequency of the
free mode is shifted to w. — |k| due to the intermodal coupling.
The other two peaks correspond to the two JC modes.

In Fig. 3(c), we consider the weak coupling case. The
transmission spectrum exhibits a single dip, and the reflection
spectrum exhibits a single peak, at the atomic frequency.

Based on these results, we conclude that the single-photon
transport consists of two independent scattering processes, i.e.,
the scattering by the JC modes, which have atomic excitation,
and by the free mode that is decoupled from the atom.

Ry =

—i6)

B. Two-photon transport

For this effective single-mode case, straightforward calcu-
lations of Egs. (25) and (26) lead to the analytic results

2872 83(E — o — Q)

Uppastaky = —
p1p2kiks [Los(E —2y)
E — 2Q)(E — 20,) — 4G?
s ( ) wa) + (38)
[T—s [Tz 2k — Ai)(pi + Aty)
and
W 2gE —ea =)
pipkiky = [T—s(E — A2)
E —20)E — 2ws) — 4G2
( X wa) + (39)

* [Toes [Ty 2k — A1) (pi — A1g)”
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Intensity
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FIG. 3. (Color online) Single-photon transmission (red dashed curve) and reflection (blue solid curve) spectra for the effective single-mode
case. All quantities with energy dimensions are normalized to I', and §; is the detuning between the incident photon and w. : (a) h =0,
lga|l = lgv]l =5, and Q = w,; (b) |h] =2, |g.] = |gs] =5, g5/8« = e, and the detuning  — w, = 2 between the atom and the cavity; and

©h=0,|gl=lgl =03 and Q = w,.

Here, A1+ and X,y are the eigenvalues of Hjc in the single-
and two-excitation subspaces [24]. Together with Egs. (38)
and (39), it follows from Egs. (30) and (31) that the wave
functions of the reflected and transmitted photons are

e—iEx(,
Yr(x1,x2) = o [Ri, Ri, cos(Agx) — VEVi2gi2g2 F(x)]
(40)
and
eiExp . .
Yr(xy,x2) = W[Tkl Ty, cos(Arx) — [VrI™gal" F(X)],
41)
respectively, where we define
Fo) = 3, 5(E = 2 et o
[Tyt [(E = 220 [Tiziotki = Mi)I g = 210)
(42)
The second-order correlation
V2v>k2 *2 ZF 2
Py = |1 - YVits & F(D) 43)

2
R/

of the two reflected photons is obtained by applying Eq. (32)
to the wave functions determined from Eq. (40).

We note that U, p,.,x, and W, p,.1.x,, i.€., the two-photon
correlated scattering, have contributions only from the JC
modes. The free mode does not contribute to the functions of
Uy, priik, and Wy, .11, - Nevertheless, the presence of such a
free mode does strongly influence the transport properties. And
as a result, the two-photon correlation properties are different
in this system as compared to the case of the standard JC
model analyzed in [24,27]. Below, using Eqs. (38), (39), and
(43), we highlight such differences in both the strong and the
weak coupling regimes.

C. Strong Coupling Case

Using the closed-form analytic results of the previous
section, we now consider the two-photon transport properties,
for the strong-coupling cases corresponding to the systems
shown in Figs. 3(a) and 3(b).

The two-photon background fluorescence By =
IVRIMVLIM U, pytiiy |2 /4% of the reflected photons are

shown in Fig. 4. By displays a single peak at Ay = A, =0
when the total energy of the incident photons approaches
2ReXr|+ [Figs. 4(a) and 4(b)], while the two-photon
background fluorescence splits into four peaks when the
total energy of the incident photons deviates from 2ReA;L
[Figs. 4(c) and 4(d)].

In general, the background fluorescence peaks when one of
the incident or outgoing photons has an energy that coincides
with a single-excitation eigenstate [24]. Examining Eqgs. (38)
and (39), we see that the poles occur at Ay = +=(E/2—Rel ;)
and A, = +(E/2—RelAy). Thus, one might expect eight
peaks in the background fluorescence spectra in the general

(© (d

FIG. 4. (Color online) The two-photon background fluorescence
for the effective single-mode case. All quantities with a dimension of
energy are normalized with respect to I': (a) the system parameters
are the same as those in Fig. 3(a), and the detuning £ — 20w, = —14;
(b) the system parameters are the same as those in Fig. 3(b), and the
detuning E — 2w, = —10; (c) the system parameters are the same
as those in Fig. 3(a), and the detuning E — 2w, = 13; and (d) the
system parameters are the same as those in Fig. 3(b), and the detuning
E—-2w.=17.
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FIG. 5. (Color online) The second order correlation functions of
two reflected photons for the effective single-mode case. The two
incident photons have the same energy E/2. All quantities with a
dimension of energy are normalized with respect to ', and the system
parameters for the left and the right panels are the same as those in
Figs. 3(a) and 3(b), respectively. In (a) and (b), the second order
correlation function and the reflection coefficient are depicted by the
solid and dashed curves, respectively. (c) The solid (black) and dashed
(blue) curves denote gl(f)(r) for E/2 — w. = £7 (a single photon
being resonant with the JC mode) and E /2 — w, = 0 (a single photon
being resonant with the free mode), respectively. (d) The solid (black)
and blue (dashed) curves denote gff )(r) for E/2 —w, = —5,9 (a
single photon being resonant with the JC mode) and £ /2 — w, = —2
(a single photon being resonant with the free mode), respectively.

case. However, four of these poles turn out to have very
small residues, resulting in the presence of only four peaks
in Figs. 4(c) and 4(d).

In Fig. 5, we plot the second-order correlation (43) for
the two reflected photons. Here, we consider the same two
systems in Fig. 3, and assume that the two incident photons
have the same single-photon energy of E/2. Because F(0)
has the poles at E£/2 = A+ /2 and A4, the Fig. 5(a) shows
the two peaks at A1 /2 and two valleys at ;4. In Fig. 3,
we saw that the systems exhibit strong resonant reflection for
a single photon, when the single-photon energy is resonant
with either the JC modes or the free modes. However, in
the presence of two incident photons, the statistics of the
outgoing photons at these resonances are very different. As
we see in Fig. 5, when the single-photon energy coincides
with the energy of one of JC modes, e.g., E/2 — o, ~ —7
in Fig. 5(c) and E/2 — w. ~ —5 in Fig. 5(d), we observe
pronounced antibunching behavior with 81(12 )(0) < gl(f )(1’) <1,
and therefore a strong photon-blockade effect. On the other
hand, neither the super-Possonian or the sub-Possonian light is
generated when the single-photon energy coincides with that of
the free mode, e.g., E/2 — w, ~ 0inFig.5(c)and E/2 — w, ~
—21in Fig. 5(d). We emphasize that this behavior, that different
resonances in the single-photon spectrum have very different
correlation behaviors, is unique in the whispering-gallery
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resonator system, and certainly does not occur in the standard
JC model in the strong-coupling regime.

The presence or absence of the photon-blockade effect at the
different resonances is closely related to the energy spectrum
that we analyzed in Figs. 2(a) and 2(b). Since the free mode B is
decoupled from the atom, its energy spectrum £ = n(w, F |h|)
is linear. Thus, there is no photon-blockade effect when the
incident photon is resonant with the free mode. On the other
hand, the spectrum of the JC mode is highly nonlinear. Thus,
while a single photon on resonance with one of the JC modes is
reflected, two such photons can not be simultaneously reflected
since the total energy is off resonance in the two-excitation
subspace.

D. Weak coupling case

In this section, we consider the photon-blockade effect in
the weak coupling regime. For this purpose, we choose the
same system as in Fig. 3(c), where the single-photon trans-
mission spectrum exhibits a single dip located at the atomic
resonance frequency. We consider two incident photons, both
on resonance with the atom.

According to the general result (43), the second order
correlation function for the two reflected photons reads

8P (@) =1 —Tg*F(0)P, (44)

when the energy E /2 of each incident photon is resonant with
Q = w,. Using Eq. (44), we show gf({z)(t) forh =0,8, = gp =
g = 0.3, and the changes of gl(f )(0) from the strong coupling
case to the weak coupling case in Fig. 6. It is clear that g](f )(‘L')
displays the manifest photon-blockade effects in the weak
coupling limit.

It has been shown in Ref. [27] that in a system with
a waveguide side coupled to a standard Jaynes-Cummings
model with a single-mode resonator, the system also exhibits a
photon-blockade effect in the weak-coupling limit. However,
in the system of Ref. [27], in the weak-coupling limit, the
single-photon transmission peaks at the atomic resonance
frequency, and photon blockade occurs for transmitted photons
when the two incident photons are on resonance with the atom.
In contrast, in the present case the photon blockade occurs
for reflected photons when the two incident photons are on
resonance with the atom. Thus, the presence of the free modes
in the whispering-gallery mode resonator system in fact has a

0ks
30 0.1

i

g
(a) (b)

FIG. 6. (Color online) The second order correlation functions of
reflected photons, where I' is taken as units: (a) the weak coupling
case g = 0.3; and (b) the change of gjf)(O) from the strong coupling
case to the weak coupling case.
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150

E/2-w,
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FIG. 7. (Color online) The single-photon reflection and the
second order correlation functions, where I" is taken as unity, || = 5,
0, = m/2, and other parameters are the same as those in Fig. 3(b):
(a) the single photon reflection; and (b) the second order correlation
functions In 81(12 )(0). Here, the black curves denote 81(12 )(O) = 1.0.

very important consequence for the transport and correlation
properties of this system. The similar photon-blockade effects
in the weak coupling limit have also been found recently in
the bimodal system [33].

VI. RESULTS FOR THE TWO-MODE CASE

In this section, we use the general formula derived in
Sec. III to study the single- and two-photon transports for the
two-mode case. In the presence of the intermodal coupling,
ie., h # 0, we see in Eq. (34) that except for a very special
choice of the relative phase of g, and g, corresponding to
one special choice of atom position, in general one can not
form a photon mode that decouples from the atom. We define
6y = arg(gy/gs)- The analytic results for the single-photon
intensity response function and the two-photon correlation
function depend only on 6y + 6;,. Thus, in the numerical
results, without loss of generality we fix 6, = 7 /2, and vary
6p from 0 to 27.

In the two-mode case, where the atom couples to two-
photon modes, both the single-photon reflection [Fig. 7(a)],
and in the two-photon case, the statistics of the outgoing photon
[Fig. 7(b)] become dependent upon 6, and hence the position
of the atom. Therefore, by controlling the position of the atom,
one can tune both the single-photon transport and two-photon
correlation properties.

Similar to the effective one-mode case, here with the choice
of parameters that place the system in the strong-coupling
regime, the single-photon reflection also exhibits three

PHYSICAL REVIEW A 87, 063818 (2013)
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FIG. 8. (Color online) The second order correlation functions
of two reflective photons, where |h| =5, 6, = /2, 6p =0, and I
is taken as unity, (a) the solid and dashed curves denote In 81(12 )(0)
and the single-photon reflection, respectively; and (b) the solid
(black), dashed (blue), and dotted (red) curves denote the gff )(r)
for the incident resonant energies £ /2 — w. = —7.39, 1, and 10.84,
respectively. Other parameters are the same as those in Fig. 3(b).

peaks [Fig. 8(a), dashed line]. Unlike the effective one-mode
case, however, here all three peaks exhibit the photon-blockade
effect. In Fig. 8(a), we plot g@(0) for the two reflected
photons, when two photons having the same energy E/2 are
incident upon the system. We see strong resonant behavior of
2@(0) at the energy corresponding to the three single-photon
eigenmodes. The g®(t) at these three energies are plotted
in Fig. 8(b), where we see a strong photon-blockade effect
with g (0) « 1. In the two-mode case, all eigenmodes have
atomic excitation and hence contribute to correlated transport.

VII. CONCLUSION

In summary, in this paper we studied the two-photon
transport of the whispering-gallery-atom system by the LSZ
reduction approach. We considered the cases of systems with
or without intermodal mixing, and presented exact results on
the second-order correlation functions of the two reflected
photons, which exhibited the photon-blockade effect in both
the strong coupling and the weak coupling cases. We expect the
LSZ formalism may be developed to treat the photon-blockade
effect in other systems as well, including the optomechanical
system that was considered in [34-37].

ACKNOWLEDGMENTS

T.S. was supported by the EU under the IP project AQUTE.
S.F. acknowledges the support of an AFOSR-MURI program
on quantum metamaterial (Grant No. FA9550-12-1-0488).

[1] M. Rosenblit, P. Horak, S. Helsby, and R. Folman, Phys. Rev. A
70, 053808 (2004).

[2] K. Srinivasan and O. Painter, Nature (London) 450, 862 (2007).

[3] B. Dayan, A. S. Parkins, T. Aoki, E. P. Ostby, K. J. Vahala, and
H. J. Kimble, Science 319, 1062 (2008).

[4] T.J. Kippenberg, S. M. Spillane, and K. J. Vahala, Appl. Phys.
Lett. 85, 6113 (2004).

[5] K. Srinivasan and O. Painter, Phys. Rev. A 75, 023814 (2007).

[6] J. T. Shen and S. Fan, Phys. Rev. A 79, 023838 (2009).

[7] J. T. Shen and S. Fan, Phys. Rev. A 82, 021802(R) (2010).

[8] E. E. Hach, A. W. Elshaari, and S. F. Preble, Phys. Rev. A 82,
063839 (2010).
[9] X. Zang and C. Jiang, J. Phys. B 43, 065505 (2010); 43, 215501
(2010).
[10] Y. C. Liu, Y. F. Xiao, B. B. Li, X. F. Jiang, Y. Li, and Q. Gong,
Phys. Rev. A 84, 011805(R) (2011).
[11] Y. Shen and J. T. Shen, Phys. Rev. A 85, 013801 (2012).
[12] H. J. Carmichael, Statistical Methods in Quantim Optics I:
Master Equations and Fokker-Planck Equations (Springer-
Verlag, Berlin, 2003).

063818-8


http://dx.doi.org/10.1103/PhysRevA.70.053808
http://dx.doi.org/10.1103/PhysRevA.70.053808
http://dx.doi.org/10.1038/nature06274
http://dx.doi.org/10.1126/science.1152261
http://dx.doi.org/10.1063/1.1833556
http://dx.doi.org/10.1063/1.1833556
http://dx.doi.org/10.1103/PhysRevA.75.023814
http://dx.doi.org/10.1103/PhysRevA.79.023838
http://dx.doi.org/10.1103/PhysRevA.82.021802
http://dx.doi.org/10.1103/PhysRevA.82.063839
http://dx.doi.org/10.1103/PhysRevA.82.063839
http://dx.doi.org/10.1088/0953-4075/43/6/065505
http://dx.doi.org/10.1088/0953-4075/43/21/215501
http://dx.doi.org/10.1088/0953-4075/43/21/215501
http://dx.doi.org/10.1103/PhysRevA.84.011805
http://dx.doi.org/10.1103/PhysRevA.85.013801

TWO-PHOTON TRANSPORT THROUGH A WAVEGUIDE ...

[13] J. T. Shen and S. Fan, Phys. Rev. Lett. 95, 213001 (2005).

[14] L. Zhou, J. Lu, and C. P. Sun, Phys. Rev. A 76, 012313 (2007).

[15] L. Zhou, Z. R. Gong, Y. X. Liu, C. P. Sun, and F. Nori, Phys.
Reyv. Lett. 101, 100501 (2008).

[16] H. Dong, Z. R. Gong, H. Ian, Lan Zhou, and C. P. Sun, Phys.
Rev. A 79, 063847 (2009).

[17] Y. Chang, Z. R. Gong, and C. P. Sun, Phys. Rev. A 83, 013825
(2011).

[18] L. Zhou, Y. Chang, H. Dong, L. M. Kuang, and C. P. Sun, Phys.
Rev. A 85, 013806 (2012).

[19] J. T. Shen and S. Fan, Phys. Rev. Lett. 98, 153003 (2007); Phys.
Rev. A 76, 062709 (2007).

[20] D. Roy, Phys. Rev. A 83, 043823 (2011).

[21] J. Q. Liao and C. K. Law, Phys. Rev. A 82, 053836 (2010).

[22] P. Longo, P. Schmitteckert, and K. Busch, Phys. Rev. A 83,
063828 (2011); Phys. Rev. Lett. 104, 023602 (2010).

[23] T. Shi and C. P. Sun, Phys. Rev. B 79, 205111 (2009);
arXiv:0907.2776 [quant-ph].

[24] T. Shi, S. Fan, and C. P. Sun, Phys. Rev. A 84, 063803
(2011).

[25] E. Rephaeli and S. Fan, Phys. Rev. Lett. 108, 143602 (2012).

PHYSICAL REVIEW A 87, 063818 (2013)

[26] E. Rephaeli, S. E. Kocabas, and S. Fan, Phys. Rev. A 84, 063832
(2011).

[27] E. Rephaeli and S. Fan, IEEE J. Sel. Top. Quantum Electron.
18, 1754 (2012).

[28] A. Majumdar, M. Bajcsy, and J. Vuckovié, Phys. Rev. A 85,
041801(R) (2012).

[29] H. Walther, B. Varcoe, B. Englert, and T. Becker, Rep. Prog.
Phys. 69, 1325 (20006).

[30] K. M. Birnbaum, A. Boca, R. Miller, A. D. Boozer, T. E.
Northup, and H. J. Kimble, Nature (London) 436, 87 (2005).

[31] E. T. Jaynes and F. W. Cummings, Proc. IEEE 51, 89 (1963).

[32] H. Lehmann, K. Symanzik, and W. Zimmermann, Nuovo
Cimento 1, 1425 (1955).

[33] A. Majumdar, M. Bajcsy, A. Rundquist, and J. Vuckovié, Phys.
Rev. Lett. 108, 183601 (2012).

[34] E Marquardt and S. M. Girvin, Physics 2, 40 (2009).

[35] P. Zhang, Y. D. Wang, and C. P. Sun, Phys. Rev. Lett. 95, 097204
(2005).

[36] F. Xue, L. Zhong, Y. Li, and C. P. Sun, Phys. Rev. B 75, 033407
(2007).

[37] P. Rabl, Phys. Rev. Lett. 107, 063601 (2011).

063818-9


http://dx.doi.org/10.1103/PhysRevLett.95.213001
http://dx.doi.org/10.1103/PhysRevA.76.012313
http://dx.doi.org/10.1103/PhysRevLett.101.100501
http://dx.doi.org/10.1103/PhysRevLett.101.100501
http://dx.doi.org/10.1103/PhysRevA.79.063847
http://dx.doi.org/10.1103/PhysRevA.79.063847
http://dx.doi.org/10.1103/PhysRevA.83.013825
http://dx.doi.org/10.1103/PhysRevA.83.013825
http://dx.doi.org/10.1103/PhysRevA.85.013806
http://dx.doi.org/10.1103/PhysRevA.85.013806
http://dx.doi.org/10.1103/PhysRevLett.98.153003
http://dx.doi.org/10.1103/PhysRevA.76.062709
http://dx.doi.org/10.1103/PhysRevA.76.062709
http://dx.doi.org/10.1103/PhysRevA.83.043823
http://dx.doi.org/10.1103/PhysRevA.82.053836
http://dx.doi.org/10.1103/PhysRevA.83.063828
http://dx.doi.org/10.1103/PhysRevA.83.063828
http://dx.doi.org/10.1103/PhysRevLett.104.023602
http://dx.doi.org/10.1103/PhysRevB.79.205111
http://arXiv.org/abs/0907.2776
http://dx.doi.org/10.1103/PhysRevA.84.063803
http://dx.doi.org/10.1103/PhysRevA.84.063803
http://dx.doi.org/10.1103/PhysRevLett.108.143602
http://dx.doi.org/10.1103/PhysRevA.84.063832
http://dx.doi.org/10.1103/PhysRevA.84.063832
http://dx.doi.org/10.1109/JSTQE.2012.2196261
http://dx.doi.org/10.1109/JSTQE.2012.2196261
http://dx.doi.org/10.1103/PhysRevA.85.041801
http://dx.doi.org/10.1103/PhysRevA.85.041801
http://dx.doi.org/10.1088/0034-4885/69/5/R02
http://dx.doi.org/10.1088/0034-4885/69/5/R02
http://dx.doi.org/10.1038/nature03804
http://dx.doi.org/10.1109/PROC.1963.1664
http://dx.doi.org/10.1103/PhysRevLett.108.183601
http://dx.doi.org/10.1103/PhysRevLett.108.183601
http://dx.doi.org/10.1103/Physics.2.40
http://dx.doi.org/10.1103/PhysRevLett.95.097204
http://dx.doi.org/10.1103/PhysRevLett.95.097204
http://dx.doi.org/10.1103/PhysRevB.75.033407
http://dx.doi.org/10.1103/PhysRevB.75.033407
http://dx.doi.org/10.1103/PhysRevLett.107.063601



