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Photon blockade induced by atoms with Rydberg coupling
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We study the photon blockade of two-photon scattering in a one-dimensional waveguide, which contains two
atoms coupled via the Rydberg interaction. We obtain the analytic scattering solution of photonic wave packets
with the Laplace transform method. We examine the photon correlation by addressing the two-photon relative
wave function and the second-order correlation function in the single- and two-photon resonance cases. It is
found that, under the single-photon resonance condition, photon bunching and antibunching can be observed
in the two-photon transmission and reflection, respectively. In particular, the bunching and antibunching effects
become stronger with the increasing of the Rydberg coupling strength. In addition, we find a phenomenon of
bunching-antibunching transition caused by the two-photon resonance.
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I. INTRODUCTION

Controllable transport of photons in one-dimensional (1D)
waveguides is crucial for realizing all-optical quantum devices,
which are basic elements for implementation of photonic
quantum information processing. As an example, a single-
photon transistor [1], controlling the propagation of a signal
photon by another photon, can be used to implement a single-
photon quantum switch. Up to now, there have been some
proposals for coherent transport of single photons and two
photons in waveguides with linear and nonlinear dispersion
relations [2-18]. Most of them are based on the physical
mechanism of photon scattering by tunable targets.

Two-photon transport in a waveguide is a nontrivial mission
since nonlinear photon-photon interaction [19,20] may be
induced by nonlinear scattering targets such as a Kerr-type
nonlinear cavity [12] or strongly interacting atoms [21]. In
particular, there exists a kind of induced photon nonlinearity
that can lead to photon blockade [19,20], which can be used
to realize single-photon sources. This photon nonlinearity in
a cavity containing atoms is a second-order effect of the
interactions between the cavity field and the atoms therein [19],
thus it is quite natural to ask how could the atoms directly
mediate such a nonlinearity for photon blockade. Recently,
Shi et al. [22] have considered two-photon scattering in a
waveguide coupled to a cavity containing a two-level atom.
Their results on photon blockade can well fit the experiment
data [20].

We note that the blockade effect can also occur among
atoms. In atomic blockade, double excitation of atoms is
strongly suppressed by some direct [23—27] and indirect [28]
interatom coupling. Physically, when the interaction between
excited atoms is strong enough, it will be difficult to simulta-
neously excite two atoms due to the excess coupling-energy
requirement. Since the simultaneous excitation of two atoms
needs to absorb two photons, the atomic blockade will suppress
the simultaneous two-photon absorption. Then the absorbed
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photons can only be emitted one by one. In other words, the
atomic blockade can induce the photon blockade under certain
conditions. With this motivation, we will investigate in this
paper how the atomic blockade [24—-32] exerts an influence on
the photon blockade [19,20].

Deeply understanding the relation between these two kinds
of blockade effect (atomic blockade and photon blockade)
will provide a straightforward way to probe the nature of
the interatom coupling through photon blockade effect. It is
also possible to display the atomic blockade effect due to
the photon blockade phenomenon. To illustrate the physical
mechanism behind these scientific and technical issues, we
study the spatial-wave-packet transport of two photonsina 1D
linear waveguide, which contains two intercoupled two-level
Rydberg atoms. To understand the single-photon contributions
in the two-photon process, we first calculate spatial evolution
of the single-photon wave packet. The similar approach has
been used in Refs. [10,12] to study the scattering problem for
spatial wave packets. Then, we calculate the evolution of the
spatial wave packet for two photons. Since the second-order
correlation function g® can describe the photon-blockade
effect, we calculate g for both the reflected and transmitted
photons. We find that the g® is proportional to the relative
spatial distribution probability of the two photons with some
distance. We can predict the photon statistical properties from
the wave function of the two photons. Our calculation shows
that the spatial distribution of the two photons is strongly
dependent on the interatom coupling strength, where we
have employed the direct Rydberg coupling between the two
atoms. The transmitted photons are strongly bunched except
for some special Rydberg coupling strength, which depends
on the initial conditions. The reflected photons are strongly
repulsed by each other, namely the photon-blockade effect,
when Rydberg coupling strength is away from the two-photon
resonance, which means the Rydberg coupling strength equals
the sum of each photon’s center detuning. Here, the center
detuning denotes the deviation of the frequency center for
single input wave packet from the atomic transition frequency.
On the contrary, at this two-photon resonance, the two reflected
photons exhibits bunching behavior. We can use this sole

©2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevA.87.023822

JIN-FENG HUANG, JIE-QIAO LIAO, AND C. P. SUN

FIG. 1. (Color online) Schematic diagram of the physical setup.
Two interacting atoms are placed in a 1D linear waveguide. Photons

injected from the left-hand side of the waveguide are scattered by the
atoms.

bunching behavior for the reflected two photons to probe the
nature of the interatom coupling.

This paper is organized as follows. In Sec. II, we introduce
the physical model and its Hamiltonian. In Secs. III and IV,
we solve the single- and two-photon scattering problem
with the Laplace transform, respectively. In particular, we
describe the two-photon correlation in the two-photon relative
coordinate space, and calculate the second-order correlation
function for the two reflected or transmitted photons. Finally,
we draw our conclusion in Sec. V and present the detailed
derivations for the two-photon solution in the Appendix.

II. MODEL SETUP

We start by considering a 1D linear waveguide, which con-
tains two two-level atoms coupled via the Rydberg interaction
(see Fig. 1). The model Hamiltonian (with% = 1) of the system
reads as

o

A A A W

H = / dkwk(fljfk + l,ilk) + 70(611 + 5’2Z)
0

+80/ dk Y 167G+ T0 + FL+ 1D,
0 =12
+é&le)i{el1 ® le)alel. (1)

The first line of Eq. (1) is the free Hamiltonian of the fields
and atoms. The creation (annihilation) operators f,i (7¢) and IAZ
(I) describe, respectively, the right- and left-propagating light
fields in the waveguide, with wave vector k and frequency w; =
v,k (hereafter we take the group velocity of light v, = 1).
Pauli’s operators 6, [6;" = 1(67 £ i6})] are introduced to
represent the £th (£ = 1,2) atom with energy-level spacing wy.
The Hamiltonian in the second line of Eq. (1) depicts the atom-
field interaction with the coupling strength go. In addition,
the last term in Eq. (1) stands for the Rydberg interaction
of strength & between the Rydberg states |e), (£ = 1,2) of
each atom [24,29,33-37]. Physically, this Rydberg coupling
strength £ depends on the distance r between the two atoms.
For the dipole-dipole and van der Waals interactions, the
strength & takes the form & ~ 1/r3 and & ~ 1/r°, respectively.
When the distance is on the order of a few um, & could be
very strong [36]. Since the coordinates of the two atoms are
external parameters rather than dynamical variables, we use
the strength £ to characterize the Rydberg interaction.
By introducing the even- and odd-parity modes,

N 1 1

by = Fe — D), 2
k 7 ﬁ(rk ) )

P+, &=
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the Hamiltonian A = H® + H® can be decomposed into
two parts, the odd-parity part H© = fooo dka)ké,ték and the
even-parity part,

oo
A© = /0 dkarbby + %(&f +63)

+g / dk[(6;" 4+ 6;)b + bi(67 +65)]
0
+E&le)i{el1 ® le)afela, 3)

where g = \/Ego. Obviously, the odd-parity modes decouple
with the atoms so that their evolution is free. In the following
we will mainly deal with the evolution of the even-parity
modes.

In a rotating frame with respect to

o0
. AW
A = w f dkblby + 70(55 +65), (4)
0
the Hamiltonian H© becomes

o0
A :/ dkAbby + Ele) (el ® le)a (el
0
o A ~
4@AdWﬁ+ﬁm+Wﬁ+@ﬂ (5)

where Ay = w; — wy. Based on Hamiltonian (5), we can work
out the photon scattering solution for the system. To understand
the physical picture for the photon scattering, we will first
consider the single-photon scattering, and then we will study
how the Rydberg interaction affects the two-photon scattering.

III. SINGLE-PHOTON SCATTERING

In the following discussions, we will employ the dynamical
approach [10,12] rather than the stationary-state approach
[2-5,9,13,15] to study the photon-scattering problem. We
note that the total-excitation-number operator N = afa +
le)1{e|1 + |e)a{e], in this system is a conserved quantity due to
(N,H I(e)] = 0. Consequently, the Hilbert space of the system
can be divided into the direct-sum subspaces with different
excitations. For single-photon scattering, it is sufficient to
consider the scattering problems within the single-excitation
subspace. In this subspace, an arbitrary state of the system can
be expressed as

() = a1 ()Pl lg)a + ax®)Bleh le)s
+ /0 kBB 18) 1 18):. ®)

where |(J) is the vacuum state and |1;) represents the state
with a single photon in the kth even mode of the waveguide.
The variables «(¢), aa(t), and Bi(¢) are probability ampli-
tudes. By solving the Schrodinger equation i (3/9¢) |®(t)) =
H ;e)|CI>(t)), we obtain the following equations of motion for
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probability amplitudes:
[o.¢]
o (1) = —ig/ dkpy(1),
0

[o¢]
a(t) = —ig/ dkp (1), (M
0
Pu(t) = —i Ai(r) = iglen(t) + ea(D)).
For single-photon scattering, we assume that the two atoms

are initially in ground state and a single even-mode photon is
in a Lorentzian wave packet. The initial condition reads

1(0) =0, ) =0,
i Al ®)
0)=G———, 120,
PO = o5

where G| = +/€/m is the normalization constant, and [ is the
initial distance between the wavefront of the photon wave
packet and the atoms. In addition, § and € are, respectively, the
center detuning and width of the wave packet. The transient
solution of these probability amplitudes might be obtained
using the Laplace transform method. For the scattering
problem, we focus on the long-time solution,

a1t > 00) =0, ax(t > o0)=0,

Co ©
Bi(t — 00) = i fr(0)e >,
where we introduce the phase factor
_ A —i
=L (10)
Ap+iy

with y = 27 g? being the decay rate of each atom. It follows
from Eq. (9) that the single photon with wave vector k only
picks up a phase shift ¢, defined by exp(i¢y) = #; after being
scattered by the two atoms.

In practice, a single photon should be injected in right- or
left-propagating modes. Hence, we need to consider the single-
photon scattering in modes 7 and [;. For the right-propagating
single-photon injection, the initial state is

1¥(0)) =/O dkBi(0)7] 1)

1 o ~
_ 72/0 dkBOB + D). A

The injected single-photon wave function in position space
reads
(x| (0)) ~ —iN27 G/ CTOCHDg(—x — 1), (12)

where 6(x) is the Heaviside step function. In the long-time
limit, the single-photon wave function in k space is

[y (t — 00)) = fo dkBr(0)e " (Ti#f + RiiDI?),  (13)

where the transmission and reflection amplitudes are obtained
as

Ak —l}/
Iiy=——, Rh=——F. (14)
Ap+iy Ap +iy
The above result has been reported in Refs. [2,12]. At the
resonant case, i.e., Ay =0, we get T, =0 and R, = —1,
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which means that the single photon is completely reflected.
This complete reflection can be explained based on quantum
interference. In the resonant case, the coherent amplitude
for transmitted (reflected) photons disappears (increases) due
to destructive (constructive) interference between the photon
injection and the atom emission channels.

The output wave function in position space is

(x|t — 00)) = ¥ (x,1,8) + Yu(x,1,9), (15)
where
Yr(x,1,8) = —iNV21 G Ty’ @O 00(—x 1 = 1),
Yi(x,1,8) = —in27 G Rs_jce " CTIOCH"Dg(x 4t —]).
(16)
We note that the output waveforms (proportional to
[ (x,1,8)|? and |y;(x,1,8)|?) of the transmitted and reflected
photons are the same as that of the input state (12), except for

their normalized amplitudes by the transmission and reflection
coefficients (|Ts_;c|* and |Rs_;c|?), respectively.

IV. TWO-PHOTON SCATTERING

We now turn to the two-photon scattering. We will use the
Laplace transform to obtain the long-time state of two photons,
and special attention will be paid to clarifying the relationship
between the atom blockade and the photon blockade.

A. Equations of motion and solution

In the two-excitation subspace, there are four types of basis
state: two excitations in atoms (with basis |@)|e);]e)>), one
excitation in atoms and the other in light fields (with bases
[1x)]e)11g)2 and |1x)|g)1le)2), and two excitations in light
fields (with basis |1,,1,)]g)11g)2). Then an arbitrary state in
this subspace is written as

0(0) = ADIB)e)1]e) + fo dkBu(DB] 1)) 1g)2
+ / dkCL(0BL19)18)1le):
0

o0 p AL A
+ / dp / dgD, ()b} b110)|g)11g)2, (17)
0 0

where A(t), Bi(t), Cx(t), and D, ,(t) are probability ampli-
tudes. By solving the Schrodinger equation, we get the follow-
ing equations of motion for these probability amplitudes:

At) = —iEAG) — ig / dKIBA(t) + Cu(D)],
0

Bi(t) = —i A Bi(t) — igA(t) — ig/ dpD, (1),

e (18)
Cult) = —i Ay Cy(t) — igA(t) — ig/ dpD, (1),

0

D, (1) = —i(Ap 4+ Ay)D, 4 (t) — ig[B,(t) + B, ()]
—ig[Cy(1) + Cy()],
where we have used the symmetry relation Dy ,(t) = D i (t).

We consider the initial state where the two atoms are in
their ground state and the two photons are in a wave packet.
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The corresponding initial condition reads

A(0) =0, B(0)=0, Ci(0)=0, |
el Al oAl (19)
D, (0 =G
ra©® 2<A,, — 8 i€ Ay — 8, +ic
el Bl PUAVE >
+ ; — |,
Ay — 081 +ie Ay — 8y +ie

where [, is the initial position of the ¢th (£ = 1,2) photon.
Without loss of generality, we assume /; > 0,1, > 0,and ] >
l>. The normalization constant reads

42 26i—D) —1/2
(81 — 82)* + 462i| ’

Under the above initial condition, the long-time solution for
these probability amplitudes can be obtained as A(t — 00) =
0, Bi(t = 00) =0, Cr(t - 00) =0, and

D, (t = 00) = [fpiy Dy (0) + J, e Artaa - (21)
where £, (f,) has been defined by Eq. (10) and
PUGYS 2 (A, + A, —28)
(Ap +iy) Ay +iy)(Ap+A; —E+iy)
1
X ;
(Ap + Aq — (S] — 82 +21€)

e~ Whrte)li—h) e~ Worte)li—h)
X - — + - ;
|:(zy+82—ze Ap+Aq—82+ze+zy>
e—J/(ll—lz) e—}/(ll—l2)
B (iy+62—ie A+ A, -6 +ie+iy)]

(22)

€
G, = —[1 + (20)

T

Jpg = 4Gyy?

The first term in Eq. (21) describes two-photon independent
scattering process, while the second term represents photon
correlation induced by scattering process. It should be pointed
out that, when& = 0, J, ;, # 0. This fact means that the photon
correlation can be observed even in the absence of the Rydberg
interaction. Physically, this residual photon correlation is
generated due to the quantum interference between the two
transition channels of the two atoms. A similar result has been
shown in Ref. [16].

B. Two-photon wave functions in real space

We consider a realistic case with the two photons injected
from the left-hand side of the waveguide. Then, the initial state
of the photons can be written as

0 P
¥ (0) = /0 dp /0 dgD,,O)#I#I1).  (23)

In terms of the basis wave function
(x1.xalFIRH0) = NG (e 2™ 4 x) & xp)  (24)

with NV, = 1/(2+/27), the wave function in position space of
the initial state is

(x1,x2| ¥ (0)) = _47.[2./\[”Gze(i51+é)(x1+11)e(i82+€)(x2+12)
xO(—x; — [N)0(—x2 — 1) + (x1 < x2).
(25)
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By introducing the center-of-mass coordinate x. = (x; +
X2)/2, relative coordinate x = x| — X, total center-detuning
E = §, + &5, and relative center detuning § = (§; — §2)/2, the
wave function (25) becomes

(x1,%2]9(0)) = —47r2/\/}rG2[ei5‘(x<+)‘/2+l')e€("f+x/2+l‘)
i82(xc7x/2+lz)e6(xL —x/2+1)

xe
X O(—xc +x/2 —1)0(—x. — x/2 — 1))
+(x < —x)]. (26)

For the special case of [, = [, the wave function reduces to

(x1,%2|¥(0)) = =87 2N, Gpe EF20xetl)
X cos(8X)0(—x, — I — |x]/2).  (27)

After being scattered by the two Rydberg atoms, the state
of the two photons in the long-time limit can be expressed as

Wt = 00)) = [¥rr) + 1¥r) + [Vir) + 1Y), (28)

o0 oo X
Iwrr)=/0 /0 dpdq D} e " Artad il el

o0 o0 .
) = fo /0 dpdg D!l e~ O3 1y,

o poo , | (29)
W) = /0 /0 dpdq DT e O ol ),
o0 o0
) = /0 /0 dpdq D), e~ Ar A TTg),
with
DY, = 3(T,T,Dp4(0) + Jp 4 /4,
Dxrvl,q = %(TPRqu,q(O) + Jp.q/bs (30)
DZ:q = %(RPT‘IDPJ{(O) + Jpq/4),
val,q = %(RPRLZDPJI(O) + Jp /.

Here, D;f p and ng 4 are, respectively, the two-photon trans-
mission and reflection amplitudes. In addition, D!/ . (D 2
relates to the process where the photon with wave number p (q)
is transmitted into the right-propagation mode and the photon
with wave number ¢ (p) is reflected into the left-propagation
mode.

C. Two-photon correlation in position variables

To characterize the photon correlation, we will consider
the two-photon transmission and reflection cases. For the two-
photon transmission, the output state of the two right-going
photons is

<x1 7x2|1ﬂrr> = _4772J\/.rrG2e[(E72i6)(xﬂit)
Xei(E/2—i6)(l|+lz)ei5(l|—lz)q)rr(x) (31)
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with
@, (x) = Ty, —jeTsp—ie[€O(—xc — x/2+ 1 —1y)
XO(—xc+x/2+t—Db)+x < —x]
E —2ie — 2&
E—2ie—&+iy
x e ERTEHIg (x4t — |x|/2 = 1).  (32)

— Rs5,_icRs,—ic

When [, = [, the output state (31) reduces to
(61,22 [1) = 8N, Gl EF2NE 141
X 0(=xc+1t — 1 — |x|/D¢(x), (33)
where
Grr(x) = Ts, i Ts,—ic cOS(8x)
1 E —2& —2je

—=R 7ieR —ie N .
2 2TE —E —Die+iy

el(E/Z—te-H)/)\xl ,

(34)

which satisfies ¢, (—x) = ¢,,(x). In the derivation of Eq. (31),
we have used the condition y > €.

We note that Eq. (33) is a product of the center-of-mass
wave function exp[(i E + 2¢)(x. — ¢t + ;)] and the relative
wave function ¢, (x) in the region defined by the step function
O(—=xc +1t —1; — |x|/2). As |¢,-(x)|? is proportional to the
joint probability for two photons with a separation x, it could
be used to characterize the spatial statistics of the two photons.
For example, the peak and dip feature of |@,,(x)|* around zero
distance x = 0 implies photon bunching and antibunching,
respectively. In Eq. (34), the first term of ¢,,(x) describes
an independent two-photon transmission process, while the
second term is a two-photon correlation induced by scattering.
Physically, the present system has two resonant scattering
conditions: single- and two-photon resonances. When the
frequency center of a single-photon wave packet matches the
energy separation of a single atom, i.e.,§; = §, =0(or E =0
and é = 0), the single photon will resonantly excite the atom.
We call this as the single-photon resonance condition. On the
other hand, when the total center detuning of the two photons
equals to the energy shift due to the Rydberg coupling, i.e.,
81 4 8, = &€ (or E = &), the two photons can resonantly excite
the two coupled atoms, even the single-photon process could
be off resonant. This regime is called two-photon resonance.

In the single-photon resonance case, the independent two-
photon transmission process will be completely suppressed,
and a pure photon-correlation effect can be seen from |, (x)|%.
In Fig. 2(a), we plot |¢,.(x)|> as a function of &/y and
yx. When & = 0, there is no photon correlation [dashed line
in Fig. 2(b)]. This result corresponds to the fluorescence-
complete-vanishing phenomenon found in Ref. [16]. For a
nonzero £ /y, we can see clear evidence for photon bunching
[Fig. 2(b)]. In particular, with the increasing of £/y, |¢,,(0)]?
increases gradually, and saturates when &£ /y >> 1. This means
that the photon bunching becomes stronger for a larger £ /y in
the single-photon resonance regime.

In the case of single-photon off resonance (e.g., E/y = 4),
we plot |, (x)]% Vs &/y and yx in Figs. 2(c) and 2(d). The
curves exhibit photon bunching in most regions of £/y, but
there is also some oscillation pattern with respect to yx due to
independent photon transmission. However, around the two-
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15|® -—&/=0 ()

|¢ro()[2

=
w

FIG. 2. (Color online) Plots of |¢,.(x)|? vs the scaled parameters
&/y and yx when (a) E/y =0,6=0and (b) E/y =4, §=0.
(c) and (d) show, respectively, the curves from (a) and (b) when the
parameter £/y takes several certain values. Here, we consider the
near monochromatic limit € /y = 0.01.

photon resonance, i.e., £ = E, there is a clear evidence for the
photon antibunching [Fig. 2(d)]. This interesting phenomenon
of photon statistics transition from bunching to antibunching
is induced by the two-photon resonance.

Similarly, using the basis wave function

(1l IH0) = Ny(e™Arite ™82 4 x) & xy) - (35)

with A} = 1/(24/27), the output state of the two left-going
photons in the long-time limit t — o0 is
<)C1 ’x2|1p”> — _47_[2'/\/”G2ei(E/27i€)(11+lz)ei5(ll712)
x ei(E*Zie)(fxcft)chl(x) (36)
with
®(x) = Rs,—ie Rs,—iele ™*0(xc +x/2+1 = 1)
XOx.—x/24+t—D0)+x < —x]
E —2ie — 2¢
E —2ie—&+iy
x e EP2TH G 4t —|x|/2—-1).  (37)

— Rs,_icRs,_ie

When [} =1[,, the output state of two reflected photons
becomes

(X1 x2|yn) = =8 N Goel! P2
xO0(x. +t =11 — |x|/2)pu(x)  (38)
with
du(x) = Rs—ieRs,—ie [ cos(dx)

1 E —2ie—2¢&
2F —2ie—&+iy

ei(E/Z—ie+iy)|x:|. (39)
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(b) ——&y=0 )

FIG. 3. (Color online) Plots of |¢;(x)|> vs £/y and yx when
(@) E/y =0,6=0 and (b) E/y =4, 6=0. (¢c) and (d) are,
respectively, the curves from (a) and (b) when the parameter &/y
takes several certain values. Here, we take € /y = 0.01.

In Figs. 3(a) and 3(b), we plot | (x)|? as a function of&/y
and y x at the single-photon resonance E/y = 0and§/y = 0.
Similar to the two-photon transmission, when & = 0, there is
no photon correlation [dash line in Fig. 3(b)]. For nonzero
&, we can see evident photon antibunching [Fig. 3(b)]. With
the increasing of &/y, the |¢;(0)|> decreases gradually, and
eventually approaches zero when £/y > 0.

On the other hand, |¢;;(x)|? in the case of single-photon off
resonance (E/y = 4) is shown in Figs. 3(c) and 3(d). Though
there exists some oscillation with respect to yx, we can still
see photon antibunching in most regions of the parameter £ /y .
In addition, it is similar to the two-photon transmission in
the sense that there also exists the photon statistics transition
induced by the two-photon resonance. Around £ = E, we see
clear evidence for photon bunching [Fig. 3(d)]. We find that this
bunching peak is exactly at £ = E for the reflected photons.
This transition of photon statistics can be used to detect the
form of the interaction between atoms.

D. Second-order correlation function

We can also present a quantitative description of the
statistics of the right- and left-going photons using the second-
order correlation function g®. In particular, we are only
concerned with the two-photon reflection and transmission
because the photon statistics in these two cases makes sense.
In terms of the coordinates of the two photons, the component
of the two-photon state in Eq. (28) can be reexpressed as

1 s e
o) = f f dxrdies (x1xa W ) 9o ()19
40)

for s,s" = r,l, where the field operators satisfy the bosonic
commutation relation [x@s (x1), l/A/sT (x2)] = 8(x; — x»). For state
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(40), the second-order correlation function is
G (xy,1)
GG + 1)

gP(r) = s=rl,  (41)

where
G(x) = (Wrs 19 OO (0 [
GP(x1,7) = (W PI )T (1 + DT (1 + D o))
(42)

Then, combination of

with W_fss) = |1//ss>/\/ <WSs|wss>-
Eq. (40) with Eq. (41) yields
(Vs (xr,x1 + D [ dxidxa| P (x1,x2)*
2 [dxo| Y (x1,20) 7 [ dxo| P (x1 + T,x0)
(43)

§P(x) =

fors =r,l.

For the two transmitted photons, we introduce a new frame
of reference as x; = x| + ¢ and x, = x}, + t. Correspondingly,
the center-of-mass and relative coordinates become x. =
(x} +x%)/2 and x" = x| — x/, which have the same form as
those in the old frame of reference of x. In the new frame of
reference, the state of the two right-going photons is

<xi’xé|¢rr) = _SJTZM,ng(iEJrze)(xéJrll)
x 0(=x, —I; — [x'|/2)p(x),  (44)

which is independent of the time ¢. In the following, we will
restrict our calculation in the new frame of reference, and
omit the superscript “”” for simplicity. After some tedious
calculations, we get

§P(1) = F.(x1, 0l (D), (45)
where
Fr(x1,7) = M '0(=x1 — [y — 0)0(—x1 — 1))
+00
x / e ¢, (x)|*dx, (46)
0
with

M, = 4€0(—x; — [} — T)0(—x; — [))e*H+h+t/2

o0 o0
x / dxe > |¢,,(x)|? f dxe > g, (x)|.
X1+ xi+t+
47)

Similarly, for the two reflected photons, we also introduce
anew frame of reference as x; = x] — r and x, = x} — ¢, then
the state for the two reflected photons becomes

(), x5 W) = =8 Ny GoetEF2 =)
X O, =l = X1/ 2¢u(x),  (48)
and the correlation function g,(,z)(t) reads
g”(©) = e 0l (49)
where

Fi(x1,7) = M, '0(x; — 1) + 1)0(x; — 1)

+o0
x / e 72 gy (x)|*dx, (50)
0
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FIG. 4. (Color online) The second-order correlation function
¢?(t) and g (t) vs &/y and yT when (a),(c) E/y = 0,8 =0 and
b),d) E/y =4,6=0.

with
M, = 4€0(x; — 1) + 1)0(x| — [;)e 401 =h+D
+00 “+o00
x / e 72 gy (x)*dx f e 2 | pu(x)|dx.
I —x) L—(x1+71)
(51)

In Fig. 4, we illustrate the second-order correlation function
g?(7) and gl(z)(t) as a function of the scaled parameters & /y
and yt. Here, the parameters are chosen to be the same as
those in Figs. 2 and 3 for comparison. At the single-photon
resonance, i.e., E/y = 0 and §/y = 0, we can see that, when
5y #0, g2(0) > ¢P() [Fig. 4] and g(0) < g”(v)
[Fig. 4(c)], which represent photon bunching in transmission
and photon antibunching in reflection, respectively. Interest-
ingly, the gl(z) (0) approaches zero when & /y > 1, which means
that the photon blockade phenomenon takes place in the reflec-
tion [Fig. 4(c)]. When &/y = 0, the two photons are reflected
completely and independently. At the point&/y = 0, gl(z)(r) =
1/2 (for Fock state |2)) and g®(t) does not make sense.

On the other hand, Figs. 4(b) and 4(d) show that the two-
photon resonance (§ = E) will induce the photon statistics
transition between bunching and antibunching. For the two-
photon transmission, we see g'(0) > g'®(z) (bunching) in
most regions of £/y and g®(0) < g?(r) (antibunching)
around the two-photon resonance point £ = E [Fig. 4(b)].
For comparison, the result for the two-photon reflection is
shown in Fig. 4(d). We can see gl(z)(O) > gl(z)(r) (bunching)
around £ = F and gl(z)(O) < gl(z)(r) (antibunching) in other
regions. These results are consistent with our analysis on
photon correlation given in Sec. IV(c).

V. CONCLUSION

To conclude, we have studied the transport of photonic
wave packets in a 1D waveguide, controlled by the Rydberg

PHYSICAL REVIEW A 87, 023822 (2013)

interaction between two atoms. We have found that the
quantum statistical properties of the scattered photons can be
predicted from the relative wave function of the two photons
as well as the second-order correlation function. With detailed
calculations about the relative wave functions, we have also
pointed out how to control the statistics of the scattered photons
in the confined system. On one hand, for a certain Rydberg
interaction strength, by adjusting the photon-atom detuning, it
is possible to control the photon-statistics transition between
bunching and antibunching. On the other hand, for a certain
total center detuning, we can regulate the Rydberg interaction
strength by varying the distance between the two atoms or
select two different energy levels of the Rydberg atoms. We
can use the change of the quantum statistic properties to detect
the detail fashion of the Rydberg interaction between the two
atoms.
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APPENDIX: SOLUTION OF EQ. (18) BY
THE LAPLACE TRANSFORM

In this Appendix, we present a detailed derivation of
Eq. (21) by employing the Laplace transform. Under the initial
condition (19), the equation of motion (18) becomes

sA(s) = —iEA(s) —ig / dk[Bi(s) + Cr(s)],
0

sBi(s) = —i A Bi(s) — igA(s) — ig/ dpD, i(s),

- (AD)
sCi(s) = —i ACi(s) —igA(s) —ig f dpD, i(s),

0

5D, 4(s) = Dy 4(0) —i(A, + Ag)D, 4 ()
—ig[B,(s) + B,(s) + Cp(s) + Cy(s)].

By eliminating other variables, we obtain the following
equation for the variable By (s):

[Ax = i(s + )] Bi(s)

o 1 1 N
=2g? dA B
g/,w P(S—is+Ap+Ak—is) r)
D0
+ig/ ”'—"(),dAp. (A2)
—oo Ap + A —is

The solution of B;(s) can be obtained as

~ 27eG ~ ~ ~
Bu(s) = #Siy)m +2e "y (o +
% )OO — L), (A3)
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with

- e p=ith=h)A e pith=h) Ay

= - - + - - ,
N it s GOl B8 +iOAit 6 —iG O
- e~ ithi—=h)Ay e~ =)y 1 1
Hh= - - - + - - ( — + - >,

Ar+iy)(Ar = t+ie)[s+e+i(Ar+481)] (y—e—id)s+y+e+id) \—y+ily s+y+ié
- e~ (h—h)idr+e€) 1 1
5= e i, 1 ae ((iy +6—i€) (62— A —i€) (s+y+idr+e)(s+idy+ili+e)
1 1

C(y =i —e) sty +iE) (s+y+idte)(s+y +if)

Then we have

) . (A4)

Dp,q(s) =

Dp,q(o) - Zig[gp(s) + Bq(s)]
s+i(Ap,+Ay) )

(AS5)

The transient solution of D, ,(¢) can be obtained using the inverse Laplace transform. For studying photon scattering, it is

sufficient to get the long-time solution given in Eq. (21).
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