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Strong coupling between a two-level system (TLS) and bosonic modes produces dramatic quantum optics
effects. We consider a one-dimensional continuum of bosons coupled to a single localized TLS, a system which
may be realized in a variety of plasmonic, photonic, or electronic contexts. We present the exact many-body
scattering eigenstate obtained by imposing open boundary conditions. Multiphoton bound states appear in the
scattering of two or more photons due to the coupling between the photons and the TLS. Such bound states
are shown to have a large effect on scattering of both Fock- and coherent-state wave packets, especially in
the intermediate coupling-strength regime. We compare the statistics of the transmitted light with a coherent
state having the same mean photon number: as the interaction strength increases, the one-photon probability is
suppressed rapidly, and the two- and three-photon probabilities are greatly enhanced due to the many-body bound

states. This results in non-Poissonian light.
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I. INTRODUCTION

Recently, there has been increasing interest in designing
quantum optical elements based on the strong coupling be-
tween light and matter [1-9]. The strong-coupling regime has
been realized in the classic cavity quantum electrodynamics
(QED) systems [10—12], as well as in circuit QED experiments
[13-16]. Several experimental systems have been proposed for
realizing devices such as a single-photon transistor [4,8] and a
quantum switch [6,7,17], including surface plasmons coupled
to a single two-level emitter [4], a superconducting transmis-
sion line resonator coupled to a local superconducting charge
qubit [6,7], and propagating photons in a one-dimensional
(1D) waveguide coupled to a TLS [18,19]. Most of the
theoretical work focuses on a single-photon coupled to a local
quantum system modeled as a TLS. The key property used
in the device proposals is that, if the energy of the incident
photon is tuned to be on resonance with the TLS, the system
will block the transmission of photons due to destructive
interference between the directly transmitted photon and the
photon re-emitted by the impurity [4,6].

A more challenging task is to study the two-photon (or
more) scattering problem in such systems. The two-photon
problem has been addressed by Shen and Fan using a gen-
eralized Bethe ansatz [18,19]. They showed that two-photon
bound states emerge as the photons interact with the TLS.
Effective attractive and repulsive interactions can be induced
depending on the energy of the photons [18]. Such effective
interactions between photons may provide new avenues for
controlling photon entanglement [20]. However, the scattering
eigenstates were not constructed explicitly in Ref. [19]: the
bound states were found by first constructing Bethe-type
scattering eigenstates and then deducing the bound states
via the completeness of the basis. It is difficult to generalize
the method in Ref. [19] to solve the three-photon (or more)
scattering problem, in which we expect more complicated and
interesting photon correlations.
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Here, we present a method to explicitly construct exact
n-photon scattering eigenstates and then use the eigenstates
to analyze the scattering of Fock- and coherent-state wave
packets. The system consists of a 1D bosonic continuum
coupled to a local TLS as shown in Fig. 1. First, we explicitly
construct the n-photon (n =1 to 4) scattering eigenstates
by imposing open boundary conditions while requiring that
the incoming wave functions consist entirely of plane waves
[21,22]. In addition to two-photon bound states, three-photon
bound states appear in the three-photon scattering eigenstates,
and likewise, n-photon bound states appear in the n-photon
scattering eigenstates. Second, to show the significance of
these bound states in the scattering of practical light sources,
we study the scattering of one-, two-, and three-photon Fock-
state wave packets. It is shown that the two- and three-photon
bound states dramatically enhance the transmission of two-
and three-photon wave packets, respectively. Third, we study
the scattering of coherent states to determine the impact
of the bound states on both the photon correlation and the
statistics of the transmitted and reflected photons. Strong
bunching and antibunching effects appear, and the statistics are
non-Poissonian.

The paper is organized as follows. In Sec. II, we introduce
the model, solve for the n-photon scattering eigenstates in the
n = 1ton = 4 cases, and construct the corresponding S matrix
based on the Lippmann-Schwinger formalism [23]. In Sec. III,
the impact of bound states on photon transmission is studied
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FIG. 1. (Color online) Sketch of the structure considered: a 1D
continuum of bosons coupled to a two-level system.
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for initial Fock-state wave packets with photon numbers of
one, two, and three. In Sec. IV, we present the analysis of
photon correlation and statistics for coherent-state scattering.
Finally, we conclude in Sec. V.

II. SCATTERING EIGENSTATES

The system we study consists of a TLS coupled to photons
propagating in both directions in a 1D waveguide [9,18,19].
The system is modeled by the Hamiltonian [18]

1 d d
H = /dx;[a;(x)aa;g(x) —a;(x)EaL(x):I

ir’
+ (e - 7)|e)(e| + /deb‘(x)

x {lak(x) +al ()]s~ +H.c.l, (1)

where aL(x) /aZ(x) is the creation operator for a right-going
(left-going) photon at position x, € is the level splitting between
the ground state |g) and the excited state |e) of the TLS, I'’
is the decay rate into channels other than the 1D continuum,
V is the frequency-independent coupling strength, and S~ =
|g)(e| is the atomic lowering operator. Throughout the paper,
we set the group velocity ¢ and Plank’s constant 72 to 1 for
simplicity.

It is natural to transform to modes which are either even
or odd about the origin, al(x) = [a};(x) +a2(—x)]/«/§ or
ai(x) = [aL(x) - ai(—x)]/\/z. The Hamiltonian (1) is then
decomposed into two decoupled modes: H = H, + H,, with

1 d .
H, = /dxfal(x)—ae(x) + (e —ilV/2)|e){e]
i dx
+ [dx\‘/a(x) [al(x)S™ +H.cl], (2a)
H, = / dxtalonLa o), (2b)
i dx

where the effective coupling strength becomes V = +/2V.
Note that the odd mode is free. The number operator for

even bosons is n, = f dxal(x)ae(x), that for odd bosons is

n, = f dxai (x)a,(x), and the occupation number of the TLS
is nys = |e){e|. Because H commutes with certain number
operators, [H,n, + nys] = [H,n,] = 0, the total numbers of
excitations in both the even and the odd spaces are separately
conserved. We now focus on finding the nontrivial even-
mode solution and then transform back to the left (right)
representation.

An n-excitation state in the even space (n = n, + ny;) is
given by

|1/fn) = /dxl v 'dxngn(xla cee 7xn)a;[(xl) e -aZ(x,,)lO,g)

+ /dxl coedxy_rep(xq, .0, X01)
x al(x))---al(x,—1)0,e), 3)

where |0,g) is the O-photon state with the atom in the ground
state. From H,|y,) = E,|¥,), we obtain the Schrédinger
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equations

1
|:l_(al + o+ 0,) — Eni|gn(xl’ )

v

+ ;[8()61)6,1()62,- e Xp) e+ 8(x)en(xy, - x— )] =0,

1
[7(81 + 4 0h-)—E +e— iF//Z}en(xh e Xp1)

+nVgu(0,x1, ..., x,-1) =0, 4)
where the eigenvalue E, =k +ky+---k,, and
gn(x1,...,x,) is discontinuous at x; =0,i=1,...,n.
In all the following calculations, we set g,(0,xy, ...,x,—1) =
(82 (0F,x1, .o X0m1) + 8007 X1, ... x,-1)]/2 [21,22]. The
scattering eigenstates g,(xy, ...,x,) and e,(xy, ... ,x,_) are

constructed by imposing the boundary condition that, in the
incident region, g,(x, . ..,x,) is the free-bosonic plane wave.
That is, for x1,...,x, <0,

1
gnx, %) = 3 Thi(xg,) - hy (xg,), (5)
0

1 .
hi(x) = ——e'™. 5b)
k(x) Nir (
For n = 1, plane-wave solutions are sufficient to satisfy
Eq. (4) with eigenenergy E = k:

g1(x) = gi(x) = h_k(x)[@(—x) + 17O(x)], (6a)
i
el = m(lk - 1), (6b)

k—e+il'/2—il./2
k—e+il"/2+il./2’

where 6(x) is the step function and I'. = V2 = 2V? is the
spontaneous emission rate from the TLS to the 1D continuum.
Note that 7} is the transmission coefficient for the even prob-
lem; because the even mode is chiral, |f;| = 1 when I’ = 0.

For n = 2, plane-wave solutions are not sufficient to satisfy
Eq. (4). As discussed by Shen and Fan [18,19], a two-photon
bound state must be included to guarantee the completeness
of the basis. Here, instead of extracting the bound state
through a completeness check [18,19], we construct the
scattering eigenstate explicitly and find a two-photon bound-
state contribution to the solution, as has been done in the
open interacting resonant-level model [21]. We require the
two-photon solution to satisfy Eq. (5a) in the region x;,x, < 0
and solve for the solution in other regions using Eq. (4).
This method of constructing scattering eigenstates can be
generalized to cases of three, four, and even more photons.
In the Appendix, it is shown that the two-photon eigenstate
with eigenenergy E = k| + k is

(6¢)

P =

1
82(X1,%2) = gy ky (X1,%2) = 2 ng, (x0,)8k (x0,)
0

+ZBz(ci?,sz(waxgz)e(xQI) ; (7a)
PO
5;
er(x) = —‘g’ [£200%.x) — £2(0™.x)], (7b)
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Blﬁf Jch(le ’xQz) =— (kal —1 ) (t_sz - l)hkP1 (xQz)hsz(xQZ)
% e(_r‘/2—ie)\xQ2—XQ1 ‘G(XQZ — le). (7C)

Here, P = (P;,P;) and Q = (Q;,0,) are permutations of
(1,2) needed to account for the bosonic symmetry of the wave
function, and I' = ', + I'/ is the total spontaneous emission
rate. The two-body bound-state term B,((i? ke, (x01,%X0,)0(xg0,)
is generated when there are two photons interacting with the
same TLS, while the TLS can only absorb one photon at one
time. The binding strength of the two photons depends on the
total spontaneous emission rate I". Conceptually, two photons
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have two ways of going through the TLS. One is to pass
by the TLS independently as plane waves and gain a phase
factor, which is described by the first term of g,(x;,x2). The
other way is to bind together and form a bound state, which
is described by the second term. The formation of the bound
state can be viewed as a result of stimulated emission: the first
photon excites the TLS and the passing of the second photon
stimulates emission of the first photon into the same state,
hence producing the bound state.

For n = 3, a procedure similar to that used to solve the
n = 2 case yields

1
83(X1,X2,X3) = 8k ky ks (X1,X2,X3) = Yl |: ngl (le)gkz (xQz)gk3 (xQz) + ngp, (XQI)BIEQ,kP} (xQz’xQz)e(xQz)
Q

(3)
+ Z Bkﬁ Jkp,y kpy
PQ

3i

e3(x1,x2) = oY

[g3(0",x1,x2) — g3(07,x1,x2)],

PQ

(waxszXQ;)e(xQI)} (8a)

(8b)

Blﬁi?,kpzyka (XQ],)CQZ,)CQ3) = Z(fkpl - l) (fkf’z — 1)(fkp3 — 1)hk”1 (xQz)hsz (XQ3)hkp3 ()CQB)e(_r/z_ie)leﬁ_le|9(XQ32)9(XQ2]), (80)

where P = (P, P>, P3) and Q = (Q1,0»,03) are permuta-
tions of (1,2,3) and O(xg;) = 6(xg, — xg,) for short. In
addition to the two-photon bound state, there emerges a
three-body bound state, B,Ei)’kp p (X0,:X0,,%0;)0(x@, ), in the
region xj,x;,x3 > 0. Conc'eptzuaﬁy, there are three ways for
the three photons to pass by the atom: (i) all three photons
propagate as independent plane waves; (ii) two photons form
a two-body bound state, while the other one propagates
independently as a plane wave; and (iii) all three photons
bind together and form a three-body bound state. These three
processes are described by the first, second, and third terms of
g3(x1,x2,x3), respectively.

This simple picture can be applied to a general n-photon
scattering process. For example, in the case of four-photon
scattering, there are five ways for the four photons to pass
by the atom as illustrated in Fig. 2: (i) all four propagate as
independent plane waves; (ii) two photons form a two-body
bound state, while the other two propagate independently as
plane waves; (iii) three photons form a three-body bound state,
while the other one propagates independently as a plane wave;
(iv) four photons form two independent two-body bound states;
and (v) four photons form a four-body bound state. These five
processes can be identified as the five terms of g4(x1,x2,x3,X4)
in the four-photon solution, which is given by

1
84(x1,X2,X3,X4) = 47 |: Z 8k, (le)gkz (xQz)gk3 (sz)gk4 (xQ4) + ngf’l (le)ngZ (xQz)Blgz,k,u4 (sz ’xQ4)9(xQ3)
0

PQ

+ ) gk, (le)Bl(ciz,kPB,kPA (¥0:0%05%0.)0 (x0:) + D B 4, (xa »xQz)Bz(ciz,k,,4 (x0s:x0,)0(x0,)0 (x0)

PQ PQ
+ Z Blgi?,kpz,kp3,kp4 (le »X0,5XQ; ’xQ4)0(xQ1):| > (9a)
PO
4
4 eq(x1,X2,x3) = \/_Tl‘/[g4(0+,x1,x2,x3) — 8407, x1,x2,x3)], (9b)
Blipf.kpz,kpykh(le7xQz’sz’xQ4) = _22(ka. - 1)(t_/<Pz - ])(fki’3 - 1)([’@4 - l)hkh (xQz)hsz (sz)hsz (xQ4)hkP4 (xQ4)

x el "T/2iOlxe, —xg, ‘G(xQ4 - )CQ3)9()CQ3 — )cQZ)Q(xQ2 - le). (9¢)

The scattering eigenstates of a general n-photon problem
can be constructed recursively in a similar way: the only
unknown term in g,(xy, ...,x,) is the n-photon bound state,

as all the other terms can be constructed from the solutions of
the 1 —,2 —,...,(n — 1)-photon problems. We extrapolate
from the results of n = 2—4 that, in general (n >2), the n-body
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iii)

iv)

v)

FIG. 2. (Color online) Schematic of different processes in four-
photon scattering by a two-level system. Plane waves are represented
by (green) wiggly lines, while many-body bound states are repre-
sented by (orange) ovals.

bound state assumes the form

n—1

) = —(=2)"" 2]‘[ i, — 1) [0 —x)

i=1 i=1
X th (xn)hkz(XZ) et hk,,,l (xn—l)hk,, (xn)
o—T/2=i0l—x| (10)

B,k (X1, .

We have verified this expression for n = 5. Thus we have
given explicit formulas for constructing the exact n-photon
scattering eigenstates.

The exact scattering eigenstates can be used to construct
the scattering matrix. According to the Lippmann-Schwinger
formalism [23], one can read off the “in” state (before
scattering) and the “out” state (after scattering) of a general
n-photon § matrix from g,(x;,...,x,) in the input re-
gion (x; <0,...,x, <0) and in the output region (x; >
0,...,x, > 0), respectively. The in and out states of one- and
two-photon scattering matrices are given by

), = / dxhi(x)al(x)]0), (11a)

o) = / dxTih(¥)al(0]0). (11b)

and

}¢f§)>e /dxldxz_[zhkl X, hkz(XQ7)]GZ(X1)CZZ(X2)|0),
|¢r()?1)t>e = /dxldx25|:szlfk2hkl (le)hkz(xQz)

BN
+ZBk,,,,kP2(xQI,xgz)}ayxl)ai(xznox (12)

PQ

and similarly for three and four photons. The corresponding
S matrices are

S0 = / dky - - - dk, —}¢§’;{)w< o), (13)

Note that the unitarity of the S matrix is automatically satisfied
since the incoming state |¢>i(r’1'))e is a complete basis set in the
even space [19,23].
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The S matrix in the odd space is just the identity operator
because the odd mode is free and decoupled from the impurity
and the even mode,

s = / dky - - - dk, —|¢><">) R

1 !
|#5), _/dxl ---dxn;Znhk,»(w.»)a;(xi)'m'

0 i=l

Finally, we wish to construct the scattering matrix in
the right-left representation based on the S matrices in the
even-odd representation. For a general n-photon scattering
problem, the possible scattering channels are that i photons
undergo scattering in the even space and n — i photons undergo
scattering in the odd space, with i running from O to n. In
addition, the even and odd spaces are decoupled from each
other. Therefore, the n-photon S matrix is

, (14a)

(14b)

n
§W =350 @sr. (15)
i=0
We use this S matrix to study the scattering of Fock states

and coherent-state wave packets in the right and left spaces in
subsequent sections.

III. SCATTERING OF FOCK STATES

To show the significance of the many-body bound states,
we study the scattering of a Fock state off of a TLS. We
assume that the incident mode propagates to the right and the
TLS is initially in the ground state. We use the S matrices
defined in Eq. (15) to evaluate the transmission and reflection
coefficients. In practice, any state that contains a finite number
of photons must have the form of a wave packet. Thus, we
start with the definition of the continuous-mode photon wave-
packet creation operator in momentum space [24],

al = / dka(k)a'(k)|0), (16)

with the normalization condition f dk|o(k)|? = 1. The corre-
sponding continuous-mode n-photon Fock state is

(al)"
N

and the output state after it scatters off the TLS is

Ine) = 10). (17)

lout’™) = 5™ |n,). (18)

To obtain the scattering probabilities of a Fock state
from the S matrix found in Sec. II, we use the following
general procedure. (i) First, we write an n-photon input
Fock state traveling to the right in momentum space: |n,) =
(1/«/n_!)fdk1 coodky alky) - alky) |k, ... ky). (i) Next,
we apply the S matrix to the input state and find
the output state [out™) = S™|n,) = (1/+/n!) [ dk; - - - dk,
alk))---alk,)S™|ky, ...k, in the even-odd basis. (iii) We
transform back to the right-left basis. Then we project

the output state onto the n-photon (right- and left-
going) momentum basis |ky,....ky)g, ... lk1, .. kiR ®
lkivty - k)L, ..., lk1,...,k,)r and take the absolute value

square to obtain the probabilities P(ky,...,k,) of finding
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FIG. 3. (Color online) Single-photon transmission (Pél)) and
reflection (PL(I)) probabilities as a function of coupling strength V. The
incident photon is on resonance with the two-level system (ko = €)
and we have considered the lossless case IV = 0. A = 0.1.

the output state in |kj,...,k,). (iv) Finally, we integrate
Pk, ...,k,) over ky, ..., k, to obtain the total transmission
and reflection probabilities. Here, a right-going (left-going)
state is defined by a positive (negative) momentum; that is,
ki >0,...,k, >0 for |k, ... ,k,)gr and k; <O, ...k, <O
for |k1, e :kn>L-

For convenience, we choose Gaussian-type wave packets
with the spectral amplitude

19)

2
a(k) = 2 A V*exp ( — M)

e

For all of the numerical examples in this paper, we choose ky =
€: the central frequency of the wave packet is on resonance with
the TLS, a condition which makes the interaction between the
photons and the TLS strongest. We take the central momentum
ko > A so that the narrow-band condition is satisfied. In
particular, we choose A = 0.1. However, we emphasize that
all the conclusions we draw are independent of the choice of A.
That is because all the transmission and reflection probabilities
are functions of I'./A and T/ A, where I'. = 2V 2. A different
choice of A does not change any of the qualitative results, but
merely rescales the spontaneous emission rates.

A. Single-photon Fock-state scattering

The probabilities of transmission (Pl(el)) and reflection (PIE] ))
for a single-photon Fock state are found as

P = / dk |{K|out®) = / dk ekl (200)
k>0 k>0

PO = [k flou) = [ akawrin?,  Con
k<0 k>0

where t; = (f + 1)/2, ry, = (fy — 1)/2, and £ is the transmis-
sion coefficient already defined for the even mode [Eq. (6a)].

Note that the propagation of a single photon is strongly
modulated by the TLS as we turn on the coupling, as shown
in Fig. 3. In the strong-coupling limit, a single photon is
perfectly reflected and the two-level atom acts as a mirror. This
perfect reflection is due to destructive interference between the
directly transmitted state and the state re-emitted from the TLS.
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A single-photon transistor [4] and a quantum switch [6] have
been proposed based on this perfect reflection.

B. Two-photon Fock-state scattering

For two incident photons, following the general procedure
already outlined, we find that the transmission and reflection
probabilities are

PO = f dkidk, %|(k1,k2|0utff))}2, (21a)
k1>0,ky>0 .

rPy) = f dkydks |(ky ko [out®)|, (21b)
k1>0,k; <0

1
P =/ dkydk; 5\(k1,k2\out§>)}2, (21¢)
k1 <0,k <0 .

where P,(f;, P,?L), and PIEZL) are, respectively, the probability
for two photons to be transmitted (right-going), one to be
transmitted and one reflected, and two photons to be reflected
(left-going).

To show the significance of the bound state in the prop-
agation of multiphoton Fock states, we separate each of the
probabilities PI?I%’ PI(?ZL), and PfL) into two parts. One part is
the contribution from only the plane-wave term (labeled PW),
which is the direct transmission or reflection. The other is the
contribution from all the other terms (labeled BS), including
the bound-state term as well as the interference term between
the plane wave and the bound state. Note that the BS part
vanishes in the absence of the bound state, as in the case of
single-photon scattering. Therefore, it is a manifestation of the
nonlinear effect caused by the interaction between the TLS
and two or more photons. As an example, Pl(f,% split into the
plane-wave and bound-state parts is

Pia = /k y Odkldkz|r<k1,k2>+B(kl,kz)ﬁ (22a)
1>U,k>

= (Pia)pw + (Pir)gs: (22b)
(PI(QZI;)pW = / dkydka|t(ky k)|, (22¢)
k1>0,k,>0
(Pea)ps = / dlydka[t* (ky k) By ko)
k1>0,ky>0
+ t(k1,k2) B* (k1 ,k) + | B(ki k) [*],  (22d)
t(ky,k2) = alkpolk)ty, t,, (22e)

—i/2n
ki —6-}-%

—i/2m
B(ky,ky) = |: + . £+ il"i|
2 2

x / , dk ek a(ky + ka — kK )rere -
k>0
(22f)

Figure 4 shows the three transmission probabilities P,(f,é,
P,(QZL), and P£2L) for our standard parameters, with the contribu-
tions from the plane wave and bound state plotted separately in
Figs. 4(a)-4(c). Note that the presence of the bound state has a
very substantial effect on these transmission probabilities. As
shown in Figs. 4(a) and 4(b), P,(f,; and P,(ezL) are enhanced by the
formation of the bound state. This is mainly due to constructive
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FIG. 4. (Color online) Two-photon transmission and reflection
probabilities as a function of coupling strength V. (a) Probability
that both photons are transmitted (and hence are right-going; P,(f,;),
(b) Probability that one photon is transmitted and one reflected
(right-left; Pl(f)). (c) Probability that both photons are reflected (both
left-going; PL(%). (d) The three processes in a single plot. The label
PW refers to the contribution from the plane-wave term only, while
BS refers to all the other contributions involving bound-state terms.
Incident photons are on resonance with the TLS (ko = ¢€), we consider
the lossless case I'" = 0, and A = 0.1. Note the large effect of the
bound state on these quantities.

interference between the plane wave and the bound state. In
contrast, Fig. 4(c) shows that PL(ZL) is strongly reduced in the
presence of the bound state because of destructive interference
between the plane wave and the bound state (change from ~0.8
to ~0.4 at V = 0.5). Therefore, the presence of the bound state
tends to increase one-photon and two-photon transmission,
while decreasing two-photon reflection.

A particularly interesting aspect of the results in Fig. 4 is
that the effect of the bound state is most prominent in the
intermediate-coupling regime, not at the strongest coupling.
This is because, first, in the weak-coupling limit, the interaction
is too weak to produce a pronounced bound state for two-
photon scattering, and, second, in the strong-coupling limit, the
TLS responds to the first photon too quickly (over a duration of
order 1/ T" with I" = 2V?) for the second photon to produce a
significant nonlinear effect. (The formation of the bound state
requires the presence of both photons in the TLS.) The optimal
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coupling strength V,, for producing nonlinear (bound-state)
effects lies at intermediate coupling, when the spontaneous
emission rate I' is of the order of the wave-packet width A
(Vip ~ 0.4 when A = 0.1).

C. Three-photon Fock-state scattering

Following the general procedure for obtaining scattering
probabilities, the transmission and reflection probabilities for
three-photon Fock-state scattering are defined as

1
3 2
PO = / didkydks | (k1 ke ks outd)|,
k1 >0,k>>0,k3>0 3!

rPS), =/ dkidkydks %Kkhkz,kg}outgf))f,
k1>0,ky>0,k3<0 !

(23)
2

s

1
Py, = / dkydkydks 5|(1<1,/<2,k3|out§3>)
k1 >0,k <0,k3<0 .
(©) ! 3|2
P, = dkidkydk; §|<k1,k2,k3|outa )|
k1 <0,ky<0,k3<0 .

where PI(SI; R PSI; L PI(;Z .» and PFL) ;. are the probabilities
of three photons being transmitted (all right-going), two
being transmitted and one reflected, one being transmitted
and two reflected, and all three being reflected (left-going),
respectively. As in the two-photon scattering case, we separate
each probability into two parts: the contribution from only the
plane-wave term and the contribution from all the other terms,
including the bound states as well as the interference between
the plane wave and the bound states. The probabilities and
the decomposition into plane-wave and bound-state parts are
plotted in Fig. 5 for our usual parameters.

Figure 5 shows that the bound-state contribution to the
transmission probabilities is, as for two photons, very substan-
tial. In Figs. 5(a) and 5(b), the bound-state parts of P,(:I% z and

PI(S,; ;, are positive; thus, these probabilities are enhanced by

the bound states. Figure 5(d) shows that PSL) ;. 18 suppressed by
the bound-state contribution for an arbitrary coupling strength.
In contrast, as we increase the coupling strength, P,(;L) 1, 1s first
suppressed and then enhanced by the bound-state part as shown
in Fig. 5(c). Tuning the coupling strength changes the relative
phase between the plane-wave and the bound-state parts; for
PI(SL) .- the interference between them happens to change from
destructive to constructive as the coupling strength increases.

— — T 506
(a) oy (b) oy (e) —PRA
0.8 f 0.8 - 0.8~ P 7
. - RRL
@ 0.6 4 _zosef- 4 o _ 08 s .
& sk sz 04 g PRLL
2T 04l 4 B o4 4= 0.4 o3 1
I e L
02 X N 0.2~ B 0.2~ NG o
oot Ny T K __."
0 05 1 o e , % 05 1
v V Vv

FIG. 5. (Color online) Three-photon transmission and reflection probabilities as a function of coupling strength V. (a) Probability of all

(3)

(3)

three photons being transmitted (Pgzz). (b) Probability of two photons being transmitted and one reflected (Pgy, ). (c) Probability of one
photon being transmitted and two photons reflected (P,(SL)L . (d) Probability of all three photons being reflected (PSL)L). (e) P3 values
shown all together. The label PW refers to the contribution from only the plane-wave term, while BS refers to all the other contributions,
involving bound-state terms. Incident photons are on resonance with the TLS (ky = €), we consider the lossless case I'' = 0, and A = 0.1.

Note the large bound-state effects.

063816-6



WAVEGUIDE QED: MANY-BODY BOUND-STATE EFFECTS ...

Finally, as in the two-photon case, the most pronounced
bound-state effects occur in the intermediate-coupling regime
instead of the strong-coupling limit.

To sum up this section, we point out that all the curves
plotted in Figs. 3-5 are universal in terms of the choice of A.
Because A appears in the scattering probabilities (P(I), etc.)
only in the ratio I'. /A and "'/ A, a different choice of A (i.e.,
other than the 0.1 used in Figs. 3-5) is equivalent to rescaling
V and does not change the shape of the curves. Therefore, the
substantial bound-state effects observed here are intrinsic for
multiphoton scattering processes in this system, independent
of the details of the wave packets.

IV. SCATTERING OF COHERENT-STATES

We now turn to studying the scattering of coherent states,
to show, first, the strong photon-photon correlation induced
by the the TLS and, second, the change in photon number
statistics. The incident coherent-state wave packet is defined
by [24]

jo) = e "), (24)

with a}, = [ dka(k)a'(k)|0), and mean photon number 7 =
f dk|a(k)|>. A Gaussian-type wave packet is chosen,

NG (k — ko)?
Qr a2y P [ YN }

for numerical evaluations, we use, as before, A = 0.1 and
ko = € > A. The output state |out,) is then

jouty) = Y~ $®|a).

n

a(k) = ; (25)

(26)

We assume that the incident coherent state is right-going and
the TLS is in the ground state initially. We present the analysis
of second-order correlation and photon number statistics in the
transmitted field.

A. Correlation

The second-order correlation function of the transmitted
field is defined as [24]

(outy|ah (x)ag(x2)ar(x2)ag(xy)|outy)

(outy [ak(x1)ag(x)louty)?

g (ro—x1) = @7)
We consider the mean photon number 77 < 1.0. In this case,
the probability of finding » > 3 number states is much lower
than that of finding » =2 number states. Moreover, the
contributions from »n > 3 states to g(z) are at least 1 order
of A (=0.1) smaller than that from the n = 2 state. Therefore,
we neglect the contributions from n > 3 number states. The
second-order correlation function simplifies to

gﬁf)(xz —X1)
| S dkidkoatknaka) (i, 1, — rklrkze—mﬂz
| [ diidioatl)ato), i)

(28)

The contributions from the directly transmitted state and
the bound state can be identified as the first term and second
term in the numerator of gg)(xz —x1) in Eq. (28). In the
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FIG. 6. (Color online) Second-order correlation of the transmitted
field, given an incident coherent state with 77 < 1 at various coupling
strengths V, with the 1D continuum. (a) V = 0.16, (b) V = 0.26,
(c) V=0.34,(d) V=038, (¢) V=0.40, and (f) V = 0.45. The
spontaneous emission rate to channels other than the 1D continuum
issetto I'" = 0.10. Note that the correlation behavior is very sensitive
to the coupling strength to the 1D continuum, showing both bunching
and antibunching.

absence of the bound state, gg)(xz — x1) is always equal to
unity. As we turn on the interaction, the interference between
the directly transmitted state and the bound state will give
rise to interesting correlation behavior. Figure 6 shows the
second-order correlation as a function of I'(x, — x;) at various
coupling strengths, V, with the 1D mode with T" = 0.1. In
the weak-coupling limit (V = 0.16), as shown in Fig. 6(a),
the directly transmitted state dominates and gg)(O) is slightly
smaller than 1. We observe a slight initial antibunching. As V
increases [Figs. 6(b) and 6(c)], gg)(O) decreases further and
the initial antibunching gets stronger; it is strongest at V =
0.34 when gg)(O) = 0. Note that the antibunching is getting
weaker as one moves away from the origin for V < 0.34.
Further increase in V starts to change the initial antibunching
[V =0.38, g(0) < 1] to bunching [V = 0.45, g(0) > 1]
as shown in Figs. 6(d)-6(f). In this case, the bound state starts
to dominate the correlation behavior. It is remarkable that,
for V > 0.34, the initial antibunching (V < 0.40) or bunching
(V > 0.40) is followed by a later antibunching gg)(O) =0,
which is caused by the cancellation of the directly transmitted
state and the bound state. The formation of the bound state
gives rise to a rich phenomenon of photon-photon correlation,
which is very sensitive to the coupling strength V to the 1D
mode. Effective attractive or repulsive interaction between
photons is induced by the presence of a single TLS [18].

Our findings agree with the results obtained by Chang
et al. [4] using a very different approach. In the lossless ' = 0
case, as we increase the coupling strength, the transmission
of individual photons is reduced rapidly [see, e.g., Figs. 3
and 4(a)]. But the two-photon bound state can strongly
enhance the transmission. Therefore, we will observe a strong
initial bunching followed by a later antibunching, similar
to Fig. 6(f).
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B. Photon number distribution

Given the output state |out,), we measure the photon
number distribution in the transmitted field following the
general procedure described in Sec. III.

Py = [{outy|(|0)z ® |1)1)I*,

P = / dk|(oute (k)& ® 1)),
k>0 . (29)
Py = / dhads | oute (ks )i ® 11)P,
k[,k2>0 .

1
P = f dkidksdks | (oute|(k1.k2.k3)r ® 11) 1)1,
kl,kz,k3>0 3'

where |I); is the complete basis set in the left-going photon
space. We consider a mean photon number 77 < 1.0 in the
incident coherent state. In this case, the probability of finding
the four-photon state is negligible (<1.6%). We compare the
photon number distribution P, of the output state with the
(Py)poisson Of a coherent state having the same mean photon
number.

Figure 7 shows the ratio between (P, )poisson and P, as a
function of the coupling strength V and the mean photon num-
ber 71 of the incident coherent state. The O-photon probability
does not deviate much from that of a coherent state in the entire
parameter region we considered. The one-photon probability
is lower than the corresponding probability in a coherent state.
In contrast, the two- and three-photon probabilities are much
higher than those in a coherent state, especially in the strong-
coupling regime. That is, the interaction between photons
and the TLS redistributes the probabilities among different
photon numbers. The one-photon probability is reduced and is
redistributed to the two- and three-photon probabilities. This
is mainly because the bound states enhance the transmission of
multiphoton states, as we have shown in Secs. III B and I[II C. In
conclusion, we obtain a non-Poissonian light source after the
scattering. It is perhaps possible to use this strongly correlated

(Popoiscor!Po s 1 (P pgissor/
1.02
08 5
1
= =~ 06
0.98
0.4 1.5
0.96
0.94 02 ]
0.5 1 0 0.5 1
\ Vv
(PZ)Poisson/PZ (PS)Poisson 3

0.8
0.6 1
0.4
0.2

/P
1.2
1
0.8
0.6
0.4
0.2
1

FIG. 7. (Color online) Photon number distribution of the trans-
mitted field compared with a coherent state. We considered the
lossless case IV = 0. The statistics is non-Possonian, with the two-
and three-photon content enhanced.

. 0.5
\Y \'%
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light source to perform a passive decoy-state quantum key
distribution to raise the key generation rate [25-28].

V. CONCLUSION

In this paper, we have presented a general method for
constructing the exact scattering eigenstates for the problem
of n photons interacting with a TLS. Many-body bound states
appear in the presence of the coupling between photons and the
TLS. Furthermore, the scattering matrices are extracted using
the Lippmann-Schwinger formalism. We emphasize that the
completeness of the S matrices is guaranteed by imposing
open boundary conditions and requiring the incident field
to be free plane waves. Based on the S matrices, we study
the scattering of the Fock states and coherent states. Bound
states are shown to enhance the transmission of multiphoton
states and suppress the transmission of single-photon states.
In the transmitted field of coherent-state scattering, photons
exhibit strong bunching or antibunching effects depending
on the coupling strength. This is a manifestation of the
many-body bound states. Finally, we determine the photon
number distribution and find that the one-photon state is
transferred to two- and three-photon states. This results in
a non-Poissonian light source which might have applications
in quantum information.
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APPENDIX: TWO-PHOTON SCATTERING EIGENSTATE

In this appendix, we show in detail how we obtain the
two-photon scattering eigenstate [Eq. (7)] by imposing the
open boundary condition, Eq. (5). The equations of motion for
the two-photon case read

1
[17(31 +0,) — Ez]gz(xleZ)

1%
+ 5[5()61)62()62) +3(x)ex(x)] =0,  (Ala)
1d _
(Td_ —E,+e— il"//2>ez(x) +2Vg(0,x) =0, (Alb)
i dx
which can be cast into the following set of equations:
1
[7(31 +02) — Ez]gz(xl X2) =0, (A2a)
2i i _
e(x) = 7[g2(0 X) — 8207, x)], (A2b)
1d o
—— —Ey+e—il"/2 )er(x)
idx
+ V[g2(0",x) + £2(07,x)] =0, (A2¢)
e2(07) = e2(07). (A2d)
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Here, g>(x1,x2) is discontinuous at x; = 0,x, = 0 and we set
22(x,0) = [g2(x,0™) + g2(x,07)]/2. We eliminate e;(x) from
the preceding equations and obtain

1
[7(31 +d2) — EZ]gZ(xth) =0, (A3a)
1d s/ . +
- —Ex+e—il"/2—-il/2)g(07,x)
idx
1d e . _
= <7d— —Ey+e—ill /2+1Fc/2>g2(0 ,x), (A3b)
1 adx
£2(07,07) — £2(07,07) = g2(07,07) — g2(07,07).  (A3c)

Because of the bosonic symmetry, we can solve for g>(x,x,)
by first considering the half-space x; < x; and then extending
the result to the full space. In this case, there are three quadrants
in real space: Ox; < x; < 0,Qx; <0 < x,and @0 < x; <
x7. Equation (A3b) can be rewritten as two separate equations:

1d
(-,— — Ey+e —il"/2 — irc/z)gf(x,oﬂ
i dx
1d L o
= Td——Ez—l—e —il"/2+iT./2 ) g,(x,07) forx <O,
X

1

(Ada)

1d
(T— —Ey+e—il")2— iFL./2>g§)(0+,x)
idx

1d
= <—d— — Eyte — iF//2+ti/2>g§)(O_,x) for x > 0.
idx
(A4db)
Substituting géD(xl,O’) [Eq. (5)] into Eq. (A4a), we solve to
find
(x,0M) = l
8200 = )

ik x ikox

sz? +t_k1 - :|+Ae[—F/2+i(k1+k2—s)]x’
(A5)
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where A is a constant to be determined. Applying the constraint
Eq. (A3a) to g5(x,0T), we obtain

et kixitkaxz)

2

_ et kaxi+kixz)
+ Iy, i|

) 7.
& (x1,x2) = — | fx, o

2!

+ Ae(r/2+i€)(xz—xl)ei(k1+kz)x1 ) (A6)

From Eq. (A6), we can identify A to be 0: otherwise, the

solution is not normalizable [¢!*>=¥)/2 is divergent when
X, — x1 — o0]. Hence, g>(x1,x,) in region @is given by

el kaxi+kixa)

2

1. eltkixitkox) _
|: + 1,

Q —_
& (x1,x2) = i t, 7

Substituting Eq. (A7) into Eq. (A4b) yields

] (A7)

eikzx

1_ _
25(0%,x) = 31 0 ks |:— +

eiklx

4 Bel-T/2+ilki+tha—e)lx
2 2

(A8)

where B is a constant to be determined. Again, applying the
constraint Eq. (A3a) to g?(O*,x), we obtain

5 1_ _ el kixi+kyxa) el kixatkaxy)
& (X1,X2) = It +

2! 2 2

+ Be(*F/Z*[G)(xzfxl)ei(k]+k2)X2. (A9)

Finally, B is found by substituting Eqs. (5), (A7), and (A9)
into the continuity condition, Eq. (A3c), yielding
(i, — D@, — 1)

2 '

Extending these solutions from the half-space to the full space
using the bosonic symmetry gives rise to the two-photon
scattering eigenstate given in Eq. (7) in the text.
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