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Correlated two-photon transport in a one-dimensional waveguide side-coupled to a
nonlinear cavity
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We investigate the transport properties of two photons inside a one-dimensional waveguide side-
coupled to a single-mode nonlinear cavity. The cavity is filled with a nonlinear Kerr medium.
Based on the Laplace transform method, we present analytic solution of quantum states of the
transmitted and reflected two photons, which are initially prepared in a Lorentzian wave packet.
The solution reveals how quantum correlation between the two photons emerge after the scattering
by the nonlinear cavity. In particular, we show that the output wave function of the two photons in
position space can be localized in the relative coordinates, which is a feature that may be interpreted

as a two-photon bound state in this waveguide-cax

PACS numbers:

I. INTRODUCTION

Creating quantum correlations among photons has
been a subject of main interest for studying foundations
of quantum theory as well as applications in quantum
information science. As direct interactions between pho-
tons in free space are extremely weak, generation of cor-
related photons generally requires nonlinear media. Elec-
tromagnetically induced transparency and photon block-
ade are mechanisms that have been exploited to achieve
strongly interacting photons [1H4]. Recently, studies of
two-photon scattering from a two-level system inside a
one-dimensional (1D) waveguide have also reported var-
ious features of photon correlation |5H7]. For example,
Shen and Fan [6] have discovered the existence of two-
photon bound states, and Roy [7] has indicated an inter-
esting application of the system as a few-photon optical
diode. We also note that Shi and Sun [&€] have employed a
formal scattering theory to study multi-photon transport
in a 1D waveguide.

In this paper, we investigate the correlation properties
of two photons in a 1D waveguide, which is side-coupled
to a nonlinear cavity filled with a Kerr medium (Fig. [II).
The nonlinear cavity plays the role of a scatterer. It is
worth noting that such a Kerr nonlinearity has also been
employed in coupled cavity array systems for studying
quantum phase transition [9-14] and nonclassical photon
statistics [15-18]. Here we will focus on the transport
properties of two photons determined by long time so-
lution of the Schrodinger equation, assuming the initial
photons are in wave packet forms. We will present an an-
alytic solution based on the Laplace transform method,
which has been applied to related photon-atom scatter-
ing problems [19]. From the two-photon transmission
and reflection amplitudes, we show how the two scat-
tered photons can be correlated in frequencies and posi-
tion variables, with the latter revealing photon bunching
and anti-bunching effects. Our solution also reveals a
two-photon resonance condition when the incident pho-
ton energies match the cavity frequency shifted by the
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FIG. 1: (Color online). Schematic diagram of the physical
setup. A 1D waveguide is coupled to a cavity filled with a
Kerr-type nonlinear medium. Photons injected from the left-
hand side of the waveguide are scattered by the nonlinear
cavity. As a result, photons are reflected or transmitted in
the waveguide.
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Kerr interaction. The behavior of transmission and re-
flection near the resonance will be discussed.

II. PHYSICAL MODEL

The physical model under investigation consists of an
infinite long 1D waveguide and a nonlinear cavity located
at the origin (Fig. ). We consider a single-mode field in
the cavity, which couples to right- and left-propagating
fields of the waveguide via the side coupling [20, 121] so
that photons can tunnel between the waveguide and the
nonlinear cavity. The Hamiltonian (with # = 1) of the
system is given by

. U o0 A
H = wcaTaJrEaT@Tanr/ dkewy (P14 11 1k)
0

+J/OO dk [a*(fk+ik)+(f,1+i,1)@ : (1)
0

Here @ and &' are annihilation and creation operators
associated with the cavity mode with the resonant fre-
quency w,.. The second term in Eq. (] describes the Kerr
nonlinear interaction with a strength U. The Hamilto-
nian of free fields propagating in the waveguide is de-
scribed by the third term, where [y, (ZA;L) and 7y, (72,1)
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are, respectively, the annihilation (creation) operators for
left- and right-propagating waves with wave number &
and frequency wg. These operators satisfy the commuta-
tion relations

[k, 1) = [, L] = 6k = K), (I, 7L]=0. (2)
Finally, the last term in the Hamiltonian (IJ) repre-
sents the coupling between the cavity and the waveguide,
where J is the tunneling strength.

For convenience, we introduce even- and odd-parity
modes operators of the waveguide,

l;k = —(fk + ik), Cr = (’fk — Zk), (3)

1
2 V2
so that Hamiltonian () can be rewritten as

H=H+H® (4)

with
HC) = / dkwyélér, (5a)
0

H® =w.ata+ %a*a*aa + / dkwib} by
0

+g / dk(atby + bla). (5b)
0

Here g = \/2J is introduced. We see that the interaction
involves only even modes, and photons in the odd modes
evolve freely in the waveguide. Therefore we shall focus
on the calculation the transport properties of the photons
in even modes. A

In the rotating frame with respect to Hée) = weata +

we [y dkl;,zl;k, the Hamiltonian H(®) can be simplified to

~ (e U .. .. . o0 PN
a = EaTaTaa—l—/ dkAyb} by,
0

+g/ dk(atby, + bla), (6)
0

where Ag = wi — w, is the detuning. In this paper the
dispersion relation for the modes in the waveguide is as-
sumed to be linear, i.e., wy = vgk, and we will set the
speed of light in the waveguide, vy = 1.

III. SINGLE-PHOTON TRANSPORT

As a preparation for finding the solution of two-photon
scattering, we first consider the single-photon problem
[22-126]. Note that the Kerr nonlinearity has zero effect
for single photon states. The main purpose in this section
is to present the single-photon transmission and reflection
coeflicients, which will appear in the two-photon solution
later in the paper.

In the single-excitation subspace, an arbitrary state
can be written as

9(8)) = a(t)|Lelo) + / T kB0, ()

where |1).|g) stands for the state with one photon in the
cavity and no photon in the waveguide, and |0).|1j) de-
notes the state with a vacuum cavity field and one photon
in the kth (even) mode of the waveguide. The time de-
pendent variables a.(t) and S () are the respective prob-
ability amplitudes.

By the Schrodinger equation i|p(t)) = f[}e)kp(t)), we
have

a(t) = —ig /OOO dkpi(t), (8a)
Br(t) = —iARBe(t) — iga(t). (8b)

By performing the Laplace transform defined by f (s) =
Jo° f(t)e stdt, Eq. (®) becomes

sa(s) — a(0) = —ig /00 dkBr(s), (9a)
0
5Bk (s) — Br(0) = —iABr(s) — iga(s), (9b)

where a(0) and S5 (0) are the initial values of the proba-
bility amplitudes.

Assuming initially the cavity is in the vacuum state
and an incident single photon in the waveguide is pre-
pared in a wave packet with a Lorentzian spectrum, the
initial condition reads

G

a(0) =0, A s

Br(0) = (10)
where § and e are the detuning and spectral width of
the photon, and G1 = y/¢/7 is a normalization constant.
The choice of B;(0) in Eq. (I0) has the advantage that
analytic solutions can be obtained conveniently. In addi-
tion, by noting that ¢ — 0 corresponds to the monochro-
matic limit, an incident wave packet of a general form can
be constructed by coherent superpositions of Lorentzian
wave packets of various frequencies.
After some calculations, we obtain

a(s) = 1 2migGy
s+ 36—i(s+e)

s Gy 1 1 2
ﬁ’“(s)_sﬂ'Ak<Ak—6+z’e+s+%6—z’(s+e)>'
(11b)

(11a)

Note that in obtaining Eq. ([IIl), we have made the ap-
proximation: [~ %dk ~ [T %dAk = v/2,
where v = 27g2.

Taking the inverse Laplace transform of Eq. (IIJ), in
the long time limit, v¢/2 — oo and et — co, we have

aft = o00) =0, Bt — o0) = 1Bk (0) e "2kt (12)



where
_ Ay —iv/2
f = De= /2 (13)
Ay +iv/2
Eq. (I2) shows that the scattering process results in a
phase shift 6 for a single photon with wave vector k,
where the phase shift is defined by exp(ify) = .
In terms of the left- and right-propagation modes, if
we assume a photon packet is incident onto the cavity
from the left, then the initial state can be written as

|#(0))

/ - kB (0)71]0)

0

;%5 jﬁootikﬁk<o)<éz L. (4

In the long-time limit, the wave function becomes,

|ip(t — 00)) = /OOO dkpy,(0)e A+ (b7} + il )|0), (15)

where the transmission and reflection amplitudes are de-
fined as

Ak —Z"‘y/2

- ok -z 16
Ay +iv/2 "k Ag +iv/2 (16)

ty

A similar result has been obtained for the case that a
single photon is scattered by a two-level system in a 1D
waveguide [22], namely, the transmission amplitudes ¢y, is
zero at the exact resonance. This effect was also reported
in Ref. [20] for side coupling with a classical field.

IV. CORRELATED TWO-PHOTON
TRANSPORT

A. Equations of motion and solution

We now turn to the two-photon scattering problem.
Since the total excitation number operator of the system
is a conserved quantity, we can restrict the calculation to
the two-excitation subspace. An arbitrary state in this
subspace has the form:

B(t) = A(B)|2elo) + / " dkBy(1)[1) 1)
+ / ap / 04Cy o (D[0)c] 1, 1), (17)

where |2).|p) is the state of two photons in the nonlinear
cavity and no photon in the waveguide, and |1).|1x) is
the state with one photon in the cavity and one photon
with wave number k in the waveguide. The last term
represents the state with no photon in the cavity and
two photons with wave numbers p and ¢ in the waveguide.
A(t), Bi(t), and Cp 4(t) denote the respective probability
amplitudes.

By the Schrédinger equation, the probability ampli-
tudes are governed by:

A(t) = —iUA () — iv2g / T kB (1), (18a)
0

Bk(t) = —iAkBk(t) — ’L\/§gA (t) — ig Aw depyk(t),
(18b)

Cp,q (t) = _i(Ap + Aq)cp,q(t) - ig(Bp (t) + Bq (t))
(18c¢)

We assume that the two injected photons are initially
prepared in a Lorentzian wave packet, the initial condi-
tion of the system reads,

A(0) =0, By (0)=0, (19a)
1 1
Craa (0) =Gz (Ap — 01 +ic Ay — 0y + i€
1 1
19b
+Aq—5l+z’eAp—52+ie>’ (19b)

with the normalization constant

€ 4¢? -1/2
G Vor < + (51 - 52)2 + 462) (20)

Here ¢; and €¢; (j = 1,2) are parameters defining the
detunings and spectral widths of the two photons. Note
that C, , has been symmetrized in Eq. (I90) because of
the bosonic character of photons.

We are interested in the asymptotic solution of Cp 4(t)
in the long time limit. After a lengthly calculation (see
Appendix [A]), we obtain for ¢t > v~ and ¢!,

Cp,q(t) = (tptqCp,q(0) + By ) ‘fi(Aﬁ_Aq)t, (21)

where ¢, and ¢, are defined in Eq. (I3]). The expression
of By, is given by

—QUGQ’}/Q
(Ap+i3) (Ag+i2) (Ap+ Ay — U +iv)
1
B, + By — 01 — 0y + 2ic)
y 1
(Ap 4+ Ay — 61 +ic+i)

1
Ap+ Ay — by +ie+id) |

Bpq =

+ ( (22)
From Eqs. 2I)) and (22]), we notice that the term B, 4 is
a non-factorizable function of p and ¢, implying a corre-
lation between the two output photons. The B, has a
nominator proportional to the strength of Kerr nonlinear-
ity U in the cavity. In the case U = 0, Eq. (2I) reduces to
a simple expression Cj, 4(00) = tpt,Cp 4(0) exp[—i(A, +
A,)t], describing two independent scattered photons.



B. Two-photon correlation in frequency variables

Let us express the results in terms of the left- and
right-propagating modes. Assuming the two photons are
injected from the left-hand side of the waveguide, then
the initial wave function can be written as

wo) = [ [ dpaac, ) 7fi 0 @3
According to Eq. (3) and the solution (ZII), we obtain the

long-time wave function, up to an overall phase factor
exp[—i(A, + Ag)t], as

W (t = o00)) = /0 /O dpdg(C7 7t + U Tt 0)

+ / / dpdg(Cy' 7311 + CIr 117 1)|0),
0 0

(24)
where
C:;,Tq = tptqCp,q (0) + in,qa (25a)
Cpg = rp74Cp.q (0) + iBM, (25D)
C:;,lq = tp1qCp,q (0) + inm (25¢)
Oyl = tarpCpyq (0) + %BW' (25d)

Here C}7, and Cg) q are, respectively, the two-photon
transmission and two-photon reflection amplitudes,
which correspond to the processes that two photons with
wave numbers p and ¢ are transmitted into the right-
propagation mode or reflected into the left-propagation
mode. In addition, C;fq (Cll]:q) relates to the process that
the photon with wave number p (g) is transmitted into
the right-propagation mode and the photon with wave
number ¢ (p) is reflected into the left-propagation mode.

We point out two interesting situations revealing the
strong correlation of output photons in frequency do-
main. The first situation is achieved by injecting two
identical photons with §; = d2 = 0 and a narrow spec-
tral width € < . This corresponds to the case when the
peak frequency of the photons coincide with the resonant
cavity. In this case the two photons are mainly reflected
and uncorrelated [Fig. 2(a)], but if they are transmitted,
they are strongly correlated [Fig. B(b)]. This can be seen
by the fact that ¢, = ¢, = 0 at zero detuning, and hence
the transmission of both photons is dominated by the
B, 4 term. In other words, the two-photon transmission
near 41 = d2 = 0 is almost entirely due to the nonlin-
earity in the cavity. Such a pair of transmitted photons
are frequency correlated with the two-photon transmis-
sion probability concentrated along the line A, + A, =0
[Fig. 2I(b)]. The uncertainty of frequencies of individual
transmitted photons is of the order of -, whereas the
uncertainty of sum of frequencies of both photons is of
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FIG. 2: (Color online). (a) and (b) are plots of |[yC}',|* and
[vCy7|?, respectively, when 81 = &2 = 0. (c) and (d) are plots
of [yCpm|? and |yCY |?, respectively, when &6 = 2 = U/2.
Other parameters are set as U/y = 10 and €/v = 0.05.
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the order of e. The smaller the €, the narrower is the
distribution.

The second situation of interest is two-photon reso-
nance occuring when the sum of energies of the two in-
cident photons equals to that of a cavity containing two
photons, i.e., §; + d2 = U. In this case the photons can
jointly enter the cavity. We show in Figs. 2l(c) and (d) an
example with d; = d2 = U/2 > ~, where the frequency
correlation appears more effectively in the reflected am-
plitude C}",, since r; ~ 0 (j = p, q). This is shown in the
narrow distribution in Fig. 2(d). The transmission part
[Fig. 2lc)], although they carry most of the probabilities,
are almost uncorrelated.

C. Two-photon correlation in position variables

We now discuss the spatial features of the output pho-
tons. For simplicity, but without loss of the generality, we
consider the monochromatic limit € — 0 of incident pho-
tons. The two-photon transmission amplitude projected
in position space reads (see Appendix [B])

(21, To|thry) & —16m2 MGe @00t — 2.) ¢y (),(26)

with
U
Grr(z) = ts,ts, cos(dx) — E-U+iy
2 T
2 IRl (o7

“Eti)?—1°

Here we have defined x. = (x1+x2)/2 and z = x1— x4 for
the center-of-mass and relative coordinates respectively,
and E = §; + 02 and § = (67 — d2)/2. We note that
Eq. (20) is a product of center-of-mass wave function and
relative wave function ¢, (z), with exp[i E(z.—1)]0(t—x..)
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FIG. 3: (Color online). Spatial features of two-photon trans-
mission at 81 = d2 = 0. (a) |¢--(2)|* as a function of scaled
relative coordinate vz, for various values of the scaled Kerr
parameter U/v. (b) |¢r+(0)|* as a function of the scaled Kerr
parameter U /7.

describing the center-of-mass motion of the two trans-
mitted photons. The second term of ¢,.,.(x), which is an
localized function around x = 0 with a width y~1. We
remark that a similar feature was reported in Ref. [6] in a
photon-atom scattering problem, where the exponential
decaying function is connected to the existence of photon
bound states.

To reveal spatial correlations, we take d; = d2 = 0 so
that the first term of ¢,.(z) can be suppressed. This is
shown in Fig. Bla) for various values of U. Note that
| (x)|? is proportional to the joint probability of pho-
tons with a separation x, therefore the decaying feature
corresponds to photon bunching. In particular, the joint
probability of having both transmitted photons at the
same position increases with U, but it saturates when
U > ~ [Fig. B(b)]. For the two-photon reflection ampli-
tude in position space, we carry out a similar calculation
and obtain,

(21, T2 |y) = —16m°N Gae ™ FEADO(t 2, )pp (), (28)

with
ou(z) = re,r cos(5x)—L
" e E—-U+iy
y? GB2) |y

—_— . 29
“Erim)E—102" (29)
At 61 = 62 = 6 = 0, the second term causes a dip in
|pu(x)|* at @ = 0 [Fig. @(a)], which is a signature of
photon antibunching as the reflected photons repel each
other. As U increases, the joint probability of having
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FIG. 4: (Color online). Spatial features of two-photon re-
flection at 61 = d2 = 0. (a) |¢u(z)|* as a function of scaled
relative coordinate vz, for various values of the scaled Kerr
parameter U/7. (b) |$1(0)|? as a function of the scaled Kerr
parameter U/~.

both reflected photons at the same position decreases
[Fig. [d(b)], which is in contrast to the transmission part.
Finally we describe the effects of two-photon resonance
around §; + 0o = U discussed in the previous subsection.
For simplicity we again consider the case §; = d2 here.
In Fig. Bl we illustrate the dependence of the relative
two-photon wave function on E = &1 + d2. The effect
of two-photon resonance is most apparent in Fig. Bl(a),
where the reflected two-photon wave function is strongly
localized around z = 0 when E = U. Away from the res-
onance, the reflected two-photon wave function exhibits
an oscillatory pattern in x [Fig. Bl(c)], which is controlled
by the two-photon detuning £ — U. We also plot the
transmitted two-photon wave function in Figs. B(b) and
(d), in which similar oscillatory patterns are observed.

V. CONCLUSIONS

In conclusion, we have presented an analytic solution
of two-photon scattering inside a one-dimensional waveg-
uide, which is side-coupled to a Kerr-type nonlinear cav-
ity. The system provides a scheme to realize correlated
two-photon transport. The Kerr nonlinearity is found
to correlate photons in frequency variables such that
A, + Ay is a constant, which is a constraint by the en-
ergy conservation. In position space, we have shown that
the Kerr nonlinearity can cause the two photons ‘stick’
together with an average separation distance of the order
of vyy~!. We may interpret the result as a two-photon
bound state, because of the exponential decaying shape



s | I” of relative wave function. However, because of the in-
terference with single photon processes described by the
o AL first term in Eq. (25), features of photon correlation may
0% only be observed efficiently in certain directions. Finally,
.09 we note that recent studies of the related topic have con-
I sidered using a single atom as a scatterer |G, ] How-
15 5 10 15 ever, in view of recent progresses of achieving a giant
E/y Kerr nonlinearity [1-3], our work suggests that a nonlin-
T 1 ear cavity may be an alternative regarding the correlated
two-photon transport problem.
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Appendix A: Solution of Eq. (I8)) by the Laplace transform method

In this Appendix, we give a detailed derivation for solution of Eq. (I8) which governs the transport of two photons
in the waveguide. We use the Laplace transform method to solve these equations. Under the initial condition ([I9)),
Eq. (I8) becomes

(s 4+ iU)A(s) = —iv/2g /OOO dkBy(s), (Ala)
(s +iAk)Bi(s) = —ivV2gA(s) — ig /000 dpCi i(s), (A1b)
[s +i(Ap + Aq)]ép,q(s) = Cpq(0) — ig(Bp(S) + Bq(s)) (Alc)

Substitution of Eqgs. (Ala) and (ATId) into Eq. (ATH), and make use of the initial condition, we obtain the equation
for variable By (s) as

~ o0 2 2
Aitsr2Be) = [ (P gk ) B e,

1 1 1 1
2mgG (A2
+amg 2<Ak+51—i(S+E)Ak—52+i€+Ak+52—i(5+€)Ak—51+i€>( )

where we have made the approximation [~ dpm ~ /2.
The solution of By (s) Eq. (A2), by inspection, takes the form:

Bu(s) 219G 1 1 N 1 1
M AL —i(s+7/2) \Ap £ 01 —i(5+€) Ay — 02+ i€ | Ag+0s—i(s+e€) A — 01 + ic

) (14 Fu(s))(A3)

Fi(s) = —i L L + ! ! B
RS T Ay 101 — (s + €) A — 02 +ic | Dp+ 05 —i(s+e) Ap— 01 +ic

X

2 1 1 1
- — + - -
(U—zs—ry 52+Ak—z(s+e)) So—i(s+e+2)or+0d2—i(s+2e)

. (A4)

2 1 1 1
+ - — + - -
(U—zs—ry 51+Ak—z(s+e)) br—i(s+e+3) o1+ —i(s+2e)




Then from Eq. (AId) we obtain the following expression
GQ |: ’L"}/ ( 1 1 +
s+i(Ap +Ag) [s+3+idp \s+e+i(Ap+01) Ap =02 +ic  s+e+i
iy ( 1 1 . 1 )
s+ 3 +i8g \s+et+i(Ag+061) Ay =2 +ie  s+e+i(Ag+02) Ay — 01 + i€

~ 1
Cpqls) = A, +062) Ay — 51 + ie>

S

+

2 1 ( 1 N 1 )( 1 N 1 )
s+7+iUs+2e+i(01+02) \s+e+3+i01  s+et+F+ida) \s+F+id, s+3+ily
72 1 ( 1 1 N 1 1 )
s+2e+i(01+02)s+e+ 3 +i0 \s+e+i(di+Ay)s+T+iA, s+e+i(d+Ay) s+ L +il,
y? 1 ( 1 1 N 1 1 )
s+2e+i(01+02)s+e+3+i0 \s+e+i(a+Ay)s+3+iA,  s+eti(da+Ay) s+ T +il,

+ ! ! + ! ! (A5)
Ap—51+i€Aq—62+i6 Aq—51+i€Ap—62+i€ '

Until now, we have obtained the expression for C'pﬂ(s). Then we can get the expression for the probability amplitude

Cp 4(t) by performing inverse Laplace transform of C) 4(s). In particular, since we are interested in the output state
of the two photons, here we only present the long-time solution of Cp, ,(t — o0) as

Chpaq(t = 00) = (EptCypq (0) + Byg)e” (Braalt, (A6)
where ¢, and t, have been defined in Eq. (I3), and the expression for the correlation term is

—2UGoy? 1
(Ap +1i2) (Ag+i3) (Ap + Ay — U + i) (Ap + Ay — 01 — d + 2ie)
1 1
(Ap+ Ay — 61 +ie+i) * (Ap+ Ay — b2 +ie+1i3)

Byq =

(A7)

Appendix B: Derivation of two-photon output state in position space

In this appendix, we derive the wave function of two-photon output state (24)) in position space. For the two-photon
transmission process, the corresponding wave function in position space can be written as

(w1, 2|hry) :/ / dpqu;z<x1,x2|f;f;|@>
o Jo

Q

M/ / (tptyCp.q(0) + By g/4) e~ BrtRadtoilpmigila2 N N, + 1) 5 Ty, (B1)

In Eq. (BI), symmetrization of the two photons has been taken into account by introducing (z1,zo|F#H|0) =
M(etPrT1eiBatz 4 ifpT26i8q71) - According to the initial condition given in Eq. (I9Hh), we can get the expression
for the independent transport part as

oo oo
M / / tytqCp.q (0) eTHBr AR piRaz2 g\ A,
— 00 — 00
= 8T MGats, _icts, i T2 cos(62)0(t — 2.), (B2)
where we introduce the center-of-mass coordinator x. = (21 + x2)/2, the relative coordinator x = z1 — x2, the total
momentum F = d; + 02, and the relative momentum § = (d; —d2)/2. The 0(x) is the Heaviside step function and ¢s, _;c
is defined in Eq. ([I@). Note that here we have taken the approximation exp[y(z1 — t)/2] — 0 under the assumption

of v/2 > e.
According to Eq. (A7), the Fourier transform of the correlation part By, can be written as

M / / —pte SR IR AN AN = Ay + Ao, (B3)



with

1 1

1 1

1 oo oo
A = ——MUG 2/ /
! gMUG2Y oS oo (Ag+i7/2) (Ap +i7/2) (Ap + Ag — U + i) (Ap + Ag — 81 — 02 + 2ie)

1
A, T Ay — b +ietiv/2)

eiAp(ml —t)dApeiAq(mg—t)qu’

(B4)

for [ = 1,2. The Fourier transform of the correlation part can be obtained as

A+ Ay =

8ST2MGLU ¥

(iE+2e)(zc*t)e(iE+2€*7)%H(t — Ze). (B5)

(E—U — 2ie + i) (B + iy — i2¢)? — 462

According to Egs. (B2)) and (BH), the second term in Eq. (BIl) can be obtained by making the replacement x. — x.

and £ — —z. Then

(21, To|thry) = —16m2 MGreFF29@=00(t — 1), (), (B6)
with
5, et 5 L S el BT
— ) . _ 2
Orr(@) = o —icls—ic cos02) — o T — e — a2 ' (BT)
Using the same method, we can obtain the wave function for the two-photon reflection state,
(w1, 22|tu) = /0 /0 dpdqC?! (w1, 22|} 1H0) ~ —167°N Gae™ (ET29@Dg(t 4 3.)py (), (BS)
with
5 72 (iE+2e—7) || B9
(bll(x) 51 —ieldy—ie COS( JJ) FE—U — 2ic + iy (E Ty — i26)2 — 4526 ’ ( )

where A is defined by (z1, z2|Ifif|0) = N (e=#Aro1e71Aw2 4 e=iAp2g=ilgrr),
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