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Photon statistics of atomic fluorescence after x -pulse excitation
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The photon statistics of atomic fluorescence after m-pulse excitation is investigated in a system in which
the input and output ports are connected to an atom. Since spontaneous decay during input pulse excitation
occurs, the output pulse generally contains a multiphoton component with a certain probability. We quantitatively
evaluate the probability of the output pulse containing multiple photons and determine the conditions for ideal

single-photon generation.
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I. INTRODUCTION

Generation of single photons on demand is a key topic
in quantum information technology, since photons have long
quantum coherence times, which are required for qubits [1-4].
Indeed, some experiments have succeeded in constructing
quantum gates by controlling a photon by another photon
through a nonlinear medium [5-7]. A two-level quantum
system (hereafter, referred to as an atom) is generally used to
generate single photons [8—10]. The basic strategy is given by
the following process: (i) A classical & pulse is input to induce
an atomic transition from the initial ground state to the excited
state. (ii) After excitation, a photon is emitted to the output port
due to spontaneous decay to the ground state. By repeating
these steps, it is expected to be possible to generate single
photons on demand. However, spontaneous decay also occurs
during m-pulse excitation in actual processes. This causes
undesirable multiphoton generation with a certain probability
[11,12].

The aim of this paper is to determine the conditions
for ideal single-photon generation in a system that has two
photon-propagation paths (i.e., input and output ports) that
are connected to a two-level system (see Fig. 1). In this
system, emitted photons can be efficiently collected when
the coupling to the output port is larger than that to the
input port. Although this condition is advantageous for an
ideal single-photon source, it also increases the probability
of multiple-photon generation, since atomic fluorescence may
be emitted to the output port during w-pulse excitation. To
evaluate multiple-photon generation, we investigate the photon
statistics of atomic fluorescence after 7 -pulse excitation using
a quantum multimode formalism in which both the atomic
system and the photon fields are quantized and the multimode
nature of the photon field is precisely accounted for [13]. We
analytically derive the equations of motion for the multipoint
functions and numerically calculate the multipoint functions
and the multiple-photon probabilities over a wide range of
parameters. Finally, we determine the conditions for single-
photon generation.

II. FORMULATION
A. Model

Figure 1 schematically depicts the physical setup consid-
ered in this paper. A two-level system (atom) is coupled to two
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PACS number(s): 42.50.Ar, 42.65.Sf, 32.50.4+d, 33.80.—b

semi-infinite one-dimensional optical paths (ports A and B).
A classical  pulse is input from port A to excite the atom.
Port B is used as the output port, into which radiation from the
atom is predominantly forwarded. The radiative decay rates
of the atom to ports A and B are denoted by I', and I,
respectively. For simplicity, we neglect the loss here, assuming
recent low-loss setups realized in several experiments [14,15]
(the loss from the atom, such as radiation to the environment
and nonradiative decay can be modeled by introducing another
port coupled to the atom, as discussed in Appendix B).
Setting i = ¢ = 1, the Hamiltonian under the rotating-wave
approximation is given by

H = Qolo + / dk [kajay + kb}by]

+(iy/Ta0 g + iyTyo'bg + He), (1)

where €2 is the atomic transition energy and o is the atomic
lowering operator. a; and by denote photonic annihilation
operators for a wave number k in ports A and B, respectively.
The real-space representations of a; and by are defined
by @, = 2n)"'? [ dk axe™ and b, = 27)7V? [ dk bre'*",
respectively. The atom interacts radiatively with the two ports
at r = 0, as shown in Fig. 1. Therefore, the 7 < 0 and » > 0
regions, respectively, represent the incoming and outgoing
fields.

B. Input and output states

Next, we describe the initial-state vector of the overall
system. The atom is initially in the ground state. A classical
7 pulse is input from the » < 0 region of port A, whereas no
photon is input from port B. The input state vector is then
given by

|®;) = N exp [/ dr E(r)aj] 0), (2)

where E(r) is the amplitude of the input m pulse [see
Eq. (8) for its detailed form], N = exp [— [ dr |E(r)|*/2] is
the normalization constant, and |0) is the overall ground state
(the product of the photonic vacuum and atomic ground-state
vectors).

The atom is excited by this input pulse, and decays to the
ground state by emitting photons into ports A and B. We choose
the final moment ¢ to be an arbitrary large time at which the
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FIG. 1. (Color online) Schematic of the physical setup. A two-
level system is coupled to ports A and B with the radiative decay
rates I', and I}, respectively. A classical & pulse is input from port
A for excitation. Port B is used as the output port as radiation from
the atom is predominantly transferred to it.

atom is completely deexcited. The final state vector is related
to the initial one by the Schrodinger equation as |® /(¢)) =
e M\ ®;). The ¢ dependence of |® r(2)) is inessential for
sufficiently large ¢, since it describes the translational motion
of outgoing photons. The final-state vector can formally be
written as

1D p(1) = Y [¥ul0)). 3)
n=0

where |, (¢)) represents a state vector for which n photons are
emitted to port B,

dn N ot~ ~
¥ (1) = Z / E gmn<r,$;z>a§,~--agmbil---bin|0>,
)

where g,,, denotes a part of the output wave function, which
contains m + n photons (m photons in port A and n photons
in port B). The probability that n photons are emitted to port B
is given by

() = (YD) = Y / d"Ed"r |gua(r &0 (5)
m=0 |
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Note that the norms of g, satisfy the sum rule

of Zm n f dmg d'r |gmn(r E t)|2 Z P (f) =1. Hereafter
we refer to the photons emitted to port B as the output photons.

C. Photon statistics

The output photon statistics are given by P, (n = 0,1, ...).
To calculate P,, we introduce the m-point intensity correlation
functions defined by

Con(rus 1) = (@ (OB - B] By, -+ b |@4(1)), (6

where r,, = (ry, ...,r,) denotes the m spatial coordinates of
m photons in port B. The norms of the correlation functions
Ln(t) = [ d"ry Cy(ry;t), are related to P, by

o0

k!
L(t) = Z &= Py(t). (7)

The procedure for determining P, is as follows. We derive ana-
lytic expressions for C,,(r,,; ) and evaluate [,,(¢) numerically
for small m. (Typically, calculating up to I is sufficient for
our purpose, since I, becomes negligibly small for m-pulse
excitation.) We then obtain P, (t) from Eq. (7) with high
accuracy. The details are described in Sec. III B.

III. RESULTS

In this section, we numerically characterize the output pulse
in terms of the spatial shape and the photon statistics. The input
7 pulse E(r) is chosen to be a single rectangle pulse with a
pulse length d and a central frequency w:

#ﬁ exp(iowr), —d<r <0

E@r) =
0, otherwise

®)

The pulse amplitude Eq = 7/(2d+/T,) is adjusted based on
the pulse length d. This pulse induces complete excitation of
the atom when radiative damping of the atom is assumed to be
absent. For this input v pulse, the m-point function C,,(r ;)
is given by (see Appendix A for derivation)

21 1—e*+Tm—1-rm) 1—e*—m—1-Tm)
2d2(7;+—b)~,)[_ ¢ . € A ]Cm—l(rm—l;t)a O<t—rm—l <t—"ry <d
Co(rmst) = Cou(rm; Dlyy=—a exp [Tt —d — rp)], O<t—rpy<d<t—ry )
0, d<t—rp_1<t—ry,

where I' =I', + I';, and we have set r{ > --- > r,, without
loss of generality. The eigenfrequencies A are given by

N 3r n 72 T2 (10)
=——==xi/ = - —.
T4 216
Since Cy = 1 by definition, C,,(r,,;?) can be obtained itera-
tively. The fact that C,, (m > 2) is nonvanishing implies that
more than two photons may appear in the output pulse.
The objective of this paper is to determine the conditions
for obtaining only one photon in the output, namely, P, ~ &, 1,

where §; ; is the Kronecker delta. In particular, we study the
dependence of the photon statistics on the input pulse length
d. Hereafter, we take Fa_l as the unit of time by setting ', = 1,
and we focus on the resonant input (w = ).

A. Pulse profile

We first discuss the spatial profile of the output pulse that is

characterized by C(r;t) = (Ej (t)E,(t)). As mentioned earlier,
Ci(r;t) becomes a function of only one variable t —r if
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FIG. 2. (Color online) The spatial profile of the pulse. The input
pulse length d is chosen at 0.1T;! (solid line), 0.5T"; ! (dashed line),
and I','! (dotted line) at I',/ T, = 10.

t is sufficiently large. In Fig. 2, by setting I', = 10 > I,
C(r; t)isplotted for several input pulse lengths d. C increases
monotonically in the 0 < r — r < d region, since the atomic
excitation increases during 7 -pulse excitation. In contrast, C|
decreases monotonically in the d <t — r region, since the
atom decays radiatively without being excited. In Secs. III B
and IITC, we calculate the multiple-photon probabilities and
determine the condition for single-photon generation.

B. Photon statistics

In this section, we investigate the photon statistics of the
output pulse. Figure 3(a) shows the norms of the multipoint
functions (I, I, and I3) as functions of the pulse length d.
(=Y}, kPy), which represents the average photon number
in the output pulse, is approximately unity for a short pulse
(d « 1), whereas it approaches zero for a long pulse (d > 1).
This behavior is understood by the following considerations.
In the short-pulse limit, the input 7 pulse can be considered
to induce instantaneous complete excitation of the atom. The
atomic excitation is converted into a single photon, which is
forwarded to ports A and B with ratios of I',/I" and ',/ T,
respectively. This assumption reproduces the value of I} ~
',/ T ~ 0.91 well in the short-pulse region of Fig. 3(a). The
increase in d gives rise to two effects: generation of more
than two photons and incomplete 7-pulse excitation. Thus, as
d increases from the short-pulse limit, /;, I, and I3 initially
increase due to the former effect and then decrease due to the
latter effect.

Next, we show the photon statistics for the output pulse.
As observed in Fig. 3(a), the values of I,, rapidly approach
zero as m increases. Therefore, we can evaluate the values
of P, by setting I,, = 0 for m > 4. Then, from Eq. (7), we
have P1 = 11 - 12 + 13/2, P2 = ([2 - 13)/2, P3 = 13/6, and
P,, = 0form > 4. Figure 3(b) shows a plot of P, as a function
of d. Ideal single-photon generation P, ~ §, ; is achieved in
the short-pulse limit (d <« 1). The ratio between P; and Py
is approximately given by P,/Py=1,/T, for d < 1. As
d increases, P (Pp) decreases (increases) and approaches 0 (1)
ford > 1because the -pulse excitation becomes incomplete.
The two-photon probability P, increases around d = 1 and
has a maximum value of about 0.1. In other words, when
the pulse length is comparable to the lifetime of the atom,
the output pulse contains a multiple-photon component with a
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FIG. 3. (Color online) The pulse-length dependences of
(@I i =1,2,3)and (b) P, (i =0,1,2,3), where ', = 10.

high probability. The three-photon probability P; is negligible
at all pulse lengths.

C. Conditions for single-photon generation

Before discussing the conditions for single-photon genera-
tion (P, ~ 8,.1), we observe that there are two characteristic
frequencies that govern photon generation in the present setup.
They are obtained by dividing Ay into two components:
Ap =3T/4 and Ag = /72/d* — T?2/16 [see Eq. (10)]. The
former determines the time scale of atomic decay, and the
latter determines the time scale of atomic excitation by
the input pulse, which coincides with the Rabi frequency 7 /d
in the short-pulse limit of d < 1.

The condition for ideal single-photon generation involves
two factors. (i) The multiple-photon component P, should be
suppressed. This component is most suppressed when the two
time scales coincide (i.e., Ap = Ag). This equation can be
recast as d = \/%n/ I', which becomes 0.361 for I';, = 10.
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FIG. 4. (Color online) The integrals of (a) one-point function /;
and (b) two-point function I, as functions of d and I',. The white line
(broken line) represents d = /8/57 /" (d = 4x /).
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FIG. 5. (Color online) The probabilities of (a) single-photon and
(b) two-photon states as functions of d and I',. The white line (broken
line) represents d = /8/57 /" (d = 4x/T).

This value agrees well with the pulse length that maximizes P,
as shown in Fig. 2(b). (ii) The m-pulse excitation is complete,
and the output pulse contains nearly one photon (I; ~ 1).
Perfect excitation is achieved in the short-pulse limit where
the atomic radiation during the 7 -pulse excitation is negligible.
On the other hand, atomic excitation disappears in the long-
pulse limit, as seen from Eq. (9): Ci(r,t) =T (oo (1)) ~
nzFb/(szz)(l —eT1/2)2 5 0. The boundary between these
two behaviors is characterized by Ag =0, which can be
rewritten as d = 4w/ ~ 1.14 for T, = 10. As seen from
Fig. 3(b), this condition provides a good estimate for the
pulse length above which the output photon number starts
to decrease.

Based on these considerations, we clarify the conditions for
single-photon generation. Figure 4 plots /; and I, as functions
of d and I'j. The equalities d = \/%n/ I'and d =4n/T
are also indicated by the solid and broken lines, respectively.
Figure 4 shows that both /; and I, have broad peaks around
the solid line. Thus, radiation to port B is most active when
d~ \/%n/ I". Figure 5 plots the photon statistics P; and
P, as functions of d and I',. P, has a broad peak around the
solid line, whereas P; does not. This means that the peak of
I, around the solid line is solely due to increasing multiple-
photon generation. Therefore, d,, = \/%71 / I gives the upper
limit of the input pulse length for generating a single-photon
state.

IV. SUMMARY

We have studied the photon statistics of atomic fluorescence
after ;-pulse excitation in a two-level system coupled to input
and output ports. The equations of motion for multipoint func-
tions have been analytically derived, and multipoint functions
and multiple-photon probabilities were numerically calculated
from them. It is demonstrated that single-photon generation
becomes effective when the condition d < \/%n /T is
satisfied, where atomic radiation during 7 -pulse excitation is
considered to be negligible. This result is expected to provide a
useful guide when constructing an ideal single-photon source
for experiments.
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APPENDIX A: DERIVATION OF EQ. (9)

In this appendix, we derive analytical expressions for the
multipoint functions for the output state. We also obtain an
exact formula for the multipoint functions, where the input
mode function is chosen as a classical = pulse given by
Eq. (8).

First, we derive the input-output relations in the 0 < r < ¢
region from the Heisenberg equations for the output field
operators a,(t) and b, (r),

5r(t) = Zl'r,;(O) - \/F_ao(t - I’), (Al)
b, (t) = by_(0) — /Tpo(t — 1), (A2)

where a,(¢) and E, (1) are the real-space representations of a (t)
and by (1), respectively. Since the initial state is given by Eq. (2),
we can obtain the following equations: a.(0)|®;) = E(r)|D;)
and b,(0)|®;) = 0. By using the input-output relations, we
obtain the Heisenberg equation for o as

o — —ga — ofo = DIYTLa_0) + v/Tub_ (0)],
(A3)

d
dt

whereI' =T, + T,

The m-point function for the output state in an output port
is given by Cp(ruit) = (®:(0Ib), b by, by |Di(1),
where the spatial ordering is setasry > r, > --- > r,, without
loss of generality. By using the input-output relation Eq. (A2)
and the commutation relation [b,(0),0(7)] =0 (r < —7) due
to causality, C,,(r,,; 1) can be rewritten as

Colty) = Co(rpt) = TP (1) - 0 (t)o (tn) - (1)),
(Ad)

where t, =t —r, and t, = (t1,t,...,t,). Thus, we can
obtain C,,(t,) by solving the atomic equation of motion.
By using Eq. (B2), the equation of motion for C,,(,,) under
0 < t,—1 <ty is given by

iCm(tm) = _ch(tm) + 2E(_tm)Sm(tm)v

ai. (AS5)

where S, (t,) = T (o (1) 0 (tu_1)o(tn) - - - (1)) Obeys
the following equation of motion:

dS(t)— FS(t) E(—ty)
dtmmm— 2mm m

X [2Cu(tn) — TpCn1(tm-1)1. (A6)
By definition, the initial conditions are given by Cy(0) = 1 and
So(0) = 0, respectively.

When we choose E(r) as a w pulse given by Eq. (8), the
preceding simultaneous differential equations can be solved
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analytically. In this case, C,,(#,,) is given by

72Ty, 1=+ tm=im—1)

+ l1—e

h—(tm ~ty—1)
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2d2(hy—1_) [_ oy

Cm(tm) =
Os

where Ar = —3I'/4 £(I'?/16 — ?/d?)!/? is the eigenfre-
quency.

APPENDIX B: THE LOSS FROM THE ATOM

The loss from the atom can be taken into account by
assuming an imaginary port as dealing the environment, into
which the atom decays with a rate of I'.. The input-output
relation for this port is given by

(1) = 6-1(0) — JTea(t — 1), (BI)

where C,(¢) denotes a photonic annihilation operator for a
real-space position r in the environment. The initial state is
given by ¢,(0)|®;) = 0, since no photon is input from the

-
Cm(tm - dvtm—l) exp [_F(tm - d)] 5

]Cm—l(tm—l)» O<ty_1 <tn<d
0<ty1<d<ty (A7)

d <ty 1<ty

environment. By using the input-output relations of Egs. (A1),
(A2), and (B1), the Heisenberg equation for o is obtained as
d r’

P Qo'lo = 1)

X [v/Ta@-1(0) + v/Tpb_(0) + VT, (0)].  (B2)

where IV =T 4+ y(=T, + ', +T'.). By taking the same
procedures as in Appendix A, the m-point function for the
output state C,(r,,; t) is given in Eq. (A7) by replacing I" with
I[’. Thus, the upper limit of the input pulse length for generating
a single-photon state d,, is modified as d,,, = \/%n /T For
example, a recent cavity-QED experiment attained I'/y ~ 6,
where I" and y are the decay rates to the optical paths and the
environment, respectively [14]. In this case, d,, has 15% error
compared to the complete lossless case and should multiply
d, by afactorI'/T') ~ 0.857.
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