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Abstract. We investigate the spontaneous radiation from a ladder three-level atom embedded in a three-
dimensional anisotropic photonic crystal with an external driving field. The properties of the spontaneous
emission are dependent strongly on the relative position of the middle level from the band edge. Due to
the Autler-Townes splitting by the action of the driving field, the external driving field can also affect
the properties of the spontaneous emission. The population exchanged between the upper and the middle
levels decreases as the detuning of the external driving field frequency from the corresponding transition
frequency increases. The properties of the emission field can be changed or so much as controlled by
choosing suitable intensity of the external driving field. The emission spectrum is more complex, and

dependent on the location of the observer in this case.

PACS. 42.50.Dv Nonclassical states of the electromagnetic field, including entangled photon states; quan-
tum state engineering and measurements — 32.80.Bx Level crossing and optical pumping

QICS. 15.10.Ph Photons

1 Introduction

Since the initial prediction of photonic crystal by
Yablonovitch and John [1], photonic crystals have at-
tracted much attention and become an intensive research
area. Photonic crystals are periodically modulated dielec-
tric structures with the existence of one or several com-
plete photonic band gaps (PBG). A photonic band gap is
a frequency interval within which no propagating electro-
magnetic (EM) modes are allowed and the propagation of
electromagnetic (EM) waves is forbidden in all directions.
The dispersion characteristics of radiation waves traveling
in a photonic crystal are changed, and the mode density of
the electromagnetic field is strongly different from that of
the free space vacuum field. Consequently, photonic crys-
tals lead to a new frontier in quantum optics and offer
many new technological applications.

Spontaneous emission is a fundamental concept in
atomic physics. It is well-known that spontaneous emis-
sion is the result from the coupling of the atoms or
molecules to the vacuum modes of the electromagnetic
field, and depends not only on the properties of the ex-
cited atomic system but also on the nature of the sur-
rounding environment, specifically on the density of elec-
tromagnetic vacuum modes [2]. Furthermore, to control
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spontaneous emission well is important for the control of
an atom in terms of its stability. If the excited atoms are
embedded in photonic crystals, the relation between the
atomic dynamic properties and the time decay of the ra-
diation may be changed due to the influence of the special
surrounding environment. So the change of mode density
and the inhibition of electromagnetic wave propagation
in photonic crystals provide a way to control the sponta-
neous emission, which would promote the development of
optics and optoelectronics, and has many important ap-
plications [3]. During recent years, considerable attention
has been paid to the properties of spontaneous emission
from an initially excited atom embedded in photonic crys-
tals [4-21]. The previous studies show that the gap edge
has great influence on the optical behavior of an atom in
a photonic crystal, and many interesting effects have been
discovered when the atomic resonant transition frequen-
cies are near the photonic band edge, such as localization
of light [1,4], non-exponential spontaneous decay [5], spec-
tral splitting [5,7], the formation of photon-atom bound
states [5-10], suppression and even complete cancellation
of spontaneous emission [8,9], periodic and quasiperiodic
oscillations, the enhancement of spontaneous emission
interference [7,10], coherent control of spontaneous emis-
sion [11], the occurrence of dark lines in spontaneous
emission [12], accelerated and decelerated decays of the
radiation from an atom [13], the quantum Zeno effect
and the quantum anti-Zeno effect [14], the creation of
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entanglement [15], giant Lamb shift in photonic crys-
tals [16], the quantum features of one-atom laser emission
in photonic crystals [17], the optical switching effect and
the mechanism of controlling light with light [18], discus-
sion about the low frequency field influence on sponta-
neous emission [19], the experimental observation of di-
rectional spontaneous emission spectra [20], the control of
spontaneous emission rate of single quantum dots [21], etc.

On the other hand, coherent interaction of atom with
external driving field can have a profound effect on ra-
diative dynamic of the atom, which is one of the ba-
sic research field in quantum optics. With the exter-
nal driving field, the atomic system can lead to many
interesting quantum phenomena: electromagnetically in-
duced transparency (EIT) [22], the collapse and revival of
the atomic population [23], population inversion without
emission [24], lasing without population inversion [25], a
dark line in the spontaneous emission spectrum [26], etc.
The emission spectrum for a ladder three-level atomic sys-
tem with external driving field was studied by Zhu in ref-
erence [26], and the dark line, non-Lorentzian shape are
found in the emission spectrum due to quantum inter-
ference. The emission spectrum for a ladder three-level
atomic system without external driving field in a pho-
tonic crystal was studied by Bay and Lambropoulos in
reference [6]. The coherent control of spontaneous emis-
sion from a A or V three-level system was discussed in
reference [11], which is based on the isotropic photonic
crystal. However, in these studies, an isotropic photonic
dispersion relation was used in order to simplify the cal-
culation, which results in a singularity for the density of
states at the band edge. If the vector nature of electro-
magnetic waves can be neglected or the mode structures
of the photonic crystal are same in all spatial directions,
the isotropic model is a good approximation and leads
to qualitatively correct physics and exhibits many of the
observed and computed features of 3D PBG structures.
If the mode structures of the photonic crystals are dif-
ferent in different spatial directions, a three-dimensional
anisotropic photonic dispersion relation should be adopted
to model the band edge of photonic crystals, where the sin-
gularity of the density of states is removed. From our ear-
lier studies, it is found that the anisotropic model indeed
leads to rather unusual phenomena as comparing with the
isotropic case. For example: the disappearance of localized
field, no quasi-oscillation for the population evolution, no
coexistence of the localized field and the propagating field,
the enhancement of the diffusion field [10,27,28], etc. Not
only the external driving field, but also the special envi-
ronment anisotropic photonic crystal can play important
roles in the interaction between light and materials and
can affect the properties of the spontaneous emission from
an excited atom.

In the present paper, we investigate the spontaneous
radiation from a ladder three-level atom embedded in a
three-dimensional anisotropic photonic crystal with an ex-
ternal driving field. The properties of the spontaneous
emission are dependent strongly on the relative posi-
tion of the middle level from the band edge. Due to the
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Autler-Townes splitting by the action of the driving field,
the external driving field can also affect the properties of
the spontaneous emission. The population exchanged be-
tween the upper and the middle levels decreases as the
detuning of the external driving field frequency from the
corresponding transition frequency increases. The prop-
erties of the emission field can be changed or so much
as controlled by choosing suitable intensity of the exter-
nal driving field. The emission spectrum is more complex,
and dependent on the location of the observer in this case.

This paper is organized as follows. In Section 2, the
model and the basic theory to study the spontaneous emis-
sion are given. The properties of the time evolution of the
population trapped in the excited state are discussed in
Section 3. In Section 4, we investigate the properties of
the emitted field in detail. In Section 5, we pay attention
to the spontaneous emission spectra of the system.

2 Basic theory

We consider a three-level atom in a cascade configura-
tion, with atomic levels |1), |2), |3) and eigenenergies
hwi, hws, 0 respectively, where wq > ws (as shown in
Fig. 1) embedded in a three-dimensional anisotropic pho-
tonic crystal. The upper level |1} is coupled by an external
driving field to the middle level |2), which is coupled by
vacuum modes to the lower level |3). The resonant fre-
quency between levels |2) and |3) is wg, which is assumed
to be near the edge of a photonic band gap. Performing the
rotating wave approximation (RWA) for the interaction,
the Hamiltonian of this system takes the form

H = huwy |1) (1] + hws [2) (2] + > hwybl by
k

iy ge(b)|3)(2] — bel2)(3))
k

+ihQ(e ! |2) (1] — e7E 1) (2]), (1)
where by, (b;i) is the annihilation (creation) operator for
the kth reservoir mode with frequency wyg. g is the cou-
pling constant between the atomic transition |2) — |3)
and the kth electromagnetic mode. It is well-known that
the mode functions in a whole photonic crystal are Bloch
functions. Since we are concerned here with a model very
close to the edge of the band gap, we use the free-space
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mode functions instead of the Bloch functions in the fol-
lowing discussions. It is expected to be a good approxima-
tion for large gaps, and for atomic transition frequencies
close to the edge of the band gap. For the model near the
band edge, the coupling constant g, can be approximated
by gr = wada/hr/h/(2e0wiVo)ek - ug. k represents both
the momentum and polarization of the modes. d2 and uy
are the magnitude and unit vector of the atomic dipole
moment of the transition, Vj is the quantization volume,
e are the transverse unit vectors for the reservoir modes,
and ¢¢ is the Coulomb constant. {2 and wy, represent the
intensity and frequency of the external driving field. If a
three-dimensional anisotropic photonic crystal has an al-
lowed point-group symmetry, the dispersion relation near
the band edge could be expressed approximately by

wrp =we + Ak — K12, (wr > we), (2)
where w, is the cut-off frequency of the band edge. ki, are
the finite collections of symmetry related points, which are
associated with the band edge. A is the model-dependent
constant.

We assume the atom initially in the middle level |2},
and the radiation field is in the vacuum state. The wave
function of the system at arbitrary time ¢ may be writ-
ten as

() = Ar(H)e™ ™ [1,{0}) + Aa(t)e™ =" [2,{0})

+ ) Br(t)e 3, {1x}) (3)
k

with A1(0) = Bi(0) = 0, A2(0) = 1. The state vector
[1,{0}) (]2, {0})) describes the atom in its excited state |1)
(12)) with no photons in all reservoir modes, and the state
vector |3,{1;}) represents the atom in its ground state
|3) and a single photon in kth mode with frequency wy.
From the Schrodinger equation iﬁ%h/)(t)) = H|y(t)), we
can obtain the following first-order differential equations
for the amplitudes A;(¢), A2(t) and By(t),

Al(

0 .

S AL (t) = —0Ay(t)e et 4
£ AL ) = —24g(t)e e, (1a)
0

— A QA lent B —iwgat 4
ot 2( ) 1 E 9k k ) ( b)

) _
= Bi(t) = grAsz(t)e™*>*

T (4c)

where we assume: wyi2 = Wy, — w1 + Wa, W2 = Wk — Wa.

Formally integrating the equation (4c), and then sub-
stituting into equation (4b), we have

ng/ a( _w“(t_tl)dtl
+ A, (t)e™rzt (5)

With the help of the Laplace transform, we can solve the
above equations. The Laplace transform A;(s) and As(s)
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for the amplitudes Ay (t) and As(t) are found as
A1 (0)[s + I'(s)] — £245(0)
Aq(s —iwrpi2) = 5+ 1 (5)](5 — iwpra) + 22 (6a)
AQ(S) _ AQ(O)(S — ileg) + A (O) (6b)

[s + I'(s)](s —iwp12) + 227

I(s) = 3 g/l + ifen — w2)
k
- —iﬁ3/2/[\/u7c+ \/m];

with 3%/2 = (wody)? > sin® 0,/ (8meghA3/?) (see Ap-
pendix A) and wy. = wy — w,. Here §; is the angle be-
tween the dipole vector of the atom and the jth kg).
The phase angle of s is defined by —m < arg(s) < m,

and the phase angle of \/—is — (w2 —w,) is defined by
-5 <arg(y/—is — (w2 —we)) < F.

* The amplitudes A;(t) and Az2(t) can then be obtained
by means of the inverse Laplace transform

1 0'+i00 )

Ait) = 5= /  A(s)etds, (7a)
1 0'+i00 )

N /  Ag(s)eds, (7b)

where the real number o is chosen so that s = o lies to
the right of all the singularities (poles and branch points)
of the functions A;(s) and Az(s). With the help of com-
plex function integration and the residue theorem, we can
obtain the expression of the amplitudes (see Appendix B):

£ o
Al(t) —iwriat Z J e%i Bt
AR
(2) iwae 00
+Z f3(xj2 ) 6935'2)[% e t f6(x)e_xﬁtdx ’
~ 11(2?)) T Jo fa@)
J J
(8a)
AEY) o AED) e
Ag(t): J z; ﬁt+ J e%i Bt
ZJ: a2tV ZJ: H'(21?)
el [ fs(x) s
+ = Le TPy, 8b
™ 0 f4($) (8b)

where these functions f1(z), fa(z), f3(x), fa(x), f5(x),
fe(x), G(z), and H(z) are defined in Appendix B. :cy) are

the roots of the equation G(z) = 0 in region [Re(x) > 0]

r [Im(z) > wsy], and £E§ ) are the roots of the equation

H(z) = 0 in region [Re(z) < 0 and Im(z) < wa.]. G'(x)
and H'(z) are the derivatives of those functions G(z) and
H(x), respectively. With the help of numerical calcula-
tion, we found that there are at least one root and at
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Fig. 2. Five-region distribution for roots with w. = 1003 and
wri2 = 0.

most two roots. We can classify these roots into two types:

(€0)

(i) pure imaginary root x;’ with its imaginary part larger

J
than wa.; (i) complex root :cf) with a negative real part

and an imaginary part smaller than ws.. The number and
characteristics of these roots are dependent on the driv-
ing field and the relative position of the middle level |2) of
the atom from the band edge. For example, we have five
regions in the space of (wa,§2) with w. = 1008, wr12 =0
(as shown in Fig. 2) according to the number and the val-
ues of the roots. There are two pure imaginary roots in
region I, only one pure imaginary root in region II, one
complex root and one pure imaginary root in region III,
only one complex root in region IV, two complex roots in
region V. The last term in the right of equations (8a, 8b)
comes from the single-valued branch point contribution.
From the expressions of the amplitudes A;(t) and As(t),
we can see that these roots are important in study of the
dynamical properties of the excited atom.

The amplitude of the radiation field at a particular
space point r can be calculated from By(t) via As(t) in
the standard way (see Appendix C) [29]:

hwk —t(wt—k-r
E(r,t)zz,/me Wi=kr) B, (1)ey,. (9)
k

The emission spectrum S(r,w) can be obtained by us-
ing the Fourier transform of the radiation field (see Ap-
pendix D),

S(r,w) = |F(r,w)’
with F(r,w) = (1/27) [;° E(r, t)e™"dt.

(10)

3 Spontaneous emission

The influence of the external driving field on the spon-
taneous decay from the excited atom can be investigated
by examining the time evolution of the population in the
upper level |1) and the middle level |2), which can be ob-
tained from equations (8a, 8b):

Py(t) = [AL (1), (11a)

Py(t) = |Ax(t)]? (11b)
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and the total population is

P(t) = [A1 (D) + A2 (1)]*. (12)

The first term in the right of equations (8a, 8b) comes from
the pure imaginary roots :E§1) = ib§1)/ﬂ with wy — bgl) <
w. corresponding to photon-atom bound dressed states
caused by the interaction between the atom and its own

radiation occur at frequencies wy — b(l), which are within
the band gap and without decay. The dressed states with-
out decay lead to a fractionalized steady-state popula-
tion trapped in the upper level. While the second term in
the right of equations (8a, 8b) comes from complex roots

xf) = (a§-2) +ib§-2))/ﬁ with wg—b§2) > w, and a!? < 0 cor-
responding to photon-atom bound dressed states occur at

frequencies wy — b<2), which are within the traveling band
and the excited states population decay. The last term
in the right of equations (8a, 8b) yields a quasidressed
state at the band-edge frequency w.. The quasidressed
state displays behavior of power-law decay, and a frac-
tionalized population in the excited states decays to the
ground state |3). It is easy to see that these dressed states
and quasidressed states are the combined results of the
effect of the band edge and the Autler-Townes splitting
by the external field.

The properties of the excited atomic population decay
are dependent on the relative position of the middle level
|2) from the band edge. When the middle level |2) is in
region I, we have two pure imaginary roots. The first and
last terms in the right of equations (8a) and (8b) exist,
and other terms are replaced by zero. Due to the Rabi
oscillation the populations in the levels |1) and |2) display
oscillatory periodic behavior for large time ¢ (see Fig. 3a),
which represents the transfer of population between lev-
els |1) and |2) always exists. As the middle level |2) is in
region I (III, V) the amplitude of the quasidressed state
is negligibly small compared to the atomic dressed state.
When the middle level |2) is in region II, we have only
one pure imaginary root. The first and last terms in the
right of equations (8a) and (8b) exist, and the second term
is replaced by zero. In this region, the decay correspond-
ing to the quasidressed state is too strong to be ignored.
The Rabi oscillation leads to quasi-oscillatory behavior of
the population and the existence of the quasidressed state
leads to only a fractionally fractionalized population in
the excited states decays to the ground state |3) for large
time ¢ (see Fig. 3b). When the middle level |2) is in re-
gion III, we have one pure imaginary root and one complex
root. All terms in the right of equations (8a) and (8b) ex-
ist. As a result of the Rabi oscillation, the population dis-
plays the quasi-oscillatory behavior. The decaying dressed
state leads to a fractionalized population in the excited
states decay to the ground state |3) for large time ¢ (see
Fig. 3c). Comparing Figure 3b with Figure 3¢, we found
that the decay of the population in Figure 3b is slower
than that in Figure 3c. The reason is that the quasidressed
state decays in the manner of a power-law decay, while the
dressed state corresponding complex root displays behav-
ior of exponential decay. When the middle level |2) is in
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Fig. 3. The excited state population P(t) (solid curve), P (t)
(dotted curve), P»(t) (dashed curve) as a function of the scaled
time Gt for w. = 10006, wri2 = 0, w2 = —0.50, and different
Rabi frequency of the external driving field. (a) 2 = 0.48
(region I); (b) 2 = 0.54772508 (region II); (¢) 2 = 1.18 (re-
gion III).

region IV, we have only one complex root. The second and
last terms in the right of equations (8a) and (8b) remain,
and the first term is replaced by zero. Similarity to re-
gion II, the decay corresponding to the quasidressed state
is too strong to be ignored in this region. The population
displays the quasi-oscillatory behavior because of the Rabi
oscillation and the population in the excited states can de-
cay to zero as time goes to infinity (see Fig. 4b) because
of the disappearance of the non-decaying dressed sate. As
the middle level |2) is in region V, we have two complex
roots. The second and last terms in the right of equa-
tions (8a) and (8b) remain. The Rabi oscillation leads to
quasi-oscillatory behavior of the population and the pop-
ulation in the excited states can decay to zero faster than
that in region IV (see Fig. 4a).

The properties of the excited atomic population decay
also depend on the driving field. If the intensity of the driv-
ing field {2 is zero, the problem is reduced to a two-level
atom problem already treated in reference [28]. In this
case, we know that the spontaneous emission field dresses
the atom to form a dressed state, and the properties of the
dressed state are dependent on the nature of the emission
field. The excited state population can display non-decay
(an exponentially decay, a power law decay) corresponding
to the emission field is localized field (propagating field,
diffusion field). The emission field is essentially composed
of only one field at one time. Therefore, the excited state
population will have no quasi-oscillation because of the
lack of Rabi oscillation. From the above discussion, we
can see clearly that the population of the middle level
|2) can display non-decaying oscillatory periodic behavior
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Fig. 4. The excited state population P(t) (solid curve), P (t)
(dotted curve), P»(t) (dashed curve) as a function of the scaled
time Gt for w. = 1008, wri2 = 0, w2 = 0.50, and different Rabi
frequency of the external driving field. (a) £2 = 0.43 (region V);
(b) 2 =0.44720503 (region IV); (c) 2 = 1.1 (region III).

or quasi-oscillatory decay with the driving field between
the levels |1) and |2). The excited state corresponding
to the middle level |2) is split into Autler-Townes dou-
blets by the action of the driving field. Further more, the
Autler-Townes doublets can form dressed states (due to
the strong interaction between the atom and its own ra-
diation field) in a combinating fashion due to the interfer-
ence between the two transitions from the Autler-Townes
doublets to the lower level. Therefore, the dressed states
are the combined results under the action of the driv-
ing field and the photonic crystal. In Figures 3 and 4 we
plot the time evolution of the excited states population
with w. = 1008, and wr12 = 0 for fixed relative posi-
tions of the middle level |2) but different 2: wy = 99.58,
2 =0.40 (region I), 2 = 0.5477250 (region II), 2 = 1.1
(region III) for Figure 3 and we = 100.55, 2 = 0.4 (re-
gion V), £2 = 0.4472050 (region IV), 2 = 1.173 (region III)
for Figure 4. From Figure 3, it is found that if the middle
level |2) is within the band gap initially, the two dressed
states are still within the band gap for weak driving field,
while one dressed state goes into deep band gap and the
other dressed state can move into the traveling band with
a stronger driving field. On the contrary, if the middle
level |2) is within the traveling band initially, the two
dressed states are still within the traveling band for weak
driving field, while one dressed state goes deeply into the
traveling band and the other dressed state can move into
the band gap with a stronger driving field as shown in
Figure 4. These phenomena can also be rationalized in
a somewhat different language more familiar in quantum
optics. Due to the strong external driving field, one of the
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two components created by the Autler-Townes splitting is
pushed into the band gap, where it is protected against
decay, while the other is pushed into the traveling band
where it can decay.

On the other hand, the detuning of the external driv-
ing field frequency from the transition frequency wio can
also affect the time evolution of the populations in the
levels |1) and |2). In Figure 5 we plot the time evolution
of the populations in the excited states with w. = 1003,
2 =0.158, wye = —0.50, but for different detuning wy1s.
Here we just focus on the case corresponding to the middle
level |2) in region I in Figure 2. When the middle level |2)
is in region I, there are two dressed states without de-
cay. The oscillatory periodic behavior of the populations
in the levels |1) and |2) indicates that the population is
exchanged between levels |1) and |2) with the help of the
external driving field. Moreover, almost no population de-
cays to the lower level |3) due to the middle level |2) in
region I and the transition from level |2) to lower level
|3) is forbidden. From Figure 5, we can see that the de-
tuning wr12 determines what fraction of the population is
exchanged between levels |1) and |2). When the external
driving field is resonant with or detuned near the transi-
tion |1) < |2), it is easy for the population to exchange
and the amplitude of the exchanging population is large.
On the contrary, when the driving field is detuned away
from the transition frequency wio, the amplitude becomes
small because the exchange of the population is difficult in
this case. Moreover, the frequency of the oscillatory peri-
odic behavior of the population increases as the detuning
increases.
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4 The emitted field

From equations (8b) and (9) we can calculate the emission
field under the approximation k - r > 1 [29]. Correspond-
ing to three terms of equation (8b) the radiated field can
be written as the sum of three parts,

E(r,t) = EQ(r,t) + E@(r,t) + E®(r,1). (13)

EM(r,t) comes from the pure imaginary root 2(!), and
E®)(r,t) stems from the complex root z(?). EG)(r,t)
comes from the last term (the power-law-decay term) in
equation (8b).

When the middle level |2) is within region I, we have
two pure imaginary roots xgl) = ibgl)/ﬁ, xél) = ibgl)/ﬁ
and E(r,t) = EM(r,t) + E®)(r,t). From equations (C.7)
and (C.9) we can rewrite the emission field E(r,t) as fol-
lows,

E(r,t) = EY (r, ) + B (r, ) + Eg1 (r, ) + B (r, 1) (14)
with
f1(ﬂf(1)) T o) r
E\(r,1) = Eo(r) — 21" Doty ol [y )
’ G'@' )) A “}j)
Eq(r,t) = E® (r, 1),

E{)(r,t) = Eo(r)e?

wads ikl ox k) (k) - uq)
Eo(r) = SrZeori Ze 0 [ud — 7(%-)2 ,

J(rt,2) /OO (peimi+oty)e A"
Tt z) = - —
oo (we — wo —izf) + A(pe%’”—i—m)

5 dp,

where ¢ = —i(w.t — 4T—:t) + 174, O(z) is the Heaviside step
function. The frequency of the fields El(ll)(r, t) (El(;)(r, t))
is wy — bgl) (we — bél)), which is within the band gap.
Obviously, these two fields represent localized fields with-
out decay in time. The amplitudes of the localized fields

El(l1 )(r, t) and El(Ql)(r, t) drop exponentially with increasing
distance from the atom as e~"/" and e~"/!, respectively.

The localization lengths are [; = \/A/(wc — wa +bgl))

and [y = \/A/(ujC —wg + b(Ql))7 and the front velocities of

the localized fields are v}ll) = 2\/A(wc —wa + b§1)) and

0}12) = 2\/A(wc —wy + bél)). The localized fields El(ll) (r,t)

and Eg)(r, t) do not decay against time and their distri-
butions with their energy are trapped in the vicinity of
the atom. That is, the corresponding dressed state is the
photon-atom bound dressed state with no decay. A pho-
ton which is emitted by the atom in this dressed state
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will tunneling on a length scale given by the localiza-
tion length before Bragg reflected back to the emitting
atom. This photon-atom bound state leads to the frac-
tionalized steady-state atomic population in the excited
state. Eq1(r, t) and E((il; (r,t) are the diffusion fields, which
have power-law decay and are without fixed phase differ-
ence between two space points. The expression of Eg4; (r, t)
is given in equation (C.9), which comes from the branch-

point contribution, while E((il; (r,t) comes from the first
term > f1 (x;l))e“§1)t/G'(x§-1)

When the middle level |2) gets into region V, we have
two complex roots :L'§ ) = (a D b 2))/6, (j =1,2). The
radiation field E(r,t)= E® (r,¢) + E®)(r,¢) and can be
rewritten as (see Eqs (C.8) and (C.9))

) in equation (8b).

(
(r,

E(r,t) = By (r,) + B (v,6)+ Ea (r, 1) + B (x,1) (15)
with
(2)
fi(z”)
B, (r,1) = Bo(r) 57
pJ H/(I§2)) A
w e iw2=b)(t=r /o)) +a (t=r /o) g [y _ T
@)
fi
Edl(r7 ) = E(3)( )a
) o | L) (2)
Ed2 (I‘,t) E ( )e [H'( (2))J(r,t,x1 )
1

The frequency of E( )( b§2), (j = 1,2), which is
within the traveling band. Eé j) (r, t) represents a propagat-
ing field, which can travel away coherently from the atom
in the form of a traveling pulse with phase velocity v( ) =

(wa — b(-Q))\/_/Im(\ [we —we + zx§- )ﬁ) and the energy ve-
locity v = (2)\/_/Re(\/w2 —we+ ix@)ﬂ) The front

velocity of the propagating field is vf2 = 2VA A(Re —

Im)y/we — wo — zacg )ﬂ, (j=1,2). Eq1(r,t) and Efﬁ)(r t),

fE?) 2@
i H’(x(2>)ez m
equation (8b), represent the diffusion fields.

t) is wo

which comes from the second term ).

Similarly, when the middle level |2) gets into region III,
we can obtain one pure imaginary root z(!) = ib(l)/ﬁ and
one complex root (2 = (a® + b))/, The radiation

field E(r,t) =EMW (r,t)+E® (r,t)+E®)(r,¢) and can be
rewritten as (see Egs. (C.7), (C.8), and (C.9))
E(r,t) =E\" (v, )+E? (r,1)+Ea (r, ) +Ega(r, 1), (16)
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with
(1)
1) HE) T sy, T
E, /(r,t)=E (r)G’(x(l))Ae e (1) ,
(2)
2 _ fiz) T
Eé )(I‘ﬂf) = Eo(I‘) H'(x(Q)) Z
w i@z b t=r /o) 40 t=r/ o) g [ T
@
f
Edl(r7t) = E(3)( )a
(1)
é fi(z 1
Euo(r,t) = Eo(r)e [G,(I(l))J(r,t,;p( ))
fi(z® (@)
@y’ (b

The field El(l) (r,t) represents a localized field without de-
cay in time due to its frequency is wy — b") < w,, which
is within the band gap. The frequency of field E( )( t) is
wy — b3 > w,, which is within the traveling band and the
field E](DQ) (r,t) is a propagating field. Eg41(r,t) and Ega(r, t)
are the diffusion fields. Ego(r,t) comes from these terms

W) @ ,
Q,((ﬁ(l))) et and Ij;l,(z(z))) 2@t iy equation (8b).

As the middle level |2) is in regions II or IV, there
is only one pure imaginary or complex root exists. The
emitted field can be rewritten as

E(r,t) = El(l)(r7 t) +Eq(r,t) + EEIIQ) (r,t), (in region II)
E(r,t) = Ez(f)(r, t) + Eai(r,t) + Eff; (r,t), (in region IV).

There are a localized field and diffusion fields in the emit-
ted field for region II. While the emitted field composes of
a propagating field and diffusion fields in region IV.

From the above discussion we know that the main
parts of the emission field can be written as

E(r,t) =
EY . nrg® ¢ ion T
i (e, )+ Ey (v, )+ Eqi (r,t)+EG) (r, 1) (region 1)
E{" (r, t)+Ea (r, t)+E}) (r,t) (region II)
E\(r,t)+EJ(r, t)+Ed (r,t)+Egz(r,t) (region III) .
E;,Q)(r, t)+Eqi(r,t (r, t) (region IV)
Eﬁ) (r, t)‘i‘EéQg)( ) ai(r, t)—i— ( ) (region V)

(17)

The emission field from the excited atom is characterized
by three different fields: the localized field, the propagat-
ing field and the diffusion field. The amplitudes of these
fields depend strongly on the relative position wo.. In Fig-
ure 6 we plot the amplitudes of the localized field and the
propagating field as functions of the relative position of
the middle level |2) from the band edge for fixed distance

from the atom r = \/A/fS and at the fixed time ¢t = 3/p.
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Fig. 6. The amplitude square (in arbitrary unit) of the lo-
calized field and propagating field as function of the relative
position wee with we = 10083, 2 = 0.58, wr12 =0, r/B/A =1,
and Gt = 3.

From Figure 6, we found the amplitudes of the localized
fields El(l)(r, t) decrease as wo, increases and the localized

field El(ll)(r,t) (or El(Ql)(r,t)) will decreases to zero and
vanishes when wsg. changes from region I to region II (or
from region III to region IV). While, when the relative
position wy. changes from region II to region III (or from
region IV to region V), there is a pronounced switch-on

effect for the propagating field Efl) (r,t) (or EI(;QQ) (r,t)).
These sudden increases of the propagating field can be
used to design an active optical multi-channel micro-sized

switch.

Although both the fields E41 (r, t) and Ega(r, t) are the
diffusion fields, their contributions to the emitted field in
different region of the middle level |2) are different. We
plot the amplitudes of the diffusion field E4;(r,¢) in Fig-
ure 7 and the diffusion field Eg2(r, ¢) in Figure 8, respec-
tively, as functions of the relative position of the middle
level |2) from the band edge for fixed distance from the

atom r = /A/f and at the fixed time ¢ = to = 3/p.
From Figure 7, we note that the amplitudes of the diffu-
sion field Eg; (r, t) in regions IT and IV are almost constant
and extremely strong (several hundred times stronger than
that in other regions). The diffusion field E4;(r,t) in re-
gions I, III and V are extremely small and can be ne-
glected. The amplitude of the diffusion field Ego(r,t) is
zero for the middle level |2) being in regions II and IV,
while it is not zero and much larger than the amplitude
of Eg41(r,t) for the middle level |2) being in regions I, III
and V (see Fig. 8). When the middle level |2) is far away
from the regions II and IV, the amplitude of Ego(r,t) is
small (but much larger than Eg;(r,t)) because the diffu-
sion field Ego(r, t) has already decayed at time tg.

Considering the process of the middle level |2) moves
from deep in the band gap to deep in the transmitting
band, we can get the following picture of the energy trans-
lation among the three different fields. When the relative
position ws. increases from region I to region II, the ampli-
tude of the localized field El(ll) (r,t) tends to zero and dis-
appears, and the diffusion field appears. The correspond-
ing energy of the localized field has been transferred to the
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Fig. 7. The amplitude square (in arbitrary unit) of the diffu-
sion field Eg41 (r, t) as function of the relative position ws. with

we = 1008, 2 =0.58, w12 =0, r/B/A =1, and St = 3.
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Fig. 8. The amplitude square (in arbitrary unit) of the diffu-
sion field Eq2(r, t) as function of the relative position wa. with

we = 1008, 2 =0.58, w12 =0, r/B/A =1, and St = 3.

diffusion field Eg4;(r, t) (see Figs. 6 and 7). As wo. changes
from region II to region III, the propagating field E1(021) (r,t)
begins to appear and the corresponding energy of the dif-
fusion field Eg4;(r,t) is transferred to Eﬁ) (r,t). Similarly,
as we, increases from region III through region IV to re-
gion V, the same process goes on among the localized
field Eg)(r, t), the diffusion field E4(r,t) and the propa-

gating field E;QQ) (r,t) (see Figs. 6 and 7). The disappear-
ance of the localized field in the present case is caused by
the anisotropic dispersion relation and this property does
not exist for an isotropic dispersion relation. For isotropic
case, the one-dimensional dispersion relation results in a
singularity in the density of state (DOS), and any weak
potential will lead to localization for electron [30]. John
and Wang mentioned the analogous localization for pho-
ton in photonic crystal, and got the concept of the ‘bound
photon-atom state’ [5]. Kofman et al. examined the same
question for a more general case [8]. So the localized field
always exists in the isotropic case.

The properties of the emission field also depend on the
external driving field. From the above discussion in the
previous section, we know that for fixed relative position
wae, the corresponding dressed states can change from re-
gion I through region II to region III (or from region V
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Fig. 9. The spectra of spontaneous emission from the excited
atom for w. = 1008, 2 = 0.503, wr12 = 0, and (a) wae = —0.60
(region I), (b) wa. = —0.45248553 (region II) with different

distance from atom.

through region IV to region III) as the intensity (2 of the
driving field increases. Furthermore, we found that the
main components of the emission field are so different in
the five regions from equations (17). So we can change
or so much as control the properties of the emission field
with the help of choosing suitable intensity of the external
driving field.

5 Spontaneous emission spectrum

Photonic crystals can affect strongly the spontaneous
spectrum of the excited atom. From Appendix D the ra-
diation spectrum S(r,w) can be written as

S(r,w) =
|Fi(r,w) + Fy(r,w)|? (region TI)
|F(r,w)+ Fy(r, w)|? (region II)
|Fi(r,w) + Fy(r,w) + Fy(r,w)|* (region III) . (18)
|Fo(r,w) + Fy(r,w)|? (region IV)
|Fa(r,w) + Fy(r,w)|? (region V)

Where the functions Fy(r,w), Fa(r,w) and F3(r,w) are
given in Appendix D (see Egs. (D.3), (D.4) and (D.5)). If
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Fig. 10. The spectra of spontaneous emission from the excited
atom for w. = 10083, 2 = 0.58, wriz = 0, and (a) wae =
0.552503 (region IV), (b) w2 = 1.18 (region V) with different

distance from atom.

the middle level |2) is within regions I, IT or III, F5(r, w)
will be negligible small compared to Fy o(r,w).

In Figures 9 and 10, we plot the emission spec-
tra s(r,w) = S(r, <.‘.:)|A|2/|E0(r)|2 of spontaneous emission
from the excited atom for w. = 1003, wri2 = 0,and
2 = 0.50 with different relative positions between the
middle level |2) and the band edge wa. and different dis-
tance from the atom r. When the relative position of the
middle level |2) from the band edge wa. changes, the emis-
sion spectrum changes.

When the middle level |2) is within region I, there are
the localized field and the diffusion field in the emitted
field. The emission spectra s(r,w) with different distance
r are plotted in Figure 9a. The emission spectrum is com-
posed of two singularities due to two characteristic local-
ized modes and one small peak at the band edge corre-
sponding to the diffusion field for small r. The part of
the emitted field with the frequency being in the band
gap is localized, the corresponding energy is limited near
the atom. As the distance r increases, the amplitude corre-
sponding to the part of s(r,w) with frequency being in the
band gap drops exponentially and becomes narrow with
increasing distance from the atom r. So the part of the
emission spectrum with frequencies being in the band gap
is composed of two lines instead of two singularities cor-
responding to two characteristic localized modes for large
r, and the two lines will disappear if r large enough. On
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the other hand, due to all energy of the emitted field with
frequency being in the traveling band can propagate out,
the corresponding part of the emission spectrum does not
change with the distance from the atom. So we found the
small peak corresponding to the diffusion field is at the
band edge and does not change with the distance from
the atom. In results, the total emission spectrum is de-
pendent on the distance from the atom (the location of
the observer).

As for the middle level |2) is within region II, there are
the localized field and the diffusion field in the emitted
field. The emission spectrum is composed of one singular-
ity within the band gap due to one characteristic localized
mode and one large peak at the band edge corresponding
to the diffusion field. As the distance r increases, the am-
plitude of the singularity within the band gap drops expo-
nentially and becomes narrow to one line which will vanish
if r large enough. While the large peak at the band edge
does not change for different distance from the atom r
(see Fig. 9b). Comparing Figure 9a with Figure 9b, the
spectrum corresponding to the diffusion field in region II
is extremely large than that in region I due to the ampli-
tudes of the diffusion field E41(r,¢) in regions IT and IV
are almost constant and extremely strong (several hun-
dred times stronger than that in other regions).

When the middle level |2) is within region III, there
are the localized field, the propagating field and the dif-
fusion field in the emitted field. In this region, the peak
of the diffusion field at frequency w. is very small and it
is covered by the large peak for the propagating field. So
the emission spectrum is mainly composed of one singu-
larity within the band gap due to one characteristic lo-
calized mode and one large peak with frequency being in
the traveling band corresponding to the propagating field.
The peak for the propagating field does not change for
different distance from the atom r because the energy of
the propagating field with frequency being in the traveling
band can propagate out.

When the middle level |2) is within region IV, there are
the propagating field with frequency being in the traveling
band and the diffusion field in the emitted field. Similar to
region II, the amplitude of the diffusion field E41(r,t) in
region IV is also extremely strong (several hundred times
stronger than that in other regions I, III, V). So in the
emission spectrum there are obviously one peak at the
band edge corresponding to the diffusion field and one
peak with frequency being in the traveling band corre-
sponding to the propagating field (see Fig. 10a). The total
emission spectrum does not change for different distance
from the atom 7 because both the energy of the diffusion
field and the propagating field can propagate out.

When the middle level |2) is within region V, there are
the propagating field with frequency being in the traveling
band and the diffusion field in the emitted field. Similar to
region I, the amplitude of the diffusion field in region V is
so small that the peak of the diffusion field at frequency w.
is covered by the large peak for the propagating field. So in
the emission spectrum there are obviously two large peaks
with frequencies being in the traveling band corresponding
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to two propagating field modes (see Fig. 10b). The total
emission spectrum does not change for different distance
from the atom 7 because both the energy of the diffusion
field and the propagating field can propagate out.

It is well-known that in free space, when a two-
level excited atom decays by spontaneous emission to its
ground state, the spectrum of the emitted radiation has a
Lorentzian shape as a function of frequency. The emission
spectrum for a ladder three-level atomic system with ex-
ternal driving field was studied by Zhu in reference [26],
and the dark line, non-Lorentzian shape are found in the
emission spectrum due to quantum interference. The com-
mon characteristic of these spectra is that the spectra are
independent on the position of the observer in space. For
present case, the emission spectra are more complex due
to the influence of photonic crystal and the external driv-
ing field. It is obviously that the emission spectra in some
regions are strongly related with the distance of a partic-
ular space point r from the atom.

6 Conclusions

We have studied the properties of the spontaneous radia-
tion from a ladder three-level atom embedded in a three-
dimensional anisotropic photonic crystal with an external
driving field. As a special environment, photonic crystals
play an important role in the spontaneous emission of
the excited atom. It is found that the properties of the
spontaneous emission and the emitted field are depen-
dent strongly on the relative position of the middle level
from the band edge (five regions). We have also analyzed
the influence of the external driving field on the sponta-
neous emission, the emitted field and the emission spec-
trum. Due to the Autler-Townes splitting by the action of
the driving field, the external driving field can affect the
properties of the spontaneous emission and the emitted
field. The population exchanged between the upper and
the middle levels decreases as the detuning of the external
driving field frequency from the corresponding transition
frequency increases. The properties of the emission field
can be changed or so much as controlled by choosing suit-
able intensity of the external driving field. The emission
spectra in different regions are different due to the dif-
ferent components of the emission field in corresponding
regions. The emission spectrum is more complex, and de-
pendent on the location of the observer in this case.

This work was supported in part by the National Natural Sci-
ence Foundation of China (Grant No. 10674103, 60507008), the
Shanghai Phosphor Tracing Plan (Grant No. 04QMH1407) and
the Quantum Control Project of Shanghai Science Committee.

Appendix A: The calculation of I

For the model near the band edge, the coupling constant
gr can be approximated by

o w2d2 h e u
gk = h V 2{:‘0ka0 k d:

(A1)
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We can calculate I" in equation (6) as follows

I =
Zs—i—z (Wi — w2)

. (w2d2) Z (ek . ud)(ek -ud)

— 2e0hVp P wk[s + z‘(wk — WQ)]

 (wady)? Z 1—(k-uq)?/k?
o 2¢0h V) Wi [S —+ i(wk — WQ)]
w2d2

B /// - (k- ug)?/kdk
~ 1673eph

wi[s + i(wr — w2)]

Where we have replaced the sum by an integral via ), —
ads [[] d*k, and 3o, (e),-ua)(ey - uq) = 1 (k-uq)- (k-
u,,l)/lc2 Near the band edge, the dlspersmn relation may
be expressed approximately by wr = w. + Ak — k2.
The integration over k has to be carried out around
the direction of each kg) because of the anisotropy of a
three-dimensional photonic crystal. The angle between the
dipole vector of the atom and the jth ké is 0;. The angle

(A.2)

between the dipole and k near k) is replaced approxi-
mately by 6;. We calculate I" as follows

(wads)?

~ 16m3¢oh /// wels + i(wp —w2)] [1 N (kk#]

X/[é@k+AM%B+ﬁ1rwa+AMPH

(wads)?
= in?eoh Z sin?
X/oo g*dg
0 (we+ A@P)[s + i(we —wa + Ag?)]
(wads)? 9
87T 6()77,143/2 Z sin 9
Z (A.3)
,/wCJr *’IlS*(WQ*WC). .
Consequently, we have
- 23/2
r=- i (A.4)

Vwe +/—is — (w2 — we)

with 332 = (wady)? Y- sin® 0,/ (8meghA®/2). The local
density of modes (A.4) is a result of an approximation.
A rather general model has been proposed by Kofman
et al. [8], in which a cut-off-smoothing parameter is used to
indicate different cases. For example, the case of large cut-
off-smoothing parameter corresponds to the anisotropic
model.
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Appendix B: The calculation of the amplitudes
A(t) and B(t)

For convenience in the following calculation, we define

functions f1(x), f2(z), f3(), fa(x), f5(z), fe(x), G(x) and
H(x) as follows

6(e) = (-

) (:]C — iQng) + w?
(B.1)

) (:]C — iQng) + w2

2
VOt

H(x) = (*’” \/ﬁfz;m

(B.2)
fl(I) = WAl(O) + (I — iQng)AQ(O) (B3)
foz) = A,(0) (x i \/ﬁ) — WA, (0)
(B.4)
fa(x) = A1 (0) (x - z;m) W A4 (0)
(B.5)

fa(x) = {[(x_iQQC)(QC_i$)+i\/Q_C] (x—122.+12112)

2
+ W22, — i:c)} +ix(x — 1829, +i02712)% (B.6)

fs(x) = Y2 /x(2e —iz)(—x + 1290 — i2712)
X [WAl( ) + (—I + iQQc — ’L'Qng)Ag (O)] (B?)
folx) = i 2/aW (2. — ix)
X [7(71 + 1829, — iQng)AQ (0) - WA (0)]
(B.8)
where & = §, Q2 = %, (e = 2=, Qp1p = <52, W = £,
Using the inverse Laplace transform, the amphtude A(t)

can be written as

e—ZwL12t o+1i00
Ai(t) = - / Ai(s —iwpi2)etds
[ea

27 oo

e—iwrizt /J/Jrioo
27 o/ —ico

x A41(0) (I_m) — WA (0) Bt o

(:cf ﬁ) (x —i02p12)+W?

- Z f2
(1)
e—wLmt iQ290+0 —io0+0
2 [/m%oo +/iQQC+() ]

4O (o grr) WA

(v - Jomrvs) (0 — i2002) + W2

( )ﬂt—iwLnt

(B.9)
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2mi Jigy. 40 (:v - T — ﬁ) (x —if212) + W2
_ €77LwL12t /—ioo A1 (O) (37 — Wm) — WAQ(O) ezﬂtdx
2 i622e (:E - \/.Qic—i\iix-&-!bc) (:E a iQLm) +we
3 7e—iwL12t /i!hc Al(O) (x — T ii$+g2c) — WA2(0) Bt g Z f3($§-2)) ez§2)ﬁt*iWL12t (B 10)
2 St (:v B \/-(Tc—i\i/_ix-&-n_%> (z —if2012) + W2 J H’(mf))
(1) (2) —iwriat iS22
€T (1) T (2) L12 2¢
i =t [ BE 5 BE D [ v
57 G'(z;7) 7 H (z;7) T Jigse—oo
>< p—
(v~ var=rimros) (@ = i200) + W2 (2= ot ) (2 = iQ002) + W2
_ ) 2 iwget oo
= e—wmzt |:Z f2(x7(1)) exgl)m + Z f3(x](2)) 69552)& c fﬁ(m) e_xﬁtd$:| (B'll)
T G'(x; ) 5 H'(x; ) T o Ja(z)
where $§-1) are the roots of equation G(z) = 0 in the re- approximated by [29]

gion (Re(z) > 0) or (Im(x) > (22.). The real number o’ is
chosen so that = ¢’ lies to the right of all the singular-

ity :c( )

see equations (B.10) above

where xf) is the roots of equation H(z) = 0 in the region:

(Re(z) < 0 and Im(z) < £25.)
see equations (B.11) above.

Similarly, using the inverse Laplace transform, the ampli-
tude As(t) can be written as

1 o+i0o
As(t) = 3 . Ay (s)etds
2
= Z f—l(x‘gl)—) 6x§1)ﬁt Z fl (x‘g )) 52>ﬁt
7 G(Y) T H ()
elwaet (90 fo(x)
+ 2L ety B.12
T Jo falx) ( )

Appendix C: The calculation of the radiation
field E(r, t)

For the model near the band edge, the amplitude of
the radiated field at a particular space point r can be

—z(wt kr)B
ZV250‘/0 k(t)ex

wads —i(wt—kr) [/ N i(wg—wasz)t’ /:|
= Ag(t)e"\wrm w2t dt
Z 250V0 0 2(t)
k(k -
X |:ud—7( ud):|
__wady Zeikg.r udik(];(k(];_'ud)
1673¢eg . (k)2

k2
t
% /// dSqe—i(wqt—qr) |:/ AQ(t/)ei(wq—wQ)t’dt/]
0

(C.1)

where we have used q = k — kg, d3>q = d3k, and have
replaced the sum by an integral via >, — # [[] k.

Suppose As(t') = Pt we have

t
/// dSqe—i(wqt—q~r)/ AQ(tl)i(wq—wQ:s)t’dt/ _
0

2_7T /oo el@B—iw2)t _ ,—iwgt quqdq (02)
ir J_o i(wg—w2)+ 20
e e(;cﬁ—iwz)t o
_C tMTde =
/_oo i(wg—wa) rap 1T
Ee(zﬁﬂm)m [(we—wsz)—izB]/A (C.3)
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Here ©(z) is the step function for z > 0, @(z) = 1, and
x <0, O(z) =0. So we can obtain

see equation (C.5) above.

From equations (B.12), (C.1), and (C.5), we can calculate
the radiation field E(r,t). Corresponding to each term in
As(t), we can obtain

E(r,1)

=EY(r,t) + E¥(r,t) + EP(r,1).  (C.6)

(1) For the pure imaginary root $§-1) = ib(-l)/ﬁ, we have

b(l) < we. The term in As(t) related to :c( ) i

fi(=z ()) a,(l)ﬁt
Zg G/(a,(l))e
field E(r,

So the term EM (r, ¢

) in the radiation

t) can be obtained as follows:

fl x(l))
(1)(1' t E() Z ](1))
J J

T ilwo—bM)— _ (1)
% {Ze i(wz—b; ")t r\/(wc wa+b; ) /A

X6 |t— "
2\/Z We — Wo + bgl)
E¥ ) - —Atp?
_i_e—i(wct—ﬁ?twim‘/oo (pe'™+agle " dp}
—00 (wc—w2+b§-1)) + A(pe“”—i—QLAt)2

(C.7)

w r k! (k2.

where Eo(r) = g% 2502” > ekd [ug — %]
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(2) For the complex root xf) = (a§-2) + ib§-2))/ﬁ,

we have wy — b§-2) > w. and a§2) < 0. The term

h?) «@pe ; @)
> H/(xz@)e% Pt in As(t) is related to z;”. So the term

E®)(r,t) in the radiation field E(r,t) can be written as:

o)

% { %e*i(wfrixf)ﬁ)tfr\/ (we—w2—iz (P B)/A

r

2V A(Re — Im)4/we — wy — iz§2)6

xO|t—

. 2 .
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00 et™ 4 T Ve
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—oo (w,—w2—iz;” B) + Alpe* " +577)
(3) For the integration term in As(t), we have

E
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Appendix D: The calculation of the emission
spectrum S(r,w)

The Fourier transform of the radiation field is

F(r,w) = !

/ E(r, t)e™dt.
0

So the emission spectrum S(r,w) can be obtained,
S(r,w) = |F(r,w)|’. From equations (B.12) and (C.1),
F(r,w) can be rewritten as the sum of three parts, which
come from the three terms of equation (B.12):

F(r,w)=F,(r,w) + F,(r,w) + F,(r,w). (D.2)
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)

J

e 0o
Fi(r,w) = Eo(r) Z fi( J ) /

2w S G (alV) S ifw,—wa) + 2V

(1) For the pure imaginary root x;’, we have

qe'"dq

oo (1) 0o Vit . .
« (e(:cj B—iwsa)t+iw 7671wqt+zwt)dt
0

1 o0
= Eo(r) Z /i (xg )) lim
2m G’(:cg»l)) s—0t o

y ge'""dg
[~ +i(w — wy—izl) B)][=s + i(w — w,)]
 Eo(r) « A
S Ve
x lim G (D.3)

§=0F —g+ j(w — w271x§1)ﬂ)

where ©(x) is the step function. The functions f(w) is
defined as

flw)y=eT"V (wc—w)/A@(wc —w)+ eiv'\/(w—wc)/AQ(w —we)

(2) For the complex root 2P = (a§2) + ib§»2))/ﬁ , we have

J
(2

wo —b§-2) > w. and a;” < 0

flw)

@)
Fa(r,w) = Bolt) > S, )

24 “ H(@P)i(w - w,—iz?g)
(D.4)
(3) For the integration term in B(t), we have
_Eo(r) [ filx)  fw)
Fs(r,w) = -7 @) i@ —w2—ixﬁ)dx' (D.5)
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