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Quantum interference in spontaneous emission of an atom embedded
in a double-band photonic crystal
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Quantum interferences in spontaneous emission spectrum from a V-type three-level and a double V-type
four-level atom embedded in a double-band photonic band-gap material have been investigated. We demon-
strate that there is not only a black dark line, but also a narrow spontaneous line in the spectrum. The dark line
results from a destructive interference or singularities of the density of states of the radiation field. The narrow
spectral line arises from a population transfer under joint constructive interferences. The spontaneous emission
spectrum is compared to the cases of single-band and double-band photonic band-gap reservoirs.
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[. INTRODUCTION neous emission spectrum near the edges of the photonic
band? As far as we know, Zhu and co-workg28-264 had
It is generally envisaged that narrowing down the spontastudied the electric-field components in spontaneous emis-
neous emission and dark lines will lead to a multitude ofSion from an atom with a V-type energy diagram embedded

potential applications in high-precision measurements, lasinf' 2 photor;Lc Cr)r/ft?L W?)”e ctjhedspoﬂtanious emisiion Zpgc-
without inversion, quantum computation, teleportation, an um near the pliotonic band edge nas been mentioned in a

uantum information theory. For this purpose, a multilevel; " paperg31,33, the discussions are limited to population
q Y. purpose, involution and distribution of the upper levels based on a

atom coupled by the same vacuum mode and additionallgingie-hand PBG reservoir. In contrast, we focus in this pa-
driven by coherent laser fields is widely studied. The interper on the spontaneous emission spectrum, rather than the
ference effects in such a system lead to many remarkablgopulation involution and distribution, and consider the
phenomena, including very narrow absorption and fluoresy-type three-level atom as well as a double V-type four-level
cence spectrl—6], population trapping in a degenerate sys-atom embedded in a double-band photonic crystal described
tem|[7,8], fluorescence quenching in the free spp&®,10, by both isotropic and anisotropic dispersion relations at the
phase dependent line shapes,12), lasing without inversion band edges.

[13], and others. Most interestingly, it is shown that in addition to the ex-

It is well known that spontaneous emission depends nopected dark line an extremely narrow spontaneous line near
only on the energy structure of an atom but also on the naturéhe transition from the empty upper level to a lower level
of the surrounding environment, more specifically, on themay be produced. These properties may be used to amplify a
density of state$DOS) of the radiation field 14,15. In re- Ia_lser field Wit_h narrow Iir_1ewidth WithOl_Jt population inve_r-
cent years, photonic band-g#pBG) structures have been SioN. In practlcal_re_ahzatlon of controlling and suppressing
shown to have different DOS in comparison with the free-SPoOntaneous emission, the system of atoms embedded in a
space vacuum fielflL4—17). The study of quantum and non- double-band photonic crystal in this paper is, in fact, experi-

linear optical phenomena for atoms embedded in such PB@entaIly more versatile than another system of atoms

materials leads to the prediction of many interesting eﬁects?OUpIEd to a free vacuum field. This is due to the fact that the

for example, localization of light{18,19, photon-atom width of the band gap can be tailor desigr_led to the levels of
bound state$14,15,18,20) suppression and even complete an atom in the fabrication of the photonic crystal. For ex-

cancellation of spontaneous emissi®1,22, enhancement ample, with the parame_ters chosen in this paper, the diffe_r—
of spontaneous emissiof23—26, electromagnetically in- €NC€ between the atomic levels and the edges of the forbid-

duced transparency, and other phenor{@7a-32 den gap can be matched for best lasing interaction. In Sec. Il,

When the V-typé three-level atom is cou.pled to thee derive the equations for describing the spontaneous emis-
vacuum space reservoir without external driving field, the>'" spectrum of the three-level atom. The r_esultmg quantum
guantum interference between decay processes from the ' terfergnce from aV-type thrge-level atom in a double-bqnd
upper levels to a lower level can result in a dark line in thePhotonic crystal is presented in Sec. ll. In Sec. IV we dis-
spontaneous emission spectrum, as reported by [Zhut cuss the two types of q'uantum interferences from a double
leads us to pose the next question: if a similar atomic syste -htype f_our-levell a_tom ina double_—ba;(_j pShotor\1/|c crystal.
were coupled with a PBG reservoir rather than with the' € M&Or CONCIUSIONS aré summarized in Sec. V.

vacuum space reservoir, what would be the resulting sponta- Il. EQUATIONS FOR THE SPONTANEOUS

EMISSION SPECTRUM

*Permanent address: Department of Physics, Jilin University in . We consider first a V-type three-level atom with upper
China. levels labeled by3) and|2), and lower level labeled byl ),
Email address: Phyzhz@nus.edu.sg; Hzzhang@mail.jlu.edu.cn as shown in Fig. 1 without additional dotted ley8). The
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w¢,p are the upper and lower frequencies at the edges of the
forbidden gap, respectively. The Hamiltonian describing the

dynamics of this system in the interaction picture and the

rotating wave approximation can be written as

Hi=ihY (gia], bibsel# *+g2al bib,eik ' —c.c),
3N
)

where gf(}\ (j=2,3) is the frequency-dependent coupling
constant between the atomic transitigi-|1) and the mode
{k\} of the radiation field. More precisely,

1/2
jl_wjldil ﬁ - -
kN

Jin= A 280ka 'djla
| = o= o5 (1=2,3); 0
P(D) i -
——— - hered;; (j=2,3) is the atomic dipole moment unit vector
@Oy —:‘_'i|3> 6, for the transition|j)-|1), €, (A=1,2) is the polarization
@y i [} unit vector of radiation field, and is the sample volume.
—;_?|2> The state vector of the system in the interaction picture can
i ’ be written as
, i %wz
V (1) =As(DI3{0}) + Ax(D2{0}) + 3 Asia|1{kN})-
:' IllIllllllllI0> (5)
0 ¥ 1> Substituting Eqs(3) and (5) into Schrodinger equation, we
obtain
(b)
- . , dAs(t) g 31,
FIG. 1. Schematic diagram of an atom in a double photonic 72 P A (D),
band structure|1), |2), and|3) correspond to a three-level atom
model. |1), |2), and |3) with additional level|0) shown as the dA(1)
dotted line correspond to a four-level model.w,) denotes the 2 :_2 g21e’”‘§]TA (1)
density of state of the PBG modas,, and w.; are the upper and dt o~ Tk Hadth
lower frequencies of the forbidden gap, respectivélyis the de-
tuning of frequency of the radiation field of the free vacuum modes dAg, (1) i3y 2y
from the middle of the forbidden gap. It was assumed that the Codt —gk)\e “ A3(t)+gk}\e KAg(1). 6)

transitions from the upper level8) and|2) to the lower level0)
and the level1) are coupled by free vacuum modes and PBG ~ Formally integrating and eliminating,, from Eq. (6), we
modeswy, respectively(a) The double-band isotropic PBG reser- get
voir. (b) The double-band anisotropic PBG reservoir. dA (t
3 ’ iwaot
transitions from the two upper levels to the lower level can dt J' Gat—1)Ag(t")dt! —e'sz
be coupled by the double-band isotropic PBG reservoir as
shown in Fig. 1a), or by the anisotropic PBG reservoir as % J'IG f— At ) dt
shown in Fig. 1b). The dispersion relations near the photo- 0 32l JA(t7)dt’,
nic band edges are approximated[liy]

dAx(t) _

o= we—Ar(K—Kg)?, k<Ko, Tt JG22(t t)A,(t")dt’ — —iwgt

wk:wC2+A2(k_k0)2, k>k0, (1)

t
xf Goy(t—t")As(t")dt’, (7)
o= w0~ A (K—ko)|2, |K|<|Kol, °

L L where
= wert+ Azl (K—ko)|?, K[>k (2

C(t—t)— j1 411 o . -
for isotropic dispersion relation and anisotropic dispersion Gy(t=t) % Jia Gl OXH "“ (-] (=23
relation, respectively, whemn%wcn/kg (n=1,2), ws and (8)
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is the delay Green’s function that can be expressed in the (E™(t+7)E" (1)) 0
following forms[14]:

=(V ()| >, aja ekt De o (t)), ...

1 eXp{i[5|1C2(t—t')—7T/4]} k,k’
Gi(t—t") = n =/ B8R
ji( ) 77]|2\/BJ1B|1 Jrt=1) (11
+exp[|[5,161(t—t )+7T/4]}> Substituting Eq(5) into Eq. (11), we have
m(t—t")
. E7 E+ 22 A* A iwkT
G 1\/— expli[ 8y1ca(t—t") + w/4]} (E7(t+E" (1))t = 1 (®)Aga()e
G(t=t)=m,zVaa
J|( ) 7il 2 j1¢1 \/m ,
+oo
L Ol Oisca(t—t') — i) = f e "dwD(wy) f 2 Ala()Aua (=), (12
Vam(t—t")3 ’
1 whereD(w,) is the DOS of the radiation field, which can be
Gyi(t=t")= 7 3\ 7y dt—t) (o) ~derivedadld]
for isotropic PBG, anisotropic PBG, and free-space reSerp (g, )~ 1.0 O (wy— wgp)+ 1.0 O (wgy— wy)
voirs, respectively. The definitions of the parameters &#4¢ N T Jwe— o ¢ '
1 wid4e¥?
3?{2:—11'—102, D (@) ~ Vo= 00 (0= 0e) + Voo — 0@ (0~ k),
2meg  3ficd
D(wy)~1.0, (13
1 Whdhel?
aj1_27780 3hc® i i i i
for isotropic PBG, anisotropic PBG, and free-space reser-
voirs, respectively, wher® is the Heaviside step function.
2 w.d? From Egs.(4), (6), (10), and(12), we have
O E e (10)
i meg 3hcd

S(@i)~ D (@) PkarA3 (S)s -3 Ag(S)s -,
Here B;; and ajzl are the resonant frequency splittings],

y;1 effective decay rate for the transition from the upper +pE21A§(S)SH*iuslAZ(s)Séfiuﬁl

levelj (j=2,3) to a lower levelg;,, al-zl, andy;; have the _ _

same dimension of inversed secofit#]. In Eq. (9), 7 + 7320ka1Pkr{ A3 (S)s- -1,,31A2(S) s —i 420
=6+ n(1—- ;) (j,1=2,3) and bothy;; and 6 are the delta 5 _

functions. 7= (3/8m) [ (COS¢3,C0SE,1+ COSU31CO0SL,;)d(), +A5(S)s i #§1A3(S)SH_i Mﬁl}]‘ (14

where{¢j1,vj1,6;1} (j=2,3) are the directional angles of
the dipole moment unit vectad;; in a coordinate system
defined by the unit vectorse,; &, .k}, andd} is the solid
angle. So»=1.0 whendj;-dj;=+*1 , and =0 when

where the definitions of;,(j =2,3) are

S 0l _ [33P

dj;-d;;=0; otherwise, 6<»<1.0. The parametersy,, Pkja= VAj1,

= 733= 1.0 are independent af. The parametetys, is the

coupling coefficient between the transitions from the two _
Pkj1= Vaj1,

upper levels to the lower level. When the dipole moments of

the two transitions are orthogonahs,=0, implying that

there is no quantum interference between thg two transitions. Pyj1= \/ﬂ (15)
When the dipole moments of the two transitions are parallel

or antiparallel,»3,= 1.0, implying that the quantum interfer-

ence is maximal between the two transitions. Therefggg, ~ for isotropic PBG, anisotropic PBG, and free-space reser-

is an effective measure of quantum interference. Voirs, respectively, ana\j(s)(j =2,3) is the Laplace trans-
The spontaneous spectrum of the at@fw,), is the Fou-  form of A;(t). Taking the Laplace transform of E(r), we
rier transform of{1] obtain
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[—ipd'+ Gl —i uiH]A5(0) — Ga —i uEh)Ay(0)
[—ipng+ G —iuH [ —ipg ™+ Coo —i g 1= Gao —i )G —i Y

Ag(S)s. 1=

[—iup'+ G —iu)]1A2(0) = G —i i) A3(0)
[—i 4 Gas( —i [ i p2+ Gl — i1 2] = Caf — i Y Caf —i Y’

Ay(S)s—ip21= (16)

where w;,= w31— wy, is the frequency difference of the up- whereA ¢ and 6 are, respectively the initial phase difference
per two levels,A;(0) and A3(0) are the initial values of between the two upper-level states and the mixing angle of
A,(t) andAg(t), andG; (s) is the Laplace transform of the the initial populations. The calculation of spontaneous emis-

delav G 's function in Eq(8), which be derived i sion spectrum can be performed. basged on Ef¥), (16),
theeaf%rmfi?s unction in Eq8), which can be derived in (13), (17), and the parameters defined in E(5), (18), and

(20). It is seen that the parametgs, is embodied not only in

1 i the third term, but also in the first and second terms on the

s 312 312 i i i -

G (s——iut)=» _,/3,7 3 L — right side of Eq.(14). Therefore, quantum interference ex
i k g VPir P Vit + 81 hibits itself in all the terms on the right side of Ed4). This

is different from the case studied in RgL] where quantum

1.0 interference is included only in the cross tefsee Eq.(13)

+ m g in Ref.[1]]. The interesting features resulting from the inter-

k c

ference are discussed in the following sections.

IIl. THE QUANTUM INTERFERENCE FROM A V-TYPE

1
i [T
Gji(s——iub)=mn; sVajia{—iVug + 6
i ) ”2\/ irond \/ k el HREE-LEVEL ATOM IN A DOUBLE-BAND PBG

T . . .
+ /Mk + 81102} A. A narrow spectral line resulting from quantum interference

1 We study first the case where an atom is equally and

. e T - synchronously pumped to the upper levels. In Fig®)-2
Gii(s==iu) = 2V7ii (11=23 (7 2(c), the spontaneous emission spectra are shown for the
for isotropic PBG, anisotropic PBG, and free-space resercases of isotropic PBG reservoir, anisotropic PBG reservoir,
voirs, respectively. Here the definitions of the detuning pa@nd free-space vacuum reservoir, respectively. Here, sym-

rameters are metric values of parameters for the two transitions are em-
ployed(i.e., the same detuning®.,= — 8211 = 1.0, and the
wit= Bt wgp= ud™ S3100+ Serci— Sorct s same coupling constant@s;=B,,=1.0, a5=a3,=1.0,
v31= y21= 1.0). Figure 2 shows that while quantum interfer-
03101= 03102+ Oc2c1 ence leads to a dark line in the spectrum in the case of a
free-space vacuum reservoir as discussed by [Zhut has
02162= 02101~ Ocac1 s relatively weaker effects on the spontaneous emission
spectrum in the cases of isotropic and anisotropic PBG res-
031c0= W31~ W2, ervoirs. In order to compare the quantum interference of the
three-level atom in the PBG reservoir to that in the vacuum
02101= W21~ Wey, (18)  space reservoifl], we assume that the atom is initially

. . o pumped to level|3). Asymmetric parameters of the two
where &y is the difference between the upper leyelj  5iomic transitions are chosen to have similar values to those
=2.3) a_nd the lower edge £ 1) or the upper gdgd (:.2) of of Ref.[1]. However, the ensuing emissions are quite differ-
the forbidden gap. We assume that the radiation-field resefs,; Figure 3 shows the spectral features of the quantum

yoir is initially in the vacuum state, and the atom is pre_pareqnterference. In Fig. @), we see as expected that the quan-
in a coherent superposition of the upper lev@lsand|2) in 1y interference induces a dark line in the spectrum at

the form of around the frequency of the transition frd@) to |1) and

— +si iAd ' an attempt to build a peak near the dark line position in
[¥(0))=cod 6)[3{0}) +sin(£)e*7[2{0}) (19 the case of free-space vacuum reservoir, as discussed in de-

Comparing Eqs(5) and (19), we obtain tail by Zhu. However, for the cases of the isotropic PBG
reservoir [Fig. 3(@] and anisotropic PBG reservoffFig.

A3(0)=coqg 6), 3(b)], we see that not only does the dark line persist to exist,

but also the attempt to build a peak as mentioned earlier in

A,(0)=sin(h)e'*?, Fig. 3(c) is strongly enhanced into a very narrow spectral

line whose position is near the frequency of the transition
A (0)=0, (200  from the empty upper leve]2) to the lower level|1).
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FIG. 3. The spontaneous emission spect&(®,) (in arbitrary
FIG. 2. The spontaneous emission spect(m) (in arbitrary  ynitg) as a function of detuningy . () Double-band isotropic PBG

units) as a function of detuningy . (@) Double-band isotropic PBG  reservoir and3,,=0.1, (b) double-band anisotropic PBG reservoir
reservoir and3,;= 1.0, (b) double-band anisotropic PBG reservoir gnq a§1= 0.1, (c) free vacuum reservoir an@s,=0.5, y,=0.1.
and a5,=1.0 , (c) free vacuum reservoir andy,=1.0, y1=1.0.  The other parameters used afe-0, Adp=0, pe1=0.4, Syics
The other parameters used ae 0.25,A¢=0, Jc1=1.0, S31ca =01, §yy=—0.1, 775,=0 (for thin lines, 7a,=1.0 (for thick
=1.0, 851c1=— 1.0, andz4,=0 (for thin lines, 73,= 1.0 (for thick lines)
lineg). All parameters are in units @5, agl, and 3 for isotropic
PBG modes, anisotropic PBG modes, and free vacuum modes, r
spectively, except that and A¢ are in units ofw and 7, is
dimensionless

Fealized in the PBG structure but not in the free space stems
from the difference in the DOS of the radiation field.

B. The difference in the spontaneous emission spectrum

The appearance of the narrow line could not possibly stem
PP b y between double-band and single-band PBG reservoir

from cutting off by the gap in the PGB case. This can be seen
from Fig. 4, which shows that when both of the upper levels In this section, we consider the spontaneous emission
are located in the same band and far from the edges of phepectra of the same atom embedded in a single-band PBG
tonic band, the narrow spontaneous line still persists. It isnaterial and compare the results with those in the double-
well known that quantum interference, which may be de-band PBG material described previously. In order to com-
structive or constructivp4], can induce a population transfer pare, we assume that in both cases the two upper levels are
between the two upper levdl$4]. Here, the dark line results located in the upper band. The spontaneous emission spectra
from destructive interference, and the narrow spectral linere shown in Fig. 4 for the case of the isotrofifég. 4(a)]
arises from a population transfer under constructive interferand anisotropi¢Fig. 4(b)] PBG reservoirs, and the two cases
ence. The fact that the bright narrow spontaneous line can baf single-bandthin solid lines and double-banéhick solid
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FIG. 4. The spontaneous emission spect&(®,) (in arbitrary
units) as a function of detuning, for a one-band PBG reservoir
(thin lines and a double-band PBG reserv(inick lines. (a) Iso- o ) )

tropic PBG reservoir ang,,=0.1. (b) Anisotropic PBG reservoir FIG. 5. The spontaneous emission spect(@,) (in arbitrary
and a%ﬁ 0.1. The other parameters used #e0, Ad=0, 73, units) as a function of detunln@_ f_or different coherent coupling
=1.0, S.p01=0.4, 83100=1.0, S10,=0.8 (for double bany and co?stantsk. The pIoti at th(?( posmoNy)\l, 2, k3 4 correspon(i to
82102= 0.4 (for single banil (7/32=k017/32:0): (7;§2=0,7]32=1), (732= 117132:0).’ and. 732
=1,73,=1), respectively(a) For the double-band isotropic PBG

. . reservoir andBs;= B20= ¥21=1.0. (b) For the double-band aniso-
lines). From Fig. 4, we see that when both of the upper levels,ohic pRG reservoir anth,= aZ;= yp=1.0. () For the free

are located in the same band, the width of the spectral liNGacyym reservoir anhsy=1.0, y1= ,0= 72,=1.0. The other pa-
remains narrow in the case of the isotropic PBG reservoilyameters used aré=0.25, A¢=0, Supe;=1.0, Sz100="1.0, Sy

while it becomes larger in the case of the anisotropic PBG- —1.0. All parameters are in units ok, except tha® andA ¢ are

reservoir. Most interestingly, we see that the width of thein units of 7, and 7}, and 7%, are dimensionless.

spontaneous emission line can be manipulated, larger or nar-

rower, in the case of the double-band PBG reservoir as com- tivelv. by the f d d PBG mod i
pared with that of the single-band PBG reservoir. SPectiely, By e lree vacuum moces an ible types

the A-type three-level model, leading to two possible types
of quantum interferences. The first is ascribed to atomic tran-
sitions coupled to the PBG modes, and the second arises
from atomic transitions coupled to the free vacuum modes.
As far as we know, there are no reports on the effects of the
In the preceding section, both transitions from the uppeiwo types of quantum interference on the spontaneous emis-
levels to the common lower level are coupled to the sam&ion spectrum for the case of transitions from the upper lev-
non-Markov environment. Consequently, there is only oneels to the lower levelO) coupled to the free vacuum modes.
possible quantum interference in this V-type three-levelFollowing the sequence of the preceeding section, we study
model. For the case df-type three-level model as discussed first the case where an atom is equally and synchronously
by Knight and his co-workerf28], the transitions from the pumped to the upper levels. In Figsab-5(c), the sponta-
common upper level to the two lower levels interact inde-neous emission spectra are shown for the cases of the tran-
pendently with free vacuum modes and PBG modes. It isitions|3)-|1) and|2)-|1) coupled to the isotropic PBG res-
obvious that there is no quantum interference in this modelervoir, anisotropic PBG reservoir, and free-space vacuum
However, based on tha-type three-level model, a double reservoir, respectively. Here, symmetric values of parameters
V-type four-level model can be constructed with a double(i.e., same detuning®s,,= — 6,1c1=1.0, same coupling
V-type transitions, as shown in Fig. 1 with additional dottedconstantg3s,=8,,=1.0, a§1= a§1= 1.0, y31= v21,=1.0, and
level |0). In this model, the transitions from the two upper yzo=v,0=1.0) for the double V-type structure are employed.
levels to the two lower levelf0) and|1) are coupled, re- The plots at the positionsi=1, 2, 3, 4 correspond tozf,

IV. THE TWO TYPES OF QUANTUM INTERFERENCES
FROM A DOUBLE V-TYPE FOUR-LEVEL ATOM IN
A DOUBLE-BAND PBG
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=0,75=0), (7%=0m%=1), (73=175=0), and (3,
=1,77§2= 1), respectively. Figure 5 shows that altogether
three dark lines appear in the case of the isotropic PBG res-
ervoir [Fig. 5a)], but there exists only one dark line in the
cases of the anisotropic PBGig. 5(b)] or free vacuum res-
ervoir [Fig. 5(c)]. From Fig. 5, we also see that the dark lines
at the center o, =0 in all three cases coincide with those
reported by Zhy1], and hence they are due to the quantum
interference of the transitions betwef8)-|0|) and|2)-|0).

The two dark lines at symmetric sides 8f=0 in Fig. 5a)
originate from the two singularities in the Laplace transform
of the delay Green'’s function, as shown in Ef@), which is
equivalent to the DOS of the isotropic PBG modes. It is seen
that the interference between the transitidB$-|1) and
|2)-|1) has a rather weak effect on the spontaneous spectrum
in this case. However, the situation is quite different if the
atom is assumed to be initially pumped to lej@)l and some
other values for the parameters of the double V-type model
are employed. New features resulting from the two types of
guantum interferences are shown in Fig. 6. While the dark
lines persist to exist, a new narrow spontaneous line has
emerged in all three cases. The narrow line is attributed to
the transition from the upper levi2) with empty population

to the lower level|0). The dark lines are consequences of
destructive interference between the transitif8)s|0) and
|2)-]0), or singularities of the radiation field’s DOS similar
to that mentioned previously in the V-type three-level model.
In contrast, quantum interferences arising from the transi-
tions coupled to free vacuum modes alone is unable to in- FIG. 6. The spontaneous emission spectf(w,) (in arbitrary
duce the narrow spontaneous lind<£3 in Fig. 6. It is a units) as a function of detunin@xl for different coherent coupling
resultant of N=4 in Fig. 6 constructive interferences of the constants. The plots at the positioNs=1, 2, 3, 4 correspond to
double V-type transitions coupled, respectively, to the fred 7325072=0), (712=0.71%=1), (712=17=0), and 3,
vacuum modes and the PBG modes, producing SimUItar':eiéZ\?}i)Tr?r; Jgesgicg\’?;y'@;oj éhf g);’g;'f;ﬁ:ndd()l'fb?g%ﬂﬁ dPaBnG
neously a population transfer between the two upper leVEISl'sotropic PBGsieservoirZ(;ndzéi: 1.0, a2~ 721~ 0.1. (¢) For the
V. CONCLUSION free vacuum reservoir ands,=0.5, y3;=1.0, y50= v2;=0.1. The

o o other parameters used afe=0, A¢p=0, S;pc1=0.4, d31.,=0.1,
Summarizing, the spontaneous emission spectra of V-typg,,.;= —0.1.

and double V-type atoms embedded in a double-band photo-
nic crystal have been investigated. Most interestingly it is, . . .
shown that in a V-type three-level model only one type c)flatlon to the Iower level. The qgantum mterference, whlt_:h
quantum interference gives rise to not only a dark line, pufhay be destructive or constructive, can induce a population
also an extremely narrow spontaneous line in the spectrunifansfer between the two upper levels. Therefore, the dark
While there are two possible quantum interferences in dines rgsqlt frgm destructive interference or smgulgrltles of
double V-type four-level model, it is seen that neither onethe radiation field’s DOS, and the narrow emission line arises
alone can induce a narrow spontaneous line. It is rather §0m a population transfer under joint constructive interfer-
consequence of collective quantum interferences of th&nces. The narrow spontaneous line can also be further en-
double V-type transitions coupled to free vacuum modes andlanced and narrowed down in the case of double-band PBG
PBG modes. The narrow emission line and dark lines argeservoir as compared with that of single-band PBG
near the transitions from the upper levels with empty popu+eservoir.
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