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Spontaneous radiation by atoms in t he presence of the planar dielectri c{
vacuum interf ace, planar dielectri c w aveguides and cylindri cal dielectri c

w aveguides are discussed in the frame of cavity quantum electro dynami cs
in full analogy with that in free space. H owever, quanti zation of the elec-
tromagnetic Ùeld should be based on the mo des appropriate to the selected
space structure. These quantizations are usuall y based on incoming w aves.

H ow ever, the discussion of the angular intensity pattern of spontaneous emis-
sion can be simpli Ùed if the quantization is based on outgoing mo des. U sing
these outgoing photons the angular emission radiatio n pattern has b een ob-

tained from a straightf orw ard appli catio n of the p erturbativ e metho d of the
quantum radiation theory . A dding a contribution of the w aveguiding pho-
tons attached to the w aveguides (w hen they are present ) the total emission
of the spontaneous radiation and excitation decay rates of atoms radiatin g

in these systems have been derived.

PACS numb ers: 42.50.{p, 32.80. {t, 03.70.+ k

1. I n t rod uct io n

In Purcel l' s bri ef paper [1] i t has been pointed out tha t the sponta neous
emission by an ato m ic system depends not onl y on the intri nsi c ato mic pro perti es
but also on the quantum properti es of the electro magneti c Ùeld inÛuenced by the
conÙgurati on of m ateri al ob jects in the vi cini ty of thi s atom . In parti cul ar, the
ato m envi ronm ent may have resonant features whi ch can dra mati cal ly al ter the
system behavi our. For the last 20 years num erous exam ples of such modiÙcati ons
of the radiati ve decay rate have been experim enta l ly shown for exci ted ato ms
near di electri c interf aces, inside resonant cavi ti es, conf ocal opti cal resonato rs, and
opti cal wa vegui des [2{ 6].

Fol lowi ng Purcel l' s idea the descripti on of such ẽ ects in the fram e of quan-
tum theo ry is usual ly given in term s of the modiÙed vacuum Ûuctua ti ons of the
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electrom agneti c Ùeld and the density of photo n' s states dependent on the positi on
of the emi tti ng atom . The quanti zati on of the electrom agneti c Ùeld and calcul ati on
of the vacuum -Ùeld Ûuctua ti ons requi res the kno wl edge of the compl ete set of spe-
ci Ùc electro magneti c m odes existi ng in the selected ato m envi ronm ent. No wadays
al l such pro blems are recogni zed as cavi ty quantum electro dyna m ics (CQED) [7].

The quantum theory o˜ers the m ost funda m enta l and accurate descripti on
of radi ati on probl ems inÛuenced by the envi ronm ent, however, simi lar pro blems
have been form ulated and studi ed m uch earl ier wi thi n classical electro dyna m ics.

R adiati ng antenna s pl aced over the Earth surface have been studi ed by
Som merfeld since 1909 [8, 9]. Hi s soluti ons describe the m ost im porta nt f eatures
of the inÛuence of envi ronm ent on the emission radi ati on pattern and to ta l ra-
di ati on power dependent on the antenna ori entati on and i ts separati on from the
ground. Sim ilar e˜ects have been shown on the ato mic scale by D rexha ge [10{ 12].
The theo reti cal analyses of these exp eriments were based on Somm erfeld' s solu-
ti ons [13]. D rexha ge investi gated also di recti onal emission pro perti es of ato m s kept
near the di electri c{ vacuum interf ace. Tho ugh ato m s and photo ns have been in-
vo lved in these experim ents, only the classical theory was appl ied to quanti ta tiv e
descripti ons [12, 14].

Actua l ly, the proposed quanti zati on schemes, useful in the derivati on of the
envi ronm ent dependent m odiÙcati ons to the decay rate, are not very sui tabl e for
the descripti on of the accom panyi ng m odiÙcati ons of the di recti onal emission pat-
terns. Since the di recti onal emission pro perti es are im porta nt characteri sti cs of
m any opti cal instrum ents (i ncludi ng, e.g., lasers) the quantum form ul atio n of the
emission pro blem shoul d include such possibi l i ty .

Indeed, such quantum descripti on of these problems is possibl e and wi l l be
i l lustra ted wi th three exampl es of the ato m envi ronm ents: (1) planar di electri c{
vacuum interf ace, (2) planar di electri c wa veguide, (3) cyl indri cal di electri c
wa veguide.

2. Spont an eou s em issio n in f r ee sp ace

Our analysis of emission properti es in the presence of opti cal passive ele-
m ents wi l l be sim ilar to the one devel oped for free space. Since the Ùeld m odes
used for Ùeld quanti zati on extend over the enti re inÙnite space, and theref ore are
di stri buti ons instead of norm al izablef uncti ons, the basic sponta neous emission f or-
m ulas are bri eÛy summarized. It is also shown tha t there is no need to intro duce
the quanti t y kno wn as the \ density of photo n states" , whi ch is a very importa nt
quantum obj ect when the emission theo ry is based on Fermi' s golden rul e. The
basic radi ati on emission f orm ulas are based on a standard perturba ti on theory
appro ach.

Free space m odes of the electro magneti c Ùeld can be ta ken as plane wa ves
characteri zed by a wave vector k and two polari zati on vectors e kk ñ ñ = 1 ; 2 or-
tho gonal to k.
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R adiati ve pro perti es of atom s in vacuum can be deri ved from
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As i t has been al ready mentio ned, in thi s derivati on of the to ta l radi ati on
intensi ty and the level wi dth, there is no need to ref er to the \ density of photo n
states" . The summ atio n and integ rati on over al l possible photo n states represented
by

P
ñ

R
d3 k . . . and the rul es of integrati on of the distri buti on £ (! f i À ! (k ))

incorp orates the proper m easure of photo n states. Thi s perturba ti ve appro ach can
be general ized to al l envi ronm ent dependent radiati ve pro cesses.

3. En vi ron m ent dep en d ent m od es an d Ùel d qu an t i zat ion

Gui ded by the above descripti on of the sponta neous emission in f ree space,
an analogical descripti on can be form ulated f or cases when the atom is surro unded
by other obj ects. As i t has al ready been noti ced a compl ete set of spati al classi-
cal m odes is requi red for the electrom agneti c Ùeld quanti zati on in a given space
envi ronm ent. The free space m odes must be repl aced by the corresp ondi ng wa ves
ful Ùll ing al l necessary bounda ry condi ti ons in the selected system .
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3.1. T ravell ing in-modes and in-phot ons

The Ùrst pro positi on of such Ùeld quanti zati on, correspondi ng to the Ùrst
exam ple, has been presented by Carni gl ia and Ma ndel [15]. The plane wa ves com -
posing the free space m odes were repl aced by tri ple Fresnel wa ves, shown in Fi g. 1.
Each such Fresnel tri ple wa ve is com posed of an incident wa veand the appro pri ate
reÛected wa ve propagati ng in the sam ehal f-space and the appro pri ate tra nsmi tted
wa ve pro pagati ng in the other hal f-space. W hi le the inci dent wa ves are propagat-
ing toward the interf ace, the reÛected and tra nsmitted waves are propagati ng
outwa rd.

Fig. 1. Incoming mo des for a planar dielectri c{v acuum interf ace (C arnigli a{ Man del

mo des).

These wa ves, form ing a set of modes, are f ul ly characteri zed by the inci dent
wa ve, i .e. i ts wa ve vector k and the incident polarizati on vecto rs ekk ñ . Theref ore,
these m ode functi ons can be param eteri zed using the same vecto rs as the free-space
m odes. The ampl i tudes of the reÛected and tra nsmi tted wa ves are uni quely deter-
m ined by the Ùeld conti nuit y condi ti ons, and are kno wn as Fresnel coe£ ci ents.

For Fresnel wa ves (1)

E kk ñ =

(
inci dent + reÛected;

tra nsmi tted :

The incident wa ve e kk ñ exp( i k Â r ) can arri ve either f rom the vacuum or di electri c
side and thus the vacuum or dielectri c photo ns can be disti ngui shed. Accordi ng ly,
there are di ˜erent rel ati ons between the length of j k j and the wave frequency ! ( k )

! ( k ) =

(
k ; f or vacuum pho tons;

k =n; for dielectri c pho tons:

Am ong the dielectri c modes the evanescent wa ves for whi ch k
k

> ! (not possible
in vacuum ) can be disti ngui shed. They are also kno wn as the waves wi th to ta l
interna l reÛected at a bounda ry. Thei r m agni tudes in the vacuum hal f-space are
exp onenti al ly decreasing wi th a growi ng di stance from the interf ace.

It has been shown in [16] tha t a ll these wa ves or m odes form a com plete set
and thus can be used for the electrom agneti c Ùeld quanti zati on.
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In the cases (2) and (3) in whi ch the space is m odi Ùed by the presence of
di electri c wa veguides, either planar (2) or cyl indri cal (3), the appro pri ate m odes
m ay be chosen as soluti ons for the corresponding scatteri ng pro blem. Sta rti ng
from the inci dent pl ane wave e kk ñ exp( i k Â r ) and solvi ng the scatteri ng pro blem,
the mode param eteri zed by vecto rs k and ekk ñ can be represented as

E kk ñ =

(
e kk ñ exp( ik Â r ) + scattered wa ve; outsi de wa vegui de;

interna l Ùeld; inside wa veguide
(7)

(scattered waves are di rected outwa rds). The exact form s of such modes are pre-
sented in [17{ 21]. Using the above m odes, named \ tra vell ing" as they represent
the wa ves extended over the enti re space, in the quanti zati on procedure, one may
intro duce the correspondi ng \ tra vel l ing photo ns" and wri te the relevant part of
the electri c Ùeld operator E kk ñ ( r ) in the form
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3.2. Waveguided modes and photons

The above tra vell ing waves do not form a com plete set of propagati ng modes.
They m ust be suppl emented by the wa ves atta ched to and propagati ng along the
wa veguide (wa veguided waves). An exam ple of such wa ves is presented in Fi g. 2.

Fig. 2. Sketch of w aveguided mo des for a planar dielectri c w aveguide.

For any value of the longi tudi nal wa ve vector (ei ther k
k

in (2) or k z in (3))
there is onl y a di screte set of the possible frequenci es ! i ( k z ) . Thus, the part of the
electri c Ùeld operato r dependent on the wav eguided modes and photo ns is
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and the wa vegui ding pho ton contri buti on to the f ree Ùeld Ham i l to nian is
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dk z ! i ( k z ) by i
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For the waveguidi ng wa ves ! i ( k z ) =k z < c .
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The tra vel l ing wa vesto gether wi th the wa veguiding wa ves form an ortho go-
nal system of modes (p erhaps com plete) can be used for the Ùeld quanti zati on and
the perturba ti on theory of radiati on. The quanti zed Ùeld has been used for calcu-
lati ons of the vacuum Ûuctua ti ons and the density of photo n' s states dependent on
the positi on and the actua l structure of the system. These resul ts together wi th
Ferm i 's golden rul e were funda menta l for the estim ati ons of the ato m emission
rates dependent on i ts positi on and ori entati on [17, 18, 22, 6].

Ho wever, not only the global decay rates can be m easured but also the angu-
lar characteri sti c of the emi tted radi ati on is a m easurabl e quanti ty, e.g. [11, 12, 14].
In these f orm er discussions the angul ar patterns have been calcula ted accordi ng
to the classical electro dyna m ics, al tho ugh Drexha ge' s experim ents involv ed ato ms
and photo ns.

Fi rst, i t m ust be noti ced tha t the tra vel l ing photo ns based on the incom ing
m odes are not very conveni ent for such quantum descripti on of the emission pat-
tern [23]. It can be found tha t m any such photo ns m ay contri bute to the radi ati on
emi tted in a given di recti on. So, i f a di recti on sensiti ve photo detecto r is pl aced,
e.g. in vacuum side, i t can be a˜ected by the tra nsmitted part of dielectri c m odes
and the reÛected part of vacuum m odes (pro pagati ng to ward the detecto r). Tha t
detecto r cannot disti nguish between the two di ˜erent photo ns, param eteri zed by
the incident wa ves. Theref ore, the two incident waves, com ing from the opp osite
sides of the interf ace, do interf ere and the am pl itudes of the emission of both
photo ns m ust be added coherentl y [24].

The al terna ti ve deri vati on of the radiati on emission pattern, and holding
the same in-photo ns, has been proposed in [25]. Thi s indi rect m etho d, whi ch the
autho rs describe as simpl e (the opinion not shared by me), is based on Lorentz' s
reci proci ty theo rem appl ied to the inverse pro cess of a photo n absorpti on.

Ho wever, di recti onal properti es of the sponta neous emission can be studi ed
in a m ore di rect way by another choice of modes in the Ùeld quanti zati on, and
consequentl y usi ng a di ˜erent base for the photo n states.

3.3. T ravell ing out -modes and out -phot ons

The tra vel l ing soluti ons of Ma xwel l equati ons are hi ghly degenerated. There-
fore, besides the modes based on the inci dent wa ves there are other sets of the
tra vell ing m odes possibl e.

It has been shown in [19{ 21] tha t for the quantum descripti on of radi ati on
emission problems, i t is m ore suita ble to perf orm the Ùeld quanti zati on wi th the
outg oing m odes instead of tho se based on the incoming modes. The outg oing m odes
can be param eteri zed by the emerging waves simi larl y as the incom ing m odes
were param eteri zed by the incident waves. The emerging wa ves are propagati ng
outwa rd the interf ace in (1) or the wa veguides in (2) and (3) as plane wa ves and
thus can also be parameteri zed by k and ekk ñ : In order to get the outg oing modes,
these plane wa ves must be suppl emented by the assembl ing wa ves propagati ng
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Fig. 3. Outgoing modes for a planar dielectri c{v acuum interf ace.

Fig. 4. In- (a) and out- (b) tra velling mo des for a dielectric circular w aveguide.

to ward the interf ace. As can be seen in Fi gs. 3 and 4 onl y one outg oing photo n
contri butes to the pho ton m easurement in a given di recti on.

Let m e stress tha t both system s of the tra vell ing m odes incom ing or out-
going are equivalent and each of them can be expressed in term s of the other.
So, any radi ati ve process can be described in both form s of the quanti zed Ùeld.
Neverthel ess, the descripti on of the emission processesis sim pler in term s of the
outg oing photo ns because the problem of interf erence am ong di ˜erent photo ns has
been el im inated. On the other hand, the incom ing photo ns are m ore sui tabl e for
the descripti on of absorpti on pro cesses.

Theref ore, an al terna ti ve m ode functi ons, based on outg oing functi ons, is
pro posed.

Thus, instead of Fresnel wa ves (1), one can take

E
out
kk ñ

=

(
emergent + in-reÛected;

in-tra nsmi tted
(11)

and for the cases(2) and (3)
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E
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(assembled wa ves are di rected inward). T ravell ing photo n emission (angular emis-
sion pattern)
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The to ta l power of radiati on emitted to the outer space can be obta ined by the
integ rati on of Eq. (13) over al l photo n di recti ons and the summati on over i ts
polari zati ons.

W aveguided photo n emission (di screte m ode exci tati ons)
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Let m e point out a dependence of the emission properti es on the value of the
electri c Ùeld of the mode at the positi on of the ato m R a . In the case of the
wa veguided m odes noti ce a dependence of I i on the group vel ocit y of the m ode
v i

gr = @! i ( k z ) =@k z . In order to Ùnd the contri buti on of the wa veguidi ng photo ns
to the emission rates, I i must be summed up over al l possible wa veguided modes.
For a given frequency of photo ns, determ ined by the ato m ic tra nsi ti on, there is
onl y a Ùnite numb er of these photo ns. Theref ore,
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Thi s f orm ula repl aces Eq. (5) val id in the empty space.
It is conveni ent to norm al ize the emission intensi ti es and rates

À ( R a ) =
I ( R a )

I f
:

Several exam ples ta ken from [19{ 21] are il lustra ti ng the above di scussion
and form ul ae.

The Ùrst two exampl es (Fi g. 5a and b) show the radi ati on pattern for a
di po le kept in the vi cini ty of a di electri c{ vacuum interf ace at vari ous di stances
from tha t interf ace. No ti ce tha t the dipole placed in vacuum very cl ose to the
interf ace emi ts signiÙcantl y evanescent photo ns. The emission patterns for dipoles
in vacuum , ta ken from [19], are identi cal wi th tho se obta ined using Lorentz' s reci-
pro city theorem presented in [25]. The program used to com pute the radi ati on
pattern for the di pole in the dielectri c had a smal l error, hence Fi g. 5 in [19] is
incorrect and should be repl aced by Fi g. 5a of the present paper.
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Fig. 5. Radiati on intensity pattern for a dip ole oscill ati ng paralle l to the dielectri c{

vacuum interf ace for several dip ole' s position s: (a) dip ole in dielectri c, (b) dip ole in

vacuum. The radiation is observed in a plane normal to the interf ace and directed along

the dip ole.

Fig. 6. Radiatio n intensity pattern (a), w aveguided photons excitation (b), and total

radiation intensity (c) for a dip ole in the vicini ty of a planar waveguide.

Fi gure 6 i l lustra tes the properti esof a di pole radiati on in the vi cini ty of a pla-
nar dielectri c wa veguide. They include the tra vel l ing photo ns contri buti ng to the
radi ati on intensi ty angul ar pattern (a), exci ta ti on of the waveguiding photons (b),
and the global radi ati ve decay as a functi on of the dipole positi on. It is worth
pointi ng out tha t the fastest decay corresponds to the di poles placed just outsi de
the dielectri c surface and is due to the emission of the waveguiding photo ns. In
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Fig. 7. C ylindric al dielectri c w aveguide: (a) Ù p h = k z =! for E n ; Ç w aveguiding mo des,

(b) excitations of w aveguiding modes represented by the length of the lines for a dip ole

oscill atin g along either er (horizontal), or e z (vertical), or e¢ (skew ).

Fig. 8. Radiatio n intensity angular characteristics in a plane orthogonal to the circular

dielectri c w aveguide for di˜erent dip ole positio ns: (a) , (b)

, and (c) ( | focal length).

a simi lar way in Fi gs. 7, 8, and 9 the emission f eatures for dipoles in the vi cini ty
of a di electri c cyl inder are characteri zed. The modes are param eteri zed by the
cyl indri cal parti al wa ve numb er and the sequential numb er in each class of the
parti al wa ves . The exci tati on of the indi vi dual modes by a dipole ori ented along
the e e , and e di recti ons is pro porti onal to the length of the corresp ondi ng
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Fig. 9. Field mode in the presence of a dielectri c cylinder represented by the magnitude

of the electric Ùeld in a horizontal plane orthogonal to a cylinder ; a general view (lef t)

and the focal region (right).

Fig. 10. Dip ole excitation decay rate in the presence of a circular dielectri c w aveguide

as a function of the dip ole p osition; (a) dip ole along er and (b) dip ole along e¢ .

hori zonta l , verti cal, and skew l ines.
The angular radi ati on patterns shown in Fi g. 8 reÛect the focusing pro perti es
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of the m ode scattered (or assembled) by a dielectri c cyl inder acti ng l ike a lens. The
doubl e peak, sing le sharp peak, and single spread peak corresp ond to : the di pole
pl aced between the cyl inder and the focal point (a), at the focal point (b) and
farther away f rom the focal point. Mo re properti es of thi s focused m ode are shown
in Fi g. 9a and b. They incl ude a deta i l structure of the f ocused wa ve whi ch in
opti cs is usual ly com puted using vari ous approxi mate di ˜ra cti on theo ries and here
i t is based on the alm ost exact soluti on of Ma xwel l equati ons. Mo re on tha t can
be found in [26]. Al tho ugh the radi ati on emission pattern is a very compl ex and
rapi dly changing f uncti on of the dipole positi on, the global decay rates, shown in
Fi g. 10, behave m ore regul arly simi lar to the previ ous case of pl anar di electri c
wa veguide.

5. Fi nal r em ar ks

Thi s di scussion and the presented exam ples show tha t the sponta neous emis-
sion by ato m s placed in the vi cini ty of other objects inÛuencing the structure and
the properti es of the electrom agneti c Ùeld can be adequatel y described usi ng the
standard perturba ti ve metho ds of the quantum radiati on theory . It is only requi red
tha t the quanti zati on of the electrom agneti c Ùeld is perform ed in accorda nce wi th
the structure of ato m s' envi ronm ent. A com plete set of m odes and associ ated wi th
them photo ns incl ude tra vell ing photo ns, wi th the properti es analogical to the
photo ns in the empty space, and the wa vegui ding photo ns. The wa veguiding pho-
to ns, absent in the empty space, are very importa nt for the emission by ato ms
inside and very close to the wa vegui de.

In alm ost al l papers di scussing envi ronm ent e˜ects in the sponta neous emis-
sion, the m odiÙcati ons are attri buted to the changes in the quantum vacuum -Ùeld
Ûuctua ti ons, and the changes in the density of photo n states.

Ho wever, the density of photo ' s states depends on the selected param eteri za-
ti on of the Ùeld modes of the system . W ith the param eteri zati on of the tra vel l ing
photo ns used in thi s paper the density of tra vel l ing photo n states is exactl y the
sam e as in free space. Theref ore, i t is more im porta nt tha t the magni tude of the
vacuum -Ùelds (or the m odes) is positi on dependent. Thus the coupl ing between the
correspondi ng photo ns and the exci ted di pole becom es dependent on the dipole's
positi on. In consequence al l radiati ve pro cessesfor thi s dipole are m odi Ùed.

The understa nding of radi ati ve pro cesses of ato m s pl aced in a parti cul ar
envi ronm ent is im porta nt not only for studi es of fundam ental pri ncipl es but also
for pra cti cal appl icati ons in m any photo nic instrum ents, incl udi ng, e.g., vari ous
lasers (ordi nary and semiconducti ng), photo detecto rs, and photo ampl iÙers, etc.
The perf orm ance of al l these instrum ents depends on a pro per inÛuence on the
radi ati ve processes of ato m s.
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