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Reflection-Induced Source Correlation in Spontaneous Emission
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We present fluorescence spectra showing that the spontaneous-emission spectrum of a molecule in
front of a mirror is not invariant on propagation. We also calculate the cross-spectral density of this
light source and show that it does not obey Wolf's scaling law [Phys. Rev. Lett. 56, 1370 (1986)].

PACS numbers: 42. 10.Mg, 33.90.+h

Wolf' recently showed that the spectrum of a light
source cannot generally be expected to be invariant on

propagation through free space. Wolf also showed that
for a planar, quasihomogeneous light source the normal-
ized spectrum in the far-field zone is only identical to the
source spectrum if the spectral coherence of the light
source obeys a certain scaling law. The light source
satisfies the scaling law if the complex degree of coher-
ence p (co, r2 —rl) is only a function of the variable
k(r2 —rl), where co is the angular frequency, r2 —rl is
the vectorial distance between two points in the source
plane, and k is the absolute value of the wave vector.

It is obvious that it is quite important to investigate
which light sources do or do not obey the scaling law.
For instance, the question may be raised whether light
sources of great cosmological interest such as stars and
quasars obey the scaling law. If not, then, as Wolf
showed, the interpretation of spectral redshifts as solely
arising from the Doppler effect in an expanding universe
must be reexamined. A deviation from the invariance on

propagation can also be a complicating factor in obtain-
ing frequency standards.

Bocko, Douglass, and Knox recently confirmed
Wolf's prediction that source correlations can lead to
marked frequency shifts of spectral lines. Their experi-
ments were performed using two acoustic sources that
were partly correlated. Morris and Faklis recently
demonstrated that by using a Fourier achromat one can
generate a light source that also violates Wolf's scaling
law. Wolf suggested that superradiance and super-
fluorescence may lead to source correlations and hence to
light sources that are variant on propagation. An entire-
ly diferent physical mechanism for source correlations
might arise from correlations between the refractive in-
dex of pairs of points in a spatially random medium.

In this Letter we show that spontaneous emission in

front of a mirror presents a light source that violates
Wolf's scaling law. Figure 2 shows two fluorescence
spectra obtained at two diA'erent points in space. It is
clear that these spectra are rather diA'erent. The physi-
cal origin of this eAect is easily understood as arising

from interference between the direct and reflected light
into a certain direction v (see also the inset of Fig. 1). If
a molecule is situated at a distance z from the mirror,
the path difference between the interfering rays in the
direction v is 2z cosv, leading to constructive or destruc-
tive interference depending on the wavelength of the em-
itted light. This interference effect is basically a wide-
angle interference effect as studied by Schrodinger, by
Halpern and Doermann, and more recently by Drex-
hage and De Martini.

In order to understand this propagation eAect in

greater detail we have to examine the cross-spectral den-
sity function of our light source. We proceed in two
steps: First we calculate the cross-spectral density of a
single emitter; in the second step we account for the
mode of excitation and spatial extent of our light source
and sum over all emitters in the sample.
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FIG. l. Illustration of notation. Inset: A schematical out-
line of the geometry of the experiment.
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The cross-spectral density is defined as'

W(ri, r2, to) = dre' '(E*(r,t)E(r, t+r)), (1)

where r, is the position of the emitter, r the observation
point (which should be sufficiently far away), and II a
deexcitation operator of the emitter. In the above ex-
pression we have contracted several constants into A and
have also omitted the orientational dependence of the
field. Equation (1) then becomes

p + oo

W, i(rt, r2, td) = dre'"'(E(rt, t)E+(r2, t+ r)). (3)

We may write for the electric-field operator at position
ri (Ref. 10),

E (ri, t) =Edirect(rl t) REreflected(rl, t) i (4)

where R is the reflectivity of the mirror, and the minus

sign arises from a phase jump of n on reflection. The
subscripts "direct" and "reflected" indicate the diff'erent

trajectories the spontaneous emission takes. From the
functional dependence of the source-field expression on

ri and t in Eq. (2), it is clear that we can relate Ed;„„
and E„ flected in Eq. (4) according to

+ +E reflected (r 1 t ) =Edirect (r I t r 1 d ) (s)

where r]p is given below. In precisely the same way we

can relate the field operator E(r2, t ) to the space point ri,

where E(r, t) represents the complex analytical signal at
the space-time point (r, t), the angular brackets indicate
an ensemble average, r~ and r2 denote two positions, and
c0 denotes the angular frequency (cd =kc, where k is the
absolute value of the wave vector, and c the speed of
light). In the case of spontaneous emission, it is ap-
propriate to replace the classical fields in Eq. (1) by field
operators. Particularly convenient is the Heisenberg rep-
resentation of the source field given by'

E+(r, t) =(8/Ir —r, I)II(t —lr —r, l/c),

sumed that both ri and r2 are sufficiently large such that
in Eq. (2) diff'erences in 1/I r, —r, I (r, =ri, r2 and

r, =r„r, ) can be neglected.
Denoting the emission spectrum of an emitter in free

space by S,t(r, ttt) [which is the Fourier transform of
the expectation value (Ed;„„(r,t)Ed+;„,t(r, t))], one ob-
tains for the cross-spectral density of a single emitter in

front of a mirror,

Wmct(ri, r2, td) =Sm, i(ri, td)exp[ik(p2 —pi)sinvj

x [(1+R ) —2Rcos(2kzcosv)j. (7)
Note that the cross-spectral density is not only a function
of k(p2 —pi), but also depends on the distance z of the
emitter to the mirror.

The above equation has been derived for the case of a
single emitter. In case of an ensemble of independent
emitters we may obtain the cross-spectral density by
summing over all emitters:

W,„,(rt, r2, td) = dxdydz ic(x,y, z) W, i(ri, r2, to), (8)

where ic(x,y, z) is the density of emitters as a function of
coordinates x,y, z. The evaluation of this integral is

rather cumbersome and depends on the geometry of the
sample. However, sufficient insight into its functional
behavior can be obtained in the following way. First,
consider a monolayer of emitters parallel to the mirror.
It is readily seen from Fig. 1 that the integration over x
and y in Eq. (8) can be replaced by an integration over
the angle v only, and it follows that the cross-spectral
density remains a function of k(p2 —pi) and kz. In par-
ticular, we find that for large distances the sample can be
approximated by a (two-dimensional) point source, in

which case an integration over v is unnecessary. In addi-
tion to the spatial extent of our light source, we must
also integrate over the thickness of the sample. In par-
ticular, we must account for the periodic density x(z) of
excited molecules, which is simply proportional to the
Wiener fringes formed upon excitation, "'

E(r2, t) =Edirect(r2 t) REreflected(r2 t)
«.(z) =1+R —2Rcos(2k~, z), (9)

Edirect(rl~t ~l2) REdirect(rl t ~2d)

where r12, r2d, and rtd are related to path diff'erences

which follow from geometrical considerations (see also
Fig. 1):
cr12 lr2 r

I Iri —r, I
= (p2 —pi)sinv,

cr2d lr2 —r, I

—lri —r, l
= (p2 —pi)sinv —2zcosv,

crtd = Iri —r,„, I

—lri —r, I
= 2z cosv,

where r, is the position of the mirror image of the
emitter located at r, . It is to be noted that we have as-

W,„,(ri, r2, td) =S,i(rt, to)exp[ik(p2 —pi)sinvj

where kp. =kpcosvp and the phase jump upon reflection
is again taken to be equal to tr. Equation (8) then be-
comes, for ri, r2 in the far field (with the spatial extent of
the source approximated by a point),

W,„,«, , r2, ~) = dz W, t(ri, r2, co) tc(z),
L —L

(10)
where L

~
=0 means that the fluorescent sample is on top

of the mirror and I.2
—L] is the thickness of the sample.

By using Eqs. (7) and (9) in Eq. (10), many terms are
obtained after integration. The dominant ones are easily
recognized ' and given by

x [(1+R ) +2R cos[(k~. —k-)(L2+Lt)]sine[(k~- —k )(L2 Lt)]j, —
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where sincx =(sinx)/x, k.- =k cosv, and k is the absolute
value of the wave vector of the emission.

Equation (11) is the main result of this paper. The
emission spectrum is obtained by putting r~ =rq (i.e. ,

p~ pq). Note that it is the interference term between
direct and reflected light (the second term in the curly
braces) that causes a deviation from the scaling law.
Indeed if the reflectivity is taken to be zero, the spectrum
is invariant on propagation.

ln Fig. 2 the fluorescence spectrum (lower curve) is

shown from the molecule nile blue in front of a mirror.
This spectrum is obtained from a position at a large dis-
tance from the sample, in which case the spatial extent
can be considered as a point. This spectrum is described
by Eq. (11) and depends only on the angle of observa-
tion. The other spectrum in Fig. 2 (upper curve) is ob-
tained from a position in space closer to the mirror, at a
distance such that the spatial extent of the source has to
be taken into account. Now the integration over the an-

gle v should be performed, which tends to wash out the
cos(2kzcosv) term in Eq. (7). The relevance of this ob-
servation is that in a plane parallel to the mirror and
sufficiently close to the fluorescent film, the spectrum is
the same at every point in this plane. Spectra taken at
points closer to the film than the spectrum of Fig. 2

(upper curve) are identical to the spectrum of nile blue
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FIG. 2. Fluorescence spectra of nile blue obtained at two
difIerent points. The upper spectrum is taken at a distance of 1

mm from the film; the lower spectrum is taken at a distance of
100 mm from the film. Both spectra were obtained from the
same sample. Note that the upper spectrum has been shifted
for ease of comparison. The polymer film, containing nile blue,
was 2.5 pm thick and at a distance of 54 pm from the mirror.

obtained without a mirror. In other words, it is possible
to define a source plane in which the spectrum is the
same at every point across it.

The experiments were performed using polymer layers
(1—10 pm thickness) of poly(4-vinyl-piridine) doped
with the fluorescent molecule nile blue. The films were

spin coated on glass plates and placed parallel to an Al

mirror. The nile-blue molecules were excited by a low-

divergent HeNe laser having a beam diameter of 1 mm.
The low power density (less than 6 mW/mm ) used pre-
cludes any significant contribution from stimulated emis-
sion in the spectra. The pump beam, polarized perpen-
dicular to the plane of incidence, is incident at an angle

v~ with respect to the mirror normal. The emission spec-
trum was detected with an f/1. 6 lens. The focal point
could be located at various points outside the sample. A
second lens (210-mm focal length), placed about 500
mm from the first lens, ensures that only light near the
focal point of the first lens is properly focused into a 1-

m-grating spectrometer. At the exit slit of the spectrom-
eter a photomultiplier tube was used for detection. The
particular choice of the laser beam diameter inside the

sample and the position of the focal point of the first lens
determines the detection angle and angular resolution.

To summarize, we have shown that spontaneous emis-
sion in front of a reflecting surface presents a light
source that violates Wolf's scaling law. A noteworthy
property of the source is that a plane can be defined in

which the spectrum is identical at every point. However,
at points outside this plane the spectrum is position
dependent. The position dependence basically arises
from interference of light traveling directly and via the
mirror to the point of observation. However, the eff'ect is

not limited by the coherence length of the source (which
in our case of nile blue is only a few pm).

As radiation quite often can be expected to be contam-
inated with reflected light, this violation of the invariance
of the spectrum on propagation can occur under rather
general conditions. Of course, the quantitative extent to
which the observed spectrum is dependent on position is

determined by a number of factors, of which angular and
spectral resolution are most important. As a significant
amount of light (about 10%-20%) out of the Universe
reaches us via reflection of particles present in interstel-
lar dust, ' it remains a challenge to explore the relevance
of our findings.
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