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In recent years there has been great interest in controlling the speed of propagation of electromagnetic waves.
In gases and crystals, coherent techniques have been applied to alter the speed of light without changing the
physical or chemical structure of the medium. Also, light transmitted by highly disordered solids has exhib-
ited signatures of Anderson localization, indicating the existence of a regime of “stopped” light that is mediated
by random elastic scattering. However, to date, light has not been generated in a random medium as a point-

like excitation that is fixed in space from the outset.

Here we report experimental evidence for the electrical

generation and confinement of light within nanosized volumes of a random dielectric scattering medium in
which a population inversion has been established, and discuss the properties of these novel light sources.

© 2004 Optical Society of America
OCIS codes: 290.0290, 290.4210, 030.0030.

1. INTRODUCTION

Recently, coherent optical techniques have been applied
in the laboratory to reduce the velocity of light in selected
media, making it nearly stationary. In early
experiments!™ light was converted into a nonradiative
excitation of the medium to achieve this result—creating
“dark” states or “dark” polaritons—while a recent
proposal® and experiment® discuss speed reduction of a
propagating wave that maintains some of its “bright,” ra-
diative character. However, in the present paper we in-
troduce a different concept for producing zero-velocity
light—one that is not based on the interaction of coherent
waves—that shows it is not necessary to begin with
propagating waves and slow them down by utilizing ul-
trahigh dispersion or other means. Instead, light can be
created as a bright field excitation that, from the outset,
does not have the form of a propagating wave at all. In
this paper, experimental results are presented for what
we believe to be the first experimental realization and
characterization of stationary light sources of this kind.
Our approach is to generate light emission in media in
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which negligible absorption exists and in which ordinary
light propagation is prevented by elastic scattering. The
idea is to produce stimulated emission that, as a result of
the scattering, is neither absorbed nor allowed to propa-
gate away from the near-field region of the source, a situ-
ation reminiscent of propagation in media with purely
imaginary indices of refraction in which propagation is
forbidden. It is helpful to begin by considering evanes-
cent fields in a familiar context before turning to experi-
mental evidence and a discussion of nonpropagating
forms of light in multiple-scattering systems.
Low-frequency electromagnetic waves are reflected
from plasmas whenever the medium acquires a negative
(relative) permittivity €,. Transmission of radio waves is
prevented and the incident wave is totally reflected with-
out any loss of energy if the frequency is below a critical
value. It is well established that at night total external
reflection of this type from the ionosphere often occurs at
short-wave frequencies, much to the delight of amateur
radio enthusiasts whose communication range is thereby
extended.” Thus, for waves impinging on the ionosphere
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from the lower atmosphere, total external reflection of the
field from the plasma layer is commonplace. It is not
common, however, to analyze low-frequency waves gener-
ated deep within a plasma that experience total internal
reflection in three dimensions.

Electromagnetic waves at frequencies below the
plasma frequency w,, far from any absorptive reso-
nances, develop a purely imaginary refractive index n
= \J—|¢| = in’, where n’ is a positive real number.
Any electromagnetic field of the form E(R, t)
= (E, /R)exp[i(nlgol_f — wt)], where R is the distance from
the origin (inside the medium), then decays exponentially
in space: E(R,t) = (Ey/R)exp(—n'koR — iwt). If the
wave can neither be absorbed nor reach the radiation
zone readily, it must be totally reflected inside a volume of
the medium on the order of a cubic wavelength in size, ex-
hibiting rapid attenuation in all directions, harmonic
variation in time, but no periodic oscillations in space.
Assuming that the emission process takes place irrevers-
ibly, the spatial envelope of the resulting electromagnetic
disturbance will be time-independent. Such a process il-
lustrates a potential means whereby electromagnetic ra-
diation could be generated in a quasi-stationary state: a
state that is nonpropagating and has an envelope that
changes very little on time scales far greater than the
temporal oscillation period.

This example applies to electromagnetic sources within
structureless media containing free charges, but in the re-
mainder of this paper we shall be concerned with the ad-
aptation of this concept to atomic emission within dielec-
trics, in which there are no free charges. We address the
interesting question whether light can be stationary in
isolated portions of random, transparent dielectrics with-
out consuming or converting the electromagnetic energy
into some other form.

There exists a considerable body of literature on local-
ization of light in photonic bandgap materials® and in
random media.’ Light can be localized in wavelength-
sized regions by surrounding a small volume with lossless
Bragg structures that prevent light from propagating out-
ward by simply reflecting it back to the origin. This ap-
proach to electromagnetic confinement relies on carefully
engineered, regular structures with zero density of states,
whereas our results involve all modes of space. Simi-
larly, the phenomenon of Anderson localization!®™? is
known to diminish wave mobility when a sufficient degree
of disorder in a system is reached. To halt electromag-
netic transport through disordered media, many re-
searchers have concentrated on maximizing the “stopping
power” of individual scattering events to localize electro-
magnetic waves,'*"16 a strategy that works especially
well under controlled conditions near Mie scattering
resonances!’ by using particles close to a wavelength in
size to maximize the effect of independent scattering.
This, too, differs from the approach developed in this pa-
per, which relies instead on “dependent” rather than “in-
dependent” multiple scattering among dense subwave-
length particles in an active, disordered medium.
Dependent scattering includes fully coherent field addi-
tion. In this paper we present results consistent with the
conclusion that novel interference effects in multiple scat-
tering from dense collections of particles smaller than a
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wavelength in diameter can make up for low index con-
trast and small scattering cross sections that would oth-
erwise prevent localization by dielectric nanoparticles.

2. THEORETICAL BACKGROUND

In several published experiments on stopped light, exter-
nal light fields have been applied to cause absorptive me-
dia to become transmissive through the phenomenon of
electromagnetically induced transparency.!® To trap or
“store” light energy in a state of polarization of the me-
dium that neither propagates nor radiates (a dark polar-
iton), the coupling or control field is momentarily
switched off in these experiments. Light is thereby
stored as a nonradiative excitation of the medium that
can be converted back into propagating light by restoring
the coupling field after a short delay. This method of
light storage by conversion into a two-photon coherence
has been demonstrated in gases and solids.'™ Here we
present evidence that suggests light can also be stored in
lossless, random dielectrics without such conversion, in
the form of a bright polariton.

A well-known relation in optics provides a clue to new
possibilities for generating electromagnetic radiation that
is losslessly localized in space. The generalized optical
theorem,'® exactly applicable in three dimensions, pro-
vides the necessary insight into the balance between
wave energy densities, gains, and losses in nonuniform—
even random—media. For our purposes it is sufficient to
consider its one-dimensional form for plane waves.?’ We
consider the incident, reflected, and transmitted intensi-
ties |E;|?, |E,|?, and |E,|?, respectively, of an electromag-
netic wave impinging on a lossless, dielectric medium of
thickness /, and relate them to the intensity |E|? inside
the slab where the relative permittivity is €,(z):

1/2
B2 = B+ B2+ ko f B[ Imf e, (2)1dz. (1)
/2

Here % is the vacuum wave number given by k2, = w/c.

Note that because €, may vary with position z, the
properties of the dielectric slab can fluctuate. Ordinarily,
we associate the integral in Eq. (1) with absorptive losses
[Im(e(2)] # 0] that cause dissipation rather than the stor-
age of energy. However, by creating a population inver-
sion we convert loss to gain. In inverted media we en-
counter both the imaginary component of susceptibility
and the nonzero internal field necessary to make a contri-
bution to Eq. (1) that is opposite in sign to an absorptive
loss. By introducing near-field multiple scattering
through nanostructure of the medium, as we show below,
the internal field can also be greatly enhanced in micro-
scopic regions of the sample. The energy density in Eq.
(1) thereby becomes nonzero and nonuniform. Because
Eq. (1) is implicitly a steady-state relation, this reflects
not just an increased flow of energy, but indicates the
presence of light that resides in small regions of the di-
electric. Hence, in strongly scattering, “active” dielec-
trics, the energy density of an incident wave can be sepa-
rated into transmitted, reflected and stored portions.
Energy is derived from the source of gain and stored
where the field E is largest. Where the field energy is
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confined to regions smaller than a wavelength in size, the
stored light can be designated stationary light to distin-
guish it from propagating modes of all kinds. Since we
must have both £ # 0 and Im[e€.(z)] # 0 to store light in
this way, this method is based on bright field polarization,
unlike the dark polariton approach that is characterized
by an average field of zero magnitude.

For the energy densities associated with stationary
light regions to be significant in active, random scattering
media, the gain and internal field must be maximized to-
gether according to Eq. (1). There are numerous ap-
proaches to optimizing gain in homogeneous media,?! but
methods to enhance internal fields in strong scatterers
have received little attention. This is not surprising, be-
cause large enhancements are the result of overlapping
fields from dependent (to be distinguished from indepen-
dent) scattering events?? among closely packed, subwave-
length particles.?? Lossless, dependent scattering media
are difficult to synthesize and exact analysis of their elec-
tromagnetic properties is an unsolved problem in three
dimensions. Previous efforts to halt the transport of
light through the use of elastic scattering have avoided
the dependent scattering regime for precisely this reason.

In Fig. 1(a) the results are given of a one-dimensional
(1D) numerical calculation of the internal field E of a ran-
dom dielectric that takes dependent scattering into ac-
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count exactly and explores its effectiveness for local field
enhancement. Interlayer interference effects can cause
field fluctuations in dielectric systems that are large and
distinct in origin from other local field phenomena, such
as plasmon resonances in metals.?* We applied a
transfer-matrix method?® to a randomly sampled, log nor-
mal distribution of 80-nm “particles” (dielectric layers)
with a FWHM of 60 nm. Spacings between layers were
taken to be Gaussian distributed with a mean spacing of
15 nm and a FWHM of 3 nm at A = 405nm. The first
distribution was chosen to reflect the particle sizes typical
of the pyrolysis technique used to synthesize our nano-
powders. The second corresponds roughly to experimen-
tal densities.

As evidenced by Fig. 1(a) large field enhancements are
theoretically possible in random, one-dimensional scatter-
ing systems, yielding peak ratios of E to the total input
field E, of over 10? within regions a mere wavelength in
extent. Despite severe variations in the assumed par-
ticle positions and sizes, energy density enhancements of
over 10* are therefore predicted in subwavelength (1D)
domains. Dependent scattering can clearly exert an im-
portant influence over propagation, enabling light storage
(and localization) in some lossless dielectrics, at least at
low dimensionality.

We also examined the electric field of a dipole radiating
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Fig. 1. (a) Magnitude of the internal electric field (exact 1D model with dependent scattering to all orders). Results shown are for a
single (random) configuration of lossless dielectric nanoparticles (€, = 3.06) with mean diameter ¢ = 80 * 30 nm and mean spacing
15 = 3nm at A = 405nm. (b), (c), (d) Plots of the longitudinal and transverse fields emitted by a dipole at the origin of three uniform,
spherical regions compared with corresponding values for a uniform, featureless solid. In regions 1 (r < a), 2 (a <r <b), and 3 (r
> b), assumed values were €; = 1, €, = 2.5, and €3 = 1, respectively, and for the uniform medium € = 2.5. The sizes of regions 1 and
2 were a = A\/4 and b = (\; + \y)/4, where \; = \o/(¢€;)"? is the wavelength in region i.



Redmond et al.

within a three-dimensional (3D) dielectric medium where
inhomogeneities exist, but where dependent scattering is
ignored. This was done to see if density fluctuations con-
tribute independently to field enhancement. By using
Mie theory?® the electric field magnitude was calculated
in all regions of space for a three-shell model. Region 1
with a dipole at its center was surrounded by a thin
spherical shell (region 2) and an embedding medium (re-
gion 3). When permittivities of €, = 1 and e, = €3
= 2.5 were assigned to the corresponding regions, it was
found that the Hertz vector I, within pores of radius a
<\ could easily exceed that for uniform media by factors
of 100 or more. However, despite its proportionality to
IT, (as well as to the gradient of div I1,), the electric field
was everywhere less than twice that of a uniform solid
(€1 = €9 = €3 = 2.50). Although this enhancement was
small, it exceeded the ratio of local field factors
|E soi/Evael = (€551 + 2)/(€4qc + 2) = 1.5 at certain radii,
and showed large variations within regions of constant
permittivity. For example, with effective permittivities
of e, = 1, e = 2.5, and €3 = 1, corresponding to a dense
shell in region 2, transverse field values within the pore
and the shell revealed ratios varying between 0.4 and 1.7
compared with a uniform medium. This is illustrated in
Figs. 1(b), (c), and (d) for kja = #/2 and kq(b — a)
= /2. Similar results were obtained for calculations
with other values of a, b, and e.

Near the origin both the longitudinal and transverse
field magnitudes exceeded those in a uniform medium.
In the dense shell (region 2) the transverse component in
Fig. 1(c) actually grew, rather than decreasing in the
usual manner. Additionally, in the far field (» > b) both
components were suppressed compared with the uniform
medium. Since constant local field factors should yield
constant separation of curves on a logarithmic plot such
as Fig. 1(b), other factors are needed to account for the
crossings in this figure. This reveals nontrivial field en-
hancements that depend on density fluctuations, al-
though no evidence of morphological resonances was
found with this shell model.

These results show that dependent scattering and sub-
wavelength fluctuations in density can independently
contribute to field enhancement in random nanomedia.
They provide a partial understanding of possible origins
of field enhancements inferred from experiments on ran-
dom dielectric nanomedia reported below. However,
these initial results ignore the possibility that density
fluctuations and dependent scattering may act together in
the strong scattering regime to produce large 3D enhance-
ments of local fields. Numerically exact results capable
of accurately accounting for dependent scattering in the
presence of density fluctuations are needed to explore the
question of field enhancements in dense 3D random me-
dia more fully.

In the remainder of this paper, evidence for enhanced
internal fields is sought experimentally from several dif-
ferent kinds of observations in dense nanopowder
samples. In Section 3 laser transmission and speckle
correlation measurements through free-standing powders
are analyzed. It is found that, while multiple scattering
causes a real enhancement in absorption, neither the de-
gree of enhancement nor the very long characteristic
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length scales for transmission are well explained by the
diffusion theory of optical transport in our dense, nano-
particle samples. At the same time, the measurement of
coherence length with spatial correlation techniques pro-
vides evidence of field randomization on very short length
scales (on the order of a wavelength) in agreement with
earlier coherent backscattering results. Hence, two very
different length scales emerge from these observations.
It seems perplexing that directional randomization of a
wave can occur over distances as short as a wavelength
and yet significant amounts of energy propagate a milli-
meter or more. In Section 4 we offer a resolution of this
apparent discrepancy which sheds light on observations
of cw laser emission from optical feedback regions with di-
mensions smaller than a wavelength. We conclude with
direct evidence of light field enhancement in a random
medium and stationary light generation.

3. SCATTERING CHARACTERISTICS OF
DENSE, RARE-EARTH-DOPED
NANOPOWDERS

Our experiments made use of Y,05 and Al,O5 nanopow-
ders with particle sizes and filling fractions corresponding
to more than one hundred scattering particles per wave-
length. Areduction in the single-particle scattering cross
section (incurred by the use of subwavelength particles)
was accepted in order to allow near-field, coherent overlap
effects to take place. Strong dependent scattering effects
arise only when many scattering events take place within
a distance short compared to the spatial period of the
wave. This requires that near fields from adjacent scat-
terers overlap,?? a condition that enormously complicates
theoretical analysis, but in view of the results of Fig. 1
mediates the appearance of interesting, confined-field re-
gions.

Paradoxically, as shown below, for subwavelength sepa-
rations of particles that are themselves less than a wave-
length in size, an increasing amount of light energy is
found to flow right through the medium as the scattering
mean free path falls below half a wavelength. As poros-
ity goes to zero, one rapidly approaches the limit of fully
dense, nonabsorbing solids through which incident light
is, of course, easily transmitted. (Note that a similar ef-
fect accompanies porosities that approach one. Trans-
mission also rises as the solid volume fraction drops be-
cause there is very little matter to scatter the light. The
scattering mean free path within particle clusters can re-
main subwavelength in scale, but the sample is mostly
empty space and free propagation takes place outside the
clusters).

Transmission data were obtained for samples of
1% Yb:Y,05 with an average particle size of 30 nm.
Free-standing powder layers were prepared in the form of
disk-shaped wedges by applying a pressure of 2 1b/in.?
The 3° wedges had a minimum thickness of 150 um and a
diameter of 2.0 cm. Angle-integrated, forward transmis-
sion was then measured versus sample thickness / and
fitted using Eq. (10) of Ref. 27. The transmission is well
approximated by T'(l) ~ exp(—1/¢) for sample thicknesses
exceeding the absorption length,2® so it is readily seen
from the inset of Fig. 2(a) that experimental attenuation
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length scales ¢ exceed the transport path length [* by
three orders of magnitude. It seems perplexing that real
samples which directionally scramble light within half a
wavelength (I* < \/2), as we previously reported,?® still
transmit light over macroscopic distances [see Fig. 2(a)
where T ~ 0.1% for [ ~ 1000 um]. However, this is not
inconsistent with an exact simulation of dense 1D
samples based on the transfer-matrix method. In Fig.
2(b) results are given for simulated transmission through
nanopowders similar to the samples in this work. The
calculation sampled a log normal distribution of particle
sizes typical of pyrolytic synthesis by selecting a mean di-
ameter of 155 nm (with FWHM = 45 nm) to create a ran-
dom string of dielectric “particles.” The decay of sample
transmission with thickness was then calculated for each
assumed value of scattering mean-free-path [, to derive
attenuation distances £ at A\ = 906 nm for a medium with
the relative permittivity of yttria (e = 3.24). Semiloga-
rithmic decay lengths for 25—50 complete configurations
of up to 10,000 particles were averaged for each mean
particle spacing (/,) in the range 25 nm—100 um by use of
a randomly-sampled Gaussian distribution of fixed per-
centage half-width (FWHM = 12%). The average val-
ues of ¢ decreased linearly with /, until the high density
limit (I, < N\) was reached, whereupon surprisingly large
Mie-like resonances and long attenuation lengths ap-
peared despite the lack of regularity in particle position
and size.

Short mean free paths and subwavelength transport
distances seem incongruous in the face of long attenua-
tion lengths. Yet this combination is an important fea-
ture of optical transport in ultrafine random media con-
sisting of nanoparticles causing dependent scattering as
shown below. Experimental evidence of the failure of dif-
fusion theory that was obtained from simple absorption
measurements through our samples is considered next.

In Fig. 2(a) the measured attenuation-rate coefficient of
light transmitted through thin powder layers at wave-
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lengths near the Yb?"[2F;,5(0) — 2F5(2')] resonance at
906 nm is found to be an order of magnitude greater than
expected. By using the off-resonance value (at 870 nm)
for the semilogarithmic slope of transmission & = 1.96
X 1073 um™!, together with the peak extinction length
on resonance, namely /..> = 3.08 X 1072 um™! from Fig.
2(a), we estimate the experimental Yb-related absorption
length by using the simple relation® ;' =171 — ¢!
= 1.12x 102 um ' tobel, = 893 um. This valueis a
factor of 8 shorter than the absorption length [
= 7.0 mm calculated for isolated Yb ions of the same den-
sity N = 4.1 X 10**cm 2 (based on the established cross
section in this host, o = 0.35 X 1072°cm?,®! and the
measured filling fraction 0.15). This shows directly that
there is a very large enhancement of absorption due to
multiple scattering.

To determine whether the enhanced absorption within
our samples was principally the result of long diffusion
paths or dependent scattering within enhanced field re-
gions, we made spatial correlation measurements and a
quantitative comparison with diffusion theory. Figure 3
gives the spatial intensity—intensity autocorrelation of a
He-Ne laser speckle pattern that was transmitted
through a free-standing sample of 30-nm particles and re-
corded with a CCD camera (Princeton Instruments EEV
576 X 384) at A = 632.8nm. Individual pixels had di-
mensions of 22 X 22 um? and dark counts of 6-8
electrons/s. Frame times were 17 ms. The sample exit
surface and the active area of the camera were located in
the front and back focal planes of the transform lens, re-
spectively (N.A. = 1). A relay telescope was used to ad-
just the illumination spot diameter to 0.48 (solid curve)
and 0.68 (dashed curve) of the side length of the active
readout area (384 X 384 pixels). This permitted us to
demonstrate that the minor ripple structure at the base of
the correlation peak arose entirely from finite aperture ef-
fects in the image (transform) plane, and not from the
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Fig. 2. (a) Measured transmission through free-standing Yb®*:Y,03 nanopowder wedges. The inset shows raw data (triangles) versus
thickness at 906 nm. The dashed curve gives the (calculated) single-pass absorption for the experimental Yb concentration of NV
= 4.1 X 10% ions/cm? at volume fraction 0.15 plus the experimental off-resonance scattering attenuation. The dotted—dashed curve is

the result of diffusion theory (see text).

(b) Calculations of attenuation length versus mean free path through lossless dielectric particles

(e = 3.24) of mean diameter 155 nm at \ = 907 nm. The inset magnifies the high-density region where Mie-like resonances are evident
and the attenuation length diverges as the mean free path approaches zero.
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Fig. 3. Spatial autocorrelations of laser speckle recorded at \
= 632.8 nm in transmission through yttria nanopowder (at 0.15
filling fraction). The solid and dashed curves correspond to dif-
ferent spot diameters at the camera (0.48 and 0.68 times the
length of the active area, respectively).

intensity—intensity correlation itself. The displacement
axis in Fig. 3 was calibrated by recording the far-field dif-
fraction pattern of Ronchi rulings spaced by 50 um and
inverting the image as described next.

To convert the far-field speckle pattern to a near-field
correlation plot, data from the CCD were squared and
inverse-Fourier-transformed to furnish the intensity—
intensity correlation function C'V at the sample surface.
The oscillatory nature of this function,?? given by C'V
= exp(—Ar/l sinc® EAr), has been observed previously in
the optical domain.?® Because the experimental correla-
tion traces presented in Fig. 3 show no evidence of the
sinc? kAr factor in C'V, which has a period of \/2 but only
small variations that depend on the inverse diameter of
the spot illuminating the CCD and the wavelength, the
exponential envelope of C'V evidently decays with a char-
acteristic length less than A/2. This permits an upper
limit of /.., = I, < M2 = 316 nm to be set on the longitu-
dinal coherence distance of the sample, thus confirming
that dephasing takes place on the same subwavelength
distance scale with respect to forward propagation as di-
rectional randomization in the backward direction (I*
~ 311nm?°). By taking the mean free transport dis-
tances in the forward and backward directions to be equal
(lf =1;) on this basis, an absorption length of P
= (I1*/3)Y?=27um is predicted by diffusion
theory.283* This value of /2 is much shorter than the ex-
perimental absorption length [, = 893 um determined
above, and we conclude that diffusion theory underesti-
mates the absorption length by more than an order of
magnitude.

This failure of diffusion theory is not all that surpris-
ing. Goodman pointed out long ago that a coherence
length less than an optical period (I, < \), as the analy-
sis here indicates is the case, corresponds to an evanes-
cent or nonpropagating wave.?® Since diffusion theory
does not include contributions from nonpropagating field
components, it cannot be expected to account fully for the
energy density in dense random media where dependent
scattering may give rise to stationary light. Our speckle
measurements support the idea that significant contribu-
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tions to absorption come from small, dependent-
scattering regions that are not well described by diffusion
theory. In Section 4 we provide additional evidence of
field confinement and stationary light within our samples
in experiments on cw random lasing processes.

4. CONTINUOUS-WAVE RANDOM LASER
EXPERIMENTS

There have been many previous reports of laser action in
random gain media.?*? 1In all the earlier experiments,
however, pulsed optical pumping was used and light was
amplified through propagation over trajectories that were
many wavelengths in length. In recent work®>*® macro-
scopic ringlike trajectories were considered to compose
the cavities in which laser action took place, and standard
features of coherent lasers such as directionality and fre-
quency selectivity in the output were observed. The
separation of modes in individual cavities was consistent
with the usual inverse proportionality to round-trip cav-
ity length.?®%0 If overdamped (nonpropagating) waves
with a spatial extent of a wavelength or less were gener-
ated in a lossless dielectric, however, it is easily under-
stood that no transport of energy around a macroscopic
cavity could take place. As a result, stimulated emission
from a source of stationary laser light would have charac-
teristics very different from that of conventional lasers or
random lasers with coherent feedback. If waves do not
propagate far enough for constructive interference from
overlapping fields to arise, no frequency (mode) selectivity
can appear in stimulated emission from such pointlike
random lasers.

In earlier accounts of cw random laser action?>*! the
absence of angular and spectral selectivity was noted, to-
gether with sharp threshold behavior and linear output.
An electron beam was used in ultrahigh vacuum to pump
Nd-doped alumina powder with an average particle size
estimated to be 27 nm under conditions in which the
transport mean free path [* was measured to be less than
NM2. Incoherent laser action was observed at 405 nm
above a sharp pumping threshold (Fig. 4). As shown in
this figure, the fluorescence lifetime of the emitting level
drops when the current exceeds threshold, revealing that
the emission rate increases as a result of the onset of
stimulated emission as expected. Lifetime measure-
ments required 10 hours of acquisition per point because
of low count rates in the presence of electron beam blank-
ing. Because of the lengthiness of this experiment, cor-
responding measurements of luminescent output (Fig. 4,
dashed curve) were made very rapidly, and then only to
locate threshold and illustrate the linear output above it.
The slight drop in output at a current above 8 uA in Fig.
4 is an experimental artifact. A more representative out-
put curve that shows reproducible linearity and consis-
tent output saturation under the same conditions can be
found in Ref. 41.

The maximum gain-length product estimated for a
wave propagating one mean free transport length
through this particular sample, with an impurity density
of N(Nd3®*) = 2.5 X 10 ecm ™2 and emission cross section
o < 10 8 cem?, is very small (yI* = Nol* < 107%). Un-
der these conditions, single-pass amplification yields an
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output intensity of only I(I*)/I(0) = exp(yl*) = (1
+ Nol* + ...) ~ 1.001. So while output power in a low-
gain amplifier with these characteristics would be linear
in the excited state density N, amplification would not
even be noticeable without cavity feedback. To account
for cw laser operation with a sharp change in emission
slope at threshold, a very large cavity enhancement factor
is necessary. Linearity of the output*!' rules out the pos-
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Fig. 4. Measured fluorescence lifetimes (solid curve) and emis-
sion intensity (dashed curve) versus current from Nd3': 5-Al,04
in the neighborhood of the intensity threshold. Filling fraction
and particle size were 0.15 and ¢ ~ 30 nm, respectively.
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sibility that stimulated emission from our samples is
merely the result of amplified spontaneous emission.
Hence, the subwavelength transport distance, together
with large cavity enhancement and lack of speckle, fur-
nish important evidence that cw laser output in our
samples is the result of optical confinement in regions less
than a cubic wavelength in size. While this in itself is
evidence of stationary (laser) light generation within the
medium, we sought additional, more direct evidence of
electromagnetic confinement, as described next.

There has been no prior investigation of the optical out-
put of a cw random laser purely as a function of electron
penetration into the scattering medium.?®4! It is useful
to test the interpretation of our results to date by search-
ing for increased stimulated emission output as the gain
volume is moved deeper into the medium. Output should
improve if optical confinement by scattering improves
away from radiatively lossy surfaces. Such a trend is op-
posite that expected for radiation originating from near-
field components of a classical dipole embedded in a me-
dium near an interface.*> To measure laser output
versus penetration depth experimentally, the energy of in-
cident electrons was therefore varied in a systematic
manner. The accelerating voltage of electrons impinging
on Nd3":5-Al,0; nanopowders was adjusted together
with the current so as to maintain constant excitation
power. This alters the average depth at which light gen-
eration occurs while in principle maintaining a constant
excitation rate of rare earth impurities. Light output in
the spectral region of laser emission was then monitored
closely to observe the behavior of the stimulated emission
lines (<25,000 cm™Y) and quenched transitions (>25,000
em ™) described in Ref. 37.

Emission spectra obtained at constant excitation rate
revealed a rapid rise in the Nd laser lines between 24,250
em™! and 25,000 cm™! and an equally rapid decline of
quenched transitions for voltages above 3 kV. This be-
havior is the same as that accompanying Nd random laser
action (Fig. 4). The output intensity on the stimulated
emission lines increased systematically with increasing
voltage at constant excitation rate, as expected if optical
confinement improves at larger distances from the sur-
face (Fig. 5). Monte Carlo simulations (Fig. 6) revealed,
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(a) Distributions of electron locations after elastic scattering

brings them to rest (defined as E < 50 eV) in alumina of 50% solid density. Note the broadening with voltage, which leads to significant

dilution of the average excitation density as voltage increases.
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(b) Mean electron penetration depth versus voltage from the simulations
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however, that the naive experimental procedure of main-
taining a constant voltage—current product did not suc-
ceed in maintaining a constant rate of excitation of rare-
earth emitters. Between 2 and 10 kV, the distribution of
electron penetration depth broadens by a factor of 10 [Fig.
6(a)] for alumina powder of 50% solid density as the pen-
etration depth itself increases from 50 to 950 nm [Fig.
6(b)]. Since this lowers the active electron density in all
three dimensions, the average rate of excitation by elec-
trons is lower at 10 kV than at 2 kV by a large factor
(~10%), even though the voltage—current product is con-
stant. Hence we observe an increase in laser output and
slope efficiency, despite a decrease in the excitation rate,
as the gain volume moves deeper into the powder.

5. STATIONARY LIGHT

By itself, the observation of cw laser action in a strongly
scattering random medium does not indicate that light is
generated in a nonpropagating or stationary state. How-
ever, the complete absence of modal and directional selec-
tivity in the output, the apparent lack of coherence, and
the short transport mean free path (I* = \/2) do indicate
a lasing process confined to an effective cavity with di-
mensions of a wavelength or less. While this conclusion
currently relies to a significant degree on the surprisingly
short [* measured by coherent backscattering, indepen-
dent measurement of the coherence length (I, < \) in
laser speckle transmitted through a free-standing sample
as reported here corroborates dephasing within subwave-
length regions of the medium. Optical dephasing and di-
rectional scrambling over such small intervals shows that
the light is overdamped or critically damped in the ab-
sence of significant absorption.

The inference is that electron pumping and dependent
scattering mediate laser action in our samples by gener-
ating stationary light that experiences gain. The im-
provement of laser output at constant pumping power fur-
nishes particularly direct and compelling evidence—with
or without the Monte Carlo corrections for excitation
rates at different depths—that light experiences dramati-
cally improved confinement as the gain region is dis-
placed from the surface into the bulk of the powder. If
the surface provided reflective feedback, the opposite re-
sult would be expected. Our calculations and experi-
ments support the idea that high-Q enhancement regions
are responsible for stimulated emission and cw lasing
deep within our powders, and that these regions extend
approximately a wavelength in all three dimensions. By
imputation, other regions of these dense samples must
support tunneling, hopping conduction, or diffusion of
electromagnetic waves over much longer distance scales
to account for the long-range transmission properties of
these intriguing materials.

In closing we remark that electron excitation has a po-
tentially important advantage over photon generation of
laser light within our samples. Both in photonic band-
gap materials and random media, any high-Q cavities
that may be present prevent the easy escape of light while
at the same time making it difficult for pump-light at ad-
jacent wavelengths to enter. Electrons, on the other
hand, are not restricted from penetrating cavities or
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pseudogap regions in photonic bandgap or random media.
Optical fields can therefore be created inside any region
within the penetration depth of incident electrons, re-
gardless whether they are high-Q or low-Q, wavelength
selective or not. Once the rare earth impurities are ex-
cited, we believe that the regions with highest field en-
hancement in our samples localize light and cause gain
with feedback by virtue of interference effects from corre-
lations in the disposition of particles of shorter range than
those encountered in the diffusive propagation regime.*?
In previous work, we showed experimentally that with in-
creased gain, cw laser action in ultrafine random media
exhibits an apparent crossover from oscillator to amplifier
behavior.?? Low-voltage operation therefore seems to fa-
vor stationary laser light generation, whereas high-
voltage operation encourages propagation with coherent
amplification over macroscopic distances.

6. CONCLUSION

In conclusion we believe the evidence in this paper shows
that it is possible in active, low-loss dielectrics with par-
ticle densities >1/\% to generate regions of pointlike, sta-
tionary laser light. On the other hand, optical transport
over macroscopic distances of the order of hundreds of mi-
crometers has been observed in transmission through
such samples. Extinction lengths of millimeters were
measured in free-standing powder samples with trans-
port lengths of only a few hundred nanometers. Hence,
we are led to the realization that, at least for low-volume-
fraction, random media, the distribution of particles and
fields is very heterogeneous, and that the heterogeneity
strongly influences electromagnetic propagation. Dense
configurations of particles seem able to localize light in
some regions, while sparse configurations permit propa-
gation in others, which suggests that extended and local-
ized states coexist in 3D samples in this regime. While
many interesting fundamental questions remain regard-
ing characteristics of the strong scattering regime, some
practical aspects of these results can already be antici-
pated. Nanopowder light sources operating by stimu-
lated emission may lead to improved phosphors for con-
ventional fluorescent lighting and flat panel displays, and
to completely new, electrically pumped laser sources oper-
ating at wavelengths throughout the ultraviolet, visible,
and infrared spectral regions.
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