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Abstract. Currently optically pumped mirrorless lasing is represented by three dis-
tinct branches, which concern lasing in different types of the gain media: optically
random and photonic media, and microcavities. This article is a first part of our re-
view on optically pumped mirrorless lasing, with the random lasing in scattering
media being a main subject. The other mirrorless lasing mechanisms will be ad-
dressed in the second part. Considering light localization as a key function of the
feedback, we discuss possible mechanisms for the light localization in the scattering
media. Special attention is paid to the Anderson light localization. The other mecha-
nisms of the light localization in the scattering media concern high Q-resonances in
local microresonators, which exist due to structural inhomogeneities in the scattered
media. Applications of the random lasers are shortly reviewed.
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1. Introduction

Nowadays there are not too many people in the civilized world who have never seen a laser light
or, at least, never heard about it. A vast majority of people certainly associate lasing (or laser gen-
eration) with a light source called LASER. Less of them, probably mostly specialists in optics,
readily decipher the term LASER as an acronym for Light Amplification by Stimulated Emission
of Radiation. And still less, probably mostly professionals in laser physics are aware that the latter
phrase of five words is not enough for the appropriate definition of laser generation. An essentially
important issue called optical feedback is missed in this word construction. The notion of the opti-
cal feedback concerns the type of light amplification, at which the emitted light is returned back
along the same path (which topologically is equivalent to a closed loop) for amplifying light over
and over again. A presence of feedback is a conditio sine qua non for true lasing. With no feed-
back a corresponding light amplifying source would reduce to an optical amplifier only.
Feedbackless light amplification can be based on one of the following phenomena: amplified
spontaneous emission (ASE), superradiance (SR) or superfluorescence (SF). In this review lasing
is defined as a feedback-amplified stimulated light emission under an action called pumping.
Strictly speaking, the presence of optical feedback implies coherent light amplification. However,
to tell the truth, some of the authors use the term ‘lasing’ in its historically original sense defined
by the acronym LASER as alluded to above, which (rather unintentionally) covers also the case of
incoherent amplification of spontaneous emission and is termed in the current literature as lasing
with nonresonant (incoherent) feedback. Under the feedback action, newly emitted and multiply
returned light waves interfere in a feedback resonator. The resonator is either an external optical
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cavity built of mirrors, bounding a gain medium or a gain medium per se. In the latter case one
says that the feedback is mirrorless. Two remarks are in order here.

The first remark concerns the role of interference of the light waves at the optical feedback. If
the interfering light waves are coherent, then due to the constructive and destructive interference a
standing light wave is formed. De facto the formation of the standing wave implies that the light
wave is localized within the resonator cavity. However de jure the term light localization is re-
served for another, more specific, phenomenon, which concerns the state of light wave in a disor-
dered medium and which is a light analogue of the phenomenon of Anderson localization of elec-
trons in disordered solids. Both the formation of the standing wave in the cavity of an optical reso-
nator (further called cavity light localization) and the Anderson light localization refer to a regime,
at which the light wave is essentially trapped in space and thus it would be reasonable to cover
these two cases by the common term light localization. The Anderson light localization is also
called strong localization to distinguish it from yet another regime called weak localization in a
disordered medium. Further in the text we use the term light localization as a general category,
which covers different specific light localization mechanisms such as cavity light localization,
strong (or Anderson) light localization, and weak light localization. The light localization is a key
function of the optical feedback and its action is twofold: first, it essentially traps the emitted light
within the gain medium for avalanche-like enhancing the stimulated emission and, second, it sets
up selection rules for lasing lines. The lasing lines are resonance modes of the emitted light, which
survive under interference. The selection rules for the lasing modes are determined by conditions
of the constructive interference at which the phase difference between the interfering waves is a
multiple of 27 . The phase difference between the interfering waves is governed by the geometri-
cal and optical parameters of the resonator and/or the gain medium. In conventional lasers the
feedback is achieved with specially assembled optical schemes of mirrors. The simplest and the
most popular Fabry—Perot laser resonator is built of two facing mirrors [1], though more compli-
cated schemes are also designed, depending on the desired laser properties.

The second remark concerns the notion of mirrorless lasing. Mirrorless lasing can be imple-
mented if the optical gain is combined with multiple light scattering in random media, selective
Bragg reflection in photonic crystals, total internal reflection in closed microcavities or surface
plasmons in metallic nanoparticles. As a result, the multiple light scattering is a mechanism of
optical amplification for so called random lasers. The selective light reflection represents a mecha-
nism that provides optical feedback in naturally occurring photonic crystals such as cholesteric and
blue-phase liquid crystals, as well as in artificially fabricated photonic structures. The total internal
light reflection in closed cavities in the shapes of solid spheroids or liquids and liquid crystal drop-
lets leads to so called ‘whispering gallery resonance modes’ in microlasers. Finally, the surface
plasmon resonances provide the optical feedback in spasers, nanoplasmonic counterparts of the
lasers.

Currently there are three mirrorless laser technology branches: random lasers, photonic-
crystal lasers and microcavity lasers develop independently. It is logic to foresee that soon they
should interpenetrate each other. There are at least following arguments for this. Progress in all the
three areas is dictated by common practical needs in multifunctional portable devices based on
mirrorless lasers. To achieve the goal, recent there have appeared the ideas to combine together
different mirrorless mechanisms in a single laser. This is indeed possible since there are numerous
examples [2-9] when different mirrorless mechanisms take place simultaneously (see Section 3 for
details). In spite of these points, still there has been no review considering all the three mecha-
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nisms together. 4 fortiori, the current literature (see the recent reviews on the random lasers [10,
11], the liquid crystal lasers [12], and the microlasers [13, 14]) contains almost no cross-references
among the articles belonging to these different branches of mirrorless laser technology.

The aim of this work is to draw together literature information on the mirrorless feedback
mechanisms for optically pumped lasing in different media. In this article which is a first part of
our review, the random lasing in the scattering media is considered. A second part devoted to
lasing in the photonic crystals and the microcavities will appear in the forthcoming issue of this
journal.

2. Random lasers

Random lasing is the light amplification due to stimulated emission in a multiply scattering gain
medium. The term random lasing was coined by Wiersma and co-workers [15, 16]. Although this
type of lasing has attracted attention of researchers only recently, it has been explored soon after
invention of the traditional lasers with coherent feedback. It has been shown [17, 18] that the laser-
like emission exists even if one of the mirrors is replaced by a scattering element. This means that
a light-scattering gain medium can provide efficient amplification even with no external mirrors.
This idea has been used for the explanation of laser-like emission by the interstellar medium. The
next subsection is a brief sketch on the development of a paradigm of cosmic lasers.

2.1. Paradigm of a cosmic microwave laser

It is believed [11] that the first lasing has been observed nearly a century before the first optical
laser is made. According to Ref. [11], which refers to the website [19], these are stars discovered
by Wolf and Rayet in 1867. Although it might be possible, we do not find enough arguments to
share this opinion and follow a more commonly accepted version, according to which an interstel-
lar microwave laser has been discovered in 1960s due to studies of molecular emission spectra of
OH-radicals from the interstellar medium [20]. Hundreds of microwave cosmic lasers based on the
OH emission have been discovered since then. Other chemical species (CH, H,CO, H,0, SNH;,
CH;OH, SiS, HC;N, SiO, ¥Si0, *°Si0, H etc.) present in the interstellar space have been qualified
as such that show some features of the amplified spontaneous emission. For more details on the
astrophysical lasers, the reader is encouraged to read Refs. [20-22].

Below we summarize the main results collected by astronomers in 1960s, which allow claim-
ing the existence of the cosmic microwave laser. These are as follows: (1) anomalous intensity
ratios for the OH emission lines leading to the temperatures up to 2x10°K, (2) narrow spectral
width of the emission lines, (3) their strong polarization for the isotropic character of absorption,
(4) narrow beaming of the emission, and (5) time variations of the intensities.

Such highly intriguing results have attracted attention of physicists working in the field of la-
ser generation. The amplified spontaneous emission in a cosmic gain medium has been considered
theoretically by Varshalovich [23]. Soon Letokhov [24] has demonstrated theoretically that scat-
tering on free electrons or interstellar dust can provide efficient amplification in the interstellar
medium. Such a cosmic microwave laser supposes to share features of its laboratory-built proto-
type of conventional laser with the mirror-based feedback, namely a threshold for pumping en-
ergy, spectrally narrow emission lines, a strong polarization, a narrow beaming and a high bright-
ness, though it should reveal low coherency and time variability, or even pulse-like character of
the emitted radiation. The feedback in such lasers is nonresonant.

It is worthwhile to compare the cosmic microwave laser with its laboratory-built counter-
parts. First, similarly to the traditional laboratory-built lasers, the cosmic microwave laser is based
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on the inverted population of energy states, but the way the inverted population is created is differ-
ent; no pumping in its usual sense is involved. Three main excitation mechanisms have been sug-
gested [22]: collisional excitation, excitation by recombination, and a Bowen mechanism [25, 26].
Second, strictly speaking, the cosmic laser represents an optical amplifier rather than a laser by the
physical principle of its operation. An optical amplifier differs from the true laser by the absence
of optical feedback. This issue will be analyzed in more details in Subsection 2.3. Third, the cos-
mic laser works in the continuous-wave (CW) regime, whereas the pulse regime is easier in its
realization for the laboratory-built lasers. And fourth, the cosmic laser emits in the 47 solid angle,
whereas the light of the traditional lasers is essentially directional.

2.2. Laboratory-built lasers with nonresonant feedback

To achieve lasing with the nonresonant feedback, the authors of Ref. [17] have replaced one of the
mirrors in the laser resonator by a volume scatter or a surface scattering plate. Since in such a laser
the feedback is not resonant, the lasing modes do not depend on the path length of the beam within
the optical cavity. The main lasing frequency corresponds to the resonant frequency of the gain
medium. The narrowing of the emission line results from the increasing number of photons at the
energy level corresponding to the frequency of the maximum gain.

The innovative importance of the lasing scheme where one of the mirrors of the resonator is
replaced by a scattering element [17, 18, 27] is twofold. First, it has raised a question of possibility
of lasing with incoherent feedback. Second, it has become clear that the laser-like amplification
can be produced without a mirror-based resonator — spatial inhomogeneity of the refractive index
in the gain medium can provide the conditions for the increase of the light path in the medium. It
has opened a way for development of a wide variety of lasers with nonresonant feedback.

It is understood that the theory of random lasing should be based on the theory of light scat-
tering. The light scattering theory is very complicated in general. Simplified description can be
obtained in different approximations. In the frame of Rayleigh scattering approach the scatterers
are considered as spheres of the diameter much smaller than the wavelength of light. A Mie theory
deals with the scattering of spherical particles of any diameter, i.e. it does not have a lower limit
for the size of the scattering centres. It reduces to the Rayleigh scattering when the diameter of the
particles is much smaller than the light wavelength, such that in this limit the shape of the particles
no longer matters. However, even with these approximations the scattering theory is still quite
complicated and further simplifications are used. One of the approximations concerns the concen-
tration of the scattering particles. At low and high limits for the concentration of scatterers, the
scattering regimes are called weak and strong scattering. The key parameters distinguishing be-
tween these regimes are the free path length A, on which the direction of the propagation of a
photon is randomized, the size of sample L, the wavelength of light A, and the diameter D of the
scattering particle. In the most practical cases, the size of the sample is much larger than the size of
the scattering centres (L >> D) and also larger than the wavelength (L > 1). Then the scattering
regime is governed by the relation between A and L. At small concentrations of the scatterers,
the scattering is weak and one accepts that A >> L. At higher concentrations the scattering is
strong such that the opposite inequality L > A > A is valid. The weak scattering approximation
(A > L) applies, for instance, to the scattering in the interstellar medium [24].

Extension of the light scattering theory to the gain media for the description of the random la-
sing additionally introduces two important length: the gain length A, and the loss length A;. The

Ukr. J. Phys. Opt. 2013, Volume 14, Issue 3 149



Nastishin Yu. A. et al

gain (loss) length is the length for which the intensity of light waves travelling inside the gain me-
dium increases (decreases) e times. The lasing threshold is defined by the condition A, = A; [28].

Although the model of diffusion scattering in a gain medium developed by Letokhov [29, 30]
is a great simplification that neglects the wave nature of light, it is very powerful in its predictions.
For example, it shows that there exists a threshold at which the radiation losses are compensated
by the gain emission and above which the lasing starts. As a consequence of this energy threshold,
a critical condition for the size of lasing sample arises. It turns out that if the diffusion approxima-

tion is satisfied (L > A > \), then a general relation L, =,/AA, /3 holds true, independent of

the sample shape.

The consideration of dynamics shows that the time dependence of the lasing intensity above
the threshold is has a shape of pulsations, with decaying amplitude. After the pulsation regime the
system reaches a stationary lasing. Such pulsations are typical transition processes of lasers. In the
stationary state, the dynamics of the laser emission is akin to the black body radiation and so iso-
tropic. The spectral density of the emitted radiation also displays temporal dynamics in the form of
spectral narrowing of the laser line. This natural property of the lasing with nonresonant feedback
has been studied for the first time in Ref. [31]. For quite a while line narrowing (both spectral and
temporal) and transient intensity pulsations have been considered as a sort of markers distinguish-
ing the true lasing from the ASE, until Diederik Wiersma and Ad Lagendijk [32] have demon-
strated numerically that these features are also properties inherent of the ASE, which works with
no feedback.

The Letokhov’s theory [29, 30] also confirms the experimental evidences that the radiation

from the laser with nonresonant feedback consists of a large number ( N ~ 109) of strongly cou-
pled modes (i.e., waves propagating in different directions).

Though the theory of lasing with nonresonant feedback based on the approach of diffuse light
scattering in a gain medium has premised the development of the conception of mirrorless lasing,
it does not represent a generic idea behind this conception. Probably, for this reason there has been
no significant progress in the area for more than fifteen following years. The research activities
have been focused on the development of lasers with mirror-based stochastic and chaotic resona-
tors. A breakthrough has been done by John [33, 34] who introduced conception of localization of
photons in disordered media, in analogy with the Anderson localization of electrons in disordered
solids. John has shown that ordinary non-confined dielectrics in which the light propagation is
described in the diffusion approximation (when the multiple scattering interference effects are ne-
glected) do not localize light, but the light localization might appear if the interference effects of
multiple scattering are taken into account. The light localization is sufficient and crucial for the
presence of optical feedback in the mirrorless lasers. Below we briefly discuss the importance of
the light localization for realizing optical feedback in the mirrorless lasing.

2.3. Light localization and optical feedback

In the most general case, the feedback implies that the two or more processes are connected in a
loop such that each process influences the other [35]. In application to the physics of signals, a
positive feedback would mean that a signal is generated inside a closed loop, along which it is
multiply amplified. If the signal is multiply attenuated within the loop instead, then one says that
the feedback is negative. In the simplest case the loop is formed between the input and output of
an amplifier (see Fig. 1a).
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An example illustrating a feedback loop is the audio feedback (Fig. 1b), at which a sound sig-
nal is transformed into an electrical signal by a microphone, then amplified, reproduced as a sound
by a loudspeaker and then again sent to the same microphone, the same amplifier, the same
speaker, and so on along the loop. One can say that when the positive feedback is present, the sig-
nal is essentially localized in the feedback loop. It has to be noticed that the presence of the ampli-
fier in the scheme shown in Fig. 1b already implies an inherent feedback loop inside the amplifier.
This internal feedback loop is necessary for the amplifier to function as such. However it is not
this loop that provides the audio feedback. A closed loop providing the audio feedback is shown in
Fig. 1b by the solid line connecting the microphone, the amplifier, the loudspeaker and the same
microphone. A presence of the closed loop is a distinctive feature of the feedback. For this reason
we consider further the amplification along an open loop as a feedbackless process [35] in the
same vein as the open loop is, in fact, not a loop at all.

A cascade-like amplification at which several amplifiers are connected in a series, as in
Fig. lc, is considered as a feedbackless amplification scheme, too. A two-mirror resonator in tradi-
tional lasers is an example of an optical feedback. Due to the bounding mirrors, the light signal
travelling forth and back between the mirrors is localized within the cavity containing a gain me-
dium. The closed feedback loop is geometrically formed by the forth-and-back trajectories of light
within the resonator cavity. As a difference with an electronic feedback scheme, where the input—
output direction is not equivalent to its reverse (output—input), the forth and back directions in an
optical gain medium are equivalent, thus forming a loop topologically. While applied to the opti-
cally pumped light emission, the two processes that might be connected into a loop are the light
emission and amplification. The amplified spontaneous emission is an example of amplification
along an open loop. Under diffusive light scattering, the trajectory of a photon is that of a random
walk and the probability of its return to the same point is very small [36]. Even if the photon tra-
jectory self-crosses, it does not form a loop because the photons do not scatter at each other. A
loop trajectory could be formed only if photons return again to the same scatter. Such a situation
would correspond to the light localization. If the photon is scattered along an open trajectory,
sooner or later, after many zigzags, ecach photon leaves the medium. As a result, the total path
length of the light inside the scattering gain medium is greatly increased though there is no feed-
back loop in this process; the light is trapped for a while within the scattering gain medium but is
not localized. The laser generation in the absence of light localization reduces to one of the feed-
backless emission mechanisms such as the ASE, the SR or the SF.

John [34, 37] has argued that the localization of light in a strongly scattering medium might
take place in a light wavelength gap between the regions of extended states corresponding to the
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Rayleigh scattering and the spectral region corresponding to the light propagation described by
geometrical optics. This issue will be explained in more details in the next subsection. Here the
term ‘extended state’ simply means that a light wave propagates through a sample and finally exits
from it, whereas the term ‘localized state’ means that photons are trapped within the sample and
can leave it only due to optical leakage, through an imperfect resonator.

The light localization in disordered optical media as a phenomenon has been introduced in
analogy with the Anderson localization of electrons in disordered solids. For the benefit of a reader
we briefly consider this analogy in Subsection 2.4.

2.4. Scattering-mediated localization of light and random lasing

The Anderson effect of electron localization in disordered solids [38] is rooted in the wave nature
of matter which shows up at the microscopic scales. Electrons in disordered solids are subject to
interaction with spatially aperiodic electromagnetic field of the solid lattice. For electrons moving
along the coordinate x in a spatially random potential ¥(x), the quantum states are described by the
Schrédinger equation

2
{—h—*vz +V(x)}//(x) Wy (). M)
2m

Electrons with sufficiently negative energy W may get trapped (localized) in the regions
where V' (x) is deep enough. Only electrons whose energy is greater than some critical value
W, escape the energy traps and traverse through the solid, thereby conducting electricity, contrary
to the electrons with the energies lower than W, which do not contribute to electric conductivity.
Such a phenomenon of trapping of electrons in disordered materials is called the Anderson local-
ization, named after Philip Anderson who has discovered the phenomenon theoretically in 1958.
As a result of the Anderson localization, a metal might become an insulator at sufficient degree of
disorder. The critical value W, is called the mobility edge; the term has been coined by Nevill
Mott, who has developed greatly the theory of electron localization [39]. The Anderson localiza-
tion is strongly sensitive to the degree of disorder, which can be characterized by the mean free
path A, of electrons in a solid. The localization takes place when A, becomes comparable to the

De Broglie wavelength A, of the electron. A, decreases with increasing degree of disorder at a

weak disorder. Since the rate for tunnelling the electron out of the deep potentials depends on the
probability to find nearby the potential fluctuations into which the trapped electron can tunnel at

further increase of disorder, the value of A, starts to increase due to easier tunnelling of electrons

at closer packing of the potential wells. In terms of energy, the latter means that the mobility edge
moves into the conduction band (W > 0). That is why there are two mobility edges and the local-
ized states form a band gap on the energy diagram.

Naturally, a question of whether photons can be localized in a strongly scattering medium has
been raised. A quick glance to the problem considered in the diffusion approximation (when the
multiple scattering interference effects are neglected) leads to the answer that ordinary non-
confined dielectrics do not localize light. As shown by John [34], this can be seen comparing the
Schrédinger equation (see Eq. (1)) to the wave equation for the electric field of a light wave with
the frequency @ and the speed ¢ propagating in a medium with spatially inhomogeneous dielec-

tric constant & = &g + & g, (x)
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In what follows below in this paragraph, we present the arguments for the analogy between Eq. (1)
and Eq. (2) given by John in Ref. [34]. A comparison of Eq. (2) and Eq. (1) shows that E in

Eq. (1) plays a role of the wave function y in Eq. (1); the term (/ c)2 € fluct (x) responsible for

scattering of the light wave in Eq. (2) corresponds to the random potential V' (x) in Eq. (1); the
term (a)/c)2 & 1s an analogue of the eigenvalue /¥ in the Schrédinger equation (see Eq. (1));

finally, the term V(V-E) has no analogue in Eq. (1). This term is of crucial importance when the

light interference effects at multiple scatterings are taken into account, but is usually neglected in
the diffusion approximation, when one assumes that a plane wave propagating in a disordered me-
dium loses the information on its initial polarization on the scales much larger than the photon free
path A.

In the diffusion approximation the vector nature of the photon field can be disregarded, such

that £ reduces to its amplitude E(x) and Eq. (2) becomes similar to a scalar equation given by

Eq. (1). However, this is similar only to some extent, because there is also a difference between
the equations. The difference is that the energy W of an electron in the medium can be suffi-

ciently negative and thus the electron may be trapped in the regions where V' (x) is negative and

deep, whereas in the case of electromagnetic light wave the term (a)/ 0)2 &y (which is the ana-
logue of the eigenvalue W in Eq. (1)) is always positive. As a result, the light wave with the posi-
tive eigenvalue (@/ 0)2 &y cannot be localized in the negative deep —(w/ c)2 € fluet (¥) . Moreover,

contrary to the electronic system, where the localization can be achieved with increasing A, (low-
ering the energy of an electron), in case of light the increase of the wavelength A (lowering the
energy of a photon) is accompanied by a tendency to weakening the scattering. Indeed, the term

—(a)/c)2 € flue(¥) n Eq. (2), which is the analogue of the random potential ¥ (x) in Eq. (1)) and

responsible for scattering, vanishes at @ — 0 (4 — o). The opposite high-frequency limit corre-
sponds to the regime of geometric ray optics. Basing on the above arguments, John [33, 34] has
concluded that, in contrast to the electronic disordered systems, the light cannot be localized in
diffusively scattering and fully disordered medium. This qualitative conclusion is confirmed by
more precise recent considerations [40] accounting the vector nature of light.

It is intuitively understood that the light wave will not propagate through a scattering medium
if the photon free path length A is not longer than the light wavelength A . Hence, the condition
(A/2)>1 specifies the extended states for a strongly scattering medium, whereas (A /1) <1 de-
fines the localized light states. This can be understood considering a light wave described by its
electric field E = Eoefi(“”*kz), where @ is the frequency and k£ =27/ the wave number. The

wave is not formed (mathematically it means that E is not a periodic function) if kz < 27, which
is equivalent to A < A. Generally A is a function of A . There is no analytical expression A(A)

valid for any A, even for a dispersion of spherical scatterers in an isotropic medium. However it is
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known that A(4) is not a monotonous function (see Fig. 2). In the Raleigh scattering regime cor-
responding to the region of long wavelengths, one has A(1) ~ A% and, consequently, we have

(AA)/A) ~ 23, A decreases with decreasing A in the Rayleigh scattering regime, but only to
certain extent; A is never smaller than the correlation length & of the scatterer in the given host
medium. To explain the physical meaning of &, let us recall that for a single sphere of the radius
R the scattering cross-section is equal to 27R*, which means that the sphere ‘feels’ the light
wave on the distance & = V2R from the centre of the sphere, which is larger than R . For a dense
packing of spheres, the & value is a characteristic parameter governed by their radii, their optical
contrast, and the concentration of spherical scatterers (i.e., the inter-particle distance). For short
wavelengths (A <& ). the length A(1) increases with decreasing A, in agreement with expecta-
tions of the geometrical optics. Therefore A(4) is a nonmonotonous function, which has a mini-
mum at A(A) =& . In the case of large-size scatterers ( R > 1) and their dilute dispersion, the &
value is larger than A for the whole spectrum and the inequality A(1)/A <1 has no solution (see

Fig. 2a). For dense packing of the spheres, when the size of the scatterers and the inter-particle
distance are comparable to A, & might become smaller than A (see Fig. 2b). However, because

the correlation length & is significantly larger than the sphere radius, after reaching the condition
A =¢ and further increase in the concentration of scatterers, the scattering cross sections of the

neighbour spheres overlap. One says that the spheres become ‘optically connected’ and because of
this A starts to increase with increasing filling factor. Overlapping of the sphere-scattering cross
sections resembles overlapping of the potential deeps outside the second mobility edge, which
leads to the extended states in the electronic disordered systems, as alluded to above. These argu-
ments indicate that the condition & < A for the localization of light is hard to achieve but, as re-

marked by John [34], it can be realized as a result of quite delicate interplay of different factors, in
particular the size of the scatterers, their optical contrast and the filling factor in the presence of
short-range order in their spatial packing.

< < o
< <
~)3
AN
£/ 1 N
1 i
A hy A A

Fig. 2. According to Ref. [34], A/ A vs. A1 is a nonmonotonous function for a scattering medium. The inequal-
ity A/& <1 has no solution for large-size scatterers (a), for which R > A and thus £ > A forany A ;itis
valid for densely packed small-size scatterers (b), for which £ < A in the wavelength gap between the regions

of extended states corresponding to the Rayleigh scattering and the spectral region corresponding to light
propagation described by the geometrical optics.
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The notion of weak light localization is worth discussing. The phenomenon of weak localiza-
tion of electrons has been discovered by four authors [41] in 1979. A simple approach to the prob-
lem of weak electron localization in real space has been developed by Khmelnitskii [42]. After-
wards this approach has been adopted to the problem of strong light localization (see Ref. [43] and
references herein). The idea of this approach is as follows. For a system of closely packed spheri-
cal scatterers of the radius R and the inter-particle distance d such that 1> R~d , the light
wavelength A covers a domain embracing the sizes of many particles and thereby the determina-
tion of the photon trajectory is not an evident procedure. To set it on a quantitative basis, one cal-

culates the probability W for the amplitudes 4, as W = Z|A,~|2 . Notice that, besides the purely
squared terms, here one deals also with the cross-terms A,»A;f accounting for the interference ef-

fects, which are absent when the form W = Z‘Aiz‘ is used. There is always a nonzero probability

that the photon trajectory is a closed loop and, because of the symmetry arguments, the two alter-
native directions along the loop have equal probabilities. In such a case due to the constructive
interference between the two waves circulating along a loop in the opposite directions, the light is
strongly scattered backward. This is the phenomenon of weak light localization. Therefore, the
weak light localization is a result of the interference effects in the scattering medium, at which the
scattering is strictly backwards.

The authors of Ref. [43] argue that once the loop is formed, it stimulates the formation of an-
other loop and so on. This is a kind of a feedback. As a result, photons become trapped in the sys-
tem of loops. A standing wave is formed within a spatial region of the size ~ A . This is nothing
else but the phenomenon of light localization in a scattering medium. According to Ref. [43], the
cases of the weak and strong (Anderson) light localizations correspond to two topologically differ-
ent sets of photon loops. Under weak localization, the photon trajectories form a set of separate
degenerated (with respect to the travelling direction) loops, whereas under strong localization, the
loops develop on an arbitrary photon trajectories. However this is not a whole picture for the
strong localization. The photon elastic scattering length A, must be smaller than the photon ab-

sorption length and yet A, must be of the order of 1. There will be no light localization at
A > A . Under appropriate conditions, both the weak and strong light localizations can serve as

feedback mechanisms for the lasing in the scattering gain media.

Invention of the conception of light localization has led to other new conceptions such as
photonic crystals and photonic amorphous structures, thus leading to the conception of mirrorless
lasing in photonic gain media. Introduction of intriguingly sounding terms ‘semiconductors of
light’, ‘random laser’ and ‘photonic lasing crystal’ has attracted great attention and stimulated in-
crease in the research activities. Great expectations and revolutionary predictions have been an-
nounced in photonics [34, 44, 45]. This optimism has been supported by some beliefs that the light
localization in the photonic scattering media will not suffer from the difficulties caused by satellite
phenomena of the type of those met for the electron localization in the disordered solids. In this
respect, John has remarked that the optical systems provide an ideal experimental realization of a
single non-interacting excitation in a static random potential [37] since, in contrast to electrons,
their transport is not affected by the Coulomb interaction in the most practical cases beyond the
quantum electrodynamics and so one accepts that photons do not scatter at each other [46—48].
However it has turned out soon that the analogy between the electron and light localizations shares
similar difficulties in their experimental identification. The electron localization that leads to low-
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ering electron mobility and is expected to show up as a significant increase in the electrical resis-
tance, is essentially masked by the electron—electron interaction and electron—phonon scattering in
any real materials [49]. Similarly, the Anderson light localization in the scattering media is masked
by accompanying optical phenomena and an unequivocal proof of the existence of light localiza-
tion in the disordered bulk materials is still lacking. A serious obstacle in these studies is absence
of a criterion handy for experimental identification of the Anderson light localization in a random
gain medium.

The light localization is an easy matter for the media with lower dimensions ( D < 3) since,
according to the scaling theory of localization, which applies to both electrons in disordered solids
and electromagnetic waves in disordered dielectrics, all the states are localized in 1D and 2D me-
dia [34, 41, 50-52]. However, theoretical consideration and experimental detection of the light
localization in 3D samples is still a challenging problem [34].

The light localization can be detected while studying coherency of the backscattered light,
though the difficulty is that the backscattered light can be partially coherent due to weak localiza-
tion even for a fully random medium [53-56]. The other possibilities for detection of the light lo-
calization in randomly scattering media have been suggested in Refs. [46, 48, 57]. From the theo-
retical point of view, the situation is also complicated by the conclusion recently made by Skipet-
rov and Sokolov [40]: fully disordered systems are not suitable for observation of the Anderson
localization of light and the very possibility of this phenomenon for the light is doubtful for any
3D media without sufficient structural correlations.

The first suggestion for probing the light localization is due to John [33] who has shown that
the presence of the photon edge mobility can be detected as an anomalous increase in the light ab-
sorption, when the critical frequency is approached. Soon Anderson [58] has proposed that the
reflectivity of a randomly scattering slab (which, according to his remark, can be considered as an
effective absorption) should decrease near the photon mobility edge. These two possibilities are in
line with the theoretical predictions and the experimental observations that the light emission by a
gain medium (mutatis mutandis, a negative light absorption) shows up as lasing at the edge of the
photonic band gap.

The coherent lasing at the photon mobility edge could be an optical mark of the light lo-
calization. The difficulty is that the resonant coherent laser emission is not always easily identified
against its nonresonant counterpart, especially in the case when different lasing modes overlap. In
addition, the lasing regime is hardly discriminated versus the alternative amplification mecha-
nisms, which are based on single-photon path and thus do not require any feedback (namely, the
SR [59], the SF [60—62] and the ASE). Similarly to the laser emission, the SR and the SF are also
coherent emissions, whereas the ASE can also be coherent under some conditions. To be on the
same page with a reader, below we will recall in short the physical sense of these phenomena.

Generation of photons resulting from the relaxation of electrons from their excited state to the
ground state is called spontaneous emission. The phases of the emitted photons are random in the
case of the spontaneous emission. One says that the emitted light is not coherent. As a consequen-

ce, the total energy of n incoherent photons is equal to nA> . Were photons synchronized in their

phases (a coherent light), the total energy would be equal to n’A4%. Einstein has predicted that,
when the excited states are highly inversely populated, then a photon emitted previously can sti-
mulate the emission of another photon, which appears to be in phase with the stimulating photon.
In their turn, the two newly emitted photons can further stimulate the emission of other photons

156 Ukr. J. Phys. Opt. 2013, Volume 14, Issue 3



Optically pumped

and so on. This is a so called stimulated emission. The stimulated emission is also called as a ne-
gative absorption. Since the excited inversely populated states are highly unstable, the energy ac-
cumulated from the pumping source can be released back through the stimulated emission in a re-
latively short time. Shortening of the emission time leads to increasing power of the emitted light.
The light energy accumulated from the pumping source is released back by a short pulse. When
the excited states are highly inversely populated and the path length for the photons in the gain
medium is long enough under condition of high enough pumping energy, the number of the emit-
ted photons shows avalanche multiplication and the spectrum of the emitted light significantly nar-
rows, becoming centred at the frequency (wavelength) corresponding to the maximum gain. This
is the ASE, also called superiuminescence. The ASE is thresholdless in nonscattering media but, as
discussed below, it might manifest a well defined threshold in strongly scattering gain media.
There are two other light emission amplification mechanisms called SR and SF. The SR is a
cooperative emission of an ensemble of atoms (or ions) coupled by a pumping pulse into a coher-
ently excited collective state owing to a macroscopic dipole moment. Thus it is emitted coopera-
tively. Then the number of the emitted photons increases in a kind of chain reaction. Due to the

coherence of the emission, the intensity emitted by 7z atoms is proportional to n?, instead of 1 as
for the incoherent spontaneous emission [63]. The phenomenon of SR has been predicted by Dicke
in 1954 [59]. If, at low pumping intensities, the emission starts as incoherent uncorrelated process
without a dipole moment induced by the pumping field and then, at higher pumping, the exited
atoms become coupled by their own common radiation field, giving rise to an induced macro-
scopic dipole, and thereby becoming synchronized and cooperatively emitting the stored energy,
then the emission is called SF [64]. Since the emitted light is coherent in the case of SF, the emit-
ted intensity is also proportional to the squared number of the emitting atoms (n”). The SF is the
cooperative emission of fluorescent light by the excited atoms without the dipole moment below
the pumping threshold and with the latter dipole moment in their common radiation field above the
threshold [60, 61, 65—67]. At the same time, the SR represents a similar process, though the mac-
roscopic dipole leading to the coherent emission is nonzero even below the threshold. Both the SR
and the SF appear as pulses of high intensity with temporally and spectrally narrow profiles. In
contrast to the ASE, which is a collective incoherent process, the SR and the SF are coherent co-
operative emissions. In the literature, many authors do not distinguish among the phenomena of
SF, SR and superluminescence (which is another name for the ASE). The SR, SF and the ASE can
compete in certain situations and a transition from the SF to the ASE has been reported in
Ref. [68].

One of the features frequently used for discriminating between the ASE and the laser genera-
tion is a threshold character of the latter. However, the ASE in the randomly scattering media [69]
and, in some cases, in the nonscattering media [53, 54, 70—73] exhibits a threshold behaviour as
well. The thresholds in these cases correspond to the pumping energy, at which the light gain
overcomes the light losses. The SF and the SR are also threshold processes [60—62] and, thus, ad-
ditional efforts are needed to exclude them from consideration. Nonetheless, when reporting a la-
ser-like emission, often these feedbackless amplification mechanisms are simply not discussed.

An optical analogue of a so called Thouless number & =(0F)/(dE/dN) [74], which has
been introduced for the electron localization in disordered solids, could be a light-localization cri-
terion. Here SE is a measure of broadening of an energy level E due to a finite lifetime of elec-

trons on that level and dE /dN the spacing of the energy levels. In application to the localization
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of light, we have 6 =(6v)/(dv/dN), where v and dv/dN are respectively the frequency

width and the spacing of the excited states [75]. Experimentally the § parameter may be deter-
mined as a ratio of the full width at half maximum (FWHM) denoted by 6v for the light emission
line to the spectral spacing Av between the neighbouring emission lines [36]. The extended
(nonlocalized) states correspond to 6 > 1, which implies that the modes spectrally overlap, and the
localization of light is expected at 6 <1, which corresponds to well separated spectral modes.
Evidently, one has 6 <1 for the conventional lasing with the mirror-based feedback, since the
FWHM for the laser modes is of the order of 0.1 nm and different laser modes are single or well
separated spectrally. For the lasers with nonresonant feedback the inequality 6 >>1 holds true,

since a large number (N ~ 109) of the coupled modes are overlapped (implying zero inter-mode
spacing). This forms a lasing band, which can still be quite narrow (about several nanometres).
Chabanov et al. [48] have argued that the Thouless number cannot serve as a universal localization
parameter in the presence of absorption, because its exponential scaling with sample size and its
small values (6 <1) can be due to the absorption. Even if the laser-like lines are well separated, a
special care must be taken to prove that these emission lines are not due to the ASE, SF or the SR.

On one hand, the maximum of the ASE line is expected at the wavelength of the maximum
gain but. On the other hand, the results [76] has testified that it can be shifted with respect to the
position of the fluorescence maximum in nonscattering media due to many different factors related
to the shapes of the absorption and scattering spectra, the geometry of the excitation beam, the size
of the sample, etc. Therefore the spectral position of the emission line cannot be used as a signa-
ture discriminating between the ASE and the true lasing.

Frolov et al. [77] have reported the emission spectra with the features as narrow as 0.1 nm in
various scattering gain media, including thin 7 — conjugated polymer films, organic dye-doped gel
films, and opal crystals saturated with polymer and laser dye solutions. The authors [77] argue that
the ASE model fails to explain the finely structured emission spectra in the saturation intensity
range. They assign these emission lines to the laser-like emission regime.

The mechanism of diffusive scattering, which is a basis for the concept of nonresonant feed-
back, implies increase in the total light path length but does not rely on the return of a photon to a
previously visited point. The photon path in a diffusively scattering medium is that of a random
walk, and the probability of a photon trajectory returning upon itself is small [66] for the diffusive
media with the Thouless number & > 1, which is the very case for the lasing with nonresonant
feedback. Apalkov, Raikh and Shapiro [78] have argued that even if such loops could exist the
light amplification along them is unrealistic, because some portion of light is free to scatter out of
the loops, which should result in a very high lasing threshold. In Refs. [77, 79, 80] it is argued that
there might be nonclosed trajectories in strongly scattering media, with extremely long total light
paths along which the light is amplified. Whether this is true or not, the original picture suggested
by Lethokhov et al. [17, 29, 30] implies the very open, loopless photon trajectory. A loopless
character of the photon trajectory raises a doubt about applicability of the concept of feedback,
which by its definition is the amplification along a closed loop (see Subsection 2.3). The very open
character of the photon trajectory in the diffusively scattering medium corresponds to a cascade-
like amplification scheme, which is termed as the ASE for the optical gain media.

Therefore, one is led to conclude that the light emission above the pumping energy threshold
in the diffusively scattering gain media de facto is feedbackless emission governed by the ASE, the
SF or the SR, though since the time of its discovery de jure it is termed as a lasing with nonreso-
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nant feedback. In the current literature the nonresonant (incoherent) laser feedback is also called
intensity or energy feedback and the resonant (coherent) laser feedback is also called field or am-
plitude feedback [81]. It is in spite of the emission with the intensity or energy feedback is equiva-
lent to that peculiar for the nonresonant (incoherent) feedback, which actually is feedbackless. The
terms ‘lasing (or laser) with the intensity/energy/nonresonant/incoherent feedback’ are widely used
in the current literature and so, when using this term or citing the other authors, one has to keep in
mind that the emission amplification in these cases is actually feedbackless.

As shown by Letokhov [30], the total gain in the scattering gain medium is proportional to its
volume, whereas the light losses are proportional to the square of the surface of the excited sam-
ple. Then the emission intensity starts to be amplified if the linear size of the sample is larger than
a critical value L, . The presence of L, is an inherent property of the ASE in the scattering me-

dium: the light path must be long enough to overcome the light losses. It is this reason that the
ASE has been observed for the pumping beams of a stripe-like shapes but not for the circular cross
sections (0.5—1 mm in diameter) [82—87].

The strength of the scattering can be controlled through the concentration, size, shape and the
refractive index of scatterers. If the light is scattered by the polymer-dispersed liquid crystal drop-
lets, then the refractive index and so the scattering strength can be controlled by the voltage ap-
plied. Ref. [6] has reported the ‘random lasing’ in a dye-doped polymer-dispersed liquid crystal.
The observed field-controlled anisotropy of the emission has been explained in terms of the scat-
tering-mediated feedback switched from a 3D random walk to a quasi-2D type. In our opinion, this
explanation does not account an important detail: the scatterers are spherical containers, which
might play a role of resonant cavities producing so called whispering gallery lasing modes. Since
the whispering gallery modes are equatorial modes, the optical pumping along the cell normal
(e.g., a Z direction) should yield in the maximum lasing parallel to the cell plane (X-Y plane), thus
agreeing with the observations reported in Ref. [6].

The threshold character of the optically pumped emitted intensity, together with the spectral
and temporal narrowing of the emission line have been reported for different scattering media such
as crystal powders [2, 3, 88, 89], dispersions of solid-particle dye solutions [76, 90-93], organic
films and opal crystals [77].

The difficulties in identification of the light emission regime about the energy threshold in
the random media addressed above, have led to some terminology ambiguities. Terminological
arguing would be of no importance if this led to no difficulties in understanding the physics of the
underlying processes. A representative illustration of such difficulties is debates between the re-
search groups by Wiersma [94] and Lavandy [95] concerning whether the optically pumped light
emission in the strongly scattered media observed by Lavandy et al. [96] is the true lasing or the
ASE. Lavandy and co-workers [95] have qualified the light emission occurred in dispersion of
nanoparticles in a dye solution as ‘laser action’, while Wiersma and co-workers [94] have argued
that the results of Lavandy et al. [96] have to be explained in terms of the ASE.

The experiments for the light emission in the powders of luminescent microcrystals have
brought some evidence for the features which point to the coherent resonant feedback. Unusual
observations of the light emission lines akin to the resonant modes of the conventional lasers have
been reported in Refs. [2, 3, 77, 87, 88] for the powder microcrystals. The threshold character of
the emission intensity enhancement and the spectral and temporal narrowing of the emission lines
are their common features. The spectral shape of the emission has been found to be dependent on
the size and shape of microcrystals. Only one emission line located at the maximum of the lumi-
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nescence band has been observed in the powders of microcrystals with the isometric shape, thus
suggesting a feedbackless emission amplification mechanism, whereas for the powders of micro-
crystals with clearly anisometric shape several narrow (0.1 nm) emission lines have been detected
[97]. The number of the lines is larger for larger pumping intensities and excitation areas. These
features suggest that the microcrystals might play a role of microcavities providing optical feed-
back. Then the coexistence of both feedbackless and feedback mechanisms of the emission ampli-
fication and interplay between them should be common for the microcrystalline powders.

The observations by Cao et al. [93, 98—102] of highly intriguing spectrally narrow emission
peaks (called ‘spikes’) in the microcrystalline powders and the polycrystalline films of ZnO have
raised intense debates on the origin of these spikes. Cao et al. [93, 98-106] qualify these spikes as
being due to lasing with the coherent feedback provided by multiple scattering effects. This opin-
ion has been shared and further developed by Sebah and Vanneste [107] and Apalkov et al. [78].
Alternatively, Mujumdar et al. [79] and Pinheiro and Sampaio [80] have suggested possibilities for
explaining these spikes by the ASE along extremely long light paths, which might be rare but ex-
tremely effective for the light emission.

To understand the nature of the emission in ZnO powders, the statistics of the light emission
has been studied [102]. The experiments show that, when the pumping intensity increases, the
photon emission statistic changes from the Bose—FEinstein type, which is expected for the single-
mode chaotic light, to the Poissonian one, which should be characteristic for a single-mode coher-
ent emission. However, the Poissonian distribution is expected not only for the single-mode coher-
ent light requiring optical feedback, but also for the multimode chaotic emission, which can be
feedbackless. This fact introduces ambiguity into the answer to the question of whether the emis-
sion with the Poissonian statistics is a true lasing.

To explore these problems better, Cao et al. [100] have studied the transition between the two
emission amplification regimes, which have been assigned to the ASE and the lasing, while vary-
ing the concentration of ZnO nanoparticles dispersed in the methanol solution of Rhodamine 640
percholate dye. The dependence of the emission intensity as a function of pumping intensity re-
veals two thresholds at high enough ZnO concentrations (~ 5x10"'cm™ ). The narrowing of the
emission line is accompanied by strong enhancement of the emission intensity. These observations
are similar to those reported by Lawandy et al. [96, 108] and are explained as the ASE, which
represents a feedbackless mechanism, in spite of being qualified as the lasing with nonresonant
feedback in the current literature. The emission band collapses (see Fig. 3a) from 15 nm (spectrum
1) to 5 nm (spectrum 2) in its spectral width with achieving the first threshold, thus signalling
about the ASE regime. The second threshold corresponds to the appearance of narrow (0.2 nm)
peaks against the background of the ASE spectral line (see Fig. 3b). These peaks have been quali-
fied as the lasing with coherent feedback. When the particle concentration increases up to
~ 10" cm™, the discrete narrow peaks are appearing prior the collapse of the emission band (see
Fig. 3c), against the background of which they stand at lower concentrations. This fact has been
explained as evidence that the threshold for the emission regime attributed to the laser generation
with coherent feedback appears to be lower than the threshold for the ASE.

In Ref. [87] the laser-like emission from the nanocrystalline powders has been explained as a
collective emission from an ensemble of crystalline grains, with a kind of distributed feedback
provided by multiple light scattering.

While studying the distribution of spatial extent of the modes in a porous gallium phosphide
filled with a methanol solution of rhodamine 640 perchlorate acting as a random laser, Molen et al.
[109] have documented an interplay between essentially single-mode and distinctly multimode
behaviours. It has been shown that almost 80 per cent of the modes have a spatial extent smaller
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than the diameter of the pump-light spot size ( 2um ). This latter shows that the random laser ynder

study is in a crossover regime where the localized modes prevail. A theory attempting to explain
discreetness of the emission spectrum for the feedbackless diffusive random lasers [110—112] has
been developed by Tiireci et al. and applied [112] to interpret the results obtained in Ref. [109].
The laser theory is formulated in terms of bi-orthogonal modes called as constant-flux states.
Strong interaction in the multimode diffusive random laser leads to the effect termed as a ‘spatial
hole-burning’ [113]. According to the idea, the modes that lase first tend to suppress lasing in the
other modes, which they are correlated with in space. As a result of this effect, the surviving lasing
modes appear to be ‘thin’ and well separated spectrally.

(Ia) I(b) t + t t + I(C)
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Fig. 3. Schematic representation of evolution of the emission spectra for ZnO nanoparticles dispersed in the
methanol solution of Rhodamine 640 percholate dye for different pumping intensities, as observed in Ref. [100]:

(a) emission spectrum for moderate ( ~ 5 x 10" cm™ ) ZnO concentrations below (spectrum 1) and above (spec-

trum 2) the first (ASE) threshold, and above the second (lasing) threshold (spectrum 3); (b) the same observed
well above the second threshold; (c) illustration of the fact that the lasing threshold gets lower than that for the

ASE for higher ZnO concentrations ( ~ 10 cm™).

Ref. [88] has been claimed to be a first observation of lasing in the regime of strong Anderson
localization of light. The mean size of microcrystals has been of the order of several tens of
nanometres, i.e. much smaller than the light wavelength. The inter-particle spacing has been less
than A/15. The transport length of photon before complete randomization (a free path length of
photon) has been measured to be less than half the wavelength (namely, 114 nm at 4 =363.8nm
and 311 nm at 4 =632.8nm ). It is worth recalling that in the conditions when the closed path pro-
viding feedback for the lasing is shorter than half the wavelength, the constructive and destructive
interference of light loose their conventional sense, precluding spatial directionality of lasing or
mode selectivity and leading to independence of the intensity on the observation angle, just as ex-
pected for truly ‘random’ laser action. It is interesting that a mode-locking transition has been ob-
served in randomly scattering gain medium under test (micrometre-sized clusters of titania
nanoparticles with static disorder, immersed in a rhodamine dye solution clusters) [114].

Finally, it is worth mentioning that the mirrorless lasing technology experiences explosive
development at present, as a consequence of discoveries in different though joined by the same
goal areas. In addition to well established mirrorless lasing mechanisms of the random lasing in
the scattering media, a topic of lasing in photonic media and microcavities has recently emerged in
nanoplasmonics, being an intriguingly interesting possibility for the mirrorless lasing. A counter-
part of the mirrorless lasers has been suggested by Bergman and Stockman [115] basing on surface
plasmons (SPs) in noble metal (gold, platinum, silver etc.) or aluminium and alkaline metal nano-
particles. It is called SPASER (see [116, 117] among the recent review), which is an acronym for
Surface Plasmon Amplification by Stimulated Emission of Radiation.
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The first experimental demonstration of a spaser-based nanolaser is due to Noginov et al.
[118]. Unlike the cases discussed above where the internal feedback might be present under spe-
cial conditions, the feedback represents an inherent property for the surface plasmonic nanopati-
cles, which cannot be removed. The SP resonances in the metal nanoparticles are strongly local-
ized oscillating electron excitations. Strong localization of the SPs is the origin of their inherent
feedback. However, there is also a serious obstacle because of strong light absorption in metals.
The authors of Ref. [118] have advised compensating the light loss by the optical gain and demon-
strated that the spaser can emit coherent light if the nanoparticles are adjacent to the gain medium.
Nevertheless, it is important to stress that a spaser as such is not a laser. It is rather a resonator that
provides localization of the oscillating electric fields and leads an inherently present feedback. A
laser can be built out of a spaser when combined with a gain material. When the gain molecules
are adjacent to the spaser and excited with a pump beam, they do not emit photons but transfer the
energy to the resonant SPs via non-radiative transitions. In their turn, the SPs further stimulate
non-radiative transitions that transfer more energy to other SPs and so on, thus accumulating more
and more SPs which are strongly coherent. There is a one-to-one correspondence with the stimu-
lated emission of photons. The SPs in a spaser play a part of photons in a laser. The SPs accumu-
late in a spaser until the threshold is reached and then they might start to emit photons. A spaser
can also be considered as a generator of local electric fields. It turns out that the electromagnetic
fields in the optical range are almost purely electric oscillations on the nanoscales, whereas the
magnetic field component is small and does not contribute to the optical effects [119]. An interest-
ing feature of such a generator is that it generates both ‘luminous’ and ‘dark’ optical fields. The
‘dark mode’ is a SP, which does not emit a photon, but it can transform into a luminous mode if,
for example, the symmetry of a spaser nanoparticle is broken; then the spaser becomes a laser.
Zheludev et al. [120] have suggested using a metamaterial containing a planar array of spasers
with slightly perturbed symmetry. They have demonstrated that such a construction constitute
quite efficient planar laser that emits light perpendicular to its plane.

2.5. Applications of random lasers

The prospects of applications of the random lasers, both coherent and incoherent, are related to
their advantages when compared with the conventional mirror-based lasers. The main advantage of
the random laser is that it is simple in fabrication and cheap in production. It can be prepared in the
shape of a tablet or liquid suspension, which can be used as it is or being painted on a surface of,
say, a road pavement, vehicles, ships, aircrafts, or as lighting on secure dressing. Incoherent ran-
dom lasing has been suggested for using in speckle-free imaging [121]. Randomness of the emis-
sion characteristics of the random lasers can be employed for generation of random numbers [122,
123]. It is known that a computer cannot generate absolutely random numbers. Instead it produces
‘pseudorandom’ numbers, following special algorithms. In this respect one can quote a famous
expression by John von Neumann who has once said “Anyone who considers arithmetical methods
of producing random digits is, of course, in a state of sin”. To overcome this problem, one can use
naturally occurring phenomena with a random character of produced signals. The random lasing is
one of the promising options for this purpose.

If a random suspension of nanoparticles capable for the random lasing is printed onto a docu-
ment, then such a printed mark can serve as an authentication sign of the document [124]. Decod-
ing the document can be performed by its irradiation with pumping light and a detector is used to
analyze the spectrum of emerging laser light. Supernarrow peaks of the coherent random lasers are
due to high Q-resonances in microcavities, which have random geometrical parameters and thus
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and thus are unique for each sample. A random character of the resonant frequencies produced by
these microcavities enables authenticity of the ‘laser label’ attached to a document [125]. The ran-
dom lasing could also be used while detecting chemical impurities in liquids, including water, or
in novel displays with extremely high switching speeds and resolutions. It is also supposed that the
random lasing technique can be used for detecting injuries in human tissues [126]. In this case a
tissue doped with a laser dye serves as a scattering gain medium, and its internal cellular structure
determines spectral features of the lased light. A tissue sample containing a tumour will lase dif-
ferently compared to a healthy tissue. However, this possibility, along with many others, still have
to be verified and implemented in practice.

3. Concluding remarks

This article constitutes a first part of the review on optically pumped mirrorless lasing. It is de-
voted to optically pumped random lasing in the scattering gain media. The second part, to appear
in the next issue of this journal, will consider the optically pumped mirrorless lasing in photonic
media and microcavities.

The idea of mirrorless lasing takes its origin from the concept of lasing with nonresonant
feedback occurring in diffusively scattering media. The same idea has already led to the paradigm
and discovery of cosmic lasers. A presence of optical feedback is a conditio sine qua non for
lasing. In the absence of optical feedback, a light-amplifying source represents a light amplifier
rather than a laser. Because of open character of photon trajectories in diffusively scattering media,
the lasing with the nonresonant (incoherent) feedback in such gain media becomes de facto a feed-
backless light amplification. For this very reason, the cosmic laser addressed above is a light am-
plifier, too. The term ‘random lasing’ has been introduced intentionally for the lasing with the
resonant (coherent) feedback.

In what the phenomenon of resonant feedback mediated by strong scattering in a gain me-
dium concerns, the highly challenging John’s idea of the Anderson light localization still remains
the most attractive and frequently studied. In spite of this, the question of whether the lasing with
the feedback due to the Anderson localization of light can ever be convincingly observed in
strongly scattering optical gain media still remains open. Both practical implementation and identi-
fication of this lasing mechanism are difficult and, because of this, no clear evidence for the opti-
cal feedback based on the scattering-mediated strong localization of light has so far been pre-
sented, except for maybe Ref. [88].

Sharp spectral emission peaks reported up to date for the randomly scattering gain media
have been associated with high Q-resonances, though their origins appear to be not universal.
These may be the total internal reflection in microscrystals serving as microcavities, or the Mie or
Bragg resonances in the photonic glasses composed of dye doped microspheres [4]. The other ex-
amples of the appropriate media are 2D amorphous nanostructures of air holes embedded in a
high-index semiconductor [127], artificially fabricated amorphous photonic structures [7] that
mimic isotropic nanostructures with local short-range order and produce noniridiscent colours in
nature [128, 129], quasiperiodic photonic crystal structures [8, 9] utilizing localized optical reso-
nances, aperiodic structures of pseudorandom morphologies [130], and quasicrystalline structures
with the Fibonacci sequence in 1D grating geometry of the conventional distributed-feedback laser
[131]. It would be also of great interest to check the possibilities of a so called transverse localiza-
tion of light [132] for laser generation.

Though a tendency to develop different branches of mirrorless lasers independently is still
lasting, it would be reasonable to foresee that soon they will interpenetrate. The arguments for this
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are as follows. The progress in all of the three areas is dictated by common practical needs in de-
vices based on mirrorless lasers, which are technologically simple in fabrication, cheap in produc-
tion, handy in use, multifunctional and portable. To achieve these goals, recently there have ap-
peared the ideas to combine together different mirrorless mechanisms, yielding in a single laser.
This is indeed possible since there have been numerous examples when different mirrorless
mechanisms take place simultaneously. The examples are diverse and numerous: the random
lasing in microcrystalline powders [2, 3] where the microcrystals play a role of microcavities; the
resonance-driven random lasing in disordered self-assemblies of monodisperse microspheres,
which show the Mie resonances [4]; the lasing in dye-doped liquid crystal droplets, with different
mechanisms of optical feedback such as the Bragg selective reflection in cholesteric droplets [5] or
the random lasing [6] in polymer dispersed liquid crystal droplets (for both of them whispering
gallery modes can be simultaneously expected because of spherical shape of the liquid crystal
droplets); the lasing in amorphous photonic structures where the random long-range positional
ordering coexists with the local crystalline one [7], or with the long-range orientational ordering in
artificially fabricated quasicrystals [8, 9].

The random lasers represent one of at least three distinct branches in the mirrorless laser
technology. The two other branches are associated with lasing in the photonic crystals and the mi-
crocavities. The reader is invited to follow the review of the latter branches in the following issue
of this journal.
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Anomayia. Ha Oanuiti uac b6e303epkanbHa 1a3epHa 2eHepayis 3 ONMUYHUM HASHIMAHHAM npeo-
CMaenena mpboma OKpeMumMu Hanpamamu, AKi Cmocylomscs 1a3epHoi 2eHepayii akmusHux cepe-
008U PIZHUX MUNIB. ONMUYHO BUNAOKOBUX Cepedosuax, PoMoHHUX cepedo8Uuax i MiKpope3o-
Hamopax. L{s cmammst € nepuioro 4acmunoio o2asidy aimepamypu 3 6e303epKaibHoi 1a3epHoi ce-
Hepayii 3 onmuynum naznimanuam. Ii npeomem — eunaokoea nasepna zenepayis 6 po3cilo6aIbHUX
cepedosuwax. Inwi mexanizmu be303epkaivhol 1aseproi eenepayii 6yde 0beosopeno 6 opyeiil ua-
cmuni 0enady. Poszensioarouu nokanizayito ceimna sk Kiouo8y QYHKYIIO 360POMHO20 38 3K, MU
3’COBYEMO MOINCIUBE MEXAHIZMU JIOKANI3ayil ceimaa 6 poscitoganvhux cepedoguwax. Ocobaugy
yeazy Haoao noxanizayii ceimna 3a Auoepconom. IHwi mexanizmu noxanizayii ceimia 8 po3ciio-
BABHUX CEPEO0BUAX CIOCYIOMbCS BUCOKOOOOPOMHUX PE3OHAHCIB 8 TOKANbHUX MIKPOPE30HAmMO-
Pax, wjo iCHyIomb 3d paxyHoK HeOOHOPIOHOCMI pO3CitoganbHo2o cepedosuuja. Kopomko posenamny-
Mo 3acmocy8aHHs UNAOKOBUX 1A3€epis.
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