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ABSTRACT We have studied the influence of the front and the
rear mirrors on the emission properties of neodymium random
lasers at different thicknesses of the powder layer. Introduction
of external mirrors drastically reduces the lasing threshold of
the random laser, with the effect of the front mirror being more
dominant. External mirrors also influence the location of the
stimulated emission region within the powder volume. The ex-
perimental results are in a good agreement with the results of the
Monte-Carlo simulation.

PACS 42.55.Zz; 66.30.Pa

1 Introduction

Random lasers are miniature sources of stimulated
emission in which the feedback is provided by scattering in
a gain medium. First proposed by Letokhov in the late 60’s [1]
and experimentally demonstrated in 80’s [2], random lasers
have currently evolved into a large research field. The recent
review of random lasers can be found in [3].

Since scattering provides the feedback in random lasers,
they do not require any external cavity or mirrors. How-
ever, can external mirrors enhance the performance of ran-
dom lasers? The answer is yes, if mirrors are positioned close
enough to the gain medium and help to increase the feed-
back of stimulated emission or the efficiency of utilization of
pumping. The random laser with one mirror, which had high
transmission at the pumping wavelength and high reflection at
the stimulated emission wavelength, was demonstrated in [4].
It has been shown that the mirror helps to reduce the thresh-
old by ∼ 25% and increase the slope efficiency by ∼ 30%. The
relatively moderate improvement was explained by the fact
that the mirror and the laser powder in [4] were separated by
a 1 mm thick wall of the cuvette.

In [5], a one-mirror random laser has been studied the-
oretically. It has been shown that the mirror helps to reduce
the laser threshold dramatically, especially in the systems op-
erating in the localized regime, where the lasing threshold is
otherwise very difficult to reach by optical pumping. The cal-
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culations predicted more than tenfold reduction of the thresh-
old in a low-loss system [5]. The proposed threshold decrease
was due to a better overlap between the pumped region and
the lasing modes, as well as the different eigenmode structure
of the half-closed system. In [6], a similar one-mirror setup
was used to demonstrate first quasi-cw random laser based on
compressed Nd:YAG powder. As it was shown in [7], an ex-
ternal mirror can enhance the output of a random laser (based
on 300–350 nm films of ZnO nanoparticles excited with the
third harmonic of picosecond Nd:YAG laser) not only when it
is positioned in the front of the sample, but also in its rear.

2 Experimental studies

In this work, we have studied the dependence of the
random laser threshold in NdSc3(BO3)4 powder on the pres-
ence of external mirrors and the thickness of the powder layer
in three different configurations:

Setup #1 – the layet of powder was restricted by glass slabs
from the front and from the back.

Setup #2 – the random laser had a glass wall in the front
and a gold mirror in the rear (gold mirror reflected ∼ 58% of
light intensity at λ = 0.53 µm and ∼ 98% at λ = 1.06 µm).

Setup #3 – the random laser had a dielectric mirror in the
front, which transmitted pumping light and reflected stimu-
lated emission light, and a gold mirror in the rear. (At λ =
1.06 µm, the dielectric mirror had 100% reflectivity at 45◦ in-
cidence, its reflection coefficient averaged over the solid angle
2π was estimated to be equal to 80%. At λ = 0.53 µm, the
reflection coefficient of the dielectric mirror, at normal inci-
dence, was equal to 10%).

The powders were loaded in the custom-designed wedge-
shaped containers, which allowed continuous tuning of the
thickness of the powder between 0 and 4 millimeters, by slid-
ing the container in the direction perpendicular to the pumping
beam. The powder was pumped with Q-switched pulses of
a frequency-doubled Nd:YAG laser (tpulse = 10 ns, λpump =
532 nm). The diameter of the pumped spot d, which was de-
termined using a knife-edge technique, was varied between
0.4 and 1.1 millimeters. In different particular experiments, it
could be smaller or larger than the thickness of the powder
layer. (In the measurement of d, the strip of masking alu-
minum foil (knife edge) was attached to the inner surface of
the front glass slab, Fig. 1.)



270 Applied Physics B – Lasers and Optics

FIGURE 1 Wedge-shaped experimental cuvette

When the pumping energy exceeded some critical thresh-
old level, the duration of the emission pulse(s) shortened
from microseconds to nanoseconds, the emission spectrum
narrowed to a single line, and the peak emission intensity in-
creased dramatically. This behavior is typical of neodymium
random lasers [2]. Experimentally, we recorded random
laser pulses and plotted time-integrated emission signals ver-
sus pumping energy to obtain input–output curves, Fig. 2.
The laser thresholds were determined from the input–output
curves and plotted versus thickness of the powder layer for the
three setups studied.

As it was shown in [8, 9], the threshold in neodymium ran-
dom lasers is approximately proportional to the diameter of
the pumped spot d. Although this was not exactly the case of
setup #3, we divided the experimentally measured thresholds
by the values of d and averaged the results obtained at differ-
ent diameters of the pumped spot in order to reduce the scatter
of the experimental data. The data treated this way are summa-
rized for all three setups in Fig. 3a. As it follows from Fig. 3a,

FIGURE 2 Representative input–output curves obtained in setup # 3. The
thickness of the powder layer: 1.57 mm (1), 0.63 mm (2), and 0.29 mm (3),
d = 0.8 mm

FIGURE 3 Dependence of the lasing threshold on the thickness of the
pumped layer in setups #1 (circles), #2 (diamonds), and #3 (triangles). In (a),
experimental threshold energy is normalized to the diameter of the pumped
spot. When the thickness of the powder layer was smaller than 0.1 mm,
the lasing threshold could not be reached even at significant increase of the
pumping energy. The calculated results are shown in (b). Solid lines are
guides for eye

(i) the thresholds are significantly increased when the thick-
ness of the powder layer is getting smaller than 0.25 mm, (ii)
the threshold is decreased with the addition of the gold mirror
to the rear (this effect is clearly seen at relatively small thick-
ness of the powder layer) and is significantly reduced further
with the addition of the dielectric mirror to the front, and (iii)
in setups #2 and #3, the threshold is slightly increased with the
increase of the distance between the pumped volume and the
gold mirror.

3 Monte-Carlo simulations

The behavior of a random laser in three different
configurations above was investigated numerically by using
1D model of lasing cells separated by partially reflecting
walls, Fig. 4a. As it has been shown in [10], this model ade-
quately describes the behavior of neodymium random lasers
with incoherent feedback. The length of each cell was as-
sumed to be equal to 1 µm (characteristic particle size) and the
average reflection coefficient of the cell wall (R = 0.13) corre-
sponded to lt = 7 µm, the value of the transport mean free path
common to neodymium random lasers [11] and close to that in
our experiment. In the Monte-Carlo simulation, we first sent
to the strip (from the front end) a flux of pumping photons.
Driven by a random function generator, each photon could be
reflected by the wall between the cells, transmitted to the next
cell, or absorbed inside the cell. The absorption probability in
the model corresponded to the known absorption coefficient at
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FIGURE 4 (a) 1D strip of lasing volumes modeled in Monte-Carlo cal-
culations. (b) Position-dependent kinetics of stimulated emission calculated
for setup #2. The color scale is shown on the right. The time profile of the
pumping pulse is shown on the left

λ = 532 nm in the NdSc3(BO3)4 powder with the filling factor
55%, 10.9 cm−1 [12]. This procedure gave us an exponential
distribution of absorbed pumping energy in the system.

We then calculated the dynamics of stimulated emission
in such system excited with 10 ns Gaussian-shaped pump-
ing pulses. According to [12, 13], stimulated emission of
neodymium random lasers can be adequately described by the
system of rate equations for the population inversion n and the
energy density of radiated photons E:

dn

dt
= P(t)

hvpSlp
− n

τ
− E

hve
cσen (1a)

dE

dt
= − E

τres
+ ζn

τ
hve + Ecσen , (1b)

where P(t)/S is the pumping power density; lp is the depth
of the pumped layer (Slp is the pumped volume); σe is the
emission cross section, hvp (hve) is the photon energy at the
pumping (emission) wavelength; τ is the spontaneous decay
time determined by the spontaneous emission, multiphonon
relaxation, and cross-relaxation; ζn/τ is the rate with which
spontaneously emitted photons populate lasing mode(s); τres

is the photon residence time in scattering medium; and c is the
speed of light.

The photon residence time in the system was determined
by the transmission of the walls, the size of the strip, and
the position inside the strip where the emission photon was
“born”. The front and the rear mirrors were modeled by as-
signing appropriate reflection coefficients to the outer walls
of the first and the last cells of the strip. The spectroscopic
parameters used in the model corresponded to NdSc3(BO3)4

powder [12]. Since neodymium random lasers have very low
degree of coherence, we, in accord with [10], did not include
in the model any coherence or wave phenomena. The typical
calculated dynamics of stimulated emission in the strip of las-
ing cells is shown in Fig. 4b. The calculated spiked behavior
of emission above the threshold was similar to that observed
experimentally (see also [12]).

To calculate the number of output photons, which exited
the strip through the front (rear) end, we determined the out-
bound photon flux in the first (last) cell and multiplied it by
the transmission coefficient of the corresponding outer wall.
By calculating the values of the stimulated emission output at
different pumping energies, we were able to plot input–output
curves and determine lasing thresholds for each setup and sev-
eral different lengths of the strip studied. The results of the
calculations are summarized in Fig. 3b. The calculated results
have a fairly good agreement with the experimental ones. In
fact:

(i) All three calculated curves show significant increase
of the threshold at small thickness of powder layer. This re-
sult can be explained as follows. When the layer of powder is
getting thin, it first fails to provide adequate feedback for the
stimulated emission and, at further reduction of the thickness,
it becomes transparent for pumping.

(ii) The threshold is reduced when the gold mirror is in-
stalled in the rear and is lowered even further when the di-
electric mirror is installed in the front. This result can also be
easily understood, since both the rear and the front mirrors
increase the photon residence time in the pumped volume.

The overall effect of the front mirror appears to be larger
than that of the rear mirror. Moreover, as follows from Fig. 3a
(diamonds and triangles), the effect of the rear mirror vanishes
at large thickness of the powder layer, > 0.5 mm, causing an
increase of the threshold energy in setups #2 and #3 with
the increase of the sample thickness. The latter effect is not
predicted by 1D diffusion model. We believe that the disagree-
ment between the experiment and the 1D calculation above is
caused by three-dimensional nature of photon propagation in
thick layers of powder: the flux of emission photons propagat-
ing from the pumped volume to the rear mirror and then back
to the pumped volume constantly increases in diameter. This
makes the feedback inefficient at long propagation distances.
In this case, a random laser does not notice the presence of the
rear mirror.

As expected, the system switches from 1D behavior to
3D behavior at the thickness of the powder layer (∼ 0.5 mm),
which is approximately equal to the diameter of the pumped
spot. The reduction of the threshold caused by the presence
of the dielectric mirror in the front of the sample is larger
than that due to the rear mirror; however, it is smaller (in
experiment and calculation) than that predicted in [5]. The
relatively moderate reduction of the threshold is explained by
high (∼ 20%) transmission of the dielectric mirror integrated
over the solid angle 2π. In fact, many commercially avail-
able dielectric mirrors have high reflectivity at some specified
angle of incidence and much lower reflection coefficients at
other angles.

The calculated dependence of the random laser threshold
on the reflectivity of the front mirror is depicted in Fig. 5.
(In this calculation, the thickness of the powder layer corre-
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FIGURE 5 Lasing threshold as a function of the front mirror reflectivity in
a strip consisting of 1200 lasing cells

sponded to 1200 cells and no mirror was present in the rear
of the sample.) As it follows from Fig. 5, the random laser
threshold can be reduced more than twenty-fold when the
angle-averaged reflectivity of the mirror is equal to 99.5%.

An ideal random laser mirror should have high (100%)
reflection at all angles except for a very small solid angle sur-
rounding the direction of normal incidence. This would not
only significantly reduce the random laser threshold but also
improve its brightness and directionality.

If both front and rear walls of the strip (front and rear mir-
rors surrounding the layer of powder) can partially transmit
random laser emission, the ratio of the light intensity radi-
ated to the front and to the rear will depend on the position of
the stimulated emission region within the sample. The ratio of
light intensities emitted to the front and to the rear of the sam-
ple calculated for the three setups studied is shown in Fig. 6.
(In the case of setups #2 and #3, we assumed that the back mir-
ror was not the gold mirror reflecting 98% and absorbing 2%
of emission but a lossless dielectric mirror transmitting 2% of
incident light.) One can see that with the increase of the pump-

FIGURE 6 Dependence of the front-to-rear emission ratio as the function
of the pumping energy, calculated for the three setups studied (setup #1 – cir-
cles, setup #2 – diamonds, and setup #3 – triangles). The length of the strip is
equal to 1200 cells

FIGURE 7 Center of gravity of the rate of generation of stimulated emis-
sion X0 as a function of the pumping energy (setup #1 – circles, setup #2 –
diamonds, and setup #3 – triangles, 1200 cells)

ing energy, the “front-to-rear” ratio increases, which implies
that the effective stimulated emission region shifts toward the
front wall. This result is in agreement with that of [14], where
we have predicted that in the front-pumped random laser op-
erating in the diffusion regime, the stimulated emission is first
achieved in the depth of the powder and only at higher pump-
ing energies – in the layers adjacent to the surface.

If the distribution of the stimulated emission energy
density I(x) and the distribution of the population inver-
sion n(x) within the sample are known, then the shape and
the position of the effective source of stimulated emission

FIGURE 8 (a) Center of gravity of the rate of generation of stimulated
emission X0 as a function of time. (b) Pumping pulse (1) and stimulated
emission kinetics (2) corresponding to the dynamics of X0 in (a). (setup #3,
1200 cells)
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(or the rate of generation of stimulated emission) can be
described by the function I(x)n(x) (here x is the position
within the strip). Correspondingly, the ‘center of gravity’
X0 of the stimulated emission source can be calculated as
X0 = ∫

I(x)n(x)xdx/
∫

I(x)n(x)dx.
According to Fig. 7 depicting the dependence of X0 on the

pumping energy, the effective time-averaged position of the
stimulated emission source sharply relocates toward the front
wall of the sample when the threshold is reached, in agree-
ment with the data presented in Fig. 6. Figure 8a shows the
relocation of the center of gravity of the stimulated emission
source X0 within one pumping pulse. According to Figs. 8a
and 8b, the center of gravity X0 moves sharply toward the
front of the sample at the moment of time corresponding to
the appearance of the first relaxation oscillation spike in the
stimulated emission kinetics.

4 Summary

We have studied the effects of the front and the
rare mirrors as well as the thickness of the powder sample on
stimulated emission of neodymium random lasers. We have
found that with or without mirrors, the threshold of stimulated
emission dramatically increases when the thickness of the
powder layer is getting smaller than several times the pene-
tration depth of pumping (∼ 40 µm [15]) or several tens times
the transport mean free path (∼ 7 µm [11]). The rear mirror
can cause approximately two-fold reduction of the threshold
when the thickness of the powder layer does not exceed the
diameter of the pumped spot. Such mirrors can be inexpen-
sive and easy to use in many random laser applications. The
front dielectric mirror can cause a much stronger reduction of

the threshold (up to 20 times). However, the reflection of such
dielectric mirror integrated over the solid angle 2π should be
large (very close to 100%).
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