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Abstract: This work explores the room temperature random stimulated emission at 1.064 µm of a
Nd:YAG crystal powder (Neodymium-doped yttrium aluminum garnet) in a very simple pump
configuration with no assistance from an internal mirror. The laser threshold energy as a function of
pump beam area and pump wavelength has been measured, as well as the temporal dynamics of
emission pulses. The absolute energy of stimulated emission and the absolute laser slope efficiency
have been measured by using a method proposed by the authors. The results show a surprising high
efficiency that takes the low Nd3+ ion concentration of the crystal powder into account.
Keywords: random lasers; crystal powder; neodymium

1. Introduction
The study of highly scattering materials as laser sources has been a very interesting field over the
last 15 or 20 years [1–3]. A wide variety of material types have been tested as random emitting laser sources,
such as colloidal dye solutions, powdered crystals, polymers, biological samples including human
tissues, and many possible applications have been proposed, such as speckle-free laser phosphors,
displays, optical or chemical sensors for medical diagnostics, nanoscale lithography, etc. [4–9].
Many efforts have been made to develop a general theoretical treatment for random lasers (RLs)
including spectral behavior [10–12], temporal dynamics [13–16], thresholds [17–21], output energies, etc.;
however, due to the very wide range of material types, of scattering regimes, of pumped time
scales, etc., many fundamental questions remain, and basic features of RLs are still unfixed, such as
the absolute emitted energy, the general temporal dynamics, the mode structure, [22–25] and their
dependence with the pump beam area. Therefore, we agree with a statement found in [10] where
the authors assert that “a comparison between different experimental studies is very difficult, as the
experiments have many parameters not all of which are described completely in literature”.
While classical lasers always use an optical resonator with mirrors to provide feedback to an
amplifying medium, RL sources are cavity-less devices using multiple scattering as light feedback;
therefore, the emission does not occur in a definite direction, but it is omnidirectional [1–3]. However,
the emission spectrum is much narrower, the duration of the emission pulse is much shorter, and the
intensity of the emission pulse is much higher than the spontaneous emission (by several orders of
magnitude). This behavior is similar to the one found in conventional lasers, but instead of being a
mere loss factor, the multiple scattering plays a constructive role in RLs, the properties of which must
be determined by the competition between diffusion processes, absorption, and amplification.
Nd:YAG is one of the most extensively studied crystals for stimulated emission. Neodymium
ion is dispersed as a dopant in the YAG (Y3 Al5 O12 ) crystalline matrix in a few percent. Neodymium
Materials 2016, 9, 369; doi:10.3390/ma9050369

www.mdpi.com/journal/materials

Materials 2016, 9, 369

2 of 8

presents a typical four-level scheme with very efficient absorption bands in the near infrared (NIR) from
the 4 I9/2 ground-state level to the 4 FJ , excited levels, and very high emission efficiency, especially for the
4I
laser 4 FMaterials
transition. Furthermore, YAG garnet crystal has good thermal conductivity,
very
3/2 Ñ2016,
11/2
9, 369
2 of 9
good transparency, hardness, chemical stability, low threshold, and higher efficiency than other host
presents a3+
scheme with very efficient absorption bands in the near infrared (NIR)
matrices
for RE typical
ions.four-level
These characteristics
make it very suitable, for example, for continuous wave
from the 4I9/2 ground-state level to the 4FJ, excited levels, and very high emission efficiency, especially
(CW) or high-power
applications, and one of the most valuable solid-state materials for commercial
for the laser 4F3/2 → 4I11/2 transition. Furthermore, YAG garnet crystal has good thermal conductivity,
laser oscillators
and
amplifiers
[26]. chemical stability, low threshold, and higher efficiency than other
very good transparency, hardness,
3+
However,
only
fewions.
works
have
reported Nd:YAG
as suitable,
a RL source.
In 1999,
host matrices
foraRE
These
characteristics
make it very
for example,
for Lichmanov
continuous et al.
wave
(CW) or
high-power
applications,
and onebeam
of thevia
most
valuable (catodoluminophore)
solid-state materials forcooled
pumped
Nd:YAG
crystal
powders
with an electron
scintillator
commercial
laser oscillators
amplifiers
[26].
at 77 K,
but the parameters
of and
powders
were
not specified [27]. Feng et al. in 2004 obtained laser
However,
only
a
few
works
have
reported
as ausing
RL source.
In 1999, Lichmanov
et al. grain
emission with a “one-mirror structure” and diodeNd:YAG
pumping,
nanopowders
with a 250-nm
pumped Nd:YAG crystal powders with an electron beam via scintillator (catodoluminophore)
diameter [28]. They proposed a one mirror setup to reduce the lasing threshold because, “without the
cooled at 77 K, but the parameters of powders were not specified [27]. Feng et al. in 2004 obtained
mirror,laser
no evidence
lasing
could be observed”
[29].diode
Theypumping,
describedusing
the energy
threshold
emission of
with
a “one-mirror
structure” and
nanopowders
withbehavior,
a
the temporal
in time
scales
ofproposed
the orderaofone
200mirror
µs, the
emission
spectrum,
the threshold
emitted energy
250-nm behavior
grain diameter
[28].
They
setup
to reduce
the lasing
(not inbecause,
absolute“without
units), thermal
effects
[30], and
hybrid
microchip
combining
a Nd:YAG
transparent
the mirror,
no evidence
of alasing
could
be observed”
[29]. They
described
the
energy
threshold
behavior,
the
temporal
behavior
in
time
scales
of
the
order
of
200
μs,
the
emission
ceramic and a Nd:YAG powder tablet in 2005 [31].
thethe
emitted
energy
in absolute
units), thermal
effects at
[30],
andtemperature
a hybrid microchip
Inspectrum,
this work,
authors
have(not
obtained
a 1.064-µm
RL emission
room
by pumping
combining a4Nd:YAG4 transparent ceramic and a Nd:YAG powder tablet in 2005 [31].
around 800 nm ( I9/2 Ñ F5/2 transition) onto the free surface of a 1 mol % Nd-doped YAG crystal
In this work, the authors have obtained a 1.064-μm RL emission at room temperature by
powder sample by using a simple
experimental setup with no additional mirrors [32,33]. We measured
pumping around 800 nm (4I9/2 → 4F5/2 transition) onto the free surface of a 1 mol % Nd-doped YAG
some of
the
basic
features
of
RL
emission:
the
absolute stimulated
energy
versus
pump
crystal powder sample by using a simple
experimental
setup with emission
no additional
mirrors
[32,33].
Weenergy
and the
pump threshold
as a function
of pump
sizestimulated
and pump
wavelength.
In spite of
measured
some of theenergy
basic features
of RL emission:
the spot
absolute
emission
energy versus
the lowpump
dopant
concentration,
an absolute
slope
efficiency
of aboutof20%
hasspot
beensize
achieved.
The slope
energy
and the pump
threshold
energy
as a function
pump
and pump
wavelength.
spite threshold
of the low dopant
absolute
slope
of about
20% has areas.
efficiency
and the In
pump
energyconcentration,
per unit areaan
are
constant
in efficiency
a wide range
of pumped
been achieved. The slope efficiency and the pump threshold energy per unit area are constant in a
wide range
of pumped
2. Sample
Preparation
andareas.
Characterization

The
Nd-doped
YAG crystal
powder was obtained by grinding a piece of a commercial Nd:YAG
2. Sample
Preparation
and Characterization
crystal rod,The
1%Nd-doped
Nd (by Laser
Crystal
Corp., Lake Hopatcong, NJ, USA) in a Retsch MM200 mechanical
YAG crystal powder was obtained by grinding a piece of a commercial Nd:YAG
mill (Haan,
an Laser
average
grain
size Lake
of theHopatcong,
order of tens
of microns
(insetMM200
of Figure 1).
crystal Germany)
rod, 1% Ndto(by
Crystal
Corp.,
NJ, USA)
in a Retsch
In order
to estimate
absorbance
of to
theanpowder
corresponding
theof4 I9/2
Ñ 4 F(inset
mechanical
millthe
(Haan,
Germany)
averagesample
grain size
of the order oftotens
microns
of
5/2 transition,
4I9/2 → 4F5/2
Figure 1).
In diffuse
order toreflectance
estimate thespectrum
absorbanceofofthe
thepowder
powder sample
corresponding
to the
we measured
the
by using
an integrating
sphere
coupled to
transition, we measured
the diffuse
reflectance
of the
powder
byCA,
using
an integrating
a spectrophotometer
(Cary 5 Varian,
0.5 nm
spectralspectrum
resolution,
Santa
Clara,
USA).
Figure 1 shows
sphere
coupled
to
a
spectrophotometer
(Cary
5
Varian,
0.5
nm
spectral
resolution,
Santa
Clara, CA,
that a maximal absorbance of about 27% occurs around 808.5 nm. It is worth noticing
the high
USA). Figure 1 shows that a maximal absorbance
of about 27% occurs around 808.5 nm. It is worth
3+
absorbance of the sample, the low Nd concentration
of the crystal powder taken into account.
noticing the high absorbance of the sample, the low Nd3+ concentration of the crystal powder taken
This wavelength
was
selected
as
pump
wavelength
in
RL
experiments,
because because
it givesitthe
minimal
into account. This wavelength was selected as pump wavelength
in RL experiments,
gives
input threshold
energy
and
the
maximal
laser
slope
efficiency
[32,33].
the minimal input threshold energy and the maximal laser slope efficiency [32,33].

Figure 1. A microscope photograph (inset) and absorbance spectrum of Nd:YAG crystal powder

Figure 1. A microscope 4photograph
(inset) and absorbance spectrum of Nd:YAG crystal powder
corresponding to the I9/2 → 4F5/2 transition. The average grain size is of the order of tens of microns.
corresponding to the 4 I9/2 Ñ 4 F5/2 transition. The average grain size is of the order of tens of microns.
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D1 and D2 is also easily calibrated substituting the pump filter by another one for the emission.
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We have observed that, in Nd stoichiometric crystal powders with a similar grain size, this
delay
timeobserved
is much shorter
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pumpsize,
intensity
We have
that, in[34,35].
Nd stoichiometric
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powders
with
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time is much shorter [34,35]. In regular laser systems, this delay time between pump intensity and
emission fluctuations is determined by the residence time of the photon inside the resonator [36].
The residence time in RLs must be an intrinsic feature of multiple light scattering because, at
last, the “resonator” is constituted only by scattering and absorption. In the low-doped Nd:YAG
crystal powders, this response time and therefore the residence time of the photon inside the
“multiple scattering resonator” is of the order of a few hundreds of picoseconds, much longer than in
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In order to clarify this issue, and to investigate the range of validity of the constancy of pump
threshold energy density, we measured the threshold energy as a function of the pumped area for
many different pump beam areas, by slowly moving the L focusing lens, starting with a pump spot
with a diameter of 1.04 mm, down to 0.47 mm. The obtained result is displayed in Figure 6. It is worth
noticing that, even at the widest pump beam size, the laser threshold energy can be reached at around
7 mJ, whereas the minimal threshold energy is achieved below 2 mJ with the most focused spot size.
As can be seen, the threshold energy fits a good linear function when plotted versus the pump beam
area, with a slope of 8.4 mJ/mm2 , very close to the value deduced in Figure 5. Nevertheless, we found
that, at the smallest pump areas (less than 0.4 mm2 ), the value of the threshold density presents some
deviations, probably because the powder surface was somehow “marked” by the pump beam.
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9, 369density presents some deviations, probably because the powder surface was somehow
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Figure 6.
Threshold pump energy for Nd:YAG crystal powder as a function of pump beam area. As can
can be seen, the threshold energy fits well a linear function; therefore, the threshold energy density is
be seen,constant
the threshold
energy
well deviations
a linear function;
therefore,
the threshold
energy density is
2). Slight
(around 8.4
mJ/mmfits
are observed
at the smallest
areas.
constant (around 8.4 mJ/mm2 ). Slight deviations are observed at the smallest areas.
It is difficult to estimate the damage threshold due to an excessive pump energy density on the
sample, because it is difficult to discriminate whether we are producing some kind of “burning” or
It is difficult to estimate the damage threshold due to an excessive pump energy density on the
“drilling” on it. It could be a combination of both. In any case, it limits the linear behavior of the RL
sample,threshold
becauseenergy
it is difficult
to discriminate
whether
we highest
are producing
some
kind(in
ofa“burning”
or
as a function
of the pump beam
area. The
pump energy
density
linear
2
“drilling”
on
it.
It
could
be
a
combination
of
both.
In
any
case,
it
limits
the
linear
behavior
of
the
RL
regime), shown in Figure 5, corresponds to around 30 mJ/mm with a 0.78-mm-diameter pump spot,
threshold
as were
a function
ofinthe
area. The highest pump energy density (in a linear
andenergy
no marks
observed
thepump
powderbeam
surface.
2 with aof0.78-mm-diameter
Finally,
Figure
7
shows
the
threshold
pump
as a function
the pump wavelength
at
regime), shown in Figure 5, corresponds to around energy
30 mJ/mm
pump
spot,
two
different
pump
beam
diameters:
Ø
1 = 1.04 mm and Ø3 = 0.89 mm. As can be seen, the shape of
and no marks were observed in the powder surface.
both curves follows the absorbance variations shown in Figure 1. The bottom of Figure 7 shows the
Finally, Figure 7 shows the threshold pump energy as a function of the pump wavelength at two
fitting of the calculated ratio between both curves (black diamonds), which is nearly constant and
differentclose
pump
beam
mm
and
Ø3 green
= 0.89line).
mm.This
Asresult
can be
seen,
the shape of both
1 = 1.04
to the
ratio diameters:
between bothØpump
beam
areas
(1.37,
clearly
demonstrates
curves follows
the
absorbance
variations
shown
in
Figure
1.
The
bottom
of
Figure
7
shows
the fitting
again that the pump threshold energy density is a constant, provided that the pump beam
is not
excessivelyratio
focused.
of the calculated
between both curves (black diamonds), which is nearly constant and close to the

ratio between both pump beam areas (1.37, green line). This result clearly demonstrates again that the
pump threshold energy density is a constant, provided that the pump beam is not excessively focused.
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Figure 7. Threshold pump energy as a function of pump wavelength at two different pump beam
Figure 7. Threshold pump energy as a function of pump wavelength at two different pump beam
diameters: Ø1 = 1.04 mm (red) and Ø3 = 0.89 mm (black). As can be seen, the ratio between both
diameters: Ø1 = 1.04 mm (red) and Ø3 = 0.89 mm (black). As can be seen, the ratio between both
curves is nearly constant (black diamonds) and equal to the beam area ratio (green line).
curves is nearly constant (black diamonds) and equal to the beam area ratio (green line).

5. Conclusions
5. Conclusions
We demonstrated here a room-temperature RL emission from a 1 mol % Nd-doped YAG crystal
We demonstrated
here
room-temperature
RL with
emission
from aenergy
1 mol %
Nd-doped
YAG crystal
powder,
without the aid
ofaany
internal mirror and
a threshold
below
2 mJ. Second,
we
powder,
without
the
aid
of
any
internal
mirror
and
with
a
threshold
energy
below
2
mJ.
Second,
observed that the RL residence time (an intrinsic feature of the multiple light scattering) is,
in thiswe
observed
thatcrystal,
the RLofresidence
(an intrinsic
feature of the
multiple
light
scattering) crystals
is, in this
low-doped
the ordertime
of hundreds
of picoseconds,
longer
than in
stoichiometric
with a similar grain size. Third, we were able to measure the total emitted random stimulated
emission energy and the absolute laser slope efficiency, which is about 20%. Fourth, we confirmed
that the slope efficiency does not change with the pump beam size (provided that the pump energy
density does not exceed a limiting value), because it only depends on sample absorbance and the
ratio between absorbed and emitted photon energies. This conclusion means that every photon
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low-doped crystal, of the order of hundreds of picoseconds, longer than in stoichiometric crystals with
a similar grain size. Third, we were able to measure the total emitted random stimulated emission
energy and the absolute laser slope efficiency, which is about 20%. Fourth, we confirmed that the slope
efficiency does not change with the pump beam size (provided that the pump energy density does not
exceed a limiting value), because it only depends on sample absorbance and the ratio between absorbed
and emitted photon energies. This conclusion means that every photon absorbed by the powder above
the threshold value is reemitted again as a stimulated emission photon. Finally, we confirmed that the
pump threshold energy is proportional to the beam area, insofar as the aforementioned limiting pump
energy density is not surpassed.
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