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Abstract: Neodymium-doped yttrium vanadate random lasers have presented exceptional efficiency
and output power at the 1064 nm emission wavelength. However, emission at 1340 nm has not
yet been observed for these random lasers, even though regular bulk lasers have presented many
impressive properties in this infrared region. Here, we present a dual-emission Nd3+:YVO, pellet
random laser, which emits at both 1064 nm and 1340 nm using a 585 nm pump wavelength, showing
a new property corresponding to a much lower laser threshold at 1340 nm than with 1064 nm.
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1. Introduction

Since being proposed by Letokhov et al. [1] in the 1960s, random lasers (RLs) have
been studied for several materials, showing different properties and applications, such as
microfluidics [2], speckle-free optical imaging [3] or sensors [4]. Random lasers are not only
more cost-effective and easier to fabricate than bulk lasers, but they are also more versatile
in terms of material selection. These materials can be colloidal suspensions [5], aerogels [6],
dyes [7], crystal powders [8] and glasses [9]. Doped crystals have been frequently used as
random laser sources. In particular, neodymium (Nd**)-doped crystals have presented
high-quality results for random lasing [8,10,11], with studies focused on their main infrared
emission at 1064 nm (4111/2 — 419/2) while pumped at 806 nm (419/2 — 4F5/2). Nd3*
usually presents two other emission bands in the near-infrared region, one at 1340 nm
(4113/2 — 419/2) and another at 1540 nm (4115/2 — 419/2). The 1064 nm emission has a
much higher cross-section than both of these emissions. They are less frequently studied
due to difficulties of observation, since suppression of the 1064 nm band is necessary to
improve emission for these other wavelengths. There are studies of 1340 nm emission
for regular bulk lasers made of Nd>*-doped crystals, which have presented good results
for pumping at 806 nm [12] or 880 nm @8 /2 — 4F, /2) [13]. There has also been work on
fiber random lasers, which work on the principle of weak Rayleigh scattering and Raman
amplification in long fibers, which have shown random laser emission at 1340 nm [14]. To
the best of our knowledge, apart from the aforementioned studies, the only other work that
has observed emission in a random laser at 1340 nm using a 585 nm pump was conducted
by our research group [9].

In the previous work [9], we observed 1340 nm emission of an Nd3+-doped tellurite
glass powder random laser pumped at 585 nm (*1q /2 — 4G5 & 2G, /2), which is another
strong absorption band of neodymium. This particular wavelength is rarely employed as
a pump source for Nd**-doped bulk or random lasers [9,15]. Heavy metal oxide glasses
have proven to be highly useful for numerous photonic devices, such as waveguides and
amplifiers [16,17]. Given the promising results obtained with this pump configuration [9,15],
we extended our investigation to other materials, specifically focusing on crystals, which
are generally more efficient than glasses, to assess the feasibility of achieving 1340 nm
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emission under the same experimental setup. We present a study of a yttrium vanadate
crystal doped with neodymium (Nd3*:YVOy), which was previously examined as a random
laser by our research group [8], yielding exceptional results for 1064 nm emission when
pumped at 806 nm using a diode laser. In that research, a slope efficiency of 50% as a
function of absorbed pump power was found using a regular diode as a pump, which is
one of the highest efficiencies achieved for a random laser [18]. In the current research, the
excitation was performed with an OPO laser at 585 nm using nanosecond laser pulses, and
the emission was observed in both the spectral and time domains. Laser emission was
observed at 1064 nm and 1340 nm, with distinct lasing thresholds. Notably, contrary to
expectations, the lasing threshold for the 1340 nm emission was approximately three times
lower than that for the 1064 nm emission—a phenomenon observed for the first time, to
our knowledge, in Nd**-doped crystals.

2. Materials and Methods

The studied samples were prepared with a Nd**:YVOy crystal with 1.33 mol% neodymium
doping, which has a refractive index of 2.04 [8]. The crystal was crushed into a powder and
sieved to separate it into different sizes, then washed with isopropyl alcohol to obtain a
monodispersed distribution [8]. The powders were pressed and turned into pellets with
5 mm diameter and ~1 mm height, with four different particle-size ranges: 20 to 45 um
(B2),45 to 75 um (B3), 75 to 106 pm (B4) and 106 to 150 pm (B5). The samples were further
characterized in a previous work by our group [8].

Based on our latest work of a glass random laser [9], the sample was excited with a
585 nm pulsed laser beam, with a pulse duration of 10 ns and a repetition rate of 20 Hz,
using an OPOTek model OPOlette. This wavelength was chosen due to its high absorption,
as shown in Figure 1a, whose measurement was performed with a Cary 5000 spectrometer
(Agilent, Santa Clara, CA, USA). We also measured emission for excitation for 806 nm
to observe the differences compared to 585 nm, as shown in Figure 1b. It is possible to
notice that 1064 nm has a higher emission for 806 nm excitation than for 585 nm, showing a
possible suppression of this band when pumped at 585 nm.
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Figure 1. (a) Absorption spectrum of the Nd3*:YVO, with 1.33 mol% used. (b) Emission spectra for
585 nm and 806 nm pump wavelengths normalized by the 1340 nm emission using the exact same
pumping and measurement setup.

Laser emission measurements were taken for 1064 nm and 1340 nm. For 1064 nm, two
different analyses were made, one using a spectrometer (OceanOptics HR2000, OceanOptics®,
Orlando, FL, USA, with 0.24 nm resolution), obtaining the linewidth narrowing and emission
intensity, and another using an InGaAs photodetector (Thorlabs DET01CFC, 1.2 GHz,
Thorlabs Inc., Newton, NJ, USA), obtaining the rise time and emission intensity through
temporal measurements [19]. For 1340 nm, only temporal measurements were made,
since the only spectrometer available in our lab for this wavelength range (OceanOptics
NIRQUEST, OceanOptics®, Orlando, FL, USA) has a lower resolution than needed for
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linewidth narrowing studies, with a resolution limit of 2.7 nm when using a 50 um diameter
fiber.

The experimental setup is shown in Figure 2. In order to separate the 1064 nm and
1340 nm emissions, different filter setups had to be used in front of the photodetector. For
both emissions, longpass filters of 700 nm and 1000 nm were added. To isolate the 1340 nm
emission, a 1250 nm longpass filter was utilized. The efficacy of this filter was confirmed
by setting the OPO to emit at 1064 nm and verifying that no signal was detected by the
photodetector, even at the most sensitive voltage range. For the 1064 nm measurements,
two mirrors with 98% reflectance for wavelengths higher than 1100 nm were employed to
eliminate the 1340 nm emission, which was also generated during testing with the OPO.
This precaution was necessary due to the high sensitivity of the photodetector, which has a
maximum peak power of 18 mW and is capable of detecting very low emission intensities,
particularly in the 1300 nm range.

Detector

2 Filter 2
Ref.

detector

Filter 1

BS OPO

Figure 2. Experimental setup for laser emission measurements. BS: beam splitter, reflecting ~3.2% of
the pump beam to a reference detector; Filter 1: shortpass filter of 600 nm; Lens 1: 15 cm focal length
lens, focusing the pump beam on the sample surface; Lens 2: telescope with 25 mm and 30 mm focal
length lenses to obtain the smallest focus possible; Filter 2: 700 nm and 1000 nm longpass filters
combined with either a 1250 nm filter or two highly reflective mirrors for wavelengths of 1100 nm
and higher; detector is either an optical fiber (200 pm) connected to a spectrometer or an InGaAs fast
photodetector, depending on the type of measurement.

To obtain the spectra, an HR2000 OceanOptics® spectrometer with the SpectraSuite®
program was used. To obtain the measurement without damaging the sample, a single
pulse was shot, with the integration time being 1 s. This long integration was used to allow
a single operator enough time between pressing the single-pulse button and taking the
measurement itself. The sample was then repositioned using a micrometer, ensuring the
next pulse would not fall on the same spot. For temporal measurements, a single-pulse
emission was taken using the single-shot option in the oscilloscope, and an average of four
pulses was made, shifting the sample between them.

In the measurements taken with the spectrometer, the emission peak at 1064 nm was fitted
and its maximum value and full-width half maximum (FWHM) were obtained. Examples of
the emitted peaks for low and high pump energies at this wavelength are shown in Figure 3a
for sample B4. Even though it was not possible to perform the FWHM analysis for 1340 nm,
we observed its emission through the spectrometer as well, with results shown in Figure 3b.
For the temporal measurements, two different procedures were performed using the emission
observed with an oscilloscope. The first one used a Python code developed by the author to
find the rise time, which is the difference between the time from the beginning of the emission
to its maximum. When laser occurs, a small peak of ~5 ns width appears, and the rise time
reaches its smallest value. To obtain the emission intensity, only energies where the short
peak of the laser emission was larger than the spontaneous emission peak, which has a longer
duration, were considered. A signal with only spontaneous emission was subtracted from
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signals with laser emission in order to obtain the intensity of stimulated emission, which was
used to find the laser threshold. Examples of studied data are shown in Figure 3c.
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Figure 3. For sample B4, examples of (a) spectrometer measurements for different pump energies
for emission at 1064 nm; (b) spectrometer measurements for different pump energies for emission
at 1340 nm; and (c) temporal measurements for different pump energies for emission at 1064 nm,
showing how the rise time is measured for low energy, with inset showing a zoom of the ~5 ns peak

which appears after laser threshold, and its rise time.

3. Results
3.1. 1064 nm Measurements

For the emission at 1064 nm, it was possible to obtain results through two different
methods: spectral and temporal.

Using the spectrometer, the linewidth narrowing was measured by calculating the
full-width half maximum (FWHM) of the emission peak at 1064 nm, which is shown in
Figure 3a. All pellets presented an initial FWHM of ~1.2 nm, narrowing to ~0.4 nm after a
certain threshold (Figure 4a). The fitting is of a Boltzmann curve (sigmoidal) and is used
to find the inflection point, which is considered the threshold. It is clear that the lowest
threshold is presented for sample B4 (292 pJ), while the longest is for samples B2 and B5
(330 pJ). In Figure 4b, the peak value for the 1064 nm emission obtained by the spectrometer
was plotted, presenting a clear laser behavior, with two lines of different slopes meeting at
a threshold point. The first slope is not zero due to the large size of the optical fiber used
(200 pum), which collected light emitted from both stimulated and spontaneous emission.
The threshold values are in agreement with the ones found for the FWHM measurements.
Both can be viewed and compared in Table 1.

Figure 4c shows the rise time obtained for the studied samples, showing a decrease
from ~2 ps to ~6 ns. For this measurement, the laser threshold corresponds to the pump
energy where the lowest rise time value is found [19]. The lowest threshold in this case is
observed for B2, followed by B3, B4 and B5; that is, the smaller the particles, the lower the
threshold.

Table 1. Threshold values for spectrometer measurements (FWHM and intensity) and oscilloscope
measurements (rise time and intensity) for all samples emitting at 1064 nm.

Spectrometer Oscilloscope
Sample Threshold from Threshold from Threshold from Threshold from
p FWHM (u])  Intensity (:10 uJ)  Rise Time (u])  Intensity (+10 pJ)
B2 327 +£3 300 240 £ 10 220
B3 315 +2 293 260 £+ 10 240
B4 292 +2 290 310 £+ 20 280
B5 3301 310 320 + 20 310
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Figure 4. Measurements for 1064 nm emission in B2 (black squares), B3 (red circles), B4 (blue triangles)
and B5 (magenta inverted triangles): (a) FWHM variation measured with a spectrometer; (b) intensity
variation measured with a spectrometer, with the inset showing a zoom in the threshold region;
(c) rise time decay, measured with a photodetector, with inset showing a zoom of the constant rise
time region after 240 pJ; and (d) intensity variation measured with a photodetector. Error bars are
standard deviations of the measurements taken for each point.

Following the procedure outlined in the Methods section, we subtracted the sponta-
neous emission from the plots containing the short laser pulse, resulting in the intensities
presented in Figure 4d. The data confirmed a consistent trend in rise time, with increasing
values correlating with particle size. The initial slope is zero, as spontaneous emission had
been entirely excluded from consideration. Notably, the B5 curve displayed a steeper slope
compared to the other curves, which is likely attributable to increased measurement error.

3.2. 1340 nm Measurements

To observe emission at 1340 nm, temporal measurements were made, and the results
are shown in Figure 5.

The rise time variation for sample B5 is from 3 us to 10 ns; for B4, it is from 2.4 ps to
6 ns; for B3, it is from 1.7 ps to 5.4 ns; and for B2, it is from 1.5 ps to 5 ns. On average, after
lasing all samples had about 0.33% of the initial rise time. According to Shi et al. [19], the
laser threshold is the first point where the rise time stabilizes, i.e., when it reaches its lowest
value. The thresholds obtained through this method are shown in Table 2. We can see that
the lowest threshold is found for sample B2, followed by B3, B4 and B5. This follows the
result verified for 1064 nm, demonstrating that for this pump wavelength, smaller particles
present the lowest thresholds.
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Figure 5. For 1340 nm emission: (a) rise time measurements, with the inset showing a zoom of the
shortest rise time after 80 uJ pump energy; (b) intensity measured with the photodetector. Error bars
are standard deviations of the measurements taken for each point.

Table 2. Summary of threshold energies for 1340 nm emission.

Oscilloscope
Sample Threshold from Threshold from
P Rise Time (10 pJ) Intensity (£10 puJ)
B2 90 80
B3 100 90
B4 110 100
B5 120 110

The intensity results corroborate this theory, showing the same thresholds as those
seen through the rise time within errors.

It is clear that the sample starts lasing at 1340 nm earlier than at 1064 nm, at approxi-
mately one-third of the pump energy.

For 1064 nm measurements, the observed thresholds across all samples were consis-
tently in the 300 pJ range, as measured by both the spectrometer and oscilloscope. This
emission behavior is in agreement with our previous study of bulk Nd3*:YVOy [8], with
optimal results for intermediate particle sizes B3 and B4. For 1340 nm measurements, the
threshold increased with particle size, with sample B2 displaying the lowest value and
sample B5 the highest value. The remaining samples displayed similar threshold values.
This trend, where smaller particles exhibit lower thresholds and higher emission intensities,
mirrors findings in our previous research using the Nd**-doped glass random laser [9],
where laser emission was not observed for particles larger than 20 um, with successful
operation only observed for particles around 5 pm, and with emission at 1340 nm only.

Therefore, for both emissions, the threshold was shortest for sample B2, which is made
from the smallest-sized particles (between 20 and 45 pm). Comparing both, we can see
that the threshold for 1064 nm is more than two times higher at 1340 nm for every sample
(220 wJ and 80 yJ for B2, 240 uJ and 90 yJ for B3, 280 uJ and 100 wJ for B4 and 310 puJ and
110 yJ for B5). These findings are corroborated by the fact that the values measured for
1064 nm through traditional linewidth narrowing measurements were even higher. To the
best of our knowledge, this is a previously unreported phenomenon.
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4. Discussion

Given that both the 1064 nm and 1340 nm emissions originate from the same upper
laser level (*F; /2), the difference in thresholds cannot be attributed to mechanisms such
as excited-state absorption or up-conversion, as these processes would influence both
emissions similarly. The difference is also not due to increased scattering at the 585 nm
wavelength compared to the 806 nm wavelength, as the scattering length in this regime is
approximately equal to the particle sizes [20]; that is, the pumping density does not change
between the two different pump wavelengths in our specific particle-size regime. Moreover,
the difference in thresholds is not due to variations in the penetration length or the critical
volume within the laser pellets. This is evidenced by the absorption spectrum shown in
Figure 1a, which indicates that the absorption lengths for 585 nm and 806 nm are similar.
Considering the residence time (Tres) of the pump within the powder, as calculated from
ref. [20], it is approximately 18% greater for 585 nm pumping than for 806 nm, due to the
slightly larger absorption length of the shorter pump wavelength. This is still not enough
to explain the threshold difference.

It is important to observe that the emission at 1064 nm is still more efficient than
at 1340 nm, with intensities reaching ~0.6 mW for B2 at 1064 nm, while at 1340 nm, the
maximum emission intensity is 0.4 mW (both measurements taken at 364 pJ of the pump).
The higher threshold and higher slope efficiency at 1064 nm are similar to that which is
observed from reabsorption in, for example, ytterbium oscillators [21]. In reference [9],
we suggested that heating of the lower laser level of the 1064 nm transition at the 20 Hz
repetition rate might be a motive for this reabsorption and calculated an approximate
sample temperature of 835 degrees Celsius of the TZA glass. This heating is larger for
585 nm than for 806 nm pumping, since the quantum defect is much higher for the lower
wavelength.

We believe that the following order of effects might be occurring in our system:
After absorption of a pump photon at 585 nm, cross-relaxation between two neighboring
neodymium ions transfers them to the *I13 , energy level (*F3,, — #1135 & 41g/5 — 41132).
Next, an energy transfer up-conversion occurs, bringing ions from 413/, to the 4Gy,
+ 4Gyy1/2 + ?Ky5/2 level, depopulating this level and increasing the possibility of laser
emission at 1340 nm. This could occur due to the pump laser intensity, which increases the
temperature of the system and allows this transition to occur.

5. Conclusions

A random laser is distinguished by the absence of a traditional resonant cavity, with
light amplification occurring through multiple scattering events within the gain medium.
This intrinsic randomness complicates direct control of the emission wavelength via the
pump wavelength. Previous studies have demonstrated wavelength tuning through modi-
fications to the gain medium, adjustments to the scattering medium and the application of
external perturbations. In most scenarios, the pump wavelength does not directly influence
the laser’s output wavelength. The tuning capabilities of techniques such as angle tuning
or cavity length adjustment are typically limited, and the substantial wavelength shift from
1064 nm to 1340 nm, achieved by altering the pump wavelength from 800 nm to 585 nm,
respectively, is a significant departure from this general trend.

Here, Nd**:YVO, powder pellets random lasers were investigated, showing laser
emission for both 1064 nm and 1340 nm using a 585 nm pump wavelength. The threshold
for 1340 nm was approximately three times smaller than for 1064 nm, even though it was
34% less efficient. This material should allow for real-time tunability, enabling very fast
and precise wavelength switching. Such a material could find many applications in optical
communications, where dynamically adjustable laser sources are desired for adaptive mod-
ulation formats and wavelength division multiplexing (WDM), and in medical applications,
where precision surgery and therapy with wavelength-specific interactions with biological
tissues are of interest.
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