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Abstract

We report the characterization of the pump absorption and emission dynamic properties of a Tm : LuyO3 ceramic lasing
medium using a three-mirror folded laser cavity. We measured a slope efficiency of 73%, which allowed us to retrieve the
cross-relaxation coefficient. The behavior of our system was modeled via a set of macroscopic rate equations in both the
quasi continuous wave and the pulsed pumping regime. Numerical solutions were obtained, showing a good agreement
with the experimental findings. The numerical solution also yielded a cross-relaxation coefficient in very good agreement
with the measured one, showing that the cross-relaxation phenomenon approaches the maximum theoretical efficiency.
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1. Introduction

The use of multi-TW ultrashort pulse lasers has been
emerging dramatically in the past decades for fundamental
studies and multidisciplinary applications!'!. Their effec-
tiveness in exciting and driving plasma waves, for example,
makes this class of lasers ideal as drivers of laser—plasma
accelerators that are being considered for the next generation
of compact light sources and are being investigated for
future colliders for high-energy particle physics. The laser
specifications in terms of repetition rate, and therefore
average power, required for these applications are beyond
current industrial capabilities, limited to a few tens of watts,
with the most advanced scientific systems now in the 100 W
range. Large, laser-based plasma accelerator infrastructures
currently under construction®™ are based on PW-scale
peak power lasers, with ultrashort pulse duration, down
to 30 fs or less, and an energy per pulse up to 100 J, at a
repetition rate for user applications up to 100 Hz and beyond.
These projects rely on laser systems that are mostly based
on Ti:sapphire, ideally with pump lasers featuring diode
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pumping. However, the demanding specifications of pump
lasers for Ti:sapphire, requiring nanosecond pulse duration
and relatively short wavelength, limit the scalability of this
technology.

Indeed, the possibility of scaling plasma acceleration fur-
ther to meet particle physics needs!®! requires much higher
efficiency, beyond the capabilities of most established tech-
nologies, thus calling for new solutions. A number of differ-
ent approaches, based on entirely new concepts, materials
and architectures, are being developed to overcome the
fundamental limitations of present laser systems in terms
of wall-plug efficiency, compactness and, ultimately, aver-
age power. Among these novel schemes, those based on
thulium-doped materials lasing at 2 pwm wavelength have
been proposed as a promising ultrashort pulse laser platform
with high average power and high repetition rate!' for their
potential high-energy storage capability!’!, mainly because
of the long fluorescence time, of the order of milliseconds,
and the convenient pumping wavelength, just below 800 nm.
These features enable diode pumping with industrial-grade
systems and also operation in the so-called multi-pulse
extraction regime!®! at a very high repetition rate. Notably,
2 pwm high-power high-repetition-rate laser systems with
nanosecond pulse duration are currently being investigated
as promising solid-state sources for improved extreme ultra-
violet (EUV) lithography systems based on laser-driven tin
microdroplet plasma emission!”~'!1.
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Recently, short pulse operation of thulium-doped yttrium
lithium fluoride (Tm:YLF) has also been demonstrated!'’!
with TW-level peak power, confirming the potential of this
platform. Thulium-doped polycrystalline ceramic materials
are also being considered as gain media due to their
high thermal conductivity, scalability, cost-effectiveness
and doping flexibility!'*!. Among those materials, ceramic
Tm:Lu,03 along with other thulium-doped sesquioxides is
being explored for their exceptional thermal conductivity,
higher than that of any other laser material, which is
suitable for relatively thick disk architectures!*"!. In
spite of the large quantum defect set by the 2 pm lasing
wavelength, thulium-doped materials can exhibit efficient
cross-relaxation (CR), a mechanism in which the energy of
excitation, initially taken by one ion, is partially transferred
to a neighboring ion originally in the electronic ground state,
leaving both ions in the upper laser levell'®!. While CR has
been observed in thulium-doped materials, the extent to
which this mechanism can be exploited remains an open
issue, raising the need for a more extensive experimental
investigation.

In this paper, we investigate the role of CR in poly-
crystalline ceramic Tm:Lu,O; with 4% (atomic fraction)
doping, by considering the detailed steady-state dynamics
and the accurate modeling of the pump and laser waist in
the medium to carefully evaluate the absorbed laser energy.
Our experimental results show that in our conditions CR is
very efficient, with the coefficient approaching 1.9, leading
to a slope efficiency well exceeding 70%.

2. Theoretical model for the Tm ion emission dynamics

In order to simulate the steady-state dynamics of the
Tm:Lu, 03 ceramic laser, we consider the energy levels and
the transitions shown in Figure 1. The rate equations can be
obtained from the ones in Ref. [17] as follows:

dN, Ny )
a = WulN,; —W41N4—T—4—P41N4N1 +PypN;y, (D)
dN N N.
_3:__3+1343 3 )
dr T3 T4
dN. N N. N
—2 = 2P, N4N, —2P»N; — 24 Paals + PalVs
dr (%) T4 3
+ALN| — ELN,, 3)
le 2 N>
T WaiNgy — WiaN1 + P2oNy — P4y NyNy + T_z
N. N-
+ Pul + Pals +ELN, — ANy, 4
T4 3

where N;, N>, N3 and N, are the population densities of
the levels *Hg, *F4, Hs and 3H, respectively. The sum
Ni+ N, + N3+ Ny = N is given by the total ion density,
which can be inferred by the doping level. The spontaneous
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Figure 1. Scheme of the energy levels used to model the laser dynamics,
drawn following the nomenclature used in Ref. [17].
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Figure 2. Measured absorption spectrum of the ceramic sample used in
this work.

emission lifetime of the i-level is given by 7;, while B
represents the i — j-level branching ratio, with Zjﬁij =1
The pump rates are defined by Wi (f) = 0.1,(t)/hv, and
Wy (1) = oel,(1)/hv,, where o, and o, are respectively the
absorption and emission pump cross-section obtained from
the measurements reported in Figure 2, I, is the pump
intensity, & is the Planck constant and v, is the frequency
of the pump laser. The functions E () = eI (f)/hvy and
AL(f) = o, 1L (f) /hvy specify the lasing rates with o, and
o, estimated from the data reported in Figure 7 shown later,
which are similar to those found in Ref. [18]. Direct and
inverse CRs are taken into account through the parameters
P4 and Py, respectively.

The systems of Equations (1)—(4) can be coupled with
an optical cavity (modeled as a Fabry—Pérot resonator) by
considering the equation obtained starting from!'*!

OL(1) T \NLO+LO
— _2(aL(r)z 5 L) T~ o)

where o, = 0. N, — o,V is the amplification coefficient,
[ is the medium thickness, 7 = 1 — R; is the output
coupler transmission and 7g = //c is the cavity roundtrip
half time, where R;, R, and D are the cavity mirror
reflectivities and cavity length, respectively, and L represents
the combined residual cavity losses. Equation (5) is
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Table 1. Simulation parameters.

Symbol Value

R 0.97

Ry 0.999

L 0.013

Tr 0.40 ns

O, 3.0x 1072 m?
Oe 8.3 x 10720 2
oL 8.4 % 10777 m?
Ol 42 %1075 m?
wo 145 pm

2 /4n 0.0029

initialized by the spontaneous emission intensity term () =
No(t)hvo 182/ (4 T,), with £2 being the smaller solid angle
defined by the mirrors and v, the frequency of the emitted
laser. The output laser intensity is given by Ioy (#) = TIy (7).

The total Tm** ion density with a doping percentage of
14 (atomic fraction) is given by N (17q) = 2.8n¢ x 10%® m~=3
where, in our case, we have ng = 0.04 (N = 1.12 x 107 m).
According to Refs. [17,19], we use 7; (nq) = Tio/ (1 +Am3),
where 75 = 3.4 ms and 749 = 0.6 ms''”>'®?1_ In our experi-
mental conditions 7, (4%) ~ 1.22 ms and t4 (4%) >~ 63 s,
while 73 &~ 2 s is assumed to be independent of the dopant
concentration. The branching ratio coefficients are given by
B31 =0.9793, B3, =0.0207, B4 = 0.9035, B4 = 0.0762 and
B3 = 0.0203?'!, The CR mechanism is dominated by the
direct Py, /Py = 0.03 — 0.08!'7°>23] Following Ref. [22],
the coefficient is given by Py (n4) = Bn3/ (n3 +ng), where
no = 4.3%*" is the characteristic dopant concentration
and B = 2.8 x 10722 m® s~! is obtained from Refs.
[22,23]. We find Py (4%) = 6.28 x 1072 m? us™!, with
(P4 (4%)N(4%))’1 ~ 14.2 ws. The CR parameter ncr
can be numerically evaluated by considering the ratio
ncr (Pefr) = No /N3 under stationary conditions, where N3'
are the results of the system of Equations (1)-(5) when
the CR is forcefully turned off (P4 = P = 0). Above a
certain threshold, which is approximately given by the lasing
threshold of the system with no CR, the efficiency parameter
becomes almost independent of the pump power and thus
ncr (Pett) = 7cR-

Numerical simulations are performed considering a per-
fect overlapping between the pump and laser waist, so
that the retrieved pump power actually corresponds to the
effective absorbed pump power Psr. The slope efficiency is
defined by 13 = Pou/ (Peft — Pesi™), where Pegy™ is the effec-
tive pump threshold. This value is related to ncg through
Nsl = NCcrR ()\.p/)\.L)Rl/(Rl +L), where Ap and AL are the
pump and laser wavelength, respectively. The limit is given
by 1y < 0.8 for ncg = 2. An alternative set of equations
is considered in Ref. [18], where P4 = Py, = 0, while the
measured 7cg is directly introduced in Equation (5) by using
NcrOLN2 — 0, Ny instead of o . The simulation parameters
are reported in Table 1.
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3. Experimental setup

The ceramic sample used in our study, with size 5 mm x
5 mm x 3.1 mm, was produced by Konoshima Chemicals
Co., Japan.

As for its optical quality, the sample appeared transparent
and clear. Its scattering coefficient was measured (using a
p-polarized laser beam) in the visible region at a wave-
length of 543 nm (where the Tm absorption is negligible).
The overall transmission of the sample at the measurement
wavelength was about 74%, to be compared to the theoretical
value of 82% that can be calculated on the basis of the Fres-
nel reflection. Therefore, the losses determined by scattering
on the ceramics defects were about 8%. Upon assuming an
exponential law for the propagation into the sample, and by
taking into account the reflection off the entrance and exit
faces (uncoated) and the direction of propagation into the
sample due to refraction, an absorption coefficient o 043 ~
0.3 cm™! can be retrieved.

Furthermore, a spectrophotometer was used to test the
sample absorption at different wavelengths against known
values. An example of such a measure is reported in
Figure 2, and is in good agreement with those reported
in the literature!'®?"1. A set of similar measurements was
performed at different transverse positions of the sample,
which showed excellent sample transverse homogeneity.

In the measurements described here, the ceramic sample
is mounted on a water cooled copper block. The thermal
contact is ensured by a thin indium foil mounted between
the lateral surface of the ceramic sample and the copper
block itself. We use two working temperatures of 13°C and
23°C; the temperature is monitored by two one-wire sensors
(Maxim, model DS18B20) with a 0.5°C sensitivity mounted
on the sample holder.

Our test laser cavity is based on a three-mirror layout, as
depicted in Figure 3, in a similar optical scheme to that in
Ref. [25]; in particular, it features an end mirror (EM in
Figure 3), through which the (longitudinal) pumping occurs,
an output coupling mirror (OM) and a 100 mm curvature
radius folding spherical mirror (SM). The pumping beam is
obtained by a laser diode emitting at a measured wavelength
of 794.6 £ 0.4 nm, hence in the proximity of the absorption
peak in Figure 2.

The laser diode is coupled to a multimode optical fiber
of 200 pm in diameter and a numerical aperture of 0.22.
The beam emerging from the optical fiber is focused by two
plano-convex f = 50 mm optical doublets arranged in a 4f
scheme. The M? of the pump is measured using a similar
procedure to that described, for instance, in Ref. [26]. The
intensity profiles of the beam at several planes are found to be
well fitted by a Gaussian function””; on applying a standard
M? corrected Gaussian propagation model to fit the observed
widths as a function of the propagation distance, the beam
waist is estimated to be wp =~ 160 pm, and M? ~ 150; this
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Figure 3. Scheme (not to scale) of the experimental apparatus: the achro-
matic doublets (ADs) are used to focus the pump beam from the optical fiber
to the sample; the cavity is made up of three mirrors (see text); the dichroic
entry mirror (EM) and the spherical mirror (SM) feature a high-reflectivity
(HR) coating for approximately 2 um radiation and an anti-reflectivity
(AR) coating for the pump wavelength. A 90% or 97% reflectivity output
coupler mirror (OM) is used throughout the measurement. Both the pump
and the laser beams are monitored in terms of power and spectrum with
photodiodes, power meters and spectrometers. In the inset, the laser spot
is captured at a distance of 500 mm from the output coupler mirror with a
Dataray WinCamD camera.

is in rather good agreement (within 10%) with what can be
estimated from theoretical considerations: M(zth) ~ 170 (see,
for instance, Ref. [28]).

We point out that, given the full width at half maximum of
2 nm of the pump diode laser emission, we did not observe
any significant change in the behavior of the Tm:Lu,03 due
to the slight detuning of the pump laser with respect to
the exact absorption peak of 796.2 nm, except for a slight
decrease in the radiation absorbed by the sample that is taken
into account by the measurement procedure we used, which
is described below.

We operate the pump laser with pulses lasting 10 ms
repeated at a frequency of 10 Hz and we observe that the laser
emission peaked at both 1965 and 2065 nm, as predicted in
Refs. [20,29] and observed in Refs. [18,29]. In our case we
observe only the 1965 nm wavelength emission when using
the 90% reflectivity output coupler while using the 97%
reflectivity output coupler and both emission wavelengths or
just the 2065 nm one is visible, depending on the alignment
of the cavity, and hence on the cavity losses; see Figure 4. All
the data that are presented below in the text are taken with a
well-aligned laser emitting only at 2065 nm.

4. Experimental results

We calculate the cavity beam size by means of the ABCD
formalism*’!, obtaining a waist of 144 &5 wm roughly
constantly across the ceramic sample.

Using the measured pump beam spot size and the laser
beam model we can calculate the average pump rate (Rp)
considering the volumetric overlap between the two beams
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Figure 4. Laser spectra for the two 90% and 97% reflectivity output
coupler mirrors. With the 97% reflectivity we observe a change in the
emission spectra as a function of the cavity losses due to its alignment.

in the lasing medium®'!, as follows:

d WL(Z)2 —az
2} — P Jo A 6
(Ro) = ——=———— (©)
P Z[owL() dz

where Pj,. is the pump laser power inside the sample.
Assuming the laser beam has a constant spot size wy, inside
the ceramic sample of length d we can calculate the effective
absorbed pump laser power Pe¢s as follows:

Pegr = (Rp) JTWid = X Pinc, (7

which in our case results in x = 0.47 +0.06.

It is worth noting at this point the main limitations of
the above procedure. Firstly, the laser beam profile inside
the cavity is retrieved by the ABCD simulation; although
this is a well-consolidated procedure in such experiments
(see, for instance, Refs. [18,20]), it can result in some
uncertainty. Secondly, Equation (7) holds in the case of a
negligible depletion of the ground state of the medium, since
the absorption coefficient considered could otherwise vary
during laser operation. For this reason, we calculate the
absorbed pump power as the difference between the power
incident upon the active medium and the one transmitted
through it. Since a direct measurement of the transmitted
power directly downstream of the active medium (i.e., inside
the cavity) would inhibit the lasing condition, making the
procedure inconsistent, such a measurement is actually car-
ried out using a silicon photodiode placed behind the SM
(see Figure 3), in the direction of the pump beam; such a
photodiode was preliminarily calibrated in order to retrieve
an absolute figure for the transmitted pump power, under no
lasing condition, using a power meter placed just after the
active medium. Then, our actual measurements are carried
out by simultaneously acquiring the laser power signal,
using a power meter placed right at the exit of the cavity
(behind the output coupler), and the absolutely calibrated
photodiode signal from which the transmitted pump power
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Figure 5. Pump laser power transmitted as a function of the incident pump
laser power for the two different working temperatures of 13°C and 23°C.
Straight lines are the results of a best fit calculation that we use to obtain
the pump absorption ratio g in Equation (9).

can be retrieved. Finally we obtain the absorbed pump power
as follows:

VOII

Vott

Paps = Pinc — Pyras s (8)

where V,, and Vg refer to the photodiode signal with and
without lasing, respectively, and considering as well the
reflections at the ceramic faces. With this procedure, we
observe a difference of up to 10% in the transmitted pump
power with or without lasing. From the linear best fit to the
data shown in Figure 5 we can observe that we always work
below the saturation intensity; hence, the absorbed pump
laser power can be written as follows:

Piras = (1 — g) Pipc, 9

resulting in g = 0.6 £0.02 in accordance with the frac-
tion calculated using the small signal absorption coefficient
a=32m"".

It should be noted that the value P,,; we obtain with
this procedure gives us the pump radiation absorbed over
the whole volume described by the pump beam, which is
larger than the laser beam; therefore, we calculate Py =
(X /8) Pabs, which matches Equation (7) with the substitution
Paps = gP inc*

The measured laser power as a function of P for the
two working temperatures reported in Figure 6 shows a very
small difference between the two datasets.

With our definition of P.s we obtain the slope efficiency
of the laser by means of a best fit calculation of the experi-
mental data in Figure 6 with the equation P, = m (Pt — Pypr)
resulting in mj3 = 0.75 +£0.02 and m,3 = 0.74 & 0.02, which
gives CR parameters ncg = (AL/Ap) X m of 1.960.05 and
1.910.05, respectively, at 13°C and 23°C. We point out that
these values are in agreement with values reported in the
recent literaturel'®2%!, provided that the higher doping level
of our sample and the dependence of ncr upon the Tm
concentration given in Ref. [32] are taken into account.
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Figure 6. Laser power as a function of the effective absorbed pump power
for the two working temperatures of 13°C and 23°C; the straight lines are
the result of a best fit calculation that provides both the laser threshold
power and the slope efficiency.
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Figure 7. Experimental and theoretical laser power as a function of Pegt.
The dashed line is a linear fit of the data, while the solid line is obtained
with the model in Equations (1)—(5). The cavity energy loss L is tailored to
1.3% for the model to match the data.

To measure the laser threshold power we added to the
apparatus a neutral density filter between the two lenses of
the pump beam optics to obtain a lower pump laser power.
The resulting laser power is reported in Figure 7 with the
same best fit calculation resulting in a laser threshold of
Py =0.6+£0.02 W and in a slope efficiency m = 0.73 £0.02
and a CR coefficient of ncg = 1.89 +0.05 with a working
temperature of 23°C. Data in Figure 7 are superimposed
on the numerical simulation performed using the model
described in Section 2, where the parameter L = 1.1% results
from the best fit on our data. The simulation results in a laser
threshold of Py, = 0.64 W and a CR parameter ncg = 1.91,
in agreement with the experimental data.

To further validate the theoretical model we simulated the
pulsed behavior of our system and compared the numerical
results with the experimental one obtained by modulating the
amplitude of the pump laser with rectangular pulses of tun-
able time duration at a fixed repetition frequency of 1 kHz.
The data obtained are shown in Figure 8 superimposed to the
simulation obtained using the term Wy; in Equations (1)—(4)
for the pump waveform recorded with a power calibrated
silicon photodiode. The laser power is recorded with an
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Figure 8. Experimental and theoretical laser power as a function of time

obtained for pump pulse width of 150 s in the top panel and 700 ps in the
bottom panel.

indium gallium arsenide (InGaAs) photodiode and the signal
obtained is scaled using the experimental slope efficiency of
the laser. The raw data are filtered with a numerical low-pass
filter with the cutoff frequency set at the sampling rate of
the oscilloscope used to record the signals. In this case the
pulsed dynamics of the laser intensity over a millisecond
timescale is well reproduced by the simulation. As a matter
of fact, the exact temporal dynamics at the rising edge of the
pulse depends critically on the actual pump laser intensity
rising profile, whose behavior over approximately 10 s
timescales is not perfectly captured by our experimental
apparatus. Moreover, rather complex emission dynamics,
possibly involving both the emission wavelengths reported
above, was also experimentally observed in Ref. [18]; we
are not accounting for this short timescale behavior, as it
does not affect our comparison with the experimental data
over the millisecond timescale considered in this paper.
It is worth noticing that the delay asymptotically equal to
100 s between the pump laser rising wavefront and the
laser emission in the first pulse is independent of the pulse
duration, while in the subsequent pulses, the delay is shorter
but depends on time between the pulses. As a further remark,
again from Figure 8 it can be noted that the laser emission
amplitude reaches the steady state within the few initial
pulses, that is, in a timescale comparable with the fluorescent
time of the laser excited state t49.

Finally, we can use the lifetime 749 of the excited manifold
3H,, the P4 coefficient and thulium concentration N to cal-
culate the CR coefficient. As reported?*3), peg = ——4

. . . T 1/t40+PyN
and, with our parameters, it results in ncg = 1.97, in good
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agreement with our experimental and simulated values as
well as with the values reported in the literature.

5. Conclusion

We investigated the lasing operations and characteristics of a
ceramic sample of Tm:Lu, O3 with 4% doping, using a three-
mirror test optical cavity. The observed laser efficiency of
73% at room temperature corresponds to a CR coefficient
of approximately 1.9, in good agreement with the calculated
value of 1.97. It is worth observing, at this point, that our
measurements seem to point to a higher efficiency at lower
gain medium temperatures, thus showing a way to further
increase the efficiency of such a ceramic material; as a
matter of fact, such an effect was recently reported in the
literature for a similar material®*!, and tentatively explained
via the more efficient depletion of the lower state involved
in the laser transition. Furthermore, although not strictly
related to the slope efficiency, we want to mention that in our
experimental conditions the effective absorbed pump power
is of the order of approximately 60%, and that this value can
in principle be increased by suitable tweaks (for instance,
increasing the length of the medium or allowing for a pump
recirculation, or increasing the doping level), thus resulting
in improved exploitation of the available pump power.
Finally, a numerical model of the laser dynamics, obtained
by solving the macroscopic rate equations, is also presented
here, and seen to reproduce with high accuracy the output
laser power in both continuous and pulsed pumping regimes.
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