Development of a flashlamp-pumped Cr:LiSAF laser

operating at 30 Hz
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Cr*':LiSrAlF, crystals are an interesting laser medium because of their spectroscopic characteristis;
They present a broad emission band in the near infrared and ¢an be pumped either by a flashtamp or by
diodes. Up to now, their limitation has been mostly due 1o their poor thermal properties thal limit the
laser performance either in the repetition rale in a pulsed systemn or output power in cw systems. We have
designed and constructed a flashlamp-pumped laser using a standard rod pumping cavity that avoids
most of the heat generated in the pumping process and allows operation at a fairly high repetition rate
of 30 Hz with a high average power of 20 W in a conservative operation mode.  © 2006 Optical Society
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OCIS codes:

1. Introduction

Single crystals of Cr:LiSAF (Cr'":LiSrAlFg) show
attractive optical spectroscopic properties! for a po-
tential laser medium, such as a long lifetime of the
upper laser level (~67 s} at room temperature,?
three broad abserption bands,? and a wide emission
band ranging from 650 to 1050 nm. Laser action was
demonstrated under several pumping schemes,2-5
particularly in ¢w® and pulsed regimes. Pulse dura-
tions ranging from hundreds of microseconds under
free-running pulsed excitation down to nanoseconds
in @-switching and a few femtoseconds in a mode-
locking regime? were achieved.

Flashlamp-pumped Cr:LiSAF tunable laserg®8-10
have been developed that reach pulse energies up to
8.8 J, and flashlamp-pumped ultrashort-pulsc ampli-

fiersi®-12 reach peak powers up to 8.5 TW. Because of

the poor thermal properties of the LiSAF host,' the
operation repetition rate of these lasers and amplifi-
ers were always confined either to the single-pulse
regime or up to 12 Hz.% The low thermal conductivity
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leads to crystal cracking because of thermally in-
duced stress, and in the casc of a gain medium in the
shape of a rod, fracture was observed at 18 Hz.15 In
addition to the thermally induced stress that leads to
fracture, the lifetime of the Cr:LiSAF laser transition
is strongly temperalure dependent, dropping from
~B7 ws at roum temperature to half this value at
69 °C due to thermal quenching.'® Under flashlamp
pumping, the low LiSAF thermal conductivity pre-
vents heat extraction from the laser medium. If the
crystal temperature rises above ~25 °C, the nonra-
dicactive decay generales more heat, that in turn
increases the nonradioactive decay rate, rapidly in-
creasing the crystal temperature. This is a cata-
strophic process that reduces the energy storage
capacity of the crystal and can lead to fracture.

To avuid thermal quenching and crystal frac-
ture due to accumulated heat, flashlamp-pumped
Cr:LiSAF oscillators have been kept operating at low
repetition rates. Shimada ef al.® reported the highest
repetition rate and power on a Cr:LiSAF lascr to be
4.5 W at 12 Hz, and Perry ef al.!7 reported the high-
est amplifier repetition rate to be 10 Hz. Alterna-
tively, a slab geometry laser® scheme requires small
thickness of the gain medium, allowing for better
heat extraction and therefore lower stress in the gain
medium, and in this case the laser achieved pulse
energies as high as 8.8 J but at a 5 Hz repetition rate.

Aiming to raise the repetition rate of flashlamp-
pumped Cr:LiSAT lasers and still keep its gain and
power, we propose a different approach that
minimizes the crystal thermal load and temperature




Fig. 1. Scheme of the pumping cavily withoul an endeap, The
different conling water entrances for refrigerating the erystal and
flashlamps are indicated: the optical filters, localod betwoeen each
flazhlamp and the erystal, divide the pumping cavity into three
independent cooling chambers.

gradient by decreasing the heat reaching the gain
medium and being generated inside it. This scheme
allows laser operation at repetition rates as high as
30 Hz, with an average power of 20 W.

2. Pumping Cavity Conception and Laser Design

We developed a flashlamp-pumped pumping cavity,
aiming to minimize the rod thermal load and to in-
crease the laser repetition rate. The rod has a 1.5
mol.% Cr doping, 101.6 mm of length, and .35 mm
of diameter, with Brewster-angled faces, Small diam-
eters allow the exiraction of heat more efficiently
from the bulk of the rod, decreasing the temperature
gradient that leads to rod fracture. The cavity has
two 4 in. arc length (1 in. = 2.54 em}, 7 mm bore, 450
Torr xenon flashlamps, cach onc independently fed
by a power source capable of delivering up to 50 J in
~67 us pulses. The power sources were triggered and
synchronized by a Stanford Rescarch Systems D535
delay generator. The pulse width was chosen to
match the laser transition lifetime, congequently de-
creasing heat generation by pump energy that is lost
to spontaneous emtssion. The cavily is a closed cou-
pled one, with an alumina diffuse reflector, and is
cooled by de-ionized water at 11 °C in a turbulent
flow regime. The humidity in the laboratory is kept
under 40%, lowering the dew point, avoiding water
condensation on the rod surfaces.

The temperature of the laser medium inside a
pumping cavity is determined by how much energy is
absorbed by the medium, the amount of that energy
that is not converted inte light emission {(spontancous
or stimulated), and how this excess energy is ex-
tracted. The main heat source for the Cr:LiSAF crys-
tal ts the Stokes shift from the three absorption bands
centered at 290, 450, and 650 nm to the emission
band at 850 nm. For a photon absorbed at the center
of the 290 nm band resulting in an emitted photon at
860 nm, —65% of its energy is converted into heat
due to the Stokes shift. For photons absorbed at the
center of the 430 and 650 nm bands, these fractions
are 509 and 24%, respectively. With the purpose of
minimizing the heat in the rod, optical filters were
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Fig. 2. Cr:LiSAF lazer slope efficiencies for various output cou-

pler reflectivities (R, ) along with lincar fitted functions for each
output coupler, as a funetion of the pump energy per flashlamp.
For each Ry data set, the two or three lower energy points were
disregarded in the fitting because of the unstable laser oscillation
near the threshold. Error bars were taken into account in each
fitting but are not shown in the graph because they are smaller
than the symbols used in the plot.

inserted into the pumping cavity between the rod and
each one of the flashlamps, absorbing all light below
600 nm and above 700 nm. In this way, only the
650 nm band is excited, decreasing the Stokes-shift-
generated heat to only ~25% of the absorbed power.
In addition, the filters also block the infrared heat
component radiating from the flashlamps. The pump-
ing cavity was designed in a way that the optical
filters divide it in three compartments, isolating the
rod from the flashlamps, allowing independent cool-
ant flow around each component. The cooling water
flows around the rod and then refrigerates the
flashlamps. Thus heat transfer from the flashlamps
to the rod by the cooling water is avoided. In Fig. 1 a
scheme of the pumping cavity is shown.

The optical resonator was built using a 1 m curva-
ture radius concave high-reflector mirror located
21 cm away from one rod end and a plane output
coupler located 12 ¢m from the other end of the rod,
resulting in a stability product!® g,g, = 0.57 for an
empty resonator. Plane cuiput couplers with reflec-
tions ranging from 55% to 96% at 850 nm were used
to characterize the laser performance.

3. Results

The lascr output pulse cnergy as a function of one of
the flashlamyps input energy, for eight different out-
put coupler reflectivities (Rye), is shown in Fig. 2.
The data for the highest reflectivity (R, — 95.9%)
output coupler are limited to energies under
14 J/flashlamp because the mirror was damaged at
that pump energy due to absorption losses. In Table
1 we present the total (two flashlamps) pump en-
ergy threshold for laser action for each output cou-
pler and the corresponding slupe efficiencies. The
maximum total measured efficiency is 0.65% for
Ry = 89.3% and 100 J pumping energy. In Fig. 3
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Table 1. Values Obtained from the Fitted Functicns Shown in Fig. 2 for Each Cutput Coupier
Slope
Ry (%) Ini&,,1 Eq 0 Efficiency (7% gd
95.9 = 1.0 0.042 = 0.010 8.6 — 0.28 0.072 = 0,001 0.045 — 0.006
893 =04 0.113 ~ 0.004 16.96 — 0.24 0.818 + 0.004 0.081 ~ 0.005
849=06 0.164 ~ 0.007 22.28 - 0.22 0.792 + 0.004 0.106 + 0.006
824 =05 0.193 = 0.006 26.86 = 0.22 0.848 = 0.003 0.121 = 0.005
4.7 06 0.292 = 0,008 34.80 = 0.24 0.865 = 0.003 0.170 = 0.006
71505 0.335 = 0.007 A0.68 = 0.34 0.799 = (L0004 {1,192 = 0.006
686+ 05 07 - 0007 40.64 @ 0.46 0810+ 3.005 0.212 1+ 0.008
552 * 0.5 0.584 + 0.004 64.7 = 20 066+ 0.01 0.321 + 0.006

the spectrum of the laser operating with the R
= 89.3% output coupler, measured by a Spiricon
ultrafast laser spectrometer, is shown and the data
are fitted by a Gaussian profile. The emission is
centered at 851 nm and has a bandwidth (FWHM)
of 6.4 nm. The smali spikes observed at 847.5, 849,
851, and 858 nm are due to spectrometer imperfec-
tions. Figure 4 shows the temporal evolution of the
laser pulses for By = 89.3% under 100 J pumping.
The measured laser cutput pulse width (FWHM) is
approximately 65 ps and does not change signifi-
cantly along the pumping energy range.

From the data in the second and third columns of
Table 1, the resonater lesses were determined
through a Findlay-Clay analysis.' This analysis
consists of fitting a line to the data of —In(R,.) as a
function of the lasing threshold pump energy, and
the resonator losses are given by the point where
the line crosses the y axis. The data fitted by the line
are shown in Fig. 5, resulting in total resonator
losses L with a value L. = (4.8 = 0.9)%. It is then
possible to calculate the threshold gain, given
by18

1
g:f = § |:L - ln(Roc}], (1)
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Fig. 3. Cr:LiSAF laser spectrum with R, = 89.3% output cou-

pler measured at 80 J energy and 10 Hz repetition rate. The spikes

observed ail 847.5, 849, 851, and 858 nm are due to spectromeler
imperfections.
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where g, is the threshold small-signal gain and { is the
rod length. From Eq. (1) the threshold gain can be
determined for each output coupler, and the values
are shown in the fifth column of Table 1.

Figure 6 shows the pulse energy dependence on
the pump repetition rate. It can be seen that for a
60 J pumping level, the pulse energy is almost con-
stant, varyving —~3% around its average value, For
higher pump energies, a decrease of the pulse en-
ergy with increasing repetition rate is observed. At
100 J and 30 Hz, this pulse energy drop is 8% of its
value at 1 Hz. The maximum measured pulse en-
ergy at 30 Hz is (660.4 = 9.4) mJ, resulting in pulses
with peak power of over 10 kW and an average
power of 19.8 W,

To investigate whether this energy dropping, at
higher repetition rates, is due to the lifetime short-
ening as a consequence of rod heating and thermal
guenching, the temporal shapes of the flashlamp
pulse and of the spontaneous emission were mea-
sured with fast detectors and an averaging oscillo-
scope {(LeCroy WaveRunner 6051} for various
repetition rates at the higher pump energy (100 J).
An empirical function was fitted to the flashlamp’s
emission temporal shape, and this fitted function
was used as the pumping term 7,(f) to numerically
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Fig.4. Temporal evolution of the laser pulses ot 100J for the B,
#89.34% output coupler. The thin curve is o single shol and the thick
curve ig the average of 1000 shots. The width (FWTTM) is indicated
for the average curve. The lime axis starts at 900 ps due to the
relative delay hetween the trigger and the deteetor signals.
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Fig. 5. Findlay-Clay analysis of the laser. The fitted line ernsses

the y axis at —0.048, providing the resonator losses.

selve the population rate equation for the Cr:LISAF
system:

ar :N[)I_n(f) - (2)

where N, and N, are the Cr*~ ground- and excited-
state populations, respectively, and the spontaneous
emission follows the excited-state population N,(#).
The lifetime of the excited state T was considered as
an adjustable parameter and was tuned to obtain the
best agreement between the acquired data for the
spontaneous emission and the N,(#) curve resulting
from the numerical integration of Eq. (2). This was
done for 100 J pumping and repetition rates ranging
from 2 to 30 Hz. For all repetition rates, the best
agreement between the experimental and the numer-
ical Cr;LiSAF spontaneous emission curves always
occurs for 7 = 64 s, although the flashlamp pulse
duration increases almost 5% from 4 to 30 Hz. In
Fig. 7 the measured flashlamp’s emission and rod
spontaneous emission temporal profiles are pre-
sented together with the flashlamp temporal fit and
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Fig. 6. Dependenee of the pulse encrgy on the pump repetition

rate for different pumping energies. The output coupler reflectivity
is R(n'. §9.3%.
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Fip. 7. {Coloronline) Experimental measured flashlamp emizsion
at 100 .J (open squares) and Cr:LISAF spontaneous emission (open
cireles), with the empirical function fitted to the Hashlamps emis-
sion and the numerical solution of the Cr:LiSAF rate equation for
T 64 usisolid curves), normalized to tpeak amplitude) = 1. In the
curves for (a) 4 Hz and i 30 Hz, the Hashlamp pulse duration
IFWHDM) is indicated. The time axis starts al 830 ps due to the
relative delay between the trigger and the detector simals.

the emission humeric solution for 4 and 30 Hz repe-
tition rates. The criterion for checking the agreement
betwecn the data and the numerical solution was the
emission peak position. The spontaneous emission
decay was not chesen because the fitted function to
the flashlamp’s emission drops slower than the mea-
sured data and consequently causes a slower sponta-
ncous emission deeay. The fact that the same lifetime
(64 p.s) provided the best agreement for all repetition
rates from 2 to 30 Hz indicates that there is no
quenching of the luminescence due to the increased
thermal load in the crystal as the repetition rate
grows. The energy drop shown in Fig. 6 is probably
due to slight changes in the flashlamp and power
source behavior and efficiency as the repetition rate
increases. Although the absolute value obtained for
the Cr:LiSAF lifetime differs from the accepted one”
of (67 L 5) s, it is within its precision measurcment.
Nevertheless, the value agrees with the one mea-
sured’® at 77 K that is predicted to be the same at
room temperature.

4, Conclusions

We have developed a flashlamp-pumped Cr:LiSAF
resonator with a reduced thermal load in the crystal
rod, so the laser repetition rate could be increased.
The final repetition rate is over the reported valucs at
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which the red is damaged. The laser performance was
characterized providing fundamental parameters as
resonator losses and threshold gain. Although the
efficiency was reduced by the insertion of filters that
prevented the pumping of the higher-energy absorp-
tion bands, a threshold gain over 0.3 was measurecd
and the laser could be operated at 30 Hz with an

average power of 20 W and a peak power in excess of

10 kW. No noticeable decrease in the lifetime of the
laser transition was observed in the range of repeti-
tion rates used, implying that our design could avoid
significant laser rod temperature rise at high repeti-
Lion rales. This indicates that the laser can be oper-
ated at even higher repetition rates and higher
powers. Also, the developed pumping cavity can be
used as an amplifying medium for ultrashort-pulse
systems, being operated at repetition rates higher
than the ones already reported.

The authors thank Wagner de Rossi for helpful
discussions for the design of the pumping cavity and
the Fundacdo de Amparo & Pesquisa do Estado de
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