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Abstract

Mid-spatial frequency wavefront deformation can be deleterious for the operation of high-energy laser systems. When
fluid cooled high-repetition-rate amplifiers are used, the coolant flow is likely to induce such detrimental mid-spatial
frequency wavefront deformations. Here, we describe the design and performance of a 90 mm x 90 mm aperture, liquid-
cooled Nd:phosphate split-slab laser amplifier pumped by flash-lamps. The performance of the system is evaluated in
terms of wavefront aberration and gain at repetition rates down to 1 shot per minute. The results show that this single
cooled split-slab system exhibits low wavefront distortions in the medium to large period range, compatible with a focus
on target, and despite the use of liquid coolant traversed by both pump and amplified wavelengths. This makes it a
potential candidate for applications in large high-energy laser facilities.
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1. Introduction the laser beams. Different thermal management technologies
have been investigated, including cryogenic cooling'®!, high-

High-power laser facilities can be mostly divided into two  speed gas-flow!'”! and liquid cooling!'*'¥l. Liquid cooling
classes of systems!!!, with (i) energetic/low-repetition-rate offers a relatively simple and cost-effective solution for heat
systems on one hand for facilities, such as the National Igni-  extraction!'”), but several difficulties have to be addressed.
tion Facility (NIF)?! or Laser Megajoule (LMJ)®], and (ii)  The coolant must be transparent at both pump and emission
low-energy/high-power/high-repetition-rate systems on the wavelengths, have a low absorption to reduce losses, a
other hand*-°!. However, the past decade has been marked ~ weak nonlinear index of refraction and ideally have a
by numerous efforts to populate the intermediate 100 J to kJ broad compatibility with materials, including the amplifier
energy/high-power/high-repetition-rate class. L3-HAPLS!"!, medium, as well as presenting a low hazard to facilitate
DIPOLE®! and L4-ATON!"! are the first laser facilities in implementation!'®!. From an optical point of view, liquid
this latter category. These laser systems were developed  cooling channels need to induce small optical aberrations
to provide new directions for high-energy laser-matter  from large period (power, astigmatism, ...) down to mid
interaction experiments due to the significant increase in  and small spatial millimeter-scale periodst'”'*l. Liquid-
experimental data generated; however, a renewed interest has cooled amplifiers are currently used in facilities as pump
recently been driven by NIF fusion shots>~!!l that underscore ~ laser or main beam amplifiers'”-'**’!, which has motivated
the need for high-energy/high-repetition-rate laser facilities developments for improving their performances. In
that could open the route towards inertial fusion energy particular, (i) a thermo-hydraulic-mechanical-optical model
(IFE). Heat management is at the core of these energetic was developed to provide a complete and multi-physics
recurrent systems, particularly during the amplification of ~ model of these amplifiers!*!!. During the first step, the gain
and heat generated by optical pumping are calculated using

a combination of a phenomenological lamp model*’!, heat
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the heat is used in a COMSOL software model that includes
the computer-aided design of the amplifier cell and the
description of the coolant flow to compute by ray tracing the
laser wavefront deformation induced by thermo-mechanical-
hydraulic effects”®!l. (ii) A liquid-cooled amplifier test-bed
was designed and built to characterize mid- to large-scale
spatial frequency distortions in amplified wavefronts and
compare these with model predictions!>’!. In addition, knife-
edge Foucault measurements were also performed in a
single-pass configuration to investigate (0.1-10 mm) small-
to mid-scale spatial frequency distortions, in particular those
induced by liquid flow!”*!. Here we report on the amplified
optical wavefront performances in the mid- to large-spatial-
scale range (1-100 mm) of a neodymium phosphate liquid-
cooled amplifier cell pumped by flash-lamps built as a
test-bed for liquid-cooled amplification. The amplifier cell
was qualified at different repetition rates from 1 shot per few
minutes to 1 shot per minute. Emphasis is herein placed on
assessment of the mid-spatial-scale (1-10 mm) distortions
in amplified wavefronts commonly observed in fluid-cooled
amplifiers’>>?°1, Such wavefront defects in large-aperture
multi-slab laser systems are likely to degrade the focal point
quality and, in the worst case, damage optical materials due
to Kerr effects and/or amplitude modulation during laser
beam propagation!'’-?7],

2. Experiment setup

The amplifier cell consists of two 120 mm x 215 mm 10 mm
thick Hoya-cladded LHG-8 neodymium-doped laser slabs
(the Nd doping density of 4.2 x 10?° cm™3 cladding uses
the same glass composition added with Cu** to get both
index matching and absorption). The two slabs are cooled
with Galden® HT135 coolant (Solvay) using three 4 mm
thick channels to distribute the liquid from bottom to top
(see Figures 1(a) and 1(b)). The flow is laminar for the
flow rates (15-40 L/min) considered in this study. At the
maximum flow rate of 40 L/min the Reynolds number is
Re = 1850, which is below the value of 2000 where the
laminar-turbulent transition occurs. The coolant flow is
maintained at all times, that is, it is not stopped ahead of
pulse propagation. The amplifier is used at an incidence
of 56.7° to amplify a 90 mm x 90 mm laser beam at
the wavelength of 1053 nm. The cell is sealed with two
10 mm fused silica windows. Pumping is ensured by two
sets of 10 de-ionized water cooled flash-lamps (Ref. VQX
R8P 4JA 1WE2/10 from Flashlamp V&Q with a length
of 100 mm and a diameter of 6 mm) equipped with back
reflectors to maximize the uniformity and efficiency of the
optical pumping of the slabs. The flash-lamps are driven by
power banks able to deliver a current to each lamp of up to
1200 A (2200 V) with a tunable pulse duration from 100
to 700 ws. Both the de-ionized water used for flash-lamp
cooling and the gain media coolant (Galden® HT135) are at
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Figure 1. (a) Schematic of the liquid-cooled split-slab amplifier cell. The
pink vertical line represents the laser beam. (b) Photo of the assembled
amplifier.

the temperature of 19.2°. The amplifier cell was qualified
using a commercial laser source from Keopsys (10 Hz,
34 wJ, 8 ns at 1053 nm, 2.7 mm diameter), shaped with
a serrated hole to a square top-hat profile and magnified up
to 90 mm using an afocal system, and then sent on dedicated
diagnostics, namely, photo-diodes to measure gain and an
HASO wavefront analyzer from Imagine Optic (HASO3
128 GE2, pixel size of 115 pm) to perform wavefront
measurements, both used in a four-pass configuration!**!,
A diagram detailing the experimental setup is shown in
Figure 2(a). All values and wavefront maps in what follows
are expressed in a single-pass configuration.

3. Results and discussion

The gain of the amplifier cell was measured in a four-pass
configuration at a repetition rate of 1 shot per minute and
1200 A was applied to the flash-lamps during 500 ps with
a power supply cut-off after the peak gain emission. We
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Figure 2. (a) Experimental setup used to characterize the amplifier in a four-pass configuration. The gain is measured using photo-diodes (PDs). Spatial
distribution of gain is measured on a CCD camera. Wavefront distortion is measured with an HASO wavefront analyzer. (b) Single-pass gain distribution
of the clear aperture of 90 mm x 90 mm (1 shot/min, 29 L/min). A gain average of 1.151 is obtained with a standard deviation of 0.013 over the 90 mm x

90 mm area.

report a gain of 1.15 + 0.002 (one standard deviation),
which corresponds to a gain increase of 13% compared
to the non-cladded amplifier, where a gain of 1.135 was
obtained®!. We also measured the spatial distribution
of the gain in a four-pass configuration using a charge-
coupled device (CCD) camera (RMV-4022, ILLUNIS,
2048 x 2048 pixels, pixel size of 7.4 wm, 12 bits) in the
near field. The gain map over the clear aperture of 90 mm x
90 mm is shown in Figure 2(b). It is obtained by dividing
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the CCD near-field measurement during amplification
(corrected for flash-lamp emission noise on the CCD
camera) by the same acquisition without powering the
flash-lamps to take into account the nonuniformity of the
spatial distribution of the diagnostic laser beam. The gain
map is filtered to remove spatial frequencies below 16 mm
in order to remove fringes coming from windows of the
CCD camera and diffraction rings induced by flaws in
the attenuating neutral density filters used to reduce the
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energy on the camera during the acquisition. A uniform gain
distribution with a standard deviation of 0.013 and a peak-to-
peak variation of 0.15 over the clear aperture is obtained by
optimizing the position of the flash-lamps and the reflector
geometry. It should be stressed that this amplifier must be
considered as a test-bed for liquid-cooled amplification and
not as an amplifier to be directly plugged into a large laser
system. In particular, an operational system shall include an
additional slab for higher gain.

The liquid flow multi-slab amplifier cell can induce mid- to
high-frequency spatial wavefront distortions without ampli-
fication. As a guideline for large inertial confinement fusion
(ICF) lasers, typical values of 2.5 nm root mean square
(RMS) in the (1-10 mm) range for the transmitted wavefront
are usually considered as an acceptable upper limit for
individual amplifier slabs; in addition, a 1D power spectral
density (PSD) specification in the form of av~=23, where
a is a constant and v the frequency, is also used to avoid
frequency peaks that are likely to be amplified by the Kerr
effect!'®] In the case of a liquid-cooled amplifier slab,
these distortions can be reduced below the nanometer RMS
level in the (I-10 mm) range by optimizing the coolant
distribution without optical pumping thanks to a knife-
edge metrology!”!. Moreover, the same level of wavefront
RMS deformation is present for spatial distortions below the
millimeter scale, independent of the coolant distribution/**,

We now benefit from this recent advance in monitoring
and analyzing wavefront defects during amplified shots at
different repetition rates and coolant speed flows. Wavefront
measurement is performed using HASO equipment, which is
simple to implement and offers the ability to limit the spatial
scale to approximately 1 mm and above, a range of period
likely to be modified by the liquid flow.

Table 1 presents the wavefront data obtained during a shot
sequence of 1 h at repetition rates of 1 shot per minute, 1

"
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Table 1. Transmitted amplified wavefront distortions at flow rates
of 15, 29 and 40 L/min for repetition rates of 0 and 1 shot per
minute, 1 shot every 2 and 5 min expressed in peak-to-valley
(PV), root mean square (RMS) slope for periods above 10 mm and
RMS in the (1-10 mm) range. The 0/min data correspond to the
case without amplification. Wavefront measurements over a clear
aperture of 90 mm x 90 mm. Values in parenthesis represent the
standard deviation over a shot sequence of 1 h.

RMS slope RMS
PV (nm) p > 10mm (jLrad) [1-10 mm] (nm)
15 L/min
1/min 161 (16) 3(0.3) 1.03 (0.15)
1/2 min 150 (9) 2.8 (0.1) 0.95 (0.06)
1/5 min 140 (10) 2.6 (0.2) 0.9 (0.03)
0/min 125 (10) 2(0.1) 0.80 (0.02)
29 L/min
1/min 165 (14) 3.1(0.3) 1.08 (0.18)
1/2 min 141 (9) 2.4(0.1) 1(0.09)
1/5 min 150 (5) 2.9 (0.1) 0.96 (0.03)
0/min 128 (11) 2(0.1) 0.77 (0.02)
40 L/min
1/min 168 (14) 3.2(0.3) 1.16 (0.23)
1/2 min 155 (10) 2.9(0.2) 0.99 (0.06)
1/5 min 153 (7) 2.9(0.1) 0.95 (0.03)
0/min 125 (10) 2.1(0.1) 0.79 (0.02)

shot every 2 and 5 min, and for coolant flow speeds of 15, 29
and 40 L/min (corresponding respectively to fluid velocities
of 0.09, 0.18 and 0.25 m/s in the liquid channels). Although
reducing the flow rate further would reduce mid-spatial-
scale distortions, that is, in the limit of no flow minimal
mid-scale spatial distortion would be observed, the impact
on larger scale distortions would be detrimental. Table 1
also presents the data without amplification, labeled 0/min
to demonstrate the contribution due solely to the coolant
flow at these different flow rates. Samples of the transmitted
wavefront maps measured over a 1 h sequence are presented
in Figure 3 for a flow rate of 29 L/min and repetition rate
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Figure 3. Spatial distribution of the amplified transmitted wavefront along a 1 h sequence at 1 shot per minute, flow rate of 29 L/min, as measured with the
wavefront analyzer. A great stability of the wavefront is obtained with an RMS of less than 0.08% for the PV value over the whole sequence (see Table 1).
Some vertical lines can be observed on some shots (e.g., shot #43), induced by the coolant flow.
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Figure 4. One-dimensional PSD over the (1-10 mm) range calculated from
the wavefront measurements. Each envelope represents the minimum-to-
maximum PSD variation along a 1 h sequence at a flow rate of 29 L/min for
repetition rates of 1 shot/min, 1 shot/2 min and 1 shot/5 min, respectively.
The purple dashed line is a guide to the eye representing a typical PSD
specification for ICF laser slabs!!7-18],

of 1 shot per minute. We note from Table 1 that large-
scale wavefront defects associated with periods of more than
10 mm are slightly minimized in terms of the peak-to-valley
(PV) and RMS slope when reducing the repetition rate from
1 shot per min down to 1 shot every 5 min. However, the
amplitude of this reduction is rather small, of the order of
1020 nm in PV. In terms of the amplified transmitted
wavefront PV and RMS slope, these values are stable and
therefore likely to be corrected by an improved mechan-
ical mounting of the slabs and/or a deformable mirror.
For the 29 L/min measurements, we were unable to carry
out the experiments at each repetition rate in succession,
imposing some readjustments of the amplifier cell. These
readjustments affected the PV value of large-scale wavefront
distortions by between 10 and 20 nm, and were responsi-
ble for the anomaly observed in the PV and RMS slope
for this coolant rate; however, it did not affect the RMS
(1-10 mm) since this is mostly induced by mid-scale coolant
flow distortions. Regarding mid-spatial periods over the
(1-10 mm) range, a clear reduction of the RMS is evidenced
when reducing the repetition rate, but this quantity is mostly
independent of the flow rate. We also note that in the whole
range of parameters considered, the RMS in the (1-10 mm)
band remains smaller than 2.5 nm (typical amplifier slab
specification). Moreover, whatever the quantity considered,
the flow rate and the repetition rate, amplification degrades
wavefront distortion compared to the sole contribution of the
coolant (labeled O/min in Table 1).

To get a better understanding of the mid-spatial periods,
we present in Figure 4 the minimum-to-maximum enve-
lope of the PSD calculated from the amplified wavefront
acquisitions over a sequence at 29 L/min with the repetition
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rates of 1 shot/min, 1 shot/2 min, and 1 shot/5 min. The
frequency cut-off at 0.7 mm™! is due to the resolution of
the HASO camera. We observe that increasing repetition
rate from 1 shot/S min to 1 shot/min increases frequency
defects above few millimeters. Such distortions are induced
by the coolant flow, as reported in Refs. [24, 25]. However,
whatever the repetition rate tested, the PSD stays below the
acceptable upper limit represented by the broken purple line.

4. Conclusion

In summary, we have designed a split-slab liquid-cooled
amplifier equivalent to a laser slab. This cooled slab ampli-
fier exhibits low wavefront distortions at mid-spatial fre-
quencies (amplitude and PSD) and stable gain at repetition
rates up to 1 shot per minute. The remaining mid-spatial
distortions are mostly induced by the coolant flow. Such
cooled slabs could be implemented in large high-energy
systems requiring on-target focusing performance.
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