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Increasing the DKDP crystal laser resistance by an additional
conditioning with nanosecond pulses

Saaxewer B. Diop*, Christopher W. Carr, Christopher F. Miller

Lawrence Livermore National Laboratory, Livermore, California, United-States

Abstract. Laser conditioning with 355-nm sub-nanosecond laser light is a well-known procedure to increase the
bulk laser-induced damage resistance of DKDP crystal. In this study, we investigate a new process to further increase
the bulk damage resistance of DKDP crystals by performing additional conditioning with a 6.7-ns 355-nm laser after
first conditioning with a 500-ps 355-nm laser. Damage tests (using both small and large beams) show that the second
nanosecond conditioning raster increased the fluence required to produce the same density (large beam test) and
probability (small beam test) of bulk damage by approximately 30%.

Keywords: Laser-induced damage, DKDP crystal, Laser conditioning.

*Saaxewer Diop, diopl @llInl.gov

1 Introduction

The National Ignition Facility (NIF) achieved the first ignition on December 5, 2022 by delivering
2.05 MJ to a tritium-deuterium target.":?> Since this important breakthrough, numerous fusion
energy projects have been launched all around the world in pursuit of future clean energy based
on fusion. The NIF has since both repeated ignition and achieved more yield after increasing
delivered energy to 2.2 MJ.?> Theses results provide insight into the target physics that will be
needed to continue to improve the target design and enable future fusion power plants. In order
to further understand the inertial confinement fusion (ICF) reaction, more input laser energy is
needed, and the objective is to increase NIF’s energy output to 2.6 MJ.

As with other high-power laser facilities such as LMJ and Gekko-LFEX,** the laser-induced
damage in the final optical components limits the laser input energy on target. Potassium dihy-
drogen phosphate (KDP), and its deuterated analog (DKDP), crystals are key components to high
energy laser systems due to their ability to perform frequency conversion under relatively high
fluence exposure.® The damage resistance of these crystals is very sensitive to the crystal growth
parameters, varying significantly between crystal boules or even between regions of the boule it-
self. This challenge was resolved by developing laser conditioning techniques which expose crys-
tals to slowly increasing non-damaging laser fluence.”'> However, as NIF continues to increase
its total operating energy, these conditioning techniques are insufficient in some cases. In order to
allow for higher energy density operation of KDP and DKDP crystals, we explore if a multi-pulse
length laser conditioning process can be used to significantly increase the bulk damage resistance.
Furthermore, we explore the impact of conditioning fluence step size and raster spatial step size
during conditioning.

Adams et al. showed that pre-exposing KDP or DKDP crystals to 500 ps laser pulses is highly
effective at increasing the bulk damage resistance of the material under subsequent exposure.'* '3
We refer to this in following sections as sub-nanosecond laser (SNL) conditioning. This study ex-
plores a new conditioning process based on an additional laser exposures after SNL-conditioning
to further increase the bulk-damage resistance of DKDP crystals. Adams et al. performed R-on-1
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Fig 1 Damage probability as a function of the fluence measured by S-on-1 and R-on-1 tests performed on uncondi-
tioned and conditioned DKDP crystals. Adapted from Ref.!3

damage tests on SNL-conditioned area. They demonstrated a reduction of the damage probabil-
ity compared to S-on-1 (see Fig. 1), which implies the possibility of improving further the laser
conditioning.!® Based on this assumption, we first performed additional pre-exposures with a UV
nanosecond laser (NL) by performing several raster-scans with a fluence ramp. Then we performed
I-on-1 tests to measure the laser damage probability and compare the laser resistance induced by
the different laser conditioning process (unconditioned, SNL conditioning, and SNL + NL condi-
tioning). We optimize the raster-scan parameters (starting fluence, fluence step, and beam overlap)
to improve the additional conditioning process. Finally, we measured the damage density induced
by the different laser conditioning processes with a large beam (approximately 1 cm of diameter)
to have a better representation of the performance in large-scale facilities.

2 Materials
2.1 Sample description

All the data presented in this paper were obtained on a single sample. The sample was cut from a
rapid growth boule with a dimension of 152.4 x 152.4 x 10 mm?>. The sample was phase-matched
(type II) for third harmonic generation and polished to ensure high optical quality. As received, the
sample was SNL-conditioned following the procedure presented in Ref.!> An area of the sample
was left unconditioned (not exposed to laser light) in order to compare the laser resistance with the
conditioned areas. No damage sites were initiated during the SNL conditioning based on bright
scattering imaging.

i
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Fig 2 Schematic of the laser damage test bed dedicated to the additional conditioning and damage test experiments
(1-on-1 and R-on-1).

2.2 Damage test beds and methods

Additional conditioning and laser damage tests (1-on-1 and R-on-1) were performed on the same
facility described in Fig. 2. The laser source is a Nd: YAG laser system (Quanta-Ray Model PRO-
350-10; Spectra-Physics, Inc., injection seeded) generating a single-longitudinal mode centered at
1064 nm (lw), then converted to 532 nm (2w), and 355 nm (3w). Only the 3w light was used in this
study. The pulse duration was measured at 6.7 ns (FWHM) with a near-Gaussian temporal beam
profile. Two telescopes are used to focus the beam on the sample. The first telescope (concave-
convex lenses) acts as a beam expander to increase the laser-output beam size in order to obtain the
desired focused beam diameter on the sample. The beam energy is regulated by a half-wave plate
and a polarizer pair, which transmit the p-polarized light. A periscope rotates the polarization to
vertical (s-polarized) before it is incident to the test sample. The second telescope (convex-concave
lenses) focuses the beam to obtain a diameter of approximately 600 zm at 1/e¢?. A wedge samples
the beam to an energy meter and a CCD camera, which is located at an equivalent focal plane as the
sample. Both instruments allow us to record the energy and the spatial beam profile to measure the
fluence shot-by-shot. Bulk damages are detected by using a He-Ne laser aligned co-linear to the
incident 3w beam to scatter light and detect it with a in-situ camera placed at an oblique incidence.

Damage density was measured in the Optical Sciences Laser (OSL) facility described in.!¢
This facility offers the capability to perform damage tests with a centimeter beam and 5 ns flat-
in-time (FIT) temporal pulse shape. This experiment is more representative to determine the laser
resistance on a large-scale laser system.

All the experiments have been performed in s-polarization and normal incidence. Each 1-on-1
test result presented in this paper was performed using 200 sites and one shot per site (S = 1).
The R-on-1 tests were performed using between 30 and 50 sites per experiment. In each case, the
starting fluence was set at 5 J/cm?, then the half-wave plate rotates with 0.5deg of increment to set
a fluence ramp, using one shot per step.
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Fig 3 Damage test results of 1-on-1 and R-on-1 tests performed on unconditioned and conditioned (SNL conditioning
only) areas.

3 Results

The first experiment performed was to repeat the results obtained by Adams et al. shown in Fig. 1.
We performed 1-on-1 and R-on-1 tests on both unconditioned and SNL conditioned areas. We
successively reproduced the past results; we observed an increase of the laser resistance induced
by the SNL conditioning, and observed an increase of the laser resistance during the R-on-1 test
on the conditioned area compared to the 1-on-1 test.

The additional conditioning procedure was based on the results obtained by Runkel et al.!”
They demonstrated an increase in the DKDP laser resistance after performing several raster-scans
with nanosecond UV lasers (Nd:YAG and Excimer lasers). We first investigated the impact of pre-
exposures at different fluences. 3 zones were defined where 3 different processes were applied.
The first zone saw a single raster-scan at 6 J/cm?, the second zone received two raster-scans at
6 then 10 J/cm? and the third one received three raster-scans at 6, 10, and 14 J/cm?. The beam
overlap was set at 90% of the peak fluence, which represents a step size of 150 ym. In each case,
no damage sites were initiated. 1-on-1 tests were performed on each area, and the results are
presented in Fig. 4. In each case, we clearly evidenced an increase of the laser resistance below
the 20% of damage probability. Moreover, regarding the NIF laser resistance specification fixed
at 12 J/cm? at 10% of damage probability, the additional conditioning represents an increase of
approximately 30%. At higher fluence, the additional conditioning did not induce any reduction of
the damage probability compared to the SNL conditioning.

No significant difference in bulk damage probability was noted when pre-exposing with one
or three different fluences. However, we assume that the supplemental conditioning at low fluence

v
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Fig 4 Damage test results after the SNL and the additional conditioning at several fluences.

(below the onset measured during the 1-on-1 tests) is important for preventing damage initiation
for the raster-scans at higher fluence (above the onset). We chose to focus on performing at least
three raster-scans with a fluence ramp.

To optimize the additional conditioning procedure and improve further the bulk damage resis-
tance, several combinations of fluence and number of raster-scans were compared. The reference
point is the result obtained after the supplemental conditioning performed at 6, 10, and 14 J/cm?
(black dot in Fig. 5(b)). The step size was fixed at 150 pum for each raster-scan. Two starting
fluences, 4 and 8 J/cm?, were used and conditioning was performed up to 16 J/cm? (this fluence is
below the onset measured through the previous R-on-1 tests). Additionally, another conditioning
test (6 to 16 with a fluence ramp of 2 J/cm?) was performed. Figure 5 shows the 1-on-1 test results;
no difference in the bulk-damage resistance was observed between each case. Therefore, we con-
clude that the fluence step size (or the number of pre-exposures) has minimal impact on the final
conditioning effect.

The effect of beam overlap during the NL laser-conditioning raster-scan was also studied. We
investigated the impact of an overlap of 70%, 80% and 90% of the peak fluence overlap, which
represents a step size of 240 pm, 185 pm, and 150 pm respectively. Three raster-scans were carried
out at 8, 12, and 16 J/cm? as additional conditioning. Figure 5(a) shows performing raster-scans
with 70% of beam overlap seems to be less effective than 80% and 90%. No significant difference
was seen between 80% and 90% of beam overlap.

Finally, the bulk-damage density was measured with a large beam damage test.'® A single shot
was performed on the three different regions: unconditioned, SNL conditioned, and SNL + Addi-
tional NL-conditioned. The additional conditioning was performed with four raster-scans at 4, 8,
12, then 16 J/cm? and 90% of beam overlap. The shot on the unconditioned area was performed at
an average fluence of 8 J/cm?, while the shots on the SNL and SNL + additional conditioned areas
were performed at 12 J/cm? on average with approximately 32% fluence contrast in both cases (see
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Fig 5 (a) 1-on-1 test results with different beam overlap. (b) Damage test results after the supplemental conditioning
at different starting point and fluence step.

(mm) 5 0 H 0] 1000 5
a) b)
= 8 Jlcm?
— =12 Jlcm?
7 ] \
I’ £ - "
]
e -
2z " s
s . -
$ 10 i N
o .
ro P [ -
)} o
@ -
&
o 14
= Unconditioned
K m SNL conditioning
m  SNL + Additional conditioning
01 T T T T T T T T T T T 1
0 8 10 12 14 16 18 20 22 24 26 28 30
Fiuence (Jien) Avg. ROI Fluence = 12.34 2
TR - Fluence, 5ns FIT (J/cm?)

Fig 6 (a) OSL spatial beam profile at an average fluence of 12 J/cm?. (b) Damage density measured after the OSL shot
on the unconditioned, SNL-conditioned, and SNL + Additional-conditioned areas shot with average beam fluences of
8 J/cm?, 12 J/cm?, and 12 J/cm?, respectively.

Fig. 6(a)). As expected, the unconditioned area was found with the highest damage density, even if
the shot was at a lower fluence. Moreover, we observed a decrease of the damage density induced

by the supplemental conditioning of approximately 60%. The results obtained in OSL are in good
agreement with the results obtained with the small beam.

4 Conclusion

Results obtained by Adams et al. imply that the laser conditioning, operated at 500 ps and 355 nm,
could be improved (see Fig. 1).!> This work successfully demonstrates this effect and extends it by
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investigating the sensitivity of additional NL-conditioning to the parameters of fluence step size,
starting fluence conditioning level, and raster step size. After the SNL conditioning, the DKDP
bulk was exposed to several raster-scans with a fluence ramp with a nanosecond laser (6.7 ns) at
355 nm and 1-on-1 damage tests were performed to compare the resulting damage probability. A
significant increase of approximately 30% in the crystal’s bulk-damage resistance was observed
by the additional conditioning (see Fig. 4). Several different variations of the additional NL
laser-conditioning process were performed (fluence, fluence step, and beam overlap). We did
not observe a significant impact of those parameters (see Fig. 5). Based on the damage test
results, we concluded that performing various raster-scans with a fluence ramp and maximizing
the beam overlap (without initiating damage sites) is the most effective procedure to increase the
laser resistance. Bulk-damage density was then measured in the OSL facility. The results are in
good agreement and evidenced a decrease of approximately 60% of the damage density after the
additional conditioning. The next step will be to explore furthermore the additional procedure and
try different laser parameters such as the pulse duration or the centered wavelength.
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