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Laser Raster Conditioning of KDP and DKDP Crystals using XeCI 
and ND:YAG Lasers 

Mike Staggs, Ming Van and Mike Runkel 

Lawrence Livermore National Laboratory, PO Box 808, L-411, Livermore, CA 94551 

ABSTRACT 

Laser conditioning by raster scanning KDP and DKDP crystals using Nd:YAG and XeCl excimer laser 

systems was demonstrated. The laser systems were evaluated to determine their respective feasibility of improving 

the damage thresholds of the harmonic materials for use on the National Ignition Facility (NIF). Crystals were first 

evaluated using an Nd:YAG laser (355 nm, 7.6 ns) by scanning 2 x 2 cm2 areas with sub-damage threshold fluences 

and then performing unconditioned (SIl) damage tests at 355-nm in the respectively scanned regions. Subsequently, 

five KDP and DKDP samples of various damage quaHty were raster scanned in a similar fashion at MicroLas GmbH 

(Goettingen, Germany) using a commercial Lambda Physik Excimer system eXeCl, A = 308 nm, 20 ns). The 

samples treated in Germany were then tested at Livermore National Laboratory (LLNL) at 355 nm to demonstrate 

the excimer's potential as an alternative conditioning source. 

The excimer scan results suggest that crystals can be treated at high fluence (50 J/cm2, 30g-nm. 20-ns) levels 

without noticeable bulk damage. In addition, comparable conditioning is possible even with the fluence set at 30% 

of the 308-nm damage threshold. The laser damage tests with 355-nm on the majority of the excimer laser-treated 

crystals demonstrates the effect of conditioning, by raising the S/l threshold or by reducing the low fluence tail of 

the 355-nm SI1 damage probability curves. Furthermore, the high average power and flat top beam profile of an 

excimer laser makes it possible to laser condition a 42-cm NIF-size crystal in one day, compared to 41 days for a 

commercial table-top Nd:YAG system. The test samples were to be particularly susceptible to surface damage 

during excimer raster conditioning, possibly due to high levels of dust and/or contaminants in the laboratory 

environment. 
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1. INTRODUCTION 

Potassium dihydrogen phosphate (KDP) and deuterated potassium dihydrogen phosphate (DKDP) are 
widely used to generate harmonics of laser frequencies. Systems employing these materials include small table-top 
commercial lasers and large lasers for inertial confinement research such as the National Ignition Facility (NIP) 
currently in production at LLNL. Researchers at LLNL and others have observed that KDP,its isomorphs, and other 
wide band-gap materials, limit usable beam tluences due to the occurrence of bulk damage. 1-6 Two classes of 
damage mechanisms have been studied to explain the resultant bulk damage in these materials. The first is the 
extensively studied breakdown of defect-free pure materials.7

,g The second involves studies in understanding 
chemical, structural, and/or mechanical defect contributions to the initiation and growth of laser induced damage. 
Currently, electric field enhancement and localized absorption have been identified as the most likely cause of the 
observed bulk damage.9

,10 Although the exact mechanism or mechanisms responsible for the observed bulk damage 
has not been identified, results have demonstrated that the bulk damage threshold ofKDP and DKDP crystals can be 
increased by a factor of 1.5 to 2 through Nd:YAG 355-run laser conditioning (i.e., a process of raising the damage 
threshold of a material by irradiating the material at sub~threshold fluences).1l,12 In addition, the excimer 308-nm 
effect on 1.064~Jlm operation ofKDP was explored by Gong et. aL, Boulder Damage Symposium, 1998. 13 
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To date, all NIF-scale (42-cm) DKDP crystals produced by both rapid and conventional growth techniques 
require laser conditioning to meet the obscuration specification of 0.1 % for operation at full fluence (8 J/cm2 

average, 351 nm, and 3 ns).14 While the crystals initially installed may be conditioned on-line by gradual increases 
in beam energy, subsequent crystals must be conditioned off-line to maximize the use of the National Ignition 
Facility. The most feasible approach is raster-scanning the triplers using a UV laser system. This work demonstrates 
that raster scanning with a frequency tripled Nd:YAG can increase the damage resistance ofKDP and DKDP so that 
the Sii (i.e., unconditioned damage test using the same fluence, n number of pulses at a single site) damage 
distribution moves to near the Rll (Le., conditioning damage test using a slow ramp fluence increase, n number of 
pulses at a single site but n not always the same for each site) damage probability distribution. As a means of 
reducing the scan time for a 42-cm NIF tripIer, we also investigated raster-conditioning using an excimer laser (308-
nm, 20-ns), The high output power and flat top spatial beam profile of such a system allow large spot sizes with the 
required fluences. An excimer laser system can thus reduce the time for raster scanning a 42-cm NIF size harmonic 
conversion crystal to within one day. 

2. EXPERIMENTAL SET-UP 

Figure 1 shows the 355-nm Zeus 1S raster damage test system layout. The laser source is a commercially 
available Spectra-Physics Nd:YAG operating at 10Hz with a 7.6·n5 temporal pulse-width. The energy is focused to 
a far-field diffraction limited spot size in the sample plane with a Rayleigh range that allows the entire thickness of 
the sample to be irradiated with a constant fluence. A CCD coupled with a Helium-Neon source act as a scattering 
diagnostic to detect the onset of bulk damage. Raster conditioning was accomplished by scanning the sample 
continuously in a horizontal direction from one end of the crystal to the other and then stepping vertically at the end 
of each scan as shown at the bottom right of Fig.1. During raster scanning. the successive laser pulses overlap 
spatially to achieve uniform conditioning over the entire crystaL For the Nd:Y AG tests (355-nm, 7.6-ns, I-mm FW 
at 1/e2

), the scan rate was set so that 20 laser shots overlap within 200-~m, which is the laser beam-width at 90% of 
the peak intensity. 
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Figure 1. Optical layout of the Nd:YAG laser conditioning system, which consists of a long focusing lens, diagnostics, 

and x-y raster scanning capabilities. The lower left shows the resultant YAG beam profiles with an approximately I-mm FW spot 

size at l/ez in the x and y axis. 

Figure 2 shows the 308-nm raster damage test system layout. The laser source here is a commercially 
available, high-average~power (120W) Lambda Physik excimer (XeCl), which can operate up to 100Hz with a 20-ns 
temporal pulse-width. The output laser beam is imaged through a homogenizer, that consists of a single array of 
cylindrical lenses. and is subsequently focused to achieve high laser fluences. Damage diagnostics were similar to 
the aforementioned Y AG system. The spatial beam profile at the sample is shown at the bottom left offig.2, and 
exhibits the flat top profile along the long axis (y) and a semi-gaussian profile along the short axis (x). The image 
blur length at focus is approximately 3-5-cm. In the raster scanning process, the sample was scanned continuously 



along the x-axis and then stepped along the y-axis at the end of each scan. The semi-gaussian beam cross-section in 
the scanning direction allows the utilization of the low fluence wings for ramping up the local fluence at a fixed 
sample site during raster scanning. The flat-top beam cross-section in the long axis allows rapid stepping 
perpendicular to the scanning direction. The flat top beam profile utilizes the total energy of the laser pulse most 
efficiently and yields the lowest scan times, since the degree of conditioning is mainly determined by the peak 
fluence of the laser pulse. The scanning speed was set so that the top 90% of the gaussian beam in the x-axis 
overlaps in 20 laser shots. With the spatial beam profile as shown in Fig. 2, the maximum fluence at the sample 
position is about 50 J/cm2 with a laser output energy of 360 mJ per pulse. Thus, it is feasible to use an excimer to 
scan a NIF-size DKDP crystal within one day. 
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Figure 2. The optical layout of the excimer laser conditioning system, which consists of a homogenizer, focusing lens, 

and raster scanning capabilities. The lower left shows the resultant excimer beam profiles as captured on a CCD. The long axis 

(y) exhibits a flat top beam profile while the short axis (x) is a quasi-gaussian. 

3. RESULTS 
3.1 Nd:YAG Scanning Results 

Figure 3 shows the laser-induced damage probability before and after raster conditioning using an Nd:YAG 

(355-nm,7.6-ns) laser system for z-cut crystal samples KDP 347 and KDP 214. These crystals were high damage 

threshold crystals, which represent goals for NIF production. It appears that the 8/1 (unconditioned) thresholds of 

both crystals are improved after laser raster scanning. The data suggests that by raster scanning with sub-damage 

threshold laser pulses, an increase of the laser damage resistance to the level of the ultimate conditioned threshold 

(Le. Rll threshold) is obtainable. It is also important to note that t!'te degree of improvement depends on the laser 

fluence used for the conditioning process. Figures 3(a) and 3(b) show the effect of different laser fluences for 
conditioning. Crystal 347 has been raster conditioned at 15 J/cm2 as indicated by the vertical bar in Fig. 3(a). Crystal 

214c, shown in fig. 3(b), has been raster conditioned with two successive fluences, 8 J/cm2 and 14 J/cm2
, as 

indicated by the two vertical bars that intersect its corresponding fluence scale on the x-axis of figure 3(b). The 

second fluence used for crystal214c is much closer to the low fluence tail of the Rlt curve than the fluence used for 

crystal 347 as seen in Fig. 3(a). In crystal 214c#2, the 811 threshold after raster conditioning is close to its measured 

Rll threshold. Meanwhile, only the low fluence tail of the SII curve is reduced after raster conditioning crystal 347. 
This may be because the final raster scan of crystal 214c was at a fluence close to the tail of its measured Rll curve. 
while the final and only scan of crystal 347 was still somewhat below the tail of its RlI measured curve. Thus, it 

appears that maximum conditioning requires the use of the highest possible laser fluence. However, conditioning is 

limited by the risk of laser damage, which is determined by the low fluence tail of the Rll damage probability curve. 



This result suggests that laser conditioning is a process that strongly relates to the mechanism of laser damage. We 
speculate that conditioning is a process of a local modification of crystal properties by local heating, which causes 
diffusion of absorbing defects (e.g., metal phosphate nano-particles) whose absorption is sufficiently high to cause 
damage. We believe that local laser irradiation facilitates the process of diffusion of such absorbing particles. A 
slight difference in laser fluence near the damage threshold will result in either diffusion (conditioning) or 
breakdown (damage) of the local absorbing materials. 
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Figure 3. a) Depicts how a one-step raster conditioning (15 J/cm2 as shown by the vertical bar) process can remove the low 
tluence tail of the SII curve for crystal 347. b) Shows how a two step raster conditioning process (8 and 14J/cm2 as shown by the 
vertical bars respectively) can improve the Sil threshold up to the tail of the RJ 1 curve of crystal 214c-2. 

Even though raster scanning at 355~nm has been successful in laser conditioning of KDP crystals. it is 
impractical to use a Nd:YAG laser to condition a 41x41-cm2

• We estimate that it will take about 41 days to 
condition a 40-cm crystal using a YAG laser with a 0.5 J per pulse at 10Hz to reach a laser fluence of 23 J/cm2 

(assuming that our to.5 scaling law is correct). 

3.2 Excimer Scanning Results 

Using the above mentioned excimer laser system at MicroLas Lasersystem, we laser conditioned six z-cut 
samples listed in Table 1. These samples were specifically chosen to cover a wide range of crystal parameters, 
enabling us to evaluate the effectiveness of conditioning large areas of potential NIF materials at the 308-nm 
wavelength. 

Table 1. Description of samples tested for laser conditioning using an excimer laser at 308 run. 

Sample ID Specification 

LL3 high threshold, (70% deuterated DKDP), conventional growth 

DKDP 586 high threshold, rapid growth DKDP 

LLI low threshold, (80% deuterated DKDP), conventional growth 

RG8A low threshold rapid growth DKDP sample from a large boule 

335 rapid growth DKDP sample from a small boule 
KDP214 rapid growth KDP sample from a clean salt (pyramidal cap) 



First, we experimentally determined the NIl (conditioned) damage threshold at 308-nm with a pulse width of 20 
ns. Given a clean area, we could ramp-up the flue nee in discrete steps to the limit of the laser's capabilities (-50 
J/cm2

, 20 ns) in all the test samples without bulk damage. Using the t°.5 temporal pulse width scaling, the damage 
threshold of 50 J/cm2 at 20 ns is equivalent to 32 J/cm2 at 7.6 ns, which is higher than the Rll damage probability at 
355 nm for those crystals. This result implies that either the laser damage threshold at 308 nm is higher than at 355 
nm, or that 308-nm radiation is better for conditioning than 355-nm. The first conclusion is unlikely since the 
damagethreshold typically decreases as the wavelength becomes shorter. We believe that 308-nm radiation might 
be more efficient for laser conditioning since 308 nm light is more highly absorbed by those defects. 

It was not possible to determine the Nil damage threshold at 308 nm over large areas because of frequent 
surface damage caused by surface contamination and/or dust particulates in the air. The observed damage correlated 
with visible dust particulates landing on the surface or other pre-existing surface contamination. Most of the samples 
used in these tests were either finished at a considerably earlier date, or had previously been damage tested. Due to 
the surface damage by contamination, every sample was raster scanned over an approximate area of 1.5 x 1.5 cm 
area with a fluence of - 14 J/cm2

, which corresponds to only one-third of the 20-ns damage threshold at clean spots. 

Figure 4 shows the results of an initial Nil test on sample 2l4c-3. The right axis in Fig. 4 corresponds to 
the initial Rfl curve given for sample 214. The left axis is showing each discreet fluence step increase (22 steps 
total, each bar represents 100 pulses 'at 100Hz) culminating in a final fluence of 50 J/cm2 using 308-nm, 20-ns. To 
illustrate how we can achieve an equal or greater conditioning effect at 308 nm than at 355 nm using an Nd;YAG 
system, the bars are plotted to the scaled 7.6~ns x-axis using t0 5 as the scaling law. 
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Figure 4. Initial demonstration ofN/! conditioning on KDP214c-3. Each grey bar represents an excimer Nil test (100 pulses at 
100Hz, 308 nm, 20 ns) and corresponds to the left axis which depicts the step number (Le., discreet increase in fluence ). The 
right axis depicts the % failure (i.e., Rli damage probability) and relates to the blue curve as tested previously at Livermore using 

an Nd:YAG system (355 run, 7.6 ns). The excimer fluence was scaled to 7.6 ns using to.5• 

Figure 5 shows how low-fluence 308-nm conditioning increases the Sil damage probability at 355 run for 

samples RG8A and LLI-51. RG8A (fig. Sea)~, was a valuable calibration sample due to its low R/I and Sil 
thresholds at 7.6 ns. Because of its poor damage quality~ we were able to obtain very prominent visible bulk damage 

with single pulses at 14 J/cm2 with the excimer laser. We then demonstrated the conditioning of crystal RG8A with 

an 8-step sequence culminating in the scanning fluence of 14 I/cm2 at a laser repetition rate of 10Hz. After raster 

conditioning the KDP crystal, the sample was refinished by diamond turning and laser damage tested at 355 nm, 7.6-
ns to detennine the SI1 damage threshold in unconditioned and raster-conditioned areas. Figure 5(a) shows that the 

SIl damage threshold in the 308-nm irradiated area occurs at higher fluences relative to the virgin area. As shown in 



Figure 5(b), sample LLI-51 also has a low SI1 damage threshold but with a long, low-fluence tail represented in its 
Ril damage probability curve (from LLI-53). This crystal was raster conditioned using a laser fluence of 14 J/cm2 at 

a 10Hz repetition rate. The SI1 damage probability after raster conditioning as seen in fig. 5(b) shifts to higher 
fluences relative to the unconditioned SI1 curve. Assuming that the Ril thresholds of LLI-51 and LLI-53 are the 
same, the damage after raster conditioning is still dominated by defects that cause the low fluence tail of the RJ1 
curve. It is notable that the low fluence foot of the Sil curve after 308-nm irradiation is higher than that of the RJl 
curve. Since we believe that RJl represents the ultimate conditioning by 355-nm laser pulses, this result suggests 
that raster conditioning using 308-nm light possibly might reduce the low fluence tail more efficiently than at 355 

nm. This observation needs to be explored further using a higher fluence at 308 nm for raster conditioning once the 

surface damage problem is overcome. 
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Figure S. a) The damage probability curves for Sil unconditioned (virgin), S/l 308·nm conditioned and, RJl for sample RG8A. 

The solid vertical bar represents the equivalent fluence used for conditioning and is scaled to 7.6-ns by t°.s.b) The Sii damage 

probability of crystal LLl-51 before and after excimer laser conditioning. The RJI damage threshold of LLI-53 is plotted for 

comparison. The solid vertical bar indicates the 308-nm fluence used for conditioning and is scaled to 7.6-n5 by t°.5. 

Crystals 335, LL3-51, and DKDP 586 evinced a different result from samples RG8A and LLI-51, as shown 
in figures 6(a), 6(b), and 6(c) respectively. All three samples were raster conditioned at 14 J/cm2 and all three 
samples appear to show a similar reduction of the low fluence tail of their SIl curves. For DKDP 586 as shown in 
fig. 6(c), an additional test was constructed in which five virgin sites were exposed to ten pulses of 308-nm at 
approximately 50 J/cm2

, resulting in three of the sites having large amounts of bulk damage. We then targeted six 
sites within the raster-conditioned area using ten pulses of 50 J/cm2 with no damage visible with our diagnostics. 
This demonstrates the conditioning effect of 308 nm, suggesting we may be able to: 1) condition at a much lower 
fluence, and 2) still achieve the desired results using 308 nm. 
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Figure 6. a) The S/1 damage probability of crystal 335 before and after excimer laser irradiation. b) The SII damage probability 

of crystal LL3-51 before and after excimer laser irradiation. c) The SIl damage probability of crystal I?KDP 586 before and 

after excimer laser irradiation. The red bar in all three plots indicates the 308-nm fluence used for conditioning and is scaled to 
7.6 ns by to.s. 



Finally, a comparison between Nd:YAG laser conditioning and excimer conditioning can be seen by the 
results ofKDP 214 as shown in fig. 7. This sample was the first rapidly grown high damage threshold crystal grown 
at LLNL using continuous filtration and high purity starting material from a pyramidal cap. Figure 7 shows the 
unconditioned, and 308-nm and 355~nm raster-conditioned SI1 threshold material for two different samples from the 
same boule. Even though the two unconditioned Sil damage curves have a shift for which the cause is currently 
unknown, the relative increase of the SI1 curve after laser conditioning by 308 nm and 355 nm is almost the same in 
both cases. 
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Figure 7. The SIl damage probability curve of two samples from KDP 214 boule. KDP 214c-2 was raster conditioned with an 

Nd:YAG laser at 355 run and KDP 214c-3 was conditioned with an XeCl excimer laser at 308 nm. The relative fluence shift due 

to conditioning is about the same, but the 308-nm fluence used for conditioning is relatively low. 

4. CONCLUSION. 
This work demonstrates for the first time that using a table-top Nd:YAG laser, we can raster-condition KDP 

and DKDP crystals resulting in an improvement in their SI1 damage probability distribution. In addition, this is the 
first experimental demonstration of laser conditioning DKDP and KDP crystals using an excimer laser source. The 
crystals can be treated at high fluence levels at single sites with a 308-run laser without noticeable bulk damage. It 
has been shown to be effective at conditioning even with the fluence set at 30% of the damage threshold at 308 nm. 
Laser damage tests with 355 run on most of the excimer laser treated crystals demonstrates the effect of conditioning 
on the S/l threshold at 355 nm. The high average power and flat top beam profile makes it possible to laser 
condition a 42-cm crystal within a day. Additional tests are.planned to further quantifY the excimer conditioning and 
surface damage effects on state-of-the-art, large-boule rapid and conventional growth crystals. 
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