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Laser-induced modification at 355 nm of deuterated potassium dihydrogen phosphate (DKDP) crystals follow-
ing exposure to nanosecond (ns) and sub-ns laser irradiation is investigated in order to probe the absorption
mechanism in damage initiation. Laser damage resistance is greatly improved by sub-ns laser conditioning,
whereas only a little improvement occurred after ns laser conditioning at the same laser fluence. Moreover, scat-
tering and transmittance variations after the two types of laser conditioning indicate similar reduction of linear
absorption. However, by contrast, large differences on nonlinear absorption modification are discovered using
Z-scan measurement. This characteristic absorption modification by laser irradiation provides evidence that a
nonlinear absorption mechanism plays a key role in damage initiation at 355 nm.
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The effort to understand the underlying physical process
involved in damage initiation in potassium dihydrogen
phosphate (KDP) and its deuterated analog (DKDP)
for large-aperture, high-power laser systems has lasted
for more than half a century[1–5]. A localized absorption
of laser energy by absorbing defects (called as precursors)
is widely recognized as a major reason for laser-induced
damage (LID)[5–8]. However, the absorption mechanism
for damage initiation is not consistent. Several studies
showed that macroscopic absorption depends linearly
on the pump beam fluence, and absorption decreased
after laser irradiation; whereas, they also observed a
weak correlation between linear absorption and the
LID in crystals[6,9]. On the other hand, Carr et al. ob-
served sharp steps in the damage threshold of DKDP
crystal and proposed a defect assisted multistep/photon
absorption in crystals[10]. Preliminary models proposed
that extrinsic defects, such as impurities and inclusions,
act as gray bodies, absorbing a fraction of incident radi-
ation linearly[7,11,12]. More recently, Liao et al. developed a
self-consistent empirical model to predict the damage
behavior after laser irradiation by assuming including
two populations of absorbing defects, one with linear ab-
sorption and another with nonlinear absorption[13,14].
However, few literatures have been reported on the non-
linear absorption modification in DKDP crystals. Our
previous works revealed that a kind of absorption defects
existed, and linear absorption could be mitigated by laser
conditioning[15,16]. More investigations are required to

confirm the nonlinear absorption modification in DKDP
crystals.

In this Letter, laser-induced modification at 355 nm by
nanosecond (ns) and sub-ns lasers is studied. Specifically,
laser damage performance of pristine (prior to irradiation)
and laser conditioned DKDP crystals are compared. Scat-
tering and transmittance variations by laser conditioning
are observed with low energy light illumination. Moreover,
a single beam Z-scan technique is used to investigate the
nonlinear absorption variation. The objective of this work
is to provide insight into the nonlinear absorption affect-
ing the ns laser damage performance. The DKDP samples
used in this study were 70% deuterated and cut in a Type
II third harmonic generation (THG) orientation from con-
ventionally grown DKDP boules to 50 mm × 50 mm×
10 mm size plates and polished to optical quality on all
sides. Moreover, the samples used in the Z-scan measure-
ment were thinned to about 5 mm to make them suitable
for testing.

The samples were pre-exposed using two laser sources,
all operating at 355 nm but with different pulse lengths
and beam sizes. One was a tripled laser using a master-
oscillator power amplifier (MOPA) operating at 10 Hz
with a pulse duration of approximately 0.85 ns (full width
at half-maximum, FWHM) labeled sub-ns laser, and the
other was a commercial tripled neodymium-doped yttrium
aluminum garnet (Nd:YAG) laser operating at 10 Hz with
about 7.6 ns (FWHM) Gaussian pulses labeled ns laser.
The diameter (1/e) of the sub-ns laser spot on the samples
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was about 0.39 mm. A raster scan was performed at a flu-
ence of 1 J∕cm2. The distance between the centers of the
nearby beam spots was set at 0.10 mm, which was deter-
mined from the 90%-of-peak-fluence beam diameter to en-
sure that each space over the entire crystal bulk can be
uniformly irradiated at high energy. The ns laser had a
1/e full width of about 0.90 mm on the samples. A raster
scan was also performed at a fluence of 1 J∕cm2, and the
distance between the centers of the nearby beam spots was
set at 0.25 mm. Therefore, three kinds (pristine, ns laser
conditioned, and sub-ns laser conditioned) of samples were
prepared.
The damage testing at 355 nm was performed using the

ns laser. The damage sites were illuminated with a He–Ne
laser, which was collinear with the damage beam, and the
image of the bulk damage region was captured orthogo-
nally to the direction of laser propagation by a CCD cam-
era through the side of the sample. The LID thresholds
(LIDTs) were measured using a one-on-one testing pro-
cedure. The LIDT was defined as the maximum fluence
without damage occurring, and 10 sites were tested.
The total error of the damage probability was about 15%.
The scattering and transmittance variation by laser pre

-exposed (or conditioning) were measured by the systems
described in detail in Ref. [15]. The variation in scattering
was obtained by comparing the images captured before
and after laser irradiation. In the transmittance measure-
ment, a 355 nm continuous-wavelength laser was split into
a detection beam and a reference beam, and the power of
the detection beam was approximately 1 mW.
The nonlinear optical properties of the pristine and

laser conditioned samples were investigated using an
open-aperture Z-scan system[17–19]. Total transmittance
through the samples as a function of the incident intensity
was measured, while the samples were gradually moved
through the focus of a lens along the z axis. All experi-
ments were performed using 340 fs pulses from a mode-
locked fiber laser at 515 nm (2.41 eV) with the repetition
rate of 1 kHz. The laser beam was tightly focused through
a lens with a focal length of 15 cm. The laser beam waist
radius at the focus was estimated to be ∼18.5 μm, and the
pulse energy reaching the sample was ∼400 nJ.
The results of the one-on-one damage tests at 355 nm on

three kinds of samples are shown in Fig. 1. Overall, the

damage probability curve of the sub-ns laser conditioned
material shifts noticeably to higher fluence, and only small
improvements occur after ns laser conditioning compared
to that of the pristine material. Moreover, the LIDT of the
pristine and ns laser conditioned material is ∼4.0 J∕cm2,
whereas it is ∼6.4 J∕cm2 in the sub-ns laser conditioned
sample, which is a 1.6 times improvement in the LIDT
after sub-ns laser conditioning. Therefore, it can be
concluded that laser conditioning with sub-ns pulses
can dramatically improve damage resistance, even if the
conditioning fluence was as low as 1 J∕cm2.

These results indicate that the distribution of precursor
defects in crystals is modified via the laser conditioning
process. As shown in Table 1, most of scattering defects
disappeared after ns and sub-ns laser conditioning in these
samples. Moreover, the transmittance increases about
4.23 × 10−3 after sub-ns laser conditioning. As mentioned
in Ref. [15], relative to absorption, scattering has a very
low contribution in transmittance variation; therefore,
the transmittance increase is mainly due to the decrease
in absorption. Furthermore, the power of the detection la-
ser is so low that the decrease in absorption is referred to as
a linear absorption property. Thus, the decrease in absorp-
tion by sub-ns laser conditioning is about 4.23 × 10−3, and
it seems that the linear absorption decrease could be the
reason for the noteworthy improvement in the laser dam-
age resistance after sub-ns laser conditioning. However, a
transmittance increase of about 4.38 × 10−3 and only a
small improvement in the laser damage resistance after
ns laser conditioning (shown in Fig. 1) are also observed.
These results imply that another type of absorption, such
as nonlinear absorption mentioned in Refs. [10,14], is more
likely to contribute to the enhancement in the laser dam-
age resistance.

To gain more insight into the laser-induced modifica-
tion of the laser–matter interactions, we performed
open-aperture Z-scan measurements on these three series
of samples with the intention of calculating their nonlinear
absorption coefficients. The curve exhibits a normalized
transmittance valley, indicating the occurrence of induced
absorption in the samples, as shown in Fig. 2. The non-
linear transmittance of pristine, ns laser, and sub-ns
laser conditioned materials at peak intensity were
∼70.5%, ∼71.3%, and ∼77.6%, respectively. It indicated
that nonlinear absorption was reduced by sub-ns laser
conditioning.

Fig. 1. One-on-one damage probability curves of three kinds of
samples.

Table 1. Transmittance Increase and Scattering Defects
Decrease by Two Types of Laser Conditioning Procedures

Procedure
Scattering

Decrease (%)
Transmittance
Increase (%)

Sub-ns laser
conditioning

86.25 0.423

ns laser
conditioning

81.91 0.438
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The photon energy of the excitation laser is ∼2.41 eV,
and the band gap value of DKDP crystals is estimated to
be close to 7.8 eV ð>3 × 2.41 eVÞ[3,5,10]. Thus, the obtained
nonlinear behaviors are numerically confirmed to be due
to four-photon absorption (4PA) by fitting the data to the
appropriate nonlinear transmission equation[20,21],

T4PAðzÞ ¼
R
∞
−∞

R
∞
0 2π I ðr;z;tÞ expð−α0LÞð1−RÞ

½1þ3γLeffI 3ðr;z;tÞ�1∕3 rdrdt

expð−α0LÞð1− RÞ R∞
−∞

R
∞
0 2πI ðr; z; tÞrdrdt ;

(1)

where the intensity in the samples is written as

I ðr; z; tÞ ¼ I 0ð1− RÞ expð−t2Þ
1þ z2∕z20

exp
�

−2r2

ω2
0ð1þ z2∕z20Þ

�
; (2)

where I 0 is the on-axis peak intensity at the focus; z is the
sample position with respect to the focal point of the fo-
cused beam; ω0, λ, and z0 ¼ πω2

0∕λ are the waist radius,
wavelength, and the diffraction length of the Gaussian
beam, respectively. R is the surface reflectivity, γ is the
effective 4PA coefficient, α0 is the linear absorption coef-
ficient, and Leff ¼ ½1− expð−3α0LÞ�∕ð3α0Þ is the samples’
effective thickness. The best fit values (γ) with a coeffi-
cient of determination of above 0.96 are shown in Table 2.
Furthermore, absorption is usually quantified by an ab-

sorption cross-section σ, which has units of area. The 4PA
cross-section (σ4) of the materials was calculated by
σ4 ¼ ½ðhυÞ3γ�∕N 0; where hυ is the incident photon energy
(2.41 eV), and N 0 is the concentration of absorbing
species/centimeter cubed (cm3). The density of valence
electrons induced by point defects is assumed to
be 5 × 1019 cm−3[3,5]. The 4PA cross-section of the pristine
material is about ð5.62� 1.14Þ× 10−108 cm8·s3. The

obtained 4PA cross-section is far larger than the represen-
tative value in wide band gap ideal materials, which is
on the order of 1 × 10−114 cm8·s3[10]. It confirms that
the crystal is not ideal material, and intra-band defect
states are present in crystals. Moreover, the value of non-
linear absorption coefficient reduces a little after ns laser
conditioning, while almost halves to ð2.53� 0.98Þ×
10−6 cm5∕GW3 after sub-ns laser conditioning. These re-
sults reveal that the nonlinear absorption is remarkably
mitigated by sub-ns laser conditioning at 355 nm.

Owing to significant advancements in the growth qual-
ity, some kinds of defect structures created (rather than
foreign particles incorporated) during growth have been
postulated to be the key ingredients that make up the pre-
cursor[3,5,22]. The key feature of the crystal structure of
DKDP is covalently bonded molecular PO4 units linked
by a network of relatively weak hydrogen O–H(D)–O
bonds. The defects formed are essentially connected
with the proton transport within the hydrogen bond net-
work[23,24]. The existence of various atomic defects is also
identified with electron paramagnetic resonance (EPR)
spectroscopy[5,10]. Moreover, density functional theory cal-
culations have demonstrated that defects of some species
create one state in the band gap of crystals, such as inter-
stitial hydrogen in its neutral state, leading to electronic
states in the band gap that can be associated with absorp-
tion at low photon energies, whereas some can provide two
states[5,24–26]. Some experimental results are obtained with
the pump probe method, which is always used in investi-
gating the relaxation dynamics of materials[23,27–30], also
suggesting the presence of defect states located in the band
gap[23,29]. Thus, clusters of atomic intrinsic defects, such as
hydrogen or oxygen atoms as interstitial atoms or vacan-
cies, could be responsible for the linear and/or nonlinear
absorption mechanism in crystals; absorption modifica-
tion by laser irradiation is associated with alterations in
the defect properties[5,11,15,22,31,32].

Within the long-accepted linear absorption model, laser
conditioning is proposed to take place with a significant
temperature rise because of heating effects. On one hand,
this may result in a phase transition in the vicinity of the
precursor defect, and subsequent rearrangements of the
crystalline lattice that remove the defect and absorption
efficiency vanishes during the cooling process[7,11]. On the
other hand, this could bring about thermally activated
migration and decreases in absorption by decreasing the
number of absorbing defects through a recombination
process during their migration[7]. However, our laser dam-
age testing results have suggested that linear absorption
is not the main mechanism responsible for damage initia-
tion at 355 nm, which is in agreement with previous
reports[5,22,33].

There is a possible explanation for this phenomenon.
Besides the heating process for conditioning of precursors,
the other pathway is an electronic process. There are great
differences in the formation energy among different elec-
tronic defects[26]. In addition, not all of these defects are
stable at room temperature[5]. The appearance probability

Fig. 2. Typical Z-scan curves for three kinds of samples. The
dotted lines represent the theoretical fitting. The dots represent
experimental data.

Table 2. 4PA Coefficients of the Three Types of Samples

Sample γ ð10−6 cm5∕GW3Þ
Pristine 4.90� 0.99

ns laser conditioned 4.81� 1.37

Sub-ns laser conditioned 2.53� 0.98
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of the clusters of defects responsible for linear absorption
may be far lower than that related to nonlinear absorption
at room temperature.
In the case of multi-photon ionization assisted by defect

states, states located in the band gap can offer a ladder for
ground state electrons to make a transition to the conduc-
tion band and enhance electron transition probabilities
to result in premature breakdown and damage[34]. These
imply that a defect assisted multi-photon process works
in the abovementioned 4PA process at 515 nm. Further-
more, the atomic defect clusters, which induce states in
the band gap, may be unstable due to over absorption
of the laser energy[9]. The breaking apart of defect clusters
via sub-damage threshold laser irradiation is positively
related to incident intensity. The laser intensity of the
sub-ns laser is about eight times larger than that of the
ns laser at a fluence of 1 J∕cm2. Thus, sub-ns laser irradi-
ation is more effective in breaking defect clusters. The den-
sity of defect clusters relating to intra-band states can be
significantly reduced by sub-ns laser pre-exposing. There-
fore, the nonlinear absorption coefficient can be smaller by
sub-ns laser conditioning at 355 nm, as shown in Table 2.
Besides that, the precursor defects require a higher ns laser
energy density to induce damage after laser irradiation at
355 nm (shown in Fig. 1). Therefore, the nonlinear absorp-
tion plays a key role in laser damage initiation, and the
nonlinear absorption could be reduced by laser irradiation.
In conclusion, laser-induced modification at 355 nm in

DKDP crystals was present in this Letter. The laser dam-
age resistance of crystals was greatly improved by sub-ns
laser conditioning. Furthermore, corresponding absorp-
tion (both linear and nonlinear) modification by laser ir-
radiation was also demonstrated. It was proposed that,
relative to linear absorption, the nonlinear absorption
may play a key role in laser damage initiation. This study
can provide additional insight in understanding absorp-
tion mechanisms in damage initiation.

This work was supported by the National Natural Sci-
ence Foundation of China (Nos. 61405219 and 11304328).
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