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Abstract: Nonlinear optical absorption effect in KDP and 70%-DKDP crystals, which were grown by
the conventional temperature cooling method, was systematically studied using picosecond pulse
laser excitation. Using open aperture Z-scan measurements, the dependence of nonlinear absorption
effect on sample orientations (I, II, and z) as well as laser intensity was systematically measured
at A = 1064 and 532 nm. According to the experimental results, the nonlinear absorption effect at
A =532 nm was confirmed, while at A = 1064 nm no nonlinear absorption was observed for KDP and
70%-DKDP crystals. In addition, the optical absorption along I- and II-type affected by laser intensity
was larger than that along the z-direction. The important nonlinear absorption coefficients § and ng’)
(esu) measured along different orientations were exhibited in detail at wavelengths of 1064 nm and
532 nm. The results indicate that nonlinear absorption coefficients increase first and then decrease
with the increment of laser intensity for KDP and 70%-DKDP crystals.
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1. Introduction

KH,PO4 (KDP) and KD,_,H,PO,4 (DKDP) crystals, a kind of nonlinear optical material, find
wide application as optical-electric conversion devices and multiple frequency converters [1-4]. They
have wide applications in high-power laser systems, especially the Inertial Confinement Fusion
system (ICF) [5,6]. However, laser-induced damage, which results from the interaction of laser pulses
with KDP or DKDP crystals, may be produced, which then decreases laser conversion efficiency.
This has become a main drawback in limiting the applications of KDP and DKDP crystals [7,8]. As is
well known, laser-induced damage usually initiates the absorption of laser energy. In the process,
self-focusing, self-phase, or cross-phase modulation (XPM) and nonlinear optical absorption effects
may be induced [9-11]. In particular, nonlinear optical absorption is a main factor in decreasing
the efficiency of harmonic generation, and can even lead to photoionization and electron avalanche
breakdown. However, nonlinear optical absorption that has been correlated with laser intensity,
laser wavelength, or crystal orientation has not yet been characterized in detail. Clearly, a better
understanding of nonlinear optical absorption properties is essential.
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Based on spatial distortion and the relationship between transmitted light and energy transfer
up-conversion, the Z-scan method is an effective way to determine nonlinear absorption behaviors
(both saturable and reverse saturated absorption) [12-15]. Moreover, the nonlinear absorption
coefficient (), one of the most important nonlinear optical parameters, can be calculated from
the measured results. In this work, taking advantage of the Z-scan method, nonlinear absorption
characteristics of KDP and DKDP (with 70% deuterium) crystals were measured under picosecond
laser pulse irradiation. The corresponding nonlinear absorption coefficient 8 along different crystal
orientations were also determined. Furthermore, the dependence of nonlinear absorption effect on
laser wavelength (A = 1064 and 532 nm), irradiation intensity, and crystal orientation is discussed.

2. Experimental

KDP and DKDP (with 70% deuterium) crystals were grown using the conventional growth
method with a z-axis seed, as shown in Figure 1. On the basis of the schematic diagram plotted in
Figure 2a, samples of z-cut, I- and II-type were obtained from the as-grown crystals. All samples were
cut to the dimensions of 10 mm x 10 mm X 1.5 (thickness) mm and underwent double-sided polishing,
as shown in the inset of Figure 2a.
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Figure 1. Photographs of the as-grown KDP and 70%-DKDP crystals.
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Figure 2. (a) Cutting schematic diagram of samples with different directions; (b) The mechanism
diagram for KDP/DKDP crystals in Inertial Confinement Nuclear Fusion (ICF).
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As shown in Figure 2b [5,6], large-scale KDP and DKDP crystals are placed in ICF systems,
particularly II-type and I-type oriented samples, to be used as frequency conversion devices.
In the present experiment, nonlinear absorption properties were explored by the Z-scan technique.
The schematic diagram of an open-aperture Z-scan is depicted in Figure 3 [12]. During the
measurement, the sample was transferred from +z to —z, and then the data was collected by Detector 1
and Detector 2, which represent the reference light and measuring optical path, respectively.

Beam splitter

o —h—

Attenuator Detector 1

Lens <o

Detector 2

Figure 3. Schematic diagram of an open-aperture Z-scan.

In principle, the dependence of laser intensity on sample position can be monitored by a computer
in real time. Through data analysis, the nonlinear absorption information for KDP and DKDP crystals
can be easily acquired. A mode-locked Nd:YAG laser with a wavelength of 1064 nm was used as
the laser source (pulse duration of 40 ps and repetition rate of 10 Hz). The frequency doubled laser
emission at A = 532 nm, with a pulse width of 30 ps was generated by a high-quality KTP crystal, with
a lens focal length of about 30 cm. Using open-aperture Z-scan measurements [16,17], the nonlinear
absorption characteristics at A = 1064 nm and 532 nm were investigated in detail. For each sample,
several experiments were carried out by changing the sample location to ensure the existence and
accuracy of the nonlinear absorption effect.

3. Results

3.1. Nonlinear Absorption Characteristics of KDP and 70%-DKDP Crystals at A = 1064 nm

Figure 4 shows the normalized transmittance curves of KDP and 70%-DKDP obtained by
an open-aperture Z-scan. The results with different laser power intensities were derived from
measurements on the Il-type, and revealed the features in common with z-cut and I-type samples
at A = 1064 nm. The dashed line represents the experimental data and the red solid line is the fitted
results using Equations (1) and (2) [18,19]:

—BIoL.f "
i (1+22/23)
m=0 m + l (m+173?

)

Lesr = [1 —exp(—aoL)]/ag 2

where Leg, L, Ip and g are the effective thickness, thickness, peak intensity, and linear absorption
coefficient, respectively. zg = w2/ A is the diffraction length of the focused beam, A is the wavelength
of the beam and z is the sample position. From the results in Figure 4, it is clear that theoretical
results agree well with the experimental data for KDP and 70%-DKDP crystals. The horizontal line
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of the Z-scan results indicates no obvious nonlinear response under the given conditions. Moreover,
the measurements with different intensities below Iy = 94 GW/cm? yield similar conclusions. In other
words, for Iy less than 94 GW /cm?, no obvious nonlinear absorption effect is detected in KDP and
70%-DKDP crystals at A = 1064 nm.
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Figure 4. At A = 1064 nm, open aperture Z-scan data and fitted curves of II-type for KDP and 70%-DKDP
crystals under different laser intensities: (a) KDP under 41 GW/ cm?, (b) DKDP under 41 GW/ cm?,
(c) KDP under 94 GW /cm?, (d) DKDP under 94 GW /cm?.

3.2. Nonlinear Absorption Characteristics of KDP Crystal at A = 532 nm

At 532 nm, the normalized transmittance curves under the open aperture Z-scan are displayed
for KDP crystal in Figure 5. From the figure, an obvious characteristic resembling a sharp valley at the
focal point is evident, indicating the existence of a nonlinear absorption response. More importantly,
a dependence of nonlinear absorption characteristics on orientation and laser intensities is displayed.
Apparently, nonlinear absorption produced by picosecond laser irradiation exhibits a significant
difference with different orientation. Compared to the I- and II-type orientations, nonlinear absorption
along the z-direction occurs at a lower laser intensity. To a certain degree, this phenomenon verifies
the anisotropic nature of nonlinear absorption, and reflects the intrinsic properties of KDP crystal.
For each sample along the z-cut, I- or II-type, an additional feature is that the amplitude of the valley
at the focus point becomes larger with the enhancement of the laser intensity.
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Figure 5. Open aperture Z-scan data and fitted curves for KDP samples with different intensities at A =
532 nm: (a) z-direction, (b) I-type, (c) II-type.

The dotted and solid lines in Figure 5 respectively represent the measured data and the fitted
results given by Equation (1). The fitted results are quite consistent with the experimental data. From
the fitted results and Equation (2), the corresponding nonlinear absorption coefficients § are calculated
and summarized in Table 1. The imaginary part XEB) of the third-order susceptibility, which is correlated

with the nonlinear absorption coefficient j, is calculated using the following formulas [16,18,20]:
Ay = BloLesf/2 ®G)

X§3) (esu) = c*n3p/240*w (m/W) 4)

where ny is the linear index of refraction and w is the optical frequency. Thus, the corresponding
results on )(53) (esu) in different orientations are shown in Table 1. Based on the measured graphical
and calculated values, the relationship between the nonlinear absorption effect and the orientation
and intensity was acquired in detail for KDP crystal. In contrast to I- and IlI-type, the nonlinear
absorption coefficient 8 along the z-cut is determined to be in the range from 1.75 x 10719 cm/W to
3.30 x 1019 cm /W, while the corresponding values along I- and II-type range from 1.46 x 10719 cm/W
to 1.61 x 1071 cm/W and 1.49 x 1013 esu to 2.01 x 102 esu, respectively. For the z-direction,
an obviously characteristic is shown; as the laser intensities increase, the nonlinear absorption
coefficient § decreases with the increasing absorption degree. For I-type and II-type, the values of
increase during the process of enhancing the laser irritation to a certain extent, but then the absorption
coefficients decrease as the laser intensity increases further. This implies that a close dependency is
displayed between the absorption coefficient and light intensity. In addition, the values along I- and
II-type change significantly under the higher laser power intensity, compared to previous studies [21].
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This means that nonlinear absorption, including the two-photon and even multi-photon effect, may be
induced initially. From the results analysis, the value along the z-direction is greater than that along
I- and II-type, and the I-type has a somewhat smaller value than II-type. Consequently, a KDP sample
along the z-cut is apt to generate nonlinear absorption under the same conditions. Damage caused
by nonlinear absorption is more likely to occur for the z-direction. From this perspective, it is also
demonstrated that I-type or II-type KDP samples are more suitable for applications in high-power
systems as frequency conversion devices [22].

Table 1. Calculated results of nonlinear absorption parameters for KDP crystals at A = 532 nm.

KDP
Crystal and Laser Power 7z 1 I
; 2
Density (GW/cm*?)
2948 4832 7329 6339 7298 90.10 41.77 54.87 84.35
B (10710 cm/W) 3.30 2.53 1.75 1.46 1.61 1.47 1.98 2.01 1.49
X7 (10713 esu) 495 379 263 219 241 220 297 301 224

3.3. Nonlinear Absorption Characteristics of 70%-DKDP Crystal at A = 532 nm

The open aperture Z-scan results on 70%-DKDP at different intensities and orientations are
perspicuously illustrated in Figure 6, which closely resembles the KDP results. Under lower intensity
laser irradiation, the horizontal lines reveal that there is no nonlinear absorption at 532 nm. At the
appropriate radiation intensity for different samples, nonlinear absorption can be produced and a
valley-like dip appears in the normalized transmittance. According to the results, the laser intensity
necessary to produce the nonlinear absorption effect along the z-direction is significantly smaller than
that required for the I- and II-type, but there is no obvious rule correlation displayed between them.
Any such correlation is mainly due to the essence of crystal anisotropy.
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Figure 6. Open aperture Z-scan data and fitted curves for 70%-DKDP samples with different intensities
at A = 532 nm: (a) z-direction, (b) I-type, (c) II-type.
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Upon analyzing Figures 5 and 6, the generation of nonlinear absorption for 70%-DKDP seems
to be easier than KDP crystal. Similarly, the corresponding values of A are obtained from the
fitted results by using Equation (1). Through Equations (3) and (4), nonlinear parameters including
B and X§3) (esu) were calculated, and are listed in Table 2. It is clear to see that the values of § along
the I, IT and z-direction vary from 1.62 x 1071 cm/W to 2.20 x 1071 cm/W, 1.47 x 10719 em/W
to 2.25 x 10719 cm/W, and 1.83 x 1071 em/W to 3.80 x 107! cm/W, respectively. Similar to
KDP crystal, the parameters including § and x§3) (esu) of 70%-DKDP exhibit significant differences
at different orientations due to the anisotropic nature of the crystal. The nonlinear absorption
coefficient along the z-direction is larger than that along I- and II-type, while the value along the I-type
displays a comparatively smaller value among the samples. Also, the nonlinear absorption coefficient
along I- and Il-type increases first and then decreases with the increment of laser intensity [21].
In addition, nonlinear absorption for 70%-DKDP seems to be somewhat greater than the same category
in KDP crystal.

Table 2. Calculated results of nonlinear absorption parameters for 70%-DKDP crystal at A = 532 nm.

70%-DKDP
Crystal and Laser Power 7 I I
Density (GW/cm?)
23.76 36.45 73.72 41.76 55.69 81.89 46.68 54.87 85.99
B (10710 cm/W) 3.80 3.03 1.83 192 220 1.62 2.25 2.10 1.47
7(§3) (10~ 13 esu) 5.69 455 2.74 287 329 243 337 314 220

3.4. Discussion

From the above results, one of the remarkable features is that the nonlinear absorption effects
in KDP and 70%-DKDP crystals are clearly exhibited at A = 532 nm, whereas there is no nonlinear
absorption at A = 1064 nm for a laser intensity less than 94 GW/cm?. This result reveals that the
nonlinear absorption effects in KDP and 70%-DKDP crystals are correlated with the laser wavelength.
For nonlinear optical crystals, the existence of nonlinear absorption may substantially decrease the
frequency conversion efficiency, and even lead to internal damage at 532 nm [22].

Another determination is that nonlinear absorption in these crystals is affected by crystal
orientations, indicating that crystal structure plays a decisive role in the nonlinear absorption effect,
especially the configuration of H,PO4~ and D,PO,4~ groups. In addition, I- and II-type with lower
nonlinear absorption effects are more specifically suited to applications as frequency conversion
devices, with higher frequency conversion efficiency and less crystal damage [22]. It is proposed that
the crystal structure is responsible for the variation of the nonlinear absorption effect, including the
nonlinear optical parameters g and xgcﬂ (esu).

In addition, laser intensity may be a crucial factor affecting nonlinear absorption in KDP and
70%-DKDP crystals, especially at 532 nm. No nonlinear absorption effect in samples of I- and II-type
was observed in the laser intensity range from about 20.48 to 25.06 GW/cm?, and in the z-directions
over the range from about 10.65 to 12.29 GW /cm?. However, all of the samples produce a marked
nonlinear absorption effect when laser intensity reached a particular threshold intensity along the
respective direction. This indicates that the generation of nonlinear absorption is closely related to
the laser intensity. In particularly, nonlinear absorption in all the samples significantly increased
with an increase in laser intensity. This phenomenon also indicates that crystal damage originating
from nonlinear absorption, which can decrease the utilization efficiency of these crystals as optical
components, may be enhanced as the laser intensity increases. In addition, the results imply that
nonlinear absorption coefficients decrease when the laser intensity exceeds a critical value. Because
of the complexity of nonlinear effects in high-power laser systems, this may be associated with the
crystalline essence.
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The calculated results illustrate that there exist certain differences in the nonlinear absorption
coefficients between KDP and 70%-DKDP crystals. In comparison to KDP crystal, the nonlinear
absorption coefficients of 70%-DKDP show a slight tendency to be greater. This variation may be
associated with the generation of D-O bonds. In the process of DKDP growth, H-O bonds are
gradually replaced by D-O bonds with a relatively weaker bonding force [21,23-25]. Through the
above analysis, HyPO;~ and (DxH;_4),PO4~ groups play a crucial role in nonlinear absorption
for KDP and 70%-DKDP. More importantly, the resulting parameters of  and 7(53) (esu) have
extremely favorable values. In contrast to previous results, such as dye-doped KDP (B = 141 cm/GW),
KDP at A = 216 nm (8 = 6.0 & 0.5 x 107! cm/W), and L-lysine doped NH;H,PO4 (ADP)
(B=4.063 x 107% cm/W) [16,26,27], a lower nonlinear absorption coefficient is displayed for pure KDP
and 70%-DKDP crystals, especially I- and II-type. This means that I- and II-type crystals with a higher
utilization efficiency can be applied as frequency conversion devices, while those with the z-direction
with no nonlinear absorption at A = 1064 nm and larger values at A = 532 nm are more suited to be
employed as optical switch devices. In summary;, it is clear that all these results provide significant
guidance to the applications of KDP and 70%-DKDP crystals, particularly in high-power laser systems.

4. Conclusions

To sum up, the nonlinear absorption characteristics of KDP and 70%-DKDP crystals with different
orientations and varying laser intensities have been systematically analyzed at A = 1064 and 532 nm.
The results indicate that nonlinear absorption is not observed at A = 1064 nm, but the phenomenon
is very widespread at A = 532 nm. Sample orientations and laser intensity are demonstrated to be
essential factors in determining absorptive ability. In contrast to I- and II-type, z-directions for KDP
and 70%-DKDP crystals show a relatively larger optical absorption. This means that I- and Il-type
samples, when used as frequency conversion devices, are more specifically suited to applications
in high-power laser systems. The nonlinear absorption coefficients of KDP and 70%-DKDP range
from 1.46 x 107'% em/W to 3.30 x 107! cm/W and 1.47 x 107'% em/W to 3.80 x 107'% em/W,
respectively. A common feature is that nonlinear absorption coefficients increase first and then
decrease with the increment of laser intensity for KDP and 70%-DKDP crystals. The characteristics of
the nonlinear absorption effect and the calculated nonlinear optical parameters are extremely important
in considering KDP and 70%-DKDP applications.

Acknowledgments: This work was supported by National Natural Science Foundation of China (No. 51321062
and 51602174) and Natural Science Foundation of Shandong Province (No. ZR2016EMQ04).

Author Contributions: Duanliang Wang and Shenglai Wang conceived and designed the experiments;
Duanliang Wang wrote the paper; Jiyang Wang and Chuanying Shen contributed in the analysis of data and
revision of the paper; Duanliang Wang, Weidong Li, Pingping Huang and Hui Liu performed the experiments
and discussed the results; Robert I. Boughton contributed in revision of the paper including English and physics.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, B, Yin, X,; Sun, X;; Xu, M.; Ji, S.; Xu, X.; Zhang, ]. Growth and electro-elastic properties of K(Hj_xDx)2POy4
single crystals. J. Appl. Cryst. 2012, 45, 439-443. [CrossRef]

2. Li, T.L.; Zhao, X.H.; Zheng, Y.L.; Chen, X.F. Conical second harmonic generation in KDP crystal assisted by
optical elastic scattering. Opt. Express 2015, 23, 23827-23833. [CrossRef] [PubMed]

3.  Sharma, SK.; Verma, S.; Singh, Y.; Bartwal, K.S. Growth technique to increase the device purpose yield of
a KDP crystal and assessment of its quality using X-ray and optical techniques. CrystEngComm 2013, 15,
9955-9962. [CrossRef]

4. Liu, FF; Yu, GW,; Zhang, L.S; Li, L.; Wang, B.; Gan, X.Y.; Ren, HK.; Zhou, H.L.; Zhu, L.L.; Ji, S.H.; et al.
Effect of super-saturation on hillock of directional Growth of KDP crystals. Sci. Rep. 2014, 4, 1-5.


http://dx.doi.org/10.1107/S0021889812013969
http://dx.doi.org/10.1364/OE.23.023827
http://www.ncbi.nlm.nih.gov/pubmed/26368476
http://dx.doi.org/10.1039/c3ce41746h

Crystals 2017, 7, 188 90f 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Cui, ZJ.; Liu, D.; Sun, M.Z.; Miao, J.; Zhu, J.Q. Compensation method for temperature-induced phase
mismatch during frequency conversion in high-power laser systems. J. Opt. Soc. Am. B 2016, 33, 525-534.
[CrossRef]

Ji, SH.; Wang, E; Zhu, L.L.; Xu, X.G.; Wang, Z.P.,; Sun, X. Non-critical phase-matching fourth harmonic
generation of a 1053-nm laser in an ADP crystal. Sci. Rep. 2013, 3, 1605. [CrossRef] [PubMed]

Guo, D.C;; Jiang, X.D.; Huang, J.; Wang, F.R; Liu, H.J.; Xiang, X.; Yang, G.X.; Zheng, W.G.; Zu, X.T. Effects of
y-ray irradiation on optical absorption and laser damage performance of KDP crystals containing arsenic
impurities. Opt. Express 2014, 22, 29020-29030. [CrossRef] [PubMed]

De Mange, P; Negres, R.A.; Rubenchik, A.M.; Radousky, H.B.; Feit, M.D.; Demos, S.G. Understanding and
predicting the damage performance of KDyH,_, POy crystals under simultaneous exposure to 532- and
355-nm pulses. Appl. Phys. Lett. 2006, 89, 1-3.

Hu, G.H.; Zhao, Y.N,; Li, D.W,; Xiao, Q.L. Transmittance increase after laser conditioning reveals absorption
properties variation in DKDP crystals. Opt. Express 2012, 20, 25169-25180. [CrossRef] [PubMed]

Schaffer, C.B.; Brodeur, A.; Mazur, E. Laser-induced breakdown and damage in bulk transparent materials
induced by tightly focused femtosecond laser pulses. Meas. Sci. Technol. 2001, 12, 1784-1794. [CrossRef]

Li, EQ.; Zong, N.; Zhang, FF; Yang, ].; Yang, F; Peng, Q.J.; Cui, D.F; Zhang, ].Y.; Wang, X.Y.; Chen, C.T; et al.
Investigation of third-order optical nonlinearity in KBe,BO3F, crystal by Z-scan. Appl. Phys. B 2012, 108,
301-305. [CrossRef]

Sheik-Bahae, M.; Said, A.A.; Wei, T.H.; Hagan, D.J.; Van Stryland, E.W. Sensitive measurement of optical
nonlinearities using a single beam. IEEE |. Quantum. Electron. 1990, 26, 760-769. [CrossRef]

Wang, D.L,; Li, T.B.; Wang, S.L.; Wang, ].Y.; Wang, Z.P,; Ding, ] X,; Li, W.D.; Shen, C.Y; Liu, G.X.; Huang, P.P.
Effect of Fe3* on third-order optical nonlinearity of KDP single crystals. CrystEngComm 2016, 18, 9292-9298.
[CrossRef]

Messias, D.N.; Pilla, V.; Andrade, A.A.; Catunda, T. Nd:YAG optical electronic nonlinearity and energy
transfer up conversion studied by the Z-scan technique. Opt. Mater. Express 2015, 5, 2588-2596. [CrossRef]
Ganeev, R.A ; Kulagin, I. A ; Ryasnyansky, A.L; Tugushev, R.I; Usmanov, T. Characterization of nonlinear
optical parameters of KDP, LiNbO3; and BBO crystals. Opt. Commun. 2004, 229, 403-412. [CrossRef]
Shaikh, R.N.; Anis, M.; Shirsat, M.D.; Hussaini, S.S. Investigation on the linear and nonlinear optical
properties of L-lysine doped ammonium dihydrogen phosphate crystal for NLO applications. J. Appl. Phys.
2014, 6, 42-46.

Silambarasan, A.; Rao, E.N.; Rao, S.V.; Rajesh, P.; Ramasamy, P. Bulk growth, crystalline perfection and
optical characteristics of inversely soluble lithium sulfate monohydrate single crystals grown by the
conventional solvent evaporation and modified Sankaranarayanan-Ramasamy method. CrystEngComm
2016, 18, 2072-2080. [CrossRef]

Jin, L.T.; Wang, X.Q.; Ren, Q.; Cai, N.N.; Chen, JW,; Li, T.B,; Liu, X.T.; Wang, L.N.; Zhang, G.H,;
Zhu, L.Y,; et al. Preparation, characterization and third order nonlinear optical properties of the bis
(tetrabutylammonium)—-[Cd (dmit);] (dmit = 2-thioxo-1, 3-dithiol-4, 5-dithiolate) for all-optical switching
applications at blue-green light band. J. Cryst. Growth 2012, 356, 10-16. [CrossRef]

Fan, H.L.; Wang, X.Q.; Ren, Q.; Li, T.B.; Zhao, X.; Sun, J.; Zhang, G.H.; Xu, D.; Sun, Z.H.; Yu, G. Third-order
nonlinear optical properties in [(C4Hg)4N]»[Cu(C;3S5)2]-doped PMMA thin film using Z-scan technique in
picosecond pulse. Appl. Phys. A 2009, 99, 279-284. [CrossRef]

Wang, D.L.; Li, T.B.; Wang, S.L.; Wang, ].Y.; Wang, Z.P.; Xu, X.G.; Zhang, F. Study on nonlinear refractive
properties of KDP and DKDP crystals. RSC Adv. 2016, 6, 14490-14495. [CrossRef]

Wang, D.L.; Li, T.B.; Wang, S.L.; Wang, ].Y.; Shen, C.Y,; Ding, ].X,; Li, W.D.; Huang, P.P; Lu, C.W. Characteristics
of nonlinear optical absorption and refraction for KDP and DKDP Crystals. Opt. Mater. Express 2017, 7, 533-541.
[CrossRef]

Bhar, G.C.; Chaudhary, A K.; Kumbhakar, P. Study of laser induced damage threshold and effect of inclusions
in some nonlinear crystals. Appl. Surf. Sci. 2000, 161, 155-162. [CrossRef]

Cook, W.R,, Jr. Thermal Expansion of Crystals with KHyPOy Structure. . Appl. Phys. 1966, 38, 1637-1642.
[CrossRef]

Nelmes, R.J. Structural studies of KDP and the KDP-type transition by neutron and X-ray diffraction:
1970-1985. Ferroelectrics 1986, 71, 87-123. [CrossRef]


http://dx.doi.org/10.1364/JOSAB.33.000525
http://dx.doi.org/10.1038/srep01605
http://www.ncbi.nlm.nih.gov/pubmed/23549389
http://dx.doi.org/10.1364/OE.22.029020
http://www.ncbi.nlm.nih.gov/pubmed/25402141
http://dx.doi.org/10.1364/OE.20.025169
http://www.ncbi.nlm.nih.gov/pubmed/23187283
http://dx.doi.org/10.1088/0957-0233/12/11/305
http://dx.doi.org/10.1007/s00340-012-4985-x
http://dx.doi.org/10.1109/3.53394
http://dx.doi.org/10.1039/C6CE01877G
http://dx.doi.org/10.1364/OME.5.002588
http://dx.doi.org/10.1016/j.optcom.2003.10.046
http://dx.doi.org/10.1039/C6CE00012F
http://dx.doi.org/10.1016/j.jcrysgro.2012.07.005
http://dx.doi.org/10.1007/s00339-009-5521-7
http://dx.doi.org/10.1039/C5RA24761F
http://dx.doi.org/10.1364/OME.7.000533
http://dx.doi.org/10.1016/S0169-4332(00)00276-2
http://dx.doi.org/10.1063/1.1709735
http://dx.doi.org/10.1080/00150198708224832

Crystals 2017, 7, 188 10 of 10

25. Liu, W],; Wang, S.L.; Gu, Q.T,; Ding, ].X,; Liu, G.X;; Sun, Y,; Liu, L.; Wang, B. Growth, structural and optical
properties of 12%-deuterated KDP crystals. Cryst. Res. Technol. 2013, 48, 314-320. [CrossRef]

26. Pritula, I; Gayvoronsky, V.; Gromov, Y.; Kopylovsky, M.; Kolybaeva, M.; Puzikov, V.; Kosinova, A.; Savvin, Y.;
Velikhov, Y.; Levchenko, A. Linear and nonlinear optical properties of dye-doped KDP crystals: Effect of
thermal treatment. Opt. Commun. 2009, 282, 1141-1147. [CrossRef]

27. Gurzadyan, G.G.; Ispiryan, R.K. Two-photon absorption peculiarities of potassium di-hydrogen phosphate
crystal at 216 nm. Appl. Phys. Lett. 1991, 59, 630-631. [CrossRef]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1002/crat.201300034
http://dx.doi.org/10.1016/j.optcom.2008.11.043
http://dx.doi.org/10.1063/1.105406
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Results 
	Nonlinear Absorption Characteristics of KDP and 70%-DKDP Crystals at  = 1064 nm 
	Nonlinear Absorption Characteristics of KDP Crystal at  = 532 nm 
	Nonlinear Absorption Characteristics of 70%-DKDP Crystal at  = 532 nm 
	Discussion 

	Conclusions 

