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Three kinds of KH,PO, raw material are used to grow deuterated potassium dihydrogen phosphate (DKDP)
crystals by traditional and rapid growth methods, respectively. The growth habit dependence on the purity
of raw material is described and analyzed. The optical properties including transmission spectra and
laser-induced damage threshold of these crystals are measured. It is found that the growth method affects the
optical properties of crystal more obviously than the raw material with the mass content of main metal ions
below 1 ppm. Moreover, the morphology of the core in the observed damage sites indicates that an explosion
process probably occurs during laser-induced breakdown.

OCIS codes: 160.4330, 140.3330, 300.6170.
doi: 10.3788/COL201412.101604.

Potassium dihydrogen phosphate (KDP) crystals are
the materials of choice for frequency conversion and
electro-optical switching incorporated in the high-power
laser systems under development aiming to achieve fu-
sion in the laboratory!'. The partially deuterated KDP
(DKDP) crystal was used as tripler frequency converter
to minimize an otherwise strong transverse stimulated
Raman scattering!*?. However, a key factor limiting the
energy produced by the high-power lasers is the weak
resistance of the crystal to laser damage. It is therefore
necessary to improve laser damage resistance through
optimizing crystal growth conditions.

Laser-induced damage is observed in the bulk of the
best current KDP material at laser fluences estimat-
ed to be more than one order of magnitude below the
intrinsic breakdown threshold of pure material®. The
process has been attributed to pre-existing damage pre-
cursors incorporated or formed during growth process.
The laser-induced damage threshold (LIDT) of DKDP
crystal dependent on the growth conditions shows that
laser damage is caused by extrinsic nanoparticles or in-
trinsic defects™. And recently the electronic structure
of these defects can be determined approximately®!%.
Nevertheless, the optical growth conditions by which
these precursors can be eliminated in KDP/DKDP
crystals are unknown.

In this letter, three kinds of raw material with rela-
tive high purity are used to grow DKDP crystal by
traditional and rapid methods, respectively. The optical
properties of these crystals are measured. The effect of
raw material and growth method on these properties
was analyzed. Here it has been found that the growth
method affects the crystal’s optical properties more
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obviously than the raw material with the mass content
of main metal ions below 1 ppm.

DKDP crystals were grown from deuterated aqueous
solution made by high purity heavy water (99.9%, D,0),
de-ionized H,0, and KH,PO, raw material. The deuter-
ated degree of growth solution is around 87%, which
can get DKDP crystals with a mole% D content of
82%!". Three kinds of KH,PO, raw material (named as
A, B, and C, respectively) are used in the experiment.
The content in mass of the main metallic ionic impu-
rity in the KDP material used for synthesis is shown in
Table 1. The growth solutions were filtered through a
0.22 pum membrane and then overheated at 70 °C for
24 h in crystallizer that was placed in a water bath of
temperature fluctuation less than +£0.02 °C. The plate
seed crystals (50x50x7 (mm) in dimension) and “point
seed” (5x5x5 (mm) in dimension) were used in the
traditional cooling method and rapid growth method,
respectively. Crystallization was performed in a tem-
perature range of 52-32 °C. For traditional growth, the

Table 1. Mass Content of Main Metallic Ionic
Impurity in Raw Materials®

Element Fe Co Mn Mg Cu
(ppm)

A 0.1 0.01 0.01 0.5 0.005
B 0.105 0.033 0.059 0.021 0.018
C 1 0.1 0.1 0.1 0.1

*Amounts are in nanograms per gram KDP.
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Table 2. Growth Parameters of DKDP Crystals Grown with Different Raw Materials by Traditional Cooling

Method and Point-seed Technique, respectively

No. Raw Seed Crystal size Temperature Rotation Growth Rate
Material Type (mm) (axbxc) Reduction Speed (mm/d)
Range
(°C) (r/min) a-direction c-direction
Al A Z-plate  53x53x91 50-34.1 30 / 0.6
B1 B Z-plate 51x51x124 52.5-34.9 30 / 0.8
C1 C Z-plate  51x52x125 51-34.1 30 / 0.9
A2 A Point 48%55%67 48-35.2 77 2.3 5.6
B2 B Point 43x48x66 50.3-39.4 77 1.5 4.2
C2 C Point 47x50%53 48.5-38.3 7 1.6 3.3

plate seed grew at a temperature about 0.5 °C below
the saturation temperature and rotated with a speed
of 30 rpm. For point-seed rapid growth, the solution
temperature was lowered to at a temperature about
3 °C below the saturation temperature instantly and
the point seed began to rotate at a speed of 77 rpm.
The information of the as-grown DKDP crystals is giv-
en in Table 2. There are no visible macroscopic defects
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Fig. 1. Photograph of the as-grown DKDP crystals along the
[010] direction. Samples A are grown from the purest raw ma-
terial A, samples B are grown from the less pure raw material
B, and samples C are grown from the least pure raw material
C. 1 — the crystals are made by conventional growth and 2 — by
rapid growth.

in these crystals. A typical picture of these crystals vi-
sualized along [010] direction is shown in Fig. 1.

DKDP crystals were, respectively, cut in two com-
monly used orientations: optical axis parallel to the z
axis, otherwise known as z cut and type II frequency
conversion orientation with the optical axis tipped at
59° from the zaxis, otherwise known as tripler cut.
Then the surfaces were oriented by X-ray diffraction
with accuracy in +7”, and fine polished. The sample
thickness was about 10 mm. The same growth condition
of the DKDP crystals and the fine processing for the
sample can ensure the reproducibility of the damage
results.

The transmittance spectra of the z cut samples in
the region of 200-1900 nm were measured by means
of Hitachi U-3500 spectrometer. The bulk LIDT was
measured using an injection-seeded laser of Q-switched
Nd:YAG laser (0.355 um) operating in transverse and
single longitudinal modes, and the experimental sche-
matic is shown in Fig. 2. The laser was operated at the
repetition rate of 1 Hz with the pulse width of 8 ns.
The pulse laser had a Gaussian spatial profile. To avoid
surface damage of crystals, the laser beam of 0.66 ym
diameter was focused on the rear face of DKDP
crystal by a lens with a focal length of 5000 mm. The
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Fig. 2. Experimental bench for the measurement of bulk LIDT
in DKDP crystals.
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occurrence of damage was determined by the obser-
vation of a white plasma spark in CCD monitor, and
a scattered He—Ne laser was used to confirm a small
damage spot. The LIDTs were measured using two
procedures!?: 1/1 tests and R/1 tests. For 1/1 proce-
dure 15 sites were irradiated to get the damage prob-
ability for a given fluence, linear extrapolation of the
damage probability data to zero damage probability
yields the threshold energy, whereas 50 test sites were
used in the R/1 procedure. The starting fluence is
about 1 J/cm? and the fluence step is about 1 J/cm?
The LIDT for R/1 test is the maximum fluence without
damage occurring. The total systematical error of the
fluence is about 12%.

Figure 1 shows the morphology of the DKDP crystals
grown by conventional temperature reduction method
and point seed technique, respectively. It can be seen
that there are no visible macroscopic defects in these
crystals except crystal C1 which was grown by conven-
tional method with the least pure raw material C. The
inclusions in crystal C1 formed as a result of tempera-
ture fluctuation. Moreover, the crystal C1 is obviously
tapering during the growth process. This phenomenon
disappears finally and the recovered region on tapered
face has a bit of a green color. It is well known that
the presence of trivalent metal ions, such as Fe*", Al**,
Cr*t, affect the growth rate, morphology, and quality
of KDP-type crystals grown from aqueous solutions,
and that the effect of impurities is particularly marked
for the growth of the prismatic faces of the crystals!.
The impurities of high concentration in the solution re-
tarded growth of (100), which is the main cause for
tapering. The solution made with raw material B has
higher stability compared with those made with A and
C. Extraneous crystals were not formed there when
some floccules arise in the growth solution at lower
temperature.

The transmission spectra with wavelength ranging
from 200 to 2000 nm of these DKDP crystals are shown
in Fig. 3. It is clear that these crystals have sufficient
transmission in the entire visible and IR region. A com-
parison between these transmission spectra shows that
they are similar above A =400 nm or so, whereas strong
differences appear for A < 400 nm. The crystals grown
by traditional method have higher transmission efficien-
cy in UV region than those crystals grown by rapid
method. As for rapidly grown crystals, the prismatic
sector had stronger absorption than the pyramidal sec-
tor particularly in UV region as reported by other re-
search (see Fig. 2 in Ref. [14] and Fig. 1 in Ref. [15]).
It is generally known that the metal ions can easily
incorporate into the prismatic sector of KDP crystal
and then cause the absorption"!. Moreover, for rapidly
grown crystals the data clearly indicate the presence of
an intense 270 nm optical absorption band. These ab-
sorption bands can be attributed to the presence of Fe
in the crystal bulk as previously reported”. Another
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Fig. 3. Transmission spectra of DKDP crystals grown with raw
materials (a) A, (b) B, and (¢) C. Blue dots — crystal grown
by traditional method, black dots — pyramidal sector of crystal
grown by rapid method, and red dots — prismatic sector of
crystal grown by rapid method.

interesting feature, common to all the tested crystals,
is the discrepancy between transmission of the con-
ventional grown crystals and the ones grown by rap-
id method in the range from 800 to 1900 nm. Due to
slight differences in the D concentration on different
faces of the growth hillock™”, the deuteration level of
the traditional grown crystal may be a little higher
than that of the rapid grown crystal. The shift toward
longer wavelength of the transmission edge in the case
of traditional grown crystal arises from the weak bond
strength of D-O compared with H-O!,
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Table 3. LIDTs of DKDP Crystal Samples

0%LIDT (J/cm?) (355 nm, 8 ns)

Tripler Traditional Rapid

1/1 R/1 Gain 1/1 R/1 Gain
A 85 169 20X 85 139 1.6X
B 96 139 14X 72 111 1.5X

C 81 158 2.0X 838 12.8 1.5X

The LIDTs of the tripler samples cut from these crys-
tal are listed in Table 3. The samples were measured by
1/1 and R/1 damage testing, respectively. From these
data, the results can be summarized as follows: 1) ex-
cept the 1/1 testing result of the crystal C, the LIDT
of the crystals grown by traditional method is com-
monly higher than that of the crystal grown by rapid
technique. The lower LIDT for rapidly grown crystals
can be considered to arise from the formation of in-
trinsic defects or the incorporation of metal ions under
high supersaturation. 2) Compared with the 1/1 test-
ing, the R/1 testing can obviously enhance the damage
resistance of the sample. The 1/1 test program uses one
laser shot on each unexposed site in the sample, R/1
testing is a way of testing dozens of shots on each site
with the fluence ramping up until damage occurs. The
exposure at sub-damage fluences can improve the laser-
induced damage resistance of a crystall”. The mean
gain of the enhancement for crystal grown by tradi-
tional method is higher than that of crystal grown by
rapid method. 3) With identical starting growth tem-
perature and temperature reduction interval, damage
resistance in DKDP is fairly independent of raw mate-
rial with the mass content of main metallic ionic im-
purity below 1 ppm, as it can be seen from that the
deviation of LIDT for these crystals is slight. Consider-
ing the smaller size of crystal and less fluctuation of the
temperature reduction rate during growth process, this
conclusion confirms the results previously reported®.

The 1/1 testing damage probabilities curves of these
DKDP crystals are shown in Fig. 4. For conventional
growth, the difference in raw materials does not lead
to visible variation of damage probabilities between the
three crystals Al, B1, and C1. From Figs. 4(a) and (b),
it can be seen that the rapid grown crystals resist to
damage poorly compared with the conventional grown
crystal. However, the crystal of rapid growth with lower
growth rate (e.g., about 3 mm/d for crystal C2) could
have more excellent damage resistance than the one of
conventional growth. The damage sites are observed by
using microscope. We find that the damage sites irradi-
ated by 355 nm laser consist of three distinct regions
which are shown in Fig. 5, which are in agreement
with previous reports!’®?!. The diameter of the core is
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Fig. 4. Bulk damage probability curves of DKDP crystal for
355 nm using tripler samples. (a) Al, A2, grown with raw ma-
terial A, (b) Bl, B2, grown with raw material B, and (c) C1,
C2, grown with raw material C.

ranging from 2 to 30 gm, mainly distributing in the
region below 10 #m. The morphology of the cracks are
star-like, with four-fold symmetry which is similar to
the highest order symmetry axis in structure of DKDP
crystal®. From Fig. 6, it can be seen that the core
is partially filled with rubble. It indicates that there
may exist an explosion process during laser-induced
breakdown.

In conclusion, three kinds of KH,PO, raw materials
with high purity are used to grow DKDP crystals by
traditional and rapid methods, respectively. As for the
rapid growth, the solution prepared using raw material
with high purity is more favorable for crystallization.
Growth method plays the dominant role in affecting the
transmission property of the crystals in the UV region.
Maybe due to slight differences in the deuterium con-
centration on different faces of the growth hillock, the
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Fig. 5. Bulk damage site in DKDP crystal initiated with 355
nm laser, detected by optical microscopy along the direction
perpendicular to laser beam.

transmission edge of traditional grown crystal shifts to-
ward longer wavelength in the IR region compared with
that of rapidly grown crystal. With identical starting
growth temperature and temperature reduction inter-
val, the damage resistance in DKDP is fairly indepen-
dent of raw material with the mass content of main
metallic ionic impurity below 1 ppm.
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Fig. 6. Graph of the core partially filled with rubble observed
by SEM.

China (No. 51323002), the Natural Science Founda-
tion of Shandong Province (No. ZR2010EMO001), and
the Independent Innovation Foundation of Shandong
University (No. IIFSDU, 2012JC016).

References

1. J. J. De Yoreo, A. K. Burnham, and P. K. Whitman, Int. Mater.
Rev. 47, 113 (2002).

2. N. Zaitseva, J. Atherton, R. Rozsa, L. Carman, I. Smolsky,
M. Runkel, R. Ryon, and L. James, J. Cryst. Growth 197, 911
(1999).

3. L. Ji, B. Zhu, C. Liu, T. Wang, and Z. Lin, Chin. Opt. Lett. 12,
031902 (2014).

4. R. Hawley-Fedder, P. Geraghty, S. Locke, M. McBurney,
M. Runkel, T. Suratwala, S. Thompson, P. Wegner, and P. Whit-
man, Proc. SPIE 5341, 121 (2004).

5. M. Xu, Z. Wang, B. Wang, B. Liu, X. Sun, and X. Xu, Chin.
Opt. Lett. 10, s11602 (2012).

6. P. DeMange, R. A. Negres, C. W. Carr, H. B. Radousky, and
S. G. Demos, Opt. Express 14, 5313 (2006).

7. A. K. Burnham, M. Runkel, M. D. Feit, A. M. Rubenchik,
R. L. Floyd, T. A. Land, W. J. Siekhaus, and R. A. Hawley-
Fedder, Appl. Opt. 42, 5483 (2003).

8. F. Guillet, B. Bertussi, A. Surmin, and G. Duchateau, Proc.
SPIE 8190, 819027 (2011).

9. S. G. Demos, P. DeMange, R. A. Negres, and M. D. Feit, Opt.
Express 18, 13788 (2010).

10. G. Duchateau, G. Geoffroy, A. Belsky, N. Fedorov, P. Martin,
and S. Guizard, J. Phys.: Condens. Matter 25, 435501 (2013).

11. G. M. Loiacono, J. F. Balascio, and W. Osborne, Appl. Phys.
Lett. 24, 455 (1974).

12. G. H. Hu, Y. A. Zhao, S. T. Sun, D. W. Li, X. Sun, J. D. Shao,
and Z. Z. Fan, Chin. Phys. Lett. 26, 087801 (2009).

13. G. Li, Y. He, G. Su, X. Zhuang, X. Lin, and Z. Li, Cryst. Res.
Technol. 42, 361 (2007).

14. K. Fujioka, S. Matsuo, T. Kanabe, H. Fujita, and M. Nakatsuka,
J. Cryst. Growth. 181, 265 (1997).

15. N. Y. Garces, K. T. Stevens, L. E. Halliburton, M. Yan,
N. P. Zaitseva, and J. J. DeYoreo, J. Cryst. Growth 225, 435
(2005)

16. A. Dyan, G. Duchateau, S. Eslava, J.L. Stehle, D. Damiani, and
H. Piombini, J. Modern Opt. 56, 27 (2009).

17. J. E. Swain, S. E. Stokowski, D. Milam, and G. C. Kennedy,
Appl. Phys. Lett. 41, 12 (1982).

18. R. A. Negres, N. P. Zaitseva, P. DeMange, and S. G. Demos,
Opt. Lett. 31, 3110 (2006).

19. F. R. Wagner, A. Hildenbrand, J. Natoli, and M. Commandré,
Opt. Express 18, 26791 (2010).

20. C. W. Carr, M. D. Feit, M. A. Johnson, and A. M. Rubenchik,
Appl. Phys. Lett. 89, 131901 (2006).

21. H. Yoshida, H. Fujita, M. Nakatsuka, M. Yoshimura, T. Sasaki,
T. Kamimura, and K. Yoshida, Jap. J. Appl. Phys. 45, 766
(2006).

101604-5



