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Preface

Many, many years ago, when I was a 12-year-old boy, my father, the renowned
sculptor Nikolai Nikogosyan, took my mother and me to visit the famous Soviet
diplomat, former Ambassador to the U.K., Prof. Ivan Maisky. At that time my father
was creating his sculpture portrait and, as usual, he started a friendship with his
model. We were invited to dinner at the ambassador’s summer residence (“dacha” in
Russian), some 25 miles outside Moscow. I cannot recall in detail that June evening,
but I do remember that it was quite bright, and in front of the house, on the round
border, the nicely scented scarlet roses were flourishing. But what I can still clearly
see through the time distance of 45 years is the ambassador’s working room, which
housed, besides many other books, the newly published second edition of the Soviet
Encyclopaedia in luxurious black-leather volumes. I opened one and was immediately
captured by the diversity of information: color maps, schemes, photos, illustrations,
references, and so forth. “What a treasure!” I thought. When we were returning home,
I asked father if it would be possible to purchase such a fantastic set of books, even
without luxurious bindings. But he didn’t understand my enthusiasm. My mother was
more cooperative; she told me that it was too expensive for us and that it would be
better if I bought it myself when I would have the means to do so.

Later, in the mid-1960s, when I was studying Physics at Moscow University, I
subscribed to the next (the third and last) edition of the Soviet Encyclopaedia and
during the following 7 or 10 years I purchased it volume by volume (as they were
published). I remember the price of a single volume was 5.5 roubles (at that time
8 U.S. dollars by official exchange rate), which formed a noticeable portion of my
monthly stipend of 35 roubles.

Nowadays, according to common sense, any encyclopedia is useless. Often, I hear
from my students that everything can be found on the Internet. It is, however, a very
rough approximation. First of all, on the Internet any small useful seed of information
is dissolved in the ocean of useless data, put there without any responsibility or
control. The reference data found on the Internet is often incomplete, out of date,
and often contradicts similar data from other sources. Anybody who disagrees with
me can check it by typing the name of any popular nonlinear optical crystal (e.g.,
BBO, KTP, lithium niobate, and so forth) into www.google.com and comparing the
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different data that appears on the screen. As a result, the Internet user should have a
certain erudition to distinguish between numerous data values. The electronic brains
of modern computers, though being fantastically fast and genuinely comprehensive,
are still rather stupid and unable to make any logical comparison between the different
sets of data and to choose the most reliable ones. In other words, in our Internet society,
there is still a significant need for scientific books.

From my childhood and throughout all my life (I am 57 now), I was a keen
collector. First, it was stamps, then coins, then books, then LPs, then antiques, then
rhododendrons (I have a nice collection of 50 varieties in my Irish garden), and so
forth. And this crystal survey can be considered as a collection of data, which I have
been arranging and completing during the last 25 years. My first review on nonlinear
optical crystals [1] appeared in 1977 and 20 years later was selected by SPIE as a
milestone publication in the field of optical parametric oscillators [2]. This personal
history is probably the reason why I decided to create one more book on nonlinear
optical crystals and to spend every day (in reality every evening), during a one and a
half year period, behind my home computer. In other words, I like this process (there
is no other explanation).

The remarkable property of such a collection is that it belongs to many people
simultaneously, as I share it with each reader. I hope that using (reading) my little
encyclopedia will bring the readers at least a small part of the great enjoyment, that
the compilation of this book gave me.

David N. Nikogosyan
Tower, Blarney

Co. Cork, Ireland
20 December 2003
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Introduction

In the past 25 years, I have published 9 reviews and databases on nonlinear optical
crystals [1–9]. Therefore, in introducing this new book, I would like to answer prob-
ably the most common FAQs of future readers: “Why do we need this new book and
what are the most important changes in this crystal survey in comparison with my
last database, compiled in 1995 and published by Springer in 1997 and 1999 [8,9]?”

The reason for writing a new book is, first of all, the tremendous development of
laser techniques in the past decade. There are three obvious tendencies:

1. A transfer to shorter laser pulses with hundreds (tens) femtoseconds of duration.
The shorter pulsewidth leads to an increase of irradiation intensity, which forces
nonlinear optical processes to proceed with higher efficiency. At the same time,
such transfer dramatically increases the laser pulse–induced damage threshold of
nonlinear materials. The short pulse duration makes it necessary to account for the
effect of group velocity dispersion. This effect could even be profitable, leading to
laser pulse compression in the course of second-harmonic generation (SHG).

2. The development of miniature diode-pumped continuous-wave (CW) laser sources,
emitting light in the visible, UV, and near IR ranges. The invention of a new method
of phase matching, the so-called quasi-phase matching, allowed use of the highest
possible value of the second-order nonlinear coefficient in any crystal material and
the ability to obtain phase-matching in any desirable direction (e.g., non-critical
phase matching). This significantly increases the efficiency of second-order three-
wave interactions (i.e., SHG), allowing the change of frequency of a laser diode
with rather high output. Another possible way is to dope the nonlinear optical
crystal by a rare-earth ion (which is usually Nd or Yb). Under laser-diode pump-
ing, such doped material generates the fundamental radiation and simultaneously
converts it into the second harmonic. Therefore, they are referred to as the self-
frequency-doubling crystals.

3. An active search for new nonlinear optical materials, especially among the
low-symmetry crystals. In the past decade, important crystals such as GdCOB,
YCOB, YAB, BIBO, CLBO, KBBF, LB4, MgBaF4, GaAs, and many others were
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introduced or developed. This led to their successful application in quasi-phase
matching, self-frequency doubling, deep-UV generation, and so forth.

This book differs from the previous handbook [8,9] first of all by its structure.
I omitted the theoretical part as the theory for second-order three-wave interactions
in nonlinear crystals is now well established, and other good books have also been
written on that subject [10]. I also decided to exclude from consideration all traditional
applications of nonlinear optical materials (SHG, SFG, DFG, OPO, and so on), as it
would easily increase the book’s volume well above any acceptable level.

The second difference is the content of this new database. Forty-three old-
fashioned nonlinear optical materials were excluded, and instead, 30 new crystals
are now included. For the first time, a special consideration is made for periodically
poled and self-frequency-doubling materials. The structure of each crystal file was
changed drastically, adding the significant amount of crystallophysical, thermophy-
sical, spectroscopic, electrooptic and magnetooptic information.

This newly written survey of 63 nonlinear optical crystals contains more than
1500 different references with full titles, which for convenience are presented inside
each data file. Fifteen percent of all citations refer to years 2000–2003; 41% to the
past 9 years (the time passed since the previous data collection). The most frequently
cited sources were the journals Applied Physics Letters (11.3% of all references),
Optics Letters (10.0% of all references), and Optics Communications (9.8% of all
references).

After the survey of crystal properties (Chapters 2–8), Chapter 9, with seven
mini-reviews discussing some recent applications of common and novel nonlinear
materials (including self-frequency doubling and quasi-phase matching), completes
the book.

Finally, I would like to mention my friends and colleagues, listed below
in alphabetical order, for their critical comments, valuable discussions, and for
sending me related reprints and pdf files. My sincere acknowledgments go to
Prof. Gerard Aka (France), Prof. Vladimir Alshits (Russia), Prof. Ladislav Bohaty
(Germany), Dr. Patrick Mc Carthy (Ireland), Dr. Subhasis Das (India), Dr. Katia Gallo
(U.K.), Dr. Helmut Görner (Germany), Dr. Sergey Grechin (Russia), Dr. Alexander
Gribenyukov (Russia), Dr. Stas Ionov (U.S.A.), Dr. Ludmila Isaenko (Russia),
Dr. Mitsuru Ishii (Japan), Prof. Kiyoshi Kato (Japan), Dr. Hideo Kimura (Japan),
Prof. Takayoshi Kobayashi (Japan), Prof. Lev Kulevskii (Russia), Prof. Nikolay
Leonyuk (Russia), Prof. Wenju Liu (China), Ms. Alla Makarova (Russia),
Dr. Nikolai Merzliakov (Russia), Dr. Kiminori Mizuuchi (Japan), Prof. Yusuke Mori
(Japan), Dr. Eugene Moskovets (U.S.A.), Dr. Tatiana Perova (Ireland), Dr. Katalin
Polgár (Hungary), Dr. Mariola Ramirez (Spain), Prof. Martin Richardson (U.S.A.),
Prof. Eugenii Ryabov (Russia), Prof. Mark Saffman (U.S.A.), Prof. Solomon Saltiel
(Bulgaria), Dr. Ichiro Shoji (Japan), Dr. Yuji Suzuki (Japan), Dr. Eiko Takaoka
(Japan), Prof. Daniel Vivien (France), Dr. Richard White (Australia), Dr. Alexander
Yelisseyev (Russia), Dr. Masashi Yoshimura (Japan), Dr. Natalia Zaitseva (U.S.A.),
and Dr. Anatoly Zayats (U.K.).
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I would like to acknowledge separately the help of Ms. Eileen Heathy,
Ms. Phil O’Sullivan, and Mr. Garret Cahill from the Inter-Library Loans Service,
Boole Library, University College Cork.

I wish especially to thank my Editor, Dr. Hans Koelsch from Springer-NY, for
his constructive advice and fruitful cooperation. I am also infinitely grateful to my
beloved wife Danielle for her encouragement and patience.
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Basic Nonlinear Optical Crystals

This chapter contains information on the four most widely used nonlinear optical crys-
tals: beta-barium borate (BBO), lithium triborate (LBO), lithium niobate (LN), and
potassium titanyl phosphate (KTP). Together with their periodically poled derivatives,
periodically poled lithium niobate (PPLN) and periodically poled potassium titanyl
phosphate (PPKTP), these materials are employed in at least 75% of all today’s prac-
tical applications.

All the values of the angular, temperature and spectral acceptances, given in this and
in the following chapters, correspond to a 1 cm length of the considered nonlinear
crystal.

2.1 β-BaB2O4, Beta-Barium Borate (BBO)

Negative uniaxial crystal: no > ne
Molecular mass: 222.950
Specific gravity: 3.84 g/cm3 [1]; 3.849 g/cm3 [2]; 3.85 g/cm3 at T = 293 K [3]
Point group: 3m

Lattice constants:
a = 12.532Å [4]; 12.532 ± 0.001Å [2]; 12.547Å [5]
c = 12.717Å [4]; 12.726 ± 0.001Å [2]; 12.736Å [5]
Mohs hardness: 4 [6], [7]; 4.5 [2]
Melting point: 1368 K [2], [8]

Linear thermal expansion coefficient αt [3]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

293 0.36 −2.54

Mean value of linear thermal expansion coefficient [5]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

298–1173 36 4.0



6 2 Basic Nonlinear Optical Crystals

Specific heat capacity cp at P = 0.101325 MPa

T [K] cp [J/kgK] Ref.

298 490 [2]
496 [9]

Thermal conductivity coefficient

κ [W/mK], ‖c κ [W/mK], ⊥c Ref.

0.8 0.08 [5]
1.6 1.2 [10]

Direct band-gap energy at room temperature: Eg = 6.2 eV [11], 6.43 eV [12]
Transparency range:
at 0.5 level: 0.198–2.6 µm for 0.8-cm-long crystal [13]; 0.196–2.2 µm for
0.3-cm-long crystal [2]
at “0” transmittance level: 0.189–3.5 µm [8], [14]
at 0.5 transmittance level: 0.198–2.6 µm [1]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.1934 1.39 [15] T = 295 K
0.29 [15] T = 91 K

0.213 <0.21 [1] best crystals
0.264 0.04 ± 0.01 [16] ‖c

0.06 ± 0.003 [16] ⊥c, o-wave
0.10 ± 0.003 [16] ⊥c, e-wave

0.2661 <0.17 [1] best crystals
0.04–0.15 [2]

0.5321 0.01 [17]
<0.01 [9]

1.0 0.001–0.002 [2]
1.0642 <0.001 [9]
2.09 0.0085 [2] e-wave

0.07 [2] o-wave
2.55 0.5 [18]

Two-photon absorption coefficient β

λ τp β × 1011 Ref. Note
[µm] [ns] [cm/W]

0.211 0.0009 243 ± 85 [19] θ = 30◦, φ = 0◦
0.264 0.0008 93 ± 33 [19] θ = 30◦, φ = 0◦

0.00022 68 ± 6 [20] ‖c
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λ τp β × 1011 Ref. Note
[µm] [ns] [cm/W]

66 ± 7 [20] ⊥c, o-wave
47 ± 5 [20] ⊥c, e-wave

0.0002 61 [21] θ = 48◦
0.2661 0.015 90 ± 10 [11] ‖c
0.3547 0.017 1.0 ± 0.2 [11] ‖c

Experimental values of refractive indices [5]

λ [µm] no ne

0.40466 1.69267 1.56796
0.43583 1.68679 1.56376
0.46782 1.68198 1.56024
0.47999 1.68044 1.55914
0.50858 1.67722 1.55691
0.54607 1.67376 1.55465
0.57907 1.67131 1.55298
0.58930 1.67049 1.55247
0.64385 1.66736 1.55012
0.81890 1.66066 1.54589
0.85212 1.65969 1.54542
0.89435 1.65862 1.54469
1.01400 1.65608 1.54333

Temperature derivative of refractive indices for temperature range 293–353 K [5]

λ [µm] dno/dT × 106 [K−1] dne/dT × 106 [K−1]
0.4–1.0 −16.6 −9.3

Best set of dispersion relations (λ in µm, T = 293 K) [13]:

n2
o = 2.7359 + 0.01878

λ2 − 0.01822
− 0.01354 λ2

n2
e = 2.3753 + 0.01224

λ2 − 0.01667
− 0.01516 λ2

Sellmeier equations with better accuracy near infrared absorption edge (λ in µm,
T = 293 K) [22]:

n2
o = 2.7359 + 0.01878

λ2 − 0.01822
− 0.01471 λ2 + 0.0006081 λ4 − 0.00006740 λ6

n2
e = 2.3753 + 0.01224

λ2 − 0.01667
− 0.01627 λ2 + 0.0005716 λ4 − 0.00006305 λ6

Other sets of Sellmeier equations are given in [1], [5], [8], [23], [24], [25], [26].
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Nonlinear refractive index γ

λ [µm] γ × 1015 [cm2/W] Ref. Note

0.2661 0.025 ± 0.008 [11] ‖c
0.3547 0.36 ± 0.08 [11] ‖c
0.5321 0.55 ± 0.10 [11] ‖c
0.780 0.40 ± 0.05 [27] [100] direction

0.32 ± 0.05 [27] [010] direction
0.850 0.37 ± 0.06 [28] θ = 29.2◦, φ = 0◦
1.0642 0.29 ± 0.05 [11] ‖c

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of BBO crystal, i.e., for the “free” crystal) at room temperature

λ [µm] rT
22 [pm/V] rT

51 [pm/V] Ref. Note

0.5145 2.5 ± 0.1 [29] T = 296 K
0.6328 2.5 <0.04 [30]

2.2 ± 0.1 [31]

Linear electrooptic coefficient measured at high frequencies (well above the acoustic
resonances of BBO crystal, i.e., for the “clamped” crystal)

λ [µm] rS
22 [pm/V] Ref. Note

0.5145 2.1 ± 0.3 [29] T = 296 K
0.6328 2.1 ± 0.1 [31]

Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d31 = d15) [32]:

dooe = d31 sin(θ + ρ) − d22 cos(θ + ρ) sin 3φ

deoe = doee = d22 cos2(θ + ρ) cos 3φ

Simplified expressions for the effective second-order nonlinear coefficient
(approximation of small birefringence angle, Kleinman symmetry conditions are
valid, d31 = d15) [33]:

dooe = d31 sin θ − d22 cos θ sin 3φ

deoe = doee = d22 cos2 θ cos 3φ

Absolute values of second-order nonlinear coefficients [32]:
|d22(0.532 µm)| = 2.6 pm/V

|d22(0.852 µm)| = 2.3 pm/V

|d22(1.064 µm)| = 2.2 pm/V

|d22(1.313 µm)| = 1.9 pm/V

|d15(1.064 µm)| = 0.03 pm/V
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|d31(1.064 µm)| = 0.04 pm/V

|d33(1.064 µm)| = 0.04 pm/V

Other values of second-order nonlinear coefficients d22:

|d22(1.064 µm)| = 2.1 ± 0.1 pm/V [34]; 2.2 ± 0.2 pm/V [35];
2.23 ± 0.16 pm/V [36]; 2.23 ± 0.18 pm/V [37]

|d22(1.319 µm)| = 1.89 ± 0.15 pm/V [37]
Relative signs of d22 and d31 are opposite [8], [25], [34].

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

0.4096 ⇒ 0.2048 90 [13]
0.41 ⇒ 0.205 90 [38]
0.41152 ⇒ 0.20576 82.8 [13]
0.41546 ⇒ 0.20773 79.2 [13]
0.418 ⇒ 0.209 77.3 [39]
0.429 ⇒ 0.2145 71 [40]
0.4765 ⇒ 0.23825 57 [41]
0.488 ⇒ 0.244 54.5 [41]
0.4965 ⇒ 0.24825 52.5 [41]
0.5106 ⇒ 0.2553 50 [42]

50.6 [43]
0.5145 ⇒ 0.25725 49.5 [41]
0.5321 ⇒ 0.26605 47.3 [5]

47.5 [13], [44], [45]
47.6 [46], [47]
48 [23], [48]

0.589 ⇒ 0.2945 41.5 [49]
0.604 ⇒ 0.302 40 [50]
0.6156 ⇒ 0.3078 39 [51]
0.616 ⇒ 0.308 38 [52]
0.70946 ⇒ 0.35473 32.9 [53], [54]

33 [44], [55], [56]
33.1 [47]
33.3 [18]
33.7 [57]

0.78 ⇒ 0.39 31 [58]
30 [59]

0.8 ⇒ 0.4 26.5 [60]
0.946 ⇒ 0.473 24.9 [61]
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Interacting wavelengths [µm] θexp [deg] Ref.

1.0642 ⇒ 0.5321 22.7 [5]
22.8 [4], [13], [44],

[47], [62], [63]
SFG, o + o ⇒ e

0.73865 + 0.25725 ⇒ 0.1908 81.7 [64]
0.72747 + 0.26325 ⇒ 0.1933 76 [65]
0.5922 + 0.2961 ⇒ 0.1974 88 [66]
0.5964 + 0.2982 ⇒ 0.1988 82.5 [67]
0.5991 + 0.29955 ⇒ 0.1997 80 [66]
0.60465 + 0.30233 ⇒ 0.20155 76.2 [67]
0.5321 + 0.32561 ⇒ 0.202 83.9 [13]
0.6099 + 0.30495 ⇒ 0.2033 73.5 [66]
0.5321 + 0.34691 ⇒ 0.21 71.9 [13]
0.7736 + 0.25787 ⇒ 0.1934 70.7 [15]
0.5321 + 0.35473 ⇒ 0.21284 70 [48]
0.51567 + 0.38675 ⇒ 0.221 64.7 [68]
0.804 + 0.268 ⇒ 0.201 64 [69]
0.75 + 0.375 ⇒ 0.25 61.7 [70]
1.0642 + 0.26605 ⇒ 0.21284 51.1 [13]
0.78 + 0.373 ⇒ 0.2523 47.4 [71], [72]
1.0642 + 0.298 ⇒ 0.23281 46.1 [73]
0.5782 + 0.5106 ⇒ 0.27115 46 [74]
0.59099 + 0.5321 ⇒ 0.28 44.7 [75]
0.78 + 0.43 ⇒ 0.2772 43.4 [76]
1.0642 + 0.35473 ⇒ 0.26605 40.2 [13]
1.0641 + 0.53205 ⇒ 0.3547 31.3 [77]
1.0642 + 0.5321 ⇒ 0.35473 31.1 [5]

31.3 [13]
31.4 [57]

2.68823 + 0.5712 ⇒ 0.4711 21.8 [25]
1.41831 + 1.0642 ⇒ 0.608 21 [78]

SHG, e + o ⇒ e

0.5321 ⇒ 0.26605 81 [13]
0.70946 ⇒ 0.35473 48 [55]

48.1 [44]
1.0642 ⇒ 0.5321 31.6 [79]

32.4 [5]
32.7 [4], [44]
32.9 [13]

SFG, e + o ⇒ e

1.0642 + 0.35473 ⇒ 0.26605 46.6 [13]
1.0642 + 0.5321 ⇒ 0.35473 38.4 [5]

38.5 [13]
SFG, o + e ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 59.8 [13]
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Experimental values of internal angular, temperature, and spectral bandwidths at
T = 293 K

Interacting θpm ∆θ int ∆T ∆ν

wavelengths [µm] [deg] [deg] [◦C] [cm−1] Ref.

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 22.8 0.021 37 9.7 [4]
21.9 0.028 [23]
22.7 0.030 51 [5]

0.5321 ⇒ 0.26605 47.3 0.010 4 [5]
0.53 ⇒ 0.265 47.6 (298 K) 0.006 [80]

SFG, o + o ⇒ e

1.0641 + 0.53205 ⇒ 0.3547 31.3 0.011 [77]
1.0642 + 0.5321 ⇒ 0.35473 31.1 0.015 16 [5]
2.44702 + 0.5712 ⇒ 0.4631 22.1 0.026 [25]
2.68823 + 0.5712 ⇒ 0.4711 21.8 0.028 [25]

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 32.7 0.034 8.8 [4]
32.4 0.046 37 [5]

SFG, e + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 38.4 0.020 13 [5]
SFG, o + e ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 58.4 0.050 12 [5]

Temperature variation of phase-matching angle at T = 293 K [5]

Interacting wavelengths [µm] θpm [deg] dθpm/dT [deg/K]

SHG, o + o ⇒ e

0.5321 ⇒ 0.26605 47.3 0.00250
1.0642 ⇒ 0.5321 22.7 0.00057

SFG, o + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 31.1 0.00099
SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 32.4 0.00120
SFG, e + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 38.4 0.00150
SFG, o + e ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 58.4 0.00421

Calculated values of inverse group-velocity mismatch for SHG process in BBO

Interacting wavelengths [µm] θpm [deg] β [fs/mm]

SHG, o + o ⇒ e

1.2 ⇒ 0.6 21.18 54
1.1 ⇒ 0.55 22.28 76
1.0 ⇒ 0.5 23.85 104
0.9 ⇒ 0.45 26.07 141



12 2 Basic Nonlinear Optical Crystals

Interacting wavelengths [µm] θpm [deg] β [fs/mm]

0.8 ⇒ 0.4 29.18 194
0.7 ⇒ 0.35 33.65 275
0.6 ⇒ 0.3 40.47 415
0.5 ⇒ 0.25 52.34 695

SHG, e + o ⇒ e

1.2 ⇒ 0.6 29.91 103
1.1 ⇒ 0.55 31.46 130
1.0 ⇒ 0.5 33.73 164
0.9 ⇒ 0.45 36.98 210
0.8 ⇒ 0.4 41.67 276
0.7 ⇒ 0.35 48.74 373
0.6 ⇒ 0.3 60.91 531

Laser-induced bulk damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.2661 10 0.3 [81] 10 Hz
8 >0.12 [46]

2.0 [82] grown by Czochralski
method (CZ-BBO)

3.0 [82] grown by flux method
(flux-BBO)

3.4 [82] CZ-BBO, annealed at
1193 K (50 hours)

0.308 12 >0.2 [83]
0.3547 10 0.9 [81] 10 Hz

5 [18]
8 25 [84] 1 pulse

19 [84] 1800 pulses
0.03 >0.4 [85] 10 Hz
0.015 >3 [53]

0.400 0.0002 >150 [60] 10 Hz
0.5106 20 >0.25 [86] 4 kHz
0.51–0.58 20 10 [87]
0.5145 CW >0.0004 [88]
0.5321 10 2.3 [81] 10 Hz

8 48 [84] 1 pulse
32 [84] 1800 pulses

1 7 [23]
0.25 10 [6]
0.075 >7 [14]
0.025 >4.2 [54] 10 Hz

>4 [63]
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λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.62 0.0002 >50 [89]
0.0001 1000 (?) [90]

0.6943 0.02 10 [8]
0.8 0.000025 >3400 [91] 1–5 kHz
0.85 0.00025 >93 [92] 1 kHz
1.054 0.005 50 [93]
1.0642 14 50 [84] 1 pulse

23 [84] 1800 pulses
10 4.5 [81] 10 Hz

5 [6]
1.3 10 [4]
1.1 14 [94]
1.0 13.5 [6]
0.1 10 [6]
0.035 >5 [54]

Laser-induced surface damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.266 10 0.15 [81] 10 Hz
0.355 10 0.50 [81] 10 Hz
0.51–0.58 20 1 [95] 4–14 kHz
0.532 10 1.3 [81] 10 Hz
0.5398 0.015 120–150 (?) [96] 1 pulse
1.064 10 2.6 [81] 10 Hz
1.0796 0.015 250–350 (?) [96] 1 pulse

About the crystal

Discovered in 1985 by Chen et al. [8], BBO quickly became the most popular crystal
for visible and UV applications. We will touch briefly upon the most interesting results
obtained recently with this nonlinear material. In [61], the radiation of a Nd:YAG laser
(λ = 946 nm) was frequency-doubled in a 0.4-cm BBO crystal, generating 550 mW
of continuous-wave (CW) blue output. In [97], 400 mW of output power at 400 nm
was produced via second-harmonic generation (SHG) of CW Ti:sapphire laser in a
0.8-cm-long BBO crystal. Much higher levels of SHG power were reached by SHG of
pulsed pump sources with kilohertz frequency rates.Very recently,Watanabe et al. [91]
investigated the second-harmonic generation of a sub-10-fs Ti:sapphire, and 1.9-mJ
pulses at 400 nm with a repetition rate of 1 kHz were obtained, which corresponded
to the mean blue power value of 1.9 W. In [43], 5.1 W of quasi-CW UV power at
255 nm was generated via SHG of a copper vapor laser radiation (P = 32 W, ∆f =
5 kHz). The third harmonic (λ = 355 nm, P = 0.31 W, τ = 23 ns, ∆f = 10 kHz) of
diode-pumped Q-switched Nd:YVO4 laser radiation was produced in a type I BBO
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crystal [77]. In [98], the fourth-harmonic generation (FoHG) (λ = 266 nm) and fifth-
harmonic generation (FiHG) (λ = 213 nm) of multi-kHz Nd:YAG laser radiation
(τ = 25 ns) were realized in 0.7-cm-long BBO crystals; the average power equaled
2.1 W and 0.54 W, respectively.
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2.2 LiB3O5, Lithium Triborate (LBO)

Negative biaxial crystal: 2Vz = 109.2◦ at λ = 0.5321 µm [1]
Molecular mass: 119.371
Specific gravity: 2.474 g/cm3 [2]
Point group: mm2
Lattice constants:
a = 8.46Å [3]; 8.49 Å [4]; 8.461 Å at T = 273 K [5]; 8.4473 ± 0.0007 Å [2]
b = 7.38 Å [3]; 7.42 Å [4]; 7.412 Å at T = 273 K [5]; 7.3788 ± 0.0006 Å [2]
c = 5.13 Å [3]; 5.17 Å [4]; 5.179 Å at T = 273 K [5]; 5.1395 ± 0.0005 Å [2]
Assignment of dielectric and crystallographic axes: X, Y, Z ⇒ a, c, b

Mohs hardness: 6 [2]; 7 [6]
Vickers hardness [7]:
400–450 (‖X)

650–700 (‖Y )

Melting point: 1107 K [2], [8]

Linear thermal expansion coefficient αt [5]

T [K] αt × 106 [K−1], ‖X αt × 106 [K−1], ‖Y αt × 106 [K−1], ‖Z
273 107.1 −95.4 33.7
323 108.2 −88.0 33.6
373 108.3 −80.9 33.2
423 107.3 −74.0 32.6
473 105.3 −67.3 31.7
523 102.3 −60.7 30.5
573 98.2 −54.4 29.1
673 87.0 −42.3 25.5
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T [K] αt × 106 [K−1], ‖X αt × 106 [K−1], ‖Y αt × 106 [K−1], ‖Z
723 79.8 −36.5 23.3
773 71.6 −30.9 20.9
873 52.1 −20.3 15.3
923 40.8 −15.3 12.1
973 28.5 −10.6 8.7

1023 15.1 −5.9 5.0
1073 0.8 −1.5 1.1

Mean value of linear thermal expansion coefficient αt for temperature range 298–
423 K [4]:

αt = 66.4 × 10−6 K−1 (along X)

αt = −52.8 × 10−6 K−1 (along Y )

αt = 27.3 × 10−6 K−1 (along Z)

Temperature dependence of linear thermal expansion coefficient for temperature range
273–1073 K (T in K) [5]:

αt (‖X) = 1.071 × 10−4 + 3.204 × 10−8(T − 273) − 2.063 × 10−10 (T − 273)2

αt (‖Y ) = −9.535 × 10−5 − 1.481 × 10−7 (T − 273) − 3.489 × 10−11 (T − 273)2

αt (‖Z) = 3.374 × 10−5 + 3.400 × 10−10 (T − 273) − 5.067 × 10−11 (T − 273)2

Specific heat capacity cp at P = 0.101325 MPa [2]

T [K] cp [J/kgK]

298 1060

Thermal conductivity coefficient:

κ = 3.5 W/mK [9]
κ = 2.7 W/mK(‖X) [2]
κ = 3.1 W/mK(‖Y ) [2]
κ = 4.5 W/mK (‖Z) [2]
Direct band-gap energy at room temperature: Eg = 7.75 eV [6], 7.78 eV [10]
Transparency range:

at 0.5 level: 0.16–2.3 µm for 0.3 cm long crystal [2]

at “0” transmittance level: 0.155–3.2 µm [1], [11]
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Linear absorption coefficient α [12]

λ [µm] α [cm−1]
0.35–0.36 0.0031
1.0642 0.00035

Two-photon absorption coefficient β [13]

λ [µm] τp [ns] β × 1011 [cm/W] Note

0.211 0.0009 103 ± 36 θ = 90◦, φ = 30◦
0.264 0.0008 15 ± 5 θ = 90◦, φ = 30◦

Experimental values of refractive indices

λ [µm] nX nY nZ Ref.

0.2537 1.6335 1.6582 1.6792 [1]
0.2894 1.6209 1.6467 1.6681 [1]
0.2968 1.6182 1.6450 1.6674 [1]
0.3125 1.6097 1.6415 1.6588 [1]
0.3341 1.6043 1.6346 1.6509 [1]
0.3650 1.59523 1.62518 1.64025 [12]

1.5954 1.6250 1.6407 [1]
0.4000 1.58995 1.61918 [12]
0.4047 1.5907 1.6216 1.6353 [1]
0.4358 1.5859 1.6148 1.6297 [1]
0.4500 1.58449 1.61301 1.62793 [12]
0.4861 1.5817 1.6099 1.6248 [1]
0.5000 1.58059 1.60862 1.62348 [12]
0.5250 1.57906 1.60686 [12]
0.5321 1.57868 1.60642 1.62122 [12]

1.5785 1.6065 1.6212 [1]
0.5461 1.5780 1.6057 1.6206 [1]
0.5500 1.57772 1.60535 1.62014 [12]
0.5780 1.5765 1.6039 1.6187 [1]
0.5893 1.5760 1.6035 1.6183 [1]
0.6000 1.57541 1.60276 1.61753 [12]
0.6328 1.5742 1.6014 1.6163 [1]
0.6563 1.5734 1.6006 1.6154 [1]
0.7000 1.59893 1.61363 [12]
0.8000 1.56959 1.59615 1.61078 [12]
0.9000 1.56764 1.59386 1.60843 [12]
1.0000 1.56586 1.59187 1.60637 [12]
1.0642 1.56487 1.59072 1.60515 [12]

1.5656 1.5905 1.6055 [1]
1.1000 1.56432 1.59005 1.60449 [12]
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Best set of dispersion relations (λ in µm, T = 293 K) [14]:

n2
X = 2.4542 + 0.01125

λ2 − 0.01135
− 0.01388 λ2

n2
Y = 2.5390 + 0.01277

λ2 − 0.01189

− 0.01849 λ2 + 4.3025 × 10−5 λ4 − 2.9131 × 10−5 λ6

n2
Z = 2.5865 + 0.01310

λ2 − 0.01223
− 0.01862 λ2 + 4.5778 × 10−5 λ4

− 3.2526 × 10−5 λ6

Other sets of Sellmeier equations are given in [1], [11], [12], [15], [16], [17], [18],
[19], [20], [21], [22], [23], [24].
Temperature derivative of refractive indices:

for spectral range 0.4–1.0 µm and temperature range 293–338 K (λ in µm) [12]:
dnX/dT = −1.8 × 10−6 K−1

dnY /dT = −13.6 × 10−6 K−1

dnZ/dT = −(6.3 + 2.1 λ) × 10−6 K−1

for spectral range 0.4–1.0 µm and temperature range 293–383 K (λ in µm) [14]:
dnX/dT = −(3.76 λ − 2.3) × 10−6 K−1

dnY /dT = −(19.40 − 6.01 λ) × 10−6 K−1

dnZ/dT = −(9.70 − 1.50 λ) × 10−6 K−1

for λ = 0.6328 µm and temperature range 293–473 K (λ in µm, T in K) [25]:

dnX/dT =
[
0.20342 − 1.9697 × 10−2(T − 273) − 1.4415

×10−5(T − 273)2
]

× 10−6 K−1

dnY /dT = −
[
10.748 + 7.1034 × 10−2(T − 273) + 5.7387

×10−5(T − 273)2
]

× 10−6 K−1

dnZ/dT = −
[

0.85998 + 1.5476 × 10−1(T − 273) − 9.4675
×10−4(T − 273)2 + 2.2375 × 10−6(T − 273)3

]

× 10−6 K−1

Nonlinear refractive index γ

λ [µm] γ × 1015 [cm2/W] Ref. Note

0.780 0.26 ± 0.03 [26] [100] direction
0.19 ± 0.03 [26] [010] direction

0.850 0.19 ± 0.04 [27] θ = 90◦, φ = 31.7◦
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Expressions for the effective second-order nonlinear coefficient in principal planes of
LBO crystal (Kleinman symmetry conditions are not valid) [28]:

XY plane: dooe = d32 cos φ

YZ plane: doeo = deoo = d15 cos θ

XZ plane, θ < Vz: deoe = doee = d24 sin2 θ + d15 cos2 θ

XZ plane, θ > Vz: deeo = d32 sin2 θ + d31 cos2 θ

Expressions for the effective second-order nonlinear coefficient in principal planes
of LBO crystal (Kleinman symmetry conditions are valid, d15 = d31 and d24 = d32)
[28]:

XY plane: dooe = d32 cos φ

YZ plane: doeo = deoo = d31 cos θ

XZ plane, θ < Vz: deoe = doee = d32 sin2 θ + d31 cos2 θ

XZ plane, θ > Vz: deeo = d32 sin2 θ + d31 cos2 θ

Expressions for the effective second-order nonlinear coefficient in arbitrary direction
inside the LBO crystal are given in [28].
Second-order nonlinear coefficients [29]:

| d31(1.0642 µm) | = 0.67 pm/V

| d32(1.0642 µm) | = 0.85 pm/V

| d33(1.0642 µm) | = 0.04 pm/V

The signs of LBO second-order nonlinear coefficients d15, d31 and d24, d32, d33 are
opposite [29].

Experimental values of phase-matching angles (T = 293 K)

Interacting wavelengths [µm] φexp [deg] θexp [deg] Ref.

XY plane, θ = 90◦
SHG, o + o ⇒ e

1.908 ⇒ 0.954 23.8 [16]
1.5 ⇒ 0.75 7 [16]
1.0796 ⇒ 0.5398 10.6 [16]

10.7 [1], [30]
1.0642 ⇒ 0.5321 11.3 [12]

11.4 [20], [31], [32]
11.6 [11], [16], [33]
11.8 [34]

0.946 ⇒ 0.473 19.4 [35], [36]
19.5 [37], [38]
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Interacting wavelengths [µm] φexp [deg] θexp [deg] Ref.

0.930 ⇒ 0.465 21.3 [39]
0.896 ⇒ 0.448 23.25 [40]
0.88 ⇒ 0.44 24.53 [40]
0.850 ⇒ 0.425 27 [41]
0.84 ⇒ 0.42 27.92 [40]
0.836 ⇒ 0.418 28.3 [42]
0.80 ⇒ 0.40 31.70 [40]
0.794 ⇒ 0.397 32.3 [43]
0.786 ⇒ 0.393 33 [44]
0.78 ⇒ 0.39 33.70 [40]
0.7735 ⇒ 0.38675 34.4 [45]
0.75 ⇒ 0.375 37.13 [40]

37 [46]
0.746 ⇒ 0.373 37.5 [47], [48]
0.7094 ⇒ 0.3547 41.8 [16]

41.9 [49]
42 [50]
43.5 [51]

0.63 ⇒ 0.315 55.6 [52]
0.555 ⇒ 0.2775 86 [16]
0.554 ⇒ 0.277 90 [53]

SFG, o + o ⇒ e

1.3414 + 0.6707 ⇒ 0.44713 20 [19]
1.0642 + 0.5321 ⇒ 0.35473 37 [54]

37.1 [19]
37.2 [11], [12]

1.053 + 0.5265 ⇒ 0.351 38.2 [55]
1.0642 + 0.35473 ⇒ 0.26605 60.7 [11]

61 [16]
0.86 + 0.43 ⇒ 0.2867 61 [41]
1.3188 + 0.26605 ⇒ 0.22139 70.2 [11]
0.21284 + 2.35524 ⇒ 0.1952 50.3 [19]
0.21284 + 1.90007 ⇒ 0.1914 63.8 [19]
0.21284 + 1.58910 ⇒ 0.18774 88 [19]

YZ plane, φ = 90◦
SHG, o + e ⇒ o

1.908 ⇒ 0.954 46.2 [16]
1.5 ⇒ 0.75 14.7 [16]
1.0796 ⇒ 0.5398 19.2 [16]
1.0642 ⇒ 0.5321 19.9 [12]

20.5 [11]
20.6 [56]
21.0 [16]

SFG, o + e ⇒ o

1.0641 + 0.53205 ⇒ 0.3547 42 [57]
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Interacting wavelengths [µm] φexp [deg] θexp [deg] Ref.

42.7 [58]
1.0642 + 0.5321 ⇒ 0.35473 42.2 [11]

42.5 [19]
43.2 [12]

XZ plane, φ = 0◦, θ < Vz

SHG, e + o ⇒ e

1.3414 ⇒ 0.6707 3.6 [59]
4.2 [16]
5.0 [33]

1.3188 ⇒ 0.6594 5.2 [11]
1.3 ⇒ 0.65 5.4 [33]

XZ plane, φ = 0◦, θ > Vz

SHG, e + e ⇒ o

1.3414 ⇒ 0.6707 86.1 [59], [60]
86.3 [16]
86.6 [33]

1.3188 ⇒ 0.6594 86.0 [11]
1.3 ⇒ 0.65 86.1 [33]
1.24 ⇒ 0.62 86 [61]

Experimental values of non-critical phase matching (NCPM) temperature

Interacting wavelengths [µm] T [◦C] Ref.

along X axis
SHG, type I

1.547 ⇒ 0.7735 117 [45]
1.46 ⇒ 0.73 50 [62]
1.252 ⇒ 0.626 3.5 [63]
1.25 ⇒ 0.625 −2.9 [20], [31]
1.215 ⇒ 0.6075 21 [20]
1.211 ⇒ 0.6055 20 [11]
1.206 ⇒ 0.603 24 [64]
1.2 ⇒ 0.6 24.3 [20], [31]
1.15 ⇒ 0.575 61.1 [20], [31]
1.135 ⇒ 0.5675 77.4 [34]
1.11 ⇒ 0.555 108.2 [20], [31]
1.0796 ⇒ 0.5398 112 [1]
1.0642 ⇒ 0.5321 134 (?) [65]

148 [20], [31]
148.5 [66], [67]
149 [34], [68]
149.5 [69]
151 [56]
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Interacting wavelengths [µm] T [◦C] Ref.

1.047 ⇒ 0.5235 166.5 [70]
167 [71]

≈170 [72]
172 [73]
175 [74]
176.5 [75]
180 [76]

1.025 ⇒ 0.5125 190.3 [20], [31]
SFG, type I

1.908 + 1.0642 ⇒ 0.6832 81 [34]
1.444 + 1.08 ⇒ 0.6179 23 [77]
1.135 + 1.0642 ⇒ 0.5491 112 [34]
1.547 + 0.7735 ⇒ 0.5157 141 [45]

DFG, type I
0.532 − 0.8 ⇒ 1.588 135 [78]

along Z axis
SHG, type II

1.342 ⇒ 0.671 35 [79]
1.3 ⇒ 0.65 46 [62]

Experimental values of internal angular, temperature, and spectral bandwidths

Interacting wavelengths [µm] T [◦C] ∆ϕint [deg] ∆θ int [deg] ∆T [◦C] Ref.

along X axis
SHG, type I

1.46 ⇒ 0.73 50 6 [62]
1.252 ⇒ 0.626 3.5 9 [63]
1.206 ⇒ 0.603 24 13 [64]
1.135 ⇒ 0.5675 77.4 4.7 [34]
1.0642 ⇒ 0.5321 148 3.54 2.57 3.9 [31]

148.5 2.7 [66]
148.5 4.2 [67]
149 2.3 1.9 4.0 [34]
149.5 4.1 [69]
151 2.1 2.1 2.9 [56]

1.047 ⇒ 0.5235 175 3.5 [74]
176.5 3.5 [75]

SFG, type I
1.908 + 1.0642 ⇒ 0.6832 81 7.4 [34]
1.444 + 1.08 ⇒ 0.6179 23 4.2 3.0 [77]
1.135 + 1.0642 ⇒ 0.5491 112 5.0 [34]

DFG, type I
0.532 − 0.8 ⇒ 1.588 135 3.8 [78]
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Experimental values of internal angular, temperature, and spectral bandwidths

Interacting wavelengths φpm θpm ∆ϕint ∆θ int ∆T ∆ν Ref.
[µm] [deg] [deg] [deg] [deg] [◦C] [cm−1]

XY plane, θ = 90◦(T = 293 K)

SHG, o + o ⇒ e

1.0796 ⇒ 0.5398 10.7 0.31 [30]
1.0642 ⇒ 0.5321 10.8 0.27 2.63 [56]

11.4 0.24 1.79 [20]
11.6 5.8 [11]

0.34 2.64 6.7 8.8 [80]
0.886 ⇒ 0.443 24.1 7.8 15.9 [40]
0.870 ⇒ 0.435 25.4 0.12 [81]

0.10 [40]
0.78 ⇒ 0.39 33.7 0.08 [81]

0.07 [40]
0.7605 ⇒ 0.38025 35.9 15.3 10.5 [40]
0.715 ⇒ 0.3575 41 0.06 [81]

SFG, o + o ⇒ e

1.0642 + 0.3547 ⇒ 0.2661 60.7 3.8 [11]

YZ plane, φ = 90◦(T = 293 K)

SHG, o + e ⇒ o

1.0642 ⇒ 0.5321 20.6 3.20 0.77 [56]
3.00 0.81 11.5 [80]

6.2 [11]
SFG, o + e ⇒ o

1.0641 + 0.53205 ⇒ 0.3547 42 0.79 0.16 6 [57]
1.0642 + 0.5321 ⇒ 0.35473 42.2 0.18 [11]

41 3.07 0.18 [15]

Calculated values of inverse group-velocity mismatch for SHG process in LBO

Interacting wavelengths [µm] φpm [deg] θpm [deg] β [fs/mm]

XY plane, θ = 90◦
SHG, o + o ⇒ e

1.2 ⇒ 0.6 2.36 18
1.1 ⇒ 0.55 9.37 37
1.0 ⇒ 0.5 15.74 59
0.9 ⇒ 0.45 22.94 86
0.8 ⇒ 0.4 31.69 123
0.7 ⇒ 0.35 43.38 175
0.6 ⇒ 0.3 62.63 257

YZ plane, φ = 90◦
SHG, o + e ⇒ o

1.1 ⇒ 0.55 15.98 82



28 2 Basic Nonlinear Optical Crystals

Interacting wavelengths [µm] φpm [deg] θpm [deg] β [fs/mm]

1.0 ⇒ 0.5 28.96 106
0.9 ⇒ 0.45 45.36 139
0.8 ⇒ 0.4 76.88 186

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.2661 12 >0.04 [82]
0.07 >3 [83]

0.308 17 >0.05 [84]
>0.06 [85]

10 >0.1 [86]
0.0003 47,000 [87] sharp focusing

0.3547 18 >0.18 [88] 10 Hz
10 >0.04 [49]

>0.2 [89]
8 >0.1 [17]
7 >0.14 [90]
0.03 >9.4 [91] 10 Hz

>18 [92] 10 Hz
0.015 >2.8 [51]
0.018 >5 [50]
0.025 >6 [93] 10 Hz

0.5145 CW >0.00003 [94]
0.5235 0.055 >1.1 [76] 500 Hz

>5 [95] 500 Hz
0.5321 CW >0.0004 [69]

60 >0.07 [96] 900 Hz
10 >0.22 [33]

0.1 >4.5 [97] 500 Hz
0.035 >3.1 [66]
0.015 >4.4 [18]

0.592 0.0005 >50 [98] 1 kHz
0.605 0.0002 >25 [99]
0.616 0.0004 31,000 [87] sharp focusing

35,000 [100] sharp focusing
38,000 [101] sharp focusing

0.652 0.02 >0.81 [21]
0.7–0.9 10 >0.03 [40] 10 Hz
0.71–0.87 25 1.1–1.4 [81] 25 Hz
0.72–0.85 0.001 >8 [102]
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λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.77–0.83 0.00005 >22 [103] 80 MHz
1.0642 CW >0.001 [69]

60 >0.06 [96] 1333 Hz
18 >0.6 [88] 10 Hz

9 >0.9 [104] 10 Hz
8 >0.5 [56]
1.3 19 [80]
1.1 45 [105] bulk damage
0.1 25 [1]
0.035 >4.8 [66]
0.025 >3.3 [93] 10 Hz

1.0796 5 20 [106] 1–25 Hz
0.04 30 [87]

About the crystal

In comparison with BBO, the applications of LBO mainly concentrated around SHG
of near IR radiation and OPO in visible and near-IR ranges. We will give some
characteristic examples. In recent experiments, lithium triborate was used for CW
frequency doubling of Nd:YVO4 laser (λ = 1342 nm) [79], Nd:YAlO3 laser (λ =
1341.4 nm) [60], Nd:YAG laser (λ = 946 nm) [35], InGaAs diode-laser oscillator
(λ = 930 nm) [39], and Ti:sapphire laser (λ = 746 nm) [47]. The obtained CW SH
output power ranged from 0.6 to 1.2 W. The LBO crystal was also employed for SHG
of a diode-pumped high-average-power Q-switched Nd:YAG laser (λ = 1064 nm);
the green output power of 138 W was generated [107]. Though a KTP crystal used
for this application produces more SH power, the advantage of LBO is the absence of
photochromic damage (gray-tracking). As a result, the output green power does not
decrease with time.
In [108], the LBO-based OPO was pumped by the second harmonic of a mode-
locked ps Nd:YLF laser (λ = 527 nm, P = 5.6 W, τ = 35 ps, ∆f = 76 MHz). The
signal and idler output were tunable from 750 to 930 nm and from 1220 to 1770 nm,
respectively. A signal output power of up to 1.6 W was obtained. In [58], the LBO-
based OPO was synchronously pumped by the third harmonic of a mode-locked ps
Nd:YVO4 laser (λ = 355 nm, P = 9.0 W, τ = 7.5 ps, ∆f = 84 MHz). The tunability
range of a signal wave was 457–479 nm, the signal output power reached 5.0 W at
462 nm, and the idler output power equaled 1.7 W at 1535 nm.
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2.3 LiNbO3, Lithium Niobate (LN)

Negative uniaxial crystal: no > ne
Molecular mass: 147.846
Specific gravity:

4.628 g/cm3 at T = 296 K [1]

4.620 ± 0.020 g/cm3 at T = 300 K (stoichiometric LN) [2]

4.617 ± 0.020 g/cm3 at T = 300 K (congruent LN) [2]

4.635 ± 0.005 g/cm3 at T = 298 K (stoichiometric LN) [3], 4.648 ± 0.005 g/cm3

at T = 298 (K congruent LN, mole ratio Li/Nb = 0.940) [3]
Point group: 3m

Lattice constants:

a = 5.14829 ± 0.00002Å [4], c = 13.8631 ± 0.0004Å [4]
a = 5.1489Å (congruent LN) [5], c = 13.8631Å (congruent LN) [5]
a = 5.1502 ± 0.0005Å (congruent LN) [2], c = 13.8636 ± 0.0010Å

(congruent LN) [2]

a = 5.15052 ± 0.00006Å (congruent LN, mole ratio Li/Nb = 0.940) [3],



36 2 Basic Nonlinear Optical Crystals

c = 13.86496 ± 0.00003Å (congruent LN, mole ratio Li/Nb = 0.940) [3]
a = 5.1483 ± 0.0005Å (stoichiometric LN) [2], c = 13.8573 ± 0.0010Å

(stoichiometric LN) [2]
a = 5.14739 ± 0.00008Å (stoichiometric LN) [3]c = 13.85614 ± 0.00009Å

(stoichiometric LN) [3]
Mohs hardness: 5 [6], [7]; 5–5.5 [8]
Vickers hardness: 630 ± 30 kgf/mm2 at indenter load 15–200 g [9]

Solubility in 100 g H2O [7]

T [K] s [g]

273 0.0034
298 0.0041
323 0.0064
348 0.0089
373 0.0109

Melting point: 1530 K [10]; 1533 K [11]
Curie temperature: 1411 K (congruent LN, mole ratio Li/Nb = 0.942) [12]; 1438 K
(congruent LN) [5]; 1466 K (stoichiometric LN) [13]; 1466 ± 2 K (stoichiometric
LN, mole ratio Li/Nb = 0.988) [12]; 1475 K (stoichiometric LN) [14]
Dependence of Curie temperature on Li concentration ([Li] in mol%, 46% < [Li] <
50%, Tc in K) [15]: Tc = −473.57 + 39.064 [Li]

Linear thermal expansion coefficient

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c Ref.

100 1.0 1.9 [16]
200 3.8 8.5 [16]
300 4.0 15.7 [16]

4.1 15.0 [10]
400 2.0 17.5 [16]
600 2.0 19.0 [16]

Mean value of linear thermal expansion coefficient [4]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

297–873 ≈2
297–1073 16.7

Thermal expansion ‖c for temperature range 298 K < T < 773 K [5]:

L(T ) = L(T0)
{

1 + α(T − 298) + β(T − 298)2
}

where T in K, T0 = 298 K, α = 7.5 × 10−6 K−1, β = −7.7 × 10−9 K−2.
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Thermal expansion ⊥c for temperature range 298 K < T < 773 K [5]:

L(T ) = L (T0)
{

1 + α (T − 298) + β(T − 298)2
}

where T in K, T0 = 298 K, α = 15.4 × 10−6 K−1, β = 5.3 × 10−9 K−2.

Specific heat capacity cp at P = 0.101325 MPa [17]

T [K] cp [J/kgK]

80 136
100 218
150 379
200 514
250 592
270 619
290 639
300 648
340 682
390 718

Thermal conductivity coefficient

T [K] κ [W/mK] Ref. Note

300 4.4 [17] ‖c
4.5 [17] ⊥c

4.6 [18]

Band-gap energy at room temperature (direct transition): Eg = 3.9 eV [19]; 4.0 eV
[20], [6]; 4.3 eV [21]
Band-gap energy at room temperature (indirect transition): Eg = 3.3 eV [21]
Transparency range at “0” transmittance level: 0.4–5.5 µm [22], [23]
UV transmittance cutoff for stoichiometric LN is at 0.3 µm [14]

UV transmittance cutoff at α = 20 cm−1 level as a function of relative molar Li
concentration in LN (T = 295 K) [24]

[Li]

[Li] + [Nb]
[%] λ [µm]

47.8 324
48.5 320
49.2 314
49.7 309
50.0 303
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Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.326 2.0 [2] congruent LN
0.5145 0.025 [25]

0.019–0.025 [26] ‖c
0.035–0.045 [26] e-wave, ⊥c

0.6594 0.0021–0.0044 [26] ‖c
0.0085–0.0096 [26] e-wave, ⊥c

1.0642 0.0019–0.0023 [26] ‖c
0.0014–0.0019 [26] e-wave, ⊥c

0.0042 [27] ‖c
0.0028 [27] ⊥c

0.0011 [27] ‖c, best crystals
1.3188 0.0018–0.0044 [26] ‖c

0.0017–0.0110 [26] e-wave, ⊥c

4.0 0.08 [28], [29] e-wave
≈0.1 [30] e-wave

5.0 0.94 [28], [29] e-wave
5.3 ≈3 [31] e-wave

Two-photon absorption coefficient β

λ [µm] τp [ns] β × 1011 [cm/W] Ref. Note

0.5288 0.007 15 [32]
0.53 0.01 500 (?) [33]
0.5321 10 290 [34] o-wave

10 160 [34] e-wave
0.025 350 (?) [35]

25 [36] o-wave
0.022 38 ± 8 [19] E‖c

0.6943 30 1000 [37]

Experimental values of refractive indices

λ [µm] no ne

for lithium-rich lithium niobate (mole ratio Li/Nb = 0.996)
grown by vapor transport equilibration at T = 298 K [38]
0.3250 2.6360 2.4670
0.4545 2.3751 2.2608
0.4579 2.3719 2.2584
0.4658 2.3658 2.2530
0.4727 2.3604 2.2489
0.4765 2.3573 2.2465
0.4880 2.3495 2.2398
0.4965 2.3437 2.2352
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λ [µm] no ne

0.5017 2.3405 2.2329
0.5145 2.3334 2.2270
0.6328 2.2878 2.1890
1.0642 2.2339 2.1440

for lithium niobate grown from stoichiometric melt
(mole ratio Li/Nb ≈ 1.0) at T = 293 K [22]
0.42 2.4089 2.3025
0.45 2.3780 2.2772
0.50 2.3410 2.2457
0.55 2.3132 2.2237
0.60 2.2967 2.2082
0.70 2.2716 2.1874
0.80 2.2571 2.1745
0.90 2.2448 2.1641
1.00 2.2370 2.1567
1.20 2.2269 2.1478
1.40 2.2184 2.1417
1.60 2.2113 2.1361
1.80 2.2049 2.1306
2.00 2.1974 2.1250
2.20 2.1909 2.1183
2.40 2.1850 2.1129
2.60 2.1778 2.1071
2.80 2.1703 2.1009
3.00 2.1625 2.0945
3.20 2.1543 2.0871
3.40 2.1456 2.0804
3.60 2.1363 2.0725
3.80 2.1263 2.0642
4.00 2.1155 2.0553

for lithium niobate grown from congruent melt
(mole ratio Li/Nb = 0.946) at T = 293 K [39]
0.43584 2.39276 2.29278
0.54608 2.31657 2.22816
0.63282 2.28647 2.20240
1.1523 2.2273 2.1515
3.3913 2.1451 2.0822

for lithium niobate grown from congruent melt
(mole ratio Li/Nb = 0.946) at T = 297.5 K [40]
0.40463 2.4317 2.3260
0.43584 2.3928 2.2932
0.46782 2.3634 2.2683
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λ [µm] no ne

0.47999 2.3541 2.2605
0.50858 2.3356 2.2448
0.54607 2.3165 2.2285
0.57696 2.3040 2.2178
0.57897 2.3032 2.2171
0.58756 2.3002 2.2147
0.64385 2.2835 2.2002
0.66782 2.2778 2.1953
0.70652 2.2699 2.1886
0.80926 2.2541 2.1749
0.87168 2.2471 2.1688
0.93564 2.2412 2.1639
0.95998 2.2393 2.1622
1.01400 2.2351 2.1584
1.09214 2.2304 2.1545
1.15392 2.2271 2.1517
1.15794 2.2269 2.1515
1.28770 2.2211 2.1464
1.43997 2.2151 2.1413
1.63821 2.2083 2.1356
1.91125 2.1994 2.1280
2.18428 2.1912 2.1211
2.39995 2.1840 2.1151
2.61504 2.1765 2.1087
2.73035 2.1724 2.1053
2.89733 2.1657 2.0999
3.05148 2.1594 2.0946

Temperature derivatives of refractive indices for lithium-rich lithium niobate (mole
ratio Li/Nb = 0.996) grown by vapor transport equilibration at T = 298 K [38]

λ [µm] dno/dT × 106 [K−1] dne/dT × 106 [K−1]

0.3250 87 129
0.4545 19 62
0.6328 5.2 43
1.0642 1.4 39

Temperature derivatives of refractive indices for lithium niobate grown from
stoichiometric melt (mole ratio Li/Nb ≈ 1.0) at T = 293 K

λ [µm] dno/dT × 106 [K−1] dne/dT × 106 [K−1] Ref.

0.45–0.70 20 76 [41]
0.6328 8 50 [23]
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Sellmeier equations (λ in µm):

for lithium-rich lithium niobate (mole ratio Li/Nb = 0.996) grown by vapor
transport equilibration (0.325 µm < λ < 1.064 µm, T = 298 K) [38]:

n2
o = 4.91296 + 0.116275

λ2 − 0.048398
− 0.0273 λ2

n2
e = 4.54528 + 0.091649

λ2 − 0.046079
− 0.0303 λ2

for lithium niobate grown from stoichiometric melt (mole ratio Li/Nb ≈ 1.0,
0.4 µm < λ < 4.0 µm, T = 293 K) [42]:

n2
o = 4.91300 + 0.118717

λ2 − 0.045932
− 0.0278 λ2

n2
e = 4.57906 + 0.099318

λ2 − 0.042286
− 0.0224 λ2

for congruent LN (mole ratio Li/Nb = 0.937, 0.4 µm< λ< 5.0 µm, T = 294 K)
[43]:

n2
o = 1 + 2.6734 λ2

λ2 − 0.01764
+ 1.2290 λ2

λ2 − 0.05914
+ 12.614 λ2

λ2 − 474.6

n2
e = 1 + 2.9804 λ2

λ2 − 0.02047
+ 0.5981 λ2

λ2 − 0.0666
+ 8.9543 λ2

λ2 − 416.08

Other sets of dispersion relations for congruent LiNbO3 at room temperature are
given in [39], [40].

Temperature-dependent Sellmeier equations (λ in µm, T in K):

for lithium-rich lithium niobate (mole ratio Li/Nb = 0.996) grown by vapor
transport equilibration (0.325 µm < λ < 1.064 µm) [38]:

n2
o = 4.913 + 1.6 × 10−8

(
T 2 − 88506.25

)

+ 0.1163 + 0.94 × 10−8
(
T 2 − 88506.25

)
λ2 − [

0.2201 + 3.98 × 10−8
(
T 2 − 88506.25

)]2 − 0.0273 λ2

n2
e = 4.546 + 2.72 × 10−7

(
T 2 − 88506.25

)

+ 0.0917 + 1.93 × 10−8
(
T 2 − 88506.25

)
λ2 − [

0.2148 + 5.3 × 10−8
(
T 2 − 88506.25

)]2 − 0.0303 λ2

for lithium niobate grown from stoichiometric melt (mole ratio Li/Nb ≈ 1.0) for
wavelengths 0.4 µm < λ < 4.0 µm [42]:
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n2
o = 4.9130 + 0.1173 + 1.65 × 10−8 T 2

λ2 −
(

0.212 + 2.7 × 10−8 T 2
)2 − 0.0278 λ2

n2
e = 4.5567+2.605×10−7 T 2+ 0.0970 + 2.70 × 10−8 T 2

λ2 −
(

0.201 + 5.4 × 10−8 T 2
)2 − 0.0224 λ2

for lithium niobate grown from congruent melt (mole ratio Li/Nb = 0.946) for
wavelengths 0.4 µm < λ < 3.05 µm [44]:

n2
o = 4.9048 + 2.1429 × 10−8

(
T 2 − 88506.25

)

+ 0.11775 + 2.2314 × 10−8
(
T 2 − 88506.25

)
λ2 − [

0.21802 − 2.9671 × 10−8
(
T 2 − 88506.25

)]2 − 0.027153 λ2

n2
e = 4.5820 + 2.2971 × 10−7

(
T 2 − 88506.25

)

+ 0.09921 + 5.2716 × 10−8
(
T 2 − 88506.25

)
λ2 − [

0.21090 − 4.9143 × 10−8
(
T 2 − 88506.25

)]2 − 0.021940 λ2

Infrared-corrected temperature-dependent Sellmeier equation for extraordinary
refractive index for congruent LN (mole ratio Li/Nb = 0.937) [28]:

n2
e = 5.35583 + 4.629 × 10−7

(
T 2 − 88601.4756

)

+ 0.100473 + 3.862 × 10−8
(
T 2 − 88601.4756

)
λ2 − [

0.20692 − 0.89 × 10−8
(
T 2 − 88601.4756

)]2

+ 100 + 2.657 × 10−5
(
T 2 − 88601.4756

)
λ2 − (11.34927)2 − 1.5334 × 10−2 λ2

Temperature-dependent dispersion relations for LN of different composition
(mole ratio Li/Nb = 0.8871.0) for wavelengths 0.4 µm < λ < 1.2 µm and tem-
perature range 50 K < T < 600 K are given in [28], [48].

Nonlinear refractive index γ [19]

λ [µm] γ × 1015 [cm2/W] Note

0.5321 8.3 ± 1.3 k‖X, E‖Z
1.0642 0.91 ± 0.13 k‖X, E‖Z

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of LN crystal, i.e., for the “free” crystal) at room temperature

λ [µm] rT
13 [pm/V] rT

22 [pm/V] rT
33 [pm/V] rT

51 [pm/V] Ref. Note

0.6328 +9.6 +6.8 +30.9 +32.6 [46]
+9.7 +31.4 [47] congruent LN
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λ [µm] rT
13 [pm/V] rT

22 [pm/V] rT
33 [pm/V] rT

51 [pm/V] Ref. Note

+10.0 +6.81 +32.2 [48]
+10.0 ± 0.8 +31.5 ± 1.4 [49] congruent LN
+10.5 ± 0.07 +31.4 ± 0.2 [50] congruent LN
+10.4 ± 0.8 +38.3 ± 1.4 [49] stoichiometric

LN
+10.9 ± 1.0 +34.0 ± 2.5 [51]

+3.3 +32 ± 2 [52]
+6.4 ± 0.3 [53] congruent LN
+6.7 [54], [55]
+6.8 ± 0.4 [53] stoichiometric

LN
1.047 +8 +24.6 [47] congruent LN
1.1523 +5.4 [46]
3.3913 +3.1 [46]

Linear electrooptic coefficients measured at high frequencies (well above the acoustic
resonances of LN crystal, i.e., for the “clamped” crystal) at room temperature

λ [µm] rS
13 [pm/V] rS

22 [pm/V] rS
33 [pm/V] rS

51 [pm/V] Ref. Note

0.6328 7.68 28.8 18.2 (?) [56]
8.6 3.4 30.8 28 [57]

3.8 ± 0.2 [53] congruent LN
4.5 ± 0.2 [53] stoichiometric LN

1.1523 6.65 27.2 [56]
3.3913 5.32–6.5 3.1 25.5–28 23 [56]

Dependence of linear electrooptic coefficient rT
22 measured at 1 kHz as a function of

relative molar Li concentration in LN [58]

λ [µm]
[Li]

[Li] + [Nb]
[%] rT

22 [pm/V]

0.6328 48.51 6.07
48.69 4.67
48.90 1.51
49.09 1.97
49.36 6.50
49.95 9.89

Coercive field value:

≈21 kV/mm (congruent LN) [59], [60];
≈4 kV/mm (stoichiometric LN) [61]
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Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d15 = d24 = d31 = d32) [62]:

dooe = d31 sin(θ + ρ) − d22 cos(θ + ρ) sin 3φ

deoe = doee = d22 cos2(θ + ρ) cos 3φ

Simplified expressions for the effective second-order nonlinear coefficient (approx-
imation of small birefringence angle, Kleinman symmetry conditions are valid,
d15 = d24 = d31 = d32) [63]:

dooe = d31 sin θ − d22 cos θ sin 3φ

deoe = doee = d22 cos2 θ cos 3φ

Absolute values of second-order nonlinear coefficients for lithium niobate grown from
congruent melt (mole ratio Li/Nb = 0.946) [64]:

| d31(0.852 µm) | = 4.8 pm/V

| d33(0.852 µm) | = 25.7 pm/V

| d31(1.064 µm) | = 4.6 pm/V

| d33(1.064 µm) | = 25.2 pm/V

| d31(1.313 µm) | = 3.2 pm/V

| d33(1.313 µm) | = 19.5 pm/V

Values of second-order nonlinear coefficients for lithium niobate grown from congru-
ent melt (mole ratio Li/Nb = 0.946) [65], [66]:

d22(1.064 µm) = 2.10 ± 0.21 pm/V

d31(1.064 µm) = −4.35 ± 0.44 pm/V

d33(1.064 µm) = −27.2 ± 2.7 pm/V

Values of second-order nonlinear coefficients for lithium niobate grown from
stoichiometric melt (mole ratio Li/Nb = 1.000) [22], [66]:

d22(1.058 µm) = 2.46 ± 0.23 pm/V

d31(1.058 µm) = −4.64 ± 0.66 pm/V

d33(1.058 µm) = −41.7 ± 7.8 pm/V

Experimental values of phase-matching angle

Interacting wavelengths [µm] θexp [deg] Ref.

lithium-rich lithium niobate (mole ratio Li/Nb = 0.996, T = 295 K)
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 67.5 [38]
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Interacting wavelengths [µm] θexp [deg] Ref.

stoichiometric melt (mole ratio Li/Nb ≈ 1.0, T = 293 K)
SHG, o + o ⇒ e

1.118 ⇒ 0.559 71.7 [42]
1.1523 ⇒ 0.57615 67.6 [42]

68 [22]
69 [11]

SFG, o + o ⇒ e

2.17933 + 0.8529 ⇒ 0.613 55 [67]
4.0 + 0.72394 ⇒ 0.613 47.5 [67]

congruent melt (mole ratio Li/Nb = 0.946), T = 293 K
SHG, o + o ⇒ e

1.1523 ⇒ 0.57615 72 [11]
2.12 ⇒ 1.06 43.8 [68]
2.1284 ⇒ 1.0642 44.6 [69]

47 [70]
SFG, o + o ⇒ e

1.95160 + 1.0642 ⇒ 0.68867 52.7 [71]
2.57887 + 1.0642 ⇒ 0.75333 48.1 [71]
3.22241 + 1.0642 ⇒ 0.80000 46.5 [71]
4.19039 + 1.0642 ⇒ 0.84867 47 [71]

Note: The phase-matching (PM) angle values are strongly dependent on melt
stoichiometry.

Experimental values of NCPM temperature

Interacting wavelengths [µm] T [◦C] Ref.

lithium-rich lithium niobate (mole ratio Li/Nb = 0.996)
SHG, o + o ⇒ e

0.954 ⇒ 0.477 −62.5 [38]
1.0642 ⇒ 0.5321 233.7 [27], [15]

238 [38]
1.3188 ⇒ 0.6594 520 [38]

stoichiometric melt (mole ratio Li/Nb ≈ 1.0)
SHG, o + o ⇒ e

1.029 ⇒ 0.5145 15 [72]
1.058 ⇒ 0.529 0 [73]
1.0642 ⇒ 0.5321 43 [74]

72 [75]
1.084 ⇒ 0.542 97 [76]
1.118 ⇒ 0.559 153.5 [42]
1.1523 ⇒ 0.57615 193 [73]

208 [42]
211 [75]
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Interacting wavelengths [µm] T [◦C] Ref.

congruent melt (mole ratio Li/Nb = 0.946)
SHG, o + o ⇒ e

1.029 ⇒ 0.5145 −66 [72]
1.0576 ⇒ 0.5288 −14 [32]
1.0642 ⇒ 0.5321 −8 [77]

6 [78]
11.5 [74]

1.084 ⇒ 0.542 38 [79]
42 [77]
46 [72]

1.1523 ⇒ 0.57615 172 [77]
174 [40]

Note: The NCPM temperature values are strongly dependent on melt stoichiometry.

Experimental value of internal angular bandwidth [80]

Interacting wavelengths [µm] ∆θ int [deg]

SHG, o + o ⇒ e

1.06 ⇒ 0.53 0.040

Experimental values of temperature and spectral bandwidths

Interacting wavelengths [µm] T [◦C] θpm [deg] ∆T [◦C] ∆ν1 [cm−1] Ref.

SHG, o + o ⇒ e

1.06 ⇒ 0.53 20 68 3.2 [80]
1.0642 ⇒ 0.5321 −1.6 90 0.74 [81]

51 90 0.72 [82]
234 90 0.52 [27]

1.084 ⇒ 0.542 38 90 0.74 [72]
46 90 0.74 [79]

1.1523 ⇒ 0.57615 172 90 0.66 [77]
SFG, o + o ⇒ e

1.7 + 0.6943 ⇒ 0.493 70 90 1.6 7.9 [83]
2.65 + 0.488 ⇒ 0.4115 90 90 2.9 [84]

Laser-induced bulk damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.53 0.007 >10 [85]
0.5321 0.002 >70 [86] 10 Hz
0.59–0.596 ≈10 >0.35 [86] 10 Hz
0.6943 25 0.15 [87] 1 pulse
1.06 30 0.06 [88] 25 pulses
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Laser-induced bulk damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.12 [88] 10 pulses
0.17 [89]
0.47 [88] 1 pulse

10–30 0.3 [90]
14 10–13 [91] 100-µm beam-waist

diameter
36 [91] 21-µm beam-waist

diameter
10 0.25 [92]

0.006 >10 [68]
1.0642 30 15–20 [93] with coating

20 >0.1 [69]
10 0.5–2 [94]

7 0.84 [95]
0.43 [96] 100 Hz

1.56 50 0.35 [97] 300 Hz, 80-µm beam-waist
diameter

Laser-induced surface damage threshold

λ [µm] τp [ns] Ithr × 10−12 [W/m2] Ref. Note

1.0642 12 111 [98] [100] direction, 30-µm
beam-waist diameter

10 5–30 [94]
7 8.4 [95]

About the crystal

LiNbO3 was one of the first crystals especially synthesized for nonlinear frequency
conversion [22], [99]. It was successfully used in the first OPO system [100] and
became a very popular nonlinear material at the end of the 1960s / beginning of the
1970s. However, when more effective and damage-resistant crystals (KTP, BBO,
LBO) were introduced, they completely replaced bulk LN in applications. After
that, it is really amazing that the periodically poled LN (PPLN), due to a very high
value of effective second-order nonlinear coefficient along the optical axis (up to
20 pm/V), became in the 1990s one of the most popular nonlinear materials. Iron-
ically, the method of quasi-phase matching (QPM) in periodically poled materi-
als was proposed by Bloembergen et al. as early as 1962 [101], even before the
birefringent phase matching, and only the absence of poling methods at that time
stopped the development of this approach. In 1980, a Chinese group discovered an
enhancement of SHG in periodically poled LN [102], and a decade later the first
applications of PPLN for SHG, [103], [104], [105], [106]; DFG, [107], [108]; and
OPO [109] were reported. At the moment, there are hundreds of works devoted to
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PPLN and its applications; for the reviews on QPM and PPLN, see [110], [111],
[112].

Lithium niobate has some principal disadvantages, namely, a low level of laser
damage threshold and also a susceptibility to photorefractive damage [113], [114].
To avoid the photorefractive effects, LN (or PPLN) elements should be kept at ele-
vated temperatures, typically between 140 and 230◦C [115], [116], [117], [118].
Another way is doping by MgO (see Magnesium-Oxide–Doped Lithium Niobate). It
was shown that the photorefractive damage threshold of 1.8 mol% MgO-doped stoi-
chiometric LN is 4 orders of magnitude higher than that of undoped stoichiometric
and congruent LN [12]. A similar effect on photorefractive damage threshold increase
was observed in ZnO-doped LN [119], [120].
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2.4 KTiOPO4, Potassium Titanyl Phosphate (KTP)

Positive biaxial crystal: 2Vz = 37.4◦ at λ = 0.5461 µm [1]
Molecular mass: 197.949
Specific gravity: 2.945 g/cm3 [2], [3]; 3.023 g/cm3 [4]; 3.024 g/cm3 [5];
3.03 g/cm3 [6]
Point group: mm2
Lattice constants:
a = 12.814 Å [7]; 12.8157 Å [6]; 12.8164 ± 0.0014 Å at T = 298 K [8];
12.822 Å [9]
b = 6.404 Å [7]; 6.4027 Å [6]; 6.4033 ± 0.0006 Å at T = 298 K [8]; 6.4054 Å [9]
c = 10.616 Å [7]; 10.5866 Å [6]; 10.5897 ± 0.0014 Å at T = 298 K [8];
10.589 Å [9]
Assignment of dielectric and crystallographic axes: X, Y, Z ⇒ a, b, c

Mohs hardness: 5 [3]
Vickers hardness: 531 [4]; 566 [10]
Knoop hardness: 702 [4]
Melting point (decomposition on melting): 1421 K [9]; 1423 K [7]; 1445 K [11]
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Curie temperature: 1211 K [12]; 1213 K [13]; 1189 K (lowest potassium concentration
in initial flux composition, [K]/[P] = 1) [14]; 1231 K (highest potassium concentra-
tion in initial flux composition, [K]/[P] = 2) [14]

Linear thermal expansion coefficient [7]

αt × 106 [K−1], ‖X αt × 106 [K−1], ‖Y αt × 106 [K−1], ‖Z
11 9 0.6

Linear thermal expansion coefficient [15]

T [K] αt × 106 [K−1], ‖X αt × 106 [K−1], ‖Y αt × 106 [K−1], ‖Z
373 8.7 10.5 −0.2

Thermal expansion along the X axis for temperature range 298 K < T < 473 K [16]:

L(T ) = L(T0)
{
1 + α(T − 298) + β(T − 298)2}

where T in K, T0 = 298 K, α = (6.7 ± 0.7) × 10−6 K−1, β = (11 ± 2) × 10−9 K−2

Specific heat capacity cp at P = 0.101325 MPa

T [K] cp [J/kgK] Ref.

298 688 [4]
727 [17]
729 [7]

Thermal conductivity coefficient [7]

κ [W/mK], ‖X κ [W/mK], ‖Y κ [W/mK], ‖Z
2 3 3.3

Band-gap energy at room temperature: Eg = 3.54 eV [18]; 3.8 eV [19]
Transparency range at “0” transmittance level: 0.35–4.5 µm [20], [21] with the
orthophosphate overtone at 3.5 µm [13]
UV transmission cutoff (α = 2 cm−1) is at 0.352 µm (E‖X); 0.359 µm (E‖Y );
0.365 µm (E‖Z) [22]

Linear absorption coefficient

λ [µm] α [cm−1] Ref. Note

0.4 0.025–0.036 [23] depending on Pt impurity
0.423 0.151 ± 0.024 [24] flux-grown PPKTP
0.43–0.78 <0.004 [25] oxygen annealing + cerium doping
0.473 0.021–0.067 [22] flux-grown, E‖X

0.023–0.053 [22] flux-grown, E‖Y
0.034–0.085 [22] flux-grown, E‖Z
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λ [µm] α [cm−1] Ref. Note

0.037 [22] hydrothermally grown, E‖X
0.049 [22] hydrothermally grown, E‖Y
0.076 [22] hydrothermally grown, E‖Z

0.5145 0.013 [26] along a axis
0.027 [26] along b axis
0.026 [26] along c axis

0.53–0.78 <0.005 [25] oxygen annealing
0.5321 0.04 [27] along SHG direction

<0.02 [7]
0.009–0.036 [22] flux-grown, E‖X
0.011–0.024 [22] flux-grown, E‖Y
0.019–0.039 [22] flux-grown, E‖Z
0.017 [22] hydrothermally grown, E‖X
0.025 [22] hydrothermally grown, E‖Y
0.040 [22] hydrothermally grown, E‖Z

0.6594 0.0065 [26] along a axis
0.0087 [26] along b axis
0.0065 [26] along c axis

0.846 0.018 ± 0.009 [24] flux-grown PPKTP
1.06 <0.01 [6]
1.0642 <0.006 [7]

0.005 [27] along SHG direction
0.0002 [26] along a axis
0.0005 [26] along b axis
0.0004 [26] along c axis
0.0003 [28]

1.0796 0.012 [29] along SHG direction
1.3188 0.0015 [26] along a axis

0.0004 [26] along b axis
0.001 [26] along c axis

3.297 0.59 [30]

Two-photon absorption coefficient β

λ [µm] τp [ns] β × 1011 [cm/W] Ref. Note

0.5321 0.022 10 ± 2 [19] k‖X, E‖Z
0.021 24 ± 4.8 [31] [100] direction

16 ± 3.2 [31] [010] direction
14 ± 2.8 [31] [110] direction

0.6 0.0012 3.5 [32] θ = 67.3◦, φ = 0◦

Experimental values of refractive indices for flux-grown KTP

λ [µm] nX nY nZ Ref.

0.4047 1.8249 1.8410 1.9629 [1]
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λ [µm] nX nY nZ Ref.

0.4358 1.8082 1.8222 1.9359 [1]
0.4916 1.7883 1.8000 1.9044 [1]
0.5343 1.7780 1.7887 1.8888 [1]
0.53975 1.7764 1.7869 1.8863 [33]
0.5410 1.7767 1.7873 1.8869 [1]
0.5461 1.7756 1.7860 1.8850 [1]
0.5770 1.7703 1.7803 1.8769 [1]
0.5790 1.7699 1.7798 1.8764 [1]
0.5853 1.7689 1.7787 1.8749 [1]
0.5893 1.7684 1.7780 1.8740 [1]
0.6234 1.7637 1.7732 1.8672 [1]
0.6328 1.7622 1.7714 1.8649 [33]
0.6410 1.7617 1.7709 1.8641 [1]
0.6939 1.7565 1.7652 1.8564 [1]
0.6943 1.7564 1.7652 1.8564 [1]
0.7050 1.7555 1.7642 1.8550 [1]
1.0640 1.7381 1.7458 1.8302 [1]
1.0642 1.7379 1.7454 1.8297 [33]
1.0795 1.7375 1.7450 1.8291 [33]
1.3414 1.7314 1.7387 1.8211 [33]

Temperature derivative of refractive indices for flux-grown KTP

λ [µm] T [K] dnX/dT × 106 dnY /dT × 106 dnZ/dT × 106 Ref.
[K−1] [K−1] [K−1]

0.6328 302–399 9.6 ± 1.1 13.0 ± 0.7 22.4 ± 0.9 [34]
1.0642 288–313 6.1 8.3 14.5 [35]

Best set of Sellmeier equations for flux-grown KTP for 0.43–3.54 µm range
(λ in µm, T = 293 K) [36]:

n2
X = 3.29100 + 0.04140

λ2 − 0.03978
+ 9.35522

λ2 − 31.45571

n2
Y = 3.45018 + 0.04341

λ2 − 0.04597
+ 16.98825

λ2 − 39.43799

n2
Z = 4.59423 + 0.06206

λ2 − 0.04763
+ 110.80672

λ2 − 86.12171

Other sets of dispersion relations are given in [1], [21], [33], [37], [38], [39], [40],
[41], [42], [43], [44], [45], [46].
Infrared-corrected Sellmeier equation for refractive index nZ in spectral range
0.38 µm < λ < 4.5 µm (λ in µm, T = 293 K) [47]:

n2
Z = 1 + 1.71645 λ2

λ2 − 0.013346
+ 0.5924 λ2

λ2 − 0.06503
+ 0.3226 λ2

λ2 − 67.1208
− 0.01133 λ2
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Another infrared-corrected Sellmeier equation for refractive index nZ is given in [48].
Temperature derivative of refractive indices for flux-grown KTP for T = 293
to 353 K and for spectral range 0.43 µm < λ < 1.58 µm (λ in µm) [36]:

dnX

dT
=

(
0.1717

λ3 − 0.5353

λ2 + 0.8416

λ
+ 0.1627

)
× 10−5K−1

dnY

dT
=

(
0.1997

λ3 − 0.4063

λ2 + 0.5154

λ
+ 0.5425

)
× 10−5K−1

for spectral range 0.53 µm < λ < 1.57 µm (λ in µm) [36]:

dnZ

dT
=

(
0.9221

λ3 − 2.9220

λ2 + 3.6677

λ
− 0.1897

)
× 10−5K−1

for spectral range 1.32 µm < λ < 3.53 µm (λ in µm) [36]:

dnZ

dT
=

(
−0.5523

λ
+ 3.3920 − 1.7101 λ + 0.3424 λ2

)
× 10−5K−1

Nonlinear refractive index γ

λ [µm] γ × 1015 [cm2/W] Ref. Note

0.5321 2.3 ± 0.4 [19] k‖X, E‖Z
0.780 1.20 ± 0.16 [49] [100] direction

0.94 ± 0.16 [49] [010] direction
0.850 1.08 ± 0.20 [50] θ = 90◦, φ = 23◦
1.0642 1.4 [51] XY -plane

1.4 ± 0.28 [31] [110] direction
1.8 ± 0.36 [31] [010] direction
2.1 ± 0.42 [31] [100] direction
2.4 ± 0.5 [19] k‖Z, E‖Y
3.1 [18]

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of KTP crystal, i.e., for the “free” crystal) at room temperature [7], [52]

λ [µm] rT
13 [pm/V] rT

23 [pm/V] rT
33 [pm/V] rT

42 [pm/V] rT
51 [pm/V]

0.6328 +9.5 ± 0.5 +15.7 ± 0.8 +36.3 ± 1.8 9.3 ± 0.9 7.3 ± 0.7

Linear electrooptic coefficients measured at high frequencies (well above the acoustic
resonances of KTP crystal, i.e., for the “clamped” crystal) at room temperature [7]

λ [µm] rS
13 [pm/V] rS

23 [pm/V] rS
33 [pm/V] rS

42 [pm/V] rS
51 [pm/V]

0.6328 +8.8 ± 0.8 +13.8 ± 1.4 +35.0 ± 3.5 8.8 ± 1.8 6.9 ± 1.4

Coercive field value: ≈2 kV/mm [53], [54], [55]



2.4 KTiOPO4, Potassium Titanyl Phosphate (KTP) 59

Expressions for the effective second-order nonlinear coefficient in principal planes of
KTP crystal (Kleinman symmetry conditions are not valid) [56]:

XY plane

deoe = doee = d15 sin2 φ + d24 cos2 φ

YZ plane

doeo = deoo = d15 sin θ

XZ plane, θ < Vz

dooe = d32 sin θ

XZ plane, θ > Vz

doeo = deoo = d24 sin θ

Expressions for the effective second-order nonlinear coefficient in principal planes
of KTP crystal (Kleinman symmetry conditions are valid, d15 = d31 and d24 = d32)
[56]:

XY plane

deoe = doee = d31 sin2 φ + d32 cos2 φ

YZ plane

doeo = deoo = d31 sin θ

XZ plane, θ < Vz

dooe = d32 sin θ

XZ plane, θ > Vz

doeo = deoo = d32 sin θ

Effective second-order nonlinear coefficient for three-wave interactions in the arbi-
trary direction of KTP crystal is given in [56].
Absolute values of second-order nonlinear coefficients [57]:

d15(0.852 µm) = 1.9 ± 0.1 pm/V

d24(0.852 µm) = 3.9 ± 0.2 pm/V

d33(0.852 µm) = 16.6 ± 0.8 pm/V

d15(1.064 µm) = 1.9 ± 0.1 pm/V

d24(1.064 µm) = 3.7 ± 0.2 pm/V

d31(1.064 µm) = 2.2 ± 0.1 pm/V

d32(1.064 µm) = 3.7 ± 0.2 pm/V

d33(1.064 µm) = 14.6 ± 0.7 pm/V
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d15(1.313 µm) = 1.4 ± 0.1 pm/V

d24(1.313 µm) = 2.6 ± 0.1 pm/V

d33(1.313 µm) = 11.1 ± 0.6 pm/V

The signs of KTP second-order nonlinear coefficients are all the same [58].
Other reliable values of second-order nonlinear coefficients:

d24(0.6 µm) = 4.2 pm/V [32]
d15(1.064 µm) = 1.8 pm/V [58]
d24(1.054 µm) = 4.1 ± 0.4 pm/V [59]
d24(1.064 µm) = 3.4 pm/V [58]; 3.9 ± 0.3 pm/V [60]; 4.2 ± 0.2 pm/V [61]
d33(1.064 µm) = 17.4 pm/V [58]
d15(1.32 µm) = 1.2 ± 0.1 pm/V [45]
d24(1.32 µm) = 2.4 ± 0.2 pm/V [45]

Experimental values of phase-matching angle (T = 293 K):

Interacting wavelengths [µm] φexp [deg] θexp [deg] Ref.

hydrothermally grown KTP
XY plane, θ = 90◦

SHG, e + o ⇒ e

1.053 ⇒ 0.5265 34 [62]
1.062 ⇒ 0.531 25 [6]
1.0642 ⇒ 0.5321 24 [39]

26 [2], [63], [64]
SFG, e + o ⇒ e

1.3188 + 0.6594 ⇒ 0.4396 3.8 [65]

YZ plane, φ = 90◦
SFG, o + e ⇒ o

1.3188 + 0.6594 ⇒ 0.4396 65.1 [65]
1.338 + 0.669 ⇒ 0.446 63.2 [65]

XZ plane, φ = 0◦, θ > Vz
SFG, o + e ⇒ o

1.3188 + 0.6594 ⇒ 0.4396 87.7 [65]
1.338 + 0.669 ⇒ 0.446 79.9 [65]
1.0642 + 1.4581 ⇒ 0.6152 78 [66]
1.0642 + 1.4762 ⇒ 0.6184 76.6 [66]
1.0642 + 1.5918 ⇒ 0.6378 75.8 [66]

flux-grown KTP
XY plane, θ = 90◦

SHG, e + o ⇒ e

1.0641 ⇒ 0.53205 23.5 [67]
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Interacting wavelengths [µm] φexp [deg] θexp [deg] Ref.

23.6 [68]
1.0642 ⇒ 0.5321 23.0 [69]

23.2 [1]
23.3 [70]
24.1 [71]
24.7 [72]
25.0 [3]
25.2 [20], [39], [73]
25.3 [10]

YZ plane, φ = 90◦
SHG, o + e ⇒ o

1.0642 ⇒ 0.5321 69.0 [74]
69.2 [39]

1.068 ⇒ 0.534 67.8 [74]
1.182 ⇒ 0.591 57.4 [74]
1.3188 ⇒ 0.6594 50.0 [39]
1.5 ⇒ 0.75 44.6 [74]

XZ plane, φ = 0◦, θ > Vz
SHG, o + e ⇒ o

1.0796 ⇒ 0.5398 85.3 [75]
86.7 [33]

1.235 ⇒ 0.6175 65 [76]
1.3188 ⇒ 0.6594 58.3 [39]

58.6 [77]
58.9 [78]

1.3414 ⇒ 0.6707 58.7 [33]
58.9 [79]

1.54 ⇒ 0.77 53 [80]
1.90768 ⇒ 0.95384 51.1 [78]
2.05 ⇒ 1.025 50.8 [78]
2.1284 ⇒ 1.0642 53.7 [81]

54 [78]
SFG, o + e ⇒ o

1.3188 + 0.6594 ⇒ 0.4396 87.1 [65]
87.6 [39]

1.338 + 0.669 ⇒ 0.446 79.8 [65]
1.3414 + 0.6707 ⇒ 0.44713 78.1 [82]
1.0642 + 1.90768 ⇒ 0.68333 77.2 [78]
1.0796 + 1.3414 ⇒ 0.59817 74.9 [33]
1.54 + 0.78 ⇒ 0.51776 61 [83]
1.90768 + 2.40688 ⇒ 1.0642 58.6 [78]
1.770 + 0.76 ⇒ 0.5321 55 [84]
1.58053 + 1.54 ⇒ 0.78 52.1 [83]
1.90768 + 1.0642 ⇒ 0.68333 48.7 [78]
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Experimental values of NCPM temperature and corresponding temperature
bandwidth

Interacting wavelengths [µm] T [◦C] ∆T [◦C] Ref.

hydrothermally grown KTP
along X axis

SFG, type II
1.3188Y + 0.6594Z ⇒ 0.4396Y 47 8.5 [65]
1.338Y + 0.669Z ⇒ 0.446Y 463 8.5 [65]

along Y axis
SHG, type II

0.9943X + 0.9943Z ⇒ 0.49715X 20 175 [85]
SFG, type II

1.0642X + 0.809Z ⇒ 0.45961X 20 122 [86]

flux-grown KTP
along X axis

SHG, type II
1.0796Y + 1.0796Z ⇒ 0.5398Y 153 (?) 20 [75]

63 30 [87]
1.08Y + 1.08Z ⇒ 0.54Y ≈20 [88]

SFG, type II
1.090Y + 1.039Z ⇒ 0.5321Y 20 [89]

20 [90]
2.15Z + 1.04Y ⇒ 0.70094Y 20 [91]
2.402Z + 1.08Y ⇒ 0.745Y ≈20 [88]
2.75Z + 1.16Y ⇒ 0.816Y ≈20 [92]
2.756Z + 1.182Y ⇒ 0.827Y ≈20 [93]
3.09Z + 1.38Y ⇒ 0.95396Y 20 [91]
3.297Z + 1.571Y ⇒ 1.047Y 20 [94]
3.276Z + 1.539Y ⇒ 1.0642Y 20 [94]
3.303Z + 1.57Y ⇒ 1.0642Y ≈20 [95]
3.290Z + 1.573Y ⇒ 1.0642Y ≈20 [96]
1.182Y + 0.827Z ⇒ 0.487Y ≈20 [93]
1.3188Y + 0.6594Z ⇒ 0.4396Y 60.2 8.5 [65]

53 10.1 [77]
1.32Y + 0.66Z ⇒ 0.44Y 128 8.7 [77]
1.338Y + 0.669Z ⇒ 0.446Y 484 8.5 [65]

along Y axis
SHG, type II

0.99X + 0.99Z ⇒ 0.495X 20 [37]
SFG, type II

1.0642X + 0.8068Z ⇒ 0.4589X 20 [37]
1.0642X + 0.808Z ⇒ 0.45929X 20 [39]
1.0642X + 0.9691Z ⇒ 0.5072X 20 [37]

Note: superscripts of interacting wavelengths represent polarization directions.
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Experimental values of internal angular, temperature and spectral bandwidths

Interacting wavelengths φpm θpm ∆φint ∆θ int ∆T ∆ν Ref.
[µm] [deg] [deg] [deg] [deg] [◦C] [cm−1]
XY plane, θ = 90◦ (T = 293 K)

SHG, e + o ⇒ e

1.0582 ⇒ 0.5921 0.43 2.01 [97]
1.062 ⇒ 0.531 25 0.49 2.23 25 4.9 [6]
1.0642 ⇒ 0.5321 23 0.53 20 [69]

23 23.3 [98]
23.2 0.58 1.82 24 [1]
23.3 0.43 20 4.0 [70]
25 6.2 [3]
25.2 25 [20]
25.2 0.42 17.5 [73]
25.2 0.52 2.52 25.7 [10]

YZ plane, φ = 90◦ (T = 293 K)

SHG, o + e ⇒ o

0.9943 ⇒ 0.49715 90 5.70 2.96 175 7.1 [85]
1.0642 ⇒ 0.5321 69 100 [99]

69 0.11 [74]
2.532 ⇒ 1.266 56 0.20 30.7 [100]

SFG, type II
1.0642X + 0.809Z ⇒ 0.45961X 90 6.13 2.72 17.6(∆ν2) [86]

XZ plane, φ = 0◦, θ > Vz
SHG, o + e ⇒ o

1.0796 ⇒ 0.5398 (T = 293 K) 85.3 0.34 [75]
(T = 426 K) 90 1.70 [75]

Note: superscripts of interacting wavelengths represent polarization directions.

Calculated values of inverse group-velocity mismatch for SHG process in
flux-grown KTP

Interacting wavelengths [µm] φpm [deg] θpm [deg] β [fs/mm]

XY plane, θ = 90◦
SHG, e + o ⇒ e

1.0 ⇒ 0.5 73.18 475
1.05 ⇒ 0.525 35.03 434

YZ plane, φ = 90◦
SHG, o + e ⇒ o

1.0 ⇒ 0.5 83.17 490
1.1 ⇒ 0.55 64.36 361
1.2 ⇒ 0.6 56.22 329
1.3 ⇒ 0.65 51.02 228
1.4 ⇒ 0.7 47.46 186
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Interacting wavelengths [µm] φpm [deg] θpm [deg] β [fs/mm]

1.5 ⇒ 0.75 45.02 153
1.6 ⇒ 0.8 43.40 126
1.7 ⇒ 0.85 42.44 103
1.8 ⇒ 0.9 41.99 84
1.9 ⇒ 0.95 41.98 83
2.0 ⇒ 1.0 42.35 100

XZ plane, φ = 0◦, θ > Vz
SHG, o + e ⇒ o

1.1 ⇒ 0.55 80.31 391
1.2 ⇒ 0.6 67.47 307
1.3 ⇒ 0.65 61.25 246
1.4 ⇒ 0.7 57.32 200
1.5 ⇒ 0.75 54.70 164
1.6 ⇒ 0.8 52.99 135
1.7 ⇒ 0.85 51.94 111
1.8 ⇒ 0.9 51.42 90
1.9 ⇒ 0.95 51.32 81
2.0 ⇒ 1.0 51.57 98

Laser-induced damage threshold for hydrothermally grown KTP

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.526 0.03 30 [40]
30 [7] 10 Hz

0.72–0.99 0.00014 >35 [101] 76 MHz
1.0642 125000 0.001 [102]

30 0.15 [103]
20 >0.15 [104]
11 2–3 [105] 10 Hz

Laser-induced bulk damage threshold for flux-grown KTP

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.5235 0.0035 >8 [106] 50 Hz
0.526 0.03 10 [7] 10 Hz
0.5321 400,000 0.001 [107] in the presence of

1.0642 µm beam
50,000 0.0025 [107] in the presence of

1.0642 µm beam
220 0.051 [108] 1.2 kHz, with

fundamental beam
220 0.089 [108] 1.2 kHz, PPKTP, with

fundamental beam
14 0.05 [73] 60 pulses
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λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

8 2.0–3.2 [109] 2 Hz
3 >0.6 [110] 100 Hz, coated PPKTP
0.06 >1.8 [71] 5 Hz

0.74–0.84 0.0002 >200 [111] 1 kHz
0.75–0.85 0.000045 >16 [112] 84 MHz
0.816 0.000085 >50 [92] 76 MHz

0.00009 >1000 [92] 250 kHz
1.053 0.1 >7 [113] 1 kHz
1.0642 30 >3.3 [78]

25 >0.6 [114] 250,000 pulses, bulk darkening
>0.3 [114] 3,500,000 pulses, bulk darkening

20 0.15 [73] 60 pulses
17 2.8 ± 0.1 [115] 1 Hz, 10,000 shots, commercial KTP

6.2 ± 0.1 [115] 1 Hz, 10,000 shots, high-purity KTP
16 >0.14 [116] 1 Hz
15 >0.5 [96] 2.5 Hz
11 2.4–3.5 [109] 2 Hz
10 0.9–1.0 [69]

9 31 [117] 1 pulse
5 >0.9 [118] 20 Hz, PPKTP
1 15 [1] 1 pulse

>15 [119]
1.235 35 >0.5 [76] 20 Hz

Laser-induced surface damage threshold for flux-grown KTP

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.5291 18 0.08–0.1 [97]
0.5321 8 1.4–2.2 [109] 2 Hz
1.0582 25 0.18–0.22 [97]
1.0642 11 1.5–2.2 [109] 2 Hz

1.3 4.6 [120]
1.618 0.022 50 ± 10 [121] 10 Hz

Laser-induced gray-tracking threshold in flux-grown KTP

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.5145 CW 0.000026 [122], [123] E⊥Z, θ = 90◦, φ = 23.4◦
0.000130 [122], [123] E⊥Z, θ = 90◦, φ = 23.4◦

0.5321 75 0.015 [124] 6.3 kHz, θ = 90◦, φ = 23.1◦
0.125 [124] 1 kHz, θ = 90◦, φ = 23.1◦

25 0.045 [114] 10 Hz, θ = 90◦, φ = 23◦
20 0.05–0.1 [125] 20 Hz, θ = 90◦, φ = 23◦
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Laser-induced gray-tracking threshold in flux-grown KTP

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

10 0.08 [126] 10 Hz, θ = 90◦, φ = 23◦
1 >0.1 [64] 3.7 kHz, θ = 90◦, φ = 26◦
0.026 2 [84] 10 Hz, θ = 55◦, φ = 0◦

About the crystal

KTP is one of the main basic nonlinear crystals; it has widely been used during the
1980s and 1990s in frequency conversion devices. One of the few disadvantages of
KTP is its susceptibility to photochromic damage, known as gray- or grey-tracking,
which occurs under green pulsed or CW laser irradiation, most commonly at 532 or
514.5 nm irradiation (for the recent review, see [127]). The gray-tracks do not form
at temperatures above 150◦C [128], [129], and vanish quickly under annealing at
elevated temperatures [127], [130]. In addition to the photochromic effect, photore-
fractive damage is also present in KTP [129].

In recent years, diode-laser-pumped, Nd:YAG laser–based, KTP frequency-
doubled, green laser sources became very important due to a high efficiency (optical-
to-electrical efficiency ∼5–10%) and high average output power (up to 300 W at
532 nm) [131], [132], [133]. The disadvantage of a KTP frequency doubler is its sus-
ceptibility to gray-tracking. As a result, the output green power slowly deteriorates,
that is, in [134] from 106 W to 97.4 W after 100 hours of continuous operation.

In 1994 [53], a periodically poled KTP (PPKTP) was introduced. KTP (regarding
QPM) possesses such unique properties as a low coercive field value (which allows
the fabrication of large-aperture poled crystals), an absence of photorefractive damage
(which allows the operation at room temperature), and a much higher laser damage
threshold (in comparison with LN). The major drawback of PPKTP is the relatively
short length of elements, usually about 10 mm or even less. Nevertheless, PPKTP
was used in variety of applications. We can list here some pioneering works on QPM
SHG [108], [135], [136], [137], [138], QPM DFG [48], [139], and QPM OPO [110],
[140], [141], [142], [143], [144] in periodically poled KTP crystals.
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3

Main Infrared Materials

This chapter includes the most important infrared nonlinear materials, namely, silver
thiogallate (AGS), silver gallium selenide (AGSe), zinc germanium phosphide (ZGP),
and gallium selenide (GaSe).

3.1 AgGaS2, Silver Thiogallate (AGS)

Negative uniaxial crystal: no > ne (at λ < 0.497 µm ne > no)

Molecular mass: 241.723
Specific gravity: 4.58 g/cm3 [1]; 4.7 g/cm3 [2]; 4.702 g/cm3 [3]
Point group: 42 m

Lattice constants:
a = 5.742 Å [4]; 5.755 Å [5]; 5.757 Å [2], [6]
c = 10.26 Å [4]; 10.28 Å [5]; 10.304 Å [2]; 10.305 Å [6]
a = 5.75722 ± 0.00003 Å at T = 298 K [1]
c = 10.3036 ± 0.0002 Å at T = 298 K [1]
Mohs hardness: 3–3.5
Melting point: 1235 ± 2 K [1]; 1238 K ± 2 K [7]; 1269 K [8]; 1270 K [9]; 1271 K
[10]; 1323 K [11]

Mean value of linear thermal expansion coefficient αt [7]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

298–523 −13.2 12.7
298–773 −15.2 17.3
298–973 −16.7 20.1

Specific heat capacity at P = 0.101325 MPa [12]

T [K] cp [J/kgK]
292 404
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Thermal conductivity coefficient κ [13]

T [K] κ [W/mK], ‖c κ [W/mK], ⊥c

293 1.4 1.5

Band-gap energy at room temperature: Eg = 2.62 eV [14]; 2.75 eV [1]; 2.76 eV [9];
2.655 eV (E⊥c) [15]; 2.572 eV (E‖c) [15]
Transparency range:
at α = 1 cm−1 level: 0.48–11.4 µm [8]
at α = 3 cm−1 level: 0.50–13.2 µm [14]
at “0” transmittance level: 0.47–13 µm [16]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.5–13 <0.1 [17]
0.6–0.65 0.04 [18]
0.6–12 <0.09 [16]
0.633 0.02–0.05 [9] typical crystals

0.015–0.017 [9] best crystals
0.633 0.05 [19]
0.7–9 0.01 [20]
0.8–9 0.01–0.02 [9] typical crystals

0.015 [9] best crystals
0.845 0.01 [12]
0.9–8.5 <0.9 [11]
1.0642 0.01 [19]

0.01–0.02 [21] typical crystals
0.001–0.009 [9] typical crystals
0.0005–0.005 [21] best crystals

<0.0005 [9] best crystals
1.15 0.02–0.07 [22]
1.26 0.26 [23] e-wave
1.8 <0.1 [15] e-wave
1.9 0.05–0.15 [9] typical crystals, e-wave

0.03 [9] best crystals, e-wave
2.1 <0.02 [15] e-wave
2.15 0.08–0.25 [9] typical crystals, e-wave

0.05 [9] best crystals, e-wave
2.8 0.012–0.024 [9] typical crystals

0.009 [9] best crystals
4–8.5 <0.04 [18]
4.64 0.03 [24]
9.27 0.19 [24]
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λ [µm] α [cm−1] Ref. Note

9.55 <0.1 [25]
10.2 0.43 [23] o-wave
10.6 0.6 [9] best crystals

Two-photon absorption coefficient β

λ [µm] τp [ns] β × 1011 [cm/W] Ref. Note

0.8 0.0002 350 [26] o-wave
0.8–0.87 0.0002 18 [27]

Experimental values of refractive indices [6]

λ [µm] no ne λ [µm] no ne λ [µm] no ne

0.490 2.7148 2.7287 1.200 2.4414 2.3881 4.500 2.4003 2.3461
0.500 2.6916 2.6867 1.300 2.4359 2.3819 5.000 2.3955 2.3419
0.525 2.6503 2.6239 1.400 2.4315 2.3781 5.500 2.3938 2.3401
0.550 2.6190 2.5834 1.500 2.4280 2.3745 6.000 2.3908 2.3369
0.575 2.5944 2.5537 1.600 2.4252 2.3716 6.500 2.3874 2.3334
0.600 2.5748 2.5303 1.800 2.4206 2.3670 7.000 2.3827 2.3291
0.625 2.5577 2.5116 2.000 2.4164 2.3637 7.500 2.3787 2.3252
0.650 2.5437 2.4961 2.200 2.4142 2.3684 8.000 2.3757 2.3219
0.675 2.5310 2.4824 2.400 2.4119 2.3583 8.500 2.3699 2.3163
0.700 2.5205 2.4706 2.600 2.4102 2.3567 9.000 2.3663 2.3121
0.750 2.5049 2.4540 2.800 2.4094 2.3559 9.500 2.3606 2.3064
0.800 2.4909 2.4395 3.000 2.4080 2.3545 10.00 2.3548 2.3012
0.850 2.4802 2.4279 3.200 2.4068 2.3534 10.50 2.3486 2.2948
0.900 2.4716 2.4192 3.400 2.4062 2.3522 11.00 2.3417 2.2880
0.950 2.4644 2.4118 3.600 2.4046 2.3511 11.50 2.3329 2.2789
1.000 2.4582 2.4053 3.800 2.4024 2.3491 12.00 2.3266 2.2716
1.100 2.4486 2.3954 4.000 2.4024 2.3488 12.50 2.3177

Experimental values of refractive indices [28]

λ [µm] no ne λ [µm] no ne

0.6328 2.5476 2.5039 5.2955 2.3945 2.3405
1.0642 2.4513 2.3982 9.2714 2.3627 2.3074
1.1523 2.4443 2.3911 10.5910 2.3476 2.2919
3.3913 2.4055 2.3519 10.6321 2.3471 2.2914

Optical activity [16], [29]: ρ = 522 deg/mm at isotropic point (no = ne, λ =
0.4973 µm)
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Best set of Sellmeier equations (λ in µm, 0.58 µm < λ < 10.59 µm, T = 293 K)
[30]:

n2
o = 5.7975 + 0.2311

λ2 − 0.0688
− 0.00257 λ2

n2
e = 5.5436 + 0.2230

λ2 − 0.0946
− 0.00261 λ2

Dispersion relations for a broader wavelength range (0.54 µm < λ < 12.9 µm)

[24], [28]:

n2
o = 5.79419 + 0.23114

λ2 − 0.06882
− 2.4534 × 10−3 λ2 + 3.1814 × 10−7 λ4

− 9.7051 × 10−9 λ6

n2
e = 5.54120 + 0.22041

λ2 − 0.09824
− 2.5240 × 10−3 λ2 + 3.6214 × 10−7 λ4

− 8.3605 × 10−9 λ6

Other sets of Sellmeier equations are given in [23], [31], [32], [33], [34], [35], [36].
Temperature derivative of refractive indices for spectral range 0.56–10.59 µm and
temperature range 293–473 K (λ in µm) [30]:

dno

dT
=

(
0.3180

λ3 + 2.8968

λ2 − 0.8685

λ
+ 15.2679

)
× 10−5K−1

dne

dT
=

(
6.1742

λ3 − 12.0868

λ2 + 8.2485

λ
+ 14.4365

)
× 10−5K−1

Other thermo-optic dispersion formulas are given in [31], [36], [37].

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of AgGaS2 crystal, i.e., for the “free” crystal) at room temperature [38]

λ [µm] rT
41 [pm/V] rT

63 [pm/V]
0.6328 4.0 ± 0.2 3.0 ± 0.1

Expressions for the effective second-order nonlinear coefficient in general case (Klein-
man symmetry conditions are valid, d14 = d25 = d36) [39]:

dooe = −d36 sin(θ + ρ) sin 2φ

deoe = doee = 2d36 sin(θ + ρ) cos(θ + ρ) cos 2φ

Simplified expressions for the effective second-order nonlinear coefficient (approx-
imation of small birefringence angle, Kleinman symmetry conditions are valid,
d14 = d25 = d36) [40]:

dooe = −d36 sin θ sin 2φ

deoe = doee = d36 sin 2θ cos 2φ
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Values of second-order nonlinear coefficients:
d36(1.054 µm) = 23.6 ± 2.4 pm/V [41]
d36(2.53 µm) = 13.7 ± 2.2 pm/V [23]
d36(10.6 µm) = 0.134 × d36(GaAs) ± 15% = 11.1 ± 1.7 pm/V [6], [42]
d36(10.6 µm) = 0.15 × d36(GaAs) ± 20% = 12.5 ± 2.5 pm/V [42], [43]

Other values on second-order nonlinear coefficient of AgGaS2 given below do not
agree with recent relative measurements in LIS, LiInSe2 and HgGaS4 crystals:

d36(1.2 µm) = 31 ± 5 pm/V [44]
d36(9.2714 µm) = 0.84 ± 0.10 × d36(AgGaSe2) = 34.8 ± 4.0 pm/V [24], [45]
d36(10.591 µm) = 0.84 ± 0.10 × d36(AgGaSe2) = 32.0 ± 4.0 pm/V [24], [45]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

2.0970 ⇒ 1.0485 56.1 [24]
2.1284 ⇒ 1.0642 54.7 [24]
3.3913 ⇒ 1.69565 34.1 [24]

33 [16]
5.2955 ⇒ 2.64775 32.7 [28]
9.2714 ⇒ 4.6357 54.2 [28]
10.5710 ⇒ 5.2855 68.2 [28]
10.5910 ⇒ 5.2955 68.5 [28]
10.6 ⇒ 5.3 67 [43]

67.5 [10]
68 [16]
70.8 [6]

10.6321 ⇒ 5.31605 69.1 [28]
11.10 ⇒ 5.55 78.5 [28]

SFG, o + o ⇒ e

11.538 + 1.17233 ⇒ 1.0642 34.7 [35]
10.5910 + 5.2955 ⇒ 3.5303 43.4 [28]
9.9 + 1.19237 ⇒ 1.0642 35.9 [46]
8.7 + 1.21252 ⇒ 1.0642 37 [47]
6.24 + 1.28301 ⇒ 1.0642 41.1 [48]
5.89 + 1.29888 ⇒ 1.0642 42.1 [46]
4.8 + 1.36735 ⇒ 1.0642 44 [47]
4.0 + 1.44996 ⇒ 1.0642 47.7 [48]
3.09 + 1.62325 ⇒ 1.0642 51 [34]
2.53 + 1.83683 ⇒ 1.0642 53.4 [34]
6.85 + 1.0642 ⇒ 0.92110 42 [49]
4.43 + 1.0642 ⇒ 0.85807 55 [49]
6.6 + 0.77593 ⇒ 0.6943 60 [50]
4.8 + 0.81171 ⇒ 0.6943 75.5 [50]
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Interacting wavelengths [µm] θexp [deg] Ref.

11.66329 + 0.617 ⇒ 0.586 64 [51]
10.12478 + 0.622 ⇒ 0.586 70 [51]

SFG, e + o ⇒ e

10.9 + 1.17934 ⇒ 1.0642 38.3 [52]
8.8 + 1.21060 ⇒ 1.0642 40.3 [52]
7.0 + 1.25500 ⇒ 1.0642 43.6 [52]
5.2 + 1.33803 ⇒ 1.0642 50.6 [52]
10.6 + 1.0642 ⇒ 0.96711 39.8 [53]
9.6 + 1.0642 ⇒ 0.95800 41.5 [53]
10.6 + 0.6943 ⇒ 0.65162 55 [54]

Experimental values of internal angular and spectral bandwidths at T = 293 K

Interacting wavelengths [µm] θpm [deg] ∆θ int [deg] ∆ν1 [cm−1] Ref.

SHG, o + o ⇒ e

10.6 ⇒ 5.3 67.5 0.41 [16]
SFG, o + o ⇒ e

10.53 + 0.589 ⇒ 0.56589 90 2.34 [33]
10.619 + 0.634 ⇒ 0.598 90 1.73 [18]
10.6 + 0.598 ⇒ 0.566 90 1.5 [55]
10.6 + 0.5968 ⇒ 0.565 90 1.44 [56]

DFG, e − o ⇒ o

0.6943 − 0.8177 ⇒ 4.6 82.7 0.42 [50]
0.87163 − 1.0642 ⇒ 4.817 52 5.9 [49]
1.0642 − 1.283 ⇒ 6.24 41.1 9.8 [48]

DFG, e − o ⇒ e

0.76 − 0.8301 ⇒ 9.0 46.5 0.4 11 (∆ν3) [57]
0.80 − 0.8707 ⇒ 9.85 2.9 [58]
0.80 − 0.8715 ⇒ 9.75 3.4 [27]
0.80 − 0.8853 ⇒ 8.3 3.1 [58]

Temperature variation of phase-matching angle [53]

Interacting wavelengths [µm] T [◦C] θpm [deg] dθpm/dT [deg/K]
SFG, e + o ⇒ e

10.6 + 1.0642 ⇒ 0.9671 20 39.8 0.03

Temperature tuning of noncritical SFG [44]

Interacting wavelengths [µm] dλ1/dT [nm/K]
SHG, o + o ⇒ e

7.8 + 0.65 ⇒ 0.6 ≈4



3.1 AgGaS2, Silver Thiogallate (AGS) 81

Experimental values of temperature bandwidth [30]

Interacting wavelengths [µm] θexp [deg] ∆T [◦C]
SHG, o + o ⇒ e

10.591 ⇒ 5.2955 68.5 139
10.2466 ⇒ 5.1233 64.3 135
9.5525 ⇒ 4.77625 57.4 123
9.2714 ⇒ 4.6357 55.0 118
5.2955 ⇒ 2.64775 33.2 59
3.5303 ⇒ 1.76515 33.7 22

Experimental values of temperature bandwidth for noncritical sum-frequency
generation (SFG) process

Interacting wavelengths [µm] T [◦C] ∆T [◦C] Ref.

SFG, o + o ⇒ e

10.591 + 0.5983 ⇒ 0.56632 2.5 [37]
3.2627 + 1.0642 ⇒ 0.8025 192 6.4 [30]

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.59 500 0.02 [51] 10 pulses
0.598 3 0.015 [55]
0.625 500 0.025–0.036 [51] 10 pulses
0.6943 30 0.0006 [54] 1 Hz, 1000 pulses

10 0.01 [50] 100 pulses
0.02 [31]

0.75 50 0.025 [20]
0.8 30 0.01 [57] 10 Hz
0.8–0.87 0.0002 >60 [27]
1.06 35 0.02–0.025 [31]
1.0642 100 0.002 [59] 10 Hz, 3000 pulses

20 0.01 [34] 10 Hz
17.5 >0.012 [60] 1000 pulses
15 0.02 [10]
12 0.035 [52] 10 Hz
11 0.03–0.05 [61] 10 Hz, 50 pulses
10 0.03 [21] 10 Hz

8 0.034–0.06 [61] single pulse
0.025 >0.7 [35] 10 Hz
0.023 >0.075 [62] 10 Hz
0.021 >2 [49]
0.020 3 [46]
0.002 >1 [63]
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λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

2 6 0.017 [64] uncoated crystal
0.035 [64] coated crystal

2.079 180 0.0014 [24] 5 Hz, uncoated crystal
9.27 50 >0.044 [24] 1 Hz, uncoated crystal
9.55 30 0.18 [25] SHG direction
10.6 220 0.025 [60] 1000 pulses

150 0.01 [33]
0.02 [65]

Laser-induced bulk-damage threshold [21]

λ [µm] τp [ns] Ithr [GW/cm2]
1.064 10 >0.5

About the crystal

In recent years, AGS was widely used for DFG and OPO; below, we will list only the
best technical achievements. In [66], the signal and idler wavelengths of BBO OPA,
pumped by 50 fs 150 kHz pulses from a Ti:sapphire laser (λ = 800 nm), were mixed
in a 0.1-cm-long type II silver thiogallate crystal to get the tunability range 2.4–12 µm.
In [64], the signal and idler wavelengths of LN OPO, pumped by a Nd:YAG laser (8 ns,
30 Hz), were used for DFG. The tunability range was 2.4–12 µm with a maximum
difference-frequency pulse energy of 95 µJ near 7.5 µm. The highest idler pulse
energy, reached for AGS-based OPO, was 400 µJ near 6 µm [59]. In the same work,
the widest idler tunability range of 3.9–11.3 µm was reported. The authors of [59] used
a nanosecond Nd:YAG laser (1.064 µm, 30 ns, 10 Hz) and a 2-cm-long type II AGS
crystal. In [67], a Q-switched mode-locked Nd:YAG laser (λ = 1.064 µm, P = 8 W)

was used for pumping a 3-cm-long type I AgGaS2 crystal. The highest mean power
of around 600 mW was reached at an idler wavelength of 4.06 µm. At the same time,
the mean power at a signal wavelength of 1.44 µm approached 1.5 W.
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3.2 AgGaSe2, Silver Gallium Selenide (AGSe)

Negative uniaxial crystal: no > ne (at λ < 0.804 µm ne > no)

Molecular mass: 335.511
Specific gravity: 5.70 g/cm3 [1], [2]; 5.71 g/cm3 [3], 5.76 g/cm3 [4]
Point group: 4̄2m

Lattice constants:
a = 5.9220 Å [5]; 5.99202 ± 0.00018 Å [6]
c = 10.8803 Å [5]; 10.88626 ± 0.00030 Å [6]
Mohs hardness: 3–3.5
Melting point: 1123 K [3]; 1124 K [2]; 1129 K [7]; 1133 K [8]

Mean value of linear thermal expansion coefficient αt

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c Ref.

298–423 −8.1 19.8 [9]
−6.4 23.4 [4]

298–573 −9.6 24.6 [9]
−15.7 16.3 [10]

423–773 −12.6 28.0 [9]
423–873 −16.0 18.0 [4]

Specific heat capacity cp at P = 0.101325 MPa [11]

T [K] cp [J/kgK]

300 297
400 311
500 318

Thermal conductivity coefficient κ [12]

T [K] κ [W/mK], ‖c κ [W/mK], ⊥c

293 1.0 1.1
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Band-gap energy at room temperature: Eg = 1.65 eV [3]; 1.72 [13]; 1.8 eV [14];
1.803 eV [15]; 1.83 eV [2];
1.713 eV (E⊥c) [16]; 1.689 eV(E‖c) [16]
Transparency range:
at α = 1 cm−1 level: 0.76–17 µm [7]
at α = 3 cm−1 level: 0.78–18 µm [13]
at “0” transmittance level: 0.71–19 µm [8], [17]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

1 <0.02 [18]
1–11 0.01–0.18 [2] typical values
1.06 0.018 [19] e-wave
1.064 0.012–0.2 [2] typical values

0.006 [2] best value
1.3 0.002 [20] o-wave, OPO direction

0.002 [20] e-wave, OPO direction
1.45–1.6 <0.015 [19] o-wave, e-wave
1.8 <0.02 [16] e-wave
1.9 0.012–0.2 [2] typical values, e-wave

0.01 [2] best value, e-wave
2.0 0.012 [21] o-wave, OPO direction

0.030 [21] e-wave, OPO direction
0.004 [22]

2–5 <0.05 [23]
2.05 0.015–0.058 [24]

<0.01 [25]
2.1 0.06–0.07 [17]

<0.05 [26]
0.012–0.072 [27]

2.15 0.03–0.08 [2] typical values, e-wave
0.0135 [19] e-wave
0.01 [2] best value, e-wave

2.2 0.002–0.004 [20] o-wave, OPO direction
0.02–0.05 [20] e-wave, OPO direction

2.8 0.008–0.012 [2] typical values
0.006 [2] best value

4.65 0.05 [28] SHG direction
4.775 <0.02 [29]
5–11 <0.02 [18]
9.2–10.8 0.02 [30] o-wave
9.3 0.05 [28] SHG direction
9.5 0.03 [31]
9.55 <0.1 [32] SHG direction

<0.02 [29]



88 3 Main Infrared Materials

λ [µm] α [cm−1] Ref. Note

10.6 0.089 [33]
<0.02 [16]

0.01–0.06 [34]
0.01–0.018 [2] typical values
0.007 [2] best value
0.002 [8]

Two-photon absorption coefficient β

λ [µm] τp [ns] β × 1011 [cm/W] Ref. Note

1.06 ∼10 140 (?) [15] ⊥c, e-wave
1.08 0.04 2500 [35] ‖c
1.319 70 3600 [36] o-wave, Eksma sample

1800 [36] e-wave, Eksma sample
1800 [36] o-wave, Cleveland Crystals sample

600 [36] e-wave, Cleveland Crystals sample
1.338 70 3000 [36] o-wave, Eksma sample

1300 [36] e-wave, Eksma sample
1.395 15 3700 [36] o-wave, Eksma sample
1.540 15 800 [36] o-wave, Eksma sample
1.590 15 200 [36] o-wave, Eksma sample

80 [36] e-wave, Eksma sample

Experimental values of refractive indices [5]

λ [µm] no ne λ [µm] no ne

0.725 2.8452 2.8932 2.800 2.6261 2.5943
0.750 2.8191 2.8415 3.000 2.6245 2.5925
0.800 2.7849 2.7866 3.200 2.6231 2.5912
0.850 2.7598 2.7522 3.400 2.6221 2.5899
0.900 2.7406 2.7275 3.600 2.6213 2.5889
0.950 2.7252 2.7085 3.800 2.6203 2.5876
1.000 2.7132 2.6934 4.000 2.6189 2.5863
1.100 2.6942 2.6712 4.500 2.6166 2.5840
1.200 2.6806 2.6554 5.000 2.6144 2.5819
1.300 2.6705 2.6438 5.500 2.6128 2.5800
1.400 2.6624 2.6347 6.000 2.6113 2.5784
1.600 2.6516 2.6224 6.500 2.6094 2.5765
1.800 2.6432 2.6131 7.000 2.6070 2.5743
2.000 2.6376 2.6071 7.500 2.6049 2.5723
2.200 2.6336 2.6027 8.000 2.6032 2.5704
2.400 2.6304 2.5992 8.500 2.6009 2.5681
2.600 2.6286 2.5968 9.000 2.5988 2.5659
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λ [µm] no ne λ [µm] no ne

9.500 2.5964 2.5635 12.00 2.5837 2.5505
10.00 2.5939 2.5608 12.50 2.5805 2.5473
10.50 2.5917 2.5585 13.00 2.5771 2.5439
11.00 2.5890 2.5555 13.50 2.5731 2.5404
11.50 2.5868 2.5536

Optical activity [37]: ρ = 7 deg/mm at isotropic point (no = ne, λ = 0.804 µm)

Temperature derivative of refractive indices

λ [µm] T [K] dno/dT × 106 [K−1] dne/dT × 106 [K−1] Ref.

2.05 57 ± 9 [24]
3.3913 308 45 76 [17]

Nonlinear refractive index γ [38]

λ [µm] γ × 1015 [cm2/W]
1.55 35

Best set of Sellmeier equations (λ in µm, T = 293 K) [19], [39]:

n2
o = 6.8507 + 0.4297

λ2 − 0.1584
− 0.00125 λ2

n2
e = 6.6792 + 0.4598

λ2 − 0.2122
− 0.00126 λ2

In [40], [41], improved dispersion relations for 11–16 µm wavelength range are given.
Other sets of dispersion relations are given in [10], [18], [42], [43], [44].
Temperature derivative of refractive indices for spectral range 2.05–10.59 µm and
temperature range 293–393 K (λ in µm) [45]:

dno/dT = (0.046 λ + 7.514) × 10−5K−1

dne/dT = (0.061 λ + 7.984) × 10−5K−1

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of AgGaSe2 crystal, i.e., for the “free” crystal) at room temperature [46]

λ [µm] rT
41 [pm/V] rT

63 [pm/V]

1.15 4.5 3.9

Expressions for the effective second-order nonlinear coefficient in general case (Klein-
man symmetry conditions are valid, d14 = d25 = d36) [47]:

dooe = −d36 sin(θ + ρ) sin 2φ

deoe = doee = 2d36 sin(θ + ρ) cos(θ + ρ) cos 2φ
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Simplified expressions for the effective second-order nonlinear coefficient (approx-
imation of small birefringence angle, Kleinman symmetry conditions are valid,
d14 = d25 = d36) [48]:

dooe = −d36 sin θ sin 2φ

deoe = doee = d36 sin 2θ cos 2φ

Absolute values of second-order nonlinear coefficient:
d36(9.2714 µm) = 41.4 ± 2.0 pm/V [49], [39]
d36(10.591 µm) = 39.5 ± 1.9 pm/V [49], [39]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

10.63 ⇒ 5.315 55.9 [42]
10.6114 ⇒ 5.3057 55.6 [39]
10.6 ⇒ 5.3 57.5 [8]
10.591 ⇒ 5.2955 55.5 [39]
10.55 ⇒ 5.275 55.3 [42]
10.3 ⇒ 5.15 53.7 [42]
10.21 ⇒ 5.15 53.1 [42]
9.66 ⇒ 4.83 ∼49 [50]
9.64 ⇒ 4.82 50.0 [44]
9.5525 ⇒ 4.77625 49.6 [39]
9.55 ⇒ 4.775 48.8 [44]
9.5039 ⇒ 4.75195 49.3 [39]
9.31 ⇒ 4.655 48.3 [44]
9.2824 ⇒ 4.6412 48.3 [39]
9.2714 ⇒ 4.6357 48.2 [39]
9.2007 ⇒ 4.60035 47.9 [39]
6 ⇒ 3 42.2 [42]
5.2955 ⇒ 2.64775 41.3 [39]
5.2 ⇒ 2.6 40.3 [42]
4.6357 ⇒ 2.31785 44.6 [39]
4.1 ⇒ 2.05 49.7 [25]

50.0 [39]
3.3913 ⇒ 1.69565 65.8 [39]

SFG, o + o ⇒ e

12.15 + 10.63 ⇒ 5.67 61 [42]
10.63 + 5.33 ⇒ 3.55 42.7 [42]
5.515 + 3.3913 ⇒ 2.1 ≈48 [17]
4.84 + 3.55 ⇒ 2.0479 49.2 [25]
5.13 + 2.685 ⇒ 1.763 61.3 [51]
6.00 + 2.586 ⇒ 1.807 56 [51]
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Interacting wavelengths [µm] θexp [deg] Ref.

7.43 + 2.484 ⇒ 1.862 49.5 [51]
9.93 + 2.384 ⇒ 1.923 45.8 [51]
6.95 + 1.66 ⇒ 1.34 ≈78 [25]
7.4 + 1.604 ⇒ 1.318 80 [8]
8.8 + 1.550 ⇒ 1.318 70 [8]
12.3 + 1.476 ⇒ 1.318 60 [8]

Experimental values of internal angular and spectral bandwidths

Interacting wavelengths [µm] ∆θ int [deg] ∆ν1 [cm−1] Ref.

SHG, o + o ⇒ e

9.3 ⇒ 4.65 0.85 [28]
10.25 ⇒ 5.125 0.85 [34]

SFG, o + o ⇒ e

5.515 + 3.3913 ⇒ 2.1 0.54 [17]
10.6 + 1.318 ⇒ 1.1722 1.2 [52]

DFG, e − o ⇒ o

1.2899 − 1.5715 ⇒ 7.2 14.8 [53]

Experimental values of temperature bandwidth [45]

Interacting wavelengths [µm] θexp [deg] ∆T [◦C]
SHG, o + o ⇒ e

10.591 ⇒ 5.2955 55.5 350
5.2955 ⇒ 2.6478 41.3 230

SHG, e + o ⇒ e

5.2955 ⇒ 2.6478 72.2 260
SFG, o + o ⇒ e

10.591 + 5.2955 ⇒ 3.5303 42.4 390
10.591 + 3.5303 ⇒ 2.6478 41.3 220

SFG, e + o ⇒ e

10.591 + 5.2955 ⇒ 3.5303 56.6 550
10.591 + 3.5303 ⇒ 2.6478 50.4 260

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

1.0642 35 0.011 [42] 1000 pulses
0.03 [42] single pulse

23 0.013–0.04 [25]
1.57 6 >0.02 [54] 5 kHz
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λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

2.0 30 0.0083 [21] 5 kHz, uncoated crystal
<0.013 [21] 5 kHz, coated crystal

20–30 0.02–0.03 [22]
2.05 55 0.006–0.01 [26]

50 0.025 [25]
2.097 180 0.007 [39] 5 Hz
2.1 180 0.0094 [27] uncoated crystal

0.017 [27] coated crystal
50 0.013 [17]

2.79 40 0.025 [23]
9.2–10.8 CW 0.00004 [30]
9.27 50 0.05 [39] 1 Hz
9.3 50 0.03 [28] 1 Hz
9.5 30 0.033 [31]
9.55 30 0.15 [32] SHG direction
10.2 CW 0.00001–0.00004 [55] uncoated crystal

0.00006 [55] coated crystal
10.25 75 0.012 [34] 10 pulses
10.6 150 0.01–0.02 [56]

Laser-induced bulk-damage threshold [30]

λ [µm] τp [ns] Ithr [GW/cm2]
9.2–10.8 CW 0.0001

About the crystal

In comparison withAGS,AGSe has a longer transmission in the IR range, up to 17 µm
instead of 11.4 µm (at 1 cm−1 level). Therefore, silver gallium selenide is widely used
not only for DFG and OPO but also for SHG of CO2 laser radiation. In [30], the CW
second-harmonic output of about 6 mW in the 4.6–5.4-µm range was generated in
a 1.9-cm-long AGSe crystal. In [29], the 2-ns pulses of a CO2 laser (λ = 9.55 µm)

were used, and the second-harmonic pulse energy, generated in a 4-cm-long crystal,
reached 100 mJ. Difference-frequency generation is achieved by mixing idler and
signal output waves of OPO in AGSe [57], [58]. In [57], KTP-based OPO pumped by
a mode-locked Ti:sapphire laser was used, and the tunability range of 8–18 µm was
obtained. In [58], LiNbO3-based OPO was employed, and the difference-frequency
wavelength was tuned in the 5–18 µm range. The ASGe-based OPO was pumped
either by 1.57 µm output of KTP OPO [54] or by 1.55-µm output of CTA OPO [38].
In the first case, the tunability range of 5–18 µm with IR pulse energies up to 1.2 mJ
was obtained. In the second experiment, the tunability range was 4–8 µm, and the
mean IR power reached 35 mW at 4.55 µm.
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3.3 ZnGeP2, Zinc Germanium Phosphide (ZGP)

Positive uniaxial crystal: ne > no
Molecular mass: 199.928
Specific gravity: 4.12 g/cm3 [1]; 4.162 g/cm3 [2]; 4.175 g/cm3 [3]
Point group: 4̄2m

Lattice constants:
a = 5.465 Å [4]; 5.465 Å [1]; 5.466 Å [5]
c = 10.708 Å [4]; 10.717 Å [1]; 10.722 Å [5]
Mohs hardness: 5.5
Knoop (or Vickers) hardness: 1020 at indenter load 50 g [6]
Melting point: 1293 K [1]; 1298 K [7]; 1300 ± 3 K [1], [8]; 1298–1301 K [9];
1313 K [2]

Mean value of linear thermal expansion coefficient [6]

∆T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

293–573 15.9 17.5
573–873 8.08 9.1

Specific heat capacity at P = 0.101325 MPa:
cp = 392 J/kgK [2]
cp = 464 J/kgK [3]

Thermal conductivity coefficient κ [10]

T [K] κ [W/mK], ‖c κ [W/mK], ⊥c

293 36 35

Band-gap energy at T = 300 K: Eg = 2.0 eV [1]; 2.1 eV [1]
Transparency range at “0” transmittance level: 0.74–12 µm [11], [12]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

1.064 1.52 [13]
1.06 [14] best crystals

1.9 0.8–0.95 [15]
2.0 0.15 [16] o-wave, best crystals

0.16 [17]
2.05 0.35 [18]

0.26 [19] o-wave
0.23 [20]
0.2 [8] o-wave, after annealing

<0.1 [20] best crystals
0.09 [14] best crystals
0.02–0.04 [21] after annealing and radiation processing
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λ [µm] α [cm−1] Ref. Note

2.08 0.62 [22] o-wave, mean value
1.20 [22] e-wave, mean value

2.15 0.6 [23]
0.09–0.25 [24] typical crystals, o-wave
0.03 [24] best crystals, o-wave

2.39 0.55 [25]
2.5 0.11 [8] o-wave, as-grown crystals
2.5–8 <0.1 [26]
2.5–8.3 <0.2 [27]
2.5–8.5 <0.1 [28]
2.73 0.03 [20]
2.75 0.3 [29]
2.79 0.06 [30]
2.8 0.01 [24] best crystals, o-wave
2.8–8.3 <0.1 [31]
3–8 0.005–0.15 [32]

<0.1 [33]
<0.01 [14]

3.15 0.17 [29]
3.5–3.9 0.41 [34] o-wave, SFG direction
3.5 0.4 [35]
3.8 0.1–0.18 [15]
3.9–4.5 0.10 [29]
4–8.5 <0.05 [36]
4.5–8 0.03 [37] best samples
4.65 0.4 [38]

0.1–0.2 [39]
0.01–0.05 [40] SHG direction

4.78 <0.055 [25]
0.16 [41]

5.3–6.1 0.32 [34] e-wave, SFG direction
5.5–6.3 0.10 [29]
7.8 0.15 [29]
8.24 0.02 [20]
8.3 0.45 [29]
8.3–9.5 <0.3 [27]
9 0.9 [29]
9.2 0.51 [19]
9.28 0.4 [26]
9.3 0.8 [38]

0.7 [40] SHG direction
0.4–0.5 [39]
0.48 [42] e-wave

9.5 0.39 [42] e-wave
9.55 0.26 [43] SHG direction
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λ [µm] α [cm−1] Ref. Note

0.56 [41]
9.6 0.33 [19]
9.7 0.33 [42] e-wave
10.0 0.45 [36]
10.3 0.42 [44]
10.4 0.6 [23]
10.6 0.9 [35]

0.83 [34] e-wave, SFG direction
0.65 [19]

10.7 0.88 [42] e-wave
11.1 1.2 [36]

Two-photon absorption coefficient β [45]

λ [µm] τp [ns] β × 1011 [cm/W]
1.3 0.00013 25

Experimental values of refractive indices [11]

λ [µm] no ne λ [µm] no ne

0.64 3.5052 3.5802 3.40 3.1263 3.1647
0.66 3.4756 3.5467 3.60 3.1257 3.1632
0.68 3.4477 3.5160 3.80 3.1237 3.1616
0.70 3.4233 3.4885 4.00 3.1223 3.1608
0.75 3.3730 3.4324 4.20 3.1209 3.1595
0.80 3.3357 3.3915 4.50 3.1186 3.1561
0.85 3.3063 3.3593 4.70 3.1174 3.1549
0.90 3.2830 3.3336 5.00 3.1149 3.1533
0.95 3.2638 3.3124 5.50 3.1131 3.1518
1.00 3.2478 3.2954 6.00 3.1101 3.1480
1.10 3.2232 3.2688 6.50 3.1057 3.1445
1.20 3.2054 3.2493 7.00 3.1040 3.1420
1.30 3.1924 3.2346 7.50 3.0994 3.1378
1.40 3.1820 3.2244 8.00 3.0961 3.1350
1.60 3.1666 3.2077 8.50 3.0919 3.1311
1.80 3.1562 3.1965 9.00 3.0880 3.1272
2.00 3.1490 3.1889 9.50 3.0836 3.1231
2.20 3.1433 3.1829 10.00 3.0788 3.1183
2.40 3.1388 3.1780 10.50 3.0738 3.1137
2.60 3.1357 3.1745 11.00 3.0689 3.1087
2.80 3.1327 3.1717 11.50 3.0623 3.1008
3.00 3.1304 3.1693 12.00 3.0552 3.0949
3.20 3.1284 3.1671
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Temperature derivative of refractive indices [11]

λ [µm] dno/dT ×106 dne/dT ×106 λ [µm] dno/dT ×106 dne/dT ×106

[K−1] [K−1] [K−1] [K−1]
0.64 359.4 375.8 3.40 144.0 154.6
0.66 312.3 373.4 3.60 155.8 162.9
0.68 295.2 325.3 3.80 145.8 165.3
0.70 286.3 318.2 4.00 142.6 150.2
0.75 262.2 282.6 4.20 135.7 151.4
0.80 246.9 264.3 4.50 153.1 166.0
0.85 241.2 253.9 4.70 155.1 167.1
0.90 223.4 246.1 5.00 150.5 164.3
0.95 213.2 242.6 5.50 144.9 154.2
1.00 211.8 230.1 6.00 145.8 163.0
1.10 201.1 220.8 6.50 156.0 161.3
1.20 186.3 205.1 7.00 128.5 150.1
1.30 168.4 201.2 7.50 181.5 185.9
1.40 153.4 165.5 8.00 161.0 174.3
1.60 151.0 167.5 8.50 151.6 173.7
1.80 132.0 144.0 9.00 155.6 175.0
2.00 141.9 152.9 9.50 162.7 171.1
2.20 146.0 152.8 10.00 165.3 184.1
2.40 141.4 154.9 10.50 154.0 168.4
2.60 151.3 168.0 11.00 152.5 163.4
2.80 154.8 160.5 11.50 147.4 183.2
3.00 132.6 139.6 12.00 142.4 165.9
3.20 149.4 162.8

Sellmeier equations (λ in µm, 1.5 µm < λ < 10.59 µm, T = 293 K) [46]:

n2
o = 11.6413 + 0.69363

λ2 − 0.21967
+ 1586.06

λ2 − 832.75

n2
e = 12.1438 + 0.75255

λ2 − 0.21913
+ 2061.68

λ2 − 951.07

Other sets of dispersion relations for room temperature are given in [18], [36], [47],
[48], [49], [50], [51], [52]; for temperatures for T = 93 K, 173 K, 373 K, 473 K, 673 K
in [53]; for T = 343 K in [54].
Temperature derivatives of the refractive indices upon heating from room temperature
to T [K] for the spectral range 1.5–10.25 µm [46]:

dno/dT = (11.4188/λ3 − 12.8971/λ2 + 7.2947/λ + 14.2082) × 10−5

× [1 + 3.36 × 10−3(T − 293)]
dne/dT = (10.3798/λ3 − 10.1785/λ2 + 6.3877/λ + 15.6688))

× 10−5 × [1 + 3.28 × 10−3(T − 293)]
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Linear electrooptic coefficients measured at high frequencies (well above the acoustic
resonances of ZnGeP2 crystal, i.e., for the “clamped” crystal) at room temperature [55]

λ [µm] rS
41 [pm/V] rS

63 [pm/V]
3.3913 1.6 −0.8

Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d14 = d25 = d36) [56], [57]:

deeo = 2d36 sin(θ + ρ) cos(θ + ρ) cos 2φ

doeo = deoo = −d36 sin(θ + ρ) sin 2φ

Simplified expressions for the effective second-order nonlinear coefficient (approx-
imation of small birefringence angle, Kleinman symmetry conditions are valid,
d14 = d25 = d36) [57]:

deeo = d36 sin 2θ cos 2φ

doeo = deoo = −d36 sin θ sin 2φ

Values of second-order nonlinear coefficient:

d36(5.2955 µm) = 1.70 ± 0.17 × d36(AgGaSe2) = 70 ± 7 pm/V [49]
d36(9.6 µm) = 75 ± 8 pm/V [41]
d36(10.6 µm) = 0.83 × d36(GaAs) ± 15% = 68.9 ± 10.3 pm/V [11], [58]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, e + e ⇒ o

3.9278 ⇒ 1.9639 57.8 ± 0.3 [15], [49]
4.34 ⇒ 2.17 55.8 ± 0.2 [23]
4.64 ⇒ 2.32 47.5 [59]
4.775 ⇒ 2.3875 49.2 [25]
5.2955 ⇒ 2.64775 46.8 [49]
9.2 ⇒ 4.6 63.8 [60]
9.3054 ⇒ 4.6527 61.3 [28]

61.3 [48]
62.7–64.4 [39]
63 [49]
64 [38]

9.5 ⇒ 4.75 62.1 [28]
62.1 [48]
66.8 [60]

9.5524 ⇒ 4.7762 65.3 [49]
9.6036 ⇒ 4.8018 64.9 [39]

65.8 [49]
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Interacting wavelengths [µm] θexp [deg] Ref.

10.2 ⇒ 5.1 72 [28]
10.3035 ⇒ 5.15175 74.3 [44]

74.5 [49]
10.5514 ⇒ 5.2757 79.2 [49]
10.5910 ⇒ 5.2955 80.1 [49]

SFG, e + e ⇒ o

10.668 + 4.34 ⇒ 3.085 54.3 ± 0.2 [23]
10.5910 + 5.2955 ⇒ 3.53033 52.1 [49]
10.5910 + 3.53033 ⇒ 2.64775 48.4 [49]
9.74 + 4.2039 ⇒ 2.9365 49.6 [12]
5.2955 + 3.53033 ⇒ 2.1182 51.7 [49]

SFG, o + e ⇒ o

6.74 + 5.2036 ⇒ 2.9365 76 [61]
6.45 + 5.3908 ⇒ 2.9365 79.2 [27]
6.25 + 5.5389 ⇒ 2.9365 84.0 [27]
6.15 + 5.6199 ⇒ 2.9365 85.5 [27]
6.29 + 5.0173 ⇒ 2.791 76 [31]
6.19 + 5.0828 ⇒ 2.791 77.6 [31]
6.06 + 5.1739 ⇒ 2.791 80.5 [31]
6.015 + 5.207 ⇒ 2.791 84 [62]
5.95 + 5.2569 ⇒ 2.791 83.4 [31]
5.90 + 5.2965 ⇒ 2.791 87 [31]
10.5910 + 1.0642 ⇒ 0.96703 84 [35]

Experimental values of internal angular bandwidth

Interacting wavelengths [µm] ∆θ int [deg] Ref.

SHG, e + e ⇒ o

3.8 ⇒ 1.9 1.33 [15]
4.34 ⇒ 2.17 1.05 [23]
5.3 ⇒ 2.65 0.69 [59]
7.8 ⇒ 3.9 0.5 [29]
9.3 ⇒ 4.65 0.74–0.80 [39]

0.83 [40]
1.15 [38]

9.55 ⇒ 4.775 0.89 [41]
9.6 ⇒ 4.8 0.8 [39]
10.2 ⇒ 5.1 1.35 [28]
10.3 ⇒ 5.15 1.20 [44]

SFG, e + e ⇒ o

10.668 + 4.34 ⇒ 3.085 1.23 [23]
SFG, o + e ⇒ o

10.6 + 1.064 ⇒ 0.967 0.55 [35]
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Experimental values of spectral bandwidth

Interacting wavelengths [µm] ∆ν [cm−1] Ref.

SHG, e + e ⇒ o

4.34 ⇒ 2.17 7.9 [23]
10.2 ⇒ 5.1 4.9 [28]

Experimental values of temperature bandwidth [49]

Interacting wavelengths [µm] θexp [deg] ∆T [◦C] Ref.

SHG, e + e ⇒ o

10.5910 ⇒ 5.2955 80.1 44 [49]
10.3035 ⇒ 5.15175 74.5 45 [49]
10.2 ⇒ 5.1 72 50 [28]
9.6036 ⇒ 4.8018 65.8 48 [49]

SFG, o + e ⇒ o

10.5910 + 1.0642 ⇒ 0.96703 84 81.9 [35]

Temperature variation of phase-matching angle

Interacting wavelengths [µm] dθpm/dT [deg/K] Ref.

SHG, e + e ⇒ o

9.2 ⇒ 4.6 0.014 [60]
10.3 ⇒ 5.15 0.072 [28]
10.6 ⇒ 5.3 0.107 [28]

SFG, o + e ⇒ o

10.6 + 1.0642 ⇒ 0.9671 0.007 [35]

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

1.0642 30 >0.003 [63] 12.5 Hz
10 0.003 [11]

1.3 0.00013 >150 [45] 1 kHz
1.66 0.00013 >100 [45] 1 kHz
2.05 30 0.013–0.016 [19] 5 kHz

10 >0.074 [64] 10 kHz
2.79 50 >0.014 [30] 10 Hz

0.018 [30] 10 Hz
0.15 30 [31]
0.1 35 [16], [62] 1 Hz

2.8 70 0.056 [22] 1 Hz, uncoated sample
0.08 [22] 1 Hz, coated samples
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λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

2.94 0.11 30 [61]
30 [12]

5.3–6.1 CW >0.00001 [59]
0.00025 [34]

7.8 5000 10 [29]
9.2–10.8 CW >0.00008 [42]
9.28 2 1.25 [26]
9.3 100 0.012 [38] 100 Hz

50 >0.06 [40] 1 Hz
9.3–10.6 125 0.025 [44] 20 Hz

0.03–0.04 [44] 2 Hz
9.55 220 0.078 [41], [65]

30 0.14 [43] SHG direction
10.2–10.8 CW >0.000001 [28]

100,000–10,000,000 0.06 [28] 1500 Hz
10.6 CW >0.00000001 [63]

0.0002 [34]

About the crystal

The intensive research recently conducted by Schunemann [14], [19], and
Gribenyukov [8], [21], resulted in a decreased IR absorption of ZGP crystal in the
2.05-µm region (down to 0.02–0.04 cm−1). This allowed Vodopyanov to improve
significantly the characteristics of ZGP-based singly resonant OPO systems, pumped
by Er,Cr:YSGG laser (λ = 2.8 µm). The tunability of OPO based on type I phase-
matching was 3.8–12.4 µm, whereas for type II phase-matching the range 4–10 µm
was achieved [66]. The IR pulse energy in the 6–8 µm range reached 300 µJ for
the repetition rate 25 Hz [67]. In [68], an all–solid-state diode-pumped Nd:YAG
laser pumped a PPLN-based OPO, the idler wavelength of the latter (λ = 2.3 to
3.7 µm) was used for the pumping of singly-resonant ZGP-based OPO (repetition rate,
1–10 kHz). The output pulses possessed energy of more than 20 µJ and were tunable
in the 6–8 µm range.
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3.4 GaSe, Gallium Selenide

Negative uniaxial crystal: no > ne
Molecular mass: 148.683
Specific gravity: 5.03 g/cm3 [1]
Point group: 6̄2m

Lattice constants [2]:
a = 3.755 Å
c = 15.94 Å
Mohs hardness: ≈ 0
Melting point: 1211 K [2]; 1233 K [2]

Linear thermal expansion coefficient [1]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

300 9.15 10.85

Thermal conductivity coefficient κ [3]

T [K] κ [W/mK], ‖c κ [W/mK], ⊥c

293 16.2 2.0

Band-gap energy at room temperature: Eg = 2.0 eV [17]; 2.09 eV [2]
Transparency range at “0” transmittance level: 0.62–20 µm [4]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref.

0.65–18 <1 [5]
0.7 <0.3 [6]
0.7–0.8 0.3 [7]
1.06 0.45 [8]

<0.25 [9]
<0.1 [10]

1.5–12 <0.03 [7]
1.9 0.1 [8]
2 <0.1 [10]
9.3–10.6 <0.05 [11]
9.55 <0.1 [12]
10 <0.1 [10]
10.6 0.081 [13]

Temperature dependence of linear absorption coefficient at λ = 0.6328 µm for the
range 283–343 K (T in K) [14]: α(T ) = 7.39 exp[0.0558 × (T − 273)]
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Two-photon absorption coefficient β

λ [µm] τp [ns] β × 1011 [cm/W] Ref. Note

0.700 0.070 600 [15] ‖c
0.0002 216 [16] ‖c

0.725 0.0002 190 [16] ‖c
0.750 0.0002 78 [16] ‖c
0.775 0.0002 50 [16] ‖c
0.800 0.0002 56 [16] ‖c
0.825 0.0002 45 [16] ‖c
0.850 0.0002 43 [16] ‖c
0.875 0.0002 48 [16] ‖c
0.900 0.0002 68 [16] ‖c
1.06 20 11000 [17]

Experimental values of refractive indices [5]

λ [µm] no ne

0.6328 2.97 2.74
1.1523 2.90 2.54
3.3913 2.81 2.46

Temperature derivative of refractive index for ordinary wave at T = 75 to 300 K [18]

λ [µm] dno/dT × 106 [K−1]
0.6 182.7
0.8 134.6
1.0 117.3
2.0 95.4

Temperature dependence of no at λ = 0.6328 µm for the range 298–373 K (T in
K) [14]:

no = 2.93323 + 2.55921 × 10−4(T − 273) − 3.26264 × 10−6(T − 273)2

+ 8.06267 × 10−8(T − 273)3 − 5.20204 × 10−10(T − 273)4

Sellmeier equations (λ in µm, T = 293 K) [19]:

n2
o = 7.4437 + 0.3757

λ2 − 0.1260
− 0.00154 λ2

n2
e = 5.7608 + 0.2908

λ2 − 0.1628
− 0.00131 λ2

Other dispersion relations are given in [5], [9], [20].
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Temperature derivative of refractive indices for spectral range 0.9–14 µm and tem-
perature range 293–393 K (λ in µm) [19]:

dno

dT
=

(
0.69

λ3 + 3.43

λ2 − 2.03

λ
+ 9.65

)
× 10−5 K−1

dne

dT
=

(
16.75

λ3 + 41.31

λ2 − 7.51

λ
+ 7.32

)
× 10−5 K−1

Verdet constant at T = 298 K [21]

λ [µm] V [degree/Tm]
0.6265 21420
0.6275 19170
0.6287 17420
0.6306 15170
0.6328 13420
0.6356 12330
0.6381 11830
0.6420 10830
0.6459 10250
0.6494 9920

Expressions for the effective second-order nonlinear coefficient [22]:

dooe = d22 cos θ sin 3φ

deoe = doee = d22 cos2 θ cos 3φ

Second-order nonlinear coefficient:

|d22(10.6 µm)| = 3 × |d31(CdSe)| ± 20% = 54 ± 11 pm/V [5], [23]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

2.36 ⇒ 1.18 18.7 [5]
5.30 ⇒ 2.65 10.2 [5]
9.30 ⇒ 4.65 12.8 [11]
9.60 ⇒ 4.80 13.2 [11]
10.3 ⇒ 5.15 14.0 [11]
10.6 ⇒ 5.3 12.7 [5]

14.4 [11]
SFG, o + o ⇒ e

17.4 + 3.5327 ⇒ 2.9365 13 [4], [24]
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Interacting wavelengths [µm] θexp [deg] Ref.

11.6 + 3.9318 ⇒ 2.9365 10 [4], [24]
10.8 + 2.3611 ⇒ 1.9375 10.7 [8]
7.4 + 2.4859 ⇒ 1.8608 11.2 [8]
5 + 2.7039 ⇒ 1.7549 12.4 [8]
10.1 + 1.1895 ⇒ 1.0642 13.3 [25]
7.15 + 1.2503 ⇒ 1.0642 15 [25]
19.1 + 1.1144 ⇒ 1.053 11.5 [26]
12 + 1.1543 ⇒ 1.053 12 [26]
5.8 + 1.2866 ⇒ 1.053 15.7 [26]
10.6 + 1.0642 ⇒ 0.96711 13.6 [9]
4.9 + 1.0642 ⇒ 0.8743 18.8 [9]
17.17 + 0.7235 ⇒ 0.6943 15.2 [6]
9.99 + 0.7462 ⇒ 0.6943 18.3 [6]

SFG, e + o ⇒ e

15.5 + 1.1427 ⇒ 1.0642 12.4 [25]
12.0 + 1.1678 ⇒ 1.0642 13.3 [25]
9.4 + 1.2001 ⇒ 1.0642 14.4 [25]
7.4 + 1.2430 ⇒ 1.0642 16.4 [25]
10.6 + 1.0642 ⇒ 0.96711 14.4 [9]
18.28 + 0.7217 ⇒ 0.6943 15.2 [6]
11.10 + 0.7406 ⇒ 0.6943 18.6 [6]

Experimental values of internal angular bandwidth

Interacting wavelengths [µm] ∆θ int [deg] Ref.

SHG, o + o ⇒ e

10.3 ⇒ 5.15 0.146 [11]
SFG, o + o ⇒ e

7 + 2.51 ⇒ 1.8475 0.086 [8]
12.5 + 0.7351 ⇒ 0.6943 0.021 [6]

Experimental values of temperature bandwidth [19]

Interacting wavelengths [µm] ∆T [◦C]
SHG, o + o ⇒ e

10.591 ⇒ 5.2955 172
5.2955 ⇒ 2.6478 218
3.5303 ⇒ 1.76515 15

SFG, o + o ⇒ e

10.591 + 3.5303 ⇒ 2.6478 228
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Interacting wavelengths [µm] ∆T [◦C]
SFG, e + o ⇒ e

5.2955 + 3.5303 ⇒ 2.6478 14
SFG, o + e ⇒ e

5.2955 + 3.5303 ⇒ 2.6478 10

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.683 6 0.082 [15] 100 pulses
0.6943 30 0.02 [6]
0.7 0.07 7 [15] 100 pulses
0.75 50 0.02 [7]
0.8 60 0.008 [15] 100 pulses
1.053 0.002 >1.0 [26] 1 Hz
1.06 20 >0.01 [17]
1.0642 10 0.03 [9]
2.36 40 >0.005 [5]
2.80 0.1 >4 [27] 3 Hz
2.94 0.11 30 [4], [24] 1 Hz
9.55 30 0.12 [12] ‖c
10.6 CW >0.0005 [28]

125 0.03 [11] 2–20 Hz

About the crystal

GaSe is known by its lateral structure [29]. Nevertheless, it is the one of the best
nonlinear crystals for mid-IR generation via OPG or DFG. Recently, Vodopyanov
[30], [31], reported double-pass traveling-wave GaSe-based OPG pumped by 100-ps,
3-mJ pulses of an Er,Cr:YSGG laser, operating at 2.8 µm. The achieved tunability
region of the OPG covered 3.3–19 µm. In DFG experiments made in past 5 years, the
continuously tunable mid-IR range was permanently increased from 9 to 18 µm [32]
to 7 to 20 µm [33] and finally to 2.7 to 28.7 µm [34].
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4

Often-Used Crystals

This chapter relates to other frequently used nonlinear optical crystals, such as potas-
sium dihydrogen phosphate (KDP) and its most popular analogs ammonium dihy-
drogen phosphate (ADP) and deuterated potassium dihydrogen phosphate (DKDP);
the recently developed cesium lithium borate (CLBO), an analog of lithium nio-
bate, magnesium-oxide–doped lithium niobate (MgLN), an analog of KTP, potassium
titanyl arsenate (KTA); and finally potassium niobate (KN).

4.1 KH2PO4, Potassium Dihydrogen Phosphate (KDP)

Negative uniaxial crystal: no > ne

Molecular mass: 136.086
Specific gravity: 2.3325 g/cm3 [1]; 2.338 g/cm3 [2]; 2.3383 g/cm3 at 293 K [3]
Point group: 4̄2m (mm2 at T < 122 K [4])
Lattice constants:
point group 4̄2m:
a = 7.448 Å [5]; 7.452 Å [6]; 7.453 Å [4]; 7.4529 ± 0.0002 Å at T = 296 K [7]
c = 6.977 Å [5]; 6.959 Å [6]; 6.959 Å [4]; 6.9751 ± 0.0006 Å at T = 296 K [7]
point group mm2:
a = 10.44 Å [8]
b = 10.53 Å [8]
c = 6.90 Å [8]

Variation in KDP lattice constants for crystals from different commercial sources [9]

Firm a [Å] c [Å]
Inrad 7.460 6.965
Cleveland Crystals #1 7.451 6.950
Cleveland Crystals #2 7.439 6.962
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Mohs hardness: 1.5 [10]; 2.5 [11], [12]
Vickers hardness [13]:
122 ± 17 along a direction
183 ± 12 along c direction

Solubility in 100 g H2O [3]

T [K] s [g]

298 33

Melting point: 525 K [3]; 526 K [14], [15]
Curie temperature: 122 K [16]; 122.6 K [17]; 123 K [7], [17], [18]; [19]

Linear thermal expansion coefficient [4]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

200 39 22
250 41 24.6
270 41.6 25.6
280 41.9 26.0
290 42.1 26.4
300 42.4 26.8

Mean value of linear thermal expansion coefficient

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c Ref.

123–293 42 20 [4]
123–298 39.2 22 [19]
223–323 44.0 24.9 [19]
223–373 26.6 [4]
233–363 44.6 [4]

Specific heat capacity cp at P = 0.101325 MPa

T [K] cp [J/kgK] Ref.

80 341 [14]
150 552 [14]
250 764 [14]
298 857 [14]
306 879 [15]

Thermal conductivity coefficient [3]

T [K] κ [W/mK], ‖c κ [W/mK], ⊥c

302 1.21
319 1.34
428 1.30 1.76
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Band-gap energy at room temperature: Eg = 6.95 eV [20]; 7.0 eV [21], [10]
Transparency range at α = 1 cm−1 level: 0.176–1.4 µm [22], [7]
Transparency range at 0.5 transmittance level for 0.2-cm-long crystal: 0.176–
1.55 µm [1]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.212 0.2 [23]
0.25725 0.01–0.2 [24] e-wave, ⊥c

0.009 [25]
0.007 [26] e-wave, ⊥c

0.263 0.03 [27]
0.3513 0.003 [28] e-wave, ⊥c

0.5145 0.0001 [25]
0.00005 [24] o-wave

0.5265 0.01 [29] o-wave
0.6943 0.008 [30]
0.78 0.024 [4]
0.89 0.015 [4]
0.94 0.01 [31]
1.053 0.05 [29] o-wave

0.03 [27]
1.054 0.058 [28] o-wave

0.02 [28] e-wave, ⊥c

1.06 0.03 [4]
1.0642 0.03 [32]

0.058 [33] o-wave
0.006 [33] e-wave

1.22 0.1 [34] o-wave
1.3152 0.3 [35]
1.32 0.1 [34] e-wave, ⊥c

Two-photon absorption coefficient β

λ [µm] τp [ns] β × 1011 [cm/W] Ref. Note

0.211 0.0009 136 ± 48 [36] θ = 41◦, φ = 45◦
0.216 0.015 60 ± 5 [37]
0.263 0.6 60 [27]
0.2635 0.5 50 [38]
0.264 0.0008 26 ± 9 [36] θ = 41◦, φ = 45◦
0.2661 0.015 27 ± 8 [20] θ = 41◦, φ = 45◦

0.6 40–80 [39]
0.270 0.015 28 ± 3 [40]
0.3547 0.017 0.59 ± 0.21 [20] e-wave, ⊥c
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Experimental values of refractive indices at T = 298 K [41]

λ [µm] no ne λ [µm] no ne

0.2138560 1.60177 1.54615 0.3906410 1.48089
0.2288018 1.58546 0.4046561 1.52341 1.47927
0.2446905 1.57228 0.4077811 1.52301 1.47898
0.2464068 1.57105 0.4358350 1.51990 1.47640
0.2536519 1.56631 1.51586 0.4916036 1.47254
0.2800869 1.55263 1.50416 0.5460740 1.51152 1.46982
0.2980628 1.54618 1.49824 0.5769580 1.50987
0.3021499 1.54433 1.49708 0.5790654 1.50977 1.46856
0.3035781 1.49667 0.6328160 1.50737 1.46685
0.3125663 1.54117 1.49434 1.0139750 1.49535 1.46041
0.3131545 1.54098 1.49419 1.1287040 1.49205 1.45917
0.3341478 1.48954 1.1522760 1.49135 1.45893
0.3650146 1.52932 1.48432 1.3570700 1.48455
0.3654833 1.52923 1.48423 1.5231000 1.45521
0.3662878 1.52909 1.48409 1.5295250 1.45512

Temperature derivative of refractive indices [42]

λ [µm] dno/dT × 105 [K−1] dne/dT × 105 [K−1]
0.405 −3.27 −3.15
0.436 −3.27 −2.88
0.546 −3.28 −2.90
0.578 −3.25 −2.87
0.633 −3.94 −2.54

Temperature dependencies of the refractive indices upon cooling from room temper-
ature to T [K]:

for the spectral range 0.365–0.690 µm [42]:

no(T ) = no(298) + 0.402 × 10−4{[no(298)]2 − 1.432}(298 − T )

ne(T ) = ne(298) + 0.221 × 10−4{[ne(298)]2 − 1.105}(298 − T )

for the spectral range 0.436–0.589 µm [43]:

no(T ) = no(300) + 10−4(143.3 − 0.618T + 4.81 × 10−4T 2)

ne(T ) = ne(300) + 10−4(153.3 − 0.969T + 1.57 × 10−3T 2)

Best set of dispersion relations (λ in µm, T = 293 K) [41]:

n2
o = 2.259276 + 13.00522λ2

λ2 − 400
+ 0.01008956

λ2 − (77.26408)−1

n2
e = 2.132668 + 3.2279924λ2

λ2 − 400
+ 0.008637494

λ2 − (81.42631)−1

Other sets of dispersion relations are given in [9], [44], [45], [46], [47].
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Temperature-dependent Sellmeier equations (λ in µm, T in K) [45]:

n2
o = (1.44896 + 3.185 × 10−5T ) + (0.84181 − 1.4114 × 10−4T )λ2

λ2 − (0.0128 − 2.13 × 10−7T )

+ (0.90793 + 5.75 × 10−7T )λ2

λ2 − 30

n2
e = (1.42961 − 1.152 × 10−5T ) + (0.72722 − 6.139 × 10−5T )λ2

λ2 − (0.01213 + 3.104 × 10−7T )

+ (0.22543 − 1.98 × 10−7T )λ2

λ2 − 30

Nonlinear refractive index γ

λ [µm] γ × 1015 [cm2/W] Ref. Note

0.5321 0.25 ± 0.08 [48] θ = 78◦
0.28 ± 0.08 [48] θ = 41◦
0.28 ± 0.08 [49]

1.0642 0.20 [50] o-wave
0.22 [50] e-wave
0.26 ± 0.08 [48] θ = 90◦
0.28 [51]
0.29 ± 0.09 [52]
0.44 ± 0.13 [48] θ = 78◦
0.46 ± 0.14 [48] θ = 59◦
1.0 (?) [53]

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of KDP crystal, i.e., for the “free” crystal) at room temperature

λ [µm] rT
41 [pm/V] rT

63 [pm/V] Ref. Note

0.20 −10.7 [54] T = 283 K
0.25 −10.5 [54] T = 283 K
0.500 −9.2 [55]
0.5461 −8.77 ± 0.14 [56]

−10.3 [57]
0.556 −8.6 ± 0.2 [58] T = 295 K

−10.5 ± 0.2 [58] T = 295 K
0.6328 −8 [59]

−8.6 ± 0.2 [60] T = 295 K
−9.4 ± 0.4 [61]
−9.9 ± 0.2 [60] T = 295 K

−11 [59]
0.700 −9.4 [55]
3.3913 −9.7 [57]
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Linear electrooptic coefficient measured at high frequencies (well above the acoustic
resonances of KDP crystal, i.e., for the “clamped” crystal) at room temperature

λ [µm] rS
63 [pm/V] Ref.

0.5461 −8.5 ± 2.4 [62]
−9.7 [63]

0.6328 −8.8 ± 0.5 [64]

Half-wave retardation voltage at longitudinal modulation

λ [µm] Vλ/2 [kV] Ref.

0.4358 6.04 ± 0.06 [56]
0.5461 7.5 [63]

7.65 ± 0.08 [56]
0.578 8.17 ± 0.08 [56]

Verdet constant (‖c)
λ [µm] T [K] V [degree/Tm] Ref.

0.6328 293 221 ± 5 [2]
213 [65]

298 207 [66]

Note: The measurements in [65] were done at room temperature.

Calculated Verdet constants (‖c) [67]

λ [µm] V [degree/Tm]

0.193 3875
0.222 2487
0.248 1800
0.308 1030
0.351 758

Lineshift under ns SRS: ∆ν = 915 cm−1 [68]
Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d14 = d25 = d36) [69]:

dooe = −d36 sin(θ + ρ)sin 2φ

deoe = doee = 2d36 sin(θ + ρ)cos(θ + ρ)cos 2φ

Simplified expressions for the effective second-order nonlinear coefficient (approx-
imation of small birefringence angle, Kleinman symmetry conditions are valid,
d14 = d25 = d36) [70]:

dooe = −d36 sin θ sin 2φ

deoe = doee = d36 sin 2θ cos 2φ
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Absolute values of second-order nonlinear coefficient:
d36(1.319 µm) = 0.31 ± 0.02 pm/V [71]
d36(1.0642 µm) = 0.38 pm/V [69]; 0.39 pm/V [72]
0.39 ± 0.03 pm/V [73]; 0.40 ± 0.02 pm/V [71]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

0.517 ⇒ 0.2585 90 [44]
0.6576 ⇒ 0.3288 53.6 [35]
0.6943 ⇒ 0.34715 50.4 [74]
0.8707 ⇒ 0.43535 42.4 [75]
1.06 ⇒ 0.53 41 [76], [77]
1.3152 ⇒ 0.6576 44.3 [35]

SFG, o + o ⇒ e

1.415 + 0.22027 ⇒ 0.1906 88.7 [78]
1.3648 + 0.6943 ⇒ 0.46019 40.9 [75]
1.3152 + 0.6576 ⇒ 0.4384 42.2 [35]
1.0642 + 0.2707 ⇒ 0.21581 87.6 [79]
1.0642 + 0.5321 ⇒ 0.35473 47.3 [80]
1.06 + 0.53 ⇒ 0.35333 47.5 [77]
0.6576 + 0.4384 ⇒ 0.26304 74 [81]

SHG, e + o ⇒ e

1.3152 ⇒ 0.6576 61.4 [35]
1.06 ⇒ 0.53 59 [77]

SFG, e + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 58.3 [80]
1.06 + 0.53 ⇒ 0.35333 59.3 [77]

Experimental values of NCPM temperature

Interacting wavelengths [µm] T [◦C] Ref.

SHG, o + o ⇒ e

0.5145 ⇒ 0.25725 −13.7 [26]
−11 [24]

0.517 ⇒ 0.2585 20 [44]
0.5321 ⇒ 0.26605 177 [82], [83]

SFG, o + o ⇒ e

1.06 + 0.265 ⇒ 0.212 −70 [23]
1.0642 + 0.26605 ⇒ 0.21284 −40 [84]

−35 [85]
1.0796 + 0.2699 ⇒ 0.21592 60 [86]
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Experimental values of internal angular and temperature bandwidths

Interacting wavelengths [µm] T [◦C] θpm [deg] ∆θ int [deg] ∆T [◦C] Ref.

SHG, o + o ⇒ e

1.1523 ⇒ 0.57615 20 41 0.074 [87]
1.0642 ⇒ 0.5321 20 41 0.070 [69]

25 23 ± 1 [88]
1.064 ⇒ 0.532 20 41 0.069 [89]
1.06 ⇒ 0.53 20 41 0.063 [76]

0.065 ± 0.003 [90]
1.054 ⇒ 0.527 25 41 0.060 [91]
0.5321 ⇒ 0.26605 25 1.7 ± 0.1 [88]

177 90 1.9 [82]
177 90 2 [83]

0.53 ⇒ 0.265 20 77 0.059 [92]
20 77 0.066 1.2 (?) [93]

SFG, o + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 25 5.5 ± 0.2 [88]
1.054 + 0.527 ⇒ 0.35133 25 48 0.046 [91]
1.0796 + 0.2699 ⇒ 0.21592 60 90 1.3 [86]

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 25 18.3 ± 1.7 [88]
1.06 ⇒ 0.53 20 59 0.129 [92]

0.133 ± 0.002 [90]
1.054 ⇒ 0.527 25 59 0.126 [91]

SFG, e + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 25 5.2 ± 0.2 [88]
1.06 + 0.53 ⇒ 0.35333 20 59 0.062 2.2 (?) [93]
1.054 + 0.527 ⇒ 0.35133 25 59 0.059 [91]

Experimental values of spectral bandwidth

Interacting wavelengths [µm] T [◦C] θpm [deg] ∆ν [cm−1] Ref.

SHG, o + o ⇒ e

1.06 ⇒ 0.53 20 41 178 [76]
0.53 ⇒ 0.265 20 77 4.7 [92]

SHG, e + o ⇒ e

1.06 ⇒ 0.53 20 59 101.5 [92]

Temperature variation of phase-matching angle

Interacting wavelengths [µm] T [◦C] θpm [deg] dθpm/dT [deg/K] Ref.

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 25 0.0028 [88]
1.06 ⇒ 0.53 41 0.00365 ± 0.00003
1.054 ⇒ 0.527 25 41 0.0046 [91]
0.5321 ⇒ 0.26605 25 0.0382 [88]
0.5265 ⇒ 0.26325 80 0.0602 [27]
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Interacting wavelengths [µm] T [◦C] θpm [deg] dθpm/dT [deg/K] Ref.

SFG, o + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 25 0.0073 [88]
1.054 + 0.527 ⇒ 0.35133 25 48 0.0046 [91]

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 25 59 0.0069 ± 0.0003 [94]
25 0.0069 [88]

1.06 ⇒ 0.53 20 59 0.0057 [92]
0.0097 ± 0.0003 [90]

1.054 ⇒ 0.527 25 59 0.0085 [91]
20 59 0.0069 [28]

SFG, e + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 25 58 0.0106 ± 0.0003 [94]
25 0.0117 [88]

1.054 + 0.527 ⇒ 0.35133 25 59 0.0152 [91]
20 59 0.0075 [28]

Temperature tuning of noncritical SHG [44]

Interacting wavelengths [µm] dλ1/dT [nm/K]

SHG, o + o ⇒ e

0.517 ⇒ 0.2585 0.048

Temperature variation of birefringence for the noncritical SHG process

Interacting wavelengths [µm] d(ne
2 − no

1)/dT × 10−5 [K−1] Ref.

0.5145 ⇒ 0.25725 1.745 [95]
0.5321 ⇒ 0.26605 1.2 [82]

Electro-optic tuning sensitivity for SHG process [90]

Interacting wavelengths [µm] dθpm/dE [deg · cm/kV]
SHG, o + o ⇒ e

1.06 ⇒ 0.53 0.00293 ± 0.00002
SHG, e + o ⇒ e

1.06 ⇒ 0.53 ≈0

Calculated values of phase-matching and “walk-off” angles

Interacting wavelengths [µm] θpm [deg] ρ1 [deg] ρ3 [deg]

SHG, o + o ⇒ e

0.5321 ⇒ 0.26605 76.60 0.808
0.5782 ⇒ 0.2891 64.03 1.391
0.6328 ⇒ 0.3164 56.15 1.611
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Interacting wavelengths [µm] θpm [deg] ρ1 [deg] ρ3 [deg]

0.6594 ⇒ 0.3297 53.43 1.657
0.6943 ⇒ 0.34715 50.55 1.687
1.0642 ⇒ 0.5321 41.21 1.603
1.3188 ⇒ 0.6594 44.70 1.549

SFG, o + o ⇒ e

0.5782 + 0.5105 ⇒ 0.27112 72.46 1.025
1.0642 + 0.5321 ⇒ 0.35473 47.28 1.712
1.3188 + 0.6594 ⇒ 0.4396 42.05 1.657

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 58.98 1.149 1.404
1.3188 ⇒ 0.6594 61.85 0.922 1.269

SFG, e + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 58.23 1.166 1.521
1.3188 + 0.6594 ⇒ 0.4396 49.42 1.104 1.634

Calculated values of inverse group-velocity mismatch for SHG process in KDP

Interacting wavelengths [µm] θpm [deg] β [fs/mm]

SHG, o + o ⇒ e

1.2 ⇒ 0.6 42.45 42
1.1 ⇒ 0.55 41.38 17
1.0 ⇒ 0.5 41.22 9
0.9 ⇒ 0.45 42.24 40
0.8 ⇒ 0.4 44.91 77
0.7 ⇒ 0.35 50.14 128
0.6 ⇒ 0.3 60.40 208

SHG, e + o ⇒ e

1.2 ⇒ 0.6 59.54 89
1.1 ⇒ 0.55 58.87 67
1.0 ⇒ 0.5 59.75 89
0.9 ⇒ 0.45 62.97 118
0.8 ⇒ 0.4 70.71 158

Laser-induced bulk-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.2661 8 2.3 [96]
0.75 7 [13] k⊥c, E‖c

0.3547 0.85 5.1–6.2 [13]
0.017 5000–24,000 [49] sharp focusing

0.355 7.6 5.1 [97] ‖c, large-tank boules
2.9 [97] θ = 58◦, large-tank boules

0.52 330 0.2 [98]
0.5265 20 3 [29]

0.6 9 [29]
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λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.527 0.5 >14 [99]
0.53 10 34–57 [100] 21-µm beam-waist diameter

0.2 17 [101]
0.005 1000 [102]

0.5321 1.0 6–20 [13] depends on irradiation direction
and light polarization

0.6 >8 [39]
0.03 30 [103]
0.021 2200 [49] sharp focusing

0.596 330 0.24 [98]
20 3 [98]

0.6943 20 >0.4 [104]
5–25 0.10–0.14 [30]

1.053 25 4 [29]
1.1 10.6–20.9 [13] depends on irradiation direction

and light polarization
1 18 [29]
1 15–20 [105] UV irradiation of KDP solution
1 20 [106]

1.054 3 >3.3 [107]
1 >5.1 [107]
0.14 >7 [108]

1.06 60 0.2 [109]
30 17–34 [110] sharp focusing
14 2.5–5 [100] 100-µm beam-waist diameter

17–35 [100] 21-µm beam-waist diameter
12–25 >0.25 [76]
0.5 >3 [111]
0.2 23 [101]
0.003 7000–10,000 [110] sharp focusing

1.0642 20 0.3–0.6 [112]
10 6.4–18.5 [113]
7 2.7 [114]
1.3 8 [115]
1.1 16 [116]
1 3–7 [112]

5 [117]
0.1 7 [118]

>100 [51]
0.03 2000 [53] sharp focusing

1.0796 5 16 [86]

Laser-induced surface damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.2484 20 0.45 [119] 1.5-mm beam-waist diameter
0.2661 0.7 8.6 [119]
0.6943 5–25 1–5 [30]
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λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

1.0642 12 14.4 [120] ‖c, 30-µm beam-waist
diameter

10 3.9–18.5 [113]

About the crystal

KDP (together with its analogs DKDP and ADP) is one of the oldest nonlinear optical
materials [8], [121]. It was widely applied in the first experiments made in the 1960s,
and it is still in use, especially in the experiments on inertial-confinement fusion [122],
where damage-resistant and wide-aperture SHG and THG crystals are needed. For
these purposes, the methods of rapid KDP growth, up to 50 mm/day with crystal sizes
up to 90 cm, were developed [123], [124], [125].
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4.2 NH4H2PO4, Ammonium Dihydrogen Phosphate (ADP)

Negative uniaxial crystal: no > ne

Molecular mass: 115.026
Specific gravity: 1.798 g/cm3 [1]; 1.799 g/cm3 [2]; 1.803 g/cm3 at 293 K [3]
Point group: 4̄2m (222 at T < 125 K [4])
Lattice constants (42m):
a = 7.495 Å [5]; 7.510 Å [6]; 7.50 Å [4]; 7.4991 ± 0.0004 Å at T = 293 K [7]
c = 7.548 Å [5]; 7.564 Å [6]; 7.58 Å [4]; 7.5493 ± 0.0012 Å at T = 293 K [7]
Mohs hardness: 1 [8]; 2 [9]

Solubility in 100 g H2O

T [K] s [g] Ref.

273 22.7 [3]
293 36.8 [8]
373 173.2 [3]

Melting point: 463 K [10]
Curie temperature: 147 K [7]; 148 K [11], [12]

Linear thermal expansion coefficient [4]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

293 4 37

Mean value of linear thermal expansion coefficient [7]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

148–298 10.7 27.2
223–323 4.2 32.0

Specific heat capacity cp at P = 0.101325 MPa [13]

T [K] cp [J/kgK]
80 405

250 1088
298 1236

Thermal conductivity coefficient [3]

T [K] κ [W/mK], ‖c κ [W/mK], ⊥c

315 0.71 1.26
340 0.71 1.34
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Band-gap energy at room temperature: Eg = 6.8 eV [14]; 6.81 eV [15]
Transparency range at α = 1 cm−1 level: 0.184–1.3 µm [11], [16]
Transparency range at 0.5 transmittance level for 0.2-cm-long crystal:
0.184–1.5 µm [2]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.25725 0.01 [17]
0.002 [18] e-wave, ⊥c

0.265 0.07 [19] e-wave, ⊥c

0.2661 0.035 [20]
0.5145 0.0005 [17]

0.00005 [18] o-wave, ⊥c

0.6943 0.032 [21]
0.79 0.03 [4]
0.89 0.038 [4]
1.027 0.086 [22]
1.06 0.1 [4]
1.083 0.208 [22]
1.144 0.150 [22]

Two-photon absorption coefficient β

λ [µm] τp [ns] β × 1011 [cm/W] Ref. Note

0.2635 0.5 35 [23]
0.2661 0.030 6 ± 1 [24]

11 ± 3 [20]
0.015 24 ± 7 [15] θ = 42◦, φ = 45◦

0.308 0.120 23 ± 5 [25]
0.3547 0.017 0.68 ± 0.24 [15] e-wave, ⊥c

Experimental values of refractive indices at T = 298 K [26], [27]

λ [µm] no ne λ [µm] no ne

0.2138560 1.62598 1.56738 0.4046561 1.53969 1.49159
0.2288018 1.60785 1.55138 0.4077811 1.53925 1.49123
0.2536519 1.58688 1.53289 0.4358350 1.53578 1.48831
0.2967278 1.56462 1.51339 0.4916036 1.48390
0.3021499 1.56270 1.51163 0.5460740 1.52662 1.48079
0.3125663 1.55917 1.50853 0.5769590 1.52478 1.47939
0.3131545 1.55897 1.50832 0.5790654 1.52466 1.47930
0.3341478 1.55300 1.50313 0.6328160 1.52195 1.47727
0.3650146 1.54615 1.49720 1.0139750 1.50835 1.46895
0.3654833 1.54608 1.49712 1.1287040 1.50446 1.46704
0.3662878 1.54592 1.49698 1.1522760 1.50364 1.46666
0.3906410 1.54174
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Temperature derivatives of refractive indices [28]

λ [µm] dno/dT × 105 [K−1] dne/dT × 105 [K−1]
0.405 −4.78 ≈0
0.436 −4.94 ≈0
0.546 −5.23 ≈0
0.578 −4.60 ≈0
0.633 −5.08 ≈0

Temperature dependencies of the refractive indices upon cooling from room temper-
ature to T [K]:

for the spectral range 0.365–0.690 µm [29]:
no (T ) = no (298) + 0.713 × 10−2

{
[no (298)]2 − 3.0297 [no (298)] + 2.3004

}
×(298 − T )

ne (T ) = ne(298) + 0.675 × 10−6[ne(298)]2 (298 − T )

for the spectral range 0.436–0.589 µm [30]:
no (T ) = no (300) + 10−4

(
141.8 − 0.322 T − 5.02 × 10−4 T 2

)
ne (T ) = ne (300) − 10−4

(
2.5 − 0.01763 T + 2.901 × 10−5 T 2

)
Best set of dispersion relations (λ in µm, T = 293 K) [26], [27]:

n2
o = 2.302842 + 15.102464λ2

λ2 − 400
+ 0.011125165

λ2 − (75.450861)−1

n2
e = 2.163510 + 5.919896λ2

λ2 − 400
+ 0.009616676

λ2 − (76.98751)−1

Other sets of dispersion relations are given in [28], [31], [32], [33].
Temperature-dependent Sellmeier equations (λ in µm, T in K) [31]:

n2
o =

(
1.6996 − 8.7835 × 10−4T

)
+

(
0.64955 + 7.2007 × 10−4T

)
λ2

λ2 − (
0.01723 − 1.40526 × 10−5T

)

+
(
1.10624 − 1.179 × 10−4T

)
λ2

λ2 − 30

n2
e =

(
1.42036 − 1.089 × 10−5T

)
+

(
0.74453 + 5.14 × 10−6T

)
λ2

λ2 − (
0.013 − 2.471 × 10−7T

)

+
(
0.42033 − 9.99 × 10−7T

)
λ2

λ2 − 30

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of ADP crystal, i.e., for the “free” crystal) at room temperature

λ [µm] rT
41 [pm/V] rT

63 [pm/V] Ref. Note

0.20 −8.5 [34] T = 286 K
0.25 −8.6 [34] T = 286 K
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λ [µm] rT
41 [pm/V] rT

63 [pm/V] Ref. Note

0.30 −8.2 [34] T = 286 K
0.488 −22.9 ± 0.2 −8.07 ± 0.1 [35] T = 298 K
0.500 −7.8 [36]
0.5461 −8.56 [37]

−23.76 [37]
−24.5 ± 0.4 [38]

0.556 −8.47 ± 0.17 [39] T = 295 K
−20.8 ± 0.3 (?) [39] T = 295 K

0.61–1.15 −8.55 ± 0.15 [40]
0.6328 −7.83 [37]

−7.9 [36]
−22.2 ± 0.2 −8.14 ± 0.1 [35] T = 298 K
−23.1 ± 0.3 [41] T = 293 K
−23.41 [37]

Linear electrooptic coefficient measured at high frequencies (well above the acoustic
resonances of ADP crystal, i.e., for the “clamped” crystal) at room temperature

λ [µm] rS
63 [pm/V] Ref.

0.5461 −4.1 ± 0.4 (?) [42]
−5.1 ± 1.5 [43]
−5.5 [44]

Half-wave retardation voltage at longitudinal modulation

λ [µm] Vλ/2 [kV] Ref.

0.488 8.4 [35]
0.5 8.27 [39]
0.5461 9.0 [44]
0.6 10.0 [39]
0.6328 11.0 [35]

Verdet constant (‖c)
λ [µm] T [K] V [degree/Tm] Ref.

0.6328 293 251 ± 5 [1]
298 230 [45]

Calculated Verdet constant (‖c) [46]

λ [µm] V [degree/Tm]

0.193 4023
0.222 2573
0.248 1858



4.2 NH4H2PO4, Ammonium Dihydrogen Phosphate (ADP) 137

λ [µm] V [degree/Tm]

0.308 1061
0.351 781

Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d14 = d25 = d36) [47]:

dooe = −d36sin(θ + ρ)sin 2φ

deoe = doee = 2d36sin(θ + ρ)cos(θ + ρ) cos 2φ

Simplified expressions for the effective second-order nonlinear coefficient (approx-
imation of small birefringence angle, Kleinman symmetry conditions are valid,
d14 = d25 = d36) [48]:

dooe = −d36 sin θ sin 2φ

deoe = doee = d36 sin 2θ cos 2φ

Absolute values of second-order nonlinear coefficient:

d36(0.6328 µm) = 0.55 ± 0.02 pm/V [49]
d36(1.0642 µm) = 0.46 ± 0.03 pm/V [49]; 0.47 pm/V [50]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

0.524 ⇒ 0.262 90 [28]
0.530 ⇒ 0.265 81.7 [51]
0.6943 ⇒ 0.34715 51.9 [52]
0.7035 ⇒ 0.35175 50.5 [53]
1.06 ⇒ 0.53 41.9 [52]

42 [54]
SHG, o + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 46.9 [55]
1.0642 + 0.2810 ⇒ 0.22230 90 [56]
0.81219 + 0.34715 ⇒ 0.24320 90 [57]

SHG, e + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 60.2 [55]

Experimental values of NCPM temperature

Interacting wavelengths [µm] T [◦C] Ref. Note

SHG, o + o ⇒ e

0.4920 ⇒ 0.2460 −116 [58]
0.4965 ⇒ 0.24825 −93.2 [59]
0.5017 ⇒ 0.25085 −68.4 [59]



138 4 Often-Used Crystals

Interacting wavelengths [µm] T [◦C] Ref. Note

0.5145 ⇒ 0.25725 −11.7 [60]
−10.2 [59]
−9.2 [18]

0.524 ⇒ 0.262 20 [28]
0.52534 ⇒ 0.26267 30 [61]
0.53 ⇒ 0.265 43 [19]

47 [51]
48 [62]
49.6 [63]

0.5321 ⇒ 0.26605 47.1 [64]
49.5 [65]
50 [66]
51.2 [67] 0.1–1 Hz
44.6 [67] 20 Hz
51–52 [68]

0.5398 ⇒ 0.2699 79 [69] 1–25 Hz
0.548 ⇒ 0.274 100 [61]
0.557 ⇒ 0.2785 120 [70]

SFG, o + o ⇒ e

1.0642 + 0.26605 ⇒ 0.21284 −55 [71]

Experimental values of internal angular and temperature bandwidths

Interacting wavelengths [µm] T [◦C] θpm [deg] ∆θ int [deg] ∆T [◦C] Ref.

SHG, o + o ⇒ e

1.06 ⇒ 0.53 20 42 0.057 [54]
0.5321 ⇒ 0.26605 49.5 90 0.60 [65]

51 90 1.086 0.53 [67]
0.53 ⇒ 0.265 20 82 0.118 [72]

20 82 0.088 [73]
20 82 0.089 0.63 [51]

Experimental values of spectral bandwidth

Interacting wavelengths [µm] T [◦C] θpm [deg] ∆ν [cm−1] Ref.

SHG, o + o ⇒ e

1.06 ⇒ 0.53 20 42 178 [54]
0.53 ⇒ 0.265 20 82 4.9 [73]

Temperature variation of phase-matching angle [51]

Interacting wavelengths [µm] T [◦C] θpm [deg] dθpm/dT [deg/K]

SHG, o + o ⇒ e

0.53 ⇒ 0.265 20 82 0.14
47 90 1.10
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Temperature tuning of noncritical SHG [28]

Interacting wavelengths [µm] dλ1/dT [nm/K]

SHG, o + o ⇒ e

0.524 ⇒ 0.262 0.306

Temperature tuning of noncritical SFG [74]

Interacting wavelengths [µm] dλ3/dT [nm/K]

SHG, o + o ⇒ e

0.6943 + 0.39961 ⇒ 0.25363 0.171

Temperature variation of birefringence for noncritical SHG process (0.5145 µm
⇒ 0.25725 µm, o + o ⇒ e): d(ne

2 − no
1)/dT = 5.65 × 10−5 K−1 [60]

Calculated values of phase-matching and “walk-off” angles

Interacting wavelengths [µm] θpm [deg] ρ1 [deg] ρ3 [deg]

SHG, o + o ⇒ e

0.5321 ⇒ 0.26605 80.15 0.639
0.5782 ⇒ 0.2891 65.28 1.427
0.6328 ⇒ 0.3164 56.91 1.703
0.6594 ⇒ 0.3297 54.07 1.762
0.6943 ⇒ 0.34715 51.09 1.803
1.0642 ⇒ 0.5321 41.74 1.746
1.3188 ⇒ 0.6594 45.45 1.694

SFG, o + o ⇒ e

0.5782 + 0.5105 ⇒ 0.27112 74.84 0.955
1.0642 + 0.5321 ⇒ 0.35473 47.82 1.836
1.3188 + 0.6594 ⇒ 0.4396 42.56 1.794

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 61.39 1.230 1.449
1.3188 ⇒ 0.6594 65.63 0.968 1.250

SFG, e + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 59.85 1.272 1.582
1.3188 + 0.6594 ⇒ 0.4396 50.86 1.274 1.748

Calculated values of inverse group-velocity mismatch for SHG process in ADP

Interacting wavelengths [µm] θpm [deg] β [fs/mm]

SHG, o + o ⇒ e

1.2 ⇒ 0.6 43.10 49
1.1 ⇒ 0.55 41.94 21
1.0 ⇒ 0.5 41.71 8
0.9 ⇒ 0.45 42.68 42
0.8 ⇒ 0.4 45.34 85
0.7 ⇒ 0.35 50.67 142
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Interacting wavelengths [µm] θpm [deg] β [fs/mm]

0.6 ⇒ 0.3 61.39 233
SHG, e + o ⇒ e

1.2 ⇒ 0.6 62.50 105
1.1 ⇒ 0.55 61.39 78
1.0 ⇒ 0.5 62.02 95
0.9 ⇒ 0.45 65.24 127
0.8 ⇒ 0.4 73.80 173

Laser-induced bulk-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.265 30 >1 [19]
0.2661 0.03 >10 [75]
0.53 10 120–220 [76] 21-µm beam-waist

diameter
0.5 >13 [77]

0.5321 3 >0.75 [68] 30 Hz
0.6 >8 [78]
0.03 >8 [24]

0.5398 5 6 [69] SHG direction
0.6 330 1.8 [79]
0.6943 5–25 0.15–0.24 [21]
1.06 60 0.5 [80]

14 10–18 [76] 100-µm beam-waist
diameter

70–130 [76] 21-µm beam-waist
1.0642 10 >4.5 [81]

Laser-induced surface damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.2484 20 0.2 [82] 1.5-mm beam-waist
diameter

0.6943 5–25 1–5.4 [21]
1.0642 12 6.4 [83] ‖c, 30-µm beam-waist

diameter
10 2.2 to >4.5 [81]

About the crystal

ADP is the analog of KDP with a slightly higher second-order nonlinear coefficient.
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4.3 KD2PO4, Deuterated Potassium Dihydrogen
Phosphate (DKDP)

Negative uniaxial crystal: no > ne
Molecular mass: 138.098
Specific gravity: 2.355 g/cm3 [1]; 2.3555 g/cm3 [2]
Point group: 4̄2m

Lattice constants [3], [4]:
a = 7.4697 ± 0.0003 Å at T = 298 K
c = 6.9766 ± 0.0005 Å at T = 298 K
Mohs hardness: 1.5 [5]; 2.5 [1]
Curie temperature: 222 ± 1 K [3]; 222 K [4]; 222 K at 99.8% deuteration [6]; 216.3 K
at 98% deuteration [6]

Linear thermal expansion coefficient [7]

αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

44 24.9

Mean value of linear thermal expansion coefficient [4]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

223–298 39.5 19.4
223–323 40.7 20.1

Thermal conductivity coefficient [8]

κ [W/mK], ‖c κ [W/mK], ⊥c

1.86 2.09

Band-gap energy at room temperature: Eg = 7.0 eV [9]
Transparency range at α = 1 cm−1 level: ≈0.2 to ≈1.8 µm [3], [10]
Transparency range at 0.5 transmittance level for 0.2-cm-long crystal: <0.2 to
2.15 µm [2]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.2661 0.035 [11]
0.5321 0.004–0.005 [12] 98–99% deuteration

<0.001 [7]
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λ [µm] α [cm−1] Ref. Note

0.6943 <0.004 [13] 80–95% deuteration
0.82–1.21 <0.015 [14]
0.94 0.005 [14]
1.0642 0.004–0.005 [12] 98–99% deuteration

0.012 [7] o-wave
0.0019 [15] o-wave, 98% deuteration
0.0013 [15] o-wave, 99.5% deuteration

<0.001 [7] e-wave
0.0004 [15] e-wave, 98% deuteration
0.0003 [15] e-wave, 99.5% deuteration

1.315 0.025 [16]
1.57 0.1 [17] o-wave, 95% deuteration
1.74 0.1 [17] e-wave, 95% deuteration

Two-photon absorption coefficient β

λ [µm] τp [ns] β × 1011 [cm/W] Ref. Note

0.2661 0.030 2 ± 1 [18]
2.7 ± 0.7 [11]

0.3547 0.017 0.54 ± 0.19 [19] e-wave, ⊥c

Experimental values of refractive indices at T = 298 K [20]

λ [µm] no ne λ [µm] no ne

0.4047 1.5189 1.4776 0.5461 1.5079 1.4683
0.4078 1.5185 1.4772 0.5779 1.5063 1.4670
0.4358 1.5155 1.4747 0.6234 1.5044 1.4656
0.4916 1.5111 1.4710 0.6907 1.5022 1.4639

Temperature derivatives of refractive indices [21]

λ [µm] dno/dT × 105 [K−1] dne/dT × 105 [K−1]
0.405 −3.00 −1.86
0.436 −3.37 −2.13
0.546 −2.99 −1.95
0.578 −3.00 −2.52
0.633 −3.16 −2.03

Temperature dependencies of the refractive indices upon cooling from room temper-
ature to T [K]:

for the spectral range 0.365–0.690 µm [20]:
no(T ) = no(298) + 0.228 × 10−4{[no(298)]2 − 1.047}(298 − T )

ne(T ) = ne(298) + 0.955 × 10−5[ne(298)]2(298 − T )
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for the spectral range 0.436–0.589 µm [22]:

no(T ) = no(300) + 10−4(85.2 − 0.0695 T − 7.25 × 10−4 T 2)

ne(T ) = ne(300) − 10−4(21.8 − 0.445 T + 1.24 × 10−3 T 2)

Best set of dispersion relations (λ in µm, T = 293 K) [23]

n2
o = 2.240921 + 2.246956λ2

λ2 − (11.26591)2 + 0.009676

λ2 − (0.124981)2

n2
e = 2.126019 + 0.784404λ2

λ2 − (11.10871)2 + 0.008578

λ2 − (0.109505)2

Other sets of dispersion relations are given in [8], [21], [24]
Temperature-dependent Sellmeier equations (λ in µm, T in K) [24]:

n2
o = (1.55934 + 3.3935 × 10−4 T ) + (0.71098 − 4.1655 × 10−4 T )λ2

λ2 − (0.01407 + 6.4904 × 10−6 T )

+ (0.67671 + 4.8281 × 10−5 T )λ2

λ2 − 30

n2
e = (1.68647 + 3.43 × 10−6 T ) + (0.46629 − 6.26 × 10−5 T )λ2

λ2 − (0.01663 + 1.3626 × 10−6 T )

+ (0.59614 + 2.41 × 10−7 T )λ2

λ2 − 30

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of DKDP crystal, i.e., for the “free” crystal) at room temperature

λ [µm] rT
41 [pm/V] rT

63 [pm/V] Ref. Note

0.5461 −8.8 ± 0.4 [25] 83–92% deuteration
−8.8 [26]

−26.4 ± 0.7 [3] T = 295 K
−26.8 [26]

0.500 −25.6 ± 1.3 [27] 90% deuteration
0.6328 −10.7 ± 0.3 [6] 98% deuteration, T = 295 K

−23.8 ± 0.6 [28]
−24.1 [29]
−25.8 ± 0.2 [6] 98% deuteration, T = 295 K
−26.4 ± 0.7 [6] 99.8% deuteration, T = 295 K

Linear electrooptic coefficient measured at high frequencies (well above the acoustic
resonances of DKDP crystal, i.e., for the “clamped” crystal) at room temperature

λ [µm] rS
63 [pm/V] Ref. Note

0.500 −24.0 ± 1.2 [27] 90% deuteration
0.6328 −24.1 [26]
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Half-wave retardation voltage at longitudinal modulation

λ [µm] Vλ/2 [kV] Ref.

0.5 2.7 [3]
0.5461 2.98 [30]

Verdet constant at T = 298 K (‖c) [31]

λ [µm] V [degree/Tm] Note

0.6328 237 80% deuteration
241 85% deuteration
247 95% deuteration

Calculated Verdet constants (‖c) [32]

λ [µm] V [degree/Tm]

0.193 4271
0.222 2795
0.248 2043
0.308 1185
0.351 877

Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d14 = d25 = d36) [33]:

dooe = −d36 sin(θ + ρ) sin 2φ

deoe = doee = 2d36 sin(θ + ρ) cos(θ + ρ) cos 2φ

Simplified expressions for the effective second-order nonlinear coefficient (approx-
imation of small birefringence angle, Kleinman symmetry conditions are valid,
d14 = d25 = d36) [34]:

dooe = −d36 sin θ sin 2φ

deoe = doee = d36 sin 2θ cos 2φ

Absolute value of second-order nonlinear coefficient [33], [35]:

d36(1.0642 µm) = 0.37 pm/V

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

0.530 ⇒ 0.265 90 [36]
0.5321 ⇒ 0.26605 88 [37]
0.6943 ⇒ 0.34715 52 [38]
1.062 ⇒ 0.531 37.1 [39]
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Interacting wavelengths [µm] θexp [deg] Ref.

SHG, e + o ⇒ e

1.3152 ⇒ 0.6576 51.3 [40]

Experimental values of NCPM temperature

Interacting wavelengths [µm] T [◦C] Ref. Note

SHG, o + o ⇒ e

0.528 ⇒ 0.264 −30 [36]
0.5321 ⇒ 0.26605 42 [41] 99% deuteration

45 [42] 95% deuteration
46 [43] 99% deuteration
49.8 [44] >95% deuteration
60.8 [45] 90% deuteration

0.536 ⇒ 0.268 100 [36]

Experimental values of internal angular and temperature bandwidths

Interacting wavelengths [µm] T [◦C] θpm [deg] ∆θ int [deg] ∆T [◦C] Ref.

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 20 37 0.081 [33]
0.5321 ⇒ 0.26605 60.8 90 1.8 [45]

45 90 1.9 [42]
0.53 ⇒ 0.265 25 85.4 0.099 [46]

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 20 54 0.131 [47]
20 0.126 [48]

1.06 ⇒ 0.53 20 60 0.143 [49]

Experimental value of spectral bandwidth [49]

Interacting wavelengths [µm] T [◦C] θpm [deg] ∆ν [cm−1]
SHG, e + o ⇒ e

1.06 ⇒ 0.53 20 60 74.8

Temperature variation of phase-matching angle [49]

Interacting wavelengths [µm] T [◦C] θpm [deg] dθpm/dT [deg/K]

SHG, e + o ⇒ e

1.06 ⇒ 0.53 20 60 0.0063

Temperature tuning of noncritical SHG [21]

Interacting wavelengths [µm] dλ1/dT [nm/K]

SHG, o + o ⇒ e

0.519 ⇒ 0.2595 0.068
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Calculated values of phase-matching and “walk-off” angles

Interacting wavelengths [µm] θpm [deg] ρ1 [deg] ρ3 [deg]

SHG, o + o ⇒ e

0.5321 ⇒ 0.26605 86.20 0.225
0.5782 ⇒ 0.2891 66.87 1.197
0.6328 ⇒ 0.3164 57.53 1.467
0.6594 ⇒ 0.3297 54.31 1.522
0.6943 ⇒ 0.34715 50.86 1.558
1.0642 ⇒ 0.5321 36.60 1.450
1.3188 ⇒ 0.6594 36.36 1.412

SFG, o + o ⇒ e

0.5782 + 0.5105 ⇒ 0.27112 77.88 0.695
1.0642 + 0.5321 ⇒ 0.35473 46.82 1.587
1.3188 + 0.6594 ⇒ 0.4396 39.18 1.515

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 53.47 1.286 1.427
1.3188 ⇒ 0.6594 51.70 1.222 1.420

SFG, e + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 59.38 1.174 1.378
1.3188 + 0.6594 ⇒ 0.4396 47.70 1.254 1.527

Calculated values of inverse group-velocity mismatch for SHG process in DKDP

Interacting wavelengths [µm] θpm [deg] β [fs/mm]

SHG, o + o ⇒ e

1.2 ⇒ 0.6 35.94 <1
1.1 ⇒ 0.55 36.28 18
1.0 ⇒ 0.5 37.47 38
0.9 ⇒ 0.45 39.79 63
0.8 ⇒ 0.4 43.75 96
0.7 ⇒ 0.35 50.37 143
0.6 ⇒ 0.3 62.54 218

SHG, e + o ⇒ e

1.2 ⇒ 0.6 51.62 55
1.1 ⇒ 0.55 52.73 71
1.0 ⇒ 0.5 55.37 92
0.9 ⇒ 0.45 60.41 120
0.8 ⇒ 0.4 70.43 159

Laser-induced bulk-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.2661 0.03 >10 [11]
0.351 3 >2.9 [50] 80% deuteration
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λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.355 7.6 3.5 [51] ‖c, small-tank boules
2.2 [52] ‖c, conventional growth,

150 pulses
1.9 [51] ‖c, large-tank boules
1.8 [52] ‖c, rapid growth, 150 pulses
1.9 [51] θ = 58◦, small-tank boules
1.4 [52] θ = 58◦, conventional

growth, 150 pulses
0.9 [51] θ = 58◦, large-tank boules
0.9 [52] θ = 58◦, rapid growth,

150 pulses
0.527 1.7 >0.5 [53] θ = 37◦, 89% deuteration
0.5321 30 >0.05 [54]

8 17 [55]
0.6 >8 [56]
0.03 >8 [18]

0.6 330 0.3 [57]
0.6943 5–25 0.16–0.26 [13]
1.062 0.007 >1 [39]
1.0642 40 >0.25 [54]

18 >0.1 [12]
14 8 [55]
10 1.5–18 [58]

1 6 [48]
0.25 >3 [12]

1.315 1 1.5 [40]

Laser-induced surface damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.2484 20 0.15 [59] 1.5-mm beam-waist diameter
0.6943 5–25 1.2–5.8 [13] 95% deuteration
1.0642 10 0.7–4.3 [58]

About the crystal

DKDP is the analog of KDP with a higher transmission in the IR range due to the
deuteration.
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4.4 CsLiB6O10, Cesium Lithium Borate (CLBO)

Negative uniaxial crystal: no > ne
Molecular mass: 364.706
Specific gravity: 2.461 g/cm3 (calculated) [1]); 2.472 g/cm3 (calculated) [2]
Point group: 4̄2m

Lattice constants [3]:
a = 10.494 ± 0.001 Å
c = 8.939 ± 0.002 Å
Vickers hardness:
140–170 (along [001] direction) [3]
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230–260 (along [100] direction) [3]
270 (for the crystals with high bulk laser damage threshold) [4]
Mohs hardness: 5.5 [5]
Melting point: 1118 K [6]; 1121 K [7]
Band-gap energy: 6.9 eV [8]
Transparency range at “0” transmittance level: 0.18–2.75 µm [9]

Two-photon absorption coefficient β [10]

λ [µm] τp [ns] β × 1011 [cm/W]

0.2 0.00014 120 ± 20

Experimental values of refractive indices at T = 293 K [11]

λ [µm] no ne λ [µm] no ne

0.420 1.5058 1.4517 0.610 1.4935 1.4414
0.450 1.5030 1.4493 0.6328 1.4928 1.4409
0.480 1.5006 1.4474 0.670 1.4915 1.4398
0.500 1.4991 1.4462 0.700 1.4907 1.4392
0.532 1.4971 1.4445 0.720 1.4902 1.4387
0.560 1.4957 1.4434 1.064 1.4838 1.4340
0.590 1.4943 1.4422

Temperature derivative of refractive indices for temperature range 293–373 K and
spectral range 0.2128–1.3382 µm (in 10−6 K−1) [12]:

dno

dT
= −12.48 − 0.328

λ

dne

dT
= −8.36 + 0.047

λ
− 0.039

λ2 + 0.014

λ3

Other expressions for temperature derivative of refractive indices are given in [13].
Best set of Sellmeier equations (T = 293 K, λ in µm, 0.1914 µm < λ < 2.09 µm)
[12]:

n2
o = 2.2104 + 0.01018

λ2 − 0.01424
− 0.01258 λ2

n2
e = 2.0588 + 0.00838

λ2 − 0.01363
− 0.00607 λ2

Other sets of dispersion relations are given in [7], [9], [11], [13], [14], [15].
Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d14 = d25 = d36) [16]:

dooe = −d36 sin(θ + ρ) sin 2φ

deoe = doee = 2d36 sin(θ + ρ) cos(θ + ρ) cos 2φ
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Simplified expressions for the effective second-order nonlinear coefficient (approx-
imation of small birefringence angle, Kleinman symmetry conditions are valid,
d14 = d25 = d36) [17]:

dooe = −d36 sin θ sin 2φ

deoe = doee = d36 sin 2θ cos 2φ

Absolute values of second-order nonlinear coefficients [18]:
d36(0.532 µm) = 0.92 pm/V
d14(0.852 µm) = 0.69 pm/V
d36(0.852 µm) = 0.83 pm/V
d36(1.064 µm) = 0.74 pm/V

Experimental values of NCPM temperature

Interacting wavelengths [µm] T [◦C] Ref.

SFG, o + o ⇒ e

1.047 + 0.24114 ⇒ 0.196 4 [19]
1.047 + 0.2416 ⇒ 0.1963 34 [20]
1.047 + 0.2431 ⇒ 0.1973 150 [19]

Experimental values of phase-matching temperature, internal angular and temperature
bandwidths

Interacting wavelengths [µm] θpm [deg] T [◦C] ∆θ int [deg] ∆T [◦C] Ref.

SHG, o + o ⇒ e

0.946 ⇒ 0.473 90 −15 5.0 [21]
0.5235 ⇒ 0.26175 64.8 ≈160 [22]
0.5321 ⇒ 0.26605 62 ≈140 [6]

61.4 20 0.023 [11]
6.2 [12]

1.0642 ⇒ 0.5321 29.5 20 0.043 [11]
52.7 [12]

1.3382 ⇒ 0.6691 27.7 20 68.7 [12]
SFG, o + o ⇒ e

1.0642 + 0.26605 ⇒ 0.21284 67.3 20 3.6 [12]
1.547 + 0.221 ⇒ 0.19338 61.7 150 [23]
1.9079 + 0.2128 ⇒ 0.1914 55 20 1.2 [12]
1.0642 + 0.35473 ⇒ 0.26605 50.6 20 6.1 [12]
1.0642 + 0.5321 ⇒ 0.35473 39.1 20 18.0 [12]

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 42.4 20 49.4 [12]
SFG, e + o ⇒ e

1.9079 + 0.2128 ⇒ 0.1914 57.4 20 1.1 [12]
1.0642 + 0.5321 ⇒ 0.35473 48.9 20 17.0 [12]



4.4 CsLiB6O10, Cesium Lithium Borate (CLBO) 157

Laser-induced bulk damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.2 0.00014 >250 [10] 1 kHz
0.266 8 17–19 [4] solution-stirring growth

0.75 6.4 [8]
0.75 9–10 [24] dislocation density

∼1.5 × 104 cm−3

0.75 15–20 [24] dislocation density
(0.7 to 1) ×104 cm−3

0.75 25 [25] solution-stirring
TSSG growth

0.511 20 >0.5 [26] 12 kHz
0.527 0.0015 >47 [27] 1/6 Hz
0.532 70 >0.043 [28] 1 kHz

7 >0.13 [29] 10 Hz
0.014 130–520 [30] train of 80 pulses

0.5395 7 >0.67 [31] 10 Hz
0.576 8 >0.1 [32] 10 Hz
0.800 CW >0.0000038 [33]

0.0014 >600 [10] 1 kHz
1.053 0.0015 >100 [27]
1.064 CW 0.000088 [11]

13 >0.35 [34] 10 Hz
7 >0.37 [35] 10 Hz
1.1 16–19 [8] along [100] direction
1.1 29 [8] along [001] direction

Laser-induced surface damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.266 8 1.4–1.6 [4] conventional crystals
2.0 [4] solution-stirring growth
1.3–1.5 [36] conventional crystals,

mechanical polishing
2.3 [36] conventional crystals,

ion-beam etching
1.9 [36] high-quality crystals,

mechanical polishing
2.9 [36] high-quality crystals,

ion-beam etching

About the crystal

CLBO was grown first in 1995 in Japan by the top-seeded Kyropolous method [3],
[7], [9]. Conventionally, it is produced by top-seeded solution growth (TSSG) or
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solution-stirring TSSG (SS-TSSG) methods [24], [25]. This UV nonlinear material is
much easier to grow than BBO and LBO crystals. The main application of CsLiB6O10
is the frequency conversion of visible and near-IR laser radiation to the UV range. In
1996–1998, Japanese scientists used CLBO for second-, fourth-, and fifth-harmonic
generation of nanosecond Nd:YAG laser radiation. They managed to generate pulses
with energies 1.55, 0.5, and 0.23 J at 532, 266, and 213 nm, respectively [29], [35].
Second- and third-harmonic generation of 3-ps, 1053-nm laser radiation with efficien-
cies of 70% and 20% was achieved in 7- and 5-mm-long CLBO crystals, respectively
[37]. Using CLBO for SHG and SFG, it is possible to create high-power nanosecond
UV sources, operating with kilohertz repetition rate; for example, 20 W at 266 nm
[38], 15 W at 255 nm [26], 3 W at 242 nm [19], and 1.5 W at 196 nm [19]. The Chinese
investigators studied CLBO-based ps UV-laser pumped (266 or 355 nm) OPG/OPA
systems [15]. Though they have realized a rather wide OPO tuning range (347–
1137 nm for 266-nm pump and 447–1725 nm for 355-nm pump), they have observed
that the amplification factor for CLBO crystal at 450 nm is 7 times lower than for BBO,
probably due to the difference in the effective nonlinear coefficient. Very recently,
CLBO was used for eight-harmonic generation of a 1.547-nm laser-source via SFG
between radiations at fundamental frequency and its seventh harmonic [23].

One of the disadvantages of CsLiB6O10 is its deterioration due to water absorption
at room temperature. To prevent this, CLBO crystal should be kept at elevated temper-
atures, 140–160◦C [26], [38], [39]. The experiments done according to this approach
[39] demonstrated more than 1 month’s stable operation of a CLBO doubler without
any degradation of SHG performance. Additional significant increase of SHG effi-
ciency (2.3 times) could be achieved by compensation of thermally induced phase
mismatch in a CLBO crystal, kept at elevated temperatures, by room-temperature
nitrogen gas flow cooling [40]. In [21], SHG in CLBO crystal was achieved at −15◦C.
In this case, the crystal and the vacuum-tight vessel were processed at a high tem-
perature (150◦C), then the vessel was backfilled with dry nitrogen at atmospheric
pressure and sealed.

Another way to protect CLBO from atmospheric moisture is to use a Si–Cd film
[31], which was applied by spraying, and then the crystal was dried in a furnace at
120 ◦C and normal pressure for 24 hours.
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4.5 MgO:LiNbO3, Magnesium-Oxide–Doped Lithium
Niobate (MgLN)

Negative uniaxial crystal: no > ne
Point group: 3m

Curie temperature and UV absorption cutoff at α = 20 cm−1 as a function of MgO
concentration (in mol%) in stoichiometric and congruent LN crystals [1]

[MgO] Tc [K] λcutoff [µm]
stoichiometric LN

0 1466 ± 2 0.306
0.8 1479 ± 2 0.304
2.0 1486 ± 1 0.301
3.3 1485 ± 1 0.303
4.6 1480 ± 2

congruent LN
0 1411 0.316

>5 1486

Transparency range at “0” transmittance level for congruent LN crystals: 0.32–5 µm
[2], [3], [4]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref.

0.5321 0.02 [5]
1.0642 <0.01 [5]

<0.003 [6]

Experimental values of refractive indices for crystal with 5 mol% MgO and mole ratio
Li/Nb = 0.97 [3]

λ [µm] no ne

0.4358 2.3863 2.2802
0.4916 2.3403 2.2416
0.5461 2.3114 2.2172
0.5770 2.2988 2.2068
0.5790 2.2980 2.2062
0.6328 2.2816 2.1922
0.6943 2.2678 2.1805
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λ [µm] no ne

0.8400 2.2460 2.1622
1.0642 2.2272 2.1463

Experimental values of refractive indices for crystal with 5 mol% MgO and mole ratio
Li/Nb = 0.946 (congruent melt) [4]

λ [µm] no ne λ [µm] no ne

0.4047 2.4247 2.3111 0.5790 2.2982 2.2056
0.4078 2.4202 2.3073 0.5893 2.2945 2.2027
0.4358 2.3863 2.2795 0.6234 2.2840 2.1938
0.4861 2.3441 2.2444 0.6563 2.2756 2.1867
0.4916 2.3404 2.2412 0.6907 2.2681 2.1802
0.4962 2.3376 2.2389 0.6943 2.2669 2.1793
0.5461 2.3112 2.2167 1.0640 2.2237 2.1456
0.5770 2.2989 2.2063

Refractive indices of 5 mol% MgO-doped congruent LiNbO3 at different tempera-
tures (293 K, 348 K, 389 K, 428 K) are given in [7].

Temperature derivatives of refractive indices for 5 mol% MgO-doped congruent
LiNbO3 [7]

λ [µm] dno/dT × 106 [K−1] dne/dT × 106 [K−1]
0.53975 16.663 72.763
0.6328 12.121 64.866
1.0795 4.356 54.190
1.3414 5.895 52.665

Best set of Sellmeier equations (5 mol% MgO, mole ratio Li/Nb = 0.937, congruent
melt, λ in µm, 0.4 µm < λ < 5.0 µm, T = 294 K) [8]:

n2
o = 1 + 2.2454 λ2

λ2 − 0.01242
+ 1.3005 λ2

λ2 − 0.05313
+ 6.8972 λ2

λ2 − 331.33

n2
e = 1 + 2.4272 λ2

λ2 − 0.01478
+ 1.4617 λ2

λ2 − 0.05612
+ 9.6536 λ2

λ2 − 371.216

Other sets of dispersion relations for MgO-doped congruent LiNbO3 at room temp-
erature are given in [9] for 0–9 mol% MgO, in [3], [4] for 5 mol% MgO, in [10], [11]
for 7 mol% MgO.
Sellmeier equations for MgO-doped (0–4.6 mol%) stoichiometric LiNbO3 for the
wavelength range 0.44–1.05 µm are given in [12].
Temperature-dependent Sellmeier equations (5–7 mol% MgO, congruent melt, λ in
µm, 0.4 µm < λ < 4.0 µm, T in K, 273 K < T < 673 K) [13]:
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n2
o = 4.9130 + 1.173 × 105 + 1.65 × 10−2 T 2

λ2 − (2.12 × 102 + 2.7 × 10−5 T 2)2
− 2.78 × 10−8 λ2

n2
e = 4.5567 + 0.97 × 105 + 2.7 × 10−2 T 2

λ2 − (2.01 × 102 + 5.4 × 10−5 T 2)2
− 2.24 × 10−8 λ2

+2.605 × 10−7 T 2 − 2.1432 × 10−4 TNCPM − 4.07 × T 2
NCPM

where TNCPM (in ◦C) is the temperature of non-critical phase-matching for
1.064 µm ⇒ 0.532 µm SHG interaction.
Other temperature-dependent Sellmeier equations for 5 mol% MgO-doped congruent
LiNbO3 are given in [7], [14], [15].

Nonlinear refractive index γ [16]

λ [µm] γ × 1015 [cm2/W] Note

0.780 2.0 ± 0.3 [100] direction
2.0 ± 0.3 [010] direction

Coercive field value for 5 mol% MgO-doped congruent LiNbO3: ≈4.5 kV/mm [17].

Dependence of coercive field value for 5 mol% MgO-doped congruent LiNbO3 on
crystal temperature [18]

T [K] P [kV/mm]

298 4.5
353 2.4
393 1.8
443 1.3

Expressions for the effective second-order nonlinear coefficient in general case (Klein-
man symmetry conditions are valid, d15 = d24 = d31 = d32) [19]:

dooe = d31 sin(θ + ρ) − d22 cos(θ + ρ)sin 3φ

deoe = doee = d22 cos2(θ + ρ)cos 3φ

Simplified expressions for the effective second-order nonlinear coefficient (approxi-
mation of small birefringence angle, Kleinman symmetry conditions are valid, d15 =
d24 = d31 = d32) [20]:

dooe = d31 sin θ − d22 cos θ sin 3φ

deoe = doee = d22 cos2 θ cos 3φ

Absolute values of second-order nonlinear coefficients for 5 mol% MgO:LiNbO3
[21]:

|d31(0.852 µm)| = 4.9 pm/V
|d33(0.852 µm)| = 28.4 pm/V
|d31(1.064 µm)| = 4.4 pm/V
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|d33(1.064 µm)| = 25.0 pm/V
|d31(1.313 µm)| = 3.4 pm/V
|d33(1.313 µm)| = 20.3 pm/V

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref. Note

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 74.5 [4] 5 mol% MgO, congruent LN
76 [5] 5 mol% MgO
76.5 [3] 5 mol% MgO, Li/Nb = 0.97
82.3 [10] 7 mol% MgO

1.0795 ⇒ 0.53975 75.1 [7] 5 mol% MgO, congruent LN
1.0796 ⇒ 0.5398 74 [3] 5 mol% MgO, Li/Nb = 0.97
1.3414 ⇒ 0.6707 54 [7] 5 mol% MgO, congruent LN

Note: The PM angle values are strongly dependent on melt stoichiometry.

Experimental values of NCPM temperature

Interacting wavelengths [µm] T [◦C] Ref. Note

SHG, o + o ⇒ e

1.047 ⇒ 0.5235 75.3 [22]
1.0642 ⇒ 0.5321 25.4 [23] 0.6 mol% MgO, congruent LN

78.5 [24] 7 mol% MgO, along X

85–109 [13] >5 mol% MgO
107 [5], [6], 5 mol% MgO

[25], [26]
110 [27] 5 mol% MgO
110.6 [28] 5 mol% MgO
110.8 [29] 7 mol% MgO
113 [30]
116 [31]

1.0795 ⇒ 0.53975 115 [7] 5 mol% MgO, congruent LN

Note: The PM temperature values are strongly dependent on melt stoichiometry.

Experimental values of angular and temperature bandwidths

Interacting
wavelengths [µm] T [◦C] θpm [deg] ∆θ int [deg] ∆T [◦C] Ref. Note

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 20 76 0.063 [5] 5 mol% MgO
25.4 90 0.68 [23] 0.6 mol% MgO

107 90 2.160 0.73 [5] 5 mol% MgO
110.6 90 0.73 [28] 5 mol% MgO
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Laser-induced damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.5321 CW >0.002 [12] 1 mol% MgO, Li/Nb = 1.38
>0.002 [12] 2 mol% MgO, Li/Nb = 1.0

0.002 [12] 5 mol% MgO, congruent LN
>0.006 [32] 1.8 mol% MgO, Li/Nb = 0.96–0.99

≈20 0.34 [5] 5 mol% MgO
0.778 0.002 >10 [33] 7 mol% MgO
0.780 0.00015 >15 [16]
0.78–0.84 0.0001 >130 [34] 1 kHz, 7 mol% MgO
1.0642 25 >0.025 [23] 0.6 mol% MgO, congruent LN

≈20 0.61 [5] 5 mol% MgO
20 >0.039 [10] 10 Hz, 5 mol% MgO

0.04 >0.8 [23] 0.6 mol% MgO, congruent LN
0.03 >0.14 [10] 5 Hz, 5 mol% MgO

1.56 0.00008 >1.36 [35] 1 kHz, 5 mol% MgO

Note: Under CW 0.532-µm irradiation, the bulk photorefractive damage was
investigated.

About the crystal

One of the most important drawbacks of popular LiNbO3 crystal is its susceptibility to
photorefractive damage (optically induced change of refractive index, usually under
exposure with blue or green CW light) [36]. The usual way to eliminate this effect
is to keep LN crystals at elevated temperatures (400 K or more). Another way to
prevent photorefractive damage is MgO-doping (usually at levels of around 5 mol%
for congruent LN). What is good is that such MgO-doped congruent LiNbO3 crystals
have a much lower coercive field value than undoped LN crystals. However, the
large amounts of MgO-doping subsequently cause difficulty in growing crystals of
high optical quality. Recently, it was shown [12] that stoichiometric LiNbO3 crystals,
doped with only 1 mol% MgO, possess higher photorefractive damage threshold than
5 mol% MgO-doped congruent LN samples.

Let us briefly consider the two latest records, achieved recently by a Japanese
group, which developed the PPMgLN crystals with extremely small values of the
grating period (down to 1.4 µm). In [37], 1.2-mW CW UV light (λ = 341.5 nm) was
generated via first-order QPM SHG in a 2-mm-thick, 10-mm-long crystal at funda-
mental power of 141 mW. In [38], 890 mW at 531 nm was generated in a 2-mm-thick,
10-mm-long PPMgLN by single pass frequency doubling of a diode end-pumped
Nd:GdVO4 laser. According to the authors of [38], this is the highest CW power ever
obtained by QPM SHG at room temperature.
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4.6 KTiOAsO4, Potassium Titanyl Arsenate (KTA)

Positive biaxial crystal: 2Vz = 40.4◦ at λ = 0.5321 µm
Molecular mass: 241.897
Specific gravity: 3.454 g/cm3 [1]
Point group: mm2
Lattice constants:
a = 13.103 Å [2]; 13.125 Å [3]; 13.127 Å [4]
b = 6.558 Å [2]; 6.5716 Å [3]; 6.5713 Å [4]
c = 10.746 Å [2]; 10.786 Å [3]; 10.789 Å [4]
Assignment of dielectric and crystallographic axes: X, Y, Z ⇒ a, b, c

Curie temperature: 1153 K [2]; 1149 K (‖c), 1151 K (‖a), 1153 K (‖b) [5]
Thermal expansion along the X axis for temperature range 298 K < T < 473 K [6]:

L(T ) = L0

[
1 + α(T − 298) + β(T − 298)2

]

where T in K, T0 = 298 K, α = (7.6 ± 0.6) × 10−6 K−1, β = (8.4 ± 1.2) ×
10−9 K−2.
Transparency range at “0” transmittance level: 0.35 − 5.2 µm [2], [7]; 0.35 − 5.3 µm
[8], [5]
UV transmission cutoff (α = 2 cm−1) is at 0.377 µm (E‖X); 0.385 µm (E‖Y );
0.393 µm (E‖Z) [9].

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.473 0.008 [9] E‖X
0.014 [9] E‖Y
0.016 [9] E‖Z

0.532 0.005 [9] E‖X
0.005 [9] E‖Y
0.005 [9] E‖Z

4.0 0.2 [10]
5.0 1.0 [10]

Experimental values of refractive indices [11]

λ [µm] nX nY nZ

0.6328 1.8083 1.8142 1.9048
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Traditional Sellmeier equations (λ in µm, T = 293 K) [12]:

n2
X = 3.1413 + 0.04683

λ2 − 0.04055
− 0.01023 λ2

n2
Y = 3.1593 + 0.04828

λ2 − 0.04710
− 0.01049 λ2

n2
Z = 3.4435 + 0.06571

λ2 − 0.05435
− 0.01460 λ2

More accurate dispersion relations (λ in µm, 0.4 µm < λ < 5.3 µm for nX and
nY , 0.4 µm < λ < 3.6 µm for nZ , T = 293 K) [13], [14]:

n2
X = 2.1495 + 1.0203 λ1.9951

λ1.9951 − 0.042378
+ 0.5531 λ1.9567

λ1.9567 − 72.3045

n2
Y = 2.1308 + 1.0564 λ2.0017

λ2.0017 − 0.042523
+ 0.6927 λ1.7261

λ1.7261 − 54.8505

n2
Z = 2.1931 + 1.2382 λ1.8920

λ1.8920 − 0.059171
+ 0.5088 λ2.0000

λ2.0000 − 53.2898

Other sets of dispersion relations are given in [4], [11], [15], [16], [17], [18].
Infrared-corrected Sellmeier equation for refractive index nZ (λ in µm, T = 293 K)
[19]:

n2
Z = 1.214331 + 2.225328 λ2

λ2 − (0.178542)2 + 0.310017 λ2

λ2 − (8.989998)2 − 0.009381 λ2

Nonlinear refractive index γ [20], [21]

λ [µm] γ × 1015 [cm2/W] Note

0.780 1.7 ± 0.3 [100] direction
1.7 ± 0.3 [010] direction

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of KTA crystal, i.e., for the “free” crystal) at room temperature [17]

λ [µm] rT
13 [pm/V] rT

23 [pm/V] rT
33 [pm/V]

0.6328 11.5 ± 1.2 15.4 ± 1.5 37.5 ± 3.8

Expressions for the effective second-order nonlinear coefficient in principal planes of
KTA crystal (Kleinman symmetry conditions are not valid) [22]:

XY plane
deoe = doee = d15 sin2 φ + d24 cos2 φ

YZ plane
doeo = deoo = d15 sin θ
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XZ plane, θ < Vz

dooe = d32 sin θ

XZ plane, θ < Vz

doeo = deoo = d24 sin θ

Expressions for the effective second-order nonlinear coefficient in principal planes of
KTA crystal (Kleinman symmetry conditions are valid,d15 = d31 andd24 = d32) [22]:

XY plane

deoe = doee = d31 sin2 φ + d32 cos2 φ

YZ plane

doeo = deoo = d31 sin θ

XZ plane, θ < Vz

dooe = d32 sin θ

XZ plane, θ > Vz

doeo = deoo = d32 sin θ

Effective second-order nonlinear coefficient for three-wave interactions in the arbi-
trary direction of KTA crystal is given in [22].
The signs of KTA second-order nonlinear coefficients are probably all the same [23].
Absolute and relative values of second-order nonlinear coefficients:

d15(1.064 µm) = 1.3 × d15(KTP) = 2.5 ± 0.2 pm/V [4], [24]

d24(1.064 µm) = (1.8 ± 0.1) × d15(KTA) = 4.4 ± 0.2 pm/V [4], [24]
d31(1.064 µm) = 2.8 ± 0.3 pm/V [11]
d31(1.064 µm) = (1.3 ± 0.1) × d31(KTP) = 2.9 ± 0.2 pm/V [24], [25]
d32(1.064 µm) = 4.2 ± 0.4 pm/V [11]
d32(1.064 µm) = (1.8 ± 0.1) × d31(KTA) = 5.1 ± 0.3 pm/V [24], [25]
d33(1.064 µm) = 16.2 ± 1.0 pm/V [11]
d15(1.32 µm) = 1.2 × d15(KTP) = 1.7 ± 0.1 pm/V [16], [24]
d24(1.32 µm) = 1.7 × d15(KTP) = 2.4 ± 0.2 pm/V [16], [24]
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Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] φexp [deg] θexp [deg] Ref.

XY plane, θ = 90◦
SFG, e + o ⇒ e

1.3188 + 0.6594 ⇒ 0.4396 62.5 [12]
1.0642 + 1.9079 ⇒ 0.6831 15.7 [12]

YZ plane, φ = 90◦
SHG, o + e ⇒ o

1.0745 ⇒ 0.53725 90 [12]
1.1523 ⇒ 0.57615 69.2 [12]
1.3188 ⇒ 0.6594 56 [16]

55.9 [12]
55.9 [11]
55.7 [15]

3.3913 ⇒ 1.69565 63.5 [12]
SFG, o + e ⇒ o

1.3188 + 0.6594 ⇒ 0.4396 79.8 [12]
1.0642 + 1.9079 ⇒ 0.6831 72.1 [12]

XZ plane, φ = 0◦, θ > Vz
SHG, o + e ⇒ o

1.1422 ⇒ 0.5711 90 [12]
1.1523 ⇒ 0.57615 82.9 [4]
1.3188 ⇒ 0.6594 65 [15]

64.6 [5]
64.2 [4]
63.1 [12]

3.3913 ⇒ 1.69565 70.6 [12]

Experimental values of internal angular bandwidth

Interacting wavelengths [µm] θpm [deg] ∆θ int [deg] Ref.

YZ plane, φ = 90◦
SHG, o + e ⇒ o

1.3188 ⇒ 0.6594 56 0.086 [16]
55.9 0.093 [11]

Laser-induced damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.74–0.84 0.0002 >200 [26] 1 kHz
0.77–0.9 0.0012 >0.3 [27] 81 MHz
0.78 0.00015 >20 [21] 76 MHz
0.85 2 >1 [28]
1.0642 18 >0.12 [29] 100 Hz

8 >1.2 [10] 20 Hz, 1000 pulses
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About the crystal

Unlike KTP, KTA is mainly used for birefringent phase matching. Main advantages
of KTA in comparison with KTP are slightly higher values of second-order nonlinear
coefficients [4], [25], [11], [24], a longer IR cutoff wavelength, and the absence of
significant absorption at 3.5 µm [9]. Until now, only few works were devoted to
PPKTA [19], [30].
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4.7 KNbO3, Potassium Niobate (KN)

Negative biaxial crystal: 2Vz = 66.78◦ at λ = 0.5321 µm [1]
Molecular mass: 188.150
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Specific gravity: 4.617 g/cm3 [2]
Point group: mm2 (223 K < T < 496 K)
Lattice constants:
a = 5.6896 Å [3]; 5.697 Å [4]; 5.7061 Å [5]
b = 3.9692 Å [3]; 3.971 Å [4]; 3.9794 Å [5]
c = 5.7256 Å [3]; 5.722 Å [4]; 5.7319 Å [5]
Assignment of dielectric and crystallographic axes: X, Y, Z ⇒ b, a, c

Melting temperature: 1333 K [6]
Curie temperature: 498 K [7]
Specific heat capacity cp at P = 0.101325 MPa: cp = 767 J/kgK [8]
Thermal conductivity coefficient:
κ > 3.5 W/mK [9];
κ = 4 W/mK [8]
Transparency range at “0” transmittance level: ≈0.4 to >4 µm [3], [10]
IR cutoff wavelength is at 5.5 µm (‖a or ‖c) [11]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.42–1.06 <0.05 [12]
0.423 0.13 ± 0.02 [13] along a axis, E‖c
0.458–0.515 0.04–0.07 [8]
0.8–1.1 0.001–0.003 [8]
0.82 0.015 [14]
0.846 0.000034 ± 0.000022 [13] along a axis, E‖b
1.0642 0.0018–0.0025 [9] along b axis
3.0 0.05 [11] along c axis

0.03 [11] along a axis
3.5 0.05 [11] along c axis

0.02 [11] along a axis
4.0 0.08 [11] along c axis

0.08 [11] along a axis
4.5 0.27 [11] along c axis

0.45 [11] along a axis
5.0 1.21 [11] along c axis

1.85 [11] along a axis
5.5 7.60 [11] along c axis

4.90 [11] along a axis

Two-photon absorption coefficient β (along a axis) [13]

λ [µm] τp [ns] β × 1011 [cm/W]
0.846 CW 320 ± 50
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Experimental values of refractive indices at T = 295 K [3]

λ [µm] nX nY nZ

0.430 2.4974 2.4145 2.2771
0.488 2.4187 2.3527 2.2274
0.514 2.3951 2.3337 2.2121
0.633 2.3296 2.2801 2.1687
0.860 2.2784 2.2372 2.1338
1.064 2.2576 2.2195 2.1194
1.500 2.2341 2.1992 2.1029
2.000 2.2159 2.1832 2.0899
2.500 2.1981 2.1674 2.0771
3.000 2.1785 2.1498 2.0630

Best set of dispersion relations (λ in µm, T = 295 K) [11], [15]:

n2
X = 4.9856 + 0.15266

λ2 − 0.06331
− 0.02831 λ2 + 2.0754 × 10−6 λ4

−1.2131 × 10−6λ6

n2
Y = 4.8353 + 0.12808

λ2 − 0.05674
− 0.02528 λ2 + 1.8590 × 10−6 λ4

−1.0689 × 10−6λ6

n2
Z = 4.4222 + 0.09972

λ2 − 0.05496
− 0.01976 λ2

Other sets of dispersion relations are given in [1], [3], [16], [17].

Temperature-dependent Sellmeier equations (λ in µm, T in K) [18]:

n2
X = 1 + (2.5389409 + 3.8636303 × 10−6F)λ2

λ2 − (0.1371639 + 1.767 × 10−7F)2

+ (1.4451842 − 3.909336 × 10−6F − 1.2256136 × 10−4 G)λ2

λ2 − (0.2725429 + 2.38 × 10−7F − 6.78 × 10−5 G)2

− (2.837 × 10−2 − 1.22 × 10−8F)λ2 − 3.3 × 10−10Fλ4

n2
Y = 1 + (2.6386669 + 1.6708469 × 10−6F)λ2

λ2 − (0.1361248 + 0.796 × 10−7F)2

+ (1.1948477 − 1.3872635 × 10−6F − 0.90742707 × 10−4G)λ2

λ2 − (0.2621917 + 1.231 × 10−7F − 1.82 × 10−5G)2

− (2.513 × 10−2 − 0.558 × 10−8F)λ2 − 4.4 × 10−10Fλ4
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n2
Z = 1 + (2.370517 + 2.8373545 × 10−6F)λ2

λ2 − (0.1194071 + 1.75 × 10−7F)2

+ (1.048952 − 2.1303781 × 10−6F − 1.8258521 × 10−4G)λ2

λ2 − (0.2553605 + 1.89 × 10−7F − 2.48 × 10−5G)2

− (1.939 × 10−2 − 0.27 × 10−8F)λ2 − 5.7 × 10−10Fλ4

where F = T 2 − 295.152, G = T − 295.15.

Temperature derivative of refractive indices for spectral range 0.42–5.3 µm and
temperature range 295–473 K and corresponding equations for calculation of temp-
erature-induced refractive index change (λ in µm, T in K) [15]:

dnX

dT
=

(
0.3041

λ
− 3.1012

)
× 10−5 K−1

dnY

dT
=

(
2.5929

λ3 − 4.7381

λ2 + 4.1254

λ
+ 1.3788

)
× 10−5 K−1

dnZ

dT
=

(
1.4087

λ3 − 5.1523

λ2 + 8.7432

λ
+ 2.2350

)
× 10−5 K−1

∆nX = dnX

dT

[
(T − 295.15) − 0.32 × 10−3(T − 295.15)2

]

∆nY = dnY

dT

[
(T − 295.15) + 2.20 × 10−3(T − 295.15)2)

]

∆nZ = dnZ

dT

[
(T − 295.15) + 2.71 × 10−3(T − 295.15)2

]

Nonlinear refractive index γ [19]

λ [µm] γ × 1015 [cm2/W] Note

0.850 1.87 ± 0.35 along Y

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of KNbO3 crystal, i.e., for the “free” crystal) at room temperature [20]

λ [µm] rT
13 [pm/V] rT

23 [pm/V] rT
33 [pm/V] rT

42[pm/V] rT
51 [pm/V]

0.6328 +28 ± 2 +1.3 ± 0.5 64 ± 5 380 ± 50 105 ± 13

Linear electrooptic coefficients measured at high frequencies (well above the acoustic
resonances of KNbO3 crystal, i.e., for the “clamped” crystal) at room temperature [20]

λ [µm] RS
13 [pm/V] rS

23 [pm/V] rS
33 [pm/V] rS

42 [pm/V] rS
51 [pm/V]

0.6328 10 ± 2 2 ± 1 25 ± 8 270 ± 40 23 ± 3

Coercive field value: 0.5 kV/mm [21]; 0.55 kV/mm [6]
Expressions for the effective second-order nonlinear coefficient in principal planes of
potassium niobate crystal (Kleinman symmetry conditions are not valid) [22]:
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XY plane
deeo = d32 sin2 φ + d31 cos2 φ

YZ plane
dooe = d32 sin θ

XZ plane, θ < Vz

doeo = deoo = d15 sin θ

XZ plane, θ > Vz

dooe = d31 sin θ

Expressions for the effective second-order nonlinear coefficient in principal planes of
potassium niobate crystal (Kleinman symmetry conditions are valid, d15 = d31 and
d24 = d32) [22]:

XY plane
deeo = d32 sin2 φ + d31 cos2 φ

YZ plane
dooe = d32 sin θ

XZ plane, θ < Vz

doeo = deoo = d31 sin θ

XZ plane, θ > Vz

dooe = d31 sin θ

Effective second-order nonlinear coefficient for three-wave interactions in the arbi-
trary direction of KNbO3 crystal is given in [22].
The signs of KNbO3 second-order nonlinear coefficients are all negative [10], [23].
Absolute values of second-order nonlinear coefficients [24]:

|d32(0.852 µm)| = 11.0 ± 0.6 pm/V
|d33(0.852 µm)| = 22.3 ± 1.1 pm/V
|d24(1.064 µm)| = 12.5 ± 0.6 pm/V
|d32(1.064 µm)| = 10.8 ± 0.6 pm/V
|d33(1.064 µm)| = 19.6 ± 1.0 pm/V
|d32(1.313 µm)| = 9.2 ± 0.5 pm/V
|d33(1.313 µm)| = 16.1 ± 0.8 pm/V

Relative values of second-order nonlinear coefficients:
|d15(1.064 µm)| = (41.2 ± 0.8) × d11(SiO2) = 12.4 ± 0.2 pm/V [16], [25]
|d15(1.064 µm)| = 9.2 ± 0.2 pm/V [26]
|d24(1.064 µm)| = (42.8 ± 0.8) × d11(SiO2) = 12.8 ± 0.2 pm/V [16], [25]
|d24(1.064 µm)| = 13.0 ± 0.4 pm/V [26]
|d31(1.064 µm)| = (39.5 ± 0.6) × d11(SiO2) = 11.9 ± 0.2 pm/V [16], [25]
|d31(1.064 µm)| = 8.9 ± 0.4 pm/V [26]
|d32(1.064 µm)| = (45.7 ± 0.6) × d11(SiO2) = 13.7 ± 0.2 pm/V [16], [25]
|d32(1.064 µm)| = 12.4 ± 0.3 pm/V [26]
|d33(1.064 µm)| = (68.5 ± 0.6) × d11(SiO2) = 20.6 ± 0.2 pm/V [16], [25]
|d33(1.064 µm)| = 21.9 ± 0.5 pm/V [26]
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Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] φexp [deg] θexp [deg] Ref.

XY plane, θ = 90◦
SHG, e + e ⇒ o

0.946 ⇒ 0.473 ≈30 [27]
4.7599 ⇒ 2.37995 69.9 [11]

YZ plane, φ = 90◦
SHG, o + o ⇒ e

0.86 ⇒ 0.43 83.5 [28]
0.89 ⇒ 0.445 70.7 [28]
0.92 ⇒ 0.46 64 [28]
0.94 ⇒ 0.47 60.5 [28]
1.0642 ⇒ 0.5321 46.4 [11]

≈47 [1]
1.3188 ⇒ 0.6594 30.6 [11]
1.3382 ⇒ 0.6691 29.7 [15]
3.5303 ⇒ 1.76515 37.3 [11]
4.7291 ⇒ 2.36455 77.3 [11]

SFG, o + o ⇒ e

1.3188 + 0.6594 ⇒ 0.4396 62.3 [11]
1.3188 + 1.0642 ⇒ 0.5889 37.7 [11]
4.7762 + 3.1841 ⇒ 1.9105 46.6 [11]
5.2955 + 3.5303 ⇒ 2.1182 59.5 [11]

XZ plane, φ = 0◦, θ > Vz
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 70.4 [4]
71 [1], [12], [16]
71.4 [11]
71.5 [29]

1.3188 ⇒ 0.6594 56.8 [11]
1.3382 ⇒ 0.6691 56.2 [15]
3.5303 ⇒ 1.76515 58.8 [11]

SFG, o + o ⇒ e

1.3188 + 1.0642 ⇒ 0.5889 62.6 [11]
5.2955 + 3.5303 ⇒ 2.1182 86.1 [11]

Experimental values of NCPM temperature

Interacting wavelengths [µm] T [◦C] Ref.

along X axis
SHG, type I

0.972 ⇒ 0.486 −20 [30]
0.982 ⇒ 0.491 18.7 [31]

20 [23]
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Interacting wavelengths [µm] T [◦C] Ref.

0.986 ⇒ 0.493 20 [32]
0.988 ⇒ 0.494 20 [12]
1.047 ⇒ 0.5235 162 [33]
1.0642 ⇒ 0.5321 178 [34]

181 ± 2 [1]
182 [4]
184 ± 2 [35]
188 [36]

along Y axis
SHG, type I

0.8385 ⇒ 0.41925 −34.2 [37]
0.8406 ⇒ 0.4203 −28.3 [38]
0.842 ⇒ 0.421 −22.8 [39]
0.846 ⇒ 0.423 −11.5 [13]
0.856 ⇒ 0.428 15 [40]
0.857 ⇒ 0.4285 20 [41]
0.8593 ⇒ 0.42965 20 [37]
0.86 ⇒ 0.43 22 [32]
0.8615 ⇒ 0.43075 30 [42]
0.862 ⇒ 0.431 34 [43]
0.879 ⇒ 0.4395 70 [43]
0.9289 ⇒ 0.46445 158 [37]
0.95 ⇒ 0.475 180 [32]

SFG, type I
0.6764 + 1.0642 ⇒ 0.41355 −4 [44]
0.6943 + 1.0642 ⇒ 0.42017 27.2 [44]

Experimental values of internal angular bandwidth [23]

Interacting wavelengths [µm] T [◦C] θpm [deg] ∆θ int [deg] ∆φint [deg]
XZ plane, φ = 0◦

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 20 71 0.013–0.014
along Y axis

SHG, type I
0.857 ⇒ 0.4285 20 90 0.659 1.117

Experimental values of temperature bandwidth

Interacting wavelengths [µm] T [◦C] θpm [deg] ∆T [◦C] Ref.

along X axis
SHG, type I

0.982 ⇒ 0.491 18.7 90 0.95 [31]
1.0642 ⇒ 0.5321 181 90 0.27–0.32 [1]



180 4 Often-Used Crystals

Interacting wavelengths [µm] T [◦C] θpm [deg] ∆T [◦C] Ref.

182 90 0.28 [4]
184 90 0.28–0.29 [35]
188 90 0.34 [36]

along Y axis
SHG, type I

0.8385 ⇒ 0.41925 −34.2 90 0.27 [37]
0.842 ⇒ 0.421 −22.8 90 0.30 [39]
0.855 ⇒ 0.4275 26.4 (?) 90 0.265 [12]
0.92 ⇒ 0.46 163.5 (?) 90 0.285 [12]

SFG, type I
0.6764 + 1.0642 ⇒ 0.41355 −4 90 0.35 [44]

Experimental values of temperature bandwidth at T = 295 K [15]

Interacting wavelengths [µm] θexp [deg] ∆T [◦C]
YZ plane, φ = 90◦

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 46.4 0.39
1.3382 ⇒ 0.6691 29.7 0.59
3.5303 ⇒ 1.76515 37.1 2.3

SFG, o + o ⇒ e

5.2955 + 3.5303 ⇒ 2.1182 59.5 2.4
XZ plane, φ = 0◦, θ > Vz

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 71.4 0.77
1.3382 ⇒ 0.6691 56.2 2.2
3.5303 ⇒ 1.76515 58.9 10.1

Temperature tuning of noncritical SHG [23]:
along X axis: λ1 = 0.97604 + 2.53 × 10−4 T + 1.146 × 10−6 T 2

along Y axis: λ1 = 0.85040 + 2.94 × 10−4 T + 1.234 × 10−6 T 2

where λ1 in µm, T in ◦C.
Temperature variation of birefringence for noncritical SHG process [12]:

along X axis (1.0642 µm ⇒ 0.5321 µm):

d [nZ(2ω) − nY (ω)]

dT
= 1.10 × 10−4 K−1

along Y axis (0.92 µm ⇒ 0.46 µm):

d [nZ(2ω) − nX(ω)]

dT
= 1.43 × 10−4 K−1
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Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.527 0.5 8.8–9.4 [45] along b axis, E‖c
12–15 [45] along b axis, E⊥c

0.5321 25 0.15–0.18 [35]
10 0.055 [34]

0.8 0.0002 >200 [46] 1 kHz
1.047 11 >0.03 [33] 4 kHz, 2000 hours
1.054 0.7 11 [45] along a axis, E⊥c

18 [45] along b axis, E⊥c

37 [45] along b axis, E‖c
1.0642 25 0.15–0.18 [35]

0.1 >100 [23]

About the crystal

A decade ago, potassium niobate was widely used for the frequency doubling of CW
diode laser radiation. Nowadays, for this purpose, the periodically poled nonlinear
materials, such as PPLN and PPKTP, are mainly employed. Recently, the fabrication
of periodically poled KN was also reported [6], [21].
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5

Periodically Poled Crystals and “Wafer” Materials

This chapter comprises the nonlinear optical crystals used for quasi-phase matching,
besides the previously discussed LN, KTP, MgLN, KTA, and KN. These include
lithium tantalate (LT), rubidium titanyl arsenate (RTA), barium titanate, magnesium
barium fluoride, and gallium arsenide.

5.1 LiTaO3, Lithium Tantalate (LT)

Negative uniaxial crystal: no > ne

Molecular mass: 235.886
Specific gravity: 7.43 g/cm3 [1]; 7.454 g/cm3 [2]
Point group: 3m

Lattice constants:
a = 5.143Å [3]; 5.1543Å [4]
c = 13.756Å [3]; 13.7835Å [4]
Mohs hardness: 6 [1]; 6.7 [2]
Vickers hardness: 766 [2]

Solubility in 100 g H2O [3]

T [K] s [g]

273 0.0012
298 0.0025
323 0.0054
248 0.0090
373 0.0120

Melting point: 1923 K [2]
Curie temperature: 874–880 K [4]; 874 K (congruent LT, [Li]/[Ta] = 0.942) [5];
877 K (congruent LT, [Li]/[Ta] = 0.942) [6], [7]; 958 K (stoichiometric LT) [5]; 960 K
(stoichiometric LT) [6]; 961 K (stoichiometric LT) [7]; 963 K (stoichiometric LT) [8]
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Linear thermal expansion coefficient [9]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

300 4.2 12.0

Mean value of linear thermal expansion coefficient [2]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

273–773 15.4–16.1

Thermal expansion ‖c for temperature range 298 K < T < 773 K [4]:

L(T ) = L (T0)
{

1 + α(T − 298) + β(T − 298)2
}

where T in K, T0 = 298 K, α = 2.2 × 10−6 K−1, β = −5.9 × 10−9 K−2.
Thermal expansion ⊥c for temperature range 298 K < T < 773 K [4]:

L(T ) = L (T0)
{

1 + α(T − 298) + β(T − 298)2
}

where T in K, T0 = 298 K, α = 16.2 × 10−6 K−1, β = 5.9 × 10−9 K−2.

Specific heat capacity cp at P = 0.101325 MPa [2]

T [K] cp [J/kgK]

298 426

Thermal conductivity coefficient [10]

T [K] κ [W/mK]

300 5

Band-gap energy at room temperature (direct transition): Eg = 4.9 eV [11]
Band-gap energy at room temperature (indirect transition): Eg = 4.1 eV [11]
UV transmittance cutoff for stoichiometric LT is at 0.26 µm [6]
UV transmittance cutoff at 1 cm−1 level is at 0.29 µm [12]
Transparency range at “ 0” transmittance level: 0.28–5.5 µm [8]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.325 1.7 [13]
0.5145 0.005–0.03 [12]
1.064 0.001–0.003 [12]

0.0015 [10] stoichiometric LT
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Experimental values of refractive indices [14]

λ [µm] no ne λ [µm] no ne

0.45 2.2420 2.2468 2.0 2.1066 2.1115
0.50 2.2160 2.2205 2.2 2.1009 2.1053
0.60 2.1834 2.1878 2.4 2.0951 2.0993
0.70 2.1652 2.1696 2.6 2.0891 2.0936
0.80 2.1538 2.1578 2.8 2.0825 2.0871
0.90 2.1454 2.1493 3.0 2.0755 2.0799
1.00 2.1391 2.1432 3.2 2.0680 2.0727
1.20 2.1305 2.1341 3.4 2.0601 2.0649
1.40 2.1236 2.1273 3.6 2.0513 2.0561
1.60 2.1174 2.1213 3.8 2.0424 2.0473
1.80 2.1120 2.1170 4.0 2.0335 2.0377

Sellmeier equations for stoichiometric LT (λ in µm, 0.44 µm < λ < 1.05 µm, T =
293 K) [7]:

n2
o = 4.5281 + 0.079841

λ2 − 0.047857
− 0.032690 λ2

n2
e = 4.5096 + 0.082712

λ2 − 0.041306
− 0.031587 λ2

no for congruent LT ([Li]/[Ta] = 0.942) is almost the same as for stoichiometric LT,
whereas ne for congruent LT is larger than that of stoichiometric LT [7].
Other Sellmeier equations are given in [15], [16].
Temperature-dependent dispersion relation for extraordinary refractive index in stoi-
chiometric LT (λ in µm, T in K, 0.39 µm < λ < 4.1 µm, 303 K < T < 473 K) [8]:

n2
e (λ, T ) = 4.502483 + 0.007294 + 3.483933 × 10−8 T 2

λ2 − [
0.185087 + 1.607839 × 10−8 T 2

]2

+ 0.073423

λ2 − 0.1995952 + 0.001

λ2 − 7.997242 − 0.02357 λ2

Similar dispersion relation for extraordinary refractive index in stoichiometric LT
with slightly different coefficients is given by the same authors in [17].
Temperature-dependent dispersion relation for extraordinary refractive index in
congruent LT (λ in µm, T in K, 0.39 µm < λ < 4.1 µm, 303 K < T < 473 K) [17]:

n2
e (λ, T ) = 4.514261 + 0.011901 + 1.82194 × 10−8 T 2

λ2 − [
0.110744 + 1.5662 × 10−8 T 2

]2

+ 0.076144

λ2 − 0.1955962 − 0.02323 λ2

Other temperature-dependent dispersion relation for extraordinary refractive index is
given in [13].
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Nonlinear refractive index γ [18]

λ [µm] γ × 1015 [cm2/W] Note

0.8 3.0 ± 0.6 e-wave
1.7 ± 0.3 o-wave

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of LT crystal, i.e., for the “free” crystal) at room temperature

λ [µm] rT
13 [pm/V] rT

22 [pm/V] rT
33 [pm/V] rT

51 [pm/V] Ref.

0.6328 +8.4 ± 0.9 ≈0 +30.5 ± 0.9 [19]
+0.1 ± 0.01 [20]

3.3913 +4.5 +0.3 +27 +15 [21]

Linear electrooptic coefficients measured at high frequencies (well above the acoustic
resonances of LT crystal, i.e., for the “ clamped” crystal) at room temperature

λ [µm] rS
13 [pm/V] rS

22 [pm/V] rS
33 [pm/V] rS

51 [pm/V] Ref.

0.6328 6.2 ≈0 28.5 8.4 [22]
7.0 30.3 [23]

1.0 ± 0.1 [20]
1.1523 5.2 ≈0 26.7 8.9 [22]
3.3913 4.4 25.2 7.0 [22]

Coercive field value:
1.7 kV/mm (stoichiometric LT) [17]; 1.7–4.5 kV/mm (stoichiometric LT) [8]
21 kV/mm (congruent LT) [24]; ≈22 kV/mm (congruent LT) [5]
Absolute values of second-order nonlinear coefficients for lithium tantalate [25]:

| d33(0.852 µm) | = 15.1 pm/V
| d31(1.064 µm) | = 0.85 pm/V
| d33(1.064 µm) | = 13.8 pm/V
| d33(1.313 µm) | = 10.7 pm/V

Laser-induced surface-damage threshold [26]

λ [µm] τp [ns] Ithr [GW/cm2] Note

1.06 30 0.14 25 pulses
0.22 10 pulses
0.47 1 pulse

About the crystal

Lithium tantalate is very similar to lithium niobate; however, its birefringence is lower,
and, therefore, it is not possible to realize normal birefringent phase-matching in this
crystal. However, this crystal became very popular with the invention of quasi-phase
matching. In addition to a very low coercive field value (1.7 kV/mm for stoichiometric
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LT and less than 1.5 kV/mm for stoichiometric LT with 1 mol% MgO), this crystal
possesses higher UV transmittance, which allows realization of different quasi-phase-
matched processes in periodically poled LT (PPLT) with second harmonic or sum
frequency, lying in the UV range. For example, in [27] and [13], SHG at 340 and
325 nm was produced, respectively. In [28], via two-stage third harmonic generation
of Nd:YVO4 laser radiation in dual-periodic PPLT, sum-frequency at 355 nm was
obtained. Very recently, using aperiodically poled LT (APPLT) and a NdYVO4 laser,
generating at 1064 and 1342 nm, three nonlinear processes (two SHG and one SFG)
were quasi-phase-matched [29]. This resulted in simultaneous generation of three
wavelengths, so-called traffic signal lights, in green (532 nm), yellow (593 nm), and
red (671 nm) spectral regions. It should be noted also that no photorefractive damage
was observed in LT at temperatures above 170 ◦C [13].
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5.2 RbTiOAsO4, Rubidium Titanyl Arsenate (RTA)

Positive biaxial crystal: 2Vz = 39.2◦ at λ = 0.532 µm
Molecular mass: 288.266
Specific gravity: 4.018 g/cm3 [1]; 4.05 g/cm3 [2]
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Point group: mm2
Lattice constants:
a = 13.2428Å [2]; 13.257Å [3];
b = 6.6685Å [2]; 6.6780Å [3]
c = 10.7642Å [2]; 10.765Å [3]
Assignment of dielectric and crystallographic axes: X, Y, Z ⇒ a, b, c

Melting point: 1383 K [3]

Thermal conductivity coefficient [4]

T [K] κ [W/mK]

300 1.6

Transparency range at “0” transmittance level: 0.35–5.3 µm [5]; 0.35–5.1 µm [2];
0.38–5.1 µm [6]
UV transmission cutoff (α = 2 cm−1) is at 0.358 µm (E‖X); 0.366 µm (E‖Y );
0.371 µm (E‖Z) [7]

Linear absorption coefficient α [7]

λ [µm] α [cm−1] Note

0.473 0.012 E‖X
0.002 E‖Y
0.005 E‖Z

0.532 0.015 E‖X
0.002 E‖Y
0.002 E‖Z

Experimental values of refractive indices at T = 293 K

λ [µm] nX nY nZ Ref.

0.48613 1.8720 1.9643 [2]
0.5320 1.8476 1.8578 1.9444 [2]
0.54607 1.8444 1.8543 1.9397 [2]
0.58756 1.8364 1.8456 1.9279 [2]
0.6328 1.8294 1.8363 1.9185 [8]
0.65628 1.8267 1.8352 1.9142 [2]
1.06400 1.8041 1.8114 1.8846 [2]

1.8808 [9]

Temperature derivatives of refractive index nZ [4]

λ [µm] dnZ/dT × 106 [K−1]

1.064 2
1.5 0.3
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Highly accurate Sellmeier equations (λ in µm, T = 293 K) [10]:

n2
X = 3.21992 + 0.04763

λ2 − 0.04063
− 0.01035 λ2

n2
Y = 3.24185 + 0.05056

λ2 − 0.04532
− 0.01062 λ2

n2
Z = 7.00229 + 0.06787

λ2 − 0.05241
+ 917.9906

λ2 − 261.3629

Other sets of dispersion relations are given in [5], [9], [11], [12], [13], [14].
Temperature derivative of refractive indices for RTA for T = 293 to 393 K and:

for spectral range 0.45 µm < λ < 1.62 µm (λ in µm) [10]:

dnX

dT
=

(
0.4287

λ3 − 0.9181

λ2 + 0.6685

λ
+ 1.9687

)
× 10−5K−1

dnY

dT
=

(
0.5138

λ3 − 1.1054

λ2 + 0.8035

λ
+ 1.9591

)
× 10−5K−1

for spectral range 0.45 µm < λ < 3.2 µm (λ in µm) [10]:

dnZ

dT
=

(
1.5905

λ3 − 4.2423

λ2 + 4.2161

λ
+ 1.7355

)
× 10−5K−1

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of RTA crystal, i.e., for the “free” crystal) at room temperature

λ [µm] rT
13 [pm/V] rT

23 [pm/V] rT
33 [pm/V] rT

51 [pm/V] rT
42 [pm/V] Ref.

0.6328 13.5 ± 1.4 17.5 ± 1.8 40.5 ± 4.1 [12]
10.8 ± 1.0 17.3 ± 1.0 40.0 ± 1.5 12.3 ± 1.0 14.6 ± 1.0 [8]

Coercive field value: 1.76 kV/mm [15]
Expressions for the effective second-order nonlinear coefficient in principal planes of
RTA crystal (Kleinman symmetry conditions are not valid) [16]:

XY plane

deoe = doee = d15 sin2 φ + d24 cos2 φ

YZ plane

doeo = deoo = d15 sin θ

XZ plane, θ < Vz

dooe = d32 sin θ

XZ plane, θ > Vz

doeo = deoo = d24 sin θ
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Expressions for the effective second-order nonlinear coefficient in principal planes
of RTA crystal (Kleinman symmetry conditions are valid, d15 = d31 and d24 = d32)
[16]:

XY plane

deoe = doee = d31 sin2 φ + d32 cos2 φ

YZ plane

doeo = deoo = d31 sin θ

XZ plane, θ < Vz

dooe = d32 sin θ

XZ plane, θ > Vz

doeo = deoo = d32 sin θ

Effective second-order nonlinear coefficient for three-wave interactions in the arbi-
trary direction of RTA crystal is given in [16].
The signs of RTA second-order nonlinear coefficients are probably all the same [17].
Absolute and relative values of second-order nonlinear coefficients:

d31(1.064 µm) = 2.3 ± 0.5 pm/V [11]
d31(1.064 µm) = 3.55 × d36(KDP) = 1.4 pm/V [2], [18]
d32(1.064 µm) = 3.8 ± 0.7 pm/V [11]
d32(1.064 µm) = 11.71 × d36(KDP) = 4.6 pm/V [2], [18]
d33(1.064 µm) = 15.8 ± 1.6 pm/V [11]
d33(1.064 µm) = 31.05 × d36(KDP) = 12.1 pm/V [2], [18]

Experimental value of effective second-order nonlinear coefficient for specific phase-
matching direction (SHG, type I, 1.0642 ⇒ 0.5321 µm) in RTA crystal [2]

Phase-matching direction deff [pm/V]

θ = 52.7◦, φ = 39.8◦ 1.33

Experimental values of phase-matching angle and temperature bandwidth

Interacting wavelengths [µm] φexp [deg] θexp [deg] ∆T [◦C] Ref.

XY plane, θ = 90◦
SFG, e + o ⇒ e

1.6132 + 0.6412 ⇒ 0.4588 5.7 14.6 [10]
YZ plane, φ = 90◦

SHG, o + e ⇒ o

1.3188 ⇒ 0.6594 61.2 35.2 [10]
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Interacting wavelengths [µm] φexp [deg] θexp [deg] ∆T [◦C] Ref.

SFG, o + e ⇒ o

1.3188 + 1.0642 ⇒ 0.58895 65.3 59.3 [10]
1.6132 + 1.0642 ⇒ 0.6412 52.0 39.8 [10]
1.6132 + 0.6412 ⇒ 0.4588 64.9 16.9 [10]

SFG, e + o ⇒ o

3.1271 + 1.6132 ⇒ 1.0642 69.1 61.0 [10]
XZ plane, φ = 0◦, θ > Vz

SHG, o + e ⇒ o

1.3188 ⇒ 0.6594 73.7 [6]
73.5 29.3 [10]

SFG, o + e ⇒ o

1.3188 + 1.0642 ⇒ 0.58895 82.0 47.8 [10]
1.6132 + 1.0642 ⇒ 0.6412 62.2 26.8 [10]

SFG, e + o ⇒ o

3.1271 + 1.6132 ⇒ 1.0642 86.2 54.3 [10]
DFG, o − e ⇒ o

1.0642 − 1.5108 ⇒ 3.6 45.1 [5]
1.0642 − 1.4500 ⇒ 4.0 44.8 [5]

Laser-induced damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.74–0.84 0.0002 >200 [19] 1 kHz
1.064 10–20 >0.4 [20] PPRTA

5.5 >0.1 [15] 1 kHz, PPRTA

About the crystal

Successful poling of a flux-grown RTA crystal was demonstrated in 1996 [21]. Like
PPKTP, it offers some practical advantages over periodically poled lithium niobate
such as about one order less coercive field value, which allows production of PPRTA
crystals with higher apertures [15], low susceptibility to thermal lensing and phase
mismatch, and absence of photorefractive damage, which permits stable operation
at room temperature. In comparison with PPKTP, periodically poled RTA crystals
possess a longer IR cutoff wavelength (≈5.2 µm instead of ≈4.4 µm for KTP) and
lack of IR absorption at 3.5 µm [7]. Such properties make PPRTA especially suitable
for mid-IR OPO [4], [15], [22], [23], [24], [25], [26] and DFG [14], [20] systems.
The only disadvantage of currently available PPRTA crystals is their relatively short
length (below 20 mm) compared with the 50-mm length of standard PPLN elements.
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5.3 BaTiO3, Barium Titanate

Negative uniaxial crystal: no > ne(278 K < T < 393 K)

Molecular mass: 233.208

Specific gravity: 5.9 g/cm3 [1]; 6.02 g/cm3 at 278 K < T < 393 K [2]; 6.017 g/cm3 at
T > 393 K [2]

Point group [2]:

3m at T < 183 K

mm2 at 183 K < T < 278 K

4mm at 278 K < T < 393 K

m3m at T > 393 K

Lattice constants for point group 4mm:

a = 3.985Å [2]; 3.9920Å [3]; 3.994 Å [4]

c = 4.020Å [2]; 4.0361Å [3]; 4.038Å [4]

Mohs hardness: 5 [5]

Vickers hardness: 200–580 [4]

Solubility in water: insoluble [2]

Melting point: 1870 K [6]; 1898 K [4], [2]

Curie temperature: 393 K [7]; 405 K [8]; 406 ± 2 K [9]
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Linear thermal expansion coefficient

T [K] αt × 106 [K−1] Ref.

300 11.4 [10]
393 8.6 [4]
400 8.6 [10]
473 9.4 [4]
623 10.8 [4]
673 11.3 [4]
773 12.3 [10]
873 13.2 [4]
973 14.2 [4]

1073 15.1 [4]

Mean value of linear thermal expansion coefficient [2]

T [K] αt × 106 [K−1]

113–174 8.8
174–277 11.4
277–293 11.4
303–395 5.1
397–583 10.3

Specific heat capacity cp at P = 0.101325 MPa

T [K] cp [J/kgK] Ref.

80 135 [10]
100 185 [4]
125 239 [4]
150 286 [10]

288 [4]
175 322 [6]

327 [4]
250 409 [10]
300 439 [5]
350 454 [2]
400 484 [10]
600 520 [10]

1000 549 [10]

Thermal conductivity coefficient

T [K] κ [W/mK] Ref.

293 1.34 [6]
401 0.67 [4]
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Band-gap energy at room temperature: Eg = 3.1 eV [11]
Transparency range at α = 1 cm−1 level: 0.4–9 µm [9]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.41 1.0 [9] T = 306 K, E‖c
0.423 1.0 [9] T = 306 K, E⊥c

0.5145 2.14 [12] E⊥c

1.16 [12] E‖c

Two-photon absorption coefficient β [11]

λ [µm] τp [ns] β × 1011 [cm/W] Note

0.596 0.001 10 ⊥c, E⊥c

Experimental values of refractive indices

λ [µm] no ne Ref.

0.5145 2.494 2.431 [13]
0.55 2.458 2.399 [9]
0.589 2.428 2.371 [14]

Temperature derivative of refractive indices [12]

λ [µm] ∆T [K] dno/dT × 106 [K−1] dne/dT × 106 [K−1]

0.5145 298–319 ≈0
297–315 140

Corrected Sellmeier equations (λ in µm) [15]:

n2
o = 3.05840 + 2.27326 λ2

λ2 − 0.07409
− 0.02428 λ2

n2
e = 3.02479 + 2.14062 λ2

λ2 − 0.067007
− 0.02169 λ2

Other sets of dispersion relations are given in [9], [16].

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of BaTiO3 crystal, i.e., for the “free” crystal)

λ [µm] rT
13 [pm/V] rT

33 [pm/V] rT
51 [pm/V] Ref. Note

0.5145 19.5 ± 1 [13] T = 296 K
97 ± 7 [13] T = 296 K

0.5461 1640 [7] T = 298 K
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Linear electrooptic coefficients measured at high frequencies (well above the acoustic
resonances of BaTiO3 crystal, i.e., for the “clamped” crystal) at room temperature

λ [µm] rS
13 [pm/V] rS

33 [pm/V] rS
51 [pm/V] Ref. Note

0.5461 820 [17] T = 295 K
0.6328 8 [18]

28 [18]

Verdet constant at T = 403 K [19]

λ [µm] V [degree/Tm]

0.620 −2920

Coercive field value: ≈0.1 kV/mm [15]
Expression for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid, d15 = d24 = d31 = d32) [20]:

dooe = d31 sin θ

Values of second-order nonlinear coefficient [21], recalculated using new absolute
values for d36(KDP) [22]:

d15(1.06 µm) = 13.7 ± 1.2 pm/V
d32(1.06 µm) = 14.4 ± 1.2 pm/V
d33(1.06 µm) = 5.5 ± 0.4 pm/V

Laser-induced bulk-damage threshold [11]

λ [µm] τp [ns] Ithr [GW/cm2]

0.596 0.001 >83

About the crystal

The nonlinear optical properties of barium titanate were known already 40 years ago
[21]. However, due to a low birefringence, the normal phase matching in this crystal
is not possible. The renewed interest in this crystal [15] is related to the possibility
of its use in quasi-phase-matched devices. A low coercive field value (≈0.1 kV/mm)
allows the fabrication of waveguides with high apertures. Another advantage is its
high transmission in the IR range up to 9 µm.
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5.4 MgBaF4, Magnesium Barium Fluoride

Negative biaxial crystal: 2Vz = 117.5◦ at λ = 0.5321 µm [1]
Molecular mass: 237.629
Point group: mm2
Lattice costants [2]:
a = 4.125Å
b = 14.509Å
c = 5.841Å
Assignment of dielectric and crystallographic axes: X, Y, Z ⇒ b, c, a

Transparency range: <0.14 to ∼10 µm [2], [3]

Linear absorption coefficient [3]

λ [µm] α [cm−1]

0.144 2.0
0.164 1.0
0.178 0.5
0.200 0.2

Experimental values of refraction indices at T = 295 K

λ [µm] nX nY nZ Ref.

0.1576299 1.5871 1.6138 [3]
0.4801254 1.4529 1.470467 [3]
0.5017077 1.4519 1.469492 [3]
0.5087240 1.44517 1.469179 [3]
0.5321 1.4508 1.4678 1.4742 [1]
0.5462260 1.4504 1.4678 [3]
0.5877254 1.4492 1.4666 [3]
0.6440250 1.4480 1.4652 [3]
1.0642 1.4436 1.4604 1.4674 [2]

Sellmeier equations for visible range (λ in µm, T = 293 K) [1]:

n2
X = 2.0770 + 0.00760

λ2 − 0.0079

n2
Y = 2.1238 + 0.00860

λ2

n2
Z = 2.1462 + 0.00736

λ2 − 0.0090
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Sellmeier equations for the range 0.157−1.06 µm (λ in µm, T = 293 K) [3]:

n2
X = 2.07971 + 0.006897

λ2 − 0.00914

n2
Y = 2.12832 + 0.0075537

λ2 − 0.008979

Experimental values of phase-matching angle [1]

Interacting wavelengths [µm] φexp [deg] θexp [deg]

XY plane, θ = 90◦
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 9.2
XZ plane, φ = 0◦, θ < Vz

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 18.9

Experimental values of internal angular bandwidths [1]

Interacting wavelengths [µm] φpm [deg] ∆ϕint [deg] ∆θ int [deg]

XY plane, θ = 90◦
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 9.2 0.82 2.25

Expressions for the effective second-order nonlinear coefficient in principal planes of
MgBaF4 crystal (Kleinman symmetry conditions are not valid) [4]:

XY plane

dooe = d31 cos φ

YZ plane

doeo = deoo = d24 cos θ

XZ plane, θ < Vz

doee = deoe = d15 sin2 θ + d24 cos2 θ

XZ plane, θ > Vz

deeo = d31 sin2 θ + d32 cos2 θ

Expressions for the effective second-order nonlinear coefficient in the principal planes
of MgBaF4 crystal (Kleinman symmetry conditions are valid, d15 = d31 and d24 =
d32) [4]:

XY plane

dooe = d31 cos φ

YZ plane

doeo = deoo = d32 cos θ
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XZ plane, θ < Vz

doee = deoe = d31 sin2 θ + d32 cos2 θ

XZ plane, θ > Vz

deeo = d31 sin2 θ + d32 cos2 θ

Expressions for the effective second-order nonlinear coefficient in arbitrary direction
inside the MgBaF4 crystal are given in [4].
Values of second-order nonlinear coefficients:

d15(1.064 µm) = 0.07 × d11(SiO2) ± 20% = 0.021 ± 0.004 pm/V [2], [5]
d24(1.064 µm) = 0.07 × d11(SiO2) ± 20% = 0.021 ± 0.004 pm/V [2], [5]
d24(1.064 µm) = 0.062 × d36(KDP) ± 17% = 0.024 ± 0.004 pm/V [1], [5]
d31(1.064 µm) = 0.07 × d11(SiO2) ± 20% = 0.021 ± 0.004 pm/V [2], [5]
d31(1.064 µm) = 0.057 × d36(KDP) ± 23% = 0.022 ± 0.005 pm/V [1], [5]
d32(1.064 µm) = 0.13 × d11(SiO2) ± 20% = 0.039 ± 0.008 pm/V [2], [5]
d32(1.064 µm) = 0.085 × d36(KDP) ± 12% = 0.033 ± 0.012 pm/V [1], [5]
d33(1.064 µm) = 0.05 × d11(SiO2) ± 20% = 0.015 ± 0.003 pm/V [2], [5]
d33(1.064 µm) = 0.023 × d36(KDP) ± 14% = 0.009 ± 0.001 pm/V [1], [5]

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.157 10 >0.0002 [3] >109 pulses
1.0642 ≈20 >1 [2]

About the crystal

The nonlinear optical properties of this crystal were known since the mid-1970s. How-
ever, very recently it was discovered that MgBaF4 has a unique transmission in UV
range down to 140 nm [3]. Simultaneously, ferroelectric domain inversion has been
demonstrated, proving the possibility of quasi-phase-matching in this material [3].
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5.5 GaAs, Gallium Arsenide

Optically isotropic crystal
Molecular mass: 144.645
Specific gravity: 5.3161 ± 0.0002 g/cm3 at T = 298 K [1];
5.3170 g/cm3 [2]; 5.32 g/cm3 at T = 293 K [3]
Point group: 4̄3m

Lattice constant: a = 5.6534 ± 0.0002 Å [1]; 5.65321 ± 0.00003 Å [4]; 5.6535 Å [5]
Mohs hardness: 4.5 [1]
Knoop hardness: 750 at indenter load 25 g [1]; 750 ± 40 [6]; 721 [7]
Solubility in water: insoluble [4]
Melting point: 1510 K [6]; 1511 K [1], [2], [4], [8]; 1513 K [9], [10]; 1520 K [11]

Linear thermal expansion coefficient

T [K] αt × 106 [K−1] Ref.

40 −0.50 [1]
50 −0.15 [8]
55 0.00 [1]

100 1.9 [12]
2.05 [8]

200 4.93 [8]
293 5.7 [12]
300 5.82 [8]

6.0 [2]
400 6.23 [8]
500 6.5 [12]
600 6.98 [8]
800 7.1 [12]

7.4 [8]

Mean value of linear thermal expansion coefficient [1]

T [K] αt × 106 [K−1]
78–290 3.64
291–560 5.74
560–680 7.44

Specific heat capacity cp at P = 0.101325 MPa [9]

T [K] cp [J/kgK]

273 318
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Thermal conductivity coefficient κ

T [K] κ [W/mK] Ref.

300 52 [9]
52.3 [1]

Thermal conductivity coefficient of n-GaAs (n = 2 × 1016 cm−3 at T = 77 K) [8]

T [K] κ [W/mK]

80 270
150 105
300 58

Band-gap energy at room temperature (direct transition) Eg = 1.42 eV [13], [14],
[15]; 1.425 eV [16], [17]; 1.428 eV [2]; 1.43 eV [8], [18], [19]; 1.435 eV [11], [20],
[21], [22]
Transparency range at α = 1 cm−1 level: 1.1–17 µm [23]; 0.95–17 µm [24]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.53 80000 [25] Si-doped GaAs, n = 1018 cm−3,T = 300 K
1.06 0.9 [25] Si-doped GaAs, n = 1018 cm−3, T = 300 K

1.2 [26] undoped GaAs
1.54 [27] n-type GaAs, [111] direction,

n = 2 × 1017 cm−3

1.57 [17] Si-doped GaAs, n = 1.5 × 1017 cm−3,
T = 295 K

2.5 [28] n = 4 × 1016 cm−3, T = 300 K
∼3 [29] O2-doped with n = 3 × 1014 cm−3 and

ρ0 = 2.4 Ω cm
4.0 [30] n = 4 × 1016 cm−3

1.0642 0.7 [31] n-type GaAs, E⊥c

0.7 [32]
1.2 [3] Cr-doped GaAs, n = 1016 cm−3,

ρ0 > 107 Ω cm
1.50 ± 0.15 [33]

1.318 0.05 [34] O2-doped sample
2.7–2.8 0.0032 [35] ρ0 ∼ 108 Ω cm, bulk absorption
3.8–3.9 0.003 [35] ρ0 ∼ 108 Ω cm, bulk absorption
5–6 0.016 [36] bulk absorption
9.2 0.006 [24]
9.3 0.005 [37] bulk absorption
9.6 0.008 [24]
10.6 0.005 [38]
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λ [µm] α [cm−1] Ref. Note

0.006 ± 0.002 [39] ρ0 = 104 to 109 Ω cm
0.009 [37] bulk absorption
0.01–0.05 [40]
0.01–0.20 [41]
0.012 ± 0.002 [42] Cr-doped GaAs, ρ0 = 3 × 108 Ω cm

12.4 0.05 [24]
13.78 0.15 [24]
15.9 0.36 [24]
16.75 0.71 [24]
17.22 1.09 [24]

Two-photon absorption coefficient β

λ [µm] τp [ns] β × 1011 [cm/W] Ref. Note

1.06 0.005 4500 ± 1000 [17] T = 295 K, Si-doped GaAs,
n = 1.5 × 1017 cm−3

0.008 1500 ± 500 [28] n = 4 × 1016 cm−3

0.08 2600 [43]
10 3500 ± 300 [44] O2-doped sample

1.0642 0.003 2500 [45] [001] direction, E‖[110] direction
0.028 2200 ± 300 [27] n-type GaAs, [111] direction,

n = 2 × 1017 cm−3

0.03 3000 ± 500 [31] n-type GaAs, E⊥c

1800 ± 360 [46] [100] direction
2400 ± 480 [46] [110] direction
2500 ± 500 [46] [111] direction

0.035 2700 [26] undoped GaAs
0.038 2300 [47] [111] direction
0.04 2600 ± 500 [48] [110] direction
0.05 2900 [14]
11 3000 ± 900 [33]

∼20 ∼2000 [49]
1.318 ∼20 3300 ± 1500 [34] O2-doped sample
1.32 0.003 1100 [45] [001] direction, E‖ [110] direction

Experimental values of refractive index

λ [µm] n Ref. λ [µm] n Ref.

0.895 3.603 [50] 1.000 3.509 [50]
0.900 3.595 [50] 1.020 3.498 [50]
0.910 3.581 [50] 1.040 3.488 [50]
0.920 3.569 [50] 1.060 3.479 [50]
0.940 3.550 [50] 1.100 3.463 [50]
0.960 3.534 [50] 1.150 3.446 [50]
0.980 3.520 [50] 1.200 3.433 [50]
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λ [µm] n Ref. λ [µm] n Ref.

1.400 3.394 [50] 13.0 2.97 [4]
1.435 3.40 [4] 13.7 2.895 [4]
1.500 3.381 [50] 14.5 2.82 [4]
1.700 3.362 [50] 15.0 2.73 [4]
2.87 3.33 [4] 17.0 2.59 [4]
5.1 3.30 [4] 19.0 2.41 [4]
10.0 3.27 [4] 21.9 2.12 [4]
11.0 3.045 [4]

Temperature derivative of refractive index

λ [µm] T [K] dn/dT × 106 [K−1] Ref. Note

10.6 293 56 ± 3 [42] Cr-doped GaAs,
ρ0 = 3 × 108 Ω cm

300 100 [51]

Nonlinear refractive index γ [48], [52]

λ [µm] γ × 1020 [m2/W]
1.0642 −3260 ± 600

Linear electrooptic coefficient measured at low frequencies (well below the acoustic
resonances of GaAs crystal, i.e., for the “free” crystal) at room temperature

λ [µm] rT
41 [pm/V] Ref.

1.0642 −1.17 [53]
1.1523 −1.43 [54]
1.208 −1.25 [53]
1.306 −1.28 [53]
1.50 −1.36 [53]
3.3913 −1.24 ± 0.04 [55]
10.6 −1.51 ± 0.05 [55]

−1.6 [56]

Linear electrooptic coefficient measured at high frequencies (well above the acoustic
resonances of GaAs crystal, i.e., for the “clamped” crystal) at room temperature

λ [µm] rS
41 [pm/V] Ref.

0.95–1.08 −1.2 [57]
1.0642 −1.33 [53]
1.208 −1.41 [53]
1.306 −1.46 [53]
1.50 −1.53 [53]
3.3913 −1.5 [58]
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Verdet constant at T = 293 K

λ [µm] V [degree/Tm] Ref.

1.06 5850 ± 290 [59]
5000 [8]

1.95 1800 ± 180 [59]

Absolute values of second-order nonlinear coefficient:

d36(1.064 µm) = 170 pm/V [60]

d36(1.533 µm) = 119 pm/V [60]

d36(10.6 µm) = 83 pm/V [61]

Laser-induced damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.6943 500000 0.00002 [62] surface damage
30 0.072 (?) [63] surface damage
20 0.008 ± 0.002 [64] surface damage, [100] direction

1.06 300000 0.00011–0.00024 [11] surface damage, 1000-µm
beam-waist diameter

1000 0.01 [65] surface damage
60 0.013 ± 0.005 [64] surface damage, [100] and [110]

directions
35 0.03 ± 0.01 [59] surface damage
20 0.043 ± 0.008 [66] surface damage

1.0642 45 0.02 [3] surface damage, 10 pulses, [100]
direction

0.05 [3] surface damage, 1 pulse, [100]
direction

20 0.045 ± 0.04 [67] surface damage, 1 pulse, [100]
direction

18 0.04 [68]
10 0.024 [69] surface damage

0.035 200 [70] [100] direction
2.76 90 0.08 [71]
2.8 70 0.079 [72]
10.6 CW 0.000006 [71]

0.000003 [40] >3-cm beam-waist diameter
0.00003 [40] <0.5-cm beam-waist diameter

200 0.06 [68]
150–200 0.07–0.09 [73] surface damage, 6-cm

beam-waist diameter
0.135–0.18 [73] surface damage, 500-µm

beam-waist diameter
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λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

150 0.05–0.11 [40] surface damage, ∼2-cm
beam-waist diameter

100 0.01 ± 0.005 [59] bulk damage, Zn-doped p-typed
GaAs n ≈ 1019 cm−3

0.03 ± 0.01 [59] surface damage, n-type GaAs,
n ≈ 1018 cm−3

0.11–0.8 [71]
60 1.6–3.2 [40] 100-µm beam-waist diameter

About the crystal

Though the isotropic nature of GaAs precludes the realization of ordinary birefringent
phase matching, the quasi-phase-matching (QPM) is still possible. As early as in
1976, two USA groups [74], [75] reported the application of a stack of properly
oriented GaAs plates for SHG of CO2 laser radiation and made the first successful
experiments. In 1993, a more sophisticated method of diffusion bonding of GaAs
wafers was proposed [76] and later used in the experiments on QPM SHG [77], [78],
[79], QPM SFG [78], and QPM DFG [80].
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6

Newly Developed and Perspective Crystals

This chapter describes 19 newly developed and perspective nonlinear optical materials
such as bismuth triborate (BIBO), potassium aluminum borate (KABO), potassium
fluoroboratoberyllate (KBBF), gadolinium calcium oxyborate (GdCOB), yttrium
calcium oxyborate (YCOB), lithium tetraborate (LB4), lithium thioindate (LIS),
and others.

6.1 BiB3O6, Bismuth Triborate (BIBO)

Negative biaxial crystal: 2Vz = 53.5◦ at λ = 0.53975 µm
Molecular mass: 337.407
Specific gravity: 4.896 g/cm3 [1]; 5.01 g/cm3 [2]
Point group: 2
Lattice constants:
a = 7.116 ± 0.002 Å [2]; 7.1203 ± 0.0007 Å [1]
b = 4.993 ± 0.002 Å [2]; 4.9948 ± 0.0007 Å [1]
c = 6.508 ± 0.003 Å [2]; 6.5077 ± 0.0007 Å [1]
β = 105.62◦ [2]; 105.59◦ [1]
Assignment of dielectric and crystallographic axes:
X‖b, the axes a and c lie in YZ plane, the angle between them is β = 105.6◦, the
angle between the axes Z and a is about 31◦ (slightly depends on wavelength and/or
temperature), the angle between the axes Y and c is 15.2◦ [7]
Mohs hardness: 5–5.5
Melting point: 999 K [3], 981 ± 5 K [1]

Mean values of linear thermal expansion coefficient αt (in 10−6 K−1)

T [K] α11 (‖a) α22 (‖b) α33 (‖c) α13 = α31 Ref.

173–573 −28.1 ± 0.5 53.7 ± 0.5 8.5 ± 0.5 −5.5 ± 0.5 [4]
298–573 −25.6 50.4 7.7 −5.33 [5]
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Specific heat capacity cp at P = 0.101325 MPa [6]

T [K] cp [J/kgK]

323 500
373 540
423 570
473 590

Transparency range at 0.5 level for 0.1-cm-long BIBO crystal: 0.286–2.7 µm [7]
UV transmission cutoff is at 270 nm, IR transmission cutoff at 0.5 level for 0.47 cm
long BIBO crystal is at 2.63 µm [1], [8].

Calculated values of refractive indices

λ [µm] nX nY nZ

0.53975 1.78690 1.81846 1.96134
1.07950 1.75650 1.78309 1.91610

Note: In [9], the BIBO refractive indices at the same wavelengths with
respect to vacuum are presented. The above-mentioned refractive indices
were calculated using the dispersion relations given below.

Sellmeier equations (λ in µm, T = 295 K) [7]:

n2
X = 3.0722 + 0.0324

λ2 − 0.0315
− 0.0133 λ2

n2
Y = 3.1669 + 0.0372

λ2 − 0.0348
− 0.0175 λ2

n2
Z = 3.6525 + 0.0511

λ2 − 0.0370
− 0.0226 λ2

Note: In [7], the BIBO dispersion relations with respect to vacuum are given. The
above-mentioned Sellmeier equations (with respect to air) have been obtained from
the authors of [7] by private communication.
Experimentally determined values of second-order nonlinear coefficient [7], [9]:

d14(1.0795 µm) = (2.4 ± 0.3) pm/V
d16(1.0795 µm) = (2.8 ± 0.2) pm/V
d21(1.0795 µm) = (2.3 ± 0.2) pm/V
d22(1.0795 µm) = (2.53 ± 0.08) pm/V
d23(1.0795 µm) = (1.3 ± 0.1) pm/V
d25(1.0795 µm) = (2.3 ± 0.2) pm/V
d34(1.0795 µm) = (0.9 ± 0.1) pm/V
d36(1.0795 µm) = (2.4 ± 0.3) pm/V

The d14, d16, d21, d22, d25, d36 coefficients are of the same sign, which is opposite to
that of d23, d34 coefficients [7], [9].
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Experimental values of phase-matching angles

Interacting wavelengths [µm] θpm [deg] Ref.

YZ plane, φ = 90◦
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 11.1 [6], [8]
168.9 [6], [8]

0.946 ⇒ 0.473 161.7 [10]

Note: Due to the BIBO symmetry (point group 2), the spatial distribution of deff
can be fully described by choosing two independent neighbor quadrants, for
example, (0◦ < θ < 90◦, 0◦ < φ < 90◦) and (90◦ < θ < 180◦, 0◦ < φ < 90◦).

Calculated values of effective second-order nonlinear coefficient for some specific
phase-matching directions (SHG, type I, 1.0795 ⇒ 0.53975 µm) in BIBO crystal
[7], [9]

Phase-matching direction deff [pm/V]

θ ≈ 10◦, φ = 90◦ 2.3
θ ≈ 170◦, φ = 90◦ 3.2

See the note to the previous table.

Calculated values of effective second-order nonlinear coefficient for the specific
phase-matching direction (SHG, type I, 0.946 ⇒ 0.473 µm) in BIBO crystal [10]

Phase-matching direction deff [pm/V]

θ = 161.7◦, φ = 90◦ 3.34

Experimental values of SHG conversion efficiency (SHG, type I, 1.0642 ⇒
0.5321 µm, I = 3.6 GW/cm2) for some specific phase-matching directions [6], [8]

Phase-matching direction Crystal length SHG conversion efficiency
[cm] [%]

θ = 11.1◦, φ = 90◦ (YZ plane) 0.47 58
θ = 168.9◦, φ = 90◦ (YZ plane) 0.24 67.7

See the note to table above.

Laser-induced bulk damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref.

1.064 0.035 >4.7 [8]
>5 [1]

About the crystal

The newly discovered monoclinic nonlinear crystal BIBO possesses a rather high
effective second-order nonlinearity value that exceeds that of BBO and LBO by
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1.7 and 4 times, respectively. Therefore, it could find a wide application for SHG
of continuous-wave radiation. In [11], 2.8 W of CW blue light (λ = 473 nm) was
generated in BIBO via SHG of a Nd:YAG laser (λ = 946 nm, P = 4.6 W), end-
pumped by 21-W laser diode radiation at 808 nm. In [10], the SHG of the signal wave
of a quasi-continuous OPO (777–1036 nm, 10 kHz, 50 ns) was performed in BIBO;
as a result, the tuning in the UV range 450–494 nm was achieved with maximum blue
output of 1.3 W at 470 nm.
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6.2 K2Al2B2O7, Potassium Aluminum Borate (KABO)

Negative uniaxial crystal: no > ne
Molecular mass: 265.775
Specific gravity: 2.47 g/cm3 [1]
Point group: 32
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Lattice constants:
a = 8.530 Å [2]; 8.55800 ± 0.00002 Å [3]; 8.5598 Å [4]; 8.5657 ± 0.0008 Å [5];
8.5669 ± 0.0009 Å [6]
c = 8.409 Å [2]; 8.45576 ± 0.00003 Å [3]; 8.463 ± 0.001 Å [5]; 8.467 ± 0.001 Å
[6]; 8.5048 Å [4]
Mohs hardness: ≈6 [7]; 5.5–6.5 [1]
Solubility in water: insoluble [1]
Melting point: 1383 K [1]

Mean value of linear thermal expansion coefficient [1]

T [K] αt × 106 [K−1], ‖a αt × 106 [K−1], ‖c
298–573 8.4 16.5

Specific heat capacity cp at P = 0.101325 MPa [1]

T [K] cp [J/kgK]

321 1008.4
568 1390

Transparency range at “0” transmittance level: 0.18–3.6 µm [2]

Experimental values of refractive indices [2]

λ [µm] no ne

0.4047 1.57022 1.49643
0.4078 1.56973 1.49600
0.4358 1.56571 1.49294
0.4861 1.56029 1.48887
0.4916 1.55982 1.48848
0.4962 1.55938 1.48816
0.5461 1.55572 1.48536
0.5780 1.55385 1.48398
0.5893 1.55320 1.48354
0.6234 1.55159 1.48234
0.6563 1.55029 1.48136
0.6943 1.54881 1.48033

Temperature derivative of refractive indices for temperature range 293–393 K and
spectral range 0.193 µm < λ < 1.3382 µm (in 10−5 K−1) [8]:

dno

dT
= 1.6101 + 0.0361 λ

dne

dT
= 1.9905 + 0.0956

λ
+ 0.0083

λ2 − 0.0015

λ3
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Sellmeier equations (λ in µm, 0.193 µm < λ < 1.3382 µm, T = 293 K) [8]:

n2
o = 2.3765 + 0.01303

λ2 − 0.01852
− 0.01317 λ2

n2
e = 2.17367 + 0.00950

λ2 − 0.01530
− 0.00832 λ2

Other dispersion relations are given in [2], [7], [9].
Expressions for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid) [10]:

dooe = d11 cos θ cos 3φ

deoe = doee = d11 cos2 θ sin 3φ

Value of second-order nonlinear coefficient:
d11(1.064 µm) = 0.45 pm/V [2]; 0.47 pm/V [1]; 0.46 ± 0.04 pm/V [8]

Experimental values of phase-matching angle

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 27.3 [8]
0.8 ⇒ 0.4 33.7 [11]
0.5321 ⇒ 0.26605 57.2 [8], [12]

58.1 [13]
58.3 [3]

SFG, o + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 36.9 [12]
37.2 [8]

1.0642 + 0.26605 ⇒ 0.21284 60.2 [8]
1.0642 + 0.2358 ⇒ 0.1930 68.9 [8], [9]

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 39.3 [8]

Experimental values of internal angular, temperature, and spectral bandwidths

Interacting wavelengths θpm ∆θ int ∆T ∆ν Ref.
[µm] [deg] [deg] [◦C] [cm−1]
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 27.3 41.9 [8]
0.8 ⇒ 0.4 33.7 0.052 ± 0.017 9.4 ± 2.2 [11]
0.5321 ⇒ 0.26605 57.2 4.1 [8]

SFG, o + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 36.9 0.025 [12]
13.2 [8]

1.0642 + 0.26605 ⇒ 0.21284 60.2 2.9 [8]
1.0642 + 0.2358 ⇒ 0.193 68.9 0.011 2.1 [9]

2.2 [8]
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Laser-induced damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.532 0.035 >1.3 [3]
0.8 0.00005 >170 [11] 5 kHz
1.064 10 >1.0 [2] 10 Hz

15 [2] 1 pulse

About the crystal

This new nonlinear borate crystal is nonhygroscopic and could easily be cut and
polished by standard procedure. Though the second-order nonlinear coefficient in
KABO is smaller than that of BBO and CLBO, nevertheless, this material could be
useful for the realization of three-wave interactions in the UV range. In [8], 0.22 W of
quasi-CW output (λ = 193 nm) was obtained in a 0.7-cm KABO crystal (θ = 68.9◦,
φ = 0◦) by SFG of a Nd:YAG laser radiation (P = 18 W, ∆f = 10 kHz) and the
second harmonic of a Nd:YAG laser pumped OPO.
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6.3 KBe2BO3F2, Potassium Fluoroboratoberyllate (KBBF)

Negative uniaxial crystal: no > ne
Molecular mass: 153.927
Point group: 32
Lattice constants [1]:
a = 4.427 ± 0.004 Å
c = 18.744 ± 0.009 Å
Mohs hardness: ≈0, splits easily along the [001] plane [2]
Melting temperature: 1373 K [3]
Transparency range at “0” transmittance level: 0.155–3.7 µm [2]

Experimental values of refractive indices [4]

λ [µm] no ne

0.4047 1.487 1.410
0.4358 1.485 1.408
0.4861 1.482 1.406
0.5461 1.479 1.403
0.5893 1.479 1.401
0.6328 1.478 1.400
0.6563 1.477 1.400

Sellmeier equations (λ in µm) [2], [4]:

n2
o = 1 + 1.169725 λ2

λ2 − 0.0062400
− 0.009904 λ2

n2
e = 1 + 0.956611 λ2

λ2 − 0.0061926
− 0.027849 λ2

Expressions for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid) [5]:

dooe = d11 cos θ cos 3φ

deoe = doee = d11 cos2 θ sin 3φ

Absolute value of second-order nonlinear coefficient:
d11(1.0642 µm) = 0.49 pm/V [6]

Experimental values of phase-matching angle

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

0.345 ⇒ 0.1725 ∼71 [7]
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Interacting wavelengths [µm] θexp [deg] Ref.

0.3546 ⇒ 0.1773 ∼66.2 [7]
0.3695 ⇒ 0.18475 61 [2]
0.3743 ⇒ 0.18715 59.4 [2]
0.3847 ⇒ 0.19235 56.8 [2]
0.41 ⇒ 0.205 51.5 [2]
0.44 ⇒ 0.22 46 [2]
0.46 ⇒ 0.23 44 [2]
0.48 ⇒ 0.24 41.7 [2]
0.5 ⇒ 0.25 39.6 [2]
0.532 ⇒ 0.266 36.2 [2]
0.55 ⇒ 0.275 34.9 [2]
0.589 ⇒ 0.2945 32.5 [2]
0.6 ⇒ 0.3 32.1 [2]
0.68 ⇒ 0.34 27.6 [2]
0.77 ⇒ 0.385 25.1 [2]
0.85 ⇒ 0.425 23.1 [2]
0.9 ⇒ 0.45 22 [2]
0.95 ⇒ 0.425 21 [2]
1.064 ⇒ 0.532 20.2 [2]
1.342 ⇒ 0.671 18.6 [2]

Experimental values of internal angular bandwidth

Interacting wavelengths [µm] θpm [deg] ∆θ int [deg] Ref.

SHG, o + o ⇒ e

0.41 ⇒ 0.205 51.5 0.0119 [2]
0.44 ⇒ 0.22 46 0.0127 [2]
0.46 ⇒ 0.23 44 0.0127 [2]
0.48 ⇒ 0.24 41.7 0.0139 [2]
0.5 ⇒ 0.25 39.6 0.0143 [2]
0.532 ⇒ 0.266 36.2 0.0166 [2]

0.0152 [8]
0.589 ⇒ 0.2945 32.5 0.0244 [2]
0.9 ⇒ 0.45 22.0 0.0572 [2]
1.064 ⇒ 0.532 20.2 0.0592 [2]
1.342 ⇒ 0.671 18.6 0.0644 [2]

Laser-induced damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.3546 0.01 >0.04 [7] 80 MHz
0.4 0.00005 >17 [9] 1 kHz
0.532 0.035 >4.2 [10]

>11.6 [8] 10 Hz
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λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.03 >7 [11]
1.064 8 >5.0 [2] along c

About the crystal

KBBF is an outstanding nonlinear material that allows generation of deep-UV light.
In [7], the radiation at 172.5 nm was obtained by direct SHG and at 163.3 nm by SFG.
The main disadvantage of KBBF is its plate-like nature, which makes it very difficult
to grow crystals thicker than a millimeter. To overcome the problem of cutting such
thin crystals, the special prism-coupling technique was proposed [8], [9], [11].
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6.4 BaAlBO3F2, Barium Aluminum Fluoroborate (BABF)

Negative uniaxial crystal: no > ne
Molecular mass: 261.117
Point group: 6̄
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Lattice constants [1]:
a = 4.8879 ± 0.0006 Å
c = 9.403 ± 0.001 Å
Transparency range at “0” transmittance level: 0.165 to >1.6 µm [2]

Experimental values of refractive indices [2]

λ [µm] no ne λ [µm] no ne

0.230 1.7171 1.6604 0.683 1.6266 1.5834
0.244 1.7045 1.6492 0.733 1.6253 1.5821
0.266 1.6886 1.6364 0.783 1.6240 1.5810
0.300 1.6719 1.6219 0.833 1.6227 1.5805
0.355 1.6548 1.6073 0.933 1.6214 1.5791
0.400 1.6464 1.6004 1.064 1.6193 1.5775
0.440 1.6413 1.5957 1.150 1.6180 1.5770
0.488 1.6369 1.5917 1.250 1.6170 1.5764
0.514 1.6346 1.5901 1.350 1.6154 1.5756
0.532 1.6336 1.5890 1.450 1.6141 1.5743
0.580 1.6307 1.5866 1.547 1.6130 1.5740
0.633 1.6284 1.5850

Sellmeier equations (λ in µm) [2]:

n2
o = 2.6213 + 0.01353

λ2 − 0.01204
− 0.01055 λ2

n2
e = 2.4833 + 0.01178

λ2 − 0.00996
− 0.00447 λ2

Expressions for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid) [3]:

dooe = d11 cos θ cos 3φ − d22 cos θ sin 3φ

deoe = doee = d11 cos2 θ sin 3φ + d22 cos2 θ cos 3φ

Experimental values of phase-matching angle [2]

Interacting wavelengths [µm] θexp [deg]

SHG, o + o ⇒ e

1.064 ⇒ 0.532 34.1

About the crystal

It was found [2] that in powder state, BABF produces twice as much second-harmonic
power than KDP.
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6.5 La2CaB10O19, Lanthanum Calcium Borate (LCB)

Positive biaxial crystal: 2Vz = 9.7◦ at λ = 0.5321 µm
Molecular mass: 729.978
Specific gravity (calculated): 3.665 g/cm3 [1]
Point group: 2
Lattice constants:
a = 11.043 ± 0.003 Å [1]; 11.056 Å [2]
b = 6.563 ± 0.002 Å [1]; 6.577 Å [2]
c = 9.129 ± 0.002 Å [1]; 9.119 Å [2]
Assignment of dielectric and crystallographic axes [3]:
Y‖b, the axes a and c lie in XZ plane, the angle between them is β = 91.47◦, the
angle between the axes Z and a is 46.03◦, the angle between the axes X and c is
47.5◦. Similar assignment is given in [4].
Mohs hardness: 6.5 [1]
Melting point: 1338 K [1]
Transparency range at 0.5 level: 0.185–3.0 µm [3]; 0.28–2.45 µm [4]
Sellmeier equations (λ in µm) [3]:

n2
X = 2.78122 + 0.0163186

λ2 − 0.0146002
− 0.0162299 λ2

n2
Y = 2.78533 + 0.0151688

λ2 − 0.0206079
− 0.0155475 λ2

n2
Z = 2.96167 + 0.0204238

λ2 − 0.0136912
− 0.0201447 λ2

Expressions for effective second-order nonlinear coefficient in the principal planes of
LCB crystal (approximation of small walk-off angle, Kleinman symmetry conditions
are valid, d14 = d25 = d36, d16 = d21 and d23 = d34) [5]:

XY plane
dooe = d23 cos φ

deoe = doee = d14 sin 2φ

YZ plane
deeo = d14 sin 2θ

doeo = deoo = d16 cos θ

XZ plane, θ < Vz

deoe = doee = d16 cos2 θ + d23 sin2 θ ± d14 sin 2θ
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XZ plane, θ > Vz

deeo = d16 cos2 θ + d23 sin2 θ ± d14 sin 2θ

Experimental value of effective second-order nonlinear coefficient for a specific
phase-matching direction (SHG, type I, 1.0642 ⇒ 0.5321 µm) in LCB crystal [3]

Phase-matching direction deff [pm/V]

θ = 34.3◦, φ = 7.7◦ 1.05

Laser-induced bulk damage threshold [3]

λ [µm] τp [ns] Ithr [GW/cm2]
1.064 0.035 >8

About the crystal

This newly developed monoclinic crystal possesses high hardness and medium non-
linearity, it is also non-hygroscopic [2]. Shortest obtainable SHG wavelength is at
288 nm [4].
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6.6 GdCa4O(BO3)3, Gadolinium Calcium Oxyborate (GdCOB)

Negative biaxial crystal: 2VZ = 120.7◦ at λ = 0.546 µm [1], [2]
Molecular mass: 509.986
Specific gravity: 3.736 g/cm3 (calculated) [3]
Point group: m

Lattice constants:

a = 8.106 ± 0.002 Å [1]; 8.095 ± 0.007 Å [4]; 8.0937 Å [5]; 8.098 ± 0.002 Å
[6]



228 6 Newly Developed and Perspective Crystals

b = 16.028 ± 0.003 Å [1]; 16.018 ± 0.006 Å [4]; 16.013 Å [5]; 16.019 ±
0.006 Å [6]
c = 3.557 ± 0.001 Å [1]; 3.558 ± 0.008 Å [4]; 3.5579 Å [5]; 3.559 ± 0.007 Å [6]
β = 101.25◦ [1]; 101.26◦ ± 0.01◦ [4]; 101.27◦ [5], [6]

Assignment of dielectric and crystallographic axes:
Y‖b, the axes a and c lie in XZ plane, the angle between them is β = 101.27◦, the angle
between the axes Z and a is 27.2◦, the angle between the axes X and c is 16.2◦ [7],
[8]. A slightly different assignment: (a, Z) = 26◦, (c, X) = 15◦, was reported earlier
[1], [2].
Mohs hardness: 6.5 [9]
Knoop hardness: 550–715 kg/mm2 [2]
Melting point: 1753 K [4], [5]; 1756 K (congruent melting) [10]

Mean value of linear thermal expansion coefficient

T [K] αt × 106 [K−1], ‖a αt × 106 [K−1], ‖b αt × 106 [K−1], ‖c Ref.

293–1133 10.2 8.3 14.3 [11]
293–1273 10.35 7.78 13.10 [6]

Thermal conductivity coefficient at T = 293 K

T [K] κ [W/mK], ‖X κ [W/mK], ‖Y κ [W/mK], ‖Z Ref.

287 2.173 [12]
289 2.401 [12]
291 1.32 [12]
293 2.54 1.32 2.06 [9]
297 2.539 [12]
324 2.227 [12]
345 1.880 [12]
353 2.016 [12]
394 1.799 [12]
403 1.22 [12]
424 2.237 [12]
445 1.807 [12]
474 2.277 [12]
496 1.852 [12]
525 1.789 [12]
526 2.009 [12]
545 1.18 [12]

High transmittance range: 0.32–2.6 µm [13]
In the UV transparency range 0.2–0.32 µm there are three groups of sharp absorption
lines centered around 0.25, 0.277, and 0.31 µm [2].
In the IR transparency range 2.6–3.7 µm there are absorption bands at 2.72, 2.9, and
3.25 µm [2], [13].
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Experimental values of refractive indices [2]

λ [µm] nX nY nZ λ [µm] nX nY nZ

0.4047 1.7209 1.7476 1.7563 0.5780 1.6966 1.7225 1.7310
0.4358 1.7142 1.7409 1.7493 0.5876 1.6960 1.7218 1.7303
0.4678 1.7089 1.7350 1.7436 0.6439 1.6923 1.7181 1.7265
0.4800 1.7068 1.7333 1.7418 0.6678 1.6910 1.7168 1.7250
0.5086 1.7033 1.7295 1.7379 0.7290 1.6879 1.7133 1.7216
0.5461 1.6992 1.7253 1.7340 0.7960 1.6860 1.7112 1.7197

Best set of Sellmeier equations (T = 293 K, λ in µm, 0.4129 µm < λ < 1.3382 µm)
[14]:

n2
X = 2.8063 + 0.02315

λ2 − 0.01378
− 0.00537 λ2

n2
Y = 2.8959 + 0.02398

λ2 − 0.01389
− 0.01132 λ2

n2
Z = 2.9248 + 0.02410

λ2 − 0.01406
− 0.01139 λ2

Other sets of dispersion relations are given in [1], [2], [5], [8], [15].

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of GdCOB crystal, i.e., for the “free” crystal) at room temperature (in
pm/V) [16]

λ [µm] rT
11 rT

21 rT
31 rT

13 rT
23 rT

33 rT
51 rT

53 rT
42 rT

62

0.6328 0.4 0.5 0.6 0.1 0.4 2.0 0.7 1.5 0.5 0.8

Expressions for effective second-order nonlinear coefficient in the principal planes of
GdCOB crystal (approximation of small walk-off angle Kleinman symmetry condi-
tions are valid: d12 = d26, d13 = d35, d15 = d31, d24 = d32) [2], [17]:

XY plane, θ = 90◦
dooe = d13 sin φ

deoe = doee = d31 sin2 φ + d32 cos2 φ

YZ plane, φ = 90◦
deeo = d13 sin2 θ + d12 cos2 θ

doeo = deoo = d31 sin θ

XZ plane, φ = 0◦, Vz > θ > 0◦
dooe = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 90◦ > θ > Vz
doeo = deoo = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 180◦ − Vz > θ > 90◦; or φ = 180◦, 90◦ > θ > Vz
doeo = deoo = d12 cos θ + d32 sin θ

XZ plane, φ = 0◦, 180◦ > θ > 180◦ − Vz; or φ = 180◦, Vz > θ > 0◦
dooe = d12 cos θ + d32 sin θ
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Most reliable experimental values of second-order nonlinear coefficients:
d11(1.0642 µm) = 0 [17]
d12(1.0642 µm) = 0.24 pm/V [18]; 0.27 pm/V [17]; 0.31 pm/V [19]
d13(1.0642 µm) = −0.74 pm/V [18]; −0.85 pm/V [17]; −0.87 pm/V [19]
d31(1.0642 µm) = 0.20 pm/V [17]
d32(1.0642 µm) = 2.23 pm/V [17]; 2.26 pm/V [19]; 2.39 pm/V [18]
d33(1.0642 µm) = −1.87 pm/V [17]

Experimental values of phase-matching angle and internal angular bandwidth for
SHG in principal planes of GdCOB crystal

Interacting wavelengths φpm θpm ∆ϕint ∆θ int Ref.
[µm] [deg] [deg] [deg] [deg]

XY plane, θ = 90◦
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 46 0.10 [2], [15], [18], [19]
0.946 ⇒ 0.473 55.9 0.11 [20]

XZ plane, φ = 0◦, θ < Vz
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 19.7 0.15 [2], [15], [18], [19]

Note: For a biaxial crystal, two angular acceptances exist: one in θ and other in φ.
The authors have presented only the smallest one.

Experimental values of effective second-order nonlinear coefficient for some phase-
matching directions (SHG, type I, 1.0642 µm ⇒ 0.5321 µm) in GdCOB crystal

Phase-matching direction deff [pm/V] Ref.

θ = 90◦, φ = 46◦ (XY plane) 0.59 [17]
0.63 [19]

θ = 19.7◦, φ = 0◦ (XZ plane) 0.48 [19]
0.50 [17]

θ = 160.3◦, φ = 0◦ (XZ plane) 1.01 [17]
1.05 [19]

θ = 66.8◦, φ = 47.4◦ 0.68 [17]
θ = 67◦, φ = 46◦ 0.78 [19]
θ = 66.8◦, φ = 132.6◦ 1.51 [6]

1.68 [17]
θ = 67◦, φ = 134◦ 1.8 [19]

Note: The properties of deff in the case of GdCOB crystal include mirror and inversion
symmetries [21]. This means that the spatial distribution of deff can fully be described
by choosing two independent quadrants, for example, (0◦ < θ < 90◦, 0◦ < φ < 90◦)
and (0◦ < θ < 90◦, 90◦ < φ < 180◦). After that, the deff value in each (θ, φ) direc-
tion in these two quadrants is equal to that in (180◦ − θ , 180◦ − φ) direction and
vice versa. For example, the directions (θ = 66.8◦, φ = 132.6◦) and (θ = 113.2◦,
φ = 47.4◦) possess equal deff values.
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Laser-induced bulk damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.337 0.015–0.075 >1.35 [10]
0.532 7 1 [2]
1.064 6 >1 [15] 10 Hz

0.035 >6 [17]
>8 [22]
130 [6] 1 pulse

About the crystal

GdCOB was developed rather recently, in 1996–1997, simultaneously by French
and Japanese scientists [1], [4], [5]. Since that time, more than a hundred papers
were published devoted to investigation of GdCOB and its closest analog, YCOB. At
the moment, these materials are certainly the most investigated ones of point group
m. This brought to significant progress in understanding the physics of three-wave
interactions in low-symmetry crystals. It was shown that the spatial distribution of deff
for such crystals can fully be described only by choosing two independent quadrants,
for example, (0◦ < θ < 90◦, 0◦ < φ < 90◦) and (0◦ < θ < 90◦, 90◦ < φ < 180◦).
Second-order nonlinear coefficients of GdCOB were measured, and it was found that
the maximum of effective nonlinearity for SHG of Nd:YAG laser radiation lies not
in the first quadrant (0◦ < θ < 90◦, 0◦ < φ < 90◦) [13], [17], [19]. The expressions
for deff in the principal planes of GdCOB were deduced [17].

The impact of 4% atomic doping of GdCOB by Sr on the intracavity SHG of
Nd:YVO4 laser CW light (1064 nm) was investigated in [22], [23]. It was shown that
such doping of 6-mm crystal (θ = 66.8◦, φ = 132.6◦) leads to the significant im-
provement of SHG conversion efficiency. CW green output of 2.3 W was generated
with 13 W fundamental power [22]. The same Sr-doped crystal was used for extra-
cavity SHG of mode-locked Nd:YAG laser. A 55% energy conversion efficiency was
achieved at fundamental intensity of 4–8 GW/cm2, which by 1.4 times exceeds the
value for the undoped sample. In [24], 1.2-cm-long 4 at.% Li-doped GdCOB crystal
(θ = 66.8◦, φ = 132.3◦) was used for intracavity SHG of 13 W Nd:YVO4 laser. CW
radiation of 2.55 W at 531 nm was generated.

One of the latest technical achievements, connected with GdCOB, is the generation
of 2.8-W CW green output (λ = 532 nm) in 1.2-cm-long crystal (θ = 66.8◦, φ =
132.3◦) via intercavity SHG of diode-array end-pumped Nd:YVO4 laser (P = 6.8 W)

[25]. However, the KTP crystal of the same length (θ = 90◦, φ = 25◦), used in the
same configuration, produced about 4.5 W of green light.
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6.7 YCa4O(BO3)3, Yttrium Calcium Oxyborate (YCOB)

Negative biaxial crystal: 2Vz = 121.1◦ at λ = 0.546 µm
Molecular mass: 441.642
Specific gravity: 3.31 g/cm3 [1]
Point group: m

Lattice constants:
a = 8.046Å [2]; 8.0770 ± 0.0003Å [3]
b = 15.959Å [2]; 16.0194 ± 0.0005Å [3]
c = 3.517Å [2]; 3.5308 ± 0.0001Å [3]
β = 101.19◦ [2]; 101.167◦ ± 0.004◦ [3]
Assignment of dielectric and crystallographic axes:
Y‖b, the axes a and c lie in XZ plane, the angle between them is β = 101.167◦,
the angle between the axes Z and a is 24.7◦, the angle between the axes X and c
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is 13.5◦ [3]. The slightly different assignments: (a, Z) = 23◦, (c, X) = 12◦, and
(a, Z) = 23.6◦, (c, X) = 12.6◦, were reported in [1] and [4], respectively.
Thermal rotation of XZ plane relative to the crystallographic axes (a, c) {around Y

axis}[5]:

dαext

dT
= ±

(
0.0064

λ3 − 0.0173

λ2 + 0.0149

λ
+ 0.0043

)
× 0.0573 deg/K

where 0.3973 µm < λ < 0.6691 µm and the plus and minus signs refer to two prop-
agation directions, φ = 180◦ and φ = 0◦.
Mohs hardness: 6–6.5 [6]
Melting point: 1783 K [1], [7]

Mean values of linear thermal expansion coefficient

T [K] αt × 106 [K−1], ‖a αt × 106 [K−1], ‖b αt × 106 [K−1], ‖c Ref.

293–473 8.39 5.18 9.17 [8]
293–1173 9.9 8.2 12.8 [9]

Specific heat capacity cp at P = 0.101325 MPa [9]

T [K] cp [J/kgK]

373 729.7

Thermal conductivity coefficient at T = 293 K [6]

κ [W/mK], ‖X κ [W/mK], ‖Y κ [W/mK], ‖Z
2.60 2.33 3.01

Thermal conductivity coefficient at T = 373 K [9]

κ [W/mK], ‖a κ [W/mK], ‖b κ [W/mK], ‖c
1.83 1.72 2.17

High transmittance range: 0.202 − 2.5 µm [10]
In the IR transparency range 2.5 − 3.7 µm, there are absorption bands at 2.7, 2.9, and
3.25 µm [11].

Linear absorption coefficient α

λ [µm] α [cm−1] Ref.

0.21 1.0 [12]
1.06 0.013 [13]
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Best set of Sellmeier equations (T = 293 K, λ in µm, 0.3547 µm < λ < 1.9079 µm)
[10], [14]:

n2
X = 2.7697 + 0.02034

λ2 − 0.01779
− 0.00643 λ2

n2
Y = 2.8741 + 0.02213

λ2 − 0.01871
− 0.01078 λ2

n2
Z = 2.9107 + 0.02232

λ2 − 0.01887
− 0.01256 λ2

Other sets of dispersion relations are given in [2], [3], [4], [7], [12], [15].
Temperature derivative of refractive indices for spectral range 0.3973–1.3382 µm and
temperature range 293–393 K (λ in µm) [5]:

dnX/dT = (8.2058 − 5.0188 λ) × 10−6 K−1

dnY /dT = (2.8217 + 1.9154 λ) × 10−6 K−1

dnZ/dT = (3.0310 + 1.8399 λ) × 10−6 K−1

Expressions for effective second-order nonlinear coefficient in the principal planes
of YCOB crystal (approximation of small walk-off angle, Kleinman symmetry con-
ditions are valid: d12 = d26, d13 = d35, d15 = d31, d24 = d32) [16], [17]:

XY plane, θ = 90◦
dooe = d13 sin φ

deoe = doee = d31 sin2 φ + d32 cos2 φ

YZ plane, φ = 90◦
deeo = d13 sin2 θ + d12 cos2 θ

doeo = deoo = d31 sin θ

XZ plane, φ = 0◦, Vz > θ > 0◦
dooe = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 90◦ > θ > Vz

doeo = deoo = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 180◦ − Vz > θ > 90◦; or φ = 180◦, 90◦ > θ > Vz

doeo = deoo = d12 cos θ + d32 sin θ

XZ plane, φ = 0◦, 180◦ > θ > 180◦ − Vz; or φ = 180◦, Vz > θ > 0◦
dooe = d12 cos θ + d32 sin θ

Most reliable experimental values of second-order nonlinear coefficients:
d11(1.0642 µm) = 0 [17]; ≈0 [18]
d12(1.0642 µm) = 0.24 pm/V [17]; 0.34 pm/V [19]; 0.43 pm/V [3]
d13(1.0642 µm) = −0.71 pm/V [19]; −0.73 pm/V [17]; −0.92 pm/V [3]
d31(1.0642 µm) = 0.41 pm/V [17]
d32(1.0642 µm) = 2.00 pm/V [3]; 2.03 pm/V [19]; 2.35 pm/V [17]
d33(1.0642 µm) = −1.60 pm/V [17]
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Experimental values of phase-matching angle for SHG and SFG in principal planes
of YCOB crystal at T = 293 K

Interacting wavelengths [µm] φpm [deg] θpm [deg] Ref.

XY plane, θ = 90◦
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 35.0 [3], [7], [19]
0.7379 ⇒ 0.36895 77.3 [10]

SHG, type I, along Y

0.724 ⇒ 0.362 90 [20]
SFG, o + o ⇒ e

1.0642 + 0.5321 ⇒ 0.3547 73.2 [11]
73.6 [10]
73.7 [5]
73.8 [21]

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 73.4 [7]
74.8 [22]
75.2 [10]
75.3 [5]

SHG, type II, along Y

1.03 ⇒ 0.515 90 [10]
SFG, e + o ⇒ e

1.9079 + 1.0642 ⇒ 0.6831 81.2 [10]
YZ plane, φ = 90◦

SHG, e + e ⇒ o

0.7379 ⇒ 0.36895 66.9 [10]
SFG, e + e ⇒ o

1.0642 + 0.5321 ⇒ 0.3547 58.7 [11]
59.7 [5]
59.8 [21]
59.9 [10]

SHG, e + o ⇒ o

1.0642 ⇒ 0.5321 58.7 [3], [7]
61.1 [22]
62.7 [5], [10]

SFG, e + o ⇒ o

1.9079 + 1.0642 ⇒ 0.6831 73.5 [10]
XZ plane, φ = 0◦, θ < VZ

SHG, type I, along Z

0.83 ⇒ 0.415 0 [12]
0.8325 ⇒ 0.41625 0 [10], [5]

SHG, o + o ⇒ e

0.9 ⇒ 0.45 18.7 [5]
0.954 ⇒ 0.477 24.1 [10]
1.0642 ⇒ 0.5321 30.8 [10], [5]

31.7 [3], [7], [19]
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Interacting wavelengths [µm] φpm [deg] θpm [deg] Ref.

1.3382 ⇒ 0.6691 38.2 [10]
38.3 [5]

SFG, o + o ⇒ e

1.0642 + 0.7379 ⇒ 0.4358 17.1 [5]
1.569 + 0.5321 ⇒ 0.3973 18.6 [5]
1.3188 + 0.6594 ⇒ 0.4396 23.0 [10]
1.9079 + 0.5321 ⇒ 0.4161 26.6 [10]

Experimental values of internal angular bandwidth for SHG and SFG in principal
planes of YCOB crystal

Interacting wavelengths φpm θpm ∆ϕint ∆θ int Ref.
[µm] [deg] [deg] [deg] [deg]

XY plane, θ = 90◦
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 35.0 0.09 [3], [7], [19]
SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 73.4 0.32 [7]
SFG, o + o ⇒ e

1.0642 + 0.5321 ⇒ 0.3547 73.2 0.11 [23]
YZ plane, φ = 90◦

SHG, e + o ⇒ o

1.0642 ⇒ 0.5321 58.7 0.74 [3], [7]
SFG, e + e ⇒ o

1.0642 + 0.5321 ⇒ 0.3547 58.7 0.19 [23]
XZ plane, φ = 0◦, θ < VZ

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 31.7 0.08 [3], [7], [19]

Note: For a biaxial crystal, two angular acceptances exist: one in θ and other in φ.
The authors have presented only the smallest one.

Experimental values of internal angular bandwidth for some specific phase-matching
direction (SHG, type I, 0.946 µm ⇒ 0.473 µm) in YCOB crystal [24]

Phase-matching direction ∆ [deg]

θ = 67.9◦, φ = 136.8◦ 0.06

Experimental values of temperature bandwidth for SHG and SFG in principal planes
of YCOB crystal

Interacting wavelengths [µm] ∆T [◦C] Ref. Note

XY plane, θ = 90◦
SHG, o + e ⇒ e

1.0642 ⇒ 0.5321 32.7 [10]
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Interacting wavelengths [µm] ∆T [◦C] Ref. Note

32.8 [5] φ = 75.3◦
SFG, o + o ⇒ e

1.0642 + 0.5321 ⇒ 0.3547 8.6 [10] φ = 73.7◦
9.7 [25]

10 [12]
YZ plane, φ = 90◦

SHG, o + e ⇒ o

1.0642 ⇒ 0.5321 31.5 [10] θ = 62.7◦
31.7 [14]
29.2 [5]

SFG, e + e ⇒ o

1.0642 + 0.5321 ⇒ 0.3547 6.2 [10]
8.5 [23]

XZ plane, φ = 0◦, θ < VZ and θ > 180◦ − VZ

SHG, type I, along Z

0.8325 ⇒ 0.41625 21.6 [5]
31.5 [10]

SHG, o + o ⇒ e

0.9 ⇒ 0.45 24.6 [5] θ = 18.7◦
45.3 [5] θ = 161.3◦

1.0642 ⇒ 0.5321 75 [5] θ = 30.8◦
1.3382 ⇒ 0.6691 61 [5] θ = 141.7◦

SFG, o + o ⇒ e

1.0642 + 0.7379 ⇒ 0.4358 36.5 [5] θ = 162.9◦
1.569 + 0.5321 ⇒ 0.3973 16.9 [5] θ = 18.6◦

33.8 [5] θ = 161.4◦

Experimental values of effective second-order nonlinear coefficient for some specific
phase-matching directions (SHG, type I, 1.0642 µm ⇒ 0.5321 µm) in YCOB
crystal

Phase-matching direction deff [pm/V] Ref.

θ = 90◦, φ = 35.3◦ (XY plane) 0.39 [19]
θ = 90◦, φ = 35◦ (XY plane) 0.42 [17]
θ = 31.7◦, φ = 0◦ (XZ plane) 0.78 [17]

1.03 [19]
θ = 148.3◦, φ = 0◦ (XZ plane) 1.36 [19]

1.44 [17]
θ = 65◦, φ = 36.5◦ 1.14 [17]
θ = 65.9◦, φ = 36.5◦ 0.91 [9]
θ = 66.3◦, φ = 143.5◦ 1.45 [9]
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Phase-matching direction deff [pm/V] Ref.

θ = 67◦, φ = 143.5◦ 1.73 [17]
θ = 66◦, φ = 145◦ 1.8 [19]

Note: The properties of deff in the case of YCOB crystal include mirror and inversion
symmetries [26]. This means that the spatial distribution of deff can fully be described
by choosing two independent quadrants, for example, (0◦ < θ < 90◦, 0◦ < φ < 90◦)
and (0◦ < θ < 90◦, 90◦ < φ < 180◦). After that, the deff value in each (θ , φ) direc-
tion in these two quadrants is equal to that in (180◦ − θ , 180◦ − φ) direction and
vice versa. For example, the directions (θ = 33◦, φ = 9◦) and (θ = 147◦, φ = 171◦)
possess equal deff values.

Experimental values of THG conversion efficiency (type I, 1.0642 µm +
0.5321 µm ⇒ 0.3547 µm, I = 0.8 GW/cm2, l = 1.04 cm) for some specific phase-
matching directions in YCOB crystal [21]

Phase-matching direction THG conversion efficiency [%]

θ = 65◦, φ = 82.8◦ 2
θ = 90◦, φ = 73.8◦ (XY plane) 7
θ = 111◦, φ = 79.6◦ 20
θ = 106◦, φ = 77.2◦ 26

See the note to the previous table.

Other proof of superiority of (θ = 106◦, φ = 77.2◦) direction for type I THG of
1.06-µm radiation in YCOB is given in [27].

Laser-induced bulk damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.532 6 1 [7]
1.064 10 85 [9] 1 pulse

6 >1 [7] 10 Hz
1.1 18.4 [12] along Y axis, E‖Z

About the crystal

Japanese scientists introduced YCOB in 1997 [2], and in a short time, more than a
hundred works were published devoted to this crystal and its closest analog, GdCOB.
At the moment, these nonlinear crystals are certainly the most investigated ones of
point group m. This brought significant progress in understanding the physics of three-
wave interactions in low-symmetry crystals. It was shown that the spatial distribution
of deff for such crystals can fully be described only by choosing two independent
quadrants, for example, (0◦ < θ < 90◦, 0◦ < φ < 90◦) and (0◦ < θ < 90◦, 90◦ <

φ < 180◦). Second-order nonlinear coefficients of YCOB were measured, and it was
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found that the maximum effective nonlinearity for SHG and THG of Nd:YAG laser
radiation does not lie not in the first quadrant (0◦ < θ < 90◦, 0◦ < φ < 90◦) [17],
[18], [19]. The expressions for deff in the principal planes of YCOB were deduced
[17]. Very recently, it was reported that in this monoclinic crystal, due to the thermal
rotation of the XZ plane around the Y axis, the spatial anisotropy of SHG temperature
bandwidth also takes place [5].

One of the latest technical achievements connected with YCOB is the generation
of 2.35-W CW green output (λ = 532 nm) in a 1.2-cm-long crystal (θ = 64.5◦, φ =
35.5◦) via intercavity SHG of a diode-array end-pumped Nd:YVO4 laser (P = 5.6 W)
[13]. Another similar application is THG of NdYVO4 laser radiation [27]. Using the
KTP crystal for frequency doubling and a 1.1-cm-longYCOB crystal (θ = 106◦, φ =
77.2◦), the authors managed to obtain 124 mW of quasi-CW light (pulse repetition
frequency 20 kHz) at 355 nm.
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6.8 GdxY1−xCa4O(BO3)3, Gadolinium–Yttrium Calcium
Oxyborate (GdYCOB)

Negative biaxial crystal.
Point group: m

Lattice constants for x = 0.24 [1]:
a = 8.067Å
b = 15.991Å
c = 3.531Å
β = 101.18◦
Assignment of dielectric and crystallographic axes for x = 0.24:
Y‖b, the axes a and c lie in XZ plane, the angle between them is β = 101.18◦, the angle
between the axes Z and a is 23.8◦, the angle between the axes X and c is 12.6◦ [1]
Melting point: ≈ 1773 K [2]
High transmittance range: 0.32–2.5 µm [2]
Sellmeier equations (T = 293 K , λ in µm, 0.4129 µm < λ < 1.3382 µm) [3]:

n2
X (GdxY1−xCOB) = (1 − x) n2

X (YCOB) + xn2
X(GdCOB)

n2
Y (GdxY1−xCOB) = (1 − x)

(
1 + 0.00198x2

)2
n2

Y (YCOB) + xn2
Y (GdCOB)

n2
Z (GdxY1−xCOB) = (1 − x)

(
1 + 0.00732x2

)2
n2

Z (YCOB) + xn2
Z (GdCOB)

where the refractive indices of YCOB and GdCOB are given by the following disper-
sion relations [3]:

YCOB

n2
X = 2.7697 + 0.02034

λ2 − 0.01779
− 0.00643 λ2

n2
Y = 2.8741 + 0.02213

λ2 − 0.01871
− 0.01078 λ2

n2
Z = 2.9107 + 0.02232

λ2 − 0.01887
− 0.01256 λ2
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GdCOB

n2
X = 2.8063 + 0.02315

λ2 − 0.01378
− 0.00537 λ2

n2
Y = 2.8959 + 0.02398

λ2 − 0.01389
− 0.01132 λ2

n2
Z = 2.9248 + 0.02410

λ2 − 0.01406
− 0.01139 λ2

Expressions for effective second-order nonlinear coefficient in the principal planes
of GdYCOB crystal (approximation of small walk-off angle Kleinman symmetry
conditions are valid: d12 = d26, d13 = d35, d15 = d31, d24 = d32) [4], [5]:

XY plane, θ = 90◦
dooe = d13 sin φ

deoe = doee = d31 sin2 φ + d32 cos2 φ

YZ plane, φ = 90◦
deeo = d13 sin2 θ + d12 cos2 θ

doeo = deoo = d31 sin θ

XZ plane, φ = 0◦, Vz > θ > 0◦
dooe = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 90◦ > θ > Vz

doeo = deoo = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 180◦ − Vz > θ > 90◦; or φ = 180◦, 90◦ > θ > Vz

doeo = deoo = d12 cos θ + d32 sin θ

XZ plane, φ = 0◦, 180◦ > θ > 180◦ − Vz; or φ = 180◦, Vz > θ > 0◦
dooe = d12 cos θ + d32 sin θ

Experimental values of phase-matching angle in principal planes of GdYCOB
crystal

Interacting wavelengths [µm] Compositional parameter x Ref. Note

along Y axis, φ = 90◦, θ = 90◦
SHG, type I

0.7735 ⇒ 0.38675 0.68 [6] T = 240 ◦C
SHG, type II

1.0642 ⇒ 0.5321 0.275 [7]
≈0.28 [8] T = 52 ◦C

SFG, type I
1.0642 + 0.5321 ⇒ 0.3547 0.24 [2]

0.28 [1]
along Z axis, φ = 0◦, θ = 0◦

SHG, type I
0.8435 ⇒ 0.42175 0.15 [9]
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Interacting wavelengths [µm] Compositional parameter x Ref. Note

0.8612 ⇒ 0.4306 0.32 [9]
0.925 ⇒ 0.4625 0.48 [10]
0.9293 ⇒ 0.46465 0.84 [11]
0.946 ⇒ 0.473 0.87 [12]

Experimental values of internal angular and temperature bandwidths for some specific
interactions along Y axis of GdYCOB crystal (compositional parameter x = 0.275
in the case of SHG and x = 0.28 in the case of SFG)

Interacting wavelengths T ∆T ∆θ int ∆φint Ref.
[µm] [◦C] [◦C] [deg] [deg]

SHG, type II
1.0642 ⇒ 0.5321 27 32.4 6.8 4.0 [7]

SFG, type I
1.0642 + 0.5321 ⇒ 0.3547 21 6.6 3.8 2.2 [1], [13], [14]

Experimental values of internal angular bandwidths for SHG along Z axis of GdY-
COB crystal (compositional parameter x = 0.87) [12]

Interacting wavelengths [µm] ∆θ int [deg]

SHG, type I
0.946 ⇒ 0.473 0.53

Experimental values of effective second-order nonlinear coefficient for some specific
interactions along Y axis of GdYCOB crystal

Interacting wavelengths [µm] Compositional deff [pm/V] Ref.
parameter x

SHG, type II
1.0642 ⇒ 0.5321 0.275 0.35 (d31) [7]

SFG, type I
1.0642 + 0.5321 ⇒ 0.3547 0.28 0.55 (d13) [1], [13], [14]

Laser-induced bulk damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.355 10 0.002–0.003 [14] 62.5 kHz, gray-track formation
1.064 5 >0.45 [8] 5 Hz

0.035 >0.45 [8] 10 Hz

Note: The gray-track formation could be eliminated by keeping the GdYCOB crystal
at elevated temperatures (at T = 240◦C [15]). The total recovery from this damage
can be realized by annealing at 150◦C during 25 hours [14].
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About the crystal

It is known that the YCOB crystal experiences the type I NCPM along the Y axis for
the fundamental wavelength 724 nm and along the Z axis for the one at 832 nm [9].
At the same time, the GdCOB crystal possesses the similar interactions along the Y

and the Z axes for the wavelengths of 826 and 961 nm, respectively [9]. It is clear that
the solid solution between these two crystals, namely GdxY1−xCa4O(BO3)3 (GdY-
COB), depending on compositional parameter x, will display the NCPM properties
along the Y and the Z axes for any wavelength in the ranges 724–826 nm and 832–
961 nm, respectively. Using this approach, in [6] the type I NCPM SHG of 773.5 nm
in GdYCOB (x = 0.68) was realized along Y axis. In [7], [8], the type II NCPM
SHG for Nd:YAG laser radiation (λ = 1.0642 µm) along the Y axis was demon-
strated for GdYCOB with x = 0.28. Finally, the type I NCPM THG of Nd:YAG laser
radiation along the same axis was also demonstrated for a GdYCOB crystal with
x = 0.24 [2].
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6.9 Li2B4O7, Lithium Tetraborate (LB4)

Negative uniaxial crystal: no > ne

Molecular mass: 169.118
Specific gravity: 2.45 g/cm3 [1]
Point group: 4mm

Lattice constants:
a = 9.477Å [2]; 9.47Å [3]; 9.479Å [4]
c = 10.286Å [2]; 10.26Å [3]; 10.297Å [4]
Mohs hardness: 5 [4]; 6 [5]
Melting point: 1190 K [1]

Linear thermal expansion coefficient αt [4]

αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

3.74 11.1

Transparency range at “0” transmittance level: 0.16–3.5 µm [6]
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Experimental values of refractive indices at 298 K and 10,325 Pa [6]

λ [µm] no ne λ [µm] no ne

0.184887 1.774654 1.699128 0.70652 1.606162 1.549767
0.202548 1.733360 1.662581 0.85211 1.602303 1.546566
0.214438 1.714118 1.645491 1.01398 1.598952 1.543901
0.253652 1.674704 1.610421 1.12864 1.596794 1.542245
0.365015 1.632529 1.572896 1.52958 1.589202 1.536671
0.435835 1.621944 1.563516 1.97009 1.579263 1.529652
0.54607 1.612982 1.555638 2.32542 1.569365 1.522829
0.63282 1.608779 1.551997

Temperature derivative of refractive indices for temperature range 233–373 K and
spectral range 0.43584–0.64385 µm [in 10−6 K−1] [6]:

T [K]

λ [µm] 233–253 253–273 273–293 293–313 313–333 333–353 353–373
dno

dT
0.43584 3.1 2.6 2.1 1.7 1.2 0.7 0.2
0.47999 2.9 2.4 1.9 1.4 0.9 0.4 −0.1
0.54607 2.7 2.2 1.7 1.2 0.7 0.2 −0.4
0.58929 2.7 2.2 1.6 1.1 0.6 0.1 −0.5
0.63282 2.6 2 1.5 1.0 0.5 0 −0.5
0.64385 2.6 2 1.5 1.0 0.5 −0.1 −0.6

dne

dT
0.43584 4.6 4.2 3.8 3.4 3.0 2.6 2.2
0.47999 4.4 4 3.6 3.2 2.8 2.4 2.0
0.54607 4.3 3.8 3.4 3.0 2.6 2.2 1.8
0.58929 4.2 3.8 3.3 2.9 2.5 2.1 1.6
0.63282 4.1 3.7 3.3 2.8 2.4 2.0 1.6
0.64385 4.1 3.7 3.3 2.8 2.4 2.0 1.5

Best set of Sellmeier equations (T = 298 K, λ in µm) [6]:

n2
o = 2.56431 + 0.012337

λ2 − 0.013103
− 0.019075 λ2

n2
e = 2.38651 + 0.010664

λ2 − 0.012878
− 0.012813 λ2

Expressions for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid, d15 = d24 = d31 = d32) [7]:

dooe = d31 sin θ
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Absolute value of second-order nonlinear coefficients [2], [8]:
d31(1.0642 µm) = 0.12 ± 0.03pm/V
d33(1.0642 µm) = 0.47 ± 0.09pm/V

Calculated values of phase-matching and “walk-off” angles

Interacting wavelengths [µm] θpm [deg] ρ3 [deg]

SHG, o + o ⇒ e
0.488 ⇒ 0.244 87.83 0.16
0.5106 ⇒ 0.2553 71.57 1.30
0.5145 ⇒ 0.25725 70.15 1.38
0.5321 ⇒ 0.26605 64.95 1.66
0.5782 ⇒ 0.2891 55.90 2.00
0.8 ⇒ 0.4 37.63 2.06
1.0642 ⇒ 0.5321 30.97 1.86
1.3188 ⇒ 0.6594 29.92 1.81

SFG, o + o ⇒ e
1.0642 + 0.26605 ⇒ 0.21284 73.84 1.21
1.0642 + 0.35473 ⇒ 0.26605 52.83 2.11
1.0642 + 0.5321 ⇒ 0.35473 40.28 2.12

Laser-induced bulk damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.532 10 >0.1 [6] 10 Hz
1.064 10 40 [5] 10 Hz

Laser-induced surface damage threshold [3]

λ [µm] τp [ns] Ithr [GW/cm2] Note

0.266 10 0.83 10 Hz
0.532 10 1.9 10 Hz
1.064 10 8.4 10 Hz

About the crystal

Though acoustic applications of LB4 were already known 20 years ago [9], it was
not used much in nonlinear optics until now. The main reason for this is the rather
small nonlinear coefficient of Li2B4O7. Nevertheless, this material could find some
applications due to its very short UV cutoff (around 160 nm) and high bulk damage
threshold (at 1.064 nm four times more than that of fused silica) [5], [6]. Another
advantage of Li2B4O7 is its very low hygroscopicity. Therefore, this material has
prospects for UV and deep-UV applications. Using an LB4 crystal, Japanese scientists
managed to generate the fourth and fifth harmonics of a nanosecond Nd:YAG laser
with pulse energies 0.16 and 0.07 J, respectively [6]. Very recently, employing the
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cascade FoHG scheme (three quadrupler crystals), a total energy of 0.43 J at 266
nm was achieved, which corresponds to a 30.5% conversion efficiency from 532 nm
radiation. Moreover, generation of 4 W UV power during 15 hours was demonstrated.

LB4 is conventionally produced by the Czochralski method [5].Very recently, using
the modified Bridgman technique, a Japanese group grew LB4 crystals of excellent
optical quality, up to 10 cm in diameter and 20 cm in length [1], [10].
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6.10 LiRbB4O7, Lithium Rubidium Tetraborate (LRB4)

Negative biaxial crystal: 2Vz = 130◦ at λ = 0.532 µm [1]
Molecular mass: 247.644
Specific gravity: 2.63 g/cm3 (calculated) [2]
Point group: 222
Lattice constants:
a = 8.6257 ± 0.0012 Å [2]
b = 11.2576 ± 0.0013 Å [2]
c = 12.8531 ± 0.0015 Å [2]
Assignment of dielectric and crystallographic axes: X, Y, Z ⇒ b, c, a
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Transparency range at 0.01 transmittance level for 1.5-cm-long crystal: 0.187 −
3.468 µm [1]

Experimental values of refraction indices at room temperature [1]

λ [µm] nX nY nZ λ [µm] nX nY nZ

0.4005 1.52660 1.55276 1.55924 0.5605 1.51425 1.53967 1.54584
0.4105 1.52570 1.55165 1.55814 0.5695 1.51375 1.53926 1.54533
0.42 1.52440 1.54965 1.55684 0.5805 1.51325 1.53857 1.54484
0.431 1.52345 1.54956 1.55553 0.5875 1.51290 1.53826 1.54433
0.441 1.52300 1.54926 1.55533 0.6 1.51230 1.53746 1.54384
0.452 1.52145 1.54766 1.55333 0.6095 1.51200 1.53706 1.54354
0.458 1.52080 1.54687 1.55263 0.6215 1.51160 1.53686 1.54324
0.4685 1.52000 1.54605 1.55193 0.633 1.51110 1.53615 1.54254
0.479 1.51915 1.54507 1.55093 0.6405 1.51095 1.53586 1.54254
0.5005 1.51770 1.54367 1.54943 0.652 1.51045 1.53556 1.54184
0.509 1.51690 1.54256 1.54863 0.661 1.51025 1.53516 1.54184
0.5185 1.51640 1.54217 1.54803 0.67 1.50990 1.53465 1.54144
0.532 1.51590 1.54176 1.54763 0.678 1.50970 1.53476 1.54114
0.541 1.51520 1.54075 1.54673 0.6895 1.50945 1.53435 1.54074
0.548 1.51475 1.54025 1.54633 0.7005 1.50925 1.53365 1.54054

Sellmeier equations (λ in µm, T = 293 K) [1]:

n2
X = 1 + 1.2610153 λ2

λ2 − 0.0087354
− 0.0135545 λ2

n2
Y = 1 + 1.3458727 λ2

λ2 − 0.0080394
− 0.0330918 λ2

n2
Z = 1 + 1.3510711 λ2

λ2 − 0.0091806
− 0.0074562 λ2

Expressions for the effective second-order nonlinear coefficient in the principal planes
of LRB4 crystal (Kleinman symmetry conditions are valid, d14 = d25 = d36) [3]:

XY plane
deoe = doee = d14 sin 2φ

YZ plane
deeo = d14 sin 2θ

XZ plane, θ < Vz

deoe = doee = −d14 sin 2θ

XZ plane, θ > Vz

deeo = −d14 sin 2θ

Second-order nonlinear coefficient:
d14(1.064 µm) = 1.15 × d36(KDP) = 0.45pm/V[1], [4]
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About the crystal

A recently grown material, an analog of LB4, with a slightly higher value of the
second-order nonlinear coefficient.

References

[1] R. Komatsu, Y. Ono, T. Kajatani, F. Rotermund, V. Petrov: Optical properties of a new
nonlinear borate crystal LiRbB4O7. J. Cryst. Growth 257(1–2), 165–168 (2003).

[2] Y. Ono, M. Nakaya, T. Sugawara, N. Watanabe, H. Siraishi, R. Komatsu, T. Kajitani:
Structural study of LiKB4O7 and LiRbB4O7: new nonlinear optical crystals. J. Cryst.
Growth 229(1–4), 472–476 (2001).

[3] B.V. Bokut: Optical mixing in biaxial crystals. Zh. Prikl. Spektrosk. 7(4), 621–624 (1967)
[In Russian, English trans.: J. Appl. Spectrosc. 7(4), 425–429 (1967)].

[4] D.A. Roberts: Simplified characterization of uniaxial and biaxial nonlinear optical crystals:
a plea for standardization of nomenclature and conventions. IEEE J. Quant. Electr. 28(10),
2057–2074 (1992).

6.11 CdHg(SCN)4, Cadmium Mercury Thiocyanate (CMTC)

Negative uniaxial crystal: no > ne
Molecular mass: 545.221
Specific gravity (calculated): 3.25 g/cm3 [1]; 3.54 g/cm3 [2]
Specific gravity (observed): 3.06 g/cm3 [3]
Point group: 4
Lattice constants [1]:
a = 11.48 ± 0.02 Å [3]; 11.487 ± 0.003 Å [1]
c = 4.33 ± 0.02 Å [3]; 4.218 ± 0.001 Å [1]
Mohs hardness: 2.9 [1]; 2.7 (‖ c) [4]; 2.9 (⊥ c) [4]
Decomposition temperature: 537 K [4]

Mean value of linear thermal expansion coefficient [4]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

298–473 228 −19.3

Specific heat capacity cp at P = 0.101325 MPa [4]

T [K] cp [J/kgK]

293 758.8

Transparency range at 0.5 transmittance level for 0.22-cm-long crystal is 0.4 to
>2.35 µm [1].
First infrared absorption band is at 2.35 µm [1].
The UV transmission cutoff is at 0.38 µm [5], [6].
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Experimental values of refraction indices at T = 293 K [5]

λ[µm] no ne

0.4358 2.073 1.8069
0.4471 2.0619
0.5461 1.997 1.7668
0.5875 1.9819 1.7586
0.5893 1.9814 1.7583
0.6563 1.9636 1.7489
0.6678 1.9621 1.7476
0.7065 1.9543 1.7439

Sellmeier equations (λ in µm, T = 293 K) [1], [5], [7]:

n2
o = 3.661861 + 0.077588

λ2 − 0.069737
− 0.045487 λ2

n2
e = 2.950921 + 0.041337

λ2 − 0.058791
− 0.007592 λ2

There is a mistake in sign of the last member in the expression for no, published in
[1], [7].
The form of Sellmeier equations given in [5] is incorrect.
Expressions for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid, d15 = d31 and d14 = d25 = d36) [8]:

dooe = d36 sin θ sin 2φ + d31 sin θ cos 2φ

deoe = doee = d36 sin 2θ cos 2φ − d31 sin 2θ sin 2φ

Values of second-order nonlinear coefficients:
|d31(1.064 µm)| = (1.3 ± 0.1) × d33(LiIO3) = 6.0 ± 0.9 pm/V [3], [9], [10]
|d31(1.064 µm)| = (16.0 ± 3.0) × d36(KDP) = 6.2 ± 1.2 pm/V [5], [11]
|d36(1.064 µm)| = (0.3 ± 0.1) × d33(LiIO3) = 1.4 ± 0.6 pm/V [3], [9], [10]
|d36(1.064 µm)| = (3.7 ± 1.0) × d36(KDP) = 1.4 ± 0.4 pm/V [5], [11]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

0.809 ⇒ 0.4045 47.7 [1]
48.4 [5]

SHG, e + o ⇒ e

0.946 ⇒ 0.473 ≈54 [12]
0.809 ⇒ 0.4045 72.7 [5]

SFG, o + e ⇒ e

0.946 + 0.9385 ⇒ 0.4711 ≈54 [13]
0.946 + 0.808 ⇒ 0.4358 ≈60 [6]
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About the crystal

The nonlinear optical properties of the organometallic complex CMTC crystal were
known from 1970 [3]. Recently, the quality of this nonlinear material was improved
significantly [1], [2], which allowed the application of CMTC for SHG of CW laser
diodes. In [7], 11.8-mW of CW blue output at 404 nm was generated at a fundamental
frequency power of 2 W.
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6.12 Nb:KTiOPO4, Niobium-Doped KTP (NbxK1−xTi1−xOPO4
or NbKTP)

Positive biaxial crystal: 2Vz = 37.8◦ at λ = 0.6328 µm (7.5 mol% Nb)
Molecular mass: 198.393 (7.5 mol% Nb)
Point group: mm2
Lattice constants
for 3.4 mol% Nb-doped KTP crystal [1]:
a = 12.828 Å
b = 6.409 Å
c = 10.592 Å
for 7.9 mol% Nb-doped KTP crystal [2]:
a = 12.819 Å
b = 6.411 Å
c = 10.599 Å
Assignment of dielectric and crystallographic axes: X, Y , Z ⇒ a, b, c

UV cutoff wavelength for 3.4 mol% Nb-doped KTP crystal is at 0.35 µm (‖a) or at
0.37 µm (‖c) [1]
IR transmission cutoff for 3.4 mol% Nb-doped KTP crystal is at 4.38 µm [1]

Experimental values of refractive indices at T = 293 K (7.5 mol% Nb) [3], [4]

λ [µm] nX nY nZ

0.53975 1.7791 1.7918 1.9024
0.6328 1.7640 1.7751 1.8790
1.0795 1.7389 1.7479 1.8409
1.3414 1.7326 1.7412 1.8318

Sellmeier equations (λ in µm, T = 293 K) (3.4 mol% Nb) [1]:

n2
X = 3.0028 + 0.04113

λ2 − 0.04341
− 0.01049 λ2

n2
Y = 3.0359 + 0.04399

λ2 − 0.04843
− 0.01070 λ2

n2
Z = 3.3467 + 0.06282

λ2 − 0.06153
− 0.01328 λ2

Sellmeier equations (λ in µm, T = 293 K) (7.5 mol% Nb) [3]:

n2
X = 3.0060 + 0.038424

λ2 − 0.056149
− 0.014512 λ2

n2
Y = 3.0351 + 0.041414

λ2 − 0.061208
− 0.015125 λ2

n2
Z = 3.3575 + 0.061421

λ2 − 0.061847
− 0.020850 λ2
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The same data for 7.5 mol% Nb-doped KTP crystal were published also in [4], [5],
[6], [7], [8].
Sellmeier equations for different Nb concentrations (3, 5, 7.5 and 10 mol%) are given
in [8].

Thermal derivatives of refractive indices of 7.5 mol% NbKTP [3], [7]

λ [µm] dnX/dT × 105 [K−1] dnY /dT × 105 [K−1] dnZ/dT × 105 [K−1]

0.53975 1.45 2.57 4.86
0.6328 1.35 2.22 4.03
1.0795 1.01 1.75 3.09
1.3414 1.04 1.75 3.43

Note: Slightly different values are presented (by the same group) in [5], [4]

Temperature derivatives of refractive indices for 7.5 mol% NbKTP for T = 293–416 K
and for spectral range 0.53975 µm < λ < 1.3414 µm (λ in µm) [4], [6]:

dnX

dT
=

(
−0.42291

λ3 + 1.8404

λ2 − 2.1315

λ
+ 1.7414

)
× 10−5 K−1

dnY

dT
=

(
0.35971

λ3 − 0.38911

λ2 − 0.16181

λ
+ 1.9378

)
× 10−5 K−1

dnZ

dT
=

(
−3.0680

λ3 + 13.5595

λ2 − 17.4293

λ
+ 10.0987

)
× 10−5 K−1

Expressions for the effective second-order nonlinear coefficient in principal planes of
NbKTP crystal (Kleinman symmetry conditions are not valid) [9]:

XY plane
deoe = doee = d15 sin2 φ + d24 cos2 φ

YZ plane
doeo = deoo = d15 sin θ

XZ plane, θ < Vz
dooe = d32 sin θ

XZ plane, θ > Vz
doeo = deoo = d24 sin θ

Expressions for the effective second-order nonlinear coefficient in principal planes of
NbKTP crystal (Kleinman symmetry conditions are valid, d15 = d31 and d24 = d32)
[9]:

XY plane
deoe = doee = d31 sin2 φ + d32 cos2 φ

YZ plane
doeo = deoo = d31 sin θ

XZ plane, θ < Vz
dooe = d32 sin θ

XZ plane, θ > Vz
doeo = deoo = d32 sin θ
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Effective second-order nonlinear coefficient for three-wave interactions in the arbi-
trary direction of NbKTP crystal is given in [9]
Values of second-order nonlinear coefficients (3.4 mol% Nb) [1], [10]:

d15(1.064 µm) = (0.8 ± 0.1) × d15(KTP) = 1.5 ± 0.2 pm/V
d24(1.064 µm) = (2.2 ± 0.1) × d15(NbKTP) = 3.3 ± 0.4 pm/V

Values of second-order nonlinear coefficients (7.9 mol% Nb) [2], [10]:
d15(1.064 µm) = 0.75 × d15(KTP) ± 10% = 1.4 ± 0.2 pm/V
d24(1.064 µm) = 1.13 × d24(KTP) ± 10% = 4.2 ± 0.4 pm/V
d33(1.064 µm) = 0.9 × d33(KTP) ± 10% = 13.1 ± 1.3 pm/V

Experimental values of phase-matching angle for 3.4 mol% Nb-doped KTP [1]

Interacting wavelengths [µm] θexp [deg]

YZ plane, φ = 90◦
SHG, o + e ⇒ o

1.0642 ⇒ 0.5321 62.9
SFG, o + e ⇒ o

1.3188 + 0.6594 ⇒ 0.4396 60.1
XZ plane, φ = 0◦, θ > Vz

SHG, o + e ⇒ o

1.0642 ⇒ 0.5321 80.8
1.1523 ⇒ 0.57615 67.6
1.3188 ⇒ 0.6594 57.0
1.5791 ⇒ 0.78955 49.7

SFG, o + e ⇒ o

1.3188 + 0.6594 ⇒ 0.4396 78.1
1.5791 + 0.6358 ⇒ 0.4533 63.3
1.5791 + 1.0642 ⇒ 0.6358 51.8

Experimental values of phase-matching angle for 7.5 mol% Nb-doped KTP [3]

Interacting wavelengths [µm] θpm [deg]

XZ plane, φ = 0◦, θ > Vz
SHG, o + e ⇒ o

1.0642 ⇒ 0.5321 81.4
1.0795 ⇒ 0.53975 77.6

Note: The same data on phase-matching angle values for 7.5 mol% Nb-doped KTP
crystal were published also in [4], [5], [6], [7], [8], [11]

Experimental value of temperature bandwidth for 3.4 mol% Nb-doped KTP [1]

Interacting wavelengths [µm] ∆T [◦C]

XZ plane, φ = 0◦, θ > Vz
SHG, o + e ⇒ o

1.0642 ⇒ 0.5321 16.4
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Calculated values of internal angular, temperature and spectral bandwidth for 7.5
mol% Nb-doped KTP crystal [6]

Interacting wavelengths φpm θpm ∆φint ∆θ int ∆T ∆ν

[µm] [deg] [deg] [deg] [deg] [◦C] [cm−1]

XY plane, θ = 90◦
SHG, e + o ⇒ e

0.98 ⇒ 0.49 65.1 0.38 1.70 10.5 1.9
0.9656 ⇒ 0.4828 90 4.02 1.76 6.6 1.8

XZ plane, φ = 0◦, θ > Vz
SHG, o + e ⇒ o

1.3414 ⇒ 0.6707 56.6 2.72 0.08 42.6 4.4
1.0642 ⇒ 0.5321 81.5 1.89 0.19 20.6 2.2
1.0511 ⇒ 0.52555 90 4.45 1.76 18.3 2.1

About the crystal

The doping of KTP with niobium leads to the increase of birefringence and to the
blue shift of the shortest available SH wavelength [2]. For example, 7.5 mol.% doping
shifts the SHG cutoff wavelength from 0.994 to 0.9656 µm [6]. This is important for
some applications like frequency doubling of semiconductor lasers. However, very
high doping levels are unsuitable, as they simultaneously lead to the decrease of
second-order nonlinear coefficients [2].
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6.13 RbTiOPO4, Rubidium Titanyl Phosphate (RTP)

Positive biaxial crystal: 2Vz = 39◦ at λ = 0.8 µm [1]
Molecular mass: 244.318
Specific gravity: 3.64 g/cm3 [1]
Point group: mm2
Lattice constants:
a = 12.964 Å [2]; 12.980 Å [3]
b = 6.4985 Å [2]; 6.509 Å [3]
c = 10.563 Å [2]; 10.578 Å [3]
Assignment of dielectric and crystallographic axes: X, Y, Z ⇒ a, b, c

Vickers hardness at indenter load 50 g: 640 kgf/mm2 (along [100] direction) [3]
Melting point: 1213 K [1]
Decomposition temperature: 1374 K [2]
Transparency range at “0” transmittance level: 0.35 − 4.5 µm [1] with the orthophos-
phate overtone at 3.5 µm [4]
UV transmission cutoff (α = 2cm−1) is at 0.360 µm (E‖X); 0.370 µm (E‖Y );
0.384 µm (E‖Z) [4].

Linear absorption coefficient α [4]

λ [µm] α [cm−1] Note

0.473 0.108 E‖X
0.163 E‖Y
0.279 E‖Z

0.532 0.069 E‖X
0.087 E‖Y
0.151 E‖Z

Experimental values of refractive indices at room temperature [1]

λ [µm] nX nY nZ

0.4047 1.8551 1.8765 1.9972
0.4254 1.8429 1.8621 1.9764
0.4358 1.8377 1.8560 1.9672
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λ [µm] nX nY nZ

0.4916 1.8169 1.8321 1.9328
0.5322 1.8067 1.8205 1.9160
0.5461 1.8037 1.8172 1.9117
0.5770 1.7981 1.8110 1.9029
0.6104 1.7930 1.8053 1.8952
0.6708 1.7860 1.7975 1.8843
0.6925 1.7839 1.7952 1.8811
1.0644 1.7652 1.7749 1.8536

Sellmeier equations (λ in µm, 0.50 µm < λ < 4.22 µm for nX, 0.56 µm < λ <

4.24 µm for nY , 0.94 µm < λ < 3.40 µm for nZ) [1]:

n2
X = 2.1982 + 0.89948

1 − (0.2152/λ)1.9727 + 1.5433

1 − (11.585/λ)1.9505

n2
Y = 2.2804 + 0.84585

1 − (0.22963/λ)1.9696 + 1.1009

1 − (9.6602/λ)1.9369

n2
Z = 2.3412 + 1.0609

1 − (0.26461/λ)2.0585
+ 0.9714

1 − (8.149/λ)2.0038

Other sets of dispersion relations are given in [5], [6], [7].

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of RTA crystal, i.e., for the “free” crystal) at room temperature [5], [6]

λ [µm] rT
13 [pm/V] rT

23 [pm/V] rT
33 [pm/V]

0.6328 10.9 ± 1.1 15.0 ± 1.5 33.0 ± 3.3

Coercive field value: 3–3.5 kV/mm [8]
Expressions for the effective second-order nonlinear coefficient in principal planes of
RTP crystal (Kleinman symmetry conditions are not valid) [9]:

XY plane
deoe = doee = d15 sin2 φ + d24 cos2 φ

YZ plane
doeo = deoo = d15 sin θ

XZ plane, θ < Vz

dooe = d32 sin θ

XZ plane, θ > Vz

doeo = deoo = d24 sin θ

Expressions for the effective second-order nonlinear coefficient in principal planes
of RTP crystal (Kleinman symmetry conditions are valid, d15 = d31 and d24 = d32)
[9]:

XY plane
deoe = doee = d31 sin2 φ + d32 cos2 φ



260 6 Newly Developed and Perspective Crystals

YZ plane
doeo = deoo = d31 sin θ

XZ plane, θ < Vz

dooe = d32 sin θ

XZ plane, θ > Vz

doeo = deoo = d32 sin θ

Effective second-order nonlinear coefficient for three-wave interactions in the arbi-
trary direction of RTP crystal is given in [9].
The signs of RTP second-order nonlinear coefficients are probably all the same [10].
Absolute values of second-order nonlinear coefficients [5], [6]:

d31(1.064 µm) = 3.3 ± 0.6pm/V
d32(1.064 µm) = 4.1 ± 0.8pm/V
d33(1.064 µm) = 17.1 ± 3.4pm/V

Experimental values of phase-matching angle

Interacting wavelengths [µm] φpm [deg] θpm [deg] Ref.

XY plane, θ = 90◦
SHG, e + o ⇒ e

1.064 ⇒ 0.532 60.0 [5]
58.0 [7]
57.4 [11]

1.079 ⇒ 0.5395 48.5 [7]
YZ plane, φ = 90◦

SHG, o + e ⇒ o

1.064 ⇒ 0.532 76.0 [7]
1.079 ⇒ 0.5395 73.5 [7]

Experimental values of internal angular and temperature bandwidths [7],

Interacting wavelengths [µm] φpm [deg] ∆φint [deg] ∆T [◦C]
XY plane, θ = 90◦

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 58 0.42 40

Laser-induced damage threshold

λ[µm] τp [ns] Ithr [GW/cm2] Ref. Note

1.0642 15 0.9 [7] 10 Hz
10 >0.2 [11] 10 Hz

About the crystal

As a KTP analog, the RTP crystal has not received much attention in past decade,
though it was shown that it possesses a 1.8 times higher laser damage threshold than
KTP itself [7]. Recently, QPM SHG in PPRTP was demonstrated [12].
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6.14 LiInS2, Lithium Thioindate (LIS)

Negative biaxial crystal: 2Vz = 137◦ at λ = 0.5321 µm [1]
Molecular mass: 185.881
Specific gravity: 3.54 g/cm3 [2]; 3.52 g/cm3 for as-grown yellowish crystals [3], [4];
3.44 g/cm3 for annealed rose crystals [3], [4]
Point group: mm2
Lattice constants
for as-grown yellowish crystals:
a = 6.890 ± 0.001 Å [3], [4]
b = 8.053 ± 0.001 Å [3], [4]
c = 6.478 ± 0.002 Å [3], [4]
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for annealed rose crystals:
a = 6.896 ± 0.001 Å [3], [4]; 6.893 Å [1]
b = 8.058 ± 0.002 Å [3], [4]; 8.0578 Å [1]
c = 6.484 ± 0.004 Å [3], [4]; 6.4816 Å [1]
Assignment of dielectric and crystallographic axes: X, Y, Z ⇒ b, a, c

Mohs hardness: 3–4 [5]
Melting point: 1273 K [2], [6]

Linear thermal expansion coefficient αt [7]

T [K] αt × 106 [K−1], ‖X αt × 106 [K−1], ‖Y αt × 106 [K−1], ‖Z
293 16.4 9.1 6.8

Temperature dependence of linear thermal expansion coefficient αt for temperature
range 253–393 K (T in K) [7]:

αt (‖X) = 1.61 × 10−5 + 1.44 × 10−8 (T − 273)

αt (‖Y ) = 0.89 × 10−5 + 0.72 × 10−8 (T − 273)

αt (‖Z) = 0.66 × 10−5 + 0.93 × 10−8 (T − 273)

Specific heat capacity cp at P = 0.101325 Mpa [6]

T [K] cp [J/kgK]

300 500 ± 6

Thermal conductivity coefficient [6]

κ [W/mK], ‖X κ [W/mK], ‖Y κ [W/mK], ‖Z
6.2 6 7.6

Band-gap energy at room temperature: Eg = 3.56 eV [8]; 3.57 eV [1], [6], 3.59 eV
[2], [9]; 3.6 eV [3]
Transparency range:
at 0.5 transmittance level: 0.43–11.5 µm [4]; 0.5–11 µm [5]; 0.57–8.97 µm [7]
at 0.1 transmittance level: 0.4–12.5 µm [5]
at “0” transmittance level: 0.34–13.2 µm [3], [5]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref.

0.6 0.23 [4]
0.76–0.9 0.15 [4]
1.064 <0.04 [6]
1–8 0.1–0.25 [5]
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λ [µm] α [cm−1] Ref.

0.1–0.15 [6]
<0.2 [4]

1.27 0.09 [4]
2.53 0.05 [4]

<0.05 [6]
9.2–10.8 1.1–2.3 [5]

Two-photon absorption coefficient β [1]

λ [µm] τp [ns] β × 1011 [cm/W]

0.8 0.0002 <5

Experimental values of refractive indices for as-grown LIS [10]

λ [µm] nX nY nZ λ [µm] nX nY nZ

0.425 2.3472 2.4126 2.4208 2.800 2.0999 2.1339 2.1411
0.450 2.3096 2.3685 2.3766 3.000 2.0987 2.1325 2.1398
0.500 2.2580 2.3095 2.3175 3.200 2.0976 2.1314 2.1386
0.550 2.2244 2.2720 2.2793 3.400 2.0965 2.1305 2.1372
0.600 2.2011 2.2455 2.2536 3.600 2.0954 2.1291 2.1361
0.650 2.1841 2.2265 2.2344 3.800 2.0941 2.1280 2.1348
0.700 2.1712 2.2119 2.2199 4.000 2.0930 2.1266 2.1335
0.750 2.1610 2.2010 2.2085 4.500 2.0900 2.1237 2.1304
0.800 2.1530 2.1918 2.1996 5.000 2.0867 2.1204 2.1271
0.850 2.1465 2.1849 2.1923 5.500 2.0828 2.1166 2.1229
0.900 2.1409 2.1789 2.1863 6.000 2.0789 2.1128 2.1189
0.950 2.1364 2.1737 2.1812 6.500 2.0750 2.1086 2.1143
1.000 2.1325 2.1696 2.1769 7.000 2.0701 2.1040 2.1096
1.100 2.1268 2.1630 2.1706 7.500 2.0650 2.0990 2.1043
1.200 2.1223 2.1579 2.1655 8.000 2.0595 2.0937 2.0987
1.400 2.1158 2.1508 2.1585 8.500 2.0534 2.0876 2.0924
1.600 2.1115 2.1463 2.1538 9.000 2.0470 2.0816 2.0856
1.800 2.1082 2.1430 2.1501 9.500 2.0398 2.0749 2.0783
2.000 2.1057 2.1405 2.1475 10.000 2.0319 2.0666 2.0703
2.200 2.1039 2.1384 2.1454 10.500 2.0238 2.0585 2.0619
2.400 2.1026 2.1367 2.1440 11.000 2.0146 2.0501 2.0522
2.600 2.1012 2.1353 2.1425

Temperature derivatives of refractive indices at λ = 1.064 µm [6]:
dnX/dT = 3.72 × 10−5 K−1

dnY /dT = 4.55 × 10−5 K−1

dnZ/dT = 4.47 × 10−5 K−1

Best set of dispersion relations (λ in µm, T = 293 K) [11]:
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n2
X = 6.6819 + 0.1294

λ2 − 0.0611
+ 2037.53

λ2 − 897.77

n2
Y = 7.0969 + 0.1433

λ2 − 0.0660
+ 2511.13

λ2 − 988.03

n2
Z = 7.2555 + 0.1443

λ2 − 0.0661
+ 2625.82

λ2 − 9.8397

Different Sellmeier equations were deduced by Ebbers and have been presented in
[1], [5]. Other dispersion relations are given in [6], [12].

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of LIS crystal, i.e., for the “free” crystal) at room temperature [7]

λ [µm] rT
13 [pm/V] rT

23 [pm/V] rT
33 [pm/V]

1.064 0.97 ± 0.1 0.42 ± 0.04 −1.33 ± 0.13

Expressions for the effective second-order nonlinear coefficient in principal planes of
LIS crystal (approximation of small walk-off angle, Kleinman symmetry conditions
are valid, d15 = d31 and d24 = d32) [13]:

XY plane
deoe = doee = d32 sin2 φ + d31 cos2 φ

YZ plane
doeo = deoo = d32 sin θ

XZ plane, θ < Vz

dooe = d31 sin θ

XZ plane, θ > Vz

doeo = deoo = d31 sin θ

Effective second-order nonlinear coefficient for three-wave interactions in the arbi-
trary direction of LIS crystal is given in [13].
Values of second-order nonlinear coefficients:

d31(2.3 µm) = 7.2 ± 0.4 pm/V [6]
d32(2.3 µm) = 5.7 ± 0.6 pm/V [6]
d33(2.3 µm) = −16 ± 4 pm/V [6]
d31(10.6 µm) = 0.074 × d36(GaAs) ± 15% = 6.1 ± 0.9 pm/V [10], [14]
d32(10.6 µm) = 0.064 × d36(GaAs) ± 15% = 5.3 ± 0.8 pm/V [10], [14]
d33(10.6 µm) = 0.118 × d36(GaAs) ± 15% = 9.8 ± 1.5 pm/V [10], [14]

Experimental values of phase-matching angle and internal angular bandwidth

Interacting wavelengths φpm θpm ∆ϕint ∆θ int Ref.
[µm] [deg] [deg] [deg] [deg]

XY plane, θ = 90◦
SHG, e + o ⇒ e

2.366 ⇒ 1.183 82.1 [6]
2.469 ⇒ 1.2345 73.1 [6]
2.481 ⇒ 1.2405 72.4 [4]
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Interacting wavelengths φpm θpm ∆ϕint ∆θ int Ref.
[µm] [deg] [deg] [deg] [deg]

2.527 ⇒ 1.2635 69.8 [6]
2.583 ⇒ 1.2915 67.4 [6]
2.590 ⇒ 1.295 66.2 0.48 [6]
2.611 ⇒ 1.3055 66.3 0.4 [4]

0.44 [15]
2.90 ⇒ 1.45 57.9 [6]
3.4 ⇒ 1.7 50.7 [6]
3.7 ⇒ 1.85 48.3 [6]
3.9 ⇒ 1.95 49.0 [6]
4.45 ⇒ 2.225 51.6 [6]
4.95 ⇒ 2.475 56.3 [6]
5.0 ⇒ 2.5 57.0 0.92 [9]
5.35 ⇒ 2.675 62.8 [6]
5.55 ⇒ 2.775 66.0 [6]
5.75 ⇒ 2.875 69.1 [6]
5.90 ⇒ 2.95 71.4 [6]

YZ plane, φ = 90◦
SHG, o + e ⇒ o

2.5427 ⇒ 1.37135 35.4 [6]
2.5527 ⇒ 1.27635 34.0 [6]
2.5704 ⇒ 1.2852 31.0 [6]
2.582 ⇒ 1.291 28.0 [7]
2.587 ⇒ 1.2935 28.7 [6]
2.590 ⇒ 1.295 27.9 2.9 [6]
2.6023 ⇒ 1.30115 25.9 [6]
2.6067 ⇒ 1.30335 25.1 [6]
2.6314 ⇒ 1.3157 19.6 [6]

Laser-induced damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.8 0.0002 >140 [1] surface damage
1.064 10 0.1 [6] 10 Hz, bulk damage
5.0 0.0005 0.44 [9] 10 Hz, train of 5000 pulses, bulk damage

>6 [9] 10 Hz, train of 125 pulses, bulk damage
9.55 36 >0.18 [5]

About the crystal

LIS is one of a very few newly developed IR nonlinear materials. At the moment,
LIS is the only crystal that allows the direct down-conversion of Ti:sapphire laser
radiation to the 5–11-µm range in one single step.
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6.15 LiInSe2, Lithium Indium Selenide (LISe)

Negative biaxial crystal: 2Vz = 140◦ at λ = 0.5321 µm [1]
Molecular mass: 279.561
Point group: mm2
Lattice constants:
for as-grown yellow crystals:
a = 7.1917 ± 0.0008 Å [1]
b = 8.4116 ± 0.0010 Å [1]
c = 6.7926 ± 0.0008 Å [1]
Assignment of dielectric and crystallographic axes: X, Y, Z ⇒ b, a, c

Band-gap energy at room temperature: Eg = 2.83 eV [2]; 2.87 eV (E‖a) [1]; 2.86 eV
(E‖b) [1]
Transparency range for as-grown yellow crystal:
at α = 15 cm−1 level: 0.46 − 14 µm [1]
at α = 1 cm−1 level: 0.72 − 10.4 µm [1]

Two-photon absorption coefficient β [3]

λ [µm] τp [ns] β × 1011 [cm/W]
0.82 0.00022 60

Experimental values of refractive indices for as-grown lithium indium selenide [1]

λ [µm] nX nY nZ λ [µm] nX nY nZ

0.500 2.5228 — 2.6035 0.950 2.3037 — 2.3550
0.525 2.4849 — 2.5594 1.000 2.2977 2.3390 2.3486
0.550 2.4549 2.5178 2.5248 2.000 2.2530 2.2913 2.2988
0.575 2.4313 — 2.4977 3.000 2.2434 2.2842 2.2891
0.600 2.4118 — 2.4758 4.100 2.2398 2.2799 2.2842
0.650 2.3818 2.4331 2.4422 5.000 2.2370 2.2772 2.2818
0.700 2.3601 2.4079 2.4174 6.000 2.2323 2.2718 2.2765
0.750 2.3436 2.3893 2.3989 7.000 2.2271 2.2688 2.2715
0.800 2.3306 2.3746 2.3843 8.000 2.2202 2.2612 2.2649
0.850 2.3196 — 2.3725 10.000 2.2015 2.2522 2.2566
0.900 2.3109 2.3533 2.3632 11.000 2.1935 2.2352 2.2380

Sellmeier equations (λ in µm, T = 293 K) [1]:

n2
X = 5.0370599 + 0.2165833 λ2

λ2 − 0.0856929
− 0.0018534 λ2

n2
Y = 5.2026545 + 0.2422470 λ2

λ2 − 0.0899151
− 0.0015069 λ2

n2
Z = 5.2399142 + 0.2414178 λ2

λ2 − 0.0917890
− 0.0017645 λ2



268 6 Newly Developed and Perspective Crystals

Other dispersion relations are given in [4].
Expressions for the effective second-order nonlinear coefficient in principal planes of
LiInSe2 crystal (approximation of small walk-off angle, Kleinman symmetry condi-
tions are valid, d15 = d31 and d24 = d32) [5]:

XY plane
deoe = doee = d32 sin2 φ + d31 cos2 φ

YZ plane
doeo = deoo = d32 sin θ

XZ plane, θ < Vz

dooe = d31 sin θ

XZ plane, θ > Vz

doeo = deoo = d31 sin θ

Effective second-order nonlinear coefficient for three-wave interactions in the arbi-
trary direction of LiInSe2 crystal is given in [5].
Values of second-order nonlinear coefficients:

d31(2.8 µm) = 0.76 × d36(AgGaS2) = 10.4 ± 1.7 pm/V [1], [6]
d32(2.1 − −2.45 µm) = 3 × d24(KTP) = 7.8 ± 0.3 pm/V [1], [7]

Experimental values of phase-matching angle [1]

Interacting wavelengths [µm] θpm [deg]

XZ plane, φ = 0◦
SHG, o + o ⇒ e

2.119 ⇒ 1.0595 10
2.191 ⇒ 1.0955 17
2.292 ⇒ 1.146 21
2.456 ⇒ 1.228 25

About the crystal

An analog of LIS with slightly higher values of the nonlinear coefficients d31 and d32.
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6.16 LiGaS2, Lithium Thiogallate (LGS)

Negative biaxial crystal.
Molecular mass: 140.781
Specific gravity: 2.94 g/cm3 (calculated) [1]
Point group: mm2
Lattice constants:

a = 6.519 ± 0.006 Å [2]; 6.5133 ± 0.0006 Å [1]
b = 7.872 ± 0.007 Å [2]; 7.8629 ± 0.0008 Å [1]
c = 6.238 ± 0.004 Å [2]; 6.2175 ± 0.0005 Å [1]
Assignments of dielectric and crystallographic axes:

X, Y, Z ⇒ b, a, c (λ < 6.5 µm)

X, Y, Z ⇒ b, c, a (λ > 6.5 µm)

Band-gap energy at room temperature: Eg = 4.15 eV [1]; 3.62 eV [3]
Transparency range at α = 5 cm−1 level: 0.32 − 11.6 µm [1]
Dispersion relations at room temperature (λ in µm) [1]:

n2
X = 4.326834 + 0.1030907

λ2 − 0.0309876
− 0.0037015 λ2

n2
Y = 4.478907 + 0.120426

λ2 − 0.0346160
− 0.0035119 λ2

n2
Z = 4.493881 + 0.1177452

λ2 − 0.0337004
− 0.0037767 λ2

Expressions for the effective second-order nonlinear coefficient in principal planes of
LGS crystal (approximation of small walk-off angle, Kleinman symmetry conditions
are valid, d15 = d31 and d24 = d32) [4]:

XY plane
deoe = doee = d32 sin2 φ + d31 cos2 φ

YZ plane
doeo = deoo = d32 sin θ

XZ plane, θ < Vz
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dooe = d31 sin θ

XZ plane, θ > Vz

doeo = deoo = d31 sin θ

Effective second-order nonlinear coefficient for three-wave interactions in the arbi-
trary direction of LGS crystal is given in [4].

About the crystal

A very recently proposed IR nonlinear material with a wurtzite-type structure and UV
transmission down to 0.32 µm.
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6.17 LiGaSe2, Lithium Gallium Selenide (LGSe)

Negative biaxial crystal.
Molecular mass: 234.461
Specific gravity: 4.24 g/cm3 (calculated) [1]
Point group: mm2
Lattice constants:
a = 6.833 Å [2]; 6.832 ± 0.001 Å [1]
b = 8.227 Å [2]; 8.237 ± 0.001 Å [1]
c = 6.541 Å [2]; 6.535 ± 0.001 Å [1]
Assignments of dielectric and crystallographic axes:
X, Y, Z ⇒ b, a, c (λ < 8 µm)

X, Y, Z ⇒ b, c, a (λ > 8 µm)

Melting point: 1119 K [2]
Band-gap energy at room temperature: Eg = 3.65 eV [2]; 3.13 eV [3]; 3.34 eV [1]
Transparency range at α = 5 cm−1 level: 0.37 − 13.2 µm [1]
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Dispersion relations at room temperature (λ in µm) [1]:

n2
X = 4.99592 + 0.15130

λ2 − 0.08989
− 0.00233 λ2

n2
Y = 5.20896 + 0.18632

λ2 − 0.07687
− 0.00211 λ2

n2
Z = 5.22442 + 0.18365

λ2 − 0.07493
− 0.00232 λ2

Expressions for the effective second-order nonlinear coefficient in principal planes
of LiGaSe2 crystal (approximation of small walk-off angle, Kleinman symmetry
conditions are valid, d15 = d31 and d24 = d32) [4]:

XY plane
deoe = doee = d32 sin2 φ + d31 cos2 φ

YZ plane
doeo = deoo = d32 sin θ

XZ plane, θ < Vz

dooe = d31 sin θ

XZ plane, θ > Vz

doeo = deoo = d31 sin θ

Effective second-order nonlinear coefficient for three-wave interactions in the arbi-
trary direction of LiGaSe2 crystal is given in [4].

About the crystal

A very recently proposed IR nonlinear material with a wurtzite-type structure and UV
transmission down to 0.37 µm.
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6.18 AgGaxIn1−xSe2, Silver Gallium–Indium Selenide (AGISe)

Negative uniaxial crystal: no > ne.
Point group: 42m

Mean value of linear thermal expansion coefficient αt for x = 0.58 [1]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

298–633 −12.1 16.8

The UV transmission cutoff is at 0.85 µm and the IR transmission cutoff is at 19 µm
(x = 0.65) [2].

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

1.06 <0.01 [3] typical crystals
0.002 [3] best crystals

2.09 0.01 [4] o-wave, x = 0.474
0.02 [4] e-wave, x = 0.474

4.655–4.82 0.08 [5] x = 0.6
5 0.157 [2] x = 0.65
9.31–9.64 0.06 [5] x = 0.6
10 0.158 [2] x = 0.65

Sellmeier equations (x = 0.526, λ in µm, T = 293 K) [4]:

n2
o = 6.9082 + 0.5586

λ2 − 0.2870
− 0.00108 λ2

n2
e = 6.8262 + 0.6044

λ2 − 0.3736
− 0.00111 λ2

Other dispersion relations are given in [5] (for x = 0.1 to 1.0) and in [1] (for x = 0.58).
Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d14 = d25 = d36) [6]:

dooe = −d36 sin(θ + ρ) sin 2φ

deoe = doee = 2d36 sin(θ + ρ) cos(θ + ρ) cos 2φ

Simplified expressions for the effective second-order nonlinear coefficient
(approximation of small birefringence angle, Kleinman symmetry conditions are
valid, d14 = d25 = d36) [7]:

dooe = −d36 sin θ sin 2φ

deoe = doee = d36 sin 2θ cos 2φ

Value of second-order nonlinear coefficient:
d36(9 − 10 µm) ≈ 40 pm/V for x = 0.6 [5]
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Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref. Note

SHG, o + o ⇒ e

9.27 ⇒ 4.635 90 [1] x = 0.58
9.31 ⇒ 4.655 76.8 ± 1.7 [5] x = 0.6
9.55 ⇒ 4.775 83.3 ± 1.7 [5] x = 0.6
9.64 ⇒ 4.82 87.3 ± 1.7 [5] x = 0.6

90 [8] x = 0.65
SFG, o + o ⇒ e

9.2714 + 4.6357 ⇒ 3.09047 88.5 [4] x = 0.526
9.5525 + 4.77625 ⇒ 3.18417 84 [4] x = 0.526
10.2466 + 5.1233 ⇒ 3.41553 84.7 [4] x = 0.526
10.591 + 5.2955 ⇒ 3.53033 86.6 [4] x = 0.526

Experimental values of internal angular and temperature bandwidths [4]

Interacting wavelengths [µm] ∆θ int [deg] ∆T [◦C] Note

SFG, o + o ⇒ e

10.2466 + 5.1233 ⇒ 3.41553 8.3 ± 0.2 105 ± 5 x = 0.526

Laser-induced surface-damage threshold [3]

λ [µm] τp [ns] Ithr [GW/cm2] Note

10.7 70 >30 x = 0.75

About the crystal

This mixed chalcopyrite crystal was synthesized to realize the noncritically phase-
matched (NCPM) SHG [1], [5], [8] and THG [4] of CO2 laser radiation.
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6.19 Tl4HgI6, Thallium Mercury Iodide (THI)

Positive uniaxial crystal: ne > no

Molecular mass: 1779.127
Point group: 4mm

Melting point: 669 K [1]
Transparency range at “0” transmittance level: 1.0–60 µm [1]
Linear absorption coefficient α in the transparency region is about 0.5 cm−1 [1]

Experimental values of refractive indices

λ [µm] no ne λ [µm] no ne

1.2 2.4360 2.5087 6.0 2.3872 2.4554
1.3 2.4284 2.5003 8.0 2.3850 2.4532
1.4 2.4229 2.4953 9.0 2.3834 2.4526
1.5 2.4183 2.4897 10.0 2.3815 2.4512
1.6 2.4153 2.4864 15.0 2.3696 2.4385
1.7 2.4116 2.4823 20.0 2.3534 2.4225
1.8 2.4075 2.4780 25.0 2.3312 2.4006
2.0 2.4035 2.4736 30.0 2.3015 2.3712
3.0 2.3950 2.4630 35.0 2.2623 2.3319
4.0 2.3912 2.4592 40.0 2.2101 2.2792
5.0 2.3895 2.4574

Dispersion equations (λ in µm, 1.2 µm < λ < 40 µm) [1]:

n2
o = 8.500975 + 0.2989675

λ2 − 0.1379023
+ 19684.543

λ2 − 7043

n2
e = 8.642436 + 0.3401912

λ2 − 0.1266011
+ 17056.32

λ2 − 6547

Expression for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid, d15 = d24 = d31 = d32) [2]:

deoo = doeo = d31 sin θ
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About the crystal

THI is a new nonlinear crystal with unique transparency in the IR region up to
60 µm [1].
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Self-Frequency-Doubling Crystals

This chapter relates to self-frequency-doubling crystals, which are the nonlin-
ear optical materials doped with an active trivalent ion (usually Nd3+ or Yb3+)

and possessing both lasing and frequency-converting properties. As a result, they
generate IR radiation and simultaneously double the frequency of the fundamental
radiation. Among these crystals are neodymium-doped yttrium aluminum tetraborate
(NYAB), ytterbium-doped yttrium aluminum tetraborate (Yb:YAB), neodymium–
and magnesium-oxide–doped lithium niobate (NdMgLN), neodymium-doped
gadolinium calcium oxyborate (Nd:GdCOB), neodymium-doped yttrium calcium
oxyborate (Nd:YCOB), and others.

7.1 Nd:MgO:LiNbO3, Neodymium– and
Magnesium-Oxide–Doped Lithium Niobate (NdMgLN)

Negative uniaxial crystal: no > ne
Point group: 3m

Main absorption bands of Nd3+ in MgO:LN are at 0.52–0.54 µm, 0.58–0.61 µm,
0.74–77 µm, and 0.81–0.82 µm [1], [2].

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.464 0.9 [3] E⊥a, 0.5 wt% Nd2O3 and 0.8 wt% MgO
0.7525 1.2 [4] E‖c, 0.5 wt% Nd2O3

2.0 [4] E⊥c, 0.5 wt% Nd2O3
0.809 1.27 [5] E⊥c, 0.2 wt% Nd2O3 and 5 mol% MgO
0.81 1.39 [3] E⊥a, 0.5 wt% Nd2O3 and 0.8 wt% MgO
0.813 1.76 [5] E‖c, 0.2 wt% Nd2O3 and 5 mol% MgO

2.23 [6] E‖c, 0.2 at.% Nd and 3.3 mol% MgO
1.084 0.42 [3] E⊥a, 0.5 wt% Nd2O3 and 0.8 wt% MgO
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Experimental values of refractive indices for NdMgLN with 0.34 at.% Nd and
2.56 mol% MgO [7]

λ [µm] no ne

0.4416 2.3854 2.2798
0.488 2.3457 2.2479
0.54607 2.314 2.2213
0.577 2.3012 2.2103
0.6328 2.2842 2.1958
0.6764 2.2735 2.1868
1.064 2.23 2.1495

Dispersion relations for NdMgLN with 0.34 mol% Nd and 2.56 mol% MgO (λ in
µm) [7]:

n2
o = 4.9001 + 0.115737

λ2 − 0.048182
− 0.030052 λ2

n2
e = 4.5581 + 0.097078

λ2 − 0.044267
− 0.023873 λ2

Other dispersion relations are given in [6] (for 0.2 at.% Nd and 3.3 mol% MgO,
T = 300 K) and in [8] (for 0.6 at.% Nd and 5 mol% MgO, T = 294 K).
Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d15 = d24 = d31 = d32) [9]:

dooe = d31 sin(θ + ρ) − d22 cos(θ + ρ) sin 3φ

deoe = doee = d22 cos2(θ + ρ) cos 3φ

Simplified expressions for the effective second-order nonlinear coefficient (approx-
imation of small birefringence angle, Kleinman symmetry conditions are valid,
d15 = d24 = d31 = d32) [10]:

dooe = d31 sin θ − d22 cos θ sin 3φ

deoe = doee = d22 cos2 θ cos 3φ

Absolute values of second-order nonlinear coefficients for 5 mol% MgO:LiNbO3
[11]:

|d31(0.852 µm)| = 4.9 pm/V

|d33(0.852 µm)| = 28.4 pm/V

|d31(1.064 µm)| = 4.4 pm/V

|d33(1.064 µm)| = 25.0 pm/V

|d31(1.313 µm)| = 3.4 pm/V

|d33(1.313 µm)| = 20.3 pm/V
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Experimental value of phase-matching angle at room temperature

Interacting wavelengths θexp Ref. Note
[µm] [deg]

SHG, o + o ⇒ e

1.093 ⇒ 0.5465 70.8 [6] 0.2 at.% Nd and 3.3 mol% MgO
[8] 0.6 at.% Nd and 5 mol% MgO

Experimental value of NCPM temperature [1]

Interacting wavelengths [µm] T [◦C] Note

SHG, o + o ⇒ e

1.093 ⇒ 0.5465 152 1.0 at.% Nd and 5 mol% MgO

Fluorescence lifetime of 4F3/2 level

λ [µm] τ [µs] Ref. Note

1.09 80–85 [12] 1 wt% Nd2O3
100 ± 5 [4] any polarization, 0.5 wt% Nd2O3
102 [1] 1.0 at.% Nd and 5 mol% MgO
120 [1] 0.5 at.% Nd and 5 mol% MgO

Laser transition wavelengths and corresponding emission cross-section values
(in 10−20 cm2) [1]

Transition λ [µm] σ (E‖c) σ (E⊥c) Note
4F3/2 ⇒ 4I11/2 1.085 18 1.0 at.% Nd and 5 mol% MgO

1.093 5.1 1.0 at.% Nd and 5 mol% MgO

About the crystal

LN was the first nonlinear optical crystal in which self-frequency doubling was
demonstrated [13], [14]. Later, in order to prevent photorefractive damage, MgO
doping was used and the first CW self-frequency doubling was realized [1]. Nowa-
days, NdMgLN crystal finds its application for QPM SHG [2], [15] and QPM SFG [3],
[16]. Independently, YbMgLN (Yb:MgO:LiNbO3) crystal was developed [17]. The
self-frequency doubling (58 mW of CW green output) was recently demonstrated in
this bulk material [18], [19], as well as in the periodically poled crystal, YbPPMgLN
[20], where the self-pumped OPO was also realized [21].
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7.2 Nd:YAl3(BO3)4, Neodymium-Doped Yttrium Aluminum
Tetraborate (NdxY1−xAl3(BO3)4, or NYAB)

Negative uniaxial crystal: no > ne

Correlation between the atomic concentation of Nd relative to Y and Nd3+ volume
concentration

[Nd] [at.%] [Nd3+] × 10−20 [cm3]
4.0 2.21
4.6 2.54
5.5 3.04
10 5.53
20 11.06

Specific gravity: 3.70 g/cm3 (without Nd doping) [1]; 3.72 g/cm3 (without Nd
doping) [2]; 3.75 g/cm3 (4 at.% Nd) [3]
Point group: 32

Lattice constants of NdxY1−xAl3(BO3)4 versus atomic concentration of Nd ions

[Nd] [at.%] a [Å] c [Å] Ref.

0 9.287 7.256 [1]
9.295 ± 0.003 7.243 ± 0.002 [4]

3–4 9.293 7.245 [5]
4–8 9.293 7.245 [6]
5.6 9.293 7.245 [7]
9 9.295 ± 0.003 7.243 ± 0.001 [2]
24 9.303 ± 0.003 7.281 ± 0.002 [2]
39 9.307 ± 0.003 7.257 ± 0.001 [2]
56 9.314 ± 0.005 7.278 ± 0.001 [2]
63 9.316 ± 0.002 7.294 ± 0.001 [2]

9.320 7.284 [8]
71 9.322 ± 0.006 7.299 ± 0.001 [2]
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[Nd] [at.%] a [Å] c [Å] Ref.

72 9.323 ± 0.003 7.294 ± 0.002 [2]
100 9.3416 ± 0.0006 7.3066 ± 0.0008 [4]

Mohs hardness: 7.5 (without Nd doping) [1]; 7.5–8 [9]; 8 (4 at.% Nd) [5]
Melting point (incongruent melting): 1463–1553 K [8]

Thermal conductivity coefficient [10]

T [K] κ [W/mK]

300 3–4

UV transmission cut-off wavelength of NYAB is at 0.325 µm (at e−1 level) [11].
Main absorption bands of Nd3+ in YAB are at 0.36 µm, 0.52–0.53 µm, 0.59 µm,
0.75 µm, 0.8–0.81 µm and 0.88 µm [11], [12].
High transmittance region: 1.0–2.3 µm [5]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.355 7.6 [9] 5 at.% Nd
0.530 0.94 [5] 4 at.% Nd
0.531 1.2 [13] 3.9 at.% Nd

1.39 [3] 4 at.% Nd
2.4 [14]
3 [15] 4 at.% Nd

≈3 [16] 20 at.% Nd
0.532 3.5 [9] 5 at.% Nd
0.588 9.36 [17] 4.6 at.% Nd
0.659 <0.05 [9] 5 at.% Nd
0.748 4.5 [18] 5.5 at.% Nd
0.801 5.03 [5] 4 at.% Nd
0.804 6.8 [19] 4 at.% Nd

7.8 [13] 12 ± 4 at.% Nd
0.808 8.3 [19] 4 at.% Nd

8.4 [13] 12 ± 4 at.% Nd
1.061 0.04 [5] 4 at.% Nd
1.064 <0.05 [9] 5 at.% Nd
1.318 <0.001 [9] 5 at.% Nd

Experimental values of refractive indices for 5 at.% Nd [9]

λ [µm] no ne

0.355 1.821 1.738
0.436 1.797 1.718
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λ [µm] no ne

0.532 1.786 1.710
0.546 1.784 1.708
0.578 1.782 1.706
0.633 1.780 1.705
0.659 1.778 1.704
1.064 1.765 1.694
1.152 1.763 1.693
1.318 1.762 1.693

Experimental values of refractive indices for 10 at.% Nd [14]

λ [µm] no ne

0.4047 1.80674 1.72924
0.4358 1.79271 1.71475
0.4861 1.78539 1.70889
0.5461 1.77999 1.70455
0.5893 1.77691 1.70179
0.6563 1.77284 1.69867
0.7065 1.77234 1.69913

Dispersion relations for 10 at.% Nd (λ in µm) [20]:

n2
o = 1 + 2.08192923 λ2

λ2 − (0.1098684)2

n2
e = 1 + 1.83465945 λ2

λ2 − (0.1067225)2

Other dispersion relations are given in [6] (for 4–8 at.% Nd) and in [21] (for 5.6 at.%
Nd).
Temperature-dependent dispersion relation for 5.6% Nd (λ in µm, 0.4 µm < λ <

0.7 µm, T in K, 293 K < T < 473 K) [21]:

n2
o = 1 + 172.4727

(0.10985 + 7.7 × 10−7 T − 2.38 × 10−9 T 2)−2 − λ−2

n2
e = 1 + 161.08069

(0.10669 + 1.3 × 10−6 T − 3.2 × 10−9 T 2)−2 − λ−2

Expression for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid, d11 = −d12 = −d26) [22]:

dooe = d11 cos θ cos 3φ

deoe = doee = d11 cos2 θ sin 3φ

Values of second-order nonlinear coefficient:
d11(0.71 µm) = 1.68 ± 0.34 pm/V [9]
d11(1.062 µm) = 1.43 pm/V [23]



284 7 Self-Frequency-Doubling Crystals

d11(1.062 µm) = 3.9 × d36(KDP) = 1.52 pm/V [14], [24]
d11(1.062 µm) = 1.7 pm/V [3]
d11(1.064 µm) = 1.51 ± 0.25 pm/V [9]
d11(1.318 µm) = 1.42 ± 0.17 pm/V [9]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref. Note

SHG, o + o ⇒ e

1.06 ⇒ 0.53 30 [21] 5.6 at.% Nd
[16] 20 at.% Nd

30.7 [5] 4 at.% Nd
1.061 ⇒ 0.5305 30.7 [7] 5.6 at.% Nd
1.062 ⇒ 0.531 30.7 [15] 4 at.% Nd

32.9 [13] 12 ± 4 at.% Nd
1.064 ⇒ 0.532 30 [9] 5 at.% Nd

32.9 [3] 4 at.% Nd
[6] 4–8 at.% Nd

34.5 [14] 10 at.% Nd
1.318 ⇒ 0.659 27 [9] 5 at.% Nd
1.338 ⇒ 0.669 27 [25] 5.5 at.% Nd

27 [16] 20 at.% Nd
SHG, e + o ⇒ e

1.06 ⇒ 0.53 45.6 [5] 4 at.% Nd
1.064 ⇒ 0.532 43 [9] 5 at.% Nd

51 [6] 4–8 at.% Nd
50.6 [14] 10 at.% Nd

1.318 ⇒ 0.659 36 [9] 5 at.% Nd
SFG, o + o ⇒ e

1.064 + 0.532 ⇒ 0.355 41 [9] 5 at.% Nd
1.062 + 0.590 ⇒ 0.3793 39.5 [17] 4.6 at.% Nd
1.062 + 0.750 ⇒ 0.4396 ≈36 [18] 5.5 at.% Nd
1.062 + 0.807 ⇒ 0.4586 35 [20] 5.5 at.% Nd
1.338 + 0.807 ⇒ 0.4799 30.8 [25] 5.5 at.% Nd

SFG, e + o ⇒ e

1.064 + 0.532 ⇒ 0.355 62 [9] 5 at.% Nd

Experimental values of internal angular, spectral, and temperature bandwidths

Interacting wavelengths ∆θ int ∆T ∆ν2 Ref. Note
[µm] [deg] [◦C] [cm−1]
SHG, o + o ⇒ e

1.064 ⇒ 0.532 0.037 26 [26] 4 at.% Nd
0.038 [9] 5 at.% Nd
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Interacting wavelengths ∆θ int ∆T ∆ν2 Ref. Note
[µm] [deg] [◦C] [cm−1]

1.318 ⇒ 0.659 0.057 [9] 5 at.% Nd
1.338 ⇒ 0.669 0.069 50 [27] 5.6 at.% Nd

SHG, e + o ⇒ e

1.064 ⇒ 0.532 0.058 [9] 5 at.% Nd
1.318 ⇒ 0.659 0.087 [9] 5 at.% Nd

SFG, o + o ⇒ e

1.064 + 0.532 ⇒ 0.355 0.019 [9] 5 at.% Nd
1.062 + 0.750 ⇒ 0.4396 24.9 [18] 5.5 at.% Nd

SFG, e + o ⇒ e

1.064 + 0.532 ⇒ 0.355 0.029 [9] 5 at.% Nd

Temperature variation of phase-matching angle near room temperature [21]

Interacting wavelengths [µm] θpm [deg] dθpm/dT [deg/K] Note

SHG, o + o ⇒ e

1.06 ⇒ 0.53 30 1.52 × 10−3 5.6 at.% Nd

Fluorescence lifetime of 4F3/2 level

λ [µm] τ [µs] Ref. Note

1.061 50 [6] 4–8 at.% Nd
53 [28] 5.6 at.% Nd
60 [3] 4 at.% Nd

[5] 4 at.% Nd
[29] 10 at.% Nd
[13] 12 ± 4 at.% Nd

65 [23]
1.338 56 [19] 4 at.% Nd

Laser transition wavelengths and corresponding emission cross-section values
(in 10−20 cm2)

Transition λ [µm] σ σ (E‖c) σ (E⊥c) Ref. Note
4F3/2 ⇒ 4I11/2 1.061 14 10 [28] 5.6 at.% Nd

20 [13] 12 ± 4 at.% Nd
20.1 [29] 10 at.% Nd
45 [19] 4 at.% Nd

100 [6] 4–8 at.% Nd
100 ± 20 [16] 20 at.% Nd

4F3/2 ⇒ 4I13/2 1.338 2.56 2.46 [27] 5.6 at.% Nd
18 ± 3.6 [16] 20 at.% Nd
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Laser-induced damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref.

0.8 50 >0.4 [23]
1.06 10 >0.4–0.6 [2]

About the crystal

This SFD crystal was proposed in 1981 [16] and it is still quite popular [15], [30],
besides some disadvantages like the lack of the high-quality crystals, concentra-
tion quenching, low quantum efficiency, unfavorable heating effects, and significant
absorption in the green spectral range. Recently, 225 mW of CW green output
(λ = 530.5 nm) was generated in 0.5-cm-long NYAB crystal with 1.6-W diode-
pumping at 807 nm [15]. In the same crystal, pumped by 2.2 W of 807 nm diffraction-
limited Ti:sapphire laser radiation, 450 mW of CW green radiation was generated [15].
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7.3 Nd:GdAl3(BO3)4, Neodymium-Doped Gadolinium Aluminum
Tetraborate (NdxGd1−xAl3(BO3)4 or NGAB)

Negative uniaxial crystal: no > ne

Correlation between the atomic concentation of Nd relative to Gd and Nd3+ volume
concentration

[Nd] [at.% ] [Nd3+] × 10−20 [cm3] Ref.

3 1.63 [1], [2]
10 5.6 [3]

Point group: 32
Lattice constants:
for 3 at.% Nd:
a = 9.3416 Å [1]
a = 7.3066 Å [1]
for 10 at.% Nd
a = 9.305 ± 0.008 Å [3]
c = 7.258 ± 0.001 Å [3]
UV transmission cut-off wavelength of NYAB is at 0.32 µm (at e−1 level) [3].
Main absorption bands of Nd3+ in GAB are at 0.36 µm, 0.53 µm, 0.588 µm,
0.748 µm, 0.807 µm, and 0.88 µm [4].

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.353 4.34 [3] 10 at.% Nd
0.432 2.23 [3] 10 at.% Nd
0.475 2.22 [3] 10 at.% Nd
0.537 3.19 [3] 10 at.% Nd
0.588 8.69 [3] 10 at.% Nd
0.689 2.05 [3] 10 at.% Nd
0.749 10.22 [3] 10 at.% Nd
0.808 9.30 [3] 10 at.% Nd
0.811 2.55 [5] 3.35 at.% Nd
0.881 2.61 [3] 10 at.% Nd

Absorption cross-section for 3 at.% Nd (in 10−20 cm2) [1]

λ [µm] σ (E‖c)
0.44 0.31
0.531 0.45
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Experimental values of refractive indices for 5 at.% Nd [4]

λ [µm] no ne

0.4368 1.7921 1.7144
0.4861 1.7851 1.7089
0.5321 1.7801 1.7050
0.5461 1.7792 1.7036
0.5893 1.7760 1.7012
0.6328 1.7733 1.6991
0.6563 1.7723 1.6980
0.7065 1.7694 1.6955
1.0642 1.7603 1.6884

Experimental values of refractive indices for 10 at.% Nd [3]

λ [µm] no ne

0.4047 1.8142 1.7352
0.4358 1.8026 1.7253
0.4861 1.7959 1.7178
0.5461 1.7920 1.7141
0.5893 1.7890 1.7122
0.6563 1.7856 1.7099
0.7363 1.7841 1.7087

Temperature dependence of refractive indices at λ = 0.5893 µm for 5 at.% Nd [4]

T [K] no ne

290 1.7760 1.7011
293 1.7761 1.7012
303 1.7761 1.7013
321 1.7762 1.7014
338.5 1.7764 1.7016
355 1.7766 1.7018
376 1.7768 1.7020

Temperature derivative of refractive indices for 5 at.% Nd [4]

λ [µm] dno/dT × 105 [K−1] dne/dT × 105 [K−1]

0.5893 0.93 1.05

Dispersion relations for 5 at.% Nd (λ in µm, T = 293 K) [4], [6]:

n2
o = 3.07289 + 0.03079

λ2 + 0.03265

n2
e = 2.82998 + 0.0242

λ2 + 0.03127
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Dispersion relations for 10 at.% Nd (λ in µm) [3]:

n2
o = 3.2087 + 0.0034

λ2 − 0.1271
− 0.0656 λ2

n2
e = 2.9150 + 0.0048

λ2 − 0.1147
− 0.0124 λ2

Expression for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid, d11 = −d12 = −d26) [7]:

dooe = d11 cos θ cos 3φ

deoe = doee = d11 cos2 θ sin 3φ

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref. Note

SHG, o + o ⇒ e

1.062 ⇒ 0.531 30.1 [1], [8]
30.3 [9]

1.064 ⇒ 0.532 30.6 [4] 5 at.% Nd
1.338 ⇒ 0.669 24.4 [2]

SHG, e + o ⇒ e

1.064 ⇒ 0.532 44.1 [4] 5 at.% Nd
SFG, o + o ⇒ e

1.062 + 0.588 ⇒ 0.3785 38.2 [10] 3 at.% Nd
1.062 + 0.7482 ⇒ 0.4389 35 [1], [8]
1.062 + 0.811 ⇒ 0.4598 34 [5] 3.35 at.% Nd
1.062 + 0.807 ⇒ 0.4586 34.1 [6] 3.4 at.% Nd
1.338 + 0.7482 ⇒ 0.4799 31 [2]

DFG, e − o ⇒ o

0.588 − 1.062 ⇒ 1.3174 27.3 [10] 3 at.% Nd

Fluorescence lifetime of 4F3/2 level

λ [µm] τ [µs] Ref. Note

1.062 48 ± 3 [4]
55.6 [1] 3 at.% Nd

Laser transition wavelengths and corresponding emission cross-section values (in
10−20 cm2)

Transition λ [µm] σ Ref. Note
4F3/2 ⇒ 4I11/2 1.062 20.8 [9]

30 [1] 3 at.% Nd
4F3/2 ⇒ 4I13/2 1.338 5.04 [9]

5.5 [2] 3 at.% Nd
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About the crystal

NGAB is an analog of Nd:YAB which recently was used for difference-frequency
generation [10]. The pump (near 588 nm) and resulting IR (4F3/2 ⇒ 4I11/2 transition,
1.0619 µm) radiations were mixed in a 0.43-cm NGAB crystal doped with 3 at.%
Nd. The obtained tuning range was extended from 1.305 to 1.365 µm.

References

[1] A. Brenier, C. Tu, M. Qiu, A. Jiang, J. Li, B. Wu: Spectroscopic properties, self-frequency
doubling, and self-sum frequency mixing in GdAl3(BO3)4:Nd3+. J. Opt. Soc. Am. B
18(8), 1104–1110 (2001).

[2] A. Brenier, C. Tu, J. Li, Z. Zhu, B. Wu: Spectroscopy, laser operation and self-frequency
doubling in GdAl3(BO3)4:Nd3+. Opt. Commun. 200(1–6), 355–358 (2001).

[3] H.-D. Jiang, J.-Y. Wang, X.-B. Hu, S.-T. Li, B. Teng, C.-Q. Zhang: Absorption spectrum
and optical parameters of Nd-doped gadolinium aluminium tetraborate crystals. Jpn. J.
Appl. Phys. 40(10), 5981–5984 (2001).

[4] C. Tu, M. Qiu,Y. Huang, X. Chen,A. Jiang, Z. Luo: The study of a self-frequency-doubling
laser crystal Nd3+:GdAl3(BO3)4. J. Cryst. Growth 208(1–4), 487–492 (2000).

[5] Y. Chen, M. Huang,Y. Huang, Z. Luo: Simultaneous green and blue laser radiation based
on a nonlinear laser crystal Nd:GdAl3(BO3)4 and a nonlinear optical crystal KTP. Opt.
Commun. 218(4–6), 379–384 (2003).

[6] M. Huang, Y. Chen, X. Chen, Y. Huang, Z. Luo: A CW blue laser emission by
self-sum-frequency mixing in Nd3+:GdAl3(BO3)4. Opt. Commun. 208(1–3), 163–166
(2002).

[7] J.E. Midwinter, J. Warner: The effects of phase matching method and of uniaxial crystal
symmetry on the polar distribution of second-order non-linear optical polarization. Brit.
J. Appl. Phys. 16(11), 1135–1142 (1965).

[8] G. Aka, A. Brenier: Self-frequency conversion in nonlinear optical crystals. Opt. Mater.
22(2), 89–94 (2003).

[9] M. Huang, Y. Chen, X. Chen, Y. Huang, Z. Luo: Study on CW fundamental and self-
frequency doubling laser of Nd3+:GdAl3(BO3)4 crystal. Opt. Commun. 204(1–6), 333–
338 (2002).

[10] A. Brenier, C. Tu, J. Li, Z. Zhu, B. Wu: Self-sum- and -difference-frequency mixing
in GdAl3(BO3)4:Nd3+ for generation of tunable ultraviolet and infrared radiation. Opt.
Lett. 27(4), 240–242 (2002).

7.4 Nd:GdCa4O(BO3)3, Neodymium-Doped Gadolinium Calcium
Oxyborate (NdxGd1–xCOB or Nd:GdCOB)

Negative biaxial crystal

Correlation between the atomic concentation of Nd relative to Gd and Nd3+ volume
concentration

[Nd] [at.% ] [Nd3+] × 10−20 [cm3]
4 1.8
5 2.2
7 3.1
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Point group: m

Lattice constants for Nd:GdCOB crystal with 5 at.% Nd [1]:
a = 8.0998 ± 0.0016 Å
b = 16.0312 ± 0.0026 Å
c = 3.5625 ± 0.0008 Å
β = 101.242◦ ± 0.024◦
Assignment of dielectric and crystallographic axes Nd:GdCOB crystal with 7 at.% Nd:
Y‖b, the axes a and c lie in XZ plane, the angle between them is β = 101.27◦, the angle
between the axes Z and a is 27.1◦, the angle between the axes X and c is 16.1◦ [2].
Mohs hardness: 6.5 [3]

Linear thermal expansion coefficient for Nd:GdCOB crystal with 7 at.% Nd [2]

αt × 106 [K−1], ‖a αt × 106 [ K−1], ‖b αt × 106 [K−1], ‖c
7 5 11.3

Mean value of linear thermal expansion coefficient for Nd:GdCOB crystal with 5.2
at.% Nd [4]

T [K] αt × 106 [K−1], ‖X αt × 106 [K−1], ‖Y αt × 106 [K−1], ‖Z
298–572.5 11.6 5.4 5.9

Specific heat capacity cp at P = 0.101325 MPa (for 5.2 at.% Nd) [4]

T [K] cp [J/kgK]

330 665

High transmittance range: 0.9–2.6 µm [2].

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.461 0.37–0.42 [5] 5 at.% Nd, depending on polarization
0.465 0.43–0.46 [5] 7 at.% Nd, depending on polarization
0.53 0.41 [3] 4 at.% Nd

0.73 [6] 7 at.% Nd
0.81 1.78 [3] 4 at.% Nd
1.06 0.02 [3] 4 at.% Nd

Absorption cross-section σ (in 10−20 cm2)

λ [µm] σ (E‖X) σ (E‖Y ) σ (E‖Z) Ref. Note

0.530 0.17 0.31 0.27 [3] 4 at.% Nd
0.22 0.35 0.22 [7] 4 at.% Nd
0.27 0.21 0.43 [2] 7 at.% Nd
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λ [µm] σ (E‖X) σ (E‖Y ) σ (E‖Z) Ref. Note

0.545 <0.1 <0.1 <0.1 [7] 4 at.% Nd
0.811 1.86 1.57 2.23 [3], [8] 4 at.% Nd

0.52 0.35 0.64 [2] 7 at.% Nd

Note: The labeling of X and Z axes given in [3], [8] is incorrect. The σ values given
in [2] are underestimated.

Sellmeier equations for Nd:GdCOB crystal with 9 at.% Nd (λ in µm) [9]:

n2
X = 2.85005 + 0.00651

λ2 − 0.11688
− 0.00001 λ2

n2
Y = 2.93898 + 0.00674

λ2 − 0.11711
− 0.00001 λ2

n2
Z = 2.96538 + 0.00839

λ2 − 0.10739
− 0.00001 λ2

For small Nd concentrations, the refractive indices of Nd:GdCOB are very near to
those of GdCOB [5].
Expressions for effective second-order nonlinear coefficient in the principal planes
of Nd:GdCOB crystal (approximation of small walk-off angle Kleinman symmetry
conditions are valid: d12 = d26, d13 = d35, d15 = d31, d24 = d32) [10], [11]:

XY plane, θ = 90◦
dooe = d13 sin φ

deoe = doee = d31 sin2 φ + d32 cos2 φ

YZ plane, φ = 90◦
deeo = d13 sin2 θ + d12 cos2 θ

doeo = deoo = d31 sin θ

XZ plane, φ = 0◦, Vz > θ > 0◦
dooe = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 90◦ > θ > Vz
doeo = deoo = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 180◦ − Vz > θ > 90◦; or φ = 180◦, 90◦ > θ > Vz
doeo = deoo = d12 cos θ + d32 sin θ

XZ plane, φ = 0◦, 180◦ > θ > 180◦ − Vz; or φ = 180◦, Vz > θ > 0◦
dooe = d12 cos θ + d32 sin θ

Experimental values of phase-matching angle

Interacting wavelengths φpm Ref.
[µm] [deg]

XY plane, θ = 90◦
SHG, o + o ⇒ e

1.091 ⇒ 0.5455 44 [12]
1.0642 ⇒ 0.5321 46.02 [5]
1.061 ⇒ 0.5305 46 [6], [8], [9], [12], [13], [14], [15]
0.936 ⇒ 0.468 58.7 [16]
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Interacting wavelengths φpm Ref.
[µm] [deg]

SFG, o + o ⇒ e

1.061 + 0.811 ⇒ 0.45965 60 [12]

Experimental value of effective second-order nonlinear coefficient for some specific
phase-matching directions (SHG, type I) in Nd:GdCOB crystal

Phase-matching direction deff [pm/V] Ref.

θ = 90◦, φ = 46◦ (XY plane) 0.7 [15]
θ = 66.3◦, φ = 134.4◦ 1.5 [15]

2.6 [1]

Note: The properties of deff in the case of Nd:GdCOB crystal include mirror and inver-
sion symmetries. This means that the spatial distribution of deff can fully be described
by choosing two independent quadrants, for example, (0◦ < θ < 90◦, 0◦ < φ < 90◦)
and (0◦ < θ < 90◦, 90◦ < φ < 180◦). After that, the deff value in each (θ, φ) direc-
tion in these two quadrants is equal to that in (180◦ − θ , 180◦ − φ) direction and
vice versa. For example, the directions (θ = 66.3◦, φ = 134.4◦) and (θ = 113.7◦,
φ = 45.6◦) possess equal deff values.

Experimental values of SHG conversion efficiency (type I, 1.0642 µm ⇒ 0.5321 µm,
I = 0.03 GW/cm2, l = 0.8 cm) for some specific phase-matching directions in
Nd:GdCOB crystal [13]

Phase-matching direction SHG conversion efficiency [%]

θ = 90◦, φ = 46◦ (XY plane) 3.9
θ = 66.3◦, φ = 134.4◦ 19.5

See the note to the previous table.

Fluorescence lifetime of 4F3/2 level [3]

λ [µm] τ [µs] Note

1.06 98 1–2 at.% Nd
90 7 at.% Nd
82 10 at.% Nd
60 20 at.% Nd

Laser transition wavelengths and corresponding emission cross-section values
(in 10−20 cm2)

Transition λ [µm] σ (E‖X) σ (E‖Y ) σ (E‖Z) Ref. Note
4F3/2 ⇒ 4I9/2 0.936 0.54 0.44 0.16 [16] 7 at.% Nd
4F3/2 ⇒ 4I11/2 1.061 2.0 2.1 4.2 [3], [6], [8] 4 at.% Nd

Note: The labeling of X and Z axes given in [3], [6], [8] is incorrect.
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About the crystal

The newly developed Nd:GdCOB crystal can be used for efficient self-frequency dou-
bling. In [17], [18], 115 mW of CW green output (λ = 530.5/545 nm) were generated
in a 0.4-cm-long, 5 at.% Nd-doped crystal (θ = 90◦, φ = 46◦) at 1.3 W of absorbed
pump power delivered by a 810 nm laser diode. The 545-nm line was produced due to
accompanying self-sum-frequency mixing process (1061 nm + 810 nm ⇒ 545 nm).
In [19], a 0.7-cm-long Nd:GdCOB crystal, cut at θ = 66.3◦, φ = 134.4◦, and con-
taining 8 at.% Nd, was used for type I self-frequency doubling. The maximum
power of generated CW green light at 530.5 nm under Ti:sapphire laser pumping
(λ = 812 nm, absorbed pump power 1.56 W) reached 225 mW. In [18], 1.2 mW of CW
blue light (λ = 465 nm) was generated by the self-sum-frequency mixing between the
1090-nm laser radiation and the remaining part of the 812 nm pump (CW Ti:sapphire
laser).
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7.5 Nd:YCa4O(BO3)3, Neodymium-Doped Yttrium Calcium
Oxyborate (NdxY1−xCOB or Nd:YCOB)

Negative biaxial crystal

Correlation between the atomic concentration of Nd relative to Y and Nd3+ volume
concentration

[Nd] [at.%] [Nd3+] × 10−20 [cm3]

4 1.8
5 2.2
7 3.1
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Point group: m

Lattice constants for Nd:YCOB crystal with 4.4 at.% Nd [1]:
a = 8.076 ± 0.007 Å
b = 16.020 ± 0.010 Å
c = 3.527 ± 0.002 Å
β = 101.23◦
Mohs hardness: 6–6.5 [2]

Mean value of linear thermal expansion coefficient (for 7 at.% Nd) [3]

T [K] αt × 106 [K−1], ‖X αt × 106 [K−1], ‖Y αt × 106 [K−1], ‖Z
298–572.5 10.9 4.2 5.9

Specific heat capacity cp at P = 0.101325 MPa (for 7 at.% Nd) [3]

T [K] cp [J/kgK]

330 774

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.530 <0.43 [4], [5] E⊥Z, 5 at.% Nd
0.46 [6] E⊥Z, 5 at.% Nd

0.468 0.03 [4] E⊥Z, 5 at.% Nd
0.12 [4] E⊥Y , 5 at.% Nd

0.666 0.03 [4] E⊥Z, 5 at.% Nd
0.12 [4] E⊥Y , 5 at.% Nd

0.794 1.00 [7] E‖Z, 2 at.% Nd
2.36 [1] 4.4 at.% Nd
3.0 [5] E‖Z, 5 at.% Nd

0.812 0.84 [7] E‖Z, 2 at.% Nd
2.88 [1] 4.4 at.% Nd
1.9 [5], [8] E‖X, 5 at.% Nd
1.55 [5], [8] E‖Y , 5 at.% Nd
2.6 [5], [8] E‖Z, 5 at.% Nd

1.061 3.8 [6] E‖Z, 5 at.% Nd, θ = 90◦, φ = 35◦
1.332 2.9 [6] E‖Z, 5 at.% Nd, θ = 90◦, φ = 28◦

Absorption cross-section σ (in 10−20 cm2) [4]

λ [µm] σ (E‖Z) Note

0.7945 2.65 5 at.% Nd
0.8115 2.38 5 at.% Nd
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Experimental values of refractive indices [2]

λ [µm] nX nY nZ

1.061 1.6844 1.7152 1.7256

For small Nd concentrations, the refractive indices of Nd:YCOB are very near to
those of YCOB.
Expressions for effective second-order nonlinear coefficient in the principal planes
of Nd:YCOB crystal (approximation of small walk-off angle Kleinman symmetry
conditions are valid: d12 = d26, d13 = d35, d15 = d31, d24 = d32) [9], [10]:

XY plane, θ = 90◦
dooe = d13 sin φ

deoe = doee = d31 sin2 φ + d32 cos2 φ

YZ plane, φ = 90◦
deeo = d13 sin2 θ + d12 cos2 θ

doeo = deoo = d31 sin θ

XZ plane, φ = 0◦, Vz > θ > 0◦
dooe = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 90◦ > θ > Vz

doeo = deoo = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 180◦ − Vz > θ > 90◦; or φ = 180◦, 90◦ > θ > Vz

doeo = deoo = d12 cos θ + d32 sin θ

XZ plane, φ = 0◦, 180◦ > θ > 180◦ − Vz; or φ = 180◦, Vz > θ > 0◦
dooe = d12 cos θ + d32 sin θ

Experimental values of phase-matching angle

Interacting wavelengths [µm] φpm [deg] Ref.

XY plane, θ = 90◦
SHG, o + o ⇒ e

1.332 ⇒ 0.666 28 [4]
1.061 ⇒ 0.5305 33 [1]

33.63 [6]
33.95 [5]
35 [4]

Experimental values of second-harmonic pulse energy for some specific phase-
matching directions (SHG, type I, 1.0642 µm ⇒ 0.5321 µm) in Nd:YCOB crystal
[11]

Phase-matching direction ε [mJ]

θ = 90◦, φ = 33.6◦ (XY plane) 1.65
θ = 32◦, φ = 0◦ (XZ plane) 2.3
θ = 66.8◦, φ = 144.6◦ 3.95

Note: The properties of deff in the case of Nd:YCOB crystal include mirror and
inversion symmetries. This means that the spatial distribution of deff can fully
be described by choosing two independent quadrants, for example, (0◦ < θ < 90◦,
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0◦ < φ < 90◦) and (0◦ < θ < 90◦, 90◦ < φ < 180◦). After that, the deff value in
each (θ , φ) direction in these two quadrants is equal to that in (180◦ − θ , 180◦ − φ)
direction and vice versa. For example, the directions (θ = 66.8◦, φ = 144.6◦) and
(θ = 113.2◦, φ = 35.4◦) possess equal deff values.

Fluorescence lifetime of 4F3/2 level

λ [µm] τ [µs] Ref. Note

1.06 102 [4], [6] 2 at.% Nd
100 [4] 5 at.% Nd

96 [12] 5 at.% Nd
[4] 10 at.% Nd

95 [6] 10 at.% Nd

Laser transition wavelengths and polarization of strongest emission lines [4]

Transition λ [µm] Polarization
4F3/2 ⇒ 4I9/2 0.936 E‖Y
4F3/2 ⇒ 4I11/2 1.061 E‖Z
4F3/2 ⇒ 4I13/2 1.332 E‖Z

About the crystal

The self-doubling of 4F3/2 ⇒ 4I11/2 transition (λ = 1.061 µm) in Nd:YCOB at 812-
nm CW diode-pumping was investigated in [5], [6]. In the latter experiment, 245 mW
of CW green output was generated in a type I, 0.5-cm-long crystal cut at θ = 90◦, φ =
33.6◦ and doped with 5 at.% Nd. The absorbed pump power constituted 3.8 W. The
self-doubling of 4F3/2 ⇒ 4I13/2 transition (λ = 1.332 µm) with the same AlGaAs
diode-pumping was achieved in [4]. About 16 mW of CW red power at 666 nm was
generated in a 0.5-cm-long, 5 at.% doped type I Nd:YCOB crystal (θ = 90◦, φ = 28◦)
at 0.95 W of absorbed pump power.
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7.6 Nd:LaBGeO5, Neodymium-Doped Lanthanum
Borogermanate (NdxLa1−xBGeO5 or NdLBGO)

Positive uniaxial crystal: ne > no
Molecular mass (for LaBGeO5): 302.213
Point group: 3
Lattice constants (without Nd doping):
a = 7.020 ± 0.005 Å [1]
c = 6.879 ± 0.004 Å [1]
Melting point: 1473 K [2]
Transparency range at “0” transmittance level for 0.1-cm-long LaBGeO5 crystal:
0.19–4.5 µm [1]

Experimental values of refractive indices for undoped LaBGeO5 crystal at 296 K [1]

λ [µm] no ne

0.4047 1.8504 1.8925
0.4358 1.8422 1.8836
0.4880 1.8322 1.8729
0.4920 1.8318 1.8722
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λ [µm] no ne

0.5321 1.8263 1.8663
0.5461 1.8247 1.8646
0.5770 1.8216 1.8613
0.5893 1.8201 1.8596
0.6328 1.8166 1.8558
1.0642 1.8023 1.8359
1.1524 1.8012 1.8391

Dispersion relations for undoped LaBGeO5 crystal at 296 K (λ in µm) [1]:

n2
o = 1 + 2.2209 λ2

λ2 − (0.1173)2

n2
e = 1 + 2.3567 λ2

λ2 − (0.1197)2

Expression for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid, d15 = d31, d14 = d25 = 0) [3]:

deeo = (d11 sin 3φ + d22 cos 3φ) cos2 θ

doeo = deoo = (d11 cos 3φ − d22 sin 3φ) cos θ + d15 sin θ

Values of second-order nonlinear coefficient from [1], recalculated using new absolute
values for d11(SiO2) and d36(KDP) from [4]:

d11(1.064 µm) = 0.46 ± 0.07 pm/V
d22(1.064 µm) = 0.23 ± 0.04 pm/V
d31(1.064 µm) = 0.41 ± 0.06 pm/V
d33(1.064 µm) = 0.35 ± 0.05 pm/V

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref. Note

SHG, e + e ⇒ o

0.849 ⇒ 0.4245 90 [5] 1.4 at.% Nd
1.048 ⇒ 0.524 ≈54 [5], [6] 1.4 at.% Nd

54 ± 0.5 [1] no doping
1.314 ⇒ 0.657 ≈35 [7] 1.4 at.% Nd
1.341 ⇒ 0.6705 ≈40 [1]
1.386 ⇒ 0.693 ≈35 [7] 1.4 at.% Nd

SHG, e + o ⇒ o

1.386 ⇒ 0.693 ≈60 [7] 1.4 at.% Nd

Experimental values of internal angular and temperature bandwidths [5]

Interacting wavelengths [µm] ∆θ int [deg] ∆T [◦C] Note

SHG, e + e ⇒ o

1.048 ⇒ 0.524 0.084 10.1 1.4 at.% Nd
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Fluorescence lifetime of 4F3/2 level at 300 K

λ [µm] τ [µs] Ref. Note

1.048 275 ± 15 [2] 0.1 at.% Nd
280 ± 5 [1] 0.1 at.% Nd
280 [8]

Laser transition wavelengths and corresponding emission cross-section values
(in 10−20 cm2)

Transition λ [µm] σ (E‖c) σ (E⊥c) Ref. Note
4F3/2 ⇒ 4I11/2 1.0482 26 [1] 1.4 at.% Nd

26 [2] 2.0 at.% Nd
24 [6] 1.4 at.% Nd

1.0711 21 [1] 1.4 at.% Nd
21 [2] 2.0 at.% Nd
18 [6] 1.4 at.% Nd

4F3/2 ⇒ 4I13/2 1.3141 7 [1] 1.4 at.% Nd
9 [7] 1.4 at.% Nd

1.3868 6.5 [1] 1.4 at.% Nd
3 [7] 1.4 at.% Nd

Laser-induced damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

1.0642 10 >0.2 [6] 10 Hz
>0.5 [1]

About the crystal

A CW green output (λ = 524 nm) of about 0.1 mW power was demonstrated in a
self-frequency-doubled, 0.4-cm-long NdLBGO crystal at an absorbed pump power
of 0.6 W, delivered by a Ti:sapphire laser (λ = 800 nm) [9], [10]. In another experi-
ment, made by the same Spanish group, the self-frequency doubling of another lasing
transition, 4F3/2 ⇒ 4I13/2, was performed [7]. About 0.8 mW of CW red radiation
(λ = 657 nm) was generated in a 0.2-cm crystal at an absorbed pump power of 1.6 W.
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7.7 Nd:Gd2(MoO4)3, Neodymium-Doped Gadolinium Molybdate
(Nd2xGd2−2x(MoO4)3 or NdGMO)

Positive biaxial crystal: 2Vz = 9.9◦ at λ = 0.5321 µm
Molecular mass for Gd2(MoO4)3: 794.313

Correlation between the atomic concentration of Nd relative to Gd and Nd3+ volume
concentration

[Nd] [at.%] [Nd3+] × 10−20 [cm3]

2.5 1.74
5.0 3.49

Specific gravity: 4.6 g/cm3 (without Nd doping) [1], [2]; 4.65 g/cm3 (without Nd
doping) [3]
Point group: mm2
Lattice constants of Gd2(MoO4)3 at T = 293 K [4]:
a = 10.392 Å
b = 10.416 Å
c = 10.696 Å
Assignment of dielectric and crystallographic axes: X, Y, Z ⇒ b, a, c

Curie temperature:
for x = 0: 432 K [1]
for x = 0.03: 432 K [1]
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Melting point:
for x = 0: 1438 K [4]
for NdGMO 1428 K [4]

Specific heat capicity cp at P = 0.101325 MPa (without Nd doping) [5]

T [K] cp [J/kgK]

373 429
473 461

Transparency range at “0” transmittance level (without doping): 0.31–5.13 µm [4];
0.32–5.5 µm [4]; 0.32–5.2 µm [3]; 0.3–6 µm [6], [7]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.53 4.34 [8] 15 at.% Nd
0.807 12.35 [2] 3 at.% Nd

Experimental values of refractive indices for Gd2(MoO4)3 [9]

λ [µm] nX nY nZ

0.4579 1.8758 1.8762 1.9342
0.4765 1.8694 1.8699 1.9270
0.4880 1.8659 1.8663 1.9229
0.4965 1.8634 1.8639 1.9201
0.5017 1.8621 1.8625 1.9185
0.5145 1.8588 1.8593 1.9148
0.5321 1.8545 1.8549 1.9102
0.6328 1.8385 1.8390 1.8915
1.0642 1.8142 1.8146 1.8637

Dispersion relations for Gd2(MoO4)3 (λ in µm, 0.46 µm < λ < 1.06 µm) [9]:

n2
X = 1 + 2.2450 λ2

λ2 − 0.022693

n2
Y = 1 + 2.24654 λ2

λ2 − 0.0226803

n2
Z = 1 + 2.41957 λ2

λ2 − 0.0245458

Same dispersion relations are given in [4] with mistake.
Expressions for the effective second-order nonlinear coefficient in principal planes of
NdGMO crystal (Kleinman symmetry conditions are valid, d15 = d31 and d24 = d32)
[10]:

XY plane
deoe = doee = d32 sin2 φ + d31 cos2 φ
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YZ plane
doeo = deoo = d32 sin θ

XZ plane, θ < Vz

dooe = d31 sin θ

XZ plane, θ > Vz

doeo = deoo = d31 sin θ

Effective second-order nonlinear coefficient for three-wave interactions in the arbi-
trary direction of NdGMO crystal is given in [10].
Values of second-order nonlinear coefficient (without doping) [14], recalculated using
new absolute values for d11(SiO2) [11]:

d31(1.06 µm) = −2.3 ± 0.6 pm/V
d32(1.06 µm) = 2.3 ± 0.6 pm/V
d33(1.06 µm) = −0.035 ± 0.009 pm/V

Values of second-order nonlinear coefficient (x = 0.15) [8], recalculated using new
absolute values for d11(SiO2) [11]:

d31(1.06 µm) = −2.5 pm/V
d32(1.06 µm) = 2.5 pm/V

Experimental values of phase-matching angle (T = 293 K, uniaxial approximation)

Interacting wavelengths [µm] θexp [deg] Ref. Note

SHG, e + e ⇒ o

0.974 ⇒ 0.487 90 [12] no doping
1.064 ⇒ 0.532 68.3 [13] no doping
1.06 ⇒ 0.53 65 [4] no doping

Note: In [12] no difference in phase matching angle of doped (x = 0.025) and undoped
GMO crystals was found.

Experimental values of internal angular, spectral and temperature bandwidths for
undoped NdGMO (uniaxial approximation)

Interacting wavelengths [µm] ∆θ int [deg] ∆T [◦C] ∆ν2 [cm−1] Ref.

SHG, e + e ⇒ o

0.974 ⇒ 0.487 42 [12]
1.053 ⇒ 0.5265 0.08 [4]
1.064 ⇒ 0.532 0.07 5.6 [13]

Laser transition wavelengths at T = 300 K for NdGMO crystals (x = 0.03) of
different orientation [1], [2]

Transition λ [µm] Note
4F3/2 ⇒ 4I11/2 1.0606 E‖c

1.0701 E⊥c
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Fluorescence lifetime of 4F3/2 level at 300 K

λ [µm] τ [µs] Ref. Note

1.0701 150 [2] 1 at.% Nd
150 ± 10 [1] ≈1 at.% Nd

Laser-induced damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref.

1.0642 6 >0.13 [13]
0.12 >1900 (?) [6]

About the crystal

Nonlinear optical properties of gadolinium molybdate (GMO) and infrared laser
generation in Nd3+:Gd2(MO4)3 were investigated in the 1970s [1], [8], [14]. Never-
theless in 1996–1997, Kamiskii with multiple coauthors claimed that NdGMO is a
“new nonlinear optical material for self-frequency doubling” [4], [6], [7], though no
SFD effect was demonstrated in this crystal.
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7.8 Yb:YAl3(BO3)4, Ytterbium-Doped Yttrium Aluminum
Tetraborate (YbxY1−xAl3(BO3)4 or Yb:YAB)

Negative uniaxial crystal: no > ne

Correlation between the atomic concentration of Yb relative to Y and Yb3+ volume
concentration

[Yb] [at.%] [Yb3+] × 10−20 [cm3]

4.0 2.21
4.6 2.54
5.5 3.04

10 5.53
20 11.06

Specific gravity: 3.70 g/cm3 (withoutYb doping) [1]; 3.72 g/cm3 (withoutYb doping)
[2]; 3.844 g/cm3 (with 8 at.% Yb doping) [3]; 4.574 g/cm3 (100 at.% Yb) [4]
Point group: 32

Lattice constants of YbxY1−xAl3(BO3)4 versus atomic concentration of Yb ions

[Yb] [at.%] a [Å] c [Å] Ref.

0 9.287 7.256 [1]
9.295 ± 0.003 7.243 ± 0.002 [5]

5.6 9.277 7.224 [6]
8 9.931 (?) 7.240 (?) [3]
100 9.2512 7.1893 [4]
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Mohs hardness: 7.5 (without Nd doping) [1]
Melting point (incongruent melting): 1563 K [4]

Mean value of linear thermal expansion coefficient [7]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c [Yb] [at.%]

298–573 8.1 1.4 1 at.% Yb
8.5 1.2 10 at.% Yb
9.7 2.0 25 at.% Yb

Specific heat capacity cp at P = 0.101325 MPa [7]

T [K] cp [J/kgK] [Yb] [at.%]

298 760 1 at.% Yb
700 10 at.% Yb
680 25 at.% Yb

373 910 1 at.% Yb
870 10 at.% Yb
750 25 at.% Yb

473 1150 1 at.% Yb
1050 10 at.% Yb
1280 25 at.% Yb

560 1220 1 at.% Yb
1080 10 at.% Yb
1390 25 at.% Yb

Thermal conductivity coefficient [8]

T [K] κ [W/mK] Note

300 4.7 5.6 at.% Yb

UV transmission cutoff wavelength of Yb:YAB is at 0.252 µm [3].
Main absorption bands ofYb3+ inYAB are at 0.938 µm, 0.975 µm and 0.981 µm [4].

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.937 2.3 [6] 5.6 at.% Yb, E⊥c

0.975 10.4 [6] 5.6 at.% Yb, E⊥c

6 [6] 5.6 at.% Yb, E‖c
0.976 17.05 [3] 8 at.% Yb

15 [9] 10 at.% Yb, E⊥c

12 [9] 10 at.% Yb, E‖c
0.98 118 [4] 100 at.% Yb
0.981 8 [6] 5.6 at.% Yb, E⊥c

0.998 1.18 [6] 5.5 at.% Yb
1.040 0.12 [6] 5.5 at.% Yb
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λ [µm] α [cm−1] Ref. Note

1.040 0.28 [9] 10 at.% Yb
1.061 <0.07 [9] 10 at.% Yb

Experimental values of refractive indices for 8 at.% Yb [3]

λ [µm] no ne

0.40467 1.80158 1.72928
0.43584 1.78507 1.71848
0.48613 1.78017 1.70996
0.54607 1.77699 1.70478
0.58960 1.77462 1.70188
0.65628 1.77179 1.69862
0.70625 1.76912 1.69705

Dispersion relations for 8 at.% Yb (λ in µm) [3]:

n2
o = 3.1762 + 0.0013

λ2 − 0.1480
− 0.0971 λ2

n2
e = 2.8632 + 0.0090

λ2 − 0.0937
− 0.0083 λ2

Other dispersion relations are given in [10].
Expression for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid, d11 = −d12 = −d26) [11]:

dooe = d11 cos θ cos 3φ

deoe = doee = d11 cos2 θ sin 3φ

Value of second-order nonlinear coefficient:
d11(1.04 µm) = 1.42 pm/V [12]

Experimental values of phase-matching angle

Interacting wavelengths [µm] θexp [deg] Ref. Note

SHG, o + o ⇒ e

1.0 ⇒ 0.5 ≈31 [9] 10 at.% Yb
1.04 ⇒ 0.52 32.8 [6]

34.6 [10]
1.064 ⇒ 0.532 31 [3] 8 at.% Yb

SHG, e + o ⇒ e

1.04 ⇒ 0.52 52.4 [6]

Experimental values of internal angular and temperature bandwidths [13]

Interacting wavelengths [µm] ∆θ int [deg] ∆T [◦C] Note

SHG, o + o ⇒ e

1.064 ⇒ 0.532 0.077 28 10 at.% Yb
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Fluorescence lifetime of 2F5/2 level

λ [µm] τ [µs] Ref.

1.03 1400 [10]
1.04 600 [12]

680 [6]

Laser transition wavelength with corresponding emission cross-section value [6]

Transition λ [µm] σ [cm2] Note
2F5/2 ⇒ 2F7/2 1.04 0.8 × 1020 5.6 at.% Nd

About the crystal

Yb:YAB is one of most successful SFD crystals. The radius of Yb3+ ions (0.870Å)
is very close to that of Y3+ ions (0.893Å), and therefore it is easy to incorporate the
ytterbium ions into theYAB matrix. There is no concentration quenching, no excited-
state absorption, and no absorption on doubled wavelength. In addition, YbYAB
crystals offer high quantum efficiency, low quantum defects, reduced thermal effects,
and a potentially broad gain bandwidth. The wide pump band in Yb:YAB crystals is
well matched to high-power InGaAs diodes. This together with a high second-order
nonlinearity results in broad-band tuning of self-frequency-doubled radiation.

Recently, the Australian–Chinese group generated 1.1 W of CW green output
(λ = 530.5 nm) via SFD in a type I Yb:YAB crystal (0.3-cm-long, 8–10 at.% Yb,
θ = 31◦) with 11 W InGaAs diode-pumping at 976 nm [3], [14]. This is the highest
green power reported for any diode-pumped SFD laser to date. The same group
reported the tuning of self-frequency-doubled radiation between 517 and 540 nm at
a 50-mW level [13].

References

[1] A.A. Filimonov, N.I. Leonyuk, L.B. Meissner, T.I. Timchenko, I.S. Rez: Nonlinear optical
properties of isomorphic family of crystals with yttrium-aluminium borate (YAB) struc-
ture. Kristall und Technik 9(1), 63–66 (1974).

[2] N.I. Leonyuk, L.I. Leonyuk: Growth and characterization of RM3(BO3)4 crystals. Progr.
Cryst. Growth Character. Mater. 31(3–4), 179–278 (1995).

[3] H. Jiang, J. Li, J. Wang, X.-B. Hu, H. Liu, B. Teng, C.-Q. Zhang, P. Dekker, P. Wang:
Growth of Yb:YAl3(BO3)4 crystals and their optical and self-frequency-doubling prop-
erties. J. Cryst. Growth 233(1–2), 248–252 (2001).

[4] Y. Xu, X. Gong, Y. Chen, M. Huang, Z. Luo, Y. Huang: Crystal growth and optical
properties of YbAl3(BO3)4: a promising stoichiometric laser crystal. J. Cryst. Growth
252(1–3), 241–245 (2003).

[5] N.I. Leonyuk, E.V. Koporulina, Y.Y. Wang, X.B. Hu, A.V. Mokhov: Neodymium and
chromium segregation at high-temperature crystallization of (Nd,Y)Al3(BO3)4 and
(Nd,Y)Ca4O(BO3)3 doped with Cr3+. J. Cryst. Growth 252(1–3), 174–179 (2003).



7.9 Ytterbium-Doped Gadolinium Calcium Oxyborate 311

[6] P. Wang, J.M. Dawes, P. Dekker, D.S. Knowles, J.A. Piper, B. Lu: Growth and evaluation
of ytterbium-doped yttrium aluminum borate as a potential self-doubling laser crystal.
J. Opt. Soc. Am. B 16(1), 63–69 (1999).

[7] J. Li, J. Wang, X. Cheng, X. Hu, P.A. Burns, J.M. Dawes: Thermal and laser properties
of Yb:YAl3(BO3)4 crystal. J. Cryst. Growth 250(3–4), 458–462 (2003).

[8] J.L. Blows, P. Dekker, P. Wang, J.M. Dawes, T. Omatsu: Thermal lensing measurements
and thermal conductivity of Yb:YAB. Appl. Phys. B 76(3), 289–292 (2003).

[9] P. Wang, P. Dekker, J.M. Dawes, J.A. Piper, Y. Liu, J. Wang: Efficient continuous-wave
self-frequency-doubling green diode-pumped Yb:YAl3(BO3)4 lasers. Opt. Lett. 25(10),
731–733 (2000).

[10] L. Tian, J. Wang, J. Wei, H. Pan,Y. Liu: Growth and optical properties ofYb:YAB crystal.
J. Synth. Cryst. 27(3), 225–228 (1998) [In Chinese].

[11] J.E. Midwinter, J. Warner: The effects of phase matching method and of uniaxial crystal
symmetry on the polar distribution of second-order non-linear optical polarization. Brit.
J. Appl. Phys. 16(11), 1135–1142 (1965).

[12] P. Dekker, J. Blows, P. Wang, J. Dawes, J. Piper, T. Omatsu, Y. Liu, J. Wang:
Yb:YAl3(BO3)4: an efficient green self-frequency-doubled laser source. In: Advanced
Solid-State Lasers, OSA Trends in Optics and Photonics Series,Vol. 50, ed. by C. Marshall
(OSA, Washington DC, 2001), pp. 476–483.

[13] P. Dekker, P.A. Burns, J.M. Dawes, J.A. Piper, J. Li, X. Hu, J. Wang: Widely tunable
yellow-green lasers based on the self-frequency-doubling material Yb:YAB. J. Opt. Soc.
Am. B 20(4), 706–712 (2003).

[14] P. Dekker, J.M. Dawes, J.A. Piper, Y. Liu, J. Wang: 1.1 W CW self-frequency-doubled
diode-pumped Yb:YAl3(BO3)4 laser. Opt. Commun. 195(56), 431–436 (2001).

7.9 Yb:GdCa4O(BO3)3, Ytterbium-Doped Gadolinium Calcium
Oxyborate (YbxGd1−x COB or Yb:GdCOB)

Negative biaxial crystal

Correlation between the atomic concentration of Yb relative to Gd and Yb3+ volume
concentration

[Yb] [at.%] [Yb3+] × 10−20 [cm3]

4 1.8
5 2.2
7 3.1

15 6.6

Point group: m

Assignment of dielectric and crystallographic axes for Yb:GdCOB equals to that of
GdCOB crystal [1], [2].
Mohs hardness: 6.5 [3]
Melting point: ≈1753 K [3]
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Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.902 2.7 [4] 15 at.% Yb, E‖Z
3 [5] 15 at.% Yb, E‖Z

0.976 4 [6] 15 at.% Yb, E‖Z
5.5 [5]

Absorption cross-section σ (in 10−20 cm2)

λ [µm] σ (E‖X) σ (E‖Y ) σ (E‖Z) Ref. Note

0.9015 0.31 0.19 0.41 [7] 7 at.% Yb
0.38 0.16 0.37 [3] 7 at.% Yb

0.976 1.15 [8] 7 at.% Yb
1.12 [4]

The refractive indices of Yb:GdCOB are very near to those of GdCOB [3].
Expressions for effective second-order nonlinear coefficient in the principal planes
of Yb:GdCOB crystal (approximation of small walk-off angle Kleinman symmetry
conditions are valid: d12 = d26, d13 = d35, d15 = d31, d24 = d32) [9], [10]:

XY plane, θ = 90◦
dooe = d13 sin φ

deoe = doee = d31 sin2 φ + d32 cos2 φ

YZ plane, φ = 90◦
deeo = d13 sin2 θ + d12 cos2 θ

doeo = deoo = d31 sin θ

XZ plane, φ = 0◦, Vz > θ > 0◦
dooe = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 90◦ > θ > Vz

doeo = deoo = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 180◦ − Vz > θ > 90◦; or φ = 180◦, 90◦ > θ > Vz

doeo = deoo = d12 cos θ + d32 sin θ

XZ plane, φ = 0◦, 180◦ > θ > 180◦ − Vz; or φ = 180◦, Vz > θ > 0◦
dooe = d12 cos θ + d32 sin θ

Experimental value of phase-matching angle [3]

Interacting wavelengths [µm] φpm [deg]

XY plane, θ = 90◦
SHG, o + o ⇒ e

1.043 ⇒ 0.5215 ≈43

Experimental value of effective second-order nonlinear coefficient for some specific
phase-matching directions (SHG, type I) in Yb:GdCOB crystal [11]

Phase-matching direction deff [pm/V]

θ = 66.8◦, φ = 132.6◦ 2.3
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Fluorescence lifetime of 2F5/2 level at room temperature

λ [µm] τ [µs] Ref. Note

1.032 2300 [5] 15 at.% Yb
2440 [6]
2500 [7] 7 at.% Yb
2600 [3] 7 at.% Yb

Laser transition wavelength and corresponding emission cross-section values
(in 10−20 cm2)

Transition λ [µm] σ (E‖Z) Ref. Note
2F5/2 ⇒ 2F7/2 1.032 0.55 [3], [7] 7 at.% Yb

0.36 [12]

About the crystal

Yb:GdCOB was recently used for efficient CW IR generation around 1.04 µm [6],
[13]. Using a 0.3-cm-long, 15 at.% Yb-doped crystal, pumped by a 976-nm fiber-
coupled diode, an output power at 1043 nm of 3.2 W was produced at an absorbed
pump power of 5.2 W. Furthermore, the generated IR light is continuously tunable
between 1018 and 1086 nm, with more than 1 W of output power over a bandwidth of
30 nm. In [13], [14] the broad emission spectrum has been used to develop a diode-
pumped Yb:GdCOB femtosecond laser (λ = 1045 nm, τ = 90 fs, Pav = 40 mW,
∆f = 100 MHz). Though the self-doubling effect in Yb:GdCOB crystal was already
reported in early work [3], no quantitative measurements have been made up to date.
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7.10 Yb:YCa4O(BO3)3, Ytterbium-Doped Yttrium Calcium
Oxyborate (YbxY1−xCOB or Yb:YCOB)

Negative biaxial crystal

Correlation between the atomic concentration of Nd relative to Y and Nd3+ volume
concentration

[Yb] [at.%] [Yb3+] × 10−20 [cm3]

4 1.8
5 2.3
7 3.2

10 4.5
20 9.0
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Specific gravity: 3.39 g/cm3 for 10 at.% Yb [1]
Point group: m

Assignment of dielectric and crystallographic axes for Yb:YCOB equals to that of
YCOB crystal [2].

Absorption cross-section σ (in 10−20 cm2)

λ [µm] σ (E‖X) σ (E‖Y ) σ (E‖Z) Ref. Note

0.900 0.4 [1] 10 at.% Yb
0.42 0.30 0.53 [3] 18.3 at.% Yb
0.31 0.13 0.43 [4], [5] 20 at.% Yb

0.976 1.2 [1] 10 at.% Yb
0.77 0.87 0.81 [4], [5] 20 at.% Yb

The refractive indices of Yb:YCOB are very near to those of YCOB.
Expressions for effective second-order nonlinear coefficient in the principal planes
of Yb:YCOB crystal (approximation of small walk-off angle Kleinman symmetry
conditions are valid: d12 = d26, d13 = d35, d15 = d31, d24 = d32) [6], [7]:

XY plane, θ = 90◦
dooe = d13 sin φ

deoe = doee = d31 sin2 φ + d32 cos2 φ

YZ plane, φ = 90◦
deeo = d13 sin2 θ + d12 cos2 θ

doeo = deoo = d31 sin θ

XZ plane, φ = 0◦, Vz > θ > 0◦
dooe = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 90◦ > θ > Vz

doeo = deoo = d12 cos θ − d32 sin θ

XZ plane, φ = 0◦, 180◦ − Vz > θ > 90◦; or φ = 180◦, 90◦ > θ > Vz

doeo = deoo = d12 cos θ + d32 sin θ

XZ plane, φ = 0◦, 180◦ > θ > 180◦ − Vz; or φ = 180◦, Vz > θ > 0◦
dooe = d12 cos θ + d32 sin θ

Experimental values of phase-matching angle in principal planes of Yb:YCOB
crystal

Interacting wavelengths [µm] φpm [deg] θpm [deg] Ref.

XY plane, θ = 90◦
SHG, o + o ⇒ e

1.090 ⇒ 0.545 ≈36.2 [4]
1.064 ⇒ 0.532 34 [8]

XZ plane, φ = 0◦
SHG, o + o ⇒ e

1.070 ⇒ 0.535 ≈31.7 [9]
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Fluorescence lifetime of 2F5/2 level at room temperature

λ [µm] τ [µs] Ref. Note

1.032 2100 [10] 2 at.% Yb
2500 [1] 1 at.% Yb
2700 [10] 5 at.% Yb
2800 [10] 10 at.% Yb
2850 [1] 10 at.% Yb
3000 [4], [10] 20 at.% Yb

[10] 25 at.% Yb
[10] 45 at.% Yb

Laser transition wavelengths and corresponding emission cross-section values
(in 10−20 cm2)

Transition λ [µm] σ (E‖Z) Ref. Note
2F5/2 ⇒ 2F7/2 1.018 0.30 [1] 10 at.% Yb

1.032 0.36 [3] 18.3 at.% Yb
0.39 [9]

1.050 0.18 [9]
1.082 0.12 [1] 10 at.% Yb
1.084 0.10 [9]
1.085 0.76 (?) [3] 18.3 at.% Yb

Laser-induced bulk damage threshold [8]

λ [µm] τp [ns] Ithr [GW/cm2]

1.064 10 >0.06

About the crystal

The CW infrared laser performance of Yb:YCOB at around 1085 nm was reported
in [4]. An X-cut 1.3-cm-long, 20 at.% Yb-doped crystal was pumped by a CW
Ti:sapphire laser tuned to 900 nm. Output radiation of 300 mW was achieved at 1.2 W
of absorbed pump power. With CW diode pumping at λ = 976 nm of a Y -cut, 0.186-
cm-long, 20 at.% Yb-doped crystal, 446 mW of IR laser output at 0.76 W absorbed
pump power was reported in [3].
In the first self-frequency-doubling experiment with Yb:YCOB, less than 1 mW of
543-nm light was generated in a 20 at.% Yb-doped crystal (θ = 90◦, φ = 36.2◦)
at 0.9 W absorbed pump power [4]. In later work [9], a 35 at.% Yb-doped crys-
tal (θ = 31.7◦, φ = 0◦) was used, which produced a similar level of CW green
output.
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Rarely Used and Archive Crystals

This chapter comprises 18 relatively rarely used or old-fashioned crystals.

8.1 KB5O8 · 4H2O, Potassium Pentaborate Tetrahydrate (KB5)

Positive biaxial crystal: 2Vz = 126.3◦ at λ = 0.5461 µm [1]
Molecular mass: 293.210
Specific gravity: 1.74 g/cm3 [2]
Point group: mm2
Lattice constants [2]:
a = 11.065 ± 0.002Å
b = 11.171 ± 0.001Å
c = 9.054 ± 0.006Å
Assignment of dielectric and crystallographic axes: X, Y, Z ⇒ a, b, c

Mohs hardness: 2.5 [2]

Vickers hardness (in kgf/mm2) [3], [4]

Indenter load 5 g Indenter load 10 g Indenter load 25 g Note

64.4 59.7 49.7 along a

82.5 74.2 68.8 along b

78.7 75.7 68.1 along c

Transparency range at “0” transmittance level: 0.162–1.5 µm [5]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.2128 0.18 [6] o-wave, XY plane, FiHG direction
0.14 [7] o-wave, XY plane, FiHG direction

0.2314 0.12 [1] o-wave, XY plane, THG direction
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λ [µm] α [cm−1] Ref. Note

0.2661 0.12 [6] e-wave, XY plane, FiHG direction
0.06 [7] e-wave, XY plane, FiHG direction

0.3472 0.04 [1] e-wave, XY plane, THG direction
0.3547 <0.01 [8] along Y

0.5321 0.02 [7] XY plane, FiHG direction
<0.01 [8] along Y

0.6943 0.03 [1] e-wave, XY plane, THG direction
1.0642 0.06 [7] e-wave, XY plane, FiHG direction

Two-photon absorption coefficient β (along b axis) [9]

λ [µm] τp [ns] β × 1011 [cm/W]

0.216 0.015 65 ± 10
0.270 0.015 35 ± 5

Experimental values of refractive indices

λ [µm] nX nY nZ Ref.

0.217 1.4969 [10]
0.220 1.4938 [10]
0.225 1.4891 [10]
0.230 1.4848 [10]
0.2345 1.4930 [11]
0.235 1.4809 [10]
0.240 1.4774 [10]
0.245 1.4740 [10]
0.250 1.4708 [10]
0.390 1.5021 1.4457 1.4327 [11]
0.400 1.5005 1.4453 1.4320 [11]
0.420 1.4984 1.4438 1.4303 [11]
0.450 1.4956 1.4414 1.4280 [11]
0.500 1.4917 1.4380 1.4251 [11]
0.546 1.4888 1.4357 1.4230 [11]
0.600 1.4859 1.4334 1.4211 [11]
0.650 1.4839 1.4319 1.4196 [11]
0.700 1.4823 1.4306 1.4182 [11]
0.730 1.4815 1.4297 1.4176 [11]
0.765 1.4813 1.4292 1.4171 [11]

Best set of Sellmeier equations (λ in µm, T = 293 K) [12]:

n2
X = 1.99191 + 0.009253

λ2 − 0.009329
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n2
Y = 2.02998 + 0.009464

λ2 − 0.009188

n2
Z = 2.17908 + 0.010354

λ2 − 0.008781

Other sets of dispersion relations are given in [11], [13].
Expressions for the effective second-order nonlinear coefficient in principal planes of
KB5 crystal (Kleinman symmetry conditions are not valid) [14]:

XY plane
deeo = d31 sin2 φ + d32 cos2 φ

YZ plane
dooe = d31 sin θ

XZ plane, θ < Vz

doeo = deoo = d24 sin θ

XZ plane, θ > Vz

dooe = d32 sin θ

Expressions for the effective second-order nonlinear coefficient in principal planes
of KB5 crystal (Kleinman symmetry conditions are valid, d15 = d31 and d24 = d32)
[14]:

XY plane
deeo = d31 sin2 φ + d32 cos2 φ

YZ plane
dooe = d31 sin θ

XZ plane, θ < Vz

doeo = deoo = d32 sin θ

XZ plane, θ > Vz

dooe = d32 sin θ

Expressions for the effective second-order nonlinear coefficient for three-wave inter-
action in an arbitrary direction inside KB5 crystal are given in [14].
Second-order nonlinear coefficients [15]:

d31(0.5321 µm) = 0.04 pm/V
d32(0.5321 µm) = 0.003 pm/V
d33(0.5321 µm) = 0.05 pm/V

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] φexp [deg] θexp [deg] Ref.

XY plane, θ = 90◦
SHG, e + e ⇒ o

0.434 ⇒ 0.217 90 [10]
0.4342 ⇒ 0.2171 90 [16]
0.4384 ⇒ 0.2192 80.5 [17]
0.4597 ⇒ 0.22985 67.2 [18]
0.4765 ⇒ 0.23825 60.2 [18]
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Interacting wavelengths [µm] φexp [deg] θexp [deg] Ref.

0.488 ⇒ 0.244 56.6 [18]
0.5 ⇒ 0.25 52.8 [10]
0.5145 ⇒ 0.25725 50.2 [18]
0.63 ⇒ 0.315 31 [16]
0.6943 ⇒ 0.34715 26.5 [18]

SFG, e + e ⇒ o

0.5398 + 0.35987 ⇒ 0.21592 50.4 [19]
0.5435 + 0.3511 ⇒ 0.2133 90 [20]
0.6943 + 0.3472 ⇒ 0.2314 57 [21]
0.5737 + 0.3345 ⇒ 0.2113 90 [20]
0.6522 + 0.3261 ⇒ 0.2174 68 [8]
0.6219 + 0.3110 ⇒ 0.2073 90 [8]
0.6943 + 0.30519 ⇒ 0.2120 70 [22]
0.6943 + 0.28409 ⇒ 0.2016 90 [22]
0.78971 + 0.26604 ⇒ 0.1990 75 [23]
0.75322 + 0.26604 ⇒ 0.1966 90 [23]
0.79737 + 0.25725 ⇒ 0.1945 84 [24]
0.79235 + 0.25725 ⇒ 0.1942 90 [24]
0.9 + 0.23287 ⇒ 0.185 90 [25]
1.06415 + 0.26604 ⇒ 0.2128 53 [7]
1.06415 + 0.21283 ⇒ 0.17736 80 [12]
1.0796 + 0.2699 ⇒ 0.21592 80 [19]
1.31417 + 0.19 ⇒ 0.166 90 [26], [27]

YZ plane, φ = 90◦
SHG, o + o ⇒ e

0.4346 ⇒ 0.2173 90 [21]
0.4690 ⇒ 0.2345 17 [21]
0.4796 ⇒ 0.2398 0 [16]

SFG, o + o ⇒ e

0.5634 + 0.3511 ⇒ 0.2163 63 [20]
0.5948 + 0.3345 ⇒ 0.2141 63 [20]
0.6264 + 0.3132 ⇒ 0.2088 68 [8]
0.7621 + 0.26604 ⇒ 0.1972 68 [23]
1.06415 + 0.21283 ⇒ 0.17736 68.5 [12]

Experimental values of NCPM temperature

Interacting wavelengths [µm] T [◦C] Ref.

along b axis
SFG, type I

0.6943 + 0.28334 ⇒ 0.20122 −15 [22]
0.6943 + 0.28361 ⇒ 0.20136 0 [22]
0.6943 + 0.28405 ⇒ 0.20158 20 [22]
0.6943 + 0.28449 ⇒ 0.20180 35 [22]



8.1 KB5O8 · 4H2O, Potassium Pentaborate Tetrahydrate (KB5) 323

Interacting wavelengths [µm] T [◦C] Ref.

0.79202 + 0.25725 ⇒ 0.19418 25 [24]
0.79344 + 0.25725 ⇒ 0.19427 40 [24]

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.1774 12 0.000003 [12] 10 Hz, 50 hours
0.2661 8 >0.043 [7] 10 Hz

0.03 >0.48 [28] 1 Hz
0.311 10 >0.013 [8] 10 Hz
0.3472 8 >0.09 [1]
0.45 7 1 [21] 15 Hz
0.622 10 >0.04 [8] 10 Hz
0.6943 10 >0.08 [1]
0.74–0.91 30 >0.05 [25]
1.0642 12 >0.085 [7] 10 Hz

About the crystal

KB5 was very popular in the seventies for UV and deep-UV sum-frequency generation.
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8.2 CsB3O5, Cesium Triborate (CBO)

Positive biaxial crystal: 2Vz = 79.0◦ at λ = 0.5321 µm [1]
Molecular mass: 245.335
Specific gravity (calculated): 3.357 g/cm3 [2]
Point group: 222
Lattice constants:
a = 6.213 ± 0.001Å [2]
b = 8.521 ± 0.001Å [2]
c = 9.170 ± 0.002Å [2]
Assignment of dielectric and crystallographic axes: X, Y, Z ⇒ c, a, b

Transparency range at “0” transmittance level: 0.17–3.0 µm [3]

Experimental values of refractive indices [3]

λ [µm] nX nY nZ

0.3547 1.5499 1.5849 1.6145
0.4765 1.5370 1.5758 1.6031
0.4880 1.5367 1.5736 1.6009
0.4965 1.5362 1.5716 1.5996
0.5145 1.5349 1.5690 1.5974
0.5321 1.5328 1.5662 1.5936
0.6328 1.5294 1.5588 1.5864
1.0642 1.5194 1.5505 1.5781

Sellmeier equations (λ in µm, T = 293 K) [1]:

n2
X = 2.3035 + 0.01378

λ2 − 0.01498
− 0.00612 λ2

n2
Y = 2.3704 + 0.01528

λ2 − 0.01581
− 0.00939 λ2

n2
Z = 2.4753 + 0.01806

λ2 − 0.01752
− 0.01654 λ2

Other set of dispersion relations is given in [3].
Expressions for the effective second-order nonlinear coefficient in the principal planes
of CBO crystal (Kleinman symmetry conditions are valid, d14 = d25 = d36) [4]:

XY plane
deoe = doee = d14 sin 2φ
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YZ plane
deeo = d14 sin 2θ

XZ plane, θ < Vz

deoe = doee = −d14 sin 2θ

XZ plane, θ > Vz
deeo = −d14 sin 2θ

Values of second-order nonlinear coefficient:
d14(1.0642 µm) = 0.468 × d22(BBO) = 1.08 pm/V [3], [5]
d14(1.0642 µm) = 0.468 × d22(BBO) = 1.03 pm/V [3], [6]
d14(1.0642 µm) = (0.53 ± 0.05) × d22(BBO) = (1.17 ± 0.11) pm/V [1], [6]

Experimental values of phase-matching angle and temperature phase-matching band-
width in the principal planes of CBO crystal (T = 293 K) [1]

Interacting wavelengths [µm] φexp [deg] θexp [deg] ∆T [◦C]

XY plane, θ = 90◦
SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 12.9 18.7
SFG, e + o ⇒ e

1.0642 + 0.5321 ⇒ 0.35473 40.3 5.7
YZ plane, φ = 90◦

SFG, e + e ⇒ o

1.0642 + 0.5321 ⇒ 0.35473 25.5
1.0642 + 0.35473 ⇒ 0.26605 52.3 4.0

XZ plane, φ = 0◦, θ > Vz

SHG, e + e ⇒ o

1.0642 ⇒ 0.5321 58.2 10.8
SFG, e + e ⇒ o

1.0642 + 0.5321 ⇒ 0.35473 77.9 7.8

Experimental value of internal angular bandwidth [3]

Interacting wavelengths [µm] θpm [deg] ∆θ int [deg]

XZ plane, φ = 0◦, θ > Vz

SHG, e + e ⇒ o

1.0642 ⇒ 0.5321 60.2 0.064

Laser-induced damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref.

1.053 1 26 [3]
1.0642 0.035 >10 [7]

About the crystal

The nonlinear optical properties of CBO was investigated by Chen and co-workers in
1993 [3]. However, this crystal did not attract much interest and was soon forgotten.
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8.3 C4H7D12N4PO7, Deuterated L-Arginine Phosphate
Monohydrate (DLAP)

Chemical formula [1]
Negative biaxial crystal: 2Vz = 142.6◦ at λ = 0.5321 µm [2]
Molecular mass: 302.286
Specific gravity: 1.591 g/cm3 [3]
Point group: 2
Lattice constants for L-arginine phosphate monohydrate (LAP) [4]:
a = 10.85 ± 0.02 Å
b = 7.91 ± 0.01 Å
c = 7.32 ± 0.02 Å
β = 98.0◦ ± 0.1◦
Lattice constants for deuterated L-arginine phosphate monohydrate (DLAP):
a = 10.75 Å [5]; 10.87 Å [6]
b = 7.91 Å [5]; 7.92 Å [6]
c = 7.32 Å [5]; 7.38 Å [6]
Assignment of dielectric and crystallographic axes (for LAP):

Y‖b, the axes a and c lie in XZ plane, the angle between them is β = 98◦, the angle
between the axes Z and c is α = 35◦ [2].

Mohs hardness: 3
Chemical decomposition temperature: 403 K [2]; 380–410 K [5]
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Mean values of linear thermal expansion coefficient αt (in 10−6 K−1) [3]

T [K] α11 (‖a) α22 (‖b) α33 (‖c) α13 = α31

298–373 57.4 ± 0.8 8.7 ± 0.5 18.3 ± 0.6 5.0 ± 0.8

Transparency range at “0” transmittance level: 0.22–1.30 µm [2]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.266 0.074 [2] along X

0.131 [2] along Y

0.184 [2] along Z

0.3547 0.025 [2] along X

0.053 [2] along Y

0.039 [2] along Z

0.5265 0.01 [7]
0.5321 0.01 [1]

<0.01 [2]
0.910 0.028 [2] along X

0.037 [2] along Y

0.044 [2] along Z

1.040 0.012 [2] along X

0.014 [2] along Y

0.009 [2] along Z

1.053 0.02 [7]
1.064 0.02 [1]

0.012 [2] along X

0.014 [2] along Y

0.009 [2] along Z

1.180 0.385 [2] along X

0.394 [2] along Y

0.557 [2] along Z

Temperature derivatives of refraction indices [8]

λ [µm] dnX/dT × 105 [K−1] dnY /dT × 105 [K−1] dnZ/dT × 105 [K−1]

0.5321 −3.64 ± 0.17 −5.34 ± 0.17 −6.69 ± 0.17
1.0642 −3.73 ± 0.17 −5.30 ± 0.17 −6.30 ± 0.17

Sellmeier equations (λ in µm, T = 298 K) [2]:

n2
X = 2.2352 + 0.0118

λ2 − 0.0146
− 0.00683 λ2
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n2
Y = 2.4313 + 0.0151

λ2 − 0.0214
− 0.0143 λ2

n2
Z = 2.4484 + 0.0172

λ2 − 0.0229
− 0.0115 λ2

Expressions for effective second-order nonlinear coefficient in the principal planes
of DLAP crystal (approximation of small walk-off angle, Kleinman symmetry con-
ditions are valid, d14 = d25 = d36, d16 = d21 and d23 = d34) [2], [9]:

XY plane

dooe = d23 cos φ

deoe = doee = d14 sin 2φ

YZ plane

deeo = d14 sin 2θ

doeo = deoo = d16 cos θ

XZ plane, φ = 0◦, Vz > θ > 0◦

deoe = doee = d16 cos2 θ + d23 sin2 θ − d14 sin 2θ

XZ plane, φ = 0◦, 90◦ > θ > Vz

deeo = d16 cos2 θ + d23 sin2 θ − d14 sin 2θ

XZ plane, φ = 0◦, 180◦ − Vz > θ > 90◦; or φ = 180◦, 90◦ > θ > Vz

deeo = d16 cos2 θ + d23 sin2 θ + d14 sin 2θ

XZ plane, φ = 0◦, 180◦ > θ > 180◦ − Vz; or φ = 180◦, Vz > θ > 0◦

deoe = doee = d16 cos2 θ + d23 sin2 θ + d14 sin 2θ

Second-order nonlinear coefficients [2], [10]:

d14(1.0642 µm) = −0.59 pm/V

d16(1.0642 µm) = 0.40 pm/V

d22(1.0642 µm) = 0.37 pm/V

d23(1.0642 µm) = 0.83 pm/V

Experimental values of phase-matching angle at T = 297 K [8]

Interacting wavelengths [µm] φexp [deg] θexp [deg]

XY plane, θ = 90◦
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 22.2
SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 37.5
XZ plane, φ = 0◦, θ < Vz

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 42.8
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Experimental values of internal angular, temperature and spectral bandwidths [11]

Interacting wavelengths [µm] φpm [deg] ∆φint [deg] ∆T [◦C] ∆ν [cm−1]

XY plane, θ = 90◦
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 22.2 0.036 5.4 20.2
SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 37.5 0.072 14.6 20.1

Laser-induced damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref.

0.308 17 0.03 [12]
0.5265 20 38 [7]

0.6 67 [7]
1.053 25 33 [7]

1 87 [7]
1.0642 14 >1.4 [1]

1 9–13 [2]

About the crystal

DLAP was one of the first thoroughly investigated nonlinear optical crystals belonging
to the low-symmetry point group 2.
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8.4 α-Iodic Acid (α-HIO3)

Negative biaxial crystal: 2Vz = 47◦ [1]
Molecular mass: 175.911
Specific gravity: 4.63 g/cm3 [1]
Point group: 222
Assignment of dielectric and crystallographic axes: X, Y , Z ⇒ b, c, a

Transparency range at “0” transmittance level: 0.32–1.7 µm (‖c), 0.32–2.3 µm
(⊥c) [1]
Linear absorption coefficient α:< 0.5 cm−1 in the range 0.35–1.3 µm [2]

Experimental values of refraction indices at T = 293 K [3]

λ [µm] nX nY nZ λ [µm] nX nY nZ

0.35 2.1485 2.1265 1.9612 0.62 1.9884 1.9632 1.8388
0.36 2.1330 2.1077 1.9474 0.64 1.9854 1.9589 1.8368
0.37 2.1171 2.0917 1.9360 0.66 1.9821 1.9560 1.8348
0.38 2.1053 2.0782 1.9257 0.68 1.9791 1.9529 1.8328
0.39 2.0929 2.0662 1.9154 0.70 1.9763 1.9506 1.8311
0.40 2.0808 2.0545 1.9086 0.80 1.9668 1.9409 1.8248
0.41 2.0715 2.0465 1.9020 0.85 1.9634 1.9377 1.8222
0.42 2.0637 2.0394 1.8952 0.90 1.9602 1.9346 1.8202
0.44 2.0494 2.0246 1.8847 0.95 1.9569 1.9314 1.8184
0.46 2.0378 2.0119 1.8753 1.00 1.9541 1.9286 1.8150
0.48 2.0292 2.0026 1.8685 1.10 1.9486 1.9260 1.8114
0.50 2.0194 1.9926 1.8624 1.20 1.9436 1.9229 1.8088
0.52 2.0126 1.9883 1.8562 1.30 1.9390 1.9206 1.8063
0.54 2.0065 1.9829 1.8522 1.40 1.9348 1.9180 1.8038
0.56 2.0010 1.9763 1.8476 1.50 1.9310 1.9157 1.8018
0.58 1.9960 1.9712 1.8436 1.60 1.9132 1.7998
0.60 1.9918 1.9665 1.8405
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Optical activity at T = 300 K [1]

λ [µm] ρ [deg/mm]

0.4360 74.5
0.5461 58.7

Best set of Sellmeier equations (λ in µm, T = 293 K) [4]:

n2
X = 3.739 + 0.07128

λ2 − 0.05132

n2
Y = 3.654 + 0.06721

λ2 − 0.04234

n2
Z = 3.239 + 0.05353

λ2 − 0.017226

Other sets of dispersion relations are given in [3], [5].

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of α-HIO3 crystal, i.e., for the “free” crystal) at room temperature [6]

λ [µm] rT
41 [pm/V] rT

52 [pm/V] rT
63 [pm/V]

0.6328 6.6 ± 0.3 7.0 ± 0.5 6.0 ± 0.3

Expressions for the effective second-order nonlinear coefficient in the principal planes
of α-HIO3 crystal (Kleinman symmetry conditions are valid, d14 = d25 = d36) [7]:

XY plane
deeo = −d14 sin 2φ

YZ plane
deoe = doee = −d14 sin 2θ

XZ plane, θ < Vz

deeo = d14 sin 2θ

XZ plane, θ > Vz

deoe = doee = d14 sin 2θ

Values of second-order nonlinear coefficient:
d14(1.064 µm) = 20 × d11(SiO2) ± 25% = 6.0 ± 1.5 pm/V [1], [8]
d14(1.1523 µm) = 10.9 × d36(ADP) ± 14% = 5.0 ± 0.7 pm/V [9], [10]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

YZ plane, φ = 90◦
SHG, e + o ⇒ e

0.976 ⇒ 0.488 57.9 [11]
1.029 ⇒ 0.5145 52.7 [11]
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Interacting wavelengths [µm] θexp [deg] Ref.

1.0642 ⇒ 0.5321 50.4 [12]
1.065 ⇒ 0.5325 52 [1]

XZ plane, φ = 0◦, θ > Vz
SHG, e + o ⇒ e

0.976 ⇒ 0.488 72.2 [11]
1.029 ⇒ 0.5145 66.1 [11]
1.06 ⇒ 0.53 64.9 [13]
1.065 ⇒ 0.5325 66 [1]

Experimental values of internal angular and spectral bandwidths [14]

Interacting wavelengths [µm] θpm [deg] ∆θ int [deg] ∆ν [cm−1]
XZ plane, φ = 0◦, θ > Vz

SHG, e + o ⇒ e

1.06 ⇒ 0.53 66 0.035 3.38

Temperature tuning of critical SFG process [11]

Interacting wavelength [µm] θpm [deg] dλ2/dT [nm/K]

XZ plane, φ = 0◦, θ > Vz
SHG, e + o ⇒ e

1.9226 + 0.654 ⇒ 0.488 50 0.055

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.488 CW >0.00025 [1]
0.528 0.007 >7 [15] 2 Hz
0.53 15 0.055 [13]

0.006 >0.8 [16]
0.532 0.03 >0.8 [17] 25 Hz

>5.5 [18]
0.035 8–10 [19] 1 Hz

4–5 [19] 12.5 Hz

About the crystal

α-HIO3 was probably the first biaxial crystal of the 222 point group used in nonlinear
optics.
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8.5 LiCOOH · H2O, Lithium Formate Monohydrate (LFM)

Negative biaxial crystal: 2Vz = 123.8◦ at λ = 0.5321 µm [1]
Molecular mass: 69.974
Specific gravity: 1.46 g/cm3 [1]
Point group: mm2
Lattice constants [1]:
a = 4.85 Å
b = 6.49 Å
c = 10.01 Å
Assignment of dielectric and crystallographic axes: X, Y , Z ⇒ a, b, c

Transparency range at “0” transmittance level: 0.23–1.56 µm [1], [2]

Linear absorption coefficient α(θ = 90◦, φ = 10◦) [3]

λ [µm] α [cm−1]

0.3547 0.025
0.5321 0.012
1.0642 0.017

Experimental values of refractive indices [4]

λ [µm] nX nY nZ λ [µm] nX nY nZ

0.35 1.3810 1.5073 1.5540 0.54 1.3666 1.4827 1.5219
0.36 1.3791 1.5051 1.5510 0.56 1.3657 1.4813 1.5200
0.37 1.3777 1.5034 1.5484 0.58 1.3647 1.4804 1.5187
0.38 1.3767 1.5017 1.5458 0.60 1.3643 1.4796 1.5174
0.39 1.3758 1.4999 1.5432 0.62 1.3638 1.4787 1.5161
0.40 1.3748 1.4981 1.5405 0.64 1.3633 1.4778 1.5152
0.42 1.3729 1.4955 1.5367 0.66 1.3628 1.4768 1.5144
0.44 1.3714 1.4928 1.5332 0.68 1.3625 1.4760 1.5135
0.46 1.3705 1.4902 1.5301 0.70 1.3623 1.4751 1.5126
0.48 1.3696 1.4880 1.5279 0.80 1.3614 1.4729 1.5099
0.50 1.3686 1.4862 1.5257 0.90 1.3604 1.4711 1.5077
0.52 1.3677 1.4845 1.5236 1.00 1.3595 1.4694 1.5055
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λ [µm] nX nY nZ λ [µm] nX nY nZ

1.10 1.3590 1.4675 1.5032 1.40 1.3583 1.4630 1.4970
1.20 1.3587 1.4658 1.5011 1.50 1.3581 1.4617
1.30 1.3585 1.4644 1.4987

Sellmeier equations (λ in µm, T = 293 K) [4]:

n2
X = 1.4376 + 0.4045 λ2

λ2 − 0.01692601
− 0.0005 λ2

n2
Y = 1.6586 + 0.5006 λ2

λ2 − 0.023409
− 0.0127 λ2

n2
Z = 1.6714 + 0.5928 λ2

λ2 − 0.02534464
− 0.0153 λ2

Expressions for the effective second-order nonlinear coefficient in principal planes of
LFM crystal (Kleinman symmetry conditions are not valid) [5]:

XY plane
deoe = doee = d15 sin2 φ + d24 cos2 φ

YZ plane
doeo = deoo = d15 sin θ

XZ plane, θ < Vz

dooe = d32 sin θ

XZ plane, θ > Vz

doeo = deoo = d24 sin θ

Expressions for the effective second-order nonlinear coefficient in principal planes of
LFM crystal (Kleinman symmetry conditions are valid, d15 = d31 and d24 = d32) [5]:

XY plane
deoe = doee = d31 sin2 φ + d32 cos2 φ

YZ plane
doeo = deoo = d31 sin θ

XZ plane, θ < Vz

dooe = d32 sin θ

XZ plane, θ > Vz

doeo = deoo = d32 sin θ

Expressions for the effective second-order nonlinear coefficient in arbitrary direction
inside the LFM crystal are given in [5]. The formulas given in [2] are incorrect.
Absolute values of second-order nonlinear coefficients [6]:

d31(1.0642 µm) = 0.13 pm/V
d32(1.0642 µm) = −0.60 pm/V
d33(1.0642 µm) = 0.94 pm/V
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Experimental values of phase-matching angle

Interacting wavelengths [µm] φexp [deg] θexp [deg] Ref.

XY plane, θ = 90◦
SFG, e + o ⇒ e

1.0642 + 0.5321 ⇒ 0.3547 8.2 [3]
XZ plane, φ = 0◦

SHG, o + o ⇒ e

0.486 ⇒ 0.243 38.5 [7]
1.0642 ⇒ 0.5321 55.1 [1]

SHG, o + e ⇒ e

1.0642 ⇒ 0.5321 82.0 [1]

Experimental value of internal angular bandwidth [3]

Interacting wavelengths [µm] φpm [deg] ∆ϕint [deg]

XY plane, θ = 90◦
SFG, e + o ⇒ e

1.0642 + 0.5321 ⇒ 0.3547 8.2 0.04

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref.

0.475 330 0.15 [8]
0.488 CW >0.000001 [1]
0.490 330 0.15 [8]

About the crystal

LFM is one of the first biaxial nonlinear optical crystals, belonging to the mm2 point
group.
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8.6 CsH2AsO4, Cesium Dihydrogen Arsenate (CDA)

Negative uniaxial crystal: no > ne

Molecular mass: 273.840
Specific gravity: 3.53 g/cm3 [1]
Point group: 4̄2m

Lattice constants [2]:
a = 7.9852 ± 0.0004 Å at T = 298 K
c = 7.8928 ± 0.0003 Å at T = 298 K
Curie temperature: 143 K [2]

Linear thermal expansion coefficient [2]

αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

49 12

Transparency range at 0.5 level for 17.5-mm-long crystal cut at θ = 90◦, φ = 45◦:
0.26–1.43 µm [3]
UV edge of transparency range at “0” transmittance level: 0.216 µm [4]
IR edge of transparency range at “0” transmittance level: 1.87 µm foro-wave, 1.67 µm
for e-wave [5]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref.

0.35–1.4 0.6 [4]
1.062 0.041 [6]
1.064 0.041 [3]

Two-photon absorption coefficient β [7]

λ [µm] β × 1011 [cm/W] Note

0.355 2.81 e-wave, θ = 90◦, φ = 45◦

Experimental values of refraction indices [3]

λ [µm] no ne

0.3472 1.6027 1.5722
0.5321 1.5733 1.5514
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λ [µm] no ne

0.6943 1.5632 1.5429
1.0642 1.5516 1.5330

Temperature derivatives of refraction indices [8]

λ [µm] dno/dT × 105 [K−1] dne/dT × 105 [K−1]

0.405 −3.15 −1.89
0.436 −3.05 −2.09
0.546 −2.59 −2.12
0.578 −2.76 −2.39
0.633 −2.80 −2.56

Best set of dispersion relations (λ in µm, T = 293 K) [5]:

n2
o = 1.8776328 − 0.03602222 λ2 + 0.005234121 λ4 + 0.5503951 λ2

λ2 − (0.1625700)2

n2
e = 1.6862889 − 0.01372244 λ2 + 0.003948463 λ4 + 0.6694571 λ2

λ2 − (0.1464712)2

Other dispersion relations are given in [8], [9].
Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d14 = d25 = d36) [10]:

dooe = −d36 sin(θ + ρ) sin 2φ

deoe = doee = 2d36 sin(θ + ρ) cos(θ + ρ) cos 2φ

Simplified expressions for the effective second-order nonlinear coefficient (approxi-
mation of small birefringence angle, Kleinman symmetry conditions are valid, d14 =
d25 = d36) [11]:

dooe = −d36 sin θ sin 2φ

deoe = doee = d36 sin 2θ cos 2φ

Absolute value of second-order nonlinear coefficient:

d36(1.0642 µm) = 0.40 ± 0.05 pm/V [3]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

1.05 ⇒ 0.525 90 [12]
1.052 ⇒ 0.526 90 [8]
1.06 ⇒ 0.53 87 [13], [14]
1.0642 ⇒ 0.5321 83.5 [15], [16]

84.2 [3]
84.4 [17]
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Experimental values of NCPM temperature

Interacting wavelengths [µm] T [◦C] Ref. Note

SHG, o + o ⇒ e

1.05 ⇒ 0.525 20 [12]
1.052 ⇒ 0.526 20 [8]
1.06 ⇒ 0.53 31 [13]
1.0642 ⇒ 0.5321 39.6 [3] 20 Hz

40.3 [18] 10 Hz
41 [16]
42 [19]
43 [17]
44.5 [20]
45 [6]
46 [15] 12.5 Hz
48 [3] 0.1–1 Hz
49.2 [21] 10 Hz

1.073 ⇒ 0.5365 61 [19]
1.078 ⇒ 0.539 100 [12]

Experimental values of internal angular and temperature bandwidths

Interacting wavelengths T θpm ∆θ int ∆T Ref.
[µm] [◦C] [deg] [deg] [◦C]

SHG, o + o ⇒ e

1.06 ⇒ 0.53 22 87 ≈0.4 [13]
31 90 ≈3.8 ≈3 [13]
20 87 0.43 [14]
63 (?) 90 3.03 [14]

1.062 ⇒ 0.531 45 90 2.85 6.5 [6]
1.0642 ⇒ 0.5321 40.3 90 6.8 [18]

24 83.5 0.86 ∼8 [15]
46 90 3.2 [15]
20 84.15 0.70 [3]
48 90 2.91 6 ± 0.2 [3]
20 84.4 0.70 [17]
43 90 ≈3 [17]

Experimental values of spectral bandwidth [14]

Interacting wavelengths [µm] T [◦C] θpm [deg] ∆ν [cm−1]

SHG, o + o ⇒ e

1.06 ⇒ 0.53 20 87 199
63 (?) 90 158
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Temperature variation of phase-matching angle

Interacting wavelengths [µm] T [◦C] θpm [deg] dθpm/dT [deg/K] Ref.

SHG, o + o ⇒ e

1.06 ⇒ 0.53 20 87 0.085 [14]
63 (?) 90 0.481 [14]

1.0642 ⇒ 0.5321 24 83.5 0.129 [15]
20 84.4 0.131 [17]
35 86.5 0.194 [17]
39 87.6 0.251 [17]
41 88.3 0.537 [17]

Temperature tuning of noncritical SHG [8]

Interacting wavelengths [µm] dλ1/dT [nm/K]

SHG, o + o ⇒ e

1.052 ⇒ 0.526 0.308

Temperature variation of birefringence for noncritical SHG process
(1.0642 µm ⇒ 0.5321 µm, o + o ⇒ e):

d(ne
2 − no

1)/dT = 7.2 × 10−6 K−1 [18]
d(ne

2 − no
1)/dT = (8.0 ± 0.2) × 10−6 K−1 [3]

Laser-induced bulk-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.532 10 >0.3 [21]
1.062 0.007 >4 [6]
1.064 12 >0.26 [3] 10–20 Hz

10 0.35 [15] 12.5 Hz
18 0.4 [18] 2–50 Hz

About the crystal

CDA (together with its deuterated analog DCDA) was widely used in the 1970s for
NCPM of Nd:YAG laser radiation.
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8.7 CsD2AsO4, Deuterated Cesium Dihydrogen Arsenate (DCDA)

Negative uniaxial crystal: no > ne
Molecular mass: 275.853
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Specific gravity: 3.53 g/cm3 [1]
Point group: 4̄2m

Transparency range at 0.5 level for 13.5-mm-long crystal cut at θ = 90◦, φ = 45◦:
0.27–1.66 µm [2]
IR edge of transparency range at “0” transmittance level: 2.03 µm for o-wave,
1.78 µm for e-wave [3]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref.

1.062 0.01 [4]
1.064 0.02 [2]

Two-photon absorption coefficient β [5]

λ [µm] β × 1011 [cm/W] Note

0.355 8.0 o-wave, θ = 90◦, φ = 45◦
5.1 e-wave, θ = 90◦, φ = 45◦

Experimental values of refraction indices [2]

λ [µm] no ne

0.3472 1.5895 1.5685
0.5321 1.5681 1.5495
0.6943 1.5596 1.5418
1.0642 1.5503 1.5326

Temperature derivatives of refraction indices [6]

λ [µm] dno/dT × 105 [K−1] dne/dT × 105 [K−1]

0.405 −2.26 −1.77
0.436 −2.26 −1.51
0.546 −2.47 −1.64
0.578 −2.31 −1.71
0.633 −1.70

Best set of dispersion relations (λ in µm, T = 293 K) [3]:

n2
o = 1.6278496 − 0.018220310 λ2 + 0.0002813331 λ4 + 0.7808170 λ2

λ2 − (0.1407699)2

n2
e = 1.6236063 − 0.009338692 λ2 + 0.0019654130 λ4 + 0.7249589 λ2

λ2 − (0.1414850)2

Other dispersion relations are given in [6], [7].
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Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d14 = d25 = d36) [8]:

dooe = −d36 sin(θ + ρ) sin 2φ

deoe = doee = 2d36 sin(θ + ρ) cos(θ + ρ) cos 2φ

Simplified expressions for the effective second-order nonlinear coefficient (approxi-
mation of small birefringence angle, Kleinman symmetry conditions are valid, d14 =
d25 = d36) [9]:

dooe = −d36 sin θ sin 2φ

deoe = doee = d36 sin 2θ cos 2φ

Absolute value of second-order nonlinear coefficient:

d36(1.0642 µm) = 0.40 ± 0.05 pm/V [2]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

1.034 ⇒ 0.517 90 [10]
1.037 ⇒ 0.5185 90 [6]
1.0642 ⇒ 0.5321 79.35 [2]

80.8 [11]

Experimental values of NCPM temperature

Interacting wavelengths [µm] T [◦C] Ref. Note

SHG, o + o ⇒ e

1.034 ⇒ 0.517 20 [10]
1.037 ⇒ 0.5185 20 [6]
1.0642 ⇒ 0.5321 96.4 [11] 70% deuteration

102 [12], [13]
108 [10]
109.8 [2] 90% deuteration, 20 Hz
112.3 [2] 90% deuteration, <1 Hz

Experimental values of internal angular and temperature bandwidths

Interacting wavelengths [µm] T [◦C] θpm [deg] ∆θ int [deg] ∆T [◦C] Ref.

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 20 79.35 0.41 [2]
20 80.8 0.50 [11]
96.4 90 ≈3.5 [11]

112.3 90 2.90 6.1 ± 0.1 [2]
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Temperature variation of phase-matching angle [11]

Interacting wavelengths [µm] T [◦C] θpm [deg] dθpm/dT [deg/K]

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 20 80.8 0.042
66.3 84.3 0.081
80 86.4 0.270
87.7 88.1 0.533

Temperature tuning of noncritical SHG [6]

Interacting wavelengths [µm] dλ1/dT [nm/K]

SHG, o + o ⇒ e

1.037 ⇒ 0.5185 0.317

Temperature variation of birefringence for noncritical SHG process
(1.0642 µm ⇒ 0.5321 µm, o + o ⇒ e):

d(ne
2 − no

1)/dT = (7.8 ± 0.2) × 10−6 K−1 [2]

Laser-induced bulk-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

1.064 12 >0.26 [2] 10–20 Hz
>0.25 [14] 0.1–20 Hz

About the crystal

DCDA (together with its analog CDA) was widely used in the 1970s for NCPM of
Nd:YAG laser radiation.
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8.8 RbH2PO4, Rubidium Dihydrogen Phosphate (RDP)

Negative uniaxial crystal: no > ne
Molecular mass: 182.454
Specific gravity: 2.805 g/cm3 [1]
Point group: 4̄2m

Lattice constants [2]:
a = 7.608 ± 0.008 Å
c = 7.296 ± 0.007 Å
Curie temperature: 147 K [3], [4]

Linear thermal expansion coefficient [4]

αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

42.5 19

Transparency range at 0.5 level for 15.3-mm-long crystal cut at θ = 50◦, φ = 45◦:
0.19–1.38 µm [5]
IR edge of transparency range at “0” transmittance level: 1.65 µm foro-wave, 1.87 µm
for e-wave [6]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.25–1.25 <0.03 [7]
0.3547 0.015 [5] θ = 50◦, φ = 45◦
0.5321 0.01 [5] θ = 50◦, φ = 45◦
1.0642 0.041 [5] θ = 50◦, φ = 45◦
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Two-photon absorption coefficient β [8]

λ [µm] β × 1011 [cm/W] Note

0.355 0.59 e-wave, θ = 90◦, φ = 45◦

Experimental values of refraction indices

λ [µm] no ne Ref. λ [µm] no ne Ref.

0.3472 1.5284 1.4969 [9] 0.5321 1.5106 1.4811 [10]
0.4358 1.5165 1.4857 [9] 0.5468 1.5082 1.4790 [9]
0.4765 1.5140 1.4861 [10] 0.5500 1.5093 1.4804 [3]
0.4880 1.5132 1.4832 [10] 0.5893 1.5053 1.4765 [9]
0.4965 1.5126 1.4827 [10] 0.6000 1.5067 1.4784 [3]
0.5000 1.5125 1.4813 [3] 0.6500 1.5046 1.4767 [3]
0.5017 1.5121 1.4825 [10] 0.6943 1.5020 1.4735 [9]
0.5145 1.5116 1.4820 [10] 1.0642 1.4926 1.4700 [10]

λ [µm] no Ref. λ [µm] ne Ref.

0.4699 1.5148 [11] 0.4658 1.4851 [11]
0.4950 1.5128 [11] 0.4780 1.4845 [11]
0.5120 1.5117 [11] 0.4950 1.4833 [11]
0.5329 1.5104 [11] 0.5324 1.4810 [11]
0.5851 1.5074 [11] 0.5577 1.4798 [11]
0.5980 1.5069 [11] 0.5878 1.4787 [11]
0.6245 1.5056 [11] 0.6165 1.4776 [11]
0.6474 1.5047 [11] 0.6521 1.4766 [11]
0.6662 1.5042 [11] 0.6640 1.4763 [11]

Temperature derivatives of refraction indices [12]

λ [µm] dno/dT × 105 [K−1] dne/dT × 105 [K−1]

0.405 −3.69 −2.67
0.436 −3.86 −2.76
0.546 −3.72 −2.54
0.578 −3.72 −2.80
0.633 −3.72 −2.89

Best set of dispersion relations (λ in µm, T = 293 K) [13]:

n2
o = 2.249885 + 3.688005 λ2

λ2 − (11.27829)2 + 0.010560

λ2 − (0.088207)2

n2
e = 2.159913 + 0.988431 λ2

λ2 − (11.30013)2 + 0.009515

λ2 − (0.092076)2

Other dispersion relations are given in [6], [10], [12].
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Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of RDP crystal, i.e., for the “free” crystal) at T = 295 K [3]

λ [µm] rT
41 [pm/V] rT

63 [pm/V]

0.6328 12.5 ± 0.2 7.7 ± 0.3

Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d14 = d25 = d36) [14]:

dooe = −d36 sin(θ + ρ) sin 2φ

deoe = doee = 2d36 sin(θ + ρ) cos(θ + ρ) cos 2φ

Simplified expressions for the effective second-order nonlinear coefficient (approx-
imation of small birefringence angle, Kleinman symmetry conditions are valid,
d14 = d25 = d36) [15]:

dooe = −d36 sin θ sin 2φ

deoe = doee = d36 sin 2θ cos 2φ

Values of second-order nonlinear coefficient:

d36(0.6943 µm) = 1.04 × d36(KDP) ± 15% = 0.41 ± 0.06 pm/V [16], [17]

d36(0.6943 µm) = 0.92 × d36(KDP) ± 10% = 0.36 ± 0.04 pm/V [17], [18]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

0.626 ⇒ 0.313 90 [12]
0.627 ⇒ 0.3135 90 [19]
0.6275 ⇒ 0.31375 90 [20]
0.6294 ⇒ 0.3147 86.6 [20]
0.6328 ⇒ 0.3164 83.2 [21]
0.6386 ⇒ 0.3193 78.9 [20]
0.6550 ⇒ 0.3275 73.9 [20]
0.6700 ⇒ 0.3350 70.8 [20]
0.6943 ⇒ 0.34715 66 [9]
1.0642 ⇒ 0.5321 50.8 [5], [22]

50.9 [23]
1.1523 ⇒ 0.57615 51 [21]

SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 83.1 [22]
1.1523 ⇒ 0.57615 77.1 [21]

THG, o + o ⇒ e

1.0642 + 0.5321 ⇒ 0.3547 61.2 [5]
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Experimental values of NCPM temperature

Interacting wavelengths [µm] T [◦C] Ref.

SHG, o + o ⇒ e

0.627 ⇒ 0.3135 20 [19], [23]
0.6275 ⇒ 0.31375 20 [20]
0.635 ⇒ 0.3175 100 [19], [23]
0.637 ⇒ 0.3185 98 [20]

Experimental values of internal angular bandwidth at T = 293 K

Interacting wavelengths [µm] θpm [deg] ∆θ int [deg] Ref.

SHG, o + o ⇒ e

0.6275 ⇒ 0.31375 90 1.73 [20]
0.6943 ⇒ 0.34715 66 0.14 [24]
1.0642 ⇒ 0.5321 50.8 0.10 [22]

0.11 [5]
SHG, e + o ⇒ e

1.0642 ⇒ 0.5321 0.40 [25]
83.1 0.54 [22]

THG, o + o ⇒ e

1.0642 + 0.5321 ⇒ 0.3547 61.2 0.08 [5]

Temperature tuning of noncritical SHG

Interacting wavelengths [µm] dλ1/dT [nm/K] Ref.

SHG, o + o ⇒ e

0.626 ⇒ 0.313 0.12 [12]
0.6275 ⇒ 0.31375 0.123 [20]

Experimental value of temperature bandwidth for noncritical SHG process
(0.6275 µm ⇒ 0.31375 µm, o + o ⇒ e):

∆T = 2.5 ± 0.3◦C [20]
Temperature variation of birefringence for noncritical SHG process (0.6275 µm ⇒
0.31375 µm, o + o ⇒ e):

d(ne
2 − no

1)/dT = (1.1 ± 0.1) × 10−5 K−1 [20]

Laser-induced bulk-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.6281 330 0.55 [26]
0.6943 10 >0.18 [24]
1.0642 12 >0.26 [22] 10–20 Hz
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About the crystal

RDP was rather often used in the late 1960s to the mid-1970s for SHG of ruby and
dye laser radiations. As these lasers came out of fashion, the RDP applications also
stopped.
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8.9 CsTiOAsO4, Cesium Titanyl Arsenate (CTA)

Positive biaxial crystal: 2Vz = 52.9◦ at λ = 0.5321 µm [1]
Molecular mass: 335.704
Specific gravity: 4.511 g/cm3 [2]
Point group: mm2
Lattice constants:
a = 13.486 Å [3]; 13.494 Å [4]
b = 6.8616 Å [3]; 6.8627 Å [4]
c = 10.688 Å [3]; 10.699 Å [4]
Assignment of dielectric and crystallographic axes: X, Y , Z ⇒ a, b, c

Curie temperature: 917 K [5]
Melting point: 1322 K [6]
Transparency range at “0” transmittance level: 0.35–5.3 µm [5]; 0.37–5.3 µm [4];
0.38–5.3 µm [7]

Experimental values of refractive indices at room temperature [8]

λ [µm] nX nY nZ

0.66 1.8771 1.8939 1.9519
1.32 1.8441 1.8590 1.9150
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Traditional Sellmeier equations (λ in µm, T = 293 K) [1]:

n2
X = 2.34498 + 1.04863 λ2

λ2 − (0.22044)2 − 0.01483 λ2

n2
Y = 2.74440 + 0.70733 λ2

λ2 − (0.26033)2 − 0.01526 λ2

n2
Z = 2.53666 + 1.10600 λ2

λ2 − (0.24988)2 − 0.01711 λ2

More accurate dispersion relations (λ in µm, 0.4 µm < λ < 5.3 µm for nX and nY ,
0.4 µm < λ < 2.1 µm for nZ , T = 293 K) [9], [10]

n2
X = 2.0408 + 1.2924 λ2.0008

λ2.0008 − 0.047575
+ 1.9304 λ1.9874

λ1.9874 − 156.5049

n2
Y = 2.4330 + 0.9591 λ1.9853

λ1.9853 − 0.068339
+ 4.2292 λ1.9338

λ1.9338 − 305.9224

n2
Z = 2.5723 + 1.0532 λ2.0297

λ2.0297 − 0.080077
+ 0.6178 λ1.9934

λ1.9934 − 40.7806

Other sets of dispersion relations are given in [11], [12], [13].

Linear electrooptic coefficients measured at low frequencies (well below the acoustic
resonances of CTA crystal, i.e., for the “free” crystal) at room temperature [1]

λ [µm] rT
13 [pm/V] rT

23 [pm/V] rT
33 [pm/V]

0.6328 14.2 ± 1.4 18.5 ± 1.9 38 ± 3.8

Expressions for the effective second-order nonlinear coefficient in principal planes of
CTA crystal (approximation of small walk-off angle, Kleinman symmetry conditions
are valid, d15 = d31 and d24 = d32) [14]:

XY plane
deoe = doee = d31 sin2 φ + d32 cos2 φ

YZ plane
doeo = deoo = d31 sin θ

XZ plane, θ < Vz
dooe = d32 sin θ

XZ plane, θ > Vz
doeo = deoo = d32 sin θ

Effective second-order nonlinear coefficient for three-wave interactions in the arbi-
trary direction of CTA crystal is given in [14].
The signs of CTA second-order nonlinear coefficients are probably all the same [15].
Absolute values of second-order nonlinear coefficients:

d31(1.064 µm) = 2.1 ± 0.4 pm/V [1]
d32(1.064 µm) = 3.4 ± 0.7 pm/V [1]
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d33(1.064 µm) = 18.1 ± 1.8 pm/V [1]
d31(1.32 µm) = 1.1 ± 0.1 pm/V [8]
d32(1.32 µm) = 1.7 ± 0.6 pm/V [8]

Experimental values of phase-matching angle and internal angular bandwidth

Interacting wavelengths φpm θpm ∆ϕint ∆θ int Ref.
[µm] [deg] [deg] [deg] [deg]

XY plane, θ = 90◦
SHG, e + o ⇒ e

1.3188 ⇒ 0.6594 64.5 0.52 [11]
64 [12]
59 0.60 [8]

DFG, e − o ⇒ e

0.5309 − 0.7822 ⇒ 1.6525 41 [16]
YZ plane, φ = 90◦

SHG, o + e ⇒ o

1.3188 ⇒ 0.6594 76 [12]
73.1 0.29 [8]

About the crystal

An analog of KTA and RTA, CTA did not find any practical application.
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8.10 Ba2NaNb5O15, Barium Sodium Niobate (BNN)

Negative biaxial crystal: 2Vz = 13◦ [1]

Molecular mass: 1002.173

Specific gravity: 5.4 g/cm3 [2]; 5.4076 g/cm3 [1], 5.42 g/cm3 [3]

Point group: mm2

Lattice constants at 298 K [4]:

a = 17.62560 ± 0.00005 Å

b = 17.59182 ± 0.00001 Å

c = 3.994915 ± 0.000004 Å

Assignment of dielectric and crystallographic axes: X, Y , Z ⇒ a, b, c

Melting point: 1703 K [2]

Curie temperature: 833 K [2]

Thermal conductivity coefficient [3]: κ = 3.5 W/mK

Transparency range at “0” transmittance level: 0.37–5 µm [1], [5]
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Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.5321 0.04 [3] NCSHG direction
0.051–0.067 [6] along a axis

1.0642 <0.002 [3] NCSHG direction
0.003 [6] along a axis
0.002 [7] along b axis

Experimental values of refraction indices [1]

λ [µm] nX nY nZ

0.4579 2.4284 2.4266 2.2931
0.4765 2.4094 2.4076 2.2799
0.4880 2.3991 2.3974 2.2727
0.4965 2.3920 2.3903 2.2678
0.5017 2.3879 2.3862 2.2649
0.5145 2.3786 2.3767 2.2583
0.5321 2.3672 2.3655 2.2502
0.6328 2.3222 2.3205 2.2177
1.0642 2.2580 2.2567 2.1700

Temperature derivatives of nX and nZ at λ = 1.064 µm (nY depends on T only
slightly) [1]:

dnX/dT = −2.5 × 10−5 K−1

dnZ/dT = +8.0 × 10−5 K−1

Best set of dispersion relations (λ in µm, T = 293 K) [1]:

n2
X = 1 + 3.9495 λ2

λ2 − 0.04038894

n2
Y = 1 + 3.9495 λ2

λ2 − 0.04014012

n2
Z = 1 + 3.6008 λ2

λ2 − 0.03219871

Other set of dispersion relation is given in [8].
Expressions for the effective second-order nonlinear coefficient in principal planes of
BNN crystal (Kleinman symmetry conditions are not valid) [9]:

XY plane
deeo = d31 sin2 φ + d32 cos2 φ

YZ plane
dooe = d31 sin θ

XZ plane, θ < Vz
doeo = deoo = d24 sin θ

XZ plane, θ > Vz
dooe = d32 sin θ
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Expressions for the effective second-order nonlinear coefficient in principal planes of
BNN crystal (Kleinman symmetry conditions are valid, d15 = d31 and d24 = d32) [9]:

XY plane
deeo = d31 sin2 φ + d32 cos2 φ

YZ plane
dooe = d31 sin θ

XZ plane, θ < Vz

doeo = deoo = d32 sin θ

XZ plane, θ > Vz

dooe = d32 sin θ

Expressions for the effective second-order nonlinear coefficient in arbitrary direction
inside the BNN crystal are given in [9].
Values of second-order nonlinear coefficients:

d31(1.064 µm) = 40 × d11(SiO2) ± 5% = 12 ± 0.6 pm/V [1], [10]
d32(1.064 µm) = 40 × d11(SiO2) ± 10% = 12 ± 1.2 pm/V [1], [10]
d33(1.064 µm) = 55 × d11(SiO2) ± 7% = 16.5 ± 1.2 pm/V [1], [10]

Experimental values of phase-matching angle (T = 293 K) [1]

Interacting wavelengths [µm] θexp [deg]

YZ plane, φ = 90◦
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 73.8
XZ plane, φ = 0◦, θ > Vz

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 75.4

Note: The PM angle values are strongly dependent on melt stoichiometry.

Experimental values of NCPM temperature and temperature bandwidth

Interacting wavelengths [µm] T [◦C] ∆T [◦C] Ref.

along a axis
SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 85 0.45–0.47 [6]
85 [11]
86–87 0.45 [12]
89 0.5 [1]

1.08 ⇒ 0.54 0.42 [13]
along b axis

SHG, o + o ⇒ e

1.0642 ⇒ 0.5321 97 [14]
101 0.5 [1]

Note: The NCPM temperature values are strongly dependent on melt stoichiometry.
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Temperature variation of birefringence for noncritical SHG process [1]:
along b axis (1.0642 µm ⇒ 0.5321 µm)

d[nZ(2ω) − nX(ω)]/dT = 1.05 × 10−4 K−1

Laser-induced damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.5321 CW >0.00005 [14]
450 0.0002 [15] 2 kHz

0.05 0.072 [16] 1 kHz
1.0642 450 0.004 [15] 2 kHz

0.08 >0.0025 [6] 500 MHz

About the crystal

Due to a high effective second-order nonlinearity, BNN crystal attracted much
attention in the late 1960s and 1970s. However, it is difficult to grow perfect barium
sodium niobate, and some undesirable properties like cracks and twins limit its
practical application. Quite recently, it was discovered that Nd doping of BNN
(NdxBa2−2xNa1−xNb5O15, x = 0.025) allows the production of high-quality crys-
tals [17]. Other properties of Nd:BNN are as follows: point group, 4mm; lattice
constants, a = 12.446 ± 0.001 Å, c = 3.991 ± 0.001 Å; Mohs hardness, 5; specific
gravity, 5.43 g/cm3; specific heat, 300 J/kgK; melting point, 1773 K; and Curie tem-
perature, 810 K [17]. In [18], Nd:BNN was successfully used for self-frequency
doubling.
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8.11 K3Li2Nb5O15, Potassium Lithium Niobate (KLN)

Negative uniaxial crystal: no > ne

Point group: 4mm

Molecular mass: 4.3 g/cm3 [1]; 4.42 ± 0.07 g/cm3 [2]

Lattice constants

a [Å] c [Å] Ref. Note

12.583 4.041 [3] [K2O] : [Li2O] : [Nb2O5] = 31% : 26% : 43%
12.542 4.033 [4] [K2O] : [Li2O] : [Nb2O5] = 32% : 24% : 44%
12.58 4.01 [5] [K2O] : [Li2O] : [Nb2O5] = 33.4% : 17.8% : 48.8%
12.60 3.99 [6] [K2O] : [Li2O] : [Nb2O5] = 28.9% : 18.1% : 53.0%

Curie temperature:
678 K (for molar ratio [K2O] : [Li2O] : [Nb2O5] = 33.4% : 17.8% : 48.8%) [5]
725 K (for molar ratio [K2O] : [Li2O] : [Nb2O5] = 30% : 25% : 45%) [7]
765 K (for molar ratio [K2O] : [Li2O] : [Nb2O5] = 32% : 23% : 45%) [7]
771 K (for molar ratio [K2O] : [Li2O] : [Nb2O5] = 33% : 23% : 44%) [8]
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786 K (for molar ratio [K2O] : [Li2O] : [Nb2O5] = 32% : 24% : 44%) [4]
794 K (for molar ratio [K2O] : [Li2O] : [Nb2O5] = 32% : 24% : 44%) [7]
813 K (for molar ratio [K2O] : [Li2O] : [Nb2O5] = 31% : 26% : 43%) [3]
Band-gap energy at room temperature: Eg = 3.2 eV [9]
Transparency range: 0.35–5 µm [10], [11]; 0.4–5 µm [12]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref.

0.38 3.0 [6]
1.064 0.004 [11]

Experimental values of refraction indices at T = 303 K [10], [13]

λ [µm] no ne λ [µm] no ne

0.4500 2.4049 2.2512 0.6000 2.2899 2.1720
0.4750 2.3751 2.2315 0.6250 2.2799 2.1645
0.5000 2.3546 2.2144 0.6328 2.2770 2.1630
0.5250 2.3349 2.2010 0.6500 2.2711 2.1586
0.5321 2.3260 2.1975 0.6750 2.2631 2.1529
0.5500 2.3156 2.1900 1.0642 2.2080 2.1120
0.5750 2.3016 2.1801

Sellmeier equations (T = 303 K) [13]:

n2
o = 1 + 3.708 λ2

λ2 − 0.04601

n2
e = 1 + 3.349 λ2

λ2 − 0.03564

Expression for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid, d15 = d24 = d31 = d32) [14]:

dooe = d31 sin θ

Second-order nonlinear coefficients:
d31(0.8 µm) = 11.8 pm/V [11]
d31(1.06 µm) = (1.7 ± 0.3) × d31(LN) = 7.8 ± 1.4 pm/V [15], [16]
d31(1.0642 µm) = 19.3 × d11(SiO2) ± 20% = 5.8 ± 1.2 pm/V [10], [17]
d33(1.0642 µm) = 35 × d11(SiO2) ± 15% = 10.5 ± 1.5 pm/V [10], [17]

Experimental values of interacting wavelengths at noncritical phase-matching (T =
293 K)

Interacting wavelengths [µm] Ref. Note

SHG, o + o ⇒ e

0.82 ⇒ 0.41 [11]
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Interacting wavelengths [µm] Ref. Note

0.8274 ⇒ 0.4137 [7] [K2O] : [Li2O] : [Nb2O5] = 32% : 25% : 43%
0.833 ⇒ 0.4165 [7] [K2O] : [Li2O] : [Nb2O5] = 31% : 26% : 43%
0.8334 ⇒ 0.4167 [3] [K2O] : [Li2O] : [Nb2O5] = 31% : 26% : 43%
0.8595 ⇒ 0.42975 [7] [K2O] : [Li2O] : [Nb2O5] = 32% : 24% : 44%
0.870 ⇒ 0.435 [7] [K2O] : [Li2O] : [Nb2O5] = 31% : 25% : 44%
0.9203 ⇒ 0.46015 [7] [K2O] : [Li2O] : [Nb2O5] = 32% : 23% : 45%
0.929 ⇒ 0.4645 [7] [K2O] : [Li2O] : [Nb2O5] = 31.5% : 23.5% : 45%
0.953 ⇒ 0.4765 [7] [K2O] : [Li2O] : [Nb2O5] = 31% : 24% : 45%
0.959 ⇒ 0.4795 [7] [K2O] : [Li2O] : [Nb2O5] = 30.5% : 24.5% : 45%
0.974 ⇒ 0.487 [7] [K2O] : [Li2O] : [Nb2O5] = 30% : 25% : 45%

Experimental values of temperature and spectral bandwidths at noncritical phase-
matching

Interacting wavelengths [µm] T [◦C] ∆T [◦C] ∆ν [cm−1] Ref.

SHG, o + o ⇒ e

0.8334 ⇒ 0.4167 20 1.9 (?) [3]
0.8382 ⇒ 0.4191 50 0.4 (?) [3]
0.8595 ⇒ 0.42975 20 3.9 [7]
0.8695 ⇒ 0.43475 60 0.8 3.2 [4]
0.8898 ⇒ 0.4449 20 ≈3.0 [18]
0.9203 ⇒ 0.46015 20 4.2 [7]

About the crystal

KLN is one of the “old” nonlinear materials: it was discovered in the mid-1960s
simultaneously with LN and BNN [10], [1]. However, until now it was difficult to
grow KLN crystals of decent quality and size. Very recently, high-quality crack-free
KLN crystals were finally synthesized by Singaporean and Japanese scientists [3],
[4], [7], [18].
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8.12 CO(NH2)2, Urea

Positive uniaxial crystal: ne > no
Molecular mass: 60.055
Specific gravity: 1.318 g/cm3 [1]
Point group: 4̄2m

Mohs hardness: <2.5
Transparency range at 0.5 level for 0.5-cm-long crystal cut at θ = 74◦: 0.2–1.43 µm [2]

Linear absorption coefficient α [2]

λ [µm] α [cm−1] Note

0.213 0.10 o-wave, FiHG direction
0.266 0.04 e-wave, FiHG direction
1.064 0.02 e-wave, FiHG direction

The graph of no and ne dependences versus wavelength is given in [3], [4].
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Best set of dispersion relations (λ in µm, T = 293 K) [5], [6]:

n2
o = 2.1548 + 0.01310

λ2 − 0.0318

n2
e = 2.5527 + 0.01784

λ2 − 0.0294
+ 0.0288 (λ − 1.5)

(λ − 1.5)2 + 0.03371

Other sets of dispersion relations are given in [7], [8].

Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d14 = d25 = d36) [9], [10]:

deeo = 2d36 sin(θ + ρ) cos(θ + ρ) cos 2φ

doeo = deoo = −d36 sin(θ + ρ) sin 2φ

Simplified expressions for the effective second-order nonlinear coefficient (approx-
imation of small birefringence angle, Kleinman symmetry conditions are valid,
d14 = d25 = d36) [10]:

deeo = d36 sin 2θ cos 2φ

doeo = deoo = −d36 sin θ sin 2φ

Values of second-order nonlinear coefficient:

d36(1.0642 µm) ≈ 3 × d36(KDP) = 1.2 pm/V [3], [11]

d36(0.6328 µm) = 2.4 × d36(ADP) ± 8% = 1.3 ± 0.1 pm/V [6], [12]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, e + e ⇒ o

0.476 ⇒ 0.238 90 [7]
0.500 ⇒ 0.250 67.6 [7]
0.550 ⇒ 0.275 54 [7]
0.600 ⇒ 0.300 46.6 [7]

SFG, e + e ⇒ o

0.6943 + 0.34715 ⇒ 0.23143 77 [2]
1.0642 + 0.26605 ⇒ 0.21284 72 [2]

SHG, o + e ⇒ o

0.597 ⇒ 0.2985 90 [7]
0.650 ⇒ 0.325 63.6 [7]
0.700 ⇒ 0.350 55.6 [7]

SFG, o + e ⇒ o

1.0642 + 0.29146 ⇒ 0.2288 90 [7]
1.0642 + 0.29668 ⇒ 0.2320 80 [7]
1.0642 + 0.30656 ⇒ 0.2380 70.4 [7]
1.0642 + 0.42792 ⇒ 0.3052 47.5 [7]
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Interacting wavelengths [µm] θexp [deg] Ref.

1.0642 + 0.63501 ⇒ 0.3977 37.7 [7]
0.720 + 0.53764 ⇒ 0.3078 63 [13]
0.646 + 0.58793 ⇒ 0.3078 69 [14]
0.62875 + 0.5321 ⇒ 0.2882 90 [7]
0.63980 + 0.5321 ⇒ 0.2905 80.5 [7]
0.66406 + 0.5321 ⇒ 0.2954 73.4 [7]

SFG, e + o ⇒ o

1.0642 + 0.50787 ⇒ 0.3438 90 [7]
1.0642 + 0.53 ⇒ 0.3538 72.2 [7]
1.0642 + 0.575 ⇒ 0.3733 62.5 [7]
1.0642 + 0.63195 ⇒ 0.3965 53.5 [7]

Experimental value of internal angular bandwidth [2]

Interacting wavelengths [µm] ∆θ int [deg]

FiHG, e + e ⇒ o

1.064 + 0.266 ⇒ 0.213 0.017

Temperature tuning for noncritical SHG [7]

Interacting wavelengths [µm] dλ1/dT [nm/K]

SHG, e + o ⇒ e

0.597 ⇒ 0.2985 −0.013

Laser-induced bulk-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.266 10 0.5 [15] single pulse
0.355 10 1.4 [15] single pulse

0.15 [16] 3000 pulses
0.532 10 3 [15] single pulse
1.064 10 5 [15] single pulse

About the crystal

Urea is one of the few organic nonlinear crystals, developed in the 1970s. There was
no practical application of this material in the past 15 years.
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8.13 LiIO3, Lithium Iodate

Negative uniaxial crystal: no > ne

Molecular mass: 181.844
Specific gravity: 4.48 g/cm3 at T = 293 K [1];
4.487 g/cm3 [2]; 4.49 g/cm3 [3]
Point group: 6
Lattice constants:
a = 5.4815 ± 0.0003 Å [1]; 5.4813 Å [4]
c = 5.1709 ± 0.0004 Å [1]; 5.1717 Å [4]
Mohs hardness: 3.5 [2]; 3.5–4.0 [1]; 4.0 [4]
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Solubility in 100 g H2O [1]

T [K] s [g]

283.1 89.4
293.4 84.7
298.1 82.9
313.2 79.0
348.7 74.9

Melting point: 692 K [1]

Linear thermal expansion coefficient

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c Ref.

100 25 14 [5]
150 32 17 [5]
200 40 21 [5]
250 47 25 [5]
273 45 25 [1]
298 48 28 [6]
300 50 25 [5]
323 49 26 [7]
350 51 25 [5]
373 51 26 [7]
400 51 28 [5]
423 54 27 [7]
450 53 29 [5]
473 56 31 [7]

Temperature dependence of linear thermal expansion coefficient (T in K) [5]:
for temperature range 80–253 K

αt(‖c) = 2.5 × 10−5 + 1.5 × 10−7 T

αt(⊥c) = 1.4 × 10−5 + 7.5 × 10−8 T

for temperature range 273–470 K

αt(‖c) = 4.9 × 10−5 + 3 × 10−8 T

for temperature range 353–470 K

αt(⊥c) = 2.7 × 10−5 + 1.4 × 10−8 T

Specific heat capacity cp at P = 0.101325 MPa: 365 J/kgK [3]; 569 J/kgK [1]

Thermal conductivity coefficient:
κ = 1.47 W/mK [3]

T [K] κ [W/mK], ‖c κ [W/mK], ⊥c Ref.

300 0.65 1.27 [5]
400 0.70 1.20 [5]
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Band-gap energy at room temperature: Eg = 4.0 eV [2]; 4.37 ± 0.03 eV [8]
Transparency range at “0” transmittance level: 0.28–6 µm [9], [10]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.325 ≈0.4 [11]
0.34715 0.1 [12] ‖c

0.3 [12] e-wave, ⊥c

0.5145 0.0024 [13] ‖c
0.0025 [13] e-wave, ⊥c

0.5321 0.3 [14] e-wave
0.5422 0.37 [10]
0.650 ≈0.001 [11]
0.6594 0.0007–0.0023 [13] ‖c

0.0006–0.0017 [13] e-wave, ⊥c

1.0642 0.1 [14] o-wave
0.25 [14] e-wave

<0.0002 [13] ‖c
0.0008 [13] e-wave, ⊥c

1.0845 0.06 [10]
1.315 0.0005 [3]
1.3188 0.0008–0.0036 [13] ‖c

0.0007–0.0010 [13] e-wave, ⊥c

Two-photon absorption coefficient β

λ [µm] τp [ns] β × 1011 [cm/W] Ref.

0.53 0.03–0.1 <3 [15]
0.5321 10 <40 [16]

Experimental values of refractive indices

λ [µm] no ne Ref. λ [µm] no ne Ref.

0.3547 1.9822 1.8113 [17] 0.4727 1.9122 1.7600 [8]
0.3669 1.9706 1.8026 [17] 0.4765 1.9100 1.7583 [8]
0.3712 1.9671 1.8000 [17] 0.4800 1.9109 1.7579 [17]
0.3795 1.9600 1.7947 [17] 0.4880 1.9083 1.7556 [8]
0.3877 1.9544 1.7905 [17] 0.5017 1.9053 1.7537 [8]
0.3996 1.9464 1.7842 [17] 0.5086 1.9031 1.7514 [17]
0.4047 1.9443 1.7826 [18] 0.5145 1.9012 1.7487 [8]
0.4358 1.9275 1.7702 [17] 0.5320 1.8975 1.7475 [17]
0.4545 1.9184 1.7638 [8] 0.5461 1.8950 1.7455 [19]
0.4579 1.9170 1.7630 [8] 0.5600 1.8921 1.7433 [17]
0.4658 1.9141 1.7611 [8] 0.5791 1.8894 1.7413 [18]
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λ [µm] no ne Ref. λ [µm] no ne Ref.

0.5800 1.8889 1.7403 [17] 1.1000 1.8559 1.7160 [19]
0.5896 1.8875 1.7400 [18] 1.2000 1.8536 1.7143 [19]
0.6000 1.8859 1.7383 [17] 1.3000 1.8517 1.7130 [19]
0.6200 1.8828 1.7361 [17] 1.3674 1.8508 1.7122 [18]
0.6328 1.8815 1.7351 [20] 1.5296 1.8482 1.7101 [18]
0.6438 1.8807 1.7346 [18] 1.6920 1.8464 1.7089 [18]
0.6560 1.8789 1.7332 [19] 1.9701 1.8431 1.7072 [18]
0.7000 1.8746 1.7300 [19] 2.2493 1.8385 1.7050 [18]
0.7660 1.8694 1.7261 [19] 2.5000 1.8378 1.7037 [20]
0.8000 1.8673 1.7245 [19] 3.0000 1.8319 1.7001 [20]
0.8630 1.8640 1.7220 [19] 3.5000 1.8266 1.6971 [20]
0.9000 1.8623 1.7207 [19] 4.0000 1.8140 1.6897 [20]
1.0000 1.8587 1.7180 [19] 5.0000 1.7940 1.6783 [20]

Optical activity at T = 300 K

λ [µm] ρ [deg/mm] Ref. λ [µm] ρ [deg/mm] Ref.

0.286 1052.9 [21] 0.429 222.46 [21]
0.290 964.99 [21] 0.448 198.72 [21]
0.295 886.65 [21] 0.470 175.75 [21]
0.299 814.39 [21] 0.492 153.61 [21]
0.304 748.76 [21] 0.520 133.02 [21]
0.310 687.46 [21] 0.546 117.42 [21]
0.317 630.44 [21] 0.551 113.36 [21]
0.324 579.01 [21] 0.600 95.27 [21]
0.331 532.44 [21] 0.628 86.80 [21]
0.339 489.47 [21] 1.084 25.0 [10]
0.347 448.42 [21] 1.1 23.83 [22]
0.355 410.37 [21] 1.6 11.00 [22]
0.363 374.34 [21] 2.1 6.33 [22]
0.374 340.18 [21] 2.6 4.12 [22]
0.386 308.07 [21] 3.1 2.89 [22]
0.399 277.45 [21] 3.6 2.32 [22]
0.412 249.32 [21]

Temperature derivative of refractive indices at T = 300 K

λ [µm] dno/dT × 106 [K−1] dne/dT × 106 [K−1] Ref.

0.5321 −96 −86 [13]
0.657 −79 −71 [7]
0.6594 −95 −84 [13]
1.0642 −89 −75 [13]
1.3188 −94 −85 [13]
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Best set of dispersion relations (λ in µm, T = 293 K) [23], [24]:

n2
o = 3.4132 + 0.0476

λ2 − 0.0338
− 0.0077 λ2

n2
e = 2.9211 + 0.0346

λ2 − 0.0320
− 0.0042 λ2

Other sets of dispersion relations are given in [17], [20], [25], [26], [27], [28].

Linear electrooptic coefficients measured at high frequencies (well above the acoustic
resonances of LiIO3 crystal, i.e., for the “clamped” crystal) at room temperature [10]

λ [µm] rS
13 [pm/V] rS

33 [pm/V] rS
41 [pm/V] rS

51 [pm/V]

0.6328 +4.1 ± 0.6 +6.4 ± 1.0 1.4 ± 0.2 +3.3 ± 0.7

Verdet constant (‖c) [29]

λ [µm] T [K] V [degree/Tm]

0.6328 295 757

Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d15 = d24 = d31 = d32) [30]:

dooe = d31 sin(θ + ρ)

Simplified expressions for the effective second-order nonlinear coefficient (approxi-
mation of small birefringence angle, Kleinman symmetry conditions are valid, d15 =
d24 = d31 = d32) [31]:

dooe = d31 sin θ

Absolute and relative values of second-order nonlinear coefficients:
d31(1.319 µm) = 3.9 ± 0.2 pm/V [32]
d31(1.0642 µm) = 4.1 ± 0.4 pm/V [30]; 4.4 ± 0.3 pm/V [33]
d31(0.806 µm) = 5.2 ± 0.5 pm/V [32]
d33(1.318 µm) = 0.99 × d31(1.318 µm) = 3.9 ± 0.2 pm/V [20], [32]
d33(1.0642 µm) = 1.04 × d31(1.0642 µm) = 4.6 ± 0.3 pm/V [14], [33]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

0.586 ⇒ 0.293 90 [23]
0.5863 ⇒ 0.29315 90 [28]
0.6 ⇒ 0.3 75.6 [28]
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Interacting wavelengths [µm] θexp [deg] Ref.

0.62 ⇒ 0.31 68.2 [28]
0.6943 ⇒ 0.34715 52 [9], [34]
0.946 ⇒ 0.473 34.3 [35]
1.06 ⇒ 0.53 30 [36]
1.0642 ⇒ 0.5321 30.2 [30], [37]

30 [27], [38]
1.0845 ⇒ 0.54225 28.9 [10]
1.1523 ⇒ 0.57615 27.2 [10]
1.3886 ⇒ 0.6943 23.1 [39]
1.746 ⇒ 0.873 20 [40]

SFG, o + o ⇒ e

5.33 + 1.32969 ⇒ 1.0642 21 [27]
4.44 + 1.39968 ⇒ 1.0642 20.2 [27]
5.2 + 0.80129 ⇒ 0.6943 19.5 [41]
2.5 + 0.96126 ⇒ 0.6943 21 [42]
5.0 + 0.66251 ⇒ 0.585 20.3 [43]
2.0 + 0.82686 ⇒ 0.585 25.1 [43]
4.16 + 0.61015 ⇒ 0.5321 21.6 [44]
2.66 + 0.66514 ⇒ 0.5321 24.5 [44]
0.946 + 0.5484 ⇒ 0.34715 50 [45]
2.67 + 0.6943 ⇒ 0.55102 24.4 [46]
1.98 + 0.6943 ⇒ 0.51405 27.4 [46]
1.2013 + 0.6943 ⇒ 0.44 35.1 [39]
3.3913 + 0.5145 ⇒ 0.44673 24 [47]
2.38 + 0.4880 ⇒ 0.40497 30.5 [48]
1.0642 + 0.5321 ⇒ 0.35473 47.5 [37]

Experimental values of internal angular, temperature, and spectral bandwidths
(T = 293 K)

Interacting θpm [deg] ∆θ int [deg] ∆T [◦C] ∆ν [cm−1] Ref.
wavelengths [µm]

SHG, o + o ⇒ e

0.586 ⇒ 0.293 90 0.5–0.58 2.04 [23]
0.6943 ⇒ 0.34715 52 0.018 [9]
1.06 ⇒ 0.53 30 0.019 6.27 [19]
1.0642 ⇒ 0.5321 30 0.022 [38]

30 0.022 40 [49]
30 0.024 52.4 [50]
30 0.026 [30]

1.0845 ⇒ 0.54225 29 0.020 [10]
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Temperature variation of phase-matching angle

Interacting wavelengths [µm] θpm [deg] dθpm/dT [deg/K] Ref.

SHG, o + o ⇒ e

1.0845 ⇒ 0.54225 29 <−1.3 × 10−3 [10]
1.0642 ⇒ 0.5321 30 −8.4 × 10−4 [50]

Laser-induced bulk-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.44–0.62 200–300 0.01 [51]
0.53 20 0.07–0.08 [52]

15 0.04–0.05 [36]
0.5321 12 0.03 [27]

0.1 1 [15]
0.035 4–5 [53] 12.5 Hz

8–10 [53] 1 Hz
0.032 10–12 [54] 25 Hz
0.031 5 [15]

0.64 330 0.004 [55]
0.6943 20 0.025 [39] 500 pulses

0.13 [12] 10 pulses
10 0.12 [42]

1.0642 180,000 >0.05 [42] 50 Hz
300 0.002 [38] 1 kHz

12 0.12 [27]
10 0.12 [56] 100 Hz

0.13 8 [15]
0.045 19 [15]

Laser-induced surface damage threshold [57]

λ [µm] τp [ns] Ithr [GW/cm2] Note

1.0642 12 3.2 θ = 30◦, 30-µm beam-waist diameter

About the crystal

This crystal, due to an easy growth procedure and relatively high value of second-
order nonlinear coefficient, was very popular in the 1960s and 1970s. However,
lithium iodate is hygroscopic, and its value of laser-induced bulk damage threshold is
rather low. These circumstances limit the applications of this material in modern laser
technology.
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8.14 Ag3AsS3, Proustite

Negative uniaxial crystal: no > ne

Molecular mass: 494.724
Specific gravity: 5.49 g/cm3 [1]; 5.629 g/cm3 [2]; 5.635 g/cm3 at T = 293 K [3];
5.65 g/cm3 [4]
Point group: 3m

Lattice constants:
a = 10.74 Å [5]; 10.756 Å [6]; 10.82 Å [4]
c = 8.64 Å [5]; 8.652 Å [6]; 8.69 Å [4]
Mohs hardness: 2–2.5 [3]
Solubility in water: insoluble [3]
Melting point: 769 K [6]

Linear thermal expansion coefficient [3]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

300 12 16

Thermal conductivity coefficient κ [2]

T [K] κ [W/mK], ‖c κ [W/mK], ⊥c

300 0.113 0.092

Band-gap energy at room temperature for indirect transition
Eg = 2.067 eV for E⊥c [2]
Eg = 2.100 eV for E‖c [2]
Band-gap energy at room temperature for direct transition:
Eg = 2.177 eV for E⊥c [2]
Eg = 2.235 eV for E‖c [2]
Transparency range at α = 1 cm−1 level:
0.63–12.5 µm (E⊥c) [5]
0.61–13.3 µm (E‖c) [5]

Linear absorption coefficient α

λ [µm] α [cm−1] T [K] Ref. Note

0.593 0.89 77 [7] e-wave
0.6328 0.81 77 [7] o-wave

0.64 77 [7] e-wave
0.6789 0.64 77 [7] o-wave
9.31 0.25 77 [7] e-wave
0.576 36 ± 1 300 [5] e-wave, ⊥c
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λ [µm] α [cm−1] T [K] Ref. Note

0.593 16.1 300 [7] e-wave
0.6328 1.83 300 [7] o-wave

1.59 300 [7] e-wave
0.6358 1.88 300 [8] e-wave
0.6764 0.95 300 [8] o-wave
0.6789 0.83 300 [7] o-wave
0.6943 0.1 300 [9]

0.2 300 [10] o-wave, ‖c
1.06 0.1 300 [10] o-wave, ‖c
1.0642 0.02 300 [9]
5.3 0.3 300 [11] e-wave

0.32 300 [12] e-wave
9.2 0.29 300 [13] o-wave
9.3 0.53 300 [7] e-wave
9.55 <0.1 300 [14] SHG direction

10.2 1.2 300 [5] o-wave, ⊥c

1.3 300 [15] o-wave
10.6 0.16 300 [16] o-wave

0.38 300 [12] o-wave
0.45 300 [8] o-wave
0.6 300 [11] o-wave
0.8 300 [17] o-wave
1 300 [18] o-wave

11.6 0.5 300 [15] o-wave
14.5 ≈70 300 [15] o-wave
15.2–20.8 <20 300 [19] o-wave

Two-photon absorption coefficient β (‖c)
λ [µm] τp [ns] β × 1011 [cm/W] Ref.

0.6943 ∼20 10,000 [10]
25 2000 [9]

1.06 ∼20 3000 [10]
1.0642 20 <300 [9]

Experimental values of refractive indices at T = 293 K [5]

λ [µm] no ne

0.5876 2.7896
0.6328 3.0190 2.7391
0.6678 2.9804 2.7094
1.014 2.8264 2.5901
1.129 2.8067 2.5756
1.367 2.7833 2.5570
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λ [µm] no ne

1.530 2.7728 2.5485
1.709 2.7654 2.5423
2.50 2.7478 2.5282
3.56 2.7379 2.5213
4.62 2.7318 2.5178

Best set of Sellmeier equations (λ in µm, T = 293 K) [20]:

n2
o = 9.220 + 0.4454

λ2 − 0.1264
+ 1733

λ2 − 1000

n2
e = 7.007 + 0.3230

λ2 − 0.1192
+ 660

λ2 − 1000

Other sets of dispersion relations are given in [5], [21].

Linear electrooptic coefficient measured at high frequencies (well above the acoustic
resonances of Ag3AsS3 crystal, i.e., for the “clamped” crystal) at room tempera-
ture [22]

λ [µm] rS
22 [pm/V]

0.6328 1.1

Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d15 = d24 = d31 = d32) [23]:

dooe = d31 sin(θ + ρ) − d22 cos(θ + ρ) sin 3φ

deoe = doee = d22 cos2(θ + ρ) cos 3φ

Simplified expressions for the effective second-order nonlinear coefficient (Kleinman
symmetry conditions are valid, d15 = d24 = d31 = d32) [24]:

dooe = d31 sin θ − d22 cos θ sin 3φ

deoe = doee = d22 cos2 θ cos 3φ

Second-order nonlinear coefficients [17], [25]:
|d22(10.6 µm)| = (0.2 ± 0.03) × |d36(GaAs)| = 16.6 ± 2.5 pm/V
|d31(10.6 µm)| = (1.6 ± 0.1)−1 × |d22(Ag3AsS3)| = 10.4 ± 2.2 pm/V

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SHG, o + o ⇒ e

10.6 ⇒ 5.3 23.6 [26]
10.59 ⇒ 5.295 21.5 [17]
9.2 ⇒ 4.6 19.9 [13]
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Interacting wavelengths [µm] θexp [deg] Ref.

2.13 ⇒ 1.065 29.5 [27]
2.1284 ⇒ 1.0642 29.4 [28]

SFG, o + o ⇒ e

12.2 + 1.064 ⇒ 0.9786 17.2 [29]
8.9 + 1.064 ⇒ 0.9504 20.0 [29]
6.3 + 1.064 ⇒ 0.9103 23.5 [29]
10.57 + 0.6943 ⇒ 0.6515 25.3 [30]
10.6 + 0.6764 ⇒ 0.6358 25.7 [8]
10.6935 + 0.6726 ⇒ 0.6328 25.81 [31]
10.5881 + 0.6730 ⇒ 0.6328 25.93 [31]
10.3006 + 0.6742 ⇒ 0.6328 26.12 [31]
10.1918 + 0.6747 ⇒ 0.6328 26.36 [31]
9.5333 + 0.6778 ⇒ 0.6328 27.09 [31]
9.2688 + 0.6792 ⇒ 0.6328 27.43 [31]
6.3552 + 0.7028 ⇒ 0.6328 32.90 [32]
6.2571 + 0.7040 ⇒ 0.6328 33.16 [32]
6.1629 + 0.7052 ⇒ 0.6328 33.37 [32]
5.9079 + 0.7087 ⇒ 0.6328 34.06 [32]
5.7375 + 0.7112 ⇒ 0.6328 34.53 [32]
5.5393 + 0.7144 ⇒ 0.6328 35.12 [32]
5.2578 + 0.7194 ⇒ 0.6328 36.00 [32]

SFG, e + o ⇒ e

10.59 + 1.064 ⇒ 0.967 20.0 [33]
10.59 + 0.6943 ⇒ 0.6516 27.7 [34]
9.31 + 0.6789 ⇒ 0.6328 29.0 [35]

SFG, o + e ⇒ e

7.8 + 2.47 ⇒ 1.8759 33 [36]

Experimental values of internal angular bandwidth

Interacting wavelengths [µm] ∆θ int [deg] Ref.

SHG, o + o ⇒ e

10.6 ⇒ 5.3 0.098 [11]
9.2 ⇒ 4.6 0.082 [13]

SFG, e + o ⇒ e

10.6 + 0.6943 ⇒ 0.6516 0.031 [34]

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref.

0.6943 1,000,000 0.000006 [37]
14 0.003 [38]

1.0642 CW 0.0000001 [37]
18 >0.012 [38]
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λ [µm] τp [ns] Ithr [GW/cm2] Ref.

2.098 200 >0.01 [38]
9.55 30 0.18 [14]

10.6 190 >0.046 [38]
150 0.053 [11]

About the crystal

Proustite was introduced in 1967 [5] and during the next decade was extensively
used for nonlinear frequency conversion to the IR range and for IR up-conversion.
However, this material is not free from drawbacks, such as low value of surface damage
threshold and difficulty in obtaining large uniform monocrystals. In the 1980s, this
crystal was replaced by other materials (i.e., by AGS and GaSe).
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8.15 HgGa2S4, Mercury Thiogallate

Negative uniaxial crystal: no > ne

Molecular mass: 468.180

Specific gravity: 4.95 g/cm3 [1]

Point group: 4̄

Lattice constants [2]:

a = 5.506Å

c = 10.299Å

Mohs hardness: 3–3.5

Specific heat capacity at P = 0.101325 MPa [3]

T [K] cp [J/kgK]

293 350–490

Thermal conductivity coefficient κ [3]

T [K] κ [W/mK], ‖c κ [W/mK], ⊥c

293 2.5–2.9 2.3–2.4

Band-gap energy at room temperature: Eg = 2.84 eV [4]

Transparency range: 0.55–11 µm [5], 0.55–12.4 µm [6], 0.55–13 µm [7]

The UV transmission cutoff is at 0.51 µm for “yellow” crystals and 0.55 µm for
“orange” ones [8].
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Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

0.53 8 [9] e-wave, SHG direction
11 [7]

0.9–8.5 0.1–0.2 [8]
0.96 0.25 [10] e-wave, SFG direction
1.06 0.1 [9] o-wave, SHG direction
1.064 0.25 [10] o-wave, SFG direction
4.34 0.15 [3] orange crystal
9.55 <0.2–0.3 [11] SHG direction
10.6 1.2 [10] o-wave, SFG direction

0.44 [3] orange crystal

Experimental values of refraction indices at T = 293 K [2]

λ [µm] no ne

0.5495 2.6592 2.5979
0.5747 2.6334 2.5748
0.6009 2.6112 2.5549
0.6328 2.5890 2.5349
0.6500 2.5796 2.5264
1.0760 2.477 2.432
1.1500 2.472 2.428
2.6500 2.444 2.403
3.5400 2.439 2.398
7.1500 2.414 2.372
8.7300 2.400 2.358
10.400 2.380 2.337
11.000 2.369 2.329

Sellmeier equations (λ in µm, T = 293 K) [6]:

n2
o = 5.9405 + 0.2361

λ2 − 0.0929
− 0.00257 λ2

n2
e = 5.7412 + 0.2138

λ2 − 0.0897
− 0.00247 λ2

Other dispersion relations are given in [2], [3], [8], [12].
Expressions for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid, d15 = d31 and d14 = d25 = d36) [13]:

dooe = d36 sin θ sin 2φ + d31 sin θ cos 2φ

deoe = doee = d36 sin 2θ cos 2φ − d31 sin 2θ sin 2φ

Values of second-order nonlinear coefficients:
| d36(1.064 µm) | = 80 × d11(SiO2) ± 30% = 24.0 ± 7.2 pm/V [7], [14]
| d36(1.064 µm) | = 1.8 × d36(AgGaS2) ± 15% = 24.7 ± 7.6 pm/V [9], [15]
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| d36(1.064 µm) | = 1.8×d36(AgGaS2)±15% = 31.5±4.7 pm/V [9], [14], [16]
| d31(1.064 µm) | = 0.33× | d36(HgGa2S4) | = 8.1 ± 2.5 pm/V [9], [15]
| d31(1.064 µm) | = 0.33× | d36(HgGa2S4) | = 10.4 ± 1.6 pm/V [9], [14], [16]

Experimental value of phase-matching angle (T = 293 K) [8]

Interacting wavelengths [µm] θexp [deg]

SHG, o + o ⇒ e

9.55 ⇒ 4.775 67.5

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

0.82 0.00022 >170 [4] 1 kHz
1.064 30 0.04 [3]

∼0.06 [10] 12.5 Hz, 10 pulses
1.25 0.00016 >160 [4] 1 kHz
9.55 30 0.3 [11]

10.6 CW >0.000000016 [10]

About the crystal

Though mercury thiogallate was introduced in the 1970s [2], [7], due to rather low
optical quality it found a very little application. Recently, the performance of HgGa2S4
was significantly improved, and the first OPO, using this nonlinear material, was
demonstrated [17].
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8.16 CdGeAs2, Cadmium Germanium Arsenide (CGA)

Positive uniaxial crystal: ne > no
Molecular mass: 334.753
Specific gravity: 5.60 g/cm3 [1]
Point group: 4̄2m

Mohs hardness: 3.5–4
Knoop (or Vickers) hardness: 485 at indenter load 50 g [2]
Melting point: 933 K [3]

Mean value of linear thermal expansion coefficient [2]

∆T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

293–673 1.0 11.4
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Thermal conductivity coefficient [1]: κ = 4.18 W/mK (or 6.69 W/mK)
Band-gap energy at room temperature: Eg = 0.52 eV [4]; 0.54 eV [5]
Transparency range at “0” transmittance level: 2.3–18 µm [3]; 2.4–18 µm [6]; 2.45–
18.1 µm [3]; multiphonon absorption peaks exist at 12.5 µm and 13.5 µm [3]

Linear absorption coefficient α

λ [µm] T [K] α [cm−1] Ref. λ [µm] T [K] α [cm−1] Ref.

2.8 300 1.5 [7] 9–11 300 0.23 [9]
3.39 300 5.7 [8] 9.2 300 0.30 [11]
4–18 300 <0.9 [9] 9.27 77 0.002 (?) [12]
4.5 300 0.7 [10] 300 0.44 [12]
4.6 300 0.17 [11] 9.55 80 0.1 [13]
4.635 77 0.32 [12] 295 0.66 [13]

300 1.03 [12] 300 0.42 [17]
4.755 80 0.3 [13] 10 300 0.2 [7]

295 0.99 [13] 10.6 77 0.1 [14]
5.3 77 0.4 [14] 300 0.4 [6]

300 1.3 [8] 300 0.5 [8]
5.5 300 0.46 [3] 300 2.4 [18]
5.85 77 0.42 [15] 10.6–11.7 77 0.14 [15]

300 1.5 [15] 300 0.5 [15]
8.6–12 77 <0.2 [16] 11 300 <0.2 [10]

300 <0.5 [16] 12.3 300 0.4 [4]

Two-photon absorption coefficient β [7]

λ [µm] τp [ns] β × 1011 [cm/W] Note
2.8 0.1 25,000 o-wave

Experimental values of refraction indices [19]

λ [µm] no ne λ [µm] no ne

2.3 3.6076 3.6 3.5503 3.6508
2.4 3.5973 3.7545 3.8 3.5468 3.6454
2.5 3.5895 3.7316 4.0 3.5440 3.6402
2.6 3.5823 3.7156 4.2 3.5415 3.6368
2.7 3.5773 3.7030 4.4 3.5391 3.6329
2.8 3.5721 3.6926 4.6 3.5372 3.6299
2.9 3.5684 3.6846 4.8 3.5354 3.6273
3.0 3.5645 3.6775 5.0 3.5336 3.6249
3.1 3.5615 3.6714 5.5 3.5285 3.6178
3.2 3.5581 3.6661 6.0 3.5251 3.6134
3.4 3.5536 3.6574 6.5 3.5223 3.6104
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λ [µm] no ne λ [µm] no ne

7.0 3.5200 3.6073 10.0 3.5078 3.5942
7.5 3.5175 3.6050 10.5 3.5054 3.5922
8.0 3.5157 3.6030 11.0 3.5031 3.5896
8.5 3.5140 3.6009 11.5 3.5004 3.5871
9.0 3.5120 3.5988 12.0 3.4977
9.5 3.5098 3.5966 12.5 3.4950

Best set of Sellmeier equations (λ in µm, T = 293 K) [20]:

n2
o = 12.4008 + 2.1603

λ2 − 2.0617
− 0.00133 λ2

n2
e = 13.0079 + 3.2613

λ2 − 2.8382
− 0.00126 λ2

The authors of [10], [21] represent these equations with slightly changed last coeffi-
cient for ne, namely, 0.00125 instead of 0.00126.
Other sets of Sellmeier equations are given in [6], [9], [22].
Temperature derivatives of the refractive indices upon heating from room temperature
to T [K] for the spectral range 2.65–10.6 µm [20]:

dno/dT =
(

26.51/λ2 −6.45/λ+19.17
)

×10−5 ×
[
1+9.0×10−4 (T −293)

]

dne/dT =
(

22.62/λ2 −5.35/λ+15.20
)

×10−5 ×
[
1+6.1×10−4 (T −293)

]

Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d14 = d25 = d36) [23], [24]:

deeo = 2d36 sin(θ + ρ) cos(θ + ρ) cos 2φ

doeo = deoo = −d36 sin(θ + ρ) sin 2φ

Simplified expressions for the effective second-order nonlinear coefficient (approxi-
mation of small birefringence angle, Kleinman symmetry conditions are valid, d14 =
d25 = d36) [24]:

deeo = d36 sin 2θ cos 2φ

doeo = deoo = −d36 sin θ sin 2φ

Second-order nonlinear coefficient:

d36(10.6 µm) = (4.7 ± 0.4) × d36(AgGaSe2) = 186 ± 16 pm/V [20], [25]
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Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.
SHG, e + e ⇒ o

9 ⇒ 4.5 32.2 [21]
10 ⇒ 5.0 32 [21]
10.6 ⇒ 5.3 32 [8]

32.6 [20]
33.8 [15]
34 [16]
35 [19]

11 ⇒ 5.5 32.5 [21]
11.7 ⇒ 5.85 35.7 [15]

SHG, o + e ⇒ o

10.6 ⇒ 5.3 48.4 [9]
49 [8]
49.3 [20]
50.7 [9]
51.6 [19]
52 [6]

SFG, o + e ⇒ o

16.4 + 9.54 ⇒ 6.03 47 [9]
12.9 + 9.59 ⇒ 5.5 46.1 [9]

Experimental values of internal angular and temperature bandwidths

Interacting wavelengths [µm] ∆θ int [deg] ∆T [K] Ref.

SHG, e + e ⇒ o

10.6 ⇒ 5.3 0.84 [16]
SHG, o + e ⇒ o

10.6 ⇒ 5.3 0.29 [6]
41 [20]

DFG, o − e ⇒ e

5.3 − 9.3 ⇒ 12.32 0.98 [4]

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

2.8 0.1 2.7 [7]
5 0.0006 >6 [21] 10 Hz, 100 pulses in train
9.55 30 0.16 [17]

10.6 CW >0.00013 [14] T = 77 K
CW >0.000001 [6]
160 >0.004 [6]
160 0.038 [9]
150 0.033–0.04 [26]
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About the crystal

Though cadmium germanium arsenide possesses one of the highest second-order
nonlinear coefficients, good optical quality crystals of this material are difficult to
grow. Recently, Schunemann succeeded in growing CGA crystals with absorption
coefficients less than 0.1 cm−1 at 4.6- and 9.2-µm wavelengths [11], which were
used in DFG [10] and OPG [21] applications by Vodopyanov.
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8.17 Tl3AsSe3, Thallium Arsenic Selenide (TAS)

Negative uniaxial crystal: no > ne
Molecular mass: 784.002
Specific gravity: 7.83 g/cm3 [1]
Point group: 3m

Lattice constants [2]:
a = 9.80Å
c = 7.08Å
Mohs hardness: 2–3 [2]
Melting point: 584 K [1]

Linear thermal expansion coefficient [3]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

300 18.2 28
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Transparency range at 0.5 level for 6-mm-long crystal: 1.28–17 µm [2]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref. Note

2–12 <0.02 [1]
9.6 0.0005 [4]

10.6 0.082 [5] SHG direction
0.038 [2]

Experimental values of refraction indices at 300 K [3]

λ [µm] no ne λ [µm] no ne

2.056 3.419 3.227 7.854 3.345 3.162
3.059 3.380 3.190 9.016 3.340 3.158
4.060 3.364 3.177 9.917 3.336 3.155
5.035 3.357 3.171 10.961 3.331 3.152
5.856 3.354 3.168 12.028 3.327 3.147
6.945 3.349 3.164

Temperature derivatives of refraction indices for λ = 2 to 10.6 µm (T = 80 to
300 K) [3]:

dno

dT
= −4.52 × 10−5 K−1

dne

dT
= +3.55 × 10−5 K−1

Sellmeier equations (λ in µm, T = 300 K) [3]:

n2
o = 1 + 10.210 λ2

λ2 − 0.197136
+ 0.522 λ2

λ2 − 625

n2
e = 1 + 8.933 λ2

λ2 − 0.197136
+ 0.308 λ2

λ2 − 625

Other set of dispersion relations is given in [2].
Expressions for the effective second-order nonlinear coefficient in general case
(Kleinman symmetry conditions are valid, d15 = d24 = d31 = d32) [6]:

dooe = d31 sin(θ + ρ) − d22 cos(θ + ρ) sin 3φ

deoe = doee = d22 cos2(θ + ρ) cos 3φ

Simplified expressions for the effective second-order nonlinear coefficient (approxi-
mation of small birefringence angle, Kleinman symmetry conditions are valid, d15 =
d24 = d31 = d32) [7]:

dooe = d31 sin θ − d22 cos θ sin 3φ

deoe = doee = d22 cos2 θ cos 3φ
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Maximal second-order nonlinear coefficient for type I interaction, d+ =
| d31 sin θ | + |d22 cos θ | :

d+(10.6 µm) = (3.47 ± 1.04) × d+(Ag3AsS3) = 68 ± 31 pm/V [2], [8], [9]
d+(10.6 µm) = (3.3 ± 1.0) × d+(Ag3SbS3) = 37 ± 13 pm/V [2], [9], [10]
d+(10.6 µm) = 20 to 30 pm/V [4]

Experimental values of phase-matching angle and internal angular bandwidth

Interacting wavelengths [µm] θpm [deg] ∆θ int [deg] Ref.

SHG, o + o ⇒ e

4.8 ⇒ 2.4 27 [11]
9.6 ⇒ 4.8 19 0.21 [11]

10.6 ⇒ 5.3 0.30 [12]
SFG, o + o ⇒ e

9.6 + 4.8 ⇒ 3.2 21 [11]
9.6 + 2.4 ⇒ 1.92 28 [11]

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref. Note

9.25 20 >0.00001 [4] 10 kHz
9.6 70 >0.01 [11]

10.6 20 >0.27 [12]
150 0.01–0.017 [13]
200 0.016 [2]

About the crystal

TAS is a rather exotic IR nonlinear crystal. It was developed during the 1970s [1], [2],
[3] and since then was used mainly for SHG of CO2 laser radiation. Recently, a 6-W
quasi CW output at 4.625 µm was achieved in this crystal via SHG of 20-ns, 30-kHz
CO2 laser pulses [4].
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8.18 CdSe, Cadmium Selenide

Positive uniaxial crystal: ne > no
Molecular mass: 191.370
Specific gravity: 5.81 g/cm3 at T = 288 K [1], [2], [3]
Point group: 6mm

Lattice constants:
a = 4.30Å [4]; 4.2985Å [5]; 4.2999Å [6]
c = 7.01Å [4]; 7.0150Å [5]; 7.0109Å [6]
Mohs hardness: 3.25 [4]
Knoop hardness: 44–90 [7]; 71 at indenter load 20 g [4]; 90 at indenter load
20 g [5]
Solubility in water: insoluble [5]
Melting point: 1512 K [1]; 1525 K [2]; 1531 K [2]

Mean value of linear thermal expansion coefficient [2]

T [K] αt × 106 [K−1], ‖c αt × 106 [K−1], ⊥c

77–298 2.45 4.4

Specific heat capacity cp at P = 0.101325 MPa [1]

T [K] cp [J/kgK]

298 258
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Thermal conductivity coefficient [8]

T [K] κ [W/mK], ‖c κ [W/mK], ⊥c

293 6.9 6.2

Band-gap energy at room temperature (direct transition):
Eg = 1.67 eV [2]; 1.7 eV [9], [10]; 1.74 eV [1], [11], [12], [13], [14], [15], [16];
1.75 eV [17]; 1.8 eV [3]
Transparency range at “0” transmittance level: 0.7–24 µm [3]

Linear absorption coefficient α

λ [µm] α [cm−1] Ref.

0.75–20 <0.1 [18]
0.1–10 0.01–0.02 [19]
1.06 0.062 ± 0.006 [20]
1.0642 0.013 ± 0.001 [21]

0.02 [22], [23]
1.32 0.01 [22]
3.39 0.01 [24]
4 0.04 [25]
10.6 0.0005 [26]

0.016 [25]
0.032 [27]

Two-photon absorption coefficient β

λ [µm] τp [ns] β × 1011 [cm/W] Ref. Note

1.06 ∼20 90,000 ± 9000 [28] E⊥c

39,000 ± 4000 [28] E‖c
20 14,000 [29] ⊥c, E⊥c

14,000 [29] ‖c, E⊥c

6000 [29] ⊥c, E‖c
1.0642 0.03 3000 ± 500 [23]

0.038 1800 [30] ‖c
0.040 3500 [31]
11 2500 ± 800 [21]
15 8000 [32] ⊥c, E‖c

16,000 [32] ⊥c, E⊥c

16,000 [32] ‖c, E⊥c

16 5000 ± 1400 [20] ‖c
∼20 23,000 [33] E⊥c

21,000 [33] E‖c
26 3800 ± 1100 [21]

1.15 0.003 199 [34] ⊥c, E‖c
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λ [µm] τp [ns] β × 1011 [cm/W] Ref. Note

1.22 0.003 215 [34] ⊥c, E‖c
1.30 0.003 304 [34] ⊥c, E‖c
1.3188 80 6700 ± 2000 [21]
1.37 0.003 355 [34] ⊥c, E‖c
1.42 0.003 8 [34] ⊥c, E‖c
1.44 0.000083 20 [35] ‖c
1.46 0.003 5 [34] ⊥c, E‖c
1.50 0.003 10 [34] ⊥c, E‖c

Experimental values of refractive indices

λ [µm] no ne Ref. λ [µm] no ne Ref.

0.8 2.6448 2.6607 [36] 3.2 2.4532 2.4726 [36]
0.9 2.5826 2.6027 [36] 3.4 2.4518 2.4714 [36]
1.0 2.5502 2.5696 [36] 3.6 2.4509 2.4702 [36]
1.0139 2.5481 2.5677 [27] 3.8 2.4498 2.4694 [36]
1.1287 2.5246 2.5444 [27] 4.0 2.4491 2.4685 [36]
1.2 2.5132 2.5331 [36] 2.449 2.470 [37]
1.3673 2.4971 2.5170 [27] 5.0 2.4464 2.4657 [27]
1.4 2.4929 2.5133 [36] 6.0 2.445 2.466 [37]
1.5295 2.4861 2.5059 [27] 2.4434 2.4625 [27]
1.6 2.4818 2.5008 [36] 7.0 2.4398 2.4586 [27]
1.7109 2.4776 2.4974 [27] 8.0 2.4367 2.4552 [27]
1.8 2.4732 2.4930 [36] 9.0 2.4333 2.4514 [27]
2.0 2.4682 2.4873 [36] 10.0 2.431 2.452 [37]

2.468 2.489 [37] 2.4294 2.4475 [27]
2.2 2.4642 2.4840 [36] 11.0 2.4252 2.4430 [27]
2.3253 2.4627 2.4823 [27] 12.0 2.4204 2.4379 [27]
2.4 2.4612 2.4798 [36] 14.0 2.410 2.431 [37]
2.6 2.4590 2.4784 [36] 16.0 2.399 2.419 [37]
2.8 2.4562 2.4757 [36] 20.0 2.376 2.390 [37]
3.0 2.4553 2.4748 [27] 22.0 2.339 2.351 [37]

2.4741 [36] 24.0 2.291 [37]

Best set of dispersion relations (λ in µm, T = 293 K) [38]:

n2
o = 4.2243 + 1.7680 λ2

λ2 − 0.2270
+ 3.1200 λ2

λ2 − 3380

n2
e = 4.2009 + 1.8875 λ2

λ2 − 0.2171
+ 3.6461 λ2

λ2 − 3629

Other sets of dispersion relations are given in [39], [40].
Sellmeier equations for the temperatures 73 K, 173 K, 373 K, 573 K are given in [40].
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Nonlinear refractive index γ

λ [µm] γ × 1015 [cm2/W] Ref.

1.0642 −15 [14]
1.44–1.54 130 [35]

Linear electrooptic coefficients measured at high frequencies (well above the acoustic
resonances of CdSe crystal, i.e., for the “clamped” crystal) at room temperature [41]

λ [µm] rS
13 [pm/V] rS

33 [pm/V]

3.3913 1.8 4.3

Expression for the effective second-order nonlinear coefficient (Kleinman symmetry
conditions are valid, d15 = d24 = d31 = d32) [42]:

doeo = deoo = d31 sin θ

Second-order nonlinear coefficients:
d33(2.12 µm) = 40 pm/V [43], [44]
d31(10.6 µm) = −18 pm/V [45]
d33(10.6 µm) = 36 pm/V [45]

Experimental values of phase-matching angle (T = 293 K)

Interacting wavelengths [µm] θexp [deg] Ref.

SFG, o + e ⇒ o

16.4 + 3.479 ⇒ 2.87 73.7 [26]
15.96 + 2.28 ⇒ 1.995 62.2 [46]
14.1 + 3.604 ⇒ 2.87 70.9 [26]
13.7 + 2.8492 ⇒ 2.3587 65 [47]
10.6 + 2.72 ⇒ 2.1646 70.5 [24]
10.361 + 2.227 ⇒ 1.833 78 [48]
9.871 + 2.251 ⇒ 1.833 84 [48]
9.776 + 2.256 ⇒ 1.833 90 [48]
8.278 + 4.3 ⇒ 2.83 84 [25]
8.253 + 4.4 ⇒ 2.87 84 [25]
8.236 + 4.5 ⇒ 2.91 84 [25]
7.88 + 3.36 ⇒ 2.3587 90 [47]
7.86 + 3.37 ⇒ 2.3587 90 [18]

Experimental value of internal angular bandwidth [24]

Interacting wavelengths [µm] ∆θ int [deg]

SFG, o + e ⇒ o

10.6 + 2.72 ⇒ 2.1646 1.24



8.18 CdSe, Cadmium Selenide 395

Experimental value of spectral bandwidth [24]

Interacting wavelengths [µm] ∆ν [cm−1]

SFG, o + e ⇒ o

10.6 + 2.72 ⇒ 2.1646 15

Laser-induced surface-damage threshold

λ [µm] τp [ns] Ithr [GW/cm2] Ref.

0.6943 30 0.008 [49]
500000 <0.000002 [50]

1.833 200 0.03 [27]
1.995 20 >0.05 [46]
2.29–2.52 0.005 >0.22 [51]
2.36 35 0.05 [18]
2.596 22 >0.009 [52]
2.79 50 >0.014 [53]
2.797 0.1 >4 [19]
9.55 30 0.13 [54]
10.6 200 0.06 [55]

About the crystal

Main feature of this crystal is IR transmission up to 24 µm. In the 1970s, CdSe was
widely employed for OPO, DFG, and up-conversion; it is still in use nowadays [19],
[51], [53].
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9

Some Recent Applications

This chapter contains seven short reviews discussing modern applications of common
and novel nonlinear materials.

9.1 Deep-UV Light Generation

In 1986, Kato found that the shortest wavelength generated by frequency doubling
(NCPM SHG) was equal to 204.8 nm [1]. This record, achieved in BBO, was sur-
passed only 10 years later. In 1996, a Chinese group reported the new nonlinear
crystal potassium fluoroboratoberyllate (KBBF) [2], which allows direct SHG down
to 172.5 nm [3]. However, KBBF possesses a plate-like nature, and the growth of crys-
tals thicker than a millimeter is extremely difficult. This makes the angular tuning of
phase-matching angle difficult. Especially for deep-UV applications of this crystal,
an optical contact approach via two CaF2 prisms coupling was proposed [3], which
is rather inconvenient and cannot be used for very efficient nonlinear conversion.

An alternative way to reach very short UV wavelengths (below 205 nm) is to use
the sum-frequency generation. This approach was developed in the mid-1970s [4],
[5]. In order to satisfy phase matching conditions, the summing wavelengths should
differ as much as possible in frequencies; that is, one of them should lie near the UV
edge of transmission range and the other near the IR edge. Recently, a German group,
using SFG between the near IR idler wavelengths from OPO, pumped by a Ti:sapphire
femtosecond laser and the UV fourth harmonic of the same laser, reached 175-nm
wavelength in CLBO [6], 172.7 nm in LBO [7], 170 nm in LB4 [8], and 166 nm in
KB5 [9]. For the review of their results, see [10].

A few powerful quasi-CW deep-UV sources were demonstrated recently, using
CLBO for the final sum-frequency mixing stage. In [11], the mean power of 250 mW
at 205 nm was generated, in [12] a 1-W source at 196.3 nm was developed, while
in [13] the absolute maximum of 1.5 W mean power at the same wavelength was
achieved.

A nanosecond widely tunable deep-UV source was reported in [14]. Using a set
of BBO harmonic generators and a broadly tunable Ti:sapphire laser with amplifier,
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the authors generated pulses with more than 1 mJ energy in the 193–233 nm spectral
range with a repetition rate of 10 Hz.
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9.2 Terahertz-Wave Generation by DFG

One of most common applications of nonlinear optical crystals is difference frequency
generation to the IR range. Even during the early years of quantum electronics,
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attempts were made to generate submillimeter radiation via this approach. In 1971,
Yajima and Takeuchi experimentally proved the possibility of tunable far IR gen-
eration in LiNbO3 via DFG between two spectral components of spectrally wide
1.06-µm radiation of a mode-locked Nd:glass laser [1]. Using lithium niobate (LN)
crystal and changing the phase-matching angle from 18◦ to 16.2◦, they managed
to receive far infrared radiation, tunable in the 521–645 µm (0.58–0.47 THz) range.
The next year, the American group from Bell Labs observed phase-matched DFG
between the frequencies of two CO2 lasers in ZnGeP2 [2]. The obtained tuning range
was 91–143 µm (3.3–2.1 THz), and the power conversion efficiency at 120 µm was
1.3 × 10−8.

Three decades later, when the development of compact and efficient THz sources
became actual for the applications in molecular spectroscopy, radio astronomy,
biomedical imaging, electronics, and so forth, the old DFG technique of THz-wave
generation was revived. A Japanese group [3] used for DFG two signal waves from
two OPOs created in one PPLN crystal with two domains of slightly different poling
period. When pumping the PPLN crystal with a Q-switched Nd:YAG laser radiation
(λ = 1.064 µm), two waves near 1.5 µm were generated; the frequency difference be-
tween them was controlled by the temperature of the crystal. For DFG, the organic non-
linear crystal DAST was used. As a result, far IR radiation in the range 120–160 µm
(2.5–1.87 THz) with a rather low power conversion efficiency of 3.8 × 10−10 was
obtained. American scientists Shi and Ding decided to use the much better developed
inorganic nonlinear crystals GaSe and ZnGeP2 (ZGP) for DFG. Using angular-tuned
phase matching in a 1.5-cm-long GaSe crystal (type II interaction, e − e ⇒ o), they
managed to produce coherent THz radiation in the extremely wide range of 56.8–
1618 µm (5.27–0.18 THz), with power conversion efficiency 1.8 × 10−4 at 196 µm
[4]. In a 1.2-cm-long ZGP crystal, both type I (o − e ⇒ e) and type II (o − e ⇒ o)

interactions were realized with tuning ranges of 66.5–300 µm (4.51–1.0 THz) and
72.7–237 µm (4.13–1.26 THz), respectively [5]. The measured power conversion effi-
ciency values were 6.7 × 10−5 (at 97 µm) and 3.6 × 10−5 (at 123 µm) for o − e ⇒ e

and o − e ⇒ o interactions, respectively.
A recently published review [6] deals with nonlinear optical crystals suitable

for submillimeter wave generation. Together with the DFG method of THz-wave
generation, both forward and backward OPO approaches are considered.
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9.3 Ultrashort Laser Pulse Compression via SHG

In 1990, Australian scientists proposed the new effect of pulsewidth shortening in
the course of type II SHG of 1-ps, 1-µm pulse in a KDP type crystal [1]. The idea
behind this method is to introduce an optimal “predelay” between the ordinary and
extraordinary interacting fundamental pulses by using another thin type II KDP crystal
(“predelay” crystal) of the same cut, set out of phase matching direction and with its
axes aligned at 90◦ to the SHG crystal. Owing to the difference in group velocities
of the o- and e-polarized fundamental pulses at the entrance of the SHG crystal, a
much longer nonlinear-interaction length should be attained. This should lead to the
compression of the second-harmonic pulse by up to a factor of 5 and an increase in
the power conversion efficiency.

Both predictions were experimentally verified in the works of the same Australian
group [2], [3]. In [3], the shortening of 1.2-ps, 1.053-µm pulses from a Nd:YLF
laser with an almost Gaussian shape was investigated. The 15-mm-thick “predelay”
DKDP crystal introduced a 1.4-ps delay between the extraordinary and ordinary
components of the 1.053-µm pulse at the entrance of the 25-mm-thick KDP type
II SHG crystal. At the incident intensity of 7 GW/cm2, the green second-harmonic
pulse was compressed to 250 fs (by about 5 times) and the power conversion efficiency
raised by 240%, compared to the standard 40% observed without a predelay. Similar
results were obtained in a later work [4] where compression by more than 2.5 times
was reported.

Simultaneously with the shortening of second-harmonic pulses in the type II SHG,
any interacting fundamental pulses (o or e) could be compressed if the proper intensity
ratio between them is chosen. In [5], the shortening of an o-polarized fundamental
beam from 1.3 ps to 280 fs was demonstrated. Concerning the limitations of this
technique, it was mentioned [2] that from the whole range of nonlinear optical crystals,
only KDP and its closest analog DKDP could provide the correct relationship between
the group velocities of the fundamental and second-harmonic pulses and, moreover,
only for SHG at wavelengths close to 1 µm (Nd-doped lasers). In [6], a more than
20-fold compression was demonstrated for the relatively long 11-ps Nd:YAG laser
pulse.

The development of this method is possible, if employing for group velocities
adjustment the pulse front tilting (see the pioneering works [7], [8]). This allows
the use of another nonlinear crystal for SHG compression of a 1.3-ps Nd:glass laser
pulse, for example BBO, for which 9-fold compression was reported [9]. Furthermore,
the tilting compression technique could be transferred to THG and even to type I
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interactions. In [10], the satellite-free pulse-shortening at 351 nm from 1.3 ps to 350 fs
was achieved.

References

[1] Y. Wang, R. Dragila: Efficient conversion of picosecond laser pulses into second-harmonic
frequency using group-velocity dispersion. Phys. Rev. A 41(10), 5645–5649 (1990).

[2] Y. Wang, B. Luther-Davies, Y.-H. Chuang, R.S. Craxton, D.D. Meyerhofer: Highly effi-
cient conversion of picosecond laser pulses with the use of group-velocity-mismatched
frequency doubling in KDP. Opt. Lett. 16(23), 1862–1864 (1991).

[3] Y. Wang, B. Luther-Davies: Frequency-doubling pulse compressor for picosecond high-
power neodymium laser pulses. Opt. Lett. 17(20), 1459–1461 (1992).

[4] T. Zhang, H. Daido, Y. Kato, L.B. Sharma, Y. Izawa, S. Nakai: Second-harmonic genera-
tion of a picosecond laser pulse at high intensities with time predelay. Jpn. J. Appl. Phys.
34(7A), 3546–3551 (1995).

[5] A. Dubietis, G. Valiulis, R. Danielius, A. Piskarskas: Fundamental-frequency pulse com-
pression through cascaded second-order processes in a type II phase-matched second-
harmonic generator. Opt. Lett. 21(6), 1262–1264 (1996).

[6] A. Umbrasas, J.-C. Diels, J. Jacob, G. Valiulis, A. Piskarskas: Generation of femtosecond
pulses through second-harmonic compression of the output of a Nd:YAG laser. Opt. Lett.
20(21), 2228–2230 (1995).

[7] M.R. Topp, G.C. Orner: Group dispersion effects in picosecond spectroscopy. Opt.
Commun. 13(3), 276–281 (1975).

[8] Z. Bor, B. Racz: Group velocity dispersion in prisms and its application to pulse com-
pression and traveling-wave excitation. Opt. Commun. 54(3), 165–170 (1985).

[9] A. Dubietis, G. Valiulis, G. Tamošauskas, R. Danielius, A. Piskarskas: Nonlinear second-
harmonic pulse compression with tilted pulses. Opt. Lett. 22(14), 1071–1073 (1997).

[10] A. Dubietis, G. Valiulis, G. Tamošauskas, R. Danielius, A. Piskarskas: Nonlinear pulse
compression in the ultraviolet. Opt. Commun. 144(1–3), 55–59 (1997).

9.4 Self-Frequency-Doubling Crystals

The idea of self-frequency doubling (SFD) is very simple. A nonlinear optical crys-
tal, doped with a trivalent rare-earth ion (which is usually Nd or Yb), generates the
fundamental radiation and simultaneously converts it into the second harmonic. This
idea was first realized in LN, doped with Tm [1] and Nd [2]. Later, other host crystals,
such as YAB [3], MgO:LiNbO3 [4], LaBGeO5 [5], and GAB [6], were probed for
self-frequency doubling. From the practical point of view, the most important impli-
cations of SFD are those related to diode pumping, which has been available since
the early 1990s.

First we will list the best results on SFD, obtained in Nd:YAB (NYAB), and also in
recently discovered neodymium-doped gadolinium and yttrium calcium oxyborates
crystals (GdCOB [7], [8], [9] and YCOB [9], [10], [11], respectively). The second
harmonic wavelength of 4F3/2 ⇒ 4I11/2 transition of the Nd3+-ion in these crystal
matrices corresponds to 530.5 nm. Using a 0.5-cm-long NYAB crystal (4 at.%Nd),
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cut for type I SHG (θ = 30.7◦), and 1.6-W diode-pumping at 807 nm, 225 mW of CW
green radiation was generated in [12]. In [13], [14], using an 0.8-cm-long Nd:GdCOB
crystal (7 at.% Nd), cut for type I SHG (θ = 90◦, φ = 46◦), and 1.25-W (absorbed
power) diode-pumping at 810 nm, 115 mW at 530.5 nm was obtained.A similar exper-
iment with Nd:YCOB (0.5-cm-long, 5 at.% Nd, θ = 90◦, φ = 33.6◦) yielded 245 mW
of CW green light at 3.8 W (absorbed power) diode-pumping at 812 nm [15].

The combined Australian–Chinese group investigated SFD in a type I Yb:YAB
crystal (0.3-cm-long, 8–10 at.% Yb, θ = 31◦). With moderate 1.4-W InGaAs diode-
pumping at 976 nm, 160 mW of CW green output was obtained [16].At high pumping
power of 11 W, 1.1 W at 530.5 nm was generated [17], [18]. This is the highest green
power reported for any diode-pumped SFD laser to date.

In [19], the self-doubling of another Nd3+-ion transition, 4F3/2 ⇒ 4I13/2 (λ =
1332 nm), was performed in a Nd:YCOB crystal. About 16 mW CW red output was
generated with 0.9 W absorbed fundamental power at 812 nm.

Besides the SFD, the sum- and the difference-frequency mixing processes
could also be realized in self-frequency-doubling nonlinear crystals [20], [21].
The simultaneous occurrence of SFD and SFM channels in one crystal is also possible
[22], [23]; in the latter work, the CW light at wavelengths corresponding to the three
fundamental colors red (669 nm), green (505 nm) and blue (481 nm) was generated
in NYAB crystal using a combination of two different pump wavelengths (755 and
807 nm).
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9.5 Periodically Poled Crystals

The introduction of periodically poled crystals is probably the most important break-
through in the field of nonlinear optics in the past decade. Since 1991, hundreds
of experimental works have been devoted to the applications of periodically poled
nonlinear materials. What is surprising is that until now, there was not any special
monography devoted to such materials, not even any mention of them in the standard
textbooks on nonlinear optics, even though the history of these crystals already counts
more than 40 years.

In 1961, the first observation of SHG in crystalline quartz was made by Franken
et al. [1]. The power of the SH wave was very small due to the absence of
phase matching between the interaction waves. Two years later, Giordmaine [2] and
Maker et al. [3] proposed the birefringent phase matching (BPM), which utilizes the
difference in phase velocities between waves with different polarizations at second-
harmonic and fundamental frequencies. This kind of phase matching was generally
used in applied nonlinear optics during next three decades. However, as early as
1962, Bloembergen et al. proposed another way of phase matching, so-called quasi-
phase matching (QPM) [4]. QPM refers to a periodic modulation of the nonlinear
susceptibility of nonlinear material in the direction of light wave (waves) propaga-
tion, which keeps the phase mismatch around the zero value. Three decades later, the
emergence of an electric-field poling technique allowed the periodical reversing of
ferroelectric domain polarity, which led to the practical implementation of the QPM
approach.At present, the periodically poled crystals PPLN, PPLT, PPKTP, and PPRTA
are used most often. For the reviews on QPM, see [5], [6], [7].

There are several advantages of quasi-phase matching over BPM. First, there is no
restriction imposed on material and polarization. Second, it is possible to use the high-
est second-order nonlinear coefficient [e.g., for LN d33(1.064 µm) = 25.2 pm/V,
which is much higher than d31(1.064 µm) = 4.6 pm/V, usually used in BPM. There-
fore, polarizing all interacting waves along the Z axis results in the highest effective
nonlinearity. It should be emphasized that such interaction could not be realized
through BPM]. In the case of PPLN, there are additional advantages like smaller
susceptibility to photorefractive effect (compared with LN) and longwave IR cutoff
for the extraordinary wave; this last property allows realization of PPLN-based OPO
with idler tunability up to 6.6 µm [8], 6.8 µm [9], and even 7.3 µm [10].

We will shortly list the most important recent technical achievements in applica-
tions of periodically poled nonlinear materials. In [11], SHG of a CW Nd:YAG laser
(λ = 1.064 µm, P = 6.5 W) in a 5.3-cm-long PPLN crystal with a 6.5-µm domain
period was investigated. The measured green output power was 2.7 W. Another tran-
sition of a Nd:YAG laser (λ = 0.946 µm, P = 2.6 W) was used for second-harmonic
generation in [12]. The CW blue power reached in a 0.9-cm-long PPKTP with a 6.09-
µm domain period equaled 0.74 W. In [13], the SHG of picosecond pulses, emitted by
an InGaAs MOPA (λ = 920 nm), was studied in a 1-cm-long PPKTP with a 5-µm
domain period. The obtained average SH power was 0.25 W. The sum-frequency
generation between two lines of a diode-pumped Nd:YVO4 laser (λ1 = 1.064 µm,
P1 = 1.2 W, λ2 = 1.342 µm, P2 = 1.0 W) in a 1.9-cm-long PPLN crystal with a
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9.5-µm domain period was investigated in [14]. The generated CW yellow output
power at 593 nm was 78 mW. In [15], a 5-cm-long PPLN crystal with a 30.3-µm
domain period was used simultaneously for OPO (pumped by CW Nd:YAG laser,
λ = 1.064 µm) and DFG between the signal (1.7 µm) and idler (2.8 µm) wave-
lengths. The power of CW IR output reached 150 mW at 4.3 µm.

Now we will consider the OPO results obtained with periodically poled crys-
tals. In [16], a diode-pumped Nd:YVO4 laser pumped the OPO based on 5-cm-long
PPLN crystal with 8 domain periods from 28.5 to 29.9 µm. The OPO tuning in the
1.461–1.601-µm range for signal wave and 3.173–3.917 µm for idler wave was ac-
complished by the grating change and/or by raising the crystal temperature from
91 ◦C to 173 ◦C. The system produced signal pulses with 34-ps duration, repetition
rate 235 MHz, and output average signal power of 1 W. In [17], a similar pump laser but
with smaller repetition rate (20 kHz) was used. Two 1-cm-long, periodically poled
crystals were employed: PPKTP with a 37.8-µm domain period and PPRTA with
40.2-µm domain period. At room temperature, the PPKTP-based OPO generated
the signal wave at 1.72 µm and idler wave at 2.79 µm with total output power of
2 W. The PPRTA-based OPO produced the signal wave at 1.58 µm and idler wave
at 3.26 µm with total output power of 1.3 W. In [18], 1.6 W of signal power (1.56–
1.64 µm) and 0.8 W of idler power (3.34–3.03 µm) were generated in a 5.5-cm-long
PPLN crystal with a 29.75-µm domain period. The PPLN-based OPG is pumped by
10-ns pulses of a Q-switched Nd:YVO4 laser, operating at a 10-kHz repetition rate.
The tuning is accomplished by the changing of the PPLN temperature from 140 ◦C
to 250 ◦C. In [19], the maximal total OPG output power of 8.9 W was achieved. The
OPG was pumped by a mode-locked Nd:YVO4 oscillator-amplifier system, which
generated 7-ps pulses with a repetition rate of 82.3 MHz and an average power of
24 W. A 5.5-cm-long PPLN crystal with 29.75-µm domain period was employed. In
[20], the maximal tuning range for OPO using periodically poled nonlinear crystals
was reached. The OPO was pumped by the second harmonic of a CW Nd:YVO4 laser
(λ = 532 nm, P = 0.8–3.3 W). As a nonlinear element, 2.4-cm-long PPKTP crystals
or 2.5-cm-long PPLN crystals were used with different domain periods: 19 periods
from 8.96 to 12.194 µm for PPKTP and 23 periods from 6.51 to 9.59 µm for PPLN.
The tuning in the ranges 656–1035 nm for signal wave and 1096–2830 nm for idler
wave was accomplished by the changing of gratings and/or the temperature of non-
linear crystal. For the PPKTP crystal, the temperature varied from 20 ◦C to 80 ◦C and
for the PPLN crystal from 140 ◦C to 200 ◦C.

Changing the temperature of a periodically poled nonlinear material is a rather
slow method of OPO tuning. Another way of OPO tuning is through the change
of domain period (choosing different superlattices in a multigrating crystal), and
this needs mechanical translational devices and hence it is also slow. In [21], the
method of electrooptic tuning was proposed. The idea is very simple: the periodically
poled crystal is divided into 3 equal segments, the first and the last being poled
with a 50% duty cycle, whereas the central segment remains unpoled and carries a
pair of electrodes. A high voltage is applied across the central segment to change
electrooptically the refractive index of the periodically poled crystal, which modifies
the spectral shape of the parametric gain and thereby shifts the gain-maximum and
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the oscillation wavelength. Changing the applied voltage from −180 to +1050V, the
fast tuning of a PPLN-based OPO in the 1562–1664-nm range was demonstrated.
Similar results were reported in [22].

Some authors utilize double grating domain structures [23], [24] or partly peri-
odically poled nonlinear crystal [25]. In [23], with picosecond 532-nm pumping (by
SH of Nd:YAG laser) in the first structure (PPLT, 2 cm of 11.9-µm domain period),
the optical parametric generation takes place, whereas in the second structure (PPLT,
1 cm of 8.8-µm domain period), the SFG between the OPG idler and pump radiation
occurs. As a result, red light at 631 nm and blue light at 460 nm are produced. In
[24], with 1342-nm pumping (diode-pumped Nd:YVO4 laser, 35 ns, 10 kHz) in the
first structure (PPLT, 2 cm of 14.9-µm domain period, working temperature 74.6 ◦C),
SHG takes place, whereas in the second structure (PPLT, 1 cm of 4.9-µm domain
period, working temperature 74.6 ◦C) THG occurs. As a result, the red (671 nm) and
the blue (447 nm) radiations are generated with average powers 0.75 W and 0.15 W,
respectively. Finally, in [25], only part of the nonlinear crystal was periodically poled
(1.5 cm of 3.0-cm-long KTP with 16.46-µm domain period), in which QPM SHG
of 1.327-µm radiation took place, whereas in the remaining unpoled 1.5 cm of KTP
crystal, the usual birefringent THG occurred.

In [26], a special two-component quasi-periodic optical superlattice, which allows
the third-harmonic generation at any desired wavelength, is proposed.The correspond-
ing grating contains the sequence of two building blocks A and B with the lengths
DA and DB. Each block consists of two inverse ferroelectric domains, the widths
of the positive ones being equal to L. The calculations made for LT, fundamental
wavelength of 1.44 µm, and crystal temperature of 30 ◦C show the maximum of
THG conversion for DA = 13.12 µm, DB = 18.65 µm, L = 9.31 µm, and the block
sequenceABBBBABBBAB. . . In the experiment, the 27%THG conversion efficiency
was obtained in 1.5-cm-long PPLT crystal at 27.8 ◦C; the measured blue output power
at 480 nm equaled 4 mW.
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9.6 Photonic Band-Gap Crystals

Photonic band-gap crystals (or photonic crystals, both terms seem to be unsuccessful)
are simply nonlinear crystals where the nonlinearity is varying in two dimensions.
It should be remembered that periodically poled nonlinear crystals are materials
with periodical one-dimensional change of the sign of second-order nonlinearity.
Recently, Berger proposed [1], [2] to extend the idea of quasi-phase matching to
multiple spatial dimensions. The first two-dimensional periodically poled nonlinear
crystal was experimentally realized by a UK group [3], who fabricated a periodic
structure with hexagonal symmetry in lithium niobate (so-called HeXLN). The
resulting hexagonal lattice of hexagonal inverted domains had a period of 18.05 µm,
a total inverted area of about 30%, and was designed for QPM SHG of 1531-
nm fundamental radiation in Γ M direction (X axis) at 150 ◦C. The propagation
length in this direction was 1.4 cm. The HeXLN crystal was placed in the oven
to eliminate the photorefractive damage. At low input intensities (∼0.2 GW/cm2)
of 4 ps, 1.531-µm fundamental radiation, the output consists of multiple output
beams of different colors, emerging from the crystals at different angles. These
beams correspond to SH radiation, emerging at symmetrical ±(1.1 ± 0.1)◦ angles
from fundamental beam direction (Γ M direction) as well as to cascaded THG and
FoHG radiations. At higher intensities, the SH spots remained in the same posi-
tions, whereas the THG light started to be emitted over a wide range of angles. The
maximum external SHG conversion efficiency (at intensities ∼0.2 GW/cm2) was
around 60%.

A more detailed investigation of SHG and cascaded THG and FoHG in HeXLN
was conducted later by the same group, using a less-powerful nanosecond IR source
(1.520–1.560 µm, 5 ns, 2 kHz, 5–16 MW/cm2) and a shorter, 1-cm-long, HeXLN
crystal [4]. At relatively low intensities, the obtained SHG temperature bandwidth for
1536-nm fundamental radiation in HeXLN was 8.5 ◦C, which is considerably larger
than that for PPLN of the same length and same period (4.2 ◦C). At higher irradia-
tion intensities (14–16 MW/cm2), besides the SHG beam at 768 nm, the authors of
[4] observed green and blue beams, emerging from the crystal, and corresponding to
cascaded THG and FoHG. An additional green beam, corresponding to birefringent
type II THG, was also discovered. The authors of [4] state that HeXLN is “highly
suited for the simultaneous phase matching of multiple nonlinear interactions.” A
similar statement was made by the authors of [5], who theoretically considered har-
monic generation in nonlinear photonic crystals and suggested that two-dimensional
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photonic crystals “are ideal candidates for experimental observation of simultaneous
generation of several harmonics and different effects associated with the multistep
cascading processes.” Unfortunately, this remarkable feature of HeXLN will probably
limit its practical application in nonlinear optics.

In [6], the SHG of 1.536-µm fundamental radiation in a HeXLN-based waveguide
was investigated. The best value of internal conversion efficiency (46%) was found
for TM0(ω) ⇒ TM1(2ω) SHG process. However, the simultaneous damage of the
crystal due to the third-harmonic generation was also observed.
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9.7 THG via χ(3) Nonlinearity

All described in this book, until now, referred to so-called three-wave interactions,
utilizing the second-order nonlinear susceptibility tensor χ(2). The four-wave inter-
actions, using χ(3) nonlinearity, could also be of practical interest, especially in the
case of THG (as they employ one nonlinear crystal instead of two). The effective
third-order nonlinear coefficients for uniaxial and isotropic crystals were derived by
Midwinter and Warner [1] in 1967. Later, the corresponding expressions for biax-
ial crystals were obtained by a Chinese group [2]. In [3], the third-order nonlinear
coefficients of lithium iodate, c35 and c12 were measured relative to the third-order
nonlinear coefficients of ADP and KDP.

Qiu and Penzkofer [4] investigated the THG of 5-ps, 1.054-µm radiation in a BBO
crystal and obtained 0.8% conversion efficiency at input intensity of 50 GW/cm2.
The authors claimed that the observed third-harmonic radiation could be due to the
direct third-order nonlinear process or to cascaded second-order processes and state
that both processes have a similar yield. A decade later, THG in a KTP crystal was
investigated simultaneously by two groups [5], [6]. They obtained similar results
on efficiency: 2.4% in a 0.49-cm crystal at 28 GW/cm2 incident intensity of 22-ps,
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1.618-µm fundamental radiation and 1% at 20 GW/cm2 incident intensity of 30–
40-ps, 1.6–1.8-µm fundamental radiation, respectively. However, the conclusions of
both groups contradict each other: whereas the first group claims that “the quadratic
contribution is only 10%,” the second group proves that “the cascaded second-order
process is the dominant process for THG in KTP.”

Recently, anAmerican group reached a 6% THG efficiency value in a 0.3-cm-long
BBO at 200 GW/cm2 incident intensity (λ = 1.055 µm, τp = 350 fs) using either
type I or type II phase matching [7], [8]. Their conclusion: “the cascaded SHG and
SFG processes, even though non-phase-matched, can contribute significantly and even
play the dominant role in phase-matched single-crystal SHG in nonlinear materials
with a second-order response.”
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Concluding Remarks

Even though during my work on this book I took all conceivable precautions to mini-
mize the number of mistakes and misprints, it is difficult, if not impossible, to exclude
them all. Therefore, I wish to apologize for all possible errors and ask the readers in the
case of their discovery to inform me by post or e-mail (niko@phys.ucc.ie). I would
also be grateful for any comments regarding this book, which will be taken into
account in future editions.
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