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The temperature acceptance bandwidth of second-harmonic generation (SHG) can be dramatically improved
by using two different kinds of nonlinear crystals with opposite signs of temperature derivation of phase
mismatch. We study two SHG processes for the existing 1064 and 1550 nm high-average-power lasers. The
numerical results show that the temperature acceptance bandwidth for SHG at 1064 nm can be three
to five times larger than that of traditional single-crystal design, and it is also larger than that of using
temperature-insensitive yttrium calcium oxyborate crystal. Importantly, the proposed design is applicable to
various wavelengths, which suggests its potential in high-average-power SHG applications.
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Two-crystal or multicrystal design has been widely
used in frequency conversion process. For continuous-
wave laser radiations, a cascaded multicrystal scheme
can provide a single-pass doubling efficiency as high
as 65% at any given fundamental power!3. For fem-
tosecond short pulses, a multicrystal design was used
for compensating the spatial or temporal walk-off in
the frequency conversion process. As a result, the
conversion efficiency has substantially improved rela-
tive to single-crystal designfl. Two-crystal design with
orthogonal walk-off planes was also used in paramet-
ric amplification and oscillation processes for improv-
ing the conversion efficiency and beam quality of signal
wavelll. For high-peak-power lasers with a low repetition
rate, a broader conversion bandwidth is favored both
in inertial-confinement fusion experiments and in laser
itself. First, a dual-tripler scheme design was adopted in
the OMEGA laser system, and a threefold increase in
bandwidth of third-harmonic generation was demon-
strated in the experimentP. In Shen Guang II laser
system, the acceptance bandwidth of second-harmonic
generation (SHG) was close to 10 nm by using two type-II
KH,PO, (KDP) crystals, and the doubling efficiency
reached 70% for top-hat chirp pulse in theory®. For
high-average-power lasers, however, the thermal
effect can result in limited conversion efficiency and
unsatisfied beam quality due to the thermal-induced
phase mismatch. At present, average powers over 10 kW
or even 100 kW can be generated directly from the
diode-pumped solid-state lasers, while the maximum
output power of SHG of only ~700 W (doubling
efficiency ~35%) has been demonstrated from a
Q-switched Yb:YAG thin-disc laser!™.

Since 1980, several methods have been used to control
the thermal effect in high-average-power SHG processes,
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such as electro-optic compensation, piezo-optic tuning,
and beam shaping®'’. However, these techniques need
extra sophisticated components, which make the opera-
tion inconvenient. Furthermore, the harmonic power
did not increase significantly by using these methods.
On the other hand, attempts are made to seek unique
nonlinear crystals which have temperature-insensitive
phase-matching (PM) properties. However, this temper-
ature-insensitive scheme can be realized only at a spe-
cific wavelength for a certain crystal, such as yttrium
calcium oxyborate (YCOB) and deuterated l-arginine
phosphate for type-I SHG at fundamental wavelength
of 1064 nm™* and RbTIiOPO, for type-Il SHG at
fundamental wavelength of 1030 nm!".

Here we apply the two-crystal design to com-
pensate for the phase mismatch in SHG process of
high-average-power laser. Unlike the previous two-crystal
design using identical nonlinear crystals, our proposed
scheme involves two different crystals. These two crys-
tals have opposite signs of the first derivation of phase
mismatches to temperature (0Ak/0T). The phase mis-
match Ak(T) is defined as Ak=k 2k, where FH and
SH denote fundamental and second-harmonic waves,
respectively. In this letter, we present such a design for
two typical SHG cases at fundamental wavelengths of
~1 and 1.5 mm, corresponding to two currently available
wavelengths of high-average-power laser.

For high-average-power lasers, the phase mis-
match is mainly caused due to the non-uniform
thermal effect in nonlinear crystals. If the signs
of thermal-induced phase mismatch are opposite
in the two cascading crystals, the phase mismatch
accumulated in the first crystal can be well com-
pensated for in the second one. So the main objec-
tive of our proposed two-crystal design in this letter
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is to find out two types of nonlinear crystals which
have opposite signs of 0Ak/6T. The dependence of
O0Ak/OT on FH wavelength is shown in Fig. 1
for four typical nonlinear crystals, that is, KDP,
LiB,0, (LBO), BaB,0, (BBO), and YCOB. Here
all the data are calculated by using the Sellmeier
equations with the parameters in SNLO version 2119
and the initial temperature is fixed at 20 °C. As shown
by the squares in Fig. 1, the sign of 0Ak/0T is nega-
tive for LBO at a wide range of wavelengths (from
~700 nm to over 1.15 mm). Also the sign of 0Ak/0T in
YCOB crystal is also in negative range from the wave-
length of ~900 nm to over 2 mm (triangle and solid
line). The signs of 0Ak/OT are always positive for KDP
and BBO crystals in the transmission range (circle
and dashed line). Therefore, it is always possible to
find two types of crystals with opposite signs of 0Ak/0T
within a broad range of wavelength (from ~700 nm to
over 2 mm). Furthermore, 0Ak/0T may reach zero at
a specific wavelength of ~1100 nm for YCOB in the
xz planel', namely, YCOB crystal has the character-
istics of temperature-insensitive PM in the zz plane.
For type-I SHG of a high-average-power laser, the
temporal effect is negligible (i.e., assuming the pulse
width much longer than 1 ps), it is considered by tak-
ing thermal-induced Ak(T) into account. The nonlinear
coupled-wave equations are used to simulate this SHG
process. The equations that govern the envelopes F,(z)
and E,(z) of the FH and SH waves'”, respectively, are

OB, (z) _ o'd, . :
= =F E —iAK(T
5, ! s | (2)E,(2) exp{—1AK(T)z},
0E,(z) . w22d 5 oo )
= L FE AK(T
S B oK), )

where o, (7= 1, 2) is the central frequency of FH (i=1) or
SH (i = 2) waves, respectively, and d is the effec-
tive nonlinear coefficient. In general, the temperature
acceptance bandwidth is defined as a measure for
the sensitivity of conversion efficiency to tempera-
ture deviation!". We will numerically calculate the
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Fig. 1. dAk/OT as a function of FH wavelength. Circle, KDP crys-
tal; dashed line, BBO crystal; triangle, YCOB in the xz plane;
solid line, YCOB in the zy plane; square, LBO in the zy plane.

temperature acceptance bandwidth of SHG at two
typical wavelengths of 1064 and 1550 nm, respectively.

Firstly, type-I SHG process for 1064 nm laser is
studied within a temperature-variation range from
20 to 60 °C (Fig. 2). In the calculations, we globally
change the temperature of crystal to simulate thermal-
induced temperature variations. For our proposed two-
crystal design, the YCOB in the zy plane cascading
with BBO crystal are chosen. We compare our results
with the results obtained using a single-crystal design,
that is, YCOB in the zy plane, BBO, and temperature-
insensitive YCOB in the zz plane. For a fair compari-
son, these crystal lengths of all designs are set up with
a same SHG efficiency at the initial PM temperature of
20 °C. To be specific, the lengths of single-crystal design
for YCOB in the zy plane, BBO, and YCOB in the
xz plane are 53, 9, and 20 mm, respectively. The lengths
of YCOB in the zy plane and BBO for our two-crystal
design are 16 and 6 mm, respectively. As shown in Fig. 2,
the larger the deviation of initial temperature the low-
er the SHG efficiency. As a matter of fact, more tem-
perature deviations mean larger thermal effect-induced
phase mismatches, resulting in lower SHG efficiency.
Under small-signal regime, traditional single-crystal
design is quite sensitive to temperature variation (circle
and triangle in Fig. 2(a)). The temperature acceptance
bandwidth, defined by the full-width at half maximum
(FWHM), is only ~16 °C for YCOB in the xy plane
and ~38 °C for BBO. By using the two-crystal design
(solid line), the temperature acceptance bandwidth can
be as large as ~60 °C, which is close to the result of
temperature-insensitive YCOB in the zz plane (~72 °C,
dashed line). Tt clearly demonstrates that our proposed
design can substantially reduce the sensitivity of SHG
efficiency to temperature variation. Moreover, if three
crystals (i.e., 3.5 mm long BBO, 10 mm long YCOB
in the zy plane, and 3.5 mm long BBO in sequence)
are adopted in our proposed design, the SHG efficiency
can be much more insensitive to crystal temperature
variation (temperature acceptance bandwidth ~100 °C,
square).

SHG processes are also studied under high-efficiency
regime, as shown in Fig. 2(b). The intensity of inci-
dent FH wave is assumed to be 0.2 GW /cm?, and other
parameters are similar to those in Fig. 2(a). Figure 2(b)
shows that the temperature acceptance bandwidth
of two-crystal design (~70 °C, solid line) is ~5 times
larger than that of using single YCOB crystal in the
zy plane (~14 °C, circle). And it is also larger than that
of using temperature-insensitive YCOB crystal in the
zz plane (dashed line). Moreover, it can be seen that
the temperature acceptance bandwidth of all single-
crystal designs in high-efficiency regime is smaller than
that in small-signal regime by comparing with Fig. 2.
Taking a single temperature-insensitive YCOB crystal
as an example (dashed line in Fig. 2), the acceptance
bandwidth is reduced from ~72 °C under small-signal
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Fig. 2. Calculated type-I SHG efficiency at 1064 nm versus the crystal temperature. Square, the three-crystal design; dashed line,
temperature-insensitive YCOB in the zz plane; solid line, the two-crystal design; triangle and circle, traditional single BBO and
YCOB in the zy plane, respectively. The lengths of all crystals are listed above. (a) Under small-signal regime. All efficiencies are
normalized to the maximal value. (b) Under high-efficiency regime with pump intensity of 0.2 GW/cm?

regime to only ~52 °C under high-efficiency regime.
The situation in the two-crystal design, however, will
be very different. The temperature acceptance band-
width does not decrease but increase from ~60 °C under
small-signal regime to ~70 °C under high-efficiency
regime. This is a unique feature of our proposed two-
crystal design, which suggests its potential in practical
high-average-power SHG applications. Moreover, the
temperature acceptance bandwidth for the three-crystal
design can be increased to ~130 °C.

The transverse distribution of crystal temperature
cannot be considered in all the above discussions, and
are discussed below. It is known that the radial tem-
perature profile exhibited a quadratic behavior within
the pump region under the conventional edge cooling!™.
Here we employ a quadratic temperature distribution
function of crystal T(r) by fitting the maximum and
the minimum temperatures of crystal, which can be
described as

where w, is the radius of the laser beam, T  is the
maximum temperature at the crystal axis (the beam
center), and 7T is the minimum temperature on the
crystal edge (the beam edge).

The beam profiles of output SHG for single-crystal
and multicrystal designs are shown in Fig. 3. In this
letter, a flat-top fundamental beam with a diameter of
20 mm is adopted, the maximum temperature at the
crystal axis is 50 °C and the minimum on the beam
edge is 20 °C. In order to achieve a high SHG effi-
ciency, the temperature satisfying initial PM condition
should be set at 35 °C (i.e., the mid-point between 50
and 20 °C ). The other parameters are the same as
those used in Fig. 2. It is clearly demonstrated that
the SHG efficiency for single-crystal design reduces
greatly in the case of transverse distribution of crystal

temperature (dashed line, triangle, and circle in Fig. 3).
The beam profile of output SH even degenerates into
a ring-like shape in the worst case (circle, YCOB crys-
tal in the zy plane). The situation in the two-crystal
design, however, is not the same. It not only supports
a high SHG efficiency but also maintains a uniform SH
beam profile (solid line), which is of great concern to
high-power laser.

Most of all, the temperature-insensitive characteris-
tic of our proposed design is independent of FH wave-
length. As an example, the type-I SHG process of other
existing high-average-power laser with the wavelength
of 1550 nm is considered next. Note that there are no
temperature-insensitive crystals available at this wave-
length so far. For the two-crystal design, a combination
of YCOB and BBO can also be a good choice, as shown
in Fig. 1. The effective nonlinear coefficient of YCOB
crystal in the xz plane is ~5 times larger than that in
the zy plane for type-I SHG at 1550 nm[. Therefore,

1O - ?g".\'--....--'} ,olg‘l‘;
- /'y :V‘\\ ’ ’y': %vv\
° '
—~ 08F ¥z N T~--T Fosy)
=- 2 i b v’ : °Yy
< v o ° 'v' v o ° v
~ 06 = ;' : : v' v’ : o "
z L A B
% Pl T 3G
£ 04 PO ° s
- L N % 2 M
= . % S °
- 02} 4 ° o °
L N ° o °
S % %
00F =~ @00000000000000 o
1 1 1 1 1

-1.0 -0.5 0.0 0.5 1.0
Radius (cm)

Fig. 3. Calculated beam profiles of output SHG fields. Solid
line, the two-crystal design; square, the three-crystal design;
dashed line, YCOB in the zz plane; triangle, BBO; circle,
YCOB in the zy plane. The lengths of all crystals are the same
as that in Fig. 2. The corresponding SHG efficiencies from top
to bottom are 80%, 78%, 73%, 60%, and 25%, respectively.
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Fig. 4. Calculated SHG efficiency at 1550 nm versus the crystal temperature. Solid line, 6 mm long YCOB in the zz plane and
10 mm long BBO; dashed line, 13 mm long BBO; dotted line, 26 mm long YCOB in the zz plane. (a) Under small-signal regime.
(b) Under high-efficiency regime with pump intensity of 0.2 GW /cm?.

we take YCOB crystal in the zz plane as the one with
negative 0Ak/0T. Figure 4 shows the SHG efficiency as
a function of crystal temperature variations, which is
calculated by using the same assumption and input FH
intensity as that in Fig. 2. Similar to the case of SHG at
1064 nm, the two-crystal design also exhibits a greatly
promoted insensitivity to temperature variation relative
to single-crystal designs. For instance, the temperature
acceptance bandwidths are only ~14 °C for YCOB in
the zy plane and ~36 °C for BBO under high-efficien-
cy regime (see dotted and dashed lines in Fig. 4(b)).
However, the temperature acceptance bandwidth can
be as large as ~75 °C by using the two-crystal design
(solid line).

In conclusion, we propose the two-crystal design
which can be applied to improve the temperature
acceptance bandwidth of SHG process for high-average
power laser. By employing two different kinds of
nonlinear crystals with opposite signs of 0Ak/OT, the
phase mismatch accumulated in the first crystal can be
compensated for in the cascading one. Thus the tem-
perature acceptance bandwidth improves substantially.
We present two typical SHG examples at wavelengths
of ~1 and 1.5 um. Numerical simulations show that
the temperature acceptance bandwidth can be three to
five times larger than that of traditional single-crystal
designs under high-efficiency regime. Importantly, the
temperature-insensitive characteristic of our proposed
two-crystal design is independent of FH wavelength,
which provides a promising route to generate harmonic
wave of high average power at various wavelengths.
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