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A compensation method for phase mismatch caused by temperature variation during the frequency conversion
process is proposed and the theoretical model is established. The method is based on the principle that phase
mismatch can be compensated via the electro-optic effect based on a compensation scheme consisting of two
nonlinear crystals and an electro-optic crystal; further, a new dimension adjustment can be achieved by changing
the voltage. In a proof-of-principle study, frequency conversion from 1053 nm to 526.5 nm and 351 nm by
cascade KH2PO4 (KDP) and KD2PO4 (DKDP) crystals, respectively, is presented as an example. Three-dimen-
sional numerical simulations are conducted to show that the conversion efficiency of frequency doubling and
tripling varies with temperature. The results show that the temperature acceptance bandwidth of doubling
and tripling can be 2.4 and 3.4 times larger, respectively, than that of the traditional method using a single crystal.
We also analyze the stability of the conversion efficiency for 192 beams by our proposed method when the tem-
perature is randomly varied within the range of 24°C–26°C. The standard deviation of the conversion efficiency
of frequency doubling and tripling decreases from 1.25% and 6.61% to 0.18% and 0.56%, respectively. In ad-
dition, the influence of the reflection loss on the output efficiencies is also analyzed and the results show that it is
very small. This indicates that this method may be effective in reducing the temperature sensitivity of conversion
efficiency. © 2016 Optical Society of America

OCIS codes: (140.3515) Lasers, frequency doubled; (190.2620) Harmonic generation and mixing; (190.4223) Nonlinear wave

mixing.
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1. INTRODUCTION

Frequency conversion is an important method to extend the
working wavelength of various laser sources using nonlinear
crystals (e.g., BaB2O4 (BBO), LiB3O5 (LBO), KH2PO4

(KDP), KD2PO4 (DKDP), and KTiOPO4 (KTP) [1]) and
to enable the use of Nd:glass laser systems as short-wavelength
lasers for inertial confinement fusion (ICF). A typical system is
the National Ignition Facility (NIF), which contains 192 laser
beams. The total energy of its third-harmonic pulses (351 nm)
can reach 1.8 MJ with a peak power of 500 TW [2,3]. During
the frequency conversion process, it is difficult to control tem-
perature with high precision for large laser systems. Since the
refractive index of nonlinear crystals is dependent on temper-
ature, the problem of phase mismatch will arise when the tem-
perature deviates from the perfect phase-matching temperature,
resulting in a decrease in conversion efficiency [4,5]. Frequency
conversion is an essential method for ultrashort ultraviolet pulse

generation and plays a key role in the laser inertial confinement
fusion systems [6,7]. The stability of the conversion efficiency
is very important, particularly for large high-power laser sys-
tems such as the NIF. The NIF is able to obtain precisely speci-
fied powers from each of the 192 beams over a wide variety of
pulse lengths and temporal shapes, and is able to minimize the
deviation in the distribution of energy and power between
beams with very high precision (<3% and<8% beam to beam,
respectively) [7]. These are essential for success on a number of
the NIF lasers’ missions. Consequently, the balance of energy
and power among the beams has high requirements for temper-
ature control precision and stability. However, it is a challenge
for large laser systems to meet these requirements.

In order to minimize the effect of temperature on conver-
sion efficiency in the frequency conversion process, several
cooling configurations and temperature control schemes have
been proposed to control the crystal temperature, including
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beam shaping, gas-cooled multiple-plate designs, and temper-
ature-insensitive phase-matching scheme designs [8–11].
However, these techniques require extremely sophisticated
components or are limited in their scopes of application. For
instance, the temperature-insensitive phase-matching scheme
design requires two different crystals that have opposite signs
of the first derivation of phase mismatch with respect to tem-
perature (∂Δk∕∂T ) at a specific fundamental wavelength
[11,12]. Currently, commonly used nonlinear crystals such
as KDP, DKDP and BBO have a positive first derivative
(∂Δk∕∂T > 0) and, as of now, YCa4O�BO3�3 (YCOB) and
LBO crystals have a negative first derivative (∂Δk∕∂T < 0)
at near infrared [12]. At present, the maximum clear aperture
of a YCOB crystal is 60–70 mm [13]. The maximum clear
aperture of a LBO crystal is 150 mm, but they are difficult
to grow and are costly due to the long growth time [14].
Therefore, this method is not applicable in cases where large
aperture crystals are needed, such as in the ICF experiment
(the KDP crystals have a square clear aperture of ∼310 mm
and ∼400 mm in SG II (a high power laser facility in
Shanghai Institute of Optics and Fine Mechanics) and NIF,
respectively [3,7]). In addition, these methods are mainly ap-
plied to solve the temperature changes of the single beam. For
large laser systems with many beams (e.g., NIF), the balance of
efficiency among multibeams is very important. We mainly aim
at reducing the influence of the temperature difference among
the multibeams on the balance of efficiency in the large laser
systems.

Here, we propose a novel scheme to compensate for the
phase mismatch in the frequency conversion process of a
high-power laser. There are two nonlinear crystals and an
electro-optic crystal in tandem and the electro-optic crystal
is placed between two nonlinear crystals. The tunable phase
mismatch compensation can be achieved by changing the volt-
age. Unlike the previous temperature-insensitive design, it does
not require the optimization of the lengths of two crystals based
on the incident light intensity and ∂Δk∕∂T . The phase mis-
match compensation scheme is shown in Fig. 1.

In the process of frequency conversion, the laser beams pass
through the first nonlinear crystal, the electro-optic crystal, and
the second nonlinear crystal in this order. The phase mismatch
caused by temperature variation in the first nonlinear crystal is
compensated effectively by the electro-optic effect of the
electro-optic crystal. Thus, frequency conversion with high
efficiency can be achieved in a wide temperature range.

The phase mismatch value (PMV) of the beams arising from
the first nonlinear crystal can be calculated using the temper-
ature deviation and the length of the first nonlinear crystal. In
order to compensate for the phase mismatch as the beams pass

through the electro-optic crystal, the appropriate polarization
directions of the laser beams and the voltage of the load in
the electro-optic crystal should be selected. The size of this
voltage can be determined from the PMV, the polarization di-
rections of the beams, and the length and height of the electro-
optic crystal. Different voltage values for different temperatures
can be calculated. When the temperature is changed, the cor-
responding voltage value can be selected to compensate for the
phase mismatch and a high-efficiency frequency conversion in a
wide temperature range can be realized.

As mentioned previously, this paper mainly discusses the sol-
ution to the influence of the temperature difference among the
multibeams on the balance of efficiency in the laser fusion sys-
tems. Since laser fusion systems operate at a very low repetition
rate, the temperature of each crystal can be regarded as uniform.
This method is suitable for the situation that temperature
changes uniformly.

2. THEORETICAL MODEL OF PHASE
MISMATCH COMPENSATION

The electro-optic modulation of light waves can be divided into
transverse electro-optic modulation and longitudinal electro-
optic modulation, according to the direction of the applied
electric field [15]. Since the direction of the electric field in
longitudinal electro-optic modulation is consistent with the
propagation direction of the beams, a transparent electrode
is required; however, this will also reduce the quality of the
laser beam. Therefore, we will use transverse electro-optic
modulation.

Owing to their favorable optical properties and high optical
uniformity, KDP and its isomorph DKDP are the materials of
choice for frequency conversion and electro-optical switching
in high-power laser systems [16,17]. Compared with KDP,
DKDP has a larger electro-optic coefficient (the electro-optic
coefficients of KDP and DKDP are r63 � −10.3 pm∕V and
r63 � −25.8 pm∕V [18], respectively). Therefore, the required
voltage of DKDP is much smaller than that of KDP. Therefore,
DKDP is used as an electro-optic crystal.

According to the refractive index ellipsoid of a uniaxial crys-
tal, the new principal axes x 0 and y 0 are rotated by 45° from the
original x and y axes around the z axis (the optical axis) when an
electric field is applied to DKDP along the z direction. The
rotation angle is independent of the size of the applied electric
field. If n2o γ63Ez ≪ 1, which is true for any reasonable electric
field, the DKDP crystal will become biaxial and the new
principal refractive indices are given by [19]

nx 0 � no −
1

2
n3o γ63Ez; (1a)

ny 0 � no �
1

2
n3o γ63Ez; (1b)

nz 0 � ne; (1c)

where no and ne are the ordinary and extraordinary refractive
indices, respectively; γ63 is the electro-optic coefficient; Ez is
the electric field intensity (given by Ez � V ∕d ); V is the volt-
age applied to the electro-optic crystal; d is the distance be-
tween the two electrodes; and nx 0 , ny 0 and nz 0 are the newFig. 1. Phase mismatch compensation scheme.
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principal refractive indices in the presence of an external electric
field applied parallel to the z axis of electro-optic crystal.

Let the lengths of the two nonlinear crystals be L1 and L2,
respectively, the perfect phase-matching temperature be T 0,
and the phase-matching angle be θm. The length of the
electro-optic crystal is L, and the height is d (i.e., the distance
between the two electrodes). The refractive indices of the laser
beams in the first nonlinear crystal can be calculated by the
Sellmeier equation [20], and the corresponding phase mis-
match can be obtained using the refractive indices and
wavelengths,

1

n2e �θm; T � �
cos2 θm
n2o �T � � sin2 θm

n2e �T � ; (2a)

Δk1 �
2π

λ3
n3�T ; θm; λ3� −

2π

λ2
n2�T ; θm; λ2�

−
2π

λ1
n1�T ; θm; λ1�; (2b)

where λi and ni (i � 1; 2; 3) are the corresponding wavelengths
and refractive indices of the beams, respectively; Δk1 is the
phase mismatch of the beams in the first nonlinear crystal.

From the phase mismatch, the PMV of the output beams
from the first nonlinear crystal can be obtained:

ΔK 1 � Δk1 · L1: (3)

The refractive indices n 0
i (i � 1; 2; 3) can be calculated from

Eq. (1) when the beams propagate in the electro-optic crystal.
The phase mismatch of the beams in the electro-optic crystal is

Δk � 2π

λ3
n 0
3 −

2π

λ2
n 0
2 −

2π

λ1
n 0
1: (4)

In order to achieve high-efficiency frequency conversion,
ΔK 1 needs to be compensated, and thus the PMV of beams
emitted from the electro-optic crystal should satisfy the follow-
ing condition [10],

ΔK � ΔK 1 � Δk · L � N · 2π; (5)

where N is an integer. If the temperature changes, the corre-
sponding electric field intensity and voltage value can be
obtained by Eqs. (1)–(5).

In order to compensate for the phase mismatch arising in the
first nonlinear crystal at different temperatures, the variation
range of PMV should be 2π in the electro-optic crystal.
Since the PMV for the beams emitted from the first nonlinear
crystal will fall over different ranges at different temperatures, it
should be adjusted to a suitable integer multiple of 2π after the
beams pass through the electro-optic crystal. This can be
determined according to the following equation:

ΔK � jΔK 1�Δk ·Lj

�
�
N · 2π if �2N � 1�π ≥ jΔK 1j≥N · 2π
�N � 1� · 2π if �N � 1� · 2π ≥ jΔK 1j≥ �2N � 1�π :

(6)

The schematic diagram in Fig. 2 shows the change in PMV
of the beams during transmission.

As described above, the method only needs to satisfy the
condition that the wavelengths of the beams falling in the trans-
mission region of the electro-optic crystal and the phase mis-
match value vary over a range of 2π. The phase mismatch can
be well compensated by the electro-optic effect at different tem-
peratures. Therefore, this method is almost completely inde-
pendent of nonlinear crystal type and beam wavelengths,
and can be applied to both type-I and type-II frequency con-
version for different nonlinear crystals.

3. NUMERICAL SIMULATIONS AND RESULTS
ANALYSIS

In this section, we theoretically studied the phase mismatch
compensation scheme in the case of the KDP crystal for fre-
quency doubling with type-I and tripling with type-II. We take
Nd:glass laser (1053 nm) as the incident fundamental wave
with a pulse duration of 1 ns and a maximum intensity up
to 1.0 GW∕cm2. Both temporal waveform and spatial distri-
bution of the fundamental wave are six-order super-Gaussian.
Laser spot is a square with a length of 10 mm. The initial per-
fect phase-matching temperature for the KDP crystals is 25°C
(i.e., T 0 � 25°C), and the temperature is adjusted over the
range of 15°C–35°C.

A. Basic Equations for Calculations

As we focused on the frequency conversion for nanosecond-
level high-power nonchirped laser pulses or quasi-continuous
lasers, the time effects (such as group-velocity mismatch,
group-velocity dispersion, etc.) can be neglected [21,22].
According to the slowly varying envelope and plane-wave
approximation and considering diffraction, walk-off effects
and ignoring the transmission loss of beams, the nonlinear
coupled-wave equations of the frequency doubling with
type-I are [22–24]

Fig. 2. Schematic diagram of PMV change when the beams are
emitted from the first nonlinear crystal. Crystal temperature above
T 0 is represented by a solid line; crystal temperature below T 0 is
represented by a dashed line. The red lines show where the absolute
value of PMV falls within �2n� 1�π ≥ jΔK 1j ≥ 2nπ; the green
lines show where the absolute value of PMV falls within
�2n� 2�π ≥ jΔK 1j ≥ �2n� 1�π. For red and green lines, the
PMV will be compensated to 2nπ and �2n� 2�π in the electro-optic
crystal, respectively.
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∂A1

∂z
≅

i
2k1o

∇2
⊥A1 �

iω1

n1oc
d effA�

1A2 exp�iΔkI�T �z�; (7a)

∂A2

∂z
≅

i
2k2e

∇2
⊥A2 �

iω2

2n2ec
d effA1A1 exp�−iΔkI�T �z�

− ρ2e�θ�
∂A2

∂y
: (7b)

Similar equations for frequency tripling with type-II can be
written as

∂A1

∂z
≅

i
2k1e

∇2
⊥A1 �

iω1

n1ec
d effA�

2A3 exp�iΔkII�T �z�

− ρ1e�θ�
∂A1

∂y
; (8a)

∂A2

∂z
≅

i
2k2o

∇2
⊥A2 �

iω2

n2oc
d effA�

1A3 exp�iΔkII�T �z�; (8b)

∂A3

∂z
≅

i
2k3e

∇2
⊥A3 �

iω3

n3ec
d effA1A2 exp�−iΔkII�T �z�

− ρ3e�θ�
∂A3

∂y
; (8c)

where the subscripts 1, 2, 3, o, and e represent the fundamental
wave, second harmonic, third harmonic, ordinary field, and
extraordinary field, respectively; Ai is the complex amplitude
of optical field; ωi is angular frequency; nij and kij are the re-
fractive index and wave vector in nonlinear crystal, respectively;
ρij�θ� is the tangent of the angle between the wave normal
and the Poynting vector for an extraordinary wave, where
i � 1; 2; 3, j � o; e; and c and z represent the velocity of light
in vacuum and the propagation distance of beams, respectively;
∇⊥ � ∂2∕∂x2 � ∂2∕∂y2, where x and y are the transverse
Cartesian coordinates along the nonsensitive and sensitive di-
rections of the crystal in the plane orthogonal to the z direction
of propagation, respectively; d eff is the effective nonlinear co-
efficient; ΔkI�T � and ΔkII�T � are the phase mismatches of
doubling and tripling given by ΔkI�T � � k2e − 2k1o and
ΔkII�T � � k3e − k2o − k1e , respectively. In the coupled-wave
equations [i.e., Eqs. (7) and (8)], the fundamental wave is
narrowband.

For KDP crystals, type-I phase-matching frequency dou-
bling allows an extraordinary beam of frequency ω2 � 2ω1

to be generated from the incident ordinary beam of frequency
ω1. Type-II frequency tripling generates an extraordinary beam
of frequency ω3 � ω1 � ω2 from one ordinary beam with fre-
quency ω2 and one extraordinary beam with frequency ω1. If
the temperature of the crystals is T , the phase mismatch ΔkI
and ΔkII (which arise from the frequency doubling and tripling
crystals, respectively) can be calculated as follows:

ΔkI �
2π

λ2
n2e�T ; θm; λ2� − 2

2π

λ1
n1o�T ; λ1�; (9a)

ΔkII �
2π

λ3
n3e�T ; θm; λ3� −

2π

λ2
n2o�T ; λ2� −

2π

λ1
n1e�T ; θm; λ1�:

(9b)

The polarization directions of the beams in the phase-
mismatch compensation scheme by KDP and DKDP crystals
for frequency doubling and tripling are shown in Fig. 3.

The electro-optic crystal is used to compensate for the phase
mismatch, and the transverse electro-optic modulation is used.
The direction of the electric field is always along the z axis of
DKDP crystal [Figs. 3(a) and 3(b)], and the directions of the
beams propagation are always in the x 0 − y 0 plane. In order to
avoid the walk-off effect in the electro-optic crystal, the direc-
tions of beams propagation should be along the principal optic
axis [15,25]. We set the directions of the beams propagation
along the y 0 and x 0 axis of the DKDP crystal for frequency dou-
bling and tripling, respectively [Figs. 3(a) and 3(b)]. Therefore,
the walk-off effect in the electro-optic crystal does not exist and
the output efficiency will not be affected.

We calculated the first derivations of phase mismatch
with respect to the temperature of frequency doubling and
tripling by KDP crystals at the fundamental wave of 1053 nm
to give ∂ΔkI∕∂T � 0.537∕�cm · °C� and ∂ΔkII∕∂T �
0.935∕�cm · °C�, respectively. It can be seen that frequency tri-
pling is more sensitive to temperature than doubling and we can
predict that the temperature acceptance bandwidth of frequency
tripling is smaller than that of doubling.

At high intensity, the refractive index of the crystals will
change with the light intensity, primarily because of the
third-order nonlinear susceptibility. This will result in nonlin-
ear phase modulation [26–28]. The relation between the refrac-
tive index of the crystals and the light intensity is given by [27]

n � n0 � Δn � n0 � γI ; (10)

where n0 represents the refractive index at low intensity and Δn
is the nonlinear refractive index; γ is the nonlinear refractive
index coefficient; and I is the light intensity. For KDP and
DKDP, the variation range of γ is 2–4 × 10−7 cm2∕GW in
the wavelength range of 1064–400 nm [27,28], and the
variation range of Δn is 2–4 × 10−7 at a power density of

Fig. 3. Polarization directions of beams. (a) Type-I frequency
doubling. (b) Type-II frequency tripling.
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1 GW∕cm2. It can be evaluated that the nonlinear phase
modulation-induced frequency doubling and tripling phase
mismatch are about 0.0119/cm and 0.0239/cm, respectively,
which are far less than temperature-induced phase mismatch
[0.537∕�cm · °C� and 0.935∕�cm · °C�]. Therefore, at a power
density of 1 GW∕cm2 with the pulse width of 1 ns, the effect
of nonlinear phase modulation on frequency conversion effi-
ciency is very small. In the nonlinear coupled-wave equations,
higher-order nonlinear effects (e.g., nonlinear phase modula-
tion) are neglected, and the temperature variation is considered
by taking into account a temperature-induced Δk�T �. The
nonlinear coupled-wave equations are solved using the
split-step Fourier transform approach and the fourth-order
Runge–Kutta algorithm [23,24]. The parameters used in the
simulation are adopted directly from or calculated on the basis
of the data in [18,20]. Next, we will numerically calculate the
temperature acceptance bandwidths of frequency doubling and
tripling.

B. Results for Frequency Doubling and Tripling

For frequency tripling, the frequencies ωi satisfy the relation-
ship ω3 � ω1 � ω2, the photon number of the fundamental
wave (ω1) and doubling (ω2) matching is an important con-
straint for frequency tripling the conversion efficiency (theo-
retically, the optimum ratio of photon number and energy
of the fundamental wave and doubling are 1∶1 and 1∶2, re-
spectively), and thus the frequency doubling conversion effi-
ciency should not be too high. The frequency doubling and
tripling efficiencies are defined by η2 � E�ω2�∕E�ω1� and
η3 � E�ω3�∕E�ω1�, respectively. Here, E�ω1� is the initial en-
ergy of the fundamental wave; E�ω2� is the energy of frequency
doubling emitted from the KDP 2 [as shown in Fig. 3(a)]; and
E�ω3� is the energy of frequency tripling emitted from the
KDP 4 [as shown in Fig. 3(b)]. In order to obtain high-fre-
quency tripling conversion efficiency, the lengths of KDP crys-
tals should be suitable; the optimal lengths of crystals can be
approximately determined by numerical calculations based on
the coupled-wave equations [i.e., Eqs. (7) and (8)]. In this pa-
per, the lengths of each KDP crystal for frequency doubling and
tripling are 8.0 mm and 7.0 mm, respectively. The general
high-voltage pulse generator used for electro-optic modulation
can generate ten thousand volts or more [29,30]. Therefore, the
voltage variation range is assumed at 0–10 kV. In order to sat-
isfy the conditions of the electro-optic crystal described in the
second section, we calculated the required size of the electro-
optical crystal. Both the width and height of the electro-optical
crystal are 15 mm and the length of the electro-optical crystal is
20 mm; the electro-optic coefficient is r63 � −25.8 pm∕V.
The maximum change of frequency doubling and tripling
PMV in the electro-optic crystal can reach 6.83 and 7.05
(change range more than 2π), respectively.

First, the type-I frequency doubling process for the Nd:glass
laser was studied within a temperature variation range of 15°C–
35°C (Fig. 4). In the simulations, we altered the temperature of
the KDP crystals over the variation range in increments of
0.5°C.

Figure 4 shows the frequency doubling conversion efficiency
variation with temperature after the beams pass through the

second KDP crystal under the high-power regime with a fun-
damental wave intensity of 1.0 GW∕cm2. A maximum conver-
sion efficiency of 53.6% is obtained when the doubling crystals
are operated at the initial perfect phase-matching temperature
(T � 25°C and Δk � 0). If the phase mismatch caused by
temperature variation is not compensated (in which the struc-
ture can be regarded as a single crystal), the conversion
efficiency will rapidly decline, as shown by line A. The temper-
ature acceptance bandwidth is 5.9°C as defined by the full
width at half-maximum (FWHM), and is quite sensitive to
temperature variation. If phase mismatch is compensated by
our proposed method, the temperature acceptance bandwidth
is as much as 2.4 times larger than that of using a single crystal,
and the temperature acceptance bandwidth is increased to
14.4°C.

As the frequency tripling process is based on doubling, the
frequency doubling conversion efficiency will have an effect on
the tripling conversion efficiency. Therefore, the frequency tri-
pling conversion efficiency is not only related to the tripling
crystal temperature, but also to the frequency doubling conver-
sion efficiency. In fact, both the doubling and tripling temper-
atures can be changed, and thus the influence of the frequency
doubling process on the temperature acceptance bandwidth of
tripling should be taken into account. Four combinations of
the phase mismatch compensation scheme for tripling are listed
in Table 1. We analyzed the temperature-dependent conver-
sion efficiency and temperature acceptance bandwidth of tri-
pling with respect to the above-mentioned conditions, and
the results are shown in Fig. 5.

Fig. 4. Calculated conversion efficiency of type-I frequency dou-
bling by two 8 mm long KDP crystals with respect to temperature.
The circle symbol (line A) indicates phase mismatch without compen-
sation; the triangle symbol (line B) indicates that the phase mismatch is
compensated.

Table 1. Phase Mismatch Compensation Combinations
for Tripling

Frequency Doubling Frequency Tripling

A No No
B No Yes
C Yes No
D Yes Yes
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According to line A in Fig. 5, the temperature acceptance
bandwidth of frequency tripling is 2.8°C. A maximum conver-
sion efficiency of 76.4% is obtained when the doubling and tri-
pling crystals are operated at the initial perfect phase-matching
temperature. Comparing line A in Fig. 4 with that in Fig. 5, we
can see that the frequency tripling conversion efficiency is more
sensitive to temperature variation than that of the frequency dou-
bling, which is consistent with ∂ΔkI∕∂T < ∂ΔkII∕∂T . From
line A and line B in Fig. 5, it can be seen that the temperature
acceptance bandwidth of line B (3.0°C) is only slightly larger
than that of line A. The reason is that the phase mismatch is
compensated only in the frequency doubling process for line
B. This enhances the stability of the doubling conversion effi-
ciency, but the sensitivity of the tripling conversion efficiency
to temperature is not reduced. Consequently, the change of line
B relative to line A is very small. Although the temperature
acceptance bandwidth is increased slightly, this is because the
stability of the frequency doubling conversion efficiency is im-
proved. Comparing line A and line C in Fig. 5, the temperature
acceptance bandwidth of line C is increased to 1.8 times (4.9°C)
despite the fact that the frequency doubling phase mismatch is
not compensated. The temperature acceptance bandwidth of fre-
quency tripling can be effectively increased. This is because the
frequency tripling conversion efficiency is more sensitive to tem-
perature variation. When the temperature is changed, the rate of
decrease of the frequency doubling conversion efficiency is
slower than that of tripling. Therefore, compensating the phase
mismatch in the frequency tripling process is more effective than
doing so in the frequency doubling process in improving the
temperature acceptance bandwidth of frequency tripling.

We can conclude that the phase mismatch compensation
for the frequency doubling process has little effect in in-
creasing the temperature acceptance bandwidth of tripling.
To increase the acceptance bandwidth of frequency tripling,
the phase mismatch compensation for tripling is more

effective than doubling, as shown by comparing line B
and line C. If the phase mismatches of frequency doubling
and tripling are compensated, the temperature acceptance
bandwidth of frequency tripling would be as high as 9.5°
C (line D), which is 3.4 and 1.9 times larger than that
of the traditional method (line A, 2.8°C) and tripling phase
mismatch with compensation (line C, 4.9°C), respectively.
Comparing line C and line D in Fig. 5, we can find that
phase mismatch compensation for frequency doubling has
an obvious effect on the increase of the temperature accep-
tance bandwidth of tripling when the tripling phase mis-
match is compensated. This is because the temperature
acceptance bandwidth of frequency tripling with phase mis-
match compensation (line C in Fig. 5, 4.9°C) is close to
that of the frequency doubling without phase mismatch
compensation (line A in Fig. 4, 5.9°C). It is only in this
case that the stability of the frequency doubling conversion
efficiency will significantly increase the temperature accep-
tance bandwidth of tripling.

The required voltages at different temperatures are shown in
Fig. 6. The temperature is altered in increments of 0.5°C.

Since the efficiency of the frequency tripling is more sensitive
to temperature than that of doubling, the variation of voltage for
the frequency tripling phase mismatch compensation (∼1.8 kV)
is larger than that for frequency doubling (∼1.5 kV) each time.
However, the maximum voltage required for frequency tripling
phase mismatch compensation (∼8.0 kV) is smaller than that
for frequency doubling (∼9.0 kV). This is because the maxi-
mum change of frequency tripling PMV (7.05) in the
DKDP crystal is larger than that of doubling PMV (6.83). In
fact, the phase mismatch can be well compensated as long as
the maximum change of PMV reaches 2π.

Fig. 5. Calculated conversion efficiency of type-II frequency tripling
by two 7 mm long KDP crystals based on doubling with respect to
temperature. The circle symbol (line A) indicates both the doubling
and tripling phase mismatch without compensation; the triangle sym-
bol (line B) indicates that only the doubling phase mismatch is com-
pensated; the square symbol (line C) indicates that only the tripling
phase mismatch is compensated; the diamond symbol (line D)
indicates that both the doubling and tripling phase mismatch are
compensated.

Fig. 6. Calculated phase mismatch compensation voltage versus the
crystal temperature. (a) Type-I frequency doubling. (b) Type-II fre-
quency tripling.
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C. Evolutions of Conversion Efficiency in the Crystal
with Temperature Shift

For frequency doubling and tripling by the traditional method
with a single crystal, the conversion efficiencies are decreased
by approximately 50% and 100%, respectively, when the tem-
perature deviates from the perfect phase-matching tempera-
ture of 	3°C (as shown by line A in Fig. 4 and in Fig. 5).
In order to clearly present the evolutions of the conversion
efficiency in the crystals under different situations, we com-
pared and analyzed the relationship between the conversion
efficiency and transmission distance in the KDP crystals
for frequency doubling and tripling at temperature offset of
3°C. The conversion efficiency variation of frequency dou-
bling and tripling in the cascade of KDP crystals (where each
KDP crystal length is 8.0 mm with a total length of 16.0 mm
for doubling crystals, and 7.0 mm with a total length of
14.0 mm for tripling crystals) are shown in Figs. 7(a) and
7(b), respectively.

The conversion efficiencies of frequency doubling and
tripling are approximately 53.6% and 76.4% at perfect
phase-matching temperature, respectively, and are indicated
by line PM in Figs. 7(a) and 7(b). The conversion efficiency
will be reduced when the temperature deviates from the perfect
phase-matching temperature. Comparing line A and line B in
Fig. 7(a) shows that the output conversion efficiency of fre-
quency doubling is obviously improved if the frequency dou-
bling phase mismatch is compensated, and is similar in value to
the conversion efficiency at the perfect phase-matching temper-
ature (line PM).

For Fig. 7(b), line A is equivalent to frequency tripling using
the traditional method with a single crystal. The conversion
efficiency increases slowly and quickly reaches the point of
maximum, and then begins to decrease so the final output ef-
ficiency is close to zero. The final efficiency of line B is almost
zero because only the frequency doubling phase mismatch is
compensated and the frequency tripling phase mismatch is
not compensated, and thus the tripling conversion efficiency
is almost unimproved. Line C in Fig. 7(b) shows that the out-
put efficiency of tripling is improved when the frequency tri-
pling phase mismatch is compensated. While the phase
mismatch is compensated in the frequency doubling and tri-
pling processes, it can be seen from line D in Fig. 7(b) that
the output efficiency of tripling has been greatly improved.

As the crystal length affects both the efficiency and the temper-
ature acceptance bandwidth of frequency conversion, the length of
each single crystal in frequency doubling and tripling should be
less than the coherence length (i.e., L ≤ LD � jπ∕Δkj) in general
[10]; otherwise, when the conversion efficiency reaches the ex-
treme point, and the accumulated phase mismatch among the in-
teracting waves is not yet compensated, the back-conversion
process will occur rapidly and the conversion efficiency will start
to decline. If the decreasing value of efficiency is very large, the
conversion efficiency will not be improved significantly even if
the phase mismatch is compensated, and hence the output effi-
ciency will be low and the temperature acceptance bandwidth of
frequency conversion will not be increased significantly. This is
why it is difficult to obtain high conversion efficiency even with
phase mismatch compensation when the temperature is changed
by large amounts. Therefore, the length of the crystal is an im-
portant restraining factor in increasing the temperature acceptance
bandwidth. In order to further increase the temperature accep-
tance bandwidth, a thin crystal andmultiple phase mismatch com-
pensation will be required.

In addition, the bandwidth of the fundamental wave also
affects the conversion efficiency. For the frequency conversion
by the traditional method, the bandwidth of the fundamental
wave is limited by the nonlinear crystal. For our proposed
method, the bandwidth of the fundamental wave is limited
by the nonlinear crystal and the electro-optic crystal. But, the
wavelength acceptance bandwidth of the electro-optic crystal
can be increased by optimizing the length of the electro-optic
crystal and voltage. The wavelength acceptance bandwidth is
normally defined as the FWHM of the sinc2�Δk�λ�L∕2�-
function [31,32], where L is the length of the crystal. The
wavelength acceptance bandwidths of DKDP crystal (the
length is 20 mm and the voltage variation range is 0–10 kV)

Fig. 7. Dependence of conversion efficiency on KDP crystal length
for different conditions. (a) Frequency doubling by two 8 mm long
KDP crystals in tandem. The solid line (line PM) indicates perfect
phase matching; the dashed line (line A) indicates phase mismatch
without compensation; the short-dashed line (line B) indicates that
the phase mismatch is compensated. (b) Frequency tripling by two
7 mm long KDP crystals in tandem based on doubling. The solid line
(line PM) indicates perfect phase matching for both doubling and tri-
pling; the dashed line (line A) indicates both doubling and tripling
phase mismatch without compensation; the short-dashed line (line B)
indicates that only the doubling phase mismatch is compensated; the
dotted line (line C) indicates that only the tripling phase mismatch is
compensated; the short-dotted line (line D) indicates that both the
doubling and tripling phase mismatch are compensated.
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for compensating frequency doubling and tripling phase mis-
match are 1.066 and 0.664 nm, respectively. When a 5 mm
length DKDP crystal is used with a voltage variation range of
0–40 kV, the corresponding wavelength acceptance band-
widths can reach 4.264 and 2.654 nm, respectively, which are
much larger than the bandwidth of a high-power laser driver
for ICF (∼0.3 nm [2,33]).

D. Reflection Loss of Crystal Surface

For frequency doubling and tripling by the traditional method
with a single crystal, each process only needs to pass through
two surfaces (one crystal). However, each process has six sur-
faces (three crystals) if the phase mismatch is compensated by
our proposed method. Therefore, it is necessary to analyze the
reflection loss. According to [34], the coatings of crystals can
reach a single-surface transmission of >99.5%. Thus, we as-
sume that the single-surface transmission is 99.5%. The
efficiencies of frequency doubling and tripling by the tradi-
tional method and our proposed compensation method (both
the doubling and tripling phase mismatch are compensated) at
25°C, 26°C, and 28°C are shown in Table 2.

From Table 2, it can be seen that the output efficiencies of
frequency doubling and tripling by our proposed scheme are
1.33% and 3.36% lower, respectively, than that of the tradi-
tional method at the phase-matching temperature (25°C).

However, the conversion efficiencies of frequency doubling
and tripling using the traditional method are decreased by
3.85% and 21.04%, respectively, when the temperature is
26°C. The conversion efficiencies of frequency doubling and tri-
pling are only decreased by 0.54% and 2.33%, respectively,
when phase mismatch is compensated by our proposed method.

If the traditional method is used for frequency doubling and
tripling, the conversion efficiencies will be reduced to 25.6%
and 1.22%, respectively, when the temperature is 28°C. The
efficiencies of frequency doubling and tripling using our pro-
posed method still maintain high conversion efficiencies that
can reach 46.66% and 56.72%, respectively.

Similar results can be obtained when the temperature is in
the range of 22°C–25°C. According to the above analysis, we
can conclude that our proposed method can effectively im-
prove the efficiency of frequency conversion when tempera-
ture changes, although the conversion efficiency is decreased
slightly at phase-matching temperature. Therefore, the influ-
ence of the reflection loss on the final output efficiency is
very small.

4. DISCUSSION

In this paper, the initial perfect phase-matching temperature for
the KDP crystals is set at 25°C (T 0 � 25°C). In order to verify
the effectiveness of our design method in improving the stabil-
ity of the conversion efficiency, we assume that the temperature
changes in the range of	1°C. Then we randomly selected 192
temperatures between the range of 24°C–26°C to simulate the
conversion efficiency of 192 laser beams in a practical applica-
tion [2]. The corresponding conversion efficiencies of fre-
quency doubling and tripling are shown in Fig. 8.

It can be seen from Fig. 8(a) that the distribution of fre-
quency doubling conversion efficiency (beam to beam) is sig-
nificantly improved by phase mismatch compensation, where
lines A and B correspond to the standard deviations of 1.25%
and 0.18%, respectively. For frequency tripling, as the temper-
ature is randomly selected from the range between 24°C–26°C,
and the differences between lines A and B in Fig. 5(b) are very
small, the key to improving the frequency tripling conversion
efficiency is to compensate for the tripling phase mismatch
within this temperature range. Therefore, we compared the dis-
tribution of the frequency tripling conversion efficiency among
the beams in the case of a traditional single crystal with our

Table 2. Efficiencies of Frequency Doubling and Tripling
by Traditional Method and Our Proposed Compensation
Method at 25°C, 26°C, and 28°C (Reflection Loss of
Crystal Surfaces Is Considered)

Temperature Scheme
Doubling

(%)
Tripling
(%)

PM (25°C) Traditional 52.86 74.65
Compensation 51.53 71.29

26°C Traditional 49.01 53.61
Compensation 50.99 69.57

28°C Traditional 25.60 1.22
Compensation 46.66 56.72

Fig. 8. Conversion efficiencies of 192 beams when temperature is
randomly varied between the range of 24°C–26°C. (a) Frequency dou-
bling, where the thin solid line (line A) indicates phase mismatch with-
out compensation; the thick solid line (line B) indicates the phase
mismatch is compensated. (b) Frequency tripling, where the thin solid
line (line A) indicates both doubling and tripling phase mismatch
without compensation; the thick solid line (line C) indicates that only
the tripling phase mismatch is compensated; the most thick solid line
(line D) indicates that both the doubling and tripling phase mismatch
are compensated.
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proposed design scheme, and the results are shown in Fig. 8(b).
We can see that the change in the frequency tripling conversion
efficiency by the traditional method is very severe [as shown by
line A in Fig. 8(b)], and the standard deviation is 6.61%. The
standard deviation is reduced to 1.19% when the frequency
tripling phase mismatch is compensated. If both the frequency
doubling and tripling phase mismatch are compensated, the
standard deviation can be reduced to 0.56% and the maximum
variation of output efficiency of frequency tripling is only
2.33% even though the reflection loss is considered (as shown
in Table 2). Therefore, the energy and power among the beams
can be well balanced.

According to the above discussion, it is clearly demonstrated
that the fluctuation of temperature in a small range will have a
great effect on the balance of efficiency among the beams [as
shown by line A in Figs. 8(a) and 8(b)]. Compared with
frequency doubling, the effect of this method for frequency tri-
pling is more obvious. The phase mismatch can be well com-
pensated by changing the voltage when temperature changes.
The sensitivity of frequency doubling and tripling efficiency to
temperature variation can be effectively reduced and the bal-
ance and stability of energy among output beams can be sub-
stantially improved. This may be an effective way to increase
the temperature acceptance bandwidth of the frequency con-
version in high-power laser systems, especially in the applica-
tion of balance of energy and power for large laser facilities.

5. CONCLUSION

In conclusion, we proposed a novel scheme for phase mismatch
compensation that can improve the temperature acceptance
bandwidth of frequency conversion for high-power lasers.
Further, the theoretical model of phase mismatch compensa-
tion by the electro-optic effect was established. Two nonlinear
crystals and an electro-optic crystal were employed in this de-
sign, and it was found that the phase mismatch accumulated
within the first crystal can be compensated in the electro-optic
crystal. Adjustment of the voltage applied to the electro-optic
crystal can achieve the phase mismatch compensation when the
temperature is changed. Thus, a new dimension adjustment is
added, and the stability of the conversion efficiency and the
temperature acceptance bandwidth are substantially improved.

We present typical frequency doubling and tripling exam-
ples at a wavelength of 1053 nm. Numerical results show that
the temperature acceptance bandwidth of frequency doubling
and tripling is 2.4 and 3.4 times larger than that of a traditional
single crystal, respectively, under a high-power regime. When
the standard deviations of the conversion efficiencies of 192
beams were compared under different conditions, it was found
that the stability of the conversion efficiency is significantly
improved by our proposed phase mismatch compensation
scheme. In addition, we also analyze the influence of the reflec-
tion loss on the final output efficiency. The results show that
the reflection loss has little effect on the conversion efficiency.
More importantly, this method is almost unlimited by the type
of nonlinear crystals used, and the compensation for the phase
mismatch can be achieved as long as the wavelengths of the
laser beams are in the transmission range of the electro-optic
crystal. Therefore, this scheme is not only able to compensate

for the phase mismatch of the sum- and difference-frequency
generations at various wavelengths, but also can compensate for
the phase mismatch for different nonlinear crystals. This design
provides a promising solution to the issue of temperature varia-
tion during the frequency conversion process and ensures the
stability of energy and power of output beams, which will be
especially useful in large laser facilities.
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