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Determination of the Thermal Lens of a PPKTP
Crystal Based on Thermally Induced

Mode-Mismatching
Yajun Wang, Zhixiu Li, Yaohui Zheng, and Jing Su

Abstract— We present a method for determining the thermal
focal length of periodically poled potassium titanyl phos-
phate (PPKTP) through measuring the variation in the mode-
matching efficiency between the seed beam and the TEM00
eigenmode of an external optical cavity. The eigenmode size of
the external optical cavity changes with the thermal focal length
originating from the absorption of PPKTP inside the external
optical cavity, whereas the fundamental wave injected into the
external optical cavity keeps the geometrical size unchanged,
which continuously deteriorates the mode-matching efficiency
between the fundamental wave and external optical cavity’s
eigenmode. Thus, we can obtain the thermal focal length at
different power levels of a harmonic wave according to the
corresponding mode-matching efficiency. The measurement is
more sensitive to the absorbed power in the material, which
can be of high precision under intense pumping. Finally, the
uncertainty of the method is analyzed.

Index Terms— Lasers, frequency doubled, thermal lensing,
thermal effects, optical resonators.

I. INTRODUCTION

DUE to its prominently high nonlinear coefficient, high
damage threshold and good flexibility, the periodically

poled potassium titanyl phosphate (PPKTP) crystal is an
attractive nonlinear material for versatile devices, e.g., second
harmonic generation (SHG) [1]–[4] and optical parametric
oscillation (OPO) [5]–[7]. The former is a universal method
for frequency transformation from the near infrared to visible
spectral range, and the latter is the most effective technique
for squeezed-state generation and frequency downconversion.
These two processes are nonlinear interactions and are accom-
panied by absorptions of fundamental waves and harmonic
waves [8]–[12], which make a fraction of the two waves

Manuscript received August 15, 2016; revised October 9, 2016 and
November 11, 2016; accepted November 15, 2016. Date of publication
December 15, 2016; date of current version January 5, 2017. This work was
supported in part by the National Natural Science Foundation of China under
Grant 61575114, Grant 61574087, Grant 11654002, and Grant 11504220, in
part by the National Key Research and Development Program of China under
Grant 2016YFA0301401, in part by the Program for Outstanding Innovative
Teams of Higher Learning Institutions of Shanxi, in part by the Natural
Science Foundation of Shanxi Province, China under Grant 2015021022, and
in part by the Program for Sanjin Scholar of Shanxi Province. (Corresponding
author: Yaohui Zheng.)

The authors are with the State Key Laboratory of Quantum Optics and
Quantum Optics Devices, Collaborative Innovation Center of Extreme
Optics, Institute of Opto-Electronics, Shanxi University, Taiyuan 030006,
China (e-mail: wangyajun_166@163.com; lizhixiu1083@163.com;
yhzheng@sxu.edu.cn; jingsu@sxu.edu.cn)

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JQE.2016.2640229

deposit energy as heat and cause a temperature gradient along
the radial direction of the PPKTP crystal. The inhomogeneous
temperature distribution induces a temperature-dependent vari-
ation of the refractive index (dn/dT), stress dependence of the
refractive index and thermal expansion [12]–[15], which cause
thermal lensing [3], [16], thermal birefringence [17], [18]
and thermally induced phase mismatching (TIPM) in the
crystal [17], [19], [20]. Due to the small Youngs modulus
and thermal expansion of KTP compared with dn/dT, the
contribution of stress-induced changes can be ignored [17],
and the thermal effect is only considered as the contribution
of dn/dT. The remaining two harmful effects will reduce the
beam quality, make the resonator unstable (thermal lens),
perturb the phase-matching condition, and reduce the phase-
matching temperature acceptance bandwidth and efficiency of
the nonlinear interaction (TIPM) [12], [17]. In particular, as
the wavelength of the harmonic wave decreases, the absorption
coefficient of the PPKTP crystal becomes high [21], which will
result in more serious thermal effects to further reduce the
output quality of the optical cavity and must be thoroughly
considered and characterized for cavity design to achieve
optimum efficiency of the SHG and OPO processes [22]–[24].

M. Sabaeian et al. theoretically researched the TIPM and
thermal lens effects in detail using Maxwells coupled wave
equations for the SHG of Gaussian beams [17], [19], [20],
and they demonstrated that the two effects are important
for representing the characteristics of the thermal effect and
optimizing an optical system. In this work, we experimentally
focus on the thermal focal length measurement of HW in a
PPKTP crystal. The thermal focal length in a gain medium
has already been studied in detail using a variety of techniques
to obtain efficient lasing operation [25], [26]. Koechner et al.
measured the thermal lens effect using a probe beam tech-
nique [27], [28]. A probe beam is a collinear beam that is
passed through the crystal with a pump laser, and then the
thermal focal length is determined by measuring the beam
waist distance from the exit end face of the crystal. The
thermal lens effect can also be obtained by measuring the far-
field and near-field waists of the output beam of a laser using
a CCD [29]. Song et al. reported a method for measuring the
thermal lens effect based on an unstable cavity technique [30].
The unstable cavity is composed of two plane mirrors, and at
the point of extinguishing the laser, the cavity length equals
the thermal focal length. It also is determined by measuring
the output of the oscillation beam waist size from a laser using
the rate equation method [31]. Bows et al. reported a method
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called holographic lateral shearing interferometry (HLSI) for
determining the thermal focal length of an astigmatic thermal
lens [32]. All of these above works focused on the thermal
focal length of the gain medium, but the thermal effect of
the nonlinear crystal was neglected. Although the probe beam
and HLSI techniques can also be used to measure the thermal
focal length of the PPKTP crystal, they cannot represent the
actual operating conditions of both SHG and OPO. Recently,
Bogan et al. proposed a method for measuring the thermal lens
of optical components by observing the power of second-order
modes [33], which is only appropriate for weak thermal lens
measurements.

Considering the strong absorption of the PPKTP crystal
at 397.5 nm, our group has taken note of its thermal effect
during the process of frequency doubling at 795 nm and
theoretically compared the thermal focal length of the lin-
ear standing-wave cavity and ring cavity for external cavity
frequency doubling [3]. However, experimental measurements
of the thermal focal length were not performed.

Our main contribution in this work is to quantify the thermal
focal length of the PPKTP crystal based on the relationship
between the mode-matching efficiency of an external opti-
cal cavity and the thermal focal length. The basis of the
proposed mechanism is as follows: the eigenmode size of
the external optical cavity changes with the thermal focal
length originating from the absorption of light by PPKTP
inside the external optical cavity, whereas the geometry of the
injected fundamental wave of the external optical cavity is kept
constant, which alters the mode-matching efficiency between
the fundamental wave and external optical cavity’s eigenmode.
Thus, we can obtain the thermal focal length at different
powers of harmonic waves according to the corresponding
mode-matching efficiency. The uncertainty in the thermal focal
length results primarily arises from the measurement accuracy
of the mode-matching efficiency. The experimental setup,
which includes an external optical cavity and a PPKTP crystal
inside the external optical cavity, is similar to the actual cavity
structure of SHG or OPO.

II. MEASUREMENT PRINCIPLE

A simple external optical cavity includes two reflecting
mirrors and a nonlinear crystal. Under ideal conditions, the
cavity’s eigenmode size is determined by the cavity length
and the curvature radius of the two reflecting mirrors, and it
remains constant. Nevertheless, in an actual frequency upcon-
version and downconversion setup, the fundamental wave
and harmonic wave, which interact with each other in the
nonlinear medium, are partially absorbed to heat the PPKTP
crystal, forming a thermal lens inside the cavity. Compounding
matters, this thin lens is sensitive to the power variation of the
FW and HW, which acts as a dynamical intracavity optical lens
that varies with the absorbed power to indicate the eigenmode
size of the cavity and make it deviate from the initial value and
vary with the change of the fundamental wave and harmonic
wave power. In our thermal focal length measurement, the
fundamental wave acts as a seed beam with low power and
can be associated with the eigenmode of the external optical
cavity. When the seed beam waist remains constant and the

eigenmode of the cavity changes with the dynamic lens, the
mode-matching efficiency between the two modes will be
lowered by the updated eigenmode size. Therefore, we can
establish the relationship between the thermal focal length and
mode-matching efficiency with an intermediate variable of the
eigenmode at different absorbed powers. In this paper, we will
focus on the frequency conversion process between 795 nm
and 397.5 nm, corresponding to the transitions at the rubidium
D1 line [34]. To simplify the measurement, a weak seed beam
with its polarized direction perpendicular to the optical axis of
the PPKTP is injected into the cavity to avoid the interaction
between the fundamental and harmonic waves, while the
absorption at 795 nm is less than 150 ppm/cm [35], whose
contribution to the thermal effect can be neglected. Although
the multiple-pass mechanism of the FW and HW in the
cavity with an intracavity crystal is possible by simultaneously
coupling nonlinear, heat and phase with Maxwells and heat
equations [17], to simplify the measurement process in this
work, we only consider the single-pass condition of the HW.
Then, the thermal focal length primarily related to dn/dT in
the material can be deduced from the heat equation and total
phase change accumulated by single pass laser light [3], [16],

fth = πKcω
2
0

P2ω(1 − e−αl) dn
dT

(1)

where P2ω is the harmonic wave power, Kc is the ther-
mal conductivity of the material, dn/dT is the thermo-
optic coefficient, ω0 is the beam waist of the harmonic
wave, α is the absorption coefficient of the harmonic
wave, and l is the length of the crystal. For PPKTP, the
parameters are α = 18.6%/cm [3], Kc = 13 W/m/K and
dn/dT=1.6×10−5/K [36]. The thermal focal length is inversely
proportional to the harmonic wave power; hence, an increase
in the harmonic wave power will result in a more serious
thermal focal length.

When an input Gaussian beam is mode-matched to an
external optical cavity, there are three reasons to excite higher-
order modes (mode mismatching): input beam misalignment,
waist position mismatching, and waist size mismatching [37].
The influence of the former two on the mode mismatching
can be minimized by optimizing the initial mode-matching
efficiency and improving the point stability and spatial mode,
e.g., inserting a mode cleaner into the optical path of the seed
beam. Consequently, the mode-matching efficiency value is
dominated by the waist size mismatching.

If we assume that the relationship between the seed beam
(a pure TEM00 mode, ωs0) and fundamental mode of the
cavity (ωe0) is ωs0 = ωe0(1 + ε), then the electric field of
the seed beam can be expanded by the cavity eigenmodes in
polar coordinates [37],

ψs(r) = A[ueo(r)+ εue1(r)+ higher order terms] (2)

where ε is the difference between the radius of the seed
beam and fundamental mode of the cavity; the electric fields
of the cavity eigenmode are ueo(r) and ue1(r) for the zero-
order and first-order eigenmodes of the cavity, respectively.
In this case, the mode-matching efficiency of each higher-
order mode can be obtained by a power ratio of a TEMmn
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and the total eigenmode of the cavity [38],

κmn = Pmn
∑

i, j Pi j
(3)

and the power can be implied by the electric field part in
equation (2) [39]. It also implies that

∑∞
m,n=0 κmn = 1.

In general, the various spatial modes of the cavity have
nondegenerate resonant frequencies, and the fundamental and
higher-order modes in the cavity correspond to different
transmission peaks with a frequency difference of δν =
kν0 (ν0 = c

2l cos−1[1 − l
R ], c is the speed of light and R

is the curvature radius of the cavity mirror, k=m+n for a
certain TEM mn mode) [37]. Different frequencies correspond
to different resonant cavity lengths; hence, we can distinguish
the TEMmn modes by scanning the cavity length, and the
intensities of the cavity’s transmission peaks can be detected
by a photodetector in real time. Therefore, κmn are read
out from different transmission peaks of the cavity. In real
experiments, we always pay attention to the mode-matching
efficiency to the TEM00 mode, and we define the total
mode-matching efficiency of higher-order modes as a mode-
mismatching efficiency to the fundamental one (ε = 1 − κ00).
The variation in the mode-matching efficiency in our resonator
reflects the change of the TEM00 eigenmode, which is directly
related to the thermal focal length of the nonlinear medium.

The relationship between the thermal focal length (f th) and
eigenmode waist radius (ωe0) of the optical cavity can be
constructed using ABCD matrix theory, in which f th acts
as an intracavity thin lens, but its focal length changes with
the harmonic wave power. The result is shown as a dashed
curve in Fig. 1, from which we can find that the thermal
focal length monotonically enlarges the ωe0. At the same
time, the relationship between the mode-matching efficiency
and ωe0 can also be constructed under the premise that the
seed beam waist radius (ωs0) remains unchanged. The power
ratio κ00 can also be equivalent to the spatial mode-matching
efficiency (κ00) to the cavity TEM00 eigenmode (ωe) in (x,y,z)
coordinates as [38],

κ00 = |
α=x,y
∫ l

0 dz
∫
ψs(α, z)ue0(α, z)dα|2


α

{∫ l
0 dz

∫ |ψs(α, z)|2dα
} {∫ l

0 dz
∫ |ue0(α, z)|2dα

}

(4)

ψs(α, z) = 1√
πωs (z)

exp(− α2

ω2
s (z)

) (5)

ue0(α, z) = 1√
πωe0 (z)

exp(− α2

ω2
e0(z)

) (6)

In an optical cavity without astigmatism, the mode sizes
are the same in the sagittal and tangential planes of the
cavity, and both the seed beam and cavity eigenmode are a
Gaussian beam; subsequently, the corresponding eigenmode
can be expressed by

ω2
s(e) (z) = ω2

s0(e0)

{

1 +
(
(z − za)

zs(e)

)2
}

(7)

where ωs is the beam radius of the seed beam; Lc is the length
of the external optical cavity; ωs (z) and ωe(z) are the beam

Fig. 1. Theoretical relationship between eigenmode waist radius, mode-
matching efficiency and thermal focal length.

radii of the seed beam and external optical cavity eigenmode
at the longitudinal distance z, respectively; ωs0 (a constant
value of 38.9 μm) and ωe0 are those of the waist radius; za is
that of the beam waist position; zs = πω2

s0/λ; ze = πω2
e0/λ;

and λ is the wavelength of the seed beam. Then, the TEM00
mode-matching efficiency is simplified as,

κ00 = 16{
{∫ Lc

0
1

ω2
s (z)+ω2

e (z)
dz}2

∫ Lc
0

1
ω2

s (z)
dz × ∫ Lc

0
1

ω2
e (z)

dz
}2 (8)

The solid curve in Fig. 1 shows the dependence of the mode-
matching efficiency on the eigenmode waist radius (ωe0) of the
external optical cavity. A clear correspondence between the
thermal focal length (left vertical axis of Fig. 1) and mode-
matching efficiency (right vertical axis of Fig. 1) is constructed
through the eigenmode waist radius (ωe0) of the external
optical cavity (horizontal axis of Fig. 1) as an intermediate
variable.

Before injecting the harmonic wave beam into the PPKTP
crystal (the thermal focal length equals infinity), the initial
mode-matching efficiency should be optimized to reach a
mode-matching efficiency of 100% to eliminate the influence
of the non-monotonic mode-matching efficiency with the har-
monic wave power. However, in reality, the optimization of the
initial mode-matching efficiency, which is limited by the focal
length of the lens available in a laboratory, the available space
in the optical setup and lens errors, can be close to 100% but
not be achieved. The initial mode-matching efficiency can be
summed up in two cases. Case one: ωs0<ωe0; with increasing
harmonic wave power, the thermal focal length gradually
shortens, and the eigenmode waist radius ωe0 of the external
optical cavity increases monotonically, which decreases the
mode-matching efficiency monotonically. There is a one-to-
one correspondence between mode-matching efficiency and
thermal focal length. Case two: ωs0>ωe0; with increasing
harmonic wave power, the thermal focal length decreases, and
ωe0 increases monotonically, which will smoothly increase
mode-matching efficiency to 100%, and then it decreases.
In this case, there may be two thermal focal lengths for one
mode-matching efficiency: one corresponding to the upward
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Fig. 2. Simplified sketch of the experimental setup for thermal lens
measurement. EOC: external optical cavity; EOM: electro-optical modulator;
OI: optical isolator; SHG: second harmonic generator; HWP: half-wave plate;
FG: function generator; HV: high-voltage amplifier; PD: photodiode detector;
DM: dichroic mirror; M1-2: concave mirrors 1-2 for the resonator; PZT:
piezoelectric transducer; MC: mode cleaner; BS: beam splitter; TFP: thin-
film polarizer.

stage of mode-matching efficiency, and the other correspond-
ing to the downward stage.

For case two, the mode-matching efficiency cannot
exclusively determine the thermal focal length; we should
avoid this case in an actual measurement. For case one,
the thermal focal length has a one-to-one correspondence
with the mode-matching efficiency, which can be uniquely
determined. During the process of an actual measurement, the
two cases can be distinguished by observing the monotonic-
ity between the mode-matching efficiency and harmonic
wave power. By presetting the thermal focal length mea-
surement to case one, the one-to-one correspondence of
P2ω →f th → ωe0 → κ00 is confirmed, and the thermal focal
length is obtained. Based on the above theoretical analysis,
it implies that the initial mode-matching efficiency has no
influence on the thermal focal length measurement. However,
in practical experiments, there are several reasons to influ-
ence the mode-matching efficiency value. If the initial mode-
matching efficiency is low, we cannot exclude the influence of
the input beam misalignment and waist position mismatching
on the mode-matching efficiency. Therefore, the initial mode-
matching efficiency should be greater than 99% to minimize
the influence described above.

III. EXPERIMENTAL SETUP

Fig. 2 illustrates the experimental setup for measuring the
thermal focal length of a PPKTP crystal through an external
optical cavity. The cavity is composed of two concave mirrors
(M1 and M2 with a curvature radius of 30 mm). A PPKTP
crystal with dimensions of 1×2×10 mm as a measured
material is placed inside the cavity, and its two end facets are
coated with a double antireflection (AR) coating at 795 nm
and 397.5 nm. The cavity’s length is 57.5 mm, correspond-
ing to a waist radius of 38.9 μm at 795 nm or 27.6 μm
at 397.5 nm, and the PPKTP crystal is placed at the waist
position of the cavity. The concave end face of M1 is coated
with a partly transmission coating T795 = 3.6% at 795 nm and
a high transmission (HT) coating at 397.5 nm. The concave
end face of M2 is coated with a high reflectivity (HR) coating

at 795 nm and HT at 397.5 nm. The plane faces of both M1
and M2 are AR coated at both wavelengths. The harmonic
wave does not resonate inside the cavity.

The laser source is a home-made Ti:sapphire laser with a
wavelength of 795 nm [40], which is pumped by a home-made
high-power single-frequency 532 nm laser with a maximum
output power of 20 W [25], [41]. The output power at 795 nm
is 1.27 W, and a small portion of the laser is used as the seed
beam (fundamental wave) for the mode-matching efficiency
measurement. The retained large power is sent into the fre-
quency doubler to produce a continuous wave single-frequency
laser at 397.5 nm (harmonic wave) via the SHG process [3].
In practical thermal focal length measurements, any HW
power change, beam pointing fluctuations or poor beam quality
will deviate the mode-matching efficiency from the actual
value at certain power [37] due to a variation in heat generation
or a misalignment of the optical cavity, which potentially
distorts the measured result of the thermal lens. To avoid the
additional system error above, the harmonic wave is guided
into a Mach-Zehnder-type interferometer to improve its power
stability. Subsequently, a mode cleaner (MC) is inserted before
the cavity to ensure that the HW field injected into it is a pure
TEM00 mode and has a good pointing stability. This scheme
reduces the measurement error arising from power and point-
ing fluctuations of the harmonic wave [42]. Similarly, another
MC is also adopted to improve the spatial mode and pointing
stability of the fundamental wave to exclude the potential
deviation of the mode-matching efficiency originating from
beam quality and pointing noise. A combination of a half-
wave plate (HWP) and a thin-film polarizer (TFP) forms an
attenuation unit and allows us to adjust the harmonic wave
power for heating the PPKTP crystal. The setup here is a part
of the 795 nm squeezer, which aims to obtain a high degree
of squeezed states for the rubidium D1 line [34].

A triangular wave signal from a function generator (FG)
is employed to scan the length of the external optical cavity,
with which transmission peaks of the cavity will be obtained
by applying high voltage to the piezoelectric transducer (PZT).
A photodetector (PD) is used to observe the transmission peaks
among a free spectral range (FSR) of the cavity, whose output
is connected to an oscilloscope to record the transmission
curve for calculating the mode-matching efficiency. Dichroic
mirror 1 (DM1) is coated with HR at 795 nm and HT
at 397.5 nm, and DM2 is coated with HT at 795 nm and
HR at 397.5 nm to separate the fundamental wave from the
harmonic wave.

IV. EXPERIMENTAL RESULTS

We conduct the thermal focal length measurement as
follows. First, a 795 nm laser of approximately 1 mW in
pure fundamental mode is aligned and mode matched to the
cavity from M1. The low power level ensures little heat
contribution to the thermal lens of the material, in which only
SHG is considered for the thermal lens measurement. The
mode-matching efficiency between the 795 nm laser mode
and the TEM00 eigenmode of the cavity can be obtained by
counting the intensity ratio of the main transmission peak to
all the transmission peaks among a FSR of the cavity. Before
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Fig. 3. Normalized transmission peaks of cavity scanning for seed wave
without harmonic wave and with harmonic wave power of 272 mW.

injecting the harmonic wave beam, the initial mode-matching
efficiency is optimized to 99.2%, which is shown in the inset
of Fig. 3. Subsequently, the 397.5 nm beam is adjusted to
overlap with the 795 nm beam and is focused on the center
of the PPKTP crystal with a waist radius of approximately
27.6 μm. We increase the laser power of 397.5 nm slowly,
and then the variation trend of the mode-matching efficiency
is observed. When we gradually increase the harmonic wave
power from 0 to 272 mW, the mode-matching efficiency
monotonically decreases from 99.2% to 92.5%, corresponding
to case one in section 2, which shows a one-to-one corre-
spondence between the mode-matching efficiency and thermal
focal length. Fig. 3 shows the transmission curve of the
cavity scanning among a FSR at the harmonic wave power
of 272 mW. To quantify the relation of the thermal focal length
and mode-matching efficiency experimentally, we adjust the
harmonic wave power from 18 mW (I2ω = 0.64 kW/cm2)
to 272 mW (I2ω = 9.5 kW/cm2) in power intervals of
approximately 36 mW, and the mode-matching efficiency is
calculated based on the transmission curve at each power.
The squares in Fig. 4 present the measurement results of
the mode-matching efficiency for individual power levels, and
this figure clearly shows that the mode-matching efficiency
becomes worse and is accompanied by an increase in the
harmonic wave power density.

By means of the intermediate quantity of the cavity’s
eigenmode, f th can be inferred from the measured values
of κ00, which follows the process of f th → ωe0 → κ00.
According to the parameters described above, the dependency
of f th (unit: mm) and κ00 can be expressed as follows:

fth = 17.21108 + 0.46765

0.992 − κ00
(9)

Based on this expression and the measured results of the
mode-matching efficiency, the thermal focal length can be
obtained at each power density, which are shown as circular
symbols in Fig. 4. When the injected harmonic wave power
density increases from 0.64 kW/cm2 to 9.5 kW/cm2, the
observed mode-matching efficiency gradually decreases from

Fig. 4. Measurement results of thermal focal length and mode-matching
efficiency for different harmonic wave powers. Step 1: selecting a harmonic
wave power; Step 2: measuring the corresponding mode-matching efficiency;
Step 3: calculating the thermal focal length; Step 4: constructing the relation-
ship between mode-matching efficiency and thermal focal length.

approximately 99.1% to 92.5% (square symbols in Fig. 4),
and the corresponding thermal focal length transforms from
362.6 mm to 24.2 mm. For this case, the thermal focal length
varies the eigenmode size, and furthermore, it deteriorates
the mode-matching efficiency between the fundamental wave
beam and cavity’s eigenmode, which is quite harmful to the
nonlinear interaction in the PPKTP crystal. Our method can
obtain not only the thermal focal length of the material but also
the mode-matching efficiency variation of the optical cavity,
which is helpful for comprehensively evaluating the influence
of the thermal lens effect on the frequency up-conversion
and down-conversion processes and proposing some effective
actions for overcoming it. The overall statistical and systematic
errors are determined through an inaccuracy measurement of
the mode-matching efficiency, optical power, and initial waist
radius (or position) of the resonant beam. However, due to
the initial mode-matching efficiency being close to 100%, the
influence of the waist position discrepancy on the initial mode-
matching efficiency can be ignored, and only the waist radius
discrepancy is considered. To estimate the total experimental
errors for the thermal focal length measurement, more than 10
mode-matching efficiencies at each harmonic wave power level
were measured, and the average values are fitted with a solid
line in Fig. 4. The theoretical thermal focal length obtained
by Eq. (1) is shown with a dashed line in Fig. 4, in which
the experiment results slightly deviate from the theoretical
values. The error bars are determined by the standard deviation
of the experimental data. The measured results agree well
with the theoretical values within the overall errors. The
theoretical and experimental results also show that the mode-
matching efficiency intensely changes at higher harmonic
wave power density, which makes the thermal focal length
measurement more sensitive to the power density at higher
harmonic wave power. Therefore, our mensuration of the
thermal focal length is more accurate for high power density
measurements.
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V. CONCLUSION

The experimental setup enables the thermal focal length
measurement of a nonlinear crystal during the processes of
SHG and OPO, which can represent the thermal focal length
under working conditions. The thermal focal length is obtained
by observing the deviation in the mode-matching efficiency
from the initial value in an external optical cavity, which
results from the eigenmode size variation originating from
the thermal lens of a PPKTP crystal. For an external optical
cavity, the thermal focal length affects its eigenmode size,
whereas it deteriorates the mode-matching efficiency between
the fundamental wave beam and the cavity eigenmode, which
is quite harmful to the nonlinear interaction. Based on the
theoretical and experimental results, the deterioration of the
mode-matching efficiency of the cavity becomes more severe
at higher harmonic wave power density, which leads to a
more sensitive measurement for thermal focal length at higher
harmonic wave power. Therefore, the measurement of the
thermal focal length will become more accurate with high
laser intensity exposure. Our method can obtain not only
the thermal focal length of the material but also the mode-
matching efficiency variation of the optical cavity, which is
helpful for comprehensively evaluating the influence of the
thermal lens effect on the up-conversion and down-conversion
processes. Consequently, the eigenmode size variation and
mode-matching efficiency deviation coming from the thermal
lens can be thoroughly considered and characterized to opti-
mize the cavity design for both SHG and OPO.
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