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Abstract

®

CrossMark

Increasing the conversion efficiency of second harmonic generation (SHG) is an area of interest
in research. We report a high-efficiency 532 nm laser generation, with a conversion efficiency of
94.04 £ 0.115% from the pump depletion of 98.1% = 0.1%, by accurately quantifying the
round-trip loss and the transmissivity of the input mirror using our proposed scheme. The
optimal conversion efficiency of the cavity-enhanced frequency doubling process is independent
of the waist and is determined by the pump depletion, round-trip loss, and transmissivity of the
input mirror. These results show that the cavity-enhanced frequency doubling process is not
necessary to set the focusing parameter at the optimal single-pass conversion. These results

provide a guide for future research on high-efficiency SHG.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Second harmonic generation (SHG), which can effectively
extend a laser wavelength range by half the initial wavelength,
is widely applied in the fields of nonclassical light genera-
tion [1, 2], laser microscopy imaging [3, 4], and cold atomic
physics [5, 6]. In principle, a beam of arbitrary power can
be upconverted to a shorter wavelength with an efficiency of
100%, in a phase-matching nonlinear crystal. In practice, the
efficiency cannot reach the theoretical value because it is lim-
ited by experimental conditions, including the finite nonlinear
coefficient and power density. However, the ideal value can be
pursued by optimizing the experimental parameters.

SHG was first demonstrated in crystalline quartz in
1962 and it has since been a subject of intense theoretical

1612-202X/21/015001+6$33.00

and experimental study [7], which aimed to obtain per-
fect frequency-doubling efficiency. For single-pass frequency
doubling, the efficiency that fully obeys the Boyd—Kleinman
(B-K) model is linearly dependent linearly on the pump intens-
ity and quadratically dependent on the crystal length and
the effective nonlinear coefficient [8]. A pump depletion of
99% (which, in lossless systems, is equivalent to the conver-
sion efficiency) was obtained for a 50 ns pulse via a single-
pass lithium niobate waveguide [9]. The pulse pump increases
the peak pump intensity and the waveguide ensures a uni-
form transverse size in the whole interaction length, owing
to its two-dimensional spatial confinement [10-13]. For the
SHG of continuous-wave light, via the bulk crystal, cavity
enhancement of the frequency-doubling process becomes a
general technique, which is equivalent to increasing the crystal

© 2020 Astro Ltd  Printed in the UK
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length or pump intensity [14-22]. To completely characterize
the external cavity SHG, we must additionally consider the
cavity influence on the basis of the B-K model. The mode- and
impedance-matching efficiencies are two important indicat-
ors when evaluating the pump coupling efficiency, which sets
the upper limits of the conversion efficiency. Thermal lens-
ing, induced by increasing the input power, changes the ini-
tial mode-matching efficiency; therefore, reducing the thermal
effect is crucial for avoiding drastic changes in the mode-
matching efficiency. Some general approaches were employed
by using a looser focusing [23, 24], a ring frequency-doubling
cavity [25-31], and an optimized crystal position [32]. The
optimal impedance-matching efficiency can be obtained by
optimizing the input power. The deviation of the focusing
parameter from the optimal value can be compensated by
increasing the input power. Owing to the low absorption
of periodically poled KTiOPO, (PPKTP) at 1550 nm and
775 nm, the highest efficiency reported thus far is 95%, from
the depletion measurement of an input power [33]. If absorp-
tion and scattering losses cannot be neglected, we cannot
associate the pump depletion with conversion efficiency. The
pump power is depleted, not only by the frequency conversion,
but also by round-trip loss. Limited by losses, the conversion
efficiency at 1342 nm is 93.8%, which is inferred from the
pump depletion of 97.4%; the difference is dependent on the
ratio between the nonlinear and linear depletion [34]. Thus,
it is the premise of inferring the conversion efficiency from
the pump depletion to accurately obtain the cavity parameters,
including the round-trip loss L, the effective nonlinear coeffi-
cient degr and the transmissivity of the input mirror 7.

Here, we report on high-efficiency SHG at 1064 nm, with
a pump depletion of 98.1 + 0.1%. In virtue of our proposed
scheme, we obtain the fitting results of the external cavity para-
meters (des, L, and T) with small uncertainty. On this basis,
the conversion efficiency is inferred to be 94.04 4+ 0.115%,
which is in good agreement with the measurement result from
a power meter, but with a smaller error. Moreover, the highest
conversion efficiency is practically constant, at seven waist
radii wy, covering the range from 15 to 60 pum, which exper-
imentally confirms that the highest efficiency is insensitive to
the waist radius wy, but depends on L, 7, and the pump deple-
tion 7),q. The results provide an important reference to achieve
high-efficiency SHG.

2. Experimental setup

The schematic of our experimental setup for SHG is shown in
figure 1. A continuous-wave single-frequency laser, made in-
house, with a wavelength of 1064 nm and a maximum output
power of 16 W, is used as the pump laser source. The Gaussian
beam from the laser is injected into an optical isolator (OI1) to
avoid the feedback beam. A wedged electro-optic modulator
(EOM) [35], carried by a 56 MHz radio frequency function, is
used to generate the error signals for the Pound—Drever—Hall
(PDH) technique [36]. A mode cleaner (MC) is placed in front
of the SHG to improve the spatial mode of the laser beam
injected into the SHG, which ensures perfect mode-matching
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Figure 1. Schematic of the experimental setup. OI, optical isolator;
EOM, electro-optic modulator; PD, photodetector; HWP,
half-wave-plate; LPF, low-pass filter; PID,
proportional-integral-differentiator; HVA, high-voltage amplifier;
DBS, dichroic beam splitter; MC, mode cleaner; SHG, second
harmonic generation.

efficiency between the pump beam and external SHG cavity
(98.5 &+ 0.1%). The MC resonates with the TEMy mode by
the PDH scheme. The signal (PD1) extracted from the reflec-
ted light of the MC is mixed with an electronic local oscil-
lator, the output of which is filtered by a low-pass filter and a
proportional-integral-derivative controller; the acquired error
signal with a high signal-to-noise ratio serves as the MC lock-
ing. The output beam of the MC is coupled into the SHG cav-
ity after passing through another optical isolator (OI2). OI2 not
only prevents the beam from returning to the MC but also mon-
itors the reflection beam of the SHG cavity with PD2 to meas-
ure the pump power depletion. A half-wave-plate is placed in
front of OI2 to adjust the pump power injecting into the SHG
cavity.

In the experiment, the standing-wave SHG cavity consists
of two components: one is the concave mirror, with a trans-
missivity of 9% at 1064 nm and a radius of curvature of
30 mm, which is attached to a piezoelectric transducer to scan
or stabilize the resonator length. The other is a PPKTP crys-
tal (1 x 2 x 10 mm?); the poling period of the crystal is 9 zm
and the temperature is controlled by a thermoelectric peltier
element and a temperature controller with a measurement pre-
cision of 0.001 °C. The end surface of PPKTP (Raicol Crys-
tals Ltd) has a reflectivity of 99.95% for the fundamental wave
(FW, 1064 nm) and a transmissivity of 95% for the harmonic
wave (HW, 532 nm). The high reflectivity coating is designed
to preserve the phase relationship between FW and HW so that
it produces constructive interference of two propagating HWs
[37]. Another end facet of PPKTP has the residual reflectiv-
ity of less than 0.1% at 1064 nm and 532 nm. A concave
mirror is placed on a translation stage to conveniently adjust
the length of the air gap between the concave mirror and the
PPKTP crystal, from 20 to 24.5 mm, corresponding to the
waist variation, from 15.4 to 60.3 pm. It is worthy of noting
that the waist position of the cavity in this case still locates
at the outer end facet of the crystal, independent of the cav-
ity length. The HW and FW fields are separated by a dichroic
beam splitter (DBS) at the output of the SHG. The FW that is
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reflected by the DBS is divided into two parts. A portion of the
FW is detected by a resonant detector [38], PD3, which serves
as the error signal generation of the SHG cavity locking. The
other FW is injected into a beam quality analyzer (Thorlabs,
BP209-VIS/M) to measure the beam parameters outside the
SHG cavity. According to the propagation and transformation
of Gaussian beam, the beam size inside the SHG cavity can be
inferred. The HW is simultaneously detected by a power meter
at the transmission end of the DBS to validate the conversion
efficiency measurement.

3. Theoretical analysis

A standing wave frequency doubling cavity, which is quasi-
phase-matched for both the forward and backward propagating
intracavity beam, yields the forward and backward propaga-
tion HWs. The overall output from the constructive interfer-
ence of two propagation HWs is given by [39]:

Py =2 x Ey x Pc?, (1

where P, is the circulating fundamental power and E; is the
single pass conversion efficiency of the PPKTP crystal, which
is given by the B-K expression [8]:
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where w is the angle frequency of FW, L. represents the length
of the PPKTP crystal, €¢ is the vacuum permittivity, c is the
velocity of light in a vacuum and n; and n, are the refract-
ive index of the FW and the HW in the crystal, respectively.
The B-K focusing factor & depends on o = (g — a»/2) X z,
the focusing parameter ¢ = Lc/zg, and the phase matching
o = Ak X zg, where o, (n = 1, 2) is the absorption coeffi-
cient of the FW (n = 1) and HW (n = 2), zp = mugn]/)\l is
the Rayleigh range of the cavity mode, and Ak is the wave
vector mismatching.

The circulating fundamental power P, is specified by [39]:

P1><T
PC: 29

{1_ V=D (1—1P(1 =T x Pc)?

“

where P; is the fundamental power incident on the cav-
ity, T is the transmission of the input coupler mirror, L
is round-trip loss of the FW (excluding T), respectively.
The nonlinear loss I' consists of E, and the efficiency of
the HW absorption process I'yps = Eny X [exp (a X L/2) — 1],
the SHG cavity conversion efficiency 1= P,/P;. Using
these known parameters of our SHG cavity (n; = 1.8302,
n, = 1.8894 [40], a1 =0.3% cm™!, ap =4.5% cm™! [41],
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Figure 2. Input power as a function of the cavity waist at the
optimal conversion efficiency. Red circles and red solid line are the
experimental and fitted maximum conversion efficiency,
respectively. Blue squares and blue solid line are the experimental
and fitted input power, respectively.

and g9 = 8.85 x 10712 Fm™!), we fit the measurement results
about the corresponding relationship between the beam waist
wp and input power at the optimal conversion efficiency, we
obtained the unknown cavity parameters, including d.g, L, and
T. The fitting results provide accurate parameters to infer the
conversion efficiency from the pump depletion.

4. Experimental results and analysis

The conversion efficiencies are measured as a function of the
input power at seven waist values wp, from 15 to 60 pum.
For each waist value, the data points of the conversion effi-
ciency versus the input power are excellently fitted to achieve a
high conversion efficiency. The corresponding incident power
versus the waist of the SHG cavity at the optimal conversion
efficiency is shown in figure 2. As observed from the graph, the
maximum frequency doubling efficiencies (>92%) are approx-
imately the same under different cavity waists, demonstrat-
ing that it is not necessary to set the optimal cavity waist
as mentioned in some literatures [24]. Due to the high cir-
culating power benefited from the cavity enhancement, large
nonlinear efficiency dominates the round trip loss, the con-
version efficiency is insensitive to the focusing parameter
[28, 42]. Additionally, looser focusing can help to mitigate
the thermal effect, which becomes popular gradually [43, 44].
At the optimal conversion efficiency, the optimal incident
power increases with a decrease in the waist in the cavity
at wy < 25 pm. This occurs because a large angle of diver-
gence in the cavity shortens the effective interaction length of
the FW with the PPKTP crystal. At wy > 25 pm, the optimal
input power gradually increases with wy. Because the circuit-
ing power density decreases with the looser focusing, higher
power is required to compensate the reduction of the circulat-
ing power density.
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Figure 3. Depletion measurement for a fundamental input power of
1 W. Blue solid line and black line are SHG cavity off-resonant
refers to 0% conversion and no light on PD2 reflection refers to
100% conversion, respectively. Green line represents SHG cavity of
stabilized on maximum conversion. Red curve is scan of the cavity
length of the TEM(y mode. The maximum pump depletion is

98.1 £ 0.1%.

We subsequently measure a pump depletion using PD2,
which is shown in figure 3. According to the results described
in figure 2, we choose the input power (1 W) and beam waist
(60 pm) to optimize the nonlinear conversion. The pump
depletion is close to the mode-matching efficiency between
the input beam and the SHG cavity at the optimal impedance-
matching. When the fundamental mode resonates with the cav-
ity, the other higher-order modes are off-resonance and cannot
be coupled into the cavity. The reference for 0% conversion
efficiency is the absence of FW light off the resonance cavity.
When all light in front of the PD2 is blocked, a 100% conver-
sion efficiency reference is measured. The red curve is detec-
ted when scanning the SHG cavity. The peak corresponds to
the cavity resonance with the FW. The pump depletion from
figure 3 is 98.1 &= 0.1%. However, due to the non-perfect coat-
ing of the crystal, absorption that cannot be neglected occurs
at this wavelength; therefore, the depleted pump power is not
completely converted into the HW.

To accurately infer the conversion efficiency from the pump
depletion, the ratio of the nonlinear depletion to the linear
depletion must be quantified. When the sum of the nonlin-
ear and linear depletion equals to the T value, the frequency-
doubling cavity is impedance matched, corresponding to the
working point with the highest conversion efficiency. Thus,
the conversion efficiency can be deduced from the pump
depletion once L and T are known. The conversion efficiency
7 is given by:

T—-L
= X —. 5
7= Tpd T 5)
According these known parameters and expression in
section 3, we obtain the fitting results of the external cav-
ity parameter (deg, L and T) by fitting the relationship
between the beam waist wy and the input power at the
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Figure 4. FW power versus cavity waist at the optimal conversion
efficiency. Red circles and blue solid line are the experimental and
fitted results, respectively.
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Figure 5. Theoretical and experimental SHG conversion efficiency
versus incident power when the cavity waist is 60 pm. Red solid
line and blue circles are the theoretical and experimental results,
respectively.

optimal conversion efficiency, which is shown in figure 4. We
repeat the prior step ten times. The actual cavity paramet-
ers are shown below: d.i = 14.448pmV_1 + 0.25pmV_1,
L=0.384+0.001%,T =9.2 +0.02%. The maximum conver-
sion efficiency is inferred to 94.04 £ 0.115%. The res-
ults emphasize that the ultimate conversion efficiency of the
external SHG process is determined by three factors: 1,4, L
and T, which provide a clear guideline to increase the con-
version efficiency. The use of a high 7n,q and low L is more
popular. The higher T involves the challenge of increasing the
input power as well; the T should be chosen according to the
experimental condition. The maximum conversion efficiency
is independent of the coefficient d.;. However, a large degr
can decrease the input power at the maximum conversion effi-
ciency, which is helpful for the mitigation of the thermal effect.
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The conversion efficiency of the SHG, as a function of the
input power, is also measured using a commercial power meter
(Thorlabs, S130C). The results are shown in figure 5 for a cor-
responding waist of 60 pum. The temperature of the crystal is
carefully optimized to obtain the maximum power of the HW
for each data point. The experimental results in the low power
region are in good agreement with the theoretical calculation.
When the injected fundamental frequency optical power is
1 W, an HW output of 932 mW is obtained, with the original
mode-matching of 98.5 £ 0.1%; the corresponding SHG con-
version efficiency 7, is 93.2%. Due to the large uncertainty
of the power meter (3% @532 nm, 7% @ 1064 nm), the meas-
urement result has an uncertainty of more than 3%. When the
input power is increased beyond this point, the curves devi-
ate from the theoretical results, which can be attributed to the
weak thermal effect. Because the power meter introduces an
uncertainty of more than 3%, the conversion efficiency 7pm
has a larger uncertainty, compared with the 7 that is obtained
using the pump depletion.

5. Conclusion

A pump depletion of 98.1% at a wavelength of 1064 nm is
observed through the SHG process, in combination with the
transmissivity T and the round-trip loss L, obtained from fitting
the relationship between the w and input power at the optimal
conversion efficiency; an inferred conversion efficiency of
94.04% is obtained with an uncertainty of 0.115%. In addition,
a 93.2% conversion efficiency is obtained by the power meter
measurement with an uncertainty of more than 3%. These res-
ults obtained from the two measurement methods are in good
agreement, except for the uncertainty difference. The primary
requirements for such a high-efficiency are the pump deple-
tion 7)pq, the low round-trip loss L, and the fitting transmissivity
T. The maximum conversion efficiency is independent of the
coefficient d¢s. However, the large d.s can decrease the input
power at the maximum conversion efficiency, which is helpful
to mitigate the thermal effect. The same conversion efficiency
is obtained in the waist range, from 15 to 60 pm. Therefore,
it is not necessary to set the focusing parameter at the optimal
single-pass conversion. Using these results, one can conveni-
ently design a high-efficiency frequency doubling system for
numerous applications.
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