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We report high efficient generation of a 509 nm laser beam by a ring cavity frequency doubler with a periodically
poled KTiOPO, (PPKTP) crystal. A maximum power of 1.13 W at 509 nm cw light is obtained with mode-matched
power of 1.58 W, corresponding to a conversion efficiency of 71.5%. By using the Hinsch—Couillaud locking
technique, the doubler is locked with high stability, and power fluctuation smaller than +0.5% within 1 h is
achieved at the maximum output. To the best of our knowledge, this is the highest second-harmonic power

produced by a cavity-enhanced PPKTP frequency doubler below 532 nm.
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1. INTRODUCTION

Second-harmonic generation (SHG) is now a standard tech-
nique to produce laser beams with shorter wavelength, especially
in the green and blue region, where high power and high stability
direct laser sources are hard to obtain. In many quantum met-
rology, quantum information, and quantum state manipulation
experiments [1-9], stable, high-power cw laser beams with
shorter wavelength are always needed, and frequency doubling
of longer wavelength lasers by nonlinear crystal is commonly
adopted. Among many nonlinear materials used for SHG, peri-
odically poled KTiOPOy (PPKTP) is one of the most attractive
crystals for generation of low and medium power of second-
harmonic (SH) light waves due to its relatively high nonlinear
coefficients, low photorefractivity, low quasi-phase-matching
temperature, and low cost [10,11]. At the same time, because
of the lack of high-power fundamental laser sources in these
regions, the Ti:sapphire laser or amplified diode laser light is
usually frequency doubled by cavity-enhanced SHG configura-
tion for its higher conversion efficiency than single-pass SHG
configuration. By using a cavity-enhanced PPKTP frequency
doubler, cw SH waves of various wavelengths from UV to
near-infrared have been produced [10-22]. However, due to
thermal issues accompanying the SHG process, the produced
SH power could not reach its theoretical maximum in these
experiments. In order to get a higher SH power, the problems
of the thermal effect need to be addressed.
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KTP crystal shows bigger absorption at shorter wavelengths
in the visible and near-infrared region, so the absorption of the
SH wave is usually much bigger than that of a fundamental
wave [23]. These absorptions can not only directly decrease
the SHG efficiency, but also induce thermal effects, such as
thermal lensing and thermal dephasing, which affect the con-
version efficiency in different ways. The thermal lensing effect
[10,24] will deform the spatial mode of enhancing cavity and
change the mode-matching condition of the fundamental beam
to the enhancing cavity. Thus, the overall SHG conversion ef-
ficiency will be decreased if the thermal lens deteriorates the
mode-matching condition. The reason for thermal dephasing
in PPKTP is complicated [25], and thermal dephasing appears
when the input power exceeds some threshold and exists in
both single-pass [26] and enhancing-cavity configurations
[27]. In the cavity-enhanced SHG configuration, thermal lens-
ing not only affects the mode coupling of the fundamental wave
to the enhancing cavity but also induces bistability at high
powers, which makes the cavity hard to be actively locked
to its fringe maximum. In 2005, Targat ez al. proposed that
by choosing longer PPKTP crystals and looser focusing, the
thermal lensing effect could be relieved without lowering the
conversion efficiency. They also demonstrated generation of
a 234 mW light beam at 461 nm with 75% conversion effi-
ciency [10]. However, even by adapting a similar method,
stable watt-level power SHG could only be obtained in the
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low-absorption region for a PPKTP-based cavity-enhancing
frequency doubler at longer wavelengths. In 2011, Ast et 4/.
realized 1.05 W 775 nm generation with conversion efficiency
of about 95% by using a PPKTP-based semimonolithic
standing-wave cavity [21]. In their experiment, the PPKTP ab-
sorptions of fundamental 1550 nm and SH 775 nm waves are
extremely low, and the induced thermal effects are not obvious.
In 2013, by using a 10 mm x I mm x I mm PPKTP crystal,
Zhang et al. demonstrated 1.2 W at 532 nm with 72% con-
version efficiency in a ring-enhancing cavity [11]. To the best
of our knowledge, there is no report on generation of watt-level
cw light wave below 532 nm by a cavity-enhanced PPKTP
frequency doubler with high stability.

In this paper, we report over 1 W laser-wave generation at
509 nm by usinga 10 mm x 2 mm x 1 mm PPKTP crystal in
a ring cavity with a robust design, and by adapting a loose fo-
cusing condition [22]. A maximum power of 1.13 W cw light is
obtained with mode-matched fundamental power of 1.58 W,
corresponding to a conversion efficiency of 71.5%. In our ex-
periment, the thermal-induced bistability is relieved so that the
doubler can be actively locked by using the Hinsch—Couillaud
locking technique [28]. The doubler shows high stability at all
power levels; the fluctuation is smaller than £0.5% within 1 h
at the maximum output power of 1.13 W. Watt-level beams at
509 nm not only have potential application in pumping
Ti:sapphire laser to get good beam quality and power stability
[29], but also can be used to manipulate the Rydberg state of
cesium atoms through the two-photon process [30].

2. EXPERIMENT AND RESULTS

In our frequency doubler, the enhancing cavity is a ring cavity
with a bow-tie configuration (Fig. 1), in which M1 and M2 are
plane mirrors and M3 and M4 are concave mirrors with same
curvature radius, » = 75 mm. To build a stable and compact
cavity, all the 12.7 mm size mirrors are mounted on a top-
adjusted mirror mount (9814-6-K, NewPort) [31]. The mirror
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Fig. 1. Schematic of the SHG experiment setup. M1, M2, M3, and
M4 are cavity mirrors mounted on a top-adjusted mirror mount.
ECDL, external cavity diode laser; HWP, half-wave plate; QWP,
quarter-wave plate; M, high-reflected mirrors; GP, glass plate; PBS,
polarization beam splitter.

Research Article

mounts have a mounting size of 25.4 mm, so all the mirrors are
mounted at one side of the mounting aperture through an
adapter, and another side is clear to pass light beams. This con-
figuration can compress the folding angle of the cavity to 4.8°.
M2 is attached with a piezoactuator (PZT) to actively lock the
cavity. The mirror mounts are firmly mounted on a 10 mm-
thick Invar plate and enclosed with a well-sealed aluminum box
to improve stability. The total cavity length is about 488 mm,
corresponding to a free spectral range of 606 MHz, and the
distance between M3 and M4 is about 88 mm. A 10 mm x
2 mm x 1 mm PPKTP crystal (Raicol Crystals, Israel) with
poling period of 7.75 pum is housed in a homemade copper
oven and placed between M3 and M4 with equal distance
to them. The temperature of the oven is controlled by a
Peltier part with temperature-controlling accuracy better than
0.01°C. The waist size of the primary cavity mode is w, =
37 pm and lies in the middle of the crystal. This gives a con-
focal parameter of 4 = kw? = 21 mm and focusing condition
of //b = 0.48, which is about 6 times smaller than the opti-
mum value 2.88 proposed by Boyd and Kleinman [32] in order
to improve the thermal issues [10,22].

M1 is the input-coupling mirror with transmission 7'} =
8.7 &£ 0.5% at 1018 nm. M2 and M3 are high-reflective coated
with reflectivity R, 3 > 99.9%. M4 is a dichroic mirror with
high reflectivity, Rimg =99.3 +0.1% at 1018 nm, and high
transmission 773%° = 95.6 % 0.1% at 509 nm. Both end facets
of the crystal are antireflection-coated with claimed reflectivity
R < 0.1% at both 1018 nm and 509 nm. However, when the
PPKTP is working far from phase-matching temperature, the
measured cavity finesse is 57 = 1, which gives a total intracav-
ity loss of 10.3 &= 0.2%. This means that the PPKTP crystal
introduces extra loss of about 0.6%-0.8% for the 1018 nm
fundamental wave in our experiment.

Our fundamental 1018 nm wave comes from a fiber
amplifier (MFAP-1018-B-MP, Connet Fiber Optics) with
maximum output power of 2.2 W. The seed laser is a
homemade external cavity diode laser composed by an AR
(anti-reflection)-coated laser diode (EYP-RWE-1060-10020-
0750-SOT01-0000, Eagleyard) and a 1200 line/mm grating
in Littrow configuration. In this configuration, the first order
of diffraction from the grating is feedback into the diode. Due
to the optical dispersion of the grating, only power in certain
small parts of the spectrum range is fed back into the diode and
being amplified. The output of the fiber amplifier is coupled
out by a polarization-maintaining fiber (PM980-XP, Nufern).
The spatial mode of output beam is transformed by a f =
8 mm aspheric lens (L1) and a /= 250 mm lens (L2) and
spatially overlaps with the cavity TEMyy mode through its sec-
ondary mode with waist wy = 230 pm.

To characterize the SHG process in the enhanced cavity,
single-pass SHG performance of the PPKTP crystal sample
is tested. In this measurement, M1 is replaced by a same thick
antireflection coated glass plate (GP); thus, the same funda-
mental beam waist and position are achieved in the PPKTP
crystal as that of the closed cavity. The dependence of
single-pass SH power on crystal temperature is measured with
a fundamental wave power of 480 mW. The inset of Fig. 2
gives the normalized SH power versus temperature, and the
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Fig. 2. Single-pass SH power Pgpg versus input fundamental wave
power P, where the solid blue curve is the quadratic fitting. The
fitting gives Eyxy = 0.31 & 0.05% W, Inset is single-passed SH
power versus crystal temperature, where the solid curve is a sinc® func-
tion fit. The optimum phase-matching temperature of 57.5°C and
FWHM of 3.7°C are extracted from the fitting.

solid curve is the fitting. We can see the optimum phase-

matching temperature is 57.5°C, and temperature tuning
bandwidth FWHM = 3.7°C. Next, the PPKTP temperature
is tuned to 57.5°C, and measurements of single-passed SH
power Pgp on different input fundamental power P, are per-
formed. Figure 2 gives the results, in which the solid blue curve
is the quadratic fitting Pspyq = En P2 with only one fitting
parameter, Eyp. We then get the single-pass conversion effi-
ciency Enp = 0.31 £ 0.05% W-! for our PPKTP sample in
our low-focusing condition.

The input coupler M1 is then retrieved back to close the
cavity, and the performance of the cavity-enhanced SHG is
investigated. Assume the TEMy, mode-matching factor is #;
for an input fundamental wave with power P, the resonant
intracavity power P, can be expressed by [10]

P = Tlpinﬂ
-/ -T)A-DA - (Ex + Ep)P))*

where E is the efficiency of the SH absorption, / is the extra
fundamental round-trip losses of cavity excluding 77}, and
losses due to the SHG process are (Enp + Eyps)P,. The re-
flected beam from a TEM;, mode-resonant cavity contains
two parts: (1) power that is not coupled to the cavity
TEM,, mode, for which the power reflection is described
by (1 -#); (2) power Py, in TEMy, mode is reflected due
to imperfect impedance matching, and the power reflection

is expressed by [33]

%=<¢ww04&ﬁ£wm—ﬁfﬁywm
1=/ =THU - D0 - B+ E)Pe)
So, the total power reflection of the cavity is then

R, = (1 -n) + nRy. )

From these equations, we can see that in order to couple more
fundamental wave power into the frequency doubler, both the
TEM;y mode-matching factor and impedance-matching factor
should be increased. The TEMy mode-matching factor in the
cavity-enhanced SHG process is not only determined by the
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cavity structure but also influenced by the thermal lensing
effect. The dominant origin of thermal lensing effect is
green-light-induced IR absorption (GLIIRA), which is associ-
ated with the SHG process. The thermal lensing will be serious
for high intracavity power. Even though a high TEMyy mode-
matching factor is achieved in the low-power level, it will
decrease with the rising of intracavity power. The perfect
impedance happens when Ry, = 0, which gives an optimum
value 7'y =/ + (Exy + Eas)Pe. Given a perfect TEM,
mode-matching factor of 7 =1 and nonabsorption of
PPKTP, combined with Eq. (1), the optimum value of 7'
for our cavity is found to be 9.3% for 2.0 W input power.
In our experiment, 7'} = 8.7 +0.5%, which is very close
to the optimum value, and the theory gives cavity reflection
below 1% for input fundamental power P, > 1.2 W under
perfect mode-matching conditions.

The reflection of the cavity under different input fundamen-
tal power P, is displayed in Fig. 3 when the cavity is locked and
SHG is optimized to its maximum. From this figure, we can see
that the reflection goes down rapidly with the rise of input
power P, at low-power levels and goes up slowly at high-input
power levels. As we have discussed, two effects govern the re-
flection at different power levels. At low-power levels, the ther-
mal lensing effect is small, and the reflection is mainly due to
the imperfect impedance matching. The impedance matching
is continually improved with an increase of input power, so
the reflection drops. We found, in theory, that the cavity re-
flection will drop below 1% for a perfect mode-matched input
fundamental wave with power Py, > 1.2 W. However, due to
the more severe thermal lensing effect at a higher power level,
the mode matching cannot reach this theoretical value, and we
could only get a reflection of 22% here. When the input power
is increased above 1.2 W, the thermal lensing effect becomes
dominant, which deteriorates the TEMy, mode-matching
condition, and thus the reflection increases again. The
TEMgy mode-matching factor could be extracted by using
Egs. (1)-(3). The extracted mode-matching factor and intra-
cavity power versus input power are shown in the inset of
Fig. 3. We can see that the mode-matching factor improved
at the low-power level and deteriorated at the high-power level.
The maximum mode-matching factor is about 82.4% at
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Fig. 3. Reflection of the SHG cavity at sample points of the input
power when the cavity is locked and SHG is optimized to maximum.
Inset is the plot of the calculated mode-matching factor # and intra-
cavity power P, by using Egs. (1)-(3).
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0.62 W, and the lowest mode-matching factor is about 73% at
2.2 W. Different from the mode-matching factor #, the intra-
cavity power P, keeps increasing with the rise of input power.

By using the extracted mode-matching factor #, the mode-
matched fundamental power Py, can be calculated. The
dependence of generated SH power Psyg and conversion effi-
ciency € on mode-matched fundamental power Py is shown in
Fig. 4(a). We can see that a maximum SHG power of 1.13 W
at 509 nm with mode-matched fundamental power of 1.58 W
can be obtained, and the corresponding SHG conversion effi-
ciency is 71.6%. The dashed lines are theoretical predictions by
ExiP?, with intracavity power P, calculated by assuming
E s = 0. However, there exists an obvious disparity between
theory and experiment at high pump power. When E,,, =
0.04% is taken into account, the theoretical curves, shown
as solid lines in Fig. 4(a), are in good accordance with the ex-
periment. The change of SH power Psy with intracavity
power P, is displayed in Fig. 4(b). We also show the theoretical
expectation by Pspyg = Enp P2 as well as the single-pass SHG
data in the same figure for comparison. We can see that the
experimental results are in good agreement with the theory,
and no thermal dephasing occurs in our experiment.

We did not observe serious bistability induced by heating
when the cavity is scanned at all power levels in our experiment.
The inset of Fig. 5 shows the reflection of SHG cavity with
2.2 W pump power and 1.13 W output of 509 nm SH wave.
The bistability observed does not deteriorate the robust
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Fig. 4. (a) SH power Py (red circles; refer to the left axis) and the
corresponding SHG efficiency € (red squares; refer to the right axis) for
different sample points of mode-matched power Py,. Green dashed
curves and blue solid curves are the corresponding theoretical predic-
tions with £, = 0 and E,,, = 0.04%. (b) The change of SH power
Psp with intracavity power P, (red circles). Red squares are the
single-pass SHG data shown in Fig. 2. Blue solid curve is the theo-
retical expectation by Py = Enp P2
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Fig. 5. Record of SH power Pgyg fluctuation in 1 h at the maxi-
mum value of 1.13 W. The small spikes are due to some sudden
mechanical shock, and the overall fluctuation is smaller than
£0.5%. The top line gives the power fluctuation in full observation
range (left axis) and the bottom line is the enlarged fluctuation to show
more details (right axis). Inset figure is reflection of the SHG cavity
with Py, =22 W pump power and Pgyg = 1.13 W output of
509 nm SH wave. The upper red curve is the cavity reflection and
the bottom green triangular wave is the ramp signal applied to the

cavity PZT.

standard Hinsch—Couillaud technique [28], which is adopted
to actively lock the cavity. As shown in Fig. 1, part of the re-
flected beam from the cavity is coupled out by a GP and sent to
a polarization analyzer composed by a quarter-wave plate
(QWP) and polarization beam splitter (PBS). The output of
the polarization analyzer is then detected by homodyne detec-
tor to produce the error signal, which is finally fed back to the
PZT attached with M3 through an electronic servo system to
actively lock the cavity.

In order to maximize the output SH power Pgyg at a given
input power level, the phase-matching temperature needs to be
optimized to compensate the heating of PPKTP by fundamen-
tal wave and SH wave absorption. At a pump level of 2.2 W,
the temperature of the PPKTP needs to be tuned to 54.4°C,
and 1.13 W of SH power can be generated with mode-matched
power of 1.58 W. Benefiting from the robust design of the
cavity and the wide capture range of the error signal produced
by the Hinsch—Couillaud locking technique, the SH power
shows high stability when the cavity is locked. Fig. 5 is a record
of the fluctuation of the SH power at a maximum level of
1.13 W for an hour, where the small spikes are due to some
sudden mechanical shock. We can see that the overall fluc-
tuation is less than £0.5%, including a slow drift of power.
There are two possible reasons for this slow drift: (1) slow varia-
tion of the PPKTP temperature at high pumping power level.
The heating of the PPKTP crystal is more severe at high
pumping power levels; thus it is more difficult to control the
phase-matching temperature. Slow drift of the actual crystal
temperature could occur. (2) The slow drift of the baseline of
the locking signal. The error signal for locking is produced by
homodyne detection of output of the polarization analyzer; any
tiny drift of the beam power or electrical bias in the detector
could cause the baseline of the error signal to change and finally
make the output power drift. To get more stable output power,
further optimizing of these two parts needs to be done.
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3. DISCUSSION

As we discussed before, the absorption of KTP crystal cannot
be omitted at shorter wavelengths. So, in order to get higher
output SHG power on even shorter wavelengths, the depend-
ence of conversion efficiency on £ need to be investigated. In
a situation with perfect mode matching # = 1 and impedance-
matching condition 7'; =/ 4+ (Enp + E ) P> and a lossless
cavity / = 0, from Egs. (1) and (2) we get the mode-matched
SHG conversion efficiency:

8_PSHG_ 1 @)

E 2
Py 1+
NL

where the SHG power Psyyc = Eny P2 Thus, we could see that
unitary conversion efficiency can be achieved when the absorp-
tion of SH wave can be neglected; this is close to the experiment
in Ref. [21], where both the absorptions of the fundamental
1550 nm and SH wave 775 nm can be omitted, and the 95%
SHG conversion efficiency is mainly due to imperfect mode
matching and impedance matching. When the SHG wavelength
moves to the shorter wavelength band, the absorption becomes
bigger. According to Ref. [23], the absorption on 532 nm is
much bigger than that on 775 nm; thus, the SHG conversion
efficiency drops accordingly in Ref. [11], even though they did
not perform more investigations on the absorption loss. Here, in
our experiment, the absorption loss on 509 nmisabout 1.5 times
bigger than that on 532 nm, according to Ref. [23]. Our PPKTP
sample has an estimated absorption efficiency E,,, = 0.04%,
and we only get a conversion efficiency of # = 71.5%. In order
to get a higher conversion efficiency, the thermal lensing effect
due to the absorption needs to be addressed at high power levels
to get higher mode-matching conditions. By using our current
setup, the maximum conversion efficiency of 75% can be
achieved if perfect mode matching and perfect impedance
matching with 77 = 9.5% at P, = 2.2 W are achieved,
and the corresponding maximum SH power is expected to be
Py = 1.65 W. Of course, the single-pass conversion effi-
ciency and absorption for PPKTP crystal are different from piece
to piece, so by using better PPKTP crystals, the output power
could be improved further in our experiment. If a SHG process
at even shorter wavelength is considered, the increase of absorp-
tion continually lowers the conversion efficiency, according to
Eq. (4). The actual conversion efficiency and maximum output
are determined not only on single-pass conversion efficiency
Exp and absorption efficiency £y associated with the crystal
one used, but also on the cavity loss /, mode-matching, and
impedance-matching conditions.

4. CONCLUSION

To summarize our paper, we report high efficient generation of
a 509 nm laser beam by using resonant cavity-enhanced SHG
with a PPKTP crystal. By adopting a loose cavity mode waist
size wy = 37 pm inside the PPKTP crystal, we got a focusing
condition of //b = 0.48, which is about 6 times smaller than
the optimum value, 2.88. The thermal effects induced by the
GLIIRA are thus dramatically depressed, and the enhanced cav-
ity can be actively locked by the Hinsch—Couillaud locking
technique. A maximum power of 1.13 W of cw laser beam
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at 509 nm is obtained with mode-matched power of 1.58 W,
corresponding to a conversion efficiency of 71.5%. The whole
system shows high stability, with fluctuation less than +0.5%
within 1 h. It is possible to get even higher SH output power
and conversion efficiency by optimizing the TEMy, mode-
matching condition at high fundamental power levels and
eliminating extra cavity losses. This high-quality cw Watt-level
laser beam at 509 nm can be used either in high-performance
Ti:sapphire lasers as the pump, or in the field of atomic control,
such as the Rydberg state manipulation of cesium atoms.

Funding. National Natural Science Foundation of China
(NSFC) (11634008, 11674203, 61227902, 61275210,
91336107).
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