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Abstract: We report on a high conversion efficiency tunable laser at 426 nm by adopting an
external frequency-doubling cavity pumped by a diode laser. For the frequency-doubling process
at 426 nm, the major challenge of increasing the conversion efficiency is mode-match degradation
originating from the severely thermal effect. Here, we find that the center of the equivalently
thermal lens is not at the center of the nonlinear crystal. We minimize the variation of beam
parameters of the Gaussian beam in the external cavity by optimizing the center of the thermal
lens to beam waist. As a result, the mode-match degradation is reduced as the incident power is
increased. Finally, a 405 mW blue light is obtained with the conversion efficiency of 81%.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Second harmonic generation (SHG) is employed for obtaining continuous wave laser at various
wavelengths for lots of applications, such as biomedicine, spectroscopy and quantum optics. In
the field of quantum optics, SHG is widely used to prepare pump beams of optical parametric
oscillator, generating nonclassical states including squeezed states [1–7] and entangled states
[8,9] which are indispensable resources for building quantum interface and quantum internet
[10]. Such quantum network consists of quantum channels for transforming quantum states and
quantum nodes for generating, storing and processing the quantum states [11,12]. A controllable
quantum system with alkali atoms or solid state systems provides a versatile interface to store and
manipulate the quantum information [13–16]. Collective excitations of cesium (Cs) ensemble
can realize high-speed quantum memory [17], which is a contemporary challenge for quantum
technologies. Therefore, the high-efficiency generation of a continuous-wave single-frequency
blue laser and further realization of high performance nonclassical states resonant on Cs D2 line
at 852 nm is essential to light-atom interaction [18,19], atomic entanglement generation [18] and
ultra-precise measurement [20]. However, the significant alkali atomic transitions (rubidium and
Cs) are usually near-infrared, thus the harmonic wave (HW) of these corresponding transition
lines are in ultra-violet and blue regime [21–23]. Furthermore, the SHG laser should satisfy the
continuously tunable condition to resonant with the atomic transition line.
In the aspect of frequency doubling at around Cs D2 line 852 nm, Polzik obtained 650 mW

of blue light at 430 nm with a fundamental wave (FW) power of 1.35 W by using a KNbO3
crystal in an optical ring cavity with the conversion efficiency of 48% [24]. In 2006, Suzukl et al
reported on 400 mW blue light at 430 nm with KNbO3 with an incident power of 900 mW [25].
For SHG at around 852 nm, periodically poled potassium titanyle phosphate (PPKTP) is another
attractively nonlinear crystal because of its relatively high effective nonlinear coefficients, high
damage threshold and no walk-off effect. Villa et al generated 330 mW blue light at 426 nm laser
by using a ring cavity with a PPKTP crystal, corresponding to the conversion efficiency of 55%
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[23]. A monolithic PPKTP cavity was used in frequency doubling at 852 nm, achieving 158 mW
blue light output (45%) [26]. Recently, 210 mW blue light at 426 nm was obtained by using a 20
mm-long PPKTP crystal in a ring cavity, corresponding to the conversion efficiency of 67% [27].
It is worthy of noting that all these works mentioned above were finished by using a Ti:sapphire
laser.
Diode lasers (DL) have advantages of compact structure, low cost and easy operation, large

ranges of wavelengths including many significant atomic transitions. Based on these reasons,
diode-laser-based SHG would greatly extend the range of SHG experiments. We can easily tune
the wavelength of the DL by adjusting the temperature and the injection current of the DL and
then address atomic transitions. However, the relatively poor beam quality of the DL limits the
conversion efficiency [28,29], with the maximum net value of 75% under the consideration of
mode-matching efficiency [28].

The thermal effect originating from the crystal absorption for circulating light is a main limit
factor of further increasing the conversion efficiency and stability at high output power [30,31].
The effect is more serious especially at short wavelength due to blue light induced infrared
absorption (BLIIRA) and strong absorption for blue light, which induces the phase mismatching
of nonlinear interaction, mode mismatching of the FW. In order to increase the conversion
efficiency, we must reduce the thermal effect and mode-mismatching as far as possible during the
period of increasing the incident power. In general, the thermal effect can be reduced by relaxing
the focusing parameter of frequency-doubling cavity and the geometry center of the crystal is
overlapped with the beam waist for increasing the conversion efficiency [28]. Here, we expect to
reduce the variation of mode-matching efficiency under the thermal effect invariance. Based
on the transformation of Gaussian beam, the change of the beam parameters can be omitted
when the center of the equivalent thermal lens is located at the waist of the beam, especially for
Gaussian beam with small waist. While the change of the beam parameters becomes obvious
with the position deviation, which induces the mode mismatching. The center of thermal lens is
not the geometry center of the crystal, but has a deviation, dependent of the thermal distribution.
So there requires to quantify the center of the equivalent thermal lens, optimizing the crystal
position to minimize the variation of the beam parameters. However, there has no regard for the
influence of the crystal position on the mode-mismatch.

In this paper, we report on a high conversion efficiency blue laser at 426 nm with a conversion
efficiency up to 81% with a DL as incident beam. To our knowledge, this is the highest efficiency
for SHG around Cs D2 line with an external ring cavity so far. By theoretically analyzing the
thermal lensing effect and the induced mode mismatching, we point out that the center of the
equivalent thermal lens is not at the center of the crystal, but with a deviation. In combination
with the transformation of Gaussian beam, we adjust that the center of the thermal lens coincides
with the waist, to reduce the mode-mismatching and increase the conversion efficiency. The
output power of blue laser can reach up to 405 mW when 500 mW FW is injected. The
corresponding power fluctuation is 3.5% (1.3%) for 1 hour at an input power of 500 mW (370
mW). Furthermore, we develop a self-lock technique to realize the generated 426 nm laser
can be continuously tuned about 8 GHz by changing the frequency of FW, which covers the
(62S1/2,F = 4) → (62P3/2,F′ = 3)—(62S1/2,F = 4) → (62P3/2,F′ = 5) transitions of Cs D2
line. We believe that the high-efficiency tunable blue laser at 426 nm will provide an ideal light
source for generating stably non-classical states of light resonant with the Cs atom D2 absorption
line.

2. Theoretical analysis

The thermal effect in the nonlinear crystal can seriously affect the conversion efficiency of the
SHG, which should be thoroughly considered to achieve a high conversion efficiency.
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Without the thermal lensing. The overall conversion efficiency of the cavity is η = Pout/Pin
and the output power of the SHG is Pout = ENL · Pc

2. Pin is the incident power, Pc represents the
enhancement of resonant FW power for a ring cavity, can be written as [32]:

Pc =
Pin · T1[

1 −
√
(1 − T1) (1 − L) (1 − Γ · Pc)

]2 . (1)

Where, T1 is the transmission of the input coupler of the ring cavity and L is the round-trip loss of
the FW in the cavity without T1. Γ contains all the nonlinear losses and can be written as the sum
as Γ = ENL + Γabs. The first part ENL is the single pass conversion efficiency of the PPKTP crystal
and the other part Γabs represents the efficiency of the second harmonic generation absorption
process inside the crystal. ENL is given by the well-known Boyd and Kleinman expression [33]:

ENL =
4ω2deff 2Lc
ε0c3λ1n1n2

h (α, ξ,σ) exp [− (α1 + α2/2)Lc], (2)

h (α, ξ,σ) =
1
2ξ

∫ ∫ +ξ/2

−ξ/2
dtdt′

exp [−α (t + t′ + ξ) − iσ (t − t′)]
(1 + it) (1 − it′)

. (3)

Where, ω is the angle frequency of the FW, deff is the effective nonlinear coefficient, c is the
light velocity in vacuum, ε0 is the vacuum dielectric constant, Lc is the length of the crystal,
n1 and n2 are the refraction index of FW and HW, respectively. α1 and α2 are the linear
absorption coefficients of FW and HW, respectively. α equals to (α1 − α2/2 ) zR and h is the
Boyd-Kleinman focusing factor which depends on the focusing parameter ξ = Lc/zR , where zR
is the Gaussian beam Rayleigh length. σ represents the wave-vector mismatch. The parameters
taken here are: n1=1.84, n2=1.94, α1 = 1%cm−1, α2 = 10%cm−1, ε0 = 8.85 × 10−12F/m ,
and deff = (2/π ) d33 ≈ 9.5pm/V . Based on these parameters, we theoretically calculate the
conversion efficiency versus input power without considering the mode-mismatching induced by
thermal lens effects, shown in Fig. 5.
With the thermal lensing, we assume that thermal lensing is the only side effect of thermal

effects. The thermal focus length caused by the temperature gradient can be expressed as [34]:

f =
πKcω0

2

Pout (dn/dT )
1

1 − e−(α1+α2/2 )Lc
. (4)

Where, Kc is the thermal conductivity, ω0 is the waist radius of the cavity, dn/dT is the
thermo-optic coefficient with the parameters Kc = 3.3W/(m◦C) , dn/dT = 15.3 × 10−6K−1.
When the input power changes from 0 to 1 W, the thermal focus length located in the cavity
changes from ∞ to 28 mm. It is obvious that the thermal effect is extremely serious at short
wavelength, which should be thoroughly quantified and considered.

As the light power illuminated in the crystal changes, the cavity mode size is dependent of the
thermal lensing change. The external cavity is optimally mode matched with the FW without the
thermal lensing. The cavity mode variation will inevitably degrade the mode matching efficiency.
It is necessary to minimize the variation of mode matching efficiency during the variation of the
incident power to increase the conversion efficiency. Based on the transformation of Gaussian
beam, the change of the beam parameters can be omitted with the focal length variation of a lens,
especially for Gaussian beam with small waist, when the waist of Gaussian beam coincides in
position with the center of the lens. According to the above analysis, it is necessary to locate the
center of the equivalent thermal lens.
The thermal lens originates from the temperature gradient from the axis to the edge that is

related to the heat accumulation. The power density along the crystal axis represents the thermal
distribution, and the position of the maximum power density can be considered to the center of
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the thermal lens. We calculate the power density along the axis in the crystal, and the results
show that the position of maximum power density is not at the center of the crystal, but with
a deviation. The calculation results is shown in Fig. 1, Figs. 1(a), 1(b) and 1(c) represent the
power density distribution along the crystal axis with a beam waist of 32 µm, 36 µm, 40 µm,
respectively. The position of the maximum power density deviates further and further away
from the central point of the crystal with the increasing of beam waist. The deviation induces a
large cavity mode size change that degrades the mode match between the FW and frequency
doubling cavity. Figure 1(d) shows the power density distribution along the axis after optimizing
the crystal position with a beam waist of 36 µm. The optimization does not only reduce the
maximum power density, but also coincide the position of the thermal lens with the beam waist.

Fig. 1. Power density distribution along the crystal axis with different beam waists: (a) 32
µm, (b) 36 µm, (c) 40 µm. (d) is the new power density distribution along the axis after
optimizing the crystal position with a beam waist of 36 µm.

Substitute Eq. (4) into the ABCD matrix of the cavity, we can get the size and position of the
waist in the cavity. The mode-matching efficiency to the cavity TEM00 mode can be written as
[35,36]:

κ00 =
16

∏
α=x, y

{∫ l
0

1
W2

α (z)+W2
α, e(z)

dz
}2

∏
α

{∫ l
0

1
W2

α (z)
dz

} {∫ l
0

1
W2

α, e(z)
dz

} , (5)

in which Wα (z) can be expressed to

W2
α (z) = W2

α0

{
1 +

(
z − zα
zα0

)}2
, (6)

zα0 = πW2
α0/λ . (7)

Where,Wα (z) and Wα0, is the beam radius at 1/e of the amplitude and the beam radius of the
incident beam at the waist position z = zα, respectively; Wα, e (z) and Wα,e0 are that of the cavity
eigenmodes. Considering the effect of mode-mismatching caused by thermal lens, the relation
between the conversion efficiency and the input power is shown in Fig. 5. Compared with the
conversion efficiency without thinking about the effect of thermal lens, it is obvious that the
conversion efficiency gets to be lower with the increase of the incident power.

The nonlinear crystal is usually placed in the midpoint of two concave mirrors (the position of
cavity mode) for ring cavity. However, the power of the generated blue light will be gradually
increased with the spread of FW in the crystal, the maximum value of power density is now at
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the center of the crystal. According to the transformation of Gaussian beam, the change of the
beam parameter can be omitted with the focal length of the thermal lens, especially for Gaussian
beam with small waist, when the waist of Gaussian beam coincides in position with the center
of the thermal lens. In order to minimize the variation of beam parameter, we should optimize
the crystal position and make the center of thermal lens coincide with the waist position. The
variation of the cavity mode is calculated before and after the optimization, shown in Fig. 2.
The results reveal that the mode waist size is more sensitive to the incident power before the
optimization than that of after the optimization. Further, we analyze and obtain the relationship
between mode-matching efficiency of the incident power before and after the optimization, shown
in Fig. 3. For the input power range from 0 to 1 W, the mode-matching efficiency decreases from
98% to 96.7% after the optimization, to 88.9% before the optimization. So the optimization
process can effectively reduce the variation of the mode-matching efficiency, which is benefit of
increasing the conversion efficiency.

Fig. 2. Variation of the waist radius with the incident power. Solid line: after the
optimization; Dashed line: before the optimization.

Fig. 3. Mode-matching efficiency as the input FW power. Solid line: after the optimization;
Dashed line: before the optimization.
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3. Experimental setup

Following the above analysis, we carry out the experiment. The schematic of our experimental
setup is shown in Fig. 4. We adopt a continuous-wave diode laser with the center wavelength of
852 nm, corresponding to the D2 transition of Cs atoms, as the laser source (Toptica Photonics
AG DL pro). The laser emitted from DL is injected into a tapered amplifier (TA) to generate
a high-power laser source (Toptica Photonics AG BossTA pro). A polarization-maintaining
single-mode fiber is used to improve the spatial mode of the beam, and an optical isolator (OI) is
used to avoid back-reflected light. A wedged electro-optic modulator (EOM) is used to generate
the error signals of the Pound-Drever-Hall (PDH) sideband locking technique [37]. After the
EOM, the beam is split into two parts by a half-wave-plate (HWP) and a polarization beam splitter
(PBS). The reflected light from the PBS is injected into a saturated absorption spectroscopy to get
the absorption signal to control the frequency of the DL. A HWP and a PBS is used to regulate
the power of transmitted light of the first PBS. Lens L1 and L2 are placed in the light path to
match the mode into the cavity and the original mode-matching efficiency was measured to be
about 98% in our experiment.
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Fig. 4. Experimental setup. DL, diode laser; OF, optical fiber; OI, optical isolator; EOM,
electro-optic modulator; PD1-2, photodetector; LPF1-2, low-pass filter; PID, proportional-
integral-derivative; HVA1-2, high-voltage amplifier; HR, high-reflection mirror; DBS,
dichroic beam splitter; PM, power meter.

We use a symmetrical bow-tie ring cavity as the SHG cavity, the cavity consists of four mirrors,
in which M1 and M2 are plane mirrors, M3 and M4 are concave mirrors. M3 and M4 have a
radius of curvature of 100 mm with reflectivity of 99.995% at the FW. The transmission of the
input coupler mirror M1 is 12.5%. A PZT is bonded to the highly reflective mirror M2, serving
as the control component. The total length of the cavity is 608 mm and the distance between the
two concave mirrors is 108 mm. A PPKTP crystal (Raicol Crystals Ltd.) with the dimensions of
1mm × 2mm × 10mm is placed between two concave mirrors, the position is carefully adjusted by
a displacement stage (Newport MS-125-X) to make the center of the thermal lens coincide with
the waist between two concave mirrors, aiming to reduce the mode-mismatch. The displacement
stage has a resolution of 0.01mm, which is enough to meet the requirement for the optimization.
The poling period of the crystal is 4.5 µm and the crystal is temperature stabilized by a temperature
controller with a measurement precision 0.002 ◦C. Two low-noise, transformer-coupled resonant
photodectors are used to get error signal with high signal-noise ratio [38]. A high frequency signal
(37.6 MHz) generated by a function generator is divided into three parts, one is used to drive the
EOM and the other two are mixed with the detected signal by using two mixers. The output of
two mixers are PDH error signals as controlling the cavity length of external frequency-doubling
cavity, stabilizing the frequency of the DL. After low-pass filter, proportional-integral-derivative
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(PID) controller and high-voltage amplifier (HVA), two error signals are feedback to control unit.
The output laser of the cavity consists of generated blue laser and a tiny part of infrared laser, a
dichroic beam splitter (DBS) is used to separate the two lights. A power meter (Thorlabs S130C)
is used to measure the power of the output beam at 426 nm. A digital self-lock system is used to
ensure that the frequency-doubling cavity operates continuously during frequency tuning. The
output blue laser can be tuned with 8 GHz frequency range by scanning the incident infrared
laser over (62S1/2,F = 4) → (62P3/2,F′ = 3)—(62S1/2,F = 4) → (62P3/2,F′ = 5) transitions
of Cs D2 line.
The laser has a maximum output power of 460 mW. The measured performance of output

power of the HW is shown in Fig. 5. The discrete points are the measured experimental data,
real lines are calculation results. Usually, the geometry center of the crystal is overlapped with
the beam waist, which represents the status before optimization. According to our calculation,
the center of the equivalent thermal lens has a 1.01 mm deviation from that of the crystal. We
move the crystal position to make the center of the thermal lens overlap with the beam waist,
corresponding to the status after optimization. During the optimization process, the crystal
displacement is approximately 1.03 mm, which is in good agreement with the calculation one. It
is obvious that the conversion efficiency after the optimization is higher than that of before the
optimization. In low power region, the experimental results have very slight deviation from the
calculation one, which confirms that the theoretical model is correct. As the incident power is
increased, the deviation increases gradually, which can be attributed to the gradually enhanced
BLIIRA with the laser power at 426 nm [39]. Unfortunately, there is lack of an additional blue
light to quantify the relationship between BLIIRA and blue light intensity. So we don’t consider
the BLIIRA in the theoretical model.

Fig. 5. Theoretical and experimental conversion efficiencies. Brown solid line is the
theoretical result without considering thermal lens. Red dotted line and black dashed line are
theoretical results after and before the optimization, respectively. Blue squares and carmine
circles are experimental results after and before the optimization, respectively.

Subsequently, we measure the power of the FW in front of the frequency-doubling cavity Pin,
the power of the HW after the DBS Pout. The conversion efficiency is the ratio of Pin to Pout.
A maximum conversion efficiency of 81% is obtained at the input power of 500 mW after the
optimization, the maximum conversion efficiency is 76% before the optimization. The 426 nm
output laser has a good power stability of the output laser is measured at 280 mW, 370 mW and
500 mW for over 1h in continuous wave mode and the root mean square (RMS) fluctuation is
0.8%, 1.3% and 3.5% respectively. The results are shown in Fig. 6. The thermal effect originating
from BLIIRA is main reason of the variation of the output power with time. Ref. [39] has studied
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the evolution of BLIIRA with time, which further confirms our explanation. The additional
intracavity loss and nonlinear phase mismatching coming from BLIIRA is the direct reason of the
power degradation. The output power can recover after the PPKTP relax for some time, which is
in good agreement with the Ref. [39]. This is another evidence that the influence of BLIIRA
on the power fluctuation occurs. As shown in Fig. 7, the output blue laser is still stable while
detuning the FW over 4GHz, the inferred range for the HW is 8 GHz.

Fig. 6. Power stability of the HW output with different input FW power.

Fig. 7. Saturation absorption spectroscopy of (62S1/2,F = 4) → (62P3/2,F′ =
3)—(62S1/2,F = 4) → (62P3/2,F′ = 5) transitions of Cs D2 line when the infrared
diode laser is scanned.

4. Conclusion

In conclusion, we report on a tunable blue laser at 426 nm by adopting an external frequency-
doubling cavity pumped by a diode laser, with a conversion efficiency up to 81%, with a maximum
output power of 460 mW. By theoretically analyzing the thermal lensing effect and the induced
mode mismatching, we draw a conclusion that the center of the equivalent thermal lens is not
at the center of the crystal, but with a deviation. By comparing the variation of waist size,
mode-matching efficiency, conversion efficiency before and after the optimization, we confirm
that the conversion efficiency can be effectively increased by optimizing the crystal position. In
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experiment, we adjust that the center of the thermal lens coincides with the waist, to reduce the
mode-mismatching and increase the conversion efficiency. Before this, no one systematically
analyzes these questions. We believe that the output power is strong enough to generate the
continuous variable squeezed states at 852 nm resonant with the D2 line of Cs atoms (Threshold
power at Ref. [25]: 180 mW). The conversion efficiency we have obtained is so far, to the best of
our knowledge, the highest-reported one at this wavelength. The tuning range of the SHG can be
expanded to 8 GHz with a digital self-lock system.
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