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Frequency-stabilized semimonolithic frequency doubler
with high output power
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We present a semimonolithic frequency-doubler from 1080 to 540 nm with 80% doubling efficiency and
up to 849-mW output power of green light. A frequency-stabilized laser diode (LD) pumped continuous
wave (CW) Nd:YAP laser is used as the pump source of the doubler consisting of an a-cut KTP crystal
and an input mirror. The frequency stabilities of the output second harmonic wave are better than £246
kHz and £2.3 MHz in 1 and 30 minutes, respectively, and the intensity fluctuation is less than 20.65%.

OCIS codes: 120.2230, 120.4640, 140.3560.

The frequency-deubled Nd:YAP laser with high out-
put power is an important pumping source for quan-
tum information, quantum optics, and nonlinear optics
experimentsl!—%.  Intracavity frequency-doubled!”-11]
and external frequency-doubled lasers'2-18] are two
usual methods to generate continuous second harmonic
wave. For the former, the frequency-doubling nonlinear
crystal and the active medium of the laser are put in
the same resonant cavity, thus the process of frequency
doubling possibly affects ihe stability of the fundamental
laser, and eventually the stability of the second harmonic
output is correspondingly reduced also. For the latter,
the frequency-doubling cavity and the fundamental laser
resonant cavity are separated, therefore the influence of
each other can be decreased to minimum and both of
the cavities can be adjusted to operate in the optimum
states. Because 540-nm laser can realize type-I1 90° non-
critical phase matching in an a-cut KTP crystal, it has
become an important pump source of nondegenerate op-
tical parameter amplifiers (NOPAs) producing the two-
mode squeezed and entangled states of light* 581, The
continuous wave (CW) frequency-doubling from 1080 to
540 nm was firstly demonstrated by Ou et al. with a ring
doubler outside the laser resonant cavity of fundamental
wave, and 856% conversion efficiency with up to 560-mW
harmonic power was obtained*?, Recently, Hayasaka
et al. got 22.8-mW, 540-nm green light from 50-mW,
1080-nm diode laser via the similar method!!?]. How.
ever, for getting low passive loss, the extremely high qual-
ity of the four mirrors constituting the ring frequency-
doubling cavity has to be reached, and the alignment of
the folded ring cavity is relatively difficult!!213!, In this
paper, we present a relatively robust design of frequency
doubler, which is a standing wave cavity consisting of a
semimonolithic KTP crystal and a concave mirror. We
paid special attention on the stabilities of thie output
harmonic wave from the doubler. The solid mechani-
cal configuration and excellent frequency-locking system
of Nd:YAP laser provide a high stable fundamental in-
put which is the base ensuring the stability of harmonic
output. The output power of 849 mW at 540 nm is ob-
tained under the input power of 1.18 W at 1080 nm, and
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the intensity fluctuation is about £0.65%. The directly
measured frequency-doubling efficiency is 72%, when the
90% transmission coefficient of output mirror is taken
into account it is 80%. The frequency stabilities are bet-
ter than +£246 kHz and £2.3 MHz in 1 and 30 minutes,
Tespectively.

In order to enhance the conversion efficiency, the pas-
sive losses of the cavity must be as low as possible. Con-
sidering a variety of requirements, such as low intracav-
ity losses, robust, easier to be aligned and lower cost, we
design a semimonolithic doubling cavity with near con-
centric configuration as shown in Fig. 1. In the figure,
M is the mnput mirror and M, is one of the facets of
the doubling crystal coated to act as output mirror. ry,
r2 and t;, £y are the power reflection and transmission
coefficients of the cavity mirrors Ay and M, for the fun-
damental wave, respectively. £ stands for power transmis-
sion coefficient of the fundamental wave in a single pass
inside the cavity. F, and P, are the input and reflected
power of the fundamental wave on and from mirror M,
respectively. P. is the fundamental power inside the cav-
ity. Following Refs, [17,18], we define a cavity reflectance
PArameter 7o, Ty = trs, which stands for the fraction
of resonating fundamental light left after one round trip
inside the cavity. For a low loss cavity, the active loss
caused by frequency-doubling process must be taken into
account!!®1. If this active loss is small in comparison with
F,, it can be expressed by an additional erystal transmis-
sion term tgy1¥:

tsp =1 — 7sm, (1)

s = s Fe is the conversion efficiency from the res-
onant fundamental wave to the second harmonic wave.

P1 g 1', tz
g B P,
P —
+——

M, M,
Fig. 1. Frequency-doubling cavity. M;: fundamental input
mirror; M>: harmonic output mirror.
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sy is the nonlinear conversion factor!!9l:

Ysu = Klkyexp[—d'l|h{o, B, 5,8, 1), 2)

and

1
o =ar+zaz,  (3)

K = (1287%wid%;) [ (*ning), 5

wy is the angel frequency of fundamental wave, de is
the effective nonlinear coefficient of KTP crystal, ¢ is
the speed of light in vacuum, n, is the refractive index
for fundamental wave, ny is the refractive index for sec-
ond harmonic wave, { is the length of KTP crystal, & is
the propagation constant for fundamental wave, a is the
absorption coefficiency of KTP crystal for fundamental
wave, 2 18 the absorption coefficiency of KTP crystal
for second harmonic wave, h(g, 3, k., §, 1) is the Boyd-
Kleinman focusing factor.

For a standing wave cavity, the second harmonic wave is
generated in both directions, thus the cavity reflectance
parameter should be modified as

T = t2tiyra. (4)

When the cavity operates on resonance, the reflected
power is

p o W)

T -y

Since 7y, depends on P, through tsy, the impedance
matching condition depends on the incident power and
the doubling efficiency. The enhancement of the funda-
mental power on resonance is given by

(3)

___ b
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This equation is a cubic one in F,. For a fixed sys-
tem and the input power level of interest, the doubling
efficiencies can be numerically calculated for different
losses and transmissions of mirror M.

The second harmonic output power P is

Py = 2ysuPltasw, (7)

tasy s the power transmission coefficient of the cavity
mirrors M, for the second harmonic wave.

Based on the parameters of our experimental system,
which are listed in Table 1, the functions of the con-
version efficiency versus input fundamental power for
given losses and input transmission t; are numerically
calculated. The results are shown in Figs. 2 and 3, re-
spectively.

The experimental setup is shown in Fig. 4. The fun-
damental light source is a homemade laser diode (LD)
pumped ring Nd:YAP laser. The base of the laser hous-
ing is an invar steel structure on which a five-mirror ring
cavity is built. The solid mechanic configuration pro-
vides the basic condition for the stable aperation of the
laser. The 1080-nm output power up to 1.8 W is obtained
with intensity fluctuation of £0.5%. The laser frequency
is locked to a temperature well-controlled Fabrv-Perot

. (6)

P

Table 1. Parameter Values of the Experimental

System
Parameter Valie Parameter  Value
171 0.037 n2 1777
ta 0.005 [(m) 001
t 0.998 k (m™Y 1.0 x 107
tasm 0.9 a(m™Y 1
wr (s L7 x108% e (m™) 1
degr (esu.)  3.61 x 10~2 h 0.227
ny 1.739 s (W™1)  0.000776

< loss = 0.3%
loss = 0.4% 7
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Fig. 2. Total conversion efficiency versus fundamental input
power under different losses.
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Fig. 3. Total conversion efficiency versus fundamental in-
put power (loss = 0.2%) under different input trangmigsion
coefficients.

cavity!?®] (F-P1) with a lock-in amplifier, a proportional
integrating (PI) circuit, and a high voltage amplifier.
The frequency stabilities of the fundamental laser are
better than 135 kHz and £1.3 MHz in 1 and 30 min-
utes, respectively, which are monitored by F-P2. The
input fundamental power on the doubling cavity can be
adjusted by means of a half wave plate (HWP1) and a
polarization beam splitter (PBS1). The isolator (IS0)
with 38-dB isolation for 1080-nm wave (Model I-106T-
5M, from ISOWAVE) is placed between the doubler and
the laser to avoid the influence of reflection on the sta-
bility of fundamental laser. The doubling eavity with
62 mm length consists of a 3 x 3 x 10 (mm} a-cut KTP
crystal (cut along a-axis, and the other two intersection
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Fig. 4. Experimental setup. SHG: second harmonic genera-
tor (doubler); HWP: half wave plate; [SO: optical isolator;
EOM: phase modulator; F-P: Fabry-Perot cavity; D: photo
diode detector; L: lens; M: mirror.

edges are parallel to b- and c-axis, respectively) and an
input mirror. The left facet of KTP is coated for serv-
ing as the output mirror of the harmonic wave with the
reflection coefficient of 99.5% at 1080 nm and iransmis-
sion coefficient of 90% at 540 nm. The right facet of
KTP is coated antireflection for both 1080 and 540 nm
to minimize the intracavity losses. The input mirror of
the doubler is a concave mirror with 60-mm radius of cur-
vature and is coated with high reflection for 540 nm and
transmission of 5.7% for 1080 nm. The finesse of doubler
for the harmonic mode (20) is much smaller than that
for the subharmonic modes (75). So for the double reso-
nant cavity, the two overlapping sharp resonant peaks of
the subharmonic modes are always involved within the
flat resonating envelope of the harmonic mode. In this
case, the effect of the frequency dependent phase shift
at reflection from dielectric mirrors on the conversion
efficiency is not significant, EOM is a phase modulator
to modulate the input light for locking the length of
doubling cavity to resonate with the input fundamental
wave by means of standard sideband techniquel?!), The
mode matching between input laser and doubling cav-
ity is adjusted through lenses L, and L,. A half wave
plate (HWP2) is used to adjust the polarization of fun-
damental wave incident on the KTP crystal to equalize
the intensities of two optical modes e; and ey polar-
ized along & and ¢-axis for demonstrating high efficient
type-I1 90° noncritical phase matching. Because of the
birefringence effect, the two optical modes e; and e
with orthogenal polarizations do not simultaneocusly res-
onate in the cavity under general conditions. Around
the phase-matching temperature (~ 79.5 °C), slowly ad-
justing the temperature of KTP and scanning the length
of doubling cavity, we can monitor the resonant peaks
of e; and ez modes with an oscilloscope. Once the two
peaks overlap, the double resonance of mode e; and ey in
the cavity is reached. In this case, we lock the length of
the doubling eavity with standard sideband technique2
and stabilize the temperature of KTP on the overlapping
point by means of a homemade temperature controller
with a precision of 0.003 °C. The leakage infrared light
from the doubler, which has been phase-modulated with
20-MHz signal frequency, totally passes through the mir-

ror My and then is detected by a photodiode D5. Then
the detected photocurrent is mixed with a local signal
and generates an error signal. After passing through a
PI circuit, this error signal is amplificd by a high voltage
amplifier. The amplified photocurrent is fed back to the
piezoelectric transducer (PZT) mounted on the input
mirror of the doubler for locking the cavity on double
resonance. The output green light is totally reflected
from Mg. When pump power is increased, the temper-
ature of crystal will be raised and the double resonance
might be destroyed. In this case we need to reduce the
temperature of the KTP crystal slightly to recover the
state of double resonance. To our experience, when the
controlling temperature of crystal is decreased about 0.8
°C, the double resonance is retrieved.

Figures 5 and 6 are the functions of the harmonic out-
put power and conversion efficiency versus the input
fundamental power. The experimental results are in rea-
sonable agreement with the calculated curves. The max-
imum green cutput power of 849 mW is obtained when
the input fundamental power is 1.18 W. The directly
measured doubling efficiency is 72%, if the transmission
coefficient of 90% of output mirror is taken into account
it should be 80%.

Figures 7 and 8 show the frequency stability of the out-
put green light in 1 and 30 minutes, respectively. The free
spectral range of the reference cavity F-P3 for the green
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Fig. 5. The output green power versus input fundamental

power. Dots: experimental values; solid curve: theoretical
calculation.

20 T T T T T .
70 1
60 4
50 1
40 A
a0 1
20 4
10 4
0

Overall conversion efficiency (%)

0 200 406 600 800 1000 1200
Input fundamental power (ImW)
Fig. 6. The frequency-doubling efficiency versus input fun-

damental power. Dots: experimental values; solid curve:
theoretical calculation,
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Fig. 7. The green light frequency fluctuation in 1 minute. (a)
Whole free spectral range; (b) zoom in one peak.
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Fig. 8. The green light frequency fluctuation in 30 minutes.
(a) Whole free spectral range; (b) zoom in one peak.

Fig. 9. The green intensity fluctuation in 3 minutes.

light is 1500 MHz, The scanning time recorded by the
oscilloscope, which is connected with F-P3, in one free
spectral range is 33.2 ms, so the scale of 1 ms on the os-
ailloscope corresponds to the frequency drift of 45,2 MHz,
When both the fundamental laser system and frequency-
doubling cavity are locked, the green light frequency sta-
bility better than +246 kHz i 1 minute and +2.3 MHz in
30 minutes are calculated from Figs. 7 and 8, respectively.
In Fig. 9, the intensity stability of +£0.65% is shown.
The homemade reference cavity F-P3 with invar struc-
ture sealed in a polymethyl methacrylate box has good
mechanic and thermal stabilities to provide a satisfying
frequency standard. According to general methods for
measuring frequency stability?>22, we meagured the rel-
ative stability to the reference cavity resonant frequency.
In the measured results the effect of the frequency shift
of reference cavity has been involved, thus the real sta-
hility of the output second harmonic laser is better than
the measured value.

A robust frequency-doubler from 1080 to 540 nm is pre-
sented. Up to 849-mW harmonic power with good inten-
sity and frequency stabilities is obtained. Since the green
light of 540 nm can realize type-IT 90° noncritical phase
matching in an a-cut KTP erystal, the walk-off effect
and the polarization mixing effect between two polariz-
ing nondegenerate fundamental modes can be minimized.
The presented high stable frequency-doubler has poten-
tial applications in the experimental quantum optics and
quantum information.
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