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Generation of amplitude squeezed green light from a high efficiency
PPKTP frequency doubler
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Abstract

We report on a high-efficiency 532 nm green light conversion from an external cavity-enhanced second harmonic generation of a
home-made 1064 nm single-frequency Nd:YVO4 laser with a periodically poled KTP crystal. A stable green power of 60 mW with a con-
version efficiency of 75% was measured. Meantime, we investigate the quadrature amplitude noise of the green light at the same exper-
imental setup and 0.6 dB green light squeezing was experimentally observed (taking into account the total detection efficiency of 58%, the
squeezing should be 1.1 dB). The squeezing as a function of input power was also studied and we found qualitative agreement with
theoretical prediction.
� 2006 Elsevier B.V. All rights reserved.
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Since the electric field poling technique for LiNbO3 was
established by use of lithographically defined electrodes,
interest in quasi-phase-matching (QPM) applications has
been growing steadily. In a QPM crystal, the nonlinear
coefficient is modulated with a period twice the coherence
length of the interaction to offset the accumulated phase
mismatch. The main advantage of QPM is that any interac-
tion within the transparency range of the material can be
noncritically phase matched at a specific temperature, even
interactions for which birefringent phase matching is
impossible; also the interacting waves can be chosen so that
coupling occurs through the largest nonlinear coefficient
[1]. Many applications such as second-harmonic generation
(SHG), difference-frequency generation, and optical para-
metric oscillation have been demonstrated by using the
QPM technique. SHG is an attractive technique for the
generation of light in the visible range. For instance, a
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coherent green source can be readily developed by the fre-
quency doubling of 1.06 micron laser [2,3]. SHG is not only
an effective method to extend the spectrum of laser to short
wavelength, but also has been proved to be an effective
means of generating bright squeezed light [4–6]. The
squeezing light can improve precision measurements below
the standard quantum noise limit (QNL) for optical detec-
tion [7], also the nonclassical states (squeezed as well as
entangled states) are essential resources for the field of
quantum information science: such as teleportation [8],
cryptography [9], quantum computing [10] and error cor-
rection [11].

Recently, some experiments have utilized QPM crystals
to achieve efficient SHG [3] and generated continuous-wave
squeezing light in periodically poled LiNbO3 (PPLN) [12]
and in periodically poled KTP (PPKTP) [13] by SHG.
PPKTP has a relatively large optical nonlinearity and good
power-handing capability in the UV and the visible spectra.
For green light generation, PPKTP is preferred to period-
ically poled LiNbO3 (PPLN) which exhibits strong photon-
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refractive damage when used at room-temperature. A fur-
ther advantage of PPKTP is the high quality and homoge-
neity of the QPM structures generated by a cryogenic
poling technique [14]. In this paper, we report on a high-
efficiency amplitude squeezed green light generation from
a standing-wave external cavity-enhanced SHG of a
home-made 1064 nm single-frequency Nd:YVO4 laser with
a PPKTP crystal. A stable green light of 60 mW with a con-
version efficiency of 75% was measured. 0.6 dB amplitude
squeezing of green light was experimentally observed at
the same experimental setup (taking into account the total
detection efficiency of 58%, the squeezing should be
1.1 dB). The squeezing as a function of input power was
also studied. Comparing with Ref. [12], we used PPKTP
(because of the advantages as mentioned above) instead
of PPLN as our nonlinear crystal. Rather than a ring cavity
which was used in Ref. [13], a standing wave cavity was
employed to enhance the nonlinear conversion efficiency
in our experiment. Therefore, better results were obtained
in our experiment.

The experimental setup for high-efficiency SHG and
generating amplitude squeezed light is depicted in Fig. 1.
A homemade all-solid-state single frequency Nd:YVO4

laser delivers 700 mW of infra-red power at 1064 nm. A
faraday isolator is used to eliminate the back reflection
laser that will disturb the stable operation of the laser.
Because the transverse mode of the laser is not an ideal
Gaussian mode (a little elliptical), this will decrease the effi-
ciency of mode-matching between the laser and frequency
doubling cavity. Also the laser light is influenced by excess
intensity noise at frequencies up to 20 MHz (mainly
because of intrinsic relaxation oscillations in the laser), this
excess noise can degrade and even destroy the squeezing of
the second-harmonic (SH). So a narrow line-width empty
cavity (mode cleaner) was used to improve the transverse
mode and reduce the excess intensity noise. When the mode
cleaner was locked to the laser frequency, the transverse
mode of the output laser is a Gaussian mode, and the
intensity noise of laser reaches the QNL at 5 MHz (the cor-
responding frequency before the mode cleaner is 20 MHz).
After the mode cleaner, a half-wave plate (HWP) and a
polarizing beam splitter (PBS) was used to adjust the power
incident upon the frequency doubling cavity. The HWP
NdYVO4
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Fig. 1. Schematic diagram of the experimental setup. FI, Faraday
isolator; L1, L2, mode-matched lens; HWP, half wave plate; PBS,
polarizing beam splitter; DBS, dichroic beam splitter; BS, 50/50 beam
splitter; D1, D2, photodiode.
before the frequency doubling cavity was used to adjust
the polarizing of the laser to satisfy the requirement of
the phase-matching. The frequency doubling cavity con-
sisted of an input coupler with a transmission of 5% at
1064 nm and high reflectivity at 532 nm, an output coupler
that is high reflectivity at 1064 nm and high transmission at
532 nm. The radius of each of the two curved mirrors is
20 mm. The effective length of the cavity is 38.5 mm and
thus we have a waist of 36 lm for the fundamental beam.
The PPKTP crystal was positioned at the center of the cav-
ity and its dimension is 1 mm · 2 mm · 10 mm (thick-
ness · width · length). The crystal has a 9.00 lm grating
period and both end faces antireflection coated for both
1064 nm and 532 nm. The intracavity loss is determined
to be 1.2% by measuring the finesse of the cavity.

At first, we measured the doubling efficiency of the
PPKTP crystal as a function of the temperature. The exper-
imental result is shown in Fig. 2. We can see that the opti-
mal phase matching temperature is 30.4 �C and the full
width half maximum is about 3.6 �C. Wide phase matching
range ensures very stable and reliable operation. A home-
made high precision temperature controller was used to
accurately control the temperature of the PPKTP crystal
to the optimal phase matching temperature. The mode-
matching efficiency of the mode cleaner to the frequency
doubling cavity was 95%. An electric servo was utilized
to lock the cavity to ensure that the cavity frequency coin-
cide with the pump laser frequency. The green light output
was separated from the infrared light by a dichroic beam
splitter. The green light output power and conversion
efficiency as a function of the mode matching pump power
is plotted in Fig. 3. At the pump power of 80 mW, 60 mW
green light was obtained and frequency doubling efficiency
is 75%. By fitting the experimental results to the theory
(nonlinear conversion factor cshg is the only fitting param-
eter), we find the double-pass nonlinear conversion factor
cshg = 0.032 W�1.
20 25 30 35 40

0

2

4

6

8

S
H

 P
ow

er
 (

a.
u.

)

Temperature (οC)

Fig. 2. Temperature tuning bandwidth for frequency doubling in PPKTP.
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Fig. 3. SH power and conversion efficiency as a function of mode-
matched pump power. The solid lines are theoretical results.
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Fig. 5. The quadrature amplitude squeezing of SH at 8 MHz versus the
pump power. Solid square, experimental results; solid line, theoretical
value corresponding to the experimental parameters: l = 0.029 s�1,
c = 9.7 · 107 s�1, m = 8 MHz, a can be determined by using standard
nonlinear optics.
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The quadrature amplitude noise of the high efficiency
green light was measured by a self-homodyne system.
The green light was sent to a 50/50 beam splitter and the
resultant beams were sent to two balanced detectors whose
currents were either added (the quadrature amplitude
noise) or subtracted (QNL) and measured on a spectrum
analyzer. The typical spectrum of the squeezed green light
together with the QNL at frequencies from 0 MHz to
10 MHz is shown in Fig. 4 (the pump power is 56 mW
and the green light power is 40 mW). The squeezing is evi-
dent from 3.5 MHz to 10 MHz. The maximum squeezing
of 0.6 dB was experimentally observed at 8 MHz. Taking
into account the total detection efficiency of 58%, the
inferred amount of squeezing is 1.1 dB. We also investigate
the squeezing of the green light at different pump power.
Fig. 5 shows the observed squeezing as a function of the
pump power. Considering the saturation of the detectors,
the squeezing of green light cannot be measured at the
power more than 40 mW. The solid line in Fig. 5 is the the-
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Fig. 4. The quadrature amplitude squeezing of green light (b) and
corresponding QNL (a).
oretical prediction corresponding to the experimental
parameters calculated from the following equation [6]

V sh ¼ 1� 8l2jaj4

ðcþ 3ljaj2Þ2 þ ð2pmÞ2
; ð1Þ

where Vsh is the green light quadrature amplitude noise
spectrum, l is the two-photon damping rate, a is the aver-
age amplitude of the fundamental beam inside the cavity, c
is the total linear damping rate, and m is the frequency in
hertz. It is obvious that the squeezing is improved when
the pump power increased and there is a qualitative match
between theory and experiment. The deviation between
theoretical and experimental values is probably the excess
noise in our experimental situation and stochastic variation
of domain length for QPM crystal [15].

In conclusion, we report on an high efficiency amplitude
squeezed green light generation from an external cavity-
enhanced SHG of a home-made 1064 nm single-frequency
Nd:YVO4 laser with a PPKTP crystal. When the pump
power is 80 mW, the output power of green light is
60 mW with efficiency of 75%. The 0.6 dB quadrature
amplitude squeezing of the green light is experimentally
observed (considering the total detection efficiency, the real
squeezing is 1.1 dB). The squeezing as a function of input
power is also investigated and we found qualitative agree-
ment with theoretical prediction. Further optimization
including better coatings of the cavity mirrors and the
PPKTP crystal, or utilize a semi-monolithic/monolithic
SHG cavity, to reduce greatly unwanted losses. At the
same time a narrower line-width mode cleaner is employed
to eliminate the excess laser intensity noise at lower fre-
quency. Higher SHG efficiency and larger squeezing should
be possible at a broader frequency range. For example, if
the intracavity loss is reduced to be 0.5%, the quantum effi-
ciency of the detector is improved to be 85%, the pump
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power is increased to be 250 mW and otherwise the same
parameters in our experiment, 2.5 dB of squeezing can be
observed at 5 MHz (considering detection efficiency, the
real squeezing is 3.1 dB).

Acknowledgements

This work is supported by the National Natural Science
Foundation of China (Nos. 60478007 and 60527003),
the Shanxi Province Young Science Foundation (No.
20031005), and the Shanxi Province Foundation for Re-
turned Overseas Chinese Scholar.

References

[1] L.E. Myers, R.C. Eckardt, M.M. Fejer, R.L. Byer, W.R. Bosenberg,
Opt. Lett. 12 (1995) 2102.
[2] R. Paschotta, K. Fiedler, et al., Opt. Lett. 19 (1994) 1325.
[3] I. Juwiler, A. Arie, et al., Opt. Lett. 24 (1999) 1236.
[4] S.F. Pereira, M. Xiao, H.J. Kimble, J.L. Hall, Phys. Rev. A 38 (1988)

4931.
[5] A. Sizmann, R.J. Horowicz, G. Wagner, G. Leuchs, Opt. Commun.

80 (1990) 138.
[6] R. Paschotta, M. Collett, P. Kurz, K. Fiedler, H.-A. Bachor, J.

mlynek, Phys. Rev. Lett. 72 (1994) 3807.
[7] H. Wang, Y. Zhang, Q. Pan, H. Su, A. Porzio, C.D. Xie, K.C. Peng,

Phys. Rev. Lett. 82 (1999) 1414.
[8] A. Furusawa, J.L. Sorensen, C.A. Fuchs, H.J. Kimble, E.S. Polzik,

Science 282 (1998) 706.
[9] T.C. Ralph, Phys. Rev. A 61 (2000) 010303.

[10] D.P. Di Vincenzo, Science 270 (1995) 255.
[11] S.L. Braustein, Phys. Rev. Lett. 80 (1998) 4084.
[12] M.J. Lawrence, R.L. Byer, M.M. Fejer, W. Bowen, P.K. Lam, H.-A.

Bachor, J. Opt. Soc. Am. B 19 (2002) 1592.
[13] U.L. Andersen, P. Buchhave, Opt. Exp. 10 (2002) 887.
[14] M. Oron, M. Katz, et al., Electron. Lett. 33 (1997) 807.
[15] J. Maeda, I. Matsuda, Y. fukuchi, J. Opt. Soc. Am. B 17 (2000) 942.


	Generation of amplitude squeezed green light from a high efficiency PPKTP frequency doubler
	Acknowledgements
	References


