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We report an experimental demonstration of highly efficient single-pass second-harmonic generation from 859
nm to 429.5 nm with picosecond pulses in a thick KNbO3 crystal. Both the conversion-efficiency and
quantum-noise properties of the generated blue pulses are measured at various pump intensities under a
strong focusing condition. We find that the variation of the conversion efficiency of the picosecond second-
harmonic generation is an oscillatory function of the input pump intensity (with a maximum efficiency of
56.5%) and is sensitive to the position of the input beam focus in the crystal. The quantum noise on the blue
beam can be reduced below the shot-noise limit by 20% at low input power. © 2003 Optical Society of America
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1. INTRODUCTION
Second-harmonic generation (SHG) is an attractive opti-
cal frequency conversion process to generate coherent
light at shorter wavelengths.1 Very high conversion effi-
ciency has been reported under extremely high pump
intensities,2–4 i.e., an efficiency of 92% from 1064 nm to
532 nm in bulk nonlinear crystals with a typical pump in-
tensity of a few GW/cm2.2 Recently, single-pass
traveling-wave (TW) SHG with cw mode-locked pulses
has attracted attention because of low average input
power with high peak intensity, and conversion efficiency
higher than 60% has been obtained both in bulk nonlin-
ear crystals5–8 (NLCs) and in quasi-phase-matched non-
linear waveguides.9,10 Highly efficient TW SHG at a low
average input power is an interesting nonlinear optical
system that not only conveniently provides a coherent
light source at short wavelengths, but also allows genera-
tion and observation of amplitude-squeezed light that has
less-intensity noise than the standard shot-noise limit.7,11

In fact, 6.7% (0.3-dB) amplitude squeezing in SHG was
observed with a conversion efficiency of 15% in the TW
SHG experiment with a type II phase-matched bulk KTP
crystal.11 In an experiment with a LiNbO3 waveguide,9

16.8% (0.8-dB) squeezing in the transmitted fundamental
field and 7.7% (0.35 dB) squeezing in the generated har-
monic light were observed with a conversion efficiency ap-
proaching 60%. In the TW SHG with a thick potassium
niobate (KNbO3) crystal pumped by femtosecond pulses,
a slope efficiency of 300% nJ21 for harmonic conversion
was achieved5 and a 20% (1.0-dB) squeezing in the gener-
ated harmonic light was observed with a conversion effi-
ciency of 60% at ;90 mW average input power.7,12

In this paper, we study highly efficient single-pass SHG
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in a thick, noncritically phase-matched KNbO3 crystal
pumped by picosecond pulses and measure the quantum-
noise properties of the generated blue pulses. We show
that the TW SHG process in KNbO3 with picosecond
pulses is quite different from that with femtosecond
pulses. Much less peak intensity is necessary to obtain
the high conversion efficiency for picosecond pulses under
the strong focusing condition. We found that the varia-
tion of the conversion efficiency of the picosecond SHG is
an oscillatory function of the input pump intensity (with a
maximum efficiency of 56.5%) and is sensitive to the po-
sition of the input beam focus in the crystal. The quan-
tum noise on the blue beam can be reduced below the
shot-noise limit by 20% at low input power.

2. BACKGROUND
KNbO3 is an attractive nonlinear crystal that has a large
nonlinear coefficient and noncritical phase matching (no
spatial walk-off) under appropriate conditions for low-
power optical applications.13–15 However, this crystal
also has a large group-velocity mismatch (a 5 1.2 ps/mm
for the wavelength conversion from 860 nm to 430 nm)
and a narrow phase-matching bandwidth of Dn
5 0.88/aL (;0.2 nm for a crystal length of L 5 10 mm),6

which generally limit it from short-pulse, wideband appli-
cations. In the previous TW SHG experiments with fem-
tosecond pulses,5–8 the input spectral width (;10 nm for a
Gaussian pulse with duration time tp 5 120 fs) is much
broader than the phase-matching bandwidth. Thus the
temporal walk-off length lT 5 tp /a (;100 mm), over
which a fundamental pulse and a harmonic pulse miss
temporal overlap from each other completely, is much
2003 Optical Society of America
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shorter than the crystal length L (3 –10 mm). Therefore
the femtosecond SHG in a long crystal can be considered
as a series of independent SHG processes in each thick-
ness of lT of the crystal due to the group-velocity mis-
matching, similar to the SHG in a quasi-phase-matched
material. Assuming noncritical phase matching, low
pump depletion, and lT , b in each length of lT , the total
conversion efficiency is then given by htot 5 h1(L/lT),
where h1 5 gPv(lT

2 /b) is the conversion efficiency in each
length lT , Pv is the peak power of the fundamental fre-
quency, b 5 (2pw0

2n)/l is the depth of the focus, w0 is the
beam radius at the focus, n is the index of refraction of the
crystal, and g is a constant describing the nonlinear coef-
ficient of the crystal.6 Under this condition, the gener-
ated blue pulse is much longer (typically picosecond) than
the input fundamental pulses. The broadband femtosec-
ond input pulses are upconverted to generate narrow-
band blue pulses. Because the walk-off length lT is very
short, the conversion efficiency h1 in the thickness of lT is
very low (h1 ! 1) even with high peak power of the input
pulses, and therefore the pump depletion in each lT can
be neglected. The observed squeezing (;20%) in the gen-
erated blue pulses is considered as being limited by the
effective length of nonlinear interaction between the in-
frared and blue pulses of the order of h1.7

In current picosecond SHG, the temporal walk-off
length lT (;1.7 mm for tp 5 2.0 ps) is much longer than
that in the femtosecond case such that the phase-
matching nonlinear interaction length in the crystal is
significantly increased. Under the strong focusing condi-
tion (b , L), the effective interaction length in the crys-
tal becomes approximately b (;1.83 mm for a f
5 50 mm lens) such that lT ' b , L. Therefore ap-
proximately only one thickness of lT of the crystal contrib-
utes to the blue-light generation so that htot ; h1 , and the
efficiency h1 can be very high (;50%) in the picosecond
case. In this case, pump depletion in lT is significant.
Also, the spectral bandwidth (;0.6 nm) of the fundamen-
tal picosecond pulses is less than or comparable to the
phase-matching bandwidth (;1.0 nm for an effective
length b of 1.83 mm) so that almost all the spectral com-
ponents in the fundamental pulses efficiently upconvert
to the harmonic pulses in the frequency-doubling process.
These advantages over the femtosecond pump make the
picosecond SHG in KNbO3 crystal more efficient, which
means that a lower peak power (compared with the fem-
tosecond case) is adequate to obtain the same SHG con-
version efficiency. In our experiment, we have demon-
strated that the peak power for picosecond pulses was
reduced by a factor of ;20 compared with that for femto-
second pulses to achieve the same conversion efficiency.
Since the conversion efficiency h1 in the thickness of lT is
high, one might expect to generate a larger amount of
squeezing in the generated blue pulses, as in the case of
cw SHG.15 However, both the pump depletion in lT and
phase modulation may affect the total conversion effi-
ciency and reduce the achievable quantum-noise reduc-
tion in the blue pulses. To the best of our knowledge,
high-efficiency TW SHG pumped by picosecond pulses in
the strong focusing condition (lT ' b , L) and quantum-
noise properties in a thick NLC have not been studied ex-
perimentally.
3. EXPERIMENTAL SETUP
A mode-locked Ti:sapphire laser generating ;2.0-ps
pulses with 80-MHz repetition rate at 859 nm was used in
our experiment. The fundamental beam was focused
onto an a-cut, 10-mm-thick KNbO3 crystal with a lens of
5-cm focal length. The strong focusing condition (b
, L) is satisfied with this focal length. The entrance
surface of the KNbO3 crystal is antireflection coated for
860 nm, and the exit surface is antireflection coated for
430 nm. The crystal was kept at a temperature of
25.5 °C with a precision temperature controller to achieve
the noncritical phase-matching condition. The wave-
length of the Ti:sapphire oscillator was tuned to 859.4 nm
to obtain optimum phase matching, and the input aver-
age power was variable from 0 to 500 mW with a pair of
polarizers. The crystal was mounted on a translation
stage, and the position of the crystal center can be moved
relative to the focal point of the input beam. The output
blue light was collected with a 5-cm lens, filtered with an
IR filter, and then detected with a digitized powermeter
for average power. The overall conversion efficiency was
calculated from the ratio of the synchronously recorded
output blue power and the input IR power.

The quantum noise of the generated blue light was
measured with a balanced homodyne detection system,7,12

composed of a 50–50 beam splitter and two identical pho-
todiodes (Hamamatsu S3994). The photodiodes are
placed at an angle to the incident blue light beam, and the
reflected blue light from the photodiode’s front surface is
reflected back to the photodiode by a mirror closely placed
next to each photodiode. With this arrangement, the
quantum efficiency of the photodiodes at 428.8 nm is in-
creased. The overall detection efficiency for the blue
light from the exit surface of the crystal to the output pho-
tocurrents of the photodiodes is estimated to be 0.70.
The output photocurrent from each photodiode is first
coupled to a low-pass filter (DC-32 MHz) to remove the
80-MHz signal of the laser mode-locking frequency and
then ac-coupled to a low-noise preamplifier. The low-
pass filters effectively avoid saturation of the amplifiers
by the laser mode-locking frequency. The amplified noise
currents (i1 and i2) are then combined in a 0°/180° (6)
combiner to give the sum (i1 5 i1 1 i2) or difference (i2

5 i1 2 i2) noise current. The sum or difference noise
current is fed by a RF SPDT switch into another amplifier
and then fed into a spectrum analyzer for noise measure-
ments. The balance of the homodyne detectors is care-
fully checked, and a typical common mode rejection of
larger than 25 dB is observed for our measurement fre-
quency range of 5–15 MHz. The difference current (i2

5 i1 2 i2) gives the shot-noise limit, and the sum cur-
rent (i1 5 i1 1 i2) gives the amplitude noise of the light
field incident upon the homodyne detectors.

The Fano factor of the generated blue light is then mea-
sured by F 5 ^i1

2 &/^i2
2 &, where ^i1

2 & represents the noise
power of the sum current at a rf frequency and ^i2

2 & rep-
resents the noise power of the difference current (the
shot-noise limit).7 The shot-noise level is typically ;6 dB
higher than the dark-noise level at 8 MHz (with a resolu-
tion bandwidth of 300 kHz) for a dc current of 6 mA at
each detector.7,12 The noise saturation was found for a dc
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current of 10 mA at each detector, corresponding to
;40-mW blue power incident upon each photodiode. The
detector saturation effect at higher power has less effect
on the measurements of the Fano factor in our detection
scheme because both the sum current and the difference
current have experienced the same saturation factor, and
this factor is removed in their ratio.

4. RESULTS AND DISCUSSIONS
Figure 1 shows the total conversion efficiency of the SHG
as the function of average input power, which we mea-
sured with a femtosecond (;120-fs) pump and a picosec-
ond (;2.0-ps) pump, respectively. For these measure-
ments, the crystal center was moved to near the focus
position. For femtosecond input pulses, as shown in Fig.
1(a), the SHG conversion efficiency was found to increase
as the average input power increases at the low input
power but declines at much higher input powers. A
maximum efficiency of ;60% was obtained at 110-mW in-
put power. For picosecond input pulses, as shown in Fig.
1(b), similar efficiency (;56.5%) was observed at 100-mW
input power. However, the conversion efficiency shows a
damped oscillatory behavior at high input power: the
conversion efficiency first declines after reaching its maxi-
mum and then recovers partially as the input power is in-
creased before it decreases again. Such a difference be-
tween uses of picosecond and femtosecond pulses for SHG
in a thick KNbO3 crystal is quite significant. In femto-
second SHG, the decline in conversion efficiency with
high input powers can be explained as the integrated ef-
fect of strong pump depletion over the whole crystal since
pump depletion in each thickness lT (;100 mm) is very
small and can be simply added together. However, in the

Fig. 1. Conversion efficiency of SHG in a KNbO3 crystal as the
function of average input power for (a) femtosecond pump (;120
fs), and (b) picosecond pump (;2.0 ps).
picosecond SHG, both the pump depletion and dephasing
in the thickness lT (;1.7 mm) are significantly larger.
Obviously, the peak intensity of the picosecond input
pulses is much lower (by a factor of ;20) than that of the
femtosecond input pulses to reach the same optimum con-
version efficiency.

The oscillatory decline of conversion efficiency in pico-
second SHG in the strong focus condition can be under-
stood as the combined effect of strong pump depletion and
effective dephasing Dkeff in the interaction length b.16–18

The effective dephasing Dkeff includes contributions from
mismatching Dk0 between the fundamental and second-
harmonic center wave vectors and from phase modulation
of the fundamental pulse, which is given by Dkeff 5 Dk0
1 21/2f0 /lT , where f0 is phase-modulation depth.16

The analytical solution for the SHG efficiency as a func-
tion of input intensity Iv(0) is given by18

I2v

Iv

5 n2sn2S Ah

n
Un4D , (1)

with

n 5 @Ds/4 1 A1 1 ~Ds/4!2#21, (2)

where sn is a Jacobian elliptic function, h 5 kIv(0)L2 is
the nonlinear drive that is proportional to the input inten-
sity of the fundamental field, and Ds 5 Dkeff L/h1/2. For
strong focusing, the crystal length L is replaced by the
depth of focus b. Conversion efficiency can be numeri-

Fig. 2. Dependence of the conversion efficiency as a function of
the input power for different values of the displacement between
the center of the crystal and the beam focus of (a) Dz 5 0, (b)
Dz 5 20.25 mm, (c) Dz 5 20.5 mm, and (d) Dz 5 21.0 mm.
The input power at which the maximum efficiency is obtained is
100 mW, 125 mW, 150 mW, and 200 mW, respectively.
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cally calculated from Eq. (1), which shows an oscillatory
decline as the input intensity increases for a nonzero
dephasing Dkeff .17,18

The SHG conversion efficiency with picosecond pump
pulses in a 10-mm-long NLC is very sensitive to the dis-
placement Dz of the center of the crystal relative to the
beam focal point along the beam-propagation direction.
Figure 2 shows the measured conversion efficiencies as
the function of the average input power for different val-
ues of the displacement. First, we moved the crystal
with the translation stage such that the center of the
crystal was near the position of the beam focal point, i.e.,
Dz ' 0. As shown in Fig. 2(a), the maximum efficiency
was obtained with an input power of ;100 mW. Then
the crystal was moved toward the focal lens such that the
beam focus was closer to the output surface of the crystal
(Dz , 0). The maximum efficiency was obtained at a
higher input power (;200 mW), and a ‘‘resonant’’ behav-
ior was observed with Dz 5 21.0 mm, as shown in Fig.
2(d). Figures 2(b) and 2(c) show the conversion efficiency
for the other two focus positions (Dz 5 20.25 mm and
Dz 5 20.5 mm, respectively). This position dependence
of conversion efficiency for picosecond SHG is very differ-
ent from that for femtosecond SHG in the strong focusing
condition, in which the oscillatory decline of conversion
efficiency was not observed.5,8

Figure 3 shows the measured amplitude noise of the
generated blue pulses with a homodyne detection setup
for different values of the position displacement between
the crystal center and the beam focus. The Fano factors
in the figures are corrected for the generated blue light
such that the dark noise is subtracted and the overall de-
tection efficiency is corrected. Figure 3(a) shows the de-
pendence of the Fano factor on input pump power at the

Fig. 3. Dependence of the measured Fano factor on the input
power for (a) Dz 5 0 and (b) Dz 5 20.5 mm. Squeezing on the
generated blue pulses was observed at low pump power.
frequency of 8.0 MHz (with a bandwidth of 300 kHz) for
Dz 5 0, and Fig. 3(b) shows the Fano factor for Dz
5 20.5 mm. The correspondent conversion efficiencies
are shown in Fig. 2(a) and Fig. 2(c), respectively. By com-
paring Fig. 3(a) to Fig. 2(a), one can see that, at low pump
power, the conversion efficiency is low and the amplitude
noise of the generated blue light is near the shot-noise
limit. As the input pump power is increased, the conver-
sion efficiency is increased and the amplitude noise is re-
duced below the shot-noise limit. The optimum mea-
sured Fano factor is F 5 0.82 at the input power of 100
mW for Dz 5 0 and F 5 0.79 (21% squeezing) at 110 mW
for Dz 5 20.5 mm. However, as the input power is fur-
ther increased, the dephasing and pump depletion effects
become large, and the amplitude noise of the generated
blue light is increased well above the shot-noise limit.
The quantum noise of the blue pulses was sharply in-
creased at a certain input power that is shifted with the
focusing position. Complete understanding of the origin
of such large quantum noises at large input powers and
the factors that limit the amount of the observed squeez-
ing with such high conversion efficiency in such a picosec-
ond SHG system will require a full quantum-mechanical
treatment of the system, including all nonlinear processes
and loss mechanisms, which is beyond the scope of the
current work.

5. CONCLUSION
In summary, we have measured the conversion efficiency
and quantum-noise properties of the generated blue
pulses in a highly efficient single-pass TW SHG with pi-
cosecond laser pulses and a thick KNbO3 crystal. Under
the strong focusing condition, both the conversion-
efficiency and quantum-noise properties in the picosecond
SHG are quite different from those in the femtosecond
SHG. Although the conversion efficiency has reached
;60% for ;100-mW input power, the peak intensity of
the picosecond pulses is much lower than that of the fem-
tosecond pulses (by a factor of ;20), which indicates that
the picosecond SHG is more efficient in nonlinear interac-
tion in such NLC. The conversion efficiency of the pico-
second SHG declines oscillatorily as a function of input
power, which shows the effective dephasing and strong
pump-depletion effects under the condition of lT ; b,
whereas the femtosecond SHG is similar to a quasi-
phase-matching process under the condition of lT ! b.
The quantum noise of the generated blue-light pulses was
experimentally observed to be ;20% below the shot-noise
limit, but the effective dephasing limits the degree of
squeezing. The comparison between SHG with picosec-
ond pulses and SHG with femtosecond pulses in this work
may stimulate more theoretical interests in such systems,
in which spectral width of the input field is comparable to
the phase-matching width in the pulsed SHG. Also, such
efficient SHG with low peak intensity could have practical
applications in obtaining short-wavelength light beams.
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