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Sum-frequency generation between an actively
synchronized ultrashort Ti:sapphire laser and

a Nd:YVO4 laser
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We realized stable synchronization between a femtosecond Ti:sapphire laser and a picosecond Nd:YVO4 laser
by using a precise phase-locked loop technology; ultrashort laser pulses at a wavelength around 460 nm were
generated by frequency mixing both laser branches. This work demonstrated a feasible way to extend the
available ultrashort laser wavelength through nonlinear frequency mixing technology. © 2008 Optical Society
of America
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. INTRODUCTION
xtending the available ultrashort laser wavelength is an

nteresting topic in ultrafast laser science. Because of the
imited laser gain media for femtosecond generation, op-
ical parametric oscillation and amplification are widely
sed to generate tunable ultrashort laser pulses for appli-
ation research [1–4]. Although the technologies of femto-
econd optical parametric oscillation and amplification
ave developed greatly in the past decade, their total ef-
ciency and stability are worse than those of nonlinear
um-frequency technology. In particular, as an ideal way
o extend laser frequencies, second-harmonic generation
SHG) performs with high efficiency and stability [5–7];
owever, because of the limited available femtosecond la-
er sources, we can obtain only some special laser wave-
engths with SHG.

In recent years, we have developed techniques for syn-
hronizing two femtosecond lasers with low timing jitter
nd long-term stability [8,9]. Based on this work, it is pos-
ible to generate ultrashort laser pulses at a new wave-
ength by frequency mixing two synchronized laser
ranches, either by sum-frequency generation (SFG) or
ifference-frequency generation. As the nonlinear tech-
ology for frequency convension, SHG and SFG can be
sed for frequency upconversion, and difference-
requency generation for frequency downonversion, even
o terahertz radiation. Thus frequency mixing two laser
ranches from a synchronized mode-locked laser may
elp us to develop a new technique to generate new ul-
rashort laser wavelengths with higher conversion effi-
iency, superior stability, and lower cost than optical para-
etric oscillation and amplification. In fact, femtosecond

aser pulses at a wavelength near 500 nm has been dem-
nstrated by SFG with a passively synchronized Ti:sap-
hire laser and Cr:forsterite laser [10], in which SFG per-
ormed with a nonlinear efficiency similar to SHG.
0740-3224/08/070B39-5/$15.00 © 2
To generate the new ultrashort laser pulse with the
ixing frequency technology, stable synchronization be-

ween two mode-locked lasers is necessary. There are two
ypes of scheme for synchronizing independent mode-
ocked lasers, which may be passive or active. In general,
he passive scheme is of all-optical technology [11,12],
here the cross-phase modulation effect in a Kerr me-
ium is responsible for the mechanics of synchronization.
lthough passive synchronization performs with an ex-

remely low timing jitter, it is accompanied by some dis-
dvantages in its complex optical configuration and spa-
ial dependence. In contrast, the active scheme utilizes an
lectronic phase-locked loop (PLL) to match the cavity
engths of two laser oscillators to lock their repetition
ates and hence to realize synchronous laser operation
13,14]. Although the active scheme allows both lasers to
e freely set in space and is suitable for more lasers, nor-
ally it performs with a relatively larger timing jitter

han the passive scheme. With the recent development in
arrier envelop phase (CEP) control and an optical fre-
uency comb with femtosecond laser pulses, the precision
f active synchronization is approaching that of the pas-
ive [15]. Therefore, the technique of active synchroniza-
ion provides a flexible way to synchronize any two mode-
ocked lasers that may have completely different
avelengths and pulse widths.
In this paper we report active synchronization between
picosecond Nd:YVO4 laser and a femtosecond Ti:sap-

hire laser; a timing jitter of less than 350 fs was real-
zed. Based on this work, we generate a broadband ul-
rashort laser pulse at the central wavelength of 460 nm
y frequency-mixing two synchronized laser branches in a
-BaB2O4 (BBO) crystal. The typical rms stability is
bout 5%. This work demonstrates a new way to extend
he wavelength of ultrashort laser pulses with nonlinear
requency mixing technology.
008 Optical Society of America



2
T
c
P
p
F
s
o
a
3
a
p
g
t
t
w
2
(
i
m
n
a
s
i
t
t
l
i
d
o
s
a
d
a
r
t
t
i
t

t
a
s
i
f

T
t
v

p
f
w
t
t
c
l
p
q
o
t
s
s
t
i
n
t
t
l
t
t
b

s
l
b
e
p
o
f
v
3
t

B40 J. Opt. Soc. Am. B/Vol. 25, No. 7 /July 2008 Zhao et al.
. EXPERIMENTAL SETUP
he schematic experiment setup is shown in Fig. 1. A
ommercial picosecond Nd:YVO4 laser (High Q Laser
roduction GmGH) and a homemade femtosecond Ti:sap-
hire laser were used as two sources for synchronization.
or the Nd:YVO4 laser, a semiconductor saturated ab-
orption mirror is used to start and sustain mode-locked
peration at the repetition rate of 68 MHz; a laser pulse
s short as 6.8 ps is generated with an average power of
W. The femtosecond Ti:sapphire laser is designed with
prism-dispersion-controlled scheme [16]; under the

ump power of a 5 W CW 532 nm laser (Verdi 5), it can
enerate stable laser pulses shorter than 50 fs at the cen-
ral wavelength of about 810 nm with bandwidth wider
han 20 nm. In order to synchronize the Ti:sapphire laser
ith the Nd:YVO4 laser, we preset the cavity length at
.2 m, and mount the end mirror on a piezo transducer
PZT), which is controlled by self-designed PLL electron-
cs. To lighten the load of the PZT, the end mirror is

anufactured with a 6 mm diameter and 1 mm thick-
ess. Changing the voltage on the PZT will enable us to
djust the cavity length finely and quickly for accurate
ynchronization. The mirror mount, on which the PZT is
nstalled, is fixed on a motorized linear fine stage so that
he cavity length of the Ti:sapphire laser can also be con-
rolled by the computer on a larger scale and at a much
ower speed. Then the dual-color laser beams are focused
nside a BBO crystal with separate lenses. Adjusting the
elay line in the Ti:sapphire laser arm can optimize the
verlap between the two laser pulses in the temporal and
patial domains. Two fast-response photodetectors (S5973
nd G8376, Hamamastu Photonics, Inc.) are utilized to
etect the mode-locked laser pulses from both branches,
nd both the fundamental and the 12th harmonic of the
epetition rate are extracted to two sets of PLLs, in which
he repetition rates of the two lasers are compared and
he feedback control voltage is generated to drive the PZT
nside the Ti:sapphire cavity. The operating principle of
he two PLLs is discussed in detail as follows.

As shown in Fig. 1, we designed two PLLs with repeti-
ion rates of 68 and 816 MHz for different capture ranges
nd locking precision. The first has a wide capture range
o that the initial synchronization can be established eas-
ly, while the second can be switched instead of the first
or fine locking.

The scheme of the 68 MHz PLL is indicated in Fig. 2.
he fundamental frequency (i.e., 68 MHz) signals are fil-
ered and amplified from two photodetectors and are di-
ided by 256 at 265.6 kHz. The signal from the Ti:sap-

Fig. 1. Schematic diagram of synchronized lasers and SFG.
hire laser passes through an adjustable delayer and is
ed into the phase–frequency detector (PFD) together
ith the signal from the Nd:YVO4 laser. The output from

he PFD goes into an active second-order filter (loop fil-
er); after further amplification, it finally generates the
ontrol voltage to drive the PZT for tuning the cavity
ength of the Ti:sapphire laser. In Fig. 2 we also show the
rinciple that the PFD compares two signals with a fre-
uency of 1/256 of the laser repetition rate, so that the
utput should include relatively less error information on
he frequency and phase of two series of mode-locked la-
er pulses. Therefore, if this PLL is used to control the
ynchronization between two lasers, the precision is rela-
ively low and the timing jitter is about 10 ps. Consider-
ng the pulse duration of the two lasers, such precision is
ot high enough for stable SFG. However, the large cap-
ure range makes it easy to establish synchronization be-
ween the two lasers. Furthermore, by adjusting the de-
ayer in this PLL, the relative temporal position between
wo pulses can be changed into a desirable value (more
han 10 nanosecond range), which is very helpful For SFG
etween the two branches.
Figure 3 indicates the schematic of the 816 MHz PLL

cheme. The pulse signal from the mode-locked Nd:YVO4
aser first passes through a band filter and an amplifier,
y which its 12th-harmonic frequency �816 MHz� signal is
xtracted. Then the harmonic signal is input to the RF
ort of one double-balanced mixer, the local oscillator port
f which is loaded by the 816 MHz sine signal derived
rom synthesizer. Thus the harmonic signal is downcon-
erted into a low-frequency signal with a frequency of
00 kHz output from the intermediate frequency port of
he double-balance mixer. Then this 300 kHz signal is

Fig. 2. Schematic diagram of 68 MHz PLL.

Fig. 3. Schematic diagram of 816 MHz PLL.
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mplified and translated into a TTL (transistor–
ransistor logic) signal. The other 300 kHz TTL signal, go-
ng through identical signal processing, is from the Ti-
sapphire laser. Both TTL signals are fed into a PFD. Its
utput also goes through the loop filter and the amplifier
nd finally generates the control voltage to drive the PZT
n the Ti:sapphire laser. Since the 300 kHz signal is de-
ived by the same downconversion scheme, the phase de-
ection process is equivalent to comparing two 816 MHz
ignals directly, which are the 12th harmonic of the rep-
tition rate. Application of high-harmonic phase detection
rovides higher sensitivity to phase error [17] and there-
ore results in much better synchronization precision.
ompared with the 6.8 ps pulse duration of the Nd:YVO4

aser pulse, the timing jitter here is low enough to enable
table SFG.

Either of these two PLLs has its own inherent advan-
ages and disadvantages, and the solution to this problem
s to combine the best properties of them to lock two la-
ers, which is accomplished by sequential application of
wo PLLs. First the output signal of the 68 MHz PLL is
sed to drive the PZT in the Ti:sapphire laser, and then it

s locked to unambiguously establish the synchronization
etween two laser pulses. Once the synchronizion is
tarted, we can adjust the delayer in this PLL to set the
elative timing between two pulses to a preferable value.
hen the driving voltage to the PZT is quickly switched

rom 68 MHz PLL to the 816 MHz PLL, and the harmonic
oop then takes over for the former loop to lock the two
asers and result in low timing jitter. During this process,
he relative temporal position between the two laser

Fig. 4. Synchronized laser trace acquired by an oscilloscope.

ig. 5. (a) Cross-correlation trace between the Nd:YVO4 laser a
he corresponding rms stablity is about 5%; we infer that the tim
ulses almost does not change. Once the laser operates at
he synchronous mode with the 816 MHz PPL, tight
hase-locking can be maintained for several hours con-
inuously.

. SUM-FREQUENCY GENERATION
o generate the sum-frequency, we focus each of the the
wo synchronized laser branches into a BBO crystal with
eparate lenses. Considering the different wavelengths of
ach laser beam, it is helpful to obtain an optimized focus
ith two independent lenses. A high-speed photodiode is
sed to detect both laser pulses and roughly determine
heir temporal collapse inside the crystal. We first connect
he PZT drive input to the 68 MHz PLL. When the two
asers are successfully locked, we can observed the pulse
rains from the oscilloscope as shown in Fig. 4, in which
oth laser trains with different amplitudes represent the
wo synchronized mode-locked laser pulses. By adjusting
he delayer in the PLL, we can make the two series of
ulse signals lie on top of each other. After that, we
uickly switch the driving voltage to the PZT from this
LL to the 816 MHz PLL, and the pulse trains on the os-
illoscope (with sampling frequency of 500 MHz) do not
hange, which means that the variation of relative tem-
oral position between the two laser pulses is less than
00 ps. To determine the timing jitter exactly, we further
arried out the cross-correlation measurement by chang-
ng the time delay between the two pulses. Figure 5(a) is
he typical trace of SFG when the delay is swept; it shows
hat the FWHM of the cross correlation is about 7 ps. Fig-
re 5(b) is the time record of the intensity fluctuation of
he SFG at a fixed delay when the cross-correlation signal
as half the height of the peak, which indicates that the

tandard deviation is about 0.6, corresponding to a stabil-
ty of about 5%, implying that the rms timing jitter be-
ween the two lasers is less than 350 fs (500 Hz band-
idth) in 10 s.
Once two laser pulses are precisely synchronized, the

FG signal can be further optimized by improving their
patial overlap inside the BBO crystal and fine-tuning the
elay line between two lasers. Figure 6 shows photo-
raphs of laser beams taken by a digital camera; Fig. 6(a)
epresents three lasers beams at different wavelengths

apphire laser and (b) fluctuation record of the SFG at half-peak.
tter is less than 350 fs in 10 s (500 Hz bandwidth).
nd Ti:s
ing ji



o
t
s
N
h
s
t
l
t
m
s
v
t
s
t
:
c
c
l
c
p
f
s
q
W
b
r
t
t
f
i
f
c
s

c
t
g
=
a
d
a
b
w
p
c
h
c
2
o
b

t
b
m
m
l
e
l
i
b
s
a

4
I
a
p
b
8
q
e
t
w
t
t
v
b
l

A
W
h
N
6
C
t
S

R

F
w

B42 J. Opt. Soc. Am. B/Vol. 25, No. 7 /July 2008 Zhao et al.
utput from the BBO crystal directly. The middle beam is
he SFG laser at the central wavelength of 460 nm; the
ides are laser spots from the Ti:sapphire laser and the
d:YVO4 laser. Further observing the laser beams with a
igh-dispersion prism, we found five separate spots on the
creen as in Fig. 6(b), which displays the laser beams at
he wavelengths of 1064, 810, 532, 460, and 405 nm from
eft to right, corresponding to the fundamental waves of
he Nd:YVO4 and Ti:sapphire lasers, the second har-
onic of the Nd:YVO4 laser and the sum-frequency and

econd harmonic of the Ti:sapphire laser, respectively. Ob-
iously, the intensity of the SFG �460 nm� is much higher
han that of the two SHGs (532 and 405 nm). We mea-
ured the average power of SFG as about 10 mW, while
he synchronized output powers of the Nd:YVO4 and Ti-
sapphire lasers are 2 W and 500 mW, respectively. We
onsider the main reason for the lower conversion effi-
iency to be the unmatched pulse widths between the two
aser sources, which limits the nonlinear process that oc-
urs in the temporal domain because of the sub–7 ps
ulse width for the Nd:YVO4 laser and 50 fs pulse width
or the Ti:sapphire laser. Nevertheless, this result demon-
trated a new way to generate laser frequencies by fre-
uency mixing between synchronized laser branches.
ith similar pulse widths for two synchronized laser

ranches, we believe that the conversion efficiency can be
emarkably increased. Considering that the bandwidth of
he Ti:sapphire laser is about 22 nm, it is much wider
han that of the Nd:YVO4 laser (less than 0.5 nm); there-
ore the process of SFG can be regarded as the nonlinear
nteraction between a broadband laser and single-
requency CW laser [18], which makes all the frequency
omponents of the femtosecond pulse increase by a con-
tant of �=2�c /� (c is the velocity of light and � is the

ig. 6. (Color online) Fundamental and second-harmonic as
ell as sum-frequency laser beams.

Fig. 7. Spectra of sum-frequency laser emission.
p p
entral wavelength of picosecond laser). Assuming that
he spectrum of the femtosecond pulse is Ef��� (� is an-
ular frequency), that of the SFG pulse should be Es���
Ef��−��. According to the stated assumption and the
bove relation, we derived the SFG spectrum as the
ashed curve in Fig. 7, which indicates a bandwidth of
bout 7 nm. The direct measurement shows that the
andwidth is about 5 nm (see the solid curve in Fig. 7),
hich is narrower than the theoretical value and sup-
orts a pulse duration of about 45 fs for the hyperbolic se-
ant pulse. We infer that the bandwidth difference may
ave two causes: one is the imperfection of the theoretical
alculation; the other is that in the BBO crystal, with
mm thickness, the long crystal constrains the spectrum

f the sum-frequency laser because of the phase-matched
andwidth.
In the experiment, a computer is also utilized to moni-

or the real-time variation of the cavity length difference
etween the synchronized laser branches. Controlling the
otion of the fine linear stage inside the Ti:sapphire laser
ay compensate for the variation of the relative cavity

ength caused by the surrounding environmental influ-
nce. Therefore, once two lasers have been successfully
ocked, they will maintain synchronization with low tim-
ng jitter; the SFG performs with excellent long-term sta-
ility, as long as 4 h within the observed time. In some
ense, we have demonstrated a new technology to extend
n ultrafast laser to a relatively shorter wavelength.

. CONCLUSION
n conclusion, we have realized synchronization between

picosecond Nd:YVO4 laser and a femtosecond Ti:sap-
hire laser, which can be stably locked for several hours
ased on the combination of two electronic PLLs at 68 and
16 MHz, with a timing jitter of less than 350 fs. By fre-
uency mixing both synchronized laser branches, we gen-
rate ultrafast laser pulses at the wavelength of 460 nm;
he typical rms stability is about 5%. The measured band-
idth of 5 nm supports a pulse duration of about 45 fs for

he hyperbolic secant pulse. Compared with the conven-
ional techniques of frequency conversion, this work pro-
ides a new way to generate stable ultrashort laser pulses
y synchronizing any ultrafast lasers with different wave-
engths or pulse widths.
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