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2 GHz repetition-rate femtosecond blue sources by second harmonic
generation in a resonantly enhanced cavity
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We report a 2 GHz repetition-rate, all-solid-state femtosecond blue source. Pumped by a 740 mW
femtosecond Ti:sapphire laser with the same repetition rate, 150 mW femtosecond pulses at 409 nm
can be efficiently generated from the external resonant cavity with a lithium triborate crystal. ©
2005 American Institute of PhysidDOI: 10.1063/1.1862785

GHz-repetition-rate(GRR) femtosecond lasers open a etition rate. This was achieved by a resonant cavity matched
wide range of application]s‘.5 In an optical communication to a 2 GHz repetition-rate Ti:sapphire laser.
system, these lasers provide necessary bandwidth and repeti- In Fig. 1 we show a schematic diagram of our experi-
tion rate for the hybrid wavelength-division multiplexed and mental setup. The fundamental beam came from a 2 GHz
optical time-division multiplexed systemd=or spectroscopy repetition-rate femtosecond Ti:sapphire |&seBigaOptics,
and sensing applications, GRR lasers reduce the peak intefigaJet 30, whose center wavelength was 816 nm. The typi-
sities while maintaining a high average power, which is im-cal output power was 840 mW with 34 nm bandwidth and
portant for achieving high signal-to-noise rati¢SNRS. 80 fs pulse width. After two mirrors, the beam path and the
With a high free spectral range, GRR lasers are also wideljpolarization were both horizontal to the optical table. Then a
applied for frequency metrolodyWith much enhanced non- pair of lenses, L1 and L2, was used to manipulate the
linear signal while maintaining the viability in a live objects, g-parameter of the fundamental beam before the resonant
GRR femtosecond lasers allow the realizatiomnofivoreal- ~ cavity. The fundamental power reaching the nonlinear crystal
time second harmonic generatid8HG) microscopf Al- was enhanced with a four-mirror ring cavity consisting of
though GRR femtosecond lasers have diversified applicawo flat mirrors, M1 and M2, and two curve mirrors, C1 and
tions, no high-power blue or ultraviolétV) sources existat C2. M1 was a coupling mirror with partial reflectivityR
such high repetition rate, which has particular importance for 80%), whereas M2, C1, and C2 were coated for high re-
the study of physical science. In the tests of quantum eledlectivity at the fundamental wavelength. The radius of cur-
trodynamics theory, an intense GRR UV source is required tyature of C1 and C2 was 2.5 cm, and the circulating beam
perform two-photon resonance of hydroge®2S transition inside the ring cavity was focused between them. At the fo-
with better accuracy and SNRn the study of femtosecond- cus between C1 and C2, a Brewster cut lithium triborate
laser-excited coherent acoustic phonons, intense GRR bly&BO) crystal was chosen as the SHG material because of its
source can reach the acoustic phonon decay ratél’na” walk-off angle and Iarge nonlinear COEfﬁCié?’lﬂ—he
(<1/500 p3, thus allowing the generation of sustained thickness of the LBO crystal was 0.5 mm and the astigma-
acoustic phonon oscillatios'° To generate GRR blue or tiSm compensation angle of curve mirrors was approximately
UV pulses, a straightforward method is frequency doubling al1° based on a calculatidfiThe generated SHG was output
GRR Ti:sapphire laser. But due to its low pulse energy, the
yield of the nonlinear SHG process is too low for efficient
energy transfer. For example, with the same average powe 2-GHz repeition-rate | M
and other parameters, an increase in the femtosecond las Ti:sapphire laser
repetition rate from 80 MHz to 2 GHz will decrease the
SHG conversion efficiency by 25 times. Many methods have
been developed to achieve higher conversion efficiency with-
out degrading the phase-matching bandwidf® A cavity-
dump method %ives a one-shot release of all energy stored ii
the laser cavity? thus providing much higher peak power for
more efficient energy conversion. With similar consideration
of higher peak powers, intra-cavity frequency doubling | SV PBS Fiier
method moves the SHG crystals into the caWVity® But 02
these two methods lower the laser repetition rate and intro-
duce nonlinear loss in the cavity. To meet the requirements
building an external resonant cavity for the enhancement of
SHG is one possible methdd:* In this letter, we demon-

strate a high power femtosecond blue source at 2 GHz reg=G. 1. Schematic diagram of the experimental setup. M: folding mirror;
L1, L2, mode-matching lenses; HWP, half-wave plate; M1, input coupler;
M2, PZT driven mirror; C1, C2, concave mirrors; F, neutral density filter
dauthor to whom correspondence should be addressed; electronic mailND=4); QWP, quarter-wave plate; PBS, polarization beam splitter; D1,
sun@cc.ee.ntu.edu.tw D2, photodiodes; DA, differential amplifier.
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FIG. 2. Spectrum of the generated SHG from the resonant cavity. ~ FIG. 3. Third-order correlation trace measured by nondegenerate four-wave
mixing (open circles Solid line is a Gaussian fit. Inset shows a schematic
plot of the four-wave mixing setup. 4M: four-wave mixing signal.

from C2, whose transmission was 66% at 409 nm. To

achieve better transverse mode matching, the length of the ) ] ) )
resonant cavity(45 cm is chosen to be three times that of by the phase matching ba_ndW|dth and the dispersion of the
the pumping Ti:sapphire lasdil5 cm. This ratio is kept LBQ crystal. At the op(_aratlon vv_a}velength o'f 409 nm, there
with the aid of the Hansch—Couillaud methtdwhich em- exists no phase matching condition for available SHG crys-

ploys depolarization signals as feedback error signals. Fof2!S 1o perform an SHG-type autocorrelation measurermient.

lowing this technique, the LBO also served as a polarizationln order to measure the pulse width of the gengrated blue
ulses, we employed an alternate method by using a four-

limiting element. In order to make the feedback systemp

sensitive to the change of cavity lendfhwe turned the po- Wave mixing based third-order correlaffor with an

larization by a half-wave plate HWP and reduced the effeciNGaN/GaN quantum well sampléThis setup is similar to

tive input power to 740 mW. Then the combined multiple- & pun;]p-probe n;easubrem_ent syst’é’m:;where pu_nr:p provide”s q
reflection output was directed into a depolarization syste t,_WO photons and probe gives one photon with & controlled-
which was constructed by a quarter-wave plate QWP, a potjge_delay(mset of Fig. 3. Taking advantage of the strong
larization beam splitter PBS, and a pair of detectors D1 and r:n thde '?\Ga_N/G,aN quantum well sal%nple with an ul-
D2. The error signals were generated with a differential am{r@short dephasing time at room temperafuree can mea-
plifier and feedback to a piezoelectric transdu¢BzT)  SUr® the npndegenera_te fpur-wave mixing 5|gna_1l algo at
driver through servo electronics. Then the driver appliea409 nm on Its unique d|rect|(_)n. Based on a Gaussian fit, the
voltage on the PZT300 kHz resonant frequencyo move re_sulted thlrd—ort_jer correlation 'Frace shows a 248 fs full
M2 and formed a closed loop with 500 Hz unit-gain band-WIdth at half maximum{FWHM) (Fig. 3), corresponding to a

width. We changed the open loop gain and the low-pass fre'zhoocjs p;]"s¢ Wid.th' T_he exchelltre]nt fittinﬁ] sugpor;s the fact that2
quency of the servo electronics in order to performt€ dephasing time is much shorter than 200 fs. Because C

roportional-integral control. When the control system oper-21d the collimation optics introduced dispersion on the
prop g y b Ises, the original pulse width should be shorter than this

ates in the stable region, the mirror M2 can dynamicallypu . i .
compensate the thermal and mechanical disturbance on t lue. To obtain much shorter SHG pulse width, much thin-

resonant cavity system and follow the disturbance in the i LBO CrK.Stalehgqu Ee eC:nployed tczj.proviQe enough
ser system. With the experimental setup described above, w1as€ matching bandwidth and accurate dispersion compen-

can estimate the conversion efficieneyy the equatiof? sation, before pulse entering the resonant cavity and inside
the resonant cavity might be required.

In conclusion, based on an external resonant cavity, we
= o 55 (1) have realized a high-power femtosecond blue source with
{2-(1-TDY42 - L - (sEn P Y1} 2 GHz repetition rate. Pumped by 740 mW fundamental

whereT1 is the transmission of input coupld®, is the input ~ POWer, we can obtain 150 mW averaged SHG power. The
fundamental powel, is the linear loss exclusive a1, and 20% conversion ef_f|C|ency is close_d to the estimation _by the
Ey is the effective single-pass nonlinear conversion effi-[€0ry. The operation wavelength is centered09 nm with
ciency based on average power. In our caEe=0.2, P, 4 nm FWHM. With the help of nondegenerated four-wave
=0.74,L=0.05. When we removed the coupler and the half-iXing on the InGaN/GaN quantum well sample, the mea-
wave plate, the resulted average blue power was 1.9 mwpured third-order correlation showed 200 fs pulse width.

wave [ n 5 overage
indicatingEy =2.74x 10 W™, With these parameters, we This project is sponsored by the National Science Coun-

can solve Eq(1) and expect our scheme to greatly increasegj of Tajwan, Republic of China, under NSC 92-2112-M-
the SHG conversion efficiency up to 22.7%. 002-044.
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