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Abstract—We report a femtosecond intracavity-frequency-doubled idler f\ ) O
optical parametric oscillator that employs a single KTiOAsQO, crystal for l M2 KTA Ml L pump
both parametric generation and frequency doubling. This device generates

a yellow output beam at 575 nm with 39.4% power conversion efficiency 575 nm output

when synchronously pumped by a femtosecond Ti: sapphire laser at a

wavelength of 796 nm. An intracavity retarder is employed to alleviate Fig. 1. Experimental setup of the SD-OPO. A mode-locked Ti: sapphire laser
temporal pulse overlap problems associated with group velocity mismatch at a wavelength of 796 nm provides the pump beam.

inside the KTiOAsO, crystal.

Index Terms—Nonlinear frequency conversion, optical parametric oscil- laser operating at a wavelength of 796 nm. Noncritical type-Il birefrin-
lators, parametric devices, second harmonic generation (SHG). gent phase matching in the KTA crystal leads to a signal beam at 1150
nm. Simultaneously phase-matched frequency doubling of the intra-
cavity signal beam within the same KTA crystal is facilitated by intra-
cavity rotation of the signal polarization. The resulting yellow beam at

IN RECENT years, there has been a growing interest in secorg5 nm exits the cavity via a dichroic beamsplitter. A fixed time delay
order nonlinear wavelength conversion systems that utilize the gitroduced between the two orthogonally polarized intracavity signal
multaneous phase matching of two different processes within the sapagses is shown to alleviate temporal pulse overlap problems associ-
nonlinear crystal [1]-[24]. Efficient wavelength conversion of lasers tated with group velocity mismatch (GVM). The overall (from 796 to
wavelengths that cannot be reached via a single nonlinear process Is&nm) power conversion efficiency of the two step process is 39.4%.
been demonstrated with such systems [1]-[13]. In particular, self-dote our knowledge, this is the highest value reported to date for an in-
bling optical parametric oscillators (SD-OPOs), where optical pargacavity frequency-doubled OPO.
metric oscillation and second-harmonic generation (SHG) are simulta-
neously phasfe_-matched within the same nonIinear crystal, were sh(_)wn Il. EXPERIMENTAL SETUP
to provide efficient tunable upconversion of near-infrared lasers to vis-
ible wavelengths [1]-[5]. Even though the same wavelength range carPur SD-OPO is based on a 20-mm-long KTA crystal that is cut for
be reached by cascading an optical parametric oscillator (OPO) ani@efcritical phase matching along the= 90° andp = 0° direction. A
SHG crystal (either external or internal to the OPO cavity), the convdye-Il polarization geometry is employed to achieve parametric gen-
sion efficiency of the two-step process is usually low, and the preserff@tion, where both the pump at 796 nm and the signal at 1150 nm are
of a second crystal increases system complexity. p-polarized (horizontal, fast axig, axis), and the idler is-polarized

In a SD-OPO, the signal beam propagating through the nonlindxgrtical, slow axisz axis). Frequency doubling of the signal beam is
crystal experiences gain due to parametric amplification and dra@§0 type-Il phase-matched for the same direction of propagation; the
power from the pump beam, but at the same time experiences loss ti¥lamental beam at 1150 nm has betands-polarized components,
to SHG and loses power to the second-harmonic beam. The highafid the second-harmonic beam at 575 nm polarized. This polar-
nesse OPO cavity that is singly resonant at the signal wavelength t{tion geometry belongs to class-C SD-OPOs, as defined in [18]. The
ically has very low parasitic linear losses. These parasitic losses &f¢stal has antireflection coatings for the signal, pump, and second-har-
compensated for by the net gain (parametric gain minus loss duemgnic wavelengths on both surfaces.

SHG) experienced by the signal beam. The second-harmonic beam {Qur experimental setup shown in Fig. 1 is based on a ring cavity
coupled out of the cavity with the use of a dichroic beamsplitter. ~ Made up of four mirrors that are high reflectors at the signal wave-

An analysis of simultaneous phase matching of OPO and SHG inté&0gth. Mirrors M1 and M2 are 100-mm radius-of-curvature concave,
actions has identified a number of different polarization geometries fdfd M3 and M4 are flat. The lowest order transverse mode of the cavity
SD-OPOs[18]. Whentype-Il phase-matched SHG is employed, itis nd@ms an intracavity focus with a diameter of 3t (calculated) be-
essary to rotate the polarization of the intracavity signal beam to alléween M1 and M2 with the KTA crystal placed at the focus. The fast
simultaneous SHG. This is actually advantageous, since it provides@is of the crystal is parallel to the horizontal plane coinciding with
externally adjustable parameter, namely the polarization rotation angdf€ Polarization of the pump beam. A mode-locked Ti: sapphire laser
that can be used to optimize the conversion efficiency for the particufft has 140-fs-long pulses (216-fs autocorrelation) at a repetition rate
pump power at hand. These issues are analyzed extensively in [18].0f 76 MHz provides the pump beam at a wavelength of 796 nm. The

In this paper, we report a femtosecond SD-OPO in which a sing®/mp beam is focused with a lens (L) of focal length 50 mm and enters
KTiOAsO, (KTA) crystal is employed for both parametric generatiohe cavity through M1. The focused pump beam has a@2diameter

and SHG. The SD-OPO is synchronously pumped by a Ti: Sapph(fgeasured). An intracavity half-wave plate (HWP) is used to couple
a portion of thep-polarized signal beam te-polarization to facili-
Manuscript received August 6, 2002; revised September 16, 2002. This wegie type-Il phase-matched SHG. Synchronization ofpipolarized
gask)qu;Jortgd irépartt%t;\%gggkish Scientific and Technical Research Counil-5cavity signal pulses with the pump pulses is achieved by moving
upitak) unaer Gran - . . . .
The authors are with the Department of Electrical and Electronics Engm3 with a plezo-electrlcalliy Controllgd mount. The freq.uer.lcy-doubled
neering, Bilkent University, TR-06533 Bilkent, Ankara, Turkey. yellow beam at 575 nm exits the cavity through M2, which is coated for
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wavelength. This optic is also transparent to the idler beam at 2586 260 . B A
nm. An external dichroic beamsplitter (DBS) is used to separate the £240r LR
output yellow beam from the idler beam. The diverging output beam E220f- "

is collimated with a lens (not shown). The residual pump beam leaves ’gzoo—
the cavity through M3. 8180}

After the intracavity signal polarization is rotated with the HWP, a 5 160} TS R .
birefringent crystal is used as a retardey) (to provide a fixed time S 140t R )
delay between the- andp-polarized components of the signal beam,  © 459l ’
with the intention of achieving better temporal overlap between these G ;o4
pulses inside the KTA crystal. If this time delay were not present, the 2
two orthogonally polarized signal pulses would enter the crystal syn- S o :
chronously, and start walking away from each other due to GVM. (The -‘Ié’ , .
calculated GVM for these pulses is 300 fs/mm.) However, the retarder %5 ST B :
provides a fixed time delay of 1.48 ps, so that thpolarized signal @ .
pulse leads the-polarized signal pulse by approximately 0.45 mm be- % 10 20 30 0 50 60
fore entering the crystal. Once inside the crystal thmolarized pulse Polarization rotation angle (degrees)

_Catches up W't.h the-polarized pulse fapprOXImater 5 mm fr_om theFi .2. SD-OPO output power at 575 nm as a function of polarization rotation
input facet. This arrangement essentially doubles the effective crysg%b.
length that is available for SHG.

The particular birefringent crystal that we use as a retarder is a 2gp : . . . ; —
5-mm-long KTP crystal that is cut in tlle= 90° and¢ = 0° direction. SDAQ| e
Its polarization axes are oriented so that the slow axigielarized and Eoo0b e ; o ¢
the fast axis ig-polarized, opposite to those of the KTA crystal. Since 200 : .
in this orientation and at the present wavelengths this KTP crystal is not S I : o
phase matched for any second-order interaction, its nonlinear nature = » : & .
does not come into play, and its effect is limited to linear retardation £ , ,
between orthogonal polarization components at the signal wavelength. 8 P .

Il. RESULTS AND DISCUSSION

power is coupled out of the cavity by means of nonlinear SHG.
When there is no intracavity polarization rotation (either the HWP ; .. : ; ; ;
is removed from the cavity or its fast and slow axes are aligned with 00 100 200 300 400 500 600 700
those of the KTA crystal), the intracavity signal beam does not have Pump power (mW)
an s-polarized component, resulting in little frequency doublingig 3. SD-OPO output power at 575 nm as a function of input pump power
(only due to parasitic interactions). In this case, the OPO is severalfile the retarder rotation angle is held fixed af 22
undercoupled, and the intracavity signal power is very high. The
threshold of this undercoupled OPO is 51 mW. At an input pum@sponds to a photon conversion efficiency of 56.4%. Fig. 3 shows the
power of 655 mW, the pump beam is depleted by 87%, showing stroagtput second-harmonic power as a function of input pump power at
parametric conversion. a constant polarization rotation angle of°22n this case, the OPO

As we start rotating the intracavity signal polarization by rotatinthreshold is 151 mW. Note that the power input—output graph of Fig. 3
the HWP, a portion of the-polarized intracavity signal is coupled intois far from being saturated at high-input power levels.
s-polarization, and phase-matched SHG begins to take place. Fig. Zhe spectrumoftheyellowoutputbeamasmeasuredbyamonochrom-
shows the output second-harmonic power at 575 nm as a functionetdr (resolution 0.5 nm) is shown in Fig. 4. The output spectrum is nar-
the intracavity polarization rotation angle. Both polarization compaewer than those of the pump and the intracavity signal. The autocorre-
nents at the signal wavelength get depleted due to SHG in the cryskation width of the yellow output pulses is measured to be 789 fs. This
reducing the resonant intracavity signal power. As the polarization npulse broadening is due to both GVM in the KTA crystal and group ve-
tation angle is increased, the second-harmonic output power incredeegy dispersion (GVD) inthe KTA and retarder crystals. We used an ex-
up to a maximum, and then begins to decrease as a consequence déraal two-prism double-pass pulse compressor composed of two SF-10
duced intracavity signal power. Rotating the signal polarization effersosceles Brewster prisms that are separated by 108 cm, and reduced the
tively increases linear cavity losses as well, and the OPO falls bel@autocorrelation width of the output to 318 fs. Fig. 5 shows the autocorre-
threshold at one point. At 655-mW pump power, the second-harmoretion of the output pulses before and after the pulse compressor. Unfor-
output power reaches a maximum value of 258 mW at a polarizatiamately, unlike pulse broadening due to GVD, broadening due to GVM
rotation angle of 22, and the OPO falls below threshold at’54tthe cannotbereversedusinganexternalcompressor. Hence, the outputpulses
maximum point, the power conversion efficiency from the input pumare stillnottransformlimited after compression. Assuming secanthyper-
beam to the output second-harmonic beam is 39.4%, and the pumplutgtic (sech) pulse shapes, the pulses are estimated to be 6.2-and 2.5-times
pletion is 82%. We note that, in this case, thpolarized signal com- transform limited, before and after the pulse compressor, respectively.
ponent is completely depleted at the exit facet of the crystal. Thetransverse profile ofthe yellow outputbeam as measured withaCCD

Since two 796-nm photons are annihilated to create one 575 mamera is nearly Gaussian.
photon, the photon conversion efficiency for the SD-OPO is defined Inprinciple, itis possibletotunethe outputwavelength ofthis SD-OPO
as the number of output 575-nm photons divided by half the numbey varying the KTA crystal angles in conjunction with the pump wave-
of input 796-nm photons. (Full conversion yielding a photon convelength. We could not demonstrate this in practice, however, due to the
sion efficiency of 100%.) Our 39.4% power conversion efficiency conarrowclearaperture (4 mm)ofourrelativelylongcrystal(20mm). Using

c
g
In the intracavity-doubled OPO, the resonant intracavity signal 'r? : B N
©
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Fig. 4. Spectrum of the SD-OPO output.
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Fig. 5. Autocorrelation traces of the SD-OPO output before (dashes line) and
after (solid line) external pulse compression.

15
acrystalwithalarger clear-aperture-to-length ratio, it should be possibl[e
to rotate the crystal up to approximately’a5 either direction (corre-
spondingtoa3Uinternalangle) withouttoomuch degradationinthe per- [16]
formance of the anti-reflection coatings on the crystal facets. We calcu-
lated that itis possible to tune this SD-OPO between 575 and 696 nm hy7
varying? inthe 90 to 60° range (internal) andthe pumpwavelengthinthe
796-to825-nmrange. Similarly, changingrom 0° to 30 (internal) and
the pump wavelength from 796 to 792 nm, itis possible to tune the output
from 575 to 566 nm. [18]

IV. CONCLUSION [19]

We have demonstrated a SD-OPO that employs a single KTA crystal
for both parametric generation and frequency doubling. The two-steEZO]
conversion from the pump wavelength to the second-harmonic of th
signal wavelength is very efficient. Providing a delay between the twq1j
orthogonally polarized signal components to partially alleviate GVM
effects contributes to this high efficiency. To our knowledge, our con-
version efficiency from the pump to the second-harmonic is the higheéizz]
value reported to date for an intracavity frequency-doubled OPO.
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