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Using doubly resonant sum-frequency mixing between 1064 and 532 nm in an external resonator, we obtained
186 mW of continuous-wave ultraviolet output at A = 355 nm with more than 20% conversion efficiency from
the total incident power onto the mixing cavity. The resonator mirrors are shared by both the 1064- and

the 532-nm beams, yielding an optimum mode overlap between the two resonating modes.

To maintain the

simultaneous resonance, we locked the external resonator to the single-frequency green laser and locked the

1064-nm laser to the resonator.
any two wavelengths.

Continuous-wave ultraviolet sources near 350 nm are
attractive for applications including the mastering of
optical disks as replacements for UV argon-ion lasers.
By third-harmonic generation of Nd lasers near
1064 nm, 355-nm output can be obtained. To obtain
355-nm output, one must mix two beams at 532 and
1064 nm, both of which are available in cw mode with
current technology.

So far, resonant second-harmonic generation, or, in
other words, doubly resonant sum-frequency mixing
(DRSFM) between the same wavelengths, has been
demonstrated with excellent conversion efficiencies
into green light.!® Cw DRSFM of two different
wavelengths to the UV region in an external resonator
has been demonstrated with 31 uW of output
power.* Also, one can find some demonstrations of
DRSFM in the blue region (459—-462 nm) in a coupled
laser cavity® or in an external resonator.®

In this Letter we report a cw diode-pumped all-
solid-state 355-nm laser source with an output power
close to 200 mW, based on DRSFM in an external
resonator. The conversion efficiency was enhanced by
the high intensity of the circulating field in the external
resonator.

In a sum-frequency-mixing process the output is
proportional to the product of the powers at two input
frequencies in the nondepleted approximation, which is
valid for cw operation at power levels of 1 W or less.
The output at the sum frequency is expressed as

Psre = ysrgPe1Pes, D

where P.; and P,y represent the optical powers inci-
dent upon the nonlinear crystal at frequencies w;
and wq, respectively, and ygpg represents the normal-
ized conversion efficiency.” In the case of 355-nm
generation the choice of the nonlinear crystal is limited
to a few candidates owing to their transmission cut-
off and phase-matching conditions. For most of the
available nonlinear materials, including beta-barium
metaborate (BBO), yspg is typically on the order of
107°-10"* W1, so one would need an input power of
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This technique can be applied to cw sum- or difference-frequency mixing of
0 1995 Optical Society of America

30 W at each input frequency (60 W in total) to ob-
tain an output power of the order of 0.1 W. In the
resonant conversion configuration, in which the input
powers are enhanced by the resonance, the incident
powers to the nonlinear crystal are

P =EP;, (2a)

Py = EyP;, (2b)

where P;; and P;; are the optical powers that are
coupled to the resonator and E; and E; are the
enhancement factors at frequencies w; and ws, respec-
tively. Substituting Eqs. (2a) and (2b) into Eq. (1), we
obtain

Psyc = ysraE1E2P1 Pis, 3

indicating E,E, times enhancement of the total con-
version efficiency over the single-pass conversion effi-
ciency. An enhancement factor of approximately 100
can be obtained when the resonator has a finesse of
~300. When the finesse for each frequency is ~300,
the total sum-frequency conversion efficiency can be
enhanced by a factor of ~100%2 = 10,000. This yields
a total conversion efficiency on the order of 1 W1,
meaning 0.1-0.2-W generation from incident powers of
less than 1 W at each frequency. In the case of singly
resonant conversion, one of the enhancement factors be-
comes unity, reducing the total conversion efficiency to
an impractical value. Therefore resonating the inputs
at both frequencies is necessary at power levels at or
below 1 W.

A schematic of the experimental setup is shown in
Fig. 1. The DRSFM resonator resonates at both 532
and 1064 nm and has a bow-tie design consisting of
two flat mirrors and two 30-mm concave mirrors, one
of which is the input/output coupler, and a 3-mm-long
BBO crystal. One of the flat mirrors is mounted on
a voice coil motor (VCM),® which is an electromagnetic
precision-positioning device that provides control of the
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Fig. 1. Schematic of DRSFM: L1, laser 1 (532 nm); L2,
laser 2 (1064 nm); PM1, PM2, phase modulators; DM,
dichroic mirror; OSC, oscillators; PD1, PD2, photodiodes;
M1-M3, dual high-reflection mirrors; M4; dual input/
output mirror. Solid lines represent the optical path, and
dashed lines represent the flow of the servo loops.

cavity length. M1, M2, and M3 are high reflectors for
both 532 and 1064 nm (dual high-reflection mirrors),
and M4 is the dual input coupler, which has ~99%
reflectivity at 532 nm, ~99.3% reflectivity at 1064 nm,
and ~90% transmission at 355 nm and serves as
the output mirror as well. These reflectivities yield
impedance matching when the sum of the passive
loss and the nonlinear depletion equals the trans-
mission of the input coupler, hence producing good
coupling efficiency of the inputs into the external
resonator. We anticipated well below 1% single-pass
nonlinear depletion and less than 1% passive loss;
therefore ~99% reflectivities are close to the optimum
in terms of impedance matching. Both faces of the
BBO crystal are antireflection coated at both 532
and 1064 nm (dual antireflection coating). In this
configuration the modes are defined only by one
set of mirrors. Assuming that the dispersion of the
nonlinear crystal is small, the eigenmodes of the
resonator at the two input wavelengths have identi-
cal spatial distributions, except that the mode sizes
differ by the factor of the ratio of the square root
of the wavelengths. This yields the identical focus-
ing parameter for both modes, and hence the mode
overlap at the nonlinear crystal is maintained at
the optimum. Therefore this design significantly
reduces the difficulty in the alignment procedure
since mode matching is required only between
the input beams and the resonator eigenmode.
With two 30-mm radius-of-curvature mirrors the
eigenmode radius sizes are approximately 15 and
20 um at 532 and 1064 nm, respectively. The loss
of the resonator, excluding the loss that is due to the
sum-frequency-mixing process, is estimated from the
finesse to be approximately 0.5% for both wavelengths.
We performed this measurement by scanning the
cavity or the laser frequency in the absence of the other
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input, hence eliminating the sum-frequency-mixing
process. To maintain the low loss of the resonator,
we place no other element in the cavity. Therefore
the resonator does not have dispersion tuning capa-
bility, although it is capable of tuning the resonance
frequency, and one of the two laser sources needs to
be frequency tunable by as much as the free spectral
range of the DRSFM cavity, which is approximately
1.3 GHz. The full range of the free spectral range
is not required for fast tuning, but fast-frequency
tunability is required to follow the frequency jitter of
the DRSFM cavity, which reflects the frequency jitter
of the laser that the DRSFM cavity is locked to.

The green (532-nm) source used in this experiment
is a diode-pumped intracavity-doubled Nd:YVO, laser
oscillating in single frequency. The single-frequency
output is obtained by a laser head similar to what
is described in Ref. 9 (see Fig. 2). We maintain
stable single-frequency operation, confirmed from
the reflection dip from the external cavity while it
is scanned, by tuning the temperature of the KTP
crystal. This crystal is placed at the tightly focused
waist of the laser resonator and forms a birefringent
filter with the Brewster window in the cavity and the
polarization-dependent gain of the Nd:YVOy, laser crys-
tal. The laser head is pumped with a fiber-coupled
10-W AlGaAs laser diode (Spectra Diode Laboratories,
SDL-3450-P5), producing as much as 940 mW of power
at 532 nm with an incident pump power of 8.5 W. The
green laser is free running and does not have the
frequency tuning capability.

The 1064-nm source is a tunable Nd:YVO, laser
consisting of a 2-at.% 0.5-mm-long Nd:YVO4 laser
crystal and a 250-nm radius-of-curvature concave 5%
output coupler, which is mounted on a VCM. The
1064-nm source has an output power of typically more
than 350 mW when end pumped with a 1-W broad-area
AlGaAs diode laser. The output spectrum consists

Pump Diode )
SDL-3450-P5

M1 Nd:YVO,

AR@1064 nm HR@1064 nm

HR@1064 nm HR@ 810nm HT@ 810 nm

HR@1064 nm
HR@ 532 nm HT@532 nm

[ﬁ -
— U 532-nm output
M2 M3

HR@1064 nm

Fig. 2. Schematic of laser 1: BW, Brewster window;
HR, highly reflective; AR, antireflective; HT, highly trans-
missive. The ¢ axis of the Nd:YVO, crystal and the p
polarization of the Brewster window are in the plane
of the page. The z axis of the KTP crystal is ori-
ented 45° with respect to the plane of the page,
forming a birefringent filter with the Brewster win-
dow and the polarization-dependent gain of Nd:YVOy.
The birefringent filter acts as the frequency-selection
component.
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of typically two frequency components, one of which
contains ~70% of the power and is locked and coupled
to the external cavity. The 1064-nm laser frequency
can be tuned by the VCM, with a tuning rate of more
than 20 GHz/s, and the laser can be locked to the
external cavity while the external cavity is scanned
by more than two free spectral ranges every 1/10 s.
Improvement in the sum-frequency output power
should be possible by single-frequency operation, thus
increasing the input power that is coupled to the
external cavity.

Two input beams are modulated in phase at
20 MHz, which is well above the resonance width of the
resonator, and then combined with the same focusing
parameter by use of a dichroic mirror before incidence
on the mixing resonator. After the coupling optics the
incident powers onto the mixing resonator are 670 and
280 mW at 532 and 1064 nm, respectively, yielding a
total incident power of 950 mW. The locking servo
loops employ the Pound—Drever—Hall technique.’* In
the present setup, two separate modulators and
two separate detectors are used for the two servo
loops, along with wavelength-discriminating filters,
completely separating the two servo loops, with no
cross talk.

The resonator length is adjusted with the
VCM. The external cavity is locked to the green
source since the green source is not frequency tunable.
After locking the resonance of the cavity to the green
light we lock the frequency of the 1064-nm laser to
the cavity by controlling the oscillation frequency with
the VCM, thereby providing the double resonance.
A 532-nm laser source and a 1064-nm laser source
were used in this experiment; however, this DRSFM
technique is essentially applicable to ¢cw sum- and
difference-frequency mixing of any combination of
wavelengths.

When the two fundamental beams are both at reso-
nance, the circulating powers in the resonator are ap-
proximately 70 and 20 W. We detected an output
power of 186 mW at 355 nm outside the cavity, indi-
cating the generation of more than 200 mW of power,
taking into account the transmission of output mirror
M4. This result indicates a total conversion efficiency
of more than 200 mW/(670 mW + 280 mW) = 20%.
The nonlinear loss of the resonator, i.e., the single-
pass nonlinear depletion of the input, is estimated to
be 0.2%-0.3%, indicating good impedance matching.
Theory predicts the normalized conversion efficiency
vsrg for the experimental parameters to be approxi-
mately 1.5 X 1074 W1, yielding an output power of
210 mW, which is in good agreement with the experi-
ment. Further improvement in the total conversion
efficiency should be possible by means of the reduction
of the loss in the external resonator.

The resonator modes of the two input waves are
defined by the four resonator mirrors, yielding waist
sizes proportional to the square root of the wave-
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lengths. Therefore the output at 355 nm also has
essentially the same focusing parameter, except that
the beam is affected by the walk-off in one direc-
tion. A BBO crystal cut at 6 = 31.3° has 4.1° (7.2
mrad) of walk-off, producing a near-top-hat-shaped
near-field pattern at the exit face of the BBO crys-
tal. Hence the far-field pattern is diffraction limi-
ted in the non-walk-off direction and resembles a
sinc? function in the walk-off direction, which is the
Fourier transform of a top-hat pattern and can be
compensated for by use of cylindrical optics or anamor-
phic prisms.

In conclusion, we have demonstrated 186 mW of
355-nm cw output from a diode-pumped solid-state
laser source based on doubly resonant sum-frequency
mixing in an external resonator, with more than 20%
conversion efficiency from the total incident power onto
the mixing cavity. The external resonator is formed
with dual-wavelength mirrors, yielding optimum mode
overlap between two input modes. This configuration
can be applied to cw sum-and difference-frequency
mixing of any combination of wavelengths.
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