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Abstract— We review a series of experimental investigations
into the use of nonlinear optics to shift wavelengths generated by
the tunable Ti:sapphire laser. We consider two basic approaches:
harmonic generation (and the related process of sum frequency
generation) to reach shorter wavelengths, and optical parametric
generation to cover longer wavelengths. Both techniques have
been aided by the development of two sets of nonlinear crystals,
the borates BBO and LBO for harmonic processes, and the KTP
family of materials for use with optical parametric generation.
In combination we have used nonlinear techniques to produce
tunable wavelengths ranging from 193-3000 nm.

I. INTRODUCTION

N TERMS of frequency coverage, the Ti:sapphire laser

is the most widely tunable laser known. The broad gain
linewidth is the result of a large shift in lattice position
between the two d-level, laser-active electronic states (27,
and %E in the cubic-field approximation) of the Ti** ion,
combined with a strong Jahn—Teller interaction for both states.
Excited-state transitions from the upper laser level are not
energetically possible over the region of gain, and thus, the
entire emission linewidth is available for laser operation. On
the short wavelength end, cw operation at 645 nm has been
observed for a system with the laser crystals cooled by liquid
nitrogen [1]. At the other extreme. pulsed operation out to
1178 nm has been reported [2]. For practical lasers a good
fraction of the maximum power can be generated over the
tuning range 700-1000 nm, which represents, in frequency, a
span of nearly 4300 cm~!,

The Ti:sapphire tuning range covers the bandgaps of several
technologically important I1I-V and II-VI semiconductors, a
number of rare earth and metal vapor transitions, the region of
highest human tissue transparency, and the weak absorption
transitions of water vapor and oxygen. The latter are of use
in atmospheric remote sensing. If the tunable output of the
Ti:sapphire can be shifted to shorter wavelengths, however, a
wider variety of applications becomes possible. Shorter wave-
lengths access the intense UV electronic transitions of atoms
and molecules, the bandgaps of widegap semiconductors, and
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some dielectrics and metals, the region of maximum liquid-
water transparency, and blue wavelengths useful for color
projection. Wavelengths longer than the Ti:sapphire fundamen-
tal cover those used for fiber communications, resonate with a
variety of vibrational rotational molecular transitions, and are
more eye safe—an important consideration for atmospheric
measurement applications.

We have previously reported on the operation of high-
energy, Ti:sapphire lasers pumped by frequency-doubled, Q-
switched, pulsed, Nd-doped solid-state lasers [3], [4]. The
operating characteristics of these systems are now well known
and are similar in many ways to QQ-switched, Nd-doped lasers,
but with broadly tunable output. Commercial devices are
available with output energies on the order of 100 mJ. With the
use of unstable-resonator cavities, laser-pumped Ti:sapphire
lasers can produce near-diffraction-limited output beams, ideal
for driving nonlinear processes. Below, we briefly review
the important properties of unstable resonator-oscillators, with
and without injection seeding. Following this, we discuss our
recent work with frequency conversion processes, considering
first techniques to shift to shorter wavelengths, and then
covering the use of optical parametric generation to produce
longer wavelengths.

II. PROPERTIES OF THE TI: SAPPHIRE LASER

In all of the frequency conversion experiments described
in this paper, the fundamental is obtained from a Ti:sapphire,
unstable resonator-oscillator, with a graded-reflectivity-mirror
(GRM) output coupler. This resonator design, first reported
in [4], provides a near-diffraction-limited spatial beam with a
Gaussian intensity distribution. The spectral linewidth is on
the order of 1 nm (FWHM) when operated without injection
seeding. When injection-seeded with a single frequency cw
source, the linewidth is within two to three times the transform
limit (<1 pm). We have carried out nonlinear conversion ex-
periments, with and without injection seeding of the oscillator.
In all cases, the seeded oscillator produces a symmetric output
beam with an M? of about I.1. In contrast, the unseeded
oscillator produces a slightly asymmetric output beam with
an M? of about 1.2 in the plane perpendicular to the electric
field polarization, and about two in the plane parallel to the
polarization. The increase in M? in the parallel plane results
from the presence of intracavity prisms combined with the
l-nm linewidth.
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Fig. 1. Type 1 SHG phasematching angle as a function of wavelength for
three crystals at room temperature.
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Fig. 2. Type II SHG phasematching angle as a function of wavelength for
three crystals at room temperature.

In some of the experiments discussed below, we employed
an oscillator that operated with a maximum energy of 100-m],
with nominal beam diameter of 2 mm (1/e?) and a FWHM
pulsewidth of 10 ns (17 ns 1/e?) at the gain peak of 800 nm.
We also report on experiments with an oscillator designed for
higher pump energies, capable of providing up to 400 mJ with
a nominal beam size of 3.5 mm (1/e?) and a 8-ns FWHM
pulsewidth (14 ns 1/e2).

III. SECOND HARMONIC GENERATION

There are a variety of nonlinear crystals that can be phase-
matched for second harmonic generation (SHG) of at least
some fraction of the Ti:sapphire tuning range. There are three
crystals that can be phasematched for SHG over the entire
Ti:sapphire tuning range and, in addition, have the broad trans-
parency and high damage resistance needed for use with the
high peak-power, pulsed Ti:sapphire laser: KH,PO,4 (KDP),
B-BasBO4 (BBO) and LiB305 (LBO). We have carried out
SHG experiments with all three of these crystals, and obtained
efficient, optical-damage-free conversion.

Figs. 1 and 2 show the type I and II, respectively, phase-
matching angles over the 400- to 1100-nm fundamental wave-
length region for the three materials, at room temperature. For
all cases, except type I KDP SHG, the effective nonlinearities
vanish at the short wavelength limits. In Table I, we list the
important nonlinear properties of the crystals for both type I

TABLE 1
CoMPUTED NLO CHARACTERISTICS OF CANDIDATE CRYSTALS
FOR SHG oF 700-940 nm @ 25°C USING PHYSICAL DATA,
DEFINITIONS, CONVENTIONS AND REFERENCE FRAMES IN [6]

Crystal Fund. © o Walkoff defl. & Ext.  L'dA LdT L'da

Config- A P P Py Po e HWHM oo
sration  (nm) (degrees) (mrads) (pmV)  (pmVY)  (MW)  (cm-mr)  (cm-°C) (cm-nm)
LBO 700 - - - - - - - -
Type-ll 860 90 35.6 0 9 0 041 0.042 19 424 45 0.61
(neg.) 911 90 465 0 9 0 0.50 0.063 16 427 35 0.83
940 90 518 0 9 0 054 0.072 14 453 33 0.99
LBO 700 434 0 0 o 19 0.66 0.102 92 0.82 418 0.20
Type-l 860 26.1 [} [ 0 14 0.79 0.148 55 1.32 18 0.55
(neg.) 911 219 0 o 0 13 0.80 0.155 45 1.60 19 0.74
940 198 0 0 0 12 0.81 0.159 39 1.81 21 0.88
BBO 700 494 060 71 o 77 0.89 0.183 25 037 49 0.15
Type-ll 860 393 060 72 0 75 126 0.363 17 048 85 0.37
(neg.) o 372 080 71 0 74 133 0.406 16 0.52 99 0.49
940 362 080 70 0 73 137 0.422 16 0.54 10.7 057
BBO 700 337 90 0 0 75 2.06 0.921 16 0.21 47 0.13
Type-| 860 27.2 90 0 0 64 21 0974 17 0.30 85 0.34
(neg.) M 258 90 0 0 62 21 0.980 17 033 98 045
940 251 90 0 0 60 211 0.982 17 034 106 0.52
KDP 700 - - - - - - - - -
Type-ll 860 655 080 19 0 22 0.30 0.027 22 1.55 47 0.88
(neg.) mn 627 080 20 0 23 032 0.031 25 1.52 52 1.31
940 615 09 20 0 24 033 0.032 27 1.52 55 1.69
KDP 700 502 45 0 0 29 034 0.033 69 0.53 3.0 0.28
Type-l 860 431 45 0 0 29 0.29 0.024 136 0.65 46 1.02
(neg) 911 421 4 0 0 29 028 0023 158 0.70 5.0 1.70
940 a7 & 0 0 29 0.28 0.023 170 073 52 242

and type II configurations, listed in order of increasing power
threshold. The latter is a figure of merit for nonlinear harmonic
conversion, first defined by Eimerl [S]. The notation in the
Table describes the specific crystal angle varied in Figs. 1
and 2, where we have used the conventions established by
Roberts [6]. We present values in the Table at several specific
wavelengths for each crystal/type combination, to indicate the
variation that occurs over some of the Ti:sapphire tuning range.

The majority of our experimental effort involved the use of
BBO. The available physical size of BBO material, and the rel-
atively small change in phasematching angle with wavelength,
allows one crystal to be used over the entire Ti:sapphire tuning
range, a valuable property in many applications. One BBO
crystal with a 6-mm aperture and a 2-mm input beam diameter
can be angle-tuned over the entire 700-1000-nm tuning range.
The concomitant penalty of a narrow angular acceptance angle
requires low-divergence fundamental beams for efficient SHG.
On the other hand, at the crystal lengths used in our work,
BBO has by far the largest temperature acceptance range,
approximately 20 C.

The well-known KDP crystal has a high threshold power in
the type I configuration, and the beam sizes we used require
long crystal lengths (30 mm) for optimum conversion. In
one experiment, with a 15-mm-long KDP(I) system and the
high-energy oscillator at 790 nm, we obtained 31% conversion
efficiency at 190 mJ of input. With a 6-mm-~long BBO(I)
crystal, the efficiency was nearly twice that level. If we were
to optimize the KDP(I) SHG configuration by using longer
length (30 mm) crystals, a crystal of 12 mm aperture would
be required for full wavelength coverage over the Ti:sapphire
tuning range, the temperature acceptance would be only 2 C,
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Fig. 3. BBO SHG conversion efficiency as a function of 780-nm input
energy for both unseeded and seeded Ti:sapphire lasers.

and the limiting efficiency would be expected to be only
about half that of BBO(I) for our laser sources. Using a
25-mm-long KDP(II) crystal, we observed 25% conversion for
100 mJ of input at 911 nm, compared to 41% conversion for
a 6-mm BBO crystal with the same input. As with KDP(I), an
optimized KDP(II) SHG configuration would have a relatively
narrow temperature acceptance, would need an even larger
aperture to cover the Ti:sapphire range, and, from Fig. 2,
would not phasematch below a wavelength of 730 nm.

LBO has the lowest power threshold, a high surface-damage
threshold and, unlike BBO and KDP, the material is nonhy-
groscopic. The crystal is known to be capable of operation
at high average powers. For example, in unrelated studies,
we have generated 60 W of average second-harmonic power
with a Nd:YAG laser drive source. A practical problem for
LBO, at present, is the limited size of high-quality single
crystals. Because of this, we did not attempt to obtain data for
the LBO(II) configuration, which achieves efficient conversion
only with crystal lengths of 30-50 mm, a size not available
for our studies. Another problem with LBO(II) is, from Fig. 2,
the short wavelength cutoff of 792 nm for room-temperature
material. Previous work, with a 5S-mm-thick LBO(I) crystal
and a pulsed Ti:sapphire laser, showed 20-30% conversion
efficiencies over a 700-900-nm fundamental region, for input
pulse energies in the 20-30 mJ range [7]. Below, we show
data comparing LBO(I) and BBO(I) with our high-energy
Ti:sapphire source.

Fig. 3 shows the typical SHG conversion efficiency that
we observe when using the 100-mJ scale oscillator, with a
BBO(I) crystal of nominally optimum length (6 mm) for the
2-mm diameter (1/e?) beam. The graph includes data for the
seeded and unseeded oscillator. The lower saturated efficiency
for the unseeded case is due to two factors. First, the nominal
1-nm linewidth exceeds the spectral acceptance of 0.5 nm for
a 6-mm crystal. Second, the unseeded beam is slightly larger
in diameter and divergence in one plane, which amounts to
lower drive and higher dephasing. Perhaps the most striking
result of this experiment is that we reach what appears to be
a saturating conversion efficiency with an input peak power
of <6 MW (100 mJ, 17 ns 1/e? width) when the calculated
power threshold listed in Table I is 17 MW.
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Fig. 4. Fundamental and second-harmonic output energy as a function of
harmonic wavelength for the (nominal) 100-mJ Ti:sapphire laser and BBO
crystal.
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Fig. 5. SHG conversion efficiency as a function of nonlinear drive for BBO
and LLBO crystals.

Fig. 4 shows tuning data for the nominal 100-mJ oscillator,
with both the fundamental and second harmonic pulse energies
plotted. The unseeded SHG conversion efficiency data in
Fig. 3 can be used as reference when analyzing the shape of
the tuning curve in Fig. 4. That is, the sharp drop in the SHG
energy at the endpoints is directly related to the lower energy
provided by the oscillator in these regions. Also, the flatness
of the central portion of the SHG curve corresponds to the
saturated portion of the unseeded SHG conversion curve.

We took the remainder of the SHG data presented here with
the larger Ti:sapphire oscillator. The maximum peak power is
about 30 MW in the average intensity terms used by Eimerl [5]
for the power threshold definition. Fig. 5 shows a comparison
of SHG conversion efficiency as a function of nonlinear drive
for 10-mm LBO(I) and 6-mm BBO(I) crystals. The BBO
crystal has been taken to a nonlinear drive of greater than eight,
and the conversion efficiency has clearly saturated. By com-
parison, the LBO crystal, being shorter than optimum length
for this input beam, has not reached a saturated efficiency. An
optimum-length LBO crystal, nominally 20 mm for the large
Ti:sapphire laser beam, shows promise for exceeding the 60%
conversion level reached by the 6-mm BBO crystal.

Based on the theory of Cousins [8] for Gaussian beams
in time and space, we would expect the SHG efficiency in
general to saturate at the 90% level for a dephasing parameter,
4 = 0 and at slightly less than 40% for 6 = 1. For our



RINES et al.: NONLINEAR CONVERSION OF Ti: SAPPHIRE LASER WAVELENGTHS 53

70
£
s 60 - B OVERALL
z ¢ 8BOM
o 50 o BBOR
i
w 40 |-
z
o
@ 30 /
S
20|
g 20
o
et
£ 10
»

0
0 100 200 300 400

911-nm INPUT ENERGY (mJ)

Fig. 6. SHG conversion efficiency as a function of fundamental energy at
911 nm for a two-BBO-crystal scheme. BBO #1 is data for the first crystal, and
BBO #2 is data for the second crystal, driven by the unconverted fundamental
existing from the first crystal. The overall conversion is shown as the sum of
the outputs from both crystals divided by the input energy to the first crystal.

BBO data, we thus conclude that the dephasing parameter was
somewhat less than unity. One possible cause of the dephasing
was imperfect collimation of the unstable resonator output
beam, and correction of this may lead to enhanced SHG from
Ti:sapphire lasers in future experiments.

We performed some preliminary investigations of two crys-
tal SHG schemes with BBO(I) crystals. Data from these
preliminary tests are presented in Figs. 6 and 7. Fig. 6 shows
the results from a simple parallel-crystal arrangement. In this
experiment, using a fused silica dispersing prism, we separated
the unconverted fundamental from the second-harmonic, after
the beam exited the first SHG crystal. We then sent the
residual fundamental beam through a second 6-mm, BBO(I)
crystal. Fig. 6 shows the SHG conversion as a function of the
fundamental energy present in each individual crystal. It also
shows the conversion, for the sum of the two SHG outputs, as a
function of the total fundamental used as the input to the two-
crystal configuration. The overall conversion of 67% of the
fundamental to second harmonic in this experiment is the best
SHG conversion we have obtained to date, and has resulted in
the highest SHG pulse energy, 250 mJ. The 67% level is an
external conversion-efficiency value, that is, second harmonic
energy exiting the crystal configuration divided by the total
fundamental output from the oscillator. Both BBO crystals
were 6 mm long and had broadband solgel AR coatings on
both surfaces.

Fig. 7 shows data from a type I quadrature SHG experiment
we carried out, with the same two BBO crystals used in the
parallel scheme. In this configuration, a single beam line is
maintained for a two-crystal arrangement, which is generally
more useful than the parallel scheme, discussed above. With
type I SHG, the fundamental and second harmonic generated
are orthogonally polarized. The output from the first SHG
crystal can be prepared for a second quadrature crystal by
passing the beam though an optical rotator cut such that
the fundamental and second harmonic polarizations are made
parallel. We achieved this for the 924/462 nm case by using a
3.04-mm-thick quartz rotator. The second BBO(I) crystal was
oriented so that the fundamental polarization was correctly
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Fig. 7. Similar to Fig. 6, but for a quadrature scheme for two BBO crystals,
where the total SHG output appears in one beam. The fundamental wavelength
s 924 nm.

aligned for phasematching. The second harmonic polarization
remains orthogonal to the phasematching plane, hence, there
is no back conversion of harmonic energy produced in the first
crystal. As with the parallel-crystal data, we show conversion
efficiency as a function of the fundamental energy available to
each crystal individually, as well as the total conversion value.

In both of these two dual-crystal experiments, an incremen-
tal improvement in efficiency was obtained. Further improve-
ment should be possible by optimizing crystal lengths for each
stage, as discussed by Eimerl [5].

IV. THIRD HARMONIC GENERATION

We have done all of our THG experiments with BBO
crystals, and have tested both type I and type II configurations.
A type Il THG crystal following a type I SHG crystal
is advantageous, because the orthogonal polarization states
exiting the SHG stage are correctly oriented for the type II
mixing process in the THG crystal. To use a type I THG
stage, one must rotate the polarizations of the fundamental
and second harmonic, such that the two are parallel. This
requires a rotator, such as the one described above in the type
I quadrature SHG experiment. Since achromatic rotators are
not readily available, this is a serious complication for tunable
systems.

With the type II THG configuration, angle tuning over about
30° (internal angle) is required to cover the 700-950-nm fun-
damental tuning range. We have demonstrated THG operation
tuning the fundamental from 720-930 nm, using a single SHG
crystal and two THG crystals to cover the angle tuning range.

With unseeded oscillator inputs, we have seen THG con-
version efficiencies of 1-10%. Seeding leads to higher SHG
conversion and, subsequently, higher overall THG conversion;
we have observed efficiencies as high as 21%.

Table II lists highlights of our THG experiments, showing
not only the highest pulse energies that we have achieved, but
a single-point comparison between type I and type 11 THG, at
924 nm. For the conditions in this one-point comparison, the
type I THG shows significantly higher conversion efficiency.
No attempt was made, however, to optimize THG crystal
lengths in this work. Owing to its simplicity, the type II
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TABLE 11
Comparison ofF Type I anp Type Il THG in BBO AT 924 nm
BBO Type I BBO Type II
Internal THG Internal THG
Conversion Energy | Conversion Energy
Efficiency | i Efficiency i
Unseeded 14% 19 mJ 13% 20mJ
Seeded (SLM) 33% 35mJ 16% 20 mJ
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Fig. 8. Conversion efficiency as a function of 440-nm input energy for the
BBO second stage of a Ti:sapphire. fourth-harmonic-generation scheme.

approach merits further effort in optimization, particularly for
tunable systems. Both of the high-energy points were limited
by damage to the exit face of the BBO THG crystal. Future
THG optimization work should concentrate on beam shaping,
to raise efficiency while minimizing exit face fluences.

V. FOURTH HARMONIC GENERATION

BBO(I) can phase match for SHG with a fundamental input
as short as 410 nm. Hence, a pair of BBO(I) crystals can
provide, in principle, the fourth harmonic of the fundamental
Ti:sapphire laser to a short wavelength limit of 205 nm. As
we noted above, the angular dependence of the nonlinear
coefficient for BBO leads to a vanishing nonlinear interac-
tion as 410-nm SHG is approached and thus, the effective
short wavelength limit is somewhat longer. We have obtained
measurable FHG output at wavelengths as short as 207 nm.
The best conversion efficiency we obtained to date is shown
in Fig. 8, for a 220-nm output wavelength. We took the data
with the larger Ti:sapphire oscillator, but limited the 440-nm
input to the second doubling crystal to 50 mJ. The last point
on the curve corresponds to 10 mJ of energy. The conversion
efficiency in this experiment saturated at 25%, and decreased
as the input energy was further increased. Nonlinear UV
absorption has been observed in BBO, and we believe that
the relatively low conversion efficiency was, in part, the result
of this effect.

VI. DEEP UV GENERATION VIA SUM FREQUENCY MIXING

Sum frequency mixing (SFM) of a pulsed Ti:sapphire laser
and a ()-switched Nd:YAG laser has been used previously to
generate over 350 mJ of 457-nm energy [9]. In our work, we
have used SFM as a means to produce wavelengths below
200 nm.

TABLE 111
Deep UV OutpuT DATA AT Aspar = 195.4 nm
Fundamental Ti:S input ener; 165 mJ
2 26mJ (16 % SHG conversion)*

Total FHG produced (4w): 3.6m] (14 % FHG conversion)
Total OPO idler output produced: S8mJ
FHG input to SFM crystal: 3.4mJ

tal: 3.3mJ
Total SFM produced: 1.8mJ (27 % SFM conversion)
SFM Output Pulsewidth: ~ 5 ns FWHM

* Deliberately de-optimized to provide sufficient residual fundamental energy.

Historically, it has been difficult to produce tunable, coher-
ent radiation in the ultraviolet region of the spectrum, below
200 nm. This is due, in part, to the limited number of usable
fundamental laser transitions in the UV. Dye lasers can provide
broadly tunable radiation in the visibie/near-UV region and,
with harmonic generation in nonlinear crystals, this translates
into potential tunability in the UV. However, nonlinear crystals
that meet all the requirements for phasematched UV generation
below 200 nm have not been readily available. BBO has been
used in a SFM configuration to generate cw 194-nm output,
by combining a Ti:sapphire laser, with the 257-nm output of
a frequency-doubled, Ar—ion laser [10]. In order to avoid the
limitation of crystals, one can resort to higher order processes
in gases, such as four wave mixing. A Ti:sapphire-based source
has been used for the generation of 130 nm energy in Hg
vapor [11]. In recent experiments, we have shown that LBO
can be used with SFM to convert tunable Ti:sapphire laser
radiation to tunable UV below 200 nm. Details of this work
will be published separately. Here, we present a summary of
the approach and results.

Our scheme is based on SFM, in an LBO crystal, of UV
energy in the 205-230 nm region with infrared energy in the
1700-2500 nm region. This method exploits the broad UV
transparency of LBO, which transmits wavelengths as short
as 160 nm, and has been discussed in theory [12]. The fourth
harmonic of the Ti:sapphire laser provides the 205-230 nm UV
source. Some of the Ti:sapphire laser output in the fundamental
is used to pump a KTiOPO4(KTP) OPO, whose idler output
provides the infrared source. LBO can be phasematched in
both the type I and type II configurations for this process.
The deep UV output is tunable by tuning the Ti:sapphire laser
wavelength and the OPO idler wavelength.

In our initial experimental work, we successfully demon-
strated the LBO sum-frequency-mixing scheme with a tem-
perature tuned, noncritically-phasematched, 15-mm-long, type
II configuration. We generated >0.4 mJ of 10-Hz tunable
UV output in the wavelength range 194.6-196.1 nm, with
a maximum demonstrated energy of 1.8 mJ at 195.4 nm,
and measured conversion efficiencies as high as 27%. We
also generated a small amount of output at wavelengths as
short as 193.0 nm, where the limits of our LBO temperature
tuning hardware prevented operation at higher powers. These
results were all obtained with <170 mJ of total fundamental
titanium-sapphire energy. Table III lists the output energies
generated at each of the intermediate wavelengths generated
for the high-energy point at 195.4 nm.
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While the tuning in this initial experiment was limited to
3 nm in the UV, we estimate that we will be able to tune from
187-207 nm with an angle-tuned LBO crystal.

VII. PARAMETRIC GENERATION

Parametric generation, the inverse of harmonic generation,
shifts the energy output of the input (pump) source to energy in
signal and idler outputs at longer wavelengths. The nonlinear
crystal employed can be adjusted in temperature and/or angle
to vary the signal and idler wavelength, providing a tunable
source even when the pump wavelength is fixed. Thus, the
tunability of the Ti:sapphire laser would appear to be of little
use when the device pumps the most common parametric
generator, the optical parametric oscillator (OPO).

We have recently reported [13] on one case, where tuning
the OPO pump source does provide an advantage. For the
nonlinear material KTP it is possible to maintain type II,
noncritical phasematching (NCPM) for pump wavelengths
over the entire tuning range of the Ti:sapphire laser. Thus, the
advantages of NCPM operation, which include the absence
of walkoff, broad angular and spectral acceptance, and for
the type II matching condition in KTP, a narrow OPO gain
linewidth, can be realized for a wide range of signal and idler
wavelengths. In the reported work, we were able to generate
NCPM signal and idler wavelengths from 1.03-1.28 ;zm and
from 2.18-3.03 um, as the pump tuned from 700-900 nm.
At a pump wavelength of 760 nm, we generated 49 mJ of
combined signal and idler energy for a pump energy of 110 mJ
and observed a conversion slope efficiency of 55%. We also
reported on an OPO based on angle matched KNbQO3, in which
we observed degenerate operation over a pump wavelength
range of 720-818 nm.

We report here on two new, nanosecond Ti:sapphire-
pumped OPQO’s, which are based on two isomorphs of
KTP, K(TiO)AsO; (KTA) and Cs(TiO)AsO4 (CTA). The
two isomorphs have previously been operated in OPO’s,
pumped by a femtosecond Ti:sapphire laser [14], [15]. Both
crystals transmit further into the IR than KTP, and in the
case of CTA have significantly different phasematching
characteristics. In our experiments the KTA crystal, provided
by Crystal Associates (Waldwick, NJ), was 15 mm long, with
antireflection (1.05-1.25-um band) coatings on the 5 X 5 mm
faces. The CTA crystal, provided by L. K. Cheng, at DuPont
Central Research (Wilmington, DE), was 22 mm long, with no
AR coating on the 6 x 7 mm faces. Both crystals were oriented
for the type II configuration, “z-cut.” in which the pump and
signal are polarized parallel to the y-axis and the idler is
polarized parallel to the z-axis: all beams propagate along
the z-axis. The OPO cavity designs were simple two-mirror,
standing-wave resonators. The input mirrors were coated for
nominally high transmission at the pump wavelength, and high
reflection at the signal wavelength. The output mirror, which
was partially transmitting at the signal wavelength, was coated
to highly reflect the pump wavelength, in order to reduce the
OPO threshold by double passing the pump beam through the
crystal. Two sets of mirrors were used in our experiments: one
set for the KTA-based OPO, and another for the CTA-based

TABLE 1V
PARAMETERS AND THRESHOLD OF KTA OPO AT THREE PUMP WAVELENGTHS
Wavelength Input mirror | Output mirror Threshold
Pump Signal Pump Signal Observed | Calculated
(nm) (nm) transmission reflection (ml) (mJ)
(%) (%)

724 1090 87 43.5 10.5 10.8
775 1124 85 29.3 15 17.6
852 1207 82 29.0 23 22.7

OPO. Our pump laser was the 100—m] oscillator, operating
without injection-seeding.

The KTA OPO resonator had mirrors spaced 5 cm
apart, with a flat input mirror and a 7-m-radius output
mirror. We generated the KTA OPO signal within the range
1.09-1.239 pm, by tuning the Ti:sapphire laser from 724 to
874 nm. The OPO tuning beyond 1.239 pum was limited,
because of the combined effects of a reduced energy available
from the pump laser and a low reflectivity from the output
mirror. The signal wavelengths were somewhat longer than
those predicted by the most recently reported Sellmeier
coefficients for KTA [16]. The discrepancy reduced gradually
from 10 to 2-3 nm as the pump wavelength increased. The
difference may be the result of slight index variations in KTA
crystals grown with different levels of impurities.

The signal wavelength range 1.09-1.239 pm corresponds
to an idler tuning range of 2.156-2.967 pum. The observed
and calculated energy thresholds for the KTA crystal, as well
as the input-mirror pump transmission and output-coupler
transmission data, are listed in Table IV for three pump
wavelengths. We based our calculated thresholds on the theory
of Brosnan and Byer [17], pump and signal spot sizes of 0.1
and 0.025 cm, a pump pulse duration of 20 ns (FWHM),
appropriate for the pump laser at low energies, and an effective
pump reflection of 90% from the output coupler. We assumed
that the nonlinearity of KTA is the same as KTP. The excellent
agreement between calculated and observed thresholds may be
fortuitous, given uncertainties in key parameters, such as the
pump spot size.

The energy input-output relation for the same three pump
wavelengths is shown in Fig. 9, where the total (signal and
idler) output energy is plotted as a function of pump energy
incident on the OPO cavity. The slope efficiency is similar
for all wavelengths, in the range 40-55%. With the pump-
transmission loss (10-20%) of the input mirror accounted for,
the maximum slope efficiency for incident pump power on
the crystal is over 60%, essentially the same as we found in
previous work with KTP.

The CTA crystal [18] is at an early stage of development
compared to the other materials, and crystal purity is an issue.
The OPO crystal we used had noticeable flaws. Internal dam-
age sites developed during OPO operation, which limited our
ability to take reproducible input-output data. The OPO cavity
consisted of two flat mirrors spaced 3.5 cm apart. The output-
mirror reflectivity for the signal wavelength was low, approx-
imately 15% in the 1.5-1.6-m wavelength region. Threshold
pump energies fell in the range 25-30 mJ for all pump
wavelengths. When tuning the Ti:sapphire laser from 714-901
nm, we obtained a signal output from 1.587-1.617 yem, with a
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Fig. 10. Signal and idler wavelengths versus pump wavelength for KTP,
KTA, and CTA OPO’s. The points plotted are data. and the lines are theoretical
predictions. The lines for KTP signal and ideal are dotted to distinguish them
from KTA theory.

minimum at 1.557 um. The corresponding idler tuning range
is 1.297-2.034 pum. We tested the idler wavelength at several
pump wavelengths and found a good agreement with the
expected value. For CTA the idler output (polarized parallel
to the z axis) is shorter in wavelength than the signal at short
pump wavelengths. The degenerate operating point occurred
at a pump wavelength of approximately 775 nm.

In Fig. 10 we plot tuning results on all our Ti:sapphire-
pumped KTP and isomorph OPO’s, to date. Included in
the figure are experimental data (points) on signal and idler
wavelengths as a function of pump wavelength for KTP,
KTA, and CTA crystals. The continuous curves are theoretical
calculations, based on coefficients from Kato and Masutani
[19], Fenimore et al. [16], and Cheng et al. {20] for KTP,
KTA, and CTA, respectively. The match is good in all cases.'

As Fig. 10 shows, the use of KTP and isomorph crystals in
OPO’s pumped by the Ti:sapphire laser results in NCPM gen-

'In a separate experiment, we observed CTA OPO operation with a 1.064-
pm, Nd:YAG pump. The observed signal wavelength, 1.86 pm, was not
in good agreement with the predicted value of 2.00 pum. The Sellmeir
coefficients for CTA were derived by DuPont through measurements limited
to wavelengths shorter than 1.5 gm. This is a likely explanation for the large
discrepancy between theory and experiment for the Nd:YAG pump source.

eration of wavelengths providing almost complete coverage of
the 1-3 pm region. We have also calculated tuning data for “y-
cut” crystals, where the pump and signal are polarized along
the z-axis and the idler is polarized along the z-axis. For that
case the wavelength coverage is similar to that with “z-cut”
crystals, but the gap between signal and idler wavelengths is
increased. This is particularly true for CTA, where we predict
that there is no degenerate operating point over the range of
Ti:sapphire pump wavelengths.

The development of Ti:sapphire-pumped OPO’s is still
in the early stages. At this writing damage-free and high-
efficiency operation with good quality crystals has been
demonstrated. Characterization of the signal and idler beam
quality and linewidth remain to be done, and techniques
for improving beam quality and reducing linewidth to meet
various application requirements will need to be examined.
Although we have demonstrated operation with NCPM only,
the use of angle tuning is certainly possible to provide
additional flexibility in wavelength coverage, with the resultant
need for tighter requirements on pump-beam quality and
crystal alignment.

VIII. SUMMARY

The pulsed, gain-switched Ti:sapphire laser, pumped by a
Q-switched, frequency-doubled Nd:YAG laser, and operated
with an appropriate cavity to produce a near-diffraction-limited
beam, is a suitable drive source for a number of efficient,
nonlinear processes, including harmonic, sum-frequency and
parametric generation. As a drive source, it is similar to high-
beam-quality, Q-switched Nd:YAG lasers, but has the added
flexibility of a broadly tunable output. The extended frequency
coverage afforded by nonlinear conversion techniques allows
Ti:sapphire laser systems to be placed in a widened variety
of applications.
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