
Kilohertz pulse repetition frequency slab
Ti:sapphire lasers with high average power ~10 W!

William J. Wadsworth, David W. Coutts, and Colin E. Webb

High-average-power broadband 780-nm slab Ti:sapphire lasers, pumped by a kilohertz pulse repetition
frequency copper vapor laser ~CVL!, were demonstrated. These lasers are designed for damage-free
power scaling when pumped by CVL’s configured for maximum output power ~of order 100 W! but with
poor beam quality ~M2 ; 300!. A simple Brewster-angled slab laser side pumped by a CVL produced
10-W average power ~1.25-mJ pulses at 8 kHz! with 4.2-ns FWHM pulse duration at an absolute efficiency
of 15% ~68-W pump power!. Thermal lensing in the Brewster slab laser resulted in multitransverse
mode output, and pump absorption was limited to 72% by the maximum doping level for commercially
available Ti:sapphire ~0.25%!. A slab laser with a multiply folded zigzag path was therefore designed
and implemented that produced high-beam-quality ~TEM00-mode! output when operated with cryogenic
cooling and provided a longer absorption path for the pump. Excessive scattering of the Ti:sapphire
beam at the crystal surfaces limited the efficiency of operation for the zigzag laser, but fluorescence
diagnostic techniques, gain measurement, and modeling suggest that efficient power extraction ~.15 W
TEM00, .23% efficiency! from this laser would be possible for crystals with an optical quality surface
polish. © 1999 Optical Society of America

OCIS codes: 140.3580, 140.3600, 140.3590, 140.6810.
1. Introduction

Ti:sapphire lasers have become a ubiquitous source
for tunable pulsed and cw laser output in the near
infrared. Particular attractions of the Ti:sapphire
laser medium are the robustness of the sapphire host
and the wide 700–1000-nm laser tuning range with
high efficiency. Nonlinear frequency conversion can
efficiently extend the spectral coverage of pulsed Ti:
sapphire-based laser systems into the visible and the
UV ranges.

A wide range of applications have been addressed
with Ti:sapphire lasers from cw to nanosecond and
femtosecond pulses. In most cases, however, the
maximum average power of Ti:sapphire lasers has
been a few watts. High pulse repetition frequency
~PRF! lasers have been operated at relatively low
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pulse energy, whereas high pulse energies have been
available only at low PRF. High-average-power cw
operation has been achieved,1–3 with up to 43 W being
generated at 780 nm1 and 350 W quasi cw in 170-ms
pulses.2

Increasing the output power of pulsed Ti:sapphire
lasers beyond a few watts is difficult because of the
need to avoid crystal damage from the high peak
power of the pump laser pulses4 as well as the severe
thermal effects that are found in high-power cw Ti:
sapphire lasers. In previous studies in this labora-
tory and elsewhere4–7 copper vapor lasers ~CVL’s!
have been used to pump Ti:sapphire lasers, obtaining
output energies of up to 1 mJ ~6.2 W! at 6.2 kHz.4
CVL’s are attractive as pump sources for extending
Ti:sapphire laser high-power operation beyond the
1-mJ level at multikilohertz PRF. Single units are
available with up to 750-W ~Ref. 8! average output
power, although hitherto only relatively low power
units delivering up to 20-W average power have been
used to pump Ti:sapphire lasers. In this paper we
discuss the issues relating to extending high PRF
Ti:sapphire laser output to beyond 6-W average
power by pumping with high-power CVL’s. In par-
ticular we address management of the thermal load
on the Ti:sapphire crystal as well as damage to the
crystal by high-peak-power pump and Ti:sapphire la-
ser beams.
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We achieved 10-W average power at a PRF of 8.5
kHz from a single Ti:sapphire oscillator and acquired
diagnostic information that demonstrates that
higher powers are readily achievable.

2. Laser Design: Thermal and Damage
Considerations

The effects of heat deposited in the crystal and the
possibility of damage can be ameliorated by use of a
transversely pumped slab-type geometry9 instead of
the usual longitudinally pumped rod geometry.
Transverse pumping reduces the pump power den-
sity on the crystal surface by an order of magnitude or
more, which eliminates the possibility of damage
from that source. Slab lasers also place fewer de-
mands on the beam quality of the pump laser, be-
cause they are generally thin in the direction of the
pump beam. Only a short depth of focus is required
from the pump laser, which may be achieved from a
laser with a beam quality many times the diffraction
limit. In this study pump lasers with beams that
are as poor as 3003 the diffraction limit were shown
to be effective. This would not be possible for a lon-
gitudinally pumped laser, where the filament that
makes up the axially pumped volume requires a
nearly diffraction-limited pump laser beam. Using
low-beam-quality pump lasers is important for high-
power Ti:sapphire laser operation, because it is much
easier to achieve average pump powers of greater
than 50 W in a single unit device if beam quality
requirements are relaxed. This is the case both for
CVL’s and for frequency-doubled Nd:YAG lasers ~Nd:
YAG lasers are now also reaching the average power
and PRF required for this application!. In fact, the
pump lasers can be optimized for maximum power
without any regard to the resulting beam quality.

The thermal load on a Ti:sapphire crystal is con-
siderable at such high ~.50-W! average pump pow-
ers. However, whereas the average power is high,
the energy in an individual pulse is less than 10 mJ
at a PRF of 6–8 kHz. To achieve sufficient gain for
efficient laser action with pulse energies of several
millijoules, a pumped volume of less than ;30 mm3 is
required. The calculated gain coefficient g at the
nd of the pump pulse for 10-mJ pump pulse energy
s then 0.25 cm21 @with the stimulated emission cross

section for Ti:sapphire s21 5 2.8 3 10219 at 780 nm
~Ref. 10!#, which is sufficient to achieve efficient las-
ng.

Depending on the wavelength and the efficiency of
the Ti:sapphire laser, 30–50% of the 50-W or more
pump power is deposited as heat in the crystal.
That is enough to raise the temperature of a 30-mm2

pumped region by 200 K s21 if the crystal was not
ooled. Sapphire has a high thermal conductivity,
ut even so a steep thermal gradient can remain,
hich leads to a thermal lens that may make the
i:sapphire laser cavity unstable.
Time-dependent finite-element thermal modeling
as undertaken for the case of a Ti:sapphire slab

rystal cooled in the vertical direction ~as indicated in
ig. 1! with a uniformly pumped region 7 mm long, 4
2

m deep, and 1 mm high. Figure 2~a! shows the
alculated thermal profile evolving over two pump
ulses, at room temperature. There is a quadratic
emperature profile with a temperature rise of 9 K
rom the edge to the center of the crystal ~refractive-
ndex change, Dn ' 1.2 3 1024!. This is for heating

with an average power of 2 W mm22 in the horizontal
plane perpendicular to the heat flow and scales di-

Fig. 1. Crystal dimensions with pumping and cooling directions.

Fig. 2. Steady-state thermal profile in a 1-mm-high pumped re-
gion ~a! at 300 K and ~b! at 77 K, with 50 W of heat applied in pulses
at a rate of 6.2 kHz. Two complete interpulse periods are shown.
0 November 1999 y Vol. 38, No. 33 y APPLIED OPTICS 6905
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Table 1. Thermal Properties of Sapphirea

6

rectly with this heating density; 2 W mm22 corre-
sponds to 50 W of heat deposited in a 28-mm2 ~7

m 3 4 mm! region. Significant improvement in
he thermal properties of Ti:sapphire at 77 K ~Table
! has been shown to be effective in aiding cooling of
igh-power cw Ti:sapphire lasers.1–3 The lensing ef-
ect of a temperature rise in a continuously pumped
lab ~or rod! is governed by ~1yK! 3 ]ny]T,11 where K

is the thermal conductivity. Thermal lensing is
therefore reduced by a factor of ;170 at 77 K com-
pared with 300 K in a cw Ti:sapphire laser. In the
pulsed regime, improvement can be even greater.

A thermal relaxation time, tTh, for a one-
dimensional heat flow can be defined as

tTh 5
cpr

K
h2

p2 , (1)

where cpr is the heat capacity per unit volume and h
is the height of the heated region in the cooling di-
rection. The combination of increased conductivity
and reduced heat capacity at 77 K brings the thermal
relaxation time of a 1-mm-high region ~tTh 5 20 ms!
elow the interpulse period of a 6–8-kHz laser
tPRF 5 165–125 ms!. This has a dramatic effect on

the time-dependent thermal profile. Figure 2~b!
shows the calculated thermal profile of a slab identi-
cal to that in Fig. 2~a!, but cooled to 77 K. There is
almost total dissipation of the heating produced by
the pump pulse during the interpulse period. The
temperature rise from the edge to the center of the
crystal immediately after the pump pulse, when the
Ti:sapphire laser pulse occurs, is just 0.2 K. When
combined with the reduced ]ny]T at 77 K, the result-
ing refractive-index change is only Dn ' 1.7 3 1027,
700 times less than the calculated value at 300 K.
Reducing thermal lensing to this insignificant level is
particularly useful for initial laser investigations, be-
cause it means that simple optical cavities may be
used to assess laser performance at elevated power,

Parameter

Thermal conductivity, K ~W m21 K21!

Specific heat, cp

~J kg21 K21!
~mJ mm23 K21!

Thermal expansion coefficient ~31026 K21

Parallel to c axis
Perpendicular to c axis

Temperature dependence of refractive
index, ]ny]n ~31026 K21!

Density, r~kg m23!

aSee Ref. 2.
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without simultaneously having to compensate for
strong thermal lensing effects.

3. Experiment

A. Pump Lasers

For this study two modified commercial CVL’s ~Ox-
ford Lasers Model CU40! were operated in an
oscillator–amplifier configuration. They delivered
pulses of 50-ns duration with a maximum energy of
8.5 mJ total at 511 and 578 nm. With time gating of
the amplifier,12 output pulses were available at vari-
able PRF from less than 1 Hz up to 8 kHz ~68-W
average power at 8 kHz!. Since the maximum out-
put power was required for the experiments de-
scribed here, the oscillator was fitted with either a
plane–plane resonator or an unstable resonator
~magnification M 5 50!. These configurations gave
divergences of 4.1 and 0.4 mrad, respectively, corre-
sponding to 300 and 23 times the diffraction limit for
the 42-mm-diameter beam with a top-hat intensity
profile. This very high divergence is quite adequate
for transversely pumped Ti:sapphire lasers. A ro-
tatable polarizing beam-splitter cube in the oscillator
cavity provided polarization control of the lasers. A
polarizing cube in the amplified beam fixed the final
polarization of the pump light to be parallel to the c
axis of the Ti:sapphire crystals. Rotation of the po-
larization of the oscillator was used to control the
pulse energies delivered to the Ti:sapphire lasers.

B. Ti:sapphire Lasers

Two different Ti:sapphire slab crystals were used.
The first was a 1-mm-thick crystal, 10 mm 3 1 mm 3

mm, Brewster cut for the Ti:sapphire laser beam
ith a 10 mm 3 1 mm 3 1 mm pumped volume that
as matched to a straight Ti:sapphire laser path

Fig. 3!. The second slab crystal was 4 mm thick in
he pump direction, 7 mm 3 4 mm 3 5 mm, giving a

mm 3 4 mm 3 1 mm pumped volume that was

Temperature ~K!

300 77

42 1000

752 61
2.99 0.24

5.3
4.8J 0.34 ~mean!

12.6 1.9

3980 3980
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matched to a zigzag Ti:sapphire laser path ~Fig. 4!.
n both crystals the c axis was oriented perpendicu-

larly to both the pump and the Ti:sapphire laser
beams ~along the 5-mm dimension! for maximum

ump absorption and laser gain.10

1. Straight-Path Slab Laser
The straight-path slab crystal was doped at 0.25 wt.%
~figure of merit 150! with an absorption depth of 2
mm at 511 nm. Because the depth of the crystal in
the pump direction was only 1 mm, four passes of the
pump laser beam were required for giving adequate
absorption ~72% when reflection losses are taken into
ccount!. To repass the pump beam reliably
hrough the crystal, the pump laser configuration
roviding higher beam quality was used ~M 5 50

unstable oscillator cavity!. A line focus was formed
with a f 5 750 mm achromatic spherical lens, L1, and
a f 5 2150 mm cylindrical lens, L2. The focal line

as reimaged onto itself for subsequent passes of the
rystal by use of cylindrical lenses, L3 and L4. The

Ti:sapphire crystal was placed slightly in front of
the focus, giving a pumped region 10 mm long and
1 mm high. This laser was operated with room-
temperature water cooling in the dimension perpen-

Fig. 3. Ti:sapphire straight-path laser layout. L1, achromatic
lens, f 5 750 mm; L2, cylindrical lens, f 5 2150 mm; C, Ti:sapphire
rystal; L3, cylindrical lens, f 5 150 mm; L4, cylindrical lens, f 5
00 mm; M1, M2, Ti:sapphire laser high reflector and output cou-
ler.

Fig. 4. Ti:sapphire zigzag slab laser layout. L1, achromatic lens,
f 5 750 mm; L2, cylindrical lens, f 5 20 mm; C, zigzag slab

i:sapphire crystal 7 mm 3 4 mm 3 5 mm; L3, M3, pump retroi-
aging optical system; M1, M2, Ti:sapphire laser high reflector

nd output coupler.
2

dicular to both the pump and the Ti:sapphire laser
beams. Because of the small area of the crystal in
this dimension, the temperature rise in the center of
the pumped region was quite significant, giving a
strong one-dimensional thermal lens ~calculated tem-
perature rise, 7 K at 65-W pump power; thermal lens,
f 5 140 mm!. Short cavities, 50 mm long, formed

ith a 250-mm radius of curvature concave high-
eflectance mirror and a plane, 80% reflectivity out-
ut coupler were used to allow high-order transverse
odes to oscillate, thus filling the entire pump vol-
me.

. Zigzag-Path Slab Laser
he zigzag crystal ~7 mm 3 4 mm 3 5 mm! was
esigned for high-power TEM00 operation. This

crystal was doped at 0.15 wt.%, since crystals with a
figure of merit of .300 are available at this lower
concentration. The crystal actually used had a spec-
ified figure of merit of 150. A 4-mm path length in
the pumping direction meant that only two passes of
the pump beam were required for achieving 75%
pump absorption even with the lower doping level.
The height of the pumped region in the cooling direc-
tion was 1 mm. Total internal reflection was used to
fold the Ti:sapphire laser beam along the zigzag path
shown in Fig. 4. The zigzag path gives a long ~38-

m! path length in the crystal to yield a high gain per
pass from the low pump energy density associated
with the large pumped volume and was designed so
that a beam of 0.5-mm radius would extract from the
entire pumped volume. Single-layer MgF2 antire-
flection coatings ~R , 0.2% at 780 nm! were applied
to the entrance and the exit faces for the Ti:sapphire
laser beam. All other faces were left uncoated.

This design is similar to that of Richards and
McInnes13 for a diode-pumped Nd:YAG laser incor-
porating a two-pass zigzag path, with Brewster-
angled end faces to expand the beam within the
crystal to provide better mode overlap. However, in
the case of Ti:sapphire the entrance and the exit faces
cannot be at Brewster’s angle, because both pump
and Ti:sapphire laser beams must be polarized par-
allel to the crystal c axis for maximum pump absorp-
tion and gain. With a transverse pumping geometry
this precludes Brewster-angled faces in the plane of
the pump and the Ti:sapphire laser beams. Liu et
al.14 demonstrated a Ti:sapphire zigzag slab laser,
but with a two-pass zigzag path they were not able to
achieve good mode overlap except in longitudinal
pumping. Our four-pass zigzag design ~Fig. 4! gives
overlap with a deep pumped region without Ti:sap-
phire beam expansion while also providing a long
gain length for high round-trip gain at low pump
energy densities.

The lower-beam-quality CVL configuration ~plane–
plane oscillator cavity! was used to pump the zigzag
slab crystal. As a result of the high divergence of the
pump laser, a f 5 750 mm achromatic spherical lens,
L1, reduced the beam to only 6 mm in diameter at
focus. A f 5 20 mm cylindrical lens, L2, positioned
close to this beam waist focused the beam to a line
0 November 1999 y Vol. 38, No. 33 y APPLIED OPTICS 6907
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6

focus 6 mm long and 1 mm high in the Ti:sapphire
crystal. The focal line was reimaged for a second
pass of the crystal with a f 5 150 mm achromatic
spherical lens and a plane high-reflectance mirror, L3
and M3. As for the straight-path slab laser, the
crystal was cooled in the direction perpendicular to
both pump and Ti:sapphire laser beams, with the
larger 7 mm 3 4 mm area in this direction reducing
the thermal gradients as expected. The crystal, Ti:
sapphire laser cavity optics and final pump optics
were all placed inside a vacuum chamber, and a
liquid-nitrogen cold finger was used to cool the crystal
to close to 77 K. Evacuating the chamber provided
thermal insulation of the crystal mount and also pre-
vented condensation and frosting on the crystal and
cavity optics. With cryogenic cooling the thermally
induced path-length variation across the Ti:sapphire
beam was calculated to be less than 1y100 of a wave-
length and so could be ignored ~calculated tempera-
ture difference from edge to center of the crystal 0.05
K at 65-W pump power; thermal lens, f 5 72 m!.
Cavities were formed with a 1-m radius of curvature,
high-reflectance mirror, 30 mm from the slab crystal
and a flat, 80% reflectivity output coupler, 100–400
mm from the slab. The cavity-mode radius through-
out the Ti:sapphire crystal was calculated to be close
to 0.5 mm.

C. Diagnostic Methods

Information about the size and the uniformity of the
pumped region, as well as the degree and the spatial
distribution of the gain depletion by the Ti:sapphire
laser mode, was obtained by observation of the crys-
tal fluorescence. The spatial profile of the fluores-
cence in the zigzag slab was monitored by a CCD
camera placed above the crystal with the top cooling
block removed. Because the crystal was not cooled
in this configuration, the profiles were recorded ei-
ther when the crystal was illuminated for less than
1 s with the pump laser operating at full PRF or when
the crystal was illuminated continuously with the
pump laser operating at ;10 Hz PRF. Observation
of images of the crystal fluorescence in the horizontal
plane along either the pump or the Ti:sapphire laser
directions was used to adjust pump focusing and
alignment for the straight-path and the zigzag slab
lasers. All cooling apparatuses could be in place for
such observations; so they could be carried out at full
power at full PRF. The temporal profile of the flu-
orescence depletion was measured with a photodiode
that observed the crystal in the same way but without
imaging optics, giving a value averaged over the
whole crystal volume.

In all fluorescence monitoring experiments filters
were used to remove scattered pump and Ti:sapphire
laser light from the observed signal. These filters
passed only short-~,700 nm! and long- ~.900 nm!
wavelength fluorescent light ~the Ti:sapphire laser
output was broadband from approximately 750–810
nm!. Because Ti:sapphire fluorescent emission is
homogeneously broadened, this gives a true indica-
tion of the Ti:sapphire inversion density.
908 APPLIED OPTICS y Vol. 38, No. 33 y 20 November 1999
We measured scattering loss in the Ti:sapphire zig-
zag slab crystal by passing a narrow beam from a
separate low-power Ti:sapphire laser ~1-W average
power at 6.2 kHz PRF at 780 nm! through the un-

umped crystal along the zigzag path.
We measured single-pass gain by passing the beam

rom a cw low-power laser diode ~10 mW at 780 nm
harp Model LT027MDO! through the pumped crys-
al along the zigzag path. The probe beam diameter
as kept small to avoid clipping. By observing the

cattering at reflections from the crystal, we verified
hat the probe beam was taking the correct path.
he probe beam was allowed to travel a further dis-
ance of several meters after emerging from the crys-
al, through small apertures, before being focused
nto a silicon-amplified photodiode ~Thorlabs Model
DA 150!. The signal was corrected for any residual
uorescence and normalized to the cw diode signal
mplitude just prior to the pump laser pulse ~Fig. 5!.
his small-signal gain measurement is not affected
y passive losses or thermal lensing and focusing in
he crystal.

Average laser powers were measured with a ther-
al power meter ~Ophir 300 W!. Laser pulse ener-

ies at low PRF ~,100 Hz! were measured with a
yroelectric energy meter ~Gentec Model L200! and a
igital oscilloscope. Temporal profiles of laser
ulses and fluorescence were measured with a silicon
hotodiode ~0.3-ns rise time, Thorlabs Model DET2-
I! and a digital storage oscilloscope ~Tektronix
odel 5440, 500 Msamplesys!.

4. Results

A. Straight-Path Slab Laser

The simple straight-path slab laser provided a proof-
of-principle demonstration of transverse pumping of
Ti:sapphire lasers at approximately 50-W pump
power. This laser produced the highest power of 10
W ~1.25 mJ! in 4.2-ns pulses ~FWHM! from 68-W
pump power at a pulse repetition frequency of 8 kHz
~efficiency, 15%; 14-W threshold!. This is a consid-
erable improvement on the results we had previously
obtained for a similar laser geometry,9 mainly as a

Fig. 5. Gain measurement on the zigzag path for a pump power
of 40 W ~6.5 mJ! at 6.2 kHz with cryogenic cooling.
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result of improved pump light absorption ~72% as
opposed to 32%!. Large thermal gradients in the
crystal made the output beam quality poor. Deple-
tion of the Ti:sapphire crystal fluorescence signal
~population inversion! by the laser pulse was 50–
60%.

B. Zigzag-Path Slab Laser

As discussed in Subsection 3.A.1, the zigzag-path
slab laser was designed to harness the advantages of
transverse pumping and also to operate with high
output beam quality at high power. It was thought
that the low gain of Ti:sapphire would prevent laser
modes other than that on the externally aligned zig-
zag cavity path from oscillating. However, un-
wanted internal parasitic laser modes were observed
for pump powers over 12 W. Figure 6 shows the
pattern of the fluorescence observed in the Ti:sap-
phire slab crystal at different pump powers with the
Ti:sapphire laser cavity mirrors blocked ~M1, M2;

ig. 4!. At low power ~up to 10 W! the fluorescence
bserved shows a smooth pumped region filling the
reater part of the crystal. At 12.5 W and above
nternal lasing modes are seen to deplete the fluores-
ence. The first mode to appear ~at 12.5 W! is a
ymmetrical two-diamond mode as in Fig. 7~a!. At
5 W and above, the two-diamond mode becomes
symmetrical @Fig. 7~b!# and a three-diamond mode
Figs. 7~c! and 7~d!# is also visible. The critical angle
or total internal reflection in Ti:sapphire is 38°,

Fig. 6. Zigzag slab laser fluorescence profiles with increasing pum
right-hand side.

Fig. 7. Possible internal lasing mode paths ~bold! compared with
0.75-mm-wide mode on the intended zigzag path of the external

avity ~spaced lines!.
2

hich confines each bold path in Fig. 7 within the
rystal by total internal reflection. Only paths that
ake two @~a!, ~b!# or three @~c!, ~d!# reflections from the
ong crystal face meet all four faces at angles above
he critical angle and are thus confined within the
rystal ~two- and three-diamond modes!. These
oth have short round-trip times and low loss, and so
hey build up before the intended external laser cav-
ty mode, thus depleting the inversion before power
an be extracted into a useful laser beam. At vari-
us positions on the crystal surface ~A–C in Fig. 7!

the internal modes make total internal reflections
whereas the desired external cavity mode does not.
The quality of the crystal surface at these positions
was deliberately defaced with a diamond scribe to
introduce loss into the internal modes while leaving
the external cavity zigzag mode unimpeded. By this
means internal parasitic lasing was prevented in the
zigzag slab crystal.

With cryogenic cooling and internal laser mode pre-
vention, TEM00 operation was observed for pump
powers as high as 80 W. An average output power of
3.4 W was obtained with 10-ns pulse duration from
64-W pump power at 8-kHz PRF. Output pulse en-
ergies were not affected by the average power sup-
plied to the crystal for constant pump pulse energies
at PRF’s that varied from below 1 Hz up to 8 kHz, and
the beam remained TEM00. This indicates that
thermal effects within the crystal were indeed re-
duced to negligible levels. Imaging the fluorescence
from above the crystal ~Fig. 8! showed a clear deple-
tion of the fluorescence along the intended zigzag
path. The poor efficiency ~5%! was caused by the

oor crystal surface finish of this particular crystal
here surface defects caused measured scattering

osses totaling 45% from the entrance and the exit
aces and nine total internal reflections making up a
ingle zigzag path transit of the crystal. That this
as a surface effect is evidenced by clearly visible
right spots on the crystal face where a probe beam
nters or reflects. Observation of the crystal surface
nder a microscope clearly showed many surface
rindingypolishing scratches that are not visible on
ther, well-polished, Ti:sapphire crystals. Observed

wer, showing internal laser modes. Pump beam enters from the
p po
0 November 1999 y Vol. 38, No. 33 y APPLIED OPTICS 6909
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depletion of the Ti:sapphire crystal fluorescence was
50% ~Fig. 9!, indicating that the laser was extracting

ower efficiently from the crystal, but most of this
as lost to scattering rather than going to its output
eam. The measured small-signal single-pass gain
as G 5 1.9 at 6.5-mJ pump energy ~40 W at 6.2 kHz;
ig. 5!, close to the theoretical gain of G 5 1.7 calcu-

lated from the absorbed power and the nominal
pumped volume.

5. Discussion

Thermal and damage problems in Ti:sapphire from
high-average-power and high-peak-power pump la-
ser beams were overcome with a zigzag slab laser
design incorporating cryogenic cooling. Although
the beam quality was excellent even at the highest
pump powers, the output power and efficiency were
very poor ~5%!. Diagnostic measurements per-
formed on the zigzag laser indicate that this was a
consequence of the poor surface finish of this partic-
ular crystal rather than a fundamental problem of
the laser design. The only cause identified for the
low output power observed was the large measured
scattering loss ~45%! on a zigzag path through the
crystal. It is therefore likely that the power trans-

Fig. 8. Ti:sapphire zigzag-path slab laser fluorescence profile.
~a! Not lasing ~cavity blocked!; ~b! lasing; ~c! fluorescence depletion
of ~a! and ~b!, showing Ti:sapphire laser path.

Fig. 9. Ti:sapphire crystal fluorescence and output pulse shape
for the zigzag slab laser.
910 APPLIED OPTICS y Vol. 38, No. 33 y 20 November 1999
mitted by the output coupler in a useful laser beam
was only a small fraction of the power actually cou-
pled out of the cavity.

Two methods can be used to estimate the actual
total power extraction from the crystal. First, when
we know the pump power ~Pin 5 64 W!, the fraction
absorbed ~j 5 75%!, the quantum efficiency ~f 5
0.68!, and the fluorescence depletion ~ f 5 0.50!, the
power deposited into the laser mode, Pout, can be
estimated as

Pout 5 Pinjff 5 16 W, (2)

which is considerably more than the 3.4 W measured
output of the laser.

A second method for estimating the actual power
extracted is to calculate the power coupled out of the
cavity at the output coupler and each loss element by
calculation of the growth of the intracavity flux
through one round trip. The output coupler reflec-
tivity, ~ROC 5 80%!, output power ~Pout 5 3.4 W!, and
passive loss ~L 5 45%! of the crystal at the lasing
wavelength are known. Assuming that the passive
loss is made up from N 5 11 equal scattering losses
~corresponding to the 11 crystal faces the cavity mode
encounters on a single zigzag transit through the
crystal! and that the bulk scattering loss is given by
he figure of merit ~FOM 5 150!, the absorption at the
ump wavelengths ~a 5 3.26 cm21!, and the length of

the zigzag path ~l 5 3.8 cm!, then the scattering loss
per face, S, of the crystal is given by

S 5 1 2 $~1 2 L!yexp@2~ayFOM!l#%1yN

5 1 2 $0.55yexp@2~3.26y150!3.8#%1y11

5 4.6%. (3)

The total round-trip gain during the laser pulse must
be unity; so the effective saturated gain coefficient
during the laser pulse, g, can be calculated from

ROC~1 2 S!22 exp@2gSln# 5 1, (4)

where ln is the gain length before crystal interface n.
In this calculation, g ~g 5 0.19 cm21! includes all bulk
cattering losses and gain saturation effects. With a
easured output power of 3.4 W transmitted through

n 80% reflectivity output coupler the cavity flux in-
ident on the output coupler must be 17 W. With
his flux and with the cavity gain and loss elements
nown, the cavity flux and the power coupled out can
e calculated at each position in the cavity. By this
ethod the power actually coupled out of the laser

avity mode when the laser was operating with 3.4-W
utput power with 64-W pump power was calculated
o be Pout 5 19 W, a conversion efficiency of 29%.

Both output power estimations give similar results,
indicating that the laser was operating as intended in
all respects except for the unexpectedly high scatter-
ing losses at the crystal surfaces. With a crystal
with good surface quality, output powers in excess of
15 W would be expected. All lasing parameters
would remain the same except for the total cavity
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output coupling. With a large drop in the scattering
loss an increased transmission of the output coupler
would be required for keeping the laser cavity dy-
namics the same. Output coupler reflectivities of
40–60% would be effective in a low-loss cavity of this
type.

Thermal modeling indicates that operation at room
temperature would yield a thermal lens of approxi-
mately 10-cm focal length at 65-W pump power.
Cavity designs with cylindrical elements would be
possible to compensate for this lens for a given pump
power, retaining a 0.5-mm-radius mode throughout
the Ti:sapphire crystal for good overlap with the
pumped volume. The extra complexity of such cav-
ities would be set against the benefit of eliminating
the need for cryogenic cooling.

Wavelength selection and tuning methods devel-
oped for medium-power Ti:sapphire lasers can be
readily applied to high-power lasers of this type. In-
jection seeding by low-power ~20-mW! cw narrow-
and diode lasers would be particularly attractive,
ince no lossy elements are introduced into the
avity.15–17

6. Conclusions

We have shown that efficient, high-power, high-
beam-quality operation of pulsed Ti:sapphire lasers
at kilohertz PRF is readily achievable. Transverse
pumping has been shown to eliminate crystal damage
by the pump laser beam completely and, when used
in conjunction with cryogenic cooling, to eliminate
the harmful effects of thermal lensing. Transverse
pumping is also shown to relax the beam quality
requirements for pump lasers, which is especially
useful when high-power units ~.50-W average power
at 8-kHz PRF! are used. We have demonstrated
hat output powers of .15 W are potentially achiev-
ble in 10-ns pulses at 8-kHz PRF. TEM00 opera-

tion has been demonstrated for pump powers as high
as 80 W and with pump lasers whose beam quality is
.100 times the diffraction limit. The short, high-
beam-quality output pulses from these Ti:sapphire
lasers are ideal for extending the spectral coverage by
nonlinear frequency conversion.
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