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The unstable-resonator yag

By Robert L. Byer and Richard L. Herbst

UNSTABLE RESONATORS provide the best way
to extract diffraction-limited energy from large-
volume, highgain laser media. The laser medium
must be of high optical quality, however, for an
unstable resonator to be effective. This requirement
has limited applications of unstable resonators
primarily to gas lasers because the time- and power-
dependent thermal distortions occurring in

It offers better performance and reliability
at a lower cost than conventional stabie-
resonator yag designs

solidstate lasers make this type of resonator unat-
tractive.'

In this article we show that, contrary to the above
expectation, a properly designed Nd-yag unstable
resonator provides marked improvements in per-
formance, reliability and cost over the conventional
stable resonator.

The theory and design of unstable resonators has
been reviewed at an introductory levei* and in
detail’ by Anthony E. Stegman and by R. J. Freiberg
et al.* In this article we discuss the design criteria
and performance of the Nd-yag unstable resonator
laser first described by Richard L. Herbst et al.5

Comparison of laser sources

The performance of an unstable-resonator
oscillator-amplifier is compared to that of a stable-
resonator system in Fig. 1. Both lasers have been
operated at Stanford University. The unstable
system not only requires fewer components, but
also produces more output. With a wall-plug efficien-
¢y of 0.5%, the unstable resonator is about five
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Fig 1 Schamatics of the Stanford high energy TEMe-mode Nd-yag
laser a and of fhal high energy unstable-resonator Nd- yag laser b

times morqfe:fficient than the stable one.

The des[ifgfn of an unstable-resonator cavity is a
more complicated procedure than for a stable
resonator b:e:cause of the interdependence of cavity
length, output coupling and mirror radii of cur-
vature. Unstable-resonator theory and design have
been discussed by Dr. Siegman.?3 The requirement
to avoid focal points in the cavity, and the desire to
have a collit mated output beam, dictate the choice of
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Fig 2 Schematic of the unstable-resonator cavity designed for 550
walts average pump power a and Nd-.yag rod thermal-focusing cor-
rection to the back-mirror radius of curvature b

a positive-branch confocal unstable resonator.

Within the constraints of commercially available
components, we have developed a procedure that
quickly leads to a useful unstable-resonator design.
Fig. 2a shows a schematic of the unstable-resonator
cavity. The geometrical ouput coupling is related to
the magnification M by

6 =1-3k (1)

The magnification is the ratio of the output-beam
diameter D to the output-coupler diameter d, or
M = D/d. For a confocal resonator, the mirror radii
are given by’ oL

Rl = m (28.)
- ML (2b)
Rs M-1

where L is the cavity optical length and R, and R,
are the output and back-cavity mirror curvatures.
Note that the output mirror has a negative curva-
ture and thus is convex, while the high-reflection
mirror has positive curvature and is concave.

Calculations show that the actual output coupling
is less than the geometric value for cavities de-
signed with equivalent Fresnel numbers

M-1\D* 3)
Neg = ( 5M* J 4La

with values of 0.5, 1.5,2.5...

Physically, the half-integer. equivalent Fresnel
numbers correspond to Fresnel diffraction peaks
centered on the output coupler, leading to increased
feedback into the resonator. Corrections to the
geometric value of output coupling for operation at
half-integer Ny, have been given by Siegman® and
experimentally verified by R. J. Freiberg et al.* We

The fi !s,t. step of our procedure is to fix the rod
diameter.D and to choose R, to be a readily available
mirror curvature. The other parameters, cavity
length, back-mirror curvature and output coupling,
then can be calculated for selected half-integer
values of Ngo. The cavity length, for example, is
determined by using Eq. 2a to eliminate M from Eq.
3 and solVing for L to find

| 1 1 R' 0.8
Once L is known Eq. 2a is used to calculate M. R, is
given by[ﬁq. 2b, and d is given by the definition of
magnifieation.

The accompanying table gives an example of a
calculation| with D = 6 millimeters and R, = - 50
centimeters. Let us choose the cavity design with

ro = 1.0 because the output coupling is appropri-
ate for a q-switched Nd-yag laser, the cavity length
is long enough to lead to g-switch pulselengths near
10 nanoseconds, and the mirror radii and physical
length ofithe resonator are convenient. We must
next introduce the thermal-focusing effects of the
Nd-yag roitli'

For our single-xenon-flashlamp pumped, 6.3-mm-
diameter, and 50-mm-long Nd-yag rod with 0.7% Nd
doping, we measured a focal length of f = 2.1
meters/P where P is the average lamp power mea-
sured in kilowatts. This value is in good agreement
with previous measurements. As shown in Fig, 2b,
the distante from the back mirror to the laser rod is

much less ‘than the rod or mirror focal length.

Therefore, we can compensate for rod focusing by

reducing ih'e focusing strength of the mirror. The

new radius of curvature R, is given by
' I S e &
! ; = Rz H
Since f depends on flashlamp average power, we

must choost:a the back-mirror curvature at an ap-
propriate average-power operating point. As an ex-
ample, for[ﬂ, = 300 cm we find that the desired rod
focal length|is approximately, f = 3.81 m which oc-
curs at anjaverage lamp energy of 551 watts, or 55
joules per |pulse at 10 pulses per second. This value
of lamp energy is in the mid-operating range of the
present lager oscillator and our characterization of
the unstable resonator oscillator was made using a
300-em-radius back mirror.

The unstable-resonator oscillator designed above
is shown in Fig. 2. It uses a commerecially available
potassium;dideuterium phosphate (KD*P) electro-
optic q switch, with either a calcite or coated dielec-
trie polarizler.A single flashlamp within a gold-plated
elliptical reflector pumps the Nd-yag rod. The q
switch is triggered by a thyratron with a 10-ns
risetime. The rod is antireflection coated but
wedged to prevent self-oscillation. The output
coupler was| manufactured from a convex 50-cm

choose to minimize 4 by operating at radius-of-curvature Edmund Scientific Corp. lens by
half-integer Nq. grinding to the proper 1.8-mm diameter, coating for
Nuo L R, R, M - R
0.5 120 cm —50cm 290cm 58 0.97 057 | DESIGN CALCULATIONS for un.
1.5 59cm —50cm 168cm 3.3 0.91 0.84 stable resonator with D = 6 mm
25 40 cm —80cm 130em 2.60 0.85 0.73 and R, = - 50¢cm
kK 30cm =50cm 110cm 220 0.79 0.64 .
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Fg 3 Unstable-resonator oscillator q-switchad ocutput energy vs

" flashiamp energy top and amplifier output energy vs flashlamp energy

for various values of oscillator input energy bottom

high reflectivity at 1.064 micrometers and mounting
on a 1-mm stainless-steel post, which was heid in a
hole drilled into a Brewster-angle plate.

The top of Fig. 3 shows the q-switched output
energy from the oscillator only; the bottom shows
the output energy from the 9.5mm diameter amp-
lifier at various oscillator input energy values. The
q-switch pulsewidth is close to 10 ns at pumping
levels greater than twice threshold.

The measured peak-to-peak energy stability is
+ 5%. Subnanosecond- resolution observation of the
g-switched output shows that axial-mode beating is
present, 50 that peak-to-peak power stability varies
by as much as 20%. Axial-mode beating is also ob-
served in stable-resonator Nd-yag sources and our
measurements show that the temporal behavior of
the stable —and unstable-resonator Nd-yag lasers is
nearly identical.

Transverse-mode properties

The transverse-mode profiles of unstable
resonators have received considerable attention in
the literature.’ Unlike Gaussian beam profiles
generated by low-gain stable oscillators, the
unstable-resonator mode is not described by a sim-
ple analytical expression. In a near-field, unstable-
resonator beam the energy is distributed in an an-

nular ring about the central beam axis. This mode
profile leads to less peak intensity for a given beam
diameter tl'?;a:n for a Gaussian beam. In addition, the
phase front of the unstable resonator mode is within
a few degr‘feés of a plane wave over all but the
obscured central portion of the mode. A Gaussian
beam, on'the other hand, has a phase deviation of
more than 20° across the beam profile.

Figs. 4a and 4b show the near-field and far-field
beam-inten ity profiles of an unstable resonator
taken with?;a! line-scan television camera. Without
focusing or beam reduction the conversion to the far
field takes gver 30 m. With a 3-to-1 Galilean beam-
reducing tel:eécope the far field is reached in 3 m and
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the beam profile then evolves into a modified Airy
disk as shown in Fig. 4b.” ‘

On first ob!éérving the near-field mode profile of
an unstable resonator, one is struck by the annular
dark rings that modulate the beam intensity.
Careful calculations of the mode profile show that
these concentric circular fringes are the result of
Fresnel diffraction of light from the edge of the out-
put coupler and the Nd-yag rod. The intensity
modulation isjcalculated and measured to be = 10%
of the peak intensity. The Fresnel modulation rings
are evident m' Fig. 4a, although they are not fully
spatially resalved due to television-system limita-
tions, Gaussi;uim beams also are subject to Fresnel in-
terference modulation, This is especially the case for




Gaussnan profile beams propagating through high-
gain, saturated amplifiers wherc the Gaussian “tail”
is enhanced by the gain medium, thus increasing the
intensity clipping at the amplifier rod. It has been
shown by A. J, Campillo et al’ that for Gaussian
beams clipping by an aperture at the €’ intensity
level leads to a central intensity modulation of *2e
for £2 < < 1. For example, a 1% intensity-level clip
will generate a = 20% intensity fluctuation at the
beam center. While both stable and unstable
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resonators exhibit Fresnel diffraction effects, lower
peak intensity of the unstable-resonator mode
reduces the possibility of damage at a fixed energy
level.

Spectral properties

The Nd-yag unstable-resonator spectral proper-
ties are similar to those of a stable resonator. The g-
switched laser oscillates at a 0.4-inverse-centimeter
linewidth which is centered on the 3-cm-! wide gain
linewidth. With the insertion of a single tilted
etalon, the linewidth is reduced to less than 0.1 em™*
or approximately 5 axial modes. For further line-
width reduction the q switch must be electronically
opened in a programed manner to allow for multi-
pass linewidth narrowing by the tilted etalon. Re-
cent developments along this line by Quanta-Ray
Inc. have led to an electronic-line-narrowing option
of their commerical, unstable-resonator Nd-yag
laser. The results are impressive, with over 50% of
the laserpulses being single axial mode. The remain-
ing pulses have some fraction of two or more axial
modes present and can be readily diseriminated
against when the data are analyzed. The electronie-
line-narrowing approach also significantly improves
amplitude stability of the output. Single-axial-mode
pulses are free of axial-mode-beating modulation
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and thus are very close to Gaussian in time, with a
peak-to-peak stabxhty of better than 0.1% in both
power and energy

The unst: Ilﬁ-resonator Nd-yag system is ideally
suvited for barmonic generation and for pumping
Raman and; parametric-oscillator devices. Fig. 5
shows the measured output pulse energy vs input
1.06-um energy at the second {(0.5320 um). third
(0.3547 um) jand fourth (0.2660 um) harmonics. The
low-energy range corresponds to pulse energy level
available from the unstable resonator only. The
high-energy|. hmnt corresponds to the pulse energy
available frulm the amplifier.

Harmonic: generation was accomplished using
KD*P crystals. cut for the proper phasematching
angle. The qutput intensity from the Nd-yag source
is adequate . for efficient harmonic generation
without beam focusing. Quiput energies for second-
harmonic generatmn with type 1 and 2 phasematch-
ing are shown in Fig. 5.

Addntmnal fixed frequencies can be generated by
stimulated || Raman scattering in hydrogen,
deuterium, methane and liquid nitrogen. We have
found that a one-meter cell, filled to 20- atmosphere
pressure, allows 40% energy conversion to the
Stokes frequency by single- pass superfluorescent
stimulated Raman scattering in gases. Fig. 6 shows
the conversjon efficiency for 0.532-um input vs the
number of times above threshold for H,, D, and CH..
Similar coriverslon elficiency curves apply for
1.06-um pumptng and for the third- and fourth-
harmonic pumpmg. As an example, we have
generated up to 180 millijoules of energy at 1.907 um
by st:mulated Raman scattering in H; by direct




pumping at 1.06 um.

For a collimated beam 2 mm in diameter, the
stimulated-Raman-scattering threshold energies for
H, are 100 mJ at 1.06 um, 36 mJ at 0.5320 ym, 23 mJ
at 0.3547 ym and 18 mJ at 0.2660 um. Stimulated-
Raman-scattering thresholds in liquid N, are an
order of magnitude lower. In all cases focusing can
reduce the threshold significantly, e.g., to less than 8
mJ at 0.532 um, but conversion efficiency also is
reduced and gas breakdown may be reached. The
high peak intensity available from the unstable
resonator source makes stimulated Raman scatter-
ing a convenient frequency-conversion process at all
of the available pump wavelengths.

Tunable sources

Even though harmonic generation and stimulated
Raman scattering provide a wide range of fixed fre-
quencies extending from 0.239 to 9.18 um, tunable
radiation is essential for a number of applications.
At Stanford University we have pumped a lithium-
niobate parametric oscillator with 1.06 um and tuned
across the range between 1.4 and 4.0 um.’ The
unstable-resenator system has allowed significant
increase in available output energy from the LiNbO,
parametric tuner. By adding a LiNbQ, parametrie
amplifier after the parametrie oscillator, we have
generated up to 70 mJ of tunable radiation from 300
mJ of 1.06-um pump radiation.

In the visible, we have used the second-harmonic
output at 0.532 um to pump dye lasers and dye
amplifiers, providing tunabie radiation between 0.54
and 0.69 um. The dye-laser tuning ranges may be ex-
tended by second-harmonic generation, sum genera-
tion and difference-frequency generation to cover
the spectral range between 0.26 and 5 um.

As shown in Fig. 5, output energies of over 200 mJ
per pulse at 0.532 um and over 100 mJ per pulse at
03547 um are now commercially available for dye
laser pumping. In addition—unlike the nitrogen
laser —the Nd-yag output is diffraction limited, thus
allowing frequency extension of the dye laser by
sum and difference generation with 1.06 yum and its
harmonics. Using our unstable-resonator Nd-yag
laser at Stanford, we have constructed a simple side-
pumped dye laser with a grating and 10-power prism
beam expander for linewidth control. For 5 mJ of
0.5320-um input we obtained 1 mJ of output using
rhodamine 6G dye. This corresponds to 166 kW of
peak output power for the 6-ns pulse. An aperture in
the dye-laser cavity assured good spatial-mode
quality of the output, which had a spectral linewidth
of less than 0.03 nanometer. Qur simple dye
oscillator already exceeds the output energy
available for the best N-laser-pumped dye system.

In recent developments at Quanta-Ray, a dye
oscillator-amplifier system has produced over 50 mJ
of energy (10-megawatt peak power) at 10 pps. The
mode quality is excellent, as confirmed by second-
harmonic-generation results which produced over
15 mJ of tunable ultraviolet radiation. Fig. 7 shows
the performance of the 0.532-um-pumped rhodamine
6G dye laser oscillator-amplifier system at beam
divergence of less than 0.5 milliradian and output
linewidth of less than 0.5 ¢m-*. The beam quality
allows efficient frequency extensions to both the

i
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ultraviolet !a,nd infrared by sum and difference

L H
generation.|

The rese,afx?ch applications of unstable-resonator

Nd-yag sysb‘:e:ms include tunabie-laser spectroscopy,
nonlinear spectroscopy, four-wave-mixing studies
and coherént anti-Stokes Raman spectroscopy
(Cars). Diagnostic applications include remote aip-
poilution monitoring, laser radar, flame and combus-
tion measurements using Cars and Raman tech-
niques, and stroboscopic illumination,
As an ex?frpple of a spectroscopic application H.
Komine and Robert L. Byer® used the harmonics of
the Nd-yag{;Qnstable-resonator source for optical-
pumping sthies of the mercery dimer. The har-
monic output in the ultraviolet was more than ade-
quate to induce and allow the measurement of
nonlinear upper-level absorption and state kinetics
inHg,. !

Recent fog:;--wave-mixing studies in the vacuum
ultraviolet Ey, Gary C. Bjorklund et al* involved

L B . -
phasematched sum generation in strontium vapor,

using three| lindependently tunable dye lasers
pumped by |the harmonics of a single unstable-
resonator |Nd-yag laser. The experiment
demonstrateﬂi a potentially efficient method for
tunable vacuum-ultraviolet generation in metal.
vapors. Infrared four-wave mixing in H, gas has
been used t6: generate tunable infrared output. In

L

one experim[e;r'{t S. J. Brosnan et al'* used a tunable

LiNbO, parametric oscillator source pumped by 1.06

pum as the lf.-4- to 4-ym primary tuner. Coherent
Raman mixir}'gi in H; gas pumped by 1.06 um Stokes-
shifted the output to tune over the 3.5- to 18-um
range. In a similar experiment, Peter P. Sorokin et
aj# generate[dglﬁ-ym radiation by coherent Raman
mixing froml.i rotational Raman levels in H, gas.
Again, the Nd-yag source provided the pump power
to generate stimulated rotational Raman scattering.
The 16-um radiation was then generated by Stokes
shifting of the input carbon-dioxide laser radiation.

Wavefrontchnjugation for aberration correction
is a recent and potentially important application of
four wave mixing. In an elegant approach to the
problem. D. M. Bloom et al"* used the unstable-
resonator source to demonstrate wavefront reversal
and image reconstruction in CS, at 1.06 pm. The
method offers the potential for complete correction
of amplifier-iﬁjduced optical inhomogenities in high-
energy, higihi-repetition-rate laser oscillator-
amplifier systems.

Cars spectroscopy puts severe constraints on the
laser parameters and laser reliability. The high peak
power, excellent peak-to-peak stability and good
linewidth control have made the unstable-resonator
Nd-yag advantageous for Cars studies. The
unstable-resonator oscillator alone has more than
adequate enex{'g{y to carry out Cars studies in solids,
liquids and gases. For laser diagnostics using Cars,
the increased|energy available from the unstable-
resonator osci,lléltor-amplifier system makes Cars a
practical tool under severe measurement conditions,
such as in flames or engine exhausts. In the same
manner, the I!ligh average and peak power also
significantly é;n:hance the signal-to-noise level of
spontaneous Raman scattering.'* "

Using a LiNbQ, parametric tuner pumped with a
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