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We have designed and operated a positive branch 6.3 mm diameter rod Nd: YAG unstable resonator oscillator with
a 12 nsec, 200 mJ Q-switched output at 10 Hz repetition rate. When followed by a single 3 mm diameter Nd:YAG am-
plifier output energies up to 750 mJ were obtained with a divergence less than 0.5 mrad.

Unstable resonators offer the advantage of obtain-
ing diffraction limited output from a large volume,
high gain laser medium. The design and theory of un-
stable resonators has been reviewed and extended
since their introduction by Siegman [1]. However,
to date experimental work has been primarily limited
to CO, lasers [2,3] and to Nd:Glass laser—amplifier
systems [4], although a negative branch Nd:YAG un-
stable oscillator has been investigated [5].

We report the design and operation characteristics
of a positive branch Nd:YAG unstable resonator. The
output energy and mode stability of the Nd:YAG un-
stable resonator oscillator is considerably improved
over an equivalent stable resonator configuration. The
Nd:YAG oscillator has been used in a series of non-
linear optical experiments to further illustrate the
stability and quality of the output beam. We note
that the high gain of Nd:YAG makes it an ideal me-
dium for use in unstable resonators where optimum
cavity design usually leads to high output coupling.

Fig. 1 shows a schematic of the Nd:YAG unstable
resonator oscillator. In designing the confocal posi-
tive branch resonator we have included the thermal
focussing effect of the Nd:YAG rod. Our measure-
ments of Nd:YAG rod focal length fin meters versus
average lamp input power P in kW is closely approx-
imated by f(m) = 2.1/P(kW). This focal length ex-
pression applies to a 6.3 mm diameter 0.7% Nd doped
rod pumped by a 7 mm diameter xenon flashlamp
within a gold plated single ellipse cavity and is in
agreement with previous results [6—8].
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Fig. 1. (a) Schematic of the confocal unstable resonator cavi-
ty with a KD*p electro-optic Q-switch, 6.3 mm diameter 50
mm long Nd:YAG laser rod and 1.8 mm diameter output
mirror. For this cavity Ry =300 cm,R; = —50 cmand M =
3.3 giving an output coupling 5 = 83%. (b) Effective mirror
radius of curvature R, fir due to combination of geometri-
cal curvature R5 and Nd:YAG rod focal length [,

The design of the unstable resonator is complicated
by interdependence of the cavity length, output cou-
pling, rod diameter, and mirror radii of curvature.
Since the cavity length and output coupling are con-
veniently varied, we chose we fix the Nd:YAG rod
diameter and mirror radii of curvature at standard
values.

The mirror radii of curvature for the positive
branch confocal cavity are Ry = —2L/(M~1) and R,
=2ML/(M-1) where L is the empty cavity length,
R, and R, are the output and back cavity mirror cur-
vatures and M is the magnification which is the ratio
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of the rod diameter to the output mirror diameter.
The geometrical output couplingis & =1 — 1/M2. In
practice diffraction effects reduce the output coupling
to values slightly less than & if the cavity is designed
to operate at equivalent Fresnel numbers
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with values of 0.5,1.5,2.5, ... [1].

In designing the cavity we chose to eliminate M
from this equation using the above relation M =1 +
2L/|R | and to solve for the cavity length given by

IR, )1/2
AV, q ’
where D is the laser rod diameter. The geometrical
value for R is given by the above relation for a given
value of M and L.

As a final step we introduce the effect of the
Nd:YAG rod focal length f as shown schematically
in fig. 1b. We choose an available mirror curvature
R’ and calculate the Nd:YAG rod focal length re-
quired to achieve an effective mirror curvature equal
to R, . If the mirror to rod distance / is less than the
rod focal length, then 1/f=1/R, — 1/R; holds to a
good approximation. Of course R'2 is chosen such
that f corresponds to the desired average input lamp
power. ‘

As an example, with Ry = —50 cm (convex) radius
and Noq = 1.5 we find that L = 64 cm and R, = +178
cm (concave) at M = 3.53. The geometrical output
coupling is 92% but the output coupling including
diffraction effects is 84%. For the 6.3 mm rod diam-
eter the magnification dictates a 1.8 mm diameter
output mirror, Operating at an input lamp power of
500 W (50 J at 10 pps) gives a rod focal length near
437 cm which leads to a standard 300 ¢cm (concave)
back mirror curvature. Qur measurements were made
using a cavity of this design.

The output mirror was carefully ground to 1.80
mm diameter, coated for high reflectivity at 1.06 um
and then cemented to a 1 mm post which was held
in a Brewster angle window. The cavity was aligned
using a helium neon laser incident through mirror R,.
The alignment tolerance of the output mirror was
measured to be 24 urad for 10% output power varia-
tion. Off axis transverse modes occurred symmetrical-
ly at output mirror tilts of +1.36 m rad so that the
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cavity exhibited good mode selection.

The output beam pattern is a 6.3 mm diameter
spot with a 1.8 mm diameter hole. In the near field
the Fresnel diffraction rings from the rod and out-
put mirror apertures are evident; In the far field the
beam converts to a modified Airy disk pattern with
the fraction of energy in the central lobe equal to the
fractional output coupling.

The Q-switched oscillator output energy versus in-
put energy to the flashlamp is shown in fig. 2. We
have operated the oscillator at up to 250 mJ output
energy but normally operate between 150 to 200 mJ.
For 200 mJ input energy without beam expansion
into a 9 mm amplifier rod at 90 J lamp energy we
have measured 750 mJ output energy. All measure-
ments have been taken at our usual operating repeti-
tion rate of 10 pps.

The output 1.06 um beam quality was investigated
by a series of nonlinear interactions. The half angle
beam divergence was determined to be 0.5 m rad by
noting the acceptance angle for SHG in a 3 ¢m long
Type 11 KD*P crystal. With the 3 cm long Type Ti
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Fig. 2. Unstable resonator Q-switched output energy versus
lamp input energy at 10 pps for a 6.3 mm diameter Nd:YAG
-oscillator.
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KD*P crystal 30 mJ of 0.532 um was generated using
150 mJ unfocussed input energy. The 0.532 um was
summed with 1.06 um in a second KD*P crystal to
generate 12 mJ at 0.3547 um and doubled in ADP to
give 10 mJ at 0.2660 um. The angle phasematched
harmonic processes are convenient to align and re-
main stable for hours of operation.

We have directly pumped a LiNbO5 parametric os-
cillator at 1.06 um with both the oscillator and oscil-
lator/amplifier system [9,10] . The threshold energy
with the unstable resonator was reduced compared
to an equivalent gaussian beam pump. The parametric
oscillator tunes over a 1.4 to 4.3 um range and oper-
ates at the expected 20% energy conversion efficien-
cy at three times above threshold [11].

Finally, in order to compare the unstable resonator
performance to a stable resonator, we operated the
6.3 mm diameter Nd:YAG oscillator with a beam ex-
pansion telescope in order to fill the rod with the
TEM), mode. The equivalent two mirror cavity is a
400 m versus a flat so that rod focussing is critical.
By carefully adjusting the lamp power and telescope
we were able to obtain 50 mJ of output energy with
close to TEMyg mode output. The cavity was signifi-
cantly more stable with a 2 mm diameter aperture at
an output energy of 20 mJ. This experiment clearly
demonstrates the advantage of an unstable resonator
for energy extraction from large mode volume high
gain lasers and for Nd:YAG in particular.

In conclusion, we have operated two unstable reso-
nator Nd:YAG lasers on a daily basis for over four
months at near 200 mJ output energy at 10 Hz rep-
etition rate. An osciilator/amplifier has operated for
the same period with output energies near 750 mJ.
The increased output energy at low beam divergence
available from the positive branch confocal unstable
resonator Nd:YAG system considerably enhances its
usefulness as a laser source.
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