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Image-rotating cavity designs for improved beam
quality in nanosecond optical parametric oscillators
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Abstract: We show by computer simulation that high beam quaMy can be achieved in high energy, nanosecond optical parametric
oscillators by using image-rotating resonators.
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One of the greatest challenges in scaling nanosecond optical parametric oscillators (OPO’S) to high energy
is obtaining good beam quality along with high efficiency. Because of constraints imposed by crystal
nonlinearities and damage thresholds, scaling an OPO from low to high energy implies increasing the beam
diameters so the fluences, crystal lengths, and cavity length can remain relatively unchanged. The result is
a high-Fresnel-number cavity that can support many transverse modes, often resulting in poor beam
quality. We have applied numerical models to examine the effectiveness of various image-rotating
resonator designs in improving signal and idler beam quality for high energy, nanosecond OPO’S. The
numerical model for monochromatic OPO’S was described in an earlier paperl. We demonstrated that this
model accurately predicted beam quality for a low-Fresnel-number, three-mirror-ring, KTP OPO for pump
levels 2.5 times threshold and M2’s of 4. The model includes diffraction and birefiingent walk off but not
group velocity effects. The input pump and signal waves are assumed to be perfect spatial Gaussian beams.
We believe the fact that the initial signal beam is a perfect Gaussian does not invalidate the model for the
purpose of beam quality studies because in the amplification process the beam is greatly gain narrowed due
to the nonuniform pump profile. The signal wave reaches threshold fist at the center of the pump beam so
at the time of turn on it has a small diameter and thus populates many transverse plane-wave components.
Additionally, after turn on back conversion distorts the signal and idler waves, and this also populates high
order transverse components. Beam clean up must thus occur after turn on so the starting profile is
relatively unimportant.

Image rotating cavities have long been used to improve the beam quality of lasersz. On successive passes
each portion of the laser beam samples different gain regions, averaging to some extent the gain and
refractive index inhomogeneities~ This mechanism can also be effective in OPO’S where inhomogeneities
of the pump light can be averaged. However, the principal clean-up mechanism in OPO’S is not gain
averaging but the establishment of phase and amplitude correlations across the signal and idler beams due
to lateral walk off between them as they propagate through the crystal. For type II mixing, the birefringent
walk off in a single pass of a critically phase matched crystal is typically 0.1-1 mm. This can be a
significant fraction of the beam diameter. By its nature, parametric gain tends to establish local phase and
amplitude correlations between the signal and idler beams, and also within the signal beti and within the
idler beam, over stripes of length equal to the walk off, and oriented parallel to walk off. Over multiple
passes through the OPO cavity these stripes can grow to cover the full signal and idler beam widths. A
consequence of this correlation is that the beam divergence in the walk off direction can be restricted to
near the diffraction limit, while the divergence in the other direction is less restricted. This effect is often
somewhat obscurely referred to as a restricted crystal acceptance angle and it is usually analyzed in terms
of tilted plane waves. The analysis presented here in terms of correlation zones is equivalent to tilted plane
waves for monochromatic operation but is easier to apply and visualize3’4.

An example of divergence asymmetry maybe seen in the figures below. The first figure shows the OPO
which has a single crystal with walk off between signal and idler in the x-direction as indicated by the
arrow on the crystal. The ring cavity lies in the x-z plane and inverts the resonated signal beam in the x
dimension on each pass. The idler and pump are not resonated. The Fresnel number is about 35 here and
the OPO is pumped about twice threshold.
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correlation zones we show
how the signal field
initially at the origin
develops zones connected
by idler walk off and
image rotation. The open
circle indicates the origin.
After the first pass through
the crystal, a correlation
zone is created that
extends in the x, or walk
off direction, a distance
equal to the single pass
idler walk off, pLCv,ti.

Here p is the angle
between signal and idler
Poynting vectors in the
crystal, whether due to
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In the lower figure we show a
model-generated- far-field signal
fluence for this OPO. As
expected, correlations in the
signal beam develop over many
passes as stripes in the x-direction
(horizontal axis), leading to
reduced divergence in that
direction. Correlation between
stripes is weak, however, because
diffractive coupling is weak in

the y-direction. This decoupling
length is considerably less than
the pump beam diameter, so the
divergence in the y-direction
(vertical axis) is relatively large.

If the image of the resonated

signal wave is rotated 90° on
each cavity pass, the correlation
zone can extend in both
transverse dimensions, leading to
improved beam quality in both
dimensions. The figure below
shows one example of an image-
rotating cavity, along with a
diagram of the correlation zones
for successive passes. A dove
prism in the return leg, rotated

45° relative to the ring plane,

rotates the signal beam by 90° on
each pass. Waveplates before
and after the prism align the
signal beam polarization to an
eigenpolarization of the dove
prism to avoid depolarization. In
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birefringence or noncollinear pumping. This is shown under pass number 1. This line is rotated counter

clockwise by 90° in the dove prism so that on the next pass through the crystal the walk off again creates
correlations in the x direction, as shown under pass number 2. Repetition of the counter clockwise rotation
plus walk off on successive crystal passes creates the growing correlation zones diagramed. In the last
figure we display the nearly symmetric far-field signal fluence computed for this device. The effectiveness
of image rotation is apparent in both the far-field fluence pattern and in the low values for the signal M2 in
both directions.
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This design with 90° image
rotation is one of many designs
that induce correlations across
the full signal and idler beams.
We have studied several others as
well and find that if the
correlation zones develop over
the full signal beam the beam
quality is dramatically improved
compared with designs that
induce asymmetric or one-
dimensional correlation zones.
We have not yet demonstrated
this in the laboratory but we can
point to the design of Nabors and
Frangineas4 that creates
symmetric correlation zones by
using noncollineax pumping in a
type I, BBO OPO with a prism
beam inverter. They measure
improved beam quality relative to
a similar collinearly pumped OPO
that does not develop correlation
zones. We will show alternate
designs and indicate their
predicted performance based on
the our numerical model.

We believe the monochromatic models applied in this study should apply to both monochromatic and
broadband OPO’S, although this has not been validated. In broad bandwidth OPO’S there is temporal as
well as spatial walk off so the development of correlation zones is more complicated than for the
monochromatic case. Three dimensional zones must be considered rather than two dimensional. From
numerous experimental studies of OPO Iinewidth, we know that the temporal extent of the walk off is
about equal to the single-pass temporal walk off between signal and idler multiplied by the number of
passes during the pulse. This implies that over this temporal zone the transverse correlations can still
develop, so our model should still be quite good. Limited comparison between a broad-bandwidth mode13
and the monochromatic model supports this conclusion.
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