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Abstract: ~ The practical implementation of a phase diversity senspihfgh resolution
measurement of disturbed laser beams is detailed here. idat&mulations show that, with
simple material, a 6960 map of complex amplitude with/100 accuracy can be obtained.
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1. Diversity sensor

Complex amplitude measurements are necessary for the sbapel and optimal focusing of laser beams. It requires
dealing with strong amplitude and phase perturbations.tMaditional wavefront measurement techniques, such as
the Shack-Hartmann wavefront sensbf ¢r the shearing interferomete?][rely on the assumption of a continuous
wavefront. Their precisions decrease for highly distottedms 8]. Based on intensity measurements in different
planes of the far field zone, phase diversityjas demonstrated the capacity to cope with strong phasaraplitude
variations p, 6] and with potential discontinuities in the phase functieo ¢alled “branch points”). The method
presented ing] consists in estimating the complex amplitude of the fi¢ldby the iterative minimization of a non
linear error criterion on the recorded images. The estithéitdd is denotedVe. The diversity between image is
introduced via a calibrated additional distance of profiaga To ensure that the aberrations are identical for the
different images, a solution is to record simultaneoustyithages on the same sensor. To minimize the volume and
complexity of such a beam-splitter the basic idea is to @kpiternal partial reflections on a beam plate as illustfate
on the top left of Figl.
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Fig. 1. Top left: Partial reflections on the internal surfaoé the plate gives rise to several images
with calibrated amount of defocus and astigmatism. Bottefti Typical beam to be measured.

Right: Estimation error for two and three image planes, plessor and amplitude error for the three
planes case, as a function of the number of summed images.

The angle of incidence and the thickness of the plate aresewbby the lateral separation between the images
(detector size) and the requested amount of defocus to leduted. To maximize accuracy when the sensor is
operated with a small disturbance, which is the most ctitteae in a closed-loop system, the reflection coefficients



on both plate surface are chosen so that all images have larsétyhamic range. Aberrations introduced by the plate
(mainly astigmatism) can be taken into account in the dimsadel.

2. Performance analysis

The precision of the estimate is evaluated with the follapénror term:
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In Eq. 1, ¢p is the best estimate of a global (irrelevant) piston whichimizese? and Yx,j (respectivelyyse j) are
the coefficients of the decomposition¥f (respectively¥¢) onto a finite orthonormal spatial basis with basis vectors
[bj (Xay)]j:[l,Nd]-

The number of images and the aberrations between them aserciroorder to minimize? as it is illustrated here.
The estimation error is plotted on the right of Fign the case of the perturbed beam. The theoretical beam taichgli
and phase are presented on the bottom left of the figure. Theleveyth is 800 nm and for image formation a Shannon
sampling of the images is assumed. The first plane % at defocus from the focal plane. The distance between
every image plane corresponds td Beak-to-valley of defocus. The images are simulated aoaptd the direct
model presented irg]. The following noises are taken into account: photon nailgtector noise (9 photoelectrons
noise per pixel and per frame), and fixed pattern noises: tasgain noise of 0.8% and a spatial offset noise of 3
photoelectrons. The sensor is supposed to has a full-wediaity of 8400 photoelectrons and a 12 bit quantization is
imposed. Background subtraction error is taken into accbysubtracting the median of the pixel values at the edge
of each image from every image. Complex field estimation ifopmed on a 6& 60 grid of points.

Estimation error is plotted on the right of the figure in theeaf the 2 planes measurement (bldck and in the
case of the 3 planes measurement (¢¢@s a function of the number of images summed to counteras® nfluence.
The error on the estimated phase (the amplitude is suppodeaerfectly known) in the three planes case is plotted
in blued, the error on the amplitude (the phase is supposed perfauilyn) is in greer.

The figure illustrates the interest of the use of three imagssad of only two. Estimation error does not depend on
the number of summed images because fix pattern noises demivith commercially available sensor characteristics
and no additional calibration, estimation error is smaitem 0.01. This corresponds to a relative error on the peak
power smaller than 0.3%. Estimation error is identicallstdbuted on phase and amplitude. The phase error, that is
homogenous to r&assuming small phase residuals, is smaller than™5 & (A /100 rms) if five or more images
are summed .

3. Conclusion

It is generally stated that high precision measurementsir@tpw noise scientific camera and complex optical setup
for simultaneous image acquisitions. We present here affestive implementation of a phase diversity sensor based
on commercially available off-the-shelf components tleguires only one custom made semi-reflective coating on an
optical quality beam plate.

This work has been performed thanks to the financial supgdftench National Research Agency project ANR-
12-ASTR-0008-03.
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