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ABSTRACT

Wavefront sensors have been used to make measurements in fluid-dynamics and for closed loop control of adaptive
optics. In most common Shack-Hartmann wavefront sensors, the light is broken up into series of rectangular or
hexagonal apertures that divide the light into a series of focal spots. The position of these focal spots is used
to determine the wavefront slopes over each subaperture. Using binary optics technology, we have developed a
hierarchical or fractal wavefront sensor that divides the subapertures up on a more optimal fashion. We have
demonstrated this concept for up to four tiers and developed the wavefront reconstruction methods for both segmented
adaptive optics and con tinous wavefront measurement.

1 INTRODUCTION

Measuring the phase of an optical beam has many dif-
ferent applications. Phase measurement is used for sur-
face metrology of optics, thin films, mechanical compo-
nents and the characterization of a wide variety of light
beams and lasers. It is extensively used in fluid mechanics
to infer density distributions,1 and has extensive applica-
tions in laser beam propagation measurement and con-
trol, where the phase of the beam itself is an important
parameter.25 Numerous phase sensors have been de-
signed, built and tested using various methods. The most
common types are the interferometric (based on either
shearing or spatial filtering) and Shack-Hartmann. For
many applications these techniques provide adequate per-
formance. However, in some circumstances, these tech-
niques may be limited in bandwidth, and in their ability
to measure the required parameters. We have developed
a new type of wavefront sensor that may be used in these
situations.

The Shack-Hartman wavefront sensor uses a series of
small lenslets to dissect the incoming wavefront into a
number of individual beamlets.19 These beams are fo-
cused onto a detector to produce a measure of the fo-
cal spot position. The average angle of arrival of the
wavefront across the lenslet aperture can be uniquely de-
termined by dividing the measured spot position by the
lenslet focal length. To determine the overall wavefront,
these individual measurements must be pieced together
to form a finite integration in two dimensions. This op-
eration is generally referred to as wavefront reconstruc-
tion.1012 For real time systems it is often the most diffi-
cult and time-consuming operation and is prone to the in-

troduction of error into the measurement process. It also
places a limit on the eventual resolution of the Hartmann
sensor for a given bandwidth, since it requires large ma-
trix operations that must be performed in a digital com-
puter. For example, current technology when applied to
adaptive optics is limited by the computer speed to a few
hundred channels in order to achieve the bandwidths re-
quired for atmospheric compensation. Hartmann sensors
consist of a lenslet array, coupled with a detector array,
data acquisition and analysis software. The lenslet array
can be fabricated using discrete optics, binary optics, or
by a number of other approaches.13'5

In the multi-tiered wavefront sensor we have used the
basic approach of the Shack-Hartmann sensor, that of us-
ing spot position to provide tilt information over a sub-
aperture, but have reorganized the subapertures in a more
optimal configuration. The subapertures, instead of be-
ing organized into an array of orthogonal or hexagonal
segments, are distributed throughout the entire aperture,
so that samples from varying parts of the aperture are
acquired simultaneously. This allows the wavefront to be
sampled in a hierarchical manner, rather than on an or-
thogonal grid. This technique depends upon specialized
optics that can only be fabricated using digital (or bi-
nary) optics technology. This technique lends itself well
to hierarchical control of adaptive optics.16"7

We will present a description of the multi-tiered con-
cept, wavefront reconstruction analysis techniques, the
binary optics fabrication methods, a model that uses lin-
ear superposition of analytic solutions to calculate far-
field diffraction for this geometry, and the results of an
adaptive optics brassboard experiment.
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Figure 1: Two-tier lens system. Light from the entire
aperture focused to a spot in the center of the field, in
addition to the four focal spots from each quadrant.

2 MULTI-TIERED CONCEPT

2.1 Description

The sensor uses a hierarchical scheme for acquiring
the information about the wavefront. This allows infor-
mation to be obtained with different levels of detail over
the entire aperture simultaneously. The information is
obtained in a manner similar to Hartmann sensing, by
observing shifts in the position of a focal spot on a detec-
tor, but the focal spots move in response to the wavefront
slope over different portions of the aperture. Each level
in the hierarchy provides information on additional orders
of wavefront slope.

Figure 1 depicts a typical arrangement for a two-tier
system. In this sensor there are two independent sets of
lenses. The first lens tier gathers light from the entire
aperture and focuses it to a single spot in the center of
the array. The second tier splits the aperture into four
separate regions, with each region focused to the center of
that region. These two tiers sample the same aperture us-
ing one of two techniques: faceted sampling or diffractive
sampling. A similar method is followed for a three-tier
system, four-tier and so on. An example of a three-tier
system is presented in Figure 2.
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There are two basic ways that this information is uti-
lized. The measured derivatives of the wavefront over
different subapertures can be used for direct computation
of a series expansion of the wavefront, or the information
can be used in a hierarchical control scheme to provide
feedback for adaptive optics.

2.2 Aperture Multiplexing

There are basically two different techniques for design-
ing these elements: diffractive (or computer generated
hologram) and segmented aperture multiplexing. In the
diffractive case, a series of computer generated holograms
are constructed which diffract the light into the appro-
priate order. These can be fabricated using binary optics
technology. The design process requires detailed calcula-
tions of the optical fields by the elements of the diffraction
grating. Multiple level grating profiles can be used to in-
crease the efficiency. This technique has the advantage
that a simultaneous sample of the entire aperture can
be acquired. However, the design requires sophisticated
physical optics modelling. It is extremely difficult for the
designer to intuitively choose grating elements which will
produce the required results. While this type of design is
feasible,'8 there is another, simpler technique available.

In the segmented aperture multiplexing approach, the
entire aperture is broken up into a series of small seg-
ments. These segments are arranged in a regular grid
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Figure 2: Three-tier lenslet array.




