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threshold.1–3 The realization of these properties depends, to
a great extent, on the ability to fabricate quality surfaces for
these crystals. The focus of this note is the precise hand polishing of these crystals .
Stain-free surfaces are the key to realizing the reported highsurface damage values of these materials.1, 4 Reported here is
a method for producing surfaces for BBO and LBO having
surface figure of 1⁄10th wave or better (at 633 nm), parallelism
of less than 1 arc s, surface roughness of 10 Å RMS or less,
and a starch and dig standard of at least 10–5 for crystals as
large as 5 3 5 3 10 mm3. These surfaces were generated
using hand polishing as might be done for small quantities
while conserving the scarce and expensive BBO and LBO
materials. The following procedure given below takes
between five and seven hours to complete.
Both BBO and LBO are hygroscopic and soft. Rubber
surgical gloves are necessary when handling the crystals to
prevent staining from hands. Potassium dihydrogen phosphate (KDP), is used as the blocking material because it is
relatively inexpensive and has about the same hygroscopic
susceptibility and softness as BBO and LBO. Rectangles of
KDP are prepared to surround the BBO or LBO crystal. By
having the KDP pieces all the same thickness, only slightly
thicker than the BBO and LBO, grinding time can be saved.
This thickness condition eliminates grinding the BBO and
LBO and minimizes possible subsurface damage in these
crystals. The resulting configuration is a square BBO or LBO
crystal bordered by the KDP pieces. The KDP-BBO or LBO
square is about 1.5 in. on a side. A low melting wax such as
blanchard wax is used to glue these crystals to a 2'' diameter
pyrex or glass work piece. It is important that this gluing
step be done in an oven rather than on a hot plate to avoid
air currents that could cause crystal cracking.
The lapping is done using WCA-9T corundum grinding
compound lubricated with ethylene glycol. Avoiding larger
size grit minimizes subsurface damage. Grinding compound
finer than WCA-9T appears to cause minimal removal while
producing a large number of scratches. Grinding is followed
by rough polishing using 3-µm diamond dust in silicone oil
on a Pellon pad lap. For this step, all the gray is removed and
the surface is 1 or 2 rings convex (at 633 nm). The final polish is done using a convex pressed pitch polisher (73 Gugolz,
6'' diameter) and approximately 6 mg of 1/2-µm diamond
dust using ethylene glycol as the lubricant. For each operation a slowly rotating lap (5–10 rpm) is used while holding
the work piece by hand.
The key step is the protection of the finished first surface during the removal of the BBO and LBO crystals from
the work piece, and while polishing the second surface. The
blanchard wax is dissolved using trichloroethylene (TCE) in
a warm oven. Wax residue is removed by wiping with a lens
tissue or Q-Tip and TCE. Surface degradation will occur
with extended wiping or allowing the solvent to dry on the
surface. Should this happen hand-held touch up is required.
We do not know of any adhesive that will not stain the polished surface of KDP, BBO, or LBO.
To polish the second surface, while preserving the finished first surface, requires hand-work on the unmounted
BBO or LBO sample, again emphasizing rubber gloves to

prevent surface degradation. By hand, the second surface is
ground and polished the same as the first. Parallelism is the
added requirement for this step. Parallelism is verified first
using an autocollimator and then an interferometer as the
surfaces approach parallelism. Sometimes it is necessary to
touch up the first surface as the final step.
The procedure given here results in negligible subsurface damage as indicated by the high value of threshold for
laser damage. It is believed that the extensive polishing and
minimal grinding contributes little to subsurface damage
that may be the seed for the initiation of laser damage.
Working in a “clean room” or glove box atmosphere with
reduced humidity can help to reduce the water vapor produced stains. These controlled conditions were not available
at the time.
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Frequency Swept Measurements of Coherent
Diffraction Patterns
Markus Duelli, David L. Hill, and Robert W. Cohn, The
ElectroOptics Research Institute, Univ. of Louisville,
Louisville, Ky.
Abstract
Interference fringes arising from multiple reflections can significantly alter the diffraction patterns of diffractive optical
elements. One way to reduce interference effects is by timeintegrating the diffraction pattern while frequency sweeping
the laser source. This method is especially useful when it is
not possible to remove the cover glass from the observation
camera.
The use of charge coupled device (CCD) cameras in optical
systems, together with a laser light source, is widely applied
to a variety of measurements. But coherent imaging can
introduce severe alterations of the detected signal due to the
unwanted interference of multiple reflections of the beam.
These reflections that arise from various optical surfaces in
the system, including the cover glass of the CCD chip, are
difficult to completely eliminate. A classic solution is to use a
spatially coherent broadband source.1 An alternate
approach, described in Reference 1, adds together a set of
images, each formed with a different wavelength of spatially
coherent narrowband light. While the emphasis of the earlier work was to reduce speckle, the procedure evidently
reduces interference fringes as well (see Fig. 21.15 in Ref. 1).
Today, with the availability of tunable laser diodes and CCD
cameras, it appears possible to perform wavelength averaging in real-time. We will demonstrate this technique and
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report on the improvement in the
accuracy and
repeatability of the
diffraction patterns
produced by a set of
diffractive optical
elements (DOEs).
Figure 1 illustrates a typical
source of interference from Fresnel
Figure 1. Multiple reflection between two
reflections in a glass inter faces.
plate. A fringe pattern is usually observed across the plate due to (even a
slight) lack of parallelism between the two surfaces. The
fringe pattern can be averaged out by continuously varying,
by at least 2π the phase difference between the transmitted
beam and the doubly reflected beam, and integrating the
intensity pattern during the sweep time. A 2π phase change
is achieved with a sweep range of
∆λ = λ2/2nd = (λ/ν)(c/2nd)

(1)

tion the interference pattern is averaged out. In our set-up
one period of fringe translation, corresponding to the
desired 0.25-nm wavelength change, occurres in 3 s. The
pattern resulting after a 3 s exposure is shown in Figure 2b.
While the fringes are averaged out, the frequency sweep has
no visible influence on the diffraction pattern from the dust
particles on the glass plate.
The swept frequency method is used to characterize a
set of identically designed diffractive optical elements. These
devices, when illuminated with collimated light, are
designed to produce 64 spots of nearly equal intensity in the
Fourier plane. The uniformity (defined as the standard deviation of the intensity of the spots) of the designed spot
array, is calculated to be 7%. The DOEs are 300 3 300 pixel
phase elements with each pixel set to one of eight possible
phase levels. Four of the seven DOEs are anti-reflection
coated on the backside of the glass substrate. In our measurements the DOE is illuminated with a collimated beam
and the diffracted light is focused with a lens onto the CCD
camera. The diffraction pattern is recorded on the CCD
camera with and without frequency sweeping. With no frequency sweeping an average uniformity of 12.1% with a
standard deviation of 1.5% is measured. There is no appreciable difference between measurements of antireflection
and non-antireflection coated devices. This indicates that
the disturbing reflections mainly originate from the cover
glass of the CCD camera. With frequency sweeping the average measured uniformity of the seven devices is reduced to
7.9% with a standard deviation of 0.8%. The swept frequency method improves the repeatability of the uniformity
measurement. In addition, the results compare more favorably with the theoretical levels. Other measurements including signal-to-peak background ratio and diffraction efficiency compare well with theory, though these measurements
are not as sensitive to reflections as is uniformity.
The method is valid as long as the sweep range ∆λ does
not introduce severe wavelength dispersion of the diffraction pattern. This is true as long as

where λ is the source wavelength, d is the separation
between the two reflecting surfaces, and n is the refractive
index (which is assumed to be constant with wavelength). A
wavelength change of ∆λ = 0.25 nm will produce a 2π shift
for λ = 860 nm, n = 1.5, and a thickness d = 1 mm, a typical
thickness for cover glass and planar DOEs. The second
equality is written in terms of the source frequency ν and
the speed of light c. Writing equation 2 this way identifies
the frequency change ∆ν = c/2nd as the free spectral range of
a Fabry Perot etalon.2
In a preliminary experiment, a diode laser of nominal
wavelength λ = 860 nm is used. A collimated beam is passed
through a 3-mm microscope slide and the 1-mm cover glass
of the observation camera (a cooled CCD camera with variable time integration) and is recorded by the camera. The
observed intensity distribution is shown in Figure 2a. The
∆λ/λ << w/f
(2)
larger period fringes are from the microscope slide and the
smaller period fringes are from the cover glass. The temperwhere f is the highest spatial frequency of interest in the difature of the laser head, and thus
the frequency of the emitted
2b
2a
light, can be controlled by an
external voltage. An input voltage between 1–4 V varies the
temperature between 10–40°C.
By supplying a time varying
voltage the temperature changes
accordingly. A low frequency
step function (period T = 60 s)
as the control voltage is used.
This results in a temperature
change that varies linearly with
time between 24°–37°. As the
temperature changes the fringe
pattern is observed to translate.
By exposing the CCD during
Figure 2. Image of laser illumination through a microscope slide and the cover glass of the CCD. Image (a)
one period of the fringe transla- without and (b) with frequency sweep.
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fraction pattern and w is the resolvable width of the optical
system. For example, the diffraction pattern of an optical system that has a circular aperture is an Airy pattern of angular
width θw = tan-1(w/z) ≈ 1.22λ/l where l is the diameter of the
aperture and z is the distance from the aperture. For the measured diffractive optic reported above the aperture is 4 mm
and θw = 0.015°. Furthermore, through numerical integration
of the Airy intensity pattern over the sweep range ∆λ = 0.25
nm the wavelength dispersion introduces less than 5% reduction in intensity for angles less than 26.9°. In the measurements reported, dispersion is negligible since the highest frequency spot from the array generator is at an angle of 0.85°.
In conclusion, the method of time averaging while frequency sweeping the source can be used to suppress interference fringes arising from multiple reflections. This method
can more accurately measure the performance of diffractive
optical elements. It is worth noting that by sweeping a laser
in under 1/30 s it would be possible to eliminate multiple
reflections as observed on a live video camera. This speed was

not possible with temperature tuning, nor was it possible to
tune the laser over an adequately large range by adjusting the
laser current. However, we have reviewed the specifications
for several commercially available, external cavity laser
diodes, and find that with the fastest sweep rates (6–10 nm/s)
fringe suppression can be observed with a live video camera.
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High Resolution Moiré Photography:
Extension to Variable Sensitivity
Displacement Measurement and to the
Determination of Direct Strains
Pramod K. Rastogi, Swiss Federal Institute of Technology,
Stress Analysis Laboratory, Lausanne, Switzerland.
Abstract
A method for obtaining a direct full field display of in-plane
strain contours is demonstrated. On another front, the paper
proposes the basis of a multi-sensitivity high resolution
moiré photography system for in-plane displacement measurement.
High resolution moiré photography1–3 is an important technique for the measurement of in-plane displacements of
deformed objects. The method has many desirable features
such as white-light object illumination, low sensitivity,
whole field mapping of in-plane displacements, and the ability to be applied to specimens of largely varying sizes. The
method uses the unique imaging properties of a lens covered
with a mask containing two parallel slits. A so-masked lens

Figure 1. Schematic of high resolution moiré shearography for obtaining in-plane strain contours.

Figure 2. (a) Schematic of the two four-slot pupil arrangements covering the split-lens device and (b) its corresponding monochromatic optical transfer function along the x direction; b shows 2x magnified view.

system is used to image a periodic pattern, fixed on the
object surface, onto a high resolution photographic film.
This type of system has two main advantages. First, it serves
to enhance the resolution over a narrow band of spatial frequencies in a direction parallel to the line joining the center
of the two slits. Second, it increases the depth of focus by a
significant amount.
In this paper, a novel scheme that combines the principles of optical shearing and a slotted mask arrangement to
obtain directly the whole-field mapping of in-plane strains
of a deformed object is introduced. The second aim of the
paper is to extend the method’s capability to include multiple frequency channels. The multi-frequency transmission is
made possible by the use of a novel aperture masking
arrangement, which during reconstruction permits observation in all bands. An immediate fall out of this proposal is
the development of a multi-sensitivity high resolution moiré
photography system for displacement measurement.

Strain measurement
The specimen under investigation is imaged by an imageshearing device on to high-resolution photographic film (see
Fig. 1). The image-shearing device consists of a split lens
assembly with each half of the assembly covered by a mask

