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1. INTRODUCTION

This paper investigates the generation of laser speckle patterns
using an integrating sphere. The multiple diffuse reflections of
the laser radiation inside the sphere produce a field at the exit
aperture of the sphere that is of random phase and very uniform
in brightness, independent of the transverse mode profile of the
laser. A speckle pattern is seen downstream from the integrating
sphere. We present polarization and statistical characteristics of
this speckle pattern.

The motivation for this work is the use of laser speckle pat-
terns for modulation transfer function (MTF) testing of detector
arrays.' Generation of the speckle pattern may be accomplished
by the use of a transmissive diffuser, such as a ground glass.
However, the use oftransmissive diffusers in the infrared portion
of the spectrum is often inconvenient for MTF testing applica-
tions because the crystalline nature of the materials involved
introduces anomalies into the spatial frequency power spectrum
of the speckle pattern.2
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Abstract. A new method for generation of laser speckle, by using an in-
tegrating sphere, is investigated. This method is of particular interest in
the production of speckle patterns for modulation transfer function testing
of detector arrays and would be well suited in wavelength ranges for which
a transmissive diffuser is not optimum. Attributes of the speckle field
investigated in this paper include the degree of polarization and first- and
second-order statistics. The speckle patterns generated by the integrating
sphere method are seen to closely obey the theory for statistics of speckle
generated by usual means.
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We have chosen to investigate the integrating sphere speckle
generation method in the visible portion of the spectrum to fa-
cilitate detection and data acquisition tasks. This method should
be directly applicable to speckle generation in the IR, with the
substitution of diffuse gold3 as the reflector material on the
interior surface of the integrating sphere.

2. EXPERIMENTAL SETUP
The experimental setup used is shown in Fig. 1(a). The laser
used was a 15 mW HeNe (X = 0.6328 pm), plane polarized.
The integrating sphere was coated on its interior walls with a
diffusely reflecting barium sulfate paint for use at visible wave-
lengths. A circular baffle inside the sphere and coated with the
same material as the sphere walls blocked the direct (nonscat-
tered) transmission of laser radiation. The integrating sphere was
25 .4 mm diameter, with input and output ports of 3 mm di-
ameter. Thus, 0.7% of the surface area of the sphere is devoted
to input and output ports. In general, for a given dimension of
input and output ports a larger integrating sphere will produce
a better uniformity of radiance across the output aperture. How-
ever, simply from conservation of flux considerations,4 a larger
integrating sphere will produce a smaller radiance at the output
aperture for a given power in the input beam. The radiance at
the output port is directly proportional to the flux received at the
detector array. The dimensions chosen for the sphere and the
ports were thus a trade-off between flux available for the test
and the radiance uniformity across the output aperture.

Since there appears to be no analytical treatment of the uni-
formity question available in the literature, the uniformity of the
radiance at the output port was measured by directly imaging
the port onto the detector array (lens focal length 25 mm, f/l .4,
object distance 35 mm. A profile of image irradiance versus
position is shown in Fig. 1(b). Not surprisingly, the finite ap-
erture of the image-forming optics produces speckle effects.
Even with these effects in the data, the RMS uniformity seen
across the output port was calculated to be in excess of 96%,
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Fig. 1. (a) Experimental setup used for the production of speckle
patterns. (b) Profile of irradiance vs position for an image of the
output aperture of the integrating sphere.

with no perceptible shading seen across the port. Without the
effect of the noise due to speckle that arose in the imaging
process, the actual radiance at the aperture plane would be still
more uniform, in the range of approximately 98%.

A square aperture of horizontal and vertical dimensions L = 1

mm was placed directly at the output port of the sphere during
measurement of the first- and second-order statistics. A polarizer
was placed immediately after the aperture to ensure a polarized
speckle pattern.

The distance z from the aperture to the receiver (detector
array or photographic film) was 7.3 cm for the statistics mea-
surements .Thecharge injection device (CID) detector array had
horizontal rows of 376 elements, on a center-to-center spacing
of 23.3 pm. The photosites were contiguous, so the effective
dimension of each individual detector in the array was also 23.3
pm in the horizontal direction.

The upper limit of the spatial frequency content in the speckle
pattern, cutoff, S given by L/Xz. If the detector element spacing
is Lxx, then 1/2ix is the spatial Nyquist frequency, in this case
approximately 21 .5 cycles/mm. The distance z was chosen so
that cutoff was equal to the Nyquist frequency to avoid aliasing.

3. RESULTS

3.1. Degree of polarization
The degree of polarization was investigated in the following
manner: The laser beam was initially plane polarized going into
the integrating sphere, and the polarizer at the output of the
sphere was rotated in angle to analyze the degree of polarization

of the speckle. A single-element detector was placed as close
as possible following the polarizer. It was found that the light
exiting the integrating sphere was completely depolarized, with
no dependence ofreceived flux on the orientation ofthe analyzer.

3.2. First-order statistics
A qualitative investigation of the first-order statistics of the spec-
kle irradiance yields the pattern seen in the photograph in Fig. 2.
A shadow of the baffle in the integrating sphere may be clearly
seen. This shadow effect is quite pronounced since the
1 mm X 1 mm aperture used at the output port produces a pin-
hole camera imaging situation. The scale of this pattern was
such that the entire detector array could be placed either in the
shadow region or in the bright region. This was the setup used
for measurement of the first- and second-order statistics for the
detected speckle irradiance in each region.

The data processing procedure used for calculation of the
probability density function (PDF) for each region was as fol-
lows: With the CID array located inside the shadow or outside
the shadow , a frame of speckle data was taken from the camera's
video output. In both cases, a subtraction of the dark current
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Fig. 2. Photograph of typical speckle pattern obtained. Note the
shadow due to the baffle in the integrating sphere.
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Fig. 3. Normalized speckle PDF measured inside the shadow region.
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Fig. 4. Normalized speckle PDF measured outside the shadow re-
gion.

lation area S ; For a square aperture at the original scattering
plane,

2 1°°/ \ fx\At = :: J0 1 -
=)sinc2)dx , (2)

which yielded a value of A4. = 2.043 for our measurement con-
ditions. Comparison of Fig. 5 with Figs. 3 and 4 yields a rea-
sonable agreement as to the shape of the normalized PDF curves.
Indeed, the more exact analytical methods of Refs. 7 and 8 seem
to indicate a variation of this sort.

3.3. Second-order statistics
The second-order statistics of the speckle irradiance, the spatial
frequency power spectral density (PSD), was calculated in the
following manner: For a given digitized frame of speckle data
d(x,y) with the background subtracted, a 1-D PSD estimate was
made for each of 256 rows of data. These 256 PSD estimates
were then ensemble averaged to obtain a better signal-to-noise
ratio in the PSD.9

PSD() = ({d(x,y)}f2) , (3)

where the brackets denote the ensemble averaging operation
performed over the rows (y direction), denotes a 1-D Fourier

. transform along x, and denotes the spatial frequency variable
in the x direction.

For polarized speckle, the PSD of the laser speckle irradiance
(at the input to the detector array) is proportional to a scaled
version of the autocorrelation of the aperture function (Ref. 5).
For the uniformly illuminated square aperture used, the input
PSD is thus of triangular shape, with a cutoff frequency of
cutoff = L/Xz. As discussed in Sec. 2, this cutoff frequency
was chosen to be the spatial Nyquist frequency of the array (21.5
cycles/mm), to avoid aliasing.

The output PSD of the speckle (after detection) has been
. . filtered (multiplied) by the MTF of the detector array, whichFig. 5. Normalized speckle PDF calculated from Eqs. (1) and (2).

allows the detector array MTF to be calculated (Ref. 1) from
the output PSD as

background was made. A histogram of signal levels was then
performed on a 256 x 256 window of the data. MTF' — (4From this data, a calculation of the mean irradiance in each '
region yielded a 45% higher value in the bright region as com-
pared to the shadow region. To compare the measured PDFs to The ensemble-averaged PSDs are shown as Fig. 6 (inside the
theoretical curves, they have been plotted in a normalized form shadow region) and Fig. 7 (outside the shadow region). While
as (I)p(J) versus J/(I), where (I) is the mean irradiance for that both PSDs have approximately the same shape and cutoff fre-
region. Figures 3 and 4 show the resulting normalized PDFs quency, the PSD resulting from the region of lower irradiance
inside and outside the shadow. The two curves are of approxi- does exhibit a somewhat lower signal-to-noise ratio.
mately identical shape. This shape is characteristic of speckle The PSD data from Fig. 7 were fit with a second-degree
that has been received over a finite size detector aperture.68 polynomial. This allows the calculation of detector array MTF
The approximate method of Ref. 6 was used to calculate the by Eq. (4). Figure 8 shows three curves. The upper curve is the
theoretical PDF seen in Fig. 5. The analytical form is calculated MTF of the detector array. The middle curve is the

input power spectrum and the bottom curve is the
At1 I \ At- I polynomial fit to the output power spectrum PSD011 from

At I) exp[—jtt(I/(J))} Fig. 7.' I
The calculated MTF can be seen to increase near the spatial(I)p(T) = . (1) . . . .

F(.M.) Nyquist frequency. This artifact results from the denominator in
Eq. (4) approaching the baseline noise of the system, yielding

At is a correlation parameter, which may be calculated as follows an approximately constant output, while the input PSD is still
from the measurement aperture area Sm and the speckle corre- decreasing, as a function of spatial frequency.
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should be ofuse in the production ofcalibratable speckle patterns
for testing of optical systems in wavelength regions where the
use of transmissive diffusers is inconvenient due to materials
considerations.
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Fig. 6. PSD measured for speckle inside the shadow region. The
arrow indicates the spatial Nyquist frequency of 21.5 cycles/mm.

Fig. 7. PSD measured for speckle outside the shadow region. The
arrow indicates the spatial Nyquist frequency of 21.5 cycles/mm.
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