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Abstract. A holographic technique is presented that increases the flux-
transfer efficiency of laser speckle generation by a factor of 100 over the
integrating sphere method. This makes a wider range of low-power las-
ers usable for the speckle MTF test method, and increases the number
of wavelengths at which the test can be applied.
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1 Introduction

We have previously demonstrated the measurement of the
modulation transfer function (MTF) of detector arrays using
laser speckle with narrowband spatial-frequency content.! An
integrating sphere? produces this speckle accurately and con-
veniently. However, to produce detectable speckle patterns
over the spatial-frequency range of interest, input laser-flux
requirements are typically on the order of 200 mW. The ho-
lographic technique described here uses less power by ap-
proximately a factor of 100, making the speckle MTF method
practical for lower power lasers.

We show that the holographic technique produces speckle
with negligible distortion as compared to the direct
integrating-sphere approach (rms error less than 2%). The
advantages of the method are the same as those presented in
Ref. 1. The speckle provides an inherent averaging over the
position of the test target with respect to the rows and columns
of the detector array. The random nature of the speckle makes
the MTF measurement procedure shift-invariant. This relaxes
alignment tolerances compared to shift-variant methods'
while preserving measurement accuracy. Results of various
MTF measurement methods agreed within a few percent rms
error.! The advantage of the holographic approach is the
enhanced flux-transfer efficiency.

2 Hologram Recording

Figure 1 is a schematic of an optical setup consisting of a
reference wave and an object wave generated with an inte-
grating sphere and two-slit aperture. The majority of the laser
power is directed into the integrating sphere using a 95 : 5
beam splitter. This initial beam ratio is needed because the
sphere absorbs much of the power directed into its input port.
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The absorption occurs because the initial flux undergoes
many internal reflections before exiting through the output
port. The throughput of a sphere with no baffles may be
determined theoretically using?
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where ¢, is the flux exiting the output port, ¢, is the flux
entering the sphere, £, is the ratio of output-port area to total
sphere area, and f; is the ratio of the total port area to total
sphere area. Evaluating Eq. (1) for a 2.54-cm-diam sphere
with two 4-mm-diam ports and reflectance p equal to 0.984
shows that a sphere without baffles has a throughput of
21.6%. The sphere used in this experiment has an additional
6-mm-diam disk baffle, which eliminates radiation passing
directly from the input port to the output port. The actual
throughput of this integrating sphere (without the two-slit
aperture) was measured using a large-area photodetector to
be 9.7%.

The measured throughput of the integrating sphere may
be used to calculate the power on the hologram. After the
10-mW laser source is divided with the 95 : 5 beam splitter,
9.5 mW enters the integrating sphere. After the integrating
sphere absorbs 90.3% of this power, 0.92 mW exits through
the output port and is defined as ¢,. Assuming Lambertian
radiation, the radiance at the output port, L,, may be expressed
as
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where m r2 is the area of the output port. A two-slit aperture
is placed at the output port to create the desired pattern. The
flux on the hologram placed z (see Fig. 1) from the two-slit
aperture is
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Fig. 1 Optical setup for recording hologram.
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Substituting Eq. (2) into Eq. (3) yields

_ d)eAaperlureA hologram

d)hologram - "lT(‘lT r2)22 . (4)

Calculation of Eq. (4) with z=75cm, A, cure
=0.00516 cm®,  Apgiogram =1 cm?,  r,=0.2cm, and
¢, =0.92 mW yields bpgjopram =0.1 pW.

The amplitude of the interference at the plane of the ho-
logram is maximized when the reference-to-object-beam ra-
tiois 1 : 1. A large-area photodetector was placed at the plane
of the hologram to determine the power provided by each
beam. The power from the two-slit aperture was measured
at the plane of the hologram with a large-area photodetector
to be 0.1 wW. The power in the reference beam was then
adjusted with a neutral-density (ND) filter, until it also pro-
vided 0.1 pW.

The angle 6 between the object and reference beams de-
termines the spatial frequency { of the fringes recorded in
the film emulsion. The relationship between { and 6 is

2 0
= X Sini . %)

Using a large angle, the integrating sphere can be placed
close to the holographic film and the reference beam prop-
agates to the film unobstructed. The largest angle is deter-
mined from the maximum resolution (1500 cycles/mm) of

the Kodak SO-253 film. We set 8 to produce 1125 cycles/mm,
yielding

2.0
1125 == sin . (6)

The angle 6 was found to be 40 deg, assuming A = 632.8 nm.

At 632.8 nm, the film has a sensitivity of 1.12 p,J/cmz,
and produces a hologram with an optical density of 1.0 before
bleaching, which optimizes diffraction efficiency during
playback. The exposure time is obtained by dividing the film
sensitivity by the incident irradiance on the film. A typical
input irradiance was 0.2 wW/cm?, yielding an exposure time
of approximately 6.
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Fig. 2 Optical setup for playback of hologram.

After exposure of the hologram, the film is developed
using a 5-min bath of Kodak D-19 developer, a water rinse,
and a final 2-min bath in Kodak fixer solution. This process
produces an amplitude-type hologram. The amplitude ho-
logram 1is transformed to a phase hologram, which has a
higher diffraction efficiency, by using a modified R-10 bleach
solution* between the developer and fixer steps.

3 Hologram Playback

The playback system shown in Fig. 2 will provide a speckle
pattern that scales with distance from the holographic film.
A plano-concave lens reilluminates the hologram with a di-
vergent plane wave, which produces a real image of the two-
slit aperture to form about 7.5 cm beyond the hologram. The
speckle pattern then scales from this image plane with dis-
tance according to
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where L is the slit spacing in the aperture, & is the spatial
frequency, and z is the distance from the image of the two-
slitaperture to the observation plane. The reilluminating wave
is incident on the hologram at the same angle used during
recording. This ensures the highest possible diffraction ef-
ficiency, according to the Bragg condition.’

The speckle pattern propagates in the direction along the
axis shown in Fig. 2. Speckle images are recorded at various
distances along this axis to measure the detector-array MTF.
An example of a holographically produced midfrequency
narrowband speckle pattern is shown in Fig. 3(a). The speckle
pattern in Fig. 3(b) is a typical narrowband laser speckle
pattern produced directly with an integrating sphere and a
two-slit aperture. The holographic system faithfully repro-
duces the original test target.

4 Flux Requirements

Figure 4(a) shows the distribution of power among the beams
that are produced during playback of the hologram. These
percentages were measured by focusing each beam separately
onto a large-area photodetector and dividing by the measured
input power. The total power in the speckle pattern produced
by the hologram, using a 10-mW laser, is 120 wW. For the
same 10-mW laser, the total power in the speckle pattern [see
Fig. 4(b)] produced with the integrating sphere is 40 pW.
From this comparison it is evident that the hologram is ini-
tially three times more flux-efficient than the integrating
sphere and two-slit aperture.

A greater improvement in flux efficiency for the hologram
is seen when the flux is measured at increasing distances from
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Fig. 3 Examples of narrowband laser speckle produced
(a) holographically and (b) with an integrating sphere and a two-slit
aperture.

each system. Figure 5 is a plot of the flux on a 1-cm? pho-
todetector as a function of distance (5 cm<<z<<50 cm) for
each system. The distance is measured from the two-slit ap-
erture for the integrating-sphere system and from the image
of the two-slit aperture for the hologram system. Equation (4)
shows that the flux on the photodetector will decrease as 1/
z2. This falloff is shown as the solid line, with good agree-
ment. The speckle pattern produced by the hologram is more
collimated, and as a result the flux on the photodetector is
empirically seen to fall off more slowly, approximately as
1/z. The dashed line is a 1/ fit for the data produced by the
holographic system. The most important feature in Fig. 5 is
that flux in the speckle pattern produced with the holographic
system is at least 100 times greater at each distance shown.
Thus, the hologram can be used for MTF testing using a
lower-power laser (2 mW) than would be required for direct
use with the integrating sphere (200 mW).

5 Verification of Instrumental MTF

The MTF of the instrument, including both the recording and
playback of the hologram, must be characterized to assure
that MTFs measured with the hologram are accurate. To
measure the instrument MTF, we used a slant-slit apenure'
that produces a speckle pattern with a flat power-spectral
density (PSD) over an extended region of spatial frequency.
This aperture was placed in the recording setup shown in
Fig. 1. A hologram of the resulting speckle pattern was re-
corded and then played back in the setup shown in Fig. 2.
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Fig. 4 Breakdown of power consumption for (a) hologram playback
and (b) integrating sphere and two-slit aperture.

Input Beam

0.50F T ™ T
o % Flux from hologram [uW/100] ]
3 o Flux from integrating sphere [uW] E
0.40F 3
E E
& E 1
S b E
§ oso0p 3
] s 3
a F 3
g F ]
3 F E
% 0.20 -
3 E E
[ E E
0.10F R 3
o ey S e ]
E TETmg--
0.00t Frrarr——— ]
0 30 40 50

Distance [cm]

Fig. 5 Flux on 1-cm? photodetector for integrating sphere and ho-
logram, as a function of distance.

An image of the resulting speckle pattern was recorded
at a distance z and processed to yield the PSD of the speckle
irradiance. The distance z was sufficiently long that the spatial
structure of the speckle pattern was large compared to the
width W of a single photosite on the detector array. In this
low-frequency region, the MTF of the detector array is well
approximated by

sin(mg W)

MTE(§) = TEW

(®)

The measured PSD of the speckle irradiance is proportional
to the square of the MTF in Eq. (8), and thus the actual PSD
of the holographically reconstructed speckle is calculated by
dividing the measured PSD by the square of the MTF in
Eq. (8).

The theoretical PSD is constant over the range from 5 to
8.5 cycles/mm for the value of z used. The measured speckle
PSD and the theoretical PSD are compared in Fig. 6, where
the measured PSD has been corrected by the sinc? factor
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Fig. 6 PSD of irradiance for slant-slit aperture: theoretical (solid line)
and measured (dashed line).

mentioned previously. The MTF of the instrument does not
affect the PSD of the speckle pattern in the flat region. Be-
cause the speckle pattern for higher spatial frequencies
(small z) is simply a scaled representation of the pattern at
low spatial frequencies (large z), it follows that the MTF of
the instrument is equal to one for all frequencies needed to
test the MTF of a detector array.

6 MTF of CCD Focal-Plane Array

We compare the MTFs of a CCD focal-plane array measured
using the method of Ref. 1 and measured using the holo-
graphic element. A Pulnix 7CN focal-plane array was first
tested using an integrating sphere and a two-slit aperture.
Speckle patterns were recorded at nine different spatial fre-
quencies. The processed data are plotted in Fig. 7 as ‘*actual
speckle.”” Next, the hologram of the two-slit laser speckle
was used in the playback system with the Pulnix 7CN camera.
Speckle patterns were recorded at the same nine spatial fre-
quencies and processed in exactly the same way as the ‘ ‘actual
speckle.””’

The ‘‘actual speckle’” data are fitted with a third-order
polynomial to show the trend of the complete MTF curve.
The rms error between the ‘‘actual speckle’” and ‘‘hologram
of speckle’” data was calculated to be 2%.

7 Conclusions

We have shown that using a hologram to produce narrowband
laser speckle is a viable technique for testing the MTF of
detector arrays. The input laser-power requirement was re-
duced by a factor of 100, making the speckle MTF method
usable for a wider range of low-power lasers.
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