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A Germanium-Based, Coded Aperture Imager

Klaus P. Ziock, Norm Madden, Ethan Hull, William Craig, Tony Lavietes, Chris Cork

We describe a coded-aperture based, gamma-ray
imager that uses a unique hybrid germanium detector
system. A planar, germanium strip detector, eleven mil-
limeters thick is followed by a coaxial detector. The 19 x
19 strip detector (2 mm pitch) is used to determine the
location and energy of low energy events. The location of
high energy evint. are determined from the location of
the Compton scatter in the planar detector and the en-
ergy is determined from the sum of the coaxial and pla-
nar energies. With this geometry, we obtain useful quan-
tum efficiency in a position-sensitive mode out to 500
keV. The detector is used with a 19 x 17 URA coded ap-
erture to obtain spectrally resolved images in the gamma-
ray band. We discuss the performance of the planar de-
tector, the hybrid system and present images taken of
laboratory sources. :

I. INTRODUCTION

Over the past decade, a new class of gamma-ray instrumen-
tation has been developed which builds on the well-
established practice of using gamma-ray detectors for the con-
trol of fissile material. These instruments take advantage of
the directional nature of the radiation to generate images of
the location and distribution of the materials.[1-3] Some of
these instruments also possess energy resolution, allowing
them to further enhance the information available to the op-
erator. Energy resolution allows both isotope specific images
(showing the location of specific nuclear species present in
the field of view) as well as the ability to improve the signal
to noise ratio in a given image. However, current spectrally
resolving gamma-ray imagers are based on the modest resolv-
ing power of alkali-halide based detectors. The use of germa-
nium detectors with their high spectral resolution can provide
even greater benefit to gamma-ray imagers, than it provides
to classic, non-imaging detectors.

Expected signal-to-noise ratio enhancements of a Ge based
imager over the current generation alkali-halide systems is
shown graphically in Fig. 1 where we present the results of
an MCNP simulation.[4] In the simulation a self-opaque,
circular, “’Pu piece 6 cm in diameter is placed behind a 0.5
cm thick, 17 cm diameter enriched uranium piece, both
placed inside of a 24 ¢m cubic box and surrounded with or-
ganic packing material. The whole assembly is placed behind
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Figure 1. Simulated images of the sources described in the text. A and B are
of the large uranium piece (186 keV), C and D are of the plutonium piece
(375 keV) which is behind the uranium. The images on the left are based
on Nal energy resolution while the images on the right use germanium
energy resolution. The Nal images have 1.5 times the integration time of
the germanium images. (False color intensity is maximum for black.)

a concrete wall 10 cm thick. The superior performance of the
Ge system, with its improved energy resolution, is evident in
the simulations.

II. DESCRIPTION OF INSTRUMENT

The complete instrument is shown in Figure 2. The
imager uses a coded aperture, indirect, imaging technique[4]
coupled to a unique two-part, position-sensitive, germanium
detector. The instrument takes advantage of the fact that
Compton scattering is the predominate interaction mecha-
nism of gamma-rays at high energies in germanium. An 11
mm thick, cross-strip, planar detector is followed by a com-
mercial coaxial detector. At low energies the planar detector
solely determines the energy and location of an event. At
higher energies, the gamma-ray will likely scatter and we use
the cross-strip front detector to determine the location of the
scatter and then use the coaxial detector to absorb the scat-
tered radiation. The sum of the energies in the two detectors
determines the energy of the event.

N. Madden, E. Hull, and C. Cork are with Lawrence Berkeley National
Laboratory, Berekeley, CA 94720 USA.



Figure 2. Photograph of the hybrid detector and the coded aperture
use to acquire the images shown blow. The planar detector is in the
front cryostat and is shown in Fig. 3 with the cover removed.

A.  Planar Strip Detector

Details of the planar detector construction can be found in
[5] and are summarized briefly below. The patterned crystal is
shown mounted in the cryostat in Figure 3. It was fabricated
from a 7 cm diameter, 1.1 cm thick germanium wafer using
an amorphous-germanium, blocking-contact, technique.[5]
The detector crystal has a net impurity concentration of ap-
proximately 2x10° /cm® n-type, which is sufficiently low to
provide uniform electric field distribution and full depletion
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Figure 4. Energy resolution of a single strip (top) and of the full planar
detector. The uncorrected full face resolution (middle) is the same at
59.5 keV for both the single strip and corrected cases (1.3 keV).
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Figure 3. Picture of strip detector mounted
on this side of the device run horizontally.

in the cf%;o;;at. The strips
without excessively high bias voltage. The electrodes are
deposited on the surface of the amorphous Ge using alumi-
num vapor deposition. To ensure co-registration between the
crossed strips and the electrical contact in the cryostat, the
entire fabrication process is conducted in a holder also used
to mount the finished detector in the cryostat. All alignments
are made with respect to the holder, including that of the
shadow masks used in the Al deposition process. With this
technique, precision structures can be manufactured reliably.
The detector has 19 x 19 strips that are deposited on a two
millimeter pitch with 500 pm spacing between the strips.
Guard rings 4 mm (7 mm) wide surround the strips on the
AC (DC) coupled sides of the detector.

B. Electronics

Custom electronics were constructed to handle the signals
from the planar system. A small hybrid preamplifier[6] (visi-
ble on the top and right sides of Figure 3) mounted on the
cryostat at room temperature extracts the charge signals from
the illuminated strips on the two sides of the detector. These
signals are recognized with fast discriminators creating the X
and Y-axis photon interaction addresses. The X-axis electron-
ics also has slower spectroscopic pulse shaping fil-
ter/amplifiers, peak detector/stretchers, and an analog multi-
plexer. An overall local logic card selects the analog signal
that passes the multiplexer for processing by the digital cir-
cuitry. The digital electronics checks for the presence of a
signal on both X and Y strips and (if enabled) the coaxial
detector. (The signals for the latter are processed using stan-
dard NIM electronics.) The digital electronics convert the
analog signals to a digital number (energy) and adds an X
and Y address (interaction position), for processing by the
data acquisition computer. A programmable gate array parses
the data and stores it in local memory. An embedded proces-
sor is used to pass the information to the host computer for
archival and display.



1II. PERFORMANCE

A. Planar Detector
1) Energy Resolution
The first tests on the system were conducted using low en-
ergy sources to check the response of the planar detector only.

The energy resolution of a single strip-at-122 keV was found - = -

to be FWHM = 1.30 keV for the DC coupled channel and
FWHM = 1.41 keV for the AC coupled channel. These spec-
tra were measured with Tp = 2 us and a 90 pCi 'Co source
12.1 cm from the DC side of the detector. A bias of 400V
was used to fully deplete the detector. The resolution is ~ 6%
worse for the DC side if the source is positioned over the AC
side of the detector. This is presumably due to trapping of
the electrons that are collected by this electrode.

The full-face energy resolution of the strip detector is

shown in Figure 4 and is found to be 1.3 keV at 59.5 keV.

To achieve this required matching the electronic gains of the
individual strips. This was performed in two steps. The ap-
proximate gains were set by changing a variable gain resistor
to match the line spectra from an **'Am source on an oscillo-
scope. A full-face illumination of the detector with both a
Am and a >’Co source was then obtained. This data was
used to calculate residual gain and offset differences from the
different strips, and these values are used by the software to
correct the data on an event-by-event basis.

2) Position Resolution
The position resolution is determined by the 2 mm pixel
size. It can be seen in Figure 4, where we project the shadow
of a key onto the device. The dark regions at the bottom and
top of the detector indicate that relatively small numbers of
events are recorded in the end strips. This can be attributed to

image.

Figure 6. Coded aperture image of an Am
and *'Co source (top left). With energy
cuts, one can select which source appears in
the image, ¥Co (top right) or *'Am
(Bottom). The histograms below and on the
right of the images show the relative counts
in the pixels along the cursor lines in the

Figure 5. Shadow of a key projected on the detector by an **’Am

source. The image has been smoothed to remove pixellation effects.
field lines terminating on the guard rings and is partially due
to the low applied bias voltage.

3) Imaging Performance
A 19 x 17 coded aperture was used in front of the detector
to obtain a coded aperture image. The data is taken in two
steps using equal mask and anti-mask integrations to remove
background variations in count versus position at the detec-
tor. [6] The results are shown in Figure 6 where both an
*'Am and *’Co source are visible in the image.

We have instituted a novel, “full-deconvolution” of the
data, in which we generate a separate image for each of the
1024 channels of energy data. With this technique one can
rapidly make cuts in both energy and position to see the ef-
fect on the image. Of particular value is the fact that the en-
ergy spectrum from a single (or range) of pixels can be rap-
idly determined. This is shown in Figure 7 where the energy
spectra from the indicated pixels are used to re-
veal the identity of the sources.

B. Hybrid Detector

The inclusion of a coaxial detector behind the
planar, position-sensitive detector is meant. to
expand the useful energy range of the resulting
imager. At 100 keV the mean free path of a
gamma-ray in Ge is ~ 3.5 mm. This means that
we have both a high probability of capturing the
gamma-ray and containing the full energy of an
event within a single 2 mm square by 11 mm
long pixel. The full deposition of all energy is
important since the ratio of the photoelectric to
incoherent Compton cross section is already ~
1:3; meaning that it is likely multiple interac-
tions will occur within the pixel. By the time we
reach 300 keV the mean free path is 1.6 cm and
the ratio of photoelectric to incoherent Compton
cross section is 1:6.5. Thus it is unlikely that we
will stop a gamma-ray in a single pixel. To over-
come this difficulty, we require events at higher
energy to deposit energy in both the planar detec-
tor and the coaxial detector. Further, we look for
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Figure 7. Early coded aperture image taken with planar detector only. The image is shown on the lower left. The energy spectra (uncalibrated) are
obtained from the indicated pixels using the “full-deconvolution™ technique described in the text. The spectra identify the upper source (A) as Co and
the lower source (B) as **' Am. The third spectrum is taken from a background region. Note that the noise in the spectra comes from the coded aperture

imaging process.

events that represent a single scatter in the planar detector
with full photo-absorption of the residual photon in the coax-
ial detector. In this way, we both increase the quantum effi-
ciency of the detector and improve the quality of the image
that is obtained.[4]
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Figure 8. Hybrid detector response to flood-field illumination by a Ba
source. Note that the Coaxial detector does not show any photopeak
events because the trigger conditions require some energy deposition in
the planar detector. The bottom spectrum shows a four-fold increase in
356 keV detected counts compared to the planar only data.

The improved efficiency of the combined detector is
shown in Fig. 8 where we present the spectrum from a *Ba
source as recorded by the instrument. The upper spectrum
was obtained with just the planar detector. Not only is the
quantum efficiency low, but the events in the 356 keV peak
are likely distributed across several pixels, meaning that they
will produce a poor image. Note that the coincidence re-
quirement means that there is only a small (accidental) pho-
topeak visible in the coaxial detector. The data from the
summed system shows a four-fold increase in quantum effi-
ciency at 356 keV between the planar only and the full sys-
tem.

If we keep only events in the summed photopeak, then we
see characteristic spectra in both the planar and the coaxial
detector as shown in Figure 9. The spectrum from the planar
detector is dominated by the low energy shallow scatter
events. The spectrum from the coaxial detector is dominated
by high energy events which represent the rest of the energy
of the 356 keV photons. Events to be used for image process-
ing are those below 92 keV (lower energy line in the Figure)
in the planar detector. These events are most likely to have
undergone only a single scatter in the planar detector. The
position of this energy cut off is determined from the system
geometry shown in Figure 10. The maximum scatter angle
for a single scatter is given by the angle ¢ shown in the fig-
ure. The size of this angle is used in the Compton formula:

1
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Figure 9. Energy spectra observed in the planar and coaxial detector
when only coincident events summing to 356 keV are kept. The valid
events have energy < 92 keV in the planar detector and more than 264
keV in the coaxial detector. The broad peak next to the dark line at
higher (lower) energy in the planar (coax) detector represent backscat-
ter events which first interact in the coaxial detector.
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where theta, is the scatter angle, mec’ is the electron rest
mass, Eo is the incident photon energy and E,. is the energy
of the recoiling photon. From this one determines the maxi-
mum recoil energy possible. With knowledge of the system
geometry one can select the optimum energy cuts for each of
the energy bins in the system.

1) Imaging Performance
The performance of the instrument as an imager was de-
termined using the same 19 x 17 URA masks and the
mask/anti-mask imaging technique used for the planar only
images. In Figure 11 we show the response to the 511 keV
line from a *Na source.

IV. FUTURE PLANS

The 19 x 19 strip detector was constructed primarily as a
prototype to test out imager design. We are now in the final
stages of assembling a larger 38 x 38 strip detector. A num-
ber of new design features will be incorporated in this in-

Figure 10. Geometry which explains the spectra of Fig. 9. The dark
inner line represents bad events which first interact in the coax-
ial detector. These backscatters through a maximum angle ¢ before
detection in the planar detector. Valid events are indicated by the light
line which can have a maximum energy deposition in the planar de-
tector determined by the angle 6.
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Figure 11. Image of 511 keV point source (top) and the spectrum
from the hot pixel (bottom)
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strument. The larger area of this detector will increase the
sensitivity of the imager. It will also allow for a proper over-
sampling of the coded aperture pattern. Our goal is to main-
tain the same number of resolution elements in the picture. -
To achieve this we will incorporate a 19 x 19 MURA pat-
tern[7] which has the advantage that it is its own anti-mask
upon a 90 degree rotation. To further increase the efficiency
of the unit, we will build a single cryostat to house both the
planar and the coaxial detector. This will allow us to bring
the two into close contact that should increase the detector
efficiency. Original simulations showed an optimal imaging
detector QE of 8% at 400 keV while we have measured only
6% at 356 keV. The separation between the two detectors is
an obvious difference between the measured and simulated
systems.
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