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A. Introduction

Current and next generation experiments in nuclear and elementary particle physics
require detectors with high spatial resolution, fast response, and accurate energy
information.  Such detectors are required for spectroscopy, and imaging of optical and
high-energy photons, charged particles, and neutrons, and are of interest not only in
nuclear and high-energy physics, but also in other areas such as medical imaging,
diffraction, astronomy, nuclear treaty verification, non-destructive evaluation, and
geological exploration. 

Traditionally, scintillation crystals coupled to imaging detectors such as position
sensitive or multi-anode photomultiplier tubes (PMT) are used for spectroscopy and
imaging of high-energy photons.  Microchannel plates (MCP) are popular for imaging of
optical photons.  Both PMT and MCP utilize photocathode that releases an electron upon
interaction with an optical photon.  This electron undergoes multiplication to create gain
in order to increase the signal to noise ratio of the system.  However, photocathodes have
low optical quantum efficiency.  Furthermore, the PMTs are relatively bulky and fragile,
and are sensitive to magnetic fields.

Another type of photon detector is the avalanche photodiode (APD). APDs, despite
being a solid state device compared to a mechanical tube, have attributes very similar to
PMTs. APDs can reasonably detect directly x-rays < 10 keV. At higher energies APDs
are effectively transparent to photons similar to PMTs. For this reason APDs can be
coupled to scintillation material as well. APDs offer a much greater QE, compared to
PMTs, over a broader range from UV to IR. This in turn permits APDs to be used with a
variety of scintillation materials. APDs exploit impact ionization, caused by accelerated
electrons, to amplify the original signal. Gains can be greater than 102 to 103. APDs are
also compact and rugged and can be designed into various geometrical shapes. In
addition, unlike PMTs, APDs are insensitive to magnetic fields.

If one wanted position sensitivity in addition to spectroscopy from an APD, an N ×
N APD array could be used, but with the burden of N × N channels to read out. This
would add complexity and cost to the detection system. We investigated novel silicon
avalanche photodiodes with
imaging capabilities.  The position
sensitive avalanche photodiodes
(PSAPDs) are similar to our planar
high gain APDs [1], [2]. It has
incorporated a resistive layer on
the back-face, which was
fabricated to provide position
sensing, based on charge sharing
amongst the anodes.  The PSAPD
design is shown in Figure 1, and
the basic device structure consists
of a deep diffused, high gain APD
with the front, optical entrance
face followed by drift and space
charge (or multiplication) regions. 

 

Fig. 1 A schematic diagram of a PSAPD and the algorithm to
calculate the X and Y position for each event



The back face of the APD consists of a simple resistive sheet and four corner anodes.
Accurate position resolution can be obtained by comparing the signal measured at each
corner anode. Thus, these devices produce four position-related signals that vary in a
continuous manner for events across the surface of the APD. As a result, a large imaging
area can be decoded from just five APD outputs (one for top cathode contact to gather
energy and timing information, and four bottom corner anodes to generate position
information). In our research with 14 x14 mm2 and 28 x 28 mm2 PSAPDs, we have
shown that a multiplexing ratio > 50 can be achieved as compared to APD array
technology with similar spatial resolution and sizes.  Such PSAPDs maintain all the
advantages of RMD’s traditional, non-imaging APDs such as high quantum efficiency
(>60% at unity gain), high gain (103), low noise, fast response, compact size, and
insensitivity to magnetic fields.  It should be noted that the high gain of our APDs is an
important factor in the PSAPD design, because it provides high signal to noise ratio for
anode signals, even when charge is shared amongst the anodes.  This enables accurate
estimation of the event location.  The PSAPDs can be fabricated using the same planar
processing method that we have developed for APD array fabrication.  
B. Overview of APD Fabrication and Design

Silicon Avalanche Photodiodes
An APD is a unique device that combines the advantages of solid state

photodetectors with those of PMTs.  Like PMTs, APDs have internal current gain due to
impact ionization, providing a high signal-to-noise ratio.  Like other solid state devices,
APDs have a high quantum detection efficiency and are compact and rugged [2], [3].

An APD is basically a diode operated at a very high reverse bias [4].  The basic
physical mechanism upon which avalanche gain depends, impact ionization, occurs when
the electric field is sufficiently strong
that an electron colliding with a bound
valence electron transfers sufficient
energy to ionize it.  This creates an
additional electron-hole pair with
obvious current gain.  The additional
carriers, in turn, can gain sufficient
energy from the electric field to cause
further impact ionization, creating an
avalanche of carriers [4].  The current
gain resulting from the avalanche
process is the primary advantage of an
APD relative to a conventional, unity
gain photodiode.  Figure 2 shows
illustration of such avalanche process
in an APD.

 In order to achieve high gain in
the APDs, it is necessary to maintain a
moderately high electric field over a
very large distance, which requires a
wide depletion region.  Our high gain
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Fig.  2 An APD cross sectional view showing the
various p and n regions when the APD is biased.
Included is a visualization of the photocurrent
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APDs utilize a depletion region width of more than 150 µm at breakdown.  This requires
a very deep p-n junction, which can only be fabricated by using a very deep diffusion.
These APDs are operated under high reverse bias to achieve high gain.  The high bias
requires that special precautions be taken at the edges of the device, where electric fields
can be at their highest levels.  Previously, this was accomplished by beveling the edge of
the device as shown in Figure 2, which reduced the electric field at the edges [5].  The
beveled edge on an individual device needed to be fabricated manually, which was the
limiting step in both, the yield, and the cost of producing APDs.

 We have modified the APD design such that the APDs can be fabricated using a
planar process with all the benefits of automation (lower costs due to mass production)
without any compromise in performance.  The basic innovation in our approach involves
cutting groves in the
entrance face of an n-
type neutron
transmutation doped
(NTD) silicon wafer.
Deep diffusion of the p-
type dopants is then
performed.  Due to the
grooves, the dopant
profile (and the
corresponding p-n
junction profile) is
curved, which acts as a
planar bevel.  This
eliminates the need for
manual processing steps
and the entire process as
depicted in Figure 3 is
suitable for complete automation [1], [2].  Large area APDs (area from 4 mm2 to 45 cm2)
as well as monolithic, multi-element APD arrays (up to 28 x 28 elements) have been
fabricated at RMD using the planar process.  An important feature of an APD is its high
quantum efficiency, having a peak quantum efficiency of 60% to 80%, and a wide spectral
response, which is typical of silicon sensors.  The quantum efficiency and response are far
greater than that of PMTs.

C. Phase II PSAPD Research Results

In the Phase II research RMD built upon the results of the successful phase I
results. RMD feels this was a highly successful DOE funded research program due to our
phase II program technical objectives being meet and surpassed. The following are the
highlights of the completed phase II objectives with commentary.

Deep diffusion of p-
dopant in n type Si,
p-n-p structure 

       Si removal 

Bevel Formed 

HV 

Manual Bevel Process 

    Wafer Diced 

HV 

    Planar Process 

Fig.  3 A schematic representation of the standard APD fabrication
process with manual bevel fabrication (left) and the planar process (right).
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1. Conduct SPICE simulations to evaluate various anode designs for PSAPDs
using realistic APD parameters. Specifically focus on distortions, edge effects,
and ease of fabrication and scale-up.

The resistive layer on the back surface of the PSAPD, which enables position
sensitivity, was modeled as a two dimensional array of resistors using a Simulation
Program with Integrated Circuit Emphasis (SPICE). This resistor network was solved
numerically using SPICE to obtain the output from each of the four collecting anodes for
each current injection node. Based on the four simulated outputs, the x and y location for
each injection node was calculated. When the position of all the nodes has been
calculated, a simulated image exhibiting the pincushion distortion is formed. Many
SPICE simulations were conducted to determine what anode design and geometry would
perform best for PSAPDs based on our planar processing and APD architecture. It was
determined that anode designs, such as resistive arcs and contact strips, increased the
noise and dead space of the device while square anodes did not. For these reason and

because of the ease of production, the electrodes on
the back resistive sheet were selected to be square in
shape with an approximate area of 0.25 mm2 and
placed as close to their respective corners as
possible. 

Additionally we explored the altering the sheet
resistance of the back surface. It was found that 2
KΩ to 4 KΩ of resistance between anodes produced
the best images in terms of image resolvability.
Sheet resistances lower than 2 KΩ produced
unresolved images that were compact and located in
the middle of the image field while sheets > 4 KΩ
exhibit unattractive timing properties. Interestingly
PSAPDs that had a low back sheet resistance showed
the best timing resolution. We found that between 2
KΩ to 4 KΩ is an optimal sheet resistance for an
over all good PSAPD performance.

2. Fabricate PSAPDs with selected anode
designs using the planar process. Adjust the
processing routine to allow fabrication of large
PSAPDs with high yield and low leakage current.
Apply anti-reflection coatings to improve the
quantum efficiency of PSAPDs for scintillators
such as NaI(Tl), CsI(Tl), and BGO. 
 
DETECTOR FABRICATION

Our planar processed APDs were made position
sensitive without any loss of performance by
incorporating a resistive sheet on the back surface on

which a 4-corner square anode design was fabricated. The final anode design and sheet

Fig. 4 A photograph of an 8 x 8 mm2

PSAPD (top) and a 28 x 28 mm2

PSAPD (bottom).



resistance was based on the SPICE studies and the characterizations of devices with
various anode designs. We manufactured various PSAPDs that were packaged on
alumina substrates using polymer flip-chip technology. The entire process allowed us to
fabricate PSAPDs of various areas ranging from 4 2 2  4
shows photographs of the initial PSAPDs we
packaged. Since then, the PSAPD packaging has
been refined where the dead space from the
substrate and the excess silicon material beyond
the front surface groove has been eliminated, with
the exception of the extra alumina needed for the
high voltage connection (see Figure 5). Figure 6
is a photograph of the largest PSAPD we have
fabricated to date. PSAPDs of this size are going
to be used with Dr. Partha Chowdhury’s research
group, at the University of Massachusetts at
Lowell, for alpha particle – gamma ray angular
correlation experiments. 

Figures 4 and 5 also show various PSAPDs
packaged with gold pins. All of the electrical
connections are made through the rigidly mounted
gold pins located underneath the device. The pins
located in the corners, which are biased to ground,
carry the output signal from their respective
collecting electrode and the other middle pin
connects the negative high-voltage to the top
surface contact. This biasing scheme sets up the
electric field across the device while also
minimizing electrical concerns with using a
printed circuit board. The pin configuration and
the minimization of dead space allows for the
devices to be compactly tiled and plugged into a
readout circuit. 

Fig. 7 The QE measured before and after applying an AR
coating to an 8 x 8 mm2 PSAPD.
x 4 mm  to 65 x 65 mm . Figure

Fig. 5 A photograph of a 14 x 14 mm2

PSAPD with packaged minimal dead
space on 3 of the 4 sides.

Fig. 6 A photograph of a 65 x 65 mm2
6

PSAPDs were, and have been,
fabricated with relatively high
yield. Our fabrication process has
matured with the controls in place
where PSAPD properties vary little
from wafer to wafer. One measure
of PSAPD quality is the leakage
current experienced when the
operating voltage is applied. Since
the amount of leakage current
scales with detector area, the larger
devices possess the larger amount
of leakage current compared to
detectors of smaller area. Despite

PSAPD.



that the larger devices still have a manageable leakage current with modest cooling
applied.

ANTI-REFLECTION COATINGS
The application of anti-reflection (AR) coatings onto PSAPDs was studied. Various

coating application techniques were analyzed for their ability to improve the QE at
emission wavelengths from common scintillators. We obtained the best results from a
“spin-on” process where the AR coating is uniformly thinned across the PSAPD optical
entrance as a result of centrifugal and fluid viscous forces brought on by the spinning
process. We used this process on an 8 x 8 mm2 PSAPD and measured a marked QE
improvement (Figure 7). 

3. Address PSAPD packaging issues to allow close tiling of individual PSAPDs
with minimal dead-space between them. Optimize electronic readout design and
image processing algorithms. 

PSAPD PACKAGING
RMD has developed flexible circuits for mounting PSAPDs in applications where

dead-space and tiling could be a concern.  Shown in Figure 8 are two examples of
custom designed circuits for use with
RMD’s PSAPDs.  They consist of one or
more layers of Kapton polyamide with
embedded metallic traces.  These
flexible circuits largely replace the need
for ridged printed circuit boards. The
Kapton insulation is well capable of
electrically isolating the high voltages
used with PSAPDs.  They also have low
thermal mass, an important
consideration when cooling is necessary.
Such flexible circuits can be mounted on
the back of the PSAPDs using
conductive epoxy bumps and then
routed away from the detector. The flex
circuit could easily then be connected to
external signal processing electronics

su
fr
co
co
pa
Fig. 8 Two Kapton-based flexible circuits designed
for use with RMD PSAPDs.  The top piece is a
single layer circuit to hold two 1cm2 PSAPDs (one
shown mounted).  It has nine total leads (four from
each PSAPD, one high voltage) and has pads large
enough for direct manual soldering).  The lower
piece is designed for a sixty-four pixel APD (∼ 1
cm2), utilizing multiple layers, 0.5 mm lead pitch
and attached high-density connector.
7

and to the PSAPD high voltage power
pply and ground. This permits the device to be biased while also reading the signals
om all five outputs. A given circuit strip can have multiple closely tiled PSAPDs
nnected on it. At only 300 µm thick, we envision that tiled or stacked detector strips,
mbined with geometrically compatible scintillation arrays coupled to our thinly
ckaged PSAPDs, could create compact, high efficiency spectrometers and imagers. 



8

In the quest to reduce dead-space between tiled PSAPDs, an alternative planar
process has been created whereby rather than using a silicon wafer with grooves
machined onto one side to influence the dopant diffusion (see Figure 9), wafers with
grooves machined on both sides is used instead. By cutting aligned grooves of
appropriate depths into both sides of the wafer, the p-n junction can penetrate the entire
wafer after the deep diffusion and before any additional silicon is removed.  In addition,

subsequent wafer grinding to remove excess material from both wafer surfaces can result
in a product wafer with no remaining grooves (see Figure 9). With no grooves present,
the excess material, that would have been present outside of the grooves using the
fabrication depicted in Figure 3, can be removed. This dead-space reduction allows
PSAPDs to be tiled closer. There are other anticipated advantages to this approach:

1) The absence of grooves on the wafer surfaces allows for a more uniform
application of films applied by spinning.  We use spin-on films for surface doping
and passivation.  Spin-on films for AR coating could also now be more
successfully used.

2) The absence of grooves on the sensing surface of the PSAPDs should also result
in noise reduction.  This is because grooves on the sensing surface are surrounded
by the entire deep diffusion.  This represents a generation volume for electrons
that undergo avalanche gain.  This benefit should be more evident for smaller
pixel devices and arrays since the high generation volume is proportionally
greater here.

3) The possibility exists, though not yet proven, that by judiciously choosing groove
depths, and by summing deep diffusions coming from two opposite directions, a
higher breakdown voltage p-n junction can be achieved in the region that isolates

Saw cut grooves added to 
n-type silicon 

Deep gallium diffusion 

N - type 

N - type 
P - type 

Polishing defines p-n 
junction depth 

The p+ and n+ layers are diffused into the 
front and back surfaces 

Part of the n+ region is masked 
with a photo-definable polyimide 

Contact electrodes are deposited after the 
bevel region passivation layer is added and 
masking polyimide is removed 

Fig. 9 A cross sectional cartoon showing an alternative fabrication process to produce PSAPDs
without grooves.
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PSAPDs.  This would give improved and more easily achieved isolation between
PSAPDs.

4) The increased thickness of the
product wafer should allow
additional thinning to the n-type
material in the vicinity of the
isolation region.  This will allow
greater control of the edge
component of the PSAPD leakage
current for certain applications
where this might be required.

A photograph of two 8 x 8 mm2

detectors, one with grooves and the other
without grooves, is shown in Figure 10 as a

comparison.

PSAPD DISTORTIONS
Pincushion distortions are observed in images

generated with our position sensitive devices. This is
an intrinsic property to due our simple four-corner
anode design and the Anger logic that is employed to
construct raw images. Such distortions can be
corrected in some cases by using a measured response
map or “look-up table”, for the PSAPD.  An
alternative method for distortion correction has been
developed that is founded on finite-element
simulations of the readout configuration [7].
Basically, the resistive layer on the back surface of
the PSAPD, which enables position sensitivity, is
modeled as a two dimensional array of resistors using
SPICE. This resistor network is solved numerically
using SPICE to obtain the output from each of the
four collecting anodes for each current injection node.
With the injection location and the resulting Anger
logic based position now modeled, the relationship
between the injection location and the Anger logic
position can now be used to correct the measured data
and thus remove the pincushion distortion. 

Work to remove the distortion focused on the use
of a 16 x 16 element CsI(Tl) array with 0.5 mm
pixels. An image of the 16 x 16 array coupled to an 8
x 8 mm2 PSAPD and uniformly flood irradiated with
99mTc (140 keV) is shown in Figure 11. The
correction algorithm does remove the pincushion
distortion for most of the imaged area, however, the

Fig. 10 A photograph of two detectors. The left
detector is without grooves. The right detector
has with grooves.

Fig. 11 A uniform flood image of the
16 x 16 CsI(Tl) array superimposed
with dots (white) from a SPICE
simulation.

Fig. 12 Corrected image using the
pincushion distortion algorithm.
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perimeter and corner areas do not benefit as much from the correction (see Figure 12).
Since these particular regions were not resolved well in the original image (see Figure
11) the algorithm had limited success correcting those regions into a more regular pattern
that is exhibited in the image center.

4. Evaluate gain, noise, quantum efficiency, X-ray and gamma ray energy
resolution, and timing characteristics of various PSAPDs. 

PSAPD CHARACTERIZATIONS
We have measured the gain of our PSAPDs by illuminating the device with a 420 nm

pulsed LED and then recording the PSAPD output pulse amplitudes as the bias is
increased. The calculated gain is normalized to the amplitude recorded at 200 V.  The
maximum gain is typically > 103 at room temperature (20 °C) for all of our devices.

To measure the noise we used a low energy x-ray source (55Fe, 5.9 keV) to calibrate
the energy scale and then injected a test pulse from a NIM pulser generator into a charge
sensitive preamplifier (CSP). The FWHM of the pulser peak defines the noise. At room
temperature (20 °C) the noise from an 4 x 4 mm2, 8 x 8 mm2, 14 x 14 mm2, and 28 x 28
mm2 PSAPD is 0.5 keV, 0.8 keV, 1.4 keV, and 2.5 keV respectively with optimal bias
applied. We measured the gain and noise of a 14 x 14 mm2 device that was fabricated
using the method depicted in Figure 9. The gain and noise characteristics for this devices
is approximately the same as those fabricated with a front surface groove (see Figure 3).

Other extensive noise studies were performed. The electron-rms noise of the device
was measured as a function of bias and shaping time three times and averaged.  PSAPDs
were irradiated with an 55Fe source while a test pulse was injected into the CSP. Like
before, the x-ray peak position provided an energy calibration to determine the electron-
rms from the test pulse width.  The electron-rms noise was then calculated and plotted for
various voltage and shaping time combinations (see Figure 13).

The lowest noise was measured while using 0.25 µsec. This shows that the dominant
dark noise source is parallel
noise from the leakage current of
the device. The curved behavior
of the data is due to two distinct
APD processes. When the bias is
increased, the PSAPD
capacitance at the CSP input
decreases, thereby reducing the
CSP noise, while the gain of the
PSAPD increases. This improves
the signal to noise ratio.
However, as the bias is increased
further the leakage current
increases in combination with the
excess noise factor. This causes
noise to gradually increase. 

Fig. 13 PSAPD e-rms noise vs. amplifier shaping time and
bias. The lowest noise was measured with fastest shaping
time, 0.25 µsec.
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The excess noise factor, F, was measured by simultaneously irradiating the detector
with a 55Fe (5.9 keV) source, light from an LED, and injecting a test pulse into the CSP.
Using an energy calibration again, the LED light peak energy resolution and the noise,
measured from the test pulse width, can be used to calculate F. The expression below for
theoretical energy resolution was used then solved for F [6]: 

( ) 22355.2 noiseFEE ∆+=∆ ε

where ∆E is the light peak FWHM
energy resolution, F is the excess noise
factor, E is the light peak energy, ε is
the ionization energy for silicon (3.6
eV), and ∆noise is the FWHM of the test
pulse peak. The measurement was
performed three times at three different
wavelengths and averaged (see Figure
14). For a given gain, shorter
wavelength light has the least F. F
increases at high gain due to holes
contributing to the multiplication
process. 

We have measured the QE of
the PSAPDs by measuring the
photocurrent produced in response to
light from a grating monochromator.
The current was calibrated to compute
absolute QE using a standard visible

light reference photodiode. The QE of PSAPDs is about 50% to 70% in the 350 nm to
900 nm range while the device was operated at unity gain. We have discovered that when
the gain is increased into the high-gain regime, the QE of shorter wavelength light (< 800
nm) increases while longer
wavelength light (> 900 nm)
decreases. A technique we have
developed enables us to measure
the QE at high gain by removing
the effect of the gain mechanism
on photocurrent, thus any changes
with the photocurrent is solely due
to the QE.  Figure 15 shows how
the QE for a variety of wavelengths
changes from unity gain to high
gain. The wavelengths that most
common scintillators emit fall in
the range where PSAPDs have QE
near 90% when operated at high

Fig. 14 PSAPD excess noise factor vs. gain for three
difference wavelengths

Fig. 15 A plot comparing the unity and high gain quantum
efficiency of each wavelength
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bias (high gain). The successful application of an AR coating would improve the QE
even further.

The energy resolution using two different scintillation materials, LSO and
CsI(Tl), was measured as a function of bias and shaping time. These two materials were
chosen because they possess differing scintillation emission properties. LSO has a peak
emission at 420 nm with a 40 ns decay time while CsI:Tl primary peak emission is 550
nm with a decay time of 1 µsec. 

A 4 x 4 x 4 mm3 block of LSO was coupled to the PSAPD with Bicron BC-130
optical grease and irradiated with 511 keV photons from 22Na. The energy resolution
FWHM was recorded for various shaping times and biases at room temperature (24 °C).

The shortest shaping time,
0.25 µsec, in combination with a
1725 V bias gave the best energy
resolution, 10.5%. This fast shaping
time is able to completely integrate
the entire LSO signal and filter out
parallel noise giving the best signal
to noise ratio (see Figure 16).

A similar measurement was
performed with a 6 x 6 x 6 mm3

block of CsI(Tl). Again, the
scintillator was coupled with optical
grease to the PSAPD. The detector
was irradiated with 662 keV
photons from 137Cs while the
photopeak energy resolution was

measured at various shaping times and biases at room temperature (24°C). 
An energy resolution of 8.0% was measured using approximately 2 µsec shaping

and 1735 V (see Figure 17). Often is the case where various competing factors determine
the optimal operating conditions. To reduce how much parallel noise is factored in one’s
data, a fast shaping time should be used. However, because CsI(Tl) has a 1 µsec decay

time, a longer shaping time
should be used to completely
integrate the signal. 2 µsec
shaping time at 1735 V gives the
optimal signal to noise ratio with
this scintillator and these
operating conditions. Incomplete
signal collection due to
inadequate shaping times leads
to ballistics deficits that reduce
the shaping amplifier output
pulse amplitude. 

We performed several
timing resolution measurements
with various sized PSAPD

Fig. 16 Energy resolution at 511 keV using a 4 x 4 x 4
mm3 block of LSO vs. shaping time and bias.

Fig. 17 Energy resolution at 662 keV using a 6 x 6 x 6 mm3

block of CsI(Tl) vs. shaping time and bias.
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coupled to LSO. Some of the best timing
resolution results were obtained while
using the smallest PSAPD, 4 x 4 mm2 (~ 1
ns). Larger area PSAPDs, such as the 28 x
28 mm2 PSAPD only provide good timing
resolution when cooled due to the
increased bulk leakage current. With large
area PSAPDs it was noted that the crystal
location on the active area also affects the
timing resolution. We observed that, when
cooled, the 28 x 28 mm2 PSAPD timing
resolution improved from 3.5 ns to 2.1 ns
when the LSO crystal was moved from the
middle of the active area to the corner. We
believe this is due to a shortened transit

time when the crystal is moved closer to one of the collecting anodes on the back surface.
We also observed that if a detector’s series resistance is reduced, the timing resolution
improves due to the shortened PSAPD output pulse rise time. We explored using
different top contact metals to reduce detector series resist and then measured their timing

resolution. We observed that when we
applied indium to the top contact, the
timing resolution improved by as much as
0.5 ns. Figure 18 shows the best timing
resolution to date for an 8 x 8 mm2

PSAPD at room temperature. Typically
when using silver epoxy on the top
contact, these PSAPDs have an
approximately 2.1 ns timing resolution.

5. Investigate spatial resolution,
imaging response, distortions, and edge
effects for various PSAPD designs. 

PSAPD SPATIAL RESOLUTION
Spatial resolution measurements were

performed with 4 x 4 mm2 and 8 x 8 mm2

PSAPDs. These devices are of particular
interest since they would allow the highest
resolution, for a given beam spot size and
photon mean intensity, due to their
inherently lower leakage current noise and
thus a greater signal-to-noise ratio.

To characterize the intrinsic spatial
resolution of the PSAPDs we used a
pulsed laser beam with a 25 µm spot size.
At room temperature (25 °C), while the

Fig. 18 Timing resolution of a PSAPD with an
indium top contact

Fig. 19 Spatial resolution vs. photon intensity for
a 4 x 4 mm2 PSAPD.

Fig. 20 Spatial resolution vs. photon intensity for
an 8 x 8 mm2 PSAPD.
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pulsed laser beam was incident onto the middle of PSAPD surface, the output for the four
bottom contacts was simultaneously recorded. Enough pulsed data points (~1000) were
recorded to obtain good statistics. The x and y position for each data point and then the
FWHM of the distribution was calculated off line. The FWHM of the distribution defined
the intrinsic spatial resolution. This process was repeated for various photon beam
intensities. The results of the measurements are shown in Figure 19 and 20.

PSAPD IMAGING RESPONSE AND IMAGING IMPROVEMENTS
We studied the observed image distortions from PSAPDs and researched means

to correct or compensate this effect. When a segmented scintillator array is coupled to
PSAPD, and when the x-y Anger logic is used to calculate an image (see equation in
Figure 1), a pincushion distortion is immediately seen. This distortion is particularly
apparent along the edges and corners of the field of view. The distortion is exacerbated
when smaller array pixels are used, such as 0.5 mm (see Figure 11), because the small
pixels are imaged nearly in the same location. This leads to a pile-up of events along the
perimeter and corners so not only does the image suffer from a distortion, but also there
is a loss of resolvability for those pixels physically located along the edge of the PSAPD.
Simulations have shown that if collecting anodes were fabricated smaller and if they were
placed deeper into their corners, the outer pixels rows would be better resolved. This is
the reason why current efforts to correct pin cushion distortions using the technique
mentioned previously (see Figure 12) has had only limited success in terms of improving
the spatial resolution along the edges.   

Until now almost all researchers working with PSAPDs have used an Anger-like
position algorithm, which used four corner readout signals of the PSAPD. The Anger-like
algorithm yields a significant pincushion distortion in crystal positioning histograms.
Here we show a recently improved positioning algorithm, which uses the signals from
diagonal channels of the PSAPD to obtain the X and Y position of the photon interactions
and then rotate the image by a 45o angle. The traditional Anger-type formula and the new
formula are expressed as,

Anger-type,

             X = [(A+B)-(C+D)]/(A+B+C+D)

             Y = [(A+D)-(B+C)]/(A+B+C+D)

New algorithm,

             X = [(A-C)/(A+C)] cos(π/4)-[(B-D)/(B+D)] sin(π/4) 

             Y = [(B-D)/(B+D)] cos(π/4)-[(A-C)/(A+C)] sin(π/4)

Where A, B, C and D are the digitized signals from the four readout channels of PSAPD.
Figure 21 shows flood histograms generated using both the old and new algorithm. The
flood histogram generated with the Anger-type algorithm (old algorithm) shows the
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strong pincushion distortion where as the image generated with the new algorithm is
almost free of pincushion distortion. 

6. Perform imaging studies with X-rays, optical photons, and charge particles
directly with PSAPDs. Also conduct gamma ray and thermal neutron imaging
studies with PSAPDs coupled to segmented arrays and neutron converter foils.

IMAGING WITH DIRECT INTERACTIONS

Fig. 21 The array image on the left generated using the older Anger algorithm.
The image on the right used the newer position algorithm. 



16

We performed imaging studies using an 8 x 8 mm2 PSAPD and the direct x-ray
interactions from 109Cd (22 keV). A 1 mm thick lead sheet, thick enough to absorb nearly
all of the 22 keV photons, was placed on top of the PSAPD. A thin sheet of Teflon was
placed between the two for electrical isolation. The middle of the lead sheet had two 0.5
mm parallel holes machined into. This simple parallel collimator enabled us to perform
an imaging experiment where we could observe the ability of the PSAPD to generate an
image at the energy and then to measure the spatial resolution. By knowing the physical
separation between the holes, so long as the collimated radiation was incident in the
middle of the detector, their separation distance could be used as a calibration (see
Figure 22). The PSAPD was cooled to –30 °C to improve the signal-to-noise ratio. The
FWHM spatial resolution of the x-ray beam spot was approximately 0.75 mm (see
Figure 23). The measurement was repeated again using 57Co (122 keV), but using a
much longer data acquisition time due to the small cross section for absorption in silicon
at that energy. The FWHM spatial resolution at 122 keV is 0.7 mm.

IMAGING WITH SCINTILLATOR ARRAYS
We performed imaging measurements using a 7 x 7 element CsI(Tl) array whose

individual pixels are 3 mm wide and 5 mm thick. The array is completely encapsulated
with white reflective epoxy with the exception of one face, which is polished. The
polished faced was coupled, using optical grease, to the sensing window of a 28 x 28
mm2 PSAPD. All five PSAPD signal outputs were individually sent to a CSP and then
shaped at 2 µsec. The shaped signals were then processed with a sample and hold circuit
and then sent to an analogue to digital converter (ADC). We were able to generate a
uniform flood image of the array using 57Co (122 keV) while the detector was cooled to –
20 °C. The image resolution was uniform with an average FWHM energy resolution of
20% at 122 keV (see Figure 24). The pincushion distortion is typical for the charge-
sharing scheme used by the PSAPDs.

In a similar fashion, we also produced an array image using LSO. The 7 x 7 array
has 3 mm pixels that are 20 mm tall. Each individual crystal was wrapped in Teflon tape
on all sides with the exception of one of the ends. The array was placed on a 28 x 28 mm2

PSAPD and coupled with optical grease. The detector was then cooled to –20 °C and

Fig. 22 A direct x-ray image at 22 keV of a lead
collimator with two parallel holes place on a
PSAPD. The collimator did not completely cover
the detector at its corners hence the bright areas in
those regions.

Fig. 23 The FWHM spatial resolution using a 0.5
mm collimator on a PSAPD at 22 keV.
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uniformly irradiated with 511 keV from 22Na. Because of the relatively fast scintillation
decay time of LSO, a shaping time of 0.25 µsec was used. This choice of shaping time,
combined with the cooling, resulted in an excellent signal-to-noise ratio and
correspondingly produced a well-resolved array image with good FWHM energy
resolution of 15% (see Figure 25).

Fig. 24 A uniform flood image and energy spectrum of a 7 x 7 CsI(Tl) array coupled to
a 28 x 28 mm2 PSAPD while cooled to -20°C and irradiated with 57Co (122 keV)

Fig. 25 A uniform flood image and energy spectrum of a 7 x 7 LSO array coupled to a
28 x 28 mm2 PSAPD while cooled to - 20°C and irradiated with 22Na (511 keV)
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We have characterized PSAPDs when they are coupled with LaBr3(Ce). This new
scintillation material is of interest because of its high scintillation yield, fast decay time,
good initial photon intensity and light yield linearity. LaBr3(Ce) has a 360 nm emission,
which the QE of PSAPDs has an advantage over PMTs. At RMD we grew a LaBr3(Ce)
crystal and built an array with it. The 8 x 8 array has 3 x 3 x 5 mm3 pixels. The array was
coupled to a 28 x 28 mm2 PSAPD and uniformly flood irradiated with 57Co (122 keV)
while modest cooling was used. The
resulting image is shown in Figure 26. The
array image appears non-uniform. We
believe this is most likely due to the
handling and packaging limitations brought
on by the hydroscopic nature of LaBr3(Ce).
LaBr3(Ce) must also be protected from its
environment. The packaging we used to
optically couple the array to the PSAPD may
have introduced non-uniformities in the
amount of light each pixel can transmit to
the PSAPD.

The energy resolution of LaBr3(Ce)
was also measured with the PSAPD using
various incident photon energies. An
example energy spectrum is shown in
Figure 27. Here, the detector and LaBr3(Ce)
crystal was irradiated with 137Cs (662 keV).
The 662 keV photopeak FWHM energy
resolution is 2.8%, which is excellent for
silicon APDs.

NEUTRON AND CHARGE PARTICLE
IMAGING

We have conducted spectroscopy and
imaging studies with PSAPDs. We focused
our efforts on a new emerging neutron and charged particle scintillation material,
Cs2LiYCl6(Ce), which we grow at our facility. This material possesses interesting
scintillation properties such that neutrons or charged particle interactions can be
discriminated against gamma ray interactions by the shape of their respective PSAPD
output pulse. It has a scintillation yield for neutrons at 35,000 photons/neutron and for
photon interactions at 11,000 photons/MeV. We coupled a 1 cm diameter, 1 cm tall
cylindrical Cs2LiYCl6(Ce) crystal on to a 14 x 14 mm2 PSAPD and uniformly irradiated it
with thermal neutrons from a 252Cf source (see Figure 28).

Fig. 26 An image of an 8 x 8 LaBr3(Ce) array
with 3 x 3 x 5 pixels coupled to a 28 x 28 mm2

PSAPD and uniformly flood irradiated with 57Co
(122 keV).
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Fig. 27 A 137Cs energy spectrum obtained with a
LaBr3(Ce) crystal coupled to a PSAPD.
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We also built a 2 x 3 array of
Cs2LiYCl6(Ce) with 2 x 2 x 4 mm3 pixels. Like
LaBr3(Ce), Cs2LiYCl6(Ce) is hydroscopic so it
too needs to be protected from its environment
while still allowing scintillation light to exit the
crystals and enter the PSAPD optical window.
This makes optical packaging an engineering
challenge. We coupled our packaged
Cs2LiYCl6(Ce) array to an 8 x 8 mm2 PSAPD
and irradiated it with 5.5 MeV alphas from an
241Am source (see Figure 29). Some of the
crystal array elements had degraded due to
moisture exposure during packaging and the
array itself could not be coupled well to the
PSAPD. This resulted in the non-uniformity of
the array’s measured scintillation yield. Despite
this, PSAPDs with properly packaged
scintillations arrays, can image neutrons and
charged particles.

HYBRID PMT-PSAPD
In a related, but separate, PSAPD

research effort we combined our position sensitive APD technology with a traditional
vacuum tube PMT to create a hybrid PMT-PSAPD detector. This hybrid detector’s

spectroscopic and imaging ability is entirely
dependent on the PSAPD’s interactions with direct
β particle. We found the PSAPD to perform very
well for charged particle measurements in phase I
of this program. The following results demonstrate
the versatility of the PSAPD and how well it can
perform β particle related imaging.
 We investigated a prototype hybrid position
sensitive avalanche photodiode (HPSAPD) that
combined conventional PMT and a PSAPD to form
a rugged, compact, high gain (~ 106 - 107), high
signal-to-noise ratio photodetector (see Figure 30).
This detector uses a GaAs photocathode to convert

incident light into photoelectrons that are accelerated to a 14 x 14 mm2 PSAPD. Through
impact ionization initiated by the incident accelerated photoelectrons, the PSAPD
provides additional gain. The PSAPD then operates as it normally does by providing an
output signal for energy and timing resolution information and four output signals for
position information. We characterized the spectroscopic and imaging capabilities.

Our HPSAPD is a “proximity”
type hybrid detector. The design for this
hybrid detector calls for a vacuum tube
structure whose GaAs photocathode is a

 

Fig. 30 A photograph of a prototype
HPSAPD.
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Fig. 31 A cross sectional view of a HPSAPD with a
proximity design.

Fig. 28 A 252Cf neutron energy spectrum
using Cs2LiYCl6 (Ce) coupled to a 14 x 14
mm2 PSAPD.

Fig. 29 An image of a Cs2LiYCl6 (Ce)
array coupled to an 8 x 8 mm2 PSAPD and
irradiated with 5.5 MeV alpha particles.
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few mm away from the PSAPD  (see Figure 31). This structural design gives rise to a
compact size and reduced magnetic sensitivity. A negative electric potential (1-10 kV) is
applied to the photocathode with the PSAPD’s top surface contact biased to ground. A
positive potential (~1750V) is applied at the PSAPD’s bottom four contacts to reverse
bias the diode enough to promote an avalanche effect. This biasing scheme ensures that
the electric field between the photocathode and the PSAPD’s top surface is independent
of Vapd. When an optical photon is incident onto the photocathode, the subsequent
photoelectron (E ≤ 1eV) is accelerated towards the PSAPD.  The gain from this stage
(G1) is ~ 1000-2000. The photoelectron deposits is energy into the PSAPD causing an
avalanche effect via impact ionizations. The gain from this stage (G2) is ~ 1000, thus the
overall gain is ~ 106 (G1 ×G2). The HPSAPD, due to its high gain and relatively low
noise, is able to perform room temperature single photoelectron counting plus
spectroscopic and imaging measurements down to 60 keV.

The total gain (GTOT) of the HPSAPD comes from two contributions, the
acceleration of the photoelectrons towards the top contact on the PSAPD (G1) and from
the avalanche effect occurring within the PSAPD (G2). They combine such that GTOT =
G1 × G2. Two measurements were performed to determine the gain from both stages
separately. As light from a diode (575 nm) illuminated the hybrid detector, histogrammed

pulse height data were recorded while
Vpc and Vapd were increased. Changes
in photopeak position in the pulse
height data correspond to changes in
gain from G1 and G2. Vpc was
increased from 0-8 kV with a constant
Vapd. Similarly, Vapd was increased
from 200-2000 V with a constant Vpc.
GTOT was calculated and plotted as a
function of Vpc and Vapd  (see Figure
32). Figure 4 shows that for some Vpc
and Vapd combinations GTOT > 106.

Our HPSAPD detector was
given a uniform flood illumination
from 241Am (60 keV) with a 4 x 4 and
8 x 8 segmented CsI(Tl) array coupled
to the optical window. The pitch is 2

mm and 1 mm for the 4 x 4 and 8 x 8 array respectively. The detector voltages were set at
Vpc  = 9 kV and Vapd = 1750 to produce the best image.  Figure 33 shows the generated
image for both arrays taken at room temperature. The 4 x 4 and 8 x 8 image has an
average peak-to-valley ratio of 5.0 and 1.6 respectively. Normally at room temperature
with this type of scintillation material and with array pixels of this physical size, a well-
resolved array image at 60 keV using a 14 x 14 mm2 PSAPD would not be possible. This
is indicative of the HPSAPD’s excellent signal-to-noise ratio.

Fig. 32 GTOT as a function of Vpc and Vapd.



The HPSAPD’s spatial resolution as a
function of optical intensity was measured using
a 632 nm pulsed laser whose light was focused
to a ~ 25 µm beam spot on the photocathode.
The laser light intensity was reduced by
incremental orders of magnitude by optical
filters. With Vpc = 4 kV and Vapd = 1750V, the
bottom contact signals were recorded and
processed by the x and y position algorithms
shown in Figure 1. The histogrammed x and y
position data gave a distribution whose FWHM
is the spatial resolution. The results for the x
dimension are shown in Figure 34.

With the collaboration of UC-Davis, we
have studied how well PSAPDs are insensitive
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Prior to this project, the position sensitivity of PSAPD’s had been tested with
pixilated scintillator detectors, where the PSAPD acted as a position-sensitive
photomultiplier. In these earlier tests, it was sufficient for the PSAPD to distinguish

between adjacent
scintillator pixels, and
correcting the inherent
pincushion distortion was
primarily cosmetic.

In the present
project, since the PSAPD
was being evaluated for
its potential as a stand
alone position sensitive
detector for charged
particles, the distortion
correction was a crucial
requirement. Thus,

considerable
experimental and computational effort was spent in calibrating the PSAPD and exploring
algorithms for mapping the distorted two-dimensional space back into a standard
orthogonal x-y coordinate system.

A significant portion of the work was carried out at Argonne National Laboratory
where Dr. Chowdhury was stationed for nine months on sabbatical leave from UMass-
Lowell. A dedicated cylindrical vacuum chamber with signal and high-voltage feed-
throughs was constructed for alpha spectroscopy (see Figure 35). All experiments were
carried out with a 14 x 14 mm2 PSAPD. The PSAPD and its preamplifiers mounted on its
associated circuit board (fabricated at RMD) were incorporated into the removable upper
lid of the chamber (see Figure 35).

The first measurements
involved choosing an appropriate
bias voltage for the operation of the
detector. Although the avalanche
mode of operation for the PSAPD
degrades energy resolution in order
to increase signal strength for better
position resolution, a reasonable
compromise was achieved at a bias
voltage of 1400 V where a 2.3%
energy resolution is obtained for 6
MeV alpha particles (see Figure
36).

A precision aluminum mask
was machined to provide an x-y position template for distortion calibrations. A 7 × 7
matrix of holes of 1/64” (0.4 mm) diameter and 1/16” (1.6 mm) pitch were drilled into
the mask (see Figure 37). The mask was mounted just above the PSAPD, with an alpha-
particle source placed about 2 cm above the mask. The raw position spectrum obtained

Fig. 35 A dedicated vacuum chamber and mounting geometry for the
PSAPD and its preamplifier circuit board.

Fig. 36 Energy resolution vs. voltage for incident 6
MeV alpha particles on a PSAPD
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for ~ 6 MeV alpha particles is shown in Figure 38. As is immediately noticeable, the
position resolution is significantly better in the central part of the spectrum than at the
edges and corners. The position resolution of ~0.5 mm is poorer than the intrinsic
detector resolution, since the alpha particles hit the mask at various angles and spread out
beyond the hole diameter.

The pincushion
distortion was mapped on to a
series of smooth parabolas in
both x and y (see Figure 39).
The parabolic equations were
parameterized into a discrete
grid for the 7 × 7 grid, and
stored as a calibration template
in the analysis software. The
distortion correction can be
subsequently applied event by
event in the off-line sorting of
the data acquired in multi-

parameter mode. A typical “distortion-corrected” spectrum is shown in Fig.6. In
subsequent analyses, a 4 mm by 4 mm area in the central part of the detector was selected
for position measurements in conjunction with a Ge DSSD.

The most ambitious part of the PSAPD tests in this phase of research was to use
the device in conjunction with a Ge DSSD, which in itself is a detector at the cutting edge

of current technology, prototypes of which are being tested at present at Argonne. The
specific detector used was a planar germanium of size 92 x 92 mm and thickness 20 mm

Fig. 37 Calibration mask for PSAPD.

Fig. 38 Raw x-y position spectrum obtained with the calibration mask showing the typical pincushion
distortion at the edges and corners. The bottom panels show the position resolution obtained near the
center of the detector.
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with 16 horizontal lithium contact strips on one side and 16 vertical boron contact strips
on the other, each 5 mm wide. 

The specific nuclear physics test experiment conducted was to measure alpha-
gamma angular correlations following the decay of radioactive 228Th and 249Cf. The latter

has a single alpha decay with a 6.3 MeV alpha particle emitted simultaneously with a 389
keV gamma ray. The former has a chain of alpha particles emitted sequentially, with
varying half-lives, in its decay towards a stable final nucleus, with specific gamma rays
emitted simultaneously in a couple of cases. The quantum nature of the states involved in
the specific decays makes the angular correlation between the alpha particle and the
associated gamma ray completely isotropic in the case of 249Cf, but anisotropic for the
228Th and 224Ra decays. Measurement of this well-known anisotropy in 224Ra was the aim
of this phase of the measurement.

The specific advantage of the present set of position sensitive detectors was the
large solid angle subtended by each with
excellent position resolution. Thus, a
significant reduction in data acquisition
times is achieved by a large range of angle
coverage in a specific geometry. In earlier
studies, single detectors would have to be
placed at specific angles to achieve the
same objective, either increasing cost per
solid angle coverage or time to cycle single
detectors through the angular range. The
detector faces were positioned at right
angles to each other, and the source placed
between the PSAPD and Ge DSSD as

shown in Figure 41, where the perpendiculars to both detectors intersected.
The multi-parameter data was collected event-by-event, with energy and timing

parameters of all signals from both the Ge DSSD and the PSAPD detectors stored for
subsequent offline analysis. The α spectra for the Cf and Th sources show the expected
single and multiple peak structures, respectively (see Figure 42).

Fig. 39 Parabolic parameterization of the
pincushion distortion. The colored dots
show pairs of undistorted and distorted
partners.

Fig. 40 A portion of the corrected x-y spectrum
using parabolic parameterization method. This
region of ± 4 mm was used for the alpha-gamma
angular correlation studies. 
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Fig. 41 Layout of the PSAPD and Ge DSSD
detectors in the α−γ correlation experiment.

Fig. 42 Energy spectra for the PSAPD and Ge DSSD.
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In order to analyze the angular correlation between a simultaneous alpha-gamma
pair, conditional histograms can be generated with the appropriate energy limits set on
either the alpha particle or the gamma ray. Given that the gamma ray energy resolution of
a Ge detector is far superior to that of the PSAPD for alpha particles, setting an energy
condition on the Ge spectrum eliminates most of the uncorrelated noise in the signal.  

The data were analyzed as follows: for each “good” event consisting of the
requisite gamma ray detected in the Ge DSSD, the angle between the alpha particle and
gamma ray was extracted from the position information of where each hit their respective
detector, and the counts binned for specific angle intervals. Since the Cf spectrum is
known to be isotropic, the Ra
spectra were normalized to the
Cf spectra, to eliminate any
anisotropy generated from the
experimental set-up, such as,
for example different
absorptions in either detector
for different entry angles.
Unfortunately, the Th source
was extremely weak compared
to the Cf, and only limited data
was obtained in the time
available at Argonne. Thus, the
angular correlation data are of
poor statistical quality. In
addition, the data were
collected for the single specific geometry mentioned above. On one hand, this provided
limited angular coverage, especially as the active area of the PSAPD had to be shrunk to
preserve good position resolution; on the other hand, it shows the range of angles covered
in a single configuration even with these severe limitations. The resulting angular
correlation data obtained is compared with the theoretical expectations in Figure 43.

MAGNETIC FIELD EVALUATIONS
To assess the effect of an MRI magnetic field on PSAPDs, an 8 x 8 mm2 PSAPD was

coupled and placed inside a 7 Tesla Biospec MRI system at UC-Davis. The MRI machine
was tuned and shimmed according to predefined protocols (Spin Echo-SE and Gradient
Echo-GE), which are normally used to acquire MRI images. After tuning and shimming
we exposed the PSAPD-LSO detector to 22Na (511 keV) and observed the photopeak
position of 511 keV gamma rays as well as the flood histograms and measured the energy
resolution for 511 keV gamma ray photopeak. The measurement was repeated with the
PSAPD-LSO outside of the MRI machine.  

The table below shows and compares the LSO array image and 511 keV
photopeak when the PSAPD-LSO module was exposed to the MRI magnetic field. The
array image does not differ when the module is placed in the MRI magnet with the
machine off and when the MRI machine is on and executes its protocols. Additionally,
the 511 keV photopeak changes little regardless of the module’s surrounding

Fig. 43 Alpha-gamma angular correlation for 224Ra.
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environment.  A rotated array image was expected when the module was placed inside
the magnet. This can easily be corrected for. The positive result from this is that the
image does not vary from one type of scan to the other (spin echo vs. gradient echo), as

can be seen in the bottom left and right image.  

 

OUTSIDE MAGNET INSIDE MAGNET

INSIDE MAGNET – SPIN ECHO INSIDE MAGNET – GRADIENT
ECHO

7. Build a gamma camera based on a PSAPD and segmented CsI(Tl) array to
perform gamma ray imaging studies using a collimator and measure the spatial
resolution as well as sensitivity. Also conduct some imaging studies of test
subjects.
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IMAGER EXPERIMENTS
We have also performed gamma camera experiments where a lead collimator was

used to generate line profile and phantom images. Several images were acquired with the
28 x 28 mm2 PSAPD and the 7 x 7 element CsI(Tl) array. A flood image was obtained
with a 99mTc (140 keV) point source placed approximately 2 m from the uncollimated

detector.  Figure 44 shows the raw image and the count-profile from a center column
showing an average peak-to-valley ratio of 7.5:1. In order to form the final image shown
on the right in Figure 44, the counts corresponding to each scintillator segment were
integrated over the maxima and then mapped into the final image pixels. This
simultaneously corrects for pincushion distortion and for spatial variations in the raw
image.  This is accomplished by defining a digital mask (stored in software) that maps the

counts in the raw image into their corresponding pixels in the final image.  The final
image was also count-normalized to produce a more uniform image by using a flood
image obtained with a large number of counts.   

Fig. 44 A raw uniform flood image (left), a center row line profile (middle), and a mapped uniform flood
image using 99mTc (140 keV).

Fig. 45 Images of a capillary tube filled with 99mTc (140 keV) moved across the face of the gamma
camera

Fig. 46 Corrected images of a capillary tube as it is moved across the face of the gamma camera
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Line source images also were obtained by placing a 0.5 mm diameter glass
capillary tube filled with 99mTc (140 keV) above a lead parallel-hole collimator, which
was above the detector-scintillator unit.  The capillary tube was moved horizontally in
3.48 mm steps matching the spacing of the scintillator segments so that each row of
scintillator segments were irradiated sequentially by stepping the capillary across the
detector face.  The uncorrected images showing the response of the detector to the
capillary tube source are shown in Figure 45, with the final corrected images shown in
Figure 46.  Figure 46 shows a count-profile defined across the line response function
indicating that the spatial resolution is dominated by the scintillator segments having a
width of 3 mm.

The use of a large 28 x 28 mm2 PSAPD with a scintillator array was specifically
explored because it would simplify the engineering of a gamma camera, compared to a 2
x 2 tiled approach using smaller area PSAPDs, which was originally planned. The 28 x
28 mm2 PSAPD imaging results in Figure 44, 45, and 46 demonstrate the PSAPDs
abilities as a gamma camera. For greater spatial resolution, smaller area PSAPDs were
explored as well.  

In a similar fashion as the 28 x 28 mm2 PSAPD, other imaging measurements
were performed using an 8 x 8 mm2 PSAPD coupled to a 16 x 16 CsI(Tl) array with 0.5
mm pixels. Due to the size of the pixels the detector need to be cooled to –50 °C in order
to reduce the noise more. High- resolution gamma ray images were obtained by placing a

0.5 mm tungsten pinhole above the custom enclosure containing the cooled detector.
Flood images were acquired by using a 99mTc source (140 keV) directly above the
pinhole. Figure 47 on the left shows a raw flood image obtained in this fashion. The
pincushion distortion caused the outermost rows and columns of the PSAPD data to
merge.  Therefore, the PSAPD typically produced a 14 × 14 array of separable pixels that
were used to produce the images shown in this report. Figure 47 in the middle also

Fig. 48 A photograph of the phantom (left), a mapped image of the phantom using a parallel hole
collimator (middle), and a mapped image of the phantom using a pinhole collimator (right).

 

Fig. 47 A raw uniform flood histogram (left), a line profile of a center column (middle), and a mapped
uniform flood image using 99mTc (140 keV) to irradiate a 16 x 16 CsI(Tl) array coupled to a 8 x 8 mm2

PSAPD.



shows a line profile through a center column whose average peak to valley ratio is 4.14:1
as well as a mapped uniform flood image on the right.

Also imaged was a phantom designed to simulate the myocardium of a mouse and
configured as an annular hole with an outer diameter of 5.0 mm, an inner diameter of 1.0
mm, and a length of approximately 5.0 mm (see Figure 48). The phantom was filled with
0.2 mCi of 99mTc, and was placed upright above the 0.5 mm pinhole and then above the
1.0 mm parallel hole collimator. The mapped images, shown in Figure 48, are able to
resolve the annulus demonstrating the high degree of spatial resolution obtained with this
detector in combination with either pinhole or parallel hole collimators.

8. Perform evaluation of PSAPDs at cryogenic temperatures.

CRYOGENIC EXPERIMENTS
Measurements were performed to characterize detectors operating at liquid

nitrogen (LN2) temperatures. The gain, noise, and optical detection characteristics were
evaluated in a related effort. A cryostat
assembly was fabricated to cool the
detector to LN2 temperatures and a fiber
optic cable was placed in the cryostat
assembly to optically irradiate the detector
at 590 nm. The output pulse amplitudes
were recorded and normalized to the
recorded amplitude at 200 V. In this way
the gain was measured as a function of
bias and reached a value of 104 maximum.
In another experiment, the gain was then
held constant at 1000 by varying the
applied bias while the detector was cooled
to show how the two parameters relate
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Fig. 49 A plot of the applied bias vs. temperature
while maintaining a constant gain of 1000 at 77
°K
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when cooled to near LN2 temperatures
Figure 49). Next, a pulse height spectrum was recorded when the detector was exposed
o an optical pulse (< 8 photoelectrons/pulse) from an LED while an electronic pulse was
njected into the preamplifier to calibrate
he energy scale. From the broadening of
he peak corresponding to the injected
ulse, the electronic noise at LN2
emperatures is approximately 0.8
lectron-rms (see Figure 50). 

IQUID XENON EXPERIMENTS
Liquid xenon (LXe) is an

nteresting and attractive interaction
edium for both charge particles and

amma rays due to its relatively high
ensity, high scintillation yield, and fast
ight decay time. The emission wavelength

Fig. 50 Detection of a 590 nm optical pulse (< 8
photoelectrons/pulse) and an electronic test pulse.
The electronic noise of the detector is ~ 0.8 e-rms
at 77 °K
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is 178 nm, which is where PMTs have a poor QE. PSAPDs at that wavelength have QE >
30%. Because xenon is liquefied, its
temperature is – 100 °C. Detectors is
physical contact with LXe would have
the additional benefit of cooling to
reduce noise.  

Some preliminary studies have
been performed using LXe as a
scintillator with our detectors to measure
the interaction of 5.5 MeV alpha
particles. In one experiment the detector
was baked and placed in a vacuum to
remove any impurities before immersing
it in a bath of LXe. Once that was done
the test chamber, with the detector in it,
was filled with LXe and the whole
system was allowed to come to thermal
equilibrium. Also in the test chamber
was an alpha source. Because the alpha
particles only have penetration depth on
the order of 10s of micrometers,
variations in the amount of measured
scintillation light due to solid angle
effects was minimal. While the
scintillation light was recorded a pulser
signal was injected into the preamplifier
input to measure the electronic noise
present. As one can see from Figure 51
by observing the pulser peak, the
photopeak distribution is dominated by
electronic noise. Efforts are currently
underway to minimize the noise

source(s). 
Also studied was the detector energy resolution as a function of gain for

measuring 5.5 MeV alpha particle interactions in LXe. Initially the detector gain was
measured with voltage while immersed in LXe. Then the LXe detection system was
exposed to the alpha particle source and the energy resolution was measured as the bias
(gain) was increased (see Figure 52). An optimal operating gain was observed at ~ 100.
While the measured energy resolution is excellent, it could be better as previously noted
by the width of the pulser peak.            

Future Work and Applications for PSAPDs

Nuclear Experiments with UMass - Lowell 
These collaborative measurements between University of Massachusetts Lowell

and Argonne National Laboratory have generated considerable scientific interest on both
sides. The PSAPD detectors have been shown to be effective for advanced charged

Fig. 51 The measured 5.5 MeV alpha particle
energy spectrum while using LXe. A test pulse
was injected into the preamplifier input (seen on
the right).

Fig. 52 Energy resolution as a function of
detector gain for measuring 5.5 MeV alpha
particles with LXe.
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particle spectroscopy, and upgrade paths are planned for improved measurements along
these lines. A pair of larger area PSAPD detectors is currently being fabricated by RMD
for testing with Ge DSSD for repeating the measurements with more active alpha
detection efficiency in a single pass. In addition, linear polarization measurements will be
performed with the alpha-gamma coincidence set up. This requires studying the Compton
scattering of the gamma ray from the primary pixel of the first hit into adjacent pixels of
the Ge DSSD in relation to the angle at which the alpha particle is detected in the
PSAPD. After evaluating the success of these source measurements, the next step is to
request targeted research funds for building a small array of PSAPD detectors for large
solid angle coverage in in-beam experiments.

MRI – PET Instrument Prototype
The laboratory of Dr. Simon Cherry at UC-Davis has been investigating the

rapidly growing field of molecular imaging. The basic concept behind molecular imaging
is the use of non-invasive imaging technologies to visualize and quantitatively
characterize specific biological processes and molecular targets in living animals and in
humans. It includes the development of new and improved imaging technologies, the
design of novel contrast agents and imaging probes, and the application of these in
molecular diagnostics and molecular therapeutics. 

Dr. Cherry's laboratory is particularly interested in developing new technologies
and techniques for in vivo molecular imaging. They focus on a nuclear imaging
technique, positron emission tomography (PET), in conjunction with high-resolution
anatomical imaging with magnetic resonance imaging (MRI) or x-ray computed
tomography (CT), for non-invasively studying rodent models of human disease. The use

of these systems in
phenotyping, and in the
development and validation
of new drugs and
therapeutic approaches, are
applications that they are
actively pursuing. Dr.
Cherry’s group, with our
collaboration, is in the
beginning stages of
engineering the world’s
first dual MRI – PET
instrument for small animal
imaging that will use APD
technology. Rather than
using traditional PMTs, this
prototype will use 8 x 8
mm2 PSAPDs. The
instrument will benefit by
having a greater signal-to-
noise ratio due to the
increased QE, improved

Fig. 53 An illustration showing the small animal MRI-PET
instrument prototype.

Fig. 54 A photograph of the small animal MRI-PET instrument
prototype, which uses our 8 x 8 mm2, being constructed at UC-
Davis.
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spatial resolution by using detectors that are magnetically insensitive, and a reduction in
size. Figure 53 and 54 show a diagram and picture of the MRI – PET instrument
prototype currently being built at UC-Davis. 

PET Instrument Prototype
Dr. Craig Levin at Stanford University has been researching the use of PSAPDs in

a small animal PET instrument.  His laboratory’s research interests involve the
development of novel instrumentation and software algorithms for in vivo imaging of
molecular signals in humans and small laboratory animals. They are interested in
developing new cameras that efficiently image radiation emissions in the form of
positrons, annihilation photons, gamma rays, and light from molecular probes developed
to target molecular signals from deep within tissue of live subjects. The goals of their
instrumentation projects are to push the sensitivity and spatial, spectral, and/or temporal
resolutions as far as physically possible. Their algorithm goals are to understand the
physical system comprising the subject tissues, radiation transport, and imaging system,
and to provide the best available image quality and quantitative accuracy. Their work
endeavors encompasses computer modeling, position sensitive sensors, readout
electronics, data acquisition, image formation, image processing, and data/image analysis
algorithms, and incorporating these innovations into
practical imaging devices. The ultimate goal is to
introduce these new imaging tools into studies of
molecular mechanisms and treatments of disease within
living subjects.

Dr. Levin’s group will be using 14 x 14 mm2

PSAPDs mounted onto flexible circuits in their PET
prototype and use, rather than scintillation arrays coupled
on end to detectors, scintillation arrays that are coupled
length-wise. This simple alternative coupling geometry
will increase scintillation light into the PSAPD by
exploiting the improved aspect ratio. This geometry will
also permit close tiling and stacking of detector strips thus
reducing the size of the prototype instrument further. One
approach being consider uses the flex circuit packaging for close tiling. Here, several
layers of PSAPDs coupled to scintillator arrays would be stacked on top of each other
(see Figure 55). For the construction of their prototype, Dr. Levin’s research group, will
be ordering approximately 4,000 14 x 14 mm2 PSAPDs. This purchase will generate
nearly $1 million in revenue for RMD.
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