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Abstract—We are developing dedicated breast and small animal
positron emission tomography (PET) systems using scintillation
detectors comprising 1 X 1 x 3 mm® LSO crystals coupled to
novel, extremely thin position-sensitive avalanche photodiodes
(PSAPD). The detectors are placed in a novel configuration such
that PSAPDs read the relatively large side faces of the crystals,
with normally incident 511 keV photons entering parallel to the
PSAPD surface. This configuration facilitates 1 mm?® spatial
resolution, directly measured photon interaction depth in 2 cm
thick LSO, and >90% scintillation light collection efficiency. For
this design, extremely thin (<300 pm) PSAPDs are required to
achieve high crystal packing fraction for high intrinsic detection
efficiency. The standard PSAPD (8 x 8 mm? active area) is pack-
aged on a ceramic substrate, which is not compact enough for the
desired detector configuration. The new PSAPD is packaged on a
polyimid (Kapton) “flex” circuit with ~250 pm total thickness.
This paper investigates whether the required modification to the
PSAPD chip, packaging, and manufacturing processes lead to de-
graded performance for the thin device compared to the standard
PSAPD. Electronically collimated coincidence measurements
yielded an average intrinsic spatial resolution of 1.1 + 0.1 mm
FWHM, energy resolution of 10.8 + 0.6 % at 511 keV, and coin-
cidence time resolution of 2.1 + —0.2 ns FWHM for the standard
PSAPD. The corresponding values measured for the thin PSAPD
were very similar, 1.1 £+ 0.1 mm FWHM, 10.9 + 0.7%, and
2.0 £+ —0.3 ns, respectively. In summary, the new thin PSAPD
allows us to attain the design specifications for the proposed
ultra-high resolution, high sensitivity PET systems and performs
comparable to the standard device.

Index Terms—Avalanche photodiode, energy resolution,
positron emission tomography, spatial resolution, time resolution.
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1. INTRODUCTION

IGH resolution positron emission tomography (PET) sys-
Htems have been developed for breast cancer imaging and
small animal imaging studies [1]-[5]. Semiconductor photode-
tectors have been used in high resolution PET detector designs
due to their higher quantum efficiency and better compactness
compared to photomultiplier tubes (PMTs) [4]-[12]. To build
a high resolution PET camera, the most common method is
to use a discrete array of long and thin crystal rods with their
narrow ends coupled to the photodetector array. However, this
method has difficulties in extracting a sufficient fraction of the
available scintillation light photons due to a poor aspect ratio
for light collection, and the resulting light collection efficiency
depends strongly on the photon interaction location within the
crystal. A weak and varying scintillation light signal degrades
spatial, energy, and temporal resolutions, and hence PET system
performance.

We have proposed a PET detector configuration using an
array of 1 mm lutetium oxyorthosilicate (LSO) scintillation
crystals coupled “side-on” to silicon position sensitive photo-
diodes (PSAPD) with the PSAPD surface parallel to normal
incident photons [6], [8], [9] as shown in Fig. 1(a). This
configuration has shown promise for the desired performance
specifications of 1 mm?® intrinsic spatial resolution, <12%
FWHM energy resolution, 2 ns FWHM coincidence time reso-
lution, 2 cm effective LSO crystal thickness, and 3 mm directly
measured photon depth-of-interaction (DOI) resolution, based
on studies with a commercially available PSAPD [8], [9]. How-
ever, for PSAPDs coupled side-on to the crystals [Fig. 1(a)], in
order to maintain the desired 70% crystal packing fraction goal
for this new configuration, ultra-thin (<300 pm) PSAPDs are
required [8], [9]. New, thin PSAPD chips, mounted on 50 pm
thick polyimid (Kapton) “flex” circuit for bias and read-out,
were fabricated for this purpose (RMD Inc., Watertown, MA).
Fig. 1(b) shows pictures of the standard ceramic package and
the new thin PSAPD mounted on a flex circuit. Fig. 1(c) shows
a thin PSAPD coupled with 3 x 8 LSO crystal array, with half
the crystals polished and the other half with ground surfaces
(no inter-crystal reflector). The total thickness of the new flex
PSAPD is ~250 pym. The PSAPD chips under study in this
paper have a size of 11 x 11 mm? and a central sensitive area
of 8 x 8 mm?. In principle, modifying the chip and packaging
as we have done can cause degraded device performance.
In this paper, we present a performance comparison of the
standard ceramic substrate mounted PSAPD with the new
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Fig. 1. (a) Schematic of “side-on” configuration of LSO crystals coupled to
thin PSAPDs. (b) Picture of PSAPD with standard package and thin Kapton
flex-circuit package; (c) Picture of a thin PSAPD coupled to a 3 x 8 LSO crystal
array.

flex circuit mounted thin devices with regards to their energy
resolution, coincidence time resolution, spatial resolution, and
gain stability [13].

II. MATERIALS AND METHODS

We tested energy resolution using flood irradiation (10 pCi
Na-22 point source) on both a 4 x 3 array of 2 x 2 x 3 mm?
LSO crystals and an 8 x 3 array of 1 x 1 x 3 mm? LSO crys-
tals coupled side-on to the PSAPD array. For the 8 X 3 array
of LSO crystals, we used half polished and half ground crystals
to study how crystal surface treatment affects performance [see
picture in Fig. 1(c)]. The array crystals were pressed together
with no inter-crystal reflectors or gaps. The experimental setup
is shown in Fig. 2(a). Signals from the four read-out channels
at the corners of the PSAPD were amplified by Cremat (Wa-
tertown, MA) 110 preamplifiers and then further amplified by
Ortec (Knoxville, TN) 855 shaping amplifiers. Then each of the
four signals was split using a “T” connector, and one half was
summed by an Ortec 433A module and the other half was fed
into a National Instruments (Austin, TX) ADC digitizer card
(PCI-6110) for data collection. The summed signal was used
as the trigger to the digitizer. Data acquisition was controlled
and collected in list mode by a National Instruments LabView
program.
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Fig. 2. Experimental setup for (a) crystal array flood image measurement and
(b) coincidence time resolution and point spread function scan measurement.

Flood images were generated using signals from the four
corner contacts of the PSAPD. Anger-type logic has been used
to form the flood histogram before [8], which can be expressed
as:

(A+B)—-(C+ D)

X="ATBiciD
_(A+D)—(B+0)
Y= A+B+C+D ’ M

where A, B, C, and D are signals from the four corner channels
of the PSAPD; X and Y are the coordinates of the photon inter-
action position on the detector surface. However, using Anger-
type logic, flood images show a significant “pin-cushion” spa-
tial non-linearity distortion [7], [8].

We have recently developed another positioning algorithm
that calculates a scintillation light centroid using only two op-
posing diagonal corner signals [14], which can be simply ex-
pressed as:

i
X = X'cos (%) +Y'sin (%)
Y =Y’ cos (Z) — X'sin (%) . 3)

As only diagonal channels are used to determine X’ and Y’
in this new algorithm, we need to rotate the image by 7/4 to
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reorient it. The advantage of this algorithm is that it generates
flood images with significantly reduced pin-cushion distortion
and thus was used in this paper for flood image studies. The
reason that this algorithm generates a much less distorted image
comparing to traditional Anger-type logic is believed to be re-
lated to the more uniform charge sharing along the diagonal di-
rection. Further finite-element simulation study on this behavior
is under investigation and will be reported separately [15].

Fig. 2(b) shows the measurement setup for coincidence time
resolution and spatial resolution (coincidence point spread
function) measurements. We used a2 x 2 x 3 mm?® LSO crystal
coupled to a 1 cm diameter Hamamatsu photomultiplier tube
(PMT) for the electronic collimation in the coincidence mea-
surements. The signal from the PMT was used as the “start”
channel for an Ortec 567 time-amplitude-converter/single
channel analyzer (TAC/SCA) after it went through a fast
filter amplifier (Ortec 579 FFA) and a quad constant-frac-
tion discriminator (Ortec 935 CFD). The common (cathode)
signal from the PSAPD was used as the “stop” channel to the
TAC/SCA after FFA and CFD. The SCA signal was used as
the trigger to the digitizer. For coincidence time resolution
(CTR) measurements, the TAC output signal was recorded
which allowed one to histogram the recorded time differences
between the incoming PSAPD and PMT signals.

For the measurement of the coincidence point spread func-
tion (CPSF), the same LSO crystal coupled to a PMT used for
the CTR measurement was mounted rigidly on a motor-driven
stage with a 10 1Ci22Na point source. This stage was scanned
along the 8 crystal edge of the 8 x 3 LSO crystal array of
1 x 1 x 3 mm?® LSO crystals [Fig. 2(b)] with a 511 keV photon
beam (beam size of about 0.6 mm) incident parallel to the
PSAPD plane. The scanning step size was approximately
160 ym. As with the flood measurements there were no
inter-crystal reflectors or gaps. Thus, the array covers a total
area of 8 x 9 mm?, which is slightly bigger than the actual
8 x 8 mm? active area of each PSAPD. Again, to evaluate the
performance with different crystal surface finish, the 8 x 3 LSO
array contained 12 crystals with polished surfaces on all sides,
and the other 12 crystals with all ground surfaces. Signals from
the four corner channels were recorded to generate the centroid
of the interaction positions for each photon event in the crystal
array.

III. RESULTS

A. Energy Resolution Measurement With 3 x 4 Array of
2 x 2 x 3 mm>® LSO Crystals

Fig. 3(a) shows the crystal flood histogram acquired with a
3 x 4 crystal array of 2 x 2 x 3 mm® LSO crystals each cou-
pled “side-on” to the standard PSAPD (with an 8 x 8 mm? sen-
sitive area). The average photopeak position for the twelve crys-
tals is 3.64 £ 0.01 volts [Fig. 3(b)]. The average counts in the
FWHM of the photopeak are 5267 £ 108 [Fig. 3(c)]. The av-
erage crystal energy resolution (ER) at 511 keV is 10.9 +0.6%,
the best ER is 9.9 4+ 0.5% and the worst ER is 11.8 4 0.7%, as
shown in Fig. 3(d). For the thin flex circuit PSAPD, as shown in
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Fig. 3. Data from flood irradiation of the 3 x 4 array of 2 x 2 x 3 mm?® LSO
crystals coupled to standard PSAPD. (a) Flood image, (b) bar plot of photopeak
position; (c) bar plot of counts in FWHM; and (d) bar plot of FWHM photopeak
energy resolution of individual crystals.
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Fig. 4. Data from flood irradiation of the 3 x 4 array of 2 x 2 x 3 mm?® LSO
crystals coupled to the new thin PSAPD. (a) Flood image; (b) bar plot of pho-
topeak position; (c) bar plot of counts in FWHM; and (d) bar plot of FWHM
photopeak energy resolution of individual crystals.

Fig. 4, the average photopeak position for the twelve crystals is
5.14 £ 0.01 volts [Fig. 4(b)]. The average photon counts in the
FWHM of the photopeak are 2293 + 50 [Fig. 4(c)]. Note that
the flood source was further away than for the standard PSAPD
measurement. The average ER at 511 keV for the 12 crystals
is 10.9 £ 0.7% with the best ER of 9.9 4+ 0.6% and the worst
ER of 11.9 £ 0.7% [Fig. 3(d)]. It is observed that both the stan-
dard and new thin PSAPDs show comparable ER performance.
The photon counts and photopeak positions are uniform for all
twelve crystals. However, note that the new thin flex PSAPD
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has about 40% higher pulse height (photopeak position in en-
ergy spectrum) than the standard PSAPD. And the crystal loca-
tions appear more focused for the thin device. Fig. 5 shows the
spectra with best ER for both PSAPDs.

B. Energy Resolution Measurement With 3 x 8 Array of
1 x 1 x 3 mm3 LSO Crystals

We also compared the standard and thin PSAPDs coupled to a
3 x 8 LSOarray of 1 x 1 x 3 mm? crystals. In order to study the
effect of crystal surface finish on the performance, twelve of the
24 array crystals used had ground surfaces and the other twelve
crystals had polished surfaces [see Fig. 1(c)]. The array crystals
were pressed together with no inter-crystal reflectors or gaps.
Thus the array covers a total area of 8 x 9 mm?, which is slightly
bigger than the actual 8 x 8 mm? active area of each PSAPD.
Figs. 6 and 7 show the comparison of the flood positioning
histogram, photopeak position, photon counts in FWHM, and
ER of each 1 x 1 x 3 mm3 crystal for the standard and thin
PSAPDs. For the standard PSAPD, the average photopeak po-
sition for the 24 crystals is 4.33 & 0.02 volts [Fig. 6(b)]. The
average counts in the FWHM of the photopeak are 2873 +
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79 photons [Fig. 6(c)]. The average ER at 511 keV for the 24
crystals is 12.6 & 1.0%, with the best ER being 10.8 £+ 0.8%
and the worst 14.5 &+ 1.5% for a crystal hanging off the edge
of the sensitive area [Fig. 6(d)]. The 1 x 1 x 3 mm?® crystals
hanging off the edge bring the average ER down below that
quoted in Section 3.1 for the 2 x 2 x 3 mm? crystals. For the
new thin PSAPD, the average photopeak position for the 24
crystals is 5.71 £ 0.03 volts [Fig. 7(b)]. The average 511 keV
photon counts in the FWHM of the photopeak are 1604 £ 54
photons [Fig. 7(c)]. Note again that the flood source was further
away than for the standard device measurement. The average
ER at 511 keV for the 24 crystals is 12.9 £ 1.2%, with the best
ER 0f 10.0£0.9% and the worst ER of 17.441.7% for a crystal
hanging off the edge of the sensitive area [Fig. 7(d)]. Again we
noticed that the new PSAPD has comparable ER but with about
32% higher pulse height than the standard PSAPD.

It is also of interest to compare the performance of the ground
crystals and polished crystals. For the standard PSAPD, from
Fig. 6, the average photopeak position, counts in FWHM and
ER for the 12 ground crystals are 4.1 £ 0.2 volts, 2850 =+ 80,
and 12.7 £+ 1.0% FWHM at 511 keV, respectively; and 4.5 +
0.2 volts, 2896 + 77,12.5 &+ 0.9% FWHM for the 12 polished
crystals, respectively. For the new thin PSAPD, from Fig. 7, the
average photopeak position, counts in FWHM and ER for the 12
ground crystals are 5.5+ 0.3 volts, 1606 £ 53, and 13.6 = 1.3%,
respectively; and 6.0 & 0.3 volts, 1601 & 54,12.2 + 1.2% for
the 12 polished crystals, respectively. We thus observed that the
polished crystals systematically had better ER and pulse height
as compared to the ground crystals for both standard and new
thin PSAPDs. The profile along the top, center and bottom eight
crystal rows of the flood histograms for both standard PSAPD
and thin PSAPD from Fig. 6 and 7 are plotted in Fig. 8. The new
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Fig. 9. Coincidence time spectra of the standard PSAPD (left) and flex
mounted PSAPD (right) with FWHM resolution 2.1 0.2 ns and 2.0 £ 0.3 ns,
respectively.

PSAPD shows better crystal identification (peak-valley-ratio)
than the standard PSAPD as will be discussed later.

C. Coincidence Time Resolution

Coincidence time resolution (CTR) was also measured for
both PSAPDs. Fig. 9 shows that the measured CTRs of stan-
dard and thin devices, using an energy gate equal to the FWHM
of the 511 keV photopeak, are 2.1 £+ 0.2 ns and 2.0 & 0.3 ns,
respectively. Thus, the new thin flex-mounted PSAPD has com-
parable CTR to the ceramic packaged device.

D. Coincidence Point Spread Function

The sum of raw scanning data in Fig. 10 shows that the pol-
ished crystals have higher sensitivity than the ground crystals
due to the slightly larger volume and higher light output, which
tends to weight positioning toward those crystals. Notice that the
left two columns of crystals (polished) are not clearly resolved
by the standard PSAPD. However, the new flex PSAPD clearly
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Fig. 10. Spatial resolution results of standard ceramic package PSAPD (top)
and thin flex-mounted PSAPD (bottom). Left: Sum of raw data collected for
point spread function measurements. Right: Point spread functions of the bottom
8 crystals in flood images, which are closest to the scanning source. The raw
average FWHM of PSFs for the standard and flex PSAPDs is 1.3 £ 0.1 mm and
1.3£0.1 mm, respectively. With 0.6 mm beam size deconvolution, the intrinsic
spatial resolution is approximately 1.1 and 1.1 mm FWHM, respectively.

resolves the entire 3 X 8 crystal array in the raw sum image.
The polished crystals in this coincidence PSF measurement also
have better average ER of 12.5% + 1.2% vs. 14.7 + 1.3% for
ground crystals with the thin PSAPD. The CPSF of the eight
crystals closest to the scanning source (bottom eight crystals in
each raw summed image in Fig. 10) are also shown in Fig. 10.
The average FWHM of raw CPSFs was 1.3 & 0.1 mm for both
the standard and flex PSAPDs. With photon beam size deconvo-
lution, the intrinsic FWHM of CPSF for both the standard and
thin PSAPDs is 1.1 £ 0.1 mm.

We also performed the spatial scan experiment along the
3-mm side of the polished and ground crystals to measure
intrinsic photon depth resolution expected with the proposed
detector configuration. Fig. 11 shows the CPSFs of the three
polished or ground crystals along the 3 mm dimension. For
the standard PSAPD, the average FWHMs of the CPSFs for
the ground and polished crystals are 3.08 £ 0.04 mm and
2.96 £+ 0.05 mm, respectively. For the new thin PSAPD, the av-
erage FWHMs of the point spread functions for the ground and
polished crystals are 3.03 = 0.05 mm and 2.97 £ 0.07 mm, re-
spectively. The difference in CPSF for the ground and polished
crystals is due to the slightly smaller dimensions of polished
crystals. For both PSAPD devices, the CPSF is comparable.

E. Gain Stability Study

Gain stability of both standard and thin PSAPDs was also
studied. We first measured the photopeak pulse height of the
energy spectra and then measured it again after 20 hours with the
PSAPD being continuously biased at —1740 volts. We noticed
that the pulse heights of both PSAPDs were very stable, with
a photopeak position fluctuation within 1.2% and 1.9% for the
standard and thin PSAPD, respectively.
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IV. DISCcuUSSION

As studied before, the new scintillation detector configura-
tion (Fig. 1) with LSO crystals coupled side-on to the PSAPD
surface achieves almost complete scintillation light collection
[9]. This is because the light collection aspect ratio, which is
defined as the ratio of the crystal readout area to the crystal
length, has been significantly improved with this crystal-pho-
todetector configuration. In this configuration, the light collec-
tion efficiency is also independent of where the photon inter-
acts within the crystal. These properties of nearly complete and
non-varying light collection efficiency are crucial to achieving
the best intrinsic coincidence time, energy and spatial resolution
performance available to this design.

The goal of this work is to develop ultra-high resolution PET
cameras dedicated to breast cancer imaging and small animal
imaging that achieve superior results in all important perfor-
mance parameters for PET, including high intrinsic detection ef-
ficiency, and DOI resolution. In order to achieve high spatial res-
olution that is uniform throughout the useful FOV, we propose
using 1 x 1 x 3 mm?® LSO crystal arrays which facilitate 3 mm
directly measured photon DOI resolution in 2 cm thick LSO. For
the proposed side-coupled design [Fig. 1(a)] the PSAPD had to
be modified to be extremely thin and the standard ceramic sub-
strate and package were replaced with a thin Kapton flex circuit.
This paper studied the ER, CTR, and CPSF performance of the
thin device and compared it to the standard ceramic mounted
device. The results show that the new thin PSAPD has compa-
rable ER, CTR and CPSF to the standard PSAPDs. The excel-
lent ER and CTR values are very important for the PET camera
to achieve excellent contrast resolution. State-of-the-art high
resolution PET systems typically achieve >20% ER and >3
ns CTR [16] and a 60% energy window and 10 ns coincidence
time window are typically used for data collection. With ~12%
ER and ~2 ns CTR achieved with the new PSAPD configura-
tion, one can use a narrower energy and time window (e.g., 24%

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 54, NO. 3, JUNE 2007

and 4 ns, respectively) to significantly reduce the random and
scatter coincidence event rates to improve the signal-to-noise
ratio, contrast resolution and thus the imaging quality, while
maintaining high photon count efficiency. Note that in order to
better estimate the system CTR we still need to measure the
time response contribution from the LSO-PMT channel alone
or measure the CTR with two PSAPDs in coincidence.

State-of-the-art high-resolution PET systems have pushed the
reconstructed spatial resolution to be below 2 mm at the center
[16]. A key factor in system spatial resolution improvement is
reduced crystal pixel size in detectors. With 1 mm LSO crystals,
the proposed design has achieved an intrinsic CPSF of 1.1 mm
FWHM and a DOI resolution of 3 mm FWHM. This interaction
depth resolution is important to keep the system spatial reso-
lution uniform throughout the FOV so that we may bring the
detectors closer to the subject in order to achieve significantly
improved photon sensitivity. A major goal is to build a high res-
olution PET system with the useful transaxial FOV equal to the
physical detector gantry bore dimensions.

The new PSAPD also shows better crystal identification
(peak-valley-ratio) than the standard PSAPD as shown in the
flood images of Figs. 6 and 7. The profile along the top, center
and bottom eight crystal rows is plotted in Fig. 8. We observed
that the standard PSAPD has trouble resolving some of the
crystals at the array edges. However, due to slightly larger
sensitive area, the new thin PSAPD does not have this problem,
as shown in Fig. 8. It is also noticed that the new PSAPD shows
narrower and sharper crystal profiles in Fig. 8. The reason
for some of these observed effects is not clear yet but it may
be due to a significantly different, more favorable resistance
distribution on the back side of the thin device.

V. CONCLUSION

The recently developed, thin, polyimid flex circuit mounted
PSAPD has comparable spatial, energy and time resolutions
to the ceramic packaged standard PSAPD and it also gener-
ates ~40% higher photopeak pulse height and superior crystal
identification in flood positioning histograms. This extremely
thin PSAPD, with ~1.1 mm FWHM intrinsic spatial resolu-
tion, <13% FWHM energy resolution, 2.0 ns FWHM coinci-
dence time resolution, is essential for achieving high crystal
packing fraction. In conclusion the new PSAPD achieves the
design specifications required for the proposed ultra-high reso-
lution PET systems under development.
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