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A Position Sensitive �-Ray Scintillator Detector
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and Field of View
César Domingo-Pardo*, Namita Goel, Tobias Engert, Juergen Gerl, Masahiro Isaka,

Ivan Kojouharov, Member, IEEE, and Henning Schaffner

Abstract—The performance of a position sensitive -ray scintil-
lator detector (PSD) is described. This PSD is based on a lutetium
yttrium oxyorthosilicate (LYSO) crystal read out by a crossed-wire
anode position sensitive photomultiplier tube (PSPMT). The main
difference with respect to similar existing devices is the individual
multi-anode readout (IMAR) approach that is followed here. This
method allows to exploit better the intrinsic characteristics of the
PSPMT, thus yielding better linearity, improved spatial resolution,
and a larger field of view. The new detector is intended for the char-
acterization of 3-D position sensitive germanium detectors.

Index Terms—Gamma detector.

I. INTRODUCTION

G AMMA-RAY detectors with imaging capability were
originally developed mainly for scintigraphy in medical

imaging [1], [2]. More recently, when position-sensitive pho-
tomultiplier tubes (PSPMTs) became commercially available,
small and inexpensive gamma cameras have been deployed and
further improved for medicine [3], [4] and also for atomic and
particle physics or astronomy [5]. There exist several research
and commercial positron emission tomography PET scanners
which also use PSPMTs [6]–[11]. This new generation of small
position sensitive detectors (PSDs) are normally made from a
relatively thin scintillation crystal, which is optically coupled
to a PSPMT. One of the most commonly used PSPMT is based
on a crossed wire anode structure. The aim of making such
systems easily portable and commercially attractive has led to
the common approach of using a charge division circuit coupled
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to the anode wires of the PSPMT. In this way, the readout is
simplified to only four signals at the corners of the anode grid,
thus yielding higher simplicity, lower cost in electronics, and
rather compact systems. This approach has the disadvantage
that only the centroid of the scintillation light distribution (and
recently also the width [12]) can be measured, thus leading
to nonlinear position coordinates and therefore to strongly
distorted images. This effect can only be avoided by using
elaborated scintillation crystals segmented into many pixels.

An alternative multi-anode readout method was investigated
apparently for the first time by Bird et al. [13]. By using a multi-
channel very large scale integration VLSI charge sensitive am-
plifier array, the distribution of charge collected along the 18
X-anodes of a Hamamatsu R2487 PSPMT was measured, thus
showing that a substantial improvement in the intrinsic position
linearity and thus in the useful field-of-view (FOV) of the de-
tector can be achieved [13].

In this work, we reinvestigate the individual multianode
readout (IMAR) method, and we explore its impact on the
spatial resolution and on the linearity across the whole photo-
cathode area. Previous work (see, e.g., [14] and [15]), focused
only on the determination of the -ray depth of interaction in
the scintillation crystal.

The detection system presented here is intended for the pulse
shape characterization of HPGe detectors, in combination with
the pulse shape comparison scan PSCS method [16]. That
project will be discussed in detail in a forthcoming paper.
Nevertheless, the present system may also find applications in
medical imaging and other fields. Due to the increasing tech-
nology of electronics, namely application-specific integration
circuits ASICs and field-programmable gate arrays FPGAs,
the work presented here may become particularly relevant for
some of the medical imaging studies developed so far, as the
one discussed in [10].

Our detection system is described in Section II. The readout
electronics for signal processing and acquisition are presented
in Section III. Several algorithms for reconstructing the inter-
action position are investigated in Section IV and compared
versus the conventional centroiding method of the resistor net-
work RN based systems. The linearity performance and the ex-
cellent spatial resolution are demonstrated in Section V and
Section VI, respectively. The -ray detection efficiency is de-
scribed in Section VII. In Section VIII, we report on how the
IMAR technique even allows one to reconstruct the coordinates
of -ray interactions outside of the sensitive photocathode area.

0278-0062/$25.00 © 2009 IEEE
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II. DETECTOR SETUP

The detector consists of a cylindrical lutetium yttrium oxy-
orthosilicate (LYSO) crystal with 76 mm diameter and 3 mm
thickness. The flat sides of the crystal are polished, while the
lateral side has a rough finish. The crystal was optically coupled
using silicone glue to a Hamamatsu R2486 PSPMT. A circular
enhanced specular reflector ESR film [17] was attached to the
top (outer) surface of the scintillation crystal in order to opti-
mize light collection. The lateral side of the crystal was covered
with black tape in order to reduce light reflections from that sur-
face. The detector was wrapped with reflective aluminum tape to
make it tight to external light. Finally, the detector was housed
in a thin aluminum cylinder to provide better mechanical sta-
bility and shielding.

The thickness of the scintillation crystal, which is remarkably
smaller than what is commonly used for biologic imaging detec-
tors, has been chosen in order to achieve a good spatial resolu-
tion and reduce parallax errors. An excellent position accuracy
is a major constraint for our final application. As mentioned in
the section above, the present detection system is primarily in-
tended for the pulse shape characterization of HPGe detectors
using the PSCS method [16]. The latter is based on a compar-
ison of two data sets of pulse-shapes registered with the HPGe
detector to be characterized. Each data set corresponds to -ray
interactions along a straight line crossing the HPGe detector,
which in [16] was obtained using a well collimated source. In a
similar way, the trajectories may be determined using instead a
PSD and a source. This would allow us to measure simul-
taneously all the trajectories covered by the solid angle of our
PSD, thus reducing enormously the time needed for the charac-
terization of the HPGe detector. More details about this method
will be given in a separate publication.

III. IMAR APPROACH AND ELECTRONICS

The Hamamatsu R2486 PSPMT anode structure consists of
two layers of 16 wires in the X axis and 16 wires in the orthog-
onal Y direction, on a pitch of 3.75 mm. For a bias voltage of

we measured typical pulses with an amplitude of a
few millivolts at the anodes with 511 keV -rays.

In order to process the electrical signals of the PSPMT we
used conventional nuclear instrumentation modules NIM and
Versa Module Europa VME electronics. The signals from the
anodes were amplified using two 16 channel fast amplifier N979
NIM modules [18] from CAEN [19], with a gain of 10. In order
to avoid dc-baseline fluctuations, which otherwise would affect
the calibration and stability of the system, the amplified signals
were ac-coupled into a 32 channel V792 charge-to-digital con-
version QDC VME module [20], also from CAEN. It has an
input range of 0 to 400 pC and a digital resolution of 12 bit.
This QDC unit was connected via the VME-BUS to the trigger
unit, which is described below.

A passive cable delay of 500 ns is used before the
QDC-module in order to enable coincidence measurements
between the PSD and an ancillary trigger detector by using a

source, which emits two back-to-back 511 keV -rays.
The coincidence technique represents a common approach (see,
e.g., [21]) in order to reduce the background coming from the
self activity of the LYSO crystal [22], but it does not have any

further effect on the results presented here. In order to perform
the 511 keV -ray coincidences, the signal of the last dynode
of the PSPMT was used. The dynode output was amplified and
fed into an octal updating discriminator from LeCroy (model
623B). As coincidence detector we used a fast plastic scintil-
lator, which was available, although usually higher efficiency
and better energy resolution inorganic scintillators are preferred
for this purpose. The plastic detector was placed at with
respect to the PSD, and covering a small solid angle. This
leads to a negligible background event rate. Similarly, random
coincidences with the 1274.6 keV -ray from the subsequent
de-excitation of become also negligible. The anode signal
of the organic detector was amplified and fed into another
channel of the octal updating discriminator mentioned above.
The two output NIM signals from the discriminator were fed
into a coincidence unit, manufactured at GSI. The logic output
from this coincidence module was used on one hand to provide
a gate of 400 ns width for the QDC-module, and on the other
hand to trigger the acquisition system via a TRIVA module
[23]. The TRIVA unit triggers the acquisition only when the
logic pulse from the coincidence of interest (between the PSD
and the ancillary detector) occurs in anti-coincidence with the
system dead-time. It also guarantees a correct inhibition of
the QDC during conversion and readout time. The standard
acquisition system of GSI, the multibranch system (MBS) [24],
was used to read out the 32 channels of the QDC-module.
MBS runs under the Lynx real-time operative system in a VME
PowerPC platform RIO3 8064, from CES [25].

Pulse height spectra, visualization XY matrices, and general
online analysis were performed via the GSI Object Oriented On-
line Offline system Go4 [26]. Go4 is based on the ROOT [27]
package of CERN.

IV. POSITION RECONSTRUCTION

The gain of the individual anodes of the PSPMT varies con-
siderably, as it is shown in the upper part of Fig. 1. This figure
shows the QDC pulse height spectra for all 32 anodes in a run
with full illumination of the photocathode. Without anode gain
correction the different anode response leads to image distor-
tions and limits the achievable position resolution. In this re-
spect, the IMAR method has the advantage, that the gain of all
the anodes can be individually calibrated. In order to perform
this anode gain calibration, the detector was fully illuminated
using the source and the high energy edge (shaded re-
gion in the bottom panel of Fig. 1) of each pulse height spec-
trum was used to determine the corresponding calibration factor
taking one of them as reference. This part of the spectrum cor-
responds mostly to 511 keV full energy events. The signature
of the 1275 keV -rays is suppressed thanks to the coincidence
detector. The individual QDC pulse height spectra before and
after calibration are shown in the upper and lower part of Fig. 1,
respectively. A least-squares minimization algorithm was used
in order to determine the calibration coefficients.

From the calibrated charge distributions measured along the
X and Y anodes the determination of the interaction position
( ) in the central region of the photocathode is straight for-
ward. In this central region, the distributions are indeed rather
symmetric. Therefore, the mean or centroid of the measured
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Fig. 1. (Top) Raw QDC pulse height spectra from all 32 anodes. (Bottom) Pulse
height spectra after calibration. The shadowed region shows the section of the
spectra used for the anode gain calibration (see text for details).

Fig. 2. The 16 bin histograms correspond to the charge distribution of X an-
odes (left) and Y anodes (right) for an event occurring at the center of the pho-
tocathode. As example of position reconstruction a fit of a Gaussian function
(dashed line) and the formula of Lerche [12] (solid line) is shown.

charge profile represents quite well the position ( ) of the
-ray interaction. Instead of the mean of the distribution, one

can also fit a symmetric function like a Gaussian, in order to de-
termine the maximum value of the charge distribution and hence
the ( ) coordinates. These approaches work relatively well in
the central region, even if the model (centroiding or Gaussian
fit) reproduces only poorly the real light distribution, as it is il-
lustrated in Fig. 2.

Towards the border of the photocathode two additional effects
take place. On one hand, part of the scintillation light cone is
outside the active photocathode area, which makes the mean of
the charge distribution to be different from its maximum. Using
the latter would lead now to a better description of the interac-
tion point. On the other hand, light reflections at the edge region
of the scintillation crystal contribute also to the measured charge
profile. These two effects can be properly taken into account

Fig. 3. Pattern of positions where a measurement was made with the colli-
mated source. The dotted circle indicates the minimum size of the photocathode
(50 mm�) and the dashed circle represents the anode grid extension (60 mm �).

by using a realistic description of the light distribution. There
are several models which account for the spatial distribution of
the light in a scintillation crystal (see, e.g., [12], [14], [28], and
[29]). In this work, we use the one reported by Lerche [12]. The
latter model is able to reproduce precisely the light distribution
that we measure, as is shown in Fig. 2.

In order to study the performance of different algorithms for
the position reconstruction, a collimated source using 5 cm
of lead and a hole diameter of 1.0 mm was placed at different
positions in front of the detector as it is shown in Fig. 3. The cen-
tral area of the detector was scanned in steps of
10 mm, and the borders in smaller steps of 5 mm, thus covering
more than the entire photocathode area .

It is important to note that the results presented in this sec-
tion for the position reconstruction are intended only to illustrate
qualitatively the performance of some preliminary position re-
construction methods, and to give an idea about the potential of
the technique presented here. A complete survey of position re-
construction algorithms is out of the scope of the present work
and will be discussed in a separate paper. In particular, statistical
methods based on maximum-likelihood estimation algorithms
[15], [30], [31] and novel approaches like neural network algo-
rithms [32]–[34] represent a very promising tool for a system
like the one reported here, where the pulse height of each anode
is registered on an event-by-event basis.

The first panel (top-left) in Fig. 4 represents the conventional
centroiding method of the RN-based devices, which here, for
the sake of simplicity, has been reproduced via software in-
stead of using a real resistor divider circuit. For the reason just
discussed above, we do not consider here more sophisticated
weighted centroiding algorithms, like the one reported in [35].
The top-right panel shows the performance of the Gauss-fit-
ting approach. As mentioned before, the latter two approaches
work relatively well in the central region of the photocathode,
where the charge distributions are still rather symmetric. The
bottom-left panel of Fig. 4 illustrates the improvement obtained
in the determination of the ( ) coordinates, when the formula
of Lerche is fitted on an event-by-event basis. A further improve-
ment in the determination of the position comes from the fact
that now the fitting algorithm is able to find and fit the peak more
accurately, and also more often, because the model used is more
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Fig. 4. Contour plots of the positions measured when the collimated source
was placed at the locations given in Fig. 3. (Top left) Centroiding approach. (Top
right) Gaussian fitting approach. (Bottom left) Lerche model fitting approach.
(Bottom-right) Pattern-Position fitting approach. The dashed circle represents
the anode grid extension.

realistic. This procedure obviously yields less stray events than
with the Gaussian method, as is discussed below.

It is worth mentioning some aspects related to the implemen-
tation of the model of Lerche in our algorithm. The model as-
sumes geometrical optics with the inverse square intensity dis-
tribution of scintillation light. Absorption and scattering along
the light path to the PSPMT are taken into account by an ex-
ponential factor and background light from the surface scat-
tered light is included in a constant term. The obtained distri-
butions of the light intensity on the photocathode are sensitive
to the depth of interaction DOI of the -quanta. On average, we
obtain DOIs, which correspond to about three times the thick-
ness of our crystal (3 mm). This may be related to the fact that
the parametrization of the formula implemented here is the one
from [12], which was derived for a squared crystal without re-
flector. In our setup, the ESR reflector certainly adds an addi-
tional, broader, contribution to the original front of light coming
directly from the interaction point. In addition the distance to the
cathode is larger. The model of Lerche contains too many free
parameters in order to perform a fit on an event-by-event basis
without slowing down our data acquisition. Furthermore, we do
not need to determine the DOI because our scintillation crystal
is only 3 mm thick and hence, the maximal parallax error is very
small, e.g., for a source distance of 8 cm. Therefore
we have implemented an alternative approach. Instead of fitting
an analytical expression event by event, we have obtained an
average profile of the charge distribution, which is well defined
from the average of a large number of measured charge distri-
butions corresponding to interactions at the same location, in
the center of the photocathode. This average charge profile was
fitted only once using the formula of Lerche, as shown in Fig. 2
and stored in a thin binned (0.05 mm) numerical pattern. Now
only one parameter, namely the relative position of this pattern,
is varied until the pattern matches with a measured charge distri-
bution. Before fitting the relative pattern position, both the refer-

Fig. 5. Position determination via pattern fit. The average pattern is shown in
red and the measured charge distribution is the black histogram. The top panel
shows an example of an arbitrary event happening near the border of the pho-
tocathode. A position offset is then fitted to the pattern (middle panel), until the
� becomes minimum (bottom panel).

ence and the measured charge distributions are normalized to an
arbitrary value of one. An example of this procedure is shown in
Fig. 5. This method allows us to determine the position of the in-
teraction points with similar or even better accuracy, as shown in
the bottom-right panel of Fig. 4. The procedure becomes about
100 times faster than fitting the analytical expression. The good
performance of the algorithm when using a unique charge pat-
tern for the position reconstruction is explained by the small
variations in shape and amplitude of the measured charge distri-
butions. In Fig. 6, we show a scatter plot for the amplitudes of
the charge distributions on X and Y, when the photocathode was
fully illuminated by a source and a condition was set on
the photopeak events of the corresponding pulse height spectra.
We obtain a mean value for the amplitude of the distributions
on X of and for
Y. This result indicates, that within 14% the amplitude of the
charge distribution remains constant.

The shape of the measured charge distributions remains also
approximately the same, as it can be appreciated from the distri-
bution of rms widths on both X and Y charge profiles. The pro-
jections shown in Fig. 7 reveal indeed a rather constant shape of
the charge distribution, with a mean rms of
for X and for Y.

The small tail in the projected spectra at higher rms values,
also visible in the scatter plot, is most probably due to events
with a light distribution broadened by reflections on the lateral
side of the scintillation crystal. Indeed, it disappears when only
events at the central region of the crystal are selected.
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Fig. 6. Scatter plot of the maximum (peak) values of the charge distributions
measured along the X and Y axis. The two histograms below show the projection
on the X (left) and Y (right) axis.

Fig. 7. Scatter plot of the rms values of the charge distributions measured along
the X and Y axis. The two histograms below show the projection on the X (left)
and Y (right) axis.

Fig. 4 allows one to make a general comparison between the
IMAR method and the conventional RN-based systems. Indeed,
there are at least two aspects which improve directly. First, the
system becomes remarkably linear, which enhances also the
FOV. This will be discussed in more detail in Section V. Second,
the distribution of the peak position values (IMAR method) be-
comes noticeably narrower than the distribution of the mean
values (centroiding approach), which already reflects a substan-
tial improvement in spatial resolution. This aspect will be dis-
cussed in Section VI. In addition there is a further effect, which
has to be emphasized. In the two bottom panels of Fig. 4, the

Fig. 8. Linearity of the detection system along the two main axis when the
IMAR technique is used (bold solid line) and when the centroiding approach
of the RN-based devices is employed (dashed line). The red thin diagonal line
illustrates the linearity performance of an ideal detector.

two “spots” at the extremes of the X and Y axis represent mea-
surements, where the collimated source was at 30 mm distance
from the center of the photocathode, i.e., about 2 mm beyond the
last anode wire. This demonstrates that the system is still sensi-
tive to -ray interactions outside of the photocathode window,
where only a fraction of the light distribution is measured. This
effect will be discussed in more detail in Section VIII.

V. LINEARITY

The linearity of our PSD is shown in Fig. 8 for measure-
ments made with the collimated source along the two main axis
X and Y. The bold-solid line corresponds to the linearity of
the system when the IMAR method is used to determine accu-
rately the position coordinates ( ), as described in Section IV.
The dashed line shows the linearity of an equivalent RN-based
system, which in this case was reproduced via software as the
mean of the charge distribution. When compared versus an ideal
detector, which is represented in Fig. 8 by the red solid line, it
can be concluded that our system behaves linear (1 : 1) 50 mm
along the photocathode, in both X and Y directions. The lin-
earity functions still show a monotonic behavior in the full range
of 60 mm, which translates into a circular FOV of .
For our application however, we prefer to limit the FOV to the

range in order to preserve the excellent position reso-
lution, which is described in the section below.

Because of the intrinsic linearity of the system, corrections for
the conventional “pin-cushion” effects are only required in the
regions very close to the corners of the anode grid (see Fig. 4).

VI. RESOLUTION

In order to determine the spatial resolution of our detector
we used the lead collimator, with a hole of 1 mm in diameter.
Fig. 9 shows an example of the distribution of positions and

, when the collimated source was placed at the center of the
photocathode and the position was reconstructed via the IMAR
pattern-fitting approach (see Section IV).

On average, along the X and Y axis of the PSPMT, we have
measured position distributions with an equivalent

and for positions
along the X- and Y-axis, respectively (see Fig. 10). These av-
erage values have been deconvoluted from the contribution of
the 1 mm diameter hole of the collimated source and they in-
clude only resolution measurements in the range of to
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Fig. 9. Position distribution on X (left) and Y (right) for a 1 mm collimated
source placed at the center of the photocathode.

Fig. 10. Spatial resolution (FWHM) measured along the main photocathode
axis X (black, solid squares) and Y (red, open circles).

25 mm, where the behavior of the system is completely linear
(see also Fig. 8).

Since the final result of our detection system is a digital
image, its imaging performance can be evaluated in terms of
pixel or image resolution IR. This parameter basically quan-
tifies the details an image holds. As the number of pixels of
a -ray imaging system increase so does the ability of the
system to produce a larger image while keeping the same
intrinsic spatial resolution. The IR of our detection system can
be approximately quoted as , where stands
for the average spatial (FWHM) resolution in the linear region.
With the large FOV and the excellent position resolution of
our detector we obtain a value of pixels, while a
conventional RN-based system would yield an image resolution
of pixels only (see, e.g., [4], which represents one
of the best -cameras presently available, based on a resistor
dividing circuit). The spatial resolution reduces by about 20%

, when besides 511 keV photopeak events
also the Compton region above 70 keV is accepted to increase
the efficiency.

Fig. 11. Measured efficiency for 511 keV full energy �-ray interactions over
the surface of the PSD.

TABLE I
P/T VALUES ESTIMATED USING TWO DIFFERENT ALGORITHMS FOR THE

POSITION RECONSTRUCTION. THE SECOND COLUMN CORRESPONDS TO EVENTS

WHERE THE COMPTON REGION AND THE PHOTOPEAK WERE INCLUDED. THE

THIRD COLUMN CORRESPONDS ONLY TO PHOTOPEAK EVENTS. THE LAST TWO

COLUMNS SHOW HE SAME P/T VALUES BUT OBTAINED FOR PEAK COUNTS AT

FWTM

VII. EFFICIENCY

The average efficiency of the PSD for 511 keV -rays was
experimentally determined as for full en-
ergy events, which is in agreement with the value expected for a
LYSO scintillation crystal. This value remains practically con-
stant over all the effective surface of the PSD, as it is shown
in Fig. 11. The apparent increase in efficiency near the photo-
cathode border (yellow-red regions in Fig. 11) is ascribed to the
remaining “pin-cushion” effects, which have not been corrected
(see Section V). The total -ray interaction efficiency for an en-
ergy threshold of 70 keV amounts to .

For an imaging detector, the efficiency is also related to the
ability to detect a -quantum at its true interaction position. This
can be quantified by a peak to total ratio P/T, where the peak
value is defined as the number of events localized within the
FWHM of the true interaction and the total value is defined as all
detected interactions localized at any position. Thus, the better
the position resolution and/or the smaller the fraction of stray
events the better is the P/T ratio. The measured P/T values are
summarized below in Table I for the pattern-position fit algo-
rithm and for the centroiding approach.

VIII. ENHANCED FOV

In the previous sections, we have shown that the
IMAR-method, in combination with the pattern-fitting ap-
proach, allows one to obtain directly a FOV equivalent to the
area covered by the PMT photocathode, thus yielding also an
excellent IR. In this section, we describe briefly preliminary
tests made with a slightly modified pattern-fitting approach, in
order to investigate the possibility to further extend this FOV
and eventually improve even more the IR.

Due to the relatively broad charge distribution the detection
system is still sensitive to -ray interactions in the outer region
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Fig. 12. Illustration of the principle to recover events occurring beyond the
last anode wire. The dashed charge distribution shows a common event, where
the interaction takes place at the center of the crystal. The filled distribution
corresponds to an event, where the interaction took place about 4 mm beyond
the last anode wire, and hence only the tail of the scintillation light is measured.

Fig. 13. (Top) Position matrix measured when the collimated source was
placed at ���� �� �� and ��� ��� ��, inside the photocathode, and at
������ �� and ��� ��� ��, positions which are about 7 mm beyond the last
X and Y anode wires, respectively. (Bottom) projection of the matrix towards
the Y (left) and X (right) axis.

of the crystal, which is not covered by the anode grid of the
PSPMT. In such cases, only the tail of the charge distribution
is measured, but this information may be sufficient yet, to re-
construct the maximum of the light distribution and hence, the
initial interaction point outside of the anodes area. The working
principle of this approach is illustrated in Fig. 12. Note that the
measuring range is limited to the distance between two extreme
anodes, which is 56.25 mm.

In order to reconstruct the position of “partially measured”
events, we assume that for photopeak interactions the ampli-
tude of the scintillation light distribution is constant everywhere
in the crystal. In the peripheral region of the photocathode, we
further assume that the difference between that “constant” am-

plitude and the amplitude of the measured charge distribution
is ascribed to the partial measurement of the latter, as shown in
Fig. 12. The algorithm in these cases fits the position of the pat-
tern using the tail of it which overlaps with the measured (trun-
cated) charge distribution, while keeping fixed the amplitude of
the pattern to its average value in the central region (Fig. 6).

The performance of this preliminary approach was tested on
a set of measurements with the collimated source along the X
axis at and , and along the Y axis at

and . Note that the coordinates of the ex-
treme anode wires are and therefore
the second measurements on X and Y correspond actually to
positions about 7 mm beyond the last anode wire. The obtained
position matrix is shown in Fig. 13 together with the projections
along the X and Y axis. The peaks in the latter distributions indi-
cate that the reconstruction of events beyond the photocathode
border seems to be feasible. The larger background is ascribed to
events, which are not properly reconstructed by this algorithm,
and in less extent to Compton interactions. Keeping in mind that
in these preliminary tests only one pattern was used for the de-
termination of the position coordinates the reduced P/T ratio is
understandable. Encouraged by this promising result, we intend
to perform a full characterization of our scintillation crystal,
and determine a series of charge patterns according to the re-
gion of the photocathode where the event has been recorded.
By doing this type of pulse shape analysis we expect to improve
further the accuracy and the efficiency of the method, without
increasing noticeably the time for data processing.

IX. CONCLUSION

We have developed a position sensitive -ray detection
system, which shows unprecedented spatial resolution of
1 mm (FWHM) and a very large useful field of view of

. The resulting image resolution of almost
2000 pixels and the detection efficiency of 7%–19% make this
system very attractive for many -ray imaging applications.
This excellent performance is due to the individual multi-anode
readout approach that we have implemented and the applied
pattern position fitting approach.

ACKNOWLEDGMENT

The authors would like to thank W. Prokopowicz for his effi-
cient work in preparing the housing and other detector elements.

REFERENCES

[1] H. O. Anger and D. H. Davis, “Gamma-ray detection efficiency and
image resolution in sodium iodide,” Rev. Sci. Instrum., vol. 35, pp.
693–697, Jun. 1964.

[2] H. O. Anger, “Sensitivity, resolution, and linearity of the scintillation
camera,” IEEE Trans. Nucl. Sci., vol. 13, no. 3, pp. 380–392, Jun. 1966.

[3] N. J. Yasillo, R. N. Beck, and M. Cooper, “Design considerations for a
single tube gamma camera,” IEEE Trans. Nucl. Sci., vol. 37, no. 2, pp.
609–615, Apr. 1990.

[4] J. M. Benlloch, B. Escat, M. Fernández, M. Giménez, D. Kadi-Hanifi,
C. W. Lerche, N. Pavón, E. Porras, J. A. Ruiz, F. Sánchez, M. Alcan
Iz, J. Cerdá, V. Grau, and A. Sebastià, “Performance tests of a medical
mini gamma-camera (summary),” Nucl. Instrum. Meth. Phys. Res. A,
vol. 504, pp. 232–233, May 2003.

[5] C. J. Hailey, F. Harrison, J. H. Lupton, and K.-P. Ziock, “An inex-
pensive, hard X-ray imaging spectrometer for use in x-ray astronomy
and atomic physics,” Nucl. Instrum. Meth. Phys. Res. A, vol. 276, pp.
340–346, Mar. 1989.



IE
EE

 P
ro

of

W
eb

 V
er

sio
n

8 IEEE TRANSACTIONS ON MEDICAL IMAGING

[6] S. R. Cherry, Y. Shao, R. W. Silverman, K. Meadors, S. Siegel, A.
Chatziioannou, J. W. Young, W. Jones, J. C. Moyers, D. Newport,
A. Boutefnouchet, T. H. Farquhar, M. Andreaco, M. J. Paulus, D. M.
Binkley, R. Nutt, and M. E. Phelps, “MicroPET: A high resolution PET
scanner for imaging small animals,” IEEE Trans. Nucl. Sci., vol. 44, pp.
1161–1166, Jun. 1997.

[7] A. Del Guerra, G. di Domenico, M. Scandola, and G. Zavattini, “YAP-
PET: First results of a small animal positron emission tomograph based
on YAP:Ce finger crystals,” IEEE Trans. Nucl. Sci., vol. 45, no. 6, pp.
3105–3108, Dec. 1998.

[8] S. Siegel, J. J. Vaquero, L. Aloj, J. Seidel, E. Jagoda, W. R. Gandler,
W. C. Eckelman, and M. V. Green, “Initial results from a PET/planar
small animal imaging system,” IEEE Trans. Nucl. Sci., vol. 46, no. 3,
pp. 571–575, Jun. 1999.

[9] S. Weber, H. Herzog, M. Cremer, R. Engels, K. Hamacher, F. Kehren,
H. Muehlensiepen, L. Ploux, R. Reinartz, P. Reinhart, F. Rongen, F.
Sonnenberg, H. H. Coenen, and H. Halling, “Evaluation of the TierPET
system,” IEEE Trans. Nucl. Sci., vol. 46, no. 4, pp. 1177–1183, Aug.
1999.

[10] G. Tzanakos, M. Nikolaou, D. Drakoulakos, D. Karamitros, G. Kon-
taxakis, E. Logaras, G. Panayiotakis, S. Pavlopoulos, M. Skiadas, G.
Spyrou, T. Thireou, and D. Vamvakas, “Design considerations and con-
struction of a small animal PET prototype,” Nucl. Instrum. Meth. Phys.
Res. A, vol. 569, pp. 235–239, Dec. 2006.

[11] J. M. Benlloch, V. Carrilero, A. J. González, J. Catret, C. W. Lerche, D.
Abellán, F. G. d. Quirós, M. Giménez, J. Modia, F. Sánchez, N. Pavón,
A. Ros, J. Martínez, and A. Sebastiá, “Scanner calibration of a small
animal PET camera based on continuous LSO crystals and flat panel
PSPMTs,” Nucl. Instrum. Meth. Phys. Res. A, vol. 571, pp. 26–29, Feb.
2007.

[12] C. W. Lerche, J. M. Benlloch, F. Sanchez, N. Pavon, N. Gimenez,
M. Fernandez, M. Gimenez, A. Sebastia, J. Martinez, and F. J. Mora,
“Depth of interaction detection with enhanced position-sensitive pro-
portional resistor network,” Nucl. Instrum. Meth. Phys. Res. A, vol. 537,
pp. 326–330, Jan. 2005.

[13] A. J. Bird, Z. He, and D. Ramsden, “Multi-channel readout of crossed-
wire anode photomultipliers,” Nucl. Instrum. Meth. Phys. Res. A, vol.
348, pp. 668–672, Sep. 1994.

[14] K. L. Matthews, S. M. Leonard, C. E. Ordonez, D. E. Persyk, and W.
Chang, “A depth-encoding anger detector using scintillating fibers,”
IEEE Trans. Nucl. Sci., vol. 48, no. 4, pp. 1397–1402, Aug. 2001.

[15] T. Ling, T. K. Lewellen, and R. S. Miyaoka, “Depth of interaction de-
coding of a continuous crystal detector module,” Phys. Med. Biol., vol.
52, pp. 2213–2228, Apr. 2007.

[16] F. C. L. Crespi, F. Camera, B. Million, M. Sassi, O. Wieland, and A.
Bracco, “A novel technique for the characterization of a HPGe detector
response based on pulse shape comparison,” Nucl. Instrum. Meth. Phys.
Res. A, vol. 593, pp. 440–447, Aug. 2008.

[17] Vikuiti Enhanced Specular Reflector (ESR), 3M. St. Paul, MN: Op-
tical Systems.

[18] Technical Information Manual MOD. N979 16 CHANNEL FAST AM-
PLIFIER Manual Rev.4, CAEN Oct. 2008 [Online]. Available: http://
www.caen.it/nuclear/index.php

[19] Caen s.p.a. via Vetraia, 11 55049. Viareggio, Italy [Online]. Avail-
able: http://www.caen.it

[20] Technical Information Manual MOD. V792 series 32/16 CH
QDCs Manual Rev.15, CAEN Jul. 2008 [Online]. Available:
http://www.caen.it/nuclear/index.php

[21] C. W. Lerche, A. Ros, J. M. Monzó, R. J. Aliaga, N. Ferrando, J. D.
Martínez, V. Herrero, R. Esteve, R. Gadea, R. J. Colom, J. Toledo,
F. Mateo, A. Sebastiá, F. Sánchez, and J. M. Benlloch, “Maximum
likelihood positioning for gamma-ray imaging detectors with depth of
interaction measurement,” Nucl. Instrum. Meth. Phys. Res. A, vol. 604,
pp. 359–362, Jun. 2009.

[22] J. S. Huber, W. W. Moses, W. F. Jones, and C. C. Watson, “Effect of
�� background on singles transmission for LSO-based PET cam-

eras,” Phys. Med. Biol., vol. 47, pp. 3535–3541, Oct. 2002.
[23] J. Hoffmann, N. Kurz, and M. Richter, TRIVA, VME Trigger Module,

GSI Helmholtzzentrum für Schwerionenforschung GmbH. Darm-
stadt, Germany: GSI, 2007.

[24] R. Barth, Y. Du, H. Essel, R. Fitzsche, H. Göringer, J. Hoffmann,
F. Humbert, N. Kurz, R. Mayer, W. Ott, and D. Schall, GSI Multi-
Branch System User Manual, GSI Helmholtzzentrum für Schwerio-
nenforschung GmbH Jan. 2000 [Online]. Available: http://www.win.
gsi.de/daq/

[25] Creative Electronic Systems—CES. Geneva, Switzerland [Online].
Available: http://www.ces.ch/

[26] J. Adamczewski, M. Al-Turany, D. Bertini, H. Essel, and S. Linev, The
Go4 Analysis Framework Reference Manual v4.0 GSI Helmholtzzn-
trum für Schwerionenforschung GmbH, Feb. 2008 [Online]. Available:
http://www-linux.gsi.de/~go4

[27] R. Brun and F. Rademakers, “ROOT—An object oriented data analysis
framework,” Nucl. Instrum. Meth. Phys. Res. A, vol. 389, pp. 81–86,
Feb. 1997.

[28] M. P. Tornai, E. J. Hoffman, and S. R. Cherry, “Effect of refraction
index and light sharing on detector element identification for 2D de-
tector modules in positron emission tomography,” Nucl. Instrum. Meth.
Phys. Res. A, vol. 348, pp. 618–622, Sep. 1994.

[29] T. Tomitani, “A model of optical reflection on rough surface and its
application to Monte Carlo simulation of light transport,” IEEE Trans.
Nucl. Sci., vol. 43, no. 3, pp. 1544–1548, Jun. 1996.

[30] H. H. Barrett and K. J. Myers, Foundations of Image Science, H. H.
Barrett and K. J. Myers, Eds. New York: Wiley, 2003.

[31] W. C. J. Hunter, H. H. Barrett, and L. R. Furenlid, “Calibration method
for ML estimation of 3D interaction position in a thick gamma-ray de-
tector,” IEEE Trans. Nucl. Sci., vol. 56, no. 1, pp. 189–196, Feb. 2009.

[32] P. Bruyndonckx, C. Lemaître, D. Schaart, M. Maas, D. J. van der Laan,
M. Krieguer, O. Devroede, and S. Tavernier, “Investigation of an in situ
position calibration method for continuous crystal-based PET detec-
tors,” Nucl. Instrum. Meth. Phys. Res. A, vol. 571, pp. 304–307, Feb.
2007.

[33] P. Bruyndonckx, C. Lemaitre, D. J. van der Laan, M. Maas, D. Schaart,
W. Yonggang, Z. Li, M. Krieguer, and S. Tavernier, “Evaluation of
machine learning algorithms for localization of photons in undivided
scintillator blocks for PET detectors,” IEEE Trans. Nucl. Sci., vol. 55,
no. 3, pp. 918–924, Jun. 2008.

[34] F. Mateo, R. J. Aliaga, N. Ferrando, J. D. Martinez, V. Herrero, C. W.
Lerche, R. J. Colom, J. M. Monzo, A. Sebastia, and R. Gadea, “High-
precision position estimation in PET using artificial neural networks,”
Nucl. Instrum. Meth. Phys. Res. A, 2009.

[35] P. Vaska, M. J. Petrillo, and G. Muehllehner, “Virtual PMTs: Im-
proving centroid positioning performance near the edges of a gamma
camera detector,” IEEE Trans. Nucl. Sci., vol. 48, no. 3, pp. 645–649,
Jun. 2001.



IE
EE

 P
ro

of

Pr
in

t V
er

sio
n

IEEE TRANSACTIONS ON MEDICAL IMAGING 1

A Position Sensitive �-Ray Scintillator Detector
With Enhanced Spatial Resolution, Linearity,

and Field of View
César Domingo-Pardo*, Namita Goel, Tobias Engert, Juergen Gerl, Masahiro Isaka,

Ivan Kojouharov, Member, IEEE, and Henning Schaffner

Abstract—The performance of a position sensitive -ray scintil-
lator detector (PSD) is described. This PSD is based on a lutetium
yttrium oxyorthosilicate (LYSO) crystal read out by a crossed-wire
anode position sensitive photomultiplier tube (PSPMT). The main
difference with respect to similar existing devices is the individual
multi-anode readout (IMAR) approach that is followed here. This
method allows to exploit better the intrinsic characteristics of the
PSPMT, thus yielding better linearity, improved spatial resolution,
and a larger field of view. The new detector is intended for the char-
acterization of 3-D position sensitive germanium detectors.

Index Terms—Gamma detector.

I. INTRODUCTION

G AMMA-RAY detectors with imaging capability were
originally developed mainly for scintigraphy in medical

imaging [1], [2]. More recently, when position-sensitive pho-
tomultiplier tubes (PSPMTs) became commercially available,
small and inexpensive gamma cameras have been deployed and
further improved for medicine [3], [4] and also for atomic and
particle physics or astronomy [5]. There exist several research
and commercial positron emission tomography PET scanners
which also use PSPMTs [6]–[11]. This new generation of small
position sensitive detectors (PSDs) are normally made from a
relatively thin scintillation crystal, which is optically coupled
to a PSPMT. One of the most commonly used PSPMT is based
on a crossed wire anode structure. The aim of making such
systems easily portable and commercially attractive has led to
the common approach of using a charge division circuit coupled
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to the anode wires of the PSPMT. In this way, the readout is
simplified to only four signals at the corners of the anode grid,
thus yielding higher simplicity, lower cost in electronics, and
rather compact systems. This approach has the disadvantage
that only the centroid of the scintillation light distribution (and
recently also the width [12]) can be measured, thus leading
to nonlinear position coordinates and therefore to strongly
distorted images. This effect can only be avoided by using
elaborated scintillation crystals segmented into many pixels.

An alternative multi-anode readout method was investigated
apparently for the first time by Bird et al. [13]. By using a multi-
channel very large scale integration VLSI charge sensitive am-
plifier array, the distribution of charge collected along the 18
X-anodes of a Hamamatsu R2487 PSPMT was measured, thus
showing that a substantial improvement in the intrinsic position
linearity and thus in the useful field-of-view (FOV) of the de-
tector can be achieved [13].

In this work, we reinvestigate the individual multianode
readout (IMAR) method, and we explore its impact on the
spatial resolution and on the linearity across the whole photo-
cathode area. Previous work (see, e.g., [14] and [15]), focused
only on the determination of the -ray depth of interaction in
the scintillation crystal.

The detection system presented here is intended for the pulse
shape characterization of HPGe detectors, in combination with
the pulse shape comparison scan PSCS method [16]. That
project will be discussed in detail in a forthcoming paper.
Nevertheless, the present system may also find applications in
medical imaging and other fields. Due to the increasing tech-
nology of electronics, namely application-specific integration
circuits ASICs and field-programmable gate arrays FPGAs,
the work presented here may become particularly relevant for
some of the medical imaging studies developed so far, as the
one discussed in [10].

Our detection system is described in Section II. The readout
electronics for signal processing and acquisition are presented
in Section III. Several algorithms for reconstructing the inter-
action position are investigated in Section IV and compared
versus the conventional centroiding method of the resistor net-
work RN based systems. The linearity performance and the ex-
cellent spatial resolution are demonstrated in Section V and
Section VI, respectively. The -ray detection efficiency is de-
scribed in Section VII. In Section VIII, we report on how the
IMAR technique even allows one to reconstruct the coordinates
of -ray interactions outside of the sensitive photocathode area.

0278-0062/$25.00 © 2009 IEEE
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II. DETECTOR SETUP

The detector consists of a cylindrical lutetium yttrium oxy-
orthosilicate (LYSO) crystal with 76 mm diameter and 3 mm
thickness. The flat sides of the crystal are polished, while the
lateral side has a rough finish. The crystal was optically coupled
using silicone glue to a Hamamatsu R2486 PSPMT. A circular
enhanced specular reflector ESR film [17] was attached to the
top (outer) surface of the scintillation crystal in order to opti-
mize light collection. The lateral side of the crystal was covered
with black tape in order to reduce light reflections from that sur-
face. The detector was wrapped with reflective aluminum tape to
make it tight to external light. Finally, the detector was housed
in a thin aluminum cylinder to provide better mechanical sta-
bility and shielding.

The thickness of the scintillation crystal, which is remarkably
smaller than what is commonly used for biologic imaging detec-
tors, has been chosen in order to achieve a good spatial resolu-
tion and reduce parallax errors. An excellent position accuracy
is a major constraint for our final application. As mentioned in
the section above, the present detection system is primarily in-
tended for the pulse shape characterization of HPGe detectors
using the PSCS method [16]. The latter is based on a compar-
ison of two data sets of pulse-shapes registered with the HPGe
detector to be characterized. Each data set corresponds to -ray
interactions along a straight line crossing the HPGe detector,
which in [16] was obtained using a well collimated source. In a
similar way, the trajectories may be determined using instead a
PSD and a source. This would allow us to measure simul-
taneously all the trajectories covered by the solid angle of our
PSD, thus reducing enormously the time needed for the charac-
terization of the HPGe detector. More details about this method
will be given in a separate publication.

III. IMAR APPROACH AND ELECTRONICS

The Hamamatsu R2486 PSPMT anode structure consists of
two layers of 16 wires in the X axis and 16 wires in the orthog-
onal Y direction, on a pitch of 3.75 mm. For a bias voltage of

we measured typical pulses with an amplitude of a
few millivolts at the anodes with 511 keV -rays.

In order to process the electrical signals of the PSPMT we
used conventional nuclear instrumentation modules NIM and
Versa Module Europa VME electronics. The signals from the
anodes were amplified using two 16 channel fast amplifier N979
NIM modules [18] from CAEN [19], with a gain of 10. In order
to avoid dc-baseline fluctuations, which otherwise would affect
the calibration and stability of the system, the amplified signals
were ac-coupled into a 32 channel V792 charge-to-digital con-
version QDC VME module [20], also from CAEN. It has an
input range of 0 to 400 pC and a digital resolution of 12 bit.
This QDC unit was connected via the VME-BUS to the trigger
unit, which is described below.

A passive cable delay of 500 ns is used before the
QDC-module in order to enable coincidence measurements
between the PSD and an ancillary trigger detector by using a

source, which emits two back-to-back 511 keV -rays.
The coincidence technique represents a common approach (see,
e.g., [21]) in order to reduce the background coming from the
self activity of the LYSO crystal [22], but it does not have any

further effect on the results presented here. In order to perform
the 511 keV -ray coincidences, the signal of the last dynode
of the PSPMT was used. The dynode output was amplified and
fed into an octal updating discriminator from LeCroy (model
623B). As coincidence detector we used a fast plastic scintil-
lator, which was available, although usually higher efficiency
and better energy resolution inorganic scintillators are preferred
for this purpose. The plastic detector was placed at with
respect to the PSD, and covering a small solid angle. This
leads to a negligible background event rate. Similarly, random
coincidences with the 1274.6 keV -ray from the subsequent
de-excitation of become also negligible. The anode signal
of the organic detector was amplified and fed into another
channel of the octal updating discriminator mentioned above.
The two output NIM signals from the discriminator were fed
into a coincidence unit, manufactured at GSI. The logic output
from this coincidence module was used on one hand to provide
a gate of 400 ns width for the QDC-module, and on the other
hand to trigger the acquisition system via a TRIVA module
[23]. The TRIVA unit triggers the acquisition only when the
logic pulse from the coincidence of interest (between the PSD
and the ancillary detector) occurs in anti-coincidence with the
system dead-time. It also guarantees a correct inhibition of
the QDC during conversion and readout time. The standard
acquisition system of GSI, the multibranch system (MBS) [24],
was used to read out the 32 channels of the QDC-module.
MBS runs under the Lynx real-time operative system in a VME
PowerPC platform RIO3 8064, from CES [25].

Pulse height spectra, visualization XY matrices, and general
online analysis were performed via the GSI Object Oriented On-
line Offline system Go4 [26]. Go4 is based on the ROOT [27]
package of CERN.

IV. POSITION RECONSTRUCTION

The gain of the individual anodes of the PSPMT varies con-
siderably, as it is shown in the upper part of Fig. 1. This figure
shows the QDC pulse height spectra for all 32 anodes in a run
with full illumination of the photocathode. Without anode gain
correction the different anode response leads to image distor-
tions and limits the achievable position resolution. In this re-
spect, the IMAR method has the advantage, that the gain of all
the anodes can be individually calibrated. In order to perform
this anode gain calibration, the detector was fully illuminated
using the source and the high energy edge (shaded re-
gion in the bottom panel of Fig. 1) of each pulse height spec-
trum was used to determine the corresponding calibration factor
taking one of them as reference. This part of the spectrum cor-
responds mostly to 511 keV full energy events. The signature
of the 1275 keV -rays is suppressed thanks to the coincidence
detector. The individual QDC pulse height spectra before and
after calibration are shown in the upper and lower part of Fig. 1,
respectively. A least-squares minimization algorithm was used
in order to determine the calibration coefficients.

From the calibrated charge distributions measured along the
X and Y anodes the determination of the interaction position
( ) in the central region of the photocathode is straight for-
ward. In this central region, the distributions are indeed rather
symmetric. Therefore, the mean or centroid of the measured
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Fig. 1. (Top) Raw QDC pulse height spectra from all 32 anodes. (Bottom) Pulse
height spectra after calibration. The shadowed region shows the section of the
spectra used for the anode gain calibration (see text for details).

Fig. 2. The 16 bin histograms correspond to the charge distribution of X an-
odes (left) and Y anodes (right) for an event occurring at the center of the pho-
tocathode. As example of position reconstruction a fit of a Gaussian function
(dashed line) and the formula of Lerche [12] (solid line) is shown.

charge profile represents quite well the position ( ) of the
-ray interaction. Instead of the mean of the distribution, one

can also fit a symmetric function like a Gaussian, in order to de-
termine the maximum value of the charge distribution and hence
the ( ) coordinates. These approaches work relatively well in
the central region, even if the model (centroiding or Gaussian
fit) reproduces only poorly the real light distribution, as it is il-
lustrated in Fig. 2.

Towards the border of the photocathode two additional effects
take place. On one hand, part of the scintillation light cone is
outside the active photocathode area, which makes the mean of
the charge distribution to be different from its maximum. Using
the latter would lead now to a better description of the interac-
tion point. On the other hand, light reflections at the edge region
of the scintillation crystal contribute also to the measured charge
profile. These two effects can be properly taken into account

Fig. 3. Pattern of positions where a measurement was made with the colli-
mated source. The dotted circle indicates the minimum size of the photocathode
(50 mm�) and the dashed circle represents the anode grid extension (60 mm �).

by using a realistic description of the light distribution. There
are several models which account for the spatial distribution of
the light in a scintillation crystal (see, e.g., [12], [14], [28], and
[29]). In this work, we use the one reported by Lerche [12]. The
latter model is able to reproduce precisely the light distribution
that we measure, as is shown in Fig. 2.

In order to study the performance of different algorithms for
the position reconstruction, a collimated source using 5 cm
of lead and a hole diameter of 1.0 mm was placed at different
positions in front of the detector as it is shown in Fig. 3. The cen-
tral area of the detector was scanned in steps of
10 mm, and the borders in smaller steps of 5 mm, thus covering
more than the entire photocathode area .

It is important to note that the results presented in this sec-
tion for the position reconstruction are intended only to illustrate
qualitatively the performance of some preliminary position re-
construction methods, and to give an idea about the potential of
the technique presented here. A complete survey of position re-
construction algorithms is out of the scope of the present work
and will be discussed in a separate paper. In particular, statistical
methods based on maximum-likelihood estimation algorithms
[15], [30], [31] and novel approaches like neural network algo-
rithms [32]–[34] represent a very promising tool for a system
like the one reported here, where the pulse height of each anode
is registered on an event-by-event basis.

The first panel (top-left) in Fig. 4 represents the conventional
centroiding method of the RN-based devices, which here, for
the sake of simplicity, has been reproduced via software in-
stead of using a real resistor divider circuit. For the reason just
discussed above, we do not consider here more sophisticated
weighted centroiding algorithms, like the one reported in [35].
The top-right panel shows the performance of the Gauss-fit-
ting approach. As mentioned before, the latter two approaches
work relatively well in the central region of the photocathode,
where the charge distributions are still rather symmetric. The
bottom-left panel of Fig. 4 illustrates the improvement obtained
in the determination of the ( ) coordinates, when the formula
of Lerche is fitted on an event-by-event basis. A further improve-
ment in the determination of the position comes from the fact
that now the fitting algorithm is able to find and fit the peak more
accurately, and also more often, because the model used is more
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Fig. 4. Contour plots of the positions measured when the collimated source
was placed at the locations given in Fig. 3. (Top left) Centroiding approach. (Top
right) Gaussian fitting approach. (Bottom left) Lerche model fitting approach.
(Bottom-right) Pattern-Position fitting approach. The dashed circle represents
the anode grid extension.

realistic. This procedure obviously yields less stray events than
with the Gaussian method, as is discussed below.

It is worth mentioning some aspects related to the implemen-
tation of the model of Lerche in our algorithm. The model as-
sumes geometrical optics with the inverse square intensity dis-
tribution of scintillation light. Absorption and scattering along
the light path to the PSPMT are taken into account by an ex-
ponential factor and background light from the surface scat-
tered light is included in a constant term. The obtained distri-
butions of the light intensity on the photocathode are sensitive
to the depth of interaction DOI of the -quanta. On average, we
obtain DOIs, which correspond to about three times the thick-
ness of our crystal (3 mm). This may be related to the fact that
the parametrization of the formula implemented here is the one
from [12], which was derived for a squared crystal without re-
flector. In our setup, the ESR reflector certainly adds an addi-
tional, broader, contribution to the original front of light coming
directly from the interaction point. In addition the distance to the
cathode is larger. The model of Lerche contains too many free
parameters in order to perform a fit on an event-by-event basis
without slowing down our data acquisition. Furthermore, we do
not need to determine the DOI because our scintillation crystal
is only 3 mm thick and hence, the maximal parallax error is very
small, e.g., for a source distance of 8 cm. Therefore
we have implemented an alternative approach. Instead of fitting
an analytical expression event by event, we have obtained an
average profile of the charge distribution, which is well defined
from the average of a large number of measured charge distri-
butions corresponding to interactions at the same location, in
the center of the photocathode. This average charge profile was
fitted only once using the formula of Lerche, as shown in Fig. 2
and stored in a thin binned (0.05 mm) numerical pattern. Now
only one parameter, namely the relative position of this pattern,
is varied until the pattern matches with a measured charge distri-
bution. Before fitting the relative pattern position, both the refer-

Fig. 5. Position determination via pattern fit. The average pattern is shown in
red and the measured charge distribution is the black histogram. The top panel
shows an example of an arbitrary event happening near the border of the pho-
tocathode. A position offset is then fitted to the pattern (middle panel), until the
� becomes minimum (bottom panel).

ence and the measured charge distributions are normalized to an
arbitrary value of one. An example of this procedure is shown in
Fig. 5. This method allows us to determine the position of the in-
teraction points with similar or even better accuracy, as shown in
the bottom-right panel of Fig. 4. The procedure becomes about
100 times faster than fitting the analytical expression. The good
performance of the algorithm when using a unique charge pat-
tern for the position reconstruction is explained by the small
variations in shape and amplitude of the measured charge distri-
butions. In Fig. 6, we show a scatter plot for the amplitudes of
the charge distributions on X and Y, when the photocathode was
fully illuminated by a source and a condition was set on
the photopeak events of the corresponding pulse height spectra.
We obtain a mean value for the amplitude of the distributions
on X of and for
Y. This result indicates, that within 14% the amplitude of the
charge distribution remains constant.

The shape of the measured charge distributions remains also
approximately the same, as it can be appreciated from the distri-
bution of rms widths on both X and Y charge profiles. The pro-
jections shown in Fig. 7 reveal indeed a rather constant shape of
the charge distribution, with a mean rms of
for X and for Y.

The small tail in the projected spectra at higher rms values,
also visible in the scatter plot, is most probably due to events
with a light distribution broadened by reflections on the lateral
side of the scintillation crystal. Indeed, it disappears when only
events at the central region of the crystal are selected.
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Fig. 6. Scatter plot of the maximum (peak) values of the charge distributions
measured along the X and Y axis. The two histograms below show the projection
on the X (left) and Y (right) axis.

Fig. 7. Scatter plot of the rms values of the charge distributions measured along
the X and Y axis. The two histograms below show the projection on the X (left)
and Y (right) axis.

Fig. 4 allows one to make a general comparison between the
IMAR method and the conventional RN-based systems. Indeed,
there are at least two aspects which improve directly. First, the
system becomes remarkably linear, which enhances also the
FOV. This will be discussed in more detail in Section V. Second,
the distribution of the peak position values (IMAR method) be-
comes noticeably narrower than the distribution of the mean
values (centroiding approach), which already reflects a substan-
tial improvement in spatial resolution. This aspect will be dis-
cussed in Section VI. In addition there is a further effect, which
has to be emphasized. In the two bottom panels of Fig. 4, the

Fig. 8. Linearity of the detection system along the two main axis when the
IMAR technique is used (bold solid line) and when the centroiding approach
of the RN-based devices is employed (dashed line). The red thin diagonal line
illustrates the linearity performance of an ideal detector.

two “spots” at the extremes of the X and Y axis represent mea-
surements, where the collimated source was at 30 mm distance
from the center of the photocathode, i.e., about 2 mm beyond the
last anode wire. This demonstrates that the system is still sensi-
tive to -ray interactions outside of the photocathode window,
where only a fraction of the light distribution is measured. This
effect will be discussed in more detail in Section VIII.

V. LINEARITY

The linearity of our PSD is shown in Fig. 8 for measure-
ments made with the collimated source along the two main axis
X and Y. The bold-solid line corresponds to the linearity of
the system when the IMAR method is used to determine accu-
rately the position coordinates ( ), as described in Section IV.
The dashed line shows the linearity of an equivalent RN-based
system, which in this case was reproduced via software as the
mean of the charge distribution. When compared versus an ideal
detector, which is represented in Fig. 8 by the red solid line, it
can be concluded that our system behaves linear (1 : 1) 50 mm
along the photocathode, in both X and Y directions. The lin-
earity functions still show a monotonic behavior in the full range
of 60 mm, which translates into a circular FOV of .
For our application however, we prefer to limit the FOV to the

range in order to preserve the excellent position reso-
lution, which is described in the section below.

Because of the intrinsic linearity of the system, corrections for
the conventional “pin-cushion” effects are only required in the
regions very close to the corners of the anode grid (see Fig. 4).

VI. RESOLUTION

In order to determine the spatial resolution of our detector
we used the lead collimator, with a hole of 1 mm in diameter.
Fig. 9 shows an example of the distribution of positions and

, when the collimated source was placed at the center of the
photocathode and the position was reconstructed via the IMAR
pattern-fitting approach (see Section IV).

On average, along the X and Y axis of the PSPMT, we have
measured position distributions with an equivalent

and for positions
along the X- and Y-axis, respectively (see Fig. 10). These av-
erage values have been deconvoluted from the contribution of
the 1 mm diameter hole of the collimated source and they in-
clude only resolution measurements in the range of to
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Fig. 9. Position distribution on X (left) and Y (right) for a 1 mm collimated
source placed at the center of the photocathode.

Fig. 10. Spatial resolution (FWHM) measured along the main photocathode
axis X (black, solid squares) and Y (red, open circles).

25 mm, where the behavior of the system is completely linear
(see also Fig. 8).

Since the final result of our detection system is a digital
image, its imaging performance can be evaluated in terms of
pixel or image resolution IR. This parameter basically quan-
tifies the details an image holds. As the number of pixels of
a -ray imaging system increase so does the ability of the
system to produce a larger image while keeping the same
intrinsic spatial resolution. The IR of our detection system can
be approximately quoted as , where stands
for the average spatial (FWHM) resolution in the linear region.
With the large FOV and the excellent position resolution of
our detector we obtain a value of pixels, while a
conventional RN-based system would yield an image resolution
of pixels only (see, e.g., [4], which represents one
of the best -cameras presently available, based on a resistor
dividing circuit). The spatial resolution reduces by about 20%

, when besides 511 keV photopeak events
also the Compton region above 70 keV is accepted to increase
the efficiency.

Fig. 11. Measured efficiency for 511 keV full energy �-ray interactions over
the surface of the PSD.

TABLE I
P/T VALUES ESTIMATED USING TWO DIFFERENT ALGORITHMS FOR THE

POSITION RECONSTRUCTION. THE SECOND COLUMN CORRESPONDS TO EVENTS

WHERE THE COMPTON REGION AND THE PHOTOPEAK WERE INCLUDED. THE

THIRD COLUMN CORRESPONDS ONLY TO PHOTOPEAK EVENTS. THE LAST TWO

COLUMNS SHOW HE SAME P/T VALUES BUT OBTAINED FOR PEAK COUNTS AT

FWTM

VII. EFFICIENCY

The average efficiency of the PSD for 511 keV -rays was
experimentally determined as for full en-
ergy events, which is in agreement with the value expected for a
LYSO scintillation crystal. This value remains practically con-
stant over all the effective surface of the PSD, as it is shown
in Fig. 11. The apparent increase in efficiency near the photo-
cathode border (yellow-red regions in Fig. 11) is ascribed to the
remaining “pin-cushion” effects, which have not been corrected
(see Section V). The total -ray interaction efficiency for an en-
ergy threshold of 70 keV amounts to .

For an imaging detector, the efficiency is also related to the
ability to detect a -quantum at its true interaction position. This
can be quantified by a peak to total ratio P/T, where the peak
value is defined as the number of events localized within the
FWHM of the true interaction and the total value is defined as all
detected interactions localized at any position. Thus, the better
the position resolution and/or the smaller the fraction of stray
events the better is the P/T ratio. The measured P/T values are
summarized below in Table I for the pattern-position fit algo-
rithm and for the centroiding approach.

VIII. ENHANCED FOV

In the previous sections, we have shown that the
IMAR-method, in combination with the pattern-fitting ap-
proach, allows one to obtain directly a FOV equivalent to the
area covered by the PMT photocathode, thus yielding also an
excellent IR. In this section, we describe briefly preliminary
tests made with a slightly modified pattern-fitting approach, in
order to investigate the possibility to further extend this FOV
and eventually improve even more the IR.

Due to the relatively broad charge distribution the detection
system is still sensitive to -ray interactions in the outer region
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Fig. 12. Illustration of the principle to recover events occurring beyond the
last anode wire. The dashed charge distribution shows a common event, where
the interaction takes place at the center of the crystal. The filled distribution
corresponds to an event, where the interaction took place about 4 mm beyond
the last anode wire, and hence only the tail of the scintillation light is measured.

Fig. 13. (Top) Position matrix measured when the collimated source was
placed at ���� �� �� and ��� ��� ��, inside the photocathode, and at
������ �� and ��� ��� ��, positions which are about 7 mm beyond the last
X and Y anode wires, respectively. (Bottom) projection of the matrix towards
the Y (left) and X (right) axis.

of the crystal, which is not covered by the anode grid of the
PSPMT. In such cases, only the tail of the charge distribution
is measured, but this information may be sufficient yet, to re-
construct the maximum of the light distribution and hence, the
initial interaction point outside of the anodes area. The working
principle of this approach is illustrated in Fig. 12. Note that the
measuring range is limited to the distance between two extreme
anodes, which is 56.25 mm.

In order to reconstruct the position of “partially measured”
events, we assume that for photopeak interactions the ampli-
tude of the scintillation light distribution is constant everywhere
in the crystal. In the peripheral region of the photocathode, we
further assume that the difference between that “constant” am-

plitude and the amplitude of the measured charge distribution
is ascribed to the partial measurement of the latter, as shown in
Fig. 12. The algorithm in these cases fits the position of the pat-
tern using the tail of it which overlaps with the measured (trun-
cated) charge distribution, while keeping fixed the amplitude of
the pattern to its average value in the central region (Fig. 6).

The performance of this preliminary approach was tested on
a set of measurements with the collimated source along the X
axis at and , and along the Y axis at

and . Note that the coordinates of the ex-
treme anode wires are and therefore
the second measurements on X and Y correspond actually to
positions about 7 mm beyond the last anode wire. The obtained
position matrix is shown in Fig. 13 together with the projections
along the X and Y axis. The peaks in the latter distributions indi-
cate that the reconstruction of events beyond the photocathode
border seems to be feasible. The larger background is ascribed to
events, which are not properly reconstructed by this algorithm,
and in less extent to Compton interactions. Keeping in mind that
in these preliminary tests only one pattern was used for the de-
termination of the position coordinates the reduced P/T ratio is
understandable. Encouraged by this promising result, we intend
to perform a full characterization of our scintillation crystal,
and determine a series of charge patterns according to the re-
gion of the photocathode where the event has been recorded.
By doing this type of pulse shape analysis we expect to improve
further the accuracy and the efficiency of the method, without
increasing noticeably the time for data processing.

IX. CONCLUSION

We have developed a position sensitive -ray detection
system, which shows unprecedented spatial resolution of
1 mm (FWHM) and a very large useful field of view of

. The resulting image resolution of almost
2000 pixels and the detection efficiency of 7%–19% make this
system very attractive for many -ray imaging applications.
This excellent performance is due to the individual multi-anode
readout approach that we have implemented and the applied
pattern position fitting approach.
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