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Abstract—A new position reconstruction method for position
sensitive photomultiplier tubes is proposed in this work. The
algorithm is based on a mathematical model operating on the
charge signals recorded from the anode wires of a multi-wired
anode system. This method overcomes the usual irregularities
produced by the center of gravity algorithm near the edges of
the field of view, especially when a homogeneous scintillation
crystal is used. According to this method, the amount of the
detected charge on a multi-wired anode system is calculated
from the light distribution on the photo-cathode assuming a
superimpose of analytically defined Gauss curves and a constant
amplification of the photomultiplier tube. The parameters of
this expression are experimentally defined on an event-by-event
analysis by performing all required transformations. Data are
obtained from a small field, high resolution γ-Camera system
with a 16X+16Y multi-wired crossed anode using the Position
Sensitive Photomultiplier Tube (PSPMT R2486, HAMAMATSU).
The optical photon distribution for each type of the scintillation
crystal used in the experiment is calculated with the photon
transport system DETECT2000. Systematic measurements for
a group of inorganic scintillations crystals of CsI(Tl) with
2mm-4mm-8mm-12mm and 20mm in thickness, as well as of
BGO with 2mm-3mm-5mm and 8mm in thickness, have been
performed for different radiation sources (60Co, 137Cs, 99mTc).
The experimentally obtained parameters for the produced light
distribution inside the various crystals are expressed and cate-
gorized according to the crystal geometrical characteristics. The
developed method seems to drastically improve the resolution of
the reconstructed planar information, even when homogeneous
scintillation crystals are used.

I. INTRODUCTION

THE basic reactions which occur when radiation encoun-
ters matter and the effects produced by these processes
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are well known. However, in Single Photon Emission Com-
puted Tomography (SPECT) and generally in γ-ray imaging,
it is important to determine the exact position in space of the
photo-conversion. Compared to the plane, defined by the two
transversal coordinates parallel to the photo-detectors entrance
window, the coordinate normal to it, called the Depth Of
Interaction (DOI), remains unspecified [1], [2]. This leads
in a parallax error and as a result to a non-uniform and
non-isotropic spatial resolution. For existing γ-ray imaging
systems, the image quality can be improved potentially if a
sufficiently good estimate of DOI is provided by the detector.
Many techniques have been proposed for studying such a de-
tector; their common philosophy is based on the determination
of the light distribution on the entrance window of the photo-
detector as stated for example in [3] and [4].

Apart from the DOI problem, another factor which affects
the quality of the spatial resolution in most of the γ-imaging
systems arises from the usage of traditional reconstruction
algorithms, lacking the necessary ability to correctly handle
the detected information especially near the limits of the field
of view.

Fig. 1. The distribution of the electron cloud for a central and a non-central
event. Due to the unbalanced charge for a non-central event, the traditional
charge center of gravity algorithm reconstructs incorrectly the position.
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The traditional charge center of gravity algorithm (Anger
algorithm) operates successfully in the case of a centrally
detected γ-ray, but not satisfactorily in the case of an electron
cloud positioned near the edge of the anode, as shown in
Fig. 1, where the unbalanced amount of the charge produces
systematical shifts towards the center of the image and reduces
the effective field of view. As a consequence, on the boundary
region a barreloid deformation occurs [5] and the traditional
charge center of gravity equations for position reconstruction

Xpos =

N∑
i=1

i Qxi

N∑
i=1

Qxi

and Ypos =

N∑
i=1

i Qyi

N∑
i=1

Qyi

result to a non-uniform and non-isotropic spatial resolution.
The planar image can potentially be improved by using a
position reconstruction algorithm suitable for the whole field
of view of the camera.

The main purpose of this study is firstly the inquiry of
the correlation of the DOI and the light distribution in both
continuous and pixelated scintillation crystals and secondly,
a simple modeling of the charge distribution detected by a
Position Sensitive Photomultiplier Tube (PSPMT) for a given
scintillation light distribution. Based on these results a new
position reconstruction algorithm for a uniform and isotropic
spatial resolution will be introduced.

II. OPTICAL SIMULATIONS

Monte Carlo simulations for determining the optical photon
distribution for continuous and pixelated scintillation crystals
were performed using the photon transport program DE-
TECT2000 [6].

DETECT2000 models the behavior of optical systems and
particularly scintillation detectors. It generates individual scin-
tillation photons in specified portions of the scintillator. After-
wards, it follows each photon in its passage through the various
components and interactions with surfaces and records the fate
(absorption, escape or detection) of each, along with its decay
and delay times, total elapsed time to detection, number of
reflecting surfaces encountered, last coordinates and whether
or not the photon was wavelength shifted. The program uses
initial definition statements to specify the optical properties
of all materials and surface finishes used in the simulation.
Components are then built out of these materials and surface
finishes. The optical behaviour of each surface is chosen by
selecting one of a set of predefined surface finishes. Surfaces
in optical contact are taking into account Snell’s law

sin(θi)
sin(θt)

=
n2

n1

and the optical properties of the various surfaces such as the
index of refraction and the reflection coefficient.

In this work, a CsI(Tl) continuous crystal, 4 mm thick
and of 25 mm radius was initially simulated, together with
a 3 mm of pyrex glass placed before the detective surface and
representing the entrance window of the Position Sensitive
Photomultiplier Tube (Fig. 2a).

Homogeneous  CrystalHomogeneous  Crystal Pixelated  CrystalPixelated  Crystal

(a)(a) (b)(b)

Fig. 2. Optical simulation of continuous and pixelated scintillator prototypes
with the program DETECT 2000. (a) Geometry of the simulated homogeneous
crystal with the entrance window of the photomultiplier and the produced
photon distribution along the x-axis. (b) Part of a pixelated scintillator crystal
(3x3 pixels) and the x-axis projection of the detected photons. The spread of
the light in the homogeneous crystal is clearly shown.

The optical photons were generated isotropically by a point
source located on the crystal axis at a small distance from the
PSPMT entrance window [7]. A typical x-position distribution
of the collected light is shown in Fig. 2a, where the narrow
Gaussian curve may be thought as the curve that represents
the photons that have not been reflected and the wide one,
constituted of a constant part (plateau) and two Gaussian
edges, represents the reflected photons.

Secondly, a pixelated CsI(Tl) crystal as the one shown
in Fig. 2b was simulated, where the width of the squared
pixels was 1 mm and the epoxy placed between them was
0.1 mm thick. The optical photons were generated inside the
central pixel from a membrane like source with the transverse
dimensions fitting the ones of the pixel. Again, a typical x-
position distribution of the collected light is given in Fig. 2b; in
contrast with the previous case, most of the generated photons
are guided through the reflective sides of the scintillator pixel
forming a narrow Gaussian shape on the detective surface.

Simulations of both continuous and pixelated crystals, show
the dependence of the optical photon distribution on the
Depth of Interaction, the pixel width and the photon source
dimensions (Fig. 3). These results can be summarized as
follows:

• In the case of homogeneous scintillation crystals, the
width of the detected photon distribution (narrow Gauss
curve) shows an increasing trend with the Depth of
Interaction (DOI), the last measured from the detective

4737



Depth of Interaction (mm)Depth of Interaction (mm) Depth of Interaction (mm)Depth of Interaction (mm) Depth of Interaction (mm)Depth of Interaction (mm)

D
et

ec
te

d 
Li

gh
t W

id
th

 (m
m

)
D

et
ec

te
d 

Li
gh

t W
id

th
 (m

m
)

D
et

ec
te

d 
Li

gh
t W

id
th

 (m
m

)
D

et
ec

te
d 

Li
gh

t W
id

th
 (m

m
)

D
et

ec
te

d 
Li

gh
t W

id
th

 (m
m

)
D

et
ec

te
d 

Li
gh

t W
id

th
 (m

m
)

Pixelated Crystal Pixelated Crystal

(a)(a) (b)(b) (c)(c)

Fig. 3. Simulation results: (a) The dependence of the width of the light distribution on the Depth of Interaction for homogenous crystals. (b) The same for
pixelated crystals and for various pixel sizes. (c) As previously, but for two different source dimensions.

surface of the photomultiplier. For a given value, which
is mainly correlated with the radius of the cylindrically
shaped crystal, a saturated behaviour is detected.

• In the pixelated crystals, the active size of each pixel
determines asymptotically the width of the detected light
on the photomultiplier surface. For small aspect ratio
values (DOI relative to the pixel size), i.e. for γ-ray
absorption near the detective surface, the distribution
becomes large, due to escaped reflections off the pixel
edges.

• The photon source dimension (generation volume) in the
case of pixelated crystals does not show any influence on
the measured light distribution, insofar the aspect ratio is
kept at large values (> 1).

III. MODELING THE ELECTRON CLOUD

A. The Formalism

Taking into account the results of the simulation presented
in the previous section, the light distribution on the detective
surface of the photomultiplier entrance follows a functional
approach of two canonical superimposed components. It is
therefore legitimate to model the light density on the detective
plane (x, y) with a 2-dimensional function G(Px, Py, x, y)
(Fig. 4, left) resulting from two Gaussian curves of different
intensity and width:

G(Px, Py, x, y) = G1(Px, Py, x, y) + G2(Px, Py, x, y)

with

G1(Px, Py, x, y) = A1 exp
[
− (x − Px)2 + (y − Py)2

2σ2
1

]

G2(Px, Py, x, y) = A2 exp
[
− (x − Px)2 + (y − Py)2

2σ2
2

]

The parameters (A1, σ1, A2, σ2) are characteristics of the
light pulse produced by the scintillator in use and they must
remain constant for every detected γ-ray independently of
the falling position (Px, Py) on the detector. In order to

calculate the charge accumulated by the multi-anode wires,
assuming a constant photo-electron conversion and a constant
amplification k inside the photomultiplier tube, the electron
cloud has to be integrated according to the relations:

Qxi = k

∫ y2

y1

G(Px, Py, xi, y)dy (x − direction)

Qyi = k

∫ x2

x1

G(Px, Py, x, yi)dx (y − direction)

Determining experimentally the charge distribution allows
the direct measurement of the intensity and width for the
incident optical photons and consequently the verification
of this assumption. From the charge collected by the indi-
vidual wires (Qx1, Qx2, ..., QxN ) and (Qy1, Qy2, ..., QyN )
and by inverting the previous relations the parameter set
(A1, σ1, A2, σ2) can be experimentally defined.

An application example [7] of the introduced model is
shown in the right part of Fig. 4. Comparison with experi-

A1 =540(50)
A2 = 45(5)

1 = 0.62(5)
2 = 2.00(9)

Simulation Experimental Data

Fig. 4. Left: Optical photon distribution on the detective surface according
to the introduced model and the resulting accumulated charge along the
projection axis. Right: Model description of measured charges for any incident
position on the detector surface by fitting once the free parameters of the
model. Shown is a central and a non-central measured event; both are
described with the same set of parameters.
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mental results fixes the free parameter set for central position
events located at (Px=4.5 , Py = 4.5). Keeping this parameter
set unchanged the charge distribution can be adequately repro-
duced for any other incident position as shown for example
in the lower diagram for the case (Px=6.0 , Py = 4.5). This
methodology incorporates of course the DOI problem of the
crystal as discussed in the introduction. In order to study
the validity of the introduced formalism by eliminating any
influence of DOI uncertainties a control procedure as described
in the next section has been performed.

B. Experimental Control

The validation of the introduced formalism has been
checked with an experimental setup, where control light pulses
are produced by a green LED. A grid with equidistant holes is
used in front of the PSPMT to guide a small fiber glass carry-
ing the control light pulses as shown in Fig. 5. The advantage
of this method is two-fold: Firstly, the characteristics of the
light distribution are constant for all events and secondly, the
position of the guided light pulses is a-priori well known with
high accuracy.

aa bb cc dd ee

55

44

33

22

11

Fig. 5. Experimental control with light pulses: A grid with equidistant holes is
used in front of the PSPMT to guide control light pulses produced by a green
LED. The reconstructed 21 positions indicated by the columns {a,b,c,d,e}
and the rows {1,2,3,4,5} are shown in the right figure.

The grid comprises a total of 21 positions from a square
5× 5 matrix, placed 10 mm apart each other simply indicated
by the columns {a,b,c,d,e} and the rows {1,2,3,4,5}. Due
to the cylindrical shape of the photomultiplier window the
four edges (a1,a5,e1,e5) of the square matrix are not used. A
reconstructed planar image of the detected light pulses for all
valid grid positions is shown in the right part of Fig. 5.

Using the R2486 model of the HAMAMATSU PSPMT with
the 16X+16Y wired anode, where for simplicity reasons every
two wires are connected together, the Qxi and Qyi (i=1...8)
charge distribution have been measured for each of the grid
positions. Based on the introduced model and with an inverse
procedure, the light emission parameters (A1, σ1, A2, σ2) are
best estimated from all data points. With a fixed set of values
the charge distribution is calculated and directly compared
to the measured values. As shown in Fig. 6, a reasonable
agreement for the whole effective area of the Position Sensitive
Photomultiplier Tube and for both directions is achieved.

IV. POSITION RECONSTRUCTION ALGORITHM

To overcome the difficulties in the position reconstruction
discussed in the introduction, two different solution schemes
are proposed. According to the presented electron cloud
model, the fitted parameter set can be extended to include
additionally the center coordinates (Px, Py) of the optical
photon distribution. Thus, for each detected event consisting of
totally 16 measured values (8X+8Y charges), the six parameter
set (Px, Py, A1, σ1, A2, σ2) is easily fixed. Consequently the
(Px, Py) can be further used as the reconstructed position.
This scheme requires obviously the arithmetic inversion of the
presented formalism and consumes much of the computational
time; therefore only an offline algorithmic implementation is
possible. A much simpler scheme for reconstruction purposes
can be applied following the example of the charge distribution
shown in Fig. 1: A function formed by the overlap of two
Gaussian curves, similar to the previously introduced but one-
dimensional G(Px, Py, x, y) function, can define the center
(Px0, Py0) of the distribution and yields to more accurate
results than that of the traditional reconstruction algorithm
(Xpos, Ypos). The first, exact method is referred in the fol-
lowing as the Inverse Model Fit, while the second, simpler
one as the Gauss Fit.

A. Measured Light Distribution in Scintillation Crystals

Various inorganic homogeneous crystals CsI(Tl) and BGO,
as well as a CsI(Tl) pixelated one, have been irradiated with
γ-sources. Based on the previously described procedure the
generated light distribution inside the scintillators has been
investigated from the measured charge distribution on the
multi-wired PSPMT anode. One gauss distribution is sufficient
to describe the light in all homogeneous crystals; due to
the strong reflective effects the pixelated crystal demands the
full set of the two-gaussian distribution. The best fitted set
of the (A,σ) parameters is defined for each combination of
scintillator and the γ-source. As expected, there is a strong
correlation between the experimentally defined σ value of the
light distribution inside the scintillator and its thickness. A
typical result is shown in Fig. 7 for the measured set of
the homogeneous CsI(Tl) crystals and for three different γ-
radiation sources.

Light distribution parameters have been defined for both
sets of the CsI(Tl) {2mm-4mm-8mm-12mm-20mm} and the
BGO {2mm-3mm-5mm-8mm} homogeneous crystalls, as well
as for the CsI(Tl) 4mm pixelated one. The three γ-radiation
sources used in this experiment were 60Co, 137Cs and 99mTc.
For comparison, the parameter set for the pixelated CsI(Tl)
crystal and the 60Co-source is found A1/A2 = 8.0 ± 2.4,
σ1 = 0.59 ± 0.14 and σ2 = 2.7 ± 0.6.

B. Reconstruction Results with Homogeneous Crystals

In order to verify the new algorithms’ success, a number of
experiments were performed. Data were obtained from a small
field, high resolution γ-Camera system with a multi-wired
crossed anode using the R2486 (HAMAMATSU) PSPMT.
Fig. 8 presents a typical result of a raw planar image for three
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Fig. 6. Experimental control with light pulses: The charge distribution is measured for all the grid positions and with an inverse procedure based on the
introduced model the light emission parameters are best estimated. With a fixed set of the (A1, σ1, A2, σ2) values the charge distribution is calculated (red
lines) and directly compared to the measured values (blue points). A reasonable agreement for the whole effective area of the Position Sensitive Photomultiplier
Tube is achieved.

capillaries filled with 99mTc solution and placed parallel in
front of the lead collimator at distances d1 = 6.0 mm and
d2 = 7.2 mm to each other. In the depicted example the
2 mm CsI(Tl) homogeneous crystal is used.

This planar image is reconstructed in three different ways:
With the traditional (Anger), the 1-Gauss Fit and the here
introduced Inverse Model Fit reconstruction. This example
reveals the advantages of the new reconstruction algorithms.
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Fig. 7. Measured light distribution width (σ) in various CsI(Tl) homogeneous
crystals for three different γ-radiation sources. The unit in σ is defined in
wire-distance (6̃mm).

Charge Centre of GravityCharge Centre of Gravity 1 Gauss Fit1 Gauss Fit Inverse Model FitInverse Model Fit

<< xx> = 1.7(2) mm> = 1.7(2) mm

Phantom Geometry (3 capillaries)Phantom Geometry (3 capillaries)

6.0 mm6.0 mm 7.2 mm7.2 mm

Fig. 8. Raw planar images from three parallel capillaries filled with 99mTc
solution using the 2 mm homogenous CsI(Tl) crystal. The phantom geometry
is shown in bottom-left part of the picture. Three different algorithms are used
to reconstruct the image: The traditional (Anger) center of gravity algorithm,
the 1-Gauss Fit and the Inverse Model Fit introduced in this work. Only the
two last algorithms can resolve the capillaries.

In contrast to the traditional methodology only the new al-
gorithmic approach can resolve the capillaries. Based on the
phantom distances between the three capillaries a first estimate
for the spatial resolution along the x-direction gives the value
< σx >= 1.7± 0.2 mm. Similar results are also obtained and
for the y-direction.

V. CONCLUDING REMARKS

The study of the light distribution from a scintillation crystal
and its characterization indicates that it is strongly correlated
to both the Depth of Interaction (DOI) and the geometrical
properties of the system. The results of this study have shown
that the DOI affects the width of the distribution while the
crystal’s shape seems to affect both the shape and the width.
The experimentally collected charge, which depends on the
electrons’ cloud position, is the basis for a new position
reconstruction algorithm that results in a more accurate and
uniform spatial resolution. The new model applied in both
homogeneous and pixelated crystals, resulted in a uniform
spatial resolution overcoming the traditional charge center of
gravity algorithmic disadvantages.
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