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It has been showed that the time difference between the signal observed in two detectors for a
given positron annihilation depends on the depth of interaction (DOI) in case of long crystals, as the
ones used in Whole Body PET. The aim of this study is the development of a detector module where
the DOI information is extracted and used as a correction factor for the timing depth dependence,
improving the time resolution. The detector module is a matrix of 4×4 LYSO scintillator pixels,
each 3×3×20 mm 3 with the 4 sides unpolished. The crystal pixels are in one-to-one coupling with
the SiPM pixels and readout by PETsys TOFPET2 ASIC. With a DOI resolution of 6.523±0.135
mm FWHM the CTR was improved from 362 ps FWHM to 298 ps FWHM. By performing a top
irradiation the detector module performance was tested for real PET scanner conditions, where
the 176Lu decay intrinsic radiation was used for depth calibration. This method showed a DOI
resolution of 7.565±0.271 mm FWHM that resulted in a CTR improvement from 380 ps FWHM to
334 FWHM ps.

I. INTRODUCTION

Over the past years, Positron Emission Tomography
(PET) has revealed an enormous growth in clinical ap-
plications. Being a molecular imaging technique that
provides images of physiologic processes rapidly became
one of the most important resources in detecting, stag-
ing, restaging and monitoring therapeutic responses of a
large number of malignant diseases [1]. Although pho-
tomultiplier tubes (PMT) have been the most used de-
vices for decades, the progresses made over the years in
semi-conductors technologies came with alternatives as
the Avalanche Photodiodes (APDs) and more recently
the Silicon Photomultipliers (SiPMs). Characteristics as
high gain and fast response make the SiPM a great can-
didate for Time of Flight (TOF) applications [2, 3]. To-
day commercial, state of the art, full-body TOF-PET
scanners can reach time resolution (CTR) values around
500-600 ps FWHM and some research options improved
this value to around 200 ps which corresponds to spatial
resolution along the Line of Response (LOR) of 30 mm
[3–5]. With TOF-PET being a reality the research com-
munity started to focus in another source of information
to reduce the area around the lesion, γ-emission point,
resulting in higher imaging precision - the Depth of In-
teraction (DOI).
The DOI is more commonly associated with the parallax
errors, a geometry consequence that affects the PET spa-
tial resolution and derives from annihilations that occur
at off-center locations [6]. Although the parallax errors
due to the lack of DOI information are always present,
they have greater impact on small ring PET scanners
since also the LORs are smaller. In whole body PET
systems the most important parameter is the timing res-
olution and due to this the DOI information is used to im-
prove the scanners time performance. The γ-rays, emit-
ted particles that will reach the radiation detector, and
the scintillation photons that result from the scintillation
process after a γ-interaction, travel at different speeds in-

side the scintillator. Due to this, the time between the
entrance of the γ ray and the detection of a light photon
in the photodetector dependes on the depth of interac-
tion [7, 8]. This effect is enhanced by the use of long
crystals, a characteristic of whole body PET scanners.
The aim of this study is the development of a detector
module with TOF capabilities where the DOI informa-
tion is used for timing depth dependence correction.

II. MATERIALS AND METHODS

The detector module consists in a matrix of 4×4 LYSO
scintillator pixels, each 3×3×20mm3 and 4 sides unpol-
ished. The LYSO matrix is coupled to a 4×4 SiPM array
Hamamatsu S13361 with pixel dimensions that enable
the one-to-one coupling between the LYSO and SiPM
matrices pixels. The readout is performed by the PET-
sys TOFPET2 ASIC. From the readout system point of
view and due to the one-to-one coupling, each LYSO pixel
is identified by a channel number. For this reason during
this work the designation channel will be used to refer
to a particular LYSO pixel with the respective data col-
lected by the SiPM pixel that is directly coupled.
The detector module uses a single-ended readout system
and the DOI information is extracted by the combination
of the innovative method of light sharing associated with
the depolishing of the crystal long surfaces. The process
is described in Fig. 1.
The DOI tagging setup used to perform the side irra-
diation of the LYSO matrix is shown in Fig. 2 and an
illustration with the representation of the distances be-
tween the scintillators and the 22Na source is exhibit in
Fig. 3.

Scintillating photons are emitted isotropically which
means that some of them are emitted in the opposite di-
rection of the photodetector. To avoid the loss of this
massive amount of information, a reflector is placed at
the top of the matrix so that light photons that travel
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FIG. 1. Illustration of light sharing process.

in this direction can be redirected to the photodetector
side. Between the crystal matrix and the reflector, a glass
(light guide) with the same dimensions as the matrix is
placed. This glass allows the passage of light photons
from the crystal where the interaction occurred to neigh-
bor crystals. This technique add very useful information
from adjacent SiPM pixels by collecting light photons
that were produced in a different crystal than the one
to which it is directly coupled. This information from
neighbor crystals is fundamental for DOI extraction due
to the definition of the DOI variable R as:

R =
Emax∑

E
(1)

where Emax is the maximum energy deposited in the
SiPM and

∑
E is the sum of the energy collected in all

the SiPM pixels, both per γ interaction.
The impact of the surface finish is shown in Fig .1 by
the different angles after and before a light photon hit
the crystal wall. Microscopic irregularities due to the
walls depolishing show a variation of the normals along
the surface which result in a diffuse reflection. The light
propagation will be delayed in each collision with the
walls, resulting in an enhanced depth dependence.

The 511 keV photons emitted in opposite directions
by the 22Na source will be detected by the LYSO matrix
and the reference scintillator, from now referred as single
pixel, making an electronic collimation setup to scan the
matrix along the depth. The single pixel has the same
characteristics as the LYSO matrix and is glued to a pixel
of an identical SiPM. The distance between the source
and the single pixel (33 cm) and between the source and
the matrix (4 cm), together with the pixel width (3 mm)
and the diameter of the radioactive compound encap-
sulated in the source (1 mm), result in a beam spot of
≈ 1,5 mm diameter that allow us to irradiate different
depths without the need of external collimation. The
matrix scanning will be performed by the irradiation of
six points along the vertical direction equally spaced by 3
mm, starting closer to the glass (top) in direction of the
SiPM (bottom). Each irradiation point corresponds to a
different depth. The DOI tagging setup includes a pair
of axes which allow the automatic matrix scanning and
the exact point of irradiation defintion. An illustration

FIG. 2. DOI tagging setup with zoom in the regions of in-
terest: single pixel (left) and 22Na source + LYSO matrix
(right).

FIG. 3. Ilustration of DOI tagging setup.

of the group of coordinates for the xOz motion is shown
in Fig. 4.

FIG. 4. Illustration of the coordinates defined for the matrix
scanning. Step2 definition aims to obtain six different depths
with a 3 mm shift between each. Step1 definition was based
on the LYSO matrix pitch (3.2 mm).

To test the detector module performance in real PET
scanner conditions, an irradiation from the top was per-
formed. Both scintillators and photodetectors remained
the same only in a different configuration. The setup
that allowed us to simulate the real conditions is showed
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in Fig 5.

FIG. 5. Setup to simulate real PET scanner irradiation con-
ditions.

The whole setup is placed in a light tight box where
temperature is kept constant at 18◦C by a cooling system.

III. RESULTS

The detector module development started with the
performance study of two matrices with different depol-
ishing: one matrix with 4 sides unpolished and another
with 2 sides unpolished. During this study the detec-
tor module was readout by TOFPET1 ASIC, the read-
out system available at the moment. Is known that the
depolishing of the long surfaces enhances the depth de-
pendence but at the sime time degrades the CTR, with
matrices with all sides polished showing the best time
resolution. The study of the two matrices allowed us to
conclude about the best option for the detector module
after a balance between CTR and DOI information is
made.
The matrix with 4 sides unpolished showed a DOI reso-
lution of 7.315±0.229 mm FWHM and a CTR improve-
ment from 382.4 ps FWHM to 318 ps FWHM, while the
matrix with 2 sides unpolished showed a DOI resolution
of 11.97±0.83 mm FWHM and the CTR was improved
from 322.1 ps FWHM to 289.2 ps ps FWHM. As expected
the matrix with only 2 sides unpolished showed a better
time resolution when compared with the matrix with 4
sides unpolished. However, in a matrix with crystals 20
mm long, a DOI resolution of ≈ 12 mm is not acceptable
for depth information extraction. Due to that this ma-
trix was not considered for further analysis and the study
proceeded only with the matrix with 4 sides unpolished.
With the launch of TOFPET2 ASIC the detector module
transited to this new readout system with first reports [9]
showing better time performance and energy resolution
when compared with the latest ASIC version. Both im-
provements were in the best interest of this work. A full
description of the PETsys TOFPET2 ASIC can be found
in [10].

A. DOI tagging setup

1. Coincidence Time Resolution

For each pair of coincidence events that contributes
to the photopeak of both scintillators, which already de-
mands for an energy selection, is calculated the difference
between the time of arrival at each photodetector. The
time difference ∆t is defined by (t1-t2) where t1 is the
time of arrival to the SiPM coupled to the LYSO matrix
and t2 to the SiPM glued to the single pixel. From this
is obtained a ∆t distribution per channel and per depth
as shown in Fig. 6.

hE1_928 005

Entries  7658

Mean    124.5

RMS     35.14

 / ndf 2χ  195.9 / 46

Constant  3.9±   173 

Mean      0.1± 148.8 

Sigma     0.052± 3.384 

Charge [a.u.] (LYSO matrix)
0 20 40 60 80 100 120 140 160 180 200

N
o.

 o
f e

nt
rie

s

0

20

40

60

80

100

120

140

160

180

200
hE1_928 005

Entries  7658

Mean    124.5

RMS     35.14

 / ndf 2χ  195.9 / 46

Constant  3.9±   173 

Mean      0.1± 148.8 

Sigma     0.052± 3.384 

Energy 928   5

hDelta_928 005

Entries  758

Mean  09− 1.743e

RMS   10− 1.238e

 / ndf 2χ  18.23 / 14

Constant  5.9± 125.1 

Mean     12− 4.490e±09 − 1.744e

Sigma    12− 3.785e±10 − 1.141e

Base      0.613± 1.349 

time difference [s]
5− 4− 3− 2− 1− 0 1 2 3 4 5

9−10×

N
o.

 o
f e

nt
rie

s

0

20

40

60

80

100

120

140

hDelta_928 005

Entries  758

Mean  09− 1.743e

RMS   10− 1.238e

 / ndf 2χ  18.23 / 14

Constant  5.9± 125.1 

Mean     12− 4.490e±09 − 1.744e

Sigma    12− 3.785e±10 − 1.141e

Base      0.613± 1.349 

hDelta 928   5

hE2_928 005

Entries  7658

Mean    133.4

RMS     33.11

 / ndf 2χ  148.1 / 48

Constant  3.9± 149.7 

Mean      0.1± 160.8 

Sigma     0.058± 3.141 

Charge [a.u.] (Single Pixel)
0 20 40 60 80 100 120 140 160 180 200

N
o.

 o
f e

nt
rie

s

0

20

40

60

80

100

120

140

160

180

hE2_928 005

Entries  7658

Mean    133.4

RMS     33.11

 / ndf 2χ  148.1 / 48

Constant  3.9± 149.7 

Mean      0.1± 160.8 

Sigma     0.058± 3.141 

Energy 928   5

FIG. 6. Example extracted from channel 928 and depth 5
(≈ 18 mm). Charge [a.u.] plots with photopeak selection in
each scintillator spectrum. ∆t distribution with Gaussian fit
in the center.

Since the distance between the source and the sin-
gle pixel is fixed, the arrival time of events collected in
the SiPM pixel glued to this scintillator will not change.
However, the matrix scanning is performed by starting
at the top with each next depth being closer to the SiPM
than the previous one. With the distance between the
irradiation point and the SiPM becoming smaller, the
arrival time of events in this SiPM will also be chang-
ing in a consistent way. This effect results in a shift
of the ∆t distribution mean value, µ, along the depth.
This shift reflects the timing depth dependence. To ob-
tain a ∆t distribution per channel that accounts with the
distributions from each depth and, at the same time, re-
flects only the dispersion from each depth distribution,
the shift needs to be corrected. By extracting the func-
tion that describes the relation between ∆t mean value
and depth is possible to shift back each distribution in a
way that the µ from each depth distribution is now coin-
cident around 0. The correction function for the timing
depth dependence is shown in Fig. 7. An example for
the ∆t distribution per channel, with and without depth
correction, is shown in Fig. 8.

As one can see by comparing both Fig. 8 (a) and (b)
the correction for the timing depth dependence results in
a ∆t distribution per channel with a lower σ which rep-
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FIG. 7. ∆t mean value along the depth with linear fitting
function (y = [a0]x + [a1] with y being the µ from each dis-
tribution, x the depth of irradiation and [a0] and [a1] free
parameters).
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FIG. 8. ∆t distribution per channel - (a) without depth de-
pendence correction; (b) with depth dependence correction.

resents an improvement in the CTR due to the relation:

FWHM = 2.35× σ (2)

By plotting the CTR from the 16 channels, with and
without correction, are obtained the distributions shown
in Fig. 9 where the mean value represents the CTR dis-
tribution of the full matrix.

With the correction for the timing depth dependence
we were able to improve the CTR from 362.4 ps FWHM
to 298.4 ps FWHM. This means that if the depth of in-
teraction can be extracted with good resolution, the 64
ps improvement due to the depth correction factor can
be achieved.

2. Depth of Interaction

The first step before start with the data treatment for
the depth extraction is to perform an energy calibration.
To convert the ADC counts (or arbitrary units [a.u.] of
charge), output of the charge integrator after ADC con-
version, small acquisitions with the sources 137Cs, 133Ba
and 22Na were performed with each source placed at the
top of the LYSO matrix to have an homogeneous irradia-
tion of the 16 channels. The use of these sources is due to
the previous knowledge of the energy of each photopeak.
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FIG. 9. CTR distributions for the 16 pixels of a matrix with
4 sides unpolished with TOFPET2 ASIC - (a) without depth
dependence correction; (b) with depth dependence correction.

From each channel spectrum is extracted the position of 5
peaks: 31 keV, 81 keV and 356 keV from 133Ba, 511 keV
from 22Na and 662 keV from 137Cs. With the position
of each photopeak assigned to the respective energy was
obtained the relation between charge a.u. and energy for
the full spectrum, as shown in Fig. 10.
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FIG. 10. Calibration function that correlates Charge [a.u.]
and Energy [keV]. The fitting function corresponds to the

function that describes the SiPM: y = − [p2] ln
[
1 − x−[p0]

[p1]

]
,

with [p1]=ADC×Ncells
Nfired

and [p2]=Ncells
PDE

× keV
Nγ

. The parameter

[p0] is an offset parameter assigned with 0 as initial value.
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After several attempts, the SiPM saturation function
resulted in the best approximation for the correlation be-
tween charge a.u and energy. However the χ2/ndf implies
the low fit quality which means that the energy informa-
tion given by this calibration function can be shifted from
the reality for some charge a.u. values. This will have an
impact in the DOI resolution due to its dependence on
the energy information from the whole spectrum.
One obtains for each channel the energy spectra of the
six depths after converting the data with the energy cali-
bration function. An example from channel 928 is shown
in Fig. 11.
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FIG. 11. Energy spectra obtained for the six different depths
of channel 928. Highlighted with red is the Gaussian fit to
the photopeak.

From the spectra represented in Fig. 11 one can see
a shift of the photopeak along the depth. This shift is
due to the proximity of the interactions to the SiPM as
the depth increases, which results in more light collected
by the SiPM pixel coupled to the matrix pixel where this
interaction occurs. The shift of the photopeak is a factor
with a major impact in the selection of photopeak events
by an energy window. As one can see if the energy selec-
tion is applied per channel with a range that covers the
photopeak position in all the depths, the energy window
needed will include Compton events specially from inter-
actions that occurred closer to the SiPM. This Comp-
ton events, due to their additional arrival time, will con-
tribute to the CTR degradation. To avoid this effect
the energy selection should be made per channel and per
depth.
With the calibration performed is possible to follow with
the DOI data treatment that starts with the DOI variable
R calculation. To extract the quantities presented in Eq.
1, for each γ interaction we run through all the channels
and search for the maximum energy that was deposited.
The maximum energy is defined as Emax and the channel
where it was deposited is defined as chmax. For the same
γ interaction, if Emax is within the energy window that
defines the photopeak position for the chmax in the re-
spective depth of irradiation, the energies collected in all
the channels are summed. With the Emax and the

∑
E

is calculated the DOI variable per γ interaction. This re-
sults in a DOI variable distribution per channel and per
depth as shown in Fig. 12.
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FIG. 12. DOI variable distributions of the six consecutive
depths highlighted in different colors (channel 928).

By extracting the value of the DOI variable in each
depth, which means the extraction of the mean value
from each distribution represented in Fig. 12, is possible
to obtain a function that correlate both quantities and
is able to assign a depth of interaction to each R value
in a continuous range. The function that describes the
relation between the variable R and the depth is shown
in Fig. 13.
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FIG. 13. DOI variable mean value along the depth and respec-
tive linear calibration function (DOI calibration function):
y = [a0]x + [a1] where y is the depth, x is the DOI variable
mean value and [a0] and [a1] are free parameters.

As expected the relation between the DOI variable and
the depth is linear with R increasing with the depth.
As the depth of interaction becomes closer to the SiPM,
the light collected by the respective SiPM pixel increases
(higher Emax) and due to the long path that the light
photons need to travel until reach the glass plate, less
light is shared with the neighbors (lower

∑
E). On the

other hand, if the depth of interaction is closer to the
glass plate, due to long path that the light photons need
to travel until reach the photodetector, less light is col-
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lected by the SiPM (lower Emax) but due to the prox-
imity with the light guide much is shared with neighbor
crystals (higher

∑
E). This justifies the behaviour of the

DOI variable along the depth and confirms R as reliable
indicator of the depth of interaction. The depth assigned
by the DOI calibration based on each R value is defined
as DOIcalculated. Since we have the real depth of irradia-
tion from the matrix scanning, the step2 value defined in
the acquisition script, we can verify if the assigned depth
is close to the real depth by:

∆DOI = DOIcalculated − step2 (3)

The DOIcalculated should be as close as possible to step2
and due to that ∆DOI should result in a distribution
centered around 0 with a σ value that represents the DOI
resolution of each channel. An example is shown in Fig.
14.
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FIG. 14. Example of a ∆DOI distribution with the σ value
accounting for the dispersion of DOIcalculated for interactions
in channel 928.

By plotting the 16 FWHM values from the 16 ∆DOI
distributions, a distribution of the DOI resolutions as
shown in Fig. 15 is obtained, with the mean value rep-
resenting the DOI resolution for the matrix with 4 sides
unpolished.

Due to the unexpected result of 7.651±0.538 mm
FWHM for the DOI resolution shown in Fig. 15(a), as an
attempt to improve this result the DOI variable R was
calculated considering only the chmax direct neighbors
for the sum of the energies,

∑
E. The direct neighbors

selection is shown in Fig. 16.
The improvement of ≈ 1 mm after direct neighbors

selection supports the low quality of the energy calibra-
tion function, specially for low energy events. Many ef-
forts related not only with the energy calibration but
also with the DOI data treatment were made to achieve
an improvement of the DOI resolution, however none of
them was successful. Due to this, for this study the re-
sult of 6.523±0.135 mm FWHM shown in Fig. 16(b) is
presented as the final one for the DOI resolution of the
detector module with a LYSO matrix with 4 sides unpol-
ished using the TOFPET2 ASIC.
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FIG. 15. Distribution of DOI resolutions for the 16 pixels in
a matrix with 4 sides unpolished with TOFPET2 ASIC - (a)
distribution considering all the channels for

∑
E calculation;

(b) distribution considering only the chmax direct neighbors
when calculating

∑
E.

(a) (b)

FIG. 16. Representation of the direct neighbors selection
(grey). The pixel with the star is the channel with maximum
deposited energy, chmax.

The direct neighbors selection was applied in all the fu-
ture data treatment that uses the DOI variable ratio R.

B. Real PET scanner conditions

The CTR improvement of 64 ps result from a side ir-
radiation of the LYSO matrix in the DOI tagging setup,
in what can be considered as ideal conditions. With
this side irradiation fundamental informations like the
exact depth of irradiation, simulating the depth of in-
teraction, were known a priori leading to a precise DOI
calibration function and correction for timing depth de-
pendence. In addition all the depths are irradiated in the
same conditions which result in the same probability of
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interaction for each depth. The previous depth informa-
tion also allows an energy selection per channel and per
depth excluding Compton events that otherwise would
be included due to the shift of the photopeak along the
depth as shown in Fig. 11.
In a real PET scanner ring the radiation detectors are
placed next to each other with the scintillator matrices
top surfaces pointing to the center. This means that the
γ will reach the scintillators through the top surface and
travel into the photodetector direction until the interac-
tion occurs. In this conditions any previous knowledge
of depth is nonexistent and also the γ attenuation along
the crystal becomes evident, a condition that did not take
place in the side irradiation.
To simulate the top irradiation, characteristic of real
PET scanner, the experimental measurements were per-
formed by placing both scintillators with the front surface
pointing to each other as shown in Fig. 5.
With the side irradiation we were able to identify and dis-
tinguish the DOI variable distributions from each depth,
resulting in the DOI calibration function that assigned
a depth value to each R value. With the top irradia-
tion, since the data extracted accounts for all the possi-
ble depths of interaction and also for the γ attenuation
along the crystal, the R plots for each channel are rep-
resented by a distribution where is not possible to make
this distinction. An example is shown in Fig. 17.
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FIG. 17. Distribution of DOI variable for coincidence events
between both scintillators from top irradiation.

To overcome this difficulty imposed by the irradiation
conditions, the depth identification was performed using
the intrinsic radiation from the 176Lu decay present in
the LYSO matrix.

1. Depth identification using 176Lu decay

The 176Lu is a radioactive element with a half-life ≈
3.6×1010 years. The main decay process is 176Lu→176Hf
producing a β-particle emission with a maximum energy
of 596 keV and three simultaneous γ-emissions of 88, 202
and 307 keV [11].

The use of the 176Lu decay is motivated by assuming
that since the decay will occur in an isotropic way in the

FIG. 18. 176Lu decay scheme [11].

LYSO matrix, the ratio Emax/
∑

E plots will result in
a distribution where its start and end points will corre-
spond to the limits of the scintillator. To extract the data
relative to the decay an acquisition with only the LYSO
matrix (single events) was performed. Due to the similar
patterns presented by the distributions from crystals in
similar positions in the LYSO matrix, and more impor-
tant with the same number of direct neighbors, the plots
will be divided in three different groups acoording to the
position of the respective crystal in the matrix: corner,
side and middle.

FIG. 19. Definition of the three different regions of the LYSO
matrix according to ach crystal number of direct neighbors.
Yellow (corner) - crystals with 3 direct neighbors; Orange
(side) - crystals with five direct neighbors; Red (middle) -
crystals with 8 direct neighbors.

In the 176Lu decay either the three emitted γ are ab-
sorbed in the crystal volume or some can escape. The
small dimensions of the LYSO pixels size (3×3 mm) re-
sult in a high escape probability for the 202 keV and 307
keV γ which is related with the patterns exihibit in the
ratio plots in Fig. 20.
Due to their energies, the escape probability of the 307
keV γ is higher than the probability of the 202 keV γ to
escape, this last probability being higher than no γ es-
cape from these small crystal pixels. Previous experimen-
tal measurements showed that, due to their low energy
range, when a γ escapes from the crystal where the de-
cay occurred it can’t travel more than one crystal, which
means that it will contribute to the ratio by interacting
in an adjacent neighbor crystal.
Considering the ratio plot from the middle crystals (Fig.
20 (a)) we notice that the peaks height reflects the prob-
ability of each of the three cases. The first peak on the
left with higher amplitude corresponds to the case where
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(a)

(b) (c)

FIG. 20. Distribution of the DOI variable from 176Lu decay.
(a) middle crystal (red region in Fig. 19); (b) side crystal
(orange region in Fig. 19); (c) corner crystal (yellow region
in Fig. 19).

the 307 keV γ escapes from the crystal. In this case
the Emax is smaller and the

∑
E is higher, resulting in

a lower ratio value. The second peak corresponds to the
case where the 202 keV γ escapes and the third peak to
the case where no γ escapes. In this last case the Emax is
higher and the

∑
E is lower, which is the opposite situa-

tion of the first peak, leading to the highest ratio value.
Considering the side and corner crystals (Fig. 20 (b) and
(c)), we have the contribution of another condition: due
to the shared walls with the outside, the escaped γ can
go to an adjacent neighbor or to outside the matrix. Due
to this, the probability of the two first peaks for both
crystals decreases. The difference between the first two
peaks is related with the number of sides shared with
the outside. Side crystals share three sides with direct
neighbors and only one side with the outside, while crys-
tals in the corner share two sides with the outside and
another two with direct neighbors. This decreases even
more the probability of a 307 keV escaped γ to be de-
tected in an adjacent neighbor and the difference between
the two first peaks increases for corner crystals. One last
aspect, present in the side and corner plots, which is the
increased amplitude of the last peak when compared with
the plots from middle crystals. When the 202 or the 307
keV γ escape to outside of the matrix and so don’t con-
tribute neither to Emax nor to

∑
E, the ratio R in each of

these situations is closer to the ratio from the situation
where none of the γ escapes. This means that events that
result from the escape of one of these two γ, that could
contribute to the first or the second peaks, when the γ
escapes to the outside, will contribute to the last peak.
These three peaks are more separated when the events
with highest Emax (88+202+307 keV) result from de-

cays closer to the SiPM, which gives higher ratio, and
the events with lower Emax (88 + 202 keV) are coming
from decays closer to the top of the matrix, which gives
lower ratio. For other depths of interaction, which in
this case coincide with depths of decay, these three cases
overlap. Due to this, the first peak will be considered as
the ratio that corresponds to a decay that occurred in a
depth closer to the top of the crystal and the third peak
closer to the SiPM. The position of the first peak will
be assigned to the first depth while the last peak will be
assigned to the last. To obtain the remaining ratio values
for the intermediate depths, the range between the first
and the last was divided in equally spaced bins. This
method is supported by the linear relation between ratio
and depth shown from the previous setup results. The
DOI calibration function using the DOI variable from
176Lu ratio plots is shown in Fig. 21.
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FIG. 21. 176Lu calibration function that correlates ratio R
and depth.

To confirm the validity of this values, the DOI resolu-
tion with the 176Lu calibration function for depth assign-
ment was calculated. For this the side irradiation data
is used since it’s the only data where each event has the
real depth interaction in its information - step2. Again
we obtain de ∆DOI distribution for each channel and by
plotting the 16 FWHM values extracted is obtained the
distribution of the DOI resolutions shown in Fig. 22.

The DOI resolution of 7.565±0.271 mm FWHM using
the 176Lu calibration function for depth assignment is
a good result when compared with the 6.523±0.135 mm
FWHM from the DOI tagging setup data. A degradation
from this depth extraction method was already expected
but the small difference of ≈ 1 mm allows us to validate
it as a feasible method for depth assignment in a top
irradiation.

2. Coincidence Time Resolution

With the depth assignment based on the ratio R value
provided by the 176Lu calibration function is possible to
extract the CTR for a irradiation from the top of the crys-
tal like in real PET scanner conditions. As referred be-
fore, due to the photopeak shift along the depth showed



9

DOIres
Entries  16
Mean    7.442
RMS    0.7757

 / ndf 2χ  0.435 / 1
Constant  2.906± 7.188 
Mean      0.271± 7.565 
Sigma     0.3688± 0.9088 

DOI resolution (FWHM) [mm]
0 2 4 6 8 10 12 140

1

2

3

4

5

6

7

8

DOIres
Entries  16
Mean    7.442
RMS    0.7757

 / ndf 2χ  0.435 / 1
Constant  2.906± 7.188 
Mean      0.271± 7.565 
Sigma     0.3688± 0.9088 

Av. DOI resolution

N
o.

 o
f e

nt
rie

s

FIG. 22. Distribution of DOI resolutions for the 16 pixels in
a matrix with 4 sides unpolished using the 176Lu calibration
function for depth of interaction assignment.

in Fig. 11, is important to perform an energy selection
not only for each channel but also for each depth, other-
wise Compton events will be included for the time differ-
ence calculation degrading the CTR due to their delayed
arrival time. With a top irradiation the previous knowl-
edge of the photopeak position in each depth, as in side
irradiation, is nonexistent. To overcome this situation
the energy selection was applied in two stages: a first
global energy selection to calculate the DOI variable R
and after depth information extraction a new window
more restric to the select the events that will be con-
sidered to calculate the time difference ∆t. The global
energy window results from a comparison between the
photopeak position per channel, from the top irradiation,
and the photopeak position in each depth from the side
irradiation data. The range is defined in a way that all
the depths are covered resulting in an asymmetric one:

µ− 5σ < Emax < µ+ 8σ (4)

The DOI variable R is calculated in the same way as
explained before, where for each γ interation is extracted
the maximum energy deposited, Emax, as well as the re-
spective channel that collected it, chmax. If the Emax is
within the photopeak of the chmax, in this case defined by
asymmetric energy range in 4, the energy collected in the
direct neighbors is summed,

∑
E. With the Emax and the∑

E is calculated the DOI variable R that by the 176Lu
calibration function is assigned to a depth of interaction.
With the informations of energy, channel and depth is
possible to obtain an energy spectrum per channel and
per depth as shown in Fig. 23.

From the spectra in Fig. 23 one can confirm that the
global energy selection still includes a part of the Comp-
ton plateau, especially for the distributions from depths
closer to the SiPM. This highlights the importance of an
energy selection not only per channel but also per depth.
By fitting each distribution is extracted the mean value
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FIG. 23. Energy spectra of a six different depths from a
particular channel (channel 932). Each depth distribution
is highlighted with a different color.

and sigma of each depth photopeak. With these informa-
tions is possible to apply a second energy window more
restrict to select the coincidence events that will be con-
sidered for the time difference calculation.
As before from the ∆t distribution per channel and per
depth was extracted the function that corrects for the
timing depth dependence and a ∆t distribution only per
channel with and without correction was obtained. By
plotting the 16 FWHM values one obtains the CTR dis-
tributions, with and without correction for timing de-
pendence, in the case of a top irradiation with an energy
selection with depth information from the 176Lu calibra-
tion function. Both distributions are shown in Fig. 24.

The detector module using a matrix with 4 sides un-
polished when submitted to real PET scanner conditions
showed a CTR improvement from 380.7 ps FWHM to
334 ps FWHM.

IV. FINAL REMARKS

In this work was developed a detector module for PET
applications with DOI information for CTR improve-
ment. With the information provided by the method of
light sharing was possible to develop a detector module
with a single-ended readout system that still allowed the
extraction of a correction factor for the timing depth de-
pendence, f(DOI). The single-ended readout is an added
value of this detector module due to the reduced full cost
of a PET scanner adopting this modality. Due to the
observed shift of the photopeak along the depth, the en-
ergy window for photopeak events selection turned out
as a major factor in this process of CTR improvement.
The direct contribution of Compton events for the CTR
degradation makes the energy selection with depth in-
formation a crucial factor regarding the improvement of
the overall time performance in PET scanners using long
crystals, as the case of whole body PET scanners. In a
top irradiation the definition of an energy window per
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FIG. 24. CTR distributions for top irradiation with an energy
selection with depth information from the 176Lu calibration
function - (a) without correction for timing depth dependence;
(b) - with correction for timing depth dependence.

depth is a difficult task to realize however the method
described in this work with two energy ranges resulted in
the best approximation to the result obtained from the
DOI tagging setup. The detector module developed in
this work show, from the DOI tagging setup results, that
is possible to improve the CTR to under 300 ps FWHM
with a DOI resolution of 6.544±0.526 mm FWHM. The
depth assignment using the 176Lu calibration function re-
sulted in 1 mm degradation showing a DOI resolution of
7.565±0.271 mm FWHM. The improvement of this result
will allow us to approximate the 334 ps FWHM obtained
for the real PET scanner conditions to the 298 ps FWHM
from the ideal conditions in the side irradiation.
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