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el Single-Photon Emission Computed Tomography (SPECT)
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* Nuclear imaging technique that allows

to investigate the patient’s physiological Radiopharmaceutical
| orocesses. production
UL LU > Useful tool for cancer detection, cardiac Admin t®t' £ th
and neurological diagnoses. ministration ot the
e radiopharmaceutical
mitted
Gamma rays *¥ Conventionally, the detection of the @

gamma rays Is carried out by a device

called Anger Camera. Data acquisition

(gamma rays detection)

Photomultiplier tubes @
% Tomographic image
reconstruction

I - collimator @

In Italy, SPECT scans are more widespread than PET scans! ; , Image anal_y3|s
https://www.dati.salute.gov.it/dati/dettaglioDataset.jsp?menu=dati&idPag=80] = (dlangOSIS)
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Scintillators for imaging

The most used radionuclide for SPECT exams is Technetium-99 metastable, that emits 140 keV y-rays (7, ~ 6 h).
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In order to reduce the discharge of “good”
events, the probability of photoelectric
absorption inside the scintillator must
be maximized.
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= Tc-99m photopeak: these events carry the correct
information about the radiopharmaceutical position.

m= Scattered photons: these events must be discharged to
exclude the photons that changed direction inside the patient.

For 140 keV
gamma rays,
photoelectric

absorption

becomes
dominant

starting from
Z~30

Atomic number Z

of the absorber

100 — 140 keV (photons emitted by Tc-99m)
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Pair production
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The reSPECT project: plastic scintillators
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Use plastic _scintillators since they are extremely fast, light, inexpensive and easy to
shape. But the low atomic number of their constituents strongly affects the photoelectric

absorption probability: to increase it, the samples of plastic scintillator must be enriched
with high-Z impurities. -

The Laboratory of Electrochemistry and Organic
Synthesis (LEOS) have synthesized several organic
scintillating molecules with promising performances in
terms of light output and timing properties [1]. The 2N has
been selected to produce Bismuth-enriched samples.

On; : 7 PVT matrix
@ 2N scintillating molecule

w : 7 Bismuth impurities (Zg; = 83) 8 ; L . LEOS%MS

Laborato y of EI t h mistr y
rganic Synthesis & Mass Spectrometi

[1] Mattiello L;, Patera V.; Belardini A.; Rocco D.; Marafini M.; Organic Scintillator.
Patent WO2023156957A1, 2023.
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5.. The reSPECT project: geometry and readout system

on Advances in Particle Physics and Medicine

Collegium Novodvo m, Krakéw, June 29 - July 7 2024

Each module will consist of a 3D-
printed tungsten frame that
serves both as a collimator and
as a container of the scintillator

segments, polymerized directly
Inside the holes. Module

S em

N

Modular structure that will be
able to revolve around the

Scintillator Side View

35 em

35em

-

2 -4 mm active pixel

Readout: Silicon-based
photodetectors arranged in
small-size pixels, individually
coupled to the scintillator
segments.

FPGA matrices will be placed
on the back of each module to

pre-process the acquired data.

FPGA system

SPAD board

Collimator with
scintillator segments

.
. ¢ <
r
o)
-
RS 7y ‘ -
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patient, enabling multi-angle | The granularity of the active material is crucial in order to keep a good space

data acquisition.
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resolution the same pixel size has been maintained for the readout.
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Expected performances of the reSPECT Detection
5th Jagiellonian Symposium
e b system

Expected performances of reSPECT obtained through MC simulations®

SYSTEM SPATIAL

SPECT SENSITIVITY |~ pesoLuTION RATE MAGNETIC |2 ADIOMETABOLIC
FER MODULE (FWHM) CAPABILITY RESONANCE DOSIMETRY
DETECTION @140 keV IMAGING

SYSTEM @10 cm

[cpm/uCi] [mm] [cps/cm?] COMPLIANCE
Anger Camera

(Nal) 170 7.4 250 0.25k-3k $$
FoV: 53 x 39 cm2

4
FoV- 39 x 51 om? 190 7.6 350 30k-700k $59

reSPECT

6 rotating blocks, 184* 8.9+ 2-5  50M-200M $ V4
FoV: 35 x 35 cm?

energy cut at 80 keV * Unparalleled counting rate capability

+2 mm pixel * Possibility to conceive a total-body SPECT thanks to the modular structure
"10% Bismuth concentration 3¢ | ow cost

% Compliance with MRI and theragnostic studies
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pimsree ey High-Z doped plastic scintillators samples
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TECHNOLOGY [

= - *
EJ-200 (pure) B Data
e ) Sheet
- yA
g 0 o o A 10000 y/MeV 7700 y/MeV 5200 y/MeV
| ! | | z: il
E3:238/(Ph 15%) 1 A o_f M_ax 425 nm 425 nm 425 nm
R L | | - Emission
‘ 2N 147 (Bi 5%) 2.1 ns 2.1 ns 2.1 ns
IN14Z®I2H) N 1.023 g/cm3 1.037 g/cm3 1.081 g/cm3
@ PVT PVT PVT
L S plll——————
2N (Bi 107)

*¥ The non-doped scintillator is used as a control for the data acquisition and data analysis procedures.
* The doped commercial scintillators are used for comparison with the LEOS prototypes.

7 angelica.degregorio@uniromal.it
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Experimental set-up

on Advances in Particle Physics and Medicine

sty ( Channel 1 (SiPM) ' a3

||||||||||||||||||||||||||||

-----------------------------

For the plastic
scintillator: double-
sided readout
performed by SiPMs

-----------------

----------------

nnnnnnnnnnnnnnnnnnnnnnnn

llllllllllllllllllllllllll

based on a Nal(Tl

scintillator read by a
PMT

Trigger Pattern
Ch1 & Ch2 & Ch3

Radioactive source
that is able to emit
back-to-back photons

— triple-coincidence

Q Triggering mechanism

—

—

—
O
O

PC

SiPM (inside

the 3D printed Data acquisition and
suppor) Q pre-processing
performed by
Channel 3 WaveDAQ
R e ovores () dellmversia -Ji laliadoman 3 angelica.degregorio@uniromal.it
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As expected the histograms exhibit
the Compton spectrum of the 511-

keV photons emitted by Sodium-22. 08

¥ Histograms of the number of
photoelectrons for each sample. 0.6

* Sum of the photoelectrons
collected by the two channels in,,
each event.

% Events selected through the "cut"
conditions.

% Normalization between 0 and 1.

0.2
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Photoelectrons (Ch1 + Ch2)

EJ-200 (pure)

— EJ-256 (Pb 5%)
oN (Bi 2%)

— 2N (Bi 5%)

— 2N (Bi 10%)

EJ-256 (Pb 1.5%)

i i l | i i i
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500
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100

o

photoelectrons ch0+ch?2

E Data ,

- y°Indf 114.44 /116
— p0 323.82 + 8.94
— p1 11.382 + 0.629
— p2 0.07840 = 0.00437
N p3 26.065 + 5.634
: | . . . . | | |

0 50 100 150 200

Number of photoelectrons

Light output estimation

J(x) =

1 4 eP2X—D1

¥ In order to characterize the light output of the samples, it was necessary to select a specific point

on the Compton spectrum.

% The idea was to fit the Compton edge with a Fermi-Dirac function and identify the Compton edge
position with the abscissa of the flex (xo).
% An offset was used to parameterize the tail of the photopeak.
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Light output estimation

Light Output (Data Sheet) Expected #photoelectrons Measured #photoelectrons
10000 y/MeV ~148 145 * 11
EJ-256 (Pb 1.5%) 7700 y/MeV ~114 45 + 12
EJ-256 (Pb 5%) 5200 y/MeV ~T7 14 = 3
— — 42 +5
2N (Bi 5%) — — 17 £ 4
2N (Bi 5%) — — 21 2

3 The number of expected photoelectrons has been calculated with equation N,,.. =L.O.-E, -PDE-C.E.

*The agreement between expected and measured N,;, ;. In the case of the non-doped sample suggests

that the measurement procedure and the computation can be correct.
¥ The discrepancy in the cases of the doped samples can be mainly ascribed to the lack of transparency

and to the machining of the samples.

angelica.degregorio@uniromal..it
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Sample Measured #photoelectrons 1; EJ-200 (pure)
145+ 9 ol EJ-256 (Pb 1.5%)
N — EJ-256 (Pb 5%)
45+ 10 ool L 2N (Bi 2%)
EJ-256 (Pb 5%) 14 + 1 1 — 2N (BI 5%)
ol — 2N (Bi 10%)

4213 i

2N (Bi 5%) 17 1 2 .

2N (Bi 10%) % 0 100 150 200

Number of photoelectrons

*¥ The non-doped sample shows better performances since it is advantaged by the absence of impurities.

*¥ The 10% doped sample shows promising performances in terms of light output, time resolution and rise
time: this is an important result since samples with this dopant concentration are not available on the market.

¥ The 2N-based samples have better timing performances with respect to the commercial counterparts.
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The timing properties of the samples were characterized starting from the time difference histograms.
The histograms have been fitted with the sum of two Gaussian functions with an offset.

* Possible TOF-PET application if the

scintillators show optimal timing (176 = 7) ps
performances! }

* PET = Positron Emission Tomography (360 = 17) ps

* TOF = Time of Flight
EJ-256 (Pb 5%) (520 = 31) ps

* The time difference between the

detection of the two gamma rays allows (233 = 13) ps

to obtain information about the depth of

Interaction. 2N (Bi 5%) (278 + 33) ps
o(t) = (340 * 46) ps 2N (Bi 10%) (340 £ 46) ps

13 angelica.degregorio@uniromal.it
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Next Steps

In order to improve the light collection efficiency, we produced samples where the polymerization process

happens directly inside a teflon coating.

Scintillator 0utl|:;iugth[;-u-]
9N + 0% Bi 100%
2N + 2% Bi 30%
2N +10% Bi|  25%

JE3, Ministero
a Y0y dell'Universita

%33> e della Ricerca

Counts [a.u.]

Ql'lll'llllllllll

Ba-133 source
&N + Bi 10% sample

PROGRESS

Events in the

2.8
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¥ The reSPECT project aim is to use plastic scintillators enriched with high-Z
impurities for a new total body SPECT modular system, since they are extremely

fast, light, inexpensive and easy to shape.

¥ The 2N samples, produced by LEOS laboratory, has been selected to
produce Bismuth-enriched samples, showing promising performances in
terms of light output and timing properties with respect to commercial

samples.

1. New measurements with teflon coating;
2. Optimization of the manipulation process for the commercial

scintillators;
3. New measurements with tungsten frame.

* Next steps are:

angelica.degregorio@uniromal..it

o Ministero

o (0 ZJA\ ") . gy & .. .: . .
'Uni europea (%/\L@ dell’Universita = .l l Italiadomani 1 5

AAAAAAAAAAAAAA

NextGenerationEU %3¢ edellaRicerca = panonazionae



mailto:angelica.degregorio@uniroma1.it

THANK YOU FOR THE ATTENTION

Angelica De Gregorio
angelica.degregorio@Quniromal.it

SAPIENZA

UNTIVERSITA DI ROMA

.. )

JAGIELLONIAN

UNIVERSITY
IN KRAKOW
\ '

CENTRO RICERCHE |,
INFN  ENRICOFERMI \L

l "l [taliadomani

AAAAAAAAAAAAAA
DI RIPRESA E RESILIENZA

5t Jagiellonian Symposium

on Advances in Particle Physics and Medicine

Collegium Novodvorscianum, Krakow, June 29 — July 7 2024


mailto:angelica.degregorio@uniroma1.it

.
wwwwwww
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Sample Measured #photoelectrons Time resolution Rise Time (mean)
145+ 9 (176 = 7) ps (3.31 £ 0.01) ns
EJ-256 (Pb 1.5%) 45 * 10 (360 = 17) ps (3.91 £ 0.02) ns
EJ-256 (Pb 5%) 14 + 1 (520 + 31) ps (3.67 £ 0.02) ns
42 + 3 (233 = 13) ps (3.36 £ 0.01) ns
2N (Bi 5%) 17 £ 2 (278 + 33) ps (3.44 £ 0.03) ns
2N (Bi 10%) 21 + 1 (340 % 46) ps (3.44 £ 0.03) ns

¥ The non-doped sample shows better performances since it is advantaged by the absence of impurities.
¥ The 2N-based samples have better timing performances with respect to the commercial counterparts.

* The 10% doped sample shows promising performances in terms of light output, time resolution and rise
time: this is an important result since samples with this dopant concentration are not available on the market.

inanziato
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reSPECT: where we are

¥ We synthesized several new organic scintillating molecules FLUOROPHORES CONCENTRATION

(T2, 2N, 1N, 2B...) containing aromatic fragments. Fluorophores concentrations
¥ Plastic scintillators embedding our scintillating molecules in a ranging from 1% to 30% have
polyvinyl-tuoluene (PVT) matrix were produced. been studied, but the best
¥ We tested the scintillator prototypes in order to determine their performances have been
performances in terms of light output and time resolution. obtained with samples at 14%.
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3 MC simulations are able to
provide useful information
for experiment design and
data analysis.

¥ FLUKA is a general
multipurpose tool that
allows to simulate particle
transport and interaction
with matter by means of
Monte Carlo techniques.

( Z‘D oy . . . . .
a .0y dell'Universita . l [taliadomani
“p¢ edellaRicerca - AR RATIONAL ez

Monte Carlo simulations

B Plastic Scintillator
Sample
Aluminum hollow

cylinder
Gamma Ray Source

* The simulated geometry
reproduces the experimental
conditions.

* The experimental resolution
can be simulated by adding
a smearing to the MC truth
results.

19 angelica.degregorio@uniromal.it
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As predicted by the Monte Carlo
simulations, the histograms exhibit
the Compton spectrum of the 511-
keV photons emitted by Sodium-22.

¥ Histograms of the number of
photoelectrons for each
sample.

% Sum of the number of
photoelectrons collected by the
two channels in each event.

3 Events selected through the
"cut" conditions.

% Normalization between 0 and 1.

JE3, Ministero
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Light output estimation

0.8

0.6

0.4

0.2

Photoelectrons (Ch1 + Ch2)

EJ-200 (pure)

EJ-256 (Pb 1.5%)
— EJ-256 (Pb 5%)

2N 14% (Bi 2%)
— 2N 14% (Bi 5%)

! i f ! i i f i l f f f f

100 150 200
Number of photoelectrons
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Light output estimation

1400

1200

1000

800

600

400

200

MC simulation

pure PVT scintillator,
smearing 15%

fit function

¥ Indf 12.72/ 21
789.9 + 31.4
12.58 = 0.94
35.99 + 2.76

17.33 + 22.66

0.1 0.2

' deposited energy [MeV]

500

400

300

200

100

o

photoelectrons chO+ch2

Data
v Indf

o
IIII|IIII|IIII|IIII‘IIII‘

114.44 /116
323.82 + 8.94
11.382 + 0.629
0.07840 = 0.00437
26.065 + 5.634

Number of photoelectrons
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* In order to characterize the light output of the samples, it was necessary to select a
specific point on the Compton spectrum.

% The idea was to fit the Compton edge with a Fermi-Dirac function and identify the
Compton edge position with the abscissa of the flex (xo).

¥ An offset was used to parameterize the tail of the photopeak.
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* AT Despite the high dopant concentration, the sample shows competitive
%  Normalization between 0 timing properties, both in terms of time resolution and rise time.
_ U 2N (Bi 10%)
250} . v Indf 99.49 / 33
08l A1 120.6 + 18.7
- i ul  -0.04007 = 0.03415
T | L o1 0.1457 = 0.0308
0.6/~ A2 165.3 + 10.7
e | ol - U2 -0.2107 + 0.0212
Number of photoelectrons i { 0.4 o2 0.7265 + 0.0271
Number of photoelectrons at | ! IL{ 5 4:995 = 0.530
the Compton edge: 21 + 2 i 0.2l

— o ————
pras—

- y e 4 50

B —————SG 0
: ZN (Bi 100/0) 1 ° ’ ) ° ° ! Fsiise Tirgne [ns1]0
| e ———— ; - 1 f)1_0 -8 -6 -4 -2 0 2 Jl[:tme nt|3m1o O.(t) = (340 i 46) ps
. 2N®i5%) 1 N . .
Sk > Samples with this dopant concentration are not available on the

“——_

e : market due to their poor performances.
- 2N(Bi2%) | | > More statistics is needed to look for events in the photopeak.
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The timing properties of the samples were characterized starting from AToo
the time difference histograms. The histograms have been fitted with 1400]
the sum of two Gaussian functions with an offset. '
1200-—
Possible TOF-PET application if the )
scintillators show optimal timing X /ndf 182/ 83
A1 797.5 + 29.7
performances!
ul  0.0348 = 0.0056
PET = Positron Emission Tomography ol 0.1593 = 0.0073
TOF = Time of Flight Az 61182210
u2  0.0915 + 0.0069
. . 62 0.5517 = 0.0086
The t!me difference between the B 1244 + 0.71
detection of the two gamma rays =
allows to obtain information about the Z \
depth Of interaCtion- O—III|III|III|II+’/II|III—i—llllllllll'lll
-10 -8 -6 -4 -2 0 2 4 6 8 10
ATy, [nS]
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For each sample, two measurements were carried out:

* one with the Sodium-22 radioactive sources placed between the
plastic scintillator and the Nal(Tl)

> the other without any radioactive source to study the background.

> Among the data acquired with the Na-22 sources, the “good” events
were selected exploiting two conditions (“cut”).

300

aco] amplitude (ch3) AT02 ATOS
500f o50l-
5001 '
\ oo} 200
400_- - [
[ j00} 150
300 ' -
200 200:_ 100:’
100:‘ IOO:’ 50:_
o:l [ [ 1 1 I ! i | Ll o] 01 bl nl : i | I I ! frln bl | 05'_;_-;:!.;:1:||||||||||||.|;|||:f.; ;!; i!l
0 0.2 0.4 0.6 0.8 1 -10 -5 0 5 10 -80 -75 -70 -65 -60 -55 -50 -45 -40
amplitude [V] AT [ns] AT [ns]
1st Condition: the event must fall 2nd Condition: the event must
within the 511-keV photopeak be seen simultaneously in the

region seen by Nal(Tl). three reading channels.

350

300

250

200

150

100

50

Amplitude histogram of the
2N-based sample doped
with 5% Bismuth.

Na-22 (cut)
J bkgr

J | | | - '—F S o .l‘:.. = L | -

0.2 0.4 0.6 0.8 1 1.2
amplitude [V]
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on Advances in Particle Physics and Medicine

Collegium Novodvorscianum, Krakow, June 29 - July 7 2024
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SthJagi;yposium Spatial rQSOIUtion @ 10 Cm

on Advances in Particle Physics and Medicine

Collegium Novodvorscianum, Krakow, June 29 - July 7 2024
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