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PET iIs used on:

Coincidence
Processing Unit

i T

.Humans by
doctors for disease
diagnosis (a typical
dose is 8 mSv

Sinogram /
Listmode Data

«On small animals
by pharmaceutical
companies for drug
design (a typical
dose is ~ Gy)

Annihilation Image Reconstruction

The concept of emission and transmission tomography was introduced
by David E. Kuhl, Luke Chapman and Roy Edwards in the late 1950s.

A good PET description:
< 6. Muehllehner, J.S. Karp, Phys. Med. Biol 51 (2006) R117-R137
% T.K Lewellen, Phys. Med. Biol. 53 (2008) R287-R317 3




PET tracers

Usually cyclotrons are used to generate
commonly used PET isotopes

Isotope Half life
Commonly used tracers: 5

e Water 20.3 min

« ammonia

« glucose and glucose analogues 2.03 min

« OXygen
109.8 min
98.0 min
~10 min
2-Huoro-
2-deoxy-D-glucose
“FDG”

FDG (fluorodeoxyglucose), as a glucose
analogue, is taken up by high-glucose-using cells
such as brain, kidney, and cancer cells.

Hudrogen

|~ - & ,.
oy F Jl:arbor'u

Fluorir‘f;— 18 4
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Commercial PET
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PET modalities

o PET (dose ~ 8 mSv)
« gives only functional/physiological information
« poor/missing anatomical information
« PET-CT (dose ~ 16 mSv)
« Qgives anatomical information
« helps PET reconstruction
o but higher dose, due to the X-rays (~ 16 mSv)
« PET-MRI (dose ~ 8 mSv)
o gives anatomical information
o softtissue is visible on MRI
« MRI gives additional morphological information
. the dose is the same as in PET
. but high magnetic field (affects PMTS)
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b PET modalities
¥ . PET (dose ~ 8 mSv)
« gives only functional/physiological information
« poor/missing anatomical information
« PET-CT (dose ~ 16 mSv)
o Qgives anatomical information
« helps PET reconstruction
o but higher dose, due to the X-rays
« PET-MRI (dose ~ 8 mSv)
o (Qives anatomical information
o softtissue is visible on MRI
« MRI gives additional morphological information
o the dose is the same as in PET
« but high magnetic field (affects PMTSs)

Natural background radiation (annul dose) 2.2 mSV
. Single X-ray dose (for chest 0.02 mSv
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According to the medical doctors:

PET-MRI
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‘ PET/CT scanner

PET/CT monitor

NEETHTE FLIATFTIT

PET workstation

CT workstation
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PET - physical limitations & problems

‘H—L‘ Two anti-parallel 511 keV

0o B |

L\“x\‘::mmns produced

lfmtablcprcn\ o e . R—bqij ‘H‘LH-"'\.H\Y
8§ X\ ¥ ) s

nucleus

Positron combines with "+

-

¢lectron and annihilates Y

Proton decays to

neutron in nucleus -
positron and
neutrino emitted

“Intrinsic” limitations are:
o positron range in the medium
« photons non-collinearity
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PET - physical limitations & problems

Random coincidences

Scattered photons

Parallax error

Time resolution

Energy resolution

Spatial resolution

< B.J. Pichler, H.F. Wehrl, M.S. Judenhofer, J. Nucl. Med. 49/2 (2008) 5-23
% N.E. Bolus et al., J. Nuc/ Med. Technol/. 37/2 (2009) 63-71

For small animal PET the random coincidence and spatial resolution are the

main limitations
Primorsko 2012
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Resistive-Plate Chambers (RPC)

articl :

Gas gap e Elcctron
multiplication

HV Al foil

‘ % R. Santonico and R. Cardarelli , Nucl. Instr. Meth. A187, 377-380 (1981)I
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___— deftecting strips

— resistive plates

/

__— converter

ha N / electron

< P. Fonte, A. Smirnitski, M.C.S. Williams, NIM A 443, 201-204 (2000

% A. Blanco et al., Nucl. Instr. Meth. AB08, 88-93 (2003)
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RPCs — a journey from fundamental
research to applications
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Scintillator-based vs RPC-based PET

s High price » Much cheaper

s Higher sensitivity for scattered ~ ° Sensitivity decreases with E

photons s Practically no parallax error

sEnergy measurement s Time resolution ~ 30 ps* , even 20 ps,

a Parallax error Williams et al. Nucl. Instr. Meth. A 594 (2008)
39-43

s Time resolution > 200 ps _ ,
o Spatial resolution ~ 300 pm

» No need of PMTs
sNot affected by magnetic fields

s Spatial resolution ~ 2-3 mm
s PMT, APD, ...

s FOV 16-25 cm
e Large area — large FOV ~ 1 m

@ Main problem: to increase the efficiency for
511 KeV photons

*The quoted resolution is for charged particles and is not so good for gammas, but WHY ?
< C. Lippmann et al., Nucl.Instr. Meth. A 602 (2009) 735-739

<+ L. Lopez et al., Nucl.Instr. Meth. A 573 (2007) 4-7.
% A. Blanco et al., Nucl. Instr. Meth. A 508 (2003) 70-74.




RPC-PET

__— deftecting strips

— resistive plates

/

___— converter

™~ photons / electron

RPCs for PET are proposed by:

< P. Fonte, A. Smirnitski, M.C.S. Williams, NIM A 443, 201-204 (2000

% A. Blanco et al., Nuc/ Instr. Meth. AB08, 88-93 (2003)
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Annihilation

Primorsko 2012

PET ToF

B. Pavlov

Without ToF:
AZ = LOR (~70 cm)

With ToF:
AZ=C.(t,t,)/2

1f At ~100 ps =>
AZ ~2 cm

RPC

20



PET - ToF

«~20 times lower dose

.faster acquisition (to study the dynamics of the physiological processes)
«N0 complicated reconstruction

«(almost) no random coincidence

«(partial) Compton suppression by ToF

Random coincidences Scattered photons Parallax error

Time resolution Energy resolution Spatial resolution
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RPC PET R&D @ Sofia University

Two main goals:

To increase the efficiency for 511 keV photons
To suppress Compton scattered photons

-Photon spectrum simulation (done)

- GEANT simulation of different RPC designs (done)
- GEANT simulation of multigap RPC (done)
-Prototype building and tests (in progress ...)

* N. llieva et al., API Conf. Proc. 1203, 820-825, (2010)

2 G.Georqgiev et al.. RPC2012 proceedings (2012)

Primorsko 2012 B. Pavlov
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RPC-PET:design & optimization

< The simulations are performed, using Geant4 www.geant4.org/geant4

* Compton scattering, photo-effect
- multiple scattering, ionization, Bremsstrahlung
< Detector ,basic unit™:
two glass plates, 2 mm
gas gap 300 ym
% Gas composition (for material budget): 85% C,H,F, + 5% i-C,H,; + 107% SF
“* Two designs are considered:
— Gas-Converter (6C)
— Gas-Converter-Insulator (6CI)
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Photon propagation in the human body

The body model
(homogeneous parallelepiped)
40 x 40 x 150 cm?
1.01 g/cm’
\\‘/"
§ | Contents:
38% are absorbed e O 614%
i c 229 7%
82% of the remaining are T ‘ o100 %
with E <511 KeV (or51% of | , The simulated spectrum N 26%
the innitial gammas) - ca 14 %
18% of the remaining (or - | . j P 11%
11% of the innitial gammas) | > o7 o= o3 Ihc;tt:lunlz-r:lelrg;ylll\;lzfr] K 0.2%
are suitable for PET 5 02%
Na 017
¢ 01%
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Electron yield in the gas

Successful photons conversion : at least one interaction within the
converter has lead to the ejection of an electron into the gas gap:

sphoton interaction in the converter

eselectron propagation to the gas

k  photon interaction coefficient

N, number of photons at x

s electron interaction coefficient

N number of electrons, entering the gas
C photon attenuation coefficient

Thin converter; a is max e yield;
saturation === 957% vyield thickness
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Gas - converter design

Maximal electron yield (0.3 +0.38) %

Signal strips

insulator

- N

Converter

G)
&
@

gamma
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Gas - converter design

o-Bi.,m-Pb, A-Au, V-Pt o-W

-W

0.08 0.1 0.02 0.04 0.08 a.08 0.1
Convertor width [mm] Convertor widih [mm]

0.4
0.3F

0.2H

0.1

"SR AA .

N

¢ - 511 KeV
B - 409 KeV
A - 307 KeV
Y - 204 KeV

- 102 KeV

Bi

PR S T T I T T S AT TN AN SO T N
0.02 0.04 0.06 0.08 0.1

e yield for 5 different e yield and ejected
converter materials electrons for 5 different
(% from the initial converter materials.
photon number) (7% from the initial photon
number)
Primorsko 2012 B. Pavilov

Convertor width [mm]

BUT higher sensitivity
for scattered in the body

photons !
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Gas - insulator - converter design

Maximal electron yield for 511 KelVphotons (0.315 + 0.005) %
~ 0.17% lower than in 6C design
95% level (40.7 = 3.0) ym

Signal strips

insulator

]

gamma
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0.05

0.25F

ii“l';#-*é
- 511 Kev *

- 409 KeV
- 307 KeV

- 204 KeV
- 102 KeV v

b £ 4

<dpue |,

L 1 1 I 1 | l L 1 | | L L l

T T O '
0.02 0.04 0.06 0.08 0.1
Convertor width [mm]

Primorsko 2012

e yield / photon energy / 40 um

e yield / converter
width

¥ 40 ym

fos 01 o015 0.2 025 0.3 035 04 045 0.5
Photon energy [MeV]
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Gas - insulator - converter design

1 ® -511 KeV
T\, .- 4og’ ﬁez
A-30 e
° rQ}. ¥ - 204 KeV
fr‘\ + - 102 KeV
0_34
- \) IS ar +
0.25— 4 +
0.2/~ 4 = ¢
- - .
0.16- 4 . "
AR A\ { >
= A
0.05— A 4 i 4 4
0;: L l { OX &3 l 4 > A& l A s l L l 1 L A l R Rk l Rl R 1 L X l Al L 1
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e yield / insulator width

/

“—ly
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100 = 200 ym
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Gas - insulator - converter design

| Insolator 0.05 mm | | Insolator 0.1 mm |
0.4 0.4

0.35 + +
" b !

0.1 mm insulator:
;4 b 1511 ke -26% reduction

$ $ 307 Kel/ -68% reduction
¢ : o~
' . yield ~ 3:1
L ] L
dos 67 015 0.2 D25 03 035 04 045 0.5 dos 071 015 0.2 025 0.3 035 04 045 05
Photon energy [MeV] Photon energy [MeV]
| Insolator 0.15 mm | L__insolator 0.2 mm___| 0_2 mm inSUIaTor':
0.4 0.4
035 511 Kel/ -40% reduction
0.3
| * t 307 KeV/ -90% reduction
¢ .
‘ + yield ~ 5:1
3 ¢
L ]
. * L ] . L
dos- 01 015 0.2 D25 03 o_gfwtghdeng;ag; : h:.}\a” do5 01 D15 0.2 025 0.3 o_g?wtg:mg%g : h?ésw The reduc“on |S |n

Comparison to GC design.
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Multi-gap GIC design

—— — — — PCB
= strips
_— e mylar
_— 6 gas gap
_— 6 glass
- B/' or Pb OX/de
—
- ® - 511 KeV
- 102 KeV

W
o

N
"

max yield 511 Kel/~ 43%,
95% level - at 381 + 13 gaps

N
Q

-
wn

-
Q

lf‘lllllllll|llll|llllll II‘IIIII‘IIIII 1T

100 gaps provide sufficient
amplificaTion | e ¥ ¥ ¥ y ¥ w9y |
lower-energy photons suppression wR T B R ket s

W

A typical PET scintillator has efficiency ~ 20-25%
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Multi-gap GIC design

- 511 KeV
- 409 KeV
- 307 KeV

oo n208 Kee Max yield for 511 Kel/:

dqpue

25—

20}

(23.8 £ 0.4)%

converter Bi, 50 ym

glass 50 ym
Highest sensitivity for 511 Kel/
511/ 307 ~ 2:1

15|

10}

I i A i : 2 ) | A A 1 )
0.02 0.04 0.06 0.08 0.1
Convertor width [mm]
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Multi-gap GIC design

of "

o+ 25f-
a| -

N 20
2_* :

Go_ — o|.1 — 'o.l:z — 'o.la — 0.|4 — o.ls 15 N
Photon enerqgy [MeV] -

10

S

C | | 1L 1 1

0.1 02 03 04 05
Photon energy [MeV]

86 % from the registered photons
0,15 0.2 025 03 035 04 045 05 have ener‘gies > 383 Kel/

Photon energy [Me\/]
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RPCs In an avalanche mode.

Our prototypes ...

dimensions

120mm x 70mm

small prototype | full scale prototype
number of gaps 6 6
gas gap 200 um 200 um
glass thickness 150 um 100 um

350mm x 70mm

Electrodes should have “exact” resistivity, very smooth surface, etc.
So one needs to be very careful with the materials for the electrodes.

Primorsko 2012

B. Pavlov
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Our prototypes ...

Our prototypes are made out of FLOATING GLASS

,".‘

«

1R i"\\"

Primorsko



HYV electrodes
formation
(small
prototypes
120x70 mm)
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Strips layout
and
construction
of small

prototypes
(12070 mm)




3 modules In a stack
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The Lab @ Sofia University

« (Gas system

« HV system

« LV system

« Front-end electronics (from CMS and ALICE)
« DAQ system

« Trigger system
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The Lab @ Sofia University
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The Lab @ Sofia University
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The efficiency

The measured efficiency > 29 %

The measured efficiency = (RPC efficiency)x(Geometrical Acceptance)
The Geometrical acceptance is ~ 30 %,

so the RPC efficiency is > 95 %

Only an ADC is used (no dedicated front-end electronics, amplifiers, etc. )
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Conclusions

Model investigations fowards the design of an RPC-based PET detector is
performed

Multi-gap Gas-Insulator-Converter design. In the multi-gap GIC design, the yield
increases with the number of gaps. For 100 gaps the RPC efficiency seems to be
comparable with the typical PET scintillator efficiency.

Optimized in the context of PET purposes parameters:
100 gaps; 50 um Bi converter between 50+100 pm glass plates
the electron yield in the gas increases to 24%
sensitivity 511 Kel/photons / 307 Kel/photons ~ 2:1;

About 86% of the registered in the PET process photons are with energies above
380 Kel.

First few detector prototypes are ready and are under study.

The efficiency for muons is very high as expected (95+%), even without
dedicated front-end electronics. Tests with photons are the next step.

This work is supported by Bulgarian National Science Fund
(contract DO 02-183/2008).
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Single vs Multigap RPC

CONVENTIONAL WIDE GAP RPC

Cathode (-15 kV)

T Primary ionisation produced in the

1.5 mm closest to the cathode
generates detectable avalanches

(as gap (5-9 mm)

l

.

Pick-up strips (0 V)

Prifiivisnu cuic .1 UVIU Y



Single vs Multigap RPC

MULTI-GAP RPC

Cathode (-15 kV)

Intermediate Anode-Cathode plates & , X
(melamine resistive plates 0.8 mm thick) \— — — — — 1 Lo
(takes voltage due to electrostatics)

4 mm

Primary ionisation produced in the Pick-up strips (0 V)
0.3 mm closest to the cathode

generates detectable avalanches
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o3 npu PET

IIpu PET ce Hanara n3iaraHe Ha NalMeHTa Ha JICHCTBUETO HA HOHU3UPAIIO
JIbYECHUE.

IInHATaA M03a € MajaKa, OOMKHOBEHO OKOJIO / MSV.
3a CpaBHECHHUE:

«CPEIHOTOJIMIIIHATA J103a, JbJXKAaIlla c€ Ha (POHOBA paJvallksl BbB
BenaukoOputanus € 2.2 mSV

«0.02 mSv e no3ara npu PeHTreHoBa CHUMKA Ha IPbAHHUS KOIII
« 8 MSv 3a CT (koMmtoTbpHA TOMOTrpadus) Ha TPbACH KOIII
«2-0 MSV Ha rojiHa 3a Bb3YIIECH ePCoHaN (IMHJIOTH U CTIOAPIAECH )

/.8 MSV ot poroBa pamgmarusa B obnactra Cornwall BB Benukobpuranus
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