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Interplay of detector R&D for particle
physics and medical imaging

Traditionally excellent collaboration of the two research
areas.

Novel detection techniques required in particle physics
—->with modifications a potential application in medical
physics

... and vice versa...

One of the recent examples: SiIPMs as scintillation light
sensors for

e Electromagnetic calorimeters
e PET scanners
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Particle identification - which particle species was produced in a
reaction - one of the essential features of experiments

| Without PID Very often the interesting

A0 reaction is burried in a large

8000 | number other reactions

6000 | (background).
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Why particle ID?
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Need to distinguish B~ nw from other similar topology
2-body decays
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Entries / 0.5 ps

Asymmetry

Why particle ID?

Particle identification at B factories (Belle and BaBar):
was essential for the observation of CP violation in the B

meson system.
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BY and its anti-particle
decay differently to the
same final state J/y K°

Flavour of the B: from decay
products of the other B:
charge of the kaon, electron,
muon

—>particle ID is compulsory



One of the important PID methods: use
Cherenkov radiation

A charged track with velocity v=Bc exceeding the speed of light
c/n in a medium with refractive index n emits polarized
light at a characteristic (Cherenkov) angle,

cosO =c/nv = 1/Bn (c/n) t

A

vi

F

o 3
L ‘ Excellent identification method, but very

low light level = few detected photons
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Measuring Cherenkov angle

y(

Cherenkov photons detected on
a plane: ring (Ring Imaging
Cherenkov counter, RICH)
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Need a fine granularity sensor for
single photons with low noise
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Cherenkov angle (mrad)

Measuring Cherenkov angle
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Recent trend: fast photon detection In
Cherenkov detectors

New generation of RICH counters: precise time information
needed to further improve performance:

e Reduce chromatic abberation (group velocity): Focusing
DIRC

e Combine TOF and RICH techniques: TOP (Time-of-
propagation counter) at Belle I, TORCH at LHCDb

- Need photo sensors with excellent timing of <50ps (r.m.s.)

Cherenkov detectors in particle physics and medical imaging Peter Krizan, Ljubljana
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Recent trend: fast photon detection In
Cherenkov detectors

New generation of RICH counters: precise time information
needed to further improve performance:

e Reduce chromatic abberation (group velocity): Focusing
DIRC

e Combine TOF and RICH techniques: TOP (Time-of-
propagation counter) at Belle I, TORCH at LHCDb

- Need photo sensors with excellent timing of <50ps (r.m.s.)
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Very fast light sensor:
micro-channel plate PMTs

photo-electron

PMT window
photocathode

photo-electron

OONAANNAVIANNNNNNNNNNY - MCP
/] Mee

anode

e Faster than PMTs
e Immune to an axial magnetic field
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Photon detector:

Example: Hamamatsu SL10 MCP-PM

MCP-PMT

. multi-anode PMT with two MCP steps, 10 mm pores
. 16 (4x4) anode pads, pitch ~ 5.6 mm, gap ~ 0.3 mm
. box dimensions ~ 27.5 mm square
. excellent timing ~ 20ps r.m.s. for single photons

. multi-alkali photocathode
. 1.5 mm borosilicate window
. gain > 106
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PET: positron emission tomography

Radioactive fluorine decays via the beta+ decay to
oxygen, a positron and a neutrino

1" >S5 17O LV

l\ e+ el Y ray

—

&

Yy ray «

Positron annihilates with an electron in the surrounding
matter, producing two back-to-back y rays

Cherenkov detectors in particle physics and medical imaging Peter Krizan, Ljubljana



PET: positron emission tomography 2

In the blood of the patient a substance is administered that
contains radioactive fluorine (e.g. fluorodeoxyglucosis). The places
In the body with a higher substance concentration will show a
higher activity.




Detector of y rays: a scintillator with a
photomultiplier tube

photocathodae dynodes anode
— 7\ /
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yray |
\ (S
/ W
scintillator \

photo-multiplier tube
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~15cm

electric signal




PET: collection of data

data
acquisition

transfer of data

In a compacted
form

. - — -
e*e- annihilation Image reconstruction



PET: image reconstruction

Image reconstruction: from the position and direction of
the lines determine the distribution of the radioactive
fluorine in the body — similar to the reconstruction of
reactions in particle physics




PET with a time-of-flight information

Detectors for y rays measure also the time of arrival

— coincidence of two hits is only acceted if the two times are <10 ns
appart

In case time is measured with a much better precision (<1ns) = an
additional constraint on the point of origin of the two y rays along the line
—>time-of-flight (TOF) PET

e in the reconstruction, each line contributes to fewer pixels = less noise

e good resolution in time-of-flight — limits the number of hit pixels along
the line

TOF

No TOF

-
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TOF-PET: positron tomography with a
time of arrival measurement

Comercially available devices:
Resolution limited by: - photosensor response time

- decay time of the scintillator

TOF PET with a fast scintillator:
300 ps (FWHM) -

Can we do it better?

eFaster sensor: PMT - MCP
PMT

eScintillator = Cherenkov
radiator




PET vs. TOF-PET

The benefit of TOF PET in PET image reconstruction

Example: bowel cancer
— Philips Gemini TF PET/CT
— resolution in TOF ~ 600 ps

[PET Center of Excellece Newsletter, Vol.3 Issue 3 (2006)]

TOF PET allows for a:
— better image quality at a fixed time (or dose)
— same quality with a shorter time (or lower dose)
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TOF-PET: time resolution

What kind of time resolution is needed?

origin of two
gammas
x=0

tl1 = (L/2 — x)/c source at x, distance between detectors = L
t2 = (L/2 + x)/c
tl —t2 = 2x/c
X=(t1L-1t2)c/2 > Ax=A(tl-t2)c/2
resolution in TOF A(t1l-t2) = 300 ps 2> Ax =4.5cm

A(tl-t2) =66 ps > Ax =1 cm
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TOF-PET with Cherenkov light

Time-of-Flight difference of annihilation
gammas is used to improve the contrast of
Images obtained with PET:

- localization of source position on the line of
response

- reduction of coincidence background
- Improvement of S/N

Novel photon detectors — MCP-PMT and SiPM —
have excellent timing resolution — TOF
resolution limited by the scintillation process

Cherenkov light is promptly produced by a
charged particle traveling through the medium

with velocity higher than the speed of light c,/n.

Disadvantage of Cherenkov light is a small
number of Cherenkov photons produced per
interaction — detection of single photons!

Cherenkov ph.
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Cherenkov radiator for PET

Cherenkov radiator PbF.;:

* high gamma stopping power

* high fraction of gamma interactions via photoeffect — electrons with
maximal kinetic energy — more Cherenkov photons

* high transmission for visible and near UV Cherenkov photons

= 018

Traditional PET: large number of 5 m;— at
photons — gamma energy — rejection & ‘:::: ML .

of scattered events oif- i
Cherenkov PET: a few photons ::: '

detected — no energy information; mf_ L

efficiency drops with gamma energy — °2f a" ' L
intrinsic suppression v e . Samma onergy (keV]
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Excellent timing with!

MCP PMTs

 Cherenkov radiators:
25x25x(5, 15) mm?® PbF,

« MCP-PMT photodetectors:

* single photon timing ~ 50 ps FWHM

e active surface 22.5x22.5 mm?

» Timing resolution (black painted):

e ~70 ps FWHM, 5mm
e ~100 ps FWHM 15mm
o Efficiency (Teflon wraped):
* ~ 6%, single side
(~ 30% for LSO in ideal case)

black painted, Teflon wraped, bare

Black paint, 15 mm

count

hctdediff16

Entries 2837
3005 Constant 228.2+11.2
o no cuts Mean -0.2305 + 0.0024
| e 6=46.4ps Sigma 0.04635 + 0.00304
250 Constant2 69.5+ 6.5
o crosstalk suppressed Mean2 -0.1672 £ 0.0132
) =36.7 |_Sigma2 0.2164 + 0.0174
200 [ o=7-Ps
150 —
100
50—
- 1 o . -I--_I- L A i, L I
91 5 -1 1.5
time [ns]
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Point source position

Entries hidediifie 359
Data taken at three different point : T

source positions spaced by 20 mm:

e average time shift 125 ps

e timing resolution ~ 40 ps rms, =t b Nl ﬂJ
~ 95 ps FWHM [ T A T

t = t0 — 132 ps

141 1 1 ! : : Entries hidediifie 1940

e position resolution along line of - — e s

response ~ 6 mm rms, e | | e R

250 ;_ Sigma2 0.2328 + 0.0262
%6 o4 T 02 1 0 02 (I

Entries hidediffie 827

Black painted 15 mm PbF, crystals. or t =10+ 118 ps
- NIM A654(2011)532-538 e A i -—__ ey

time In=sl



Cherenkov based PET scanner

PbF, not a scintillator = considerably cheaper!
Small attenuation length than LSO — smaller parallax error
- Full body scanner?

—> Carry out a feasibility study, groups led by
e Sibylle Ziegler, TU Munich

e Alberto Del Guerra, University of Pisa

e Peter Krizan, J. Stefan Institute, Ljubljana

e Irene Buvat, IMIV, Orsay, CEA

e Edoardo Charbon, TU Delft

e Paul Lecoq, CERN

e Gabor Nemeth, Mediso Ltd

e Florian Wiest, KETEK GmbH

e Stefan Ritt, Paul Scherrer Institute

full-body ,snapshot

One of the outcomes - a preliminary MC simulation study -



Cherenkov based PET scanner, MC study

Simulations were performed in order to estimate the performance of TOF
PET scanner based on the Cherenkov method of gamma detection.

The main building block of the simulated scanner was a gamma detector
composed of a PbF, crystal and a SiPM as light sensor.

The performance of a single gamma detector was first investigated in depth
using GEANT4. The simulation was then transferred to GATE and a scanner
was simulated.

The performance of the scanner based on the Cherenkov method was
compared to that of a state-of-the-art LSO scanner.

We studied:

e The standard axial length size scanner (axial extent 218 mm (4 blocks,
sampled into 109 slices of 2 mm), diameter 854.8 mm (crystal-to-
crystal, front face). diameter of.

e An axially extended 1m long scanner

Cherenkov detectors in particle physics and medical imaging Peter Krizan, Ljubljana



Cherenkov based PET scanner, MC study

The sensitivity for a standard scanner geometry with the two technologies:
the state-of-the art LSO+PMT combination has a higher sensitivity than
Cherenkov-PbF2 because of a higher gamma detection efficiency. However, -

240

Sensitivity (cps/MBq)

220

200

180 |

160 |

140

120

100

80

60

a0 |

20

LSO+PMT Ocm 1.33e+04 cps/MBq =—
LSO+PMT 10cm 1.26e+04 cps/MBq
PBF2+SiPM Ocm 7.42e+03 cps/MBq ——
PBF2+SiPM 10cm  7.13e+03 cps/MBq

| S. Stute

et al., preliminary

-40

-20

0
Slice

20 40

Axial sensitivity profiles following the NEMA standards, for the two scanners and at
radial offsets of 0 and 10 cm; global sensitivity (all slices combined).



Cherenkov based PET scanner, MC study

NEC (noise equivalent counts) rates — figure of merit of a PET scanner: Impact
of improved TOF using the Cherenkov in PbF2 for a standard scanner.

2000

NEC rates (kcps)

1500

1000 ¢

500

LSO TOF 527 ps
PbF2 TOF 350 ps
PbF2 TOF 300 ps

PbF2 TOF 250 ps -

PbF2 TOF 200 ps
PbF2 TOF 150 ps
PbF2 TOF 100 ps
PbF2 TOF 70 ps

S. Stute et al., preliminary

PbF2 TOF 100 ps

EPbFZ TOF 200 ps
LSO TOF 527 ps

Activity concentration (kBg/cc)

10

12

14

NEC rates for different activities and for the two scanners, following the Conti formula
(with-TOF). Multiple TOF resolution are presented for the PbF.-based scanner.



Cherenkov based PET scanner, MC study

Comparison of the 1-meter axial sensitivities for the two technologies — note
that this is only the theoretical sensitivity without taking TOF into account.

520 : . : : : |

wr 1 1A T | 's. stute et al., preliminary
440 . . | :

400
360
320 ¢
280 -
240

Sensitivity (cps/MBq)

200 b
160 -

120 \

80
o LSO+PMT multi-bed -
0 . PBF2+SiPM 1m-extent .
-200

-100 0 100 200
Slice

Axial sensitivity profiles following the NEMA standards at the center of the FOV, for
the 1meter axial extent PbFz2-based scanner and for a multi-bed LSO-based scanner.




Cherenkov based PET scanner, MC study

First preliminary Monte Carlo simulation studies have shown that a
Cherenkov-PET scanner using Lead fluoride with the same size of detector
elements and the same ring geometry as a state-of-the-art LSO based
PET scanner will have

e 20% improved spatial resolution, as is now achieved using one-to-one
coupling.
e Sensitivity will be about one half, but noise equivalent count rate can be

expected to be as good as or better than the standard PET scanner, if
TOF resolution is 200 ps or better.

Cherenkov detectors in particle physics and medical imaging Peter Krizan, Ljubljana



Large system: use larger area MCP PMTs?

Hamamatsu SL10 1°

—>Photonis Planacon 5¢cm x 5¢cm
- LAPPD 20cm x 20cm

The main problem of a MCP PMT in a
Cherenkov based annihilation gamma
detector: low quantum efficiency of a
typical photocathode in a PMT

—> Detection efficiency: a few %

Cherenkov detectors in particle physics and medical imaging Peter Krizan, Ljubljana



SiPM for Cherenkov TOF PET?

Advantages:
. high PDE — more than 50%
. flexible granularity
. low operation voltage
. operation in magnetic field
. affordable price (potentially)
Disadvantages:
. high dark count rate (DCR)
~ 100kHz/mm? (cooling?)
. single photon timing
resolution not yet below 100 psFWHM
(specially for large area devices)?

- Explore new devices and test them

Counts

@ [ps]
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2000

1000 | R Single Phot]oelectl'on
800- FH NIM A504 (2003) 48
600 l1
400‘ .ﬁ ) 123 ps twhm |
20[}‘ JJ LLL

G- TPl

500 1000 1500
T S.Gundacker et.al.
20 . NIM A718(2013)569
Q0 st g M T e
80 | i IS NP

60
40 |
20

Hamamatsu 25um e
Hamamatsu 50um  x
Hamamatsu 100um e

1

2

3

Bias over-voltage [V]

- A joint project of Nagoya (lijima, Kobayashi) and Ljubljana (Korpar,

Pestotnik, Dolenec, Krizan)




SIPM — Geiger mode APD

depleteg Photo-diode: (visual) photon is
f ee e e e absorbed in the depleted region,

® 0 o .
©.%.%°%" produces an electron-hole pair.

- P - Many pairs_needed to result in
-+ o0 @ "\3_% a detectable signal - cannnot
eloctric ild slectron detect single photons

p-type

hole

Geiger mode avalanche photo-
diode (APD): with an appropriate
doping profile, high electic field is
created - e or h multiplication
(avalanche)

- Large signal (10° e)

Known also as SiPM.
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; SIPMs In a back-to-back

configuration
Cherenkov radiator (PbF,):
-5 x5x15 mm?® (SiPM),
black painted, Teflon wrapped, bare
Readout: (timing ~25 ps FWHM)
* custom board with NEC uPC2710TB amp.
« amplifier: ORTEC FTA820
e discriminator: Philips sc. 708 LE
* TDC: Kaizu works KC3781A (25ps)
*« QDC: CAEN V965
3x3 mm? SiPMs:

Hamamatsu S12641-PA050, 'new!'

KETEK PM3375TS-SBO, 'old'

Cherenkov detectors in particle physics and medical imaging

CAEN V965

_h

200x amplifier passive
?rg';% signal splitter
coincidence . LE
logic d1scn.m1nator
Philips 708
QDC gate

TDC start

TDC
Kaizu works
KC3781A
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Single side detection efficiency

Detection Efficiency

g % | —=—  KETEK black

* best efficiency: 26% E 25: Teflon wrapped I =~ KETEK bare
with SensL SiPM and 5 ﬁﬁﬂ S :ETE:;b'I'k
Te f|0n Wrappe d Crys taIS 20:_ .................. | .a',. .............. " ........................... X b ................................................ ) vanSiD bare
e T = -25°C W P are o sanso Teon
E o--7-=sllY —e—  SensL black

10 - N = E : * ¥ v - SensL bare
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3x3mm* SiPM)

AdvanS|D ASD-NUVSS P-40

SensL MicroFC-30050-SMT-GP
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Coincidence time resolution

Coincidence Timing

* best timing: 309 ps

. : 3 ——
with AdvanSiD S 1000 ==« Teflon wrapped . KETEK black
I 4 = KETEK bare
. T =-25°C 2
g) 800 " -- - KETEK Teflon
E e bare —¥— advanSiD black
600 - : B ¥ advanSiD bare
— \Y:g“ ---¥---  advanSiD Teflon
400 __ ....................................................... '—‘L\‘\'\‘ ’ —— SenslL black
: blaCk pa nt r—ﬁ— Hamamatsu black
200 ...................................................................
- Hamamatsu bare
(5x5mm? crystal on N | | | J J &~ Hamamatsu Teflon
o 0 | | | | | | | | | | | | | 1 1 1 1 1 1 | 1 1 1 1
3x3mm?* SiPM) 1 2 3 4 6 7

AdvanS|D ASD-NUV3S-P-40

SensL MicroFC-30050-SMT-GP
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Overvoltage [V]
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Coincidence timing, continued

What is behind the best value of FWHM=300ps?

= Can we improve?

- Perform picosecond laser scans

Cherenkov detectors in particle physics and medical imaging Peter Krizan, Ljubljana



Timing resolution and delay vs position
* Defocused red laser (o ~ 300um), T=25°C, ~ 3 x 3 mm?

» Higher dark count rates and lover V,

* Timing resolution (top) and delay (bottom) vs. position
9 (top) S ERlomiS p

FWHM _all [ps] f FWHM all

500

00

= 300

47 475

AdvanSlD “'“KETEL( new'

¢TDC Mean oTDCMean .

Cherenkov detectors in particle physics and medical imaging

455 46 465 47

KETEK 'old’

¢TDC Mean

48 485 41 478
X mm]

S. Korpar, IEEE/NSS 2015




SIPM timing with a fine laser scan
* Focused red laser (c ~ 3um), T=25°C, area ~250 x 250 um?
« Higher dark count rates and lover V
* Timing resolution (top) and delay (bottom)[ps], vs. position
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Cherenkov based TOF PET - summary

main advantage prompt emission
main disadvantage low number of photons
requires very fast single photon sensor with high PDE.

We have studied several SiPMs from different producers to find
the best candidate for the application — the best value for the
efficiency reached 26% and the best CRT was ~300 ps (will
Improve with SIPM and crystal size matching).

e Performance of SiPMs is constantly improving and hopefully it
will reach optimal performance — coincidence efficiency > 10%
and timing < 200 ps FWHM

Cherenkov detectors in particle physics and medical imaging Peter Krizan, Ljubljana



Summary

Interplay of detector R&D for particle physics and medical imaging has a
long history, and this will remain one of the sources of innovation in
medical imaging

Cherenkov radiation based annihilation gamma detectors offer a promising
method for very fast detection and potentially cheaper devices

Full body PET: very promissing new medical imaging method, lower dose
than multiple scans

Example of the excellent collaboration between Nagoya and Ljubljana

Cherenkov detectors in particle physics and medical imaging Peter Krizan, Ljubljana



Back-up slides
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Limitations of Cherenkov photon timing

Cherenkov photons are produced promptly, but still need to reach the
photodetector

Gamma rays travel faster than Cherenkov light!

Radiator dimensions, refractive index — intrinsic travel time spread due to
different gamma interaction depths

[

511keV gamma Cherenkov photon

A\ 4
\4
photodetector

photodetector

d=15mm,n=1.8: t=dn/c,=90ps t = d/c, =50 ps — At = 40 ps

> For a 15 mm long crystal the resulting FWHM contribution is ~40 ps

Can in principle be corrected for by
— a multi layer configuration with shorter crystals, or by

— measuring the depth of interaction (DOI)

Cherenkov detectors in particle phy N.B. This applies to all very fast light emission mechanisms.



DOI in Cherenkov based y detectors

By measuring DOI we would
Improve the timing
Further mitigate the paralax error

A very interesting novel concept:
CaLIPSO (D. Yvon et al., CEA Saclay)

Use a heavy high Z liquid, TriMethyl
Bismuth (TMBI), for gamma
conversion and dual mode detection

e Cherenkov light for timing

e lonisation for energy measurement
and 3d gamma interaction point
determination (2d pixels for charge
collection and drift time)

N.B. Again a nice example of HEP - medical imaging

Photo-detectors
PMTs trigger, timing

lonisation
Chamber
TMBI

-10 kV O kV

S0 0000000000000 00
2909000000000 0000
$ 0066060606066 066000008

Pixellized charge
collection (energy

and 2d postion)

D. Yvon et al., IEEE TNS, 61 (2014) 60.

Peter Krizan, Ljubljana



Coincidence time resolution vs temprature

Counts

Coincidence Timing FWHM [ps]
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Laser set-up

e Pilas diode laser system EIG1000D,
404nm and 635nm laser heads (ALS)

e ND filters (0.3%, 12.5%, 25%)

* optical fiber (single mode,~4um core)
* focusing lens (min. spot size ¢ ~ 3um)
e laser timing ~35 ps FWHM

e readout system the same as for CRT

» Additional SiPM from KETEK with
improved timing (@PhotoDet 2015)

Hamamatsu 812641 -PAOS50, 'new'

KETEK PM3375TS-SBO, 'old'
_—_- _—
SensL MicroFC-30050-SMT-GP 50

Cherenkov detectors in particle physics and medical imaging Peter Krizan, Ljubljana



CaLIPSO Detector Basics (1)

TriMethyl Bismuth (TMBiI), Bi(CH;),
Bi, Z = 83, highest Z non radioactive element.
Phot. Electric Efficiency 47%
Limpid, dielectric, Chem. Stable.

Double Detection

Photo-detectors
Fast! => Trigger, timing.

lonization chamber

Pixelated detector, Frisch Grid
Energy, positioning 2D

PCT/EP2011/054153 oy P T

collector

D. Yvon et al., “CaLIPSO: An novel detector concept for PET imaging”, IEEE TNS, 61 (2014) 60.
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Simulation: search for optimum
radiator parameters

&

Thickness

X3adNIY

e Refractive index n—2




Efficiency improvements, MC estimates

= : - —— 5005 (MA + quartz) ;1
PhOtOdeteCtor: ‘EI :EE" - JYODO5 MCP PMT {Ii} FEl
o 12§ Transmission (PbF2)[(0.5 ©
- - - - n : ‘; .£
- improved photon detection efficiency ol E
- i c
. photocathode with better QE z_ ;. Z
. window, transparent to lower A (quartz — 160 nm) af
- example: Hamamatsu 500S photocathode i"" R D
100 200 300 400 500 60

wavelength [nm]

— 1.4x detection efficiency (2x in FOM=¢g? /o)

Transport of photons from radiator to photo-detector:

- optimal optical coupling of the radiator to the photon detector (at present radiator refractive
index n=1.8, optical grease n=1.5, PMT window n=1.5) — ~1.4x efficiency (2x FOM)

Radiator optimization with a hypothetical, PbF,-like crystal
(using 500S photocathode):

FOM [1/ns]

Refractive index

- With an optimized refractive index, thickness (n=2.0, d~14mm)
— 1.5x efficiency (3x FOM)

- Improved optical transmission (A . = 160 nm) i T— e —

— 2.4x efficiency (6x FOM) _ AR

6 8 10 12 14 16
Thickness [mm]




MCP PMT timing

« Surfaces of MCP PMTs illuminated with very weak (single photon
level) red (636 nm) and blue (404 nm) laser light pulses

. Time responses of 3 MCP PMT samples (incl. laser and electronics):
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Simulation: GEANT4

Interactions in a single crystal and in a full back-to-back setup were
simulated in GEANT4, taking into account:

e gamma interactions with detector

e optical photons (Cherenkov and scintillation) produced between 250
nm — 800 nm (no scintillation assumed for PbF2)

e optical photon boundary processes (exit surface polished, other
surfaces polished and wrapped in white reflector or black painted)

e photo-detector window coupled with optical grease (n=1.5)
e photo-detector QE (peak 24% @ 400nm)

e photo-detector intrinsic timing modeled according to the measured
response function

~
Chere 1, Ljubljana



Intrinsic suppression of scattered events

Annihilation gammas scatter in patient or detector — unwanted background

when scattered gamma is detected in coincidence

. Traditional PET

- number of scintillation photons proportional to energy deposited
- measurement of gamma energy — rejection of scattered (lower energy)

events
« Cherenkov PET

- at most a few photons detected — no energy information available
- but: detection efficiency drops with gamma energy — intrinsic

suppression

= 0.18
c
8 0.16
£ 014
= o
0.12
0.1
0.08
0.06
0.04
0.02
0

simulation

500 600 700
Gamma energy [keV]



Experimental setup

Two detectors in a back-to-back configuration with 25x25x15 mm? crystals
coupled to MCP-PMT with optical grease.

Cherenkov radiators:

-monolithic: 25 x 25 x 5,15 mm3 (PbF,, PbWO,)
-4x4 segmented: 22.5x22.5x7.5 mm3 (PbF,)
-black painted, Teflon wrapped, bare

Cherenkov detectors in particle physics and medical imaging
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Experimental setup: read-out

lojelpe.
AOYUBIaYD

200xamplifier QDc
ORTEC —» signal splitter —
FTAB20A CAEN V965
Coincid discriminator TDC
0|rllc| ENCE | o | (LE) —»{ Kaizu works
ogic Philips 708 KC3781A
QDC gate
TDC start

Cherenkov detectors in particle physics and medical imaging

Readout:

- amplifier: ORTEC FTA820

- discriminator: Philips sc. 708LE
- TDC: Kaizu works KC3781A

- QDC: CAEN V965

- Time-walk correction applied in
the analysis step

Peter Krizan, Ljubljana



Experimental results:
Back-to-back time resolution

Best timing resolution: black painted PbF, crystals
(Cherenkov light hitting the walls is absorbed - delayed
Cherenkov photons suppressed — improved timing,

reduced efficiency)

Data taken with :

e 15 mm long crystal:
- FWHM ~ 95 ps

e 5 mm long crystal:
- FWHM ~ 70 ps

- NIM A654(2011)532-538

count

electron

count

Cherenkov ph.
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3007 na cuts Mean -0.2305 = 0.0024
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400 Constant2 68.97 + 4.62
| crosstalk suppressed Mean2 -0.1867 + 0.0098
E | meeen 6=30.4ps Sigma2 0.2301+ 0.0146
300
200
100—
IR = P B
%5 = 1 1.5
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Reconstruction

Cherenkov PET tested experimentally

- data equivalent to one PET ring obtained with only
two detectors

~ source rotated in discrete steps

L
A

- data collected at each step for the same amount of

time

- D=185mMm, H=22.5 mm

Full body PET scanner simulated
- D =800 mm, 15 rings (H = 340 mm)

- phantom with d = 270 mm, 4 hot spheres (d: 10 -
22 mm) and 2 cold spheres (d = 28, 37mm)

Cherenkov detectors in particle physics and medical imaging
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Reconstruction

T T ITITA. Ty
=1 G e I i ;

Reconstruction algorithms:
- Filtered backprojection (FBP): basic UJ H LU
non-TOF algorithm
- TOF weighted FBP: pixels along LOR ”
incremented with TOF response defined h [11 m
weight

- Most likely position (MLP): point of
decay on LOR calculated from TOF

information ;’f’f - \
F /Oo\ **—
- Filtered MLP: MLP image deconvoluted forﬁi " "

)

TOF response

Y Vi
N Vi
R, y/

Cherenkov detectors in particle physics and medical imaging Peter Krizan, Ljubljana



y[mm]

Reconstruction - experiment

« 2°Na point sources at +10 mm and -10 mm
« 4x4 segmented, black painted PbF, radiators

(non-TOF) FBP TOF w. FBP MLP Filtered MLP

y[mm]
y[mm]
y[mm]

"G - T

- - L 500
3 F 3 -
4000 S ool B, ‘lmD: | J]“l' & ao0f il \
2 L z aoo0k z o | |
00! 2 1500 g i 2 300 | -
2 F 2 600 2 r
- [ - [ o
= 2000 “’} = 1000| e - ! - 2000
400 i E -
1000 500 100 \
T . E ) . 200 ,-f A 3 A s
0 Ed—-w—" T of——— ) —— - o ) Lo N Ot o Nhanaa .
-50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50 EED -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 O 10 20 30 40 50
x [mm] x [mm] x [mm] x [mm]

- Simple, very fast Most-likely-point (MLP) method (—histograming of points)
already gives a reasonable picture

Cherenkov detectors in particle physics and medical imaging < NIM A732 (2013) 595



Reconstruction - simulation

« Hot spheres activity concentration: 3x phantom background
. Statistics equivalent to 163 s of PET examination

« 4x4 segmented, Teflon wrapped PbF, radiators

« 20 mm thick axial slices

(non-TOF) FBP TOF w. FBP MLP Filtered MLP

50 - 50 100 150 - 50
X [mm] X [mm] X [mm]

First tries, have to understand how the possible improvements in the
detection efficiency will influence the performance.
Again: the simple, very fast Most-likely-point (MLP) method (—~histograming

of points) already gives a reasonable picture
- NIM A732 (2013) 595



Limitations of Cherenkov photon timing

« Cherenkov photons are produced promptly, but still need to reach the
photodetector (gamma rays travel faster than Cherenkov light!)

- Radiator dimensions, refractive index — intrinsic travel time spread due
to different gamma interaction depths

\ 4

A 4

\4
photodetector

photodetector

511keV gamma Cherenkov photon

d=15mm,n=1.8: t=dn/c,=90ps t =d/c, = 50 ps — At = 40 ps

- Different photon emission angles
- Reflections from radiator entry and side surfaces
. total internal reflection (high refractive index)
. reflective wrapping
. Black paint reduces total internal reflections and stops many photons
— improved timing
- reduced detection efficiency (but from photons with worse timing)

Cherenkov detectors in particle physics and medical imaging Peter Krizan, Ljubljana



Impact of optical cross talk

« AdvanSiD SiPM, V.6V, T=-25°C

* blue laser A=404nm

e events vith 2m.c. signal have two
contributions: real double hit events with
better resolution and optical crosstalk
events

FWHM [ps]
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200
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100

50

Blue laser

cTDC, 1 CPH
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I 0 I 1 IIII 2 ['nlsl]I
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1 0 1 2 [ns]

Cherenkov detectors in particle physics and medical imaging

Peter Krizan, Ljubljana



SIPM timing with uniform illumination

e Uniform illumination of SiPMs, T=-25°C
» Timing for all events (top) and events with single micro cell signal (bottom)

FWHM fps]

FWHM [ps)
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=g Sensl
All events Ham old
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| ' KETEK new
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Coincidence time resolution with single cell

events on both sides

2 3 1 - [Eniries 177279
. - - - = .C.
 Using only events with single S
micro cell signal on both sides: M: Car 1 s o boti sldes)
CRT= 190 ps FWHM s
: . 400 —
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oV > ] A Ime:
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% "200 T 400 “e00 " Teoo 1000 1200
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: 3 =l == = pa Const £.332 + 0.008
for the events with more than 1m.c. S ™F|  sniiom-13 &I Voo 0 5 G0N
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A new sensor for PET

Silicon PM (Geiger mode avalanche photodiode, G-APD): a
novel photo-sensor, developed for exeriments in particle
physics = considerably smaller than PMTs, no high voltage
needed, can operate in high magnetic fields (several T).

photocatode dynode anode
e £ I\ A
SiPM
y ray i\l' |/ X
/ W
scintillator

electric signal




How does the new sensor impact medical imaging?
«Significantly smaller than the usual sensor (PMT)

eCan be operated in high magnetic fields.

PET

"N

Allows imaging with magnetic resonance (MRI) and PET at the
same time — an important improvement for an efficient
diagnostics!



PET image

PET + MRI slikanje
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