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Intro

DFG Project

“Energy-painted ion radiography for precision radiotherapy“

monitoring stack of
detector TARGET detectors

* Helium Beam Radiography
Incoming di
(Tim Gehrke)

1. Smaller geometric uncertainties laptop«
between CT and therapy.

coincidence

beam

T onewayos)
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2. Tissue stopping power more precise.
3. Smaller radiation dose.
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Requirement: :

* Monitor for low intensity ion beams. E
Beam pos. and shape not yet monitored
for < 1075 pps (feedback missing)
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*G. Arico, T. Gehrke, J. Jakubek, R. Gallas, S. Berke, O. Jakel, A. Mairani, A. Ferrari, M. Martisikova, Investigation of mixed ion fields in the forward
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4 T dinole Downstream .
Intro magnetp Tracking Calorimeters |
T. Tracker (IT +0T) / Muon Stations

Idea from N
LHCb Tracker @ Cern

e LHCb fibers: 250um x 3m, 6 layer, round
(Kuraray SCSF-78M))
(B. Leverington)

e 7.200 photons per MeV
— 0,4 MeV/mm (@220 MeV/u He)
— 5,4% trapping
— 35% PDE* der SiPM**
— 2x ~5% opt. coupling losses (air)
(Rs = 11.55%, Rp = 1.19%)

— = 45 photo electrons / He-ion
(> 5 p.e. needed for S/N threshold)

2.5 m fibre length

+ 5% non-detected ions in on layer of round fibers.
*PDE: Photon Detection Efficiency **SiPM : Silicon Photomultiplier HI 7 i HE
Heidelberg University Hospital | Heidelberg lon Beam Therapy Center| Richard Hermann b st \ 4
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Intro

Profile monitor for low intensity ion beams
Advantages of LHCb inspired SciFi-Detector

* Highly-tested, radiation hard and cheap fibers
* Low running/replacement costs: ion damage and aging only on fibers

* Expensive electronics in safe distance to beam (# semiconductor det.)

e Clear structure of detector system
 Only a few components
* No gas or vacuum necessary
* No semiconductor creation necessary
* No cooling necessary (works at RT)

e Usability
e Scalability of detector channels and electronics
 Readout electronics commercially available and comes with control
software for first experiments
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Prototype
Idea for first test setup

Readout inspired by IDEA Dual-Readout calorimeter - R. Santoro, INFN e rr T

Heidelberger lonenstrahl-Therapiezentrum
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Prototype

Scintillating fibers
Probes

e Cutted and polished by hand

* Pl Heidelberg:
gluing into 3D print and milling

e Kuraray multiclad
— Radiation harder
— 7ns decay, 530nm

e Kuraray SCSF-78 multiclad
— Same as LHCb
— 2.8ns decay, 450nm

e Radiation hardness:
20% loss where SCSF-78 has 60% loss *

17T

Kuraray 3HF
multi clad

Kuraray 78
multi clad

Heidelberger lonenstrahl-Therapiezentrum
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* Preliminary radiation damage analysis for the HIT beam profile monitor; M.Dziewiecki, B.Leverington, G.Meo,; Heidelberg 13.02.2018
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Prototype

Photomultiplier
SiPMs on PCB*

e MPPC** (S13360-1350PE)
— 667 cells (50um APDs)
on 1,3x1,3mm? active area
— Peak PDE at 450nm = scintillating fiber (SCSF-78)
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*PCB: Printed Ciruit Board
**MPPC: Multi-Pixel Photon Counter (by Hamamatsu)
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Electronics
Readout System

* CAEN FERS A5202
[64 Channel CITIROC ASIC]

 Future: DT5215 (CAEN)
combines several FERS boards

USB3.0, 1/10 GbE

Concentrator Board

p to 128 FERS units wit!
single Concentrator

" Detector Array
Ea s v, #1250

! ‘_-i'\"uﬁﬁmi;ha.m{els R

FERS units FERS units

Heidelberger lonenstrahl-Therapiezentrum
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User Manual UM7945, A5202/DT5202; 64-Channel Citiroc-1A Unit for FERS-5200; Rev. 2 - September 9th, 2021
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Prototype

Prototype Setup
Realization

Scintillating Fibres

Heidelberg University Hospital | Heidelberg lon Beam Therapy Center| Richard Hermann
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Experiments

Measurements In Beam
1H, E#255, FH#4, < I#1

« =100.000ions/sec.
 Threshold 350 (a.u.) from staircase plot

FT T [ T T .
3,5x10° | no beam | : no beam |]
g sec. 1 ] 10* : sec. 1
3,0x10* F sec.2 | 3 sec. 2
sec.3 | ] i sec. 3
- 2,5x10°F sec.4 |1 5 4ol sec. 4
& . sec.5 |1 § 3 sec.g
o i 1 @ sec.
D 5 0ox10*E sec. 6 ] o} ]
o 010 nobeam || & no beam |
o 1510°f | & 107
2 LaXl ] ] & F
o 1,0x10" | i © o
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blau 1H E255 F4 I1

-91.4 Thr350

channel number

logarithmic

blau 1H E255 F4 1
T T T T

-91.4 Thr350

channel number

— Signal to DCR: = 20.000
— Signal to Noise within beam: = 50 - 100
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Experiments

Proof of Principle: very low intensity beam
1H, E#255, F#4, << I#1

* Really low intensity: = 8 ions/sec. Simulation: 100 lons
(-> from TimePIX) - ine
blau 1H E255 F4 11 -91.85 Thr360
14 spill 1 till spill 9 |
- average
12 + Gauss Fit | -
_ 10 + |
= A
2 8l )
3 I 10 20 an 40 50 =)
‘g 6 | ' 1 column gauss fit ——
S 74 f!tllne
8 L: A . . s it column
4+ o o 61
2 ' LU/ TANVE ] N
L] PVL/1LY V vw ) W \A-\W 2] 34
0 1| N 1 N 1 Vi A AT N 1 iy 1 (AR AW 5]
0 10 20 30 40 50 60 , ]
channel number 1

- Edge of useful resolution reached.
- Proof of principle
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Experiments [Tvn Ta= E °C)
SiPM PDE SI3360-750PE
—513360-**50CS
Measurements In Beam 2
EAN
= 30 i
1H, E#255, F#4, < I#1 JREAR
E 20 "’ \
g [ \
e Kuraray SCSF-78 (450nm, 8k phot./MeV*) & | N
£ 1w ] N
VS j N
e Kuraray (530nm, 7.1k phot./MeV*) % 0 wofso e 700 w0 %0 1o
Wavelength (nm)
= 30.000 ions/sec = 60 ions/sec
25000 T T T T v T T T T T v T 100 T v T T T v T T T T T v T
I Avg 10spills blue fibres [ Avg 11spills blue fibres
Avg 10spills green fibres Avg 10spills green fibres
20000 | 80 +
3 15000 7 60f
£ 10000 | 2 4ol
g [ g
5000 |- 20 -
0 : N s M i 0 .—a i y i 1 - 3
0 10 20 30 40 50 60 0 10 20 30 40 50 60

channel number

channel number

— Fibre-SiPM combination seem to have better S/N in this application
17
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* From Saint-Gobain fibre product sheet. Values for Minimum lonizing Particles (MIP), corrected for PMT sensitivity



Experiments

Measurements In Beam
C12 Scan, 430 MeV/u, F 3.4mm, 20k ions/mm

100 stepsin 1,2 sec (from -50mm till 50mm) = 2E6 ions/sec (£ I#1)

Run?9 list cutted wi1 00

5000 [
5000 T T
: —a) |
4000 1y 4000 |
E I :
g 3000 Rl g 3000
ALl © 3
? [ AW 2
i [ 2
8 ! o 2000
s 1 c
@ 2000
g I |
Q | 1000 +
© 1l
1000 K , I
" ol | I T T | 1
[ 0 10 20 30 40 50 60
A channel number
0

0o 10 20 30 40 50 60 - 10ms frames
channel number - 8x slower than reality

— Position and width, movement and timing measurable.
- If perfected, this can be used to define supply voltage corrections for SiPMs
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Experiments

lon Comparison
All at E#10 and I#1

Energy 10, Intensity 2

—p (58.72 MeV/u, 1.2e8 pps)
He (60.8 MeV/u, 3e7 pps)
——C12 (108.53 MeV/u, 3e6 pps)

016 (127.21 MeV/u, 1.5e6 pps)
016 (514.82 MeV/u, 1.5¢6 pps)

* | =10mA was max. "
* |>1mA looses gaussian

shape 5x10°
* OQver current only for wide

(F > 1), high intensity proton
beams.

* Anyway, data loss through
jumped time windows

counts per spill

1x10° |

* Qver a certain limit (roughly
at 1e7 pps) SiPMs can’t fully 0

4x10°
3x10°

2x10°

recharge before next hit.
- Missing counts
— non-gaussian form

10 20 30
channel n

umber

17T

50 60
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Experiments

Energy comparison
Oxygen with E#10 and E#255 (1.5e6 pps)

* Higher Energy (same intensity)

—> smaller spot (=FWHM) J—et0 7 7 T T T T ok
1,0x10" [r|—— E955 -
) Gauss Fit of Sheet1 I1
* AreaAisthe same . Gauss Fit of Sheet1 I1
. 8,0X107 [[y=y0 + (Awsqrt(PIi2)) exp(-2((x-xc)w)'2) 1
d Iffe rence: 0’01% - Value Standard Error
c - | y0 19461,20992 1418,50337
8 XC 46,95252 0,04565
5 w 7,70753 0,0982
° yo =X+ ~8% % 6,0x10" - :gma 4132275252 51370,17151 7]
o r | FWHM 9,07492
e + ~ 0 Height 427412,74748
¢ XC X - O’ 1 A) "g 4,0X105 — [y=y0 + (A/(w*sqrt(P1/2)))"exp(-2*((x-xC)/w)"2) -
e w=x%*70,13% S | = i i ]
XC 47,03284 0,01623
= + ~ 0 w
©OA=XET0L2% 20000 L -
sigma 1,65196
L | FWHM 3,89006
Height 1,00724E6
W, FWHM, o: Faktor /2,34 0,0 L——— : ; .
0 10 20 30 40 50 60

* Height: Faktor *2,34 channel number

- Intensity determinable by area A of the fit.
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Experiments

Timing Mode C12 E255 F4 11 191,27°
Angle Comparison

1 i i
1 A il Illlhll'hﬂlhm(h,Il\l l| 2

0
tm[]

s, % - -91.3°run12

60
a0t

20

channel number
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Timing Mode

C12 E255F411-91.3°

Comparison with integrated scintillator

° ”RU nu: -
my detector x| ﬁ
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e “H1DI1P...”: = ‘
810,0k— |
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- Spill form is
really good
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Conclusion & Outlook

Conclusion

* Prototype successfully proven to measure:
— Beam position and width
— Intensity (spill form)
— Tracking single ions (time stamp)

* Limits:
— 1.8 MB data throughput, due to “how data is packed and transmitted
in the links”
* one full set of data takes 2776 bits (= 350 bytes)

— Counting: Data loss, if too short time intervals, e.g <200us resolution.
Data loss, if to many ions/s, e.g >1077 ions/s.

— Timing: Data loss, if to many ions/s, e.g >5*1074 ions/s.

Heidelberg University Hospital | Heidelberg lon Beam Therapy Center| Richard Hermann



Conclusion & Outlook

Outlook

 More and more direct comparison to BAMS (HIT), Timepix (Tim) and SciFi-
monitor (Pl).

* Counting mode will be faster with Zero-Suppression
(Caen promised program update within weeks)

« FERS A5202 & DT5215 for second detection layer are in order process and
will be delivered in December & January

— Concentrator Board and TDlink will allow data throughput of 60 MB/s
(~170 000 events/s possible: 200us -> ~6 ps time windows in counting)

— Prototype extension: vertical plane & quadratic fibers.

Heidelberg University Hospital | Heidelberg lon Beam Therapy Center| Richard Hermann
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Dark Count Rate (DCR) measurement
Threshold Scan

* Different Threshold-Values: 220, 300, , 360 (arbitrary units)

1 p.e. are due to dark counts

- S “curve / stalrcase plot 2 p.e., 3 p.e., etc. are due to crosstalk
* T T T T % T T | T . 3
——C-|[0] E ¥
10° bis —- CH[63]] ] 10° |- ~ 0.5 pe threshold ‘
- 16° -
C
8 10°
[0} 4 E
® 10 - :
@ = s
N ~— =
B szs
510 5 10* 3
5 -
10° F
10°
10' E
10° PR IR B T — 2 - PRI SPEPTTar i IO il [P RO ar ol (A arss IR uraron I
160 180 200 220 240 260 280 300 320 340 360 380 400 50 100 e P o
threshold (adc) (arbitrary unit) % (V]

— Threshold um 350 seems good
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Appendix

State of the Art
INFN — R.Santoro — INFN

IDEA Dual-Readout 1 w

calorimeter collaboration
- R. Santoro (INFN)

29 Scintillating

Optical - Collector

Calorimeter

Also:
SiPM + FERS A5202

Cherenkov
Fibres

160

Optical insulation 64 holes:
32-Ch/32-Sc

5 FEE - Boards

1 FEE-Board per FERS

32 Sc - SIPMS 3f Ch - SIPMS

Front-end
gy board #0

22

177 | UK
Romualdo Santoro, ,IDEA DR Calorimeteraeadoutemy ¢/ HD
24
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Experiments

Dark Count Rate (DCR) measurement
Strange peaks

* Light leaks from behind through pcb through-holes.

T ¥ T Y T
» DCR Skrew On | |
=  DCR Skrew Off

5x10° F

4x10* F

3x10*

2x10*

counts per second

1x10°

0

Heidelberg University Hospital | Heidelberg lon Bea



Experiments

Dark Count Rate (DCR) measurement
Strange peaks

* Light leak through through-holes
* And: Gap on the side

—> 3D print for light protection

Heidelberg University Hospital | Heidelberg lon Beam Therapy Center| Richard Hermann
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I
Szintillationsfasern
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FunctionalRrinei

Scintillator
Organic

e Scintillation:
Alternation of free valence electrons between
molecular orbitals.
Typical: Benzene ring circumferential e-

* Pro: Fast (ns) - intensity determinable, magnetic
field insensitive, fibres enable position
measurements, (+ advantages slide 6)

* Contra: No energy measurement possible (non-
linearity & saturation), defined radiation hardness
and therefore defined lifetime — can’t be
refurbished

"
The  maolecular orbital in benzene

Singlet Triplet

s S

S — 4]

i 4 1

Suu— ¥ |-
S, Sy

o
g

05~ A B 7—-» V - ] | e
51— F i T e VD | S S, e oy
So Sy
Absorption Fluorescence Phosphorescence

(fast) (slow)
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 Funetional Princip! :

Scintillator
Plastic scintillators and fibers

\‘ absorption

 Stokes-Shift: emission

10%m Foster energy transfer Base

Difference between
maxima in absorption
and emission. 10%m UV emission 340nri

ty (a.u)

Primary fluor

irrtera

reabsorgtion

secondary

— Carrier medium

blue emission 400nm | fluor

1m

— Primary scintillator Photodetector E— N

250 350 450

— Wa Velength shifter 1. Primary ionization => excitation of molecules in the base polymer

2. De-excitation of the base polymer [theoretically produces scintillation photons (~ 300 nm)]
=> Energy transfer directly to the fluor in a very short distance.

3. Primary fluor emits at a longer wavelength (~ 340 nm),

4. Absorbed by a secondary fluor

5. Secondary fluor emits in the visible (~ 400 nm)

6. Detect by photodetector

77 | O UK ’
E-AUTTTay, , SCINTTaTIoN DETECtOrs™, b s . HD
29

CERN, EP-CMX technoweek School 2021
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Scintillating fibers
Radiation hardness

 Kuraray multiclad
Kuraray 3HF

— 3-hydroxyflavone multi clad

— Smaller radiation damage than other fibers *
— Lifetime & attenuation length also dependent on bending and
on temperature of the fiber. *

— annealing effect in days/weeks/months, total and none at all **
— 20% loss where Kuraray SCSF-78 multiclad has 60% loss ***
i

Kuraray 78

multi clad
*Radiation damage in scintillating fibers -Preliminary literature study- ; Michael Moll, CERN, 15.10.2003
** A fiber detector radiation hardness test, J Bahr et al., Nuclear Instruments and Methods in Physics Research Vol 449, 11.08.2000

*** preliminary radiation damage analysis for the HIT beam profile monitor; M.Dziewiecki, B.Leverington, G.Meo; Heidelberg 13.02.2018
77 | O UK
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[ Refractive index (7o) "

Scintillating fibers el | e | e o e

fior single cladding Ne=1.49 119 O 3EwI0E H S 710
inmer for multi-cladding (FRAMA) = N 20 1410

Cladding

c I a d d i n g outes for muticlacdng| FUCTNEEPONTE | ny 4 143

Cross-sectlon and Cladding Thickness

Cladding(PMAWA) Outer Cladding(FP)
Inmer Cladding
° Care(Ps (PAARLA)
E.g. Kuraray e coxe
"« H T
polystyrene core (inner Round Fibr ©) iy
side) with a fluorescent =
Cladding Thickness": T=2% of D Cladding Thickness-":T=2%¢T-:Er 29Ty
; R =A% of
agent and a methacrylate N Aperie A0S e posrue: 5%
. . ) -
cladding (outer side) Clading
(PRAMAY
Core(Ps)
T
Mot avalable
Square Fiber (553
—
Cladding Thickness : T=2% of 5
Mumerical Aperture: NA=055
Trapping Eficiency - 4.2%
1) In soma cases, cixdding thicimess Tk 3% of D0 2) Insoma casas, dadding thiciness T B &% of 1D, Ta and T ara both 3% af D.
Cladding and Transmission Mechanism
Single cladding Multi-cladding
Single cladding fiber is stendard type of cladding. Multi-cledding fiber(M] has higher ight yield than sngle
Part":de cladding fibar becausa of lBres trapping afficiancy.
https://www.kuraray.com/products/psf i Clear-PS fiber of this cladding has exiremely higher NA than
Jeogr ra comventional PMMA or PS fiber, and very usaful as ight guide fiber.
- — £} Muticladding fiber has long attanuation length squal to
_’,LJ'/ Kk(il? engle cladding fiber.
‘J o Particle
. )
Lost photon i —
f 67 7R A
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 Funetional Princip! :

Photomultiplier
Silicon Photomultiplier (SiPMs)
« APDs: 50 x 50 um? IF
\ i(p)
Avalanche-Photodiode: —
Semiconductor equivalent hae g
of a photomultiplier. g
° Si P IVI : E=hv ) Multiplikation
50um APDs on 1,3x1,3mm? active area
= 667 pixels

* Pro: Fast (ns) - intensity determinable,
magnetic field insensitive; (+ advantages slide 6)

* Contra: No energy measurement possible
(Geiger-Mode), radiation damage — aging

3-8 gy an

[.i’t"'

€0 30 04 er vxoR@ vy 4y
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SRR

“Quenching resistor
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Appendix "

Detector principal
SiPM (Silicon-Photomultiplier)

LRALLL BRI B R

TrTTI™,

1 1 1 1 1 1
50 100 150 200 250 300

e The primary waveforms (1 p.e.) are due to dark counts; whereas, 2 p.e., 3 p.e., etc. are due to crosstalk n——

Optical crosstalk in a SiPM

Optical crosstalk occurs when a primary discharge (avalanche) in a microcell triggers secondary discharges in one or more adjacent microcells. The secondary discharge may be nearly simultaneous with the primary
(direct or prompt crosstalk) or delayed by several 10's of ns (delayed crosstalk). Optical crosstalk is an example of a correlated noise: it can be present only if a primary discharge is present. The primary discharge can be
due to 1) absorption of a photon, 2) thermal generation of a charge carner in the multiplication region, 3) injection of a charge carrier, thermally generated outside of the avalanche region, into the avalanche region, or 4)
crosstalk-induced secondary discharge becoming the primary discharge for subseguent crosstalk events. If not corrected for, crosstalk makes the oufput signal higher than that implied by the amount of the incident light.

Mechanism

The figure below depicts the mechanism for the prompt (P-CT], delayed (D-CT), and no (Mo-CT) crosstalk. The primary avalanche in the middle pixel creates three representafive photons. One of them moves directly to
the avalanche region of the microcell on the right and triggers a simultaneous secondary avalanche there. This is a direct or prompt crosstalk (P-CT). The other photon creates a charge carrier in the vicinity of the
avalanche region of the microcell on the left. The charge camier diffuses to the avalanche region, triggering a secondary avalanche that is delayed with respect to the primary. This is a delayed crosstalk (D-CT). The third
photon leaves the SIPM; no crosstalk occurs (No-CT). The majority of photons produced by the primary discharge does not produce crosstalk.

Metal Avalanche
Ry contact region R R

Single microcell

Figure 11. This diagram depicts the mechanism for the prompt (P-CT), delayed (D-CT), and no {No-CT) crosstalk. (It also %WWW#@M] H D
) 34
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Intro / Prototype / Experiments / Conclusion & Outlook

Electronics
The CAEN FERS

e Measurement Modes:

— Counting Mode
no dead time (except saturation), max. 20Mcps/channel

— Timing Mode
TOA (25-bit), dynamic range ~16,78ms (2725 *0.5ns)

— Time Stamped Spectroscopy:
TOA (16-bit) + TOT (9-bit), dynamic range ~32,77us

— Spectroscopy Mode
Amplitude conversion by 13-bit ADC (~10us dead time)

e Data Throughput: 1.8 MB/s (due to data packaging = 200us time windows)

Heidelberg University Hospital | Heidelberg lon Beam Therapy Center| Richard Hermann
User Manual UM7945, A5202/DT5202; 64-Channel Citiroc-1A Unit for FERS-5200; Rev. 2 - September 9th, 2021



Appendix

Readout
FERS A5202 (CAEN)
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Fig. 7.1: Simplified block diagram of the A5202/DT5202 FERS-5200 unit.
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Appendix

Readout

FERS A5202 (CAEN)
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Fig. 7.2: Citiroc-1A block scheme. yser Manual UM7945, A5202/DT5202; 64-Channel Citiroc-1A Unit for FERS-5200; Rev. 2 - September

2021 38
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Readout
FERS A5202 (CAEN)
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Fig. 7.8: FPGA block diagram.
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Simulation
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Appendix

Sideproject — Simulation Geant4
LHCb-tracker Simulation adapted

* Only first adaptions: size, material, readout cells

6x250um fiber mat » 1x1mm fiber mat

Crosstalk

1
l:ﬁ:#l
Wi
T
! m
e

« BUT Output file/-plots not yet useable (e.g. pixels not correctly assigned)
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