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U Challenges and requirements for next
generation of beam monitors

U Thin Low Gain Avalanche Detectors (LGAD)
and Ultra Fast Silicon Detector (UFSD)

U LGAD-based online counter of particles

U LGADDbased online beam energy detector
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Range uncertainties

The tumor and
surrounding organs

movell ,,
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The challenge: :minmizer rangezancertainties

Several sources of range uncertainties in particle therapy lead to
dangerous consequences to the patient!!

A Motion
A Organ position Planning CT CT after5:weeks
variation
A Breathing motion

A8 — ,

Imaging
A Dose calculation - _,\
A Patient Set-up
A Tumor shrinkage

A Beam delivery errors
Aé é é . By Tony Lomax, PSI Switzerland
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Main motiommitigatioin strategies

» Gating

» Rescanning

» Tracking

» 4D adaptive radiotherapy
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Low fluence- rate:formultipie

The daily dose is delivered in
N consecutive times, the dose
delivered during one full
volume scanis equal to 1/N

A statistical averaging of dose
heterogeneity iIs achieved

Control requirements:

High sensitivity beam flux monitor to

deliver low dose (few particles) per spot (b)

New detectors for beam monitoring in particle therapy
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Online: energyycontrolcforor tuman tnacking

Tumor tracking aims to follow the motion using online signals
from measurements of anatomical/physiological deformations

Control requirements:

Fast beam monitors

to perform feedback on beam position :
(X,y) to the scanning magnets,

(z) to range modulator,

and on fluence to the accelerator
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New detector requirements

Increase the charge generated for each proton

A HIGHSENSITIVITY é &
—_— A W small
A GOOD SIGNAL TO NOISE RATIO A Hgher density
A FAST SIGNAL CREATION A Y S larger
A FINE GRANULARITY
A TRANSPARENT TO THE BEAM
A RESISTANT TO RADIATION
A LARGE AREA (at least 20x20 cm?)

Short collection time

A Reduced thickness
A High Electric field E

A DEAD TIME FREE For Silicon 6.
A= N
A 105 e-/h in3000mY Q=16fC

HRA{  E'HA R S
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Sensitivity

MAIN ISSUE of EXISTING Beam Monitors
LOW SENSITIVITY
A W~30eVtocreate 1 e “/h pair

7.2 x 108 p (62 MeV)
1 MU~ | 1.9 x104p (226 MeV)

200 fC * | 341 2C (115MeV/u)
_ 767 12C (399 MeV/u)

*Values from CNAO beam monitors
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The best sensitivityy A particlé=counter

MAIN ISSUE of EXISTING Beam Monitors 1

2 3 4 108
LOW SENSITIVITY
A W~30eVtocreate 1 e */hpair JJUM ---------------- ﬂ—
= ﬂ Single proton signals
MU " 7.2 x 10 p (62 MeV) © [\ '\
] 1.9 X107 p (226 MeV) | |
200 fC * | 341 2C (115MeV/u) JUJYU IV
_ 767 12C (399 MeV/u) . ’
*Values from CNAO beam monitors Time (ns)

THE IDEAL DETECTOR SHOULD MEASURE ONLINE THE NUMBER OF
PARTICLE with 1% of accuracy
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The pramisingzcandidate =siliconmsensor

Why?
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The pramisingzcancdhidate =siicomsensor

Why?

At present, silicon sensors are the ONLY detector able to provide excellent timing

capability (~ 30 ps) . good radiation hardness (fluence ~ 1E15 n/cm2), good pixelation

(10um -1 mm), and large area coverage (many m?)

N. Cartiglia, INFN. Terascale meeting - 27-Nov-2019

Additionally: optimized read -out chain (ASIC + FPGA)
IS mandatory
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From IntegnatedcCharge e withh GAS IIONIZATION.CHAMBERS

o+ T+

A

Spot dose f\ f\ f\
ICsignal 1 “ -7 o Time (ms)
(\_w_ .
Time (ms)
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From IntegnatedcCharge e withh GASIONIZATION CHAMBERS

To number affpanticieses withh SILICONIDETECIORS

////// Gas IC = SILICON //
Spot dose | » ‘ N ﬂ -2 ns Slngle proton signals
f\ f\ f\ ; s /
ICsignal | "7 o Tlme(ms) N b \j\\,
(\_\J\_ : \J
Time (ms) Time (ns)’
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Traditional n -on-p silicon detectors

The induced current is
measured through the

External bias voltage (HV) inversely readout channel

polarizes the p-n junction, creating a
large depleted volume where charged
particle _cre_ate_s free electron -hole pairs N++  ++
(e-h) by ionization =

~ 75 pairs/um
The electric field (=30 kV/cm) V4~ 100um/ns g
determines the electrons drift toward H_\_/
the n++ contact, and the holes toward p+ &P
the p++ contact, creating an induced &
current on the electrodes ' -
p++
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Traditional n -on-p silicon detectors

W = 3.6 eV to create 1 paire -/hin silicon Traditional silicon detector
J e
A Good sensitivity
A Fast response p (intrinsic)
A Fine granularity 300 &
A Good spatial resolution
A Good Signal/Noise ratio \

Signal duration ~ 10 ns A too large to discriminate particles with a beam
flux of 10 8-10° p/cm ?sec
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Shorten the signal by reducing the thickness

Thin detector A
d
i(t) v
; A
v
v
dV S
—~ —~ const
dt t

The effect of reducing thickness is to obtain a shorter signal ,
not higher signal
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Signal length for different thicknesses

ns
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Increase the amplitude by adding a Gain

A Thin p+ gain layer , Cathode n++
implanted und = =i 11 e
Imp anted unaer S g | | g
the n++ cathode > = g e
S % p (intrinsic) 513
™ .5 n-in-p 2z
. | = o
A Controlled low gain 1 2 * y 8
(10~30) c .
o : O w
A G.aln Increases with _'_'_'_'_'_'_'_'_'_g_'_'_' Handle wafer S
bias voltage | i 5
I

" i NOT TO SCALE |

ADVANTAGE

A GAIN INCREASES THE SIGNALEnhanced signal-to-noise ratio
A GAIN IMPROVES RISHMEA Better time resolution (few tens of ps )
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Thin Low Gain Avalanche Diodes

Cathode n++

1 | [ Ao
§s | =t
<8 fntrinsic 8|2 | Small thickness of
@S P . 3 [%  active volume A 50 Om
| = P o
LLI = ¢ v 8
£ A
% S Reduced number of charge
_'_'_'_'_'_'_'_'_'_K_'_'_' Handle wafer S e
i ' -5 Qtotw 75 q d
L | NOT TO SCALE | |
ADVANTAGE The internal gain
_ compensates for the
A Short signal duration (1,5 -2 nsin 50 Om) loss of signal due to

reduced thickness
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Thin Low Galin Avalanche Diodes

Cathode n++

‘tf‘__ Ao
© 1 S| S
= S . =12
S = p (intrinsic) 5|8
@ = n-in-p =
LL] E ‘b v 8
A
L .
° ® Handle wafer can be
.:::::::::S':::. Handle wafer -2 safely thinned down
: F 3 to 20 Onto reduce
L NOT TO SCALE | ,

material budget

ADVANTAGE | A High density segmentation possible

¥

A Good spatial resolution ( ~100 Om pitch )
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EXAMPLE of LGAD application: UFSD

A Ultra Fast Silicon Detectors (UFSD) erc
LGADsensors optimized for high time resolution UFSD
0 Excellent time resolution (30 psin 50 AOmn)

H.E W. Sadrozinski et al., Nucl.Instrum. Meth. A831 (2016) 18-23.

V. Sola et al. Ultra -Fast Silicon Detectors for 4D tracking. Journal
of Instrumentation (2017), Volume 12.
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Dependences of Time resolution

Noise
o? = (—) + (Aionization)? + (Ashape)? + (TDC)?
dv/dt ~
\ / Subleading,

/ Sensor design ignored here
Usual “Jitter” tferm Amplitude variation:
Here enters everything that is “Noise” and variation in the total charge
the steepness of the signal Shape distortion:
non homogeneous energy deposition
q_ total current
—M electron current
- e '&Hﬁurreni
T N L.‘: %H:_-.-"_"‘—'-q._______.ﬂ'
il = |‘ [I_| L a 1 2 a 4 TImI;.I
" at - T <
: 4 !_ i total current
- ] __;H“L, electron current
N | Gain=1 j wf s "“'ﬁa;curreni C f N. Cartiali
eed large dV/dt i Wy o € ourtesy or N. Cartigha
:jp_ :Hﬂ_'_';:_'_\____h___-_ ) !
i z 3 4 T.m|$|-.
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UFSD time resolution

Summary of the results achieved by the INFN Torino UFSD group

For each thickness, the goalis to cbtain the infrinsic fime resolution

Achieved:
« 20 ps for 35 micron
« 30 ps for 50 micron

Comparison WF2 Simulation - Data
Band bars show variation with temperature (T = -20C - 20C), and gain (G = 20 -30)

Resolution without gain

200 r ® £pK.pPIN (NAG2)
~— 180 | e FBK-UFSD /
v
2 160 [ w HPK- UFSD .
E 140 ' —wr2: Jitter+Landau - UFSD / UFSDI
£ 120 I ....wF2: Jitter - UFSD }
0 100 I _we2:tandau-UFSD | |jEemo R | '
o 80 }
e

60 |

a0 }

20 |

0 Courtesy of N. Cartiglia

0 50 100 150 200 250 300

Thickness [um]
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Example of UFSDoutput

The output we have with UFSD for 5x10 8 protons/sec

3 Em:_ ___________________ — i —
100 A el e bl e 4 PROTONSEDETECTED
| in 100 mssignalwaveform
_Il-flii}l - 5::] - E::} — T-'::] - E::} - Igi}lt';;[r;l'-;?u

Thin UFSD sensors (50 pum)
Small signal duration ( ~1 ns) Y single particle detection capability

25
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Main issues of UFSD

Cathode n++

c ”—“_ T r o
ISSUES for a UFSEbased MEDICAL DEVICE S £ |~ g |2
= QO p (intrinsic) 5|3
™M .2 n-in-p Q@
= \
A Higher readout complexity = AVE
(efficiency and dead time) = "
A Radiation damage EE— Handle wafer 3
A Pile-up effects | i 5
A Dead area u ' NOT TO SCALE | |
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R&D on LGAD radiation hardness

Radiation reduce the gain layer A upto 10 n_eg/cm?itis
possible to compensate with bias voltage

Defect Engineering of the gain implant

a i . . ..
12 A Carbon co-implantation mitigates the
Bo,on +Co,bon gain loss after irradiation
2 o A / A Replacing Boron by Gallium did not
s 08| s ( Canmmm—"tOn J improve the radiation hardness
IE OS - ——
| soron (LlowDiff) ) Modification of the gain implant profile
: (™ Boron (High Diff ) A Narrower Boron doping profiles  with
| S iy high concentration peak (Low Thermal
0 e R e e o B . Diffusion) are less prone to be
1.0E513 1.0E+14 1.0E+15 1.0E+16 i . . ) P
Fluence n_eq/cm2 ‘ |naCt|Vated
\. J
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~Move It INFN project:(20177-2019)

deling and ‘Verification for Implementation of advanced radiobiological
on beam Treatment planning ) 10dcls in ion TPS, experimental verification

http ://www.tifpa.infn.it/projects/move it/ In-vitro and in -vivo.

Physics’\

-\
Radiobiology

!

Delivered Dose Verification

\ 4

We are developing 2 new detectors based on
THIN LGAD to overcome the limits of ICs
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2 new UFSD-based DETECTORS

PROTONS

Particle counter as beam fluence monitor

Beam telescope

UFSD sensors Beam energy monitor based on

beam
D L > 60 cm D : Time of Flight
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UFSD sensors for beam monitors

- 5,6
- :( mm 2 o
[-(Ji‘dll];lf.[()r'-JE 1\ i
BRUNO KESSLER 11 ‘
: E 1
S 3 E H
J€rc % o T
e - g 1113
UFSD | | I
\ 41 20 strips
R\ 200 QOm pitch |
%
30 strips
150 Om pitch
MovelT Strip detectors prototypes for the Strip sensors for the energy measurement
beam flux detector (UFSD2 production -2017) (UFSD3 production2018)

18 silicon-on-silicon wafers
different doping strategies for the gain layer

to improve radiation resistance
SENSORS DEVELOPED AND TESTED
with the clinical beams
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Preliminary tests with clinical beams

CNAQ

Protam Beam

fram synclivotrionn

Beam FWHM~ 10 mm
Max flux ~ 10° p/s delivered in spills
Beam flux range: 20%- 100% of maxflux

Beam energy range: 62 8227 MeV (562 MIP3g

TRENTO
y

Protam Beam

framm cyclotrtonn

Beam FWHM3-7 mm
Beam flux 10°- 10 p/s
Beam current range: 1 nA 6320 nA

Beam energy range: 70 0228 MeV

New detectors for beam monitoring in particle therapy

S. Giordanengo INFN Torino - Cogne 2020
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Y 5

PROTONS

Particle counter as beam fluence monitor

New detectors for beam monitoring in particle therapy - S. Giordanengo INFN Torino - Cogne 2020
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Particle counter opreliminary test

k2 &Y N /We tested the UFSD counting

Passive Frontend Capablllty flrSt Wlth a
boards with sensors preliminary readout setup
aligned to the beam ) and single pad

w /

CAEN digitizer (5 GS/9
Strip 1 :

~

~ Amplifier
CNM, HPK pads (500m * 1 | A -
mm2, 80 Gm * 9 mm?2) and B 1t . ¢
FBK strips (50 Gm, 2 mm?2) - Bias Voltage {8
\§ J
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Example of signal waveform

10m T : T T T 1 i ] [ : |

I 117 MeV protons

8OO | S e AR :

V UFSD pad by CNM (1,4 m@) [ ’

BOO | — TS AR SRR I

centered on the beam =

V Average beam fluence rate
x pTiB Al ¢0

Test with the CNAO beam

250¢ : time [ns]

ADC counts

200

U Peaks corresponding to individual protons can
be easily distinguished

U Large amplitude fluctuations
U Short peak duration

150 |-
100 [

50 ¢

I IR R S R
20 25 30 35 40 45 50
time [ns]
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Signal pile -up affects the counter efficiency

Digitizer Channel2 _

g I I ; coﬁﬂgﬂ“tS:Q -

A J IR ] Thresholt
— Htr Tt ————- e ——————

B i -

| Ul_ll I % 50 TimeE[[]rs_s]

At high proton flux
there are saturation
effects in counting
measures due to signal

pile -up

T

- n w -

(=3 (=3 (=3 =3 (=3
e III‘I\H‘I\I\|HI\|\IH‘HH|
Mz

New detectors for beam monitoring in particle therapy

S. Giordanengo INFN Torino
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Best threshold by amplitude distribution

Amplitude distribution from threshold scan

Signal amplitude distribution

for proton beams at 3 different

10 — — 70 MeV .
: 125 MeV energies
1+ | -
1 Common 228 MeV
"5 1 threshold i Good S/N separation;
10 b : U Larger S/N at lower beam energies;
‘\.“‘T U Best threshold is beam energy dependent.
103 =y )
- W"Wnimﬁ,r_h, |
0+ Ve
= \‘1ﬂj*tw-rm-aﬂ.lﬁwH,m |
1075 — I I|||i '“'lli'll i ‘ iSOH h i
S T A R N\@MWAMM\HWH J]H\HHMHNHH | HM Bestthrez S S —1 -
o 500 1000 1500 2000 2500 3000 3500 - e ———

Amplitude [ADC]

New detectors for beam monitoring in particle therapy
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Bias voltage & gain effect on signal amplitude

1
I 214 MeV protons
! CNM pad

Increasing the bias voltage

S
K, II"-"'"'I]J""-u_.;.
" @ Vpias = -200 V 1['
E I . ' . 1 . .
. . = |
Gain increase In the sensor £ g
B :
g |~ e
; LSS W
| V. = -250 V
O. | I20 | ; éiO | |

Amplitude [mV]

New detectors for beam monitoring in particle therapy - S. Giordanengo INFN Torino - Cogne 2020

37



Peak area & Landau distributions

- h _en_areat
450 Entries 5007
- Mean 65.46 . .
400 Std Dev U Area of peaks proportional to
- Constant 2405 + 57.2
3801 VT collected charge;
200 Soma_ 8087 E0.187 U well described by Landau
2501 formula.
2001 Fit to Landau
- formula
150:—
100 | Beam energy 147 MeV
SOﬂ
o e0 o0 ise 200 seeso0 a0 hoo

Peak area [10-12 Vs]
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Laadnd savP\0's BaMP Mhervys

described by Bethe-Bloch formula

dE  4me*z’NZ | 2M,v?
dx (4mey)2M,v? . [

)—ln(l - B?) — B?
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Bethe -Bloch 1/v ¢ dependence

Measurements with proton beams at 5 energies in the clinical range at the CNAO

<

U Landauds MPV e
dependence on beam
energy well described by

N

TI
—
—
E
<

MPV [pVs]

Bethe-Bloch 1/v?2 of /
dependence o
50 \
40: T
Protons dE/dx : —_
30— C
from 60 to 240 MeV =TT
60 80 100 120 140 160 180 200 220 240

Beam energy [MeV]
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Passive Frontend
boards with sensors
aligned to the beam

CAEN digitizer (5 GS/9

Bias Voltage | R
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Relative Reference measurement of the
fluence rate with a
Pinpoint lonization Chamber
(dose measurement in air)

Front panel of the Pinpoint Electrometer

in ode orr: = 2 =
= /
1imeLs
29- 900 + 0.01 weys
. : 1 SN: Dummy Dummy Chamber |Ente .

Pinpoint active volume: 0.13 cm 3
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Beam test imTreata {expermental room)

Beam monitors:

2 large area ionization chambers
By De.Tec.Tor Torino
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UFSDsignals inm Trentoowitht protoncdheam
wwmwwmwww i

(Particles are
delivered in bunch
due to the Cyclotron
\radiofrequency

106 MHz Cyclotron RF

né‘ 44 ns 94 ns 144 ns 194 ns 244 ns

frequency

imebase 6 nsfTrigger (SN 1Y
9 Bits 50.0 ns/div Nor -100.0 mV
10 kS 20 G5/s Edge Positive
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Saturation effects at high fluence rate

> A (Trento, July 2019) 7 1

PTW pinpoint |.C.

aF [cina 433.3 /27 e Strip sensor
%20:_ ......... Prob Q | // ...........................
%18:— --------- pO 0.9981+ 0.0005541 | . ... - A B Particle rate estimated using the charge
S P 0O018TrE6s%e05 | 7 T measured with a PTW pin -hole ionization
(8] — .
- — chamber and assuming a paralyzable
- saturation model
E_ fmeas - Q 1:estim —

fmeas= particle rate measured with LGAD strip

“E= charge rate in I.C.

C = effective charge in I.C. for each proton at fixed
energy

W= deadtime

C and Uestimated from a fit of data
collected for each beam energy at
different beam currents

estimated rate [MHZz]

i i i i i i i i i i —t>
o op 02 03 04 05 06 07 08 09 10

Local beam flux [GHz/cm ?]
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Saturation effects at high fluence rate

_ . . . )
z = + ; 7 Pile-up mitigation using
= = measure s .
e /7 correlation between two
S _, | t corectedAND | s . - .
3 20 + o 7 : O neighbouring strips y
[&] - caorrecile -
% : V. /: /
%; 15_7 i e
—ﬁ[/pv@.- TE | —
10 Particle- rate. - N e I
measured in Amplifie e —
MoVelT goal one strip q U el
(< 2% error ) ____________________________________________________________________________ Strip Pinpoint IC CAEN(digitizer
N sensor
O_/I | | | | | | | | | | | | | | | | | | |
0 5 10 15 20 25
Average rate estimated with the  pin-hole ionization chamber[MHZz] Pinpoint IC = Reference
0 0,25 0,5 0,75 1,0

Average beam flux (GHz/cm?)
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Readout electronics fantheparticleccounter

Requirements

Input Q range: 3 fC 0 140 fC
Rate/channel: up to 200 MHz = = m
Inefficiency <1 9% Preamplifier ~ Discriminator

Phr“eﬁamplifier 100 ns
- FPGA

o ™ FE inizialization
Discriminator

output - Pulse counting
| - Pileup correction

Prototypes (24 ch) of 2 different architectures
In UMC110 technology ready to be tested
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Custom front -end ASICA ABACUS

Custom front -end ASIC (ABACUS)

developed and characterized at

clinical facilities

C 24 channels

¢ Adjustable threshold for pulse
discrimination

¢ Discrimination efficiency 100 % up

to 100 MHz per channel

UFSD strips readout with ABACUS
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ABACUS signal amplitude vs input charge

RANGE OF CHARGA 3 fC - 150 fC

g ; ¥2 { ndf 215418
yf:-D " 1.05141%.&1113 p0 1.271+ 0.049
g 22 E p1 002430238 gma = p1 04951 2477
& 20 £ N — E
S oE P 160
% 16 £ j %14{: =
< 14 120 &
m - —_
5 12F o £100 |-
77 E al e
10 & s w
= BD [
8 ;_ 60 B
6E ,45
4 E 40 -
2E 20
[];I"'| clo v by by v bv v by by bvva bvv v by baeaa _||||||||||||||||||||||||||||||||||
o 2 4 6 8 10 12 14 16 18 20 22 24 0 20 40 60 80 100 120 140 160
charge[fC] charge[fC]

AMPLITUDE of AMPLIFIER outputAy 3 mV - 180 mV
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Threshold scan and noise

P1 = value at 50% (532 mV)
PO=noise_rms (0.68 mV) Z Tt = E75a
p0 0.677 + 0.00223
o - o B p1 532 + 0.00499
8 sp & e p2 1+ 0.80e-05
¢ - \
gk 2o '*.
E - E D‘E_— .
E 3[} :_ E i : Ili‘
R B |
N 04— I\
20 = n 1
| | I 'I
0 N 0.2 A
-|:_ .| W : ; i 0 - E 'k‘ '
D Iu"“" IIIIIIIIIIII P P — I_IIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIII
480 490 500 210 520 23 5*%:5]]“ 522 524 526 528 530 532 534 536 538 540
\ th v-h [mV]

[ Noise amplitude
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Counting efficiency

-1.05 — 10 fC
g - ——25fC
éé 1 g—x ¥ x * ;
Discrimination efficiency oss |- :
100 % up to 100 MHz per 3 09l
channel with 20 mV . :
signal (25 fC) -
0.8 —
0.75 |: Lo v by e oy ey ey [ 1

| | | |
120 14

0 20 40 60 80 100 0
frequency [MHZ]
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What 0s ne x4PARTEKE3COUMTER

MAIN CHARACTERISTICS of UFSD sensors for a prototype of particle counter
Sensitive area = 3x3 cnr
N of strips =146
Sensorthickness = 50 O m

L~
(fr‘ff/q-‘is "

Design and production
ongoing @FBK-Trento =2

\ZIONE
VI ECCl ER

ool Ik W
BRUNO KESSLER

ABACUS v.2
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PCB dlesign to readout: GABACUS chips

A N NI

— RO
BEIBEED || ?E_a
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beam

Beam telescope
UFSD sensors

] ]

\\J L > 60 cm \\I

Beam energy monitor based on
Time of Flight
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Beam kinetic energy from Time of Flight
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The challenge: T

range

Maximum error on ToF per unit distance L

corresponding to an uncertainty <1 mm range in water.

50 |
45 r
40 -
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30 -

25

Max T(ToF)/L  ( ps/m)

<1 mmé& T(ToF) 3 ps

1 Four different distances
| between sensors

The required precision in

terms of time of flight depends

on the particle kinetic energy

50 100 150 200
Kinetic energy (MeV)
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Efficiency vs distance

Telescope system efficiency

et

Probability that a proton
crossing the first sensor
hits the second one

Results from Geant4 simulations for 50 um
thick sensors of different areas and a -
Gaussian beam of 10 mmFWHM
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