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Overview

* Introduction:
* Computed Tomography
* Proton radio therapy
* Protons vs X-rays
* State of the art on proton CT
* Novel technologies

* Simulation work:
* Position tracker
* Desing and performance of Astra
* Proton imaging
* 2D radiographies
e pCT

* Experimental work:

* Tracking protons at clinical facilities
* Testing ASTRA scintillating bars

* Conclusion
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Comtqd Tomograpy

l &

/ ‘
Computed tomography is a technique based on the combination *

of 2D images or scans taken from different angles around a body
(phantom). These images are processed in order to obtain a full
3D view with cross—sectional slices with information through the
whole body.

UNIVERSITY OF
BIRMINGHAM

UoB Seminar - M. Granado-Gonzalez 15/11/23



Proton radio therapy

* Treat the tumour with a proton beam

* Proton Radio Therapy (PRT) first
proposed in 1946 by Robert Wilson

* First proton therapy treatment was in
1954 at Berkeley Radiation Laboratory

 The world’s first proton therapy
treatment in a hospital occurred at the
Clatterbridge Cancer Centre in 1989
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proton dual ion
in operation ° °
under construction @ )

Proton radio therapy o

Rapidly growing and evolving field due to benefits to head and
neck cancers and in paediatrics.

There are currently over 89 proton therapy sites operational
worldwide with a 41 more planned

Considerable developments in the UK and Spain over recent
years

* Inthe UK 2 proton therapy centres Manchester and London

e 2centresin Madrid and 10 more to be build in Spain in the
following years.

By the end of 2021, over 170,000 had received proton
radiotherapy worldwide
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Proton vs X-rays

Standard radiotherapy Proton beam therapy

The differences with how protons and x-rays interact with matter affect dramatically the treatment’s toxicity
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Photon interactions
* Pair production: Electron-positron pair is generated and thus the
energy of the photon has to be above 1.02 MeV (2 m.c?). ,
* N K 1Eonergy in |\1/|Oe‘V ° K °
* Photoelectric absorption: Interaction between an inner electron Pair production
strongly bounded to the atom and a photon, typically x-ray. The rate tncident photon_______

\
S A e- Positron

of this interaction depends on the atomic number as 74 .

* Compton scattering: Interaction between an external shell electron, NN S e
weakly bonded to the atom and a photon. This interaction rate Compton seattering  ">~.____-<"  Photoelectric effect
depends linearlyonz. Incident photon TEAT
P Y pemmee o
’,l S \\\\ N ®
al' ’I’ll - \\\\‘ \ Fast
' ! ' ‘ ] ’} ': electron

M Scattered photon Characteristic x-rays

Incident photon
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Proton interactions

Mostly ionisation due to Coulomb interactions:

* Small deflections

T T T

u*on Cu

=
NE N i o Bethe-Bloch
= gy Zegler
2 53
& 1o ;,E- A
g ; Minimum
§' "Nuclear lonization reach 1%
“ | losses
1 Y | ‘ ===
0001  0.01 0.1 1 10
* Mean free path dependent on energy P
L0 |

Three main interactions:

* a) Inelastic Coulomb interactions: lonisation of a shell

electron (small deflection)

* b) Elastic Coulomb interactions: Interaction with the
nucleolus (large scattering)

* ¢) Nuclear interactions:

* Deposit energy far from the interaction point
* Increase treatment toxicity
e Cause beam attenuation

[MeV/c]

Muon momentum
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Relative Dose (%)

Proton vs X-rays on treatment
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A beam of photons will deposit energy all along its path
following an exponential law

A proton will lose energy via the Bethe-Bloch formula and as
such exhibit a Bragg Peak (BP)

Most of the energy is deposited just before a proton stops
Range of charge particle and therefore position of BP set by
initial particle energy and materials to be traversed

No dose deposited after the BP

Lower dose to healthy tissue reduces the risk of
complications in later life and allows for treatment of cancers
close to critical organs
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Dose range

[ 100%

1 95-100 %
90-95 %
80-90 %

1 60-80 % N .
40-60 % e

C—1 20-40%

—1 10-20% Proton radiotherapy
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Imaging with x-rays

Bragg peak: With great power comes great Uncertainties in SPR estimation (10)
responsibility Uncertainty source Lung (%) Soft (%) Bone (%)
; T Uncertainties in patient CT imaging 33 0.6 1.5
Very Iocallse_d dC?SE depOSItlon HGEdS from very Uncertainties in the parameterized 3.8 0.8 0.5
low Uncertalnty IN range (energy), stoichiometric formula to calculate

theoretical CT numbers

i : : : ; Uncertainties due to deviation of actual 0.2 1.2 1.6
So far, stgpplng power and ionisation potgntlals human body tissue from ICRU standard
of materials are extracted from a conventional tissue
. .- | Uncertainties in mean excitation energies 0.2 0.2 0.6
X-ray CT scan —> BIG uncertainties! Uncertainties due to energy dependence of 0.2 0.2 0.4
. . . . | SPR not accounted by dose algorithm
Imaging with x-rays, but treating with protons! e —— - = =
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Consequences of big uncertainties

M Dopsity -35.5% - Unapgroved - Iransvorsal |0 x

~|o] x|

B 35% i +3.5%
- » o

e

0% uncertainty

)
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Resolutions needed

A technique able to measure directly the
Proton Stopping Power or the Relative (to
water) Stopping Power RSP

When treating with protons, image with
protons =2 pCT

Range or energy resolution below 1%

Position resolution (voxel size) of <1 mm

Hounsfield units

-1000 y— - ' - —v— 0
-100 -75 -50 -25 O 25 50 75 100

X [mm]

Relative stopping power

UNIVERSITY OF
BIRMINGHAM

UoB Seminar - M. Granado-Gonzalez 15/11/23

13



Needs for proton CT

In order to obtain a proton Computed Tomography (pCT)
one needs to know:

* The protons’ entering and exiting points of the
imaged body.

* The residual energy after trespassing the phantom.

* How to reconstruct the path within the
patient/phantom.

Note: For this work, a Most Likely Path (MLP) algorithm written for
the PRaVDA collaboration was used. This algorithm requires from
energy measurements.

y Actual proton
path
X ——
>
Proton
Entry detectors

Exit detectors
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State of the art on pCT

Clinical beam using energies up to 250 MeV

The currents provided by the clinical beams during treatment are of
the order of 10° protons/s:
* These values aim to be reduced for imaging purposes but
there are limitations due to the accelerator properties.
 Beam time is gold so the faster the better.

Proton bunch density follows a Poisson distribution.

Pencil beam used for imaging = Gaussian beam with 0 < 10 mm
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State of the art on pCT

 Position trackers:

* Old technologies (30 years old). Strips sensors (1D resolution!) g
are used in order to track the protons before and after g,
trespassing the phantom. o

« Hybrid sensors with large budget material. X

« Big modules with larger amounts of data. <

« Hard to decouple ambiguities.

PRaVDA tracking module
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State of the art on pCT ™™

— Epitaxial sensor layer (14 pum)

Sensor chip (106 pm)
PCB (160 pm)

Ag glue (2 x 40 pm)
Absorber (3.5 mm)

* New technologies under development example S~ Air ap (75 )
* ALPIDE based calorimeters. #]—mw
* Expensive (silicon) .

¥

* Energy tagging:

* Slow sampling rate few micro seconds.
* The plastic scintillator design from Loma Linda or the SUPER-NEMO based RT
SUPER-NEMO based range telescope. | | | | | | | I | | | | | | | | | I |
* Layers of plastic scintillator
* Not capable to deal with multi protons Protons
e Unable to deal with “kinks” —_—

RERRRRRRRRERRERRR
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New technologies

* Depleated Active Pixel Sensors (DMAPS) are a modification of MAPS but
faster and able to cope with radioactive environments.

e Same tech you have in your phone, but cooler.

e A Super Thin plastic RAnge telescope:

* Fine segmentation achieving 1D resolution to be able to track

individual protons.
* ASTRA module segmented in bars oriented in perpendicular

directions to the beam.
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MAPS and DMAPS

Electronics® Electronics
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Sketch of the structure of the TJ-monopix (DMAPS)
chip with a partially Removed Deep P-Well (RDPW)
(top) and Full Deep P-Well (FDPW) (bottom) [1]

Sketch of a transverse of an Active Pixel Sensor
structure showing the depleted boundary.
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The idea of ASTRA

Fine Granulated Detector ASTRA

i - Dn
o o

Segmentation in ASTRA allows to actually track protons!
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Simulation work for pCT

* Proton tracking:
« DMAPS [3,4,5] with for the front (2) and back
(2) tracking system with pixels of 40x40 pm?
and a full size of 10x10 cm?.

Phantom

* Energy tagging:
e ASTRA for the residual energy measurement %
with 120 layers of 36 bars of 96x3x3 mm? ? = [
inspired on the FGD at T2K [6]. //

The technologies, presented in [2], simulated with
Geant4/10.06.p03 and the physics package
QGSP_BIC at the BlueBear computer.

DMAPS Trackers
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Tracking performance

Position resolution on back and forward projections of 70 um

The figure of merit for the front tracker is Purity X Ef ficiency defined as:

Well Reco Tracks
Total Reco Tracks

Purity =

Total Reco Tracks
Total Tracks

Efficiency =

As function of the number of protons per event for different water equivalent
lengths (WEL).

180 MeV protons with a Gaussian beam distribution with ¢ = 10 mm.

Note that MCS will affect on the efficiency (lost protons) and purity (crossed tracks).

Purity x Efficiency
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Matching tracks with ASTRA N

* Project DMAPS tracks into ASTRA first 2 layers (3D seeding
points in ASTRA), connect trajectories that are closer.

* For the seeding points, assume that the track goes forward,

/
/
120
- 100
80
60
F 40
20
0
0
T T T T ] T | | ]

look for the next closer 3D point and propagate forward. Hits 5 = — ———
can not be shared between tracks. %’ 22: .: 22
:_;. 0.7; : 9 mm
- Different bar sizes where tested trying to study costs and = 0% T E
figures of merit such as Purity X Ef ficiency and energy 0.4 : e =
resolution. % = L e,
0.2E . o
0.1~ N G
NOTE: The reconstruction can be improved in the future with dedicated T wa e IS R
work, we only built a minimal version to show the concept. NO PHANTOM Number of protons
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Ambiguities on multi-proton events

» The small crossectional area of the ASTRA bars allows multi-proton

tracking but:

» If two protons hit two layers of the detector two hits and two ghost

hits (ambiguities) are generated

« Both combinations of hits are indistinguishable

1

# Bar (3mm/Bar)

# Bar (3mm/Bar)

TOP VIEW

30 ; 5

.ll.
25 IlIlllllllllIlIIIIlIlIIIIIII.I 4

20/ s e
3

15 i
10 2
5 1
00 20 40 60 80 100 120 0

# Layer (3mm/Layer)
SIDE VIEW
30 5
25 4
20IIIIIIlIl

I.III.==.I.I.IIIIIIIIIIIIIIIII 3

15 IIIIIIIIIIIIIIIIIIIIIIIIIIII L}
1OllllIllllllllllll.llll.ll.l.llll 2
IIllIlIllIllllIlIll'l.l.l.llll 1
% 20 a0 60 8 100 120 °

# Layer (3mm/Layer)
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Energy reconstruction

* Energy reconstructed (purely by range) using range
reconstructed by the length of each track.

* The use of 4 bits and 12 bits calorimetric information could
help to improve the energy resolution and efficiency.

* Long tails due to hard scattering.

Segmentation = Length of track rather than depth/layer

true proton kinetic energy [MeV]

200 250 300
reconstructed range [mm]

energy bin centered at 190.0 MeV

.................. T I T T
600 Constant 630.1 700 _ Constant 759
Mean 0.02369 F Mean -0.00291
500 600 F
Sigma 1.02 F Sigma 0.7033
400 T 500 E
Sg0r 400F
300 -
200 b
200
100 100
ol lvolinyl) obdeadhiiiiny, b

4 -2 0 2 4 6 8 10

(E 'Ereco)/ Etrue [%]

true

4 -2 0 2 4 6 8 10
(E 'Ereco)/ Etrue [%]

true
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Energy resolution

T 7 J_ T LI LI L LI L LI LI l LI I L _L

. o~ E 3 -

* Sub 1% resolution for protons above ® L™ g
2 6 ® 3 mm i

100 MeV. - - m . 6 v

g SF S

. 2 i A 9 mm :

* The effect of the bars size is clear on tF .
low energy protons. s 4F E

] [ i

o 3, o B

* 3 mm bars were used for the further S F i
. = I = |
studies. s 2[ " .

o o ® - | 2

> B e L ' !

5 1F LR S R T R

Lﬁ T | | 1 1 1 I 1 1 l | I | I | I | | I | I | I 11 | I | -_r

0
40 60 80 100 120 140 160 180 200 220 240
True Kinetic Energy [MeV]
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11prot 2prot :3prot :5prot :7prot
Gaussian Beam Flat Beam
-\?100:|-"'|""|""|"'- 3100|"'-|""|""|""
S 90F T 1 5 90 ® ]
()] F Iz ()] F I ]
Good protons
E 70¢ *m.| E OF ,FELCTE o
5 60F Tz, "1 5 60F . Tx T ]
I LI B SRR
Not all protons that have a well reconstructed energy are protons & 40 “=-. "*31 & 40 - _ "
good for imaging (PGfl). Zg K i Zg " Sy o W
Profiled energy on each pixel of a 200x200 grid with square pixels with 400 um. 10} - 10¢ ;
. . ol IR B R R R el by by by
Only the protons found within around the mean are accepted as good for 050 100 150 200 250 050 100 150 200 250

imaging.

*  Sub 1% resolution for protons above 100 MeV. *idealized sketch

True Kinetic Energy [MeV]

80 —

True Kinetic Energy [MeV]

60

40

20

0
-80 -60 -40 -20

0 20 40 60 80
# Pixel (40pm/Pixel)

The beam profiles used were: .
i protons good
e Gaussian with 6 =10 mm el / for imaging
1250 1
e 75x75 mm?square. 1000 1
750 1 '
Two important factors: 01 reconstruction | [Eil| E, matching
501 errors N\ . / errors
* Energy reconstruction 0 L p—— —
. Matching 80 85 90 9% 100 105 110 115 120
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2D radlography

e Using gaussian beam g=10mm.

e Phantom frame: water, inserts
cylinders 3cm thick.

e Left to right: lung tissue, rib
bone, hard cortical bone, and
adipose tissue.

1 proton 3 protons

e Bottomtotop:9=0.5,1.0,1.5
and 2 mm.

Material | Density [g/cm?]
Water 1.00 0
Adipose 0.92 -30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
: mm mm
Lung 0.30
HC bone 1.84 Associate position using DMAPS tracker using front projection to Z=0 plane and associate
Rib bone 1.40 energy as reconstructed in ASTRA for that trajectory
UNIVERSITY OF
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The phantom

Low Contrast High Contrast Side Profile
Slice Slice

The 75 mm-diameter phantom used in simulations, representative of the experimental PRaVDA phantom: a PMMA sphere containing
six cylinders, of cortical bone (SB5), lung (LN10), air, rib bone (RB2), adipose tissue (AP7) and water (WT1).
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o=1.084 = 0.007

[

Material | RSP (Reco) RSP (True) | %diff
Water 0.992 £+ 0.002 | 0.994 £ 0.002 | 0.201
Air 0.009 + 0.002 | 0.008 £ 0.002 | -12.5
Adipose | 0.916 + 0.006 | 0.917 £ 0.005 | 0.109
Rib bone | 1.325 + 0.003 | 1.326 4+ 0.001 | 0.075
HC bone | 1.641 £ 0.003 | 1.646 + 0.002 | 0.304
Perspex | 1.144 £ 0.004 | 1.149 £ 0.002 | 0.455
Lung 0.302 &= 0.003 | 0.302 £ 0.002 | 0.000
Material | RSP (Reco) | %diff (True) | %diff (1p)
Water 1.033 £+ 0.002 3.924 4.133
Air 0.076 = 0.006 850 744
Adipose 0.96 £ 0.02 3.60 3.71
Rib bone 1.34 £ 0.04 1.06 1.13
HC bone 1.66 £ 0.02 0.85 1.16
Perspex 1.14 £+ 0.01 -0.78 -0.35
Lung 0.35 £ 0.02 15.89 15.89

o

@
TIIIIIIIIIIIIIlII[III]IIIIIIIII]IHIITI

op
J-Ill]II|III|III|II]|IIIIIII|Ill]Il]|l |

1 1 1 | 1 1 1 1 1 1 1 1 1 '} 1 1 1 1 | 1 1 1 1 1
20 30 40 50 60 70 80
X position [mm]

e High RSP contrast with 1 proton (<1% diff)
e \ery good position resolution (“~1mm)
e Mild degradation for 3 protons.
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1 M events 2 protons per event. No phantom and beam
energies ranging between 80 to 180 MeV to train a UNet
using the edep information at each ASTRA bar.

1 M events with 1 proton to check with Classic Algorithms

64 64
128 64 64 2
input
imaﬁge Sl e || output
= segmentation
tile alll of ol
al & & 8 map
N Off x by X X
x x x =
N| Off
5| 5|8
'128 128
256 128
- ,
*,
1. SHelg
HE SILE S
Nl NE Nl
¥ oose s 512 256 t
A ot Rt N g ha =» conv 3x3, Rel.U
S B 9 = I o
—E = ¥ SRR copy and crop
512 512 1024 512 |
% max pool 2x2
sll=ll-0 3 - VinED
S 1024 45 B 4 up-conv 2x2
8 > »
- é‘:' & = conv 1x1
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o
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* The input is the energy deposited (edep) and the

I n p u t St r u Ct u re g\ljéfll;;t[hlelzo]li)fferent categories (trackid = 1, 2 and

* The datais prepared into 60x64 pixel images merging
vertical (top) and horizontal (bottom) projections.

trackiD = 1,2

trackiD = 1

trackiD =1
trackiD =2
0 10 20 B s n '
EW UNIVERSITY OF
¥ BIRMINGHAM |
J UoB Seminar - M. Granado-Gonzalez 15/11/23 }




event display true labels

classified as track 1 classified as track 2
. colormap E,_tenergy.?eposit = frack 1 overlap
Reconstruction

track 1 =mm else track 2 mmm glse
mm frgck 2 mmm glse

Signal segmentation with
multi-label at pixel level!

bar ID

Background = [1, O, O]

0 10 20 30 40

EY 10 20 30 40 50 0 10 20 30 40 50 30 40 50
layer ID layer ID layer ID layer ID
TrackiD1 =[O0, 1, O]
event display true labels classified as track 1 classified as track 2
= colormap is energy deposit = frack 1 overlap
TrackiD2 = [O’ O’ 1] in arbitrary units

track 1 =mm glse track 2 mmm else
= track 2 mmm else

Overlap12 =10, 1,1]

bar ID

layer ID layer ID
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Efficiencies

Tracking efficiency an protons good for imaging (pGfl)

Algorithm | 1p Track eff [%] | 1p prI [% 2p Track eff [%] | 2p prI [%

Classic
UNet 97 30 82 68
’
90.0 ; .
A 13 % improvement over all range of energies is TER I o !
observed when using the Unet with 2 proton cesol | ot
events. EO o
2 82.5 .0-
Still 20 % of the tracks are lost due to inelastic = 50,0 :
interactions. Extra layer of NN to recover them! S N
Preliminary!
75.0 A ¢ |

0.00 0.05 0.10 0.15 0.20 0.25 0.30
| True Range - Reco Ragne | / (True Range)
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Proton selection for training the NN:

In order to perform a proper training
the hits that suffer inelastic scattering.

Any good reconstruction of the energy 180 1 800
obtained from these events would imply
an increase in efficiency. 160 -
. . 600
Use of NN for regression problems: =
= A
=140
2 100
e O O A |
=120 1
SLSRE I  §
W 200
O O 100 -
O
O O
Input Layer Hidden Layer 1 Hidden Layer 2 Output Layer S0 i) 3'() 1(')() 13() 2(')()
V7 Labs Reconstructed Range [mm)]
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energy bin centered at 90.0 MeV

600f M| constant 630
500 F Mean 0.02369
Sigma 1.02
[ ] [ ] [ ] . 400 F 5
Proton selection for training the NN:
200
In order to perform a proper training too ]
the hits that suffer inelastic scattering. e
. Or (Etrue'Ereco)/ Etrue [%]
Any good reconstruction of the energy 180 ;
obtained from these events would imply
an increase in efficiency. 160 -
. 600
Use of NN for regression problems: =
= _
=140
B 100
o O O E
120
Q O Q 7\ E
O 200
O O 100 -
O ONLY 20 % of the events
O O
Input Layer Hidden Layer 1 Hidden Layer 2 Output Layer 80 ) T Ly L A
( 50 100 150 200
V7 Labs Reconstructed Range [mm)]
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Efficiency of the NN for energy recontruction

The relative error has a small bias that can be
easily corrected.

The sigma of the distribution is 1.65 %, very close
to the 1 % resolution obtained with the “normal
tracks”.

Taking + o (pGfl) 46 % of the rejected tracks are
recovered 9.2 % improve in total efficiency.

17501
1500 1

12501

Counts

7501
500 1
2501

0_

1000 1

—10

"\ B Reco data

------ Gaussian fit

-5 0 5 10
Relative error (Epye-Erecon/ Errue) X 100
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DMAPS Tracker in B‘i_r’minvgham

Two DMAPS setups were placed in front of a 28 MeV proton
beam at 5 cm of a 2 mm collimator and spaced 4 cm apart.
Beam aligned with the sensors and matched events even
without sync options. Low energies -> Big scattering.
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UNIVERSITY OF
BIRMINGHAM

38

UoB Seminar - M. Granado-Gonzalez 15/11/23




Test beam at pMBRT centre at Cl

The pMBRT beamline at the Cl offers the possibility of a
high flux of 10° protons/cm?/s with a small area.

Tracking protons for the first time at a clinical facility.

The collimator used for the test was a 5 cm cube of

brass with a single slit with the dimensions of
0.4%x20 mm?2

A single slit collimator was used for this test beam.

i @
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Back projection to slit

Back projection to slit only X axis
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The tracked protons were back projected to the slit resulting in a Gaussian distribution along the X axis of
0.32 mm compared to the expected 0.18 mm regardless of a flat section shown between +0.2 mm
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Back projection with stronger cuts
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Applying stronger cuts, a distribution with 0.2 mm sigma is obtained, as expected for 90 um resolution.
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ASTRA Test beam MC40

The ASTRA plastic scintillating bars have been tested at the MC40 cyclotron

Lack of total internal reflection implies two things:

* If one SiPM is used on each side, one can obtain position information
along the bar.

* If the geometry does not allow two-sided SiPM readout, coating or
wrapping techniques will be needed to preserve the light.

Tests with foil wrapping are being done at the moment.

4 1 UNIVERSITY OF
"y BIRMINGHAM

UoB Seminar - M. Granado-Gonzalez 15/11/23 42




ASTRA Test beam MC40

The ASTRA plastic scintillating bars have been tested at the MC40 cyclotron

Lack of total internal reflection implies two things:

* If one SiPM is used on each side, one can obtain position information
along the bar.

* If the geometry does not allow two-sided SiPM readout, coating or
wrapping techniques will be needed to preserve the light.

Tests with foil wrapping are being done at the moment.

UNIVERSITY OF
BIRMINGHAM

UoB Seminar - M. Granado-Gonzalez 15/11/23 43




Summary and conclusions

Paper on arxiv: https://arxiv.org/pdf/2109.03452.pdf, published by Physics in Medicine & Biology

Proton computed tomography is key in order to improve proton radiotherapy and increase the number of patients
benefiting from it.

The current systems are not fast enough to be used under clinical conditions or in clinical facilities

The use of new technologies such as DMAPS and the suggested ASTRA system can be a big step forward in the field.
A full Monte Carlo simulation has been built able to replicate all the relevant features of the proposed system.

A preliminary analysis was performed to test the capabilities of ASTRA measuring the RSP of different materials within a
phantom.

The images obtained present an excellent material contrast and a spatial and RSP resolution needed

The TJ-Monopix chip was used to track protons at a clinical facility for the first time.

The University of Birmingham, University of Geneva and IFAE are working on collaboration to develop the ASTRA system
applying for funding to build a prototype and test it at Birmingham’s MC40 cyclotron and other clinical beams in the
following years to proof the capabilities of this technology
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https://arxiv.org/pdf/2109.03452.pdf
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Matching tracks

The XY distance between front and back projections at Z = 0 as the
key parameter to select the tracks in multi proton events.

This results in a rise of the purity in matching front and back tracks,
when finding 2.

The tracking algorithm builds all possible 3D lines with hits in 2
first planes, same in the 2 last planes, look for combinations of
lines (4 points) that minimize global y?(to straight lines) for single
proton events.

Proton beam

Q Noisy hit ‘ Proton hit
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Efficiency and purity

The figure of merit for the front tracker is Purity X
Efficiency defined as:

Well Reco Tracks
Total Reco Tracks

Purity =

Total Reco Tracks
Total Tracks

Efficiency =

Plotted as function of the number of protons per
event for different water equivalent lengths (WEL).

180 MeV protons with a Gaussian beam distribution
with o = 10 mm.

Note that MCS will affect on the efficiency (lost
protons) and purity (crossed tracks).
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adding three important factors:

* Higher multi proton efficiency for tracking

 Measurement of the individual proton’s energy before entering
the body by ToF.

* Covering the low energy range where the ASTRA’s resolution is
compromised = maybe even make ASTRA redundant?

Energy resolution [%]
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Charge reconstruction

At the higher energies of the pMBRT line, the cluster size recovers the expected decaying shape. Charge

reconstruction follows the expected Landau.
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