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Abstract: The FOOT (FragmentatiOn Of Target) exper-
e i an otematonal prfet deigned o cary out

of the particles path, in the Bragg peak region, and to
the wancnd Walogcl v of o bowrn
Biologieal Effect

Chargod Particle Thnnpy (CPT), a technique based on
the use of charged beams for the treatment of
deopsntd tamous, n. detector consists of an
clectronie setup for the identification of Z > 3 fragments
and of an emulsion spectrometer for Z < 3 fragments.
The first data taking was performed in 2019 at the GSI
facility (Darmstadt, Germany). In this paper, the charge
identification of fra tced by exposing an eml-

(mas) ‘The RBE value, defined as the ratio of photons
to charged partiles dose producing the same biological
fect, 1s assessed to an average value of L1 for proton
beams [21]. This value is affocted by both physical (m
particle type, dose, Linear Enerey Transfer) and biologi-
cal parameters (.. tissue type,cellcycle phase, Oxyee
tion lve) (22, and many rocent s bighly it
reduce uncertainties on the

sion detector, embedding a C;H target, to an Oxygen
ion bearn of 200 MeV/n s discussed. The charge identifi-
cation is based on controlled fading of nuclear emulsions
in order 10 extend their dynamic range in the ionization
response

Keywords: Particle therapy, nuclear emulsion, fragmen-
tation

PACS: 20.40.Rg, 42.62.B¢

1 Introduction

Chmged Particles Therapy (CPT) is an established ther-

B v for the el practice (13,2, 2. Reganing
‘physical parameters, target fragmentation plays a key role
a5 low energy secondary fragments contribute to incre-
‘ment the dose deposition in normal tissues along the en-
trance channel and in the region surrounding the tumor.
Hence, the re-assessment of the proton RBE value due to

condary i it topie 2. Tho
complexity of dedicated experiment milestone
oalngin, and b e v o el g
tal data are available in literature regarding target frag-
‘mentation, and none of them fully describes sccondary
fragments induced by a proton beam. The fragmentation
of carbon ions (400 MeV/n) in a po\ymrhomne g
was. studied in 2011 to determine the chary

Paper on OPEN PHYSICS

DE GRUYTERG. Galai, A Alexandrov, 8. Alpa, G Ambrosi, 5. Ari, R Artoche Diaz, N. Bartoik, G. Battistoni, N.Beleai, E. Bellnzons, §. |

studies (10, 18, 19], consisting of a controlled fading of
nuclear ‘means of different thermal treat-
ments that extend the emulsion response to a broader

and make them sensitive to particles with diflerent.
ionization power and charge.

lsions by

2 Experimental setup and track
reconstruction

In April 2019, an emulsion spectrometer was exposed to
200 MeV/n 190 ion beam at the GSI facility in Darm-
stadt. (Germany). The spectrometer acts both as target
and tracking device. The target, made of CoH layers,
was embedded in the detector structure. The exposure
setup also included a counter and a beam monitor in or-
der to measure the integrated particlo density and their
spatial distribution. The experimental apparatus s shown
in fig. 1
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2.3 Emulsion spectrometer structure

2.4 Track reconstruction

\ynamic range of the emulsion flm response can
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these variables, the particle charge can

a latent image. After o chemical development procedure,

the latent_images turns into_a sequence of dark silver
ralns which can be seen with an optical microscope [7] technique [17],
these_mains dopends

buxlt sccording to the Emlsion Clond Chamber (ECC)

When-acharged--paticlo-crosses-the-emulsion-layer,

The Combining
be extended by keeping them for acertain amount of time, be distinguished with two complementary methods: an
typically 24 hours, at temperatures above 28°C with a  analysis based on event selections, hereafter referred to
relative humidity around 95%: a controlled fading is in- a5 cut-based analysis (CB), for MIP cosmic rays an

duced, which can partially or totally erase base-tracks of ~ Z < 2, and the Principal Components Analysis (PCA) [1]
less ionising particles (19]. The use of flms which under- ~for Z > 2 fragments. Excluding the combinatorial back-

‘The darky the lonization ternated with L e
of the pasticle. trometer structure is organised in throe main sections:  greins. Emulsion films were analysed by fast automated went dif
Nuel Setion 1 acts o arget egon e vertex devermination,

‘measurements sty
(Japan) and Slavich Company’ (Russia) (75% and 25%,
respectively). Ther sensitvity corresponds to 30 grains
over a track length of 100 jim for a Minimum lonizing
Pasticle (MIP),

From the moment they are produced and until their
chemical development, muclear emulsion films are sen-
sitive to charged particles. Tn particular, during their
lfetime they integrate all particle tracks from cosmic
e and it ety To avid an e

edbackground, before the detector assembly, flms
e ranaponad i andors it o cht o g
sccumlted duiag that peiod bav o i, -
‘ment and cannot be reco s pontting ks
Nevethle hey el ot oo e

Section II for the charge identification and Section I for
the momentum measurement and, consequently, isotopic
identification of fragments.

microscopes with high tracking eficiency (~ 90%) and
speed (up to 190 cm?/hour) [4-6], The automated scan-
nin system consists of & microscope equipped with a 3D

‘particle charg

original fonisation of the track, thus reconstructing the

T order o exploit thi techniqe, Sction T vas i
four

allows to recover the  ground, the sample can be divided into
sets, according to the mumber of base-tracks (NRz)
survived to cach thermal treatment. The-combinaorial

three disjoint

lsion films each, denoted

‘motorized translation stage, a dedicated optical system vided
and a CCD camera.

During the scanning, silver grains produced by the

as Re, with z € {0,1,2,3). Each of .
e el tetmen (s . ) R0 s did ot
under catment, R1, R2
for 24 o ot 455 el iy o tepera-

and R3 ones were kept

e
NI

emulsion layer, as shown in fig. 3. For each film, micro-
tracks on the top and bottom laers are then connected
across the plastic base
racy of about 0.3 m in position and 1.2 mrad in angle. A
soquence of base-tracks i i

to reconstruct the particle trajectory inside the detector,
called truck (3]

ture of 28°C, 31°C and 36°

for cosmic rays has been

thermal treatments, the number of o grains along
to form a base-truck, with an aceu- the track will be progressively reduced, according to their  same
fonization. For example, the erased fraction of base-tracks  shown in previous tests [18].
‘measured to be larger than 99%  sic statistical fluctuations of the
in R1, while proton base-tracks are erased with an effi- tributed according
ciency larger than 96% in R2.

treatments efficiency, a single base-

ments, therefore, they are present only in R0 flms. The
happens for high energy (2 80 MeV) protons, as

Nevertheless, given intrin-
‘number of grai

o a Poison function, and thermal

track may be formed

in films other than RO. Therefore, the criterion adopted

rs

in case of random association of two or more aligned bue

Fig. 2. Structure of the emulsion spectrometer
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Tn this framework, the FOOT (FragmentatiOn Of
Target) experiment [8, 16] has
sure the target fragmentation induced by a proton beam
ey range relevant for
therapeutic applications (150 250 MoV’ for protons and

in the human tissues in the

e setions by explitin th mular emulin teehncl

been proposed to mea-

2.2 Emulsion spectrometer exposure

Fig. 1. Experimental setup of the emulsion spectrometer used
during the 2019 data taking 3t GSI faciity.

The emulsion spectrometer was Installed fn the cave A of
the GSI facility. The ineident beam flux was monitored
by the start counter, made of  thin plastic scintillator,
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200400 MV /n for carbon ions). As fragments generated
by & proton beam have fow micrometers range, an inverse

After the exposure, emulsions were frst thermally
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their linear combination.

Kinemaic approach has been adopted in which a primary
beam (carbon or Oxygen) impinge on targets made of

bon s g ek st il (G
Therefore, the cross-sction on hydrogen

treated, then doveloped and analysed by fast automated  that provides the
‘microscopes. Dedicated softwas

cam spatial distribution.

FOOT is based by two complementary setups: a mag-
netic spectrometer, covering a pol
to about 10° with respeet to the beam axis, fo fragments
Z >3, and an emulsion spectrometer, to measure light

Ja angle acceptance up

2.1 Nuclear Emulsion Films,

st abor
cconsirct racks o mpingig fons and produced ag. 1000 160 onsfen?  rade-ff eswecn the e t0 avoid
ments. In the following sections, nuclear emulsion char-  the pile-up of interactions in emulsions and the requi

acteristics, the emulsion spectrometer exposure, structure ment for large statistics. The corresponding number of
and the thermal treatment procedure are described.

triggered events in the start counter was 19375 The
prizesey-beam had a Gaussian shape (~ 1 mm sigma),
a fixed energy, and was used to scan  square area of
2.4 cm side (in a grid of 25 x 25 points), starting from the
center and following spiral shape with 1 mm

Section 1 consists of 30 cmulsion films interleaved
with 30 polyethylene layers (2 mm thick) and is meant
for the detection of primary-beam interactions with the
target (vertex detector). Iis length is optimised so that
about 33% of 200 MeV /n 180 ions interacts therein, ac-
cording to Monte Carlo simulations based on FLUKA
code [9, 14]. At this energy, the Brogg peak is contained
in this section and occurs after 26 layers,

Section IT s made of & sequence of 36 emulsion flms
divided into nine cells, cach consisting of four films. The
four nuclear emulsions of each cell underwent an appro-

treatment to extend the dynamic range
of the emulsion sensitivity to fonization with the aim of
N .
of the thermal process is reported in parageaph 3.
Section 111 is made of a sequence of 55 nuclear emul-

for the identification of these particles requires the recon-

Fig. 4. Section 1 i divided inta ine cells, esch one consisting

struction of track segments in RO films and allows the

presence of one track segment elsewhere: NRO > 1 and

Rz < 1. The number of tracks fulfilling this

request s 78905 and MIP cosmic rays and high energy
can be separated through a cut-based analysis.

The cut based-analysis is applied also to fragments

> land NRL> 1)

surviving R1
hat de

Fig. 3. Schematic drawing of 3 micro-tracks reco ments. The

the

e somogtaphe msge, 1abbed o sty paced depeh
b gt sk, e ). it e
beteen two emusion lsyers o form 3 base-trcks (center) and
e rachs ssscinton o o 3 o

“The sum of all pixels to the same track
is proportional to the specific ionization of the incident
particle,

igher the paticle’s Z.

For this analysis, Section II has been considered as a
stand-alone detector. In this Section, 91876 tracks were
structed. For cach track,

evaluated:

- tan: the tangent of the inclination of most upstream
ftted track sogment wr.t. the Z axis;

tracks in 22 and R3 (NR2 < 1 and NR3 < 1) are
Fragments not included in previous selectio
base-tracks survived also to 2 andor 3 then
ments are 9113, but for the PCA analysis the
at least three vnx,sm 12 e eied. This condion i
29 fragments.

hose

satisfied by 75: semaining racks, sbout
L7% of
bac . which is formed by random sssociation of

spare base-tracks: 95% of these tracks, indeed, have less
than four_base tracks without_any_specific_correlation

low line in fig. 5 is used to separate in the plane ((VR0),

‘populations, while
fragm 5

plying a linear transformation to the measured variables
and is useful when these are not the most significant for

method: black dots represent data. Each gaussian it corresponds
o 8 paricle Z:violet for Z = 2 fragments, pink for Z = 5 and
areen for 2 1

the error coming from the other V Pyyz, indeed, is negli-

the (VRz) information through the PCA analysi, tho
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e in . 8 e du t0 Z = 1 ragments, but moro ioniz- of :nmm T e o ™ - In this case,one of the other V Py combinations s [ iies during the data taking. This paper Is dedicated to
trometer outsklethe signal ates, where only cosC FaYSi than the ones already identificd having NRI € 1. At ys fragments, four now variable, called 'y aro dofined. I applic. In table 2 wo xoport the number of fragments  On these six partal esult. The systematic uncertainty is 7 o) s e
e preset. The diseoution of (V0) serus tanf o5 s VA i (VR2) e (VR) bl is ot powetul enongh due These | arhitary vt ot V. m e van by tho masiam amor on ha a: e, whio the HI R memory of Ean . g
, cqual charge, higher ionization corresponds to lower an- ot soroe thommml than 71 shown in fig, 10, where only cuts for many of us.
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((V'RO) < 8000), with a small component due 10 oIy — | fragments. Light blue and ta lines defi (VR2) >0 and (VRM >0 were applied. The first principal component is calculated in order B, tematic uncertainty due to the ft, which can differ be- age. The main contribution is due to the 3| o1 000
lue and magenta lines define Z.<.2 fragments, The majorty of them will be snslysed  In order fragment tracks, tho i f " o 24| oo oor
say protons (VD) 2 8000), as expected by cosmic raysyo o o L T oy to s I i agment tracks, 0 account for the highest variance in the data. et T e o e o sematic ncertaoty, while the sttiticl eros and the
PR undary i the next section with the PCA analysis, il Componet.Anlsl, ol i ‘Considoring how VP, have been evaluated, parti- ! one due to 6 b, References
[15). lect this population and therefore were used t0 evaluate T vt o RO and RL v @ due neelie
refore, MIP cosmc rays can bo identified by cOm-yy vt uncertaiati. om the information retrieved from 0 and M nique, wll established in tho fiold of patten rocogni- cles with higher fonization are expected to also have & 10 the sse of the available sample. All error componets  The number of fraguments for each Z is reported T . e s 1 o g st dttios
bining the information of N Rz, tan and (V R0). The yel- in, e b e for 35 e (1), was adopted. This “d'“"“” s based on ap- higher V Payz. Fig, 11 Distrbutions o the fou varisbes btained with the PCA have been cvaluated only for V P,uy: the contribution of _table 3, together with relative uncertainties. Combining refered to i, 1 1] 1972 CERN computing and data procesin school, Pertisau, Austi, 10:2
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Major comments
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The procedure used to extract the percentage of combinatorial background (1.7%) should be detailed.

2) Par. 3.2 and Fig. 7
While the presence of two populations (cosmics and Z=1) is evident in Fig. 5, the same is not true for Fig. 7. It is not clear to me how the presence of Z=2 fragments can be inferred by data for the

class of events reported in Fig. 7. Moreover, the choose of the position of the boundaries between the "two populations" looks to me completely arbitrary. This also affects the associated
systematic uncertainties.
The authors should better ague the results of this paragraph or maybe reconsider their interpretation.
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Authors should specify why the charge assignment is done taking into account the gaussian height and not the integral. What is the meaning of the sigma in the fits of Fig. 10?
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The effects of ionizing radiation on AgBr crystals could be described more clearly.
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3) Page 5 - Lines 38-39 - left column
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* Two populations and their

boundaries are confirmed looking gsooog-’
at the same plot where no cuts [ *
have been applied on NR2 and R
NR?) 10000;
8000
e The number of fragments below k-
the cut (Z=1) is stable in the two &
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added also in the paper Distribution of (VR1) versus (VRO) for all tracks with NR1>1
No cuts have been applied on NR2 and NR3 6
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UPDATES ON THE ANALYSIS




Scanning Progress

2019 2020

Oxygen Carbon
200 MeV/n 400 MeV/n 700MeV/n

Emulsion film
300 pm

« 2019 (GSI1, GSI2, GSI3, GSI4):
e scanning: 100%
e alionment:
GSI1: 100%
GSI2: 100%
GSI3: 47%
GSI4: 21%
e tracking:
GSI2: S1+S2 completed, S3
(=83+84+S5+56+S57) started

GSI1: S1+S82 quality checks ongoing

« 2020 (GSI5, GSI6):
e scanning: 328/328 (100%)



Multiplicity distribution

4 h_mult
E — Entries 5494
. . . % 1000— Mean 4192
* New MC simulation with Fluka2020 - StgDev 2342
800_—
* 5623 vertices expected in S1 :
* Mean multiplicity: 4 600 |
*96.2% of tracks contained ]
400—
200_—
O_ | | | | | | | | | | I_I | | | | | | | | |
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multiplicity
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* MC exported in data format

e Comb

Tracks reconstruct



Vertices Reconstruction (MC)

e 5188 vertices reconstructed with at least 3 tracks
* Vertices quality improvements: ongoing

* Algorithm too slow

* Working on a faster version

Find
incoming
oxygen

2-prong
vertices




Charge reconstruction - preliminary

 Charge analysis ongoing on GSI1-S2 data

* The charge assignment strategy works also on 12000 §
this dataset, as expected 10000 [

e Results still preliminary

-|-|IIIIII-IIII1IIII

0 01 02 03 04 05 06 07 08 09,1

Entrles 78905




Charge reconstruction - preliminary

® Cosmic Rays: 0 < (VRO) < af +b &
A20000 nsegl<?2 & nseg2<2 & nseg3<2

<VR1

10° ® High energy 7Z=1: (VR0) > a0 + b &
nsegl<2 & nseg2<? & nseg3<2

102 ® Low energy Z=1: (VR0O) > 0&
0 < (VR1) < ¢ & nseg2<2 & nseg3<2

10 e High energy Z=2: (VR1) > ¢ & nseg2<2
& nseg3<2

1
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Principal Component Analysis - Preliminary

Entries 12297
..... Z=2 Low Energy Mean -0.0003279 .
350 ! oo 10| ® 3 ogussian-model confirmed
- = 7=3 x2 / ndf 86.02/74
300 Prob 0.1602
313.8 = 33.1
250 -1.257 = 0.067
200

104.9 = 14.3

0.5083 = 0.3697

150

1.272 £ 0.193

1 OO 743 +5.2

nZ,Z

l“l’Z_2

Oz 0.7152 + 0.0996
n

w

O

n

" 3.001=0.043
O

0.5579 = 0.0326

50




* The paper with charge assignment results will be submitted again in
few days: all comments by referees have been answered

» GSI1 analysis started both on “reconstructed MC” and Data:
quality checks ongoing before giving first results

e Still working to improve tracking and vertices reconstruction

 Charge analysis on GSI1 ongoing
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