AT

Karlsruhe Institute of Technology

Measurement of the Production of Boron
from the Fragmentation of Cosmic Ray

Carbon with NA61/SHINE

Zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat)
von der KIT-Fakultét fiir Physik des Karlsruher Instituts fiir Technologie (KIT)
genehmigte

Dissertation

von

Dr. rer. nat. Neeraj Amin

aus Mumbai, Indien

Tag der miindlichen Priffung: 21/06/2024
Referent: Prof. Dr. Ralph Engel
Korreferent: Prof. Dr. Ulrich Husemann

Betreuer: Dr. Michael Unger







I declare that I have developed and written the enclosed thesis completely by myself, and
have not used sources or means without declaration in the text.

KARLSRUHE, 17/05/2024

Neeraj Amin






Acknowledgement

Although it may appear to be an individual endeavor, the completion of this singular
job would be incomplete without acknowledging the efforts of those around me, as I
worked on the monolithic project that is my PhD. My experience at the Institute for
Astroparticle Physics at the Karlsruhe Institute of Technology was truly invaluable. I
extend my sincerest gratitude to Prof. Dr. Ralph Engel for offering me the opportunity
to delve into such an interesting and unique topic of measuring nuclear fragmentation
cross sections. Additionally, I am thankful to Prof. Ulrich Husemann for permitting me
to collaborate with him on a short-term project, which served as a crucial bridge for my
research, and gladly accepting the role as my second referee.

I offer my deepest thanks to my supervisor, Dr. Michael Unger, for his invaluable
suggestions, efficient assistance, and expert guidance at every stage of my thesis. His
profound knowledge across scientific domains, coupled with his insatiable curiosity and
engaging discussions, greatly enriched my analytical insights. I aspire to embody these
qualities in my own scientific pursuits. Furthermore, I extend my appreciation to Dr. Darko
Veberic for meticulously proofreading my documents and offering insightful suggestions.
My heartfelt regards go out to everyone at IAP for consistently making me feel welcome,
especially Olena, for her prompt help with administration-related information.

My time at CERN, in pursuit of my research, was a fortunate opportunity during which I
had the pleasure of meeting remarkable individuals from the NA61 collaboration. I extend
my gratitude to the esteemed "bloody knucklers," Brant Rumberger, Simona Ilieva, and
Antoni Marcinek, for their invaluable assistance in navigating the intricacies of the NA61
experimental facility, software, and the CERN environment as a whole, particularly during
hardware shifts. The camaraderie fostered during our time together transformed shifts
into enjoyable experiences with regular game and wine nights.

Throughout my journey as a PhD student, my friends in Karlsruhe have been an

unwavering source of support. [ extend my deepest gratitude to my chosen family, Mrunal



and Vishal, for their unwavering care and affection towards me. I am profoundly grateful
to my parents, Vasanti and Suresh Amin, for their boundless love and resolute strength.
And lastly, a big thanks to that one cosmic ray particle responsible for a bit-flip on my
phone, during the final days of my thesis, for "interacting” with me and consolidating my

scientific temper towards high energy astroparticle physics.



Abstract

This thesis discusses the measurement of the production cross sections of nuclear fragments
in carbon-proton interactions at 13.5A GeV/c momentum, using data from a pilot run
conducted in 2018 at the NA61/SHINE facility at CERN. Cross section measurements with
improved uncertainties are key inputs for accurately predicting secondary-to-primary
cosmic ray flux ratios, and determining their propagation characteristics in the Galaxy. In
this study, the mass-changing, charge-changing, and isotope production cross sections of
the !B, 1°B, and ''C nuclei from fragmentation of °C have been measured. Two targets,
namely polyethylene and graphite, are used to derive the cross section on protons. The
primary outcome is the total boron production cross section on the proton target ™8 =
(77 £ 5) mb. It aligns closely with previous studies and theoretical predictions achieving
a significant reduction in the measured uncertainty compared to prior measurements.
Furthermore, this thesis validates the feasibility of measuring low mass fragments at
NA61/SHINE. The recent hardware upgrade of the detector electronics have enhanced
data acquisition rates. With these improvements and the analysis techniques developed in
this thesis, a future high-statistics data taking with NA61/SHINE will be able to provide
the precise cross sections needed to exploit the full potential of the recent data from

space-based cosmic ray experiments.
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1. Introduction

The study of extra-terrestrial high energy radiation has been a matter of interest for more
than a century, beginning with the discovery of charged particles called cosmic rays (CR),
by Viktor Hess in 1912. They are primarily composed of protons and helium nuclei, with
small abundances of heavier nuclei from lithium up to iron, and beyond. The measured flux
of these particles covers a wide range of energies from a few MeV up to as high as hundreds
of EeV. Various theories have been put forth explaining the Galactic and extra-galactic
origin of cosmic rays, nevertheless the exact nature of the astrophysical sources and the
physical processes responsible for accelerating cosmic rays to high and ultrahigh energies
is still an open question. An important piece of the puzzle for Galactic cosmic rays is the

understanding of their propagation in the Galaxy.

Galactic cosmic rays can be categorized as primary and secondary, based on their point
of origin. The primary cosmic ray nuclei are accelerated in the source regions (e.g. p, He,
C, N, O, Fe), whereas the secondary nuclei are a product of the nuclear interactions of
the primary species with the protons and helium of the interstellar medium (e.g. e*, p,
Li, Be, B, F). Two key requirements for modeling the propagation of Galactic cosmic rays
are the secondary-to-primary flux ratios arriving at Earth and the corresponding nuclear
fragmentation cross sections. Secondary-to-primary flux ratios are important parameters
to determine astrophysical quantities such as the amount of traversed material referred
to as the grammage, the size of the Galactic halo, and the diffusion coefficient. Recent
measurements by space-based cosmic ray detectors, like PAMELA, AMS-02, CALET and
DAMPE provide flux values with unprecedented precision, with uncertainties reaching
levels of a few percent. On the other hand, the current uncertainties on the measurements
of nuclear fragmentation cross sections are at ~ 20%. Regrettably, these uncertainties
propagate directly to the prediction of secondary CR fluxes and dominate the uncertain-
ties in the CR propagation models. Furthermore, cross section uncertainties also induce

equivalently large uncertainties in the flux prediction of astrophysical anti-matter, which
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1. Introduction

constitute an important background in the searches for products of astrophysical dark
matter annihilation in the Galaxy. In addition, since fluorine is assumed to be mostly of
secondary origin, recent excesses as measured in the F/Si and Li/C flux ratio by AMS-02
suggest a primary component of the two elements. The interpretation of these discrepan-
cies is difficult, since they are at the same level as the uncertainties related to the cross

sections.

Therefore, it it crucial to measure fragmentation cross sections of specific reactions
with a level of precision equivalent to the measured CR fluxes. It is theoretically expected
that nuclear fragmentation cross sections above energies 10A GeV/c reach asymptotic
energy, independent values. Therefore, precise cross section measurements performed in
this energy range can improve the precision of modeling Galactic CR propagation for the

full energy range relevant to the recent satellite measurements of CR fluxes.

Out of all the possible light secondary nuclei produced in the Galaxy, the most studied
flux ratio is the that of boron to carbon (B/C). The B/C flux ratio is an extensively used
observable to determine the total column depth of matter density traversed by the cosmic
rays. Cosmic boron is produced in spallation reactions of the primary cosmic ray nuclei
like C, N and O interacting mainly with interstellar hydrogen. Moreover, the spallation of
primary cosmic ray nuclei also produces short-lived radionuclides, like 'C, which decays
to the stable !B via * decay with a half-life of ~20 min, and adds to the total boron
(1°B+1!B) production in the galaxy.

The aim of this thesis is the measurement of the direct and indirect production of
boron fragments in carbon-proton interactions at a beam momentum of 13.5A GeV/c. The
data was collected in a pilot run performed in 2018 at the NA61/SHINE facility at CERN
with a 12C beam and two targets namely polyethylene and graphite. In the following, an
introduction to Galactic cosmic rays and their propagation, the abrasion-ablation model
of nuclear fragmentation, and quantitative reasoning for the need to measure precise
nuclear fragmentation is given in Ch. 2. The experimental setup of the NA61/SHINE
facility, including the description of the detectors, and the recent hardware upgrade is
described in Ch. 3. The details of the pilot run, with the production of '2C beam, trigger
settings, and target parameters are given in Ch. 4. Quality cuts pertaining to data selection
and the actual measurement are described in Ch. 5. The mathematical formalism used and
developed for this analysis is given in Ch. 6. It also addresses the corrections and systematic

uncertainties of the measurement. Finally, the cross section results are summarized in Ch. 7,

14



with concluding statements and an outlook of possible future fragmentation measurements

as given in Ch. 8.
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2. Galactic Cosmic Rays and their

Interactions

Since the discovery of cosmic rays, advancements in detection techniques, including
ground-based observatories and satellite missions, have enabled scientists to map out the
energy distribution of cosmic rays across a large range of energies, from 107 éV to ultra-

02° V. Cosmic ray fluxes measured recently up to TeV energies

high energies exceeding 1
by various space based particle detectors such as PAMELA [1], AMS-02 [2], DAMPE [3],
CALET [4], ACE-CRIS [5] provide a wealth of precise CR data with flux uncertainties < 5%.
In this chapter, we start with a discussion on the measured the all-particle energy spectrum
of cosmic rays and a comparison of the elemental composition in the solar system and in
cosmic rays. Next, we give a description of the two well-known mechanisms to accelerate
cosmic rays to high energy. The transport equation pertaining to the propagation of
cosmic rays with implications of the secondary-to-primary flux ratios is discussed in
details. Following which, an overview of the abrasion-ablation model to explain nuclear

fragmentation in heavy ion reactions is discussed, finally motivating the need to measure

boron production cross sections to understand CR propagation in the Galaxy.

2.1. Cosmic Ray Spectrum

The energy spectrum of cosmic rays provides insights into the processes governing particle
acceleration, propagation, and interactions within astrophysical environments. The energy
spectrum of cosmic rays follows a power-law distribution, characterized by a rapid decrease

in particle flux with increasing energy,

— , (2.1)
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Figure 2.1.: Spectrum of cosmic rays as measured by the enlisted experiments (adapted

by [6] from [7]).
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2.1. Cosmic Ray Spectrum

The all-particle cosmic-ray spectrum as measured at Earth by the various ground-based,
balloon borne, and space-based experiments, is shown in Fig. 2.1. Empirical observations
reveal an overall spectral index in the range of 2.7 < y < 3.1, in the energy range spanning
from approximately 10° eV up to 10'° eV. Cosmic rays below 10 GeV entering the solar
system encounter a magnetized plasma called the solar wind. The plasma generates
turbulent magnetic field, changing the energy and trajectory of cosmic rays suppressing
their flux at low energies. Three major features have been observed in spectrum that
deviate from the simple power-law. The first feature is a steeping of the spectrum from

y~2.7toy ~3.1atE ~ 3x10' eV called the "knee" [8].

There is evidence indicating a change in the chemical composition of cosmic rays
around the knee region, where heavier particles are observed to dominate the composition
region at energies up to E ~ 107 eV [9, 10]. With increasing energies above 10'8 &V, the
steeper spectrum flattens back again to y ~ 2.7, adding a new aspect to the spectrum,
called the "ankle" [11-13]. Energy range spanning from the knee to the ankle, marks
an important transition region for origin of cosmic rays from Galactic to extra-galactic
sources. Additionally, the knee may be associated with the onset of limitations imposed
by the confinement and escape mechanisms governing cosmic ray propagation within
the Galaxy. One of the most compelling and extensively researched explanations for the
emergence of the knee is grounded in the maximum energy attainable through diffusive
shock acceleration within supernova remnants. This process is widely regarded as the

primary mechanism for accelerating Galactic cosmic rays [14].

Finally, a sharp cutoff in the spectrum is observed at E > 5x10 eV [12, 15], resulting
in a change of the spectral index from y =~ 3.3 to y =~ 2.6 above the ankle energy [13]. This
theoretical upper limit was discovered independently in the works of K. Greisen [16], and
G. Zatsepin and V. Kuzmin [17] for propagation of ultrahigh energy cosmic protons of
extraGalactic origin. In the rest frame of the cosmic protons, the energy of ycmp =~ 200 meV,
exceeding the threshold for pion production through A resonance The charged and neutral
pions further decay into high-energy leptons (positrons and neutrinos) and photons
respectively. For heavier CR nuclei, the energy threshold for photo-disintegration by ycmg
with an average energy per photon of ~ 10 meV, is E ~ 108 &V, thereby exciting the giant
dipole resonance. In this case too, the mean free path for thee y —p interactions is O(2) kpc,

much less than the size of the Galaxy.
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2. Galactic Cosmic Rays and their Interactions
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Figure 2.2.: Relative elemental abundance of cosmic rays and the solar system, normalized
to Si=10°. Data is from Refs. [18-23]. Figure is taken from Ref. [24].

2.2. Chemical Composition of CR Flux

Measurements reveal that cosmic rays consists of 98% hadrons and 2% electrons and
photons. The hadronic component is dominated by the protons (~89%) and helium nuclei
(~ 10%), with a trace amount of contribution from the heavier elements (~ 1%). The
heavier elements mainly include the nuclei carbon, nitrogen, oxygen (collectively called
CNO), silicon and iron, produced in the stellar nucleosynthesis processes. The relative
elemental abundance of cosmic radiation compared to that of the solar system is shown in

Fig. 2.2.

A strong correlation is seen between the two distributions for most of the elements,
indicating that cosmic ray sources are capable of nucleosynthesis. Apart from the obvious
discrepancy for underabundance of cosmic hydrogen and helium, (further discussed in
Ref. [25]), there are clear deviations as seen particularly for two groups of elements. The
first is the light group Li, Be and B, and the second is the heavier group consisting of
sub-Fe elements like Sc, Ti, V, Cr and Mn. These two groups have much larger abundance
in cosmic rays than in the solar system, suggesting that their origin lies in the propagation
medium than the source. They are products of the nuclear fragmentation reactions of

their progenitors, which is the CNO group for the Li, Be and B, and Fe for the elements

20



2.3. Propagation and Acceleration of Galactic Cosmic Rays

in the second group. Therefore, cosmic rays can be grouped into two species based on
their point of origin, namely the primary and the secondary cosmic rays (see Sec. 2.4 for
further details.) Therefore, to extract information about the origin of the measured cosmic
ray spectra for various elements, it is crucial to understand the propagation of cosmic rays

in the Galaxy, and will be discussed in the next section.

2.3. Propagation and Acceleration of Galactic Cosmic Rays

It is evidently clear from the CR energy spectrum that its source is not a thermal distribution
of hot gas, and requires a powerful physical process to accelerate cosmic rays to such high
energies. This section gives an overview of the different acceleration mechanisms and the

transport of CR nuclei in the galaxy.

2.3.1. Acceleration Mechanisms

The origin of the power law energy spectrum of cosmic radiation is in the physical processes
that CR particles are accelerated to such high energies. For an astrophysical object to be
considered as a possible CR source supporting powerful accelerating mechanisms such
that it can reproduce the CR spectrum, it has to satisfy the a few constraints such as the

following [26]:
1. The accelerated particle is contained in the source volume during acceleration.

2. The source posses the required power to accelerate the particles to maintain the

observed energy density.
3. Radiation loss by particle should not exceed its gain in energy.
4. Energy loss in interactions should not exceed the gain in energy by the particle

Magpnetic fields are key in understanding the propagation and acceleration of cosmic rays
to high energies. It also sets a limit on the maximum energy obtained by CR particles
in the acceleration sites. A particle of charge Z and energy E moving orthogonal to a
magnetic field B will deflect in a circular path of radius ry. It is called gyroradius or the

Larmor radius and is the ratio of the rigidity R = p/Z, where p is the momentum of the
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2. Galactic Cosmic Rays and their Interactions

E,

5 Es - = -
—u; —— <« V=-u;+u,
upstream downstream

Figure 2.3.: [llustrations of the second-order (left) and first-order Fermi acceleration mech-
anisms, adopted from [28]. E; and E, are the energies of the particle before
(upstream) and after entering (downstream) the plasma (shock).

particle, to the magnetic field as, r. = R/B ~ E/(ZB)". For an acceleration region of size
D, if r, > D, then the particle escapes from the region. This condition sets the maximum

attainable energy by the particle, and is given by,

Emax = ZRB = 1087 (3) (E) év. (2.2)
kpe ) \ uG
where the size of accelerator is measured in kiloparsec (kpc) and the magnetic field in pG.
This relation is slightly altered by a factor fs when taking into account the velocity of the
shock front accelerating the particles (see Sec. 2.3.1.2 below), which then leads to the well
known Hillas criterion [27]. It can be used to identify and classify various astrophysical
sources as CR accelerators. In the standard paradigm of Galactic cosmic rays, the sources
are SNRs as they full all the conditions. In the following subsections, two well known

mechanisms for accelerating CR particles to relativistic energies are described.

2.3.1.1. Second Order Fermi Acceleration

The idea that cosmic rays are primarily accelerated due to their interactions with randomly
moving magnetized clouds was first put forth in the works of E. Fermi [29]. In this
process, the particles entering the plasma clouds reflect on its inhomogenous magnetic
field, changing it final energy. It was shown that multiple stochastic interactions with the

clouds will increase the energy of the incident particle, resulting in a power law energy

ISince the total energy of a particle E = +/p? + m?, where m is its rest mass. For a relativistic particle
p > m therefore E = p.
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2.3. Propagation and Acceleration of Galactic Cosmic Rays

spectrum. A particle starting with initial energy Ey, undergoing n interactions, will have
the final energy, given by,
E, =E, (1 + 6)” s (23)

where € = AE/E is the fractional gain in energy per interaction. For a magnetic cloud

moving with a velocity V' = fic, the fractional gain in energy is given by,
4
e=— ~ - f2 (2.4)

Since the energy gain is proportional to square of f, it is called second-order Fermi
acceleration. Since cloud velocities are typically 10 — 15km/s (f <1 = f < 1).
Therefore, the rise in energy is very slow because of ? dependence which makes it an

inefficient process for CR acceleration,

2.3.1.2. Diffusive Shock Acceleration

Several improvements were incorporated to the second-order Fermi mechanism over
the course of two decades [30-33]. The diffusive shock acceleration mechanism scales
the gain in energy linearly with f as opposed to its older counterpart, and hence is also
called first-order Fermi acceleration. It was initially developed for accelerators such as
the supernoave (SNe), where the particles can scatter from a large plane shock front, as
illustrated in Fig. 2.3. In a fluid medium, a shock is formed when velocity of the an object

exceeds the speed of sound in the medium.

A shock front moving towards left with a velocity —u7, into a gas moving towards the
right with velocity u; relative to the shock front, will impart a velocity to the gas equal
V = —U; + Uy, moving the gas to the left in the lab frame. The relative energy gain by the

gas particles is then given by,

AE 4
~ 28 2.5
—~2p (25)
where f = |a; — uj]. Unlike the first-order Fermi acceleration due to plasma clouds,

each interaction of particles with the plane shock front results in a positive energy gain,
resulting in a spectral index y = —2.0. The discrepancy in the observed and predicted
value of y is based in the propagation of cosmic rays in the Galaxy, and will be discussed

in the following sections.
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2. Galactic Cosmic Rays and their Interactions

2.3.2. Transport Equation of CR nuclei

Once accelerated as per the various mechanism described in the previous section, cosmic
rays have to propagate through the interstellar medium before they are measured at Earth.
The interstellar medium contains matter, magnetic fields and radiation fields, all of which
are targets for cosmic ray interactions.

In the interest of this analysis, let us consider the propagation of a cosmic ray nuclear
species ‘1’ in the interstellar medium (ISM). Then, the general equation describing its

diffusive transport is written as?,

E:Qi_V'VNi"‘V'[DVNi]_(_‘F )Ni+Z 2N (2.6)

Tint  Trad J#i Tj—i

where N; is the number density of nucleus ‘i’ at a given an energy per nucleon E, position
x, and time ¢. The first term on the right side of Eq. (2.6), Q; is the source or the injection
term. The second term depicts the convection of particles in a fluid with a velocity field V,
whereas the third term is the spatial diffusion of the particles with a diffusion coefficient D.
The fourth term collectively denotes the loss of the nucleus ‘i’ by fragmentation on the ISM
or by decay for a radionuclide, characterized by the time-scales 7j,; and 7,4, respectively.
Finally, the last term is the sum over the feed down from the reaction channels 5" —71’. It
accounts for the fragmentation of all the heavier nucleus of type ‘j’ on the ISM protons,
resulting in the production of nucleus ‘1’, and is described by the interaction probability
P;_,;. The denominator in this term 7j_,; is the characteristic time-scale for the interaction.

One of the simplest models of CR propagation is called the “leaky box” model. This
model assumes a flat cylindrical geometry, with CR sources embedded in the disc galaxy
at the centre along the cylindrical length. It is convenient to introduce the half length
of the cylinder, as h. Cosmic rays are contained within the cylindrical volume, within
which they propagate freely. In addition there is a finite constant probability per unit time
to escape the containment volume, such that cz.sc > h, where c is the speed of light in
vacuum and 7eg is the mean time in the containment volume. Under this approximation,

the convection and diffusion terms in Eq. (2.6) can be replaced as,

N;
V.VN, - V. [DVNj] —» —. 2.7)

Tesc

The equations in the following sections are based on the derivations in Refs. [28, 34].
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2.3. Propagation and Acceleration of Galactic Cosmic Rays

The mean amount of matter traversed by the cosmic rays called the grammage is denoted

as X and is measured in g/cm?. It can be expressed in terms of the escape time as,

Xese = PUTescs (2.8)

where p is the mass density of the Galactic matter’, and v is the relativistic velocity of
nucleus ‘i’. On similar lines, the characteristic rate of loss due to inelastic interaction of ‘i’
on the ISM can be expressed in terms of the corresponding grammage before undergoing

the interation, andis written in the form of Eq. (2.8), as,
Xint = PUTint, (2'9)

The last term in Eq. (2.6) related to the production of ‘i’ from the heavier progenitor
nuclei ‘j’ is related to it the production cross section oj_,; via the interaction probability

Xj—i
as P ~

m—) 0j-i, and the characteristic spallation time 7;_; is written in the form of
P
Eq. (2.9). Therefore, the ratio of the probability to the spallation time is written as,

P puoj

(2.10)
Tj—i My

In a state of equilibrium, the number of particles inside the confinement volume is constant

with respect to time i.e., IN /ot = 0. Therefore, the final expression derived after making

the necessary substitutions from Egs. (2.8) to (2.10) into the diffusion equation Eq. (2.6), is

po po 1 PUT s
R RO L

int  Trad T p

given as,

Eq. (2.11) represents a simplified version of the steady state equation of CR transport in
the Galaxy for a nucleus ‘i’, wherein the system of process of creation and destruction
of cosmic rays is in a state of equilibrium. Various important quantities of astrophysical
interest, for instance the total grammage traversed by the Galactic CRs along their diffusive
path towards the Earth, the time spent by the CRs in the Galaxy, can be estimated by

plugging in the required inputs in Eq. (2.11), and will be discussed in the next section.

3For simplicity, the ISM is assumed to be composed of pure hydrogen of mass mj,. Therefore, the number
density is nism = prsm/mp
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Figure 2.4.: Boron-to-carbon flux ratio measured by the CALET detector. Figure is taken
from Ref. [4].

2.4. Secondary-to-Primary Flux Ratios

As mentioned above, cosmic rays can be broadly classified into two categories: first, pri-
mary cosmic rays, that are produced and accelerated from the sources e.g. Supernova
Remnants (SNR) diffusing in the Galactic magnetic field, and second, the secondary cos-
mic rays produced by hadronic and nuclear interactions of the primary species on the
interstellar medium (ISM).

The primary CR nuclei like C, N, O are accelerated in SNRs and propagate in the Galactic
medium (ISM), composing mostly of neutral and ionized hydrogen (~ 90%), and helium
gas (~ 10%). They interact with the ISM resulting in lighter fragments like Li, Be, and
B. The measured flux ratios of the stable secondary-to-primary species are used to infer
astrophysical quantities such as the traversed grammage [35], while the flux ratios of
unstable-to-stable secondary nuclei are used as cosmic radioactive clocks to determine the
residence times of CRs in the Galaxy, and calculate the density of the ISM gas encountered
by the cosmic rays. Routinely, the B-to-C flux ratio is the most widely used quantity to
determine the grammage X, owing to the entirely secondary nature of boron, and the
relatively high cosmic abundance of the two elements. Secondary-to-Primary flux ratios
as recently measured by CALET [4] is shown as a function of energy/nucleon in Fig. 2.4,
superimposed with model lines for various propagation scenarios. To begin with, let us
consider the propagation of B in the Galaxy. Since boron is not produced in the CR sources,
the injection term Qg = 0. Also, since boron is a stable nucleus, the rate of loss of boron

due to radioactive decay term can be neglected. Therefore, in the steady state scenario, the
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2.4. Secondary-to-Primary Flux Ratios

number of boron at any given instant of time ¢ can be written in the form of Eq. (2.11) as,

po po pooc_p
Ng=—|—|Npg+ Nc. 2.12
(22w (XB) b (2202 e @12)

int

For the purpose of simplifying the formulation, only fragmentation of C—B is considered
in Eq. (2.12). In principle, all fragmentation channels of boron production, such as O—B
should be considered for a more precise estimation of the grammage. It is straightforward
to obtain the following final expression for the Boron-to-Carbon flux ratio from Eq. (2.12)

and is similar to Eq.(9.11) from [28]:

Y X R
B/C=— = . oc=B (2.13)
Ne 14 Xese/ XS, Mp

rag.

It is immediately clear from Eq. (2.13) precise fragmentation cross section characterized
by the quantities oc_,g and Xjy;. are required to accurately predict the fluxes of B and C.
The energy dependence of the B/C ratio as seen in Fig. 2.4 can be fit with a single power
law as E~%, where E is the kinetic energy per nucleon. In fragmentation reactions, E is
conserved, hence the spectrum of the primary CRs should be inherited by the secondary
CRs as well. Therefore at the source the flux ratio will be flat. The energy dependence can
be understood as a propagation effect as follows: in turbulent magnetic fields, the diffusion
coefficient D o« E?, where 0.3 < § < 0.5 (from standard theoretical models of turbulence
in magnetized plasmas). Therefore, the traversed mass density Xes o E70. If the flux of
primaries at the source is Nj, < E™%, then after propagation it is modified to N,, o E~*0
as measured at Earth, where o + 6 = yops ~ 2.7. And for secondary nuclei Ny ~ Xes.Np.

Hence the secondary to primary ratio such as the B/C is characterized by a single power

law as B/C = N;/N, ~ E™,

Additionally, primary CR interactions also produce unstable secondary nuclei, which
decay to stable nuclei. A few prominent examples of such secondary CR species is !°Be,
26 A1, 36Cl and **Mn are useful probes for investigating Galactic CR propagation [36-38].
The ratio of the unstable to stable secondary isotope allows to calculate the average density
of matter p encountered by the primary cosmic rays. The secondary nuclei 1°Be is the
best measured isotope. It converts to the stable B via f~ decay with a half life 1x10°y.
Since Eq. (2.11) determines the grammage as expressed in Eq. (2.8), the escape time 7 is

required to compute the matter density p. Measurement of the unstable-to-stable isotope
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Figure 2.5.: An illustration of the two phases of the abrasion-ablation model of nuclear
fragmentation as described in the text. Figure is taken from [39].

ratio breaks this degeneracy. An equation of the form of Eq. (2.11) can written for the

nuclei °Be and °Be individually, the ratio of which then can be written as,

9Be
Nioge 1+ Xese/ Xy 0C—10Be

Noge 1+ Xesc/XilnotBe + Tesc/XilnotBe 0C—9Be

(2.14)

A calculation of p from the estimation of the inputs to Eq. (2.14) is presented in Ref. [28].
It shows that the derived value of the matter density is significantly lower than the gas
density in the disk, suggesting that a large fraction of residence time of primary nuclei
is spent outside the disk, in the Galactic halo. The dependence on the production cross

section of °Be and ?Be is evident from Eq. (2.14).

2.5. Nuclear Interactions of Cosmic Rays

As can be seen explicitly from Eqgs. (2.13) and (2.14), nuclear interactions play a key role
in formation of spallation products of primary cosmic rays as discussed in Sec. 2.4. This
section presents a brief introduction to the theory of nuclear fragmentation. The short
range of strong forces responsible for holding the nucleus together implies that nuclear
reactions are contact interactions and are relevant only when the radii of the colliding
nuclei overlap. The distance between the centers of the projectile and the target nucleus is

called the impact parameter b.
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The theory of fragmentation is based on the abrasion-ablation model for heavy ion
collisions (see e.g. [40]). It is a theoretical framework used to describe relativistic heavy ion
collisions. The process of collision is divided into two stages: abrasion and ablation. During
the abrasion stage, the colliding nuclei interact through their nuclear surfaces, leading to
the removal of nucleons from the surface regions of the nuclei. This process is governed
by the overlap of the nuclear density profiles and can be described mathematically by
the Glauber model, which calculates the probability of overlap between the two nuclei as
they approach each other [41]. Nucleons in the overlap region are called participants and
lead to the formation of a fireball emitting particles such as pions. On the other hand, the
remaining nucleons are called spectators.

Following the abrasion stage, the ablation stage begins, where the spectators of the
projectile form a pre-fragment, and continue to interact and exchange energy until they
separate into final state fragments. This process involves the emission of nucleons and
light fragments from the colliding nuclei and is characterized by the exchange of kinetic
energy between the fragments. The two stage process is graphically illustrated in Fig. 2.5.

The abrasion-ablation model provides a useful framework for studying heavy-ion colli-
sions and has been applied in various theoretical and experimental studies to understand
phenomena such as nuclear stopping, energy dissipation in these collisions, and fragment
production as well.

Following the fragmentation model, the next task is to quantify the interaction by
defining their respective cross sections. In an accelerator-based fixed target experiment,
the cross section, o of the beam particles (b) to interact with the target nucleus (T) is given
by the interaction rate divided by the total flux of the beam incident on the target and is
equivalent to a transverse area of the target nucleus encountered by the beam nucleus. It

is written as,
1 dNb+T

= — R 2.15
Ob+T o, dr ( )

where the flux of beam particles is defined as the differential number of beam particles
crossing an area element dA in the time interval dt, &, = dN,/(dAdt). For a target of
mass density p, molar mass M, and thickness dt, the area element dA = M/(Napdx),
where Na = 6.022Xx10% is Avogadro’s constant, and dx is the differential target thickness.
Substituting @y, in Eq. (2.15) gives,

dNpsr AN
Fraialy Py, (2.16)
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where P,,1, = opy1/dA is the interaction probability.

Different types of cross sections can be defined based on Eq. (2.15). The first is the
total cross section oio, which accounts for all beam-target interactions without taking
the type and yield of the final state particles into consideration. The second type is
called elastic cross section o, and measures interactions when the kinetic energy of
the system is conserved, and the incoming and outgoing particles are identical, and no
new particle is produced. The total cross section includes elastic cross section as well.
Therefore, the processes in which at least one new particle is formed due to the beam-target
interactions is described by the inelastic cross section oj,e]. Then it immediately follows
that, oinel = Otot — 0. In the case of nuclear interactions, the quasi-elastic cross section o
is defined as scattering process leading to disintegration of the nucleus, without producing
additional new particles. Therefore the production cross section of particular nucleus is
written as, 0prod = Otot — Oel — Ogel = Oine — Oeql-

The inelastic cross section aihrél derived from the Glauber theory for hadron-nucleus

(hA) interactions is given as (see Eq.(4.83) from Ref. [28]),
h
= [ b (1-exp (ol 1)), @17

where at}:f; is the total hadron-nucleon cross section, T' () is the number density of nucleons
of the target nucleus at impact parameter b. Eq. (2.17) is useful in calculating the inelastic
cross sections of the CR nucleus on the ISM protons. Data driven empirical approximation
shows that in the momentum range 20 — 50 GeV/c, Eq. (2.17) for proton-nucleus (mass
number A) interaction for A > 1 can be written as (see [42]),
A 0.691

ol = 45mb A®*!. (2.18)
Whereas in the case of nucleus-nucleus collision (A + B), the inelastic cross section can be
parameterized using the formula,

2
o = 7R? (A1/3 + B3 5) , (2.19)

inel —

where the value for the constants Ry = 1.47x10™"> m and § = 1.12 is taken from Ref. [43].

In this thesis, the emphasis is on studying three types of fragmentation reactions: mass-

changing, charge-changing and production reactions. The mass-changing reaction is
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defined as an inelastic interaction leading to loss of at least one nucleon from the projectile
nucleus P of mass Ap, upon interacting with the target nucleus, such that change in the
projectile mass AAp > 1. A charge-changing reaction is an inelastic interaction in which
at least one proton is lost from the projectile nucleus of charge Zp, upon interacting with
the target, such that the change in the projectile charge AZp > 1. Every charge-changing
reaction is necessarily a mass-changing reaction. but the converse is not true. The third
kind of reaction is the fragmentation of projectile nucleus proceeding through a particular
channel, resulting in the production of a specific fragment nucleus.

As a result of the fragmentation process, the participant nucleons comprising the final
fragment nucleus posses a non-zero component of their 3-momentum in the rest frame of
the fragment ie. 3;; p; = 0, for the nucleon i with momentum p;. This momentum is called
the Fermi momentum (pg) and is attributed to the quantum mechanical phenomenon called
Fermi motion. It describes the motion of the nucleons bound inside a nucleus and depends
on the depth of the nuclear potential well. The fragment momenta in *O+Be interactions
at 2.1 AGeV/c were observed to follow a Gaussian distribution [44], exp (—p2 / 205). Sta-
tistical models were developed to explain the distribution of the fragment momentum [45,
46]. The mathematical expression has the form (see Eq.(1) in [46]),

(2.20)

O'p%O'O A1

2 2 (F(A—F))

In Eq. (2.20), F is the mass number of the fragment and A is the mass number of the
projectile. The proportionality constant oy is expressed in terms of the Fermi momentum
PE, A8 0p = pf. /5. Assuming a canonical value of Fermi momentum pr ~ 250 MeV/c yields

the value for the constant oy ~ 110 MeV/c (see [46] for full description of the model).

2.6. Need for Improved Cross-sections

The relevant reaction channels for predicting the total boron production in the Galaxy in
12C+proton interactions are the through the direct production of the stable boron isotopes
1B and '°B, and via the indirect channel from 'C. Carbon-11 is a secondary radionuclide
produced in spallation reactions of the primary CRs, which converts to the stable !'B as
1C—"B + f*, with a half-life 7, ~ 20 mins. Since 7y, is significantly less than the typical
astrophysical timescales CRs spend in the galaxy (~ 1)Myr, the contribution from ' C is
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Figure 2.6.: Previous measurements of 2C+p cross sections for the production of boron
isotopes (top) and ''C (bottom). The solid blue line and the purple band
correspond to cross section model and the corresponding model uncertainty
given in [47].

crucial in production of cosmic boron. Such nuclei are termed "ghost nuclei", as they are
never directly observed at Earth. In addition, two more reaction channels are responsible
for production of cosmic boron, they are: the decay of ’Be—!°B, and °C—1°B. The
impact of these channels on the total boron flux is comparatively small at approximately
7% of total boron flux prediction from '?C [48]. The next most important progenitor for
boron is 10, but it is out of the scope of the current work and will not be discussed in this
thesis.

The current measurements of isotope production cross sections for !'C, 1B, and 108
from 12C shows a lack of precise cross section data at energies beyond 10 A GeV/c. A single
high energy measurement of 'C production at 284 GeV/c was performed by irradiating
a graphite target with a proton beam and measuring its activity [49]. A comparison of
previous measurements is shown in Fig. 2.6. The uncertainties in the current cross section
data are at 10 — 20% and even higher for some reaction channels [48], and is the largest
source of uncertainty in determining the propagation parameters, namely the diffusion

coeflicient D and its energy dependence parameter 6. Propagation parameters inferred
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Figure 2.7.: Prediction of the accuracy to determine the transport parameters Dy and §
derived from the four secondary-to-primary CR ratios Li/C, Be/C, B/C, and
F/Si shown as 1o contour in the relative error plane of the two parameters.
Current uncertainty due to cross sections is shown as red contour, and the
estimated uncertainty from future NA61/SHINE measurement as blue. The
black contour is the intrinsic intensity from the data. Adapted from [50].

from the B/C ratio must be applicable to other secondary-to-primary ratios as well. The
relevance of improving the cross section uncertainties of certain channels was reported in a
recent work [50]. The improvement in the relative uncertainty of the transport parameters
Dy and 6 (see Sec. 2.4) by improving the boron and fluorine production from carbon and
silicon is shown in Fig. 2.7. Anomalies in the measured flux of elements indicates an excess
in the cosmic lithium and fluorine fluxes as observed from the Li/C and F/Si ratios [51].
In contrast to the secondary nature of L Li and F, claims for a possible primary origin of
these elements were put forth to explain the excess [52, 53]. These recent findings can
not be resolved without nuclear cross sections with improved uncertainties [5, 54, 55].
Measurement of the flux ratio of unstable-to-stable secondary such as the °Be/’Be can
help break the degeneracy of the L/D ratio, where L is the Halo size and Dy is the diffusion
coefficient, inferred from the measurement of stable secondary-to-primary ratios such as
B/C [56-58]. The impact of nuclear cross sections uncertainties in forecasting the relative

precision of the size of the Galactic halo is shown in Fig. 2.8.
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Figure 2.8.: Distribution of the estimated relative precision of the Galactic halo size L
from arising from the nuclear cross section measurements of the beryllium
isotope production. Red distribution shows the current uncertainty on L with
a standard deviation ~ 30%, and magenta distribution shows the improved
precision better than the flux measurements, with the new cross sections, with
a standard deviation ~ 5%. Figure adapted from [50]

Another interesting discovery is that of the antimatter excess observed in CR positron
fraction e*/(e” + €*) up to 100 GeV first discovered by PAMELA [59], and later confirmed
by Fermi-LAT [60] and AMS-02 [61]. While y-ray emissions from the M31 halo in the
energy, range 3 —20 GeV suggests a similarity with Galactic center and the p excess [62-64].
Anti-matter like the excess e* and p are probes into indirect detection of dark matter.
Nevertheless, the estimation of the secondary antiproton production flux is severely
hampered by large uncertainties in nuclear cross sections and those of the transport
parameters. The transport parameters can be inferred by the B/C flux ratio provided
cross section with improved uncertainties are measured. This will help in predicting the
secondary anti-matter flux from cosmic ray interactions that constitutes the background
to dark matter signals. Detailed calculations of the impact of nuclear cross sections on
determining the secondary p flux was performed in [50] and is shown in Fig. 2.9.

Enough evidence from various new studies indicate that fresh nuclear cross sections
measurements with reduced uncertainties will provide clear insights into interpreting the
recent discoveries. The goal of this thesis is to present the first results of cross section
measurements of boron production from primary carbon nuclei, at E > 10 A GeV/c, as

will be discussed in the following chapters.
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Figure 2.9.: Estimated accuracy on the predicted p flux after future NA61/SHINE measure-
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the magenta envelope, while the red envelope is the uncertainty due to current
cross section values. Adapted from [50].
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3. The NA61/SHINE Facility

In this thesis, data collected with the NA61/SHINE facility is analyzed to study fragmenta-
tion of the >C nucleus. NA61/SHINE stands for SPS Heavy Ion and Neutrino Experiment.
It is located in the CERN North Area, inside the Experimental Hall North 1 (EHN1) on
the H2 beamline of the Super Proton Synchrotron (SPS). It is the successor to the NA49
experiment. It operates within a beam momentum range of approximately 10 — 450 GeV/c.
The physics programs of the experiment primarily focus on studying hadron-hadron and
hadron-nucleus interactions in the interest of phase transitions in strong interactions
and investigating the properties of neutrino beams produced in p-nucleus collisions for
long baseline neutrino oscillation experiments. In addition to these, it is also aimed at
measuring nuclear fragmentation cross-sections in nucleus-nucleus interactions, in the
interest of Galactic cosmic ray propagation and extensive air-shower studies [66].

This chapter briefly describes the SPS accelerator (Sec. 3.1), the H2 beamline (Sec. 3.2),
and the main and sub-detector systems of the NA61 experimental facility required for
fragmentation studies (Sec. 3.3). The recent hardware upgrade that was undertaken during

the CERN Long Shutdown 2, between 2019 and 2022 is detailed in Sec. 3.6.

3.1. CERN Accelerator Chain

Protons and ions are primarily accelerated by the liner accelerators LINAC2 and LINAC3
respectively. The protons energies are further boosted in the Proton Synchrotron Booster
(PSB) or simply the Booster, before feeding it to the Proton Synchrotron (PS). Heavy
ions are bunched into shorter pulses using the Low Energy Ion Ring (LEIR), post which
they transported to PS. Protons and heavy ions are finally fed in to the Super Proton
Synchrotron (SPS) for further acceleration, before directing the beam towards the CERN
North Area or feeding the Large Hadron Collider (LHC). The accelerator chain is illustrated
in Fig. 3.1.
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Figure 3.1.: The CERN accelerator complex with the accelerators relevant for particle
transport to NA61/SHINE. The quoted value is the circumference of each
accelerator (figure adapted from [67]).

The SPS is a particle accelerator, originally designed to achieve a maximum particle
energy of 400 GeV. It has been used to accelerate protons, antiprotons, electrons, positrons,
and heavy ions as well. Its major scientific results include the discovery of the W and Z
boson during its operation as a hadron collider from 1981 to 1991, and the discovery of
direct CP violation by the NA48 experiment. Today, it is the second-largest component
within the CERN accelerator complex, boasting a circumference of ~ 7 km. Its primary
function is to accelerate particles from the Proton Synchrotron (PS) for generating beams to
be injected in the LHC. Operating at a maximum of 450 GeV, it features 1317 conventional
electromagnets, including 744 dipole magnets strategically placed to bend the particle
beams along the circular path. The SPS also serves a variety of experiments like NA62 (the
successor of NA48 experiment), the Common Muon and Proton Apparatus for Structure
Spectroscopy (COMPASS), and the NA61/SHINE experiment. Additionally, the SPS is set to
contribute to the AWAKE experiment, designed to explore innovative particle acceleration

techniques.
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The duration for which the beam is extracted from the SPS is called a spill. For the North
Area the spill duration depends on the number of SPS users, and lasts for about 10 s with a
30% duty cyle. The intensity of the beam in proton mode is typically ~ 10! protons/cycle,
and that for ions is ~ 10® per cycle. Its stable operational range of deliverable momenta

for ion beams is 13A GeV/c-160A GeV/c [66].

3.2. H2 Beamline

The hadron and ion beams required for the physics programs of NA61/SHINE are provided
by the SPS, and are further transported to EHN1 via the H2 beamline. H2 is capable of
delivering positive as well as negatively charged particles. A secondary beam of positively
(*, K*) or negatively charged (7, K~) particles is produced by directing a primary proton
beam extracted from the SPS on to a primary Be target called T2. The target station is
located ~ 530 m upstream of the NA61/SHINE production target, and hosts several Be
plates of different lengths. A target of appropriate length is chosen from these plates, that
optimizes the yield of the requested secondary particle. For producing a secondary ion
beam, a primary 2°Pb ion beam is guided on the T2 target. The fragmentation of the Pb
ion produces secondary nuclei, which are then transported to EHN1. The H2 beamline is
tuned to match with the momentum of the ions extracted from the SPS. The selection is
performed by two large spectrometers. Multiple sets of dipole and quadrupole magnets on
the beamline are used to steer and focus the beam particles, respectively. In the case of
transporting a beam of specific ions, the H2 beamline selection is based on the rigidity
R of the ion, which is proportional to its mass-to-charge ratio (A/Z). Additionally, the
fragmentation of the 2°Pb ion smears the fragment momenta due to the Fermi motion
of the nucleons. Therefore, the beam is mixed with other nuclear species with similar
mass-to-charge ratio, and the elements neighboring the desired ion. The spectrometer
has a maximum rigidity acceptance of AR/R ~ +1.7% [66]. The next section discusses the

NA61/SHINE detector systems specifically relevant for performing fragmentation studies.

3.3. NAG61/SHINE detectors

The schematic layout of the NA61/SHINE detectors is shown in Fig. 3.2. To study the

fragmentation of a particular nucleus in the incoming beam it is crucial to determine its
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Figure 3.2.: NA61/SHINE experimental setup as used for this measurement. Detectors in
grey were not used, but will be described briefly in Sec. 3.4.

charge and isotope before it is incident on the target. For this purpose, the beamline is
equipped with detectors upstream of the target (shown in the inset of Fig. 3.2). These
detectors are used to monitor the characteristics of the incoming beam, such as particle
identification, timing information, understanding beam divergence, and defining trigger
logic. These detectors include the scintillator counters, the Beam Position Detectors (BPDs),
and veto scintillators. Similarly, the identification of the secondary fragments produced
in the beam-target interactions is achieved by two sets of Time Projection Chambers
(TPCs). The main detectors used for tracking the nuclear fragments are the Vertex-TPCs
(VTPC-1/2) placed inside a set of superconducting magnets and the large acceptance Main

TPC (MTPC-L/R). Both TPCs are placed symmetrically on the left and right of the beamline.
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3.3.1. Detectors Upstream of the Target

The beamline detectors preceding the target are used as beam counters, to study the
properties of the incident beam, as shown in the inset of Fig. 3.2. They primarily consist of
a series of plastic scintillators of type BC-408, made of polyvinytoluene. The most upstream
detector used for fragmentation studies isa L X BX H = 6 X 6 X 0.5 cm? scintillator called
the A detector. It is followed by the scintillator S1 with the same dimensions and material
as that of the A-detector. Light output of the A and S1 detectors is read out with two
and four fast PMTs (EMI9133) respectively. The four PMTs directly coupled to the S1
counter facilitate precise timing measurements (resolution ~ 30 ps) in low multiplicity
events. While the S1 is situated 36.42 m from the target z position, the A detector is placed
~ 240 m further upstream of the S1, inside the beam tunnel. The A-S1 system records the
arrival times of the incoming beam. This timing information is used in determining the
time-of-flight (tof) corresponding to the various beam nuclei. Since the measured tof is
a function of the mass of the particle, this information helps in the identification of the

isotopes, which is a crucial step in this study.

Let us consider a beam nucleus consisting of A nucleons. Its rigidity is given by the ratio
of the total momentum p to its electric charge Z as, R = p/Z. The tof t of this nucleus is
given by,

t=— (3.1)

where L is the distance between the two counting scintillators A & S1, the denominator
is the relative velocity of the nucleus, with ¢ the speed of light, and f is the ratio of
momentum and the total energy of the nucleus. It is expressed in terms of its rigidity and
mass as,

= k2 (3.2)

VRZ)? + (Au)®

The total mass of the nucleus is expressed as Au, in terms of the mass number and the

p=

e>hlas

atomic mass unit u. Therefore, the time of flight t is given by the equation,

RZ

VRZ) + (Au)?

The total resolution o; of the measured tof depends on two factors. First, the spread in

=L . (33)
C

the measured times due the uncertainty in light travel time inside the scintillators A and
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S1, before it reaches the PMT, and is denoted as oy 1. The second factor is the intrinsic

resolution of the PMT itself, opyt. Therefore, the total tof resolution is given by,

2 2
OPMT OPMT
o = GET—Sl + (—) + GET_A + (—) . (3.4)
Npmtosi NpmT-A

Since the PMTs connected to the A and the S1 detectors are of the same type, a single

quantity opyr is used to describe its intrinsic resolution, weighted by the number of PMTs

for A and S1, as NpmT-A = 2 and NpmT.s1 = 4, respectively.

The rate of energy loss by a relativistic particle of charge Z, and speed v, traversing a

material of charge z and relative atomic mass A, is described by the Bethe equation as,

dE 221

_ 5(By)
-G = K2 (g - - ),

(3.5)

where K is a proportionality constant, f = 7, and y = 1_ - is the Lorentz factor. Therefore,
the charge of the incident beam particle is determined from its charge squared equivalent
energy deposited in S1. The signal is used to trigger on the desired beam particle. Moreover,
the detector V1 is a square scintillator of dimensions L X B = 10 x 10 cm? with a central
hole of 1 cm diameter. It is placed ~ 1 m from the target z-position, upstream of BPD-3.
The central hole defines the size of the incident beam on the target surface, and functions
as a veto detector for highly diverging particles, missing the target. The signals from the

S1 and V1 are used to define the trigger logic (see Sec. 4.2.1).

In the examination of incoming beam particle positions within the transverse plane,
a telescope comprising three Beam Position Detectors (BPDs) is positioned along the
beamline, preceding the target. The NA61/SHINE BPDs, featuring active areas of 4.8 X
4.8 cm?, are multiwire proportional chambers (MWPC), employing an Ar/CO, gas mixture
with an 85/15 ratio. Each BPD independently measures the position of the trigger-selected
beam particle in two orthogonal directions by utilizing two planes of orthogonal sense
wires. They are 15 ym thick tungsten wires with a 2 mm pitch. The determination of a 3-
dimensional point by a specific Beam Position Detector (BPD) is built from two transverse
coordinates obtained from the two strip planes and the BPD’s position along the beamline.
To reconstruct the trajectory of a beam particle, least squares fits of straight lines are
conducted independently in the x — z and y — z planes using the positions measured by
the three BPDs.
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Table 3.1.: Technical details of the VTPCs, MTPC, and the GTPC [66].

VTPC-1/2 MTPC-L/R GTPC
Size (LXWxH) [cm] 250 X 200 X 98 390 X 390 x 180 30 X 81.5 %X 70
Pad size [mm)] 3.5 X 28.0 3.6 X 40.0,5.5 X 40.0 4.0 X 28.0
Drift length [cm] 66.60 111.74 58.97
Drift velocity [cm/ps] 1.4 2.3 1.3
Drift field [V/cm] 195 170 173
Drift voltage [kV] 13.0 19.0 10.2
Gas Mixture Ar/CO; (90/10) Ar/CO; (95/5) Ar/CO; (90/10)
No. of sectors 2x3 5%X5 1

3.3.2. Detectors Downstream of the Target

A time projection chamber functions as a particle detector, discerning and characterizing
particles by reconstructing their paths within a gas-filled volume. Positioned within a
uniform magnetic field, the chamber can detect a curved trajectory of charged particles. A
uniform electric field ~ 100 V/cm is established by applying a high voltage of the order of
~ 10kV. The particle traversing the chamber initiates gas ionization, generating electron-
ion pairs along the trajectory. These electrons drift along the electric field lines towards a
set of three wire planes located at the top of TPC. The wire planes are shown in Fig. 3.3.
The cathode plane ensures that at the sense wires, the signal from the electrons is amplified
via Townsend avalanche. This induces a charge on the segmented pad plane which is
then read out by the front-end electronics. The measured induced charge of the avalanche
electrons and the arrival times provide help in the 3-dimensional reconstruction of the
tracks. Analyzing the curvature and energy loss signal of these tracks determines the
particle’s charge and momentum.

The uniform electric field cage for the TPCs at NA61/SHINE is made of aluminized Mylar
strips maintained at the appropriate electric potential via a voltage divider. Measurements
of the x and z coordinates of the particle track is provided by the induced charge on the
top pad plane, while the y-coordinate is determined from the arrival times of the drift
electrons on the pad plane. Technical parameters of each of the TPCs are given in Tab. 3.1.

Each Main Time Projection Chamber (MTPC-L/R) features a readout surface measuring
390 X 390 cm?, with an electric field cage height of approximately 110 cm. It is filled
with a gas mixture of Ar/CO; in a 95/5 proportion. The track signals are captured by 25

proportional chambers per TPC, called sectors, providing up to 90 measured points and

43



3. The NA61/SHINE Facility

2 Pad plane Support plate
(readout chambers)
Sense wire plane " =
H ") =T P
divider i o c>pmal
X Mylar strips
2~ Cathode plane
Z ] o 1
] S [
e ] [
] [ 125 um
E N o s n N | |« Mylar window
Drift field Gafing grid frame (| n [
n 1
q ¢
Drifting electrons
- g, A HV-plane
from primary ionization
Ceramic rods (Ti coated) i
Charged particle track soimicusioll
\, ~— Honeycomb

Figure 3.3.: An illustration of the working of a time Projection Chamber, with a vertically
upward electron drift, is shown on the left. On the right is the schematic layout
of the VTPC in the x — y plane. The two field cages are seen on both sides of
the beam (figures taken from [68]).

ionization samples on each particle trajectory. The precision of the average ionization

energy loss measurement for a particle is around 4%.

The Vertex TPC comprises a gas box with a top surface area of 250 x 200 cm? and a
depth of 67 cm. Field-cage structures are inserted to exclude a 120 cm region on either side
of the beamline, where the particle density in Pb+Pb reactions is too high for trajectory
resolution. A gas mixture of Ar/CO; in a 90/10 proportion is employed, and the readout
is conducted by six proportional chambers on the top, providing up to 72 measurements
and ionization samples on the particle trajectories. Further details on the Vertex and Main
TPCs can be found in [68]. The VTPCs are placed inside two identical super-conducting
dipole magnets of dimensions L X B = 570 X 360 cm®. The maximum achievable combined
bending power is 9 Tm at an operating current value of 5000 Amperes. The magnetic field
for the standard configuration at a beam momentum > 150A GeV/c, is set to 1.5 T and
1.1 T in the first and the second super-conducting magnet respectively. The ratio of the
two fields is maintained at a fixed value for lower beam momenta as well. The magnetic
yokes are designed to maximize the opening angle on the downstream side, in the plane

in which the charged particles are deflected.

A supplementary tracking device, the Gap-TPC, is strategically positioned on the beam-
line between VTPC-1 and VTPC-2. This device is specifically placed to cover the gap
between the sensitive volumes of the VTPCs, enhancing the precision of tracking. By
incorporating additional points measured in the Gap-TPC, high-momentum tracks can be

extrapolated more accurately back to the primary vertex. This proves particularly useful
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in distinguishing particles originating from the primary vertex but measured solely in the
MTPCs. The Gap-TPC aids in more effectively discerning such particles from conversion

electrons that mimic high-momentum tracks outside the magnetic field.

3.4. Other Detectors

The NA61/SHINE facility utilizes a variety of detectors serving the requirement of the
physics goals of the experiment. These detectors were not used in the pilot measurement

discussed in this analysis, and hence, are briefly described in this section.

3.4.1. Beamline detectors

Apart from the upstream detectors mentioned in Sec. 3.3.1, the beamline can be equipped
with additional beam counters depending on the measurement to be performed. These
are the scintillators S2 and S3, positioned behind the BPD-2 and BPD-3 detectors. The
thickness of S2 is dg; = 0.2 cm and that of S3 is ds3 = 0.5 cm. Moreover, the interactions of
the beam in the target are signaled by placing scintillators S4 and S5 (dss = dss = 0.5 cm),
downstream of the target.

In addition to the square V1 detector, the beamline can be equipped with three veto
scintillator detectors. These are called V0, V07, and the V1?. The details of all the upstream

detectors are given in Tab. 3.2.

Table 3.2.: Beam detector parameters: dimensions, inner hole diameter (¢;,), and its posi-
tion relative to the target at z = 0.0 m. The disc type detector dimensions are
denoted by ¢, where the first value is the outer diameter and the second value,
is its thickness.

Dimensions Hole  Position (z)

Detector
(mm) (mm) (m)
S2 ¢ =28x2 - -8.81
S3 ¢ =26x5 - -0.77
S4 $=20x%5 - 3.70
S5 $=20x%5 - 15.61
Vo $=80%x10 ¢y =10 ~8.35
Vo? 300 X 300 X 10 ¢ = 20 -8.19
V1? 300 X 300 X 10 ¢y, = 20 -0.93
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3.4.2. Time-of-Flight Scintillators

As particle identification solely based on energy loss measurement is not viable in the
crossover region of the Bethe-Bloch curves, NA61/SHINE incorporates additional and
independent identification through Time of Flight (tof) detectors. The ToF-L and ToF-R
detectors, inherited from NA49, are utilized. To broaden the identification capabilities
of NA61/SHINE to meet the requirements of neutrino physics, a new forward detector
(ToF-F) was constructed and positioned between ToF-L/R, just behind the MTPCs. The
determination of the particle’s mass squared involves combining information from the
particle’s time of flight (tof) with the track length () and momentum (p) measured in
the TPCs. This detector is not used in this analysis since the time resolution is not good

enough for isotope identification based on the measured tof difference.

3.4.3. Projectile Spectator Detector

The Projectile Spectator Detector (PSD) is a modular lead/scintillator hadron calorimeter
used for measuring projectile spectator energy in central nucleus-nucleus collisions at the
trigger level. The accurate measurement of the energy carried by projectile spectators on
an event-by-event basis allows for the extraction of the number of interacting nucleons
from the projectile with a precision of one nucleon.

The PSD consists of a total of 44 modules, out of which 16 small modules of size
10 X 10 cm? and weighing 120 kg each, are placed in the center while the outer part
consists of 28 large 20 X 20 cm? modules, each weighing 500 kg. Each module comprises
60 pairs of lead plates and scintillator tiles arranged alternately, with thicknesses of 1.6 cm
and 4 cm, respectively. The plates are stacked together and secured with 0.5 mm thick
steel tape, enclosed within a box made of 0.5 mm thick steel. The overall length of the
modules corresponds to 5.7 nuclear interaction lengths. The PSD was not used in the pilot

measurement, but is foreseen for future fragmentation runs, to mainly detect neutrons.

3.5. Reconstruction using Shine offline

The raw detector data, such as counts from the analog-to-digital and time-to-digital
converters, are transformed to a structured data format used for further analysis using

the software called Shine Offline [69]. It is a C++ based software routine adapted from
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Figure 3.4.: Graphical representation of the objects stored in a SHOE file structure (adopted
from [69]).

the Offline Software Framework of the Pierre Auger Observatory, used for reconstruction,
calibration and analysis of the data.

A brief description of data reconstruction is as follows: Raw data from the TPC pad-time
bin is clusterized to output a set of three-dimensional reconstructed points called clusters.
These points are then associated to a charged particle, grouped, and perform to fit to each
group to make a track, called a Local Track, corresponding to a TPC volume. Next, the
Local Tracks are extrapolated to adjacent chambers to select and obtain the best matching
track in this chamber volume, to merge into a single track across the two chambers, called
a Global Track. Finally, a vertex finding algorithm is implemented to determine the origins
of the tracks. One of the algorithms is called the Main Vertex Finder and Fitter, which
identifies tracks originating in the beam-target interaction to determine the main vertex.
These tracks are termed Vertex Tracks, and are fundamentally important objects for further
analysis. Higher-level raw and reconstructed data, such as these objects, are stored in
SHINE Offline Event (SHOE) files. An illustration of the objects stored in it is shown in
Fig. 3.4. Complete details of the reconstruction procedure are described comprehensively

in Ref. [70].

3.6. Detector Upgrade

The NA61/SHINE detector systems were upgraded and commissioned during the Long
Shutdown 2 (LS2) at CERN between 2019 and 2021. The main aim of this hardware upgrade
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Figure 3.5.: The schematic of the NA61/SHINE detector systems post the LS2 hardware
upgrade.

was to increase the data-taking rate from 80 Hz to 1000 Hz, to meet the requirements of the
charm and neutrino physics programs conducted at NA61/SHINE. This required a change
of readout electronics of the TPCs, a completely new Data Acquisition (DAQ) system, and
a new trigger system. A detailed overview of NA61/SHINE DAQ can be found in [71]. The
maximum data-taking rate achieved post the upgrade reached 1.6 kHz, well beyond the
expected rate of 1kHz, enabling high-statistics runs in the future (complete details are
given in Ref. [72]).

The enhancements to the NA61/SHINE detector encompassed the following modifica-

tions:

1. Construction of new Beam Position Detectors (BPD), replacing the old MWPC with
Silicon Strip Matrix. The active area of the matrix is 97 X 97 mm? with a 190um

pitch [73].

2. Replacement of the old TPC readout electronics with the new Front End Cards (FEC)
adopted from ALICE [73].
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3. Construction of a new Vertex Detector using ALPIDE pixel sensors for the detection

of neutral D meson [73].

4. Construction of new ToF detectors for particle identification at mid-rapidity, based
on Multi-gap Resistive Plate Chamber (MRPC) technology and time resolution
~ 50 ps [73].

5. Development of the Geometry Reference Chamber (GRC) for dedicated in-situ drift
velocity measurements in the TPCs. The GRC consists of a pair of Cartesian readout
MWPCs, with a granularity of 6 mm in the drift direction (see Ref. [74] for complete
details).

6. The existing Projectile Spectator Detector (PSD) was replaced with two calorimeters,
namely the Main PSD (MPSD) consisting a total of 32 modules, and the Forward PSD
(FPSD) placed further downstream, consisting of 9 modules. The purpose of this
upgrade was to overcome the issue with increased radiation hardness and readout

rate of heavy ion beams during the post LS2 runs.

7. Implementation of a new Trigger and Data Acquisition (TDAQ) system that is fully
scalable, allowing seamless integration of new detectors—a capability absent in the

old DAQ system.

By the end of 2021, the new readout electronics, based on the former ALICE TPC readout,
were successfully incorporated into the two Vertex TPCs and subjected to successful testing.
After this initial phase, the upgrade initiative persisted into 2022, involving integrating
the new readout system into the two Main TPCs, the GTPC, and the three Forward TPCs
(FTPC-1/2/3). Total number of FECs installed on the TPCs is given in Tab. 3.3. Only one
outermost upstream sector each of the MTPC-L and MTPC-R could not be fully equipped
due to component shortages. However, this constitutes a minor region of acceptance
and does not impact the physics performance in subsequent runs. Since these printed
circuit boards (PCBs) differ in shape and connector types from those previously used in
NA61/SHINE, a considerable amount of work with adapters, preparation of the connector
cables, and re-designing the mechanical suspension was performed. A complete ready-to-
install Front End Card connected with kaptons (flexible polyimide) is shown in Fig. 3.6.

The entire set of TPCs was readied for data collection during the proton run scheduled in
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Figure 3.6.: Left: An ALICE Front End Card connected with flexible polyimide ready to be
installed in a TPC sector. Right: A MTPC-L Standard Resolution (SR) sector is
completely equipped with 18 FECs, with the power cables connected to the
Low Voltage bus bar of the sector on the top.

July 2022. A functional MTPC-L sector installed with the new electronic boards connected

to the low voltage power supply is shown in Fig. 3.6.

Key improvements with the newer FECs compared to the existing electronics are the
higher digitization rate boosting the readout rate by a factor of 10, larger dynamic range
due to 10 bit ADC, and improved electronic noise from 1000e;,s to < 1000e;ys. The major
improvement in the raw ADC distribution in the TPCs is clearly seen in Fig. 3.8. The
noise levels in the individual TPC sectors have significantly reduced, leading to better

particle track resolution in the VTPCs and the MTPC, as well. During test runs, event

Table 3.3.: Distribution of Front-End Cards (FECs), Readout Control Unit (RCUs) and
Common Readout Receiver Cards (C-RORCs) in Readout Nodes at NA61/SHINE
experiment [75].

VTPC- MTPC- MTPC- GTPC FTPC- FTPC- Total

1,2 HR SR 1 2,3
FECs 432 270 720 8 12 36 1478
RCUs 24 20 40 1 1 2 88
C-RORCs 4 4 7 1 16
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Figure 3.7.: The author during hardware shifts for MTPC FEC installation (left) and the
works on the beamline A-detector cable inside the tunnel (right).

rates reached up to 1.9 kHz, and the observed data taking rates during data collection in
the p-run were up to 1.6 kHz, more than the upgrade goal of 1 kHz.

Moreover, the readiness of the A-detector, was checked during a two-day Machine
Development (MD) interval at CERN in September 2022. During this period, the ethernet
cable for the A-detector was placed inside the beamline, to enable smooth connection
during future fragmentation runs. Smooth functioning of the A-detector is crucial for
accurate time-of-flight measurement of the beam ions as emphasized in Chs. 4 and 5. The

contribution of the author during the hardware upgrade is shown in Fig. 3.7).
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Figure 3.8.: Raw ADC distribution of the TPCs, where the top plot shows an event in p+C
interaction at 120 GeV/c, before the upgrade while the bottom plot shows an
event recorded during the 31 GeV/c proton run on the graphite target similar
to the one used in T2K, after the NA61/SHINE detector upgrade. Figure taken
from Ref. [72].
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In order to study the feasibility of performing nuclear fragmentation measurements at SPS
energies, a pilot run was conducted at the NA61/SHINE facility in December 2018 [76].
The primary objective of this run was to examine the production of light secondary
nuclear fragments, like lithium (Li), beryllium (Be), and boron (B) through spallation of
intermediate-mass nuclei like '2C on a proton target, at beam momentum p > 10A GeV/c.
In this chapter, the details of the run parameters, such as the ion beam, trigger settings,

detector setup and the targets are discussed.

4.1. Secondary lon Beam

Production of secondary ion beams at CERN for measuring nuclear fragmentation cross-
sections was first reported in Ref. [77]. The desired projectile for the pilot run was the
12C nucleus. As described in Sec. 3.2, the secondary ion beam was created by fragmenting
a high-intensity (~ 108 ions/spill), fully ionized lead 2°Pb beam from the SPS onto the
beryllium target (T2). Two sets of data were recorded for the pilot run in which the beamline
spectrometers were tuned to select particles with rigidity R = 28 GV/c, and R = 27 GV/c
with momentum per nucleon pp = 14A GeV/c and pa = 13.5A GeV/c, respectively. The
28 GV/c secondary beam was produced with a 30 cm plate while the beam at 27 GV/c was
produced from a 16 cm plate. The beam tune rigidity value was chosen to satisfy two basic
conditions. First, the primary requirement of this measurement is to meet the energy
scale > 10A GeV/c where the fragmentation cross section becomes independent of the
momentum. Second, the tof resolution measured from the A-S1 system deteriorates with
increasing beam momentum, hindering separation of isotopes. Therefore, the SPS was
operated at its stable lower limit for ions beams. Additional preliminary details regarding

the two datasets are tabulated in Tab. 4.1.

53



b

Pilot Run on Nuclear Fragmentation

oo

o
o

0.6

I
I

entries
time of flight difference [ns]
R [=) g
el P
T

s
\h\

* T T ‘ T 1T ‘
S R
o

T
£
g
: 'ﬂﬁ.ﬁ'f'-
i
3 A
!. LT

entries

time of flight difference [ns]
7

1
i
s
T T

._.
T
i

s

o b b Lo by
502 60 70 80 90 100
ZSl

.
5]

Figure 4.1.: The beam composition at p = 13.5A GeV/c (left) and p = 14.0A GeV/c (right)
recorded during the pilot run. The squared charge from the dE/dx signal in
S1 is shown on the x-axis, and the difference in the time-of-flight At of the
various nuclei as measured by the A-S1 system, on the y-axis.

The composition of the beam for the two different momenta, namely, 13.5A GeV/c and
14.0A GeV/c are shown in Fig. 4.1. The y-axis is the difference in the tof between two
isotopes denoted as At. Using the formula for tof given in Eq. (3.3), an analytical expression

for At corresponding to the difference in tof for two nuclei of mass numbers A; and A,

2 2
At:£ \/1+(M) —\/1+(@) (4.1)
c RZ RZ

The time of flight difference At depends on the masses of the two isotopes. For example, in

can be written as,

the case of the two carbon isotopes 1*C and '2C, the At calculated using Eq. (4.1) is ~ 0.3 ns.
This value is in good agreement with the measured At as seen in Fig. 5.1. The spectrometer
magnets were fine-tuned to select A/Z = 2 nuclei. The setting with R = 27 GV/c and 16 cm
long Be target maximized the yield of the desired 2C nucleus, produced in the Pb+Be

interactions.

The process of fragmentation inherently introduces a spread o, in the longitudinal
component of the particle momentum p along the z-axis. It is attributed to the quantum
effect of the Fermi motion of the resultant nuclear fragments, wherein they possess a
momentum distribution exp (;Tpg) in their rest frame (see Sec. 2.5). Nuclear Fermi motion
can distribute the longitudinal momentum of the fragments nearly up to 5%, which is
much larger than the nominal beam momentum acceptance. This effect combined with
the momentum acceptance of the beam-line enables neighboring isotopes and elements

with mass-to-charge similar to A/Z = 2 to pass the rigidity selection of the beam-line
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Beam momentum
14AGeV/c 13.5AGeV/c

Run number: 39327-39346 39350-39422
T2 length 30 cm 16 cm
Rigidity 28GV 27GV
B-field scaling factor 59% 59%
Target Events recorded x10°
PE 1.3 5.5k

C 1.6 5.2k
ouT 1.0 1.2k
Total 3.9 11.9k

Table 4.1.: Run settings and number of beam trigger events recorded at two different beam
momenta.

(see Sec. 3.2 for details). Furthermore, the momentum acceptance of the beam-line can be
quantified as Ap,/p, = 1%, and corresponds to the collimator slit opening. This quantity
is a crucial parameter in determining the detector response model used for fitting the
distribution of fragments in the MTPC in Sec. 5.4, and will be discussed in detail in the

next chapter.

All nuclei with A/Z = 2 are in Fig. 4.1 placed at At = 0 line, whereas heavier fragments
(A/Z > 2) and light fragments (A/< 2) are above and below this line respectively. The
enhanced yield of the desired nucleus 2C is clearly seen on the left panel on Fig. 4.1. While
the separation between the elements is evidently distinct, the isotope separation based on

the At resolution for the 13.5A GeV/c dataset is weakly resolved.

As can be seen in Fig. 4.1, the ratio of '>C to other carbon isotopes is approximately
1: 1. For a more efficient data-taking, the beam was adjusted by selecting particles with
a different rigidity R, and a shorter primary T2 target, enhancing the ratio. However,
as is also visible from the figures, this adjustment caused a slight deterioration of the
resolution, particularly pertaining to At measurement. The time-of-flight resolution, op;
was determined by performing a fit to the 1-dimensional At distribution. In the case of
pa = 14A GeV/c, it was op; ~ 32 ps, which worsened to op; = 60 ps for pa = 13.5A GeV/c.
Nevetheless, the separation was good enough for identification and separation of the

carbon isotopes.
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Table 4.2.: The number of secondary ions produced in *°*Pb+Be (T2 target) interaction as
recorded during the pilot run, for the two momenta.

Z A Isotope No. of particles
14AGeV/c 13.5AGeV/c
3 6 14 4k 7k
7 14 1k -
4 7 "Be 0.1k 0.6k
9 ‘Be 0.8k 0.4k
5 10 108 4k 12k
11 11 7k 6k
11 e 4k 37k
6 12 2C 98k 400k
13 BC 87k 94k
14 MC 8k 4k
7 14 N 5k 8k
15 BN 8k 6k
g8 16 0 1k 3k
> ~ 228k > ~ 650k

4.2. Detector Setup

A subset of all the available NA61 detector systems as described in Sec. 3.3 and shown in
Fig. 3.2 is used for the pilot measurement. The TPCs were operated at a lower voltage for
measuring carbon and boron fragments, making it less sensitive to low-charge particles,
like Li and Be. This reduces the selection efficiency of such particles, as will be discussed
briefly in Sec. 5.6. In the following sections, the trigger logic, and targets used in this

analysis are discussed.

4.2.1. Trigger settings

Fast triggering signals from the beam line scintillator S1 and the veto detector V1 are used
in anti-coincidence to form the trigger logic, and instruct the DAQ to record the data.
Two triggers were defined for this measurement, namely the all beam trigger T1, and the

carbon trigger T3 set to select Z? =36 particles, written as,
T1=S1,; A V1

T3 = S1c A VL.
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Table 4.3.: Specifications of the targets used for the 2018 pilot run.

Target name

Quantity PE c
LxBxH 25%x25%x1.5cm®  2.5x%2.5x1.0cm’
Density (p) 0.924 + 0.001 g/cm®>  1.84 + 0.01 g/cm’®
Molar Mass (M) 14 12

The T1 selects all the beam particles present in the beam composition, whereas the T3
utilizes the Z? equivalent dE/dx signal from S1 to perform an online selection of carbon
nucleus in the beam. Only T3 events were considered for this analysis, while the T1 and
T3 events are utilized to make auxillary measurements of nuclei other than 12C as will be

discussed in Sec. 6.3.2.

4.2.2. Targets

Furthermore, to measure the production of lighter fragments in >?C+p interactions, a
polyethylene (CH,, hereafter PE) and graphite block (hereafter C) were used to emulate
a proton target. While the C target was employed to take into consideration the ?C+C
interactions inside PE, the PE itself was used as the main proton target. Finally, to measure
the interactions of the beam outside the target (OUT), e.g. in the beam counters upstream
of the target and the TPC support structures downstream of the target, approximately 10%
of the total events were recorded with an empty target holder.

During the course of the run, the target holder position was remotely controlled to
alternate between the three target settings PE, C, and OUT (empty target holder), as shown
in Fig. 4.2. Details of the target are given in Tab. 4.3.

Keeping in view the primary goal of the pilot run, which was to study the production
of light nuclei like B from the fragmentation of a C beam, the Monte-Carlo simulations
performed indicated that the optimal magnetic field of the superconducting vertex magnets
(VTX1 & VTX2) should be set to 59% of the full field value [39]. This particular magnetic
field scale factor reduced the secondary interactions of the resultant boron fragments in
the detectors downstream of the target, such as the support structures of the Vertex-TPCs

along the curved trajectory through the B-field.

As can be seen from Tab. 4.2, the 14A GeV /¢ data comprise only 20% of the total number

of 12C projectiles. In the following, the focus is on the analysis of the larger data set taken
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Figure 4.2.: The target holder with the two targets, polyethylene (PE) and graphite (C),
used during the 2018 pilot run. The target holder is mounted onto a servo
motor-controlled base which is used to place the desired target on the beamline
This entire setup is enclosed within a He-filled box constituting the Vertex
Detector as shown in the background.

after the beam re-tuning at pp = 13.5A GeV/c. Over the 3-day data-taking period, a total
of 1.1x10° beam trigger events were recorded, including all three target settings. The
raw data was reconstructed using the Shine Offline Framework version vir13p0. The
EventBrowser view of one such reconstructed event is shown in Fig. 4.3. The red line
corresponds to the Vertex Track reconstructed from the Main Vertex at target z. While
the green lines represent local tracks. The timing information from the scintillators, the
charge signals based on measured dE/dx in the detectors, and the BPD and TPC positions
are some of the many parameters that need to be calibrated for further analysis. The
calibration procedure is beyond the scope of this work. Nevertheless, it is discussed in

comprehensive details in Ref. [39].

Key parameters enabling precise measurement required for this analysis, essentially

depend on two criteria: first, accurate identification and selection of the beam particle
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4.2. Detector Setup

incident on the target, called upstream selection, and second, identification of nuclear
fragments in MTPC-L, called downstream selection.

Beam particle identification requires two inputs:

1. dE/dx oc Z?: the charge of the beam is determined from the energy deposit signal in

the scintillator counter S1 (online selection)

2. tof o« (A/Z): time-of-flight measured between the A-detector and the S1 helps to
identify the isotope.

Downstream selection requirements:

1. Energy deposit, dE/dx o«<Z? in the TPC volumes determines the charge of the frag-

ment track.

2. Deflection of charged fragments along the x-direction in the magnetic field, relative

to the beam

The details of these selections relevant for the measurement will be discussed in the

next chapter.
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4. Pilot Run on Nuclear Fragmentation

Figure 4.3.: SHINE eventBrowser top view of an event from the pilot run in the x — z plane,
with the VTPCs, GTPC, the MTPCs, and the ToF wall outlined in blue. A
reconstructed vertex track orginating from the target is shown in red, while
the clusters on local tracks for each TPC are shown in green. Unmatched
charge clusters are shown as white dots.
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Probabilities

In a fixed target experiment with a composite beam containing more than one type of
nucleus, the identification of a particular nucleus as the beam particle is crucial to study
its fragmentation. The second important piece of information is identifying the nuclear
fragments produced from the beam-target interaction. The details of the beam particle
and fragment tracks selection are described in this chapter. Moreover, the details of the fit
performed to the distribution of fragments in the MTPC is also discussed in details.
Data selection entails the event-level and track-level selection of the data used for
our analysis. They are classified into two main categories: upstream cuts, focusing on
beam-particle identification, and downstream cuts which pertain to the identification and

selection of nuclear fragments in the TPCs, relevant to our study.

5.1. Upstream Selection of the Beam Particle

The two key inputs for accurate and efficient beam particle selection were introduced
in Sec. 3.3. In this section, these inputs are discussed comprehensively, describing the
selection of '2C, optimization of the cut, estimation of the uncertainties, and finally giving

and overview of the quality cuts performed.

5.1.1. Projectile Isotope Selection

For the upstream selection of the beam, we operate only with triggered events shown in
Fig. 5.1.

In order to select 12C as the primary beam particle, and to estimate the number of
events corresponding to various isotopes present in the beam composition, a Poisson

log-likelihood fit is performed on the 2-dimensional tof vs. Z? distribution of the upstream
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Figure 5.1.: Upstream fragments At vs. ZZ, distribution of the T3 data. The 2-dimensional
function fit to data is shown as contour lines.

fragments constituting the beam. Subsequently, an optimal selection criterion is established
based on the fit results. This criterion aims to maximize the count of ?C events while
simultaneously minimizing the presence of impurity isotopes neighboring '2C within the
selected data.

The shape of the At vs Z? distribution not uniform across all the isotope peaks as seen
in Fig. 5.1, but has distinct tails along both the axis. This distorted drop-shape is clearly
visible for the carbon isotopes. Therefore, the fit model employed to describe the upstream
fragment distribution is a 2-dimensional elliptical Gaussian function with exponential
tails. This function can be mathematically expressed using two 1-dimensional elliptical
Gaussian distribution convolved with an exponential to model the characteristic tail. Let
f(x) and g(y) be the two model functions along the x and y axes corresponding to the Z*
and At axes, respectively. Then, the total function F(x, y) to describe an isotope peak, can

be written as,

F(x,y) =N (f(x) -9(y)), (5.1)

62



5.1. Upstream Selection of the Beam Particle

where N is the normalization of the peaks. It quantifies the number of events corresponding
to every isotope in the data. Furthermore, the independent functions f(x) and g(y)
resulting from the convolution of a Gaussian with exponential tail, can be separately

written as,
2

F(x) = % [ exp (—Ax (x - “x;")) (1+ erf(a(x)))] , (5.2)

1 [ oﬁly
g(y)=5 exp [ -4y Y=y~ =5 (1+erf(b(y))) |, (5.2b)

where fi, is the mean of the squared charge Z? as measured in S1, and y is the mean
of the parameter At, measured between the A and the S1 scintillators. The parameter o,
and oy correspond to the widths of the Gaussian function whereas A, and A, characterizes
the exponential tails, along the x (Z%) and y (At) axes, respectively. The arguments of the
Error functions, a(x) and b(y), in the equations above are functions of the parameters o

and A, and are written as,

(X = — 020
a(x) = (—ax\/i ) (5.3a)
Y=y — agAy
b(y) = ——————|, .3b
(v) ( o7 ) (5.3b)

The fit is performed over the range 20.0 < ZSZ1 < 54.0 and (—0.5 < At < 0.7) ns. The
resultant fit describing the data is shown in Fig. 5.1. The goal of the fit is to maximize
the selection efficiency of '2C thereby minimizing the statistical uncertainty and the
systematics due to the presence of neighboring nuclei in the fragment distribution. A
numerically iterative procedure is undertaken to determine the optimal cut to select 1*C
as the primary beam particle, for further analysis. Let us define the relative fraction of
the '2C peak as the ratio of a set threshold value f;, to the maximum of the >C peak fiac,
determined from the fit. This is represented visually in Fig. 5.2. This ratio is denoted by k.

The iterative procedure is as follows: we start by selecting upstream events at the ratio

Table 5.1.: Parameter values used to select primary '?C nucleus to make the optimal cut at
k ~ 10%, as described in the text.

Hx Oy Ay Hy oy Ay
35.00 1.78 0.71 -0.04 0.04 19.83
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Figure 5.2.: The relative fraction of the 12C peak used in the iterative procedure to determine
the optimal cut.

k = 1. This simply corresponds to the pure '?C peak, with a very small number of beam
particles. Following which, we determine the number of nuclear fragments produced in
beam-target interactions (N) by counting the fragment tracks in the MTPC. In the case of
production of '!C, number of tracks N corresponding to it in the MTPC-L are measured.
Next, the relative uncertainty o(N)/N on the quantity N is computed. At the ratio k = 1,
the relative uncertainty is dominated by the statistical uncertainty oy, owing to a few
events. This procedure is repeated for decreasing values of k, which means moving farther
away from the 2C peak and widening the cut to gather more statistics. As k decreases,
the systematic uncertainty on N, denoted as oy, rises due to the contribution from the
feed-down of the neighboring isotopes. The rising relative fractions of impurity nuclei
with decreasing k is shown in Fig. 5.4. The optimum is defined as the value of k, for which
the relative uncertainty on N is minimum. This corresponds to k ~ 10% for all the isotope
production studies undertaken in this work. The total efficiency of this cut to select '2C is
66%. It is shown as a black contour in Fig. 5.3.

The fraction of neighboring impurity nuclei present in the optimized cut is determined
from the integral of the extrapolated fit peak corresponding to each nucleus neighboring

12C. The relative fraction is plot against k as shown in Fig. 5.4. The red dashed vertical
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Figure 5.3.: The At vs. Z, plot of the T3 data showing the primary triggered nucleus '*C
along with the neighboring isotopes passing the momentum acceptance of the
beam-line. Optimal selection of 2C as beam nucleus is shown by the black
contour.

line represents the optimal cut value for the selection of >C. The largest contribution
comes from the ''C, due to its exponential along the At axis, followed by N. The relative
fractions of these nuclei will be used to correct the measured cross section, as will be

described in Sec. 6.6.2.

5.1.2. Upstream Quality Selection

In addition to the isotope selection procedure detailed above, we impose further cuts as
part of the beam particle selection criteria on an event-by-event basis. These cuts are
listed in Tab. 5.2 along with their corresponding efficiencies for the three data sets, PE,
C, and OUT. The online carbon trigger is tuned to select Z? = 36 particles based on their

energy deposit in the S1 scintillator. The ta; a2) and a(a1,a2) cuts select events such that
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Figure 5.4.: Selected projectile isotope fractions as a function of offline contour-level cut.
The optimal cut for '2C selection is shown as vertical red dashed line at abcissa~
0.1.

the time and signal amplitude as measured by the two PMTs A1 and A2, of the A-detector,

are within the specified operational range of the scintillator.

BPD measurements primarily serve the purpose of determing the arrival direction
of the incident beam particle. This is achieved by performing a least-squares fit using
linear interpolation from the BPD measurement points in the x — z and y — z planes, and
reconstructing the beam particle track. Therefore, position measurements of the beam
from at least two BPDs are required to determine the direction. This information is further
used to extrapolate the beam position as measured at the end of the MTPC-L, and is crucial
in this analysis to determine the relative position of the fragments in the MTPC. This
is ensured by the Two BPDs cut, which only selects events in which the beam signal is
present in at least two of the three BPDs. Moreover, the beam position determined from
BPD-1 measurement is used to calibrate the signal of the S1 detector. In the case where
BPD-1 does not measure a signal, the signals from the other two BPDs can be used to make

a linear extrapolation to the position of BPD-1, which can then be used for calibration. The
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5.2. Downstream Selection of Fragment Tracks in the MTPC

Table 5.2.: A list of upstream selection cuts applied to the calibrated data to select *C
nuclei as the primary beam particle of interest.

Events (x10%)

Selection cut Effciency (%) Comment

PE C OUT
135AGeV/c 463 410 106 100.0 -
Carbon Trigger (T3) 372 331 85 80.3 Online Z? = 36 triggered events.
t(a1,A2) 323 286 74 86.8 A-det timing information t5 > Ons
a(aLA2) 290 258 66 89.8 A-det amplitude, 100 < ax < 1000
Two BPDs 253 225 58 87.6 Beam signal present in at least 2 BPDs.
BPD-3 signal 235 210 54 93.0 Good BPD-3 measurement
WFA cut 230 205 53 97.6 Exclude off-time particles.
12C cut 150 135 35 66.0 Offline selection of '2C isotope.

BPD-3 x-y cut is used to filter out events based on the measured x-y position of the beam
in BPD-3, to make sure that it hits the target. The aperture diameter for this selection is
¢ = 1.6 cm. It is larger than the 1 cm central hole in V1, to account for the divergence of
the beam. All events registered out of this region are rejected. Beam particles separation
cut or WFA cut is used to prevent counting multiple tracks due to beam particles closely
spaced in time. Particles arriving closer than 2us are rejected (track separation in drift
direction |Ay| < 5.0 cm). The timing information from the S1 scintillator is used for this

cut.

5.2. Downstream Selection of Fragment Tracks in the MTPC

A large fraction of the '2C beam particles incident on the thin target of thickness dr pass
without any interaction, while a small fraction of the beam interacts with the target,
fragmenting to isotopes of lighter nuclei like B, Be, Li, etc. These charged fragments
traverse through the superconducting magnets hosting the detectors, VTPC1 & VTPC2,
and are deflected in the x-y plane finally depositing energy in the MTPC-L.

The beam-target interaction produces multiple particle tracks in the TPCs associated
with every reconstructed event. Therefore, fragment tracks with the shortest distance to
the extrapolated '2C beam in the x and y directions are used for our analysis. The distance
between a reconstructed track and the beam extrapolation in the x-direction is given by
AX = Xtrack — Xbeam and similarly in the y-direction by Ay = Yirack — Ybeam- Measurements
of the beam positions determined from the BPD reconstruction are used to determine the

Xbeam and Ypeam- The extrapolation through the vertex magnetic field is performed using
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5. Measurement of Interaction Probabilities

the MagneticFieldTracker module of Shine Offline, Reconstructed tracks satisfying the
criteria Ax < 30.0 cm for MTPC, and Ax < 20.0 cm for VTPC-2 and GTPC are selected for
the analysis.

More than one particle arriving within a short time window leads to pile-up in the
detectors and can mimick beam particles. They are called off-time particles. Such particle
tracks are distinguished by measuring the arrival times of the drifting electrons along
the y-direction of the MTPC. They are rejected by placing a cut on the nominal beam y
position at the end of the MTPC as, |Ay| < 5 cm. Moreover, the minimum requirement on
the number of charge clusters produced by a track in the MTPC is N¢jysters > 70. If Nelusters
for a track in the VTPC-2 and the GTPC are more than 15 and 6 respectively, the dE/dx
signal in the TPCs can be used for the re-interaction cut.

Carbon fragment tracks in the MTPC are selected by placing cuts on the squared-charge

of the track determined from the energy loss dE/dx as, 31.0 < Z, 2 < 44.0. Similarly,

MTPC
the cuts for the boron fragments are 22.5 < Zf,p < 27.5, for beryllium fragments are
16.0 < Z{ipe < 18.0, and for lithium fragments are 7.8 < Z7,p < 10.5. These limits are

set conservatively such as to reduce downstream interactions.
As GTPC and VTPC-2 preceed the Main-TPC, additional cuts are placed to reject boron
isotopes produced from beam fragmentation between these detectors. We plot ZéTPC Vs.

ZZ

vTpC.o fOr tracks corresponding to boron fragments in MTPC-L. The dominant boron

peak at Z? ~ 25 shows agreement between the measurements of all the three TPCs.

Nevertheless, two additional peaks at Z& p > 32.0 and ZZ ., > 31.0 clearly indicate

TPC
conversion of the 2C beam between GTPC and VTPC-2, and VTPC-2 and MTPC-L, as
indicated on the plot. These events are rejected for the boron analysis, by placing cuts on

ZéTPC and Z2

VTpc., s shown by the dashed lines in Fig. 5.5.

Similar to the boron case, beam interaction events in the detectors for Be and Li, are

rejected by placing appropriate cuts on Z2

&P as shown in Fig. 5.6 and Fig. 5.7.

2
cand Zippe,

5.3. Fragments in the MTPC

To accurately determine the number of fragments produced from beam-target interaction,
it is important to understand the origin of the fragment track as measured in the MTPC. The
final x position of the beam in at the end of the MTPC is denoted as xpeam and calculated

as described in Sec. 5.2.
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Figure 5.5.: Distriution of the squared charge Z? measured in the GTPC and VTPC-2 for
tracks identified as boron in the MTPC-L. The Z? cut applied for boron analysis
is shown by the dashed lines.
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Figure 5.6.: Same as Fig. 5.5 for beryllium (left) events in the MTPC-L.
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Figure 5.7.: Same as Fig. 5.5 for lithium events in the MTPC-L.
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Figure 5.8.: Squared charged distribution of fragments in the MTPC-L. The blue shaded
regions correspond to the cut used to select carbon, boron, beryllium and
lithium fragments in the MTPC (see text for details).

Let us consider two isotope nuclei, where one is the beam and the other is the fragment
nucleus produced from the beam-target interaction. They consist of Apeam and Agag,
number of nucleons with charge Z. Let Xpeam and xgrag. be the nominal position along
the x-axis at the end of the MTPC-L, corresponding to the beam and the fragment track
respectively. The process of nuclear fragmentation conserves the momentum per nucleon
pa but the rigidity of the fragment nucleus is different from that of the beam. Since
charged fragments are deflected in the magnetic field depending on their rigidity, a change
in rigidity deviates the fragment track from the beam track, resulting in a different x
position than that of the beam. The deflection of the fragment tracks with respect to the

nominal beam position at the end of MTPC-L is written as
Ax = Xfrag — Xbeam- (5.4)

The final x position corresponding to a track is related to the rigidity as x o« 1/R. Hence
fragments with higher rigidity bend less compared to low rigidity fragments. Therefore,
final x-positions of different fragments at the end of the MTPC can be determined as

1 1
AX = Xfrag — Xbeam X ( - ) . (5.5)
e o Rfrag Rpeam
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Figure 5.9.: Schematic diagram depicting the deflection of the tracks in the magnetic field
of the VTPCs. These tracks correspond to the beam nucleus (blue) and the
secondary fragments (red & green) produced at the target (T). The direction
of the magnetic field is as shown. The red and green bands correspond to the
width of the fragment peaks, o, due to the Fermi momentum, pr, imparted
during the fragmentation process.

Furthermore, the rigidity R for a nucleus can be expressed in terms of its mass number,

and charge as, R = pa(A/Z). Therefore, (5.5) can be re-written as,

Z 1 1
Ax =0— ( - ) . (5.6)
pa Afrag Abpeam

A proportionality constant © is introduced here. It quantifies the bending power of the
magnetic field with unit equivalent to rigidity/cm and is written as GVeye. Since pj is
conserved, all nuclei with the same rigidity, that is to say, all nuclei possessing the same
A/Z ratio are deflected equally, to the same final x position as measured in the MTPC-L.
Consider '2C as the beam particle with A/Z = 2. Therefore, these beam particles as well as
the secondary fragments produced due to the beam-target interaction with A/Z = 2 (like
108, 6Lj) have the same x-position. Other nuclear fragments, with A/Z < 2and A/Z > 2,
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Figure 5.10.: Nuclear fragments produced by the interaction of the '*C beam with the target
shown relative to the nominal beam position in the MTPC at Axpeam = 0.0 cm.
The non-interacting beam is seen as the dark blob at this position. The squared
charge measured in the MTPC is shown on the y-axis, with target inserted as
shown on the left, and target removed on the right)

are positioned subject to their rigidity, either at larger or smaller values of Ax compared to
the nominal beam position. This can be seen in Fig. 5.9, where the fragments detected in

the MTPC-L are shown for the IN and OUT cases, in the left and right panels respectively.

Additionally, the fragmentation process imparts a non-zero momentum of the order
of Fermi momentum (pr ~ 250 MeV/c), in the rest frame of the fragment. This induces
a spread o(p,) in the longitudinal component of the momentum of the fragment p,,
equivalently altering the rigidity of the fragment nucleus. This influences the placement
of the fragment track by spreading its final x position as well. The x distribution of
the fragment tracks have a width of, hereafter called as the Fermi width. The value
of or depends on two factors: first, the mass number of the fragment A;,, and second,
the distance from the end of the MTPC, to where it is produced. For instance, a '!C
fragment produced by the beam-target interaction at target z position is different from a

11C fragment produced at VIPC-2, downstream of the target, inside the magnetic field.
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Therefore op(z=target) > op(z=VTPC-2). This knowledge helps in distinguishing true
signal from the target from the tracks originating out of the target. The Fermi width of
tracks originating from the target is shown as green and red bands for fragments with
different mass numbers in Fig. 5.9. The Z? v/s. Ax distribution of such fragments is shown

in Fig. 5.10 for the IN and OUT cases.

5.4. Fitting the Distribution of Fragments

In order to determine the isotopic yields of the various fragments produced in the beam-
target interactions, the Ax distribution of the fragments in the MTPC needs to be fit
with an appropriate model describing the detector response, combined with the width
due to the Fermi motion of the fragments. A flat-top Gaussian function with symmetric
exponential tails is used as the detector model to describe the MTPC Ax response (Eq. (5.7)).
The physical basis to use this function is that it appropriately combines the momentum
acceptance of the beam-line convolved with the track resolution of the MTPC (denoted
by D(x, Ax, 0)). The flat-top Gaussian function is a convolution of a rectangular function
corresponding to the momentum acceptance slit in the mass spectrometers on the H2
beamline, and a Gaussian function associated with resolution to determine the x-position
of the track at the exit of the MTPC. All the beam nuclei (called the primary particles)

constituting the composite beam are fit with this model. It is mathematically expressed as

follows:
1 Ax + & Ax — & 1 |Ax]|
D(Ax, dx, 0get, A) = K erf 2l +erf| —2 +(1-k (—ex (——))
( et ) (25)(‘ ( ( Udet\/i ) ( O'det\/E ))) ( ) 24 P A

(5.7)
The first term is the flat-top Gaussian function whereas the second term denotes the
symmetrical exponential tails characterized by the parameter, A, and are attributed to
multiple scattering in the target and the detector material. The width of the flat top
Gaussian is denoted by &x. Here k denotes the relative fraction of the two functions in the
model. Details of all the parameters are described in Sec. 5.5.
The fragments produced in the beam-target interaction (secondary particles) are fit with
an additional Gaussian (G(x, or)) convolved with the detector function (D(Ax, dx, 0det, A))
to model the spread in the momentum due to their Fermi motion Sec. 2.5. It is denoted as

or and is called the Fermi width (see Sec. 5.5.3 for further details). The complete model
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used for the fit is written as the convolution of the two functions as,

1 Ax?
D(Ax, 0x, 0get, A) @ G(Ax, = D(Ax, dx, 0ger, A) ® exp|——1. 5.8
( Odets A) ® G(Ax, or) = D( Odet> A) o P( 20;) (5.8)

The convolution is computed over the entire fitting range, —22.0 < Ax/cm < 22.0. A
combined Poisson binned log-likelihood fit of the three datasets namely PE, C, and OUT is
performed on the Ax-distribution using the MINUIT minimization program [78]. For the
case of Poisson-distributed histogram, the corresponding likelihood chi-square function,

)(3, that was minimized in the fit is taken from Ref. [79], and is written as,

1

n;
XZ = ZZDI —ni+niln (3), (59)

The summation is over all the bins, indexed as i. For each bin, the number of events
predicted by the fit model described in Eq. (5.8), is written as D;, and the number of events
in the bin from the data as n;. The model input parameters retrieved from the fit are

discussed in the next section.

5.5. Fit Parameters

The model parameters of the fit essentially aid in quantifying the measurement and also
to understand the systematic uncertainties related to the experiment. These parameters
retrieved from the fit to the fragment distributions as discussed in the previous sub-section

are discussed here in further details.

5.5.1. Normalization

The aim of fitting the Ax-distribution of the fragments is to determine the yield of a
particular isotope. In principle, it is given by the number of tracks as measured in the MTPC-
L corresponding to different isotopes, which inturn is determined from the normalization
of each of the peaks, retrieved from the fit. For a target setting T, we denote the number
of beam tracks as NbTe am? and the number of fragment tracks as Ngo. These values for the

three target settings are given in Tab. 5.5
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Table 5.3.: The fit parameters for the carbon and boron fragments Ax-distribution in the
MTPC. The superscript ‘p’ stands for primary and corresponds to the nucleus
present in the beam composition, whereas the superscript ‘dn’ corresponds
to fragments produced inside the magnetic field, downstream of the target.
Quantities in square brackets are fixed during the fit.

Element Teotope Experimental parameters Fragment parameter
8x (cm) Odet (cm) © (GVemye) A(cm) K o or (cm)
12P - [0.0]
11 1.00 1.17 £ 0.05
Carbon - 10 0.416 £ 0.006 0.252 +£0.005 1244 +22 0.42+0.02 0.83 £0.02 152 177 + 0.08
1140 0.69  0.80 % 0.03
10P - [0.0]
11 1.00 1.10 +£ 0.04
Boron - 10 [0.416] [0.252] [1244] [0.42] [0.83] 152  1.67 +0.06
1190 0.69  0.80 % 0.03
1040 0.67  0.78 +0.03
7 1.00 3.65+0.07
Beryllium - 9 [0.416] [0.252] [1244] [0.42] [0.83]  0.65 2.37+0.05
10 0.49 1.78 £ 0.03
. 6 2.28 +0.17
Lithium - [0.416] [0.252] [1244] [0.42] [0.83] 331 0.27

The probability of producing the fragments downstream of the target, inside the mag-
netic field (denoted with a subscript ‘dn’ in Figs. 5.11 and 5.12), is independent of the target
setting. These fragments are supposed to be the result of the beam interacting with the
detector support structures. Therefore, the normalisations of these peaks is shared among

the data-sets in the combined fit.

5.5.2. Experimental Parameters

The experimental parameters are used in understanding and quantifying the measurement
setup. Hence they are shared amongst all the three data sets in the combined fit. Owing
to large dataset size, these parameters are best estimated from the carbon fragment fit.
For the boron, beryllium and lithium fragment fits, these values are fixed to the values
retrieved from the carbon fits.

The first parameter given in Tab. 5.3 is 8x, which quantifies the slit width corresponding
to the momentum acceptance of the beam-line. It can be calculated from the best-fit value
as 8x/Xpeam, Where Xpeam is the final x position of the beam particles at the end of the
MTPC after deflecting through the magnetic field. For 2C beam, xXpeamn = 46.98 cm and

from the fit we have dx = 0.42 cm. Therefore, the beam-line acceptance is calculated as
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3/ Xpeam = 0.42/46.98 ~ 0.09%. This value is consistent with experimentally set value
Ap/p = 1% of the H2 beamline.

Furthermore, the energy loss of the beam inside the target reduces its total momentum
and induces an additional constant shift in xpeam. This is calculated based on the change in
the total momentum of the beam as, Appeam = (PAAbeam — PdEdx)> Where pqrdx quantifies
the energy loss. Therefore, the beam rigidity can be written as, Rpeam = Apbeam/Z, t0
further calculate the relative positions of the isotopes as discussed earlier. For empty target
holder (OUT), we set pqrqx = 0.0 GeV/c, while the same for targets retrieved from the fit is
pdedx = 0.12 GeV/c for PE, and pgggx = 0.14 GeV/c. These values are within 10% of energy
loss calculated from the Bethe equation Eq. (3.5) for a minimum ionizing particle.

The detector response of the MTPC is given by the parameter cg4e;. It quantifies the
track resolving power of the TPC along the x-direction. While the parameter A depicts
the symmetric tails attributed to multiple scattering of the particle passing through the

various materials following its curved trajectory in the TPCs.

5.5.3. Fragment Parameters

As mentioned earlier, the Fermi width oF is a distinguishing factor to identify the various
isotope fragments. It depends on the mass number of the fragment and its point of origin.
The procedure adopted in the fit is as follows: for a fit corresponding to the isotope
distribution of one element, the expected or for all the isotopes is determined using a
Monte Carlo code, then we take the ratio of the Fermi widths of all the isotopes present
in the data to the width of one of the isotope as the reference. This ratio is written as
a = op(iso) /op(ref.). This ratio is used for fitting fragment distribution. The isotope with
the highest statistics is chosen as the reference. For instance, for the carbon fit, 1 has
the highest yield compared to any other isotopes. Hence its Fermi width, or(*!C) is used
as an internal reference value in the carbon and the boron fits as well. The Fermi width
or(iso) = acp('1C).

The Fermi widths are determined from a Monte Carlo method by simulating the transport
of the fragment nucleus to the MTPC through the B-field in the VTPCs. In principle, it
randomizes the momentum 3-vector, p = (py, py, p,) for each nucleon of the fragment
nucleus in its rest frame, to simulate the Fermi motion. Next, the fragment system is
Lorentz-boosted to the laboratory frame to get the final values of the three components of

p at the z-position corresponding to the end of the MTPC (z = 730 cm). The distribution
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of the lateral component of the momentum py along with the longitudinal component p,
determines the corresponding Fermi width, of. Since oF is a function of the mass number
of the fragment, therefore or(!!C) = op(}'B) and similarly, o (}°C) = or(1°B). The scaling

factor a for each of the isotopes used during the fit is given in Tab. 5.3.

Similarly, in the beryllium fit, the reference o is the Fermi width of the "Be isotope.
The scaling factor a for other isotopes is calculated in the similar way as described for
carbon isotopes. While for the lithium fit, the Fermi widths for the two peaks were set
independently not constrained to any refernce Fermi width. The values of oF for ’Li and

"Be are comparable at 1o deviation.

5.6. Fitresults

The results from the combined fit to the distribution of carbon fragments for the three data
sets is shown in Fig. 5.11. The 2C beam that passes without undergoing an interaction
is shown as the orange peak at Ax = 0 cm. The symmetric exponential tails attributed
to multiple scattering are clearly seen for the 12C peak. Carbon isotopes 'C and °C
produced from fragmentation of 'C are shown in pink and teal respectively. In addition
to this, the 'C fragments produced further downstream of the target, inside the magnetic
field, is shown as the blue peak. Since these fragments do not traverse the magnetic field
completely, they are deflected to a lesser extent than the fragments originating from the
target. Hence it is appropriately placed in the valley between 2C and '!C, assuming it
originates from the z position corresponding end flange of He beam pipe or the VTPC-2
support structure. It is denoted with the subscript ‘dn’ on the plot, and is further explained

in Sec. 6.1. Including this peak in the fit is needed to describe the overall distribution.

Fit results for the boron fragments are shown in Fig. 5.12. Each of the data sets is
fit with five peaks corresponding to boron isotopes originating at various locations in
the experiment. Similar to the carbon isotopes discussed previously, the true signal of
the boron isotopes !'B and !°B produced at the target is shown as pink and teal peaks
respectively. The fragments produced downstream in the magnetic field are shown as blue
and green peaks for !'B and '°B respectively. Finally, the narrow orange peak corresponds
to the primary 1B impurity nucleus present in the beam composition. It is interesting

to note that, the three !°B peaks posses the same rigidity and hence coincide exactly at
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Figure 5.11.: Results from the combined fit to the Ax-distribution of the carbon fragments
as measured in the MTPC-L for the three data sets, C, OUT and PE. Further
information on the various peaks is discussed in the text.

the same value, Ax = 0 cm. They are distinguished from each other only based on their

different widths.

Similarly, the fit results of the beryllium and lithium fragments are shown in Fig. 5.13 and
Fig. 5.14 respectively. In the case of beryllium, three peaks corresponding to "Be (orange),
?Be (pink) and '°Be (teal) are used to describe the fragment distribution. Identification
of the isotope peaks is severly hindered by poor statistics in the OUT case as seen in
the middle panel of Fig. 5.13. Nevertheless, the combined fit across the three data set
bypasses this issue of describing the distribution well such that the integral of the fit
function is in good agreement with the number of events in the in the OUT data set. The
8Be isotope is an extremely short-lived radionuclide, which o decays to *He with half-life
7 ~ 82 atto-seconds. Therefore, it decays before it can reach the MTPC-L, and is absent in
our data, as seen in Fig. 5.13. For the lithium fit, two isotope peaks °Li (orange) and "Li
(pink) are fit.

The fragments contributing to the total boron production are the radionuclides !'C,
10C, the boron isotopes !'B, and 0B, and the °Be. Fragmentation of 12C to 19C is not
measured in this analysis, due to low statistics, and absence of primary 10C in the beam
composition which is essential for the measurement, as will be discussed later in Secs. 6.3.2
and 6.4. The combined statistics of the 1'C, !B and '°B is much larger than that of the

individual Be and Li isotopes. Moreover, the overlap of the Be and Li peaks due to smearing
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Figure 5.12.: Same as Fig. 5.11 for the distribution of boron fragments in the MTPC-L.

of their Fermi widths is more compared to that of the C and B fragments. This leads to
inefficient identification of the isotopes in the fit, but these light fragments can still be
measured by the MTPCs. Systematic study related to adjusting the magnetic field strength
is required to determine the optimal separation of low-mass isotopes, without increasing
contributions from secondary downstream interactions. Additionally, the Z{, ., based
selection of the Li and Be fragment tracks needs further investigation, particulary for Li,

. . . . o . 2
where the selection efficiency is potentially hampered on the rising edge of Z}, as seen

TPC’
in Fig. 5.8. Therefore, the focus of the analysis framework developed in the next chapter
is limited to the production of '1C, !B, and '°B. Nevertheless, it will be shown that the
same framework is applicable to measure production of lighter fragments as well, thereby

generalizing the analysis.

The measured number of 12C Nj,c and total number of carbon fragments Nc in the
MTPC are tabulated in Tab. 5.4. The probabilities therein correspond to the total measured

mass-, and charge changing reactions, calculated as,

Pint. -1- Psurv.’ (5.10)

where PS'"V = N]:; Em, is the survival probability of the carbon nucleus, and will be explained
in details in Sec. 6.1. Number of }'C, !B, and '°B MTPC fragments and the respective total

production probabilities are given in Tab. 5.5. The production probabilities are simply

80



5.6. Fit results

ouT

u I

PE

Lo by e b by b v e ey

M‘*‘ W

W"*

s s s L s L
-5 0 5 10 15 -10 -5

Ax

0
!

cm

*10

/cm

Figure 5.13.: Same as Fig. 5.12 for the distribution of beryllium fragments in the MTPC-L

ouT

PE

Figure 5.14.: Same as Figs. 5.12 and 5.13 but for lithium fragments.

given by the ratio,
Niscf

Nbeam

Pract = (5.11)

where f = {11C, !B, 1°B}. These are the main quantities that will be used in the derivation

of cross section, detailed in the next chapter.
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Table 5.4.: The total number of >C beam particles and that as measured in MTPC-L, for
the three target settings, namely PE, C and OUT. Nyean, is the number of beam
particles. P to total measured interaction probability calculated as Eq. (5.10)

Target Npeam

Mass-changing Charge-changing

l\]1 2C Pint. NC

Pint.

PE
C

150883 125902 £ 520 0.166 +£0.001 126900 £ 527 0.159 £ 0.001
135284 113388 £485 0.162 +0.001 114062 +490 0.157 £ 0.001
ouT 34990 31419 £ 255 0.102 £ 0.002 31453 +£ 257 0.101 + 0.002

Table 5.5.: The number of recorded beam particles Nyeam and fragments, with the corre-
sponding total production probability calculated using Eq. (5.11) to the three
datasets, PE, C, and OUT, determined from the fit to the fragment distribution

in the MTPC-L.

Dataset

Nbeam Niic Piocoiic Nis Piac—11B Nios

Pioc—108

PE
C
ouT

150883 905+ 55 0.0060 £+ 0.0002 881 +45 0.0058 +0.0002 553 + 41
135284 587 £46 0.0043 = 0.0002 578 £35 0.0043 +0.0002 400 + 31
34990 317 0.0009 £0.0002 20+6 0.0005+0.0001 48 +£12

0.0036 + 0.0002
0.0029 + 0.0002
0.0014 + 0.0002
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The fit-based procedure to determine the number of nuclear fragments produced in 2C
interactions was described in the previous chapter. However, the results from fits to
the fragment distribution in MTPC-L measure the total interaction of the beam particles
along its trajectory, including the interactions occuring inside, as well as outside the
target. Therefore, to compute the true, in-target total inelastic cross section and the partial
cross section for isotope production, various contributing factors need to be taken into
consideration. In this chapter, the framework of the analysis adopted for measuring the
relevant cross-sections is discussed in details.

A formalism based on measurable probabilities is developed to derive analytical ex-
pression for calculating in-target interaction of the beam, consequently leading to cross
sections. Along the same lines, various correction factors applied to the measurements
and the corresponding systematic uncertainty are also computed. In this analysis, we
will study three different types of reactions of interest: "mass-changing reactions", where
the projectile nucleus loses at least one nucleon, "charge-changing” reactions, where the
projectile loses at least one proton, and the reactions in which the projectile nucleus

fragments to a particular isotope.

6.1. Interaction Regions of the Beam

In order to determine the in-target interaction probability of the 2C beam, it is helpful
to classify the locations along the trajectory followed by the beam particles, where its
probability to undergo an inelastic interaction is non-zero. Let us denote this probability
as Pcx # 0.

Following this, the experimental area is conveniently zoned into four regions of interest,
where the beam nucleus can fragment by undergoing an inelastic interaction leading to a

charge-changing, mass-changing, or isotope production reaction (see Fig. 6.1). The first
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region is the area upstream of the target denoted by the superscript ‘up’. This region
extends from the S1 detector (~ 31 m from the target) up to BPD3 (z = 6.70 m), where the
beam line detectors are inter-spaced with air. Among the beam line detectors consisting of
S1 followed by the three Beam Position Detectors, the highest material budget corresponds
to the S1 detector. It is a 6 X 6 cm? square plastic scintillator of thickness ds; = 0.5 cm, made
up of a polymer called vinyl toluene. The material density is ps; = 1.03 g/cm?® and the
carbon-to-hydrogen ratio in each polymer cell is C : H = 1 : 1.1. These physical properties
make it remarkably similar to the polyethylene target (PE) and render it an appropriate
site for the interaction of the beam nuclei. The BPDs are gas-filled multiwire proportional
chambers, and the nuclear interaction length of a single BPD is approximately 4% of that
of S1 (see Tab.1 in [66]). Therefore the interaction probability is comparitively smaller
than at S1.

The second region is associated with the target itself and the beam interactions inside the
target material. The corresponding probability is called the in-target interaction probability
and is the primary quantity of interest in this measurement. It is denoted by the superscript
‘T’ throughout the analysis. The third region of interaction is close to, but downstream
of the target. The target is placed inside the a Helium gas-filled box comprising of the
Vertex Detector (VD). Due to its proximity to the target, beam nuclei interacting inside
the VD volume will resemble the beam fragmentation at the target itself. These pseudo
interactions also need to be accounted for, to avoid miscalculation. This region is denoted

by the superscript, ‘VD’.

Finally, the fourth region is the downstream region comprising the time projection
chambers, namely the two sets of Vertex-TPCs placed inside the superconducting magnets,
the Gap-TPC, and the Main-TPC. The charged nuclei follow a curved trajectory traversing
the vertex magnets and can interact with the support structures of the TPCs, leading
to fragmentation. Moreover, a pipe filled with helium gas is installed on the beam line,
between the two chambers of VTPCs. Its purpose it to suppress the number of §-electrons,
and decrease event-level fluctuations of the track densities in the TPCs. The outer rim of
the pipe is made from composite carbon fiber. Therefore, given the magnetic field setting
for the pilot run, there is a finite probability for the beam to interact in this region, leading
to production of fragments. Since the VTPC support structures and the He beam pipe
are within 1 m, these two interaction locations are lumped into one single downstream

region. These four interaction regions are schematically illustrated in Fig. 6.1. The curved
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Figure 6.1.: An illustration of the four interaction regions of the experiment contributing
to the total measured interaction probability as seen in the x — z plane (see text
for details of the regions and the corresponding probabilities). The explosion
symbols denote interactions.

beam track is shown as the black solid line with a total deflection xpeam, along the x-
direction. The trajectory of the fragments produced at the target location and in the VD
region are shown with a red dashed line. The red band depicts the Fermi width oy of the
fragments. The blue dashed line and the band (agn) shows the nuclear fragments produced
downstream of the target, inside the magnetic field.

In the following development of the analysis formalism, the beam particle is denoted
as ‘b’ and let "X’ be the resulting family of fragment nuclei lighter than ‘b’. Then, b—X
denotes a charge-changing or mass-changing reaction. In the case of the production of a
specific isotope fragment ‘f”, b—f denotes the isotope production reaction. To determine
the true in-target interaction probability, it is convenient to work with the probability
that a nucleus that traverses the beam line retains its identity, by not undergoing any
interaction. It is written as Py}, for the beam nucleus ‘b’ and P;_¢ for the fragment nucleus
‘f”. It is called the survival probability of the corresponding nucleus, and will be used
extensively in the analysis to simplify the calculations [6]. Each of the following sections
describes the method of determining the survival probabilities from the measured number

of particle tracks, for the three types of reactions analyzed in this work. Since probability
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Figure 6.2.: The general flow of the analysis undertaken in this work for a >C nucleus
as the fragmenting beam particle. Here ‘T’ denotes the target status and ‘X’
denotes a nuclear fragment other than '2C, in general, represents as charge-,
mass-changing, or a specific production reaction.

is a conserved quantity, the interaction probability, for instance, for nucleus ‘b’, is thus
written as, Py_x = (1 — Pp_p).

The steps in the analysis are represented in the flowchart shown in Fig. 6.2. The fit to
the fragment distribution described in Ch. 5 results in the total measured number of MTPC
tracks (Ny) for each target setting. Combining this with the number of beam events Ny, the
total measured interaction or production probability is computed, including the one for
the empty target holder case (OUT). The next step is to calculate in-target interaction or
production probability for PE and C, after correcting for target out interactions. Following
this, the cross sections for the two targets are determined, which is then lastly used to

compute the relevant cross section with a proton target.

6.2. Mass-Changing Cross Section

It is essential to define a mass-changing reaction in the context of a nucleus-nucleus
interaction. In this work, the mass-changing interaction is defined as an inelastic inter-
action resulting in the loss of one or more nucleons from the beam nucleus. Therefore,
the emphasis is explicitly concerned with the projectile fragmentation in a fixed-target
experiment.

Let the projectile beam of charge Zy, consisting of A}, nucleons, be denoted as ‘b’. A
mass-changing reaction is represented as b—X, where X is any particle other than the

nucleus ‘b’. In the simplest case, the assumption is that X is a nucleus with Ax nucleons,
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6.2. Mass-Changing Cross Section

such that AA = Ay — Ax > 1. The total number of beam particles incident on the target T is
given by Ny. Let N be the number of particles that do not undergo an inelastic interaction
and reach the MTPC. This number is determined by measuring the number of MTPC-L
tracks associated with nucleus ‘b’. Then the total measured survival probability of nucleus
‘b’ is written as,

N

P, =— 6.1
b—b = (6.1)

The terms of the ratio above are known measured quantities. In the case where the target
is placed in (IN), it is further expressed as a product of the individual survival probabilities
of the beam nucleus in the four regions defined above, namely, upstream, the target, the
region close to and downstream of the target (VD), and downstream, as,

PIN — Pup PT PVD Pdn

b—b = Lbsbl bob’ bob’ bob- (6.2)

For the empty target holder (OUT), since there is no target, the corresponding survival
probability PE—»b = 1. Therefore, the total measured survival probability in this case is
written as a product of only three independent probabilities as,
OUT _ pup pVD pd
Pb—)b - Pb—»be—>beib' (63)
The upstream and downstream survival probabilities are independent of the target setting.
Therefore these quantities remain unchanged for the IN and OUT cases. The probability

that the nucleus ‘b’ survives the passage through the target medium is determined on

dividing equation Eq. (6.2) by Eq. (6.3), to obtain the final expression as,

PtI>N b

T _ —

Pr, = (P—om) . (6.4)
b—b

Therefore the in-target inelastic interaction (b—X) probability is simply written as,

PlI)N b

T _ T _ -

Ply=(1-P,)=1- (POUT) . (6.5)
b—b

The final expression above is a set of two equations for the two targets, namely PE and

C. The in-target mass-changing probability for the beam nucleus ‘b’ can therefore be
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determined from known quantities for the IN and OUT cases. Specific study for 2C

selected as the beam particle is discussed in Sec. 6.3.1.

6.3. Charge-Changing Cross-section

The measurement of the charge-changing reaction is analogous to the formulation of the
mass-changing probability described in the previous section. To begin with, a charge-
changing reaction is defined as an inelastic interaction in which a beam nucleus of charge
Zp fragments to a nucleus Y’ of charge Zy after interacting with the Target (T), where
AZ = Zg—Zy > 1. Therefore, Eq. (6.2) and Eq. (6.3) can be re-written for a charge changing
reaction as well. In this case, the survival probability quantifies a charge-retaining reaction,
denoted as b—b, and the numerator in Eq. (6.1) equals the measured number of MTPC
events N corresponding to all the particle tracks with the charge Zg. The final expression
for the in-target interaction of nucleus ‘B’ leading to a charge-changing reaction (BtoY)

has the exact same form as Eq. (6.5) and is written as,

T _(j_pr \q_[Fos
B—B

The beam nucleus ‘B’ can inelastically interact with the target to produce an isotope
nucleus K’, where AZ = 0 but AA > 1. Nucleus K’ acts as an intermediate particle
and possesses a finite probability to interact with a target nucleus, undergoing a charge-
changing reaction, fragmenting to nucleus Y’, such that Zy < Zx. In such a case where a
mass-changing interaction is followed by a charge-changing reaction, the process B—»K—Y
will resemble a charge-changing reaction of nucleus ‘B’. An additional term is introduced
to account for the two-step ‘pseudo charge-changing’ reaction by modifying the target
survival probability PE—>B and modifying Eq. (6.2) as follows:

Pyl = p;ingeBpl\s/EBPgiB + PEI;BPgeKPI\gEKPI%lK' (6.7)
The second term contains the probability that nucleus ‘B’ interacts inside the target,
and needs an explanation. The interaction in-target interaction probability given in the
equation above are O(107%), as will be shown in Sec. 6.4. Hence the total contribution of

consecutive interactions occuring inside the target, is O(107%), and is numerically small
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compared to the first term in Eq. (6.7) with the survival probabilities, which is of order
O(1). Therefore, such interactions can be ignored in this analysis, for measuring the

charge-changing probability of any nucleus.

6.3.1. Carbon-12

The nucleus of primary interest in this analysis is 12C. Therefore, a particular case for mea-
suring the '2C mass- and charge-changing reaction is described in this section. However,
the formalism can be applied to any other nuclei under investigation, the details to which
are discussed in the next section. The upstream selection follows the procedure described
in Sec. 5.1.1 to select the 2C isotope from the composite beam as the primary fragmenting

beam particle. Thus, in this case, b="2C. Hence, Eq. (6.5) for a target setting T, is written as,

PINC C

T T 12C—12

Plcox = (1 - P12C—>12C) =|1- poUT |- (6.8)
12C—12C

Since the probability of survival can be simply written in terms of the probability of

interaction, as, Pi_,; = 1 — Pi_x, all the survival probability terms in the above equation

are replaced accordingly. Making this substitution and re-arranging the terms in Eq. (6.8),

we get,
IN _ pOUT
PT _ PlZC—>X P12C—>X (6 9)
12C—»X — 1— POUT . :
12C—X

In the equation above, the probabilities on the right are calculated from the number of 1>C

fragment tracks Nj;c measured in the MTPC and the number of incident beam particles

IN/OUT
pIN/OUT _ (N1zc ) _

120X = IN/OUT
beam

for each target setting, as

(6.10)

The number of tracks Njsc is determined from the fit to the Ax-distribution of carbon
fragments in the MTPC, as described in Sec. 5.3. In the case of charge-changing reaction,
Niyc is simply replaced by the measured number of all carbon (Zf/m,c = 36) tracks in
the MTPC, Nc. These numbers along with the number of beam particles, and the total
measured interaction probabilities for the three target settings, namely, PE, C, and OUT,
are given in Tab. 5.4. The total measured interaction probabilities are calculated using

Eq. (6.8) and the in-target interaction probabilities are calculated using Eq. (6.10).
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6.3.2. Auxiliary Measurement of Other Beam Nuclei

The formalism detailed in the previous section can be applied to any nucleus present in
the data for computing its mass- and charge changing cross section. The upstream cuts are
modified in a way to select the desired nucleus from the beam composition, to study its
fragmentation. The lower and higher thresholds of the tof and Z? are altered accordingly
to make the selection.

The online T3p or carbon trigger (Z? =36) allows the neighboring elements and their
corresponding isotopes, i.e. nuclei up to a charge difference, AZ = 1 and mass difference
AA = 2 nuclei. This provides an excellent opportunity to make additional measurements
by selecting these isotopes as the primary beam particle. These auxillary measurements
are done by altering the upstream cuts on the calibrated data, such as to select a desired
nucleus as the primary beam particle, for instance, the isotopes neighboring the 2C. The
measurements are necessary for calculating various corrections and systematic effects
as described in Sec. 6.6, in order to study the feed-down reactions of the type, A+p—f,
where A#!2C and corresponds to a neighboring nucleus, which fragment to nucleus, ‘f’.
These reactions alter the true 2C+T interaction probabilities and need to be corrected.
Equivalently, it also introduces a systematic uncertainty on the measurement. Additionally,
these auxillary measurements are also used to calculate the mass-changing cross-section
of a desired nucleus, which can then be input to correct the in-target production cross
section (detailed in Sec. 6.6.3).

For the measurement in the scope of this analysis, the feed-down cross-section of the
following nuclei need to be measured: B, e, BN, N, 1B and !°B. These nuclei are
present in the upstream beam composition (Fig. 4.1). Each of the nuclei is selected as the
primary beam particle by altering the cuts on the tof as measured from the A-S1 system,
and the Z? equivalent dE/dx in the scintillator S1. Furthermore, all other upstream cuts
listed in Tab. 5.2 and applied for !2C selection remain unchanged. Unlike the upstream
selection procedure for ?C described in Sec. 5.1.1, simpler rectangular cuts are applied
to select a particular nucleus. This is accomplished by placing an upper and lower limit
on the measured tof and Zszl' The total number of beam particles corresponding to these
nuclei for the three target settings, PE, C, and OUT, the total measured and the in-target
interaction probability is calculated and given in Tab. 6.1.

The table shows the total number of events for each of the isotopes present in the data,

along with the corresponding charge-changing and mass-changing interaction probabilities
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Table 6.1.: The statistics for each of the nuclei selected as the primary beam particle (N,)
and its number as measured in the MTPC (N;), for the mass-changing reaction.
Total measured and the target-OUT corrected probabilities are also given in the
last two columns.

Nucleus (i) Target Ny N; PE/QUT = (1 - %}) pPT = (%)
PE 35810 30347 0.152 + 0.002 0.084 + 0.003
B¢ C 31501 26887 0.146 + 0.002 0.077 + 0.004
ouT 7953 7357 0.075 + 0.003 -
PE 12300 10595 0.139 + 0.003 0.068 + 0.006
e C 10490 9144 0.128 + 0.003 0.057 + 0.006
ouT 2669 2466 0.076 + 0.005 -
PE 1692 1191 0.296 + 0.011 0.098 + 0.030
LN C 1292 949 0.265 + 0.012 0.059 + 0.030
ouT 315 246 0.219 + 0.023 -
PE 1607 1302 0.190 + 0.010 0.102 + 0.019
14N C 1383 1151 0.168 + 0.010 0.078 + 0.020
ouT 349 315 0.097 + 0.016 -
PE 1929 1379 0.285 + 0.010 0.061 + 0.028
g C 1743 1261 0.276 + 0.011 0.049 + 0.028
ouT 473 360 0.239 + 0.020 -
PE 3561 2872 0.193 + 0.007 0.109 + 0.012
108 C 3100 2581 0.167 + 0.007 0.081 + 0.013
ouT 785 711 0.094 + 0.010 -

calculated as Secs. 6.2 and 6.3. These auxiliary measurements are then used in the analysis
to determine the contribution of the neighboring isotopes to the cross-sections determined.
The feed-down from these neighboring isotopes leads to systematic uncertainty and

correction to the final result.

6.4. Isotope Production Cross-section (AA = 1)

In this section, the derivation of the equation for the in-target production of a nucleus ‘f’
resulting from the fragmentation of beam nucleus ‘b’ is described. The reaction is denoted
as b—f. The total measured probability for the production of ‘f* from ‘b’ is the ratio of the
number of tracks Nf corresponding to ‘f” as measured in the MTPC, to the total number of

incident beam particles Ny,. For both the target settings, namely IN and OUT, it is written
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6. Measurement of the Cross Sections

as,
IN/OUT
N,
IN/OUT _ *Yf
Pb—>f ~ \IN/OUT® (6.11)
Nb

The number of fragment tracks in the ratio above are derived from the fragment distribution

fit results (Tab. 5.5).

The analysis proceeds in the same way as described for the mass-changing reaction. To
begin with, the total measured probability from Eq. (6.11) can be expanded and expressed
as a sum of three terms corresponding to the three regions of interest as described in
Sec. 6.1. Then the total measured probability is written as,

IN _ puwp pT pVD pdn up T pVD pdn up pT pVD pdn
Py e = Py P PP+ P Py P P+ P Py PP e (6.12)
The first term measures the number of MTPC events of the nucleus ‘f’ that result from the
fragmentation of the beam ‘b’ interacting in the upstream region. These fragments reach
the MTPC without interacting in any of the following downstream regions, and is written
as the product of the three survival probabilities PfT pYD pdn

—f" ff" fof"
is outside the magnetic field, the fragment nuclei follow a linear trajectory along the beam

Since the upstream region

line. Upon encountering the magnetic field of the vertex magnets, the fragment nuclei are
deflected along the x-direction by pr cm, subject to change in its rigidity relative to that

of the beam.

The fragments produced inside the target are represented in the second term containing
the probability Pg_)f. The assumption here is that the beam nucleus ‘b’ does not interact
before the target, and the fragment produced retains its identity in the downstream region
before it reaches the MTPC. The deflection of fragments produced inside the target, in the
magnetic field is x;r and is equal to x?p. Since the upstream production probability P]l;if is
independent of the target setting, the fragments produced upstream will also be present in
the empty target holder case (OUT). That being the case, target out data can be used to
measure the corrected number of MTPC tracks of ‘f’. In this case, PbT_)f = 0. Consequently,
the total measured production probability for OUT is a sum of two terms, and is written
as the following:

POUT — PUP PVD Pf(‘iif +PuP PVD Pdn

b—f boft fof bobl bl f—f- (6.13)

The first term is the upstream production, whereas the second term is the production of ‘f’

in the VD region, just downstream of the target.
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6.4. Isotope Production Cross-section (AA=1)

The resultant fragments produced downstream of the target, inside the magnetic field
are deflected to a lesser extent relative to the beam, as opposed to the fragments produced
at the target location. These nuclei traverse only partially through the magnetic field and
possess a smaller spread in their longitudinal momentum resulting from the Fermi motion
of the fragment. This results in a narrower Fermi width agn for such fragments as depicted
by the blue band in Fig. 6.1. Thus, the downstream produced fragments can be identified
and included in the fit to the Ax-distribution of the fragments (eg. blue peak in Fig. 5.11).
The contribution of downstream produced fragments is made explicit at the level of the fit
and hence it does not contribute to the total ‘f” production probability inside the target,
(Pg_>f), evading the need to correct for this during the calculation of the cross sections.
The in-target production probability is obtained by subtracting Eq. (6.13) from Eq. (6.12).
The resulting expression, after minor simplification, is given below:

P = Pyo = Pyt PP (P ot 1) +R PP (P bsb 1) +PP Py PPl

(6.14)
It is non-trivial to quantify the contribution of the material of the region corresponding to
VD, to the total material budget. Nevertheless, the product of the survival probabilities
of ‘f” just downstream of the target and in the downstream regions, P;/Bngif, can be
determined by the auxillary measurement of nucleus ‘f’. This is accomplished by altering
the upstream selection such that nucleus ‘f” is selected from the beam composition as
the primary fragmenting particle as shown in Sec. 6.3.2. These additional probabilities
can be measured from the data, owing to the fact that the nucleus type ‘f” is present in
the data. Then following the same procedure as described in the Sec. 6.2, we can write
Eq. (6.3) for ‘f” in the OUT case. The terms are re-arranged to obtain the product of the

two probabilities as,
OUT

P

VD pdn _ " fof

Pf_)fpfif— pup (6.15)
fof

Furthermore, the second term of Eq. (6.14) containing the probability PXEf can be replaced

using the expression for the total target out production probability in Eq. (6.13), as,

up pVD pdn _ (pOUT _ pup pVD pd
Py PoseP fif = (P bt~ Pyt Proe P fif) . (6.16)
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6. Measurement of the Cross Sections

Substituting Egs. (6.15) and (6.16) into Eq. (6.14) results in the following expression:

POUT POUT
IN OUT _ pup _f—of (pT OUT _ pup _fof T
Pb—>f - Pb—>f - Pb—>f pUP (Pf—>f - 1) + Pb—>f - Pb—>b pUp (Pb—>b - 1)
fof £ (6.17)
up T  pVD pdn
+ P P PPy
Re-arranging the terms in the equation above, we get,
up up
IN OUTpT _ _bofpup (pT T b—b LOUT pT
Pb—)f - Pb—»f Pb—>b - POUTPf—>f (Pf—>f - Pb—)b) + up Pf—»f Pb—)f (6'18)
f-f f-f

Finally, solving the above equation for the in-target production probability of the fragment

‘f”, we get the following expression:

up up

T _ T fof 1 IN OUT pT b—f T T

b—f — Pup POUT bof — Pb—)f Pb—)b) — Sup (Pf—>f - Pb—)b) : (619)
b—b ~ f-f b—b

All the probabilities on the right side of Eq. (6.19) are direct measurable quantities except
for the leading ratio terms corresponding to the upstream survival probabilities of nucleus
‘b’ and f’.

The ratio in the first term on the right is the ratio of the probabilities of nuclei ‘b’ and
‘f” such that they do not undergo an inelastic interaction in the upstream region before
the target. As mentioned earlier, these probabilities can be estimated by identifying the
material of the beam-line detectors. The plastic scintillator S1 is identified to be the most
probable location for the beam particles to interact due to its similarity to the PE target.
The upstream survival probabilities can thus be estimated with the knowledge of the
carbon-to-hydrogen ratio of the polymer cell of polyvinyl toluene, and the independently
calculated mass-changing probabilities of the ‘b’ and ‘f” nuclei with the C and the proton
target as described in Sec. 6.2. And since the probability P is proportional to the cross-
section o, the ratio of the probabilities can be easily determined by taking the ratio of the
cross-section of the ‘b’ and ‘f” nuclei.

In the second term, the ratio is the upstream production of ‘f” to the upstream survival
of nucleus ‘b’. The ratio is ~ O(1073) and is followed by the difference of the in-target
mass-changing probabilities, P{)r_)b and PfT_)f of ‘b’ and ‘f’ respectively. These quantities are
calculated as per Eq. (6.4). The survival probabilities are large and nearly of the same order.

Therefore, the difference term too is ~ O(107°), which reduces the total contribution of
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6.5. Isotope Production Cross-section (AA > 1)

the second term in Eq. (6.19). The complete derivation and estimation of the upstream

probabilites is detailed in Appendix A.1.

The final step in the analysis is computing the relevant cross sections for the different
reactions described in the previous sections. The interaction probability P of a particle
interacting with a target (T) is written as,

—d
PT=1-exp (—T) , (6.20)

At
where A = 1/(nto?) is the nuclear interaction length measured in cm. The number density
nt of the target material is expressed in terms of the molar mass M, Avogadro’s constant
Ny, and the target density pr, as n = Nap/M, whereas o is the interaction cross section

measured in millibarns (mb).

Eq. (6.9) and Eq. (6.19) are sets of two equations, each corresponding to the two different
targets namely, PE and C. Hence the cross-section can be determined by making these

substitutions and re-arranging the terms in Eq. (6.20) to give the final expression as,

ol = —ﬂ(l — InPY). (6.21)
Naprdr

Therefore, after calculating the in-target interaction probabilities for the reactions b+PE
and b+C, it can be substituted in Eq. (6.21) to obtain the cross-sections with the PE and
C targets, respectively. The principal quantity of interest for our study is to measure the
12C+p mass-changing and isotopic production cross-sections. It can then be computed as

follows:

PE C

1
p —
Ticox/f ~ (UlZC—>X/f - GlZC—>X/f) (6.22)

where X denotes the mass-changing and charge-changing reaction of >C and ‘f” denotes
the production of specific isotope (in our case !'C, !'B & 1°B). The factor 1/2 comes from
the fact that the ratio C : H =1 : 2 in each cell of the polyethylene molecule, and therefore
has to be taken into the calculation when subtracting the '>?C+C contribution from the

12C4PE interactions.
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@ - Beam nucleus (b)
@ - Intermediate fragment (i)
@ - Wanted fragment (f)

S1 Target (T) (A, > A > Ay

Figure 6.3.: An illustration of the two-step reaction leading to production of AA > 1
fragments. The intermediate nucleus i shown in red is a AA = 1 nucleus, which
further fragments to the wanted fragment f inside the target.

6.5. Isotope Production Cross-section (AA > 1)

The formulation described in the previous section is a special case for comparatively
easier reaction channels. It is directly applicable to the production of nuclear fragments
with Af nucleons from the fragmentation of the beam with A}, nucleons, such that AA =
Ap — Af = 1, e.g. the production of 'C and !B from a '?C beam. In the case of production
of lighter fragments such that AA > 1, e.g. the reaction '*C—!°B, additional contributions
from indirect channels, more specifically, multi-step interactions, leading to fragment
production, also need to be taken into account. An example of such a reaction is '*C
fragmenting to a AA = 1 nucleus, like !C or !B in the upstream region, at the S1 detector,
followed by its interaction with one of the targets (PE or C), resulting in AA > 2 nuclei

like 1°C or !°B. This reaction is graphically represented in Fig. 6.3.

The thickness of the two effective targets, S1 and T itself is 0.5 cm and 1-1.5 cm respec-
tively. In the thin target approximation, where target thickness dt is approximately 10%
of the nuclear interaction length A associated with fragment production, the in-target
probability of production is PT ~ O(1073). Two-step production reactions introduce
additional terms in Eq. (6.12), containing the product of the two production probabili-
ties PS'PT, which is approximately O(PTZ) ~ 107°. Therefore the additional terms are
negligible, and Eq. (6.19) can be used to compute the in-target production probability for
AA = 2 fragments. The same criteria are applied in the case where the beam fragments to
AA > 2 nuclei as well, such as production of lighter nuclei like the isotopes of Be and Li.

A quantitative description of both cases is discussed in detail in Appendix A.2.
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6.6. Corrections to the Measured Cross Sections

6.6. Corrections to the Measured Cross Sections

The measured probabilities of the mass-changing, charge-changing and specific isotope
production reactions are subject to further corrections. These corrections also introduce a
systematic uncertainty in the measurement. This section describes the various corrections

applied to our results.

6.6.1. Fragment Track Selection in the MTPC

The identification of the charged fragments in the MTPC is based on the energy deposit
dE/dx in the detector. Consequently, the Z&TPC is calculated from the dE/dx. Carbon
tracks are selected in the range, 31.0 < Z;pc < 44.0. It is observed that the '*C peak
extends beyond this range especially beyond the lower threshold forming a rising edge.
Therefore some carbon fragments below ZfATPC < 31.0 are lost, and must be taken into

account. The number of measured 2C tracks N™

e and hence the mass- and charge-

changing probabilities are accordingly altered due to the correction.

The number of '*C required to correct N3 . is determined by making a binned fit to
the 1-dimensional ZZ, . distribution in the range 31.0< Z2 .
settings PE, C, and OUT. An exponential function is used to describe the rising edge of the

<33.0 for the three target

peak. This is shown as the green shaded region in Fig. 6.4. The fit function is extrapolated

in the range Z{, 15 =31.0 up to Z 1, =0.0, depicted by the blue shaded region in Fig. 6.4.

MTPC
The integral of the blue region AN, is used to correct for the number of 12C in the cut as,

ND

t 12C
Nise = —= (6.23)

12C

Left side of Eq. (6.23) is the true number of !2C after the correction. The denominator is
the correction factor €;2c, and is calculated using the following expression:
Nm

€pc = —2¢ (6.24)

N1n21C + AleC '

The corrected number is then further used for calculating the mass-, and charge changing
probabilities of '2C. As can be seen from the 2-dimensional plot Fig. 5.10, 1B and '2C share
the same x-position in the MTPC, that is, Ax;;c = Axjop = 0.0. Therefore, the number of

12C in the tail of the carbon peak affects the number of measured '°B fragments N as

97



6. Measurement of the Cross Sections
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Figure 6.4.: The estimation of the events in the ZZ 1, tail lost due to the carbon selection
cuts. The green shaded region denotes the fit, while the blue shaded region is
the extrapolation of the fit line used to determine the number of lost events.

well. To estimate the number of '2C affecting the boron distribution, the integral of the fit
function is determined in the ZfATPC range used to select boron fragments in the MTPC,
which is 22.5 < ZI%,ITPC < 27.5. This number is denoted as ANjgg, and is used to determine

the true number of 1°B. The correction factor €;op in this case is calculated as,

Nm

10B
€lop = —— B (6.25)
Niog — ANioB
The expression for the true number of 108 Nltf)‘ée is similar to Eq. (6.23), and is written as,
Nm
Niue - 108, (6.26)
€10B

Correction factors €;2¢ and €9 for the three target settings are tabulated in Tab. 6.2. Cor-
rection factor for accounting the loss of 1°B from the boron selection cuts was determined
to be negligibly small (< 0.01%), and hence its impact on the cross section is insignificant

compared to other corrections that will discussed in the following sections.

The systematic uncertainty arising from this correction is calculated from the statistical
uncertainty on ANj;c. The individual corrections to the mass changing cross sections of

12C and the systematic uncertainties are tabulated in Tab. 6.3.
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Table 6.2.: Correction factors for 2C and 1°B calculated as per Eq. (6.24) and Eq. (6.25)

respectively.
Target €12C €10B
PE 0.999934  1.000905
C 0.999914 1.001502

OUT  0.999901 1.004184

Table 6.3.: The correction Ac for mass-changing, charge changing, and '°B production
cross sections from the track selection cuts along with the corresponding sys-
tematic uncertainty do.

Mass-changing ~ Charge-changing 198 production
Ao (mb) 8o (mb) Ao (mb) 6o (mb) Ac(mb) 6o (mb)

12C4+PE +0.55 +0.60 +0.56 +0.57 +0.04 +0.15
2c4C +0.13 +0.32 +0.14 +0.33 +0.02 +0.09
2Cyp +0.21 +0.13 +0.21 +0.12 +0.01 +0.04

Reaction

6.6.2. Feed-down due to Beam Impurities

The purity of the beam is defined as the ratio of the number of wanted nuclei, which in
this case is 2C, to the total number of particles selected in the upstream cuts. Hence, other
neighboring nuclei like 14N N, 13C, etc. are the beam impurities that can fragment into
the lighter nuclei. Their feed-down to relevant isotopes of interest like !'C needs to be
calculated and corrected in the final computation of the production cross-section. The
impact of these beam impurities depends on the fraction of number of events after the
upstream selection. The upstream cut described in Sec. 5.1.1 is optimized such as to select
12C as the primary beam particle. Nevertheless, the shape of the fragment distribution
in the tof vs Z&, plot allows the neighboring isotopes to pass the selection cut. These
nuclei along with '?C constitute the composite beam and interact with the target material

generating additional feed-down to the fragments of interest.

Let N, be the total number of particles in the composite beam. Then Nj,c represents
the number of '2C nuclei present in the beam composition, after the upstream selection
procedure is performed. The number corresponding to impurity beam particle i’ is

determined from the fit performed to the upstream distribution of fragments Fig. 4.1. The

Nizac

~=, and the fraction of 1,
b

fraction of '2C nuclei in the upstream cut is given by fisc =
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neighboring '?C is given by, f; = %‘) Then it immediately follows that,

Nigc + Z Ni =N, (6.27a)
i

fizc + Zﬁ =1 (6.27b)

Let N;™ be the total number of fragments of type ‘f” produced in the beam-target interaction
and as measured in the MTPC. Then it can be expressed as a sum of nuclei ‘f” produced
from the fragmentation of 1>C, and the contribution from the feed-down of all the impurity
nuclei ‘1’, as,

NI = Nypes + Z Ni. (6.28)
i

The quantity Nj_ is the number of nuclei ‘f” produced as a result of the fragmentation of
the impurity nucleus ‘1. It is determined by counting the number of ‘f” tracks in the MTPC
by the auxiliary measurement of the impurity nuclei. In that case, the corresponding
production probability is written exactly in the form of Eq. (6.1), as, Pis = Ni—¢/N;. Thus
we can divide Eq. (6.28) on both sides by the total number of beam particles, N, to obtain

the measured production probability P;", as,

t:
NipcPl5e + > NPy
i

m_ ~f
P = ~-= N (6.29)

The probability P;rzuce_) ¢ on the right side of Eq. (6.29) is the true production probability of
nucleus ‘f* from 2C+T interactions. Therefore, making the necessary substitutions for the
fraction of beam nuclei, and solving Eq. (6.29) for the true probability, we obtain the final

expression as,
PR = fiPis
Ptrue,T _ i

12C—f — fl2C

(6.30)

The auxiliary probabilities are calculated from the number of measured beam and frag-
ments tracks in the MTPC-L tabulated in Appendix A.3. The equation derived above is
employed to correct for and measure the isotope production cross sections, studied in this

analysis. For applying this correction to the mass-, and charge-changing probabilities,
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Table 6.4.: Relative fractions of neighboring impurity nuclei for the optimized upstream
selection of '2C described in Sec. 5.1.1.

Impurity (i)  fraction (f;, %)

LN 7x1072
N 2x1071
3¢ 8x1074
Hc 2x107!
1B 7%1073

> fi=5x10""
i

Eq. (6.30) get modified with additional terms quantifying the feed-down of impurity nuclei
‘I’ to 2C. These will cause a surplus in the number of 12C tracks as measured in the MTPC-L,
thereby altering the cross section value. It can be written in the form similar to that of

Eq. (6.28) as follows:
Ne = NI+ " NP e (6.31)
i

The number of MTPC measured '2C can be replaced by the product of the corresponding
probabilities and the number of nuclei ‘i’ in the beam composition. Since the first term is
the true number of '2C that reach the MTPC, it will be expressed in terms of the survival
probability, Pt . ., while the the second term will contain the feed-down probabilities
Pi_,15c. Furthermore, on dividing Eq. (6.31) by the total number of beam particles N,

results in the survival probability of °C, written as,

t
Ni2c P o t+ Z NiPi12c
i

Plcsiac = N . (6.32)

The quantities Nj;c and N; are the number of '2C and nuclei i’, present in the beam
composition. After re-substituting and re-arranging the terms in Eq. (6.32), the final

expression for the corrected mass or charge-changing probability can be written in the
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Table 6.5.: Correction Ao to the mass-, and charge-changing cross sections from feed-down
due to beam impurities. The corresponding systematic uncertainty do is given
in the columns adjacent to the correction.

Mass-changing  Charge-changing
Ao (mb) 60 (mb) Ac(mb) o (mb)
2C+PE  +40.15  £0.03  +40.37  %0.13

2c+C +0.09  +0.04  +0.23  +0.12
L2C+p +0.03  £0.01  +0.07  +0.01

Reaction

form of Eq. (6.30) as follows:

Plc—ac Z fiPisnzc

PS¢ ac = (6.33)

flzc

This correction introduces a systematic uncertainty on the measurement. It is calculated
from the statistical uncertainty of the auxiliary measurements. The correction factors and
the resultant systematic uncertainties are for the mass-changing and charge cross sections
are tabulated in Tab. 6.5, and similarly for the individual isotope production measurements

in Tab. 6.6.

6.6.3. Re-interaction inside the Target

The nuclear interaction length A of the fragments produced in the beam-target interaction
is ~10% of the target thickness dr. Therefore, there is a small yet finite probability that
the nuclear fragments produced inside the target can inelastically re-interact with the
target itself. This leads to the underestimation of the number of produced fragment nuclei

as measured in the MTPC, altering the final production cross-section. In this case, the

Table 6.6.: Same as Tab. 6.5 for isotope production.
it 11 10p
Ac (mb) 6o (mb) Ao (mb) 6o (mb) Ac(mb) 6o (mb)

12C4+PE +0.37 +1.10 +0.35 +1.19 +0.18 +0.96
2ciC +0.17 +0.64 +0.16 +0.70 +0.08 +0.55
2C+p +0.09  £0.22  +0.10  +0.25  +0.04  +0.20

Reaction
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measured interaction probability corresponds to two consecutive interactions for the
reaction sequence, b+ T — f & f + T — X and can be mathematically expressed as a

convolution of the two interaction probabilities. Consider a beam composed of a single

dr
X
/.
A’f-)X ‘o’—‘
>
A, 'IV".
Beam (b) e
-------------- .—%—--------------------------------------------------------------------
@ - Beam nucleus (b)
@ - Target nucleus
@ - Wanted fragment (f)
TargEt @® - Unwanted fragment

Figure 6.5.: An illustration of the beam nucleus fragmenting to the nucleus of interest
(wanted nucleus), which then further interacts inside the target.

type of nucleus, ‘b’ , and let Ny, be the total number of beam particles incident on the
target (T) of thickness dr. Then the rate of inelastic interactions per unit length interval

dx of the target is given by,
dNp(x) _  No(x)

— 34
i Tox (6.39

where 4y, is the interaction length of nucleus ‘b’ for a given target material and the negative
sign denotes the destruction of particles. If nucleus ‘b’ fragments to ‘f”, then the differential
equation describing the production and destruction of nucleus type ‘f” in a length interval

dx is given by,
dNp(x) _ Np(x)  Ne(x)

dx ot Ag

The second term denotes the inelastic interaction of nucleus ‘f” inside the target, and hence

(6.35)

additional measurements of nucleus ‘f” as primary beam particles are required for this
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calculation. This is an implicit assumption and is provided by the auxillary measurements.
For a composite beam with more than one type of nucleus, Eq. (6.35) can be written in

vector notation as,
dN(x)
dx

= MN(x) (6.36)

Here, N (x) is a vector of the number of particles at any given distance x inside the target.
For convenience of notation, we introduce a matrix M comprising of the inverse of the
interaction lengths relevant for the production of a given nuclei ‘f’, based on the matrix
formulation given in Ref. [6], adopted from the works of [80] (from Eq.(10) onwards). The

matrix M for the reaction b—f is a lower triangular matrix expressed as,

M:(I/A‘Hb 0 ) (6.37)
1/ Ahor —1/Asf

Then the solution to the first order linear differential equations gives the number of

particles N}, and Nf respectively, at a given distance x inside the target, and is written as,
N(x) = N(0) exp(Mx). (6.38)

Here vector N(x) corresponds to the number of particles at a distance x along the length
of the target and N(0) is the number of particles incident on the surface of the target, at
x = 0. For an inelastic interaction of a nucleus ‘b’ inside the target of thickness dr, the
matrix M contains a single element M,_,;, = —1/Ap—} corresponding to the interaction

length of nucleus ‘b’. Hence Eq. (6.38) reduces to the following form,

1 1. Np(x)
- — =M, = -1 , 6.39
T Moo = TN (6:39)

Let us consider the reaction b—f concerning the production of ‘f” from nucleus ‘b’ inter-
acting inside the target material. In this case, the matrix M is a lower triangular matrix
containing the inelastic interaction lengths of nuclei ‘b’ and ‘f’, the interaction length

leading to the production of ‘f” from ‘b’, Ap—¢. Therefore, Eq. (6.38) can be written as,

(Nb<x>):exp(—1/zb 0 )(me)). (6.40)
Ne(x) 1/ Ao —1/A¢ 0
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The left-hand side in the equation above represents the matrix of the number of nuclear
particles ‘b’ and ‘f” at a distance x inside the target, whereas the beam composition is
represented by the column matrix on the right. We have assumed a pure beam consisting
of only a single type of nucleus ‘b’, the initial number of which is N, (0), while in principle,
the presence of beam impurities is inevitable. The quantity of interest for our measurement
is Ap—f which can be determined by evaluating the exact solution of the exponential form

of the matrix M and is written as,

1 Ms_¢ — Myp_p (Nf(x)) . (6.41)

Mot exp(x - Mp—g) — exp(x - My—b) | Np(0)

This equation gives the true in-target interaction length for the production of nucleus ‘f’.
It is further used to correct the calculated production cross-section of the isotopes, where
f=11C, 1B and 1°B. The expression for Ay _,¢ derived above requires additional measurement

of the inelastic interaction probability of nucleus f’.

The ratio N¢(x)/Np(0) is essentially the measured probability of production of the
nucleus ‘f” inside the target T, and is written as Péniafs"T. It is the same as the production
probability Pg_>f given in Eq. (6.19). In addition to that, two other inputs required for this
correction are the mass-changing interaction probabilities, or rather the total survival
probability of the beam ‘b’ and the fragment nucleus ‘f” represented by the matrix elements
My, and Mg_¢ respectively. These probabilities are measured using Eq. (6.4). Substituting

the interaction length in Eq. (6.41) as A,¢ = nTO'tt)rief’T gives the following equation:

T T
true, T __ 1 1nPf—>f B 111Pb—>b meas., T (6 42)
Ohf = nrdr pT _pT b—f :
f-f b—b

Substituting the required probabilities in the expression above results in the corrected
production cross section of nucleus ‘f” before it undergoes an inelastic interaction inside
the target. Analogous to the previous correction described previously in Sec. 6.6.2, the
systematic uncertainty resulting from this correction is facilitated by the auxiliary mea-
surements of nucleus ‘b’ and ‘. It is calculated from the statistical uncertainty in the

measured values of P¥ | and PT .
b—b fof
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6. Measurement of the Cross Sections

Table 6.7.: Correction Ac with the systematic uncertainty 8o due to inelastic interaction
of the wanted nuclei inside the target.

11C 11B IOB
Ao (mb) 6o (mb) Ao (mb) 6o (mb) Ac(mb) 6o (mb)

12C4PE +6.68 +0.51 49.29 +1.25 +4.47 +0.41
2cyC +2.72 +0.22 +2.75 +0.52 +1.62 +0.18
L2C+p +1.98  +0.14  +3.26  +037  +1.42  +0.12

Reaction

Table 6.8.: The uncertainty in the measured mass-changing, and charge-changing and
production cross sections due to uncertainty in the target density:.

- 1 _ : 11 11 10
Reaction Mass-changing Charge-changing C B B

8o (mb) §o (mb) 8o (mb) 8o (mb) 8o (mb)
12C4PE +1.23 +1.11 +0.10 +0.10 +0.05
2c4C +4.86 +4.52 +0.27 +0.29 +0.13
2Cyp +2.51 +2.33 +0.14 +0.15 +0.07

6.6.4. Target Density Uncertainty

The cross section depends on the mass density p of the target material. Therefore, uncer-
tainty in the mass densities of both the targets, PE and C, contribute to the total systematic
of the measurement and needs to be taken into account for calculating the individual
cross section values. The graphite target (C) is a replica of the T2K thin target with a
known mass density of pc = 1.840 g/cm>. The uncertainty in the density of the C target is
Spc = 0.65% [81].

Similarly, for the polyethylene target with density ppg = 0.924 g/cm?, the corresponding
uncertainty is §ppg = 0.1%. It is calculated as the average from the measurements of
the mass and the dimensions of the target [82]. These uncertainties are propagated in
Eq. (6.21) to compute its effect on the measured cross sections. Uncertainties for the
mass-,charge-changing and the isotope production for all three reactions are tabulated in

Tab. 6.8.
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7. Cross Section Results

The cross section values for the '2C mass-, charge-changing, and production of carbon
and boron isotopes are calculated according to the analysis formalism developed in Ch. 6.

Results from the calculation of the '2C mass-, charge-changing and the production cross
section of the isotopes e 1B and 9B for the three targets, namely PE, C and proton
(p), are discussed in this chapter. A summary of the measurements with the correction
and systematic uncertainties as derived in Sec. 6.6 is tabulated for each of reaction in the

subsequent sections.

7.1. Mass- and Charge-changing Cross Sections

The mass- and charge-changing results measured in this analysis, including contributions
from the calculated corrections and systematic uncertainties are summarized in Tab. 7.1
and Tab. 7.2, respectively. The results for the 12C+p mass-changing cross section is shown
in Fig. 7.1, and that for 12C+PE and '2C+C reactions are shown in Fig. 7.2. The charge-
changing results are also shown on the plot, along with previously measured values of
the cross-sections. Results obtained in this analysis are in good agreement with previous
studies and the model lines. Previous measurements of the charge-changing cross sections
(open circles), and the mass-changing cross sections (open squares) at lower momenta are
shown as well [83-87]. Abundance of data at lower momenta (p < 1A GeV/c) is mainly
attributed to its application in radiation therapy at clinical centers. It is interesting to note
that, unlike the 12C mass-changing cross sections, there are no available charge-changing
measurements for p > 10A GeV/c, apart from the cross section result from this analysis.
The total reaction cross section along with the charge-changing cross section of the
C nucleus has been the focus of numerous previous studies. Proton-nucleus inelastic
interaction cross section has been measured by many groups ([42, 88-90]) including NA61.

These measurements were performed at different beam momenta, using a proton beam
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7. Cross Section Results

impinging on a fixed graphite target. The primary interest in studying these nuclear
reactions was to understand the propagation of Galactic cosmic rays and transport of
protons in the atmosphere and also to study the irradiation effects on matter. The data
shows a momentum dependence of the cross section at momentum pa < 2 GeV/c, while at
higher momenta (ps > 10 GeV/c) the behavior is approximately asymptotic. Previous NA61
measurements using a proton beam on a graphite target were performed at 31A GeV/c,

60A GeV/c, and 120A GeV/c beam momenta.

The superimposing lines in Fig. 7.1 correspond to parameterization function modeling
the momentum dependence of the cross section at low as well as high energies, taken
from Ref. [91] (Letaw+83), and Ref. [92] (Wellisch+96), and Ref. [93] (Barashenkov+94).
Cross section parameterization of lighter nuclei starting from p ~ 10 MeV/c, are studied in
the works of [91]. The model lines shown in Fig. 7.2 correspond to different cross-section

parameterization formula as described in Refs. [94-96] and is adapted from Ref. [97].

The measurement is dominated by the statistical uncertainty at ~ 3 — 5% of the derived
cross section values. Systematic uncertainties arising from various corrections are calcu-
lated as described in Sec. 6.6, the maximum of which comes from the uncertainty in the
target density. It is estimated to be approximately 10 —20% of the statistical uncertainty. As
in the case of the mass-changing cross section, the '2C charge-changing measurement is
dominated by statistics, while the largest systematic uncertainty is due to the uncertainty

in the target density.

Table 7.1.: Summary of the mass-changing cross section of '“C including the corrections
and their systematic uncertainties as described and computed in Sec. 6.6.

12C+PE 2c+C L2C+p
Uncorrected o (mb) 1230.7 + 35.8 746.6 + 23.4 242.1+12.8
Ao (mb) 86 (mb) Ao (mb) 86" (mb) Ac(mb) 8" (mb)
Carbon Selection +0.6 +0.6 +0.1 +0.3 +0.2 +0.1
Beam Impurity +0.2 +0.0 +0.1 +0.0 +0.0 +0.0
Target density - +1.2 - +4.9 - +2.5
Corrected o (mb) 1232 +36 = 1 747 £23 5 242 +13+3
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Figure 7.1.: The 2C+p mass-changing cross-section computed in this analysis (solid square)
along with previously reported values (open squares). The lines represent
various momentum-dependent parameterizations of the cross-section take n
from [91-93].

Table 7.2.: Same as Tab. 7.1 for the total charge-changing cross section of 2C.

12C+PE 2c+C L2C+p
Uncorrected o (mb) 1116.4 + 35.5 694.1 + 23.2 211.1+ 125
Ac (mb) 8o (mb) Ao (mb) &c*Y'(mb) Ac(mb) ot (mb)
Carbon Selection +0.6 +0.6 +0.1 +0.3 +0.2 +0.1
Beam Impurity +0.4 +0.1 +0.2 +0.1 +0.1 +0.0
Target density - +1.1 - +4.5 - +2.3
Corrected ¢ (mb) 1117 £ 36 + 1 695 +23+5 211+ 132

7.2. Isotope Production Cross Sections

Cross sections of the production of carbon and boron isotopes measured in this analysis
are summarized in Tab. 7.3 for !1C, in Tab. 7.4 for !B, and in Tab. 7.5 for !°B. The individual
corrections and the systematic uncertainty related to it as calculated in Sec. 6.6 are listed in
the tables. Similar to mass-, and charge changing results discussed in the previous sections,
the isotope production cross sections are too, dominated by the statistical uncertainty, at

approximately 10% of the measurement. whereas the total systematic uncertainty is ~ 1%
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Figure 7.2.: The measured '2C charge-changing (ccc, solid circle) and mass-changing (o,
solid square) cross-section result from this work, on CH; (left) and C (right)
targets, with previous measurements of charge-changing (open circles), and
mass-changing cross sections (open squares). Four model lines are shown for
the mass-changing cross section (see text).

of the derived cross section values. Largest contribution to the systematic uncertainty
for 1C and °B is due to feed-down of the beam impurity nuclei, while that for !B is
related to the in-target annihilation correction of the produced fragment nuclei. Since
these uncertainties are calculated from auxiliary measurements of the mass-changing
cross sections of the respective isotopes, they are limited by the low statistics available in
the data.

Corrected cross sections are displayed with previous measurements in Fig. 7.3. The
lines represent cross section parameterization with respect to p, and correspond to the
models GALPROP12, abbreviated as GP12, developed by [98], WKS98 from the authors
of Refs. [99-101], and Evoli+19, as given in [102]. In the approximation that the cross
section dependence on pa reaches an asymptotic value at higher momentum, the results
computed in this analysis are consistent with the model lines.

It is intriguing to note that, there is only a single measurement of the isotopic production
cross section of 'C at p > 10A GeV/c. The study was undertaken by J. Cummings at
Brookhaven AGS [103]. The production of 1'C was measured in p+ '2C interactions, by

irradiating a plastic scintillator target with a proton beam at p = 28A GeV/c. The 'C
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7.2. Isotope Production Cross Sections

radioactivity was then measured by studying the internal scintillation to determine the
yield and calculate the cross section. A similar high energy measurement was performed
in the case of production of boron isotopes from spallation of 2C by protons at p =
25A GeV/c [49]. The measured cross section of the !B is (59 + 12) mb and that for '°B is
(20 + 3) mb. Nevertheless, the reported values correspond to the cumulative cross-sections,
including contributions from the decay of 'C and '°C nuclei, and hence are indirect
production cross sections, unlike the value reported in this work. Therefore, they are not
shown in Fig. 7.3. Combining the production of boron isotopes and the radioactive isotope
11C gives an estimate on the total boron production cross section in 2C+p reactions at

momentum p > 10 A GeV/c. The sum of the cross sections measured in this analysis is,

total B
GI%Ca+p—>11C,11B,10B = (77 £5) mb. (7.1)

This value is the total boron production, from 2C+p interaction, including the contribution
from the radionuclide !C. The quoted uncertainty in Eq. (7.1) is the total uncertainty,
combining those of the statistical and systematic uncertainty from each measurement. The
sum of boron isotope production measurement from [49] is (79 + 12) mb. Assuming that
the correction from the production of 1°C is small, this is in good agreement with the cross
section computed in this analysis. This pilot measurement, thus, improved the precision
of the asymptotic '?C—B cross section at ps >10A GeV/c. The sum of B production in
the models used for CR propagation at 13.5A GeV/c is 73.5 mb, 68.91 mb, and 69.37 mb for
WKS98, GP12, and Evoli+19, respectively. Therefore, all these models are in reasonable

agreement with the results of this analysis.
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Figure 7.3.: The isotope production cross-section of 'C, 1B, and °B fragment as measured
in 2C+p reaction, compared to previous measurements [49, 104-107]. The
lines represent the parameterization of the cross section used in calculations
of CR transport in the Galaxy [98-102].
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Table 7.3.: A summary of the measurement of !!C production in interaction of *C with PE,
C, and proton. The corrections are denoted Ac and the systematic uncertainty
as 86t whereas the statistical uncertainty is quoted with the uncorrected
cross section.

12C+PE 2C+C 2C+p
Uncorrected o (mb) 96.8 +4.7 41.9+2.8 27.4+£2.7
Ao (mb) 8c%“(mb) Ac(mb) 8c%*"(mb) Ac(mb) &o°¥*" (mb)
Beam Impurity +0.4 +1.1 +0.2 +0.6 +0.1 +0.2
Target Re-Int. +6.7 +0.5 +2.7 +0.2 +2.0 +0.1
Target density - +0.1 - +0.3 - +0.1
Corrected o (mb) 104+5+1 45+3+1 30+3+0

Table 7.4.: Same as Tab. 7.3 for the production of !'B.

12C+PE 2Cc+C L2C+p
Uncorrected o (mb) 103.5 + 4.7 44.8 £ 2.7 29.4+£2.7
Ao (mb) 80 (mb) Ao (mb) &c™*"(mb) Ac(mb) &c°Y" (mb)
Beam Impurity +0.4 +1.2 +0.2 +0.7 +0.1 +0.3
Target Re-Int. +9.4 +1.3 +2.8 +0.5 +3.4 +0.4
Target density - +0.1 - +0.3 - +0.2
Corrected o (mb) 113+£5+2 48 +3+1 33+3+1

Table 7.5.: Same as Tab. 7.3 for the production of 1°B

12C+PE 2c+C L2C+p
Uncorrected o (mb) 46.6 + 4.5 204 +2.8 13.1 £ 2.7
Ac (mb) 80" (mb) Ao (mb) &c*¥'(mb) Ac(mb) 8ot (mb)
Track Selection +0.0 +0.2 +0.0 +0.1 +0.0 +0.0
Beam Impurity +0.2 +1.0 +0.1 +0.6 +0.0 +0.2
Target Re-Int. +4.5 +0.4 +1.6 +0.2 +1.4 +0.1
Target density - +0.0 - +0.1 - +0.1
Corrected o (mb) 56 +4+1 22+3+1 15+3+0
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8. Summary and Outlook

In this thesis, a measurement of the mass-changing, charge-changing and isotope pro-
duction cross sections of the nuclear fragments ¢ 1B and 9B in 12C+p interactions at
momentum 13.5A GeV/c is presented. The cross sections are determined from the data
recorded during a pilot run at NA61/SHINE facility at CERN. The secondary '2C ion beam
was produced by fragmenting 2°®Pb ions from the SPS on a beryllium target and was
delivered to the experimental facility via the H2 beamline. The beamline spectrometers
were tuned to select A/Z = 2 particles to be transported to NA61/SHINE. The online
trigger based on dE/dx in the scintillator S1 is used to select carbon particles, and the
time-of-flight measured between two scintillators is used to distinguish between the carbon
isotopes and make a fit-based offline selection of 12C. A total of 3.2x10° events with 2C
projectiles were selected for this purpose.

Two thin targets, namely polyethylene (PE) and graphite (C) were employed to determine
the fragmentation cross section of the >C on a proton target. To understand the beam
interactions in the experimental setup, ~ 10% of the events were recorded with an empty
target holder. Fragment tracks produced in the beam-target interaction are measured in the
Time Projection Chamber detectors called the MTPC. Tracks corresponding to different
elements are selected based on the charge equivalent energy deposit in the TPCs and the
deflection of the fragments in the magnetic fields of the superconducting vertex magnets.
To determine the yield of carbon and boron fragments as measured in the MTPC, a binned
Poisson log-likelihood fit is performed on the distribution of fragments in the MTPC. The
formalism for calculating cross sections is based on the in-target interaction probabilities
which are calculated from the measured number of tracks and the number of incident beam
particles, for each target setting PE, C, and OUT. Additional corrections were applied to the
derived cross sections. These corrections are pertaining to the track selection efficiency,
beam particle selection efficiency involving feed down from impurity nuclei in the cut,

and loss of the fragment due to interaction in the target. These corrections were calculated
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8. Summary and Outlook

for 12C+PE, '2C and the derived >C+p cross section for !'C, 1'B, and '°C. Moreover, the
systematic uncertainties were also calculated in this analysis. The total uncertainty of the
measurements presented here is dominated by the statistical uncertainty. The main result

of this analysis is the total boron production cross section which was measured to be

c'otB = G12C+p—(11C+11B+10B) = (77 £ 5) mb.

This result is in good agreement with a previous measurement at high energy (79 + 12) mb,
but the uncertainty achieved here is approximately less than half as compared to the one
in the previous measurement. The predictions of fragmentation models used to interpret
cosmic ray data show a reasonable agreement with our measurement within 1.40. A
preliminary look into the production of Li and Be isotopes demonstrated the feasibility
of measuring low mass fragments as well. Furthermore, in addition to the derived cross
sections on proton, which is of major interest for cosmic-ray physics, this thesis also
provided new measurements on mass- and charge changing cross-sections on carbon
and polyethylene targets, which are of potential relevance to particle therapy in medical
physics and to space radiation protection.

Given that the aim of the pilot run in 2018 was to test the feasibility of performing nuclear
fragmentation studies at NA61/SHINE, the results presented in this thesis demonstrate
that, indeed such studies can be performed with the NA61/SHINE facility. A part of the
doctorate was spent at CERN to participate in the deployment of new front-end electronic
boards for the TPCs as part of the upgrade of the NA61/SHINE detector. This upgrade was
successfully finished in 2022 boosting the read out rate from ~ 100 Hz to ~ 1kHz. Another
week of data taking with fragmented beam was planned for 2023 but is now scheduled for
the end of this year. With the help of the upgraded data acquisition and an interaction
trigger, we can acquire the event statistics for different projectiles such as C, N, O, and Si,
required for a precise understanding of light (A < 28) cosmic ray secondaries produced in

our Galaxy.
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A. Appendix

A.1. Interaction of the Beam Upstream of the Target

The various detectors placed on the beamline are always a subject of concern to minimize
the material budget before the beam particles interact with the target itself. Beam line
detectors placed before the target constitute the upstream region of the experiment, from
the scintillator S1 up to BPD-3, and are used for characterizing and studying the properties
of the beam. The counting detector S1 is an organic scintillator made from polyvinyl
toluene, with a density, p = 1.03 g/ cm?®. The scintillator has dimensions L X BX T =
6.0 X 6.0 X 0.5cm?®. Its physical properties are similar to the PE target and has the highest
upstream material budget compared to the BPDs and air. The S1 is crucial for defining the
trigger logic for online tagging of carbon particles and hence cannot be excluded from
the beam line. Therefore, the incoming beam nuclei can interact with S1, which is to say
that the upstream survival probability of a beam nucleus ‘b’, Psib # 1. However, since we
can measure the mass-changing probability of any nucleus interacting with the PE and
C targets, we can utilize these values to compute the interaction probability with S1, or
conversely the survival probability of any beam nuclei.

Following the analysis detailed in Sec. 6.2, the mass-changing cross-section (O'g_)x) on
a proton target for a nucleus ‘b’ can be computed. Similar to the case of polyethylene,
given that the carbon-to-hydrogen ratio for each polymer cell in vinyl toluene is known
to be C: H = 1 : 1.1, the mass-changing cross-section of ‘b’ interacting with S1 can be

computed with the following formula:

Ssi1 _ C p
Op_x = Op_x + 110, . (A1)

In general, the survival probability of the nucleus ‘b’ for a target T is written as, PE_}b =

(1- P];r_)X) and the interaction probability is expressed in terms of the cross-sections
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: c p S1 S1 PL(B)
Label Beam(i) o,-,, [mb] 0,_,x [mb] 0,y [mb] P> o)

A 2c 746.6 + 23.4  242.6 +21.4 1013.5+33.2 0.976 £ 0.001

ic 635.8 +£65.2 271.9+60.0 934.9+92.8 0978 +£0.002 1.002 £ 0.002
B 1 582.0 +£211.0 611.3+198.7 1254.5+303.8 0.971+0.007 0.995 £ 0.007
108 912.0 = 152.2 517.0 £140.9 1480.7 =217.2 0.966 + 0.005 0.990 + 0.005

Table A.1.: The mass-changing cross-section of the primary !'C, !B, and '°B nucleus on
the C and p target. The cross-section on S1 is calculated as per Eq. (A.1).

and target parameters as, PE_}X =1-—exp (—dTnTag_)X), where dr is the target thickness
and nt is the number density of the target. For exponent values y <« 1, the expression
f(y) =1 —exp (—y) = y. With this approximation, we get Pl;r—>x ~ dTnTag_)X implying
that Pg_)b ~ (1- dTnTag_)X). This enables us to re-substitute for the ratio of the upstream

survival probabilities of the ‘f” and ‘b’ nuclei in Eq. (6.19).

In the case !'C production, the interaction cross-sections of the primary ''C and '>C
are required. Since these nuclei are present in the data, the corresponding in-target mass-
changing probabilities are a measured quantity. The computed cross-section values and
the corresponding survival probabilities of the two nuclei are given in Tab. A.1. The same
technique is applied for the analysis of boron isotopes as well. The last column of Tab. A.1
gives the ratio of the upstream survival probabilities nucleus ‘f* ={ ''C, !B, B} and ‘b’

=12C, which is very close to 1, hence simplifying the formalism as expressed in Eq. (6.19)
P
Pbib
tifies the fragmentation of the beam nucleus ‘b’ into nucleus ‘f* upon undergoing and

The second term however, is the ratio ( ) containing the probability, P]l:if. It quan-
interaction in the upstream region. Analogous to the explanation with the upstream
survival of a nucleus, we associate the upstream production of ‘f” to the interaction b+S1,
which can then be calculated by using Eq. (A.1) for the production cross-section of ‘f’.
Alternatively, to determine the ratio, the quantity P;;if can be substituted by the total mea-
sured production probability of nucleus ‘t” with the PE target, Pgif (calculated and given
in Tab. 5.5). Then the ratio term is expressed in terms of known quantities as Pgif / Pgl_)b,

and is given in Tab. A.2. The denominator corresponds to upstream survival of 12C and is

calculated in Tab. A.1.

The ratio of the two quantities is O(1073). Moreover, the two target survival probabilities

in Eq. (6.19) are calculated using Eq. (6.4). Their values are of the same order, that is, PfT_)f &
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T
PSl _
Fragment (f) szEC_)f P1521C—>12C (ﬁ) x1073
e 0.0060 + 0.0002 0.0061 + 0.0002
g 0.0058 + 0.0006 0.976 + 0.001  0.0059 + 0.0006
108 0.0036 + 0.0002 0.0037 = 0.0002

Table A.2.: The in-target production probability of the 'C, 1'B, and !°B nuclei from frag-
mentation of the '2C. T: The denominator in this ratio is the same as the P>
for 12C given in Tab. A.1.

PE—»b’ for the PE and C targets. Therefore, their difference is ~ O(107°), significantly

reducing the total contribution of the second term significantly to ~ O(107°).

A.2. Production of Lighter Fragments

In this section, the impact of the indirect channels in the production of particular light
nuclear fragments is investigated. The emphasis is on the production °C, 1°B and the Be

and Li isotopes from the interaction of 'C nucleus with the target.

A.2.1. Carbon and Boron Fragments

The production of °B and 1°C from '>C+T interaction proceeds analogous to the analysis
described for ''C and !'B in Sec. 6.4, with additional terms for more than one consecutive
interactions, leading to production of the fragment of intereset.

In principle, the upstream interaction probability for the '?C nucleus is finite and
p E)C—>X
can further interact inelastically with the target and convert to lighter fragments like the

# 0, thereby leading to production of '!C or a ''B fragments. These fragments

10C or the °B nuclei. To simlify the notations, let the fragmenting 2C nucleus be written
as ‘b’, and the fragment of interest as ‘f”. Then the intermediate particles, like HC are
denoted as ‘i’. Therefore, the total measured probability when the target is inserted (IN), is

written like Eq. (6.12) with additional terms, as follows:

IN _ pw pT pVD pdn wp T | pVD pdn
Py e = Py P ePeePr o + Z (P bsil i—>f) Pe ¢P s
i (A.2)

up T VD pdn up T VD pdn
P PP e P e+ P Py PP
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The first, third and the last term on the right side of the equation above is exactly the same
as those of Eq. (6.12). It denotes the production of ‘f” from ‘b’ in the upstream, in-target and
the VD regions respectively. Whereas the second term indicates a sum over the production

probability of ‘f” inside the target from the intermediate particles i={''C, 'B}.

The second term contains two production probabilities as opposed to the other terms
containing just one. However, for a single interaction in the target, say, i—f, the corre-
sponding production probability PiT_> ¢~ 0(107%), and is only a fraction of the survival
probabilities of ‘b’ or ‘t” given in ??. Therefore, in any case, the product of production
probabilities, PsiiPiT_)f in the second term for the two-step reaction is ~ O(107°%). A simple
explanation for this is as follows: for any given target, the probability that a nucleus
undergoes an interaction i—f is related to the nuclear interaction length as P;_,s o dr/A.
The typical values of A for the PE or the C targets are ~ 20 cm, while the target thick-
ness dr is approximately 10% of A. Hence, the interaction probability P, s < 1(~ 107%),
or conversely the survival probability (terms with the subscript b—b and f—f) is large.
Moreover, in the case of upstream production b—i, the the target is the even thinner S1
scintillator, with thickness ds; =~ %dT. Therefore, P[l)lii < PiT_)f. The total contribution of
the second term amounts to approximately 1% of the other terms, and can be disregarded
from the Eq. (6.20). Similarly, the total measured production in the case of the empty target
holder (OUT) can be written exactly as Eq. (6.13).

Solving equations Eq. (6.12) and Eq. (6.13) and making the necessary substitutions from
auxiliary measurements of primary °B, we obtain the final expression for the in-target
production probability of '°B similar to Eq. (6.19). All the terms are direct measurable
quantities, except for the leading ratio of the upstream survival probabilities. It can be
estimated using the same method as for the !'C production probability from auxiliary
measurements of primary '°B beam. In this case, too it evaluates to ~ 1, simplifying the

calculations.

A.2.2. Beryllium and Lithium Fragments

In the case of fragmentation of beam nucleus ‘b’ to the fragment nucleus ‘f”, such that
AA = Ay, — Ag > 2, for instance, production of beryllium (°Be, “Be) or lithium fragments
("Li and °Li) from '?C beam, multiple indirect reaction channels add to the total production

of these lighter fragments.
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A.2. Production of Lighter Fragments

Along the lines of the production of AA = 1 fragments described in the Appendix A.2.1,
the production of AA > 2 fragments is eq:527 by two and three-step interactions. Such
consecutive processes are quantified by introducing additional terms as given in the second
term of Eq. (A.2). Consider the production of nucleus ‘f” from ‘b’ such that AA = 3, including
all the possible reaction channels. Then, the total measured production probability for the
IN case takes the form of Eq. (A.2), with additional terms for the three step interactions,

and is written as,

IN _ puwp pT pVD pdn
Pb—>f - Pb—)fPf—>fPf—>fPf—>f
up pT VD pdn up T pVD dn
* (Z (P il i—>f) P ¢Pe g + Z (P bsil i—)ij_)f) Pf_)f) (A.3)
i i
up pT pVD pdn up pT pVD pdn
+P Py e P e P + Py PopPos e Py

Except for the two terms in the bracket, the other terms corresponding to direct production
of ‘f” in the upstream, in-target and VD regions, are same as these in Eq. (6.12). The brack-
eted contains the two-step and three-step interactions b—i—j—fleading to production
of ‘. It is eq:527 by the consecutive fragmentation of the intermediate nuclei ‘i’ and 7,
where Ay >A; >A;j >Ar.

Employing the same reasoning as discussed in Appendix A.2.1, the term with the product
of the three production probabilities is a order higher than the two step reaction, and hence
is significantly smaller (~ O(107%)). In which case, the final expression for the in-target

production of ‘f” given in Eq. (6.19) can be used for lighter fragments with AA > 2.
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A.3. Auxillary Measurements of Fragment Production

The number of fragments produced from impurity nuclei N, >N, 1*C and !C are tabulated.
These yields are used in to calculate the probability correction factor for the production
cross section of 1'C, 1'B and 1°B fragments, as described in Sec. 6.6.2. The uncertainties on

the numbers are assumed to be Poisson.

Table A.3.: Number of fragment tracks as measured in the MTPC-L for primary N

Dataset Npeam Niis Niog Niic

PE 1607 7 8 6
C 1383 6 6 4
ouT 349 1 1 1

Table A.4.: Same as Tab. A.3 for auxiliary measurement of °N.
Dataset Npeam NiiB Nios  Nios

PE 1692 7 9 5
C 1292 4 5 2
ouT 315 1 1 1

Table A.5.: Same as Tab. A.3, for auxiliary measurement from primary *C.
Dataset Npeam Niis Niop  Niic

PE 35810 32 81 130
C 31501 12 60 100
ouT 7953 2 3 3

Table A.6.: Same as Tab. A.3, for auxiliary measurement from primary *C.

Dataset Npeam Niop

PE 12300 39
C 10490 21
ouT 2669 6
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