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Abstract

Quasi-free scattering studies in the Ca mass region have been conducted by the
R3B collaboration at GSI in inverse kinematics, with the goal of studying the nu-
clear structure of both stable and exotic nuclei. This work focuses on studying the
single-particle strength in this region, which is achieved through cross-section mea-
surements. Preliminary quasi-free scattering cross sections have been calculated for
both AX(p,2p)*~1Y and #X(p,pn)*~1X reaction channels for the Ca isotopic chain,
with the use of CHy and C targets. Theoretical (p,2p) cross sections for Ca isotopes
were calculated using single-particle cross sections deduced from quasi-free reaction
theory based on the Eikonal model. Experimental spectroscopic factors have been
calculated for quasi-free scattering (p,2p) reactions for the Ca isotopic chain assum-
ing the orbit occupation expected by the independent particle model. The values are
quenched and are consistent with (e,e’p) data for stable nuclei, showing a weak cor-
relation with nuclear asymmetry, confirming earlier R®B measurements using lighter
nuclei. Additionally, research and development for a new target-recoil tracker based
on monolithic active pixel sensors for the R®B experiment are reported here for the
first time. Together with the conceptual design for a full barrel configuration which

is to be used at the planned FAIR facility.

KEYWORDS: quasi-free scattering, single-particle strength, exotic, monolithic ac-
tive pixel sensors, ALPIDE.
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Chapter 1

Introduction

The nuclear shell model as developed by Mayer and Jensen [1}, 2] is a fundamental
concept in nuclear physics which explains the properties and structure of nuclei.
The shell model is an example of an Independent Particle Model (IPM) which de-
scribes nucleons as non-interacting particles, each in its own Single Particle (SP)
state. Nucleons experience a global mean field potential generated from all other
nucleons in the system. Each single particle state has quantum numbers n, [ and j
for the radial momentum, orbital angular momentum and total angular momentum
respectively. Both protons and neutrons are fermions which are particles with half-
integer spins. They obey Fermi-Dirac statistics and the Pauli exclusion principle.
Fermi-Dirac statistics are statistical distributions of many non-interacting fermions
that are identical with discrete energy levels. It is possible to extend this framework
to weakly interacting fermions, however, additional corrections or modifications are
necessary to accurately describe their behaviour in such cases. Energy levels are
filled according to the Pauli exclusion principle which states that no two identical
fermions can exist in the same quantum system simultaneously [3]. While the inde-
pendent particle picture of fermions in a mean field potential reproduces important
nuclear properties, it is an approximation as the nucleons interact with each other
and the emerging system departs from the Fermi gas picture. SP states in quantum
systems are referred to as orbitals. Those with the same quantum numbers can form
a shell or subshell. SP states experience a strong spin-orbit (SO) interaction, which

is attractive for spins aligned with the orbital angular momentum and repulsive for

1



Chapter 1. Introduction 2

spins that are anti-aligned [4]. Nuclei with closed proton or neutron shells are called
“magic” and the corresponding sum of nucleons “magic numbers”. For nucleons, the
magic numbers are 2, 8, 20, 28, 50, and 82, with an additional magic number of 126
for neutrons. Magic number nuclei have higher binding energies compared to their
neighbours on the nuclear chart and thus an increased relative stability. There is
clear experimental evidence that away from beta stability this picture breaks down
and magic numbers are no longer valid or different magic numbers are observed [5].
This picture can also be extended to an inert core of closed shells, with a finite
number of valence nucleons primarily responsible for the nucleus’s characteristics,
such as total angular momentum. A common way to probe the structure of the
nucleus and in particular to study valence nucleons, is direct nuclear reactions, such
as Quasi-Free Scattering (QFS) using leptonic or hadronic probes with large mo-
mentum transfer. To probe nuclei far from the valley of beta stability using QFS,
fast radioactive ions can be scattered on a hydrogen target to measure experimental
cross sections. Theoretically calculated SP cross sections can also be calculated us-
ing the QF'S reaction mechanism on hydrogen targets. Spectroscopic factors (SF) for
initial ground and final states can also be deduced using nuclear structure calcula-
tions. When comparing theoretical SF and experimentally calculated spectroscopic

strength a so called “quenching” is observed [6],

R = 2o, (1.0.1)

Oth

Here R is the average reduction factor, defined as the ratio of the experimentally
measured inclusive cross section, oexp, to the theoretical cross section oy, to states
that lie below the nucleon threshold, for a specific reaction channel. The first exper-
imental data produced to verify this quenching was performed using electron beams
with stable targets. The benefit of electron beam experiments is that there is a
high accuracy in the measurement. This is due to the well-understood nature of
the electromagnetic interaction. Electrons experience minimal absorption effects in
the nucleus and as they are fundamental particles with no internal structure they
provide clean and precise probes of nuclei. High-energy electron scattering mea-
surements typically have lower cross sections because the probability of interaction

decreases with increasing energy and momentum transfer [7]. One of major results
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of these experiments as seen in Figure [1.1] is that for stable nuclei using electron

induced proton knockout, a quenching of the SF of between 60-70% is observed .
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Figure 1.1: Plot taken from [Eh showing the computed ratio of experimental and
theoretical inclusive one-nucleon removal cross section Ry for two types of reaction,
electron scattering (black square) and heavy-ion knockout reactions (red and blue

circles).

This quenching has also been observed for nucleon transfer reactions . The
observed quenching of SF, along with its isospin dependence, is significant as it
suggests the presence of correlations, particularly those not captured by shell model
calculations. In the case of nucleon knockout reactions using light targets (Be, C, Li)
with intermediate energy rare isotopic beams ﬂgﬂ a strong correlation between R and
nuclear asymmetry is observed. QFS reaction studies in inverse kinematics at high
beam energies have been conducted by the Reactions with Relativistic Radioactive
Beams (R?B) collaboration to probe this quenching , . Recent results for

the oxygen isotopic chain are shown in Figure [1.2]
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Figure 1.2: Plot taken from [14] showing the reduction factor R from (p,2p) reactions
as a function of the difference in separation energies, S,-5,, across the oxygen isotopic

chain. The shaded region shows the work of Gade et al. seen in Figure .

The grey banded diagonal region in Figure [1.2| represents points from Figure (1.1}
The benefit of using this reaction probe is that in this energy regime absorption
effects within the target is minimal. It is also possible to fully reconstruct the
kinematics of all particles, measuring both the initial and final states. From QFS
data published so far, there is no clear correlation between nuclear asymmetry and
the reduction factor; instead, a more constant quenching is observed. The aim of
this thesis is to extend QF'S studies to the medium-mass region by investigating QFS
in inverse kinematics, specifically within the Ca mass range. Studying this region of
the nuclear chart offers many benefits, as the isotopic chains available offer a wide
range of isotopes with varying degrees of nuclear asymmetry. Additionally, this area
provides access to several magic and doubly magic nuclei, which have well-defined
shell closures, such as *°Ca and *®*Ca. In particular, the isotopes available in this

experiment probe the robustness of the Z=20 shell gap as the neutron number varies

from N<20 to N>28. Moreover, the relative energies of the d3/2, s1/2, and d5/2
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proton shells vary when filling the f7/2 neutron orbit due to the effective proton-
neutron interactions in the wsd—wf7/2 configurations and, in particular, due to the

tensor force.



Chapter 2

Theoretical Overview

This chapter explores the theoretical frameworks and models essential for under-
standing nuclear reactions and structure, providing a foundation for interpreting
experimental observations and analysing data. Throughout this chapter natural

units will be used h=c = 1.

2.1 Independent Particle Model

The nucleus is a complex system of interacting protons and neutrons, both of which
are fermions composed of quarks and gluons, bound together by the strong force.
Fully describing this many-body system starting from the nucleon-nucleon interac-
tion is computationally possible for only the lightest nuclei, so mean field theoretical
frameworks have been developed to simplify this picture. One such framework is
the IPM which treats nucleons as non-interacting particles in an average spherically
symmetric potential. Simplifying the many body problem from a system of A in-
teracting particles to one of A independent particles. An additional simplification
models the nucleus as two different Fermi-gases: one consisting of proton and one of
neutrons. These Fermi gases weakly interact with each other in a confined volume
with a constant potential. Nucleons can occupy all available energy levels according
to the Pauli exclusion principle up to the maximum Fermi-energy, E; [15]. The

value of the Fermi momentum is derived from the condition that the total number
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of occupied orbits must be equal to the number of particles,

7\ 3 N \ 3
= (379‘/ 1) , = (379‘/ 1) : (2.1.1)

Where V., is the volume of constant potential and pfc the Fermi momentum for the

proton distribution and p' for the neutron distribution, Z is the number of protons
and N the number of neutrons in each gas. For symmetric nuclei the number of

proton and neutrons is the same therefore,

N A
z-N=NTZ_A4 (2.1.2)
2 2

Where A is the total number of protons and neutrons in a nucleus. Applying equa-

tion to either nucleon distribution in equation gives,

A \3
py =y =pf= (37T22‘/V01) . (2.1.3)

By assuming a spherical volume, the nuclear radius, R, can be calculated from,
R = RyAs. (2.1.4)

Here R is between 1.0 and 1.5 fm, depending on the calculation used and A is
the mass number of the nuclei. Using a value of 1.2 fm the Fermi momentum is

calculated to be,

1 /9r\Y3
= = ~ 250 MeV /c. 2.1.5
Pr=T, ( 8) ev/e (2.1.5)

Where the conversion 1 fm = 197.3 MeV is used. The corresponding Fermi energy
can also be calculated non relativistically as,
_

Er =35,

~ 33 MeV. (2.1.6)

Here p is the nucleon mass. This naive model yields already good estimations for the
Fermi energy and momentum for nucleons at the Fermi surface. When one considers
interactions between the nucleons, then the Fermi surface becomes defused and the
valence nucleons have a finite probability to occupy levels above the Fermi energy
and leave holes behind. These can be thought of as correlations that deplete the

single-particle strength. In this picture the nucleons interact with the surrounding
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medium and are no longer independent, they can therefore be described as quasi-
particles. A more precise way of describing single particle states is to solve the many

body Schrodinger equation,
Hyo(7,0,7) = Eo(F,0,7). (2.1.7)

In equation the single particle wave function is represented by v, with 7, o, 7
being the position vector, spin and isospin of each state, o respectively. The wave
function is acted upon by a Hamiltonian operator, H producing an eigen solution
E,, which corresponds to the energy of the system. The Hamiltonian operator can

be expressed as a kinetic term and an interacting potential term,

A
ﬁ:izlz;iv%;vi,j. (2.1.8)
In equation the first term is the kinetic operator for each nucleon to describe
the motion in the nucleus. The second term of equation [2.1.8| represents a potential,
which in the IPM is replaced by an average potential emerging from the average of

the individual interactions between nucleons. Consequently, the Hamiltonian for a

single nucleon becomes,

H(r) = -V 4 V(r). (2.1.9)

2m

For simplicity a Simple Harmonic Oscillator (SHO) with only radial dependence can

be used,

1
V(r)= §mw2r2. (2.1.10)

The orbital angular momentum operator for a system can be expressed as,

L=rxp. (2.1.11)

In equation [2.1.11} r is the position operator and p the momentum operator. The

individual components of L obey commutation rules such that,
[La, L] = i€ap L, a,b,c € {z,y,z}. (2.1.12)

Where €4, is the 3 dimensional Levi-Civita tensor. The magnitude of the vector

operator can be expressed by taking the dot product,

L>’=L-L=L)+L+L. (2.1.13)
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The commutation relation between L? and L is given by,
L% L,] =0, a€{x,y,z}. (2.1.14)
The total angular momentum, J, can be expressed as,
J=L+S. (2.1.15)

Where S is the spin quantum operator. The square of the total angular momentum

operator is given by,
J=(L+S)?*=L>+8*+2(L-S). (2.1.16)

Using the angular momentum operator it is possible to rewrite equation [2.1.9 and
2.1.10 in terms of spherical coordinates as,

_ 1 (5,0 2 Lo 9
H(r) = S (8r ('r 8r> +L > + g mwr. (2.1.17)

Here L? acts on the spherical harmonic function Y) m producing,
LYy (6,0) = L(1 + 1) Yin (6, 9) - (2.1.18)

The spherical harmonic function has quantum numbers [ and m indicating the degree
and order of the function. The # and ¢ simply represent the spherical coordinates.

A centrifugal potential can be found by factoring out from equation [2.1.17]

I(1+1)

Vie(r) = 2mr?

(2.1.19)

The SHO potential, however, is not a complete description of what has been exper-

imentally observed, so further modifications to the potential can be introduced,
Vi(r) = Via(r) + Vis(r) + Vo(r). (2.1.20)

Here V., is the SO coupling potential and finally Vj the central potential. While
the SHO is convenient for carrying out analytical calculations, it extends to infinity
and is unrealistic. As a further improvement the SHO is replaced by a centralised
potential which can be found by considering the nuclear density distribution as a

Fermi distribution,

Vo(r) = vo/d?’?"f(r —rp(r'). (2.1.21)
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Where vy gives the depth and f(r — 1) gives the shape of the potential well. The
solution to equation [2.1.21] leads to a Woods-Saxon potential,

S (2.1.22)

VWS(T r—R
14+e=

~—

The symbol a represents the surface thickness and R is the nuclear radius. It is
possible to calculate R using equation [2.1.4] assuming the distribution is a hard
sphere, however as Fermi-distributions are defuse spheres this is only a first order
approximation. Each modification to the potential affects the shell structure of

nuclei.

N=6 .
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Figure 2.1: The spin orbit term causes a reordering of the nuclear shells from what
the plain Woods-Saxon predicts and the emergence of the magic numbers at shell

closures. Figure taken from .
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Figure shows that when considering only the SHO there are single shells.
The inclusion of the angular momentum potential and Woods-Saxon is represented
in the middle and shows now that orbitals and shell gaps are present. However, this
does not reproduce the experimentally observed magic numbers. This is done by
the inclusion of SO coupling which produces the orbital splitting that reproduces
the magic numbers. The IPM assumes that nucleons move independently of each
other within a average potential, however both short and long range interactions
effect the structure of nuclei. This modifies the strength and configuration of shells
close to the Fermi surface. To measure this effect one can take the overlap of the
initial and final state wave functions after a nucleon is removed and express it as

the sum of single particle states,

Ia+Ia—1
(U ()[R (M) = > (). (2.1.23)
J=Ia—Ir—1

In equation|2.1.23|Ix and I5_; are the angular momentum of the initial and fragment

nuclei respectively. By normalising the single particle states we get,
Si = ;]2 (2.1.24)

This is a so called spectroscopic factor which can be used to link experimental data
and theoretical calculations. The sum over all states of a specific orbital can be
interpreted as the average occupancy number of that specific orbital. The theoretical
cross section for a nucleon removal with SP quantum numbers n, [ and j can be

expressed as,

ow(ly) =Y C*S(Iy,n,1, j)og(n,1, j). (2.1.25)

J

Here og,(n, 1, j) is the single particle cross section. The spectroscopic factor is given
by C2S where C? is the square of the isospin coefficient which is often set to 1.
From Figure and it is seen that for both (e,e’p) knockout reaction and
(p,2p) QFS reactions that for stable isotopes there is a quenching of 35-40% when
comparing experiment to theory. With the ability to use relativistic beams for
knockout reactions in inverse kinematics at intermediate energies it is now possible

to study exotic nuclei.
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2.2 Glauber Framework

The Glauber framework made famous by Roy Glauber in his series of lectures in
1959 is a way of explaining high-energy collisions between nuclei [16]. The frame-
work consists of several approximations such as, the sudden approximation which
is valid when the time interval of the reactions is shorter than the characteristic
nuclear time of around 10722 s [17]. Thereby one can assume that the nucleons are
“frozen” during a reaction and do not participate in a reaction unless a collision
occurs. The eikonal approximation is also then valid which treats the trajectory
of particles as well defined straight lines, which aids with theoretical calculations.

These approximations can also be expressed as,

AE

— 1 2.2.2
7 << ( 6)
A

-5 << 1 (2.2.27)
Ak

- << 1 (2.2.28)

Where E represents the energy transferred, 6 is scattering angle of the beam and &
is the momentum transferred. The symbol A then indicates the change in quantity.
Equation is the approximation that only a small amount of energy is trans-
ferred in a collision. Equation is the approximation that only a small angular
scattering occurs between the incoming nuclei and outgoing fragment. And finally
equation is the approximation that the collision only has small momentum

transfer.

2.3 Quasi-Free Scattering

QFS is a direct reaction mechanism used to probe nuclei [7]. In inverse kinematics
a bound projectile scatters off a stationary proton, subsequently a particle can be
ejected which can be written as (p,p/N) where N can be either a nucleon or a cluster
of nucleons. At sufficiently high energies no other interaction should occur as the
nucleon is removed from the projectile (no absorption). The spectator nucleons in
the projectile remain unaffected, allowing for precise measurement of the knocked-

out system. This enables the recovery of structural information about the parent
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nucleus. The residual daughter nuclei can then be in an excited state containing
holes. If the hole is produced below the Fermi surface, the nucleus will have an
excitation energy E3_; ,which can be measured if the hole state de-excites and
emits a gamma ray, provided the transition is not forbidden. By applying energy

conservation rules one can uncover this result,
By =Sy+FEx 1 =Tx— (Ta-1+Tko +Ts). (2.3.29)

This says that the binding energy By of the nucleus can be separated into the
separation energy Sy = (Mj — Ma_1 —my) and the excitation energy Exa_;. The
separation energy is the minimum energy required to remove a bound nucleon or
cluster of nucleons from a nucleus of mass My. This is then equal to the energy
conservation of all the particles involved. The kinematics of the reaction can be
further examined when considering the momentum conservation. Figure shows

a Feynman diagram for the QFS interaction.

Figure 2.2: Feynman diagram describing the QFS (p,pN) reaction. Symbols are
defined in the text.
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Here, inverse kinematics are used, where p) is the four momentum for the parent
nuclei with mass A. The target momentum pr = (Er,0) as the target is at rest. The
residual nucleus, the scattered proton and knocked out nucleon are represented by:
EA_h Eg and /ZKO respectively. The momentum transfer is denoted by ¢, and index

raising and lowering is performed using the mostly negative Minkowski metric,
n = diag(1,-1,—1,—1), (2.3.30)
The conservation of momentum for four vectors is given by,

> =0 (2.3.31)

Using equation [2.3.31] the momentum conservation at each vertex in Figure can

be evaluated. Momentum conservation at vertex 1 is given by,
Pa— ka1 =@ (2.3.32)
And for vertex 2,
7+ pr = kxo + ks (2.3.33)
Then by equating both equation and to the momentum transfer ¢ a

relation between only non virtual particles is given by,
PA + D1 = ka1 + kro + ks. (2.3.34)

This gives an equation for the momentum conservation for a QFS reaction. From

[18] an equation for the separation energy of a removed nucleon is given by,

q2

C2My

Here ~, 8 are the Lorentz factor and velocity of the incoming beam particle respec-

By =Ta —v(Tko + Ts) — 2(y — 1)my, + By(kko, + ks,,) (2.3.35)

tively. T4, Tko and Tg are the kinetic energies of the incoming beam particle the
knocked out proton and the scattered proton respectively. Finally ¢* is squared

magnitude of the internal momentum between vertex 1 and vertex 2.

2.4 Experimental Cross Sections

There are several different ways of representing the data from an experiment. Here
the formalism for expressing cross section built on by Tanihata et al. [19] is pre-

sented:
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. Ognstic - Lotal elastic cross section, projectile remains in its ground state and

no nucleons are removed.

.+ Omelastic : Lotal inelastic cross section, projectile is excited to a bound state,

but no nucleons are removed.

* Omnteraction : Jotal interaction cross section, nucleons are removed from the

projectile.
+ OReaction : lotal reaction cross section, all observable reaction channels.

.+ Orotal - lotal cross section, all possible reaction channels.

The total reaction cross section can be expressed as,

OReaction — Olnelastic + Olnteraction - (2436)

Both inelastic and interaction cross sections can be observed within an R3B experi-
ment directly, whereas the elastic cross section cannot. At high energies the inelastic
cross section is very small and is suppressed via Pauli blocking in a nucleus-nucleus

collision, therefore one can use the approximation,

OReaction ~ Olnteraction- (2437)

Furthermore one can decompose the interaction cross section into two reaction

modes.

- oaz : Total charge changing cross section, charge of projectile is not equal to

fragment.

- oan - Total neutron removal cross section, more than one neutron is removed

from the projectile.
One can therefore express the total interaction cross sections as,
Olnteraction — OAZ T OAN- (2438)

One can split the charge changing cross section into the sum of the proton removal

cross section and the neutron removal cross section,

OA7Z = OAz + OAN- (2.4.39)
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The interaction cross section can therefore be expressed as,
Olnteraction = OAZ + OAN + OAN. (2440)

The interaction cross section can also be calculated experimentally from a formula

representing the beam current density as a function of target thickness,
dJ -
d_ = _UInteractionJ(Z)T- (2441)
z
Here J(z) is the beam current at position z and T is the number of scattering centres
per unit length within the target which can be expressed as,

PNa

T:A.

(2.4.42)

Where p is the density of the target, A is the mass number of the target material
and N, is Avogadro constant. Figure|2.3|is a diagram representing equation [2.4.41}
where A, is the area of the beam and L the target thickness.

Figure 2.3: Diagram showing a cylindrical beam of particles with area A, impinging

on a target of thickness L.
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Integrating equation over the full length of the target gives,

1 L -
/jdj: _A UInteractionT

ln(J(L)) - l’l’L(J(O)) = - UInteractionTL
J(Z) :J<O)e*UInteractionTL. (2443)

The beam current before the target is then relabeled as “I” for incoming and the

beam current after target as “U” for the unreacted beam,
Utarget — ]targete_o'lnteractionT. (2444)
Where the full number of scattering centres in the target is given by,

T=TL. (2.4.45)

An efficiency correction is applied using data from the empty target runs to account

for possible losses in the Data AcQuisition (DAQ) and detector acceptances,

—0 . Uem
Utarget = (Itargete InteractlonT> —pty (2446)

] empty

Rearranging equation [2.4.46| gives the formula for interaction cross section,

1 Tem Utarge
Olnteraction — ——lIn <—ptyM) . (2447)

T Uempty ]Target
The uncertainty for this measurement can be calculated using error propagation for

each variable,

Alanpty \* | ((Dliarget\* |, ( AUempty \’ A scze
AO'Interacation = ( pty> + (&) + (M> Ut — t
T I empty I target Uempty Utarget

(2.4.48)

2.4.1 Thick Target Formalism

For a thick target, corrections to the cross sections can be applied. When a projectile
enters the target and undergoes a reaction a residual nuclei is produced. This

residual then has the possibility to react again within the target.
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Figure 2.4: Quantitative description of reaction loss in target due to secondary

reaction of the residual nuclei. Figure taken from [20].

Figure shows that the initial projectile count at position 7" in the target is,
N(T) = Ne or7" (2.4.49)

Here N is the total number of incoming projectiles and ogr is the total reaction
cross section. This equation is equivalent to [2.4.44] however uses symbols from the
author of [20]. If no other reaction was to occur then one simply integrates over the
entire thickness of the target giving the same solution as equation [2.4.43, However
if secondary reactions are considered the differential cross section becomes,

dN'(T)
dT

= Ne orNeg=(Or=ow)Ty (2.4.50)

Here o7, is the total reaction cross section for the residual nuclei from the first

reaction and o_,, is the cross section for a secondary reaction.
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Integrating equation [2.4.50)| gives,

T N
/ dN'(T) = Ne o&lNtg=(or=oR) Ty _ AT
0 0
Nt
N'(N,) = No_p,e "N / e~ or=oR)TqT
0

—(or—0p)T Ni
N'(N) = No_pne oM { ¢ . ]

—(or — o) 0
e_(O'R_O';g)Nt — 1)
)

—(op — 0}

N'(N,) = No_,e RN ( (2.4.51)

Equation [2.4.51] can be rearranged to give the cross section for a nucleon to be

knocked out,

(2.4.52)

U—xn

N

The total reaction cross section between the projectiles and residual differs only very

_ N'(Ny) ([ (or—0R)

- efo'th — e~ RNt
slightly, unless halo nuclei or other highly unstable nuclei are considered. Therefore,
the approximation og — ¢’(R) can be applied. This is done by using L’Hopital’s

rule to equation [2.4.52]

N'(N, — o
lim o_g, = M lim ( gaj\lf k) )
OR—0 N or—oly \ € IRVt — e—orN:
N 47z (97 = Oh)
e N  or—d'(R) ﬁ (e_UE?Nt — e_URNt)
_ N'(Vy) i 1
—Tn N O'R—>0J(R) NtG*ORNt
N'(Ny) 1
—en = . 2.4.
0_zn N Nte_U;%Nt ( 53)
Therefore, the one proton removal cross section can be calculated using,
1 N_
o 1p z: (2.4.54)

B Nt Nunreacted‘
Here N_j, is the number of nuclei that lose exactly one proton. This is then gener-
alised, such that a cross section for any interaction can be calculated using,

1 Rreaction

ETlnarget ]target

(2.4.55)

Otarget —

Here oyarget T€presents the cross section for a reaction channel, € the efficient correc-
tion for any loss of the fragments, Rycaction and Jiarget the counted number of reaction
products and the number of incoming nuclei of interest respectively. The number of

scattering centres within the target is given by Tiarget-



Chapter 3

Experimental Setup

The s467 experiment [21] was performed during February 2020 at GSI in Darmstadt,
Germany using the R®B setup. The aim of the experiment was two-fold: testing the
roles of three-body interactions of nucleons in neutron-rich isotopes and the detailed
measurements of the quenching of the single-particle strength through reaction cross
section measurements. The rest of this chapter will be dedicated to the setup used

for the experiment.

3.1 Beam Production

A schematic of the GSI facility is shown in Figure [3.1] The ions of choice are first
produced at the ion source [22] and accelerated by the UNIversal Linear ACcelerator
(UNILAC) [23]. The beam is then fed into the SchwerlonenSynchrotoron (SIS18)
[24], a 218 m long ring capable of accelerating ions up to 90% the speed of light.
For the s467 experiment, 86Kr was accelerated up to 580 AMeV at a beam intensity
of 10% particles per spill with a spill length of 2 s. This beam energy is chosen to
ensure that nucleons inside the nucleus behave as if they are nearly free during the
reaction, which also falls within the energy regime where the impulse approximation

remains valid.

20
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Figure 3.1: Overview of the GSI facility. The R®B setup is located in Cave C.

3.2 Fragment Separator

Fully stripped 8Kr is extracted from the SIS18 and fired at a Be primary target with
density 2500 mg/cm? located at the start of the FRagment Separator (FRS) [25].
This produces a cocktail beam which is passed through several magnets allowing for

a selection using the Bp-AE-Bp method. Figure [3.2] shows an overview of the FRS.
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Figure 3.2: Schematic of the FRS beam line at GSI. TA is the primary target area
where the ?Be target is located. S2 and S8 are focal points where time of flight

detectors can be installed.

These ions are then separated depending on their magnetic rigidity which can

be related to the mass to charge value using,
A Bp
— = (3.2.1)
Q B
Here a particle with mass A and charge Q travels through a uniform magnetic field
B thus experiencing the Lorentz force. If the ion velocity ( is also perpendicular
to B the ion will display characteristics of centripetal force and move in a circular

radius p. As the velocity is relativistic a Lorentz factor is included,

v = S (3.2.2)

I

These nuclei of interest are finally passed into Cave C where the R*B setup is located.

3.2.1 S2 and S8 Focal Points

A 1 mm thick BC420 plastic scintillator with an active area of 200x50 mm? was
installed at S2 for the Time-of-Flight (ToF) and the x-position dispersion measure-
ment which is used for the momentum reconstruction event-by-event. The paddle
has two Hamamatsu H10580 PMT attached at each end which can be seen in Fig-
ure [3.3] Each PMT has a timing resolution of 270 ps Full Width Half Maximum
(FWHM) [26].
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Figure 3.3: The S2 ToF detector front and side view with two PMTs connected at

either side of the scintillator.

The x-position in S2 can be measured from the time difference between
the two PMTs of the paddle. The position resolution however is rather poor and
is not necessary for the final measurement. The ToF was then reconstructed with
the flight path of S2-Cave C, where another plastic scintillator was installed. An
additional EJ230 plastic scintillator located on a ladder as seen in Figure |3.4] was

used.
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Figure 3.4: The S8 scintillator ladder capable of holding up to 10 scintillating paddles
of varying thickness and type.

The ladder is capable of holding up to 10 paddles. For this experiment a paddle
1.5 mm thick was used, which is read out by two Hamamatsu H6533 PMTs on
either side of the paddle. The purpose of the detector is to increase the efficiency
measurement due to losses from the high count rate at S2. The beam after S8 is

then delivered to Cave C.

3.3 The R’B Setup

Figure|3.5| provides an overview of the detectors used in Cave C. The detectors in the
figure are color-coded based on what they are made from: purple represents plastic
scintillating detectors, primarily used for time-of-flight measurements of ions; blue
indicates multi-wire proportional chambers, utilized for ion position determination;
green corresponds to gas drift chambers, designed for precise charge identification
of ions; red denotes the calorimeter surrounding the target, responsible for recon-
structing the kinematics of reaction products such as protons and gamma rays; and

orange represents the large-acceptance magnet, essential for fragment separation in
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mass determination. The magnet also ensures that no fragments impinge on Neu-
LAND, improving neutron detection efficiency. Additionally, the setup includes two
plastic detectors, S2 and S8, used in the FRS.

FRS Cave C
'8 o < o O o
= ) -
£33 33 2 £$2%53
.S S u‘g e ¢ SEs 2
S2 S8 - 2
Ill | N v
A_I_F |2 — fememememmemmeoooa
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Figure 3.5: Detectors used in the analysis of the s467 experiment.

3.3.1 The SofSci Detector

The start detector constructed by the Studies On Flssion with ALADIN (SOFIA)
collaboration called Sofia Scintilator (SofSci) is made from a plastic paddle of EJ-
232 plastic with an active area of 50x32 mm? and 1 mm thick. This paddle is
then connected to two Hamamatsu H6533 PMTs. The detector is read out using a
specially produced VFTX module. For this experiment the VFTX firmware is

designed to allow a 7 ps timing resolution.
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| MUSIC

Figure 3.6: SofSci detector is marked by the orange arrow. It is located in between

ROLU (red) and MUSIC (yellow).

Figure[3.6/shows SofSci is placed downstream of MUSIC and upstream of ROLU.
The timing signal from SofSci is used in the calculation of the ToF for both incoming

and outgoing ions.

3.3.2 ROLU Detector

Directly behind the SofSci detector is a veto detector called ROLU (Rechts Oben
Links Unten). This is constructed out of four scintillating paddles mounted on IGUS
drives allowing them to be driven in and out of the beam. They are positioned
such that only a square aperture of variable opening can be set in this experiment,
the aperture is set to 20x20 mm?. This ensures only particles close to the beam axis
that hit the target area cause accepted triggers and the rest are vetoed. The start

signal of the SofSci detector in anti-coincidence with ROLU define the minimum
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bias good-beam trigger. Figure |3.6[ shows the ROLU detector highlighted by a red

arrow.

3.3.3 Gas Ionization Chamber Detectors

The MUIti Sampling Tonization Chamber (MUSIC) and TWIn-Music (TWIM) [29)
are ionization chambers used to determine the energy and also the x angle of the
ion that passes through them. MUSIC contains a mixture of 75% methane and 25%
Argon with a surface area in the (x,y) plane of 200x200 mm? and a thickness of 400
mm. It contains 8 anodes within its volume. The beam causes ionization of the gas
and the electrons/ions produced, induce a current at the anode and cathode. This
signal is used to measure the charge of the ions through energy loss measurement
and the x-angle trajectory through timing measurements at the subsequent anodes
(which reflect the drift time in the detector). The MUSIC detector can be seen in
Figure indicated with a yellow arrow. The TWIM detector can be seen in Figure
placed in front of GLAD.
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Figure 3.7: The TWIM detector placed between the exit of the target chamber and
the entrance flange of GLAD.

3.3.4 The MWPC Detectors

The MWPC (Multi Wire Proportional Chamber) detectors are fundamental in the
tracking of both the incoming beam and the residual nuclei after target. Four
detectors were used MWPC0O, MWPC1 and MWPC2 were placed before GLAD
and MWPC3 after GLAD as shown in Figure [3.5] These detectors consist of a
mesh made of Aluminium evaporated on mylar foil for MWPC0 , MWPC1 and
MWPC3. For MWPC2 Gold is evaporated on mylar foil. Each MWPC contains a
gas mixture of 84% Argon and 16% carbon dioxide at a temperature of 300 K and
a pressure of 1 atm. When a heavy ion passes through the detector it ionises the
gas and the electron/ions produced cause a current to flow. This results in charge
being measured on each pad and an (x,y) position being recorded. MWPCO0 and
MWPC1 have an active surface area of 200x200 mm? and consist of 64x64 pads in
MWPCO and 64 vertical and 40 horizontal in MWPC1 and MWPC2. MWPC3 has
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288 vertical pads and 120 horizontal pads. MWPCO allows for an absolute position
measurement of the beam in the xy plane when entering the cave. Using all three
of these detectors before GLAD it is possible to perform a fitting procedure using
unreacted beam particles to calibrate the x and y position offsets of each detector.
Once calibrated tracking of the ions can be performed before and after the target.
MWPC3 is then used to measure the position of the fragment after GLAD so that

the Bp of the fragment can be reconstructed. A dismounted MWPCI1 can be seen
in Figure 3.8

Figure 3.8: MWPC1 detector before mounting.

3.3.5 The CALIFA Detector

CALIFA is the CALorimeter for In Flight detection of 7-rays and high energy
charged pArticles . The array has been optimised for the joint measurement
of both Lorentz boosted protons and Doppler boosted gammas. The detector is
placed directly around the target chamber. During the s467 experiment CALIFA
contained 1204 highly segmented CsI(T1) scintillating crystals split into two main

parts, the barrel and the end cap. The nominal angular coverage of the barrel covers
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between 43 and 140 degrees and the cap 19 to 43 degrees with respect to the beam
axis . However, for the s467 experiment CALIFA was only partially filled
with angular coverage of 19 to 43 degrees in the cap and 43 to 84 degrees in the
barrel. During the experiment the Internal Phoswich (IPhos) region located in the

cap was 35% complete which can be seen in Figure

30:1] [

Figure 3.9: Simulation geometry of the CALIFA detector for the s467 experiment

shown at different viewing angles, here the IPhos is only 35% complete.

The CsI(T1) crystals are wrapped in reflective foil and connected to two Hama-
matsu S8664-1020 Avalanche Photo Diode (APD) with an active area of 10x 10 mm?
in series with one ceramic housing. The APD’s are then connected to duel range
pre-amplifiers allowing for selection of either: gamma mode, proton mode or both.
The crystal shapes were designed using dedicated simulations and have complex
geometries. The length of the crystals are between 1822 cm. The Wixhausen half
of CALIFA can be seen in Figure |3.10
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Figure 3.10: The CALIFA detector is defined in two sections which are named after
the closest towns they are directed at these are: Wixhausen (right with respect to
the beam direction) and Messel (left with respect to the beam direction). Here the
Wixhausen side is seen with reflective Aluminium foil glued externally acting as an

additional shield for noise, fields and ambient light.

3.3.6 GLAD

The Giant Large Area Dipole (GLAD) is a zero-degree superconducting
dipole magnet that provides a large angular acceptance of £80 mrad separating
fragments and allowing for the detection of neutrons produced in nuclear reactions.
It comes with a maximum bending angle of 40 degrees which allows for a momen-
tum resolution % ~ 1073, providing a much improved isotropic separation of its
predecessor ALADIN . During the experiment two beam settings were used one
neutron rich setting (°°Ca setting) and one proton rich setting (*®Ca setting).
Table shows the current required to bend the main fragment of interest 18 de-
grees. Figure|3.11] shows the exit of GLAD.
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Beam setting BCa | Ca
Beam energy [AMeV] | 580 | 580
GLAD current [A] | 1349 | 2014

Table 3.1: GLAD current for each beam setting of the s467 experiment.

Figure 3.11: GLAD during the preparation of the s467 experimental campaign.

3.3.7 SofToFW Detector

The Sofia Time Of Flight Wall (SofToFW) [36] is a plastic scintillating detector
built up of 28 EJ228 vertical bars read out on both sides by two PMTs with an

2 and 5 mm thick. The inner 19 pairs are read out by

active area of 900x600 mm
Hamamatsu H6533 and the outer 9 are read out by Hamamatsu H10580. The time
difference between the two PMTs of the same bar can be used to calculate the vertical
position within that bar and from which numbered paddle is hit a rough horizontal
position can be estimated. The timing information is calculated from the average

time of the two PMTs of the hit paddle and used in the ToF calculation between
the start detector and the SofToFW. From this an absolute ToF measurement of
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the fragments is obtained. The timing resolution for ToF is 40 ps FWHM and a

position resolution in Y of 3 mm FWHM. The detector can be seen in Figure [3.12]

Figure 3.12: SofToFW detector located behind GLAD and directly behind MWPC3.

3.3.8 NeuLAND

NeuLAND (Neu Large-Area Neutron Detectors) [37] is the new neutron detector
currently used in the R3B experiments. At the time of the s467 experiment the
NeuLAND detector consisted of 8 double planes of plastic scintillating bars with
each plane containing 50 bars. The organic scintillator materials used for bars are
RP-408 and EJ200. Each bar has a volume 5x5x250 cm? given a total active area
of 250x250 cm? and at the time of the experiment a total thickness of 160 cm. At
the end of each bar is a Hamamatsu R8619 PMT. This high granularity allows for

high-resolution measurements and a large multi-neutron detection efficiency.
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3.3.9 Trigger Logic

The TRigger LOgic (TRLO) consists of many different trigger combinations which
form Trigger PATterns (TPATSs). Trigger decisions are programmed using a digital
module called VULOM ([38].

log2(Tpat) Name SofSci and 'ROLU | CALIFA | NeuLAND | S2 | Pulser
0 Min Bias .
1 CALIFA . .
2 NeuLAND . °
3 CALIFA and NeuLAND . . .
4 S2 °
8 CALIFA off-spill X
9 NeuLAND off-spill X
15 Pulser X

Table 3.2: Table showing the trigger logic used for the s467 experiment where circles

denote the detector used for on-spill triggers and crosses for off-spill triggers.

From Table [3.2] one sees both the name and number assigned to the trigger
decision for onspill and offspill triggers. No downscale factors were used for the s467
experiment due to low beam rates. Here IROLU corresponds to the anit-coincidence
signal from ROLU such that no hit is registered in the veto detector. This means

that only ions passing through the reaction target will generate triggers.

3.3.10 Data Acquisition

During the experiment DAQ is performed using both the Multi-Branch System
(MBS) [39] developed at GSI and by Drasi [40]. The decision to accept an event
comes from the TRLO and then if a detector system is firing too frequently it can be
down scaled to avoid over saturation. If the trigger decision is satisfied, all systems
that triggered send data to the main time orderer. Within this data is a timestamp
which is compared to a main clock. This data is then time stitched using a stitching
window of 4 us this means that data from a detector + 2 us of a given timestamp
will be merged. The output file is then saved in List Mode Data (LMD) format

which can be further processed into a ROOT [41] file using software called Unpack
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& Check Every Single Bit (UCESB) [42].

3.3.11 Data Analysis

For the analysis, the R3BRoot [43| software package was used. This is a software
package based on ROOT and FairRoot [45]. Figure shows a flow chart
describing the data processing. Detector data can either be taken from an LMD file
or directly from UCESB stream. This data is converted into map level, this consists
of the basic outputs of detector electronics, such as Analogue to Digital Converter
(ADC) units or Time to Digital Converter (TDC) units. From here the data is
calibrated using a set of calibration parameters and macros, such as gain matches or
pedestal subtraction. Then a final task called ” Cal2Hit” or ” Cal2Cluster” is applied.

Data can then be analysed.
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Figure 3.13: Flow diagram of typical R3BRoot data analysis.



Chapter 4

Calibrations

This chapter will present an overview of some of the detector calibration methods.
The first section describes the calibrations for ToF detectors and the A/Q stability
during the experiment. The second section will show MUSIC and TWIM calibra-
tions. The third will cover the calibration of the MWPC detectors. And the final
section will deal with the CALIFA calibration.

4.1 Time of Flight Calibrations

During the experiment the FRS was tuned to transmit as many isotopes as possi-
ble using a limited momentum space acceptance. A standard Bp-AE-ToF Particle
[Dentification (PID) is used to find the ion of interest. The plastic scintillators S2,
S8 and SofSci were used for the ToF calculation. As these systems do not use the
same clock there is a timing offset between the electronics. An accurate value of the

flight path length must also be calculated. Starting from the equation for velocity

B,
L

Pe= TR
Where L is the path length and ToF the Time of Flight. The timing offset, 75 fset

(4.1.1)

can then be found using,

At = ToF + Toffset- (412)

36
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Substituting the ToF with equation and then multiplying by 3 gives,
L
BAt — Z + ﬂToffset- (413)

To calculate these offset values LISE++ simulations [46] were performed for different

primary beam settings listed in Table

Beam energy [AMeV] 580 580 450
Target Non 9Be 9Be

B[] 0.78124 | 0.74946 | 0.72867

Bp [Tm] 9.28082 | 8.39528 | 7.88889

Table 4.1: Magnetic rigidities and velocities calculated using LISE4++ for three
different calibration runs. These values are used to calibrate path lengths and timing

offsets for the s467 experiment.
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Figure 4.1: The top left plot represents S2 to Cave C, the top right shows S8 to Cave
C, and the bottom left depicts S2 to S8. The three scintillator pair combinations

and their corresponding timing offsets and path lengths are calculated from a linear

fit using equation m

Equation is then the fit function of these plots in Figure[4.1] The calculated
gradient of the line is the timing offset and the y intercept is the ion path length.
The stability of the FRS A/Q identification for each run setting can be seen in

Figure [4.2]
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(b) 5°Ca setting, empty target runs.

Figure 4.2: FRS A/Q identification stability over time for empty target runs for
7=20. Here the horizontal axis corresponds to event number scaled by 5000. For
plot (a) and (b) this corresponds to roughly 3 hours of beam time for each respective

setting.

As can be seen in Figure the A/Q measurement is consistent over the whole
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experiment.

39(jaJ 4O(jaj 41(38/ 48(]aJ 49(jaJ 50(ja

HA/Q 1.951 | 2.002 | 2.053 | 2.401 | 2.452 | 2.503

oa/q [x1078] | 1.276 | 1.272 | 1.287 | 1.566 | 1.578 | 1.606
TA/Q [1074] | 6.540 | 6.354 | 6.269 | 6.522 | 6.436 | 6.416

ra/Q

Table 4.2: FRS mass resolution values for abundant Ca isotopes . The standard
deviation, pa/q is calculated from a gauss fit from the slice at the mean for each

isotope. The resolution is then calculated by taking the ratio of the standard devi-

9A/Q

ation and the mean, :
HA/Q

Table shows the mass resolution for Ca isotopes is around 0.06% which is

more than sufficient for the scope of this study.

4.2 MUSIC and TWIM

The stability of the energy signals from MUSIC and TWIM (which are used for the
charge identification) are sensitive to several factors such as temperature fluctuations
and gas pressure and can cause gain drifts over time. To check and correct for this
the energy values are plotted versus the event number as shown in Figure [4.3] A fit
function is applied to the mean value per bin and from the fit a mean for the run
is calculated. Figure shows these mean gains for each run for anode 0 in both
detectors. These values can then be corrected by applying a gain factor such that

the mean drift is constant for all runs per setting. This procedure is then repeated

for each anode in both MUSIC and TWIM.
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(b) TWIM empty target 38Ca setting run263 anode 0.

Figure 4.3: Energy plotted against event number for anode 0 in both MUSIC (a)
and TWIM (b) for run 263. Here only a single run is shown which corresponds to

one hour of beam time.
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Figure 4.4: Figure (a) and (c) show the mean gain drift as a function of run number
for the empty target setting for 3*Ca and *°Ca for the MUSIC detector. Figure (b)
and (d) show the same but for the TWIM detector.

4.3 MWPC Calibration

The alignment of the detectors was initially assessed by generating position correla-
tions between MWPC1 and MWPC2 (the two closest detectors). Figure shows
the uncalibrated position correlation between MWPC1 and MWPC2 in the x axis
(a) and the y axis (b).
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Figure 4.5: Empty target position correlation plots between MWPC1 and MWPC2.

Plot (a) shows the x correlation and plot (b) shows the y correlation.

Plot (a) shows uncorrelated events coming from MWPC1 and in plot (b) a large
position offset coming from MWPC1. The non correlating events were investigated

by checking the pedestals of each detector.
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Figure 4.6: Plots (a) and (c) show pedestals before calibration and (b) and (d) after
calibration of the energy signals in MWPC0O and MWPCI.
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Figure 4.7: Plots (a) and (c) show pedestals before calibration and (b) and (d) after
calibration of the energy signals in MWPC2 and MWPC3.

From Figure it is seen that in MWPCI1 four pads are overactive, causing
an issue with the position reconstruction. These pads are removed and a baseline
subtraction is applied to all pedestals where the peak of the noise in each pad is
found and then subtracted. For the alignment, tracks of unreacted beam for the
empty target runs are used and the two furthest detectors (MWPC0O and MWPC2)
are assumed to have absolute position taken from their measured position value.
Both the xz and yz projection for MWPCI1 are calculated and subtracted from the
measured values and mean offsets for both x and y are calculated. From Table
it is seen that the change in x position offset for Ca isotopes varies less than 0.2 mm

and for y less than 0.6 mm from the median value.
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38Ca | 3Ca | 1°Ca | 41Ca | 2Ca | BCa | 77Ca | 8Ca | ¥°Ca | °Ca | ®'Ca
Xoffset mm] | -1.0 | -1.0 | 0.9 | -0.9 | -1.0 | -1.0 | -1.1 | -1.1 | -1.1 | -1.0 | -1.0
Yoftset [mm| | -37.2 | -37.4 | -37.4 | -37.4 | -37.9 | -37.8 | -37.2 | -37.4 | -37.5 | -37.6 | -37.7

Table 4.3: Mean values from Gaussian fits applied to the difference between pro-

jected and measured MWPC position in both x and y.

The larger variation in the y offset is due to the poorer resolution coming from
the technical specification of the MWPC’s. As the variation in the offsets across
the Ca isotopic chain is less than that of the position resolution of the detectors, a

simple average offset value for both x and y is taken. Figure [4.8 shows the x and y

position correlation plots after calibration centralised at the origin.
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Figure 4.8: Calibrated correlation plots for all ions from empty target runs between

MWPC1 and MWPC2. Plot (a) is the x correlation and plot (b) is the y correlation.

4.4 CALIFA Calibration

Energy calibrations for CALIFA into the proton range is made difficult as radioac-

tive sources typically do not provide gamma energies larger than 5 MeV. Protons

typically deposit energy greater than 20 MeV therefore it is a good assumption that
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a cluster with less than 20 MeV is not a proton. All crystals were calibrated using
2Na and %°Co source. Both these sources release two well defined gamma rays of
0.511 MeV and 1.275 MeV for ?2Na and 1.173 MeV and 1.332 MeV for ®Co.

Figure [4.9 shows in plot (a) the mapped level energy spectra form cystal 1000-2000
fo a ?Na source. Plot (b) shows the energy spectrum after calibration of the data
in plot (a). The peak positions channel by channel can be found with Gaussian fits

and then a offset and gain factor is determined per this can be calculated using,

Here, E, is the empirically known energy of the gamma ray. g; and o; are the gain
and offset of crystal ¢ and F; the mean adc (analog-to-digital converter units) value

of the Gaussian fit.
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Figure 4.9: Plot (a) shows the mapped level energy for crystals 1000-2000 when

measuring a ?Na. Plot (b) then shows the same spectra after gain matching is

applied.



Chapter 5

Simulations

It is critical to the analysis of R3B experiments to perform simulations to predict
and understand the responses of detectors. An event generator developed by Leonid
Chulkov [47] can be used to reconstruct kinematic variables of the scattered proton
and knocked out nucleon. Figure [5.1] shows a flowchart detailing the procedure.
Parameters are first set such as: which reaction channel, internal momentum spread,
beam energy and binding energy. These parameters are stored in a header file called
“info.hh” which is then parsed to a macro called “qfs.cc”. This macro then generates
primary event seeds using information stored in the header file. The output of this
macro is a ROOT file called “quasi.root”. Analysis of the original event seeds can
be performed using a macro called “ana_file.C” to check the reaction kinematics
and for comparison with simulated data. The event seeds are subsequently parsed
into the FairRoot simulation package, which simulates the response of these seeds
to the detectors and stores the output in a new ROOT file called ”sim_quasi.root”

for analysis using R3BRoot macros.

20
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Primary Event
Generator info.hh
(gfs.cc)
FairRoot
quasi.root
ana_file.C

sim_quasi.root

{ QFS event data }

R3BRootAnalysis.C

{Simulated QFS data ]

Figure 5.1: Flow chart showing how QFS events seeds are produced and then fed

into FairRoot to produce simulation data. This allows for the data analysis of both

the original seeds and simulated data.

5.1 QFS Event Generator

As mentioned, there are several parameters required when producing the event seeds.

These parameters are each very sensitive and cause modifications to correlations.
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Figure 5.2: The plots (a)-(d) display theta correlation plots between the knocked
out proton from *¥Ca and the scattered proton from the target for varying internal

momentum spread of 1, 10, 50 and 100 MeV /c.
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Figure 5.3: The plots (a)-(d) display correlation plots after removing the binding

energy between the knocked out proton from #¥Ca and the scattered proton from

the target for varying internal momentum spread of 1, 10, 50 and 100 MeV /c.
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Figure 5.4: The plots (a)-(d) display energy correlation plots between the knocked
out proton from *¥Ca and the scattered proton from the target for varying internal

momentum spread of 1, 10, 50 and 100 MeV /c.

Figure highlights the effect of increasing the internal momentum spread of
the nucleon that is to be knocked out. Figure [5.3| shows the same as Figure but
with the removal of the binding energy of the nucleus. Finally Figure [5.4] shows
by increasing the momentum spread we smear the energy of the knocked out and
scattered nucleon. By equating both the internal momentum spread and binding
energy to zero the reaction’s kinematics resemble those of elastic scattering which is
what is expected. Event seeds are now calculated for the Ca nuclei with significantly
large statistics in the s467 experiment. Both the QFS (p,2p) and QFS (p,pn) reaction

channels are considered. Parameters for the beam energy at the centre of the target
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are calculated using LISE++, mass excess values for the incoming and fragment

nucleus were taken from [48] and are summarised in Tables [5.1] and .3|

39Ca 400a 41Ca 47Ca 480a 4903 50Ca

Mass excess [MeV] | -27.282 | -34.846 | -35.559 | -42.344 | -44.224 | -41.300 | -39.589

Table 5.1: Ca mass excess values [48].

38K 39K 4OK 46K 47K 48K 49K
Mass excess [MeV] | -28.800 | -33.807 | 33.535 | -35.413 | 35.7120 | -32.2845 | -29.6115

Table 5.2: K mass excess values [48].

390 | 00a | 10a | YCa | 8Ca | ©Ca | 0Ca
E [AMeV] | 411.2 | 392.4 | 374.6 | 513.3 | 495.0 | 477.4 | 460.7
Beta [c] | 0.720 | 0.711 | 0.701 | 0.764 | 0.758 | 0.750 | 0.743

Table 5.3: The first row represents the beam energy at the centre of target calculated

from LISE++. The second row gives the corresponding beta at the centre of target.

An internal momentum spread of 120 MeV /c was assumed for all nuclei at the
time of the simulations, which was calculated by fitting opening angle distributions
to experimental data for 8Ca, as discussed later in this chapter. Figure show
the momentum information for both the knocked out and scattered proton for the

BCa(p,2p)*"K reaction channel.
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Figure 5.5: The plots (a)-(d) show momentum distributions for generated

BCa(p,2p)"K events using information from Tables andp.3l Histograms

(a)-(c) correspond to the x, y and z momentum distributions of the protons where P

and P’ have a random assignment between the struck and recoil proton. Histogram

(d) corresponds to the magnitude of the momentum of both protons.

The event seeds are then also calculated for the (p,pn) reaction channel. Figure

shows the momentum distributions for *Ca(p,pn)*"Ca reaction channel again

with a internal momentum spread of 120 MeV /c.
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Figure 5.6: Momentum distributions for generated **Ca(p,pn)4"Ca events using in-
formation from Tables 5.2 . Histograms (a), (b) and (c) correspond to the
x, y and z momentum distributions of the protons and knocked out neutron where
P and P’ have a random assignment. Histogram (d) corresponds to the magnitude

the momentum.

It is important now to highlight some physical cuts which are necessary later on
for the identification of proton or neutrons within CALIFA and their effects on the

event seeds. A cut on the azimuthal angles between nucleons is made,

|1 — o = 7[ < ¢ (5.1.1)

Here ¢, and ¢, is the azimuthal angle of the scattered proton and knocked out
nucleon. This is done to restrict tagging clusters too close in space and to select only
the strongly correlated nucleons coming from a QFS reaction. Figure shows the
effect of changing ¢ as a function of detection efficiency for both (p,2p) and (p,pn).
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Figure 5.7: The percentage of events seeds remaining by making the cut represented

in the equation for varying values of ¢.

If too low a ¢ cut is made a significantly large number of statistics are lost. A ¢

cut of 30 degrees shown as a black vertical line in Figure is determined as a good

compromise yielding on average an efficiency of 82% for (p,2p) and 72% for (p,pn).

To

increase this gate any larger would risk cluster misidentification. The variation

in efficiency for different isotopes is within 2.5% for all cuts and no large deviation is

seen. The event seeds are then passed through the FairRoot simulation framework.
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This framework is based on Geant4 where events are simulated in steps, at
each step the energy deposited in a material is recorded for a predefined number
of maximum steps. At the end of the maximum step the energy in each volume is
summed giving an energy deposition in each material. This value is then digitised
which is a process which converts this into the expected detector response and can
be subsequently analysed following the exact same reconstruction algorithms as for

experimental data. Figure[5.8|shows the 6 and ¢ correlations for the reaction channel

Ca(p,2p)""K.
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Figure 5.8: Plots (a)-(b) show 6 correlation plots and plots (c)-(d) show ¢ correla-
tions for the reaction channel **Ca(p,2p)1"K. Plots (a) and (c) are QFS event seed
data and plots (b) and (d) are simulated data after being parsed through R3BRoot.
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In Figure plots (a) and (c) show the event seed angular correlation between
protons. Plots (b) and (d) show the same as (a) and (c) but after being parsed
through the full simulation framework. It is clear from plot (b) that there is a
reduced 6 acceptance and that the angular resolution of CALIFA is some what

limited.

5.2 Reaction Vertex Studies

Studies on the effect of the positioning of the reaction vertex where performed as

this is crucial to determine the overall CALIFA (p,2p) and (p,pn) efficiency.
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Figure 5.9: Efficiencies calculated from simulation for several Ca isotopes as a func-

tion of the targets z position.

From Figure [5.9]it is clear that the proton detection efficiency is rather sensitive
to the exact target position along the beamline. The value for the target position
was calculated using two different independent measurements to be either, 39.5 mm

or 35.3 mm.
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Figure 5.10: Efficiency calculated from simulation for the two possible z positions

for both the (p,2p) and (p,pn) reaction for a variety of different Ca isotopes.

As is seen in Figure both z position values are consistent for both reaction
mechanisms with a deviation of less than 1%. Therefore 39.5 mm has been taken
and a systematic error of 1% is considered. This study was also then performed for
the modifications to the x and y position of the target for QFS (p,2p). Figure

shows how the efficiency changes for the reaction channel *°Ca(p,2p)*K.
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Figure 5.11: Evolution of the efficiency for **Ca(p,2p)*K as the x and y position is
modified in increments of 1 mm both in the positive and negative direction around

the nominal target position.

In plot (a) shows the effect on the efficiency by changing the targets x
position and plot (b) shows the effect on y. This variation is within +0.5% for both
x and y, therefore we can introduce a systematic error of 0.5% for each axis. The
total systematic error derived from the simulation is calculated as the linear sum
of individual contributions, resulting in a total of 2%. By averaging values from
Figures [5.11] a CALIFA (p,2p) detection value is determined to be 18.2% and
for (p,pn) 12.7%. The calculated (p,pn) efficiency is notably larger than expected
and will be discussed in Chapter 9.

5.3 QFS Reaction Plane

Using the angular information from CALIFA it is also possible to calculate geomet-

rical quantities that describe the reaction kinematics.
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Figure 5.12: Reaction kinematics for a QFS reaction. Plot taken from [50].

Figure [5.12| shows several kinematic quantities constructed from the momentum
of the beam particle as well as the scattered proton and knocked out nucleon. The
angle between the scattering plane and the spectator plane is calculated using,

COS(O()Z p_ixp_é . ﬁ_@ ~0
P x P3| |P— Q|

(5.3.2)

Here Py, po are the momentum vectors for the knocked out nucleon and scattered

proton and ﬁ, Q the parent and daughter nuclei respectively. It is also possible with
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fragment analysis to test the Treiman-Yang criterion[51] using,
p1 Xpy QxP
IP1 X P2 |Q x P|

However for simulated data this criterion is not necessary as either the (p,2p) or

(5.3.3)

cos(Pry) =

(p,pn) generator is used, therefore the exact source of all event seeds is known. The
opening angle between the scattered nucleon and the knocked out proton is given

by,

cos(0on) = @1 Ez’ (5.3.4)

Opening angle distributions for the *Ca(p,2p)*"K reaction channel using a variety

of internal momentum spread are shown in Figure [5.13
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Figure 5.13: Opening angle distributions between the knocked out proton and scat-

tered proton from the (p,2p) event generator for varying momentum spreads.

As previously stated the momentum spread of 120 MeV/c was used for the
efficiency studies, however the purpose of Figure [5.13|is to highlight the effect of
modifying the internal momentum spread on the opening angle. Figure [5.13| shows
that as the internal momentum spread increases, the distribution broadens, and the

peak shifts to a lower opening angle.



Chapter 6
Analysis

This chapter focuses on the analysis methods used for the s467 experiment [21]. The
first section outlines the tracking procedure after the GLAD magnet for the fragment
identification. This is followed by a description of the in beam tracking process for
ions and fragments, and the reconstruction of proton momentum using CALIFA.
Finally the target thickness and transmission probabilities for the available ions are

presented.

6.1 Momentum Reconstruction of the Fragments

An ion transfer matrix was used for the Bp and A/Q reconstruction after GLAD.
This assumes that GLAD behaves as a perfect dipole, affecting only the x-component

of the ions position and angle. The translation matrix is given as,

Lout Ay Qzo Qgs Lin
Qout = Qpyg Qo Qps gm : (6 L. 1)
) 0 0 1 )

Equation contains a matrix of fit parameters a;; where ¢ and j represent the
position in the matrix (z, 6 or §). Where z;, is the x position measured by MWPC2,
Zout 18 the x position measured by MWPC3, 6;,, the incoming x angle which can be

calculated either from the drift angle of TWIM or from the angular reconstruction

65
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between MWPC1 and MWPC2, which is discussed later in this chapter. Using

matrix multiplication an equation for the x position after the magnet is given by,
Tout = AzzTin + Applin + Azs0. (6.1.2)

Here 0 is the momentum deviation from the nominal Bp of GLAD. As there is only
the MWPC3 detector for both x and y measurement installed after GLAD only
equation can be assumed to be valid. The magnetic rigidity of the fragment is
then reconstructed using,

Bp = Bpo(1 + 6). (6.1.3)

The absolute x position of the MWPC3 detector is made by using a fitting procedure.
This modifies equation to be,

x:)ut = Tout — (aaﬂwxin + axHQin) - ax§5 (614)

Where !, is the now modified x position. In Figure plot (a) shows the Bp
correlation between the Bp measured in FRS and the reconstructed fragment Bp,
which uses this modified x position in its calculation. Plot (b) then shows the
difference of the two values as a function of the FRS Bp. Plots (¢) and (d) are
then slices of plot (b) taken with size £0.025 Tm in regions 9.0 Tm and 9.1 Tm.
Gaussian distributions are fitted to plots (c) and (d) of Figure 6.1 giving resolution
of 25.35(7)x1072 Tm and 24.93(7)x 1073 respectively.
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Figure 6.1: Correlation of Bp from FRS and Fragment tracking with modified x
position. The empty target *°Ca setting was used. Slices of 9.0 and 9.1 Tm are
produced and fitted with Gaussian distributions and a resolution of 25.35(7)x1073
Tm and 24.93(7)x 1073 Tm are calculated respectively.

6.2 Beam Momentum Reconstruction

The reconstruction of the beam momentum before and after the target is essential
for constructing the kinematics of the reaction. Accurate momentum reconstruction
allows for the precise determination of the energy transferred during a reaction. This

is crucial for the understanding of the reaction dynamics.
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6.2.1 Principles

The MWPC detectors before GLAD can be used to construct both the incoming
and outgoing tracks from the target. Figure shows a schematic diagram of the

track reconstruction algorithm used.

XY
X,y XY T XY, X,Y,
\ 1

Incoming

Figure 6.2: Schematic diagram showing how the track reconstruction was performed

in either plane xz or yz using the MWPC detectors.

The outgoing track angle can be calculated using MWPC2 and MWPCI,

tan (Dourx) = ZQ - fl, tan (foury) = yj - Zl. (6.2.5)
2 7 ~1 2 7 ~1

The angle of the ion coming from the target is divided into x and y components,
Oout,x and Ooyy respectively. Using this information the target position in x and y

is reconstructed using the equations,

Tr =z — (w2 — 21) (21 — 27) yr = 1y — (Y2 —y1) (21 — 21)
(22 - 21) 7 (2’2 - 2’1) '

(6.2.6)
Figure [6.3] shows the projected x component distribution for Ca isotopes in the
target region for empty target runs. It is clear that the majority of Ca isotopes

arrive within the target position. When fitting Gaussian distributions to the points
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for each isotope a very small amount of the fit goes outside the target region, however
this is deemed negligible and removed in further analysis by applying a target area

cut.
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Figure 6.3: The projected x position at the target for various Ca isotopes gated on

the unreacted beam condition.

Finally, the angle of the incoming ion can be determined using the projection of

the target and data from MWPCO,

tan (O, x) = w, tan (O, y) = Yo Yr (6.2.7)

20 — 2T 20 — 2T

The momentum magnitude before the target can be calculated using,

‘]‘SIn’ = VIn’B;nlMIn- (628)

Where Py, is the magnitude of the incoming ions momentum, \B;n| is the magnitude
of the velocity vector calculated through ToF measurements between S2 and SofSci
or S8 and SofSci. The mass of the ion My, is determined from the A/Q value

calculated using equation [3.2.1] Similarly the outgoing fragment momentum can be
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calculated from the Bp reconstruction of GLAD,

Pout| = Yout| Bou| Mou- (6.2.9)

Where 130ut is the magnitude of the fragments momentum, | 55ut| is the magnitude
of the velocity vector calculated through ToF between SofSci and the Sof ToFW and
the mass of the ion My, calculated from the Bp reconstruction. The momentum of

the scattering plane is given by,

—

Ps = Pp, — Pou. (6.2.10)

This momentum can be decomposed into longitudinal and transverse components

respectively using,

1/2
Pis= (P2, +P2)"",  Pis=Pu,—Pou (6.2.11)

6.2.2 Angular Straggling in the Reaction Targets

The straggling within a target can be estimated using a Gaussian fit around the
scattering angle. Figure shows the xz plane scattering angle for **Ca which has

a Gaussian fit applied, here the empty target contribution has not been subtracted.

Mean  -0.000258

4500
Std Dev  0.002092
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-0.004 —-0.002 0 0.002 0.004
Scattering angle 6, [rad]

Figure 6.4: Scattering angle x for #*Ca on C target. The straggling from the rest of

the detector setup has not yet been subtracted.
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This procedure is then done for several Ca isotopes for all three target settings.
The empty contribution is then quadratically subtracted to find the straggling in
the target. Results for straggling in C and CHy are shown in Table along with
the result calculated using ATIMA [52] for comparison. As can be seen in Table

the straggling can be calculated reasonably well for the majority of Ca isotopes.

Isotope | Beam energy (MeV/u) | C o, (mrad) | ATIMA Co, (mrad) | CHy 0, (mrad) | ATIMA CH, o, (mrad)
BCa 448.2 2.0(2) 2.3 2.1(2) 2.4
9Ca 129.2 2.2(2) 2.3 2.4(2) 25
0Ca 4113 2.3(1) 2.3 2.5(1) 2.5
Ca 541.4 1.6(2) 1.5 1.7(3) 1.6
e 522.9 1.5(1) 1.5 1.6(1) 1.6
9Ca 505.1 1.5(1) 1.5 1.6(1) 1.6

Table 6.1: Angular resolution of beam isotopes after empty run subtraction and

their corresponding values predicted from ATIMA for C and CH2 targets.

6.3 QFS Tagging Using CALIFA

For a (p,2p) reaction a homogeneous distribution between protons is assumed. From
Figure [5.12| a reaction plane between the scattered and knocked out protons can be
seen. It is a reasonable assumption that during a (p,2p) reaction the scattered
and knockout protons are measured in different half’s of CALIFA. A cut on the
azimuthal angle, ¢ also removes the contribution of clusters too close in phase space
(these would be events with very low opening angle). For the identification of a
proton a cluster of energy larger than 20 MeV is required to lower the chance of
cluster misidentification. The effect of these cuts on proton removal events using

tracking can be seen in Figure [6.5]
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Figure 6.5: Effects of the different cuts on CALIFA data for all

rumns.

From Figure plot (a) shows the ¢ angular correlation when two 20 MeV

or higher clusters are detected, plot (b) shows the cut when searching for (p,2p)

events when comparing the charge and mass in for the incoming beam and outgoing

with a value of $=30

is the combination of the cuts in plot (a) and (b). Putting together

shows the cut when applying equation

)

C

(

degrees. Plot (d

fragment. Plot

)

all the cuts represented in plots (a),

Figure

b) and (c) gives the phi correlation shown in

(
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Figure 6.6: Azimuthal angle correlation plot between two clusters for all **Ca runs
with CH, target. Several cuts are made here such as: both clusters must have
energies larger than 20 MeV, the clusters must be well separated spatially, and
the event must be identified as a (p,2p) reaction based on data from the FRS and

fragment tracking.

6.3.1 Proton Momentum

At the energy regime of this experiment the majority of protons will be stopped
within the volume of CALIFA. Therefore, the total energy of a cluster corresponds
to the kinetic energy of the stopped proton. The kinetic energy is then used to

determine the magnitude of the momentum of the proton,

SIS

lql = (T(Tk + 2my,)) (6.3.12)

Here T} is the kinetic energy of the stopped proton which is equal to the energy
of the cluster. Using the cuts described in section 6.3 the momentum of protons

from (p,2p) events can be reconstructed. This also has the added assumption that



6.3. QFS Tagging Using CALIFA 74

the vertex is point like and located at the centre of the target. Figure shows
the reconstructed momentum distributions for all (p,2p) events for the °Ca runs
using a CHy target. This is directly comparable to the equivalent simulation plots

presented in Figure [5.5]
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Figure 6.7: Momentum correlations between both protons in (p,2p) events for °Ca
beam setting and CH, target. Here no background subtraction is applied and all

available (p,2p) candidates are shown.

From Figure[6.7plots (a), (b) and (c) show the x, y and z momentum correlations
between protons. Plot (d) shows the magnitude of the momentum vectors. Using the
angular information from each proton the opening angle is calculated using equation
5.3.4, Figure shows the opening angle between protons for the “°Ca(p,2p)*K

reaction channel using data from only the 3¥Ca runs on a CH, target.
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Figure 6.8: Opening angle distribution for the 1°Ca(p,2p)*’K reaction channel for

38Ca runs on a CH, target.

Figure shows only the counts for the CHy runs. To produce a differential
cross section the C and empty target contributions must be subtracted and then the

resulting distribution scaled.

6.4 Target Thickness

The number of target centres in both the C and CH; have been calculated using two
different methods. The first method involved measuring the target thickness with
laser measurements and multiplying it by the density value provided by the GSI
target lab [b3] to estimate the number of scattering centres. The second method
utilised energy loss data from the experiment, combined with LISE++ simulations.

Table [6.2) presents the results for both targets using these methods.
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Name | Thickness from laser (mm) | Density (g/cm?) | Calculated target centres (cm™2) | From energy loss (cm™2)
C 10.793 1.84 9.957 x 102 9.99 x 10?2
CH, 24.398 0.94 9.942 x 10% 1.01 x 10%

Table 6.2: Number of target centres deduced from thickness measurement with a

laser and typical density and ones from energy losses.

It is noted that the number of target centres differs by 0.3% for the C target and
0.7% for the CHy target, which represents a very small deviation. Therefore, the
value obtained from the laser measurements is used, as it offers higher precision. A

systematic uncertainty of 1% is then considered to compensate for this deviation.

6.5 Ion Transmission Through GLAD

PID plots are essential for the selection of reaction channels. Figure shows the
PID plots for the 3¥Ca runs. Plots (a), (c) and (e) are the FRS PID plots for empty,
C, and CH, targets. In red are the cuts used to select each incoming isotope. Plots

(b), (d) and (f) are the fragment PID produced when selecting “°Ca.



6.5. Ion Transmission Through GLAD 77

E 24— 10°
; 2
3 N zo? 12
E ; 5 18-
& E % r
i Lt 1677
F C 10
i 14j
%_ 12
; N X X 5 1?; = ‘1‘.7‘ = ‘lﬁﬂ‘ = ‘1‘.9‘ = ‘%‘ = ‘2‘.1‘ = ‘Zﬁz‘ = ‘2}3‘ = ‘2.4 N
FRS A/Q Fragment A/Q
(a) Empty target FRS PID. (b) Empty target “°Ca Fragment PID.
215 r
E Y|
21 10t F 10°
E -
205 r
20; 1035 20; -
o T [
D 195 £ C
o C 107 % C
= L *°F
1850 0 14;7 0
745 X ! T B NN ¥ R E R
FRS A/Q Fragment A/Q
(c) C target FRS PID. (d) C target °Ca Fragment PID.
E 24—
- L 10°
g 22~
g 20l
= N TF .
N F € F 1
(%) — E 1877
@ E > r
- F T
= w L
E_ 14; 10
;_ 12
: : . i N I N T P S —
FRS A/Q Fragment A/Q
(e) CHy target FRS PID. (f) CHy target “°Ca Fragment PID.

Figure 6.9: Plots (a), (c) and (e) show the FRS PID plots for the empty, C, and CH,
targets, respectively, while plots (b), (d) and (f) display the corresponding Fragment
PID plots when selecting *°Ca.
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Figure clearly shows that the isotopes within the FRS PID plots are well sep-
arated, such that there is little ambiguity in the selection of the incoming particles.
From the 4°Ca fragment PID it is clear that the charge changing reaction channels
are well resolved, however the one neutron removal channel is less well defined. The
number of entries within a cut region gives the number of counts corresponding to
the selected cut. By selecting the unreacted channel in the fragment PID for a given

ion in the FRS PID the transmission can be calculated for a specific target setting,

Utarge
ttargct = et (6513)

Itarget .
As in Chapter 2.4 the symbols Uarget and Iiarger are defined as the unreacted and
incoming beam current on a target for a selected isotope. The uncertainty for the

beam transmission is calculated using the formula,

1
A] . 2 AU . 2 2
Attarget = trarget ( = get) + (ﬁ) (6.5.14)
I target Ut arget
The transmission has been calculated for all isotopes with high statistics for each

target setting and are presented in Tables and These efficiencies

are also represented in Figure as a function of the mass number of the isotopes
for each target setting. The empty target efficiency has a noticeably significant
fluctuation in values. This is unexpected, as there are no apparent issues with
geometrical acceptance, and all isotopes used in the transmission calculations have
lifetimes much longer than the ToF between SofSci and Sof ToFW. Therefore an
average empty efficiency value is calculated for each isotopic chain. In Figure the
black circles represent the calculated empty transmission, while the pink triangles
indicate the corresponding average empty transmission. The red squares represent
the transmission probabilities for the C target, while the blue triangles correspond

to the transmission probabilities for the CH, target.
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35AI“ 36Ar 37A1“ 42AI‘ 43Ar 44A1“ 45AI“ 46Ar

tempty [%] | 91.1(5) | 92.0(2) | 91.8(5) | 91.6(8) | 91.3(2) | 91.1(2) | 90.7(4) | 89.5(11)

te [%) | 78.9(3) | 78.7(1) | 78.70(3) | 79.0(5) | 79.3(1) | 79.0(1) | 78.5(2) | 78.1(7)

tem, [%) | 72.2(3) | 72.0(1) | 71.2(3) | 70.8(4) | 70.7(1) | 70.4(1) | 70.2(2) | 69.7(6)
Table 6.3:

Transmission probabilities for the Ar isotopic chain. The mean empty

efficiency is calculated to be 91.1(2)%.

ITK K K K| 6K K| K
tempty [%] | 92.2(8) | 92.5(4) | 92.5(7) | 91.6(3) | 91.0(2) | 91.0(2) | 91.0(7)
to [%) | 78.6(5) | 78.5(3) | 77.7(4) | 79.3(2) | 79.0(1) | 78.7(1) | 77.3(4)
tom, (%] | 71.3(5) | 70.9(2) | 70.3(4) | 70.5(2) | 70.2(1) | 69.7(1) | 68.7(4)

Table 6.4: Transmission probabilities for the K isotopic chain. The mean empty

efficiency is calculated to be 91.6(2)%.

BQCa 400EL 410a 47Ca 48Ca 490a SOCa

tempty [%] | 92.7(7) | 93.0(4) | 91.7(10) | 91.1(9) | 90.9(3) | 90.7(3) | 90.7(6)

te (%] | 78.1(5) | 78.1(3) | 77.0(7) | 79.1(5) | 78.7(2) | 78.0(2) | 77.4(3)

tem, (%) | 69.9(4) | 69.8(2) | 69.2(6) | 69.4(5) | 69.6(2) | 68.7(2) | 68.1(3)
Table 6.5:

Transmission probabilities for the Ca isotopic chain. The mean empty

efficiency is calculated to be 91.6(2)%.

428 08¢ 1S 2S¢ %8c
temty [%] | 92.0(10) | 91.1(6) | 90.7(3) | 90.9(4) | 90.6(8)
te (%] | 77.0(7) | 78:2(4) | 77.8(2) | 77.1(2) | 76.3(5)
tem, [%) | 69.0(6) | 69.1(3) | 68.5(2) | 67.9(2) | 66.7(5)

Table 6.6: Transmission probabilities for the Sc isotopic chain. The mean empty

efficiency is calculated to be 91.1(3)%.
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Figure 6.9: Transmission probabilities for isotopic chains in the Ca mass region
for C, CHy and empty targets. The pink line represents the average empty target

transmission.



Chapter 7

Results

In this experiment both C and CH, targets were used. For C targets, absorption
effects are stronger which concentrates the reactions towards the periphery [54].
While for the CH, target the hydrogen allows for the removal of more deeply bound
nucleons [54]. Interaction cross sections have been calculated for both target settings
and then subtracted to find the hydrogen contribution. One proton removal cross
sections have also been calculated for isotopes in the Ca mass region for C and
CH; targets using the the average empty target transmission. These cross sections
have then been subtracted to find the one proton removal cross section for the
scattering of hydrogen. One neutron removal cross sections have not been included
due to limitations in the fragment PID when separating the unreacted beam from
this channel. However, QFS (p,pn) cross sections for Ca isotopes are presented, as
the additional condition required by CALIFA for (p,pn) tagging provides a much
clearer resolution when selecting the one neutron removal channel in the fragment
PID. QFS (p,2p) cross sections have been calculated for the Ca isotopic chain, and
the (p,2p) results have been compared to SP theoretical cross sections provided by

Carlos Bertulani.

7.1 Interaction Cross Sections

Equation [2.4.47| is used to calculate the interaction cross sections for C and CH,

targets using the average empty transmission efficiency. These cross sections are

82
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presented in Tables [7.1] and [7.4]

BAr | 3Ar | Ar | 2Ar | BAr | “Ar | BAr | Ar
Otnteraction(C) [barn] | 1.40(5) | 1.47(3) | 1.47(5) | 1.43(6) | 1.40(3) | 1.44(3) | 1.50(4) | 1.55(9)
Otnteraction(CHa) [barn] | 2.36(4) | 2.40(3) | 2.51(4) | 2.56(7) | 2.58(3) | 2.62(3) | 2.66(4) | 2.72(9)
Otnteraction(H) [barn] | 0.48(3) | 0.46(2) | 0.52(3) | 0.57(5) | 0.59(2) | 0.59(2) | 0.58(3) | 0.58(6)

Table 7.1: Interaction cross sections for the Ar isotopic chain.

3TK 38K 39K HBK 146K 4TK BK
Otmteraction(C) [barn] | 1.54(7) | 1.55(4) | 1.65(6) | 1.46(3) | 1.49(3) | 1.53(3) | 1.71(6)
Gtmteraction(CHa) [barn] | 2.55(7) | 2.60(4) | 2.69(6) | 2.67(3) | 2.70(3) | 2.77(3) | 2.92(6)
Omnteraction(H) [barn] | 0.50(5) | 0.52(3) | 0.52(4) | 0.61(2) | 0.61(2) | 0.62(2) | 0.61(3)

Table 7.2: Interaction cross sections for the K isotopic chain.

3Ca 0Ca N Ca 17Ca BCa 9Ca 0Ca
Otnternction(C) [barn] | 1.60(7) | 1.60(4) | 1.74(9) | 1.47(7) | 1.52(4) | 1.60(3) | 1.69(5)
Otmgeraction(CHs) [barn] | 2.74(7) | 2.76(4) | 2.84(9) | 2.81(8) | 2.79(4) | 2.91(4) | 3.00(5)
Otnteraction(H) [barn] | 0.57(5) | 0.58(3) | 0.55(6) | 0.67(5) | 0.63(3) | 0.65(2.5) | 0.66(4)

Table 7.3: Interaction cross sections for the Ca isotopic chain.

425 08¢ 5S¢ 2S¢ %S¢
Onteraction (C) [barn] | 1.69(9) | 1.54(6) | 1.58(4) | 1.68(4) | 1.78(7)
TinteractionCH [barn] | 2.82(9) | 2.81(6) | 2.89(4) | 2.98(5) | 3.17(8)
Ftnteraction(H) [barn] | 0.57(6) | 0.64(4) | 0.65(3) | 0.65(3) | 0.70(5)

Table 7.4: Interaction cross sections for the Sc isotopic chain.

The interaction cross section for the scattering on hydrogen is calculated using,

1

OTnteraction (H) = = (Jlnteraction (CH2) — Olnteraction <C>> . (7 1. 1)
2

The corresponding error is propagated to be,

[N

(7.1.2)

AO-IntelraLction <H> - ((Aglnteraction (CHQ ) ) 2 + (AUInteraction (C) ) 2)

N | —

Using the Kox parametrization [55] the interaction cross section for scattering on

hydrogen for Ar, K, Ca and Sc isotopes have been calculated and are presented
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along with the corresponding experimental results from Tables and [7.4]
This is shown in Figure[7.1| where red points indicate experimental results and black

points show interaction cross sections estimated by the Kox parametrization.
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Figure 7.1: Interaction cross sections from experimental data (red) with statistical

error bars shown and calculated cross section from the Kox parametrization (black).

As can be seen in Figure the experimental data follows the expected Al/?
trend as the nucleus size increases. The Kox parametrization also captures well the

overall trend, however it lacks the specific nuclear structure of each isotope.
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7.2 One Proton Removal Cross Sections

The inclusive one proton removal reactions that lead to a bound A-1 daughter
nucleus are extracted for the Ar, K, Ca and Sc isotopic chains. Cross sections
are presented in Tables and for scattering on C and CH, and the
subtracted H target. Equation is used to calculate the one proton removal
cross section for the CHy and C targets. The efficiency term e of equation is

taken to be,

€ +1
_ empty 5 target ) (723)
Where €empty is the empty target average and tyapget the transmission probability for

an incoming ion. The one proton removal cross section induced by scattering off of

hydrogen is calculated using,
1
o-1p(H) = 5 (0-1,(CHz) = 0-1,(C)). (7.2.4)

The corresponding error is propagated to be,
1
2

ol

Ao 1p(H) = 5 (A0_1p(CH)) + (Ao_1,(C))?) (7.2.5)

S5Ar | SAr | STAr | 2Ar | 4Ar | “Ar | ®Ar
o_1,(C)[mbarn] | 83(3) | 78(1) | 66(3) | 49(4) | 27(1) | 27(1) | 18(1)
_1,(CHy)[mbarn] | 136(3) | 141(2) | 115(3) | 76(5) | 49(1) | 51(1) | 39(2)
o_1,(H) [mbarn] | 26(2) | 32(1) | 24(2) | 14(3) | 11(1) | 12(1) | 11(2)

Table 7.5: Ar one proton removal cross sections.

MR | K| WK | K| K| 4K
o_1,(C) [mbarn] | 101(5) | 82(2) | 95(4) | 33(1) | 20(1) | 20(1)
_1,(CH,) [mbarn] | 166(6) | 146(3) | 147(5) | 52(2) | 34(1) | 37(1)
o_1,(H) [mbarn] | 33(4) | 32(2) | 26(3) | 10(1) | 7(1) | 8(1)

Table 7.6: K one proton removal cross sections.

3Ca | MCa | MCa | #8Ca | ¥Ca | *Ca
o_1,(C) [mbarn] | 81(4) | 89(2) | 81(6) | 38(1) | 24(1) | 27(2)
o_1,(CHy)[mbarn] | 142(5) | 156(3) | 152(8) | 69(2) | 45(1) | 42(2)
o_1,(H) [mbarn] | 31(3) | 34(3) | 35(7) | 15(1) | 10(1) | 8(1)

Table 7.7: Ca one proton removal cross sections.
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%0Sc | 5'Sc | 52Sc

0_1,(C) [mbarn] | 29(2) | 20(1) | 7(1)
0_1,(CHy)[mbarn] | 47(3) | 36(1) | 13(1)
o-1p(H) [mbarn] | 9(2) | 8(1) | 3(1)

Table 7.8: Sc one proton removal cross sections.

The values in Tables and [7.8] are also then presented in Figure [7.2] as

a function of mass number A.
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Figure 7.2: Inclusive one-proton removal cross sections to a bound A-1 daughter

system for various isotopes in the Ca mass region.

The overall trend in Figure is well expected as the protons are more and more

deeply bound as one moves towards the more neutron rich nuclei. Being more deeply

bound means that their separation energy is larger and the proton’s wavefunction is

more concentrated in the interior of the nucleus. Additionally, the excess neutrons

are expected to enhance the absorption of the scattered proton, potentially leading

to secondary reactions and an unbound daughter nucleus. Since the cross-section

measurement requires the A-1 system to remain bound, such events are excluded.
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Which could lead to an underestimation of the total cross-section and impact the
interpretation of reaction mechanisms in neutron-rich systems. While in many cases
the error bars are relatively too large to allow for a more detailed nuclear structure
discussion, there are a few clear cases which require further consideration. For
example, one proton removal cross sections for >'Sc is at least a factor two larger
than that of 52Sc. This cross sections is very sensitive to the Z=20 shell gap, which in
this mass region is 5.5 MeV and relatively constant |[4]. The large difference between
the two isotopes can be attributed to their specific proton-separation thresholds: 4.8
MeV for 5*Ca compared to 6.3 MeV for *°Ca. In the case of *!Ca, only weakly bound
protons near the separation threshold contribute to the cross-section (which requires
a bound daughter system). In contrast, for ®**Ca, contributions from more deeply

bound protons are also present, leading to a higher cross-section.

7.3 QFS (p,2p) Cross Sections

Conditions described in Chapter 5 and 6 for the tagging of protons of CALIFA are
used and corresponding FRS PID and Fragment PID are produced. Cuts are then
made to the PID plots such that the number of: one proton removal, incoming beam
and unreacted beam events can be counted. Using equation the QFS (p,2p)

cross section can be calculated where the efficiency is given by,

¢ — CoALIFA (p. 2p) éeempty + trarget) ' (7.3.6)

Here ecarira(p, 2p) is the geometrical efficiency of CALIFA for a (p,2p) reaction
which has been calculated through simulation to be 18.2%. Values for the cross
sections for the Ar, K and Ca isotopic chains are presented in Tables [7.9] and
respectively. For each target setting, the reconstructed opening angle of protons
measured by CALIFA is plotted against the corresponding count values. These plots
are then processed by subtracting the contributions from the carbon and empty runs.
The resulting data is scaled to represent the differential cross section as a function
of the opening angle. Figure shows (p,2p) opening angle distributions for four
different Ca isotopes. In blue is the experimental data and in red is the scaled

distribution from simulation.
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Figure 7.3: Experimental QFS (p,2p) cross sections for Ca isotopes (blue) and the

equivalent simulation used (red).

35 Ar
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37Ar

43 Ar
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45 Ar

0(P,2D)exp [mbarn]

15£2

2241

17£2

12+1

12+1

9+ 1

Table 7.9: QFS (p,2p) cross sections for Ar isotopes.

37K 38K

39K

45K

46K

47K

0(P,2D)exp [mbarn]

20+4

23£2

2544

11+1

9+1

9+£1

Table 7.10: QFS (p,2p) cross sections for K isotopes.

From Table neutron rich isotopes such as 4K and 4K have slightly larger

cross sections than that of one proton removal (1 mbarn larger). This is originating
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from the CALIFA efficiency used in the calculation of these cross sections overcom-
pensating, therefore the systematic error to account for this is required which is
discussed in section 7.5. Table shows the experimental results of QFS (p,2p)
of Ca isotopes. Theoretical single particle cross sections for the sd shell have been

calculated using the Eikonal model.

390& 400& 41Ca 480& 490& SUCa

0(p,2p)esy [mbarn] | 1943 | 2942 | 2545 | 14+1 | 1241 | 1443

o (1d3), [mbarn] | 2.942 | 2564 | 2.369 | 2130 | 1.993 | 1.867
0 (2s3),, [mbarn] | 3313 | 2.820 | 2594 | 2.285 | 2127 | 1.981
o (1d3),, [mbarn] | 2.700 | 2361 | 2180 | 1951 | 1.828 | 1714
o(p,2p)w [mbarn] | 35.077 | 30.469 | 28.123 | 25.151 | 23.525 | 22.018
R 0.5£0.1 | 0.9+0.1 | 0.9+0.2 | 0.64+0.1 | 0.540.1 | 0.6+0.1
Sprei [MeV] 5771 | 8.328 | 8891 | 15.801 | 16.305 | 17.267
Skrei [MeV] 13.295 | 15.635 | 8.362 | 9.951 | 5.146 | 6.361
Sfrae [MeV 5142 | 6.381 | 7.582 | 13.229 | 14.206 | 14.546
[

12.071 | 13.077 7.799 8.369 4.643 2.398

Table 7.11: Ca QFS (p,2p) cross sections with theoretical single particle cross sec-
tions and the resulting total theoretical cross section. Values for proton and neutron

separation energies for both projectile and fragment nuclei taken from [48].

By applying equation to the single particle cross sections assuming that
protons are only removed from the sd shell and that the occupation of each orbital
is the maximum predicted by the IPM, total theoretical cross sections are calculated
and presented in Table[7.11] Shells below sd such as pf are not considered as protons
removed from such a deeply bound state would leave the nucleus in a highly excited
state and are assumed to be unbound. Reduction factors are then calculated using
equation and presented in Figure [7.4] as a function of nuclear asymmetry o,

N-7Z N-Z

5_N+Z_ A

(7.3.7)

Where N is the number of neutrons, Z is the number of protons and A is the mass

number.
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Figure 7.4: Reduction factor R for QFS (p,2p) reactions of Ca as a function of

nuclear asymmetry, ¢ (black points). Here only statistical errors are included.

From Figure [7.4] preliminary calculated reduction factors show a very weak cor-
relation with nuclear asymmetry, which is consistent with previous results for QFS

using light nuclei [14].

7.3.1 Momentum Distributions

Using information from tracking it is possible to calculate the momentum distri-
butions in both the x and y direction of the scattering plane. This can then be
compared to the available theoretically calculated single particle x-transverse mo-
mentum distributions provided by Carlos Bertulani. Figure shows the sd shell
single particle transverse momentum distributions for the “°Ca(p,2p)*’K reaction
channel. This distribution is the same in both x and y therefore when comparing
to experimental data the x distribution is used due to the higher position resolution

from the MWPC.
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Figure 7.5:  Theoretical SP transverse momentum distributions for the
Ca(p,2p)*K reaction channel. Each orbital from the sd shell is scaled by con-
sidering the TPM.

Figure [7.6| shows the sum of the single particle transverse momentum distribu-

tions for the °Ca(p,2p)*°K reaction channel,

do din
P : d—Pi(ZSi +1). (7.3.8)

Where each SP state has been scaled by the maximum spectroscopic factor, S; when
applying the IPM. In pink is the experimentally calculated distribution and in black
the theoretical calculated distribution. The theoretical distribution has been folded
with a Gaussian distribution with momentum spread of 60 mbarn MeV /c to reflect

the resolution of the MWPC.
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Figure 7.6: Distributions from Figure|7.5/for the °°Ca(p,2p)*’K reaction channel are

summed and compared to experimental data.

Theoretically calculated SP distributions were also available for the “Ca(p,2p)*"K
reaction channel and are presented in Figure [7.7]
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Figure 7.7:  Theoretical SP transverse momentum distributions for the
8Ca(p,2p)?"K reaction channel. Each orbital from the sd shell is scaled by con-
sidering the TPM.

Each distribution in Figure is summed by considering the IPM and is show
in Figure [7.7] The experimental distribution is shown in pink and the theoretically

calculated distribution in black.



7.3. QFS (p,2p) Cross Sections

94

[mbarn / 60 MeV/c]
N w »
N (6] w ()] I a1
R R L LA L

o, 2p)
dP,
L o
||||||

o
o
|

— Theoretical
—— Experimental

’.I ............... .............

—9000 -800

-600

-400

-200

0 200

P, [60 MeV/c]

400

600

800

Figure 7.8: Distributions from Figure|7.7|for the ¥Ca(p,2p)*"K reaction channel are

summed and compared to experimental data.

For all other (p,2p) reaction channels theoretical calculations were not available

at this time, however, the momentum spread of the transverse momentum distribu-

tions are presented in Tables [7.12] [7.13] and [7.14] along with the values for *°Ca and

48(3&

35}\r

36}\r

37}\r

42}Xr

43}\r

44}\r

45p&r

o(Px) [60 MeV/c]

128(12)

142(5)

136(13)

103(20)

135(9)

144(8)

123(15)

Table 7.12: Momentum spread for the x-transverse component for Ar isotopes.

37}{

38}(

39}{

45}{

46}{

47}{

o(Px) [60 MeV/c]

108(16)

129(8)

133(13)

130(12)

124(8)

142(11)

Table 7.13: Momentum spread for the x-transverse component for K isotopes.
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SQCa

40Ca

41Ca

4SCa

490&

50Ca

o(Px) [60 MeV/c]

163(22)

142(8)

124(19)

136(10)

133(10)

98(13)

Table 7.14: Momentum spread for the x-transverse component for Ca isotopes.

The distributions that the momentum spread is calculated from is show in Fig-

ures and for the Ar, K and Ca nuclei respectively.



7.3. QFS (p,2p) Cross Sections 96

0.24— oo E
E Entries 51 0.18F [+ Entries 354
a 022F Mean -17.06 %) E | Mean 8.305
c E Std Dev 1283 c E [= Std Dev 142.9
S o2 S ousf
Q E o E ‘
O o0asf =2 S o014
3 ouf 3 5
2 E [ 2 o2k ]
g 0.14F g E E
= E = 0.1
8 0.12 E 8 E
3 01F T 008~
g 0,08 g 0.06F H
5 006F = C
g E 8 onf [ -]
7] 0.04 E %) 002 E J ‘
0.02 = e
E o U M
*?OOO -800 -600 —-400 -200 200 400 600 800 *9000 -800 -600 —-400 -200 200 400 600 800
P, [60 MeV/c] P, [60 MeVI/c]
35 34 36 35
(a) *°Ar(p,2p)**CL (b) *°Ar(p,2p)*°CL
r M Entries 55 03 1 Entries 3
9 025 Mean 33.64 o E Mean 3154
c C Std Dev 136.1 € C Std Dev 103.6
=1 C =3
a E 3 025
o E o C i
- 02 S £
[ C [ E
1] C L 021
© F © E
g 0.15 ) E =
g E S oisp [
o r —L kel C
Q 0.1 o |
C 0.1
8 C g F L
3 E ] 3 F [
S 005 S 005
%] = [
I P P ISR I
*9000 -800 -600 —-400 -200 200 400 600 800 *9000 —-800 -600 —-400 -200 200 400 600 800
P, [60 MeV/c] P, [60 MeVI/c]

(c) *7Ar(p,2p)**CL (d) **Ar(p,2p)*' CL

02F | Entries 106 0.2 ‘ Entries 162

) E Mean 29.62 [ Mean 14.44
£ ousf Std Dev 1351 5 E | Std Dev 144.2
2 E 2 o8fF
o 0.16— “L o E
3 = s o oisf

0.14 S| E
% E % 0.14fF

0.12 E
£ E £ oa2f -]
ISR = 2 E ‘
15 E c 0.1~ "7 =
=l = . o E
B 00sF ‘ o 0.08F
3] E 15 E
g 006 H L S 006f
3 E ‘ s E
S 004 fi S 0.04F I
i | . 7 -

0.02f~ [ 0021 -] r—\L

*9000 -800 -600 —-400 -200 200 400 600 800 *9000 —-800 -600 —-400 -200 200 400 600 800
P, [60 MeV/c] P, [60 MeV/c]

(e) 43Ar(p,2p)*+2Cl. (f) *Ar(p,2p)*3Cl.

0.25
C Entries 33
) F Mean -37.27
g I Std Dev 123.7
0.2
8 b L
e |-
(7]
2 0.15 F —‘
© L
é b
E f
st
g [ []
3 °f
g 't
s
a2 E [
=1 0057
1) L
fPODD -800 -600 —-400 -200 200 400 600 800

P, [60 MeV/c]

(g) *5Ar(p,2p)**CL

Figure 7.9: P, momentum distributions for (p,2p) reactions of Ar isotopes.
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Figure 7.10: P, momentum distributions for (p,2p) reactions of K isotopes.



7.3. QFS (p,2p) Cross Sections 98

0.18F ] Entries 27 0181~ Entries 148
) E Mean -5.556 ) E Mean -3.919
S o1sf Std Dev 1632 |5 016 R Std Dev 142.4
o g o E
S 14 O 014 oo
3 _F 3 out
@0 o012f 0 0121
S E i © C
£ olf £ o1p il
S wf S ol ]

0.08
o 008 et - E - L
o E 5} E
TS 006 o 006
© = I E
2 onf i oot 3 o004
= E = E
D e ’7 L ‘ ‘ ‘
.02~ .02 -
000800 600 400 200 200 400 600 800 000 TB00 600 400 -200 200 400 600 800
P, [60 MeV/c] P, [60 MeVI/c]

(a) 3°Ca(p,2p)>*K. (b) *°Ca(p,2p)*K.

02 02
01sE ] Entries 21 £ ] Entries 88
j%) E Mean 35.71 o 018p [ Mean 28.18
c E Std Dev 124.1 € £ Std Dev 136
S 016 3 016 T
<} E <} E
o ouf i = 5 014f
o ouE o o
Q = Q E ”
2 o012 2 onf =
N o i
£ o1 3 E
S = — = 5 o1f
c E c E
- 008F o 008
2 E 2 E
=) =)
g ook g oosE ’7
2 E 2 E
S oo S 004p il )
(7] E (7] £ [
002~ 0.02f
000800 600 400 200 200 400 600 800 000800 600 =400 ~ -200 200 400 600 800
P, [60 MeV/c] P, [60 MeVI/c]
41 40 48 47
(¢) *Ca(p,2p)*’K. (d) **Ca(p,2p)*'K.
02 o Entries 89 035 1 Entries 25
8 o18F Mean 6.854 o r Mean -67.6
€ 08 [ Std Dev 132.8 € E Std Dev 98.19
3 E 3 o3f
8 o 3 =
B omf B ozsF
1] E L2 E
® 012 © E
€ E = £ 02
s o0af <] =
S E S ousf il
o o E
g °%E [ [ 8 F L
& o008 f 8 oaf
5 E 5 £ i
S 004 =1 = (
(7] E @ 005
002 l F ’—‘
C PN RN BN R PN PRI SR
000800 600 400 200 200 400 600 800 000800 600 400 200 200 400 600 800
P, [60 MeV/c] P, [60 MeV/c]

(e) **Ca(p,2p)**K. (f) 5°Ca(p,2p)*K.

Figure 7.11: P, momentum distributions for (p,2p) reactions of Ca isotopes.

Figure shows the results from Tables [7.12] [7.13] and [7.14] as a function of

mass number.
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Figure 7.12: Transverse momentum spread for QFS (p,2p) reactions.

From Figure a weakly decreasing trend is seen for the Ca isotopic chain, all
other chains show a very constant correlation. In chapter 5, a value of 120 MeV/c
was estimated for the simulation studies. This value was extrapolated from fits
performed using “®Ca and as can be seen, this value aligns well with what has been

calculated experimentally.

7.4 QFS (p,pn) Cross Sections

Using conditions described in Chapter 5 and 6 cuts involving CALIFA are applied
and PID plots are produced. The incoming and unreacted beam are counted, as
well as the one-neutron removal channel, which now has sufficient resolution to be
counted. The reconstruction is made more complex as the interactions of neutrons
within CALIFA is not completely defined. Among the various models developed
in Geant4 is the QGSP BERT EMV, which is suitable for simulations of protons,
neutrons, pions and kanos below 10 GeV. This model was used for the simulation
of neutron interaction within CALIFA and the resulting (p,pn) efficiency. Cross
sections are calculated using equation where R,cqction is the number of (p,pn)
events counted in the fragment PID. The CALIFA efficiency for (p,pn) detection,
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ecarLira (p, pn), was calculated in Chapter 5 to be 12.7%. This efficiency is higher
than expected, however, it has been used for preliminary calculations. The QFS

(p,pn) cross sections is calculated using equation [2.4.55( with an efficiency of,

€= ECALIFA(p’pn)z(Eempty + tt““get). (7.4.9)

Preliminary QFS (p,pn) cross sections for the Ca isotopic chain have been calculated

and are presented in Table

OCa | 8Ca | ¥Ca | °Ca

o(p,P)exp [mbarn] | 9£2 | 1342 | 16£2 | 1443

Table 7.15: QFS (p,pn) cross sections for Ca isotopes. .

It is noted that values in Table are lower than expected due to this larger
than expected efficiency calculation, however the expected increasing correlation
with mass number is present. Opening angle distributions have also been produced

for reaction channels with available statistics and shown in Figure [7.13]
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Figure 7.13: Experimental QFS (p,pn) cross sections for Ca isotopes (blue) and the

equivalent simulation used (red).

From Figure the opening angles have a consistent peak position. Due to the
low statistics and uncertainty with the simulated neutrons efficiency the peak height
is not consistent for all distributions such as plot (c) and plot (d). This highlights
the importance of further studying the neutron detection efficiency of CALIFA for

more accurate (p,pn) event reconstructions.

7.5 Discussion

Interaction cross sections in the Ca mass region have been calculated using C, CH,
and empty targets with beam energies of 400-500 AMeV using inverse kinematics.

Mass identification of both the incoming ions and outgoing fragments was achieved
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with a suitable resolution for transmission studies. The number of scattering cen-
tres in each target was calculated using two different methods and was within 1% of
each other; therefore, a systematic error of 1% can be considered. The inconsistent
transmissions observed in the 3¥Ca empty target runs was remedied by applying
an empty run average. In doing this a systematic error of 2.5% is considered for
both C and CH, cross sections. When subtracting the C contribution from the CHy
target the error from the empty target effectively cancels out, therefore a smaller
systematic error of 1% is more reasonable for H cross sections. Calculated interac-
tion cross sections on hydrogen are consistent with values obtained from the Kox
parametrization as seen in Figure[7.1] Inclusive one proton removal cross sections in
the Ca mass region have been calculated. As seen in Figure[7.2] as nuclear asymme-
try increases the one proton removal cross section decreases. This is because as the
neutron number increases the neutron separation energy decreases such that when
a proton is removed the resulting daughter nuclei is more likely to be in an unbound
state such that further reactions occur. This also happens as the knocked out pro-
ton is from a deeper state as the neutron number increases, therefore the resulting
fragment is left in a highly excited state. Exclusive cross sections could not be
calculated due to the limited efficiency of CALIFA. Preliminary QFS cross section
for both (p,2p) and (p,pn) have also been calculated for the Ca isotopic chain. In
using CALIFA to tag protons and neutrons simulations were required to reconstruct
the efficiency of using this method. This was calculated to be ecarira (p, 2p)=18.1%
and ecapira (p, pn)=12.7% for the QFS (p,2p) and (p,pn) reaction mechanisms re-
spectively. This method has limitations as the efficiency is very much dependent on
where the beam hits the target and the location of the target and the Geant4 physics
list used. This then appears to have overcompensated slightly as some (p,2p) cross
sections such as K and *°K have larger QFS (p,2p) cross sections than one proton
removal cross sections. A further systematic error of 2.0% is considered (1% for z,
0.5% for x and 0.5% for y). The aim of this experiment was to produce a kinetically
complete measurement to study QFS reactions, however at the time of writing this
thesis the neutron analysis from NeuLAND (Neu Large Area Neutron Detector)

was not completed and there was no access to a recoil tracker around the target.
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In the proposal for the experiment a silicon tracker utilizing Double-sided Silicon
Strip Detector (DSSD) called Alpha Magnetic Spectrometer (AMS) was planned,
however issues with the vacuum chamber meant this was not possible. Even with
this limitation the angular resolution of CALIFA (approximately 2 degrees) was suf-
ficient for reconstructing the opening angle between two high energy hits. Angular
distributions produced from simulation, match well with experimental distributions
for both (p,2p) and (p,pn) reaction channels. For proton rich nuclei the calculated
QFS cross section is consistently lower than the one proton removal cross section.
For neutron rich nuclei the values remain consistent with that of one proton removal
cross sections. Momentum distributions for the P, component of the QFS (p,2p)
reaction channels were obtained showing a loosely decreasing correlation. Due to
lack of statistics and the limited position resolution the y-transverse momentum
distributions have not been included, but from the kinematics both components
should be equal. It is also noted that the value of internal momentum spread of 120
MeV/c used in simulation is consistent with the experimentally measured momen-
tum widths of neutron rich Ca isotopes. SP theoretical momentum distribution for
the 1°Ca(p,2p)*K and **Ca(p,2p)*"K reaction channel for the sd shell have been
provided by Carlos Bertulani. Upon summing these distributions using the upper
limit of the IPM for each shell it is clear that the “°Ca distribution matches well with
experiment. For the “®Ca reaction channel the experimental x-transverse momen-
tum distribution is narrower than the summed theoretical distribution, therefore a
higher S wave and lower D wave component is expected. Preliminary reduction fac-
tor for QFS (p,2p) reactions for Ca isotopes have been calculated and compared to
summed SP theoretical cross sections using the upper limit of the IPM. This shows

a very weak correlation with nuclear asymmetry.



Chapter 8

Research and Development

With the move to FAIR (Facility for Antiproton and Ion Research), new upgraded
detectors are required. The overview of the planned FAIR site can be seen in

Figure where the NUSTAR (NUclear STructure, Astrophysics and Reactions)

Ring accelerator
SIS100

collaborations cave is highlighted.

Linear accelerator Ring accelerator

\/\/ L : 7 ’ / " '
\N / “’ Production of

...... new atomic nuclei

Production of
antiprotons

—_—
100 metres

Bttt and B existing facility

storage rings NUSTAR B planned facility

[l experiments

Figure 8.1: Overview of the planned FAIR facility || The NUSTAR cave will host
the R3B setup.
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The upgraded R®B setup will be located in this cave. Several of the detectors for
the setup have been mentioned already in the previous chapters such as NeuLAND
and CALIFA, the Target Recoil Tracker (TRT) is still under development. Histori-
cally, AMS detectors were used for this purpose. These were DSSD with active area
of 72x40 mm? and 0.3 mm thick. These detectors are no longer suitable due to age
and no available upgrades, subsequently a replacement is needed. The goal of the
new recoil tracker is to be able to measure from 50-1500 MeV protons while also
producing a very accurate vertex reconstruction. It must also have a large angular
coverage for a greater geometrical acceptance and to allow for full angular recon-
struction. The new detector will be comprised of ALPIDE (ALice Plxel Detector)
which will be covered in more detail in the following chapter. The production of the
new TRT is split into several stages. Figure 8.2 shows the design for the stage one

setup inside the target chamber (grey) and surrounded by CALIFA (red).

Figure 8.2: The stage one design for the TRT consisting of three planes on the
Messel side and 3 planes on the Wixhausen side of the target chamber. Each plane

then contains three Flexible Printed Circuit boards (FPCs) with six ALPIDEs per

FPC. This covers an active area of approximately 9x9 cm? per side.

This setup will be the interim until the barrel design is finalised and produced.

Figure shows the current barrel design (green) placed inside the target chamber.
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Figure 8.3: The stage two design consists of 54 staves arranged in 3 barrels. FEach

stave has 9 ALPIDE sensors. Each stave is then 9 cm long.

In the next part of this chapter we will discuss the currently used interim detector

and its successor.

8.1 FOOT

FOOT (FragmentatiOn Of Target) detectors are a temporary replacement to the
AMS detectors during the phase 0 experiments. They are Single-sided Silicon Strip
Detectors (SSSD) with a strip pitch of 50 pm each strip has 2 corresponding floating
strips making a total pitch of 150 um. There are 64 of these strips per Application-
Specific Integrated Circuit (ASIC) and 10 ASICs per detector making a total of 640
channels per detector. The corresponding active area is approximately 100 cm? from
the square geometry and two of these detectors are required to produce an x and y

measurement.
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Figure 8.4: Front side of the first R3B FOOT detector. Here all 10 ASICs are visible

each connected to 64 strips.

Measuring purely the output signal from each detector a pedestal measurement
can be taken which is shown in plots (a) and (b) of Figure By fitting a Gaus-
sian distribution to each strip in plots (a) and (b) a value for the Full Width Half
Maximum (FWHM) can be calculated which is shown in plots (c¢) and (d).
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Figure 8.5: First time pedestal measurements taken with two FOOT detectors and

there corresponding FWHM per channel.

This baseline can then be subtracted strip by strip for each detector and any value
recorded in the future above this can be considered as a potential hit. Limitations
of this system are that the readout unit was limited to less than 5 kHz and that no

direct measurement of energy was possible.

8.2 ALPIDE Detectors at GSI for R3B

The final design as shown in Figure will be a barrel detector made up of Mono-
lithic Active Pixel Sensors (MAPs) namely the ALPIDE created for the ALICE
experiment at CERN produced by TowerJazz [57]. Individual sensors contain pixels

measuring 26.88x29.24 um? in an array of 1024x512. A full sensor has an active

2

area including periphery of 3.0x1.5 cm®. The silicon wafer is 50 pum thick which
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altogether gives the sensor a high position resolution, but currently there is no di-
rect way of measuring the energy deposited by a charged particle. They have a high
radiation tolerance and are also ideal for in beam detectors. The final design should
have a combined angular resolution of o4nge < 2 mrad. It should also have a sub
mm spatial resolution of the z component of the vertex. The angular coverage of
the barrel should complement the surround CALIFA detector so 10-90 degrees in
theta and 27 in phi. Currently, there is no exact requirement for timing resolution.
It has been shown that ALPIDE can achieve a event timing resolution of 2—4 us.
This corresponds to a maximum trigger rate of 25-50 kHz event rate [58]. This is
far higher than what is currently achievable by the AMS and FOOT detectors and

within the requirements of the collaboration.

8.2.1 Readout Scheme and Data Acquisition

Each pixel within an ALPIDE sensor contains its own amplifier and shaper connected
to a comparator and multi-event buffer capable of storing up to 3 hits. A global
threshold for each sensor can be applied such that each detector will have a similar
response to a charge particle passing through it. The readout is arranged in a
“snaking” pattern down double columns of size 2x512 pixels. 16 double columns
are connected to a priority encoder making 32 regions per sensor. The purpose of
the priority encoder is to index the region of the sensor the hit is from. One readout
cycle corresponds to a trigger being received and each region being strobed. This
process should then be repeated until all buffers are empty, however if externally

triggered this is not necessarily the case.
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Figure 8.6: Diagram of a single ALPIDE sensor consisting of 1024x512 pixels ar-

ranged into 32 double columns with each column being 16 pixels wide.

The ALPIDE is read out via a MOSIAC (MOdular System for Acquisition Inter-
face and Control). The MOSAIC is a VME-8U module developed by INFN Bari [59)].
Each MOSAIC has 10 receivers with each receiver capable of reading out 1 sensor,
however tests at GSI have only read out 6 at the time of this thesis. Each receiver
is capable of a bandwidth up to 1.2 Gbps. A SAMTEC firefly cable is connected to
the HI speed Input/output (I/O) seen in Figure [8.7, Each cable has 9 differential
pairs for data, one differential pair for clock and one differential pair for control.
The data is then processed and shipped over the gigabit ethernet to a switch which
then connects to a 10 Gbps ethernet card on the DAQ pc. Each MOSAIC contains
4 Nuclear Instrumentation Module (NIM) I/O ports. Solder pads on the MOSAIC
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board can be configured to set whether the NIM is an input or an output. Mod-
ifications to the firmware have also been made for signal processing. The current
configuration used by GSI is NIM 0 being used to receive a time stamp delivered
by the 6.25 MHz RATA clock protocol and generated by an GSI EXPLODER3
with modified firmware . NIM 2 is configured to receive another external trigger.
NIM 3 is configured to send out the busy signal which can be used in further TRLO

62).
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Figure 8.7: Schematic of the MOSAIC FPGA used for the readout of the ALPIDE.

8.2.2 Test Experiments

Several test beams have been performed using these sensors with the aim to improve
our understanding of how to run the detectors and to build analysis tools for the
data that is produced. The first such data produced was a measurement using a

Single Carrier Card (SCC) and a **Fe beta source. A hit map of the data is shown
in Figure 8.8
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Figure 8.8: **Fe beta source measurement using a SCC. Intensity changes in the
rows 400-512 correspond mylar foil covering the top part of the sensor. Bonding

pads are visible in rows 0-280.

The first in beam test conducted by R*B using SCC was performed on November
2021 at the COMPASS beam line. This work was in collaboration with COMPASS
63] (now AMBER [64]) with the joint aim of understanding and using ALPIDE.
Our setup consisted of four SCC used in standalone mode read out by four MOSAIC
FPGA. At this time no timestamp or trigger information was available so only hit

maps were available as seen in Figure
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Row

Column Column

(c) Detector 2 hit map. (d) Detector 3 hit map.

Figure 8.9: Hit maps for all four SCC. Plot (a) and (b) have all noisy pixels removed
and plot (¢) and (d) have no noisy pixels removed to highlight the need for pixel

masking.

Plots (a) and (b) of Figure have had all noisy pixels removed after anal-
ysis. Plots (c¢) and (d) have not had any pixels removed this is to highlight the
importance of pixel masking to stop data saturation. After this beam time it was
critical that pixel masking and synchronisation between detectors was made. This
was done by updating the DAQ by adding time stamping and adding to the exisiting
software to access the pixel masking registers. These features were then tested at
Forschungszentrum Jiilich. Unfortunately, at the time of the test beam only one
sensor was available. Before the beam time the masking functionality was tested as

can be seen in Figure 8.10
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Figure 8.10: A mask was applied to a SCC and the threshold was reduced to the

lowest possible value, such that all unmasked pixels return a hit.

After this another beam test was performed with the AMBER collaboration
during November 2022 using a muon beam at 160 GeV/c. The detectors also ran
parasitically as part of the final COMPASS runs with protons at energies of 200
GeV.
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Figure 8.11: The left image shows the back of the SCC telescope and the right the
front with respect to the beam. The detectors are placed inside the unified tracking

station chamber provided by the AMBER collaboration.

A start trigger was provided from a plastic scintillator detector from AMBER.
This trigger was then sent to the MOSAICS provided it did not fall into a dead
time window of 40 ps. This was done using the custom trloii firmware on
a VULOM4B . If this dead time was lowered, either data saturation would
occur or triggers would come while the MOSAIC was busy which would cause the
DAQ to crash. This can be optimized by supplying the busy signal over NIM3 to
the VULOM4B, however, this was not functional at the time of the experiment.
Algorithms for clustering and tracking were produced. For this analysis, cluster
size larger than 3 pixels and less than 10 pixels were selected and clusters in all
sensors must be present for a track reconstruction. Figure [8.12 shows the tracks

reconstruction from all six SCC.
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Figure 8.12: Track reconstruction in yz plane from the six SCC cards where the

black vertical lines show the position of the sensors.

To calculate the resolution the same track reconstruction is produced with just
five SCC and then compared to the position in the sixth detector. This difference

between these two positions is plotted in Figure [8.13
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Figure 8.13: The difference between the track reconstructed by five SCC’s and the

position in the sixth detector.

The value of the resolution is then given by the standard deviations in plot.

The x position resolution is 0x=5.53(3) um and the y position resolution is

0y=06.67(3) pm, which is in reasonable agreement with the 5 ym measurement pro-

vided by ALICE . Further tests at varying intensity were also performed. Figure

8.14) shows that increasing the beam intensity did not change the mean cluster size

measured.
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Figure 8.14: Mean cluster size for each beam intensity for each SCC.

This shows that the analysis framework was capable of handling multiple hits in

a single sensor per trigger.

8.3 Future Developments

To progress this work larger arrays of sensors are needed to increase the active area.
Based on the technology developed by the LIMADOU experiment [65], a prototype

FPC (Flexible Printed Circuit board) was designed containing 3x2 sensors.
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Figure 8.15: On the left is a FPC made of Al and on the right a FPC made of Cu.

The left FPC was made of Al and was very flexible, this caused issue with the
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existing LIMADOU mounting and vacuum jigs. The right FPC was made of Cu
just like the LIMADOU FPC resulting in the existing LIMADOU jigs working.
Issues with the gluing of the sensors caused problems when it came to the bonding
of the sensors, resulting in only partial populated sensors being produced. The
detectors were assembled in the Istituto Nazionale di Ricerca Metrologica in Turin.
A Coordinate Measuring Machine (CMM) is used to place the sensors on a teflon

bed as seen in Figure [8.16]

U A A

Figure 8.16: Six ALPIDE chips held on a vacuum teflon bed. The orientation of the
sensors is such that the periphery of the chip is placed closest to the edge of the jig.

Then Araldite 2011 glue is applied to an FPC using a mask and then placed on
top of the six sensors. The FPC’s were then taken back to GSI for bonding. Three
FPC are then glued to a carbon cooling plate to form the stage one detector. These
detectors were then used in experiments during March 2024. Figure [8.17shows the

combination of two FPC forming a plane mounted with four FOOT detectors.
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Figure 8.17: A plane of the silicon tracking detectors used in the s091 and s118 R*B
experimental campaigns, consisting of two x and two y FOOT detectors and two

partially completed FPC.

The FPC have a different style SAMTEC connector to that used with SCC and

require a converter board.
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Figure 8.18: FPC vacuum feedthrough designed by Daresbury laboratories.
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The s091 experiment performed in March 2024 involved elastic scattering of

deuterons and tritons on a LH, target at varying energies.
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Figure 8.19: Cluster size distributions for each run setting of the s091 experiment.

When comparing the deuteron runs in Figure the shape and mean cluster
size of the distribution is different. This implies there is an energy dependence on
cluster size. Due to limited statistics and FOOT analysis not being completed at

the time of this thesis an in depth study is still not available.
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Conclusion and outlook

In this thesis new experimental results for: interaction, one proton removal, QFS
(p,2p) and QFS (p,pn) cross sections have been obtained for a variety of isotopes in
the A=40-48 Ca mass region. The calculated interaction cross sections on hydrogen
exhibit a good correlation with the predictions derived from the Kox parametriza-
tion. Inclusive one proton removal cross sections in the Ca mass region have been
measured, showing a consistent decreasing trend across all isotopic chains as neu-
tron number increases. This is consistent with predictions from reaction and nuclear
structure theory. Preliminary QFS (p,2p) cross sections for the Ca isotopic chain
have been calculated and compared to available theoretical cross sections calculated
using the IPM. To improve these calculations detailed nuclear structure models in
place of the IPM could be used. This would allow for a more precise comparison of
reduction factors extracted from other reaction studies. The reduction factors that
have been calculated show a weakly decreasing correlation as a function of nuclear
asymmetry. Extracting inclusive one-neutron cross sections was not possible at this
time due to challenges in separating the unreacted beam component from the one-
neutron removal channel. This issue was resolved when calculating the QFS (p,pn)
by applying (p,pn) tagging conditions in CALIFA. Experimental QFS (p,pn) cross
sections for Ca are presented showing an increasing trend with nuclear asymmetry.
These values are not final and show a surprisingly high CALIFA (p,pn) efficiency.
To improve on them further studies on different Geant4 models on the neutron

reconstruction in CALIFA should be performed. The inclusion of the NeuLAND
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analysis would also benefit this study for separating the neutron evaporation chan-
nel. Exclusive cross sections could not be extracted due to limitations in statistics
and resolution from CALIFA, as well as the absence of a recoil tracker around the
target region. Without a tracker it is not possible to perform vertexing studies, so
all reactions are assumed to come from the centre of the target making the recon-
struction of correlated nucleon pairs challenging. Research and development has
been conducted and presented for the first time showing the development for the
new recoil tracker for the R®B collaboration. This includes advancements made in
the DAQ), along with the successful measurement of the ALPIDE, x position resolu-
tion of 04=5.53(3) pm and the y position resolution is 0,=6.67(3) pm using a SCC
telescope. Tests using prototype stage 1 detectors have now been performed and
preliminary analysis has been shown. Correlations between cluster size and energy
deposition of different particles has been shown. To improve on our understanding
of this relation, more beam time dedicated to the measurement of heavy ions with

stage one detectors is required.
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Appendix A

Appendix

For a function f(x,y,z...) such that errors exist dz,0y,0z ... we can calculate the error

for the function using,

ef = ((Ghreor + Ghranp + Ghroor+ ) (A1)

We now list some of the useful relations that were used in the error propagation of

this thesis.
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fla,y) =ax£py, ao,feR (A.2)

of of

a— = Q, a_y —iﬁ

f = ((ad2)? + (Boy)*)* . (A.3)

f(z,y) = azy a€R (A.4)

of of

o Y dy

ef = a((yox)® + (xdy)?) (A.5)
Y) :ag., a € R. (A.6)

or_,t u__,*

0 Yy’ dy Y

()

ef = 12 ((ad2)? + (B6y)?)? (A.9)
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f(z,y) = aln (g) , acR. (A.10)
f(z,y) = aln(z) — aln(y).
of _ L of_ b
or  Cz’ oy ay'

(2 ()
@ y
2 2\ 2
ef =a ((5_x> + (5_y) ) (A.11)
x y
f(x,y) = e=thy, a, B €R. (A.12)
o . of
8_.13 - Oéfa ay - Bf
ef = ((afox)” + (Bfoy)’)*
ef = f ((adx)® + (Boy)?)* (A.13)
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