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Abstract

The nuclear shell structure is not universal across the nuclear landscape. The standard
shell closures, 2, 8, 20, 28, 50, 82, and 126 can weaken and fade away, while new ones can
appear [1]. The numbers of nucleons that correspond to a shell closure are commonly named
as magic numbers. An example is the appearance of the N=32 and 34 new neutron magic
numbers in the neutron-rich calcium isotopes region [2, 3]. Moreover, experimental mea-
surements show an increase of charge radii [4, 5] and matter radii [6] as one starts filling the
2p3/2 neutron orbital in potassium and calcium isotopes. One hypothesis is that the p neutron
orbitals have a large size relative to the f neutron orbitals [7], and this would explain the
measured large charge and matter radii values.
The first part of the thesis presents the results of 52Ca(p,pn)51Ca cross section measurements,
supporting the N=32 shell closure in 52Ca. It focuses also on the determination of the size
of the single-particle neutron orbitals in the pf -shell via (p,pn) reactions and momentum
distribution analysis. The quasi-free neutron scattering reaction was measured during an
experimental campaign at the Radioactive Isotope Beam Factory (RIBF), at the SAMURAI
fragment spectrometer, in inverse kinematics at an energy of ∼230 MeV/nucleon in a 15-cm
long liquid hydrogen target and using the MINOS TPC [8]. Inclusive and exclusive cross sec-
tions to bound states of 51Ca were evaluated using γ-ray spectroscopy measurements, as well
as the momentum distributions corresponding to the removal of 1f7/2 and 2p3/2 neutrons
were measured. The cross sections, interpreted within the distorted-wave impulse approxi-
mation (DWIA) reaction framework, are consistent with a shell closure at the neutron number
N=32, found as strong as at N=28 and N=34 in Ca isotopes. The analysis of the momen-
tum distributions leads to a difference of the root-mean-square radii of the 1f7/2 and 2p3/2
neutron orbitals of 0.61(23) fm [9], in agreement with the modified-shell-model prediction
of 0.7 fm [7] suggesting that the large root-mean-square (rms) radius of the 2p3/2 orbital in
neutron-rich Ca isotopes is responsible for the unexpected linear increase of the charge radius
with the neutron number.
The method for determining the rms radii of the single-particle neutron orbitals via momen-
tum distribution measurements in (p,pn) reactions was further applied for the neighbouring
isotopes, 53Ca and 54Ca. The size of the 1f7/2, 2p3/2, 2p1/2, and 1f5/2 neutron orbitals was
obtained and showed consistency with the results from 52Ca. The p orbitals show indeed a
larger spatial extension compared to the f neutron orbitals (>0.5 fm difference) as a result
of this study.
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The second part of this thesis presents the research and development of a new particle
tracker, STRASSE [10] combined with a long liquid hydrogen target, aimed for the study
of proton induced quasi-free scattering reactions such as (p,2p) and (p,3p). Despite the im-
proved luminosity, the MINOS system [8] was used only for tracking the reaction vertex inside
the liquid hydrogen target. A similar setup allowing particle spectroscopy in addition to γ-ray
spectroscopy could provide missing mass information. STRASSE is designed to be used to-
gether with CATANA [11], which is an array of CsI(Na) crystals aimed for measuring the total
energy of the protons from the (p,2p) and (p,3p) reactions, as well as to perform γ-ray spec-
troscopy. This new experimental setup will be able to reconstruct the reaction vertex with
sub-mm resolution and to perform missing mass measurements with a resolution of below
2MeV [10]. The production and testing of the liquid hydrogen target cell for STRASSE will
be presented in this thesis, as well as offline and in-beam testing of the readout electronics
aimed for STRASSE, using the prototype silicon tracker PFAD.
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Abstract

Die Struktur der Kernhülle ist in der gesamten Kernlandschaft nicht universell. Die bekan-
nten Schalenabschlüsse 2, 8, 20, 28, 50, 82 und 126 können verschwinden, während neue
erscheinen können [1]. Die Anzahl an Nukleonen, die einem Schalenabschluss entsprechen,
werden üblicherweise als magische Zahlen bezeichnet. Ein Beispiel ist das Auftreten der
neuen magischen Neutronenzahlen N=32 und 34 in der neutronenreichen Calciumisotopen-
region [2, 3]. Darüber hinaus zeigen experimentelleMessungen eine Zunahme der Ladungsra-
dien [4, 5] und Massenradien [6], wenn das 2p3/2-Neutronenorbital in Kalium- und Calciu-
misotopen befüllt wird. Eine Hypothese besagt, dass die p-Neutronenorbitale im Vergleich zu
den f-Neutronenorbitalen größer sind [7]. Dies würde die gemessenen Ladungs- und Massen-
radien erklären.

Der erste Teil der Arbeit präsentiert die Ergebnisse der Messungen des Wirkungsquer-
schnittes von 52Ca(p,pn)51Ca, welche den Schalenabschluss für N=32 in 52Ca unterstützen.
Ein weiterer Schwerpunkt der Arbeit liegt auf der Bestimmung der Größe der Einteilchen-
Neutronorbitale in der pf-Schale mittels (p,pn)-Reaktionen und Impulsverteilungsanalyse.
Die quasifreie Neutronenstreuungsreaktion wurde während einer experimentellen Kampagne
in der Radioactive Isotope Beam Factory (RIBF) am SAMURAI-Fragmentspektrometer in in-
verser Kinematik bei einer Energie von ∼230 MeV/Nukleon in einem 15 cm langen Flüssig-
wasserstoff-Target unter Verwendung des MINOS TPC [8] gemessen. Inklusive und exklusive
Wirkungsquerschnitte zu gebundenen Zuständen von 51Ca wurden mithilfe von γ-Strahlen-
spektroskopiemessungen ausgewertet. Außerdem wurden die Impulsverteilungen gemessen,
die der Entfernung von 1f7/2- und 2p3/2- Neutronen entsprechen. Die Wirkungsquerschnitte,
die im Rahmen der DWIA interpretiert werden, stimmen mit einem Schalenabschluss bei der
Neutronenzahl N=32 überein, der bei Ca-Isotopen genauso stark ist wie bei N=28 undN=34.
Die Analyse der Impulsverteilungen führt zu einer Differenz der quadratisch gemittelten
Ladungsradien der 1f7/2- und 2p3/2- Neutronenorbitale von 0,61(23) fm [9] und stimmt mit
der Vorhersage von 0,7 fm des modifizierten Schalenmodells überein [7]. Das deutet darauf,
dass der große quadratisch gemittelten Radius des 2p3/2-Neutronenorbitals in neutronenre-
ichen Ca-Isotopen für den unerwarteten linearen Anstieg des Ladungsradius, in Abhängigkeit
von der Neutronenzahl, verantwortlich ist. Die Methode zur Bestimmung der quadratisch
gemittelten Radien der Einteilchen-Neutronenorbitale über Impulsverteilungsmessungen in
(p,pn) Reaktionen wurde weiterhin auf die benachbarten Isotope 53Ca und 54Ca angewendet.
Die Größe der 1f7/2-, 2p3/2-, 2p1/2- und 1f5/2- Neutronenorbitale wurde ermittelt und stimmte
mit den Ergebnissen von 52Ca überein. Als Ergebnis dieser Studie zeigen die p-Orbitale tat-
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sächlich eine räumlich größere Ausdehnung im Vergleich zu den f-Neutronenorbitalen (>0,5
fm Unterschied).

Der zweite Teil dieser Arbeit stellt die Forschung und Entwicklung eines neuen Teilchen-
Trackers, STRASSE [10], in Kombination mit einem langen Flüssigwasserstoff-Target vor.
Dieser zielt auf die Untersuchung protoneninduzierter quasifreier Streureaktionen wie (p,2p)
und (p,3p) ab. Trotz der verbesserten Zählrate wurde das MINOS-System [8] nur zur Ver-
folgung des Reaktionsscheitelpunkts innerhalb des Flüssigwasserstoff-Targets verwendet. Ein
ähnlicher Aufbau, der zusätzlich zur γ-Strahlenspektroskopie auch Teilchenspektroskopie er-
möglicht, könnte fehlende Masseninformationen liefern. STRASSE ist für die Verwendung
zusammen mit CATANA [11] konzipiert, einer Anordnung von CsI(Na)-Kristallen zur Mes-
sung der Gesamtenergie der Protonen aus den (p,2p)- und (p,3p)- Reaktionen sowie um eine
γ-Strahlenspektroskopie durchzuführen. Dieser neue Versuchsaufbau wird in der Lage sein,
den Reaktionsscheitelpunkt mit einer Auflösung im sub-mm-Bereich zu rekonstruieren und
fehlende Massenmessungen mit einer Auflösung von unter 2MeV durchzuführen [10]. In
dieser Arbeit wird die Herstellung und Erprobung der Flüssigwasserstoffzelle für STRASSE
sowie Offline- und In-Beam-Tests der für STRASSE vorgesehenen Ausleseelektronik unter
Verwendung des Prototyps des Silizium-Trackers PFAD vorgestellt.
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1 Introduction

1.1 Atomic nuclei and the driving mechanism for shell evolution

A nucleus is composed of interacting nucleons, i.e., neutrons and protons. The nucleons
are in turn composed out of quarks and gluons, sketched in Figure 1.1, left side. Quantum
chromodynamics (QCD) describes the strong interactions between the quarks and gluons. Ac-
cording to QCD, the colored objects such as quarks interact weakly at low distances (<1 fm)
and strongly at larger distances. This behavior is known as the asymptotic freedom. Also
this is why quarks carrying color are bound and form colorless systems, the protons and neu-
trons [12]. The typical energies at play in nuclear structure are low compared to the masses
of nucleons and therefore, the nucleon-nucleon (NN) interactions can be described effectively
with nucleons and pions as degrees of freedom, without the need to resolve the energy scale of
the constituting quarks and gluons. The nuclear forces can be considered as a residual of the
strong force, which is acting between the constituents of the nucleons and which is “leaking”
outside the nucleons [13]. This approach is taken by the chiral effective field theory (ChEFT).
In ChEFT the different contributions of the NN interactions are ordered according to a power
counting scheme, in powers of µ = Q/Λ, with Q being the typical nucleon momenta in the
nucleus or the pion mass (soft scale) and Λ being the breakdown scale (hard scale) of the the-
ory (∼0.5-1GeV) [12, 13]. The NN interactions are given mainly in the leading order (LO)
and next-to leading (NLO) order terms of the expansion and, additionally, three-nucleon (3N)
interactions appear at next-to-next-to leading order (N2LO) terms [12]. Modern ChEFT cal-
culations are performed up to N3LO or even N4LO terms [14]. The results of ChEFT should be
independent from the chosen breakdown scale and the accuracy should increase by consider-
ing higher order terms; this is achieved using renormalization techniques [12]. Traditionally,
the coupling constants entering into the ChEFT interactions are fitted on nucleon-nucleon
scattering phase shifts and binding energies of 3-body nuclei [13]. Interactions derived from
ChEFT can describe pp and pn scattering data with high precision (χ2∼1) [15] and can nowa-
days be used in ab initio nuclear structure calculations [14]. The alternative for the nucleon-
nucleon interactions commonly used in ab initio calculations are the semi-phenomenological
interactions (such as Argonne v18 [16], CD-Bonn [17] and the soft interaction Vlow k [18]).

Historically, the nucleons in the nucleus were described in analogy to the electrons in the
atoms; they were considered to occupy discrete energy levels in the nuclei, obeying the Pauli
principle, with the difference that the electrons are bound by the external electrical potential
produced by the positively charged nucleus, while themean field in which nucleons are bound
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Figure 1.1: A simplified view of a nucleus with protons and neutrons and the constituting
quarks and gluons of a nucleon (left). A nuclear potential well with a sketch of
the neutron and proton levels (right). Aside from a potential of the Woods-Saxon
type, the harmonic oscillator (H.O.) and the square well (sq.) potentials are also
sketched for the neutrons side.

is produced by themselves. In this picture, which is the Shell Model, the discrete energy
levels are grouped into shells and when a shell is complete or fully occupied, the system is
energetically stabilized compared to the neighbouring nuclei. These stable configurations
appear for certain numbers of nucleons and these numbers are called magic numbers [19].
The shell model was developed more than 70 years ago, by several physicists independently
(M. Goeppert Meyer, O. Haxel, J. H. D. Jensen, and H. E. Sues) [20, 21] and it was a Nobel-
Prize-worthy achievement in nuclear physics.

Figure 1.1 shows in the right side a sketch of protons and neutrons potential wells, the
vertical dimension representing the energy of the nuclear potentials and the horizontal di-
mension representing the radial coordinate in space. The first magic numbers: 2, 8, 20, 40
where already obtained by M. Goeppert Meyer and J. H. D. Jensen by considering the inde-
pendent nucleons in a harmonic oscillator potential or a square well potential [20, 21]. By
adding a centrifugal (l2) term and a spin-orbit (s⃗ · l⃗) term, they obtained the further em-
pirically observed magic numbers 28, 50, 82, 126 [20, 21]. The harmonic oscillator (H.O.)
and the square well potentials are depicted with a grey dashed line and a black dotted line,
respectively, in Figure 1.1. The energy levels and their ordering obtained with the modi-
fied harmonic oscillator are shown in Figure 1.2. The signature of the shell structure can be
found in observables such as the energy of the first excited state in even-even nuclei, E(2+).
In doubly-magic nuclei E(2+) is high, while the transition probability B(E2; 0+ →2+) is low.
Additionally, the separation energy for neutrons or protons for closed shell nuclei is high com-
pared to the neighbouring nucleus with A+1.
The independent-particle shell model provides a good description especially for the stable,
closed-shell atomic nuclei [22]. For nuclei with valence nucleons (nucleons outside of a closed
shell), one needs to include the two-body residual interactions. Since 1954 it was suggested
that the spin-orbit term is in fact more complicated and that there must be a tensor force or
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Figure 1.2: The first energy levels
in a single-particle shell
model. The left side
shows the levels using an
harmonic oscillator po-
tential and the right side
shows the levels with the
addition of the spin-orbit
interaction. The numbers
in the boxes indicate the
magic numbers.

a two-body spin-orbit force [23]. The impact of these two-body residual interactions on the
shell evolution was discussed by Talmi and Unna in 1960 [1] giving as an example the relative
energy shift of the 1p1/2, 1d5/2, and 2s1/2 neutron orbitals. The energy levels ordering is
not kept throughout the whole nuclear chart; they can shift and change their ordering as a
result of the monopole drift and this can lead to the weakening or the disappearance of some
conventional magic numbers or to the emergence of new magic numbers. Some examples of
magic numbers disappearing are: N = 8 which disappears in the Be isotopes [24], N = 20

disappearing in Na [25, 26] and Mg [27] isotopes or N = 28 disappearing in Si [28]; on the
other hand N = 16 can appear in the oxygen isotopes [29–31] making 24

8 O16 doubly magic
and the N = 32 and N = 34 emerge in the calcium isotopes region. References [32–34]
provide extensive reviews on the shell evolution and the change of magic numbers away from
stability.

Focusing on the case of the N = 32 and N = 34 new magic numbers in the calcium
isotopes, they have been explained within the interacting shell model as steaming mostly
from the shift in energy of the 1f5/2 neutron orbital, represented in Figure 1.3. How is the
residual interaction responsible for the shell evolution?

The nucleus is a many-body system, the Hamiltonian of an A-nucleus system being given
by: H =

∑︁A
k T (k) +

∑︁A
j<k V (j, k), with T (k) the kinetic energy and V (j, k) the two-body

nucleon-nucleon interaction considering here two-body forces only. Alternatively, one can use
a single-particle effective potential, U(k), and consider the rest to be a residual interaction
among the nucleons in the considered valence space:

H =

A∑︂
k

[T (k) + U(k)] +

⎡⎣ A∑︂
j<k

V (j, k)−
A∑︂
k

U(k)

⎤⎦ (1.1)

3



Figure 1.3: Schematics of the shell evolution towards the neutron-rich calcium isotopes. The
f5/2 neutron orbitals shifts in energy as the protons are removed from the f7/2
proton orbital. Two new neutron shell closures at N = 32 and N = 34 emerge
due to this shift in energy. Figure adapted after [3].

which can be written as:

H = H(0) +H(1) =

A∑︂
k

ϵ
(0)
k +

A∑︂
j,k

ϵ̂
(1)
j,k (1.2)

with H(0) describing the ensemble of independent particles moving in a mean field and the
H(1) part containing the residual interactions [35]. H(1) can be an effective Hamiltonian in
a reduced valence space around the Fermi surface, or in an extended valence space with all
nucleons active (no-core shell model, NCSM). One can also divide the full Hamiltonian into a
monopole part plus higher-grade multipole terms, H = Hmono +HM . In the interacting shell
model, H(0) gives the single-particle energies (SPE), ϵ(0)k , to which we need to add the effect
of the monopole part of the residual interaction in order to obtain the effective single-particle
energies (ESPE), as in equation 1.2. Themonopole interaction between two nucleons contains
the central force, spin-orbit terms and tensor terms. The spin-isospin term, Vστ (r) (σ1⃗ ·σ2⃗)(τ1⃗ ·
τ2⃗), produces an attractive interaction. Moreover, the spin-isospin part favours the spin-flip,
via σ⃗, being the main contributor to the central part of the monopole interaction and mainly
coupling pairs of nucleons in the same orbit l. At the same time, it favours the isospin-
flip (or charge-exchange) processes via τ⃗ [34]. In other words, it is the most attractive for
pairs such as π j< and ν j> or ν j< and πj> (j> = l + 1/2 and j< = l − 1/2). The values
for the matrix element of the tensor force for various pairs of orbitals is plotted Ref. [34].
Another major term responsible for the shell evolution is the tensor force, f(r)S12(r), with
S12(r) =

3
r2
(σ1⃗ · r⃗)(σ2⃗ · r⃗)−σ1⃗ ·σ2⃗ being the tensor operator and f(r)(< 0) being the coupling

strength of the tensor interaction. The tensor force is the most attractive for spin-flip, isospin-
flip pairs ν j< and πj’> and repulsive for j> and j’> type of pairs. The impact of the tensor force
on the shell evolution is evaluated in Refs. [36, 37] and the values for the matrix element of
the tensor force for various pairs of orbitals are plotted Ref. [34].

The SPE is independent on the occupancy of the orbitals, but the monopole part of the
residual interaction depends on the occupation of the orbitals. The effective single-particle
energy shift, as a result of the interaction of the πf7/2 orbital with the p1/2, p3/2, and f5/2
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neutron orbitals, changes the order of the single-particle orbitals when one removes protons
from the πf7/2 orbital. The strong attraction between the πf7/2 orbital and the νf5/2 orbital,
which were ν j< and πj’>, is now weakening and the new magic numbers at N = 32 and
N = 34 are created, as depicted in Figure 1.3.

1.2 New shell closures at N = 32 and N = 34 in Ca isotopes

The calcium isotopes have the proton magic number, Z=20, and the two well-established
neutron magic numbers, N = 20 and N = 28. Moreover, 6 of the calcium isotopes with
A=40, 42, 43, 44, 46, and 48, have a natural abundance and are stable1. In the neutron-rich
side of the calcium isotopes, new shell closures at N = 32 and 34 were revealed, as well
as on the proton-rich side, the new N = 16 shell closure was recently observed [44]. The
first experimental observation of the N = 32 in the calcium isotopes dates back to 1985 [2].
From the γ-ray decay spectrum of 52Ca populated via the β-decay of 52K, the energy of the 2+

excited state in 52Ca was established at a value of 2.563MeV [2]. From the E(2+) systematics
in the Ca isotopes chain, showing a local maximum forN = 32, similar toN = 20 andN = 28,
it was concluded that N = 32 becomes a magic number. Moreover, in the same paper, shell-
model calculations for pf -shell nuclei with the valence space including the 1f7/2, 2p3/2, 1f5/2

148Ca has a long half-life of >2·1019y

Figure 1.4: The systematics for the energy of the first excited state in Si, Ar, Ca, Sc, Ti, V and
Cr isotopes. From this figure one can observe the emergence of the N = 32
and N = 34 shell closures, being the strongest in the Ca isotopes, and on the
other hand, the disappearance of the N = 28 shell closure for the Si isotopes.
The stable (or with very large half-life) isotopes are marked as indicated by the
legend. Data from Refs. [2, 3, 28, 38–43].
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and 2p1/2 predict the 2+ excited state at 2.28MeV and the ground state 0+ configuration of
0.94

⃓⃓⃓
f87/2p

4
3/2

⟩︂
+0.29

⃓⃓⃓
f87/2p

3
3/2p

1
1/2

⟩︂
+0.10

⃓⃓⃓
f87/2p

3
3/2f

1
5/2

⟩︂
+ ... further confirming the neutron

shell closure at N = 32.
For the next even-even neighbouring nucleus, 54Ca, the value of E(2+) was later pinned

down experimentally at 2.043MeV [3]. This measurement is supporting the N = 34 shell
closure as well in the calcium isotopes. The E(2+) systematics of even Ca isotopes are plotted
in Figure 1.4 in comparison to the even-even Si, Ar, Ti and Cr isotopes and the energy of the
first excited state for the Sc and V even-N isotopes. The 2+ energy states correspond to the
excitation of a neutron pair to the next valence neutron orbital [45]. In the calcium isotopic
chain, the E(2+) value forN = 34 is 0.5MeV lower than forN = 32. Shell model calculations
show [3, 46] that for 52Ca, this value reflects the energy gap E(p1/2) - E(p3/2). On the other
hand, for 54Ca, the E(2+) value is lowered as a result of the correlation energy, but the energy
gap E(f5/2) - E(p1/2) is in fact comparable to E(p1/2)-E(p3/2), making the two shell closures,
N = 32 and N = 34, of comparable strengths. The ∼0.5MeV energy difference is coming
from the relative strengths of the

⟨︁
p3/2p3/2

⃓⃓
V
⃓⃓
p1/2p1/2

⟩︁
J=0

and
⟨︁
p1/2p1/2

⃓⃓
V
⃓⃓
f5/2f5/2

⟩︁
J=0

pairing-matrix elements [3]. Moreover, based on Ref. [46], the shell-model calculated spec-
troscopic factor for the neutron removal of the νp1/2 neutron orbital from 54Ca (g.s.) is 91%
of the maximum value, while for the νp3/2 neutron orbital from 52Ca (g.s.) and νf7/2 neutron
orbital from 48Ca (g.s.) the values of 89% and 92% (experimental value [47]), respectively,
are reported further supporting the similarity in strength between the N = 32 and N = 34

shell closures.
Going to lighter nuclei, in the argon isotopes one finds a weakening of the N = 32 shell

closure with an E(2+) of only 1.1MeV [48, 49], but the persistence of theN = 34 shell closure
with an E(2+) value of 1.656MeV [39], higher even than at N = 28. This can be seen in
Figure 1.3. Towards larger Z values, experimental measurements show that the N = 32 and
N = 34 shell closures are declining after the chromium [40] and scandium [42] isotopes,
respectively.

From mass measurements on isotopes from potassium to titanium we get additional ev-
idence for the energy gap at N = 32 [50–53], as well as from the mass measurement on
54Ca [54] and the one-neutron knock-out cross section measurement [46], supporting the
N = 34 shell closure. Moreover, transition probability measurements also confirm the exis-
tence of a shell closure at N = 32 in titanium [41, 55] and chromium [56] isotopes.

The Ca isotopes benefit from having a robust Z = 20 proton core, making them ideal for
studying their characteristics along the neutron number. The robustness of the Z = 20 proton
core was investigated and confirmed by many experiments for the neutron-rich potassium
and calcium isotopes [45, 57–59]. All the above experimental evidences based on 2+ energy,
mass, transition probability and cross section measurements of 54Ca(p,pn) reveal the new
and non-standard N = 32 and N = 34 neutron shell closures in the neutron-rich region of
nuclei. The neutron structure of 52Ca was not directly probed so far, and this is one of the
objectives of this thesis.
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Figure 1.5: Absolute (left) and relative (right) charge radii for isotopes with Z = 18− 26. The
dashed-grey vertical line marks N = 28. Sources: [60], [61](1), [5](2), and [4](3).

1.3 Charge radii of neutron-rich Ca isotopes

Aside from the experimental measurements mentioned in the previous section used for sup-
porting the N = 32 neutron shell closure, charge radii measurements are also used as exper-
imental evidences for the magic numbers [4]. The isotope shift method provides differential
charge radii values [62, 63]. It is a tool from atomic physics giving us precise information on
the nuclear structure. As its name suggests, the method is based on the shift in the electronic
energy levels between the different isotopes of the same element [64]. The isotope shift has
two components, one is the mass shift and the second one is the field shift or the volume shift.
The mass shift has two components, the normal mass shift (NMS) and the specific mass shift
(SMS). NMS is arising from the fact that the nucleus has finite mass and therefore does not
coincide with the center of mass of the atom as the electrons orbit around it, while the SMS
is concerning the multi-electron spatial correlations and involves knowledge of the electron
wavefunction. The second component of the isotope shift is sensitive to the size of the nu-
cleus. The Coulomb field that the electron(s) “feel” is different for a point-like source or for
a finite-size nucleus as a source. The potential changes its shape and it is sensitive to the
charge radius of the nucleus. The effect is stronger for the electrons in the S orbital as their
wavefunction does not vanish at r = 0. The mass shift is proportional to the inverse squared
mass of the nucleus and is dominating the light nuclei region, while the filed shift is domi-
nating the heavy nuclei region. [65]. The method consists in measuring an S→P transition
of the selected ionization state of the element. If a hyperfine structure exists, the centroid
frequency is typically considered. In a simplified picture, the change in the transition energy
is proportional to the change in total electron probability density at the origin, δ ⟨Ψ|Ψ⟩2r=0,
times the mean-square charge radius difference, δ⟨r2⟩. As a result, the isotope shift, or the
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Figure 1.6: The two-neutron three-point indicator for the charge radii. Experimental values
(left) and theoretical calculations (right). The inset shows the charge radii relative
to the value at N = 28. Figure reprinted with the permission from [66] ©2023 by
American Physical Society.

difference in the frequency of the selected transition between the isotopes A and A′, δνA,A′ ,
will be the sum between a mass term and a volume shift term, the later one being sensitive to
the difference between rms charge radii of the two isotopes [62], δ⟨r2⟩A,A′

= ⟨r2⟩A′ − ⟨r2⟩A

with the massesMA′ andMA.

δνA,A′
= KMS

MA′ −MA

MA′MA
+ Fδ⟨r2⟩A,A′

with KMS the mass shift term containing the normal mass and specific mass effects and F
being the field shift term. Both can be calculated theoretically as well as determined experi-
mentally.

δ⟨r2⟩A,A′
=

1

F

(︃
δνA,A′ −KMS

MA′ −MA

MA′MA

)︃
This is a differential measurement, so we need a reference charge radius value for the isotope
A in order to obtain the rms charge radius of the isotopeA′ of the same element. Although the
isotope shift measurements have a very high accuracy, typically the theoretical calculations
are the dominant source of errors for the charge radii determination. The reference value
comes with an additional source of uncertainties.

Charge radii measurements were conducted in several isotopic chains [4, 5, 60, 61]. In
Figure 1.5 the absolute values (left) for the charge radii as well as the values relative to the
N = 28 (right) are plotted as a function of the neutron number for isotopes from Z = 18 to
Z = 26. Although the charge radii reflect the distribution of the protons inside the nucleus,
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they are also affected greatly by the neutrons inside the nucleus; an extended distribution of
the neutrons, neutron skins or halos would attract and extend the proton distribution as well.
In all isotopic chains we notice a local minimum at the magic number N = 28 and a sharp
increase after it and this is generally seen as an experimental evidence for magic numbers.
No such behavior is observed at N = 32 for the potassium and calcium isotopic chains. The
charge radii of the most neutron-rich potassium and calcium isotopes (N = 32) were recently
measured by Koszorús et al. [5] and Garcia Ruiz et al. [4], respectively.

Local minimum or kink in the charge radii trend as evidence for the magic numbers?
In the trend of the charge radii across magic numbers, one usually expects to see a local

minimum or a kink. Sommer et al. [66] measured the charge radii in the nickel isotopic
chain showing surprising results from the comparison of the charge radii behaviour across
the N = 28 shell closure in the two doubly magic nuclei 48Ca and 56Ni.
The experimental charge radii values for the K, Ca, Mn and Ni isotopes are presented in the
Figure 1.6 (inset) relative to their value at N = 28. The two-neutron three-point indicator
is used for comparing the strength of the “kink” in the various isotopic chains (left). The
two-neutron three-point indicator was calculated as follows:

∆
(3)
2nRc(N) =

1

2
[Rc (N + 2)− 2Rc (N) +Rc (N − 2)]

with Rc(N) being the measured charge radius value for N neutrons.
What was noticed by Sommer et al. [66] is that the “kink” strength is similar for the potas-
sium, calcium and nickel isotopes around the neutron magic number 28. The similarity in the
charge radii trends between calcium and nickel isotopes despite the differences between 48Ca

Figure 1.7: Left: Charge radii of the Ca isotopes as a function o the neutron number, experi-
mental values (black) and theoretical calculations (colors). Right: the differential
charge radius value from the experiment (brown) and from the theoretical calcu-
lations (blue). Figure reprinted with the permission from [4] ©2023 by Springer
Nature.
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Figure 1.8: Matter radii (red circles) and proton radii (black crosses) of Ca isotopes as a func-
tion of the neutron numberN. Figure reprintedwith the permission from [6]©2023
by American Physical Society.

and 56Ni is surprising; 56Ni is known to be a much softer core than 48Ca. The two nuclei have
a different proton occupancy, Z = 20 and Z = 28, respectively, and thus a different ordering
of the neutron single-particle energy levels. A strong evidence for the shell-closure is a low
B(E2) value. The B(E2) value for 56Ni is more than 4 times larger than that of 48Ca. In the
right side plot of the same figure, one can see how the nuclear density functional theory (DFT)
and ab initio calculations can well reproduce the experimental two-neutron tree-point value,
more details can be found in the original text [66]. The conclusion of Sommer et al. [66] is
that the “kink” in the charger radii is not reflecting the strength of a shell closure.

Going back to the Figure 1.5, for N = 32, the fact that one does not observe a “kink” in
the charge radii trend of the calcium isotopes is not necessarily a sign of the lack of magicity
at N = 32. Moreover, in the right side plot, the relative charge radii reveal how the slope
after N = 28 is nearly the same between the isotopes of all elements. This large slope is
not reproduced by most of the theoretical models including ab initio and this can be seen
for the case of calcium isotopes in Figure 1.7, with the exception being DFT models such as
Fy(∆r,HFB) [5, 67]. The left side plot is showing with black dots the experimental charge
radii values in fm units and the colored dots are calculations with different theoretical models
indicated in the figure. The right side plot is showing with the brown horizontal line the
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experimental value for the differential charge radius δ⟨r2⟩48,52 and the calculated values with
the blue lines. More details about the theoretical calculations and the comparison to the
experimental values are found in the original paper [4]. Nevertheless, the measured charge
radius for 52Ca turned out to be surprisingly large for a doubly magic nucleus as the authors
of the paper state, “The large and unexpected increase of the size of the neutron-rich calcium
isotopes beyond N = 28 challenges the doubly-magic nature of 52Ca” [4].

The same trend with the large slope after N = 28 is observed in the matter radii values
obtained from interaction cross sectionmeasurements for the Ca isotopes in the paper Swelling
of Doubly Magic 48Ca Core in Ca Isotopes beyond N = 28 [6]. The matter radii values are
plotted with red circles in Figure 1.8 and the proton radii, obtained from the charge radii [4]
via the isotope shift method, are also shown with black crosses. The diamond represents the
radius obtained by adding a p3/2 valence neutron to a 48Ca core. The matter radii data is
pointing towards a sudden increase of the neutron density distribution after N = 28 and it
represents a challenge for theory, if confirmed.

Swollen p neutron orbitals explaining the large charge radii?
The large value for the charge radius of 52Ca, with no kink at N = 32 and the large slope

after N = 28 are thought to challenge the doubly-magic character of 52Ca [4]. A modi-
fied shell-model by Bonnard et al. [7] manages to reproduce the trend of the charge radii
of Ca- and K isotopes by proposing the population of some enlarged p neutron orbitals in
these neutron-rich nuclei. At the addition of an extra neutron to the system, the isoscalar
monopole polarizability is responsible with the overall increase of the matter radius, while
the isovector monopole polarizability is trying to equalize the neutron and the proton rms

Figure 1.9: The charge radii in K and Ca isotopes: experimental values with red and theoret-
ical calculations with black. See the original paper for more details [7]. Figure
reprinted with the permission from [7] ©2023 by American Physical Society.
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radii. The addition of the term in the interaction responsible for this effect is ad hoc and no
explanation is given for it by Ref. [7]. Figure 1.9 from Ref [7] shows that the experimental
values and the slope of the charge radii for Ca and K isotopes are well reproduced by these
calculations assuming an extended p3/2 neutron orbital which would produce an increase in
the proton distribution as well. This model predicts a 0.7 fm difference between the huge p3/2
and the f7/2 neutron orbital in the Ca and K neutron-rich nuclei. So far, no experimental data
corroborate this prediction. This is addressed by the work presented in this manuscript.

These being said, the large value for the charge radius of 52Ca is predicted to be due to
the filling of a large spatially distributed p3/2 neutron orbital and it does not imply a lack
of magicity of N = 32, but on the contrary. The extension of the charge distribution as one
increases the neutron radius is due to an effect of equalization of the proton and neutron radii
as suggested by Ref. [7]. The large charge radius value implies that the valence nucleons have
a large occupation of the p3/2 neutron orbital as opposed to the f5/2, in which case it would
have had a smaller radius. This qualifies 52Ca for having a shell closure at N = 32.

1.4 Methods for determining the charge, matter and neutron radii of
nuclei

1.4.1 Charge radii measurements

Electronic and muonic X-ray transitions coupled with laser spectroscopy
There are various methods explored by the experimental nuclear physics for obtaining in-

formation about the size of the nuclear matter, protons and neutrons. One of the methods is
the isotope shift method, which is an well-established and powerful tool in the study of the
nuclear size and was already discussed in this chapter. It is measuring the shift in certain
atomic transitions caused by the size of the nucleus. Here a distinction is made between the
optical transitions and the X-ray transitions; the theoretical interpretation of X-ray transitions
is simpler than that of optical transitions and the variation from element to element is smooth
and gradual, but the measurements using the X-ray transitions are not as precise as with the
optical ones [64]. The isotope shift method is used for probing the charge radii of the atomic
nuclei [62, 63, 68]. Nonetheless, it does not offer absolute values for the charge radii, but
rather relative values, so one needs a reference nucleus with a very well known charge ra-
dius. On the positive side, the isotope shift method using laser spectroscopy is not limited
to stable nuclei, but it can be used for studying exotic nuclei, far from stability [69]. Also,
it’s important to note that the determination of charge radii using the isotope shift method is
independent from nuclear models. By precisely measuring the transition energy and not the
shift in the transition, one could obtain absolute values as well, although for the moment it is
only possible for hydrogen-like systems [62]. A more sensitive probe are the muonic X-rays.
The muon is more than 200 times heavier than the electron and has a larger overlap with the
nucleus. As a result, the associated muonic X-ray transitions are affected more by the size of
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the nucleus than the electronic X-ray transitions [70–72].

Electron scattering experiments
For obtaining absolute charge radius values one can perform electron elastic scattering

measurements [73]. The electron elastic scattering differential cross section is the product of
the Mott differential cross section and the square of the form factor, F (q). The form factor is
the Fourier transform of the charge distribution ρch(r):

F (q) =
1

Z

∫︂
ρch(r)

sin(q · r)
qr

4πr2dr

The Mott differential cross section, which is the relativistic version of the Rutherford scat-
tering, considers the nucleus to be point-like, while in reality is has an extended charge dis-
tribution. Thus, the form factor adds the effect of the charge distribution to the scattering
differential cross section. The density is written as a two-parameter Fermi-type distribution
and the two parameters are found from the experimental data from a χ2 minimization pro-
cedure. The electron elastic scattering experiments are limited to stable nuclei, but can offer
a high accuracy for the charge rms radii determination.

1.4.2 Measurement of single-particle rms radii of proton orbitals

The rms radii of the single-particle proton orbitals were obtained so far form (e,e’p) mea-
surements as in Ref. [74]. The measured the momentum distributions from the (e,e’p) reac-
tion were fitted to momentum distribution curves obtained from DWIA calculations. In the
DWIA calculations, the single-particle wavefunction of the proton bound state was calculated
with a Wood-Saxon potential, with the depth adjusted for the separation energy and the ex-
citation energy of the final states, fixed diffuseness parameter, and the radial parameter left
as a free fitting parameter. To be noted is that (e,e’p) measurements can be performed on
stable nuclei only. In Ref. [74] the 51V(e,e’p)50Ti reaction was measured and the size of the
πf7/2 orbital was obtained with a value of 4.20(14)fm.
Anothermethod for accessing the proton single-particle orbital size is bymeasuring the charge
radii of pairs of nuclei of same neutron number, but proton numbers differing by one unit.
From the difference one can extract the rms radius of the last valence single-particle proton
orbital. This novel method is demonstrated in Ref. [75, 76] for the 3s1/2 proton single-particle
orbital of 206Pb, from the difference of the charge distributions of the 206Pb and 205Tl nuclei
measured by electric scattering.
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1.4.3 Matter radii measurements

Interaction cross section measurements
The interaction cross section measurements are mainly used for the determination of mat-

ter radii [77]. The reaction cross section for a target and projectile, AT ZT+AP ZP , can be
expressed as a sum of all reaction processes except the elastic scattering. The reaction cross
section includes the interaction cross section (σI), where the fragment is different from the
projectile (AF ZF ̸= AP ZP ) as well as the inelastic scattering contribution inwhich the fragment
or the target are left in an excited state but have the same identity. Typically the interaction
cross section is measured by the transmission technique, counting the unreacted nuclei after
passing through the target. Often times the inelastic scattering contribution is neglected. In
many cases it is indeed negligible, but in some cases it can lead to errors if it is not evalu-
ated [78]. The interaction cross section can be further divided into the sum of all interactions
with the protons that reduce the atomic number (Z) and the sum of all interactions with the
neutrons that reduce the neutron number (N) of the nucleus. The first part is called charge
changing cross section (σCC) and the second is called neutron removal cross sections (σ∆N):
σI = σCC + σ∆N . From the charge changing cross section one can evaluate the charge ra-
dius of a nucleus and from the neutron removal cross section one can evaluate the neutron
radius of a nucleus. The matter, charge and neutron radii obtained via cross section mea-
surements are model-dependent, which can be a downside. The Glauber model is typically
used for describing the cross sections for the production of a fragment AF

NF
ZF from a projectile

AP
NP

ZP [78]:

σ = CZF
ZP
CNF
NP

∫︂
d2b[1− Pp(b)]

ZP−ZFPZF
p (b)[1− Pn(b)]

NP−NFPZN
n (b)

with b being the impact parameter,Ck
n are binomial coefficients counting all possible combina-

tions to select k particles out of the total of n particles. Pp and Pn are the survival probabilities
for a single nucleon, proton or neutron [78]:

Pp(b) =

∫︂
dzd2sρPp (s⃗, z)exp[−σppZT

∫︂
d2sρTp (b⃗− s⃗, z)− σpnNT

∫︂
d2sρTn (b⃗− s⃗, z)]

a similar relation holds for Pn; σpp and σpn are the proton-proton and proton-neutron total
cross sections obtained by fitting to experimental data on a wide energy range. From these
relations, one accesses the proton and neutron densities of the target and of the projectile,
and the matter density is: ρm(r) = ρp(r) + ρn(r), and the rms radii are:

⟨r2⟩1/2i =

(︃∫︁
r4ρi(r)dr∫︁
r2ρi(r)dr

)︃1/2

where i stands for the protons, neutrons or matter. The interaction cross section method can
be applied for studying a wide variety of stable and unstable nuclei [79, 80]. Similarly the
elastic proton and alpha scattering reactions can be used for determining the matter radii.
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Antiprotons for probing the nuclear matter size
Antiprotons are as well a suitable probe for the nuclear density. One method of using

antiprotons is by measuring the level widths and shifts of antiprotonic X-rays induced by the
strong interaction, which gives information on the matter distribution at the periphery [81].
The second method is by measuring the annihilation cross section for one neutron or for one
proton of the target nucleus. The annihilation cross section is also sensitive to the periphery
of the nuclear matter [81] or to the density ratio ρn/ρp and can be used for determining
the halo factor. An example of such experimental setup for probing the nuclear matter using
antiprotons is PUMA [82].

1.4.4 Neutron radii and neutron skin thickness measurements

Polarized electron scattering and parity violation cross section asymmetry
For the neutron radii determination, one can perform electron scattering measurements

using polarized electron beams. Because the weak charge of the neutrons is larger than that of
the protons, polarized electron elastic scattering experiments for parity violation cross section
asymmetry (APV ) measurements become a electroweak probe for the neutron densities [83,
84]:

APV =
σR − σL
σR + σL

∝ GFQ
2|QW |FW (Q2)

4
√
2παZFch(Q2)

where σR/L is the cross section for the scattering of right/left-handed electrons from the tar-
get nucleus, GF is the Fermi coupling constant, Fch is the charge form factor, QW is the
weak charge of the target nucleus. In this kind of experiment, one obtains the form factor
of the weak charge of the nucleus, FW (Q2), which is related to the neutron density, but one
needs complete information about the proton, or charge density of the nucleus. The difficulty
of these measurements is that the parity violating asymmetry is very small (∼1ppm [83]).
The PREX-1 [85] and PREX-2 [84] experiments achieved a very high precision using polar-
ized electron scattering for the 208Pb neutron skin thickness value. The coherent π0 photo-
production cross section measurements [86] were also used for determining the neutron skin
thickness of 208Pb. These measurements of the neutron skin thickness of 208Pb have implica-
tions in understanding the EOS of nuclear matter and the structure and stability of neutron
stars.

This list of experiments probing the nuclear matter is not exhaustive, but shows the diversity
of methods used in nuclear physics for the matter, charge, and neutron rms radii determina-
tion. Some of the methods provide better accuracy than the others. In this thesis the use
quasi-free neutron knock-out reactions are used for accessing the size of the single-particle
neutron orbitals in the pf− shell for calcium isotopes. This method is similar to the method
using the (e,e’p) reaction for determining the size of the proton single-particle orbitals.
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Figure 1.10: Examples of single-particle radial wavefunctions (left) and the produced parallel
momentum distributions (right) for the f7/2 neutron orbital of 52Ca. The different
colors correspond to calculations performed for orbitals of different sizes.

1.4.5 Studying the neutron single-particle orbitals radii via the quasi-free
knock-out (p,pn) reaction

It is an well-established method to use the width of the parallel momentum distribution for
extracting the angular momentum l. But the momentum distributions for a given l are sensi-
tive to the size of the neutron orbital in a neutron knock-out reaction as well. The determina-
tion of the size of the neutron single-particle orbitals via (p,pn) reactions is based on the link
between the spatial extension and the momentum distribution of the neutron inside the stud-
ied nucleus due to the Heisenberg uncertainty principle. The method is model-dependent.
The experimental momentum distribution data is fitted with theoretical momentum distri-
bution curves and using a χ2 minimisation criterion one determines the size of the neutron
wavefunction with which the theoretical calculations describe the experimental data the best.
The accuracy depends on the case; one needs to be able to deconvolute the total momentum
distribution into the component corresponding to the neutron knock-out from the studied
single-particle orbitals and also one can apply this method only if the theoretical momentum
distribution curves are sensitive enough to the orbital size. Examples of calculated single-
particle wavefunctions for an f neutron orbital and the corresponding parallel momentum
distribution are shown in Figure 1.10. The different colored curves correspond to calcula-
tions for different sizes for the single-particle neutron orbitals and the variation of the rms
radius results in a variation of the shape of the momentum distribution. Details and results of
the study of the pf -shell single-particle neutron orbitals of 52,53,54Ca isotopes are presented
in chapters 2 and 3 of this thesis.

1.5 Nuclear reactions with radioactive ion beams

For obtaining radioactive ion (RI) beams, one has two main production methods. One
can shoot with light projectiles on heavy targets, producing the spallation and fission of the
target, or one can shoot with an accelerated heavy ion on a light target, producing a sec-
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ondary cocktail beam by the fragmentation of the projectile. The first production method,
the ISOL technique, results in secondary beams of low energy (a few tens of keV), but of good
quality (low energy spread). Examples of facilities using this method are ISOLDE at CERN,
Switzerland, GANIL in France or TRIUMF in Canada. The ISOL technique is needed for exact
measurements at low energies such as mass measurement or laser spectroscopy.
The second production method, the in-flight production, gives high-energy beams, but of
worse quality than with the ISOL technique. The secondary cocktail beams obtained using
this method are separated and identified event-by-event before being used for nuclear reac-
tions on a secondary target. Examples of facilities producing high-energy RI beams are GSI
in Germany, RIBF (RIKEN) in Japan, or FRIB in USA.

For the study of direct nuclear reactions, we are interested in high-energy radioactive ion
beams. The production of a certain rare isotope depends on the fragmentation cross section
of the primary beam. Going further from stability means working with lower intensity sec-
ondary beams. For increasing the measured yield one would like to use thicker targets. An
example of experimental setup composing of a thick target is MINOS [8], which was used at
RIBF experiments.
MINOS is using a 15-cm long liquid hydrogen target which allows to study proton-induced
knock-out reactions. With a thick target, we now face an uncertainty in the reaction vertex
position, which is usually needed for the Doppler-shift correction if one performs γ-ray spec-
troscopy, as well as for the precise determination of the momentum of the fragments. For this,
MINOS has a TPC placed around the thick liquid hydrogen target. The TPC tracks the pro-
tons resulting from the quasi-free scattering reactions and can reconstruct the reaction vertex
using these tracks. The study presented in chapters 2 and 3 are based on experimental data
acquired at the RIBF facility using high-energy neutron-rich cocktail beams and the MINOS
experimental setup.

Chapter 4 of this thesis presents the research and development of a new particle tracker
combined with a liquid hydrogen target, STRASSE [10]. STRASSE aims to achieve a bet-
ter resolution for the reaction vertex position determination using two layers of double-sided
silicon strip sensors. Also, STRASSE will be used together with CATANA [11], a detector ar-
ray of CsI crystals, which will measure the total energy of the protons and the γ-rays. With
STRASSE and CATANA one will be able to perform missing mass measurements, complemen-
tary to γ-ray spectroscopy, and explore the nuclear structure far from stability.
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2 Extended p3/2 neutron orbital and the N = 32
shell closure in 52Ca

2.1 Overview

The first part of the study presented in this chapter is the measurement of the inclusive and
exclusive cross-sections for the 52Ca(p,pn)51Ca reaction. The experimental exclusive cross-
sections to remove a neutron from the f7/2, p3/2 and p1/2 orbital are obtained via in-beam
γ-ray spectroscopy. An evaluation of the neutron-evaporation cross-section was also needed
in order to be subtracted and to obtain the pure (p,pn) quasi-free scattering cross-section
values. The subtraction was done individually for each final-state tagged by its decay γ-ray
transition.

The second part of the study involves a momentum distribution analysis. The momenta
of the beam and fragment particles were obtained using the velocities at the reaction vertex
position and their directions. All these quantities were measured and allowed for a precise
momentum distribution analysis. From the parallel and perpendicular momenta of the 51Ca
fragment particles relative to the 52Ca beam particles corresponding to the removal of a neu-
tron from the f7/2 and p3/2 neutron orbitals, one could gain information about the spatial
distribution and the rms radii of single-particle these orbitals. In the next section of this
chapter the data analysis method is described step-by-step, followed by a description of the
theoretical models used for the two studies and their results.

2.2 Experimental Setup

The experiment was carried out at the Radioactive Isotope Beam Factory (RIBF) at the
RIKEN Nishina Center operated jointly with the Center for Nuclear Study of the University
of Tokyo. The full beam line schematics of the RIBF facility is shown in Figure 2.1. Three
modes for primary beam production available at the RIBF facility are shown schematically
in Figure 2.2. The first mode uses the azimuthally varying field (AVF) injector together with
the RIKEN Ring Cyclotron (RRC) and the Superconductiong Ring Cyclotron (SRC) and a
charge stripper located between AVF and RRC. This mode is used for the acceleration of light
beams. The second mode uses the RILAC (RIKEN Heavy-ion Linac) together with the RRC,
the Intermediate-stage Ring Cyclotron (IRC) and SRC. In this acceleration mode two charge
strippers are placed, before and after the RRC. The energy obtained after SRC in the first
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Figure 2.1: Schematics of the RIBF facility. The 70Zn primary beam was obtained using the
RILAC2 injector and further accelerated using RRC, fRC, IRC and SRC cyclotrons.
After SRC, the primary beam enters the BigRIPS area where the secondary beam
(cocktail beam including 52Ca) is produced using a 9Be primary target, then it is
separated and identified. The 52Ca(p,pn)51Ca reaction was studied in the SAMU-
RAI area. Figure adapted from [87] under CC-BY.

Figure 2.2: The three acceleration modes using SRC provided at the RIBF facility. The char-
acteristics of the cyclotrons are shown on the figure. Figure adapted from [87]
under CC-BY.
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Dipole Brho (Tm) Focal plane Slit position (mm) Degrader
D1 7.3000 F1 Slit L = 64.2 Al 3mm

Slit R = 64.2
D2 7.0954 F2 Slit U = 120.0

Slit D = 120.0
D3 7.0621 Slit L = 18.0

Slit R = 6.0
D4 7.0621 F5 Slit L = 110.0 Al 2mm

Slit R = 110.0
D5 6.8540 F7 Slit U = 120.0

Slit D = 120.0
D6 6.8540 Slit L = 20.0

Slit R = 20.0

Figure 2.3: Sketch of the BigRIPS area from F0 to F7 focal planes. It has two stages, in the
first stage the cocktail beam is produced and separated and the in the second
stage the beam can be identified and tagged. The BigRIPS settings are shown in
the table above. Figure reprintedwith the permission from [88]©2023by Elsevier.

two modes can be varied in a wide range up to 400MeV/u by varying the RF frequency. The
third mode uses RILAC2 coupled with RRC, fixed-frequency Ring Cyclotron (fRC), IRC and
SRC. Two charge strippers are used in this mode, placed before and after fRC. In this mode
the energy of the primary beam after SRC is fixed at the value of 345MeV/u due to the fixed
frequency operation of the fRC. The characteristics of each cyclotron are shown in Figure 2.2.
The 70Zn primary beam was obtained at the energy of 345MeV/u and with a beam intensity
of 240-pnA using the RILAC2 injector and the third acceleration mode.

After SRC, the 70Zn primary beam entered the BigRIPS area sketched in Figure 2.3. The
primary beam impinged on a 10-mm-thick Be target (at F0 focal plane of BigRIPS) for the
production of the secondary beam cocktail of radioactive isotopes. The production and the
separation of the secondary beam was done in the first stage of the BigRIPS. The identifi-
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cation of the beam particles was done event-by-event using the second stage of the BigRIPS
separator [89] via the magnetic rigidity (Bρ), time-of-flight (TOF) and energy loss (∆E) mea-
surements [90] with parallel plate avalanche counters (PPACs), plastic scintillators at the
focal planes F3, F5 and F7, and an ionization chamber (IC) at F7. The secondary beam
passes through 2 dipoles with a bending angle of 30◦ in the first stage and 4 dipoles in the
second stage of BigRIPS, labeled in Figure 2.3. A degrader was placed at F5 for allowing
a better separation of the different species of the cocktail beam. The BigRIPS settings are
shown in the table of Figure 2.3. There were two PPACs (PPAC1 and PPAC2) placed at each
of the F3, F5 and F7, giving the X-Y position of the secondary cocktail beam in 4 planes
(1A, 1B, 2A, 2B). The PPACs have a sensitive area of 240×150mm2 with a position resolu-
tion of 0.25mm [91]. Plastic scintillators used for TOF measurements have an active area of
120mm×100mm (used for F3 and F7) or 240mm×100mm (for F5) and a time resolution
of ∼40ps [90]. The timestamp information of all detectors was measured with respect to the
plastic scintillator detector for Beam Trigger (SBT) placed at F13 focal plane, at 2737mm be-
fore the secondary target. The∆E measurement is given by the MUSIC detector placed at F7.
The MUSIC ionization chamber consists of twelve anodes and thirteen cathodes aligned al-
ternately, the neighboring anodes being electrically connected in pairs. The 6 pairs of anodes
are readout and averaged for obtaining the ∆E value. The correlation between the neigh-
bouring anode readings is used for removing inconsistent events. The 52Ca beam particles
were obtained with an intensity of 4.41 pps and purity of 2.31% in BigRIPS. The 52Ca beam
had an energy of ∼265MeV/nucleon (FWHM=3MeV/nucleon) before the secondary target.

The tagged secondary cocktail beam from BigRIPS enters the SAMURAI experimental area.
The secondary target position at F13 focal plane is marked in Figure 2.1 with a green star and
the SAMURAI experimental area is shown in Figure 2.4. After the reaction at the secondary
target, the reaction fragments pass through the large acceptance SAMURAI analyzer mag-
net [93] with a central magnetic field of 2.7 T. The fragment particle identification is done
by trajectory reconstruction using two multi-wire drift chambers (FDC1&2) placed before
and after the SAMURAI magnet for the magnetic rigidity information, while the TOF and
∆E were provided by a 24-segment plastic scintillator hodoscope. The FDC1 and FDC2 are
composed of several wire planes oriented at -30◦, 0◦ and +30◦. They have a hexagonal cell
structure and are operated with He + 60% CH4 gas at 1 atm. The active area for FDC1 is
620mm×340mm and for FDC2 the active area is 2296mm×836mm. The FDC1 detector is
placed at 2720mm distance before the center of the SAMURAI magnet and the FDC2 detector
is placed at 3684mm distance after the center of the SAMURAI magnet, at 59.93◦ deflection
angle. The hodoscope detector for the fragments (HODOF) is composed of 24 plastic scintil-
lator bars (BC408) each having the the dimension of 1200mm(V)×100mm(H)×10mm(T).
The HODOF is placed at 59.93◦ deflection angle as FDC2, at a distance of 5146mm from the
center of the SAMURAI magnet.

The (p,pn) reactionwas studied usingMINOS [8], a 151(1)mm liquid hydrogen target with
a density of 73mg/cm3 surrounded by a time projection chamber (TPC) allowing a vertex
reconstruction with the resolution of 5mm (FWHM) [95]. The Figure 2.5 shows a drawing
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Figure 2.4: Schemeof the SAMURAI area. Source: [92]. BDC1 andBDC2 are used for tracking
(X-Y position and θ angle) the beam before entering the reaction chamber. MI-
NOS+DALI2 are used for this experiment for tracking protons and detecting the
γ rays. The fragments are tracked (X-Y position) before (FDC1) and after (FDC2)
being bent in the SAMURAI magnet. The timing and energy measurement of the
fragments is done with the hodoscope detectors (HODOF). Neutrons can as well
be detected in this setup with the NeuLAND and NEBULA detectors.

of the liquid hydrogen target and the TPC. The MINOS TPC has a cylindrical shape with the
length of 300mm, inner diameter of 80mm and with an outer diameter of 193mm. It is filled
with a gas mixture of argon (82%), CF4 (15%) and isobutane (3%) chosen for increasing the
drift velocity of the electrons. The charge collection at the anode is done with a Micromegas
pad detection plane [95] with 128µm amplification gap. There are 4608 pads arranged in
18 rings of ∆r=2 mm, containing 256 pads each. This geometry results in larger pad size
in the outer region of the TPC compared to the inner region. The readout electronics of the
MINOS TPC is based on AGET chips [8]. The X-Y position of the proton track is obtained
from the Micromegas pads position. The third dimension, Z, is obtained from the drift time
information. The time resolution of MINOS of ∼20ns leads to a spatial resolution along the
drift field (Z-axis) of about 1mm [8].

The reaction chamber with the MINOS TPC and the liquid hydrogen target were placed at
F13 focal plane at 4228mm distance before the center of the SAMURAI magnet. The reac-
tion takes place in the target volume and the vertex position is reconstructed using the proton
tracked in the TPC and the initial beam tracked by BDC1 and BDC2 (beam drift chambers).
The velocities of the beam and fragment particles were corrected for the energy loss in the
materials along their trajectories from BigRIPS and SAMURAI, respectively, up to the reac-
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Figure 2.5: Drawing of the liquid hydrogen target (blue) and the MINOS TPC (purple). The
DALI crystals (red) are placed aroundMINOS. A schematics of the (p,pn) reaction
on 52Ca within the liquid hydrogen target is also shown. Source: [94].

tion vertex, while their directions before and after the reaction were reconstructed using the
position information from the beam and fragment drift chambers (BDC1, BDC2 and FDC1)
(See their position in Figure 2.4). The beam drift chambers BDC1 and BDC2 are composed
of X and Y wires oriented perpendicularly on each other and filled with with He + 60% CH4

gas at 1 atm. They have an active area of 80mm×80mm and are positioned at a distance of
1235mm and 2235mm, respectively, before the target.

The γ-rays for tagging the final states of 51Ca fragment were measured with DALI2+ [96],
a high-efficiency array of 226 NaI(Tl) scintillation detectors placed around MINOS. There are
three types of crystals used for DALI2+ with sizes of 45×80×160mm3, 40×80×160mm3

and 60×60×120mm3, each encapsulated in 1-mm thick Al housing. The energy resolution
for photons at 662 keV is about 9% (FWHM) [96]. The crystals are arranged in layers per-
pendicular to the beam axis together with one layer of crystals along the beam axis covering
the forward angles. The layers have a “sunflower” geometry, optimized for having a max-
imum efficiency. In this configuration the angular size of a crystal positioned at 60◦ seen
from the mid-target position is 6◦ [96]. The DALI2+ detectors were calibrated individually
using γ-ray sources of 60Co, 137Cs and 88Y. The response functions of the detector array were
obtained using the GEANT4 framework [97]. The GEANT4 simulations for the γ-ray spectra
were benchmarked using the source measurements and discrepancies between the measured
and simulated spectra are included in the systematic errors of the results of the study. The
DALI2+ crystals are shown with red in Figure 2.5. The particles produced in the reaction
are sketched in the figure as well. The knocked-out neutron is not detected because of the
kinematics of the (p,pn) reaction. The neutron from the (p,pn) reaction is emitted at angles
similar to the proton angle and there is no neutron detection coverage for these angles in the
setup.
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Two plastic scintillator arrays, NeuLAND [98] demonstrator andNEBULA [99]were present
at this experiment. They were placed after the SAMURAI magnet at zero-degree deflection
angle. The NeuLAND detector array consists of 400 segments of 5 × 5 × 250 cm3 each ar-
ranged in 8 layers. The 8 layers were having alternating orientations, 4 layers with horizontal
segments and 4 layers with vertical segments. The NeuLAND detector was placed at a dis-
tance of 1165mm (first layer) and 11515mm (last layer) from the center of the SAMURAI
magnet. NEBULA is composed of 120 vertical segments of 12 × 12 × 180 cm3 arranged in
4 layers. The 4 layers were placed at distances of 13895mm, 14026mm, 14714mm, and
14871mm from the center of the SAMURAI magnet.
The typical low neutron separation energies for the neutron-rich isotopes allow for the popu-
lation of unbound states via (p, p′), inelastic scattering, followed by neutron-evaporation. Via
the neutron-evaporation process, the neutrons are emitted from 52Ca (found in an excited
state Ex>Sn) isotropically in the center of mass (or forwards in the laboratory frame). In this
case, one has the 52Ca nucleus as a beam, 51Ca as a fragment and one detects one proton in
MINOS, exactly as in the case of the (p,pn) reaction. The two neutron detectors could detect
and track the neutrons from (p,p’) events, helping to discard the neutron-evaporation events
and obtain clean (p,pn) reaction events.
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2.3 Data Analysis

2.3.1 Beam PID

The beam particle identification (PID) is done event-by-event using the second stage of
BigRIPS consisting of the focal planes from F3 to F7 dedicated to the separation of the cocktail
beam. The position information of the PPACs and time information of the plastic scintillators
are measured at F3, F5 and F7 focal planes together with the energy loss measurement, ∆E,
at F7. A Bρ - ∆E - TOF method is implemented [90]. The following set of equations allows
the determination of β and A/Q (mass number/charge state) value of the beam particles:

TOF37 =
L35

β35c
+
L57

β57c
(2.1)

(︃
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Q
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35

=
(Bρ)35 c

(γβ)35mu
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)︃
57

=
(Bρ)57 c

(γβ)57mu
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with β = v/c and γ =
√︁

1− β2, c is the speed of light, mu is the atomic mass unit, and (Bρ)

is the magnetic rigidity of particles at the dipoles. Various combinations of the available ob-
servables can be used for the beam particle identification, but the chosen method, combining
the two stages F3-F5 and F5-F7, gives the best resolution.

The magnetic rigidityBρ is deduced via trajectory reconstruction up to 1st order in position
and angle from PPACs positioned upstream and downstream of each dipole. Out of the 4
planes (1A, 1B, 2A and 2B) of each PPAC, the requirement is that at least one of the first pair
and at least one of the second pair fires. For the events with no PPAC position information, the
x-position was reconstructed using the time difference registered in each plastic scintillator
detector. The percentage of events with missing position for the each run number for F3, F5
and F7 are shown in Figure 2.6. For most of the runs, the percentage of missing position
information is below 5%, but some runs are completely missing the F3 position information
(F3 PPACs tripped for these runs). The arrows for the F3 data (magenta line) in the plot show
that for those sets of runs the percentage of events with missing position information went up
to 100, which is out of the plot’s scale. The position reconstruction using the time difference
is performed using the existing valid events and the calibration was done with a linear fit for
the F3 position. For F5, which covers a wider position range, a 5th order polynomial was used
for reproducing the correlation with fidelity. The final percentage of invalid events (missing
time, position or energy information) after the position recovery for F3 and F5 goes down to
3% for all runs.

It is considered that there is no charge change in the degrader at F5 focal plane, (A/Q)35 =

(A/Q)57 but the values β35 and β57 are different because of the energy lost in the degrader
material. The term TOF37 contains a time of flight offset which is adjusted so that the ob-
tained A/Q values are correct. The time of flight offset arises from the time delay existing in
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Figure 2.6: Percentage of
events with missing
position informa-
tion in BigRIPS F3,
F5 and F7 focal
planes along the run
number (32 - 230).

Figure 2.7: Time of flight offset
(TOF37Offset) tuning
for the 52Ca beam in
BigRIPS.

Figure 2.8: Histogram with
the distribution
of the calibrated
atomic number Z for
the cocktail beam
detected in BigRIPS.
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Figure 2.9: Beam particle identification (PID) plot in BigRIPS. The 52Ca
isotope is marked with a red arrow.

the electronics between the F3 and F7 plastic scintillation detectors and also it accounts for
the flight difference along the beam line through the degrader at F5 for the different beam
species. As a result it is dependent on the isotope. The Figure 2.7 shows the values of the A/Q
for the 52Ca beam particles for a range of TOF37 offset values. The offset value of 297.827 ns
corresponding to an A/Q equal to 2.60 for 52Ca will be further used in the analysis.

The determination of Z (atomic number) of the particles is done using the ∆E information
at F7 together with the velocity of the particle, β57, between F5 and F7 are used as follows:

∆E ∝ Z2

β257
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The constant of proportionality contains the detector material information and the integration
along its thickness. The full expression of the Bethe-Bloch formula in the differential form is
the following:
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where the p and t subscripts referring to the projectile and the target, respectively, NA is the
Avogadro’s number and ϵ0 is the electrical permittivity of the vacuum. The Z value obtained
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Figure 2.10: Simulated tracks (blue) of frag-
ments in the SAMURAI mag-
net starting from the target and
passing through FDC1, FDC2
and HODO detectors (active
areas marked with magenta
boxes).

from the equation (2.4) is then calibrated and the Z distribution of the cocktail beam is shown
in Figure 2.8.

The two values for β between F3-F5 and F5-F7 are different due to energy losses in the ma-
terial along the beam line. The velocity determined between F5-F7 will be further corrected
for the energy losses along the beam line up to the entrance to the target for each event.
This correction is done using the Bethe-Bloch formula 2.5 knowing the list of materials along
the beam line. The beam position measured with BDC1 and BDC2 can be extrapolated for
obtaining the position of the beam at the entrance of the target cell. The beam spot for this re-
action channel had a 2D Gaussian profile with σX=4.6mm and σY =4.1mm. A cut of 15mm
radius was imposed for valid events at the entrance window of the target cell throughout the
calculations of the reaction cross sections.

The beam PID plot is shown in Figure 2.9 as Z versus A/Q. The 52Ca isotope is marked
with a red arrow on this plot. A beam particle identification with 4.76σ separation in Z and
31.44σ separation in A/Qwas achieved for beam Ca isotopes, comparable to the PID obtained
by Ref. [39]. The 52Ca beam had an intensity of 4.41 pps and purity of 2.31%. A number of
2.5 106 events were identified as 52Ca beam within 4σ’s on both Z and A/Q axes and arriving
in a valid position range on the liquid hydrogen target entrance window.

2.3.2 Fragment PID

After the reaction, the fragments are separated and identified with the large acceptance
SAMURAI analyzer magnet having a central magnetic field of 2.7 T and the hodoscope detec-
tors. A time-of-flight measurement is obtained between the plastic scintillators at the focal
plane F13 (SBT) localized before the target and the hodoscope detectors. The trajectory in
the SAMURAI magnet is reconstructed using the position and angles measured before and
after the analyzing magnet in the fragment drift chambers (FDC1 and FDC2).
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Figure 2.11: Top: Fragment particle
identification (PID) plot
after SAMURAI. The
51Ca fragment isotope is
marked with a red arrow.
Right: Fragment PID for
the 52Ca(p,pn) reaction.

Because of the large spatial range covered by the magnet, the flight-length (FL) and the
magnetic rigidity (Bρ) in the magnet are obtained as functions of the positions and angles in
FDC1 and FDC2 detectors from a GEANT4 simulation for charged fragments in the SAMU-
RAI magnet (NEBULA simulator - smsimulator5.4 [100]). The simulation is performed only
for 52Ca (direct, unreacted beam) and 51Ca (fragment of the 52Ca(p,pn) reaction), using the
experimental position and velocity profiles as input. The FL and Bρ functions are fitting func-
tions of the simulated events. Fragment tracks through the SAMURAImagnet from simulation
are shown in Figure 2.10. Having the TOF, FL and Bρ information, the mass-to-charge ratio
(A/Q) for the fragments was obtained while the charge measured in the hodoscopes allowed
for the determination of Z, the charge of the fragments.

The corrections that needed to be applied for the fragment analysis were the following:
correction for charge drift for some hodoscopes along run number (because of gain fluctu-
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ations), correction for the time drift of the plastic scintilator at F13 along run number, TOF
offsets for the hodoscopes relative to the F13 plastic scintilator tuned individually, charge
calibration of each hodoscope and an energy loss correction for the beta value of the frag-
ment between the target and the SAMURAI magnet (the FDC1 detector material). After the
fragment particle identification and isotope tagging are done, an alternative and more pre-
cise way to calculate the velocity of the fragment is implemented. This method is using the
rigidity and mass-to-charge ratio (Bρ and A/Q) instead of the flight-length and time-of-flight
(FL and TOF) :

β =
FL

TOF · c
(2.6)

γβ =
(Bρ) · c

(A/Q) ·mu
(2.7)

The fragment particle identification plot, Z vs. A/Q is shown in the top plot of Figure 2.11
with the 51Ca fragment marked with a red arrow. The right plot of the same figure shows
the selection of the 51Ca fragment. The SAMURAI magnet, the fragment drift chambers and
hodoscopes following along the fragment track are able to cover a large range of isotopes with
Z ranging from below 16 to just over 24 and with a mass-to-charge ratio ranging between
2 and 3. The PID, Z and A/Q, for both the beam and the fragment prove to be stable over
the entire experiment. All the calibrations fit the best in the range of the Ca isotopes and
small distortions may appear for isotopes further from this region. Vertical traces appear
around some of the isotopes as for the case of 51K because of incomplete charge detection
in the hodoscope detector material. Fortunately, these long tails from other isotopes did not
interfere with the selection of the 51Ca fragment. For the fragment Ca isotopes, a 7.21σ
separation in Z and 8.12σ separation in A/Q was obtained and, as in the case of the beam,
the isotope tagging was done within 4σ’s cuts.

2.3.3 Vertex reconstruction with MINOS

For each proton track, several events are registered in the MINOS TPC. The X and Y coor-
dinates of each event is given by the Micromegas grid, while the Z-coordinate is determined
using the drift time information:

Z = (tdrift − t0) · vdrift (2.8)

with tdrift being the drift time, t0 is a time offset and vdrift is the drift velocity in the TPC. The
drift time will be longer as the ionization in the drift chamber takes place further from the
Micromegas plane. It is obtained for each event by fitting the collected charge as a function
of time with the analytical formula [95]:

q(t) = A ∗ exp
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Figure 2.12: The reaction vertex
reconstructed with
MINOS (Y vs Z) for
the 52Ca (p,pn) 51Ca
reaction.

Figure 2.13: Beam incident
angle before the
reaction (blue) and
the fragment angle
after the reaction
(black) with respect
to the symmetry
axis along beam
line.

Figure 2.14: The angular distri-
bution of the pro-
ton tracked with the
MINOS TPC for the
52Ca (p,pn) 51Ca re-
action channel.
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Figure 2.15: The beta distribu-
tions for the beam
at the entrance to
the target, for the
beam and fragment
at the reaction
vertex and for the
fragment at the exit
from the target.

Figure 2.16: The correlation be-
tween the fragment
beta distribution
and the beam beta
corrected for the
velocity change at
the reaction. For
guidance the line
y=x is also shown
(red solid line).

Figure 2.17: The distribution
of the incoming
energy at reac-
tion vertex ranges
between 190 and
270MeV/u for the
52Ca (p,pn) 51Ca
reaction channel.
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the electronic signal q(t) is a function of the shaping time (τ), the signal amplitude (A), the
signal baseline (qb) and the drift time (tdrift). The drift velocity in the TPC was determined
using the TPC length, the minimum and maximum drift time registered by MINOS:

vdrift =
LTPC

tmax − tmin
(2.10)

vdrift was determined for each run individually for better accuracy.

The event filtering is done in two stages. The first stage is a Hough filter in 2D, in the
(X,Y) plane of the Micromegas and in the second stage the third dimension is considered for
another Hough filter in 3D [95]. The used algorithm filters off the noise contributions to
the tracks. If the number of obtained tracks is one, as in (p,pn) reactions, the proton track
together with the beam track will give the vertex position. If the number of tracks is two, as
in (p,2p) reactions, the two tracked protons will give the vertex position.

By requesting 52Ca as beam, 51Ca as fragment and the detection of one particle in the
TPC, the distribution of the vertex position shown in the Figure 2.12 is obtained. From the
experimental data from various (p,pn) and (p,2p) reactions, the target length was found to
be 151(1)mm.

A number of 36k events were measured in the 52Ca (p,pn) 51Ca reaction channel. The
imposed conditions were: beam tagged as 52Ca, fragment tagged as 51Ca, 1 proton detected
in theMINOS TPC and the reaction vertex to be foundwithin the target region. This number of
events is further corrected by theMINOS efficiency. TheMINOS efficiency is determined using
the γ-ray spectrum with and without the vertex position information used for the Doppler-
shift correction, as described in section 2.3.4. The angle of the 52Ca beam before the reaction
is obtained from the BDC detectors and reaction vertex position information. The fragment
trajectory after the reaction is determined with the FDC1 position information together with
the vertex position are used. The angular distributions for both beam and fragment (theta
angle) are given in the Figure 2.13 as well as for the proton tracked by MINOS (relative to
the beam line direction) in the Figure 2.14.

The velocities of the beam and fragment can now be corrected for the energy loss in the
liquid hydrogen target until the reaction vertex. The resulting β-distributions before, after
the target and at the reaction vertex for the beam and the fragment are plotted in Figure 2.15.
The fragment distribution after the target are shown with a factor of 2 on the vertical axis
while the beta distributions for the beam and the fragment at the reaction vertex got a factor
of 4 on the vertical axis for an optimal visualisation on the plot. In Figure 2.16 the velocity
of the fragment is plotted against the velocity of the beam at the reaction vertex, corrected
for the change in velocity after the knock-out reaction, together with the function y=x shown
with a red line which proves the good match of the reconstructed velocities. The velocity β of
the fragment is later used in the Doppler correction for the measured γ-ray spectrum. Finally,
the incident energy for the reaction is obtained and is plotted in Figure 2.17. The incident
energy takes values between 190 and 270MeV/u for the 52Ca (p,pn) 51Ca reaction channel.
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Figure 2.18: Gamma spectra of the calibration sources (see details in text).

2.3.4 DALI2+ γ-ray detection array

Calibration of DALI2+

The final states of the fragment after the (p,pn) reaction can de-excite via γ-ray emission
measured with the DALI2+ detector array. DALI2+ was calibrated using the following γ-ray
sources: 137Cs, 60Co and, 88Y emitting at 661.65 keV, 898 keV, 1173.22 keV, 1332.49 keV, and
1836.06 keV. The two-dimensional plot shown in Figure 2.18 (top-left) gives the gamma-ray
energy spectra with the source measurements for each crystal. The above-mentioned peaks
are clearly visible and calibrated. The literature energy values are marked by red horizontal
lines on the plot. The source measurements were performed before the experiment, as well
as at the end and two times during the experiment. The γ-ray background was monitored
and measured. The scintillator detectors are sensitive to the residual magnetic fields of the
surrounding dipoles and to the beam intensity, as a result, the gain varied throughout the ex-
perimental runs. The 4 sets of source measurements were applied over the experimental runs
divided in 4 groups for a minimum γ-ray energy variation. Measurements with a 133Ba source
were also performed. The 133Ba peaks are present at energies lower than 500 keV: 80.99 keV,
302.85 keV and 356.01 keV. The line at 356.02 keV is also marked with an horizontal red
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Figure 2.19: Gamma spectra in coincidence with the 52Ca (p,pn) 51Ca reaction channel af-
ter the energy calibration and the Doppler - shift correction (blue), after the
Add - Back correction (red) and with no vertex position information from the MI-
NOS TPC (black) used for the efficiency evaluation of MINOS. The spectrum is
shown startingwith 1000 keV because there is no visible structure and the count
is too high for this scale below this value.

line in Figure 2.18, but these peaks were not used for the calibration because in some cases
they were not clean or well separated. The low-energy peak from 133Ba at 352 keV and the
weak high-energy peak from 88Y at 2734 keV were used for cross-checking the linearity of the
energy calibration, which showed energy shifts below 1% in the extrapolation regions.

The response functions of the DALI2+ detector array for the source measurements were
simulated within GEANT4 framework. The detection resolution of each crystal determined
from the source measurements was considered in the simulation as a two-parameters func-
tion of the form a · Eb along the energy range. The simulated spectrum was added on top of
the normalized natural background γ-ray spectrum. The overlapping simulated and experi-
mental spectra for the 137Cs, 60Co and, 88Y γ-ray sources are also shown in Figure 2.18. Each
figure shows the spectrum in linear scale with the energy measured in keV together with
an inset with the same spectrum in the logarithmic scale for the visualisation of the small
peaks. The main peaks of each calibration source are labeled in the figures. The plots show
how the simulations (dotted red curves) reproduce very well the measured spectra (solid blue
line). The simulated and measured spectra agree within 5% (relative difference). After the
calibration of the DALI2+ detector-array both in time and energy and the validation of the
simulation for the response functions, one can move with the analysis to the γ-ray spectra for
the in-beam reactions. For the efficiency of the DALI2+ detectors we fully rely on the GEANT4
simulations for the experimental runs.

Doppler - shift correction of the γ-ray spectrum
In the raw γ-ray spectrum for the 52Ca (p,pn) 51Ca reaction channel, the peak that can

be easily identified is the 511 keV annihilation peak, while no other recognizable peaks are
seen. Further corrections are needed until the peaks structure of the 51Ca γ-rays spectrum
becomes visible. The emitted γ rays are detected with a Doppler - shift. The shift in energy
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is dependent on the velocity of the fragment at the emitting moment and on the angle under
which the detectors see the γ-ray relative to the fragment. The detected energy needs then
to be corrected as follows:

EDoppler = Eγ · γfragment · (1− βfragment · cos θγ) (2.11)

with
γfragment =

1√︂
1− β2fragment

(2.12)

where EDoppler is the energy corrected for the Doppler - shift, Eγ is the detected gamma energy,
with the energy calibration already applied, βfragment is the β value of the fragment at the
vertex position, and θγ is the angle of the vertex-detector direction relative to the fragment
direction.

The velocity of the fragment is obtained from the SAMURAI analysing magnet rigidity to-
gether with the known mass-to-charge ratio value with high accuracy. The velocity is then
corrected for the energy loss in the materials along the beam line up to the exit point of the
liquid hydrogen target. From this point, together with the vertex position information, the
flight length in the target is calculated and an additional correction for the energy loss in the
target material is applied up to the reaction vertex. The correction is done in steps of 1mm
inside the target material with a linear interpolation for fractions of 1mm. The uncertainty on
the βfragment due to the vertex position uncertainty is 0.0011 (sigma value). The uncertainty
of the fragment velocity due to the vertex position uncertainty impacts the Doppler-shift cor-
rected γ-ray energy as well as the determination of the momentum of the fragment relative to
the beam. The later is used in the momentum distribution analysis discussed in section 2.3.9.

The mean interaction point in each crystal is obtained from the GEANT4 simulation and it
is used for the geometrical calculation rather than the geometrical center of the crystals. The
crystal’s physical size, together with the uncertainty of the vertex position give an uncertainty
in the detecting angle of 2.7◦ (sigma value). The cumulative effect of the vertex position
uncertainty (via the emitting angle and fragment velocity) on the Doppler corrected γ-ray
energy is 88.56 keV (sigma value), which comes on top of the resolution of 55-60 keV in
energy for a 3.4MeV γ-ray for the NaI(Tl) crystals. With this width of the peak for a γ-ray
energy above 3MeV, the Compton edge appears no longer separated from the full-energy
peak, but rather as a shoulder in the left side of the peak.

The spectrum for the 52Ca (p,pn) 51Ca reaction channel corrected for the Doppler - shift is
given in the Figure 2.19 (blue line). A main distribution around 3MeV appears after this
correction showing at first sight two peaks. The one in the right side is the full-energy peak
at 3.4MeV energy, corresponding to the 7/2− → 3/2− transition of 51Ca and the left one is
the Compton edge of it.
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Add - Back correction for the γ-ray spectrum

Figure 2.20: Scheme for the Add - Back algo-
rithm implemented for the analy-
sis of the γ-ray spectra.

The interaction of the γ rays with
matter, hence the detector material,
takes place via three possible processes:
the photoelectric effect, the Compton
effect or the pair production. The Fig-
ure 2.21 shows the probability of each
effect as a function of the γ-ray energy.
The Compton effect is the dominating
one for γ-rays with energies as high as
3.4MeV as in the 51Ca γ-ray spectrum.
In order to improve the full-energy peak
efficiency, one can correct at some de-
gree for the Compton events by per-
forming the add - back correction. The
add - back correction is focused on the
γ-rays resulting from a Compton event
(or sequential Compton events) at the
interactions of the incident γ-ray with
the detector material that may escape
the detector volume and be detected
in neighbouring crystals. Such clusters
of γ-rays can be identified and added
back. This way a full-energy event can
be build and the information is restored.

The spatial range for which the
add - back correction is applied can be
chosen by keeping a balance between
the following: adding too much and reconstructing false high-energy hits by taking a large
range, or missing the reconstruction of part of the Compton events by taking a range that
is too small. In this analysis an add - back range of 12 cm was considered. In the scheme
shown in Figure 2.20 the add - back algorithm is illustrated. Starting with an event with M
γ-ray hits registered, the list of candidates for the clustering is formed (marked with green).
The highest-energy hit of this list of candidates is identified (circled on the scheme) and the
cluster with hits registered within the add - back range is generated (magenta shown as the
first cluster and blue shown as the second cluster). The range of add - back is not a sphere
around the highest-energy hit, but rather the union of spheres around each of the clustered
hits. After the first cluster is formed, the list of candidates for the next cluster is updated and
the process continues until no more clusters can be formed. At the end for this event, a new
list of γ-ray is saved with the new hits as well as with the unused hits. The Doppler - shift
correction is applied on the fully reconstructed γ-ray considering the time and the spatial
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Figure 2.21: The γ rays interact with
matter via the photo-
electric effect, Comp-
ton effect or pair pro-
duction. Each effect
dominates different en-
ergy regions. For γ rays
with the energy above
1MeV, the Compton ef-
fect is the dominating
one.

coordinates of the highest-energy hit. The resulting spectrum after the add - back correction
is shown in Figure 2.19 (red line). A net increase of the photo-peak was achieved. The height
of the full-energy peak was increased by a factor of 1.48 after the add-back correction.

Determination of MINOS efficiency
The MINOS efficiency for the 52Ca (p,pn) 51Ca reaction was obtained from the two γ-ray

spectra with add - back correction with and without using the vertex position information
from MINOS. The two spectra are shown in Figure 2.19 with the red and the black line. Each
simulated response function (with and without vertex position information) for the main peak
at 3.4MeV was fitted together with a double exponential curve for the background shape to
the two spectra. The ratio of the obtained amplitudes of the two response functions gives
the MINOS efficiency. The response function and the determined γ-ray energy for the case
without MINOS are obtained by considering that the reaction takes place in the middle of the
liquid hydrogen target. For the specific phase space of the 52Ca (p,pn) 51Ca reaction the value
of 64.7(18)% was determined for the MINOS efficiency.

2.3.5 Gamma spectrum for the 52Ca (p,pn) 51Ca reaction

The validity of the Doppler-shift correction of the gamma energy can be checked via its
correlations with various quantities such as the emitting angle of the γ-ray, vertex position or
the velocity of the fragment. These are quantities that enter into the calculation of the gamma
energy, but in a correct analysis no correlations between them and the gamma energy should
exist. In the Figure 2.22, the gamma energy is plotted on the Y-axis with a binning of 50 keV /
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Figure 2.22: Plot with the gamma energy vs. the gamma angle (a.), the vertex position (b.)
and the fragment velocity (c.) for the 52Ca (p,pn) 51Ca reaction. A red line is
shown horizontally corresponding to 3453 keV energy for visual guidance. No
correlations are observed.

bin and all plots show no shift in the gamma energy over the range of the gamma angle (10◦ to
130◦), the vertex position (0 to 151mm) or the velocity of the fragment at the reaction point
(0.55 to 0.64 c). An additional γ-particle timestamp difference condition of 8 ns was applied
in order improve the peak-to-total ratio. The distribution of the gamma-particle timestamp
difference is shown in Figure 2.23.

Figure 2.23: Gamma-particle times-
tamp difference for the
52Ca (p,pn) 51Ca reaction.
A timestamp window was
selected based on this
distribution.

The main plot shown in Figure 2.24 (blue dots) is the final γ-ray spectrum after the cor-
rections mentioned above. The peaks that can be identified in the spectrum are the follow-
ing: 3453(20) keV, 2375(13) keV, 1720(25) keV, 1461(20) keV, and 691(4) keV (labeled on
the plot from A to E). A small bump of unknown origins is also visible at 4.8MeV. The
experimental spectrum is fitted with the simulated response functions (dotted red) and a
double-exponential background shape (dashed black). The error bars represent statistical
uncertainties. The level scheme of 51Ca was already deduced in past studies [101, 102] and
the transition energies observed in this experiment are in agreement with the literature values
(comparison in Table 2.1). The level scheme is shown in Figure 2.24 (top) and the transitions
are labeled in the same way as in the γ-ray spectrum from A to E. Also in the Figure 2.24
(middle), one finds the single-particle configuration of the ground state, 1.7MeV state and
the 3.4MeV state. They correspond to the knockout of a neutron from 52Ca from the p3/2,
p1/2, and f7/2, respectively starting from the ground state of 52Ca 0p − 0h: (f7/2)8(p3/2)4 or
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Figure 2.24: Top: The low-energy level scheme of 51Ca with the observed transitions labeled
from A to E. Middle: The single-particle configuration of the g.s., 3.4MeV and
1.7MeV states of 51Ca. The filled circles represent occupied states and the open
circles represent hole states. Bottom: The γ-ray decay spectrum of 51Ca via
the (p, pn) reaction after Doppler-shift and add-back correction. The neutron-
evaporation contribution is not subtracted. The experimental γ spectrum (blue
circles) is fitted with the simulated response functions (dotted red line) and a
double-exponential background (dashed black line). The inset shows a low en-
ergy region of the spectrum containing the transition at 691(4) keV and the re-
sponse function was shifted vertically (+130) for visualisation. Similar figure
published in [9]© CC-BY-4.0.
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Eγ [keV] (this work) Eγ [keV] (literature, experiment)
691(4) -

1461(20)
1466 [101]
1466 [102]

1720(25)
1718(1) [103]
1721 [101]

2375(13)
2377(1) [103]
2379 [101]
2378 [102]

3453(20)
3460(2) [103]
3437 [101]
3462 [102]

Table 2.1: Table with the γ-ray transitions of 51Ca. The values obtained in this work are com-
pared with the values found in literature.

the 2p− 2h configuration: (f7/2)8(p3/2)2(p1/2)2.

Significance analysis
For deciding upon the significance of the secondary peaks, namely the ones at 2375(13)

keV, 1720(25) keV, 1461(20) keV, 691(4) keV, and 4.8MeV energy, a significance analysis
using the likelihood method [104] was used in which the two hypotheses, without (the null
hypothesis) and with (alternative hypothesis) the peak existence assumptions are compared.
In order to determine the log-likelihood ratio in the two cases for each of the peaks under
question, the function GetStats of the TVirtualFitter class of ROOT was used. The
log-likelihood ratio of two hypotheses asymptotically follows the chi-squared distribution χ2

d

with the number of degrees of freedom (dof) d, equal to the difference of the dof ’s in the null
(H0) and alternative hypothesis (H1); in this case d=1. With the log-likelihood ratios of the
null hypothesis and the alternative hypothesis being a0 and a1, one gets:

−2 · log
(︃
LH1

LH0

)︃
= 2 · (a0 − a1) ≈ χ2

d (2.13)

In this case the p-value (P) will be the right-hand side cumulative distribution function of
χ2
d=1 and the calculation of the significance level or n-σ confidence is done using the cu-

mulative distribution function of the normal distribution, which in ROOT was calculated as
-1.0*TMath::NormQuantile(P). In determining the significance level of the above -
mentioned peaks, the background shape was varied. Background shapes from other (p,pn) re-
actions on 53Ca, 51K and 53K were used for cross checks. The other secondary peaks were also
successively included and excluded in the calculation of the significance of each peak. In con-
clusion the determined significance for the secondary peaks at 2375(13) keV, 1720(25) keV,
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1461(20) keV, 691(4) keV, and 4.8MeV were the following: 3σ, 2.5σ, 3σ, 3σ, and 2σ, re-
spectively. Given its low significance and the absence of any peak at 4.8MeV in the 51Ca
spectra from other reaction channels, the 4.8MeV ‘bump’ will not be taken into consideration
further in the analysis.

2.3.6 The 51Ca spectrum and γ − γ coincidences

Because the statistics for γ − γ coincidences from the 52Ca(p, pn)51Ca channel is poor, the
γ − γ coincidences for the 51Ca spectrum were evaluated considering all reaction channels
populating bound states in 51Ca. The distribution of the beam particles leading to 51Ca is
shown in Figure 2.25 plotted as Z vs. A/Q. In this plot, the condition for a valid reaction
vertex is imposed, i.e. vertex within the physical location of the target and the minimum
distance between the beam-proton or proton-proton to be smaller than 10mm. The main
population of 51Ca occurs from scandium and calcium isotopes. In the case of Scandium
isotopes, we have reactions of the type (p, 2pXn) where we detect 2 protons and a number of
X neutrons are also emitted, while in the case of calcium beam isotopes, the 51Ca fragment is
obtained through reactions of the type (p, pXn), where we only detect one proton in MINOS.
The two types of reactions, the removal of a proton and several neutrons or the removal of
neutrons exclusively, can lead to the population of different sets of bound states in 51Ca. The
associated spectra of the two types of reactions are shown in Figure 2.26 for an energy interval
of 400-4400 keV, 40 keV binning and 200-1200 keV, 10 keV binning (inset). The peaks or
the positions where we expect the peaks are labeled with the corresponding energy on the
spectra. To the right of the γ-spectrum, a more complete level scheme of 51Ca is shown.
The level scheme was constructed using the literature values from Refs. [101–103] and the
values found in the present studies. The level scheme includes transitions which could not be
confirmed by this study.

The γ − γ coincidences that we expect by gating on the 2375 keV transition are with
1461 keV, 310 keV, 485 keV and 1945 keV. For the 1461 keV transition, the 2375 keV, 310 keV
and 485 keV should show in the coincidence spectrum. While the γ − γ coincidence for the
3453 keV transition should be with 691 keV. Each of the expected coincidence was observed
in our data. The spectra for one of the cases, the coincidence with the 3453 keV transition, are
given in Figure 2.27. The gate region as well as the background region of choice is mentioned
in the caption of the figure. With the above mentioned γ− γ coincidences from several chan-
nels leading to 51Ca, we can conclude that our data agrees to the level scheme constructed
from Refs. [101–103].
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Figure 2.25: The beam particles leading
to the population of 51Ca
with conditions for a valid
vertex reconstruction. The
two rectangular boxes mark
the Scandium (red) and cal-
cium (blue) isotopes lead-
ing to 51Ca via (p, 2pXn) and
(p, pXn) reactions, respec-
tively.

Figure 2.26: Total γ-ray spectra of 51Ca fragments and the energy level scheme of 51Ca.
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Figure 2.27: The γ−γ coincidenceswith the 3453 keV transition. The energy gate that is used
is 3200-3600 keV. The gated spectrum from all channels is plotted with solid
black line. A background subtraction using the energy range of 3800-4000 keV
was done and the spectrum is plotted with solid grey line. The spectra corre-
sponding to (p, 2pXn) and (p, pXn) reaction types are shown with dotted red
and dashed blue lines respectively. The later two were re-scaled by a factor of
2 for visualization purpose. The γ-γ coincidence of the 3453 keV transition with
the 691 keV transition is observed.

2.3.7 Neutron-evaporation channel

At the interaction of the 52Ca within the liquid hydrogen target, a competing channel is
the inelastic scattering followed by the neutron evaporation from the excited 52Ca nucleus
(Sn=6MeV for 52Ca). This process results in detecting a 51Ca fragment and a scattered pro-
ton in the MINOS TPC, being so far indistinguishable from the (p,pn) reaction channel. The
difference between the neutron-evaporation events and (p,pn) events is that the neutron in
the neutron-evaporation events is emitted isotropically in the 52Ca rest frame, or forward in
the lab frame (schematics in Figure 2.33), which was covered by existing neutron detectors,
while the neutron from the (p,pn) events is emitted at larger angles due to the kinematics of
the reaction, in a region which was not covered by any neutron detector.
The NeuLAND and NEBULA detectors were calibrated for the time and charge. The charge
was calibrated using cosmic radiationmeasurements acquired prior to the experiment. Through-
out the presented analysis the change is expressed in units of energy-equivalent. For the time
calibration the photons coming from the target and reaching the neutron detectors were used
because of their well-known velocity, c. The uncertainty comes from the emission point from
the 151-mm long target, but the middle point of it was considered as the source. In the Fig-
ure 2.28 one can see the time vs. detector number. The sharp distributions (at timestamp
values of ∼40 or ∼50-55 ns) in each detector module correspond to the photons and give the
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Figure 2.28: Detection time distribution
for the 520 neutron detector
modules of NeuLAND and
NEBULA after the calibra-
tion.

Figure 2.29: Energy (charge) vs. β plot.
The cuts applied for neutron
selection were: Energy
(charge)>6MeV, β >0.2
and β <0.8 (red lines).

absolute time calibration and the broad distributions are the detected neutrons. A shift in the
timestamp value is seen after detector number = 400 and this is related to the position of the
NEBULA detectors further from the target.
At the interaction of the neutrons with the detector material, several processes can take place.
The neutron can do quasi-free scattering on 12C or on the protons in the scintillator mate-
rial or γ-rays can be emitted. All these cases contribute to the cross-talk events. Out of the
large number of hits registered for each event the first signal that has the charge>6MeV,
β > 0.2 and β < 0.8 was kept (see Figure 2.29). This assured the rejection of the photons.
No further cross-talk analysis is required since only one neutron is detected in this reaction
channel. The phase space obtained after these cuts is also well reproduced by simulated
neutron-evaporation events.

Simulation of relative energy spectrum

A simulation with GEANT4 is performed for the decay of the 52Ca emitting isotropically the
neutron and the 51Ca fragment. The simulated neutron evaporation events are followed by
the detection of the neutrons, the tracking of the fragment through the SAMURAI magnet and
its detection in FDC1, FDC2 and hodoscope detectors. The relative energy of the fragment
and the neutron could be reconstructed from the simulation for the events generated with
input relative energy varying between 0 and 15MeV.
Starting from a flat distribution of relative energies, after running the generated events through
the simulation, a non-flat distribution of the successful input relative energies is obtained. For
each input relative energy, a new reconstructed simulated relative energy value is calculated.
The correlation of the successful input relative energy and the simulated relative energy is
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Figure 2.30: Correlationmatrix (left) and normalized correlationmatrix (right) for the relative
energy simulation for the neutron-evaporation channel. A flat distribution of
input relative energy was generated for the GEANT4 simulation.

Figure 2.31: The experimental relative en-
ergy distribution (red) and
the efficiency curves in the
basis of the input relative en-
ergy (blue) and the simulated
relative energy (black).

Figure 2.32: Gamma spectrum obtained
by gating on the detection
of one neutron before (black)
and after the correction for
the efficiency (blue).
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shown in Figure 2.30 (left). A binning of 0.25MeV was used for the relative energy through-
out the analysis. The efficiency depending on the determined relative energy is calculated
from this simulation. The initial number of events needs to be recovered for counting pur-
poses for the efficiency, while keeping the same simulated relative energy response function.
The correlation matrix from Figure 2.30 (left) will be renormalized and the new correlation
matrix from Figure 2.30 (right) is obtained. The renormalization was done for each vertical
column, for each bin of the input relative energy and the flat distribution of the input relative
energy was recovered. The ratio between the projections of the two matrices will give the ef-
ficiency. It can be projected on the two axes, either in the basis of the input relative energy, or
in the basis of the simulated relative energy, both efficiency curves are shown in Figure 2.31.
The conversion of the efficiency between the two bases (successful input relative energy and
simulated relative energy) can also be obtained using the correlation matrix from Figure 2.30
(left) with the following relation:

1

ϵy
=

∑︁
Nxy

1
ϵx∑︁

Nxy
(2.14)

ϵ being the efficiency in each bin (x) or (y) in either of the bases and Nxy represents the
counts in the bin (x,y). The conversion is valid both ways.

Neutron-evaporation channel contribution

The efficiency obtained from the simulation and shown in Figure 2.31 (black line) accounts
both for the geometrical coverage of the detectors and for the efficiency of the neutron de-
tection and was used as a function of relative energy. Figure 2.33 (3.) shows a schematics
of the 52Ca ground state level relative to the 51Ca + n system with the visualization of the
relative energy, excitation energy of 52Ca and the neutron separation energy. From exper-
imental measurements one can obtain the four-momenta of 51Ca and the emitted neutron.
With this information one can obtain the invariant mass of the 52Ca in the excited state before
the neutron-evaporation process:

|P52Ca∗| = |P51Ca + Pn| (2.15)

with bold P signifying four-momenta and |P| giving the invariant mass. The relative energy
for the 51Ca and the neutron is calculated as follows:

Erel = |P51Ca + Pn| − |P51Ca| − |Pn| (2.16)

The excitation energy is given by the following expression:

Eexc = |P51Ca + Pn| − |P51Ca| − |Pn|+ Sn(52Ca) (2.17)
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Figure 2.33: Schematics of the n-evaporation process.

or
Eexc = |P51Ca + Pn| − |P52Ca| (2.18)

Figure 2.31 (red line) shows the experimental relative energy distribution. The obtained
average efficiency for this relative energy distribution is 32.3%. The γ-ray spectrum with a
gate on the detection of a neutron and the condition for the relative energy to be ≤10MeV is
given in Figure 2.32 (black line). A number of 1004 events fall into the mentioned conditions
corresponding to an inclusive cross section of 1.64(7)mb, which amounts to 3106 events or
an inclusive cross section of 5.08(17)mb after the efficiency correction.
The gamma spectrum for neutron-evaporation receives contributions from each bin of the
relative energy spectrum shown in Figure 2.31 (red line). If each γ-ray sub-spectrum cor-
responding to the 250 keV-bins of the relative energy distribution is firstly corrected by the
efficiency for that relative energy and then summed back together, the new and corrected
gamma spectrum shown in Figure 2.32 (blue line) is obtained. This γ-ray spectrum can now
be fitted with the simulated γ-ray response functions and a background shape and the am-
plitude corresponding to each peak is finally generated leading to exclusive cross sections for
the neutron-evaporation channel.

2.3.8 Cross section evaluation

The inclusive cross section for the total events of 52Ca (beam)→ 51Ca (fragment) with the
detection of a proton is 60.24(194)mb. The cross section for the n-evaporation channel is
1.64(7)mb and after the correction for the neutrons efficiency (average value 32.32%), the
value of 5.08(17)mb is obtained. The contribution of neutron-evaporation events to the to-
tal cross section needs to be subtracted. It results that the inclusive cross section for the
52Ca (p,pn) 51Ca reaction channel is 55.16(211)mb.
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Eγ (keV) Jπ
i → Jπ

f σtotal (mb) σn−evaporation (mb) σ(p,pn) (mb)
3453(20) 7/2− → 3/2− 24.63(223) 1.33(15) 23.30(238)
1720(25) 1/2− → 3/2− 0.64(32) - 0.64(32)
1461(20) 7/2+ → 5/2− 0.95(29) 0.07(7) 0.89(37)
2375(13) 5/2− → 3/2− 1.27(44) 0.31(8) 0.96(52)
691(4) 9/2+ → 7/2− 0.95(23) - 0.95(23)
g.s. - - 30.30(418)

inclusive 60.23(194) 5.08(17) 55.15(211)

Table 2.2: Inclusive and exclusive cross sections for 52Ca(p,pn)51Ca and neutron-
evaporation channels.

The exclusive cross sections are obtained using the amplitudes of the response functions af-
ter fitting the γ-ray spectrum, Figure 2.24. The amplitudes give the total number of events
populating each final state which is then corrected for the MINOS efficiency, divided to the
number of unreacted events and to the number of scattering centers per area in the target:

σi =
N i

reacted · ϵMINOS

Ntransmitted · ntarget
(2.19)

The efficiency of the DALI2+ array is already included in the response functions and other
efficiencies entering into the number of events are canceled when taking the ratio to the un-
reacted or transmitted events. The exclusive cross sections for the 52Ca (p,pn) 51Ca reaction
channel as well as for the neutron-evaporation channel and the total cross sections are sum-
marized in the Table 2.2. Considering the cascade transitions, the 3836-keV state is populated
with 0.92(63)mb cross section, the 4144-keV state is populated with 0.95(23)mb cross sec-
tion, while the 3453-keV state with 22.35(239)mb. The cross section to the ground state is
obtained by subtracting the exclusive cross sections from the inclusive cross section giving the
final value of 30.30(418)mb.

2.3.9 Parallel and Perpendicular Momentum Distributions (PMDs)

In the (p,pn) knock-out reaction at ∼230MeV/nucleon, the momentum distribution of the
fragment relative to the beam reflects themomentum distribution of the knocked-out nucleon.
The momentum distribution analysis is used for accessing the size of the neutron orbital from
which the neutron is knocked-out via the (p,pn) reaction. The results of the study are going
to be discussed in section 2.5.

Figure 2.34 shows a schematics of the experimental setup around the target. For the (p,pn)
reaction, the vertex position within the 151-mm long liquid hydrogen target is determined
using the tracked proton in the MINOS TPC and the beam trajectory before the reaction. The
trajectory of the beam can be determined using the position measured in BDC1 and BDC2,
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Figure 2.34: Scheme of complete kinematics of beam and fragment particles in the liquid
hydrogen target for the (p,pn) reaction (top) and the direct (unreacted) beam
case (bottom). The red circles represent the position measured in the beam
and fragment drift chambers. The yellow star represents the reaction vertex
reconstructed by the MINOS TPC. The green star represents the chosen virtual
point to play the role of the reaction vertex in case of no reaction. The vertical
dashed line shows the x-y plane through middle of the target. The horizontal
dashed lines represent the z-axis relative towhich θbeam and θfrag are calculated.

as well as using the vertex position information. After the reaction, the fragment particle
is tracked using the FDC1 detector. From these measurements, one obtains the θ and ϕ

angles of the beam and of the fragment particles. The velocities βbeam and βfragment were
determined in BigRIPS and the SAMURAI magnet, respectively, using the magnetic rigidity
method: γβ = (Bρ)·c

(A/Q)·mu
. From BigRIPS and SAMURAI, the beam and fragment velocities

were corrected for the energy loss along the beam line and in the liquid hydrogen target up to
the reaction vertex position. The momentum distribution of the fragment is calculated as the
Lorentz boost transformation with −v⃗beam (beam velocity) of the fragment four-momentum,
Pfrag.

For the unreacted beam, an arbitrary virtual point is chosen to play the role of the reaction
vertex. In this analysis, the point of intersection between the trajectory of the beam and the
x-y plane at the middle of the target was chosen (marked with a green star in Figure 2.34).
The fact that the fragment (in SAMURAI) is identified as the beam (in BigRIPS), does not
discard the possibility to have single or multiple scatterings in the target; but this cannot be
measured, so the trajectory is considered a straight line inside the target spanned between the
positions measured in the beam and fragment drift chambers. The rest of the calculations for
the momentum distribution determination are the same as described for the (p,pn) reaction
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Figure 2.35: Parallel (left) and perpendicular (right) momentum distributions for the
52Ca (p,pn) 51Ca reaction channel. Inclusive PMDs are shown with open back
circles, full blue circles for the population of 3453-keV state and red squares for
the ground state. The error bars represent the statistical errors in each of the
cases. The grey dashed lines show the PMDs of the unreacted beam. A bin size
of 40MeV/c is used for both plots.

events.
The absolute magnitude of the momenta of the beam and the fragment are in the range of

30 000-40 000MeV/c. The two components of the momentum distribution of the fragment
in the center of mass of the beam for the 52Ca (p,pn) 51Ca reaction channel are plotted in
Figure 2.35. The total PMDs are shown with open black circles and the error bars represent
the statistical errors,

√
N of each bin (vertical) and the bin size (horizontal). The PMDs for

the unreacted (direct) 52Ca beam are plotted with gray dashed lines and are reflecting the
resolution of the determined momentum distributions; the parallel ∆PMD contains ∆pz =
49.5MeV/c, while the perpendicular ∆PMD contains ∆px and ∆py = 76.5MeV/c added in
quadrature. The unreacted beam includes the uncertainty coming from the measurements of
β values of the beam and fragment from BigRIPS and SAMURAI and no uncertainty related
to the reaction vertex. An additional degradation of the resolution of ∆p∥ = 1.5MeV/c and
∆p⊥ = 7.5MeV/c originating from the vertex position uncertainty within the liquid hydrogen
target is considered. The resolution of the PMDs is needed in later steps for the convolution
of the theoretical PMDs with the experimental resolution.

The decomposition of the total PMDs for individual populated states is done using the γ-
ray spectrum. For each bin in the PMDs the corresponding partial γ-ray spectrum is obtained
and it is fitted with the response functions of the existing γ-rays. The number of events found
for each state and each bin is plotted obtaining the differential parallel and perpendicular
momentum distributions dσ/dp∥ and dσ/dp⊥ to individual final states. A direct cut on the
γ-ray spectrum is not suited for our case because of the broad shape that the peaks have and
the background laying underneath each peak. Using the explained method for the deconvo-
lution only allows the PMDs for the most populated 3453-keV state to be obtained. In the
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Figure 2.36: The parallel (top) and perpendicular (bottom) PMDs vs the angular distribution
of the protons detected by the MINOS TPC for all 52Ca→51Ca events (left) and
for the neutron-evaporation events (right).

Figure 2.37: Comparison of total PMDs via the angle cut method (black) and difference
method (blue). See the text for detail.
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Figure 2.35, both parallel and perpendicular momentum distributions for the 3453-keV state
are plotted with full blue circles. The difference between the total PMDs and the ones for the
3453-keV state gives the ground-state PMDs neglecting the small non-ground-state contribu-
tions and it is plotted with red squares. In these cases as well, the error bars represent the
statistical errors.
One can already observe how the momentum distributions for the 3453-keV are wider than
those corresponding to the ground state. This is expected as the population of the 3453-keV
state is the result of the knock-out of a f7/2 neutron while the ground state population is the
result of the knock-out of a p3/2 neutron via (p,pn).

Subtracting the neutron-evaporation channel contribution from PMDs
For assuring that the momentum distributions do not contain any neutron-evaporation

events, a cut on the proton angle was applied. The Figure 2.36 shows the parallel (top)
and perpendicular (bottom) PMDs plotted against the proton angle for all events (left) and
only for the events registering a neutron (right). It is observed that the neutron-evaporation
events have an angular distribution for the protons restricted to large values. A cut at 55◦

(mean - rms value of the proton angular distribution for neutron-evaporation events) was
chosen, which is marked by a vertical dotted red line in the figure. Only 6.4% of the neutron-
evaporation events are found at proton angles <55◦, which amounts to 0.53% of the total
number of events. The alternative is to obtain the individual PMDs with the neutron detection
gate, to correct the PMDs for the neutron detection efficiency and then to subtract the PMDs
in order to remain with only (p,pn) events. The two methods are compared in Figure 2.37.
Both methods are in very good agreement, but for its smaller uncertainties and simplicity, the
angle cut is preferred (proton angle < 55◦).
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2.4 Theoretical Calculations and Results

For the interpretation of the experimental data the Distorted-Wave Impulse Approximation
(DWIA) reaction theory and Shell-Model (SM) calculations were conducted by our collabora-
tors Y. Chazono, K. Ogata, F. Nowacki, A. Poves and K. Yoshida. Details about the calculations
are given in this section.

2.4.1 DWIA calculations with HFB input

The Distorted-Wave Impulse Approximation (DWIA) [105–108] was used for this study for
calculation the neutron knockout from 52Ca. Themethodwas benchmarked [109] on the neu-
tron knockout reaction from 54Ca, data from the same experiment as the present study [46].
The theoretical framework as in the Refs. [109, 110] for DWIA will be exposed shortly in the
followings for a proton (p) induced nucleon (N) knockout reaction, A(p, p′N)B.
The DWIA is a theoretical method suitable for the study of (p, pN) reactions where the
knocked-out nucleon (N) can be either a neutron or a proton. It assumes that the knock-
out occurs by a single interaction of the nucleon in the target with the incident proton. The
DWIA transition amplitude is:

T jlm =
√
S
⟨︂
χ
(−)
p′ χ

(−)
N

⃓⃓⃓
τpN

⃓⃓⃓
χ(+)
p ψjlm

⟩︂
where χ(−)

p′ and χ(−)
N are the distorted wavefunctions of the outgoing proton and N interacting

with the residual nucleus B, χ(+)
p is the distorted wavefunction of the incoming proton inter-

acting with the target nucleus A, ψjlm is the bound-state wavefunction of the knocked-out
nucleon in the target nucleus A,

√
S is the spectroscopic amplitude of the ejected nucleon

and τpN is the two-body scattering matrix.
The two-body scattering matrix can be obtained using phenomenological nucleon-nucleon
scattering amplitudes. In our case the effective nucleon-nucleon interaction parameterized
by Franey and Love [111] was used. The incoming and outgoing waves were obtained using
the folding potential (FP) [112] with the Melbourne G-matrix interaction [113]. Here, the
proton and neutron densities in the target and fragment are needed. In our calculations these
were obtained from HFB calculations with the SKM interaction.
The wavefunction of the knocked-out nucleon in the target nucleus, ψjlm, has a strong impact
on the cross-sections results. More details on how we deal with this part in order to probe
the size of the single-particle orbitals follow in the next subsection.
The triple differential cross section for the knockout process is:

d3σ

dEp′dΩp′dΩN
=

K

(2sp + 1)(2JA + 1)

∑︂
jlm

|T jlm|2
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with K being a kinematic term and the denominator being the degeneracy in the entrance
channel.
Another quantity that can be measured experimentally is the momentum distribution of the
fragment nucleus B:

dσ

dP⃗B

=

∫︂
dP⃗ pdP⃗ p′δ(Ef − Ei)δ(P⃗ f − P⃗ i)

d3σ

dEp′dΩp′dΩN

with Ei (Pi
⃗ ) and Ef (Pf⃗ ) being the initial and final energy (momentum). The total momen-

tum can be divided into its parallel and perpendicular components:

dσ

dP||
=

∫︂ ∫︂ ⃓⃓⃓⃓
dσ

dP⃗B

⃓⃓⃓⃓
P⊥dP⊥dP||dφ = 2π

∫︂ ⃓⃓⃓⃓
dσ

dP⃗B

⃓⃓⃓⃓
P⊥dP⊥

and
dσ

dP⊥
=

∫︂ ∫︂ ⃓⃓⃓⃓
dσ

dP⃗B

⃓⃓⃓⃓
P⊥dP⊥dP||dφ = 2πP⊥

∫︂ ⃓⃓⃓⃓
dσ

dP⃗B

⃓⃓⃓⃓
dP||

with |dP⃗B| = P⊥dP⊥dP||dφ being the volume unit in the momentum phase space expressed in
terms of the parallel momentum component (along z-axis) and the perpendicular momentum
component (in the x-y plane). The φ angle is the orientation of the perpendicular component
in the x-y plane taking values from 0 to 2π with the integral

∫︁
dφ = 2π. The relation between

the total momentum (PB), parallel momentum (P||) and the perpendicular momentum (P⊥)
is:

P 2
B = P 2

|| + P 2
⊥

In a simple picture, the momentum of the fragment relative to the target nucleus gained af-
ter the reaction can be approximated with the momentum that the knocked-out nucleon had
inside the target nucleus and this makes the parallel and perpendicular momentum distribu-
tions (PMDs) a good observable for the study of the single-particle state of the knocked-out
nucleon inside the nucleus. The next subsections will expose the steps of our study for deter-
mining the size of the neutron single-particle f7/2 and p3/2 orbitals via the neutron knock-out
reaction for 52Ca.

2.4.2 Default calculations

The 52Ca(p,pn)51Ca is measured in the inverse kinematics, thus 52Ca is the beam and 51Ca is
the target nucleus, and N , the knocked-out nucleon, is a neutron. In the default calculations,
the neutron and proton density distributions of the beam and fragment nuclei as well as
the single-particle wavefunction of the knocked-out neutron are calculated using the Woods-
Saxon potential with the routinely chosen Bohr-Mottelson parametrisation:

V (r) =
V0

1 + exp( r−r0
a0

)
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with a0=0.67, r0=1.26 fm and V0 adjusted in order to reproduce the effective separation
energy. The excitation energy of the final state of the fragment is included as well in the
potential depth V0.
In the 52Ca(p,pn)51Ca neutron knock-out reaction, we can remove the f7/2, p1/2 or the p3/2
neutron from 52Ca, for which the single-particle cross sections were calculated. With rea-
sonable statistics for a momentum distribution analysis we could only use the events with
the f7/2 and p3/2 neutron knock-out. The neutron knock-out from the f7/2 orbital leaves the
51Ca fragment in an excited state at an energy of 3.4MeV, the neutron knock-out from the
p3/2 orbital will leave the fragment in the ground state, and p1/2 neutron knock-out lead to
1.7MeV excitation energy for the fragment. For this analysis we will deviate from the default
DWIA calculations (using the Bohr-Mottelson parametrization) as described in the following
subsections.
For the 54Ca(p,pn)53Ca and 48Ca(p,pn)47Ca we are only interested in the single-particle cross
section values and no momentum distribution analysis. The calculations are needed for the
knock-out of the p3/2, p1/2 and f5/2 for 54Ca and d3/2 and f7/2 for 48Ca. For these cases we
will stick to the default DWIA calculations and they will be discussed in subsection 2.4.8.

2.4.3 Neutron and proton density distributions with HFBRAD

Neutron and proton total densities and single-particle wavefunctions can be calculated with
the Hartree-Fock-Bogoliubov (HFB) method using the HFBRAD code [114]. HFB allows to
obtain the nuclear structure starting from an initial guess for the nucleon-nucleon interaction
or for the single-particle wavefunctions. It is then constructing thewavefunctions and energies
in an iterative way. The nuclear density ρ(r) will be:

ρ(r) =
∑︂
i

|ψi(Ei, r)|2ni

a sum over all single-particle occupied states with ψi and Ei being the wavefunction and
energy, and ni the occupation number of the state i. The density can also be expressed using
the radial wavefunctions, ui as follows:

ρ(r) =
∑︂
i

u2i (Ei, r)

4πr
ni

The sum goes over all occupied single-particle orbitals of neutrons in case of the neutron
density ρn, for protons in case of the proton density ρp or both in case of the matter density
ρm.
The rms radius of a single-particle orbital (i) expressed using the radial wavefunction is:

⟨r2⟩1/2sp,i =

(︃∫︁
r2u2i (Ei, r)dr∫︁
u2i (Ei, r)dr

)︃1/2
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And the rms radii of the neutron (n), proton (p) or matter (m) are calculated as:

⟨r2⟩1/2n =

(︃∫︁
r4ρn(r)dr∫︁
r2ρn(r)dr

)︃1/2

⟨r2⟩1/2p =

(︃∫︁
r4ρp(r)dr∫︁
r2ρp(r)dr

)︃1/2

⟨r2⟩1/2m =

(︃∫︁
r4ρm(r)dr∫︁
r2ρm(r)dr

)︃1/2

=

(︃∫︁
r4ρn(r)dr +

∫︁
r4ρp(r)dr∫︁

r2ρn(r)dr +
∫︁
r2ρp(r)dr

)︃1/2

In order to choose among the interactions to be used in the HFB calculations, the neutron,
proton and total matter rms radii were calculated with the following interactions: SKM, SLY4
and SIII for 48,50,52,54Ca and compared to experimental data. The results are shown in the
Table 2.3. For each isotope the neutron (n), proton (p) and matter (m) rms radius values is
given in fm and the interaction used in the calculation is shown in the first column of each
block. Additionally, a comparison with the value obtained from the Woods-Saxon calculation
with the Bohr-Mottelson parametrisation (BM) is given as well as the experimental value.
The experimental values come from isotopic-shift measurements, inelastic scattering, and in-
teraction cross section measurements. In the case of protons, the charge radius is given as
well. Overall, the HFB calculations give better results than the BM calculations. Given that
our main focus is 52Ca, we chose the interaction that matched the best the experimental value
for the proton rms radius because this is the only experimental information that it available.
Even though the rms radius value is matched well, we know that the HFB calculations do not
reproduce the slope, or the difference δ⟨r2⟩48,52, but for our needs it is still the best behaving
interaction. We will continue using the HFB (with SKM interaction) for the total neutron and
proton densities for the beam and the fragment nuclei in the DWIA calculations.
Starting from the even-even beam nuclei, we end up with odd-A fragment nuclei in a

(p,pn) neutron knock-out reaction. The HFBRAD code is restricted to the calculation of even-
even isotopes. The odd-A fragments of the reactions 48Ca(p,pn)47Ca, 52Ca(p,pn)51Ca, and
54Ca(p,pn)53Ca were treated within the following approximations:

• the proton densities of the odd-A fragments were considered the same as for their cor-
responding even-A beams (shown in Figure 2.38).

• the neutron densities can be calculated in 4 ways summarized in Table 2.4. Cases a and
b give similar results, as well as the cases c and d. The neutron densities for the odd-A
nuclei for the cases a and d are plotted in Figure 2.38. Out of the 4 cases, case a was
used for the DWIA calculations. The fragment densities as calculated starting from the

58



48Ca: Z=20, N=28 50Ca: Z=20, N=30
n p m n p m

SKM 3.580 3.424 3.516 SKM 3.664 3.444 3.578
SLY4 3.606 3.453 3.543 SLY4 3.696 3.475 3.609
SIII 3.599 3.462 3.542 SIII 3.685 3.488 3.608
BM 3.662 3.362 3.537 BM 3.763 3.369 3.605

Exp
- 3.38(IS) 3.48(pp)

Exp
- 3.43(IS) 3.64(xs)

3.47(IS∗) 3.49(pp) 3.51(IS∗)

3.47(xs)

52Ca: Z=20, N=32 54Ca: Z=20, N=34
n p m n p m

SKM 3.746 3.462 3.639 SKM 3.856 3.487 3.724
SLY4 3.777 3.494 3.671 SLY4 3.698 3.521 3.744
SIII 3.772 3.513 3.674 SIII 3.842 3.542 3.733
BM 3.743 3.373 3.601 BM 3.889 3.388 3.704

Exp
- 3.46(IS) -

Exp
- - -

3.55(IS∗)

Table 2.3: The neutron (n), proton (p), (∗)or charge, and matter (m) rms radii for 48,50,52,54Ca
nuclei calculated with the interaction indicated in the first column corresponding,
or with the Woods-Saxon potential with the Bohr-Mottelson parametrization (BM)
and the available experimental data (Exp). All values are given in fm. The experi-
mental data come from isotopic shift measurements (IS), (p,p) elastic scattering
(pp) and interaction cross section measurements (xs), from Refs. [4, 6].

case 47Ca 51Ca 53Ca
a 48Ca - f7/2 of 48Ca 52Ca - p3/2 of 52Ca 54Ca - p1/2 of 54Ca
b 48Ca - f7/2 of 46Ca 52Ca - p3/2 of 50Ca 54Ca - p1/2 of 53Ca
c 46Ca + f7/2 of 46Ca 50Ca + p3/2 of 50Ca 52Ca + p1/2 of 52Ca
d 46Ca + f7/2 of 48Ca 50Ca + p3/2 of 52Ca 52Ca + p1/2 of 54Ca

Table 2.4: The 4 cases for calculating the odd-A neutron density distributions (for 47,51,53Ca)
using the even-even density distributions (46,48,50,52,54Ca) and the single-particle
wavefunctions of the valence neutrons (f7/2, f5/2, p3/2 and p1/2). Case awasfinally
chosen for the density calculations for odd-A nuclei.
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Figure 2.38: Top-left, top-right and bottom-left: The density distribution of protons and neu-
trons for odd-A (cases a and d) and even-A nuclei. Bottom-right: The radial
wavefunctions of f7/2, f5/2, p3/2 and p1/2 neutron orbitals in neutron-rich Ca-
isotopes. HFB calculations performed using the SKM interaction.
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relative change in cross section relative change in P|| width
case p3/2 (g.s.) f7/2 (3.4MeV) p3/2 (g.s.) f7/2 (3.4MeV)

+both -16% -13% -1.14% -0.59%
-both 27% 24% 1.29% 1.02%
+p -7% -5% -0.41% -0.25%
-p 10% 9% 0.53% 0.46%

+n -11% -9% -0.92% -0.16%
-n 15% 14% 0.54% 0.59%

Table 2.5: The relative change in cross section and parallel momentum distribution (P||)
width for the variation of the beamand fragment radial extension of the proton (p),
neutron (n), or both distributions by +10% (+) or -10% (-) for the g.s. and 3.4MeV
states of the fragment in the exit channel. The DWIA calculations are using HFB
(with the SKM interaction) calculated density distributions which are then artifi-
cially expanded or shrunk in the radial coordinate.

beam nuclei (with mass number A) as below:

ρA−1(r) = ρA(r)−
u2sp,A(r)

4πr

For reference, the rms radii of the neutron density distribution in each of the nuclei are the
following: for 47Ca, one obtains 3.559 fm in case a and 3.528 fm in case d, starting from 48Ca
with 3.579 fm and 46Ca with 3.505 fm, respectively. For 51Ca, one obtains an rms radius of
3.709 fm in case a and 3.641 fm in case d starting from 52Ca with 3.746ḟm and 50Ca with
3.614 fm. Lastly, 53Ca will have an rms radius of 3.816 fm in case a and 3.783 fm in case d,
with 54Ca bein 3.855 fm in size.
Also, the binding energy of the removed neutron from the HFB calculations (with SKM) are:
-10.43MeV for 48Ca (literature value: -9.95 MeV), -5.82MeV for 52Ca (literature value: -
6.00 MeV), and -2.73MeV for 54Ca (literature value: -3.84 MeV). The agreement between
the calculations and literature values is good, with deviations of the order of 1MeV or lower
in the neutron rich Ca-isotopes.

2.4.4 Variation study of the beam and fragment nuclear size

A first attempt to probe the impact of the nuclear size on the PMDs was to artificially
increase or decrease the nuclear radial extension for the DWIA. The following cases were
treated: change in size by -10% only on protons (-p), +10% only on protons (+p), -10%
only on neutrons (-n), +10% only on neutrons (+n), -10% on both neutrons and protons
(-both) and +10% on both neutrons and protons (+both). In all these cases, the single par-
ticle wavefunction of the knocked-out neutron was kept the same as obtained from the HFB
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calculations. The change in the cross section values is summarized in Table 2.5. We observe
an impact larger than ±10% on the cross sections for the ±10% variation of the radial com-
ponent in the densities. This is because if we keep the same single particle wavefunction and
vary the fragment density, we directly vary the overlap between the two, and thus, the cross
sections. One can look for reference at Figure 2.38, top-right and bottom-right plots. Most
of the probability distribution of the single particle wavefunctions for both 1f and 2p lies at
the decreasing part or the tail of the total neutron or proton distribution in the fragment. On
the other hand, the width of the parallel momentum distribution changes very little because
it reflects mostly the single-particle wavefunction of the removed nucleon (in the momentum
space) rather than the fragment or the target density distribution.

Calculations with HFB vs. BM single-particle wavefunction of the knocked-out neutron
Calculations using the single-particle wavefunction for the knocked-out nucleon from HFB

or using the Woods-Saxon potential (Bohr-Mottelson parametrization, BM) were performed
for comparison. In both cases the target and fragment proton and neutron density distribu-
tions from the HFB calculations were used as they better reproduce the experimental data.
The resulting cross sections do show a difference. The cross sections obtained with the HFB
single-particle wavefunctions are on average 20% lower than with BM. The difference arises
from the tails of the wavefunctions obtained in the two cases. In Figure 2.39 one can see with
the blue dots the HFB wavefunctions for the p3/2 (left) and f7/2 (right) neutrons in 52Ca. On
the other side, the BM wavefunctions are plotted with black solid line. For both orbitals, the
tails of the wavefunctions are longer for the BM case compared to the HFB case, increasing the
overlap with the density probability of the fragment and thus increasing the cross section for
neutron knock-out. In the next steps of the study we will continue using the BM single-particle
wavefunctions and check the sensitivity of the various parameter entering into the calcula-
tions such as the radial parameter of the Woods-Saxon potential or the diffuseness parameter.

2.4.5 Sensitivity of PMDs to the r0 radial parameter

As all examples of shell evolution taught us, the nuclear structure changes in many aspects
when one moves away from the valley of stability. As we see, the momentum distributions
and the cross sections calculated via the DWIA method are very sensitive to the single-particle
wave-function of the knocked-out neutron. On one hand, using the experimental momentum
distribution, we could select the wavefunction with a proper radial extension and pin down
the size of the orbitals from which we remove the neutron, and on the other hand, using
the wavefunction that fits the best, we can finally calculate the neutron knock-out cross sec-
tions. Starting from the default radial parameter value, r0 = 1.27 fm, a variation of ±5%,
±10%, ±20%, ±30% and ±40% was used for additional momentum distribution and cross-
section calculations. As the radial parameter of the Woods-Saxon potential, directly relates
to the radial extension of the single-particle wavefunctio, we obtained a set of single-particle
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wavefunctions of different rms radii values. For the p3/2 neutron orbital, the set of wavefunc-
tions obtained with the radial parameter varied between -40% and 40% have the following
rms radii: 3.749 fm, 3.955 fm, 4.167 fm, 4.382 fm, 4.491 fm, 4.601 fm (default), 4.711 fm,
4.822 fm, 5.048 fm, 5.276 fm, and 5.507 fm. Also the set of rms radius values for the f7/2
neutron orbital are: 3.051 fm, 3.343 fm, 3.646 fm, 3.955 fm, 4.112 fm, 4.269 fm (default),
4.428 fm, 4.587 fm, 4.906 fm, 5.228 fm, and 5.549 fm. The rms radii of the neutron orbital
calculated with HFB, SKM interaction are 4.492 fm and 4.118 fm, for the p3/2 and f7/2 or-
bitals respectively. The set of wavefunctions with the different r0 values and the wavefunction
from HFB are shown in Figure 2.39 for both neutron orbitals p3/2 and f7/2 and the plots with
the rms radius value as a function of r0 are shown in Figure 2.44 of section 2.5. The set
of momentum distribution curves (parallel and perpendicular projections) with the different
r0 parameter values and with the wavefunction from HFB are also plotted in Figures 2.41
and 2.40. The change in cross section and the width of the parallel momentum distribution
as one varies the radial parameter is listed in Table 2.6. For all these calculations with the
variation of r0, other parameters remained the default ones, including the diffuseness param-
eter a0 set at the value 0.67.
From the Table 2.6, one can see how sensitive the cross section and the momentum distri-
bution are to the radial parameter. For a change by 40% in the radial parameter, the cross
section can jump to up to 144% of the default value, or the parallel momentum distribution
widens as much as 19% more compared to the initial width.

Relation between the single-particle orbitals rms radius and PMDs
The calculated PMDs can be fitted to the experimental PMDs and the quality of the fit, or

the χ2 can be extracted for each of the PMD curves. One can construct χ2 as a function of
the r0 parameter with which the PMD curve was calculated and from the minimum of the
χ2 function, one can find the optimum r0 value. Additionally, the two points with χ2

min + 1

on either side of the minimum point on the y-axis correspond to a ±1 − σ interval for r0 on
the x-axis. In the next section of this chapter, the fitting procedure and the results for the
optimum r0 and the rms radii are presented. After the r0 optimum value with the σ value are
found, one can extract the rms radius, and the corresponding 1-σ value, of the orbital from
the relation between rms radius and r0 parameter. This will be presented in section 2.5.

2.4.6 Sensitivity of PMDs to the a0 diffuseness parameter

As it was done for the r0 radial parameter of the Woods-Saxon potential, the a0 diffuseness
parameter was also varied and the sensitivity of the cross sections and momentum distribu-
tions to a0 was studied. The Table 2.7 shows the relative change in the cross section and in
the parallel momentum distribution width as the a0 parameter varies from -40% to +40%.
The diffuseness parameter is not influencing the results of the DWIA calculations too much,
the variations are very small, especially for the PMDs, such that the same analysis as for r0
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Figure 2.39: The single-particle wavefunctions for the neutron p3/2 (left) and f7/2 (right) or-
bitals. They are calculated with the HFBRAD codewith the SKM interaction (HF)
and with the Woods-Saxon potential, with the Bohr-Mottelson parametrisation
(BM). The additional coloured solid lines represent the wavefunctions calcu-
lated using a different r0 radial parameter of the Woods-Saxon potential, having
values from -40% to +40% relative to the default r0=1.27 fm (BM). The X-axis
represents the radial coordinate in fm and the Y-axis represents the probability
density of the radial wavefunction, u(r).
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Figure 2.40: The parallel (top) and perpendicular (bottom) momentum distributions for the
knock-out of a neutron from the f7/2 orbital from the 52Cabeam, leaving the frag-
ment in the 3.4MeV excitation energy calculated with the HFB single-particle
wavefunction (HFB, dashed blue curve) and the Woods-Saxon potential with
Bohr-Mottelson default parametrisation (BM, solid black) or variations of the r0
radial parameter by -40%up to +40%compared to the default value of r0=1.27 fm
(colored solid curves, percentage shown).

65



Figure 2.41: The parallel (top) and perpendicular (bottom) momentum distributions for the
knock-out of a neutron from the p3/2 orbital from the 52Ca beam, leaving the frag-
ment in the ground state calculated with the HFB single-particle wavefunction
(HFB, dashed blue curve) and the Woods-Saxon potential with Bohr-Mottelson
default parametrisation (BM, solid black) or variations of the r0 radial parameter
by -40% up to +40% compared to the default value of r0=1.27 fm (colored solid
curves, percentage shown).
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parameter r0 relative change in cross section relative change in P|| width
%rel value p3/2 (g.s.) f7/2 (3.4MeV) p3/2 (g.s.) f7/2 (3.4MeV)
-40% 0.762 -50.3% -56.6% 19.6% 8.9%
-30% 0.889 -40.9% -47.9% 13.6% 6.3%
-20% 1.016 -29.6% -36.4% 8.3% 3.7%
-10% 1.143 -16.0% -20.7% 3.7% 1.5%
-5% 1.2065 -8.3% -11.1% 1.7% 0.8%

0% 1.27
0% 0% 0% 0%

5.79mb 3.75mb 92MeV/c 120MeV/c
5% 1.3335 8.89% 12.6% -1.6% -0.6%
10% 1.397 18.2% 26.7% -3.0% -1.2%
20% 1.524 38.2% 60.0% -5.5% -2.3%
30% 1.651 58.9% 99.6% -7.8% -3.5%
40% 1.778 79.4% 144.7% -9.9% -4.7%

Table 2.6: The relative change in the cross section and the width of the parallel momentum
distribution for a variation of the radial parameter r0 by -40% up to +40%. The cal-
culations are performed for the neutron knock-out off the f7/2 or the p3/2 orbital.

parameter a0 relative change in cross section relative change in P|| width
%rel value p3/2 (g.s.) f7/2 (3.4MeV) p3/2 (g.s.) f7/2 (3.4MeV)
-40% 0.402 -20.4% -9.5% 4.5% 2.0%
-30% 0.469 -15.6% -7.7% 3.16% 1.6%
-20% 0.536 -10.6% -5.6% 2.1% 1.1%
-10% 0.603 -5.4% -3.0% 0.9% 0.5%
-5% 0.6365 -2.7% -1.6% 0.6% 0.2%

0% 0.67
0% 0% 0% 0%

6.45mb 3.38mb 92MeV/c 120MeV/c
5% 0.7035 2.8% 1.7% -0.3% -0.3%
10% 0.737 5.6% 3.5% -0.9% -0.6%
20% 0.804 11.2% 7.3% -1.7% -1.2%
30% 0.871 17.0% 11.6% 1.7% 1.9%
40% 0.938 22.9% 16.2% -3.3% -2.5%

Table 2.7: Same as above, but the variation is done for the a0 diffuseness parameter, keeping
the r0 radial parameter at its optimum value: 1.21 fm for f7/2 and 1.35 fm for p3/2.
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cannot be done here. We would further keep the a0 parameter at the default value of 0.67.

2.4.7 Sensitivity of PMDs to the chosen potential

In order to address the sensitivity of our calculations to the chosen potential, the Dirac
phenomenology was selected as an alternative potential in the DWIA calculations. All cal-
culations were done with the folding potential (FP) and Dirac phenomenology (Dirac) for
the optimum r0 value and a0 = 0.67 (default). The PMDs obtained in these two ways were
compared and the relative differences are the following:
p3/2: 3.2% in P|| and 4.5% in P⊥
f7/2: 2.2% in P|| and 1.3% in P⊥
The two PMD sets of curves are shown in the final PMDs plot, Figure 2.43 in section 2.5.
The solid line in both the parallel and perpendicular momenta of the two states represent
the calculations with the folding potential, while the dashed line represents the Dirac phe-
nomenology calculations. Also, in terms of cross section values, they differ by less than 5%
in the given energy range. As the conclusion of this additional check, we validate that the
choice of potential does not have a strong impact on the final results.

2.4.8 Calculations for 48Ca and 54Ca

For 48Ca we found experimental data for triple-differential cross section (TDX) for the
(p,pn) reaction on 48Ca, at ∼150MeV/nucleon energy, published in Ref. [115]. Theoreti-
cal DWIA calculations for the TDX were performed by our collaborators and they were fitted
to the experimental data. The calculations were done with both FP and Dirac potential.
Figure 2.42 shows the fit to the experimental data. The result of the fitting procedures is
the proportionality factor between the single-particle TDX curves and the experimental data,
which is an “experimental spectroscopic factor”. The plots (a) and (d) are corresponding to
the 1f7/2 neutron orbital of 48Ca. The plots (b) and (e) correspond to the sd orbitals, 2s1/2
(blue curve) and 1d3/2 (green curve). The experimental data gives the TDX as a sum of the
two orbitals, thus the sum of the two theoretical TDX with a scaling factor each was fitted to
the data in this case (red curve). Finally, the plots (c) and (f) correspond to the 1p orbitals
(1p1/2 and 1p3/2). The resulting experimental spectroscopic factors, or the ration between
experimental and the single-particle TDX, are given in Table 2.8. The maximum occupation
numbers, (2J+1), for the f7/2, s1/2, d3/2 and the two p orbitals are 8, 2, 4, and 6, respectively.
Only for the p orbitals the resulting value is too large with both of the potentials that were
used. We speculate that it has to do with removing deeply bound nucleons, in which case
the theory might not successfully describe the data. The experimental spectroscopic factors
are used in the current study as a reference for a standard doubly-magic nucleus and are
compared to the experimental spectroscopic factors of 52Ca and 54Ca. There are differences
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orbital TDXexp/TDXsp (FP) TDXexp/TDXsp (Dirac)
1f7/2 11.94(139) 9.48(107)
2s1/2 1.09(10) 0.96(9)
1d3/2 4.07(92) 3.13(76)
1p 22.24(289) 13.36(179)

Table 2.8: The resulting experimental spectroscopic factors, or the ratio between the experi-
mental TDX and the single-particle TDX, for 48Cawith both FP andDirac potentials.

Occupation number (n) n/(2J+1)
Nucleus f7/2 p3/2 p1/2 f5/2 f7/2 p3/2 p1/2 f5/2
48Ca 7.704 0.171 0.023 0.103 0.963 0.043 0.012 0.017
52Ca 7.803 3.857 0.142 0.198 0.975 0.964 0.071 0.033
54Ca 7.809 3.944 1.861 0.385 0.976 0.986 0.931 0.064

Table 2.9: The occupation numbers (n) are given in the columns 2-5 for the neutron orbitals
f7/2, p3/2, p1/2, and f5/2. The next 4 columns show the occupation numbers nor-
malized to (2J+1). The values are given for the three calcium isotopes, 48Ca, 52Ca,
and 54Ca, calculated with the shell-model.

Nucleus 2J+1 Eex Amp SF SF/(2J+1)
47Ca 8 0 -2.739 7.503 0.938

51Ca

4 0 -1.926 3.708 0.927
2 1.620 0.269 0.073 0.036
4 2.956 -0.292 0.085 0.021
6 3.810 0.156 0.024 0.004
7 3.927 -2.720 7.399 0.925
8 6.716 -0.378 0.143 0.018
2 9.030 -0.115 0.013 0.007
6 12.992 -0.132 0.017 0.003

53Ca
2 0 1.365 1.862 0.931
7 2.124 0.385 0.148 0.025
4 2.394 -1.822 3.359 0.840

Table 2.10: The spectroscopic factors (SF) calculated with the shell-model. The first column
shows the fragments, 47Ca, 51Ca, and 53Ca for the (p,pn) reactions on 48Ca, 52Ca,
and 54Ca, respectively. The second column gives the 2*J number of each of the
final state of the fragments and the third column gives the excitation energy for
each of these final states. The fourth column gives the amplitude, and the square
of it gives the spectroscopic factor from the fifth column. In the last column, one
sees the spectroscopic factors normalized to (2J+1). The bold rows show the
final states that we observe and use in the analysis.
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between the results obtained with the two potentials. This is because of the low beam en-
ergy used for this experiment. In this study we will keep both values for the comparison, but
Dirac describes the data in the case of 48Ca better. The 54Ca experimental cross section and
single-particle cross section values are published in Ref. [46] and are used as such.

2.4.9 Spectroscopic factors from Shell Model

Calculations with the shell-model (SM) were carried out by our collaborators, A. Poves and
F. Nowacki. The pf-shell part of the PFSDG-U [116] interaction assuming a 40Ca core and a
neutron effective charge of 0.46 e were used. The occupation numbers predicted by the SM
calculations are listed in Table 2.9. They correspond to a neutron shell closure at N = 32 in
52Ca.
Calculations were also done for the excitation energies and the spectroscopic factors for the
fragments of the (p,pn) reactions on 48Ca, 52Ca, and 54Ca, which are shown in Table 2.10.
From this work, we can obtain experimental spectroscopic factors from the ratio between the
inclusive cross section and the single-particle cross sections obtained from the DWIA calcula-
tions, σexp−1n/σ

DWIA
sp . The spectroscopic factors normalized to (2J+1) were compared between

the three calcium isotopes and the results are discussed in section 2.6.
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Figure 2.43: Experimental parallel (a) and perpendicular (b) momentum distributions of the
51Ca corresponding to the direct beam (dotted black) and the population of the
ground state (red squares) and of the 3453-keV state (blue circles) together
with the theoretical curves for p-wave (dashed red) and f-wave (solid blue) with
a binning of 40MeV/c. The statistical errors are marked with crosses and the
systematic errors with boxes. The solid lines correspond to the theoretical dis-
tributions calculated with the FP potential and the dashed lines with the Dirac
potential (see section 2.4.7 for details). The (c) and (d) panels show the reduced
χ2 (upper panels) and the probability distribution (lower panels) for the f7/2 and
p1/2 orbitals as function of the parameter r0.

2.5 Results for the rms radii of neutron orbitals

The quasi-free scattering reaction at large energies are among the cleanest reactions to
study and to calculate theoretically under the sudden approximation and in with the assump-
tion that final state interactions are negligible. The proton in the target knocks out a neutron
from the 52Ca beam particle without interacting with the other nuclei, leaving the 51Ca frag-
ment in an excited state, depending on the neutron that was initially knocked-out. Moreover,
the momentum of the fragment relative to the beam particle will reflect the very momentum
distribution that the knocked-out neutron in 52Ca and as a result, the single-particle wave
function of the neutron. The momentum distribution is thus a very powerful experimental
tool which can help in studying the neutron orbitals via the (p,pn) reaction. The experimen-
tal parallel and perpendicular momentum distributions for the 3453-keV excited state and
ground state were extracted and could be compared to the theoretical momentum distribu-
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tions. The theoretical shapes were convoluted with the incident energy profile and with the
experimental resolution. The theoretical PMDs were fitted to the experimental PMDs with
an amplitude as free parameter. The plots in Figure 2.43a and b show the experimental and
theoretical PMDs and their agreement confirms the spin-parity assignment of the 3453-keV
state and the ground state.
As discussed in section 2.4.1, several theoretical PMDs were calculated for a set of radial pa-
rameter values ranging from -40% to +40% relative to the Bohr-Mottelson default value of
1.27 fm. Each theoretical shape was fitted to the experimental PMD and the χ2/NDF distri-
butions (χ2 = χ2

P∥
+ χ2

P⊥
) for both f7/2 and p3/2 neutron orbitals are shown in Figure 2.43c

and d, upper panels. In order to transform the χ2 distribution into a probability distribution
the following formula was used:

P = C0 · exp(−
χ2

2
)

A normalization constant C0 can be chosen freely. This transformation links the χ2
min+1 val-

ues to r0±σ. The obtained probability distribution was fitted with a Gauss function where the
amplitude parameter is related to the chosen C0 normalization constant and is not relevant,
but the mean r0 value will give us the optimum radial parameter for each neutron orbital,
together with its 1-σ uncertainty.
The optimal r0 and associated 1-σ uncertainty for neutron-removal from the p3/2 and f7/2

orbitals are 1.35(10) fm and 1.21(5) fm, respectively. The correlation of the sp wavefunction
rms and the r0 parameter for both orbitals is plotted in Figure 2.44 with full black circles. The
red line is the polynomial interpolation function. The mean r0 obtained from the χ2 distribu-
tion and probability analysis are marked with vertical solid black lines in both plots, while the
vertical dotted grey lines mark the ±1-σ uncertainties. Using the interpolation function, the
mean value and±1-σ values for the rms are found and marked with corresponding horizontal
lines. The deduced r0 values correspond to the rms radii of the single-particle wave-functions
of the removed neutron of 4.74(18) fm for p3/2 and 4.13(14) fm for f7/2.

The single-particle wave-functions were also obtained fromHartree-Fock-Bogolyubov (HFB)
using the HFBRAD [114] code and the SKM interaction [117]. The SKM interaction was cho-
sen for its best agreement to experimental data for the proton and matter radii. The rms radii
of the single-particle wave-function in this case were found at 4.49 fm for the p3/2 orbital and
4.12 fm for the f7/2 orbital, the rms radius of f7/2 being in perfect agreement with the rms
radius obtained with the optimal r0, while the p3/2 radius is underestimated. The HFB rms
values are marked with horizontal solid blue lines in Figure 2.44.
The proton, neutron, and matter total density rms radii obtained with HFB calculations with
the SKM interaction for 52Ca are 3.46 fm, 3.74 fm, and 3.63 fm, while the values obtained
with the Bohr-Mottelson potential, with the original parameters are 3.37 fm, 3.74 fm and
3.60 fm, respectively. Experimental data from isotopic shift measurements situate the charge
distribution radius at 3.55 fm [4] and thus the proton rms radius at 3.46 fm [6].
The charge radius for 52Ca is found by Ref. [4] to be “unexpectedly” large which is explained
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Figure 2.44: The rms-r0 relation for the f7/2 (left) and p1/2 (right) orbitals. The red line is a
polynomial fit through the calculated points. The vertical black line represents
the mean r0 value found by fitting of the PMDs and the two vertical dotted lines
show the±1-σ interval for r0. The horizontal solid and dotted lines give themean
and the ±1-σ values for the rms. The blue horizontal line marks the rms value
from the HFB calculation.

Figure 2.45: The σDWIA
sp -r0 relation for the f7/2 (left) and p1/2 (right) orbitals. The red line is a

polynomial fit through the calculated points. The vertical black line represents
the mean r0 value found by fitting of the PMDs and the two vertical dotted lines
show the ±1-σ interval for r0. The horizontal solid and dotted lines give the
mean and the±1-σ values for the cross section values obtained for the optimal
r0 parameter vaule.
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Table 2.11: Experimental excitation energies (Eexp
ex ) with associated spin-parity assignment

(Jπ) and the experimental cross sections (σth−1n) using r0 = 1.21(5) fm, 1.35(10) fm
and 1.27 fm (default) for the neutron removal from f7/2, p3/2 and p1/2 orbitals, re-
spectively, are listed in the table below together with the SM prediction for the
excitation energies of 51Ca (ESM

ex ) and spectroscopic factors (C2S). The theo-
retical cross sections σth−1n are calculated using the shell model spectroscopic
factors and the DWIA single-particle cross section values, σDWIA

sp .

Eexp
ex (keV) Jπ -1n σexp−1n (mb) ESM

ex (keV) C2S σDWIA
sp (mb) σth−1n (mb)

g.s. 3/2− p3/2 30.3(42) 0 3.7 6.5(9) 23.9(32)
1720(25) (1/2−) p1/2 0.6(3) 1.620 0.1 4.8 0.5
3453(20) 7/2− f7/2 22.3(24) 3.927 7.4 3.4(4) 25.0(27)

by the “pronounced halo nature” of the p3/2 and p1/2 orbitals, 0.7 fm larger than the rms radii
of the f5/2 and f7/2 orbitals proposed by Ref. [7]. The rms radii difference between the p3/2
orbital and the f7/2 orbital obtained by the present analysis is 0.61(23) fm, in agreement with
this prediction.
The calculated single-particle neutron knock-out cross sections with the Bohr-Mottelson orig-
inal parametrization, r0 = 1.27 fm, are 5.78mb (p3/2), 3.75mb (f7/2), and 4.82mb (p1/2).
Using the same r0 sensitivity study the values and associated uncertainties of 6.45(86)mb
and 3.38(36)mb were found for p3/2 and f7/2 orbitals, respectively. The single-particle cross
sections are listed in Table 2.11.

2.6 Results on the N=32 shell closure

The neutron knock-out cross sections obtained from this experiment are shown in the Ta-
ble 2.11 for the f7/2, p3/2, and p1/2 neutron orbitals. In the same table one finds the spec-
troscopic factors and the excitation energies in 51Ca populated via (p,pn) from shell-model
calculations. The theoretical single-particle neutron knock-out cross sections from DWIA are
listed in the table as well and the theoretical cross sections are calculated as σth−1n = C2S
·σDWIA

sp .
The experimental neutron-knockout cross sections agree within 2-σ uncertainty with the to-
tal theoretical cross sections. The experimental results for the cross section corresponding to
the f7/2 and p3/2 orbitals are much larger than the value obtained for p1/2. This is in agree-
ment with the neutron shell closure at N = 32. Moreover, the shell-model predictions for the
spectroscopic factors show the same pattern, values close to the maximum admitted (2J +1)

value for the knock-out of a f7/2 or p3/2 neutron and very small spectroscopic factor for p1/2.
For a systematic comparison among the three calcium isotopes, 48Ca, 52Ca, and 54Ca, we

choose to use the ratio between the experimental neutron knock-out cross section and the the-
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Figure 2.46: The ratio of experimental neutron knock-out cross sections and theoretical
single-particle cross sections normalized to (2J + 1) for 48,52,54Ca (grey, blue
and turquoise bars, respectively) below and above the corresponding shell clo-
sure. The error bars contain experimental cross section uncertainties and, for
52Ca, theoretical uncertainties from the r0 sensitivity study. The C2S from SM
calculations are plotted with red crosses. Figure published in [9]© CC-BY-4.0.

oretical single-particle cross section, normalized to (2J + 1): RS = σexp−1n/[(2J + 1)σDWIA
sp ].

For this comparison the experimental data for 48Ca comes from Ref. [115], while for 54Ca
from Ref. [46]. The theoretical single-particle cross sections for 52Ca are calculated with the
following radial parameters: 1.21(5) fm, 1.35(10) fm (optimum r0 radial parameter from the
PMDs analysis) and 1.27 fm (default) for the neutron removal from f7/2, p3/2 and p1/2 or-
bitals, respectively. For 48 and 54Ca the default Bohr-Mottelson parametrization was used for
the Woods-Saxon potential in the calculation of the single-particle cross sections. For 48Ca
the calculations were done with both a folding potential and Dirac phenomenology. The
calculations with the Dirac phenomenology is more appropriate for the energy range of the
experimental data set for the well-established doubly-magic nucleus, 48Ca. For 52 and 54Ca only
the results with the folding potential are shown. Details about the calculation of the single-
particle neutron-knockout cross sections are given in Section 2.4. The RS values, equivalent
to “experimental spectroscopic factors”, are plotted in Figure 2.46 together with the theoret-
ical spectroscopic factors from the shell-model. On the x-axis, the values corresponding to
each neutron orbital were shifted such that the neutron shell closures at N = 28, N = 32,
and N = 34 are aligned.
In this plot one immediately observes a similar pattern for all three calcium isotopes: large
RS values before the neutron Fermi level and very little cross section above the neutron Fermi
level. This is a direct result of the energy gap after each shell closure. The theoretical spec-
troscopic factors give values of about 90% of (2J + 1) below the shell closure and very small
values after the shell closure, in agreement to the experimental results. These results place
52Ca among the doubly-magic calcium isotopes and confirm the shell closure at N = 32.
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2.7 Conclusions and further prospects

Experimental data for 52Ca(p,pn)51Ca from the SEASTAR3 campaign taking place at the
RIBF, RIKEN facility in Japan were analyzed. The experimental setup consisted of MINOS,
a liquid hydrogen target of 15 cm in length with a TPC (Time projections chamber), MINOS,
placed around the target for the proton tracking. The identification of the beam particles
was done using BigRIPS and the fragments were separated and identified in the SAMURAI
experimental area. The final states of the fragments were tagged via γ-ray spectroscopy using
DALI2+. Additional neutron detectors NeuLAND and NEBULA were used for removing non-
(p,pn) events and ensuring a clean data selection.
Exclusive cross section values are obtained corresponding to the knock-out of a f7/2, p3/2 or
p1/2 neutron from 52Ca, as well as exclusive momentum distribution. DWIA calculations for
single-particle neutron knock-out cross section and momentum distributions were performed,
as well as Shell model calculations for the spectroscopic factors. The results of this study
show that the N = 32 shell closure in 52Ca is as strong as the N = 28 and N = 34 in
neutron-rich Calcium isotopes. Moreover, using the momentum distribution analysis, the rms
radius values of 4.13(14) fm and 4.74(18) fm were obtained for the f7/2 and p3/2 neutron
single-particle orbitals. These results lead to a 0.61(23) fm difference in size between the p
and f neutron orbitals, result which is in agreement with the prediction from Ref.[7]. This
difference between the p and f orbitals explains the large matter and charge radii observed
in the neutron-rich K and Ca isotopes as one starts filling the p3/2 neutron orbital [4–6]. The
results presented in this chapter were recently published: [9].

This study was the first one giving an insight on the size of the neutron single-particle or-
bitals in this region of the nuclear chart and proved the capability of doing this using the
momentum distribution analysis. Still, this first study requires further work to validate the
method. As a first step in that direction, we propose to systematically apply this method to
other nuclei. A dedicated experiment on C and O isotopes has been proposed and approved
at the RIBF facility. In the following chapter, we present the data analysis of 53Ca and 54Ca
(p,pn) reactions, focused on the momentum distribution analysis and the determination of
the rms radii of neutron single-particle orbitals in a similar manner as presented in this chap-
ter for the 52Ca(p,pn) case.
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3 Momentum width analysis for neutron
single-particle rms radii in the pf-shell

3.1 Neutron knock-out reaction from 53Ca and 54Ca

As a continuation of the analysis performed for the determination of rms radii of 52Ca via the
(p,pn) reaction, the rms radii determination of of neutron single-particle orbitals in 53Ca and
54Ca is presented in this chapter. The data set is part of the same experiment as the 52Ca(p,pn)
reaction presented in the previous chapter. The analysis method is using the experimental
momentum distributions from the quasi-free neutron knockout reaction coupled with DWIA
calculations for the theoretical momentum distribution curves. The rms radii for the p3/2,
p1/2, f7/2 and f5/2 neutron single-particle orbitals can be determined and the results can prove
if the rms radii determination using the momentum distribution analysis method can give
consistent results. Additionally, the level scheme of 52Cawas studied using γ-ray spectroscopy,
including γ-γ coincidence measurements, and momentum distribution measurements for spin
assignments. Shell model calculations were also used for the construction of the level scheme
of 52Ca. The DWIA and shell-model calculations were performed by our collaborators K.
Ogata, F. Nowacki, A. Poves and K. Yoshida as presented in the previous chapter.

3.2 Channels selection and kinematics

The same data analysis methods are used for the 53Ca(p,pn)52Ca and 54Ca(p,pn)53Ca
reactions as described in the previous chapter for 52Ca(p,pn)51Ca. The presented particle
identification procedures of the beam and the fragment are valid for all involved nuclei with
some small adjustments. One of the modifications includes the magnetic rigidity and flight
length functions for the fragment particles as they travel through the SAMURAI magnet ob-
tained from the GEANT4 simulations which were previously calculated for 51Ca fragments
and needed to be adjusted for the 52Ca and 53Ca fragments. The separation power achieved
for the calcium isotopes in the BigRIPS and SAMURAI separators are listed in Table 3.1.

The (p,pn) channel selection was done imposing a 2-dimensional 4-σ cut on Z and A/Q for
the beam and fragment particles and imposing the detection of one proton in the MINOS TPC.
A clean selection was achieved with no contamination from other channels. Additionally, a
condition for the reconstructed vertex position to have values within the physical target area,
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53Ca(p,pn)52Ca 54Ca(p,pn)53Ca

Reacted events 84149 37252

Unreacted events 4008009 2307635

Figure 3.1: Particle identification for the beam and fragments of the 53Ca(p,pn) (left) and
54Ca(p,pn) (right) reactions. The top row shows the beam particles identified in
BigRIPS. The middle row shows the fragments of the (p,pn) reactions identified
in SAMURAI. The bottom row shows the unreacted beam identified in SAMURAI.
The table shown at the top of this figure gives the number of events found in the
two reaction channels.
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Beam

PID in BigRIPS

separation

for Z

separation

for A/Q

Fragment

PID in SAMURAI

separation

for Z

separation

for A/Q
52Ca 4.8 σ 31.4 σ 51Ca 7.2 σ 8.1 σ
53Ca 4.8 σ 31.9 σ 52Ca 7.1 σ 8.2 σ
54Ca 4.8 σ 31.6 σ 53Ca 7.1 σ 8.2 σ

Table 3.1: The separation power for the beam and fragment particles in BigRIPS (left table)
and SAMURAI (right table) for calcium isotopes obtained by this analysis.

Figure 3.2: Kinematic checks for the beam and fragment velocities for the 53Ca(p,pn) (left)
and 54Ca(p,pn) (right) reactions. The top row shows the beta difference distribu-
tion for the (p,pn) events and the bottom row shows the beta difference distribu-
tion for the unreacted beam events. All plots show a good kinematic matching,
the distributions are centered close to zero beta difference values.
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Figure 3.3: The distribution of
the proton angle de-
tected by the MINOS
TPC plotted for the
53Ca(p,pn) (dark red,
rescaled x0.45) and
the 54Ca(p,pn) (dark
blue) reaction chan-
nels.

Figure 3.4: The distribution
of the vertex po-
sition along the
Z-axis plotted for the
53Ca(p,pn) (dark red,
rescaled x0.45) and
the 54Ca(p,pn) (dark
blue) reaction chan-
nels. The events
with the reaction
vertex between 0
and 151mm are
selected.

Figure 3.5: The incident energy
distribution at the re-
action vertex posi-
tion within the liquid
hydrogen target for
the (p,pn) reactions
from 53Ca (dark red,
rescaled x0.45) and
54Ca (dark blue).
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from Z=0 to Z=151mm was imposed, the beam to be within a 15-mm radius spot on the
target window, and that the beam and proton tracks have a distance of maximum 10mm
for the vertex reconstruction. For the 53Ca(p,pn)52Ca reaction 8.4 104 events were found
obeying the conditions mentioned above while for 54Ca(p,pn)53Ca a total of 3.7 104 events
were found. Plots with the identified beam, the unreacted fragment and the reacted fragment
particles for both 53Ca(p,pn) and 54Ca(p,pn) channels are shown in Figure 3.1.

After the PID of beam and fragment, additional kinematic checks were performed. The
matching between velocities of the beam and the fragment at the reaction vertex was checked
and plots are shown in Figure 3.2 for the (p,pn) events and for the unreacted beam. The
proton angle, as well as the vertex position within the liquid hydrogen target are plotted
for both reactions in Figures 3.4 and 3.3. The incident energy at the reaction vertex ranges
between ∼170-270MeV/nucleon for 53Ca(p,pn)52Ca and 54Ca(p,pn)53Ca reactions as shown
in Figure 3.5.

3.3 Inclusive momentum distributions

The experimental setup presented in section 2.1 allows for the determination of complete
kinematics of the beam and fragment particles. Section 2.3.9 describes the data analysis for
extracting the momentum distributions. The parallel and the perpendicular components of
the fragment momentum relative to the beam (with Lorenz boost correction) are extracted
knowing the full kinematics at the reaction vertex of both the beam and the fragment. They
are plotted in Figure 3.6.

For the events with unreacted beam, the momentum distributions reflect the resolution
containing all contributions except for the uncertainty coming from the vertex position. The
momentum resolution values extracted from the unreacted beam events are listed in Table 3.2.
In this table, one finds the momentum resolution obtained for the 52Ca(p,pn)51Ca reaction
channel for comparison. One observes similar values for the momentum resolution for all
three reaction channels. Nevertheless, the resolution for the 54Ca(p,pn)53Ca reaction chan-
nel turns out to be slightly worse. The momentum distributions for the unreacted beam are
shown as well in Figure 3.6 with dotted lines. A simulation is performed for evaluating the
contribution to the resolution of the vertex position uncertainty. The vertex position uncer-
tainty is propagated to the distances in which the beam and fragment particles loose energy
inside the target. This uncertainty is further translated into an uncertainty for the veloci-
ties and implicitly for the momentum distributions. This contribution to the resolution was
evaluated as: 1.8 MeV/c (1.7MeV/c) for the parallel momentum distribution and 9.6 MeV/c
(9.7MeV/c) for the perpendicular momentum distribution, for the 53Ca(p,pn) (54Ca(p,pn))
reaction.

The momentum distributions corresponding to the neutron evaporation channel are plotted
in Figure 3.6 with dashed lines in order to show how they contribute to the total inclusive mo-
mentum distributions. These are plotted without a correction for the neutron-detection effi-
ciency. For the parallel momentum distributions, the neutron evaporation channel contributes
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Figure 3.6: Inclusive momentum distributions for the 53Ca(p,pn) (left) and 54Ca(p,pn) (right)
reactions (solid lines). The parallel component of the momentum distribution
is plotted in the top row, while the perpendicular component of the momentum
distribution is plotted on the bottom row. The dotted curves show the momen-
tum distribution of the unreacted beam (rescaled x0.01). The black dashed lines
show the neutron evaporation contribution to the total momentum distribution
(rescaled x5), not corrected for the neutron-detection efficiency. A binning of
40MeV/c is used for all plots.

Momentum
resolution

52Ca(p,pn)51Ca 53Ca(p,pn)52Ca 54Ca(p,pn)53Ca

Parallel (z)
non-Gauss
σ = 49.5 MeV/c
RMS = 52.0 MeV/c

non-Gauss
σ = 47.8 MeV/c
RMS = 53.2 MeV/c

non-Gauss
σ = 52.5 MeV/c
RMS = 59.5 MeV/c

Perpendicular (x) σ = 76.9 MeV/c σ = 77.6 MeV/c σ = 78.5 MeV/c
Perpendicular (y) σ = 75.7 MeV/c σ = 77.0 MeV/c σ = 77.7 MeV/c

Table 3.2: Table with the experimental momentum resolution values for the parallel (z) and
perpendicular (x and y) components. The resolution is obtained from the unre-
acted 53Ca and 54Ca beam. An additional small contribution to the momentum
resolution comes from the reaction vertex uncertainty which is not included in the
unreacted beam momentum, see text for details. For comparison, the momen-
tum resolution from the 52Ca unreacted beam was included in the table, more de-
tails about the 52Ca(p,pn)51Ca momentum distribution analysis are found in sec-
tion 2.3.9.
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Figure 3.7: The timestamp distribution of the γ-ray spectra for the 53Ca(p,pn) and 54Ca(p,pn)
reaction channels. The dashed red lines show the cuts in the γ-particle times-
tamp difference imposed for the analysis of the γ-ray spectra.

in the left side of the distribution with a small offset from the center, while for the perpen-
dicular momentum component, it contributes to high values. Similar to the momentum dis-
tribution analysis for the 52Ca(p,pn) reaction, one needs to discard the neutron-evaporation
contribution to the momentum distributions from the (p,pn) channel. A separation of these
events can be done by imposing a cut for the proton angle as seen in Figure 2.36. The cut was
done at θproton = 57◦ for both for 53Ca(p,pn) and 54Ca(p,pn) reactions. With this cut, only
0.31% and 0.25% for the 53Ca(p,pn) and 54Ca(p,pn) reactions, respectively, of the events
contributing to the momentum distribution plots belong to the neutron-evaporation channel.

3.4 Gamma spectroscopy

3.4.1 Shell Model calculations for 52Ca

For helping to identify the energy levels of 52Ca and assign the spin-parity, shell model
calculations were performed for the energy spectrum of 52Ca and spectroscopic factors for
neutron knockout from 53Ca (1/2−, g.s.). The calculations were performed by our collabo-
rator A. Poves, using the pf-shell part of the PFSDG-U [116] interaction and assuming a 40Ca
core. The energy spectrum for 52Ca and the occupation numbers for each state predicted by
the shell model calculations are listed in Table 3.3. The resulting spectroscopic factors are
also shown in Table 3.3.

3.4.2 Analysis of the γ-ray spectra

Gamma spectroscopy was used for identifying the final states of the fragment particles after
the (p,pn) reaction. The data from the DALI2+ γ-ray detection array, presented in section 2.1,
was analysed as described in section 2.3.4. The raw γ-ray energy spectra were calibrated in
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Occupation Numbers

for 52Ca

Spectroscopic Factors

from 53Ca(1/2−, g.s.)

Jπ123 Eexc (keV) f7/2 p3/2 f5/2 p1/2 f7/2 p3/2 f5/2 p1/2

0+1 0 7.891 3.899 0.109 0.102 0.946

2+1 2381 7.907 2.955 0.134 1.004 2.298

1+1 2978 7.866 3.012 0.192 0.930 1.331

0+2 4115 7.793 2.171 0.429 1.606 0.034

3+1 4492 7.901 2.931 1.075 0.093 0.023 0.007

1+2 4630 7.894 2.948 1.051 0.106 0.042 0.001

4+1 4751 7.899 2.950 1.065 0.086 0.042

2+2 4918 7.850 2.418 0.819 0.914

2+3 5355 7.868 2.544 0.807 0.780 0.112 0.001

4+2 6400 7.000 4.000 0 1.000 4.120

3+3 6730 7.400 3.000 0.600 1.000 1.634

3+4 6860 7.400 3.000 0.600 1.000 1.708

Table 3.3: Shell model calculations for the energy spectrum and the occupation numbers of
52Ca as well as the spectroscopic factors for neutron knockout from 53Ca (1/2−,
g.s.). The first two columns indicate the spin-parity (Jπ) and the energy (Eexc) of
each state. The next four columns show the occupation numbers for the p and
f neutron orbitals. The last four columns show the spectroscopic factor for the
neutron knockout from the p and f neutron orbitals.

energy and timestamp, an add-back correction was applied (12 cm range), and then they were
corrected for the Doppler shift. No correlation of the γ-ray energy was observed with respect
to the velocity of the fragment, the vertex position, or the angle of the emitter γ ray. The
timestamp distribution of the γ-ray spectrum is plotted in Figure 3.7 for both 53Ca(p,pn) and
54Ca(p,pn) reaction channels. Based on these plots, a particle-γ time window was imposed
for all spectra. The selected time window is marked with dashed red lines in Figure 3.7:
[754,767] ns for 53Ca(p,pn) and [754,765] ns for 54Ca(p,pn).

Figure 3.8 shows the γ-ray spectra for both reaction channels only with the Doppler-shift
correction (blue curves) as well as with add-back correction (red curves). At a first glimpse,
the 53Ca(p,pn)52Ca spectrum has three main peaks, at 1.4MeV, 1,9MeV and 2.5MeV. After
the add-back correction, a wide peak is observed at the energy of 3-3.3MeV as well. For the
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Figure 3.8: The analysed γ-ray spectra for the 53Ca(p,pn) and 54Ca(p,pn) reaction channels.
The γ-ray spectra were corrected for the Doppler-shift (blue curves) and also add-
back correction was applied (red curves). A binning of 40 keV was used for all
plots.

54Ca(p,pn)53Ca reaction a strong peak at 2.2MeV is visible as well as a very weak peak at
1.7MeV γ-ray energy. The add-back correction successfully increases the full-energy peaks
and lowers the Compton components in both spectra.

3.4.3 Energy level scheme of 52Ca

The energy of the γ-ray transitions was determined by fitting the 53Ca(p,pn)52Ca γ-ray spec-
trum with the response functions of the DALI2+ detector array as shown in section 3.4.4. For
each transition, the response function was shifted in a range of ±100 keV and the position
corresponding to the minimum χ2 value was determined. Using the distribution of the χ2

values as a function of the peak position, one could also obtain, aside form the peak position,
the uncertainty (1-σ value↔χ2+1) for each transition. The obtained peak positions and the
corresponding uncertainties are: 552(10) keV, 1426(12) keV, 1951(19) keV, 2563(10) keV,
3150(41) keV, and 3388(53) keV. The peak positions determined from this work and litera-
ture experimental values from Refs. [2, 45, 101, 103] are listed in listed in Table 3.4. The
literature values are more precise than what can be achieved with the high-efficiency DALI2+
array. A transition which is not found in literature, but observed in this study is the one at
552(10) keV.

In order to construct the level scheme of 52Ca, one can look at the γ-ray transitions in
coincidence with all reaction channels leading to 52Ca. With the increased statistics from all
the contributing reaction channels, one can obtain information about γ-γ coincidences which
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Figure 3.9: The beam PID for (p,pXn)52Ca and (p,2pXn)52Ca reactions. One identifies the
calcium isotopes (Z=20, A=52-56) and the scandium isotopes (Z=21, A=54-59)
for the two types of reactions.

Figure 3.10: The γ-ray spectra for 52Ca corresponding to all possible reaction channels. Top
plot: from reactions of the type (p,pXn). Middle plot: from reactions of the type
(p,2pXn). Bottom plot: from both types of reactions. All spectra have a binning
of 20 keV. The peaks of interest are marked with red arrows.
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Figure 3.11: Gamma-gamma coincidence spectrum gated on the 0.5MeV transition. The
events from (p,2pXn)-type of reactions were used for this plot. The 0.5MeV
transition appears in coincidence with the transitions at 1.4MeV and 2.5MeV.
The gated plot has already the background coming from random coincidences
subtracted. A gate between 500 keV and 580 keV was used and the background
was subtracted using the energy ranges of [300,400] keV and [600,800] keV. The
bin size in this plot is 80 keV as indicated on the vertical axis.

is needed for constructing the energy level scheme. The reaction channels with 52Ca as a
fragment can be divided into two categories, (p,pXn) reactions and (p,2pXn) reactions. In
the first type, the beam identified in BigRIPS is a calcium isotope (Z=20) and only one proton
is detected in MINOS. In the second type of reaction the beam is a scandium isotope (Z=21)
and two protons are identified in MINOS. Figure 3.9 shows the beam PID for the two types
of reactions producing 52Ca. In this plot one can see the scandium isotopes (Z=21) with a
mass number A=54 up to A=59 and the calcium isotopes (Z=20) with a mass number from
A=52 and A=56. This means that in the observed (p,pXn)52Ca and (p,2pXn)52Ca reactions
many neutrons can be knocked-out or evaporated.

Gamma-gamma coincidences of 52Ca
In Figure 3.10 one sees the gamma spectra corresponding to (p,pXn)52Ca and (p,2pXn)52Ca

types of reactions as well as from both types. The two kinds of reactions can populate dif-
ferent states of 52Ca. The peak around 552 keV appears stronger for (p,2pXn)52Ca than for
(p,pXn)52Ca reactions, but the 1951 keV peak appears stronger in the (p,pXn)52Ca reactions.
For obtaining the γ-γ coincidence spectra, a first (gated) spectrum was obtained, with the
events in coincidence with the events found in the peak of interest; a second (background)
spectrum was obtained with the events in coincidence with the events found in the left and
the right sides of the peak of interest; finally, the γ-γ coincidence spectrum is obtained by
subtracting the background spectrum from the gated spectrum using a normalization based
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Figure 3.12: Gamma-gamma coincidence spectrum gated on the 1.4MeV transition. The
events from (p,pXn)-type of reactions are shown with blue and from both types
of reaction with grey. The transitions at 0.5MeV, 1.9MeV, and 2.5MeV appear
in the coincidence spectrum. A gate between 1350 keV and 1450 keV was im-
posed and the random coincidences background was subtracted using the en-
ergy ranges of [1100,1300] keV and [1500,1600] keV.

Figure 3.13: Gamma-gamma coincidence spectrum gated on the 2.5MeV transition. The
events from (p,pXn)-type of reactions are shown with dark red and events
from (p,2pXn)-type of reactions are shown with blue. The transitions at
0.5MeV, 1.9MeV, and 2.5MeV appear in the coincidence spectrum. A gate
between 2480 keV and 2600 keV was imposed and the random coincidences
background was subtracted using the energy ranges of [2300,2400] keV and
[2700,2800] keV.
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on the energy intervals for the gate and background. In the energy interval found in the left
side of the peak of interest there will always be Compton events on top of the background
events, but the background is dominating, such that the lost of coincidence events is smaller
than the gain by subtracting the background events. With this method the γ-γ coincidences
could be evidenced for obtaining the energy level scheme of 52Ca. The γ-γ coincidence spec-
trum gated on the peak at 552 keV shows two transitions. One is at 1426 keV and one is
at 2563 keV. The coincidence spectrum is plotted in Figure 3.11. The γ-γ coincidence spec-
trum gated on the 1426 keV γ-ray transition is shown in 3.12, where three peaks at 552 keV,
1951 keV, and 2563 keV are visible. In the γ-γ coincidence spectrumwith the 2563 keV transi-
tion, the 552 keV, 1426 keV, and 1951 keV transitions appear. The transition at 1951 keV does
not appear in coincidence with the transition of 552MeV, but they are both in coincidence
with the 1426 keV and the 2563MeV transitions. One can deduce that they both feed an
excited state which is then decaying by emitting the 1426 keV and the 2563 keV γ rays. This
results in having an excited state at 2563(10) keV, which is known as the first 2+ state [2],
one at 3989(15) keV (decaying by the cascade 1426(12) + 2563(10)), one at 4541(18) keV
(decaying by the cascade 552(10) + 1426(12) + 2563(10)), and another excited state at
5940(24) keV (decaying by the cascade 1426(12) + 1951(19) + 2563(10)). The transition
at 3388(53) keV is the sum 1426(12) + 1951(19) keV, so it must be the second decaying
branch of the 5.9MeV excited state. The γ-γ coincidence spectrum by gating on a region
between 3 and 3.5MeV is very poor because of the small statistics of the peaks in this region,
but one can see a small increased distribution in the 2.5MeV region, explaining the second
decay branch of the 5.9MeV state. Using the transitions of the second decay branch a value
of 5951(54) was obtained for the excited state, which has a higher uncertainty than the one
obtained from the first decay branch, but it is closer to the literature values. This excited
state is very close to the neutron separation energy of 52Ca, found at 6.0053(8)MeV [118].
The 3150(41) keV transition comes from the decay of an excited state directly to the ground
state, as it does not appear in coincidence with any other transition.

Eγ [keV] (this work) Eγ [keV] (literature, experiment)

552(10) -

1426(12) 1427(1) [103], 1426 [101], 1430(7) [45]

1951(19) 1961(1) [103]

2563(10) 2563(1) [103], 2564 [101], 2562(12) [45], 2563 [2]

3150(41) 3150(2) [103]

3388(53) 3388(2) [103]

Table 3.4: The γ-ray transitions of 52Ca obtained from this work (first column) and published
values (second column) from Refs. [2, 45, 101, 103]. The uncertainties are given
in the parentheses.
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Figure 3.14: The level scheme of 52Ca.

The constructed level scheme as a result of this work and guided by the published data
from Refs. [2, 45, 101, 103] is shown in Figure 3.14. The spin-parity assignment for the
ground state is 0+ corresponding to a single particle configuration of (f7/2)8(p3/2)4. The shell
model calculations confirm the spin-parity assignment and the single-particle configuration.
The shell model calculations give a spectroscopic factor of 0.946 for the neutron knockout of
a p1/2 neutron from 53Ca (1/2−, g.s.) for populating the 52Ca ground state .

The energy level at 2563 keV is assigned to have Jπ=2+ with a single particle configuration
of (f7/2)8(p3/2)3(p1/2)1. Out of the coupling of 3 neutrons found on the p3/2 orbital (two of
them paired to 0+) with a neutron from the p1/2 orbital, one has two non-degenerate energy
levels, one with Jπ=2+ and one with Jπ=1+. The 1+ state is found at the energy of 3150 keV.
The 2+ and the 1+ states have a spetroscopic factor of 2.298 and 1.331, respectively, for the
neutron knockout of a p3/2 neutron from 53Ca according to the shell model calculations.

The next excited state appears at 3989 keV and this is identified as a core excitation with
a non-natural parity with Jπ=3−. The Jπ assignments are based on the work of Ref. [2, 45,
101, 103] and the single particle configurations are according to Ref. [101]. This state is not
included in the shell model calculations because it involved core excitations, while the calcu-
lations are done for a rigid 40Ca core.
According to theoretical calculations from Ref. [101], there should be a 4+ state with the
single-particle configuration of (f7/2)8(p3/2)3(f5/2)1 at an energy of ∼4.5MeV. In this exper-
iment we observe an excited state at 4541 keV. Additionally, the shell model calculations
predict three states with the single-particle configuration of (f7/2)8(p3/2)3(f5/2)1 with the ex-
citation energy between 4.49MeV and 4.75MeV and spin-parity Jπ=3+,1+, and 4+. The
three states, based on the shell model calculations, show small spectroscopic factors for the
knockout of p and f neutrons, which is in agreement with the very low yield obtained experi-
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mentally for the population of the 4541 keV state presented in Table 3.6 in section 3.4.4. The
statistics for the 4541 keV state is too low for identifying the spin-parity of it using the mo-
mentum distribution analysis, so we will tentatively assign the spin-parity of Jπ=(3+,1+,4+).

Based on the work of Ref. [103], the 5940 keV state needs to have a spin at least greater than
4 and a positive parity. From the present work using the momentum distribution analysis,
it can be proved that the 5940 keV state is populated by the removal of an f neutron or-
bital. The momentum distribution analysis confirming the assignment of the 5940 keV state
is presented in section 3.5. This is in agreement with the single particle configuration of
(f7/2)7(p3/2)3(f5/2)1(p1/2)1 also predicted by the shell model calculations for the states with
excitation energy of 6.4-6.8MeV and spin-parity of Jπ=4+ and 3+, listed in Table 3.3. For
these three states from the shell model calculations, we obtain large spectroscopic factors
for the knockout of an f7/2 neutron. The large spectroscopic factors are in agreement with
the large yield measured experimentally for the 5940 keV state presented in Table 3.6. The
5940 keV state is found just below the neutron separation energy. A total spectroscopic fac-
tor of 7.527, close to the maximum allowed value for the f7/2 neutron orbital is distributed
among several 4+ and 3+ states according to the shell model calculation, part of these states
are found above the neutron separation energy. For the 5940 keV state we can assign the
tentative spin-parity of Jπ=(3+,4+) based on the present work.
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Figure 3.15: The total resolution of the γ-
ray energy as a function of the
energy divided into the intrinsic
resolution and the contribution
coming from experimental un-
certainties.

3.4.4 Gamma-ray spectrum fitting for 53Ca(p,pn)52Ca

Gamma energy resolution
The energy resolution can be divided into several contributions. The main ones are the

intrinsic resolution of the detector crystals and the resolution dependent on the experimental
conditions. In the second group one can have the contribution of the velocity uncertainty
of the fragments emitting the γ rays, the uncertainty in the interaction point within the de-
tectors crystals impacting the photon angle, and also the uncertainty of the reaction vertex
which impacts both the fragment velocity and the photon angle. The experimental uncer-
tainties and the intrinsic resolution of the detectors are both a function on the γ-ray energy
as plotted in Figure 3.15. The measured sigma values of the γ-rays present in the spectrum
of the 53Ca(p,pn) channel, the spectrum from all channels leading to 52Ca and the simulated
response functions for the 53Ca(p,pn) reaction are listed in Table 3.5.

Energy sigma(keV) exp, all channels sigma(keV) exp, 52Ca(p,pn) sigma(keV) sim
555 27.88 25.49
1425 55.84 55.73 49.41
1951 85.62 66.57 64.27
2562 86.16 81.69 84.13
3150 101.81
3388 111.75

Table 3.5: The experimental and simulated sigma values for the transitions of 52Ca.

Response functions and fitting methods
The response functions can be simulated either for each single transition (singles) or for

each decaying excited state (cascades). As a result, one has two possible methods to fit the ex-
perimental γ-ray spectrum, but the obtained yields should be the same. Figures 3.16 and 3.17
show the fitted experimental spectrum using the two methods.
The decays via the cascade transitions are shown in Figure 3.18. The ground state yield is

94



Figure 3.16: The fitted γ-ray spectrum for 53Ca(p,pn)52Ca. The experimental data (dark blue
circles) are fitted with a double exponential background shape (dashed line)
and with the response functions of the single γ-ray transitions (colored) filled
curves). The binning of the histograms is 20 keV.

Figure 3.17: The fitted γ-ray spectrum for 53Ca(p,pn)52Ca. The fitting is done as in Figure 3.16,
but using the response functions of the γ-ray cascade transitions of the excited
states of 53Ca. The 3989 keV and 4541 keV energy levels have zero or very low
population and cannot be well seen in the plot. The binning of the histograms is
20 keV.
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Figure 3.18: Sketch of the decay of the 3.9MeV, 4.5MeV, and 5.9MeV excited states of 52Ca
via cascade transitions.

53Ca(p,pn)52Ca
single transitions

52Ca levels population
cascade transitions

Level population
fraction (%)

Energy
transition
(keV)

Counts
Energy
level
(keV)

Counts singles cascades

552 639 (214) 2563 22142(687) 26.63(92) 26.31(82)
1426 11946(407) 3150 11158(439) 13.22(52) 13.26(52)
1951 12516(457) 3989 0(152) 0.00(77) 0.00(18)
2563 39245(526) 4541 513(202) 0.76(25) 0.61(24)
3150 11127(440) 5940 16787(528) 20.69(72) 19.95(63)
3388 4892(395) g.s. 33549(1045) 40.14(89) 39.87(124)
g.s. 33777(745)
Total 84149(290)

Table 3.6: The yields for 53Ca(p,pn)52Ca obtained via the singles and the cascadesmethods.
The first 2 columns show the results of fitting the γ-ray spectrum with the single
transitions. The γ-ray transition energies are given in the first column. The counts
obtained with this method and the fitting errors are shown in the second column.
The total number of events and the ground state yield calculated using the γ-ray
transition yields are also listed. The columns 3-4 show the yields obtained fitting
the γ-ray spectrum with the cascade transitions. In column 3 the energy levels
are listed and in column 4, the counts and the errors for populating each energy
level as a result of the γ-ray fitting are given. Columns 5 and 6 show the fraction
of the level population obtained by using the singles and the cascades method,
respectively. In the case of the singles method, the yields for each energy level of
52Ca were calculated using the yields of the γ-ray transitions. The fractions are
the ration between the yield of one energy level and the total number of events.
The errors are given in the parentheses.
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Figure 3.19: The γ-ray spectrum for the neutron-evaporation events (red crosses) in compar-
ison to the total events (dark blue circles) found for 53Ca→52Ca. The binning of
the total histogram is 20 keV and the binning for the neutron-evaporation his-
togram is 100 keV.

calculated as the total minus the yields for the 2.5MeV and the 3.1MeV states (the states
feeding the ground state) yields in the first method (singles), while in the second method
(cascades) it is calculated as the total minus the yield of populating each excited state. The
population yield of the excited energy levels using the information from the single transitions
are calculated as the sum of decaying transitions minus the sum of feeding transition of each
level. A comparison of the two methods, fitting with single transitions versus cascade transi-
tions is given in Table 3.6. The counts found for each single transition are given in the second
column. The counts for each populated level using cascades fitting method is given in the
fourth column. In the last two columns one can see the comparison of the level population
fraction (out of total) using the two methods. The errors are given in the parentheses. The
population yield of each state obtained by the two fitting methods are in agreement with
a relative difference of 1.19%, which will be considered in the systematic errors. It can be
observed that the errors for the excited energy levels population is lower using the cascades
method, while for the ground state the errors are lower by using the singles method. This
information will be used for the exclusive momentum distribution analysis in section 3.5.

The binning of the γ-ray spectrum used for obtaining the yields listed in Table 3.6 and
Figures 3.16 and3.17 is 20 keV. For obtaining the exclusive momentum distributions one
will need to apply the same fitting procedure on partial γ-ray spectra corresponding to each
step/interval of momentum which will have lower statistics compared to the total spectrum.
In that case one will have to increase the binning. The effect of the binning size was inves-
tigated and the average relative differences between the yields obtained with a binning of
50 keV and a binning with 10 keV is 1.73%. Also the same relative difference between the
binning of 50 keV and a binning of 20 keV is 1.61%. The fitting errors obtained with the
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two method are comparable. The relative difference as an effect of the binning size will be
included in the systematic errors.

In the procedure of fitting the γ-ray spectra shown in Figures 3.16 and3.17, the ampli-
tudes of the response functions are free parameters. The position on the energy axis of each
response function was fixed after determining the exact peak positions. The background
was fitted with a double exponential function. The shown spectra are obtained by impos-
ing the identification of the beam as an 53Ca particle, the identification of the fragment as
an 52Ca particle, the detection of one proton in MINOS and the vertex reconstruction within
the physical location of the liquid hydrogen target. As a result, it includes (p,pn) events as
well as neutron-evaporation events. The spectrum gated on the detection of a neutron in the
NeuLAND and NEBULA detectors is shown in Figure 3.19 (red crosses) in comparison to the
total events (dark blue circles). For the analysis of the exclusive momentum distributions,
the neutron-evaporation events will be discarded by imposing kinematic conditions for the
detected proton rather than γ-ray spectra subtraction, for minimizing the errors of the results.
The difference between these two methods are discussed in section 2.3.9 and it amounts to
3.5%, which is included in the systematic errors.

Significance analysis
A significance analysis for the γ-ray transitions appearing for the 53Ca(p,pn) reaction chan-

nel was performed in the same manner as described in section 2.3.5 for the 52Ca(p,pn) reac-
tion channel. A significance level of 1.5σ was found for the 552 keV transition and the yield
of this transition amounts to less than 1% of the total yield for this reaction. The signifi-
cance levels of the 3150 keV and 3388 keV transitions are 19.8 and 13.2σ, respectively. The
significance levels of the rest of the transitions is much greater than 20σ.
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Figure 3.20: Left: Gamma spectrum of 54Ca(p,pn)53Ca. The experimental data (dark blue
circles) are fitted with a double exponential background shape (dashed line)
and the response functions of the γ-ray transitions of 53Ca. The binning of the
histograms is 50 keV. Right: Energy level scheme of 53Ca.

3.4.5 Gamma-ray spectrum fitting for 54Ca(p,pn)53Ca

The 54Ca(p,pn)53Ca reaction measured in this experimental campaign was analysed and
published (see Ref. [46]). In this paper the transitions found in the γ-ray spectrum of 53Ca
were identified and their spin-parity was confirmed by the corresponding exclusive momen-
tum distributions. The exclusive neutron knock-out cross sections were also evaluated and
used as an evidence for the N=34 neutron shell closure in 54Ca. In this analysis, the published
values for the γ-ray transitions are going to be used. In the γ-ray spectrum of 53Ca populated
by the (p,pn) reaction one finds two transitions, one at 1738 keV and one at 2220 keV. The
γ-ray spectrum and the energy level scheme of 53Ca are shown in Figure 3.20. The two tran-
sitions correspond to the neutron knock-out off the f5/2 and the p3/2 orbitals. The population
of the ground state by the (p,pn) reaction corresponds to knocking out a neutron off the
p1/2 orbital. The fitting procedure of the 53Ca γ-ray spectrum is the same as described for
52Ca and 51Ca. The statistics for the 3/2− →1/2− transition is very low which causes the
corresponding momentum distribution analysis to have large uncertainties.
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3.5 Exclusive momentum distributions

The exclusive momentum distributions (dY/dP// and dY/dP⊥, Y being the yield) are ob-
tained by fitting the gamma spectrum corresponding to momentum intervals (in steps of
40MeV/c) in the same manner as done for 52Ca(p,pn)51Ca described in section 2.3.9. The
parallel and perpendicular momentum distributions (PMDs) for populating the ground state
(-n p1/2), the 2563 keV (-n p3/2), the 3150 keV (-n p3/2) and the 5940 keV (-n f7/2) excited
states were obtained for the 53Ca(p,pn)52Ca reaction channel. The PMDs for the 4541 keV
state population could not be obtained because of the low statistics of the 552 keV transition
with low significance in the γ-ray spectrum of this study. For the 5940 keV excited state,
the PMDs were obtained separately for the two decay branches, 1 and 2, sketched in Fig-
ure 3.18. The second decay branch presents statistical fluctuations in the PMDs because of
the low statistics. For the 54Ca(p,pn)53Ca reaction channel the PMDs corresponding to the
population of the ground state (-n p1/2), the 1738 keV (-n f5/2) and the 2220 keV (-n p3/2)
excited states were obtained from the experimental data.

The momentum distribution of the fragment in the center of mass frame is directly related
to the momentum distribution of the neutron before the knockout, bound inside the nucleus
due to the sudden approximation of the quasi-free nucleon scattering reactions. Also, the
momentum distribution of the bound neutron is dependent on the spatial configuration of
the neutron orbital. The parallel momentum width is a function of the orbital number, l, and
on the neutron separation energy, Sn. If the orbital number is larger, the momentum width
is larger as well. Also, if the separation energy is larger, as for a deeper bound nucleon, the
momentum width is larger. The momentum distribution can be used for assigning the spin-

Figure 3.21: Width (RMS value) of the parallel momentum of the 51Ca, 52Ca, and 53Ca frag-
ment from (p,pn) reactions corresponding to the neutron knockout from the p
and f orbitals. The data is given as a function of the neutron number N for each
neutron orbital after the experimental resolution was deconvoluted.
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parity of certain states or it can be used to obtain information on the orbital from which the
nucleon was knocked out. For the neutron orbitals in the 52,53,54Ca isotopes one can compare
the parallel momentum width for each neutron orbital that could be accessed during the
studies presented in this thesis via proton induced neutron knock-out reactions. Figure 3.21
shows the width values after the deconvolution of the experimental resolution. From this
plot we expect small differences or a smooth evolution of the size of the p and f orbitals as a
function of the neutron number. Also, one observes a larger difference between the f and p
orbitals for N=33 compared to N=32, so one could expect the same for the rms radii of the
corresponding single-particle orbitals.

Figures 3.22 to 3.28 show the PMDs corresponding to each populated state of the fragments
via (p,pn) reactions from 53Ca and 54Ca beams in inverse kinematics. The binning used for
the momentum is 40MeV/c and the binning used for the γ-ray partial spectra is 50 keV. The
binning of the γ-ray partial spectra with small statistics, mainly to the tails of the momentum
distributions, was changed to 100 keV. The experimental data points are shown with circles,
the statistical errors are marked with bars and the systematic errors are marked with boxes.
The horizontal dimension of the errors represents the bin size. The statistical errors include√
N -type of uncertainties and fitting uncertainties. The systematic errors include the follow-

ings: (1) γ-ray spectrum fitting systematic uncertainty, 5%; (2) MINOS efficiency uncertainty,
3%; (3) The systematic uncertainty due to the binning effect, 1.7%; (4) the systematic un-
certainty due to the method (singles vs. cascades), 1.19%; (5) the systematic uncertainty
due to the subtraction method of the neutron-evaporation events (angle cut vs. subtraction),
3.5%. For each reaction channel, 53Ca(p,pn)52Ca and 54Ca(p,pn)53Ca, one finds the PMDs
of the direct beam (Figures 3.22 and 3.26) plotted with dotted blue lines as reference of the
resolution of the experiment.

In the same figures one finds the momentum distribution calculated with the DWIA. The
theoretical models that were used are described in section 2.4. The shown calculations are
using the wavefunction of the knocked-out neutron obtained with the Woods-Saxon poten-
tial with the Bohr-Mottelson parametrisation, which is labeled as (BM) and plotted with solid
line, and alternatively with the HFB calculation using the SKM interaction, which labeled as
(HFB) and plotted with dotted lines. The difference between the two calculations was dis-
cussed in section 2.4 and in most of the cases as one sees in the current plots, the differences
are negligible. What is important to notice is that the values in the low-statistics tails for the
exclusive PMDs could not be obtained. In these regions, the experimental data points are
shown with 0 values and the fitting of the theoretical curved to the experimental PMDs was
only done in the regions with available data points.
In Figures 3.22 and 3.23, one sees how the theoretical calculations for the neutron knock-out
from the p3/2 orbitals describes well the data. For comparison, f-wave PMDs were also plotted
with dashed grey lines.
The ground state PMDs for the 53Ca(p,pn)52Ca reaction channel correspond to removing a
neutron from the p1/2 orbital. The experimental data (Figure 3.24) for ground state PMDs ob-
tained using the singles or using the cascades γ-ray spectrum fitting methods are both plotted
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Figure 3.22: The momentum distribution, parallel (left) and perpendicular (right) compo-
nents, of the 52Ca fragment left in the 2563 keV excited state after the knockout
of a p3/2 neutron via the (p,pn) reaction. The solid and dotted colored curves are
the theoretical calculations in the BM and HFB cases, respectively. The dotted
blue lines represent the PMDs of the direct beam. The grey dashed line is an f-
wave PMD for comparison. The experimental data (circles) are shown together
with statistical (bars) and systematic (boxes) errors.

Figure 3.23: The momentum distribution, parallel (left) and perpendicular (right) compo-
nents, of the 52Ca fragment left in the 3150 keV excited state after the knockout
of a p3/2 neutron via the (p,pn) reaction. The labeling is the same as for Fig-
ure 3.22.
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Figure 3.24: The momentum distribution, parallel (left) and perpendicular (right) compo-
nents, of the 52Ca fragment left in the ground state after the knockout of a p1/2
neutron via the (p,pn) reaction. The experimental data (circles) come from two
mothods of fitting, using singles (purple) and using cascades (pink). The solid
and dotted colored curves are the theoretical calculations in the BM and HFB
cases, respectively. The grey dashed line is an f-wave PMD for comparison.
The experimental data (circles) are shown together with statistical (bars) and
systematic (boxes) errors.

Figure 3.25: The momentum distribution, parallel (left) and perpendicular (right) compo-
nents, of the 52Ca fragment left in the 5940 keV excited state after the knockout
of a f7/2 neutron via the (p,pn) reaction. The light green data is for the first de-
cay branch (1951 keV+1426 keV+2563 keV) and the dark green data is for the
second decay branch (3388 keV+2563 keV). The orange data is the total mo-
mentum distribution for populating the 5940 keV state (sum of the two decay
branches). The grey dashed line is an p-wave PMD for comparison. The experi-
mental data (circles) are shown together with statistical (bars) and systematic
(boxes) errors.
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Figure 3.26: The momentum distribution, parallel (left) and perpendicular (right) compo-
nents, of the 53Ca fragment left in the 2220 keV excited state after the knockout
of a p3/2 neutron via the (p,pn) reaction. The solid and dotted colored curves are
the theoretical calculations in the BM and HFB cases, respectively. The dotted
blue lines represent the PMDs of the direct beam. The grey dashed line is an f-
wave PMD for comparison. The experimental data (circles) are shown together
with statistical (bars) and systematic (boxes) errors.

Figure 3.27: The momentum distribution, parallel (left) and perpendicular (right) compo-
nents, of the 53Ca fragment left in the ground state after the knockout of a p1/2
neutron via the (p,pn) reaction. The labeling is the same as for Figure 3.26.
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Figure 3.28: The momentum distribution, parallel (left) and perpendicular (right) compo-
nents, of the 53Ca fragment left in the 1738 keV excited after the knockout of a
f5/2 neutron via the (p,pn) reaction. The experimental data (circles) are shown
together with statistical (bars) and systematic (boxes) errors. The solid and
dotted colored curves are the theoretical calculations in the BM and HFB cases,
respectively. The grey dashed line is an p-wave PMD for comparison.

with purple and pink, respectively. The differences between the two methods are minimal,
and they are already considered in the systematic errors, but one can observe that the errors
with the singles method are smaller. The data is well reproduced using the theoretical curves
for -n p1/2 in this case as well and for comparison, an f-wave momentum distribution is also
shown.
It can be now confirmed using the momentum distribution analysis that the 5940 keV ex-
cited state of 52Ca is populated by the knockout of an f neutron. Figure 3.25 shows how
the theoretical PMDs for the neutron knock-out of an f7/2 neutron is describing very well the
experimental data coming from both decay branches as well as the total (sum) distributions.
In this plot, as well, a p-wave curve is shown for comparison plotted with dashed line. The
momentum distributions calculated for the f5/2 neutron orbital were also compared to the
experimental PMDs and they fit the data as well as the calculations with the f7/2 neutron.
Hence, from the momentum distribution analysis, we cannot differentiate between the two
f neutron orbitals.
Moving on to the 54Ca(p,pn)53Ca reaction channel, one can see in Figure 3.26 the momentum
distribution from populating the 2220 keV excited state of 53Ca. It corresponds to the neutron
knock-out from the p3/2 neutron orbital. The ground state population of 53Ca takes place by
knocking out a neutron from the p1/2 orbital of 53Ca and the corresponding PMDs are plot-
ted in Figure 3.27. The theoretical calculations for the knock-out reaction are in agreement
with the experimental data in both cases and f-wave distributions are shown for comparison
plotted with dashed lines. The PMDs of these two states and their successful description by
the theoretical calculations was obtained by Ref.[46] as well.
The knock-out of a neutron from the f5/2 orbital from 54Ca leads to the population of the
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1738 keV state in 53Ca. The present theoretical calculations can confirm this assignment de-
spite the high statistical fluctuation. A p-wave curve is shown for comparison. The width
of parallel momentum distribution is much better described by the f-wave compared to the
p-wave. Also, for the perpendicular momentum component the f-wave fits most of the exper-
imental points while the p-wave only fits better the first three low-momentum points. On the
other hand, a g-wave is also excluded because the g9/2 neutron orbital is too high in energy
to be occupied.

3.6 The determination of rms radii of the pf-shell neutron orbitals

The determined momentum distributions are related to the single-particle wavefunctions
of the orbitals from which the neutron was knocked out during the (p,pn) reaction. By using
several single-particle wavefunctions of different sizes as an input for the DWIA calculations,
one can see which hypothesis fits the best the experimental data based on a χ2 minimization
method. In the analysis of 53Ca(p,pn) and 54Ca(p,pn) channels the same approach described
in sections 2.4 and 2.5 is used. The variation of the bound state single-particle wavefunc-
tions size was done by varying the radial parameter around the default value of r0=1.27 fm
with ±30%. The rest of the calculations were conducted in the same manner for the full

theoretical uncertainty
for r0 (fm)

theoretical uncertainty
for rms radii (fm)

nucleus orbital parallel perpendicular both parallel perpendicular both
53Ca p3/2 0.1329 0.1896 0.1063 0.2307 0.3291 0.1845

106 ev. 0.0008 0.0073 <10−4 0.0014 0.0127 <10−4

105 ev. 0.0395 0.0569 0.0323 0.0686 0.0988 0.0561
103 ev. 0.4204 0.5220 0.3314 0.7298 0.9062 0.5753
p1/2 0.1781 0.2422 0.1413 0.3015 0.4101 0.2392
f5/2 0.1156 0.0718 0.0611 0.2582 0.1604 0.1365
f7/2 0.1075 0.0704 0.0589 0.2670 0.1749 0.1463

54Ca p3/2 0.1331 0.1596 0.0976 0.2340 0.2806 0.1716
p1/2 0.1697 0.1890 0.1246 0.2897 0.3227 0.2128
f5/2 0.1313 0.0708 0.0620 0.3056 0.1648 0.1444

Table 3.7: The uncertainties for the radial parameter and for the rms radii calculated for each
orbital of the pf -shell for 53Ca and 54Ca. The listed uncertainties come from the
sensitivity of the shape of the PMDs to the radial parameter for 10 000 events.
For one of the orbitals, the values for different number of events are also shown
(grey). The values are given for three cases: using only the parallel component,
only the perpendicular component or both components of the measured PMDs in
the optimum radial parameter determination.
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set of input radial parameters. The resulting theoretical curves for the parallel and perpen-
dicular momentum distributions were convoluted with the reaction energy profile and the
experimental momentum resolution. They were then fitted to the experimental momentum
distributions and from each fit the χ2 value was obtained. The χ2/NDF (NDF=number of
degrees of freedom) was obtained as a function of the input radial parameter and from this
distribution an optimal radial parameter mean value and a sigma value could be obtained for
each neutron orbital. The relation between the rms radius of each orbital and the radial pa-
rameter was used for transforming the results into the rms radius values with the associated
uncertainties.

Sensitivity of PMDs to the rms radii

The optimum radial parameter can be obtained using the parallel momentum distribution,
the perpendicular momentum distribution or their combination. In the third case, the χ2

distributions are summed up for the minimization method. The sensitivity of the theoretical
PMDs to the radial parameter varies from case to case. For obtaining the uncertainty for the
r0 parameter and the resulting rms radius value due to the method, the theoretical curves for
each radial parameter value were rescaled to minimize the differences between each other
and the χ2 values relative to the curve for the central value of r0=1.27 fm (the test could be
done relative to any of the values) were obtained. Prior to this procedure, the r0=1.27 fm
curves were normalized to 10 000 events. This procedure was applied for the parallel, per-
pendicular and the combination of the parallel and the perpendicular curves for both 53Ca
and 54Ca nuclei and for each single-particle neutron orbital studied in the present work. With
this test one would see how different the theoretical PMDs are as a function of the radial

Figure 3.29: The rms radius as a function of the radial parameter for the p3/2 neutron orbital
of 53Ca. The blue lines show the optimum radial parameter value obtained from
the momentum distribution analysis of the 53Ca(p,pn)52Ca reactions and the re-
sulting rms radius, respectively, obtained using the interpolation linear function
(red line). The grey areas show the 1-σ uncertainty intervals for both the radial
parameter and the rms radius. The plots are given for the 2.563MeV excited
state (left) and the 3.150MeV excited state (right) of 52Ca.
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parameter. If the sensitivity is high, the curves would be very different as a function of the
radial parameter and the χ2 distribution would have a sharp minimum at the r0=1.27 fm.
On the contrary, if the sensitivity is low and the shape of the PMDs does not vary a lot, the
χ2 distribution would be flat. The transformation from χ2 to a probability distribution of the
form: P = C · exp(−χ2/2) gives us the sigma value of the distribution by fitting with a Gaus-
sian function. The obtained sigma values, listed in Table 3.7 are considered as a measure of
sensitivity (low sigma value for a high sensitivity). The equivalent uncertainties for the rms
radii were also derived from the relation between the rms radii and the radial parameter.
For one of the orbitals, the normalization to 106, 105, and 103 events was also tested. One
can observe that the uncertainties of the rms radii obtained with the presented method are
dominated by statistical uncertainties of the experiment. The p and f orbitals show small
differences: the uncertainties using the parallel (perpendicular) component only are smaller
for p (f) orbitals compared to using the perpendicular (parallel) component only. If one
looks at the results using both parallel and perpendicular components, the uncertainties are
slightly lower for the f orbitals compared to the p orbitals; and generally, the uncertainties
are lowered if one uses both the parallel and perpendicular components of the momentum
distribution as opposed to using only one of the components.
In some cases during the data analysis, both parallel and perpendicular experimental PMDs
could be used, but in other cases one of themwould lead to nonphysical results such us nomin-
imum for the χ2 distribution within the 1.27±30% fm range of the radial parameter. In those
situations only the parallel or only the perpendicular momentum distributions were used. An
additional check for each case was done by comparing the width of the parallel momentum
distribution of the experimental data to the width of the theoretical curve obtained with the
best fitting radial parameter value. The results for each single-particle neutron orbital are
presented in this section.

p3/2 neutron orbital of 53Ca

During the p3/2 neutron knockout off 53Ca we populate two different final states of 52Ca, at
2563 keV and 3150 keV excitation energy. One can use the information from the correspond-
ing momentum distributions and obtain the rms radius of the p3/2 independently from the
two final state channels. For the 2563 keV final state, both momentum distributions showed
good sensitivity and the optimum radial parameter of 1.29(8) fm was obtained. With this
value, the rms radius of the p3/2 neutron orbital is found at 4.67(15) fm. For the 3150 keV
final state, the resulting optimum radial parameter is 1.30(28) fm (using both PMDs), which
results in a value for the rms radius of 4.62(48) fm. The plots with the rms radius vs. radial
parameter for both final states are shown in Figure 3.29. The black circles show the rms
radius for each radial parameter value that was given as an input of the calculations. The
red lines show an interpolating linear function. The vertical blue line show the position of
the optimum radial parameter value obtained by the χ2 minimization analysis and the grey
vertical region shows the ±1-σ interval. The horizontal blue line and grey region show the
rms radius value and its ±1-σ interval obtained using the interpolating linear function. The
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Figure 3.30: The rms radius as a function of the radial parameter for the p1/2 neutron orbital
of 53Ca. The red line is an interpolation linear function. The blue lines show
the optimum radial parameter value obtained from the momentum distribution
analysis and the resulting rms radius, respectively. The grey areas show the 1-σ
uncertainty intervals for both the radial parameter and the rms radius.

errors using the 3150 keV final state are larger than for 2563 keV. Nevertheless, the two val-
ues obtained independently for the p3/2 orbital agree with each other and also they agree
within 1-σ uncertainty with the 4.74(18) fm value obtained for p3/2 neutron orbital of 52Ca.
Although the probed neutron orbital is the same, the final state of 52Ca is different in the two
cases. Thus the data from the two final states is not combined for obtaining a common rms
radius value, but rather the obtained rms radius values will be kept separately.

p1/2 neutron orbital of 53Ca
For the knockout of the p1/2 neutron orbital of 53Ca, which is the last neutron orbital below

the Fermi level, the 52Ca fragment in left the ground state. For this case the optimum radial
parameter was found to be 1.17(13) fm, and the rms radius for the p1/2 neutron orbital was
found to be 4.86(21) fm. The value was obtained using only the perpendicular momentum
distribution for its better sensitivity to the radial parameter variation. The rms radius vs.
radial parameter plot used for the determination of the p1/2 neutron orbital size is shown in
Figure 3.30.

f7/2 neutron orbital of 53Ca
For the f7/2 neutron orbital we have again two independent data sets for obtaining the rms

radius. Via the neutron knockout from the f7/2 orbital, we populate the 5940 keV excited
state of 52Ca. This state has two decay branches (Figure 3.18) from which one could obtain
the momentum distributions. The both decay branches have relatively low statistics, but the
second decay branch presents high statistical fluctuations. Despite the low statistics, due to
the increased sensitivity of the f-wave PMDs to the radial parameter, one could obtain a value
of 1.20(6) fm for the optimum radial parameter for the first decay branch using both the par-
allel and perpendicular components successfully. With this value, one obtains the rms radius
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Figure 3.31: The rms radius as a function of the radial parameter for the f7/2 neutron orbital
of 53Ca. The red line is an interpolation linear function. The blue lines show
the mean values and the grey areas show the 1-σ uncertainty intervals for both
the optimum radial parameter the resulting rms radius. The two plots show the
results for the two decay branches of the 5.939MeV excited state of 52Ca.

Figure 3.32: The rms radius as a function of the radial parameter for the f7/2 neutron orbital
of 53Ca (sum of the two decay branches). The labeling is the same as for Fig-
ure 3.31.

value of 4.12(15) fm for the f7/2 neutron orbital of 53Ca. For the second decay branch, only
the parallel momentum could give a good χ2 minimization analysis, the statistical fluctuations
being too high for the parallel momentum component. In this case a value of 1.13(19) fm was
obtained for the optimum radial parameter and 3.93(46) fm for the rms radius. The rms ra-
dius vs. radial parameter plots for the two decay branches are shown in Figure 3.31. The two
independently obtained values agree with each other, but the uncertainties are much higher
for the second decay branch. The results using the sum of the two decay branches are the
following: 1.19(5) fm for the optimum radial parameter and 4.10(13) fm for the rms radius.
The rms radius vs. radial parameter plot for the sum of the two decay branches is shown in
Figure 3.31. The results using the sum of the two decay branches give a smaller uncertainty.
The same analysis was also carried for the potential neutron knockout of an f5/2 neutron
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Figure 3.33: The rms radius as a function of the radial parameter for the p3/2 (left) and p1/2
(right) neutron orbitals of 54Ca. The red line is an interpolation linear function.
The blue lines show the optimum radial parameter value obtained from the mo-
mentum distribution analysis and the resulting rms radius, respectively. The
grey areas show the 1-σ uncertainty intervals for both the radial parameter and
the rms radius.

populating the 5940 keV state, which gave the following results: optimum r0 = 1.24(7) fm
with rms radius of 3.97(15) fm from the first decay branch and optimum r0 = 1.24(17) fm
with rms radius of 3.97(39) fm from the second decay branch. This check shows that even
if the single-particle configuration of this state would be different than the assigned one, the
difference between the determined rms radii of the p and f neutron orbitals in 53Ca is similar.

p3/2 neutron orbital of 54Ca

Moving on to 54Ca and its p3/2 neutron orbital, we face again the negative effect of the
low sensitivity of the p-wave momentum distributions to the radial parameter. For this case,
a value of 1.28(14) fm was obtained for the optimum radial parameter. The rms radius vs.
radial parameter plot is shown in Figure 3.33. Only the perpendicular momentum component
could lead to a physical resulting value of the χ2 minimization analysis. With this value, the
rms radius of the p3/2 neutron orbital of 54Ca was found to be 4.64(24) fm. The determined
rms radius value is showing consistency with the results found for 52Ca and 53Ca.

p1/2 neutron orbital of 54Ca

The p1/2 neutron orbital of 54Ca is studies using the ground state population momentum
distributions of the 54Ca(p,pn)54Ca reaction. As in the case of the p3/2 neutron orbital, one
could only use the χ2 distribution from the perpendicular momentum component for obtain-
ing a physical value for the optimum radial parameter. The obtained value is 1.25(14) fm.
The rms radius vs. radial parameter plot is shown for this case in Figure 3.33. The rms radius
value for the p1/2 neutron orbital of 54Ca is 4.88(24) fm, in very good agreement with the
value for the p1/2 neutron orbital of 53Ca.
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Figure 3.34: The rms radius as a function of the radial parameter for the f5/2 neutron orbital
of 54Ca. The red line is an interpolation linear function. The blue lines show
the optimum radial parameter value obtained from the momentum distribution
analysis and the resulting rms radius, respectively. The grey areas show the 1-σ
uncertainty intervals for both the radial parameter and the rms radius.

f5/2 neutron orbital of 54Ca
The momentum distribution for the f5/2 neutron orbital has the least statistics in this anal-

ysis. A value for the optimum radial parameter could still be found, using only the parallel
momentum component, as it was the case for the second decay branch of the 5940 keV state
of 52Ca for f7/2 neutron orbital of 53Ca. The optimum radial parameter is 1.35(43) fm and the
rms radius was found to be 4.43(100) fm. The rms radius vs. radial parameter plot for this
case is shown in Figure 3.34. The rms value was obtained with very large uncertainties due to
the small statistics, but the χ2 minimization analysis could converge in a good physical region
because of the high sensitivity of the momentum distributions on the radial parameter for the

N
orbital RMS radius (fm)

f7/2 p3/2 p1/2 f5/2
32 4.13(14) 4.74(18)

33 4.10(13)
4.67(15)

4.86(21)
4.62(48)

34 4.64(24) 4.88(24) 4.43(100)

32 (SKM) 4.12 4.49 4.59 4.31
34 (SKM) 4.13 4.58 4.91 4.44

Table 3.8: Table with the rms radii of the neutron single-particle orbitals in the pf -shell of
calcium isotopes. The first column shows the neutron number. Columns 2-5 show
the rms radius values for the f7/2, p3/2, p1/2, and f5/2 orbitals in units of fm. The 1-σ
uncertainty is given in the round parentheses. The last two rows show the values
calculated using HFB with the SKM interaction for comparison.
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Figure 3.35: The systematics of rms radii of neutron single-particle orbitals determined us-
ing the momentum distribution analysis. The values for the f7/2, p3/2, p1/2, and
f5/2 neutron single-particle orbitals are given as a function of the neutron num-
ber for the calcium isotopes. The orange area marks the data for 52Ca. The the
horizontal dot-dashed grey lines are shown to guide the eye for comparing the
results of the present analysis for 53Ca and 54Ca with the results of 52Ca. The
vertical lines give the 1-σ uncertainties for each data point.

f-wave. Because the 1738 keV state is so weakly populated, and the momentum distribution
analysis has large errors, we cannot clearly state if it is a single-particle state.

The summary of the results for the rms radii is given in Table 3.8. Also, the resulting rms
radii are plotted in Figure 3.35 for each neutron single-particle orbital as a function of the
neutron number for the studied calcium isotopes.

From the systematics of the rms radii of the pf -shell orbitals (Figure 3.35), one can observe
consistent results for 53Ca and 54Ca with the values obtained for 52Ca. The p orbitals present
rms radii larger than the f orbitals. Except for the large-uncertainty f5/2 data point of 54Ca,
the data show a difference larger than 0.5 fm between the p and f orbitals. In Table 3.8, in
the last two rows, one can see listed the values obtained from HFB calculations using the SKM
interaction for comparison.
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3.7 Conclusions

Using the momentum distribution analysis for proton-induced quasi-free neutron scattering
reactions on 53Ca and 54Ca, one could obtain the rms radii of the p3/2, p1/2, f7/2 and f5/2
neutron single-particle orbitals in the framework of DWIA. This is an extension of the data
analysis presented in the second chapter of this thesis. The (p,pn) reactions were measured
at the RIKEN facility using a liquid hydrogen target and the MINOS TPC. Additionally, the
final states of the fragments were tagged via γ-ray spectroscopy using the DALI2+ detector
array. The beam and the fragment particles were selected and identified using BigRIPS and
the SAMURAI spectrometers.

The following values were determined for the single-particle neutron orbital rms radii: for
p3/2, 4.67(15) fm (N=33), 4.62(48) fm (N=33), and 4.64(24) fm (N=34); for p1/2, 4.86(21)
fm (N=33) and 4.88(24) fm (N=34); for f7/2, 4.10(13) fm (N=33); and for f5/2, 4.43(100) fm
(N=34). The resulting differences between the rms radii of the p and f orbitals in the A = 52,
53, 54 calcium isotopes of 0.5-0.95 fm are consistent with the prediction made by Bonnard
et al. [7]. Within the uncertainties of the experiment and analysis, the f7/2, p3/2 and p1/2
rms radii of the pf -shell single-particle neutron orbitals of 52Ca, 53Ca, and 54Ca are consistent
with each other.
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4 Development of the STRASSE Silicon tracker
and the cryogenic target

4.1 General overview

4.1.1 STRASSE

Figure 4.1: Drawing of STRASSE with the silicon
tracker and the liquid hydrogen tar-
get. The CATANA detector array is
found around the reaction chamber.
Figure reprinted with the permission
from [10]© CC-BY-4.0.

STRASSE is composed of a silicon
tracker and a liquid hydrogen tar-
get and it is designed for studying
proton induced quasi-free knock-out
reactions, (p,2p) and (p,3p), in in-
verse kinematics. STRASSE stands
for Silicon Tracker for RAdioactive
nuclei Studies at SAMURAI Experiments.
As the name suggests, the experi-
mental setup is foreseen to be used
at SAMURAI experiments at the RIBF
facility, Japan. Moreover, STRASSE
is designed to be compatible with
CATANA [11], a CsI detector array.
A drawing of the STRASSE silicon
tracker and the liquid hydrogen tar-
get, placed inside the CATANA detec-
tor array is shown in Figure 4.1. The
grey-colored cylinder is the liquid hy-
drogen target and two layers of sili-
con sensors are shownwith dark blue
and magenta. The vacuum chamber is shown with grey-purple and layers L2-L7 of CATANA
are also shown around the vacuum chamber. The figure is from the overview paper of
STRASSE [10]. The STRASSE silicon tracker has two layers of double-sided silicon strip
sensors arranged in a hexagonal geometry. A side of a hexagonal layer is composed of 2
sensors in order to cover a length of almost 300mm. The active width of each side of the
hexagonal outer layer is 62.6mm, while for the inner layer the active width is 30mm. The
active length of each sensor of the outer (inner) layer is 122 (121)mm. The distance from
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Figure 4.2: The detection efficiency of the STRASSE silicon tracker. The efficiency is plotted
as a function of the azimuthal angle θ (left) and of the polar angle φ (right). The
red curves represent the efficiency for one proton detection and the blue curves
represent the efficiency for two protons detection. Figure reprinted with the per-
mission from [10]© CC-BY-4.0.

the center to the outer layer is 60.5mm and to the inner layer is 28.5 . The thickness of
the silicon sensors is 300µm (200µm) for the outer (inner) layer with a pitch size of 200µm.
The silicon tracker will reconstruct the trajectories of the protons and the reaction vertex for
proton-induced knock-out reactions. The geometry of the silicon layers and the placement of
the readout electronics have been optimized in order to reduce the inactive material along the
protons’ trajectories. The resulting angular coverage is shown in Figure 4.2. The detection
efficiency integrated over the angles for two protons detection in a (p,2p) reaction is 49%
and for the detection of at least one proton detection, the efficiency goes up to 86% [10]. The
vertex reconstruction resolution obtained from simulations with the STRASSE silicon tracker
coupled with the 15-cm-long liquid hydrogen target is σvertex=0.17mm [10].

For the measurement of the total energy of the protons and also for the detection of γ rays,
CATANA [11] will be used and placed around the STRASSE reaction chamber, as shown in
Figure 4.1. The coupling of STRASSE with CATANA allows for missing mass measurements,
complementary to invariant mass measurements at the SAMURAI experimental area. The
missing mass for a (p,2p) reaction can be calculated as:

Ex =

√︂
(Ebeam + Etarget−Ep1−Ep2)2−(P⃗ beam − P⃗ p1 − P⃗ p2)2−Mfragment (4.1)

The STRASSE setup together with CATANA is able to measure all the quantities entering
into the missing mass expression. The expression includes Ebeam, Etarget, Ep1, Ep2, the total
energies of the beam, the target and the two detected protons, as well as P⃗ beam, P⃗ p1, P⃗ p2,
which are the momenta of the beam and the two protons, and Mfragment being the mass
of the fragment resulting from the (p,2p) reaction. The missing mass measurement will give
information on the excitation energy of the fragments in the final state. The simulatedmissing
mass resolution is σEx= 1.7MeV [10].
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Figure 4.3: Geometry of the silicon tracker and the electronics of STRASSE. (a) A section
view of STRASSE. One finds the liquid hydrogen target, the two layers of silicon
sensors (blue and magenta) and the front-end boards electronics (green). (b)
One sixth of the STRASSE system. One sees the geometry of the silicon sensors
and the electronics. The ASICs (STS-XYTER) for readout receive the signals from
the sensors via microcables shownwith yellow. Figure reprinted with the permis-
sion from [10]© CC-BY-4.0.

The readout electronics, based on the XYTER2.2 (X-Y coordinate, Time and EnergyResolution)
chip [119], will be mounted on supports going radially outwards in the cylindrical symmetry
of the silicon tracker, filling in the dead areas between the sensors. The strips perpendicular
to the beam of the sensors on the outer layer will be read out by 11 XYTER chips for the
outer layer and another 11 chips for the inner layer for each side of the hexagon. The strips
parallel to the beam are read out only from one end and the strips are daisy-chained. These
strips are readout by 3 XYTER chips for the outer layer, and 2 XYTER chips for the inner layer.
The signals from the Si sensors are carried to the FEBs (front-end boards) via custom-made
Microcables. These cables have a low capacitance, are flexible and light, complying with
the constrained geometry of STRASSE. The arrangement of the read-out electronics with the
XYTER chips and the Microcables is shown in Figure 4.3, sourced from [10].

The choice of ASIC (application-specific integrated circuit) was based on the low dead time
(0.8µs), good time resolution (3.125ns), low power consumption (<8mW per channel), low
noise and the dynamic range (0-15 fC in STS mode and 0-100 fC in MuCH mode) of the
XYTER chips. The energy deposited in the silicon sensors ranges from ∼100 keV to ∼1MeV.
This energy range fits the MuCH mode dynamic range of the XYTER chips. A total of 162
ASICs will be used for STRASSE. For this amount of ASICs, active cooling is necessary. The
cooling will be done by circulating water through the main flange and dissipate the heat from
the electronics via the copper cooling blades supporting the FEBs (orange in the drawings of
Figures 4.3 and 4.4).
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A 150mm-long liquid hydrogen target with a diameter of ∼30mm is placed inside the
silicon tracker. Using a high density proton target, as the liquid hydrogen target of this length,
gives a high interaction yield for the studied reactions. The liquid hydrogen target, together
with the cryostat used for cooling down the hydrogen, is a compact system (∼1m in height),
able to cool down in 12 hours and to perform empty target measurements with a fast refill
afterwards. A full drawing of STRASSE and the cryostat is shown in Figure 4.4.

The STRASSE project (Strasse means street in the German language) starts with a pro-
totype, PFAD (path), which is a smaller silicon tracker, equivalent to one third of the silicon
tracker of STRASSE, with similar readout electronics. The back-end electronics and the times-
tamp integration with the RIBF system is being tested using the PFAD prototype before the
final construction of STRASSE.

Figure 4.4: A full view of the STRASSE silicon tracker and the liquid hydrogen target together
with the cryostat. Figure reprinted with the permission from [10]© CC-BY-4.0.
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4.1.2 PFAD

Figure 4.5: Picture of the PFAD silicon tracker as-
sembled at TU Darmstadt.

PFAD, Prototype for Advanced
Detectors, is a silicon tracker com-
posed of four 2D planes, two of
them on each side of the beam
axis. A picture of the PFAD sili-
con tracker is shown in Figure 4.5
mounted on the reaction chamber
flange. Each 2D plane is composed
of two layers of one-sided silicon
strip sensors, one layer with lon-
gitudinal strips and one layer with
perpendicular strips to the beam
direction. The sensors are 100µm
in thickness with a pitch size of
100µm. As in the case of the
STRASSE silicon tracker, each layer
has two Si sensors covering an ac-
tive area of∼16 x∼5 cm. The ones
with longitudinal strips are daisy-
chained and read out only at one
end. All strips are read out in
pairs of two, so the effective pitch
size becomes 200µm. There are
two XYTER chips mounted on the
front-end boards for reading out
the longitudinal strips (FEB2) and
six XYTER chips mounted on the front-end boards for reading out the perpendicular strips
(FEB6). A photo with one layer, composed out of one FEB6 with sensors with perpendicular
strips and one FEB2 with sensors with parallel strips is shown in Figure 4.6 together with
other close-up photos of the FEBs, sensors and the ceramic PCBs (green). The ceramic PCBs
are used for distributing the bias voltage from the FEB to the silicon sensors. Moreover, the
silicon sensors are supported by the ceramic PCBs by gluing. The ceramic PCBs are glued
onto the aluminum frame of the detector module. The layer of glue ensures adhesion as well
as a small degree of flexibility and shock absorption. The strips are bounded to the ASIC via
a pitch adapter (white strip before each XYTER chip in the photos of Figure 4.6). Between
the FEBs and the aluminum frames a thermal sheet is used for thermal conductivity needed
for dissipating the heat from the ASICs. PFAD is a modular system, each detector module
composed of FEB2/6 with the corresponding sensor mounted on the aluminum frame can
be stored and transported separately, also allowing for easy replacements with spare parts in
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Figure 4.6: Photos of the front-end boards for PFAD. Top-left: One layer of the PFAD silicon
tracker. Top-right: Close-up photo of FEB2, FEB6, the ceramic PCBs and the sil-
icon sensor. Bottom-left: The daisy-chained area between the two sensors for
the parallel strips of one layer. Bottom-right: Close-up photo of FEB6.

case it is needed. There are two thick aluminum cooling blocks for each arm of the silicon
tracker, on each side of the beam axis. These blocks ensure the support of the silicon tracker
as well as the cooling of the electronics. The detector modules are secured on the cooling
blocks using 3 screws and there is a thermal sheet added between the aluminum frames and
the cooling block as well.
The front-end boards were adapted after the FEB8 used for STS from the CBM collabora-

tion. The readout of PFAD is done via the GBTxEMU board [121], based on Artix7 FPGA. The
FEBs communicate with the GBTxEMU board via LVDS signals. One downlink with the clock
(80MHz) and data LVDS signals is shared by a FEB2 and a FEB6 of each layer of the silicon
tracker. The downlink signals are going from the GBTxEMU board via the feed-through PCB,
found on the reaction chamber flange, to FEB6 and then to FEB2. Each XYTER chip sends data
via one uplink to the GBTxEMU board. For the uplink and downlink LVDS signals 1.75-mm
pitch flat ribbon cables are used inside the reaction chamber with pin-header connectors and
flat flexible ribbon for outside the reaction chamber with ZIF connectors. On the GBTxEMU
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Figure 4.7: Schematics of the PFAD electronics for the full silicon tracker consisting of four
2D planes. The data signals are routed via a feed-through PCB between the GBTx-
EMU board and the FEBs. The green card on the GBTxEMU board is the FMC-to-
ZIF adapter. Through the feed-through PCB the low voltage and bias voltages are
also supplied. FEB-C and the CIB are used for integrating the RIBF timestamp
from the LUPO module into the PFAD DAQ.

Figure 4.8: Schematics of the RIBF timestamp integration into the PFAD DAQ via the FEB-C.
Source of the figure: PhD Thesis of A. Frotscher [120]© CC-BY-SA-4.0.
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board a FMC-to-ZIF adapter board is used. A schematics of the PFAD configuration is shown
in Figure 4.5. The GBTxEMU board is programmed with a custom pre-compiled firmware via
JTAG using Xilinx Platform Cable USB II and Vivado SDK software. The GBTxEMU board is
connected via Ethernet to the PC. For the control and DAQ the IPbus [122] protocol, as well
as STS-HTCP [123] protocol are used. The control and DAQ scripts are written in Python3.

The readout electronics of PFAD is a trigger-less system. In order to synchronize with the
RIBF DAQ system at RIKEN, an additional ASIC is used for registering the trigger timestamp
coming from the RIBF DAQ system, via LUPO module. The ASIC is an XYTER2.2 chip as
the ones used on FEB2 and FEB6, but mounted alone on a board that can receive signals for
each channel of the XYTER chip via two ERNI connectors. A charge injection board (CIB)
will inject pulses in the 128 channels of this ASIC encoding the timestamp. The timestamp is
48-bit long and it is injected two times, in the first 64 channels and in the last 64 channels of
the ASIC, using a duplicated pattern allowing to reconstruct the correct timestamp in case of
a channel failure. The timestamp is injected binary: 0 if channel not fired and 1 if channel
fired. The amplitude of the injected signals of 80 fC is close to the upper end of the energy
range of the ASIC in the MuCH mode for ensuring that all channels are fired regardless of
the chosen energy range during the experiment. A schematics of the integration of the RIBF
timestamp into PFAD/STRASSE is shown in Figure 4.8, image from Ref. [120].

The purpose of the prototype detector, PFAD, is to perform test measurements and to help
design an improved version of the electronics for STRASSE. Part of the work and tests done
with PFAD are presented in the PhD thesis of A. Frotscher [120].

In the next section of this chapter, the PFAD detector modules characterisation and commis-
sioning will be presented. The detectors modules are calibrated in energy and the linearity
of the calibration is tested. The electronic noise level of the detectors is also measured and
an offline measurement with an 241Am γ-ray source is performed. The PFAD silicon tracker
is commissioned in an in-beam experiment at the HIMAC facility in Japan. The results of
the vertex reconstruction performance of PFAD from the online analysis are presented. Sec-
tion 4.3 presents the production method of the liquid hydrogen target used for STRASSE.
After production, the target cells are stress-tested at high pressure and at cryogenic tempera-
tures. Additionally, in the same section, the results of the vacuum simulations performed for
the reactions chamber of STRASSE will be shown. Both the above-mentioned sections present
original work done during this PhD study.
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4.2 PFAD - the prototype of STRASSE

4.2.1 Detector module characterisation

XYTER2.2 chips (or SMX2.2)

Figure 4.9: The XYTER2.2 chip with a simplified diagram. Figure reprinted with the permis-
sion from [119] ©2023 by Elsevier.

The XYTER2.2 chip is an ASIC designed for the STS and MuCH detector systems of the
CBM collaboration. The chip has a compact size of 10mm × 6.75mm and it is designed to
be radiation-hard. The XYTER2.2 chip is able to read out 128 channels, has two additional
test channels and it has an internal pulse generator used for calibrations. The ASIC has two
dynamic ranges, 1-15 fC for the STS mode and 0-90 fC for the MuCHmode. It features a 5-bit
ADC and 14-bit timestamp reaching a nanosecond-range accuracy for the time measurement
and it is designed for high-rate (>500 kHz) measurements. A picture of the XYTER chip
with a simplified diagram is shown in Figure 4.9. Additionally in Figure 4.10, one finds the
diagram of one out of the 128 analog front-end channels of the XYTER chip.

The accepted input signal can have both negative (electrons) or positive (holes) polarity.
The input signal (as well as the ones generated by the internal pulser) goes first through the
charge sensitive amplifier (CSA). For the two dynamic ranges, the amplifier uses two gain
modes: 9.2mV/fC (STS) and 1.6mV/fC (MuCH). After this, the polarity selection circuit
(PSC) will simply pass further the positive signals or invert the negative signals, as one can
see on the diagram in Figure 4.10. The signal is then processed using two parallel paths, one
with a fast shaper followed by a discriminator with a comparator (global threshold) used for
the timestamp determination (signal with positive amplitude). The second path has a slow
shaper followed by 31 ADC comparators obtained by a resistors ladder stretched between
two reference voltages (VrefP and VrefN) with an effective threshold set by VrefT (signal
with negative amplitude). The VrefP, VrefN, VrefT and the global threshold values can be
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set for the entire chip, and not for individual channels (marked outside the blue dashed line
representing one channel in Figure 4.10). After the signal is registered by the fast comparator,
there is a waiting time until the signal passed through the slow comparators. If the signal
is also registered by the slow comparators, we get a signal with complete information, time
and energy. If the signal is not registered in the slow comparators, the signal has only time
information. But typically the ASICs are configured such that the fast comparator and the
first slow comparator match in the detected signal amplitude. By doing so, the detected
signals it will have complete information. More details about the STS-XYTER chip are found
in Ref. [119].

Energy range and the trim calibration
For the experiments with PFAD we are interested in an energy range up to 1.2MeV, which

corresponds to ∼53 fC. This means that we need to use the MuCH dynamic range of the
XYTER chips. In order to obtain the same ADC characteristics for all channels, each of the 31
ADC discriminators can be corrected by a trim value (marked as “TRIM” on the diagram in
Figure 4.10). The energy and trim calibration is performed using the internal pulse generator.
The amplitude of the pulses can take values from 0 to 255 units, covering the range of the
selected dynamic range of 0 to 90 fC. In our case, we aim to calibrate the first and last ADC
discriminators such that they trigger at pulses of amplitudes between ∼100 keV and 1200 keV
(13 to 150 in terms of the internal pulser units) and the rest of the ADC discriminators to
be linearly distributed between these values. Once the VrefP and VrefN registers are set
to take appropriate values for the aimed energy range, a scan is performed for all channels
and ADC discriminators of each ASIC in which the trim value for each ADC discriminator
is varied. The ADC trim values range from 0 to 255 corresponding to a shift of -150mV to
+150mV (a value of 128 means no shift, 0mV). For each discriminator, the selected trim
value is the one for which the discriminator triggers at the desired pulse amplitude. If no
suitable trim value is found during this scan, it is a sign that the VrefP and VrefN registers
were not set correspondingly for the aimed energy range. A similar procedure is done for the
fast discriminator as well. Typically the fast discriminator is set to trigger at similar pulse
amplitudes as the first ADC discriminator. The trim calibration, the linearity of the ADC
discriminators and the electronic noise can be checked and characterized using the S-curve
analysis described below.

S-curve analysis
The S-curve analysis involves performing a scan in which pulses of varying amplitudes are

sent using the internal pulse generator and then the counts accumulated in each discriminator
and channel of each ASIC are read from registers. One should observe that as the amplitude
of the pulses increases, the ADC discriminators (and the fast discriminator as well) trigger
gradually. In an ideal system, a discriminator should not trigger at all (zero counts) if the pulse
amplitude is lower than the value for which that discriminator was calibrated and trigger each
time for pulses above the calibrated one, forming a step function with respect to the pulse
amplitude. In practice, because of the fluctuations of the base line due to electronic noise,
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Figure 4.11: Example of S-curves for one channel of one XYTER chip obtained by performing
an amplitude scan with the internal pulse generator, injecting 10 pulses for each
amplitude value. The amplitude scan had an increment of one unit and a range
from 0 to the maximum value of 255 (the plot shows the amplitude pulse only
up to 160). The XYTER chip was calibrated for the amplitude range between 13
and 150 units in the MuCH mode. The solid blue lines correspond to the 31 ADC
discriminators and the dashed red line corresponds to the fast discriminator.

one will observe S-curves instead of step functions. An example of S-curves for all ADC and
fast discriminators of one channel as a result of an amplitude scan is shown in Figure 4.11.

As a result of the S-curve analysis one can get information such as ADC gain, ADC/fast
discriminator deviation and electronic noise. The ADC gain is the distance in terms of the
pulse amplitude between the ADC discriminators, or the slope:

ADCid
gain = (Aid

ADC −Aid=0
ADC)/id

with A being the pulse amplitude at which the discriminator triggers and id being the index
of the discriminator going from 1 to 30. The amplitude is found using the S-curve as the posi-
tion at 50% of the maximum number of injected pulses, or the mean value of the gauss-shape
derivative of the S-curve. One expects here a constant value for the gain for all discriminators
if the channel was linearly calibrated. In Figure 4.12, on the top row, one finds examples
of ADC gain plots from three of the ASICs. The ADC gain is given in pulser amplitude units
(0-255 corresponds to 0-∼90 fC in MuCH mode). The values of the ADC gain are given for
each of the discriminator of each channel, with the error bars coming from the determination
of each Aid

ADC . The mean values of the ADC gain and the corresponding standard deviation
value are given on each plot, showing consistency in the ADC gain from one channel to the
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Figure 4.12: Example of ADC gain, ADC deviation and fast deviation plots from the S-curve
analysis from three of the ASICs of the PFAD system.

other and from one ASIC to the other.

The ADC and fast discriminators deviation (Dev) shows the difference between the am-
plitude at which the discriminator triggers during the S-curve analysis and the amplitude at
which it was calibrated to trigger:

Devid = Aid −Aid
Calibrated

for both ADC and fast discriminators. Example plots with the ADC and fast discriminator
deviation are also shown in Figure 4.12 on the middle and bottom rows. The mean deviation
(and the corresponding standard deviation of this value) is given on each of the plots. The
deviations show little difference between the channels and the ASICs, evidencing the capa-
bility for performing a reliable trim calibration using the internal pulser.

The electronic noise, or the ENC level is an important quantity for the system. Based on
the measured ENC values we can have a first idea on where to place the lower edge of the
energy range. The ENC level is determined for each channel and discriminator as the σ-
value of the gauss-shape derivative of the S-curve. The value is obtained in pulser amplitude
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Figure 4.13: ENC level for ASICs mounted on a FEB2 (left) and a FEB6 (right) with the silicon
sensors connected.

units and then it can be converted to the equivalent number of electrons. The ENC levels of
each ASIC of the PFAD system are listed in Table 4.1. A difference is observed in the ENC
level between the ASICs used on FEB2 and FEB6. The Figure 4.13 shows as an example the
ENC level distributes over the channel number/strip for one ASIC on a FEB2 (left) and for
one ASIC on a FEB6 (right). The difference between the two type of FEBs come from the
length of the strips that are read out on each FEB type. The intrinsic ENC level of the ASIC
before mounting the pitch adapters and the silicon sensors takes values of ∼375 e−. From
this value on, the ENC rises as a function of the input capacitance. On FEB2 the capacitance
corresponding to each channel becomes larger than for FEB6. Also small variation appear
between the ASICs also because of the variations in the sensor characteristics. The ENC level
as a function of the input capacitance (on top of the intrinsic ENC level of the ASIC and pitch
adapter) was found to take values of 27 e−/pF (44 e−/pF) for ADC (fast) by Ref. [119] and
24(1) e−/pF for ADC, by Ref. [120]. The total ENC level (sigma value) as seen in Table 4.1
is of ∼1.2 ke− (equivalent to 5 keV) for FEB6-type and double for FEB2-type. This sets the
threshold at ∼30 keV for FEB6 and ∼60 keV for FEB2 if we require 6-σ threshold.

The S-curve analysis presented above was performed with the full PFAD system and 40V
bias voltage applied on each of the silicon sensors. The ENC level for no bias voltage applied
takes very large values and then it gradually decreases as bias voltage is applied on the silicon
sensors until it reaches a plateau. Figure 4.14 (right) shows this dependence for some of the
ASICs used for PFAD. The red curves correspond to ASICs on FEB2-type boards and the blue
ones for FEB6-type. Among the sensors for each FEB-type we observe how some of them
show low ENC already from 10V bias voltage, while others need more than 20V to reach the
low ENC level plateau.

Offline source measurement

As an offline measurement with PFAD we chose to look at the energy spectrum of an 241Am
source. It emits γ-rays at the energy of ∼59.6 keV. For these measurements we used the STS
dynamic range and calibrated the ASICs for a narrow energy range around 60 keV. Figure 4.14
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FEB type FEB# ASIC# ENC (e−)
FEB2 2 0 2410
FEB2 2 1 2402
FEB2 3 0 2197
FEB2 3 1 2296
FEB2 4 0 2663
FEB2 4 1 2566
FEB2 9 0 2177
FEB2 9 1 2343
FEB6 2 0 1306
FEB6 2 1 1302
FEB6 2 2 1279
FEB6 2 3 1264
FEB6 2 4 1356
FEB6 2 5 1307
FEB6 4 0 1288
FEB6 4 1 1241
FEB6 4 2 1233
FEB6 4 3 1281
FEB6 4 4 1288
FEB6 4 5 1310
FEB6 7 0 1255
FEB6 7 1 1281
FEB6 7 2 1222
FEB6 7 3 1307
FEB6 7 4 1288
FEB6 7 5 1253
FEB6 9 0 1298
FEB6 9 1 1264
FEB6 9 2 1315
FEB6 9 3 1267
FEB6 9 4 1253
FEB6 9 5 1250
FEB-C 987

Table 4.1: The ENC level for the full PFAD system. The first column shows the type of FEB
2/6 and the second column shows the index of the FEB. The third column shows
the index of the ASIC, there are two ASICs on each FEB2 and 6 ASICs on each
FEB6. Finally on the last column the ENC level is given in units of electrons, e−.
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Figure 4.14: Left: offline source measurement with PFAD; the red curve is a fit with a Gauss
function and the obtainedmean and sigma values from this fit are shown on the
figure. Right: ENC level dependence on the bias voltage for ASICs on FEB2 (red)
or FEB6 (blue).

shows the measured peak in the FEB6 detector modules only. FEB2 modules have double ENC
and so the 59.6 keV peak was covered with noise and could not be measured. Also, a tail
towards low energy is visible in the spectrum which was observed by Ref [119]. Based on the
present measurements, this tail is caused by a shift in the baseline for some channels of the
ASIC. The shift pattern is the same for all chips and cannot be observed by using the S-curve
analysis with the internal pule generator, which seems to suffer the same shift. Understanding
the cause of this shift would require further investigations, but the shift is small relative to
the energy range needed for the experiments with PFAD (range of more than 1MeV). The
sigma value obtained for the shown peak is equivalent to ∼8 keV. The ADC capabilities of
the XYTER chip are not enough for performing spectroscopic measurements, but the energy
information from the XYTER chips can help in the tracking algorithm for cutting the low
energy background events.

4.2.2 In-beam commissioning experiment with PFAD

Experimental Setup
The in-beam test experiment with PFAD took place in May 2023 at the HIMAC facility.

HIMAC (Heavy Ion Medical Accelerator In Chiba) is a medical facility located in Chiba, Japan.
It offers particle therapy for cancer patients with carbon beams obtained with a heavy ion
synchrotron. Aside from the medical treatments it gives beam time for physics and biology
experiments during nights and over the weekends with various other ion species accelerated
at hundreds of MeV/u with high beam intensity (up to 108-1010 pps, depending on the beam
species).

For our experiment with PFAD, a 0.5-1×106 pps beam of protons was requested with the
energy of 120MeV and 230MeV. The experiment duration was of two nights, one night for
each beam energy. The full PFAD array was used for the experiment surrounded by a layer of
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Figure 4.15: The experimental setup for the in-beam experiment with PFAD.

CATANA detectors. The second objective during this commissioning experiment was the inte-
gration of PFAD and the RIBF DAQ system. The CATANA CsI(Na) crystals [11] coupled with
photomultiplier tubes are capable to detect γ-ray and total proton energies simultaneously
using two gain modes.

PFAD and the target systemwere placed inside the reaction chamber under vacuum. A plas-
tic scintillator detector was placed before the reaction chamber as a trigger for the incoming
beam. Two targets composed of several layers were used during this experiment. The first
one was composed of a 1mm CH2 thick target, a 0.1mm CH2 thin foil and a system of CH2
wires positioned along the X and Y directions. The second target consisted of a 1mm Carbon
(natC) thick target, a 0.1mm CH2 thin foil and the same system of X and Y wires. The system
of wires was composed of two layer, one with wires along X axis and on along the Y axis.
On each layer 5 wires were placed of 0.25mm diameter and placed at 2.125mm distance
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(center-to-center) from each other. A sketch of the target assembly is shown in Figure 4.18
a. This multi-layer target was used for proving the vertex tracking capabilities of the PFAD
silicon tracker. Several reactions could take place using this complex target: proton elastic
scattering on H, proton elastic and inelastic scattering on C, and quasi-free proton knockout,
12C(p,2p). In each case one detects two tracks, one in the left arm and one in the right arm.

Logistics and assembly of PFAD
After building and testing PFAD at TU Darmstadt, the full PFAD system had to be trans-

ported to Japan and reasembled there. If the rest of the equipment could be shipped using
conventional methods, special equipment needed to be prepared for the transportation of the
fragile parts. Transportation cases were designed for the FEB2 and FEB6-type detector mod-
ules of PFAD using PLA 3D-printed frames with plexiglas walls and high density electrostatic-
discharge-safe foam inside. The modules are designed for being transported in the personal
hand luggage during a plane flight from Germany to Japan. We chose this way for making
sure that we handle them with care. This method also requires the transportation cases to be
transparent to the usual airport X-ray scans. This is why only plastic and no metal was used
for the frames of the protection cases and the plexiglas wall allowed visual inspection without
opening the cases. The detector modules were kept in suspension between the high-density
foam in the points of enforcement of the Aluminium frames, such that the sensors and the
wire bond are never touched. Additionally the individual protection cases were transported
inside PELI cases [124], which is a professional and shock-resistant equipment. Photos of the
transportation equipment are shown in Figure 4.16.

Vertex tracking performance results
Each of the 2D planes is composed of two layers, one with strips parallel to the beam, along

the Z direction and one layer containing strips perpendicular to the beam direction, along the
Y direction. There is an offset between each pair of perpendicular and parallel layers of
∼6mm. For the particle tracking in each of the four 2D planes one must have one event in
the parallel strips and one event in the perpendicular strips. For the tracking algorithm, even
if there can be more events triggering in each layer, only the event with the highest energy
is considered. This ensures that the low-energy noise is discarded and also for the interstrip
events, the position of the strip where most of the energy was deposited is considered. The
strips of the two layers will give the Z and Y position and the X position will be given by
the middle between the two layers. As a result, one obtains the position in each of the 2D
planes, two position points for one particle tracked in one arm and two position points for
the second particle tracked in the second arm. The two tracks can be used to reconstruct the
vertex position as the middle point at the minimum distance between the two tracks.

The Z coordinate of the reconstructed vertex is shown in Figure 4.17(top). The first ob-
served peak corresponds to the thick target and the second peak corresponds to the thin foil.
Two smaller peaks corresponding to the XY wires are seen in the right side of the plot. One
of the wire layers is not visible as a separate peak because the thin foil was bent towards the
wires during the experiment. This was caused by a pocket of air trapped between the thick
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Figure 4.16: Photos with the PFAD detector modules transported to Japan for the commis-
sioning experiment.
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Figure 4.17: The vertex position on the Z (top) and the X (bottom) axes. The layers of the
target are visible and labeled in the top plot and the 5 wires of one of the wire
planes is shown in the bottom plot. The red line is a fitting function with 5 Gauss
peaks and a polynomial background. The mean and σ values obtained for the 5
wires are displayed on the figure.

Figure 4.18: Sketch of themultilayer target used during the HIMAC experiment (a.) with high-
light on the deformation that occurred inside the chamber (b.). The reconstruc-
tion of the X-Y wires with a real photo for comparison (c.).
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Figure 4.19: Position points in the 4 planes of the PFAD silicon tracker and the reconstructed
vertex position. The top figure shows the X-Z plane, the bottom-right figure
shows the Y-X plane and the bottom-left figure is a zoom in the target region
with the reconstructed vertex seen in the X-Z plane.

target and the thin foil and a pressure difference accumulated on the two sides of the thin foil
as the pressure was decreased inside the vacuum chamber. A sketch of the bent foil is shown
in Figure 4.18b.
If one gates around the last peak on the Z axis, the X coordinate shows the five wires well
separated in Figure 4.17(bottom). The mean and sigma values obtained as a result of fitting
with 5 Gauss functions and a polynomial background are listed on the figure. The sigma val-
ues vary between 0.20mm and 0.28mm and the center-to-center distance between the wires
varies between 1.96mm and 2.12mm (the measured diameter of the wires is 0.25mm and
the measured center-to-center distance is 2.125mm). Gating around both XY wire peaks on
the Z axis, one obtains the X-Y plot from Figure 4.18c. In this figure, the two perpendicular
sets of 5 wires each are recognized and a real photo of the target is shown for comparison.
The position points reconstructed in each of the 2D planes are plotted in Figure 4.19 as well
as the vertex position. In the zoom-in XZ plot on the target region one can also see and con-
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Figure 4.20: PFAD energy distribution of all events (blue) and of the events with vertex recon-
struction (red). The red histogram was rescaled by x2000 and its last channel
was rescaled by a factor of x1000 for display. The last channel shows the over-
flow, events with energy larger than the ADC range.

firm the bent foil using the vertex reconstruction. The energy spectrum in Figure 4.20 shows
the distribution for all events (blue) and for the events used for vertex reconstruction (red,
rescaled). Many of the events come from low-energy electronic noise/background but they
lay below the energy deposited in the Si tracker by the tracked particles. This shows that the
physical events from quasi-free scattering reactions are found above the threshold and there
are no event losses.

The in-beam experiment with PFAD at HIMAC turned out to be a success in terms of vertex
reconstruction. The presented plots are very preliminary results, part of the online analysis
performed during the commissioning experiment. Optimisation and corrections for the po-
sition and tilt of the silicon sensors compared to the ideal positioning is needed in order to
improve the vertex reconstruction. The data merging with the full energy measurements with
CATANA is also going to be performed for obtaining the missing mass information. The data
analysis was initiated by V. Girard-Alcindor (formerly at TU Darmstadt) and it was continued
by our collaborators from TiTech. The results of the HIMAC commissioning experiment are
in preparation for being published.

4.2.3 Summary and perspectives

PFAD, the prototype of the STRASSE silicon tracking system, was tested in lab as well as
in-beam. The XYTER2.2 chips used for PFAD were characterised in terms of electronic noise,
linearity of the ADC discriminators, and detection capabilities. The PFAD detectors modules
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with silicon sensors attached were prepared for the commissioning experiment at HIMAC:
they were calibrated and configured for the requirements of the experiment and the elec-
tronics noise level was benchmarked before and after the experiment. The specific software
needed for the diagnostics, characterisation, calibration and configuration (line command
and GUI) of the PFAD electronics was developed during this PhD study. Also, the assembly
and safe transportation was ensured for the PFAD setup.

After the commissioning experiment of PFAD at the HIMAC facility, the back-end electronics
was upgraded. The DAQ via the IPbus had a limitation in the hit rate that it could handle (up to
0.5Gbit/s [122]). The upgraded system includes the GERI board. The GERI board hardware
is commercially available, PCIe FMC Carrier mit Xilinx Kintex-7 410T board, which is plugged
into the PCIe card of the PC. The GBTxEMU board is connected to the GERI board via optic
fibers instead of being connected to the PC via Ethernet. Moreover, up to 8 GBTxEMU boards
can be connected to one GERI board, increasing the number of ASICs that can be readout.
The DAQ via the GERI board accesses directly the DMA of the PC, supporting a larger hit rate
than before (up to 7.8GByte/s using PCIe x8). The firmware and software development for
the DAQ via the GERI board is still an ongoing effort.

Another improvement is to separate the FEB2 and the FEB6 downlink (clock and data) LVDS
signals. It was observed that by routing the downlink LVDS signals to FEB6 and then to FEB2,
large signal distortions were accumulating for FEB2 and often times the communication with
the FEB2 boards was failing. The flat flexible ribbon cables used on the outside of the chamber
between the GBTxEMU board and the feed-through PCB were change to twisted pair ribbon
cables for improving the signal quality. The connectors used with these cables were changed
from ZIF connectors to pin-header connectors for robustness. These modifications have been
brought recently to the PFAD setup. The back-end electronics of STRASSE is the same as for
the upgraded PFAD version, via the GBTxEMU board together with the GERI board.
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Figure 4.21: Drawing of the liquid hydrogen target cell composed of the target holder, the
entrance window, the tube part and the end cap. The entrance window has a
diameter of 20mm, the end cap has a diameter of 31mm and the length of the
target cell is 150mm.

4.3 STRASSE liquid hydrogen target

4.3.1 General overview

A liquid hydrogen target of 150mm length and 31mm diameter made out of 150µm-thick
Mylar (Bo-PET) is intended for the experiments with the STRASSE silicon tracker. For cooling
down the hydrogen, a custom-made cryostat is being used, made by the Cryo.TransMIT com-
pany [125]. The production method of the target cell and the design of the target holder are
the presented in this thesis. Several iterations were needed for the design of the production
method and the production tools in order to find the right dimensions of the molds and the
right procedure. Tests with water and high pressure and with liquid nitrogen are also done
in order to validate the quality of the target cells.

4.3.2 Production of the target cell

The target cell is composed of three parts: the tube part, the end cap and the entrance
window as shown in Figure 4.21. The concept is based on the target cell made for Minos [8],
by CEA Saclay. The tube part is obtained by thermo-molding a rectangular sheet of Mylar and
then gluing the two sides in order to form a tubular shape. The end cap is thermo-pressed
and the molded piece is glued at the end of the tube part. The entrance window is obtained
in a similar manner as the end cap. The necessary tools for the production of the target cell
as well as the methods are described in the following mini-sections. The method is planned
to be automatized as much as possible in order to have a high grade of replicability.
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Figure 4.22: The mold for the tube part.

Molding the tube part
The mold for the tube part is shown in Figure 4.22. It consists of a full tube of 31mm

in diameter and 2 identical pieces coming around the tube with the diameter of 32mm.
The molds are made out of stainless steel. A rectangular piece of Mylar was cut to the size
of 200mm x 110mm. The foil is rolled around the full tube of the tube mold (with the
side of 110mm folding around the tube). The tube mold is put in the oven at the constant
temperature of 200◦C for 20-30min and then it is taken out of the oven and left to cool. After
it is cooled, the Mylar foil is taken out of the mold. It takes about 1-2 h for the mold to cool
down, to a temperature at which one can touch the mold with the bare hand. The cooling
time depends on the ambient temperature. If the mold stays too much time in the oven, the
Mylar will start of turn blurry. If the mold stays too little in the oven, or if it is removed from
the mold before it cools down, the Mylar foil will not retain the shape. The oven used for
the production of the target cell is Borel Laboratory Line Oven 300◦C BLF300-245. At this
step, the Mylar foil is molded only to retain a circular shape. The exact dimension of the tube
diameter will be fixed when it is glued.

Gluing the tube part
For gluing the tube part, some preparation steps are required. The Mylar tubular foil is

sanded on the gluing sides in order to increase the adhesion of the glue. The sanding region
has a width of ∼5mm. Sanding paper (ISO standard P150) is used and ∼8-10 scratches are
made longitudinally. After this step, the Mylar foil is cleaned of any dust or grease.
The tools for gluing the tube cylinder are: an inner clamp, an empty aluminium tube, an
outer clamp and a block with a semicircular dip for support purpose. These tools are shown
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(d) (e) (f)

(g)

Figure 4.23: Photos with the tools (a), the preparation of the tools (b) and the gluing proce-
dure (c) of the tube part of the target cell. After curing (d) and unmolding (e-f),
the glued tube is shown in photo (g).

in Figure 4.23 (a) from left to right. The empty tube is rolled with 100µm tape in two layers
without tensing/stretching it. It has an outer diameter of 30.6mm. This dimension accounts
for the usage of 2 layers of 100µm Teflon tape around the tube as shown in Figure 4.23 (b).
The ends of the tape are left longer so that they can be pulled for unmolding. The taped rod
is sprayed with WD-40 for lowering the adhesion of the glue to the tape. The inner clamp is
placed inside the empty rod. The outer clamp is also taped with Teflon, as in Figure 4.23 (e),
and sprayed with WD-40 for the same reason.

After these preparations, using the block support, the Mylar foil is put around the prepared
empty tube. Special care is taken so that the regions which are going to be glued do not get
greasy from the WD-40 spray. The inner clamp should be oriented with the screw holes on
top, to match the gluing region. The glue is applied on one side, see Figure 4.23 (c), and the
second side is pressed so that the glue is evenly distributed. The outer clamp is placed on top
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Figure 4.24: Schematics of the end cap molding process. The Mylar foil is placed in the
mold and brought to the oven (left). The hot mold with the Mylar foil is pressed,
molded and left to cool (center). After the mold cooled down, the final end cap
is taken out of the mold (right).

and it is secured with the two screws at the ends (see Figure 4.23 (d)). It is left to dry in this
mold for 1-2 days at ambient temperature.

The glue that is used is an epoxy structural adhesive DP190 from 3M in the grey color.
After the glue is cured, the two screws holding the inner and outer clamps are removed. The
greasy Teflon tape should make is easy to remove the outer clamp. The tape around the empty
tube can be removed by pulling the end of the tape, as in Figure 4.23 (e-f). After unfolding
the tape, the Mylar tube should be released from the mold. In Figure 4.23 (g) one can see
the resulting glued tube part. In the case in which the outer clamp gets glued on the Mylar
foil, one should first remove the empty tube by unfolding the tape. Once the empty tube is
removed, the tube can be bent for softly peeling the glue off the outer clamp. If the glued
outer clamp is removed forcefully, it can damage the Mylar foil completely or partly, in which
case it will not be further used for making a target cell.

Molding the end cap and the entrance window
For molding the end cap and the entrance window, the Mylar foil is sandwiched between

two aluminium disks as in Figure 4.24. The optimum diameters for the bottom disks, through
which the foil is pressed in each case, are the following: 32mm for the end cap and 23.5mm
for the entrance window. The following press was used: Fog AUTOMOTIVE, type 254 9610.
In order to be able to mold 3 end cap pieces at the same time, a system of triple-head press
was designed (Figure 4.25). The diameter of the cylindrical part of the head for molding the
end cap is 30.4mmwith a curvature of 7.5mm on the edge. The entrance window head press
has the diameter of 22mm and a smaller curvature of 1mm on the edge.

A circular piece of Mylar with the diameter of 95mm is cut and placed in the mold as in
Figure 4.24(left) and 8x M6 screws are used applying precisely a 0.3Nm torque. The end cap
mold is placed in the oven at 200◦C for 60-90min. The hot mold is then placed on the press.
Caution needs to be taken that the disk support was already centered on the press head. It
is then slowly pressed until the desired depth is reached. The optimum depth is ∼20-25mm.
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Figure 4.25: Photo of the triple-head press used for molding a batch of 3 end caps.

After pressing, the mold is left to cool in the same “pressed” position (Figure 4.24(middle)).
After it is completely cooled down to ambient temperature, the Mylar piece is removed from
the mold (Figure 4.24(right)). The extra material around the end cap is trimmed.

The bottom disk for end cap molding was designed such that the final end cap diameter can
fit around the tube part, while the inner diameter of the target cell is 31mm. The top disk has
a diameter larger than the bottom one in order to allow material to fall inside while pressing.
The torque applied on the screws was adjusted such that sufficient material is allowed to sink,
without breaking the foil. One will observe that the diameter of the piece is closer to the disk
diameter and not to the press head diameter. The right dimensions for both of them needs to
be found depending on the working procedure and thermal conditions.

Gluing the tube and the end cap together

The glued tube part is placed around a 31mm-diameter aluminum rod. The upper last
2 cm of the tube are left above the aluminium rod. The contact regions are being sanded
as in the case of tube gluing. The glue is applied on the inside of the end cap. The tube is
slightly bent and the end cap is placed around the tube, then the bent tube is released. The
aluminum rod slides into the gluing region to ensure full contact and coverage of the glue. An
additional ring clamp can be put around the glued region. All surfaces in potential contact
with the glue are taped with Teflon to avoid the target cell getting stuck in the rod or with
the ring clamp. The glue of the target cell is left to dry for 1-2 days before it is removed from
the mold.
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Figure 4.26: Drawing of the target holder. Left: Full view. Right: Section view. The dimen-
sions are shown inmm. The two channels through the target holder will let the
liquid hydrogen in and out of the target cell. The target holder is made out of
stainless steel.

Figure 4.27: The target cell and entrance window attached to the target holder and secured
with the aluminium rings. Left: Section view. Right: 3D view.

4.3.3 Target holder design

The design and dimensions of the target holder are shown in Figure 4.26. The target holder
shape is constrained in many aspects. The effective entrance window needs to be as close in
size as possible to the total diameter of the target in order to reduce the liquid hydrogen vol-
umewhich is not reached by the beam. In this case the entrance window is 20mm in diameter
and the target cell diameter is 31mm. A minimum size is left for the liquid hydrogen supply
and exhaust pipes. In terms of the total diameter of the target holder, it needed to be very
narrow close to the entrance to the target in order to fit inside the silicon tracker support and
in the upstream side wide enough for the liquid hydrogen piping connections and mechanical
support. The 11mm distance between the starting of the liquid hydrogen volume and the
entrance window plane arose from the technical difficulty to maintain the narrow pipes of
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Figure 4.28: Pictures of the hydrogen target cell.

2.9mm diameter over longer distance. The supply and exhaust of liquid hydrogen is done
via the 6mm-wide connections at the entrance of the target holder. The mechanical support
of the target is done using a standard DN100 flange.
Images of the target holder are shown in Figure 4.28(d-f). In photo (e), the inlet and outlet
pipes are soldered into the target holder. The pipes have 6mm outer diameter and 4mm
inner diameter made out of stainless steel. The pipes were inserted using thermal dilatation
and contraction (process known as shrink-fitting) and then welded. The target holder was
heated in the oven at 200◦, while the pipes were sunk in liquid nitrogen. This difference
of temperature ensured a contraction of the pipes and a dilatation of the holes of the target
holder enough to be able to insert the 6mm pipes into the 6mm holes. At room temperature
the pipes are tightly inserted and create an inmovable bond and a metal-to-metal sealing.
Additionally the pipes were welded by the TIG method, Tungsten Insert Gas, which is ideal
for quality and precision welding. The inlet and outlet holes get narrower further into the
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“175” target cells “125” target cells

end cap [µm] 170.5(118) 128.1(27)
tube [µm] 185.8(52) 128.8(25)

1-layer average [µm] 172.2(130) 128.3(27)
glue layer [µm] 89.6(419) 116.8(279)

inner diameter [mm] 31.04(9) -

Table 4.2: Thickness characterisation of the target cells. The mean values for the thickness
are given in units of µm and the standard deviation values are shown in parenthe-
ses.

target holder, being 2.9mm in diameter at the beginning of the target volume.

Gluing the Target Cell on the Target holder
The main body of the target cell and the entrance window then glued on the target holder

and secured with two aluminium rings. The material chosen for the target holder is stainless
steel. In Figure 4.27 one can see how the aluminium rings are mounted around the glued
target cell and entrance window on the target holder. At low temperature, aluminium (linear
temperature expansion coefficient 21-24·10−6m/m/K) will contract more than the stainless
steel (16·10−6m/m/K), ensuring additional grip on top of the glue.

Target cell wall thickness characterisation
Before gluing the target cells, measurements for the wall thickness were conducted using

a micrometer with a range of measurement of 0-25mm and an error of measurements of
0.01mm. The thickness of the Mylar foil that we used is stated by the producer (Goodfellow)
as 175µm with ±20% tolerance. An additional batch of target cells with smaller thickness
was produced with a Mylar foil of 125µm thickness with±20% tolerance. The end caps were
measured in the top, center point as well as in about 10 side points (see Figure 4.28 (b)). The
tubes were measured in several points along their length and on the region of glue. The region
of glue contains two layers of Mylar foil and a layer of glue. The Mylar foil in this region was
sanded before being glues, so a slight decrease in the thickness of a single layer is expected
here. The inner diameter of each tube was also determined by circumference measurement.
After the targets were broken during stress tests described in the following subsection, the
glue layer between the end cap and the tube was also accessible for measurements. The
results of the thickness measurements are summarized in Table 4.2. The thickness of the foil
is modified during the molding process where some parts of the foil get stretched and in other
parts we get a high density of material. An observation to be made is that the 125µm-thick
target cells were made with the same producing tools and molds, with no adaptation to the
smaller thickness; as a result the production of these target cells was not optimal, but it was
done in order to compare the robustness of the 175µmwith a smaller thickness version during
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over-pressure tests with water (described in the following subsection).
The measured thicknesses for the different parts of the target cell show a high replicability
for a large batch of target cells and a high grade of uniformity along a single target cell
surface and the variations from the mean values are not larger than the initial tolerance of
the material. The inner diameter which is of big importance for the analysis of the nuclear
reactions performed withing the liquid hydrogen target volume shows good results as well,
with a mean value of 31.04mm and a tolerance of only 0.09mm. On the bad side, large
variations and lack of replicability appears for the glue layer. Given the presented manual
production method, the thickness characterisation shows reasonable results. The mean and
variations of the dimension of the target cells can be improved by automatising the method
and the limitation of the human input.

4.3.4 Target cell stress testing

Over-pressure tests with water
A first test for the target cells was the over-pressure test with water. We pumped water at

high pressure and we were interested in the breaking pressure for the target cells and in the
consistency of this maximum pressure among all the tested target cells. The target cells (tube
+ end cap) were glued for these tests on 3D-printed mock-up target holders made of PLA.
Some of the target cells mounted on the 3D-printed target holders are shown in Frigure 4.28
(a). A manual water pump (Rothenberger Prüfpumpe TP25, manuell 60250) with a brass
custom-made adapter for the target holders were used. Between the pump and the adapter
we introduced a T-shape fitting for connecting a digital manometer (Gravity - Water pressure
sensor SEN0257). The digital manometer was calibrated with 2 analog manometers. The
readout of the digital manometer was done using an Arduino UNO board and a custom-made
Labview program (with the interface shown in Figure 4.29). A photo of the small testing
setup is found in Figure 4.28(c). The length of the tested target cells vary between 15 and
17 cm.

The water pressure was pumped in steps, as in the example in Figure 4.29. At the push of
the handle of the manual pump, more pressure was introduced and the target cell was held
at that pressure for a few seconds before the next push of the handle. Between each push of
the handle, the pump was releasing some pressure, and this explains the small negative slope
at each step. The pressure would drop completely when the target cell breaks as it happens
at the end of the example plot. The target cells were placed and let to explode in a box
with a plexiglas cover for visibility. All “175” target cells exploded slightly above the pressure
measuring range of the manometer which is 11.7 bar. The exceptions were the target cells
which were ripped off the target holder during the tests, but the aim was to test the target
cell robustness and not the adhesion of the epoxy glue to the PLA target holders. In many
cases to avoid this inconvenience, ring clamps were user around the base of the target cells to
secure them to the target holders. In the case of the “125” target cells, the breaking pressure
was 5.5-5.7 bars. The exceptional cases in which the thin target cells got ripped off the target
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Figure 4.29: Example of a high pressure measurement during the tests with water.

holders, the breaking pressure was between 4.6 and 5 bars. Using a toy model calculation,
where the target cells are considered to be made out of one piece, without the gluing regions,
the breaking pressure was found to be at 10.6 bars for the “175” target cells and 7.6 bar for
the “125” target cells.

Our conclusion is that the target cells stood a pressure larger than expected from toy model
calculations, and also larger than needed during the experiment with liquid hydrogen. The
target cells showed little variations in terms of the breaking pressure values and behaviour,
reflecting a good replicability with our production method. The thickness of the material is
a crucial factor in the maximum pressure that the target cells withstand. Despite the fact
that the “125” thin targets stood at about half the pressure of the “175” ones, their breaking
pressure, above 5.5 bars, fulfill and over-exceed the robustness requirements as well.

4.3.5 Going to cryogenic temperatures

The second test done with the target cells is to get them through several cryogenic tem-
perature ←→ ambient temperature cycles using liquid nitrogen. The integrity of the tested
target cells was checked by pumping water at 8 bars before and after the cryogenic cycles.
The cryogenic cycles did not affect their ability to withstand 8 bars. The pressure of 8 bars
was chosen because it is much higher than our requirements, but also not too close to the
breaking pressure of the targets observed in the previous test.

Further tests with the targets will preformed, such as liquid nitrogen circulation and break-
ing point of the target cells at cryogenic temperatures, using a custom made test setup.
The test setup consists of a 4-ways cross with two see-through plexiglas flanges, one flange
adapted to connect the target holders with the target cells and one arm of the cross connected
to a vacuum pump. Liquid nitrogen will be circulated through the target under vacuum while
being monitored visually before being used further with liquid hydrogen.
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Figure 4.30: Drawing of the STRASSE experimental setup including cryostat and the
CATANA system. Figure reprinted with the permission from [10]© CC-BY-4.0.

4.3.6 Vacuum in the STRASSE reaction chamber

The experimental setup STRASSE + CATANA is designed to fit at the focal point F13, the
secondary target, in SAMURAI area of the RIBF facility. The experimental area comes right
after the BDC1 and BDC2 detectors, used for beam position measurement, and before the
FDC1 detector, used for the fragment position measurement. The space along the beam line
between these two detector setups is limited. The Figure 4.30 shows a schematics of the
STRASSE + CATANA system in the SAMURAI experimental area. The STRASSE system will
be completely detached from the beam line, meaning that the beam will travel through air
before and after the STRASSE reaction chamber. This is done in order not to interfere with
the vacuum level existing in the beam line. The vacuum in the STRASSE system needs to be
maintained during the cooling phase of the liquid hydrogen target, as well as during the full
operation of the system. The cooling phase is particularly critical because during this stage,
the hydrogen in the target cell is in a gaseous state before reaching cryogenic temperatures.
In the gaseous state, hydrogen can permeate through the thin walls of the target cell and
interfere with the vacuum in the system. On the other hand, the vacuum level is important
for the operation of the silicon tracker (much less than 10−3 mbar needed).

As one sees in Figure 4.30, two spots for the vacuum pumps are foreseen, below the cryostat
and after the reaction chamber. Simulations modeling the worst case scenario during the
cooling phase of the liquid hydrogen target were done using COMSOL Multiphysics as well
as the Molflow+ software package [126]. Both programs are able to simulate the free flow
at low pressures, so we do not expect large differences between the simulations. Several
combinations of the upstream and downstream pumping speeds were simulated, including
the case in which only one pump is used, the one below the cryostat. Such simulations were
done in order to check the possibility to limit the space needed by the system by using only
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one vacuum pump. The requirement for the maximum pressure around the hydrogen cell
and in between the sensor layers is 10−5 mbar or lower at any time during the operation of
the system.

Permeation and outgassing

The outgassing is the spontaneous evolution of gas out of a solid or liquid. It is dependent
on temperature, the pressure difference and the thickness of the material. It appears because
of the contamination of the surfaces by being exposed to air or other conditions. The unit of
outgassing is [mbar·l/s]. If we are talking about the outgassing due to permeation, as in the
case of the hydrogen gas permeating through the Mylar material of the target cell, one can
relate the two with the following expression:

Q = P · ART∆p
l

(4.2)

where Q is the outgassing, P is the permeation, A is the area trough which the gas permeates,
R is the gas constant (8.31 mbar·cm3/K/mol), T is the gas temperature, ∆p is the pressure
difference and l is the layer thickness of the material. The permeation will have the unit of
[mol/mbar/cm/s]. Additionally the area specific outgassing will be q = Q/A, measured in
[mbar·l/s/cm2]. The permeation of hydrogen through Mylar with a value of P=1.79·10−16

mol/cm/s/mbar [127] was considered in the simulation. This value for permeation will give
an area specific outgassing rate of ∼1.85·10−8 mbar·l/s/cm2 for a temperature of 30K (be-
fore the hydrogen is liquefied), the target thickness wall of 175µm and a pressure difference
of about 600mbar.

For the outgassing, the contribution of several gases can be taken into consideration such
as hydrogen, CO or water. Any molecule dissolved in the bulk of materials is a source of gas
and diffuses towards the surface for being released. In this simulation only the hydrogen out-
gassing was considered, this contributing the most. As an example, in stainless steel hydrogen
travels 4µm/1day, while oxygen travels 4µm/1000 years at room temperature. Hydrogen is
dissolved in metals as single H atoms and after diffusing, it recombined at surface and it is
released in the form of molecular hydrogen, H2. The outgassing of water depends on the
pumping time of the system and it is not an intrinsic value. The outgassing rate has a 1/time

dependence on pumping time for metals and 1/
√
time dependence for polymers. The source

of water is recharged each time the system is vented to air. Each time the metals are exposed
to air water molecules are reabsorbed onto the surface while Hydrogen is not recharged in
the bulk material. The outgassing rates from different materials depend on the environment
and the preparation of those materials. For metals the preparations can involve baking the
metal parts for several hours, cleaning with alcohol or acetone, polishing (chemical, electri-
cal or mechanical), dipping in sodium hydroxide, rinsing in de-mineralized water, or other
such methods in order to reduce the amount of gas trapped onto the surface or in the bulk
material [128]. The plastic materials come in a large variety and as well the outgassing rates
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are very specific to the components, how they were produced, treated and stored. Generally
the outgassing of hydrogen for plastic materials is of the order of 10−7mbar l/s or worse. On
the other side for metals the outgassing is generally at least two orders of magnitude lower.
Examples of area specific outgassing values of hydrogen from different metal and polymer
materials are given in Table 4.3. A literature survey for outgassing rates can be found in
Ref. [127]. What one observes from these various outgassing rates is that the values scatter
a lot even for the same material and with the same preparations. For these reasons, giving
an absolute value for the outgassing rates of the materials we plan to use in the STRASSE
chamber is not realistic. The simulations will aim to be as close to reality as possible and to
cover the worst case scenario in order to make safe decisions based on the results.

Geometry

In the simulation, the empty spaces, or the gaps, are modeled and so several modifica-
tions were done in order to simplify the geometry. The details of the reaction chamber, the
supporting arm of the target cell and along the tubing and fittings were removed, but their
surface area which is important for the outgassing process is kept the same. Inside the re-
action chamber we have the Si sensors mounted on PCB frames which were modeled as two
concentric hexagonal tubes. The geometry is close to reality, creating the separation between
the layers (Target - Inner Si layer - Outer Si layer - Chamber walls). Because of these layers,
we expect the pressure to show a step behavior, with the maximum pressure around the tar-
get, a median pressure value between the Si layers and lower pressure close to the chamber
walls. The effective area specific outgassing value used in the simulation for the sensors and
frames is reflecting the real arrangement. Additionally there is the supporting frame for the
Si tracker, made out of stainless steel (SS), the cooling base (with SS on one side and Cu on
the other side) and the cooling blades (Cu) which were modeled as one disk with 6 simplified
blades. The readout electronics (FEBs) is found on the cooling blades, with the Microcables
going from the sensors to the FEBs. The outgassing of the exposed Copper parts, the Stainless
Steel parts, the outer layer of the FEBs and the outer layer of the Microcables (both sides) are
all contributors to outgassing which was carefully considered in the simulation.
A complete list of components considered in the simulation including their area, the material
and the value for the area specific outgassing is given in Table 4.4. Additionally the cen-
tral source of outgassing is the target cell out of which Hydrogen is outgassing due to the
permeation mechanism.

The vacuum pumps planned to be used for STRASSE are Edwards STP603 turbomolecular
pumps delivering a maximum pumping speed of 550 l/s for H2. The simulations were done
for pumping speeds up to 500 l/s for both the upstream (U) and the downstream (D) pumps.
The simulations with no downstream pump were done by setting the pumping speed to zero
and keeping the full geometry described in this section, but also by reducing the geometry
and removing the T-shape fitting and the downstream part completely.
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Metals
Material Preparation Outgassing
SS 1h at RT 7.1E-9
SS 1h at RT 2.8E-9
SS 1h at RT 9.0E-8
SS 10h at RT 1.0E-9
SS 20h baked at 200◦C 1.3E-14
SS 100h baked at 430-480◦C 3.0E-16
SS electropolished 3.0E-12
SS mechanically polished 1.7E-9
Al 1h at RT 6.3E-9
Al 100h at RT 1.3E-14
Cu 1h at RT 1.9E-8
Cu mechanically polished and 1h at RT 1.9E-9
Cu 10h at RT 2.0E-10
Cu 24h baked at 250◦C 4.9E-12

Polymers
Material Preparation Outgassing
Mylar 10h at RT 2.0E-7
Mylar 10h at RT 5.3E-7
PTFE 10h at RT 2.6E-7
PVC 24h baked at 95◦C 2.7E-8
Si 5h at RT 2.6E-6
Si 1.8E-5
Teflon 10h at RT 3.3E-4
PI 12h at 300◦C 5.3E-8
PEEK 12h at 300◦C 5.0E-7
PE 10h at RT 1.1E-2
FR4 6.0E-10

Table 4.3: Literature survey of outgassing rates. Source: [127].
The area specific outgassing values are measured at room temperature and are
given in units of [mbar·l/s/cm2].
Achronyms: RT = room temperature; SS = Stainless Steel; PI = Polyimide; PEEK
= Polyether ether ketone; PE = Polyethylene; FR4 = flame retardant epoxy resin;
PTFE = Polytetrafluoroethylene.
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Component Material Area (cm2) Outgassing (mbar·l/s/cm2)

Target cell Mylar 165.4 due to permeation
Target holder SS 73.9 1.0E-9
Supporting arm SS 660.7 1.0E-9
- interior 493.4 1.0E-9
Insulation Target PEEK 42 5.0E-7

Reaction Chamber:
- Flange SS 995.3 1.0E-9
- Chamber Al 5419.8 6.3E-9
Tubing and Fittings: SS 8459.5 1.0E-9
- spherical cross 247.8
- blank flanges 804
- tube to pump U 1357.1
- cryostat-to-chamber 804.2
- Chamber exit 1627.3
- T -fitting 2362.5
- tube to pump D 1256.6

Cooling base SS 385.3 1.0E-9
Tracker support SS 2882.4 1.0E-9

Copper blades (exposed) Cu 714.6 1.9E-9
FEBs FR4 6.0E-10
- FEB11(i&o) 6 X 517.2
- FEB3 6 X 66.3
- FEB2 6 X 53.5
Microcables PI 5.3E-8
- FEB11(i) 6 X 174.5
- FEB11(o) 6 X 144.9
- FEB3 6 X 121.4
- FEB2 6 X 29.6

Sensors Si 2.6E-6
- inner 6 X 146.4
- outer 6 X 305.6
PCB frames Rogers 2.6E-7
- inner laminate 6 X 68
- outer (PTFE) 6 X 106.6

Table 4.4: Table of outgassing values considered in the simulation.
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Results
For the simulation using COMSOL Multiphysics, the Free Molecular Flow physics package

was usedwith theNumber Density Reconstruction enabled. The number density reconstruction
is a computationally expensive tool that tracks the particles in the volume and not only at their
interaction with the walls. The resulting number density can be plotted in the volume and is
proportional to the pressure. The Figure 4.31 shows the plots for the XY, XZ, and YZ planes for
the case with both pumping speeds (for U and D) set to 500 l/s. From these plots we observe
that the maximum pressure is found around the target cell and we observe the expected three
regions of pressure as we go radially out.
The region of interest for us is around the target, corresponding to the maximum pressure
and number density values. In Table 4.5, these quantities are listed for all the combinations
of pumping speed for the two pumps. Additionally, as reference, the average and minimum
values for the pressure are also given in this table. The columns under ‘COMSOL’ are donewith
the full geometry as described in this section, while the column under ‘COMSOL†’ corresponds
to the case where the geometry is reduced and there is no downstream pump in the system. In
the case with the reduced geometry, there is only the upstream pumping speed as an input for
the simulation. The results with the full geometry but zero downstream pumping speed are
in perfect agreement with the case where we cut the part after the reaction chamber entirely.

The same simulation was performed with Molflow+, using the full geometry, where the
maximum pressure value was evaluated by inserting a XZ plane going through the target
cell, which has 100% transparency, but acts as a counter for the molecules passing through
it. The resulting maximum pressure values are listed in the table in the last column and are
corresponding as well to a region around the target cell. In the Molflow+ simulation, only
the values of 300 l/s and 500 l/s as pumping speeds were considered, for the case with both
pumps, and with the same pumping speed, and for the case with only the upstream pump,
and zero pumping speed for the downstream one.

For the full geometry with the COMSOL Multiphysics simulation program, the best pres-
sure (PMAX value near the target cell) was obtained by using both pumps at 500 l/s pumping
speed, 2.32·10−5mbar, and the worst pressure was obtained for the case when only one pump
is used with the pumping speed of 100 l/s, 1.78·10−4mbar. There is an order of magnitude
difference between these two cases. Very small differences in the results were obtained be-
tween the full geometry and the reduced geometry when using only one pump. This means
that even though in reality one would not use the T-fitting if one does not use the downstream
pump, only turning off the downstream pump in the simulation was a good approximation.
When comparing the results obtained with the MolFlow+ simulation package relative to the
results obtained with the COMSOL Multiphysics simulation package, we observe a consistent
decrease (increase) with ∼25% of the PMAX value when using both pumps (only one pump).

The supporting arm of the target cell is a simple tube in the current configuration. It was
also checked in terms of the vacuum quality if it would help to create holes in the tubular
supporting arm in order to facilitate the gas flow. It was found using theMolflow+ simulations
that it has little impact on the vacuum in the reaction chamber. By creating holes on 25%
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XY plane

XZ plane

YZ plane

Figure 4.31: Simulated number density in the volume of the STRASSE reaction chamber. The
plots are shown for the XY, XZ, and YZ planes for both pumps at 500 l/s speed
obtained using COMSOL Multiphysics with the Free Molecular Flow physics
package.
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S COMSOL COMSOL† Molflow+
U D NMAX PMAX PAV E PMIN PMAX PMAX

100 0 4.40E+18 1.78E-04 1.74E-04 1.65E-04 1.79E-04
100 100 2.23E+18 9.05E-05 8.72E-05 8.31E-05
100 200 1.55E+18 6.29E-05 5.97E-05 5.49E-05
100 300 1.22E+18 4.93E-05 4.62E-05 4.07E-05
100 400 1.02E+18 4.13E-05 3.82E-05 3.22E-05
100 500 8.87E+17 3.60E-05 3.29E-05 2.66E-05
200 0 2.35E+18 9.51E-05 9.12E-05 8.19E-05 9.55E-05
200 100 1.56E+18 6.31E-05 5.96E-05 5.39E-05
200 200 1.20E+18 4.85E-05 4.51E-05 4.11E-05
200 300 9.90E+17 4.01E-05 3.69E-05 3.28E-05
200 400 8.56E+17 3.47E-05 3.15E-05 2.68E-05
200 500 7.62E+17 3.09E-05 2.78E-05 2.27E-05
300 0 1.67E+18 6.75E-05 6.36E-05 5.42E-05 6.77E-05 8.94E-05
300 100 1.23E+18 4.98E-05 4.62E-05 3.97E-05
300 200 9.95E+17 4.03E-05 3.69E-05 3.20E-05
300 300 8.50E+17 3.44E-05 3.11E-05 2.71E-05 2.62E-05
300 400 7.50E+17 3.04E-05 2.72E-05 2.33E-05
300 500 6.78E+17 2.75E-05 2.43E-05 2.00E-05
400 0 1.33E+18 5.37E-05 4.98E-05 4.04E-05 5.39E-05
400 100 1.04E+18 4.20E-05 3.83E-05 3.14E-05
400 200 8.66E+17 3.51E-05 3.16E-05 2.61E-05
400 300 7.55E+17 3.06E-05 2.72E-05 2.26E-05
400 400 6.76E+17 2.74E-05 2.41E-05 2.01E-05
400 500 6.18E+17 2.51E-05 2.18E-05 1.81E-05
500 0 1.12E+18 4.54E-05 4.15E-05 3.21E-05 4.56E-05 5.76E-05
500 100 9.08E+17 3.68E-05 3.31E-05 2.59E-05
500 200 7.76E+17 3.15E-05 2.80E-05 2.20E-05
500 300 6.87E+17 2.78E-05 2.44E-05 1.93E-05
500 400 6.22E+17 2.52E-05 2.19E-05 1.74E-05
500 500 5.72E+17 2.32E-05 1.99E-05 1.60E-05 1.65E-05

Table 4.5: The resulting number density (N) and pressure (P) from the vacuum simulations
in units of [1/m3] and [mbar], respectively. The simulations were done for several
pumping speeds (S) [l/s] of the upstream (U) and downstream (D) pumps with the
full geometry described in text and also with a reduced geometry, without pump
D (†). The minimum (MIN ), average (AV E), and maximum (MAX) values in the
system are shown.
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of the surface of the tubular supporting arm, the vacuum level was improved by less than
1%. Nevertheless, creating holes in the supporting arm would help reduce the weight of the
mechanical structure.
Another check was if a structure aimed to guide the target cell as it is inserted in the reaction
chamber, in the center of the Si tracker would impact the vacuum. This structure would
block a considerable fraction of the area around the target holder. In this case it was found
that the pressure in the region between the target and the inner Si layer increases linearly
with the fraction this structure would occupy out of the area around the target holder. The
maximum pressure is found to be almost 30% larger if a guiding structure obstructing 75% of
the space around the target holder were to be used. The pressure in the other regions would
stay unchanged.

After the presented simulation results and additional checks, one can agree that in order
to reach down to the targeted maximum pressure of 10−5mbar around the target cell, it is
absolutely necessary to use both turbo-molecular pumps, one upstream the reaction chamber,
below the cryostat and one downstream the reaction chamber.

4.3.7 Summary

The STRASSE silicon tracker is going to be used together with a 15-cm long liquid hydrogen
target. In this section, the production method of the target cell was described in detail. After
the production, the target cells were characterized in thickness and tested at high pressure
and at cryogenic temperatures. The produced target cells seem to be very robust, withstand-
ing pressures of ∼11.7mbar. The thickness of the average layer of Mylar of the target cells
was measured to be 172.2µm with a relatively small standard deviation of 13µm. Further-
more, the target cells did not suffer damage or degradation due to thermal stress induced by
multiple cycles of going to cryogenic temperatures and then back to ambient temperatures.
The consistent breaking pressure for the several target cells that were tested and the small
standard deviation of the thickness of the target cells, show a good level of replicability by us-
ing the presented production method. The inconsistency appears in the glue layer thickness,
which could be solved by automatising of the production process and minimising the human
input. Additionally, vacuum simulations for the STRASSE reaction chamber were performed
and presented. The interest was in the critical moment of filling the target cell with hydrogen,
when the hydrogen is still in gaseous state and not fully liquefied and can permeate through
the target cell. It was tested if two vacuum pumps are necessary in order to keep a pressure
close to 10−5mbar in the reaction chamber at any moment. As a result of the simulations, it is
indeed needed to have both vacuum pumps in the system, one upstream and one downstream
from the reaction chamber, set to at least 500 l/s pumping speed.
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5 Conclusions

The first part of this thesis consists of the study of the N = 32 shell closure of 52Ca and the
size of the p and f neutron orbitals of 52Ca, 53Ca, and 54Ca.

The one-neutron knockout from 52Ca was measured at ∼230MeV/u in inverse kinematics
at the SAMURAI setup of RIBF, Japan. For this experiment, a 15-cm long liquid hydrogen
target and the MINOS TPC [8] for tracking the vertex position were used. The excited bound
final states of the fragment were tagged via γ-ray spectroscopy. The exclusive cross sections
were determined corresponding to each bound final state. Additionally, the exclusive momen-
tum distributions were determined corresponding to the neutron knock-out of an f7/2 and a
p3/2 neutron. The experimental exclusive cross sections and momentum distributions were
interpreted within the distorted-wave impulse approximation (DWIA) reaction framework.
Based on experimental cross sections and shell model calculations, it is shown that the shell
closure at N = 32 is as strong as the shell closures at N = 28 and N = 34 (see Figure 5.1).
This result is in agreement with the shell closure observed for N = 32 via measurements of
the energy of the 2+ state of 52Ca [2], mass measurements [50–53] and transition probabil-

Figure 5.1: The spectroscopic factors obtained for 48,52,54Ca nuclei from the quasi-free neu-
tron knockout reaction. The experimental cross sections were divided by the
DWIA single-particle cross sections and normalized to (2J+1). The shell model
calculations for the spectroscopic factors are shown with red crosses. The plot
show the same patter for the three calcium isotopes below and above the Fermi
level, showing that the strength of the N = 32 shell closure is similar to that of
the N = 28 and N = 34. Figure published in [9]© CC-BY-4.0.

157



Figure 5.2: The rms radii for the neutron single-particle orbitals of the pf -shell in calcium
isotopes.

ity measurements [55, 56]. Moreover, from the momentum distribution analysis one could
access the rms radii of the f7/2 and p3/2 neutron single-particle orbitals. The experimentally
determined momentum distributions of the fragment in the center of mass of the beam are
directly related to the momentum distribution of the knocked out neutron. This in turn is
linked to the size of the neutron orbitals due to the Heisenberg uncertainty principle. As
a result of the momentum distribution analysis, the rms radii of the f7/2 and a p3/2 neutron
single-particle orbitals were determined to be 4.13(14) fm and 4.74(18) fm, respectively. The
results give a difference between the p and f orbitals of 0.61(23) fm, in agreement with the
prediction of Ref. [7]. This work is published in Ref [9].

To verify the robustness of these conclusions, the 53Ca(p,pn) and 54Ca(p,pn) reaction chan-
nels were analysed in the same way. The data set is from the same experimental campaign as
the 52Ca(p,pn) data. The energy level scheme of 52Ca, which is the fragment of the 53Ca(p,pn)
reaction, was established as well. The single-particle configuration of the exited states of
52Ca were obtained from shell model calculations and could be confirmed from the width
of the experimental momentum distributions. The f7/2, p3/2, f5/2 and p1/2 neutron single-
particle orbitals could be accessed experimentally and the following rms radii values were
obtained: for p3/2, 4.67(15) fm (N=33), 4.62(48) fm (N=33), and 4.64(24) fm (N=34); for
p1/2, 4.86(21) fm (N=33) and 4.88(24) fm (N=34); for f7/2, 4.10(13) fm (N=33); and for
f5/2, 4.43(100) fm (N=34), see Figure 5.2. Aside from f5/2 of 54Ca, for which the statistics
was very poor, the rms radii could be determined successfully via the momentum distribution
analysis method. The main result of this analysis is that the p1/2 and p3/2 neutron orbitals
for the three calcium isotopes, 52Ca, 53Ca and 54Ca, are consistent with each other within
the uncertainties of the experiment and analysis method. The implications of these findings
to the charge and matter radii in neutron-rich calcium isotopes still need to be investigated.
The determination of rms radii of the neutron single-particle orbitals via the momentum dis-
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tribution from quasi-free neutron knockout reactions is a method that needs to be further
benchmarked.

The second part of this thesis presents the development of the STRASSE experimental
setup, together with its prototype PFAD, and a liquid hydrogen target dedicated to quasi-
free scattering experiments in inverse kinematics. Going further from stability on the nuclear
chart requires new and more powerful facilities. The most exotic radioactive beams are ob-
tained at low intensity. This implies that one needs to use thicker targets in order to increase
the measured yields, but this comes with an uncertainty in the reaction vertex position. As a
natural response to this, one would need to develop trackers for the reaction products, able
to reconstruct the reaction vertex. STRASSE consists of a Silicon tracker for charged parti-
cles delivering a high-precision vertex reconstruction (σvertex =0.17mm [10]) coupled with
a 15-cm-long liquid hydrogen target. PFAD, which is the prototype of STRASSE and has the
same back-end readout electronics as STRASSE, was constructed and tested offline as well as
in-beam. The results of the tests and the in-beam commissioning experiment are described
in this thesis. The target cell for the liquid hydrogen target of STRASSE was made out of My-
lar using thermo-forming methods, mounted on a stainless steel target holder. The detailed
production method and the testing of the target cell were presented as well in this thesis.
The experiments with STRASSE are designed for the SAMURAI experimental area of RIKEN,
Japan. The STRASSE reaction chamber is foreseen to be combined with the CATANA CsI(Na)
crystals array for the detection of the total energy of the protons. The full setup can perform
missing mass measurements, complementary to the measurements possible in the SAMURAI
experimental area such as γ-ray spectroscopy, invariant mass measurements and the deter-
mination of complete kinematics of the beam and fragment nuclei. The STRASSE system is
going to be used for quasi-free scattering reactions such as (p,2p) or (p,3p) for exploring the
nuclear structure of nuclei far from stability using intermediate-energy radioactive beams and
the high-density proton target in the liquid phase.
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