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To fission or not to fission: 23°Ac

ANNA KAWECKA
Department of Physics
Chalmers University of Technology

Abstract

Around half of the elements heavier than iron found in the Universe are believed
to have been formed during the rapid neutron capture process (r-process). Dur-
ing the r-process, very neutron-rich nuclei are created through a series of neutron
captures and (8~ -decay reactions. Eventually, the formed isotopes become so
heavy that they can undergo nuclear fission. Thus, fission limits the mass of
isotopes formed in the r-process. Fission probabilities and fission barrier heights
of neutron-rich elements are essential inputs for r-process model calculations.
However, studying the fission of these isotopes is extremely challenging due to
the lack of available stable beam and target combinations that can result in the
formation of interesting isotopes.

A novel technique employing a light-ion transfer reaction in inverse kine-
matics has been developed for obtaining fission data. As proven by a pilot
experiment using a stable 23*U beam, the extraction of fission barrier heights
using a (d,pf) reaction in inverse kinematics in a solenoidal spectrometer is
possible, indicating promising future prospects.

This licentiate thesis focuses on improving the experimental approach used
in the pilot experiment. In particular, the detection efficiency can be increased
dramatically by using segmented silicon detectors covering a larger solid angle
compared to the gas-filled detectors for fission fragments used in the pilot ex-
periment. The new approach is more compact and allows also for the detection
of y-rays emitted from the fission fragments.

This development work was motivated by an upcoming experiment on the
search for fission of 23°Ac using a radioactive 22 Ac beam. Importantly, this
approach is versatile and can be applied to other isotopes of interest.

Keywords:  Radioactive Beams, Fission, r-process, Heavy Elements, Ac-
tinides, CERN, ISOLDE, ISS
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Chapter 1

Introduction

There are 118 known elements, 94 of which occur naturally on Earth.

The most mass-abundant element in the universe is hydrogen, making up
around three-quarters of all matter. The remaining 25% is primarily composed
of helium. The third-most abundant element is oxygen®. All other elements are
generally uncommon.

Concerning the composition of the Earth, the situation is quite different.
Elements making up the most mass of the Earth include oxygen (about 47%),
silicon (28%), aluminum (8%), iron (5%), calcium (4%), sodium (3%), magne-
sium (2%), and potassium (2.5%). Additionally, heavier elements can be found
on Earth, such as gold, platinum, uranium, thorium, and lead. A question arises
— how were these elements formed?

The lightest elements — hydrogen, helium, and small trace amounts of
lithium — were formed during the first minutes after the Big Bang through
nuclear reactions in a process known as Big Bang Nucleosynthesis (BBN)Z.

IStars burn hydrogen as their primary fuel source. Later in the lifetime of a star, after it
has stopped burning hydrogen to helium, it transitions to burning helium to produce heavier
elements. Massive stars undergo a catalytic cycle involving carbon, nitrogen, and oxygen,
known as the CNO cycle. Lighter elements — lithium, beryllium, and boron — are not produced
in stellar nucleosynthesis. However, in the later stages of the life of a star, helium burning
leads to the formation of carbon, and the fusion of helium and carbon results in the production
of oxygen. Consequently, nitrogen levels decrease, becoming somewhat less abundant, while
oxygen is being produced, causing oxygen to become the third most abundant element in the
Universe.

2In the BBN, only very few elements heavier than helium were produced because of a
bottleneck: the absence of any stable nuclei with either 5 or 8 nucleons. Consequently,
the production of heavier nuclei, including lithium-7, during this early cosmic phase was
constrained. In stars, the bottleneck is overcome through triple-collisions of helium-4 nuclei,
leading to the formation of carbon (the triple-alpha process). However, this process is slow
and requires high densities, taking tens of thousands of years to convert a substantial amount
of helium into carbon within stars. As a result, its contribution in the immediate minutes
following the Big Bang was minimal.
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Elements heavier than helium are created inside the cores of stars by fusion
reactions. When light elements fuse, energy is released because the average
binding energy per nucleon of the resulting nuclei is higher than that of the
initial nuclei. Energy released by this process keeps the star from collapsing.
The formed elements can be released into the surrounding galaxy by stellar
explosions. However, elements heavier than iron and nickel cannot be formed
in fusion reactions. As they are the most tightly bound nuclei, fusion of such
elements no longer releases energy. Some light elements — lithium, beryllium,
and boron — are thought to be formed in cosmic ray spallation, where they are
remains from collisions of heavier elements with high-energy cosmic rays® [1].

Elements occurring naturally in the Solar System along with their astro-
physical origin are presented in Fig. 1.1.

The evolving composition of the Universe
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Figure 1.1: Elements occurring naturally in the Solar System and the astro-
physical sources that are responsible for their creation. Figure from [2].

How elements heavier than iron are formed has been a mystery for many
decades. In 1957, it was proposed that they are mainly synthesized by neutron-
capture reactions [3, 4]. However, as the average half-life of free neutrons is
about 10 minutes, neutron capture processes need to take place in specific as-
trophysical sites where sufficient fluxes of neutrons are available. The neutron
capture reaction networks can be distinguished based on the neutron flux, and
important for this licentiate thesis are the slow neutron capture (s) and rapid

3Cosmic rays mainly consist of protons and atomic nuclei (most of which are alpha parti-
cles).



neutron-capture (r) processes. The s-process only requires a low flux of neu-
trons. It is believed to occur mostly in the outer layers of Asymptotic Giant
Branch? (AGB) stars. Neutrons for the s-process are supplied mainly by the
13C(a,n)1%0 and 22Ne(a, n)?*Mg reactions, depending on the mass of the star®
[5-7]. The s-process is a relatively slow process in which neutrons are caught one
at a time, followed by 5~ -decay, forming isotopes along the line of g stability.
The timescale of the s-process is between thousands to millions of years, typi-
cally with decades elapsing between successive neutron captures. The s-process
can synthesise elements up to bismuth and it is believed that it has created
around half of the elements heavier than iron in the universe. More information
on the s-process can be found in Ref. [8].

Unlike the s-process, the r-process requires a high flux of free neutrons. The
astrophysical site has been an open question for decades. Possible candidates
proposed were neutron-star mergers and certain types of supernovae. The first
strong observational evidence that a neutron star merger produces a neutron
flux sufficient for the r-process was provided in 2017 through a multi-messenger
observation of such a merger [9]. First, the gravitational-wave detectors LIGO
and VIRGO detected a neutron star merger, GW170817 [10], which was fol-
lowed by a kilonova® observation, AT2017gfo, in the electromagnetic spectrum
ranging from radio- up to ~-frequency radiation. A neutron-capture element,
strontium, was identified in the measured spectra. Strontium is one of the ele-
ments that can be produced through multiple neutron captures, and its isotopic
composition and abundance patterns indicate that a neutron star merger can
supply a neutron flux sufficient for the r-process [9].

During the r-process, several neutrons are captured sequentially through
(n,y) reactions, resulting in the formation of very neutron-rich isotopes. Even-
tually, the formed isotopes move sufficiently far from the line of g stability that
[~ decay starts to compete with the capture of another neutron. After 5~
decay, neutron capture is often again the next step. Neutron capture and S~
decay may also compete with photodissociation, i.e. (7y,n) reactions. The entire
process is a complex reaction network extending across hundreds of neutron-
rich isotopes far off the line of g stability. As the masses of the formed isotopes

4An AGB star, short for Asymptotic Giant Branch star, is a type of evolved star that is in
a late stage of stellar evolution. These stars, usually ranging from low to intermediate mass
(approximately 0.6 to 10 times that of the Sun), have exhausted the hydrogen in their cores
and have entered the late phases of their lives.

5The '3C(a,n)180 reaction takes place at temperatures around 100 MK, while the
22Ne(ar, n)2°Mg reaction happens only if the temperature reaches above ~ 300 MK. In AGB
stars with masses less than 4-5 Solar masses the temperature hardly reaches 300 MK so only
the first reaction can take place [5].

6 A kilonova is a transient astronomical event that occurs when two objects in a binary sys-
tem, such as two neutron stars or a neutron star and a black hole, merge, resulting in a strong
release of electromagnetic radiation. The term kilonova characterizes the peak brightness that
reaches about 1000 times (kilo) that of a classical nova.
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increase, at some point they become so heavy that nuclear fission becomes a
possible decay channel. Thus, fission plays a crucial role insofar as it limits the
mass of isotopes formed in the r-process.

Understanding the contribution of the r-process to the Solar System abun-
dances is challenging because most of the isotopes involved in this process are
very neutron-rich, thus far away from the § stability line. It is, in most cases,
presently not possible to produce and study such isotopes in the laboratory.
There is much more information available on the isotopes participating in the s-
process’, and traditionally the r-process abundances have been inferred by first
fitting the calculated s-process abundance distributions to the total isotopic
abundances measured in meteorites and attributing the remaining portion to
the r-process [11]. The isotopic abundances in the solar system, separated into
components from the r-process and s-process, are presented in Fig. 1.2. El-
ements primarily formed by the r-process include gold, platinum, and some
rare-earth elements (like europium and gadolinium).
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Figure 1.2: The solar system (SS) isotopic abundances, separated into compo-
nents from the r-process and s-process. The s-process abundances are deter-
mined from the composition of solar meteorites. The observed abundances of
elements in the mass region of gold and platinum, rare-earth elements, and tel-
lurium and xenon cannot be explained without invoking the r-process. Figure

from Ref. [11].

As mentioned earlier, the r-process involves a complex network of reactions
with hundreds of isotopes. Some nuclear properties of isotopes involved in these
reactions significantly influence the entire process of creating heavy elements in
the universe, such as [-decay rates and nuclear masses of the participating
isotopes. However, the r-process is ultimately limited once fission becomes

"Isotopes involved in the s-process are more stable, making them easier to produce and
study.



Fission of neutron-rich nuclei

possible. Then, a nucleus splits into two smaller fragments.

This makes fission, which effectively constrains the mass of isotopes formed
by the r-process, to be of particular importance to understand this process.
Moreover, the two fission fragments can subsequently capture additional neu-
trons, broadening the range of nuclei involved in the r-process. Thus, more
information on fission of isotopes along the path of the r-process is essential for
a deeper understanding of the formation of heavy elements.

1.1 Fission of neutron-rich nuclei

One of the key ingredients for r-process model calculations are the fission barri-
ers and fission probabilities of the heavy r-process isotopes. The fission barrier
refers to the energy barrier that prevents a nucleus from splitting into two fission
fragments. However, as mentioned before, neutron-rich nuclei are very challeng-
ing to produce and study in the laboratory, which is the reason why the fission
barriers of such isotopes are not known.

There are two ways for fission to happen: spontaneous fission (SF), and com-
pound nucleus fission. SF plays a role for nuclei heavier than the nuclei which
are the focus of this work. Here, we rather focus on the second alternative — the
formation of a compound nucleus. One possibility to populate such a state is
neutron-induced fission, where a target made of stable nuclei is bombarded with
neutrons. Another option is fission induced by Light Charged Particles (LCPs),
where light particles like protons or alpha particles impinge on a target. Fission
can also be induced by bombarding a target with high-energy photons (real or
virtual). Heavy-ion-induced fission, using multi-nucleon transfer reactions or
fusion-fission reactions, allows for reaching elements further away from the
stability line than otherwise accessible. Exploring beta-delayed fission enables
the study of unstable nuclei, when [S-decay leads to the population of excited
states in the daughter nucleus that are situated at excitation energies above
the fission barrier. For heavy nuclei (such as actinides and transactinides),
spontaneous fission can be observed. However, to study unstable nuclei, these
methods are often not applicable due to the lack of appropriate target and beam
combinations due to the overall shape of the g-stability line.

To get as close as possible to the r-process in the laboratory, one would
need to use a target made of an element that is already quite rich in neutrons,
bombard it with neutrons, and observe at which neutron energy fission becomes
possible. Unfortunately, there are no stable targets that allow us to study
isotopes directly interesting in terms of the r-process, and the available neutron
fluxes are not high enough?®.

81t is worth mentioning that attempts have been made to produce heavy nuclei by bom-
barding target material with neutrons. However, due to limitations in available neutron
fluxes, it has only been possible to synthesize elements up to fermium with an atomic number
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This problem can be circumvented by using inverse kinematics. In inverse
kinematics, a target made of a light, stable element is bombarded with a heavy
beam, which can be unstable. As it currently is not possible to produce a
target made of neutrons, a different approach is required. One such approach
involves the use of surrogate reactions, for example a (d,p) reaction. In the (d,p)
reaction, a heavy beam impinges on a deuteron. A neutron from the deuteron
is transferred to the incident beam nucleus, whereas the proton is ejected from
the target. The excitation energy of the formed nucleus can be extracted using
the measured energy of the ejectile (proton in case of the (d,p) reaction). In
this way, it is possible to study neutron-rich nuclei and their fission barrier.

In the inverse kinematics regime, the center of mass of the reaction has a
significant velocity in the laboratory frame, which is nearly that of the beam.
In direct kinematics (when a light beam impinges on heavy target) that is not
the case — the velocity of the center of mass is small. Consequently, in inverse
kinematics, the energy of the emitted ejectile becomes highly angle-dependent at
backward angles in the laboratory frame?, the separation between excited states
in the laboratory frame is smaller than in the center of mass frame. This effect
is known as kinematic compression [12] and impairs experimental resolution.
It has been demonstrated that it is possible to mitigate this effect by using a
solenoidal spectrometer [13]. The presence of a magnetic field separates reaction
products spatially and eliminates kinematic compression. Moreover, in inverse
kinematics, the fission fragments that always move in the forward direction have
a lot of kinetic energy, which makes their detection easier.

1.1.1 Outline of the thesis

This licentiate thesis focuses on fission studies of neutron-rich nuclei using the
(d,p) reaction in a solenoidal field. Chapter 2 introduces the kinematics of
transfer reactions in a solenoidal field. Calibration and data analysis of a proof-
of-principle 23*U(d,p) experiment with a stable beam, performed in 2021 at
the Helical Orbit Spectrometer (HELIOS) in Argonne National Laboratory, are
presented in Ch. 3. Finally, in Ch. 4, the preparations for fission studies with
radioactive nuclei are presented using the example of a proposed and accepted
(IS739) 230Ac(d,pf) experiment at the ISOLDE Solenoidal Spectrometer (ISS)
at ISOLDE, CERN.

Z = 100. Fermium was initially identified during the first test of a hydrogen bomb, but since
this information was classified, researchers had to rediscover it using alternative methods.

9Many ejectile protons actually move in the forward direction. However, focusing on the
measurement of protons emitted in backward angles in the laboratory, the ambiguity of some
other reaction products is avoided since ejectiles equal or heavier than the target cannot be
emitted backwards, unless the reaction has a large Q-value.
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calculating the efficiency of the luminosity detector described as the "standard
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participated in the work on other elements presented in the thesis, but not as
the primary executor.

The author of this thesis participated in several experiments at ISOLDE;,
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ment at INFN Legnaro taking shifts, and working on the setup. Moreover, the
author is also involved in testing digital data acquisition modules and devel-
opment of the data acquisition system planned to be used for the 22°Ac(d,pf)
experiment.
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Chapter 2

Transfer reaction studies in a
solenoidal field

We would like to study the fission of neutron-rich nuclei using the (d,p) reaction
in inverse kinematics (IK) in a solenoidal field. This reaction is schematically
shown in Fig. 2.1. A heavy projectile impinges on a deuteron'. During the
interaction, a neutron from the deuteron is transferred to the heavy incident
nucleus, whereas the remaining proton is ejected. The formed compound nu-
cleus moves in the forward direction, is very likely excited, and may undergo
fission, emitting two fission fragments and possibly neutrons and - rays.
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Figure 2.1: Schematic representation of the (d,p) reaction in inverse kinematics.
A heavy projectile collides with the target (deuteron). During the interaction,
a neutron (shown as blue) is transferred to the incident nucleus, and a proton
(red) is ejected from the target. The formed compound nucleus moves in the
forward direction and may undergo fission.

I Typically, solid deuterated polyethylene (CD3) targets are used.
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As mentioned before, the use of a magnetic field allows for better separation
of the formed reaction products, thus improving the resolution of measure-
ments. There are currently three solenoidal spectromters suited for this kind of
experiments: the Helical Orbit Spectrometer (HELIOS) at Argonne National
Laboratory (ANL), the SOLenoid spectrometer Apparatus for ReactIon Studies
(SOLARIS) at FRIB, and the Isolde Solenoidal Spectrometer (ISS) at CERN.
The design of ISS was inspired by HELIOS, shown in Fig. 2.2, thus their layouts
are very similar. The beam enters the superconducting large-bore solenoid (with
a 92.5 cm diameter) and travels through a hollow silicon array up to a deuter-
ated polyethylene target (CDs), where the (d,p) reaction can occur. If emitted
in the (laboratory) backwards direction, the protons can then be detected in
the silicon array, while the fission fragments can be detected with dedicated
fission fragment detectors. As will be demonstrated, by measuring the energy
and hit-position of the protons along the silicon array, it is possible to calculate
the excitation energy of the compound nucleus formed in the transfer reaction.
What is important to mention, in experiments of this kind, the beam energy is
constant but nuclei with different excitation energy are populated. This allows
to study a whole range of excitation energies.

Solenoid

e

Recoil

Alignment Detector

Ring

Figure 2.2: Schematic layout of HELIOS. The beam enters the superconducting
large-bore solenoid magnet (92.5 cm diameter), travels through a hollow silicon
array up to a target (CDs), where the (d,p) reaction can occur. Figure from
Ref. [13].

In this chapter, the kinematics of transfer reaction products in a solenoidal
field will be described. We will begin with the straightforward case of a sta-

10



Stationary source

tionary charged particle source and then progress to a moving source. The
equations will be derived in the relativistic kinematics regime. Following that,
a step-by-step procedure for calculating the excitation energy of the compound
nucleus and the emission angle of the ejected proton using information about
the z-coordinate and the energy E deposited by the proton detected in the
HELIOS/ISS spectrometer will be outlined. The derivation is based on Refs.
[13-15].

After completing this chapter, the reader will understand the origin of the
figure featured on the cover.

2.1 Stationary source

A particle of mass m and charge Z in a uniform magnetic field of strength B
performs a helical motion with radius p given by

_ Doy _ MUy
P=ZB~ cZB’
where p,, is the momentum perpendicular to the magnetic field (in MeV/c
unit), vg, is the velocity perpendicular to the magnetic field, and c is the speed
of light. The radius does not depend on the longitudinal velocity v,. The time
for one cycle (cyclotron period) is given by

(2.1)

2mp 2™ m
Tc c — = 5 >
Y vy,  c¢BZ

(2.2)

In the non-relativistic kinematics regime, the cyclotron period is independent
of the particle energy or direction and it only depends on the mass-to-charge
ratio and the magnetic field. After completing one cycle, the particle returns
to the axis parallel to the magnetic field at a distance

2 =vTeye (2.3)

from the place where it was emitted from. Measuring the time-of-flight of one
cycle provides the mass-to-charge ratio, denoted as A/q, allowing for particle
identification.

2.2 Kinematics of two-body scattering

Let us consider the following scenario: a projectile a of mass m, with kinetic
energy 1" collides with a target b of mass my. After scattering, the ejectile 1
and recoil 2 of masses m; and mg, respectively, emerge, as shown in Fig. 2.3.
The objective of measurements conducted with solenoidal specrometers is to
determine the excitation energy of a compound nucleus (FE,) and the emission

11



Transfer reaction studies in a solenoidal field

cM Laboratory

Figure 2.3: Two-body scattering in the center of mass (CM) frame (on the left)
and in the laboratory frame (on the right).

angle of the ejectile in the center-of-mass system (6..,). However, these cannot
be directly measured. Instead, what is measured is the laboratory energy (FE)
of the ejectile proton and the distance of its helical orbit return to the z-axis
(z). The masses (mg, mp, m1, and my) and the beam velocity are also known.
By manipulating the 4-momentum vectors of the reaction products 1 and 2 and
applying relativistic mechanics, it is possible to derive expressions for E, and
Ocm, as presented below.

The four-momenta of particles 1 and 2 in the laboratory frame are given by
(derivation in Appendix A)

E g + vBp cos fem 1 E
Py=|p. | = 18q+pcosbem1 | = | kcosby |,
Dy psinfem 1 k sin 61 (2.4)
E YQ + VP €08 Bem 1 E
Po=|p, | = [78Q+ypcosbOem1 | = | K cosby |,
p;y psinfem 1 k' sin 0,

where E and E’ are total energies of 1 and 2 in the laboratory frame, 6., is the
center of mass scattering angle, k and k" are the momenta of reaction products 1
and 2 in the laboratory frame, 6 is the scattering angle in the laboratory frame.
Note that ejectile 1, is the lighter of the reaction products. In the following
derivations it is assumed that the speed of light ¢ = 1. The magnitude of the
velocity divided by the speed of light, 3, of the center of mass as seen in the lab
frame, and the Lorentz factor, 7, are given by

57@7 (T +mg)? —m2 B 1
BT mamiT 0 T
12




Kinematics of two-body scattering

where k, is the initial 4-momentum of a in the laboratory frame, F. is the
total energy of the system, while T represents the kinetic energy of projectile
a. Defining E, as the total energy of a, we get the following dependencies:

E,=T+mg=T=E; —mg=+m2+k2—m,. (2.6)

By introducing ¢ and @ as the total energy of 1 and 2 in the CM frame,
respectively, the total energy E; in the CM frame or the mass of the system M,
(in the CM frame E; = M,), and the momentum p of the reaction products 1
or 2 in the center-of-mass frame (CM), one obtains

1

q=\/mi+p*= (B —m5+mi), (2.7a)
2F,
1

Q= \/m3+p? = (B} +m} —m?), (2.7b)
2F,;

M? = B} = EZ =k} = (mq +my +T)> = (T +my)* +mj =

2 (2.7¢)
(mg +myp)” + 2my T,

We want to express p in terms of my, ms, and E;. Using expressions for g
and (), we can write
mi +m3 +2p* = ¢* + Q> (2.8)
After using Eq. (2.7) for solving the above equation, we get

9 1

P:@((

Et2 — (mg —+ m1)2) (Etz — (’ITLQ — m1)2)) . (29)
Let us now calculate k. We will be using the trigonometric identity:

sin? Oem,1 + cos? Oem,1 = 1. (2.10)
From Eq. (2.4) we know that:

—psinfom1 = ksing; = sinfey,1 = o sin 6, )
¥Bq + P cosOom1 = kcos®y = cosOemy = kcos6: @ (2.11)
p p
After solving this in terms of k, two possible solutions are obtained:
v
k= 1‘5‘7;#291 (Bq + \/p2 + (p? — ¢%52)y? tan 91> . (2.12)

13
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However, only one of the solutions (the "4+’ one) has a physical meaning (the
other gives negative k).

The basic formula for the curvature radius due to the presence of a magnetic
field (Eq. 2.1) is

Pxy
_ . 2.13
=" (2.13)

Together with the kinematics of the transfer reaction

_ Dy _pSinecm,l
P=ZB~  ZB

The time for one helix cycle in the magnetic field is given by Eq. (2.2)

(2.14)

2mp 2w psinfem

T, =—"— 2.15
Yy CZB gy (2.15)
The distance covered along the beam axis over one cycle is
2 1
20 = vacyc = 277[) = = = ’Uizp sin ecm,la = =T 5
Vay cZB vyy Ugy  tan;
(2.16)
20 = 27 P _ 2 Pmy:2ﬂpizp _ P= :@
0 tanf; tanf; cZB  c¢ZBpg, 0 o o’
az = p, = yBq + ypcosbem,1- (2.17)

Together with the energy equation Eq. (2.4), we have 2 coupled equations

az :’yﬂq—’_’ypcosgcm,la (2 18)
T1 +my = vq + vBpcosbem,1,

where T} is the kinetic energy of the lighter particle 1 and T} + m; = E.
Particle 2 can become excited. For a small excitation energy F, < mgy

mg — mg + Ey (2.19)

2.2.1 The constant E, line

Let us eliminate cos 0.y, in Eq. (2.18). We subtract the first equation from the
second one, and after some rearrangements we obtain

Ty +mi =~vq — 8¢+ afz =

=vq(1 - )+ aBz = %q + afz. (2.20)
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Kinematics of two-body scattering

Using Eq. (2.7a) the above expression can be written as

1
le;q—ml—&—aﬁz:

1
o 2’YEt

(2.21)

(Et2 +m? — m%) —my + afz.

When the excitation energy E, is small (E, < ms), Eq. (2.19) can be used

m3 | (mat En)?  m3 <1 2Er> mi oM p (2.22)

— ~ — | = +
2vE; 2vE; 2vE; ma 2vEy  vEy

which yields

EZ +m?2—m3 my
_DiTmiTmy Mg . 2.23
T (2:29)

Using Eq. (2.23), the kinetic energy of the proton can be expressed as a func-
tion of the distance z and the excitation energy F,. The dependence is linear,
and a T7 — z plot calculated for several constant excitation energies E,. is shown
in Fig. 2.4. An infinitely small detector is considered in Fig. 2.4a. An analogous
plot for a finite size detector is shown in Fig. 2.4b (a derivation of equations for
a finite-sized detector can be found in Appendix B). The considered detector is
a cylindrical tube with a radius of 25 mm. The proton hits the detector before
completing a full orbit which causes the knee-like shape for each F,.

In a (d,p) reaction, states of particle 2 of various excitation energy can be
populated. As shown in Eq. (2.23), the different states can be distinguished as
separate lines. However, when the state density is very high, which is the case
for heavy nuclei, the lines become so densely packed that they can no longer be
distinguished.
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Toroton VS. Z plot
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Figure 2.4: Kinetic energy of the proton as a function of z distance from the tar-
get for several excitation energies. The calculated reaction is ?2?Ac(d,p)??°Ac,
at a beam energy of 8 MeV/u in magnetic field of 2.5 T (a) for an infinitely
small detector, (b) for a detector with a radius of 25 mm.
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The inverse problem

2.3 The inverse problem

As discussed in the beginning of this chapter, solenoidal spectrometers offer
details about the z-coordinate and the energy E deposited by the detected
particle (protons for (d,p) reactions). Consequently, the primary objective of
the analysis is to convert this information into the excitation energy F, of the
compound nucleus and the emission angle 6., of the produced proton. We need
to find the following transformation

<§> — <9:Eni1> . (2.24)

By taking Eq. (2.18) and substituting the expressions for ¢ and p derived in
Eq. (2.7) using ma — ms + E,, one obtains

_ T 2 2 2
B = o (M2 4t (ma + 2)

_ Bcosﬁcm71¢(M3 — (m1+ma+ EI)Q) (MCQ —(my —mg — Ex)2))

(2.25)
and
2= L2 (B(M2 +m = (ma+ E)?)

2Et « ¢ ! ¥

(2.26)

_ cost9cm71\/<Mc2 — (m1+mg+ ET)Q) (Mp2 — (m1 —mg — ET)2))

The inverse transformation can be calculated by incorporating the expression
for cos O, derived from Eq. (2.26) into Eq. (2.25), resulting in

E2 4+ 2myE, +m3 —mi — M2 + 2yF(E — aBz) = 0. (2.27)

After solving this equation in terms of F, we obtain

E,=—my+ \/MC2 +m3 — 2yM.(E — afz). (2.28)

By reordering Eq. (2.25), it can be expressed as

2F
M24m? — (my + E,)? = —E+
0! (2.29)

ﬂCOS@ch\/(MCQ — (m1 —+ mao —+ E¢)2)(M(? — (m1 — Mo — ET)Q)
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Combining the above equation and Eq. (2.26) yields

V(BB — az)
VAHE —aBz)? —m}

Using Eq. (2.28) and Eq. (2.30), it is possible to extract the excitation
energy of the compound nucleus as well as the proton emission angle based on
information on the energy and hit position of the detected proton.

The above derivation considered an infinitely small detector (in x — y direc-
tion) placed along the z-axis. In the laboratory, the detector has a radius which
cannot be ignored. For a finite-size detector with radius a, the hit position zpis
is given by

(2.30)

cos Oem,1 =

1
it z(l _ —9), (2.31)
and to obtain F, and cos 6.y, numerical methods are required. The derivation
of those can be found in Appendix B.

Figs. 2.5 to 2.7 show correlations between E,, Ti, z, and cos(0cp,).

2D Contour Plot of E, as a function of T; and z

0.100

z[m]
Ex [MeV]

1 [MeV]
Figure 2.5: Excitation energy of a nucleus (E,) as a function of the return

distance to the axis (z) of the light ejectile and kinetic energy of the light
ejectile (T1). Figure from Ref. [16].
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2D Contour Plot of cos(6¢cy) as a function of T; and z
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Figure 2.6: Cosine of emission angle of the light ejectile in the CM frame
(cos(fcm)) as a function of the return distance to the axis (z) and kinetic energy
of the light ejectile (T1). Figure from Ref. [16].
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2D Contour Plot of T; as a function of cos(6¢cm) and z
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Figure 2.7: Kinetic energy of the light ejectile (T}) as a function of its return dis-
tance to the axis (z) and cosine of its emission angle in the CM frame (cos(fcy, ))-
Figure from Ref. [16].
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Chapter 3

Proof-of-principle **U(d,pf)
experiment at HELIOS

To investigate if it is possible to study (d,pf) reactions in inverse kinematics in
solenoidal spectrometers, a proof-of-principle experiment has been conducted.
Fission of 239U was examined using a stable beam of 233U at HELIOS at Ar-
gonne National Laboratory (ANL). Fission of 239U has already been investigated
by other methods, and fission data are available, including cross sections [17—
19], fission barrier heights [20], and fission fragment yield distributions [21, 22].
Therefore, studying the fission of this nucleus and comparing the result with
existing data in literature allow to verify whether the transfer-induced fission
method is applicable to reliably measure fission barrier heights in other unstable
systems, that cannot be investigated through experiments in normal kinemat-
ics or by using multinucleon transfer reactions with a stable beam in inverse
kinematics.

3.1 Experimental setup

The experiment was conducted using the HELIOS solenoidal spectrometer at
ANL [23]. HELIOS consists of a 0.9 m diameter bore and 2.0 m long su-
perconducting solenoidal magnet. The geometry and calculated trajectories of
the reaction products are illustrated in Fig. 3.1. The stable 2*3U beam travels
through a hollow four-sided silicon array up to a deuterated polyethylene (CD5)
target. The Si array measures the laboratory energy and hit position of light
ejectiles (protons) along the detector after returning to the z-axis.
Downstream from the target, a Faraday cup and an annular silicon detector
were installed (not shown in Fig. 3.1). The Faraday cup measured the beam
current (needed for beam tuning), and the silicon detector was to used to detect
elastically scattered deuterons from the target, enabling to measure absolute fis-
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Proof-of-principle 2 U(d,pf) experiment at HELIOS

sion probabilities. For fission fragment detection, four gas-filled detectors were
used. Each of them consisted of a position-sensitive multiwire proportional
counter (MWPC) followed by a Bragg chamber. The Bragg chambers provided
information about the energy loss of a given fission fragment in different parts
of the chamber, thereby measuring the Bragg peak. This would allow to ex-
tract the charge of the fission fragment. The MWPCs provided the position
information along with a fast timing signal used to build coincidences between
fission fragment detection and hits in the Si array. Two of the fission fragment
detectors were positioned at 15° with respect to the beam axis, and two at 10°
to maximize the acceptance of light and heavy fission fragments, respectively
[24]. The 15° and 10° detectors were mounted in pairs at opposite azimuthal
angles, such that one of each kind would be hit for the same event.

2385
8.6 MeV/
nucleon
‘ CD; target Fission Fission
/. fragment detector
trajectories apertures

Protons from
(d,p) reactions

Figure 3.1: Schematic picture of the experimental setup for the 2**U(d,pf)
experiment. The silicon array for proton detection is placed upstream from the
CDg target. The fission fragment detectors are placed downstream at the rear
of the magnet. Example helical trajectories of protons and fission fragments
are shown. The orange trajectories correspond to trajectories with different
center of mass (CM) angles for reactions populating the ground state in 239U,
and the purple curves correspond to states at 7 MeV excitation energy. The
blue trajectories correspond to fragments with A = 100, whereas the red ones
correspond to A = 138. Figure from Ref. [24].

For the experiment, 11 CDy targets with a thickness of 410 — 590 ug/cm?
were used. The change of targets during the experiment was necessary because
of target damage by the heavy uranium beam. To measure the background orig-
inating from multinucleon transfer-induced fission reactions on carbon within
the CD, target, measurements with a target made of natural carbon were also
performed.
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Calibration and data analysis

The beam of 2**U at an energy of 8.6 MeV/u was provided by the ATLAS
accelerator. The average beam intensity reached approximately 10 particles
per second (pps), resulting in a total integrated beam dose of approximately
5.5 x 10" ions.

3.2 Calibration and data analysis

The experimental data have been analysed and published [24], demonstrating
consistency with existing 23°U fission data. Additionally, the recorded raw data
has been shared with the author of this licentiate thesis for a crosscheck and
to gain experience in this type of calibration and data analysis. Details of
the calibration and data analysis conducted by the author of this thesis are
presented in the following sections. The routines developed here will be used
during on- and offline analysis of future experiments.

3.2.1 Calibration of the silicon array

To detect the ejectile protons, the HELIOS silicon-detector array was used. It
consists of 24 position-sensitive silicon detectors (PSDs) mounted on a four-
sided aluminium rod, six detectors on each side, see Fig. 3.2.

23 mm

Figure 3.2: The HELIOS silicon-detector array. Six detectors are mounted on
each of the four sides. The target would be in the lower-right corner of the
picture. For the 238U(d,pf) experiment, the distance between the array and the
target was 55 mm. The red piece in front shields the array from low energy
protons which complete multiple turns in the magnetic field before hitting the
array (multi-turn protons). Figure from Ref. [13].
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Proof-of-principle 2 U(d,pf) experiment at HELIOS

A photograph of one of the PSDs from the Si array is shown in Fig. 3.3. The
silicon wafer is mounted on a printed circuit board. Each PSD has 3 readout
channels: the total energy output ¢; at the back face, and two energy readouts
at both edges of the front face of a detector, ¢, and ¢t. There is a resistance of
approximately 17 k{2 between the front edges of a detector, and using resistive
division between ¢, and c¢¢, the position of the hit along the z-axis can be
extracted.

Si Wafers PC Board

Figure 3.3: One Si PSD from the HELIOS Si array. There are electrical contacts
at both short edges of the front face of each PSD (the lighter-colour part of a
PSD) as well as one full-area contact at the back face. Figure from Ref. [13].

After calibration, the total energy is given by:

Et :kt 'ct—l—mt, (31)

where ky and my are calibration parameters.

For the energy calibration of the ¢y readout channels, i.e. to determine the
slopes, k¢ and offsets, my, for all detectors, o radiation from a 228Th source
was used. The analysis considered the seven strongest peaks, as presented in
Table 3.1:

Parent Parent  Parent  Parent  Energy of alpha

nucleus E (MeV) Jr Tq/0 (MeV)
BT 0 0f 19125y 5.340
2287 0 0" 1.9125 y 5.423
224Ra 0 0t 3.66 d 5.685
212B4 0 1~ 60.55 m 6.050
220Rn 0 0t 55.6 s 6.288
216pg 0 0t 144.0 ms 6.778
212py, 0 0r 0.299 us 8.785

Table 3.1: Alpha energies in MeV for a ??8Th source. Data from [25-29].

The fitting procedure operates automatically within a fitting script and
works in the following way: initially, a maximum of 7 peaks in the spectrum are
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Calibration and data analysis

identified. The initial parameters for each peak are estimated (mean location,
width (o), and amplitude) and passed to a nGauss (3.2) function, which is then
fitted to the entire spectrum. Subsequently, the parameters of each peak are
extracted and stored. Each step is illustrated in Fig. 3.4.

The tabulated energy values (see Table 3.1) and the fitted peak positions in
channels are now known. However, there is a possibility that the peak finder
may have identified a false peak or missed one of the wanted peaks, potentially
causing problems when matching the fitted peaks to the tabulated energy values.
To handle this, all sorted 4-element combinations of the fitted peaks (z) are
generated. At the same time, 4-element combinations of the tabulated energy
values (y) are also created, where the 4-element combinations are all possible
arrangements of any four tabulated energy values out of seven. Subsequently for
all (z,y) pairs, each z; is matched with its corresponding y;, where the index
i refers to the index in the 4-element, and a linear fit is performed for these
(24, y;) pairs of 4-element combinations. From all these linear fits, the one with
the lowest x? is selected (i.e., the most linear case). This fit provides us with
pre-fit parameters, namely k{ and m]. With these parameters, we can then
reconstruct an nGauss function,

7 2
1 i —m
nGauss = ZAieXp (—2 3 (x R t) ) , (3.2)

i=1

where A; is the amplitude of each peak, ¢ is the standard deviation (uniform
across all peaks), r; is the tabulated energy value, and k; and my are the pa-
rameters of interest. By fitting Eq. (3.2) to the raw energy spectrum, k; and
my are obtained. The calibrated energy spectrum for one of detectors is shown
in Fig. 3.5.

25



Proof-of-principle 2 U(d,pf) experiment at HELIOS
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6, 27261(182), 1699.8356 0.0752), 8.9817 0.0616
7, 16321(161), 2205.5520 0.0892), 10.0143 0.0757

Figure 3.4: The first step of fitting of the ¢; spectrum is

illustrated in the fol-

lowing manner: the top plot shows peaks identified using the Search method
from the ROOT [30] TSpectrum class; the middle plot displays the fitted spec-
trum (at most maximum 7 separately fitted peaks as well as their sum); the
lowest plot exhibits the original ¢; spectrum with the subtracted fitted function.
Parameters for each individual peak, along with their corresponding errors, are

provided below the plots.
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Calibrated energy spectrum, detector 1
2 2500

|
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4 5 6 7 8 9
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Figure 3.5: Calibrated energy spectrum from detector 1.

Raw ¢; and ¢, signals of detector 19 are shown in Fig. 3.6. For fixed deposited
energies, there are linear relations between ¢ and ¢, and the lines of different
a-decays can be distinguished. Thus, ¢, can be expressed as a function of cg:

Ct = Q- Cp + b’ (33)

where a and b are constants.

The a and b coefficients can be obtained by plotting ¢; vs ¢, with a gate on
¢y, belonging to an energy peak within a 20 region, and performing a linear fit.

To gain-match the three signals for each detector, a linear relationship of
the following form was employed:

¢y =d(es+acy)+ f. (3.4)

For each detector, ¢t + ac, versus c; is plotted, as shown in Fig. 3.7. The
coefficients d and f from Eq. (3.4) are obtained by performing a linear fit to
such plots.
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Figure 3.6: (a): Plot of the opposite side signals of one detector, ¢t vs ¢, for
a 228Th « source. There is a linear relation between ¢; and ¢, such that the
a-lines can be distinguished. (b): The same plot gated on ¢; belonging to an
energy peak within a +20 region as well as a linear fit (indicated as red line).
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Figure 3.7: Plot of scaled sum of energy outputs at both sides of a detector,
c+acy, vs the total energy output at the back face, ¢;. The coefficients d and f
of Eq. (3.4) are obtained by performing a linear fit to the above plot (indicated
as red line in the plot).

The relative position of a hit along a PSD can be represented as u, u €
(-1,1): u= %, where ¢f and ¢}, are gain matched to the energy signal c;:
c¢g=de+ f,and ¢, =dac, + f.

The ¢ and ¢, signals are induced by resistive division of charge induced in
the PSD by a particle depositing its energy. When a particle hits in the centre
of a PSD, there is an equal amplitude signal for both ¢¢ and ¢,,. It could be that
a particle hits very close to one side of the detector, for example the f edge,
and induces a high-amplitude ¢¢ signal. At the same time, the corresponding
¢y, would be small and depending on the electronics settings, it could be below
the detection threshold. In principle, 3 situations are possible:

1. both ¢; and ¢, are available,
2. only ¢, is available and ¢ is missing,

3. only ¢ is available and ¢, is missing.

Thus u can be calculated in three ways:

1.
¢t —
- n 35
u=4 59
2.
2 /
u=1-"2 (3.6)
C
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/
w= 24y (3.7)

Cy
Fig. 3.8 illustrates the resulting position spectrum for detector 1. As ob-
served, there are peaks at the minimum and maximum ends of the spectrum.
These peaks arise from the electrical contacts located at the edges of each de-
tector, as can be seen in Fig. 3.3. When a particle deposits energy below the
contact, the induced signal has maximum amplitude since there is no resistive
sharing with the far end contact, and the precise hit position cannot be deter-
mined more precisely than that the hit is in the contact region. To address this,
a procedure that involves scaling the u values, enforcing them to be within the

range of -1 and 1 was used.

Fitted u spectrum, detector 1

900
800

Counts

700
600
500
400
300

200

100

Figure 3.8: Calculated position spectrum for detector 1 in dimensionless units
[—1,1]. The peaks on the edges correspond to the regions of electrical contacts
at the edges of the detector. The red line indicates a Gaussian fit to one of the
peaks.

Finally, the absolute hit position along the z-axis can be calculated as:

l
z = (U - 1)5 - dtarget - dia (38)

where [ is the length of one PSD, diarget is the distance between the upstream
edge of the active area of the Si array and the target, and d; is the distance
from the end of the Si array to the centre of detector .

3.2.2 Results

Once the signals from the Si array are calibrated, the excitation energy for each
event with a hit in the Si array can be calculated using the equations described
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in Chapter 2 (Eq. (2.28)) and Appendix B. Our focus lies on fission events,
where a proton is detected in coincidence with fission fragments. As outlined
in Ref. [24], the geometric efficiency of the fission fragment detectors was about
10% for the detection of one of two fission fragments and only 1% for the
simultaneous detection of both fission fragments. Since requiring simultaneous
detection of two fission fragments reduces the statistics by a factor of 10, it is
for this analysis assumed that a fission event is characterized by a hit in the Si
array and one or two hits in the fission fragment detectors.

Fig. 3.9 illustrates the time between a hit in the Si array and a hit in a
MWPC. For establishing coincidences, a cathode signal from a MWPC was
used due to its faster signal response with respect to the Bragg chamber. A
distinct peak is observed between -200 ns and 50 ns. Accordingly, a time gate
for coincident events is set within that 250 ns time window. The background of
time-random coincidences remains relatively constant, except for a minor peak
around 200 ns.

Coincident time
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Figure 3.9: Coincident time between a hit in the Si array and a hit in a MWPC.
A distinct peak is visible between -200 ns and 50 ns. The background of
time-random coincidences remains relatively constant, except for a minor peak
around 200 ns.

As discussed in Section 3.1, the excitation energy spectra obtained from
measurements exhibit a notable background, potentially arising from multinu-
cleon transfer-induced fission reactions on carbon within the CDs target. To
determine this background, measurements with a target made of »*C were
conducted. The resulting excitation energy spectra for data acquired with both
the CD5 and the "2'-C targets as well as their difference are shown in Fig. 3.10.
The upper panel displays excitation energy spectra obtained for all events with
a hit in the Si array (referred to as singles), where no coincidence with the
detection of a fission fragment is required. The lower panel presents the same
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data but additionally gated on the detection of one or two fission fragments in
the MWPCs within the 250 ns time-coincidence window (coincidences).

The natural carbon target data were scaled to align with the CD, target
data. The procedure involved selecting a region where the "2 C and CD, target
data exhibit a similar shape (=3 < E, < 0 for singles and —3 < E, < 2 for
coincidences). The scaling factor was determined to be 1.92 for singles and 1.85
for coincidences.
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Figure 3.10: Excitation energy spectra for (a) all events with a hit in the Si
array, without a coincidence requirement with a fission fragment. (b) The same
data but in addition gated on the detection of one or two fission fragments in the
MWPCs. Spectra for data acquired with both the CD5 and the **C targets
as well as their difference (shaded) are illustrated.

The fission probability as a function of excitation energy F, of the compound
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nucleus can be expressed as:

 Nap (B) ¢ 39

where Ny, is the number of (d,p) events and Ng,; is the number of (d,pf)
events followed by fission, both within a certain excitation energy bin. The ¢/
is the the total efficiency for detecting a fission event. The calculation of this
detection efficiency was not done by the author of this thesis. The detection
efficiency for protons cancels out.

The unscaled fission probability as a function of excitation energy is pre-
sented in Fig. 3.11. The vertical line presents the known fission-barrier height
of 29U (By = 6.46 MeV [20]). There is an increase in the unscaled fission
probability around E, = 6.5 MeV, which is consistent with the known fission
barrier.

P;, unscaled
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| Y
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Figure 3.11: The unscaled fission probability of 23°U as a function of excitation
energy. The vertical line shows the known fission-barrier height value (6.46 MeV
[20]).

When comparing the figure above with the fission probabilities depicted in
Fig. 3 of Ref. [24], it becomes evident that, although similar in shape, there are
some discrepancies between the results. These differences could arise from varia-
tions in the calibration procedures used. Additionally, in the analysis conducted
for this licentiate thesis, no energy gates were applied to the particles registered
in the silicon array. Removing very high-energy particles from the analysis is
more likely to suppress background interference. However, such considerations
were beyond the scope of the presented simple analysis.
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Chapter 4

Experiments with radioactive
beams

To study exotic and short-lived isotopes, we have to use radioactive beams. This
chapter will cover the production of radioactive elements at the ISOLDE facility
at CERN. Following that, the fission experiment of 230 Ac, which is planned to
be performed using the ISS, will be discussed.

4.1 The ISOLDE Facility at CERN

The ISOLDE Facility is a nuclear physics laboratory at CERN in Geneva,
Switzerland. The main focus of ISOLDE is the production of radioactive nuclei
with the on-line isotope mass separation technique and experiments with those.

At ISOLDE, more than 1000 isotopes of 74 elements can be produced. As
the number of available beams increases, it becomes possible to explore areas
of the nuclear chart that have never been studied before, including neutron-rich
actinides (see Ref. [31]).

4.1.1 Beam production

Radioactive isotope production at ISOLDE is executed as follows. First, neg-
ative hydrogen ions H™ are accelerated in the CERN Linear accelerator 4
(LINAC4) to an energy of 160 MeV. After that, the ions are transferred to
the Proton Synchrotron Booster (PSB). During injection into the PSB, two
electrons are removed from each H™ ion using a stripping foil, leaving only a
proton [32]. In the PSB, the protons are accelerated to an energy of 1.4 GeV.
After the acceleration, the now pulsed proton beam with an average current
up to 2.0 pA is transferred and impacts directly onto an around 20 cm thick
ISOLDE target positioned in a tubular tantalum target container. The path
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H™ ions and protons take to reach the destination can be seen in Fig. 4.1, which
shows the CERN accelerator complex.

The CERN accelerator complex
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Figure 4.1: The CERN accelerator complex. Negatively-charged hydrogen ions,
delivered from LINAC4, are injected into the PSB. During the injection, two
electrons are removed from each ion. Then protons are accelerated to an energy
of 1.4 GeV. The pulsed proton beam is extracted from the PSB into an ISOLDE
target, from where radioactive beams are further distributed to experimental
stations. The path H™ ions and protons take to reach ISOLDE is marked in
green. Figure adapted from Ref. [33].

As the proton beam impacts the ISOLDE target, fission, spallation, and
fragmentation reactions can take place, creating a plethora of different isotopes.
Reaction products, trapped in the thick target, can be released by heating the
target container (up to 2000°C). The target material needs to be carefully chosen
to fit the experimental needs.

The next step is ionization of the extracted isotopes to a 17 state. There
are three different ion sources that can be used: surface ion sources, plasma ion
sources, and laser ion sources. In surface ion sources, ions can be ionized by

36



The ISOLDE Facility at CERN

passing them through a metal tube (such as tantalum or tungsten) that captures
electrons from them. Plasma ion sources operate by ionizing a gas mixture
(typically Ar and Xe) through electrons accelerated between the transfer line
and the extraction electrode with a voltage of about 130 V, all within a magnetic
field. Laser ion sources utilize multi-step photo-ionization.

To then select the isotope of interest, the ionised beam is sent through a
mass separator. At ISOLDE, one of two on-line mass separators can be used
— the General Purpose Separator (GPS) and the High Resolution Separator
(HRS). The GPS’s mass resolution m/Am is approximately 800 and allows for
simultaneous extraction of two more beams in addition to the central beam.
The HRS’s mass resolution has been measured to be approximately 6000 [34].

4.1.2 Post-acceleration

Isobars are selected using electric dipole magnets and this mass separated beam
is then sent either to the low-energy beam lines or, after charge breeding, to the
superconducting post accelerator and the HIE-ISOLDE [4,5] experiments.

The mass-separated beam with energies up to 60 keV /v can be directed into
low-energy beam lines. However, in certain fields of research involving radioac-
tive nuclei, the use of beams with energies in the order of MeV/u is crucial.
To meet this need, REX- and HIE-ISOLDE post-acceleration installations have
been developed. REX-ISOLDE is capable of post-accelerating nuclei to ener-
gies of up to 3 MeV/u, while HIE-ISOLDE is anticipated to reach energies as
high as 10 MeV /u. This subsection will focus on the design and performance of
REX-ISOLDE.

After the ions are mass-separated, the continuous beam (with varying in-
tensity) from a mass separator needs to be cooled, bunched, and charge-bred in
order to post-accelerate it.

First, the beam is injected into REXTRAP — a large, gas-filled Penning trap
surrounded by a superconducting solenoid. It accumulates the beam, which is
first slowed down by the potential of the trap at the entrance to energies of the
order of eV. The beam enters a high magnetic field of 3 T and is then further
cooled down by collisions with the atoms of a buffer gas. After accumulation
the beam is extracted in bunches from the REXTRAP by an electric potential
reverse to the one at the entrance, thus the ions retain the original energy they
had when they entered. For the process to be effective, the cooling time inside
the trap needs to be at least 10 ms [35]. REXTRAP has about 50-60% combined
transmission efficiency for the injection, cooling, and extraction processes.

Subsequent to leaving REXTRAP, the beam is directed into EBIS, an Elec-
tron Beam Ion Source where 17 ions are bred to a higher charge state to make
further acceleration more efficient. To be able to trap the 30—60 keV ions com-
ing from REXTRAP, the EBIS is situated on a high-voltage platform. The
ions are trapped inside the EBIS by an electrostatic barrier. Low-charged ions,
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when trapped, undergo a step-wise ionization through collisions with a dense
electron beam from an electron gun. This continues until the ions are eventually
extracted. The entire process leads to the distribution of charge states in the
outgoing ions. The chosen breeding time depends on the required charge state
and may range from milliseconds for light ions up to hundreds of milliseconds
for heavy nuclei. The EBIS efficiency varies in between a few percent to forty
percent, depending on the beam. More technical details about the EBIS can be
found in Ref. [36].

Following their extraction from the EBIS, the ions are directed into a mass-
separator to choose a specific charge state and suppress the residual gas. The
mass-separator system consists of an electrostatic 90° cylinder deflector and
a 90° magnetic bender. Then the ions are injected into the linear accelera-
tor of REX-ISOLDE. The first element of the REX-ISOLDE LINAC is the
Radio-Frequency Quadrupole (RFQ), which accelerates ions from 5 keV/u to
300 keV /u. The beam is rebunched in order to fit into the following Interdigital-
H-type (IH) structure. The IH structure is a drift-tube which further accelerates
the beam to an energy of 1.2 MeV /u. Following this, the beam is directed to
three 7-gap spiral resonators and a 9-gap resonator. The final energy of the
beam may reach maximum 3 MeV/u for beams of A/q¢ < 4.5. The LINAC
achieves a transmission of approximately 90%.

A schematic diagram of the ISOLDE layout with post-acceleration is shown
in Fig. 4.2.

4.1.3 HIE-ISOLDE

HIE-ISOLDE is an energy upgrade of ISOLDE which allows to increase the
energy of the radioactive ion beams (RIBs) from 3 MeV/u up to 10 MeV /u [38].
It consists mainly of superconducting cryomodules. The energy upgrade instal-
lation is structured into three separate phases. During the initial phase, two
cryomodules were added to the existing REX-ISOLDE LINAC. That allowed
to increase of the energy up to 5.5 MeV/u. In the second phase, an additional
pair of cryomodules was included in order to reach an expected beam energy of
10 MeV /u for A/q = 4. In the last phase, the 7-gap resonator and 9-gap struc-
ture of REX-ISOLDE are planned to be substituted with two cryomodules,
enabling an energy range from 0.45 to 10 MeV /.

4.2 The ISOLDE Solenoidal Spectrometer
The ISOLDE Solenoidal Spectrometer (ISS) is an experimental setup at HIE-
ISOLDE. The design of the ISS draws its inspiration from HELIOS at ANL

[23]. Tt consists of a former-MRI magnet operating at a maximum of 2.5 T
(the maximum magnet field of 4 T cannot be used due to safety restrictions in
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Figure 4.2: Schematic diagram of the ISOLDE-REX-ISOLDE-HIE-ISOLDE
layout. Protons from the PSB impinge onto a thick ISOLDE target. Reaction
products are released by heating the target and are then ionised to an 17 state.
The ionised beam is sent trough a mass separator to select the isotope of interest.
After being mass-separated, the low-energy beam is post-accelerated with REX-
ISOLDE. First, the beam is bunched with REXTRAP. Then it is charge-bred
using EBIS which allows to subsequently accelerate it efficiently with a sequence
of RFQs and resonators. Figure adapted from Ref. [37].

the ISOLDE hall). The ISS was developed for inelastic scattering and transfer
reactions studies mainly using (d,p) reactions, where the detection of the proton
allows for good energy resolution. Reactions take place inside the solenoidal
field, and reaction products deposit their energy in detectors placed inside the
magnet on a dedicated platform.

More details about the detectors planned to be used in the proposed exper-
iment will be provided in the following sections.

4.3 Fission of 2%Ac

The path of the r-process lies far away from the S—stability line and includes
highly neutron-rich nuclei. Our interest lies in exploring fission of these isotopes.
Given their low stability and the technical challenges in their production, beams
of such isotopes are presently unavailable. Our approach involves examining the
fission of alternative less-exotic neutron-rich isotopes (which lie closer to the
B—stability line) to establish a measurement method. This methodology aims
to be transferable to other, even more neutron-rich nuclei. Furthermore, model
predictions for nuclei within our experimental reach can be tested, thereby
increasing their predictive power for isotopes we cannot reach, i.e. those relevant
for the r-process.
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As the initial physics case for an experiment of this kind, the study of fission
of 220 Ac has been selected. This choice is motivated by several factors: available
beam intensities, anticipated fission probabilities, and the absence of definitive
fission data at low excitation energies for this particular isotope.

ISOLDE is capable of delivering a 8 MeV/u 229 Ac beam with an intensity
of 1.3 x 10”7 pps which would allow for sufficient statistics to successfully run
the experiment. In order to achieve such beam rates, the 22 Ac needs to be
extracted in a molecular form as 22 AcFF* from a ThC, (thorium carbide)
or UCy (uranium carbide) target with a plasma ion source. Yields above 107
uC~1 229 AcFF* have been measured for a UC, target and a plasma ion source
combination at target temperatures above 2000°C. Predictions from FLUKA
simulations [39] indicate even higher production rates for ThCy within the target
(1.8 x 100 pC~1 vs. 3.3 x 108 uC~1! for UCy). It is expected that the produced
beam will not contain significant contaminants, as proven in the ISOLTRAP
MR-ToF MS [40] study of the beam composition of 222 AcFF+ [41].

Currently, there are no conclusive data on fission of 22°Ac at low excitation
energies. It is important to highlight that data exists from two experiments in-
volving 23° Ac. The first experiment recorded two inconclusive 3—delayed fission
events in mica photo-emulsion foils! [42], while the second experiment concen-
trated on heavy-ion-induced fission at high excitation energies [43], focusing on
the extraction of fission transient times (the time fission takes).

There are few predictions of the 23° Ac fission barrier height. A fission barrier
of 5.37 MeV [44] is extracted in a study conducted by Eckert et al. in 1990 [45],
which investigated the fission of highly excited target residue nuclei resulting
from collisions between “°Ar and 232Th. A prediction of a 7.01 MeV fission
barrier is available from the General Description of Fission Observables (GEF)
model [46]. Another estimation places the fission barrier between 5.7 and 6.8
MeV [47], derived from the analysis of the aforementioned two S—delayed fission
candidate events [42]. For experiment planning, the more challenging value of
7.01 MeV is assumed.

In the upcoming experiment, in addition to measuring the fission barrier
height, there are plans to conduct measurements of the + radiation emitted
during fission. The information on the total energy of v rays holds astrophysical
significance as it provides information on how much energy in the form of ~-
rays is available after fission. This information can be used in r-process models.
Simultaneously, analysis of the multiplicity of emitted = rays aims at a better
understanding of angular momentum generation in fission processes [48].

1Mica is a material that belongs to a group of silicate materials. It has excellent thermal
and electrical insulating properties.
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4.3.1 Experimental setup

In order to successfully measure the fission barrier height and the fission cross
section of 230 Ac, several observables need to be determined. First, the detection
of back-scattered protons in coincidence with fission fragments is crucial to
establish whether a (d,pf) reaction has occurred. By measuring the energy and
hit position of the protons, the excitation energy F, of the fissioning system
can be calculated using Eq. (2.28). Subsequently, the fission barrier height
can be determined as a function of E,. To obtain the fission cross section, it
is essential to calculate the product of the beam intensity and the number of
target particles per unit area, which can be determined by measuring elastically
scattered deuterons within a specified angular range. Lastly, the measurement
of v rays emitted from fission fragments enables extraction of their total energy
and multiplicity.
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Figure 4.3: Schematic illustration of the detectors inside the vacuum chamber
of the ISS magnet. For tuning and beam monitoring, the Faraday cup and the
AE-E telescope with the pinhole attenuator are mounted on a movable support.
Only one of those parts of the setup will be used at any given time. Beam enters
from the lower right through the hollow upstream silicon array and impinges on
the target. Deuterons elastically scattered from the target are detected by the
four luminosity detectors. Fission fragments move in the forward direction and
are detected by the AE-E CD-shaped Si detector. Gamma-rays emitted from
the fission fragments are detected by a CeBrs detector array. Except for beam
monitor detectors, all dimensions and positions are to scale with placements
optimized by simulations. Figure from Ref. [49].
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A schematic figure of the planned experimental setup is shown in Fig. 4.3.
The chosen setup has been designed to optimize detection efficiency. Further
details regarding the detectors we are planning to use and their configuration
will be provided below.

4.3.2 Detection of protons

Fig. 4.4 shows the kinetic energy of a proton (Tproton) Versus its hit position
along the z-axis (z) for excitation energies of the fissioning nucleus ranging from
6 MeV to 10 MeV (simulated beam energy is 8 MeV /u). GEF predicts a fission
barrier of 7.01 MeV for ?*°Ac. To experimentally determine the value of this
barrier unambiguously, it is necessary to register excitation energies at least
2 MeV higher and lower than the predicted barrier. When a compound nucleus
with a high excitation energy is formed, the energy of the ejected proton is
low. Consequently, the proton has a smaller momentum, also in the direction
opposite of the beam. Therefore, it does not travel far in the z direction before
completing an orbit in the magnetic field. As shown in the figure, to detect pro-
tons ejected from nuclei with high excitation energies, the silicon array should
be positioned as close to the target as possible. Due to technical limitations, a
distance of about 2 cm from the target is the minimum that can be achieved.
Table 4.1 shows an efficiency of proton detection given that it hits the silicon
array for different excitation energies. The distance between the array and
target has been set to —20.68 mm and the length of considered array is 350 mm.
Most of the emitted protons complete only one single helical orbit before hitting
the array (single-turn protons). However, there is a certain fraction of protons
which have a small energy and a large emission angle with respect to the beam
axis, and they complete multiple turns before hitting the silicon array. Such
protons are commonly called multi-turn protons. In Table 4.1, both single-turn
and multi-turn protons have been considered. It can be observed that for higher
excitation energies the detection efficiency becomes drastically smaller.

E, (MeV) | Detection percentage ﬁ#m
6 27 % 0.060

7 23 % 0.072

8 19 % 0.10

9 13 % 0.18

10 51 % 0.46

Table 4.1: Detection efficiency of protons that hit the silicon array and ratio
of detected multi-turn protons to all detected protons for different excitation
energies simulated for 229 Ac(d,p)?3° Ac reaction at a beam energy of 8 MeV /u.
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Figure 4.4: Kinetic energy of a proton (Tpoton) versus its hit position along the
z-axis (z) for excitation energies of the fissioning nucleus ranging from 6 MeV to
10 MeV (the simulated beam energy is 8 MeV/u). For each excitation energy,
the long line corresponds to protons completing a single turn before hitting the
detector, while the shorter lines to the right correspond to multi-turn events.
Figure from Ref. [16].

In order to reduce the background of non-proton events, adequate time reso-
lution is essential. We are interested in measuring time interval between detec-
tion of fission fragments and detection of a proton in a silicon array. Referring
to Eq. (2.2),

2rm

B Z’

we observe that for a proton (with a mass-to-charge ratio A/Z = 1) in the mag-
netic field of strength B = 2 T, the cyclotron period is T¢y. = 32.8 ns. For a
particle with a A/Z = 2, such as a deuteron or an alpha particle, the cyclotron
period will be twice as long: Tty = 65.6 ns. The same applies to protons mak-
ing two turns. Therefore, having time resolution that enables the distinction

Tcyc =
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between these cases helps to suppress background. Such time resolution capabil-
ities have been demonstrated with the HELIOS silicon array. Fig. 4.5 presents a
time-of-flight spectrum for protons emitted from 28Si+(CyDy),, collisions mea-
sured with the HELIOS setup [13]. The two peaks are clearly separated.
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Figure 4.5: Time-of-flight spectrum for protons emitted from 2®Si+(CsDy),
collisions measured by the HELIOS setup. Two peaks around 33 ns and 66 ns
corresponding to single-orbit protons and alpha particles as well as double-cycle
protons can be distinguished. Figure from Ref. [13].

Because we will only consider protons that complete a single turn before
depositing energy in the detector, the available statistics will be reduced. The
ratio of protons completing multiple turns before hitting the detector to the total
number of all detected protons for different excitation energies F, is presented
in Table 4.1. The multi-turn protons constitute an increasingly larger fraction
of all events as the F, increases for a given beam energy. For an energy of
10 MeV, they account for nearly half of all detected protons. Thus, we can
expect significantly worse statistics for events with high excitation energy of
the fissioning nucleus (where E,; > 9 MeV). If time resolution is not sufficient,
multi-turn protons can be physically removed by using an obstruction in front
of the hollow silicon array, a so-called multi-turn killer. That however is not
effective against one-turn alpha particles.

4.3.3 Detection of fission fragments

Figs. 4.6 and 4.7 show results of GEF simulations of 23°Ac fission. The two
fission fragments are expected to have charges within the range of 30 < Z < 60
and masses spanning 80 < A < 150. Let us recall the reaction that we intend to
study. In the experiment, a 22 Ac beam with an energy of 8 MeV /u will impinge
on a CDy (deuterated plastic) target. There, the (d,p) reaction may occur. The
resulting compound 23°Ac nucleus will move forward with an energy roughly
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similar to the beam. Then, if fission occurs, the fission fragments will move
forward within a cone with an opening angle depending on the beam energy
and the transverse momentum of the specific fission fragment.
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Figure 4.6: Charge distribution of fission fragments for 10° events simulated by
GEF for 22°Ac at an excitation energy E* = 7 MeV above the ground state.
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Figure 4.7: Pre-neutron emission mass distribution of fission fragments for 10°
events simulated by GEF for 23°Ac at excitation energy E* = 7 MeV above the

ground state.
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Figure 4.8: Angular distributions of 23YAc fission fragments simulated by GEF
and boosted to the beam frame. For the simulated ??°Ac beam energy of
8 MeV/u, two peaks around 13° and 21° can be distinguished, correspond-
ing to heavy and light fission fragments, respectively.

Fig. 4.8 shows the angular distribution of fission fragments simulated by GEF
and boosted to the beam frame for the planned experiment. Fission fragments
are forward-focused.

Due to the kinematics of the emitted fission fragments, the most efficient
method for their detection is to employ a CD-shaped? detector centered at
the beam axis. A hole inside such a detector permits the unreacted beam
to pass through. By adjusting its distance from the target, the solid angle
covered by the detector can be optimized to maximise the detection efficiency
for fission fragments without obstructing trajectories of deuterons (more details
on detection of deuterons for background normalisation will be provided in
Section 4.3.4).

Fig. 4.9 shows the geometric efficiency of the CD-shaped fission fragment
detector with an inner radius of 11 mm and an outer radius of 35 mm used
with a beam energy of 8 MeV/u, as a function of its distance from the target.
At a distance of 8 cm downstream from the target, the efficiency is 87 % for
detecting a single fission fragment and 82 % for detecting both fission fragments
in coincidence. This has been chosen as an optimal position for placing the
detector.

By using a detector segmented into rings and sectors, it is possible to deter-
mine the difference in azimuthal angle between the particles depositing energy
in the detector on an event-by-event basis. For fission events, this difference
should be 180°, since the fragments are emitted back-to-back in the compound
frame, leading to opposite transverse momenta.

20D stands for compact disc, a commercial format previously popular for music distribu-
tion, developed by Philips and Sony in 1982.
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Figure 4.9: Geometric efficiency of the CD-shaped fission fragment detector at a
beam energy of 8 MeV /u as a function of its distance to the target. The detector
has inner and outer radii of 11 mm and 35 mm, respectively. The dotted blue
line represents the efficiency of detecting only the light fission fragment, the
dashed orange line corresponds to the efficiency of detecting only the heavy
fragment, and the solid green line illustrates the efficiency for detecting both
fission fragments in coincidence. Figure from Ref. [50].

Another advantage can be achieved by employing a detector in a AE-E
configuration. We consider the following setup: a AE detector with a thickness
of 65 pm positioned in front of a 1000 pum detector. On average, about 39 %
of all fragments that reach the AE-layer pass through it and reach the E-layer.
The expected energy resolution in this setup will not be sufficient to identify
the charge and/or mass of the fission fragments. However, lighter nuclei, such
as carbon or deuterium nuclei scattered from the target, can be distinguished,
in case they reach the detectors. Additionally, it should be still possible to
differentiate between light and heavy fragments based on their emission angle
as seen in Fig. 4.8.

4.3.4 Detection of deuterons elastically scattered from the
target

To extract the fission cross section as a function of excitation energy, it is nec-
essary to know the product of the beam intensity and the number of target
particles per unit area. This quantity can be determined using deuteron elastic
scattering. By counting such scattered deutrons in a given angular range, it is
possible to determine the total fission yield and calculate the cross section. To
relate the detected deuterons to the beam intensity and target thickness prod-
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uct, the elastic scattering differential cross-section as a function of scattering
angle, as well as the scattered deuteron energy for the ejected deuterons in the
229 Ac + d reaction have been calculated using the LISE++ program [51] and
are shown in Fig. 4.10.
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Figure 4.10: (a) Cross section of deuterons ejected from the target when 229 Ac
of 8 MeV /u impinges as a function of the lab angle. (b) Energy of the scattered
deuterons as a function of the lab angle.

The cross-section noticeably increases for larger angles and reaches infinity
at 90°. At the same time, the energy of the deuterons approach 0 MeV for
angles close to 90°, while it is at its maximum, reaching about 31 MeV, for
small forward angles close to 0°. Deuterons emitted at angles very close to
90°, due to their low energy, will not escape from the target material at all,
making their detection impossible. On the other hand, deuterons emitted at
angles close to 0°, although highly energetic, are impossible to detect because
the beam that did not react moves along the axis of the solenoid and would
overlap with such deuterons. Additionally, they are few. Therefore, we need a
configuration compromise that ensures the measurement of a sufficient number
of deuterons (large angles) with a high enough energy to detect them (forward
angles).

The standard configuration used at ISS to detect ejected deuterons consists
of an on-axis CD-shaped silicon detector . It is shielded by an aluminium
annulus and a tube passing through the centre of the annulus as shown in
Fig. 4.11. Consequently, particles can only access the detector by passing around
outside the shield. Thus, only deuterons emitted within a narrow range of angles
can be detected. The distance between the detector and the target can be
changed which results in the detection of deuterons emitted at different angles.
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Figure 4.11: Schematic of the standard luminosity detection setup for elastically
scattered deuterons used at ISS (not to scale). The tube is normally inside the
detector, leaving no gap. The detector inner and outer radii are 24 mm and
48 mm, respectively.

Fig. 4.12 shows a configuration for which the luminosity detector is placed
12.5 cm from the target, and the fission fragment detector 18 cm from the
target. Example trajectories of detected deuterons are represented as well as
a few example trajectories of the light and heavy fission fragments. As seen
in Fig. 4.12, placing the standard detector configuration in front of the fission
fragment detector is not possible — the fission fragments would then collide with
the luminosity detector. On the other hand, if we place the luminosity detector
behind the fission fragment detectors, it is possible to detect deuterons without
disturbing the trajectories of the fission fragments (see Fig. 4.13). However, in
such a configuration, only deuterons emitted at smaller laboratory scattering
angles could be detected (with a smaller cross-section). A maximum efficiency of
0.36 % for all emitted deuterons for this setup can be obtained when optimising
the position of the luminosity detector. With the expected beam intensity, it
might result in insufficient statistics.
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Figure 4.12: Schematic illustration of particle trajectories in the luminosity
detection setup. The luminosity detector is shown in green, the shield and
tube in gray, and the fission fragment detector (just one is shown) in magenta.
Example trajectories of detected deuterons are represented as red lines, while
a few example trajectories of the light and heavy fission fragments are shown
as blue and black lines, respectively. In this configuration, the fission fragment
detector is obscured. The ordinate shows the transverse distance from the beam
axis, r, while the abscissa is the distance along the beam axis, z.
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Figure 4.13: Similar to Fig. 4.12, but with the fission fragment detector (just
one is shown) placed in-between the luminosity detector and the target. Note:
helical trajectories circulating around (z,y) passing through (z,y) = (0,0) and
progressing in the z direction look like bouncing balls when projected onto an
r-z-plane.
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To address this issue, an alternative off-axis configuration has been proposed
using four position-sensitive silicon detectors, as illustrated in Fig. 4.3. In this
setup, the efficiency for detecting elastically scattered deuterons reaches 0.8 %
for detectors mounted parallel to the beam-line, with the active surface of 5 cm?
oriented such that they face the beam axis, positioned 2 cm downstream from
the target and 3 cm off the beam axis. The efficiency map for such a luminosity
detector configuration, as a function of the off-axis distance and target distance
parallel to the beam axis, is shown in Fig. 4.14. The efficiency is the highest
when the detectors are placed close to the target. However, placing them as close
as possible to the target is not feasible due to the presence of other detectors
and the potential blocking of other particles that need to be detected, as well
as transverse movements of the target holding structure itself.

10
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Off axis distance [cm]
wv o ~ [e¢] o
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0.45

Target distance [cm]

Figure 4.14: Efficiency map for a luminosity detector consisting of four position-
sensitive silicon detectors mounted parallel to the beam-line, with the active
surface oriented such that they face the beam axis, as a function of the off-axis
distance and distance to the target plane. Figure from Ref. [50].

4.3.5 Detection of v rays

A measurement of 7-rays is planned to acquire data on the total energy and
multiplicity of y-rays emitted during fission. This is valuable for r-process sim-
ulations and could contribute to a better understanding of angular momentum
generation in fission [48].
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Temperature compensated
secondary bias generator

Built-in preamplifier

8x8 array of 6x6 mm J-series SensL
Silicon Photomultipliers
(ARRAY]_60035_64P)

48x48x48mm CeBr: crystal

Aluminium housing

a) b)

Figure 4.15: a) A single SpecMAT scintillation detector. b) The inner structure
of the detector (CAD drawing). Figure from Ref. [52].

Detecting v-rays in coincidence with (d,pf) reactions requires the use of
~-ray detectors inside the vacuum vessel and in a strong magnetic field. The
measurement will be conducted using the CeBrs crystals from the SpecMAT
detector [52], designed by the KU Leuven group. SpecMAT is an active target,
and in the initial design, the CeBrs scintillation detectors are placed in a cylin-
drical configuration around the active target. However, the CeBrs detectors can
also be used separately, and for this purpose, a new mechanical holder has been
constructed in which the crystals are arranged in 11 spikes, with three crystals
per spike, as shown in Fig. 4.16. In the subsequent part of the text, this spike
configuration will be referred to as the original Spec MAT configuration.

Each detector unit consists of a 48 x 48 x 48 mm?® CeBr3 crystal placed inside
an aluminium housing. The aluminum housing has a thickness of 1 mm on the
side facing the y-ray window and 3 mm on the side walls. A single detector and
its inner structure is shown in Fig. 4.15.

The original scintillation array design consists of 11 spokes of 3 crystals,
33 crystals in total, and is shown in Fig. 4.16. The detector array centre is
positioned 150 mm downstream from the target.

The SpecMAT scintillation array achieves a v detection efficiency of 2.5 %
at an energy of 1 MeV [53].

The initial geometry of the scintillator array has been optimized as part of
this thesis work to maximise the total energy and multiplicity detection effi-
ciency. More details about the simulations are provided in Section 4.3.7.

4.3.6 Experimental challenges

Executing this experiment will be challenging for several reasons. Firstly, we
are limited by the energies available at HIE-ISOLDE (maximum 8 MeV/u at
the time of writing this text) and the beam intensities available (maximum
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Figure 4.16: The original SpecMAT configuration (11 spokes of 3 crystals).
(a) Side view. (b) Face view.

1.3x107 pps expected for 229 Ac from the primary ISOLDE target). Additionally,
the transmission coefficient from the primary target through ISOLDE—HIE-
ISOLDE to the experimental ISS target is estimated to be 1% for such a heavy
element.

A second challenge lies in the low cross sections for the (d,p) and (d,pf)
reactions. The GEF model predicts the total fission probability of ?*CAc as
P; =3 % compared to 20 % for 23°U. Prediction of the (d,p) cross section is
challenging because the structure of 23°Ac is not sufficiently well studied and
because many unknown levels are expected to contribute to the cross section.
Therefore, we assume that the (d,p) cross section does not change significantly
between 22?Ac and 238U.

Another challenge are beam impurities. In the case of the planned experi-
ment, the most troublesome contaminants will be isotopes with a higher fission
probability and a lower fission barrier. According to the predictions of the GEF
model, for isotopes with similar A/q, isotopes with atomic numbers Z > 89 have
a significantly higher fission probability. However, on the other hand, impuri-
ties with Z < 89 will not pose a problem. Based on estimates by the ISOLDE
source group, only minor impurities with Z < 89 can be expected during the
experiment.

4.3.7 Gamma array simulations

In this section, simulations performed to find the optimal v array arrangement
are presented.
We are interested in the total energy emitted from the fission fragments (not
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single 7 lines). Thus, our primary concern would be a detector covering as large
a solid angle as possible.
Three types of geometries have been considered:

e a box with 3 rings (12 crystals in each ring, for a total of 36),
o a box with 2 rings (16 crystals in each ring, for a total of 32),

« original SpecMAT (11 spokes of 3 crystals, for a total of 33).

Two different cases are considered for the box configurations: with and
without overlap. The box with overlap aims to avoid v rays escaping in the
detector corners. The idea is that a box « array would be placed downstream
just behind the target. Visualisations of the considered geometries are presented
in Figs. 4.16 to 4.18.

Figure 4.17: Box with 3 rings (12 crystals in each ring, for a total of 36). (a)
Without overlap, side view. (b) Without overlap, face view. (¢) With overlap,
face view.

When a v interacts with matter, it may deposit part of its energy in one
detector crystal and the scattered photon can then travel to one or several other
crystals. Then the total energy of the v would then be the sum of the energies
deposited in all crystals it interacted with. Addback is an analysis method to
sum these energies together. However, it may also incorrectly sum contributions
that did not result from a common original photon.

As a first approximation we consider two fission fragments moving down-
stream from the target, and one of them is emitting a single v with an energy
between 0 and 10 MeV. How many events would we see in our detector?

For that a simple check has been prepared using the simplest addback pos-
sible — adding the energies detected in all crystals. Table 4.2 presents the
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(a)

(b)

(©)

B
-

Figure 4.18: Box with 2 rings (16 crystals in each ring, for a total of 32). (a)
Without overlap, side view. (b) Without overlap, face view. (¢) With overlap,

face view.

fraction of detected events for each considered geometry, the fraction of fully
registered events (registered energy above 99 % of the original energy), the frac-
tion of incompletely registered events (registered energy between 1 % and 99 %
of the original energy), and the ratio of incomplete to fully registered events.
Note that the given numbers correspond to detected events of any energy so
it is more like a geometric efficiency and it is assumed that no Doppler correction

is needed.
Fraction of | Fraction of fully Fractlon of Ratlo of
. incompletely incomplete
Geometry detected registered events .
events (> 99 %) registered events | to complete
(1% —99 %) events
org. SpecMAT 0.045 0.0095 0.035 3.61
Box (3 rings, 0.23 0.05 0.18 3.43
no overlap)
Box (3 rings, 0.24 0.06 0.18 3.28
overlap)
Box (2 rings, 0.145 0.032 0.113 3.50
no overlap)
Box (2 rings, 0.15 0.03 0.12 3.38
overlap)

Table 4.2: Detection efficiency for different configurations (one 7 emitted from
one fission fragment). All fractions are relative to the number of original ~y
photons. Due to other geometric constraints, the 2 ring box configuration with
a photopeak efficiency of 3 % is chosen.
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Unsurprisingly, the 3-ring box configuration would be the most efficient.
However various geometrical constraints of the setup also need to be considered:

Each crystal is 48 mmx48 mmx48 mm. In the case of the 3-ring geometry,
the v array would extend to +15 cm in the z-direction. Also, the inner dimension
of the array would be about 15 cm (or about 14 cm if using the configuration
with overlap). For fission fragments detection, as mentioned before, two CD-
shaped segmented silicon detectors with a diameter of about 14 cm (active
area + PCB support) will be used. According to the simulations, the fission
fragment detector should be placed 8 cm from the target, thus inside the
array. Considering that, the 3-ring geometry is not feasible (too tight inner
dimension).

With the 2-ring geometry, the inner dimension gives enough space to fit
the CD-shaped detectors (as well as off-axis luminosity detectors close to the
target).

The results of the above simulations in terms of the fraction of energy de-
tected are presented graphically in Fig. 4.19 for SpecMAT and a box with 2
rings. The plots show all events sorted by their reconstruction efficiency.
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Figure 4.19: Detection efficiency for different configurations. The efficiency
is calculated for each event as the registered energy divided by the originally
emitted 7 energy. The events are then sorted by efficiency. The left plot shows
all events. On the right, the region with non-zero energy deposits is shown.
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Ideally, we would be interested in a geometry for which there is a long plateau
around 1 (many v rays fully detected).

The performance of different configurations is also compared using Doppler-
corrected spectra, see Fig. 4.20. The following rules are used:

1. only neighbours at most 2 crystals away are included in each cluster, i.e.
contributiong to addback,

2. the 7 ray direction is an energy-weighted average of the included crystal
positions,

3. the Doppler correction uses the beam velocity and nominal direction (since
it is not known from which fission fragment the v was emitted).

Box 2 rings, no overlap Box 2 rings, with overlap SpecMAT

reconstructed energy (MeV)
reconstructed energy (MeV)
reconstructed energy (MeV)

6 6 6

8 10 8 10 8 10
original energy (MeV) original energy (MeV) original energy (MeV)

Figure 4.20: Doppler-corrected vs simulated vy energy for a box with 2 rings
without and with overlap, and SpecMAT. Except for the total efficiency dif-
ferences between the configurations, the Doppler-corrected energies look very
similar.

During support design, the chosen design was modified to an overlap design
but with four crystals above and below and five at each side in each ring. This
allows for a tight configuration, with the same vertical and horizontal inner
dimension.
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Chapter 5

Summary and outlook

Studying fission of neutron-rich nuclei is very interesting for several reasons.
First of all, the fission barrier heights of neutron-rich actinides provide an im-
portant input to theoretical models investigating the r-process. Moreover, the
analysis of the total energy of v rays emitted by fission fragments allows for
estimating the total energy available in the fissioning system, while data on the
multiplicity of v rays enables a better understanding of the angular momentum
generation of the two fission fragments. However, due to technical difficulties,
the region of neutron-rich isotopes, especially actinides, has so far remained
unexplored, and the fission properties of these elements are generally unknown.

To address this issue, a new experimental technique, namely light-ion trans-
fer in inverse kinematics, has been developed. The applicability of this technique
has been tested in a pilot fission experiment conducted at ANL. The experi-
mental details, as well as data analysis, have been presented in Chapter 3. The
results show that it is possible to extract the fission barrier height using a (d,pf)
reaction in a magnetic field. Therefore, preparations are underway for a similar
experiment, this time using a radioactive beam.

In Chapter 4, simulations and plans for the future IS739 experiment studying
the fission of 23° Ac have been presented. The IS739 setup has been optimised for
the detection of fission events. This required selecting the most optimal type and
size of a detector for fission fragments from those available on the market and
optimizing its distance from the target, as well as optimizing the position of the
existing silicon array for proton detection. A similar optimization procedure
was also carried out for luminosity detectors, which are detectors measuring
deuterons elastically scattered from the target for beam normalization.

For the detection of emitted gamma rays, 36 scintillation detectors will be
used. Simulations have been conducted to determine their optimal positions for
the detection of as much as possible of the total energy. Mechanical support is
being manufactured and will be ready to use in the IS739 experiment. It has
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been demonstrated that reconstruction of the total v energy (and multiplicity)
is possible with an unfolding procedure [54]. For the future data analysis, a
similar kind of algorithm is planned to be implemented.

The experiment proposal has been accepted by the ISOLDE committee
(INTC). Beam time for this experiment has been requested for the summer
or autumn of 2024. This will be the first experiment investigating the fission
of a neutron-rich isotope in inverse kinematics, allowing for the determination
of the fission barrier height for an element currently lacking such experimental
data.
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Appendix A

Kinematics of two-body
scattering

We want to describe a scattering process, where a projectile particle a of mass
m, with kinetic energy T collides with a target particle b of mass my. After
scattering, the particles 1 and 2 of masses m; and msy, respectively, emerge,
as shown in Fig. A.1. In this particular case, the center of mass of the system
is connected with the laboratory reference frame through a Lorentz boost with
velocity ¥ = gc.

In general, given four quantities A and Z = (Zx,Zy,Zz) in a reference
system S and their counterparts A’ and Z' = (Z%, Z3,, Z',) in a Lorentz-boosted
reference system S’, the Lorentz transformation acts as:

.7
P R
v(a-22).
_fyAvﬁ

7' =2+ (- 1)(Z-a)p - 2,

(A1)

where 7 is the direction of relative motion between S and S’ of velocity ¢ = v#,
1

B 7, and v = i

Putting A — E and Z = (Zx,Zy,Zz) — k, where E is the total energy
and k is the momentum vector, 6 is the angle between 8 and k, and 8 L [, the
four-momentum vector P transforms to P’ as:

BN p_ (E YE—~B-k
P=(= P=(Z)2 . AL )
(k> - <k"> <k+(v—1)(k-ﬁ)ﬁ—vﬂ8>
_ ~E — ~Bkcos 6
B ((VEﬂ + vk cos0)f + ksin 0 Z)

(A.2)
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cM Laboratory

Figure A.1: 2-body scattering in the center of mass (CM) frame (on the left)
and in the laboratory frame (on the right). a and b label the particles before
the interaction while 1 and 2 are the emerging particles.

Let us return to the scattering process. Working with ¢ = 1, the initial
four-momenta of particles ¢ and b in the lab frame are:

/o2 2
]Pa = <§a) = ( m]j?—i_ ka) ) IP)b = (néb> ’ (A.?))

where k, is the initial momentum of particle a in the lab frame.
The four-vector of the center of mass of the system as seen in the laboratory
frame can be expressed as:

/m?2 2
]P)C :]P)a—’—]P)b _ < ma +kfa+mb) — <§C) . (A.4)

The frame-independent energy-momentum relation for the system is:

M2 — E2 o k2
M? = m2 + k2 + 2mp\/m2 + k2 +m? — k2, (A.5)

M, = \/mg—i-m% + 2mp/m2 + k2,

where M, is total invariant mass of the system.
We know that in the general case, for a particle with rest mass mg and
velocity (5, the following relations apply:




Lettingc — 1, p — k;, mg — M., and then using E. — vM,., we get:

o =7 MG,

)

N :E§ﬁ2, (A7)
g k:; p=g k_;
B - 507 ’Yﬂ - MC'

We change view to the CM by applying the Lorentz transformation:

P = . YE. __:Y/B’A' EAa ~ A.
C (k (v D)(E. - )~ ABE. (A.8)

—

k., we obtain:

P, = (%) : (A.9)

P, and P, in the center-of-mass frame are obtained in the same way by
applying Lorentz transformations:

p o (WIR R =3k (A.10)
& —B/m2 + k2 4+ vk, )
/ ymy
= ~ . A1l
b (—Vﬂmb) (A.11)
The scattered particles can be described by four-vectors in the center-of-mass
frame:
P, = (Vmi”?), P, = (Vmgffﬂ). (A.12)
p —-p

The energies of particles 1 and 2 are:

q=1/m? +p?,

(A.13)
Q= /m3 +p?.
The total energy in the CM frame, F¢, can be expressed as:

After solving this for ¢, we obtain:
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2 2 2
Ef —m3 +mj

= Al
q 2F, (A.15)
In a similar way, we can calculate @:
E2 2 _ 02
Q= Zitmy T my (A.16)

2F,

Let us return to our 4-vectors (Eq. (A.12)). We return to the laboratory
frame using the inverse Lorentz transformation:

vWmi +p? +75 P
Wml+pB+p+(v=1)(B-p)B)’

7\/m2+p —76 P X
yy/m3 +p2f — -1)(B-pB)°

The particles 1 and 2 are scattered to angles 0cy,1 and e 2 in the CM
frame, respectively. We know that 0cmo = ™ — 0cm,1. The momentum parts

(A.17)

can be rewritten using B - p'=pcos e, 1 for particle 1 and B -pP=pcosbem 2 =
—pcos Ocm,1 for particle 2

P aé V m% +p2 + '7510005 9cm,1
' (’76 V m% +p2 + P COS ecm,l) B +p sin ecm71 i 7

. Yv/m3 + p? + Bp cos bem 1
2 (vﬂ\/mﬁ + p% 4 ypcos 9cm,1> B4 p sinbemy |

(A.18)

where B 1 n.
The four-momenta of particles 1 and 2 in the lab frame can be rewritten as:

E g+ vBpcosbem 1 E
Pir=1|p: | =|18a+pcosbem1 | = | kcosby |,
Day psinfem 1 k sin 01 (A.19)
E/ ’VQ + %BP COs acm,l E/
Po=|p, | = [78Q+ypcosbemy | = | k' cosby |,
Dhey PsinOem 1 k' sin 0,

where 0cry 1 and fcm, 2 are the center of mass scattering angle of particles 1 and
2, k and k' are the momenta of particles 1 and 2 in the lab frame, and 6; and
0, are the scattering angles in the lab frame of particles 1 and 2.
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Appendix B

Finite axial detector

A finite axial detector is a polygonal prism centered along the spectrometer axis
and enveloping it, surpassing the transverse beam size. A schematic represen-
tation of a finite axial detector is shown in Fig. B.1. The projection of the
particle trajectory onto the zy plane is depicted as a blue circle, and one of the
detector planes is illustrated as an orange line.

Figure B.1: A schematic representation of a particle trajectory projected onto
the xy plane is depicted as a blue circle, while the detector plane is represented
by an orange line. ¢; denotes the initial emission angle of the particle, and ¢y, is
the angle between the normal of a detector plane and the z-axis. Additionally,
a represents the shortest distance between the detector plane and the center of
the detector prism, and p is the particle trajectory bending radius.

To analyse the particle impact position on the detector, we begin by observ-
ing that the normal of the detector plane is:

A = (cos ¢p, sin ¢, 0) . (B.1)
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\ % \4:'9

Figure B.2: The detector plane in detail. ¢, is the angle between the normal
of a detector plane and the z-axis, a is the shortest distance between the plane
and the center of the detector, c is the intercept at the y axis, and « is a helper
angle.

Let us consider the equation for the detector plane which is shown in Fig.
B.2.
A simple formula for the detector plane:

y =bx +c, (B.2a)
T 1
b:tana = tan (7T_ (5 —¢p)) = _W, (B2b)
p
_ cos Dp
= no, x+c, (B.2¢)
a = csin ¢p,. (B.2d)

After transformation:

x cos ¢p + ysin ¢, = a. (B.3)

The equation describing the trajectory of a positively charged particle in the
magnetic field aligned along the z-axis is:

T o + pcoso
= . , B.4
(y) (yo+psm¢) (B-4)
where (zo,y0) is the center of the particle trajectory in the xy plane and ¢
changes as the particle moves. (zg,yo) can be expressed as:

{xo = _pSin ¢i7 (B5>

Yo = pCOS §;.

where ¢; is the initial ¢ angle of the emitted particle.
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A charged particle in the magnetic field undergoes revolutions in the xy
plane. Consequently, the angle ¢ continually varies, and the transverse (vgy)
and longitudinal (v,) velocity components of the particle are:

mvesis o
Uxy = vsinf = wp = $p,

where w is an angular frequency, ¢ is the time of flight of the particle returning
to the solenoid axis, and @ is the initial polar angle of the particle. From that
we get:

¢ =tanf - z (B.7)
p
Initially, at ¢ = ¢o, ¢ is shifted relative to the initial angle by ¢g =

—(2—¢i) =¢; — I

(w) B — sin ¢; + sin (tan9 . i + ¢i) (B.8)

Y CoS ¢; — COS (tan@ : % + ¢i>

We want to find the z-coordinates of the hit point zpj. After inserting
Eq. (B.8) into Eq. (B.3) and doing some algebraic manipulation:

Zhit

tan @ - = ¢p — ¢; + arcsin (Z + sin (¢; — ¢)p)> . (B.9)

The particle can cross the virtual detector plane n times. We use the formula:

sin (z + nm) = (—1)"sin (x), (B.10)

and obtain:

Zhit = ﬁ (gi)p — ¢ +nm + (—1)™ arcsin (Z + sin (¢; — gi)p))) . (B.11)

We need to exclude hit-points from the inside of the detector (not physically
possible). The direction vector of the particle is (from differentiating Eq. (B.8)):

cos (tanf - 2 4+ ¢;
d (x> = tanf ( , . (B.12)
dz \y sin (tan9 R

When the particle hits the detector from the outside, the angle between
the detector plane normal and the direction of the particle is in the range
T 3m

0 e (5, 7) i.e. the dot product of the direction vector with the detector plane
normal is less than 0:
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~cosf <0, (B.13)

n- d (I> = tanf [cos (tan9~ z + ¢i) cos ¢p, + sin (tan9~ z + qﬁi) sin qbp}
dz \y P p

= tan# - cos (tan9~ z + & —¢p> <0.
p
(B.14)

We know that p > 0 and tanf > 0 as 0 € (0, 3), so:
cos (tan@ Sy Di — ¢p> < 0. (B.15)
P
With z = zp;; from Eq. B.11:
cos <¢p — ¢; +nm + (—1)" arcsin <Z + sin (¢; — ¢p)) + ¢ — ¢p> = ...

= (—1)" cos (arcsin (Z +sin (¢ — ¢p)>) .

(B.16)
By the use of the identity:
cos (arcsin(z)) = /1 — 22, (B.17)
we obtain:
(17" os (orsin (% sin 6 6,)) ) = (—1>"\/ 1= (4 st 00) <o
(B.18)

which means that n is odd.
If ; =0,¢p =m,n=1:

1
Zhit = ﬁ (277 — arcsin (Z)) =2 <1 ~ 5 arcsin (Z)) . (B.19)

When p > a:

1
Zhit ~ 20 (1 — a> . <B20)



Inverse problem for a finite detector

B.1 Inverse problem for a finite detector

We want to find a transformation

<E> N (QE;) . (B.21)

for a finite size detector. Recalling Eq. (2.18)

E= vq — ’Yﬁp COs ecmy

(B.22)
q="E—~Baz.
By combining Eq. (B.20) and Eq. (B.22) we obtain:
Bz = (By - )1 - 5= 2) (B.23)
afyz = — -———). .
v v —q 2

The coupled solution is:

E =~q—vBpcos(Ocn),
B.24
{0572—(713—@(1—217,2)- (829

AVVe knOW, lhal:
pS.Il 9cm
— 71 and

cZB ' (B.25)

sin ., = v/1 — cos20,,,.

The expression for cosf.,, can be obtained from Eq. (2.18). After solving
that we obtain:

1
(1 - —9) —1- fraa , (B.26)
2m p V2vEq — B2 —m242 — p?

which leads to:

B B B Byaa
afyz = (vE —q) (1 N e p2> . (B.27)

When replacing
p — mtan(z) with 0<z < g, (B.28)
Eq. (B.27) can be expressed as:
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afyz =

(YE — msec(z)) (1 - fraa ) (B.29)

V2Evymsec(z) — E2 — m2y2 — m?2 tan®(z)

Let us use the following notation to give the above expression a shorter form:

Ev —msec(z) — K,
(E? —m?)y*B* — H? >0,
afyz — Z,

Byaa — G > 0.

(B.30)

Using the above notation, Eq. (B.29) becomes:

Z = K(l - G), (B.31)
H2 _ K2

which can be transformed into:

) G
Z = Hsmqb(l — Hcosgb)’

(B.32)
or
Z = Hsin¢ — Gtan ¢,
when replacing K — H sin ¢, with —5 < ¢ < 3.
When a — 0, G — 0, and the solution becomes:
Z = Hsing = K =vE — msec(x), (B.33a)
affvz =~vE —q, (B.33b)
1
E = ;q + afz, (B.33¢)
which is consistent with a zero-size detector solution.
For a finite detector with a < p:
G a
—_— =<1 B.34
VH? — K2 2mp ( )
Therefore, the function
f(¢) = Hsin¢ — Gtan ¢, (B.35)
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has shape as shown in Fig. B.3. When 6., is small, there are multiple
solutions for ¢.

20
—— Z=Hcos¢p—-Gtan¢
15 4 —-==- Z=aPyz
101
5
S o
-54
_10 -
_15 4
-20 T T T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
¢

Figure B.3: f(¢) = Hcos¢ — Gtan¢ (blue solid line) and f(¢) = Z = afyz
(dashed red line). There are multi-solutions for ¢ when 6., is small.

When 0., > 0, the derivative of the function is:

f'(¢) = Hcos ¢ — G sec® ¢ > 0. (B.36)

To find the solution, it is needed to use a numerical method, for example a
Newton’s method:

f(¢:)
I/ (¢4)

Piv1 = i — (B.37)
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