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ABSTRACT

Light, weakly-bound nuclei, such as ®’Li, have been observed to have suppressed complete fusion
cross sections by up to 30% in comparison to model calculations and those of well-bound nuclei
when reacting with heavy targets at energies above the Coulomb barrier. Instead, these isotopes
are prone to breakup and cluster transfer, providing alternative reaction channels by which charged
fragments escape the target, resulting in enhanced incomplete fusion cross sections. Of particular
note is that in neutron-rich, radioactive, and weakly-bound projectiles, additional enhancement of
the incomplete fusion cross section has been measured beyond that expected from the degree of
weak-binding, suggesting that the current description of physics in models to describe weak-binding
in near-barrier reactions is incomplete.

Prior stable beam measurements of weakly-bound nuclei have suggested that in addition to
weak-binding, the charged cluster structure of the projectile and the lifetimes of projectile-like
resonances through which breakup can occur strongly impact reaction outcomes. However, detailed
measurements of breakup dynamics and a well-constrained incomplete fusion cross section are
limited to stability.

This thesis concerns the measurement of the breakup and incomplete fusion of ’Be, a proton-
rich, weakly-bound and radioactive isotope. A beam of "Be was bombarded on 2°Pb at a beam
energy of 51.84 MeV at the National Superconducting Cyclotron Laboratory to measure no-capture
breakup and incomplete fusion products. Additionally, this experiment served as the commissioning
run for the Fusion Array for Breakup of Light Elements (FABLE), which was created to measure
incomplete fusion yields and no-capture breakup yields with large angular separation in coincidence.
The characterization of this array and development of its analysis pipeline are discussed.

By comparing the no-capture breakup and incomplete fusion of "Be to ’Li, its mirror nucleus
that has also been measured in prior studies, the role of structure in the resulting reactions can be
better understood. Since nuclear structure tends to have strong influence on reaction dynamics at
near-barrier energies, the measurement of complete fusion suppression in 'Be may be expected

to be similar to that of "Li, breaking the aforementioned trend of incomplete fusion enhancement



in radioactive isotopes. Additionally, by comparison to °Li, another well-studied isotope with a
similar cluster breakup threshold to ’Be, the importance of clustered binding and structure can be
studied.

This work found while the breakup dynamics in "Be are similar to those of "Li, the incomplete
fusion factor, corresponding to the degree of complete fusion suppression, was Ficg = 0.50 = 0.04,
in agreement with the trend for enhancement of incomplete fusion in radioactive and weakly-bound
nuclei and much larger than those observed for %’Li. In addition, comparisons of the incomplete
fusion and no-capture breakup yields of ®’Li served to demonstrate just how different "Be behaves
in these near-barrier reactions. This measurement provides further evidence that the description of
breakup and cluster transfer in near-barrier reactions remains insufficient. Finally, an alternative set
of scaling parameters is proposed that provides a better trend for existing incomplete fusion factor

measurements, based in the properties of charged clusters within a weakly-bound isotope.
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CHAPTER 1

INTRODUCTION
If a primary objective of nuclear physics is to accurately and precisely describe nucleons interacting
via the strong nuclear force, then a direct corollary is that one job of the nuclear physicist is that
they must better understand how nuclear matter reacts with other nuclear matter through measuring
the outcomes of those reactions, and using that information to develop models for understanding
the mechanisms that underpin reactions, and from those models, make new predictions.

Stating this goal so plainly may as well be a joke — novel measurements of reactions of interest
require a careful and detailed understanding of the reactants, high-resolution detectors for measuring
ejectiles to confirm that one studies the specific reaction, and of course, one has to be able to produce
the reaction by ensuring they have an appropriate target and beam of high enough intensity that
they can study processes with millibarn-scale (or much smaller) cross sections. Finally, and most
importantly, one needs to be able to understand the interplay between the strong nuclear force and
other forces, such as the electromagnetic force, at femtometer and zeptosecond scales. Such a task
is no small feat.

Ignoring weak processes, nuclear matter is altered in reactions by splitting it apart or sticking it
together. This can involve just a few nucleons (e.g. breakup, stripping, pickup, transfer, knockout)
or with many nucleons, such as through fission or fusion reactions. A common theme that unites
all of these is the balance between the electromagnetic, or Coulomb, force and the strong nuclear
force, which will influence how nuclei react with each other. Depending on the energies of the
participant reactants, one force may dominate, but near the Coulomb barrier (at energies roughly
3 — 5 MeV/u), where the strong nuclear force and Coulomb force balance each other to produce a
local maximum in the internuclear potential, both will be critical for predicting reaction outcomes.
In this energy regime, the structure of reacting nuclei will also influence the resulting reactions.

An incident particle energy below the Coulomb barrier energy makes fusion very unlikely,
and if not for quantum mechanical tunneling, disallowed completely. A vivid example of the

interplay between the structure of nuclei and their reactions is the phenomenon of below-barrier
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Figure 1.1 Excitation functions for fusion of 160 + 144148:1545m plotting the measured fusion cross
section against a beam energy scaled by the barrier height of each reaction. At energies below the
barrier, indicated by the ratio E/By < 1, enhancement of the fusion cross section can be observed
compared to a single barrier penetration calculation, indicated by the dashed line. Figure from Ref.

[1].
fusion enhancement. This has been observed in fusion cross sections, such as in the example of
160 4 144-1549m  measured by Dasgupta et al. in Ref. [1], shown in Fig. 1.1. With increasing
mass of the samarium isotope, and hence increasing deformation, access to additional low-lying
collective rotational and vibrational excitations provide additional couplings for enhancement of
the fusion cross section by orders of magnitude.

Weakly-bound nuclei, which have small breakup thresholds into fragments, are useful tools in

the study of effects of nuclear structure in reaction dynamics. Their weak-binding means that they



can exhibit strong cluster structures in their low-lying states [2]. For instance, 'Be and ’Li both
have low-lying a + x structures — in the case of 'Be, it resembles a loosely-bound « and *He, and
in the case of "Li, it similarly resembles an @ and a triton bound together [3, 4].

A resulting phenomenon of particular note for this work is the above-barrier complete fusion
suppression measured in weakly-bound nuclei. We define complete fusion (CF) as the total capture
of the charge of a projectile. This operational definition focuses on charge transfer rather than mass
transfer to avoid the difficulties associated with accounting of neutron evaporation when measuring
fusion cross sections. In contrast, incomplete fusion is partial charge capture, separate from
charged particle evaporation, resulting in the charge of the initial projectile being split between the
target and an escaping fragment. Total fusion is the sum of all fusion processes. In other words,

the total fusion cross section orp can be expressed as

OTE = OICF + OCF» (1.1)

where ocr and ocr are the cross sections for complete and incomplete fusion, respectively. Com-
plete fusion suppression is the phenomenon of significantly reduced CF cross-sections compared
to calculations (such as single-barrier penetration models and coupled-channels calculations) and
to reactions of tightly bound nuclei forming the same compound system. An example of this can
be shown in Fig. 1.2, where the scaled excitation functions for complete fusion cross sections
with 130 (well-bound) on *30t and "Li (weakly-bound) on 2®Bi are plotted, comparing measured
and calculated cross sections in reactions forming the same compound nucleus[5]. The complete
fusion cross section for "Li is suppressed when compared to 80 when forming the same compound
nucleus by up to 30% at energies above the fusion barrier. This suppression of the complete fusion
cross section at above-barrier energies has been measured in a variety of weakly-bound nuclei and is
accompanied by commensurately large incomplete fusion cross sections. Instead of only complete
fusion, scattering, and transfer processes, one must consider the effects of incomplete fusion and
breakup reactions to fully describe the dynamics.

The complete fusion suppression for a reaction can be quantified in the incomplete fusion factor,
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Figure 1.2 Excitation functions for complete fusion of 'Li+>**Bi and '30+!3Pt, with energy and
cross sections scaled by the barrier properties for each reaction, are plotted together [5]. Single
barrier penetration calculations are also plotted for each reaction. The calculated cross sections for
fusion of 7Li overshoot the measured complete fusion cross sections significantly.

Ficr, defined as the ratio between incomplete fusion and total fusion cross sections:

OICF _  OICF

. (1.2)
OTF OCF + OICF

Ficr =

Figure 1.3 shows the measured incomplete fusion factors for a variety of weakly-bound nuclei
studied in prior work[5-9], plotted against their breakup threshold into multiple charged fragments
[10].1 The breakup threshold into charged fragments may be of relevance in understanding the
fusion dynamics of nuclei that are so prone to breaking into pieces. In fact, two different trends
emerge when comparing the degree of complete fusion suppression versus the breakup threshold
into two charged fragments for different isotopes — one for stable and one for unstable nuclei.
Specifically, an enhancement of incomplete fusion yields has been measured in radioactive and
weakly-bound nuclei.

The studied radioactive and weakly-bound nuclei have different low-lying structures (including

a + x clusters versus halos) but share their enhancement of incomplete fusion. They also are all

IThe distinction of breakup threshold into two or greater charged fragments will be made throughout this work.
This is because of the operational definition of complete fusion focusing on charged yields — neutron breakup alone
will not affect the complete fusion cross section as a result.
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Figure 1.3 Degree of complete fusion suppression (the ratio of incomplete fusion and total fusion
cross sections) plotted against the breakup threshold into two charged fragments for several different
1sotopes studied in prior experiments, each point and uncertainties having been digitized when not
reported directly from Refs. [5-9]. The blue markers indicate measurements of stable isotopes
and red markers indicate measurements of radioactive isotopes. The blue and red lines correspond
to exponential fits of each group. This work intends to add the complete fusion suppression of
"Be to the list of studied isotopes to better understand the relationship between breakup threshold
versus low-lying structure for understanding the mechanism for complete fusion suppression. The
breakup threshold for "Be is indicated by the dashed, vertical line.

neutron rich. By studying the incomplete fusion of 'Be, a proton-rich, radioactive and weakly
bound isotope, the separation between the radioactive and stable nuclei may be further supported
or broken. I will also note here that it would be surprising for the breakup and fusion of 'Be to
differ significantly from Li in view of their similar low-lying structure. However, a comparison of
the two may instead reveal the importance of breakup threshold in better understanding the reaction
dynamics in this case.

Prior studies have also demonstrated various complexities one must consider to fully describe
reactions with weakly-bound nuclei near the barrier. Firstly, in a re-analysis of Rafei et al. [12],

investigation of the multitude of breakup channels leading to ®Be breakup reactions and compar-
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Figure 1.5 No-capture breakup (blue) and unaccompanied o (orange) differential cross sections
resulting from impingement of "Li on 2*°Bi at Ecy; = 38.7 MeV, comparing the differential cross
sections resulting from the a-yield associated with breakup and incomplete fusion measured by
Cook et al. and a semi-classical breakup capture. model (shaded regions). While breakup can
be accurately modeled by breakup, sequential breakup and capture is insufficient for modeling the
enhanced incomplete fusion yields. The dashed vertical line indicates the grazing angle. Figure
adapted from Ref. [11].



ison to simulations demonstrated that the timescales of projectile-like resonances are critical for
understanding contributions of breakup near or far away from the target, but that even with this
additional sophistication of a model, that only 1/3 of breakup could account for the resulting in-
complete fusion yields in sub-barrier impingement of °Be on various heavy targets [13]. Secondly,
the angular distribution of unaccompanied a-particles,? resulting from reactions of "Li on 2*Bi,
measured by Cook et al., provided further evidence that breakup models under-predict the measured
incomplete fusion products, indicating that breakup and capture alone is an incorrect model for
explaining the enhancement of incomplete fusion products [11]. A comparison between simulated
and measured differential cross sections for breakup and incomplete fusion a-yield is shown in
Fig. 1.5. In the experimental differential cross section for unaccompanied a, one sees a peak at
forward angles (smaller than the grazing angle) compared to the corresponding breakup-capture
calculations, which peak at more intermediate angles (larger than the grazing angle). This differ-
ence in the spectrum indicates an alternative process must be the source of the enhanced incomplete
fusion yields, rather than sequential breakup and capture. In this case, direct transfer of the tritium
nucleus in the measurement of the "Li reactions was proposed to lead to the majority of the resulting
a-yield, and hence, incomplete fusion. Effects of resonance timescales in breakup will be further
discussed in Ch.6 and implications of the unaccompanied yields will be further discussed in Chs.
7 and 8.

Measurements near the fusion barrier provide a sensitive test for how the configuration
of nuclear matter can influence the resulting reactions. The measurement of fusion reactions
should also be a goal for informing other sub-fields of nuclear physics. By providing measure-
ment inputs for nuclear calculations and theoretical models, informing astrophysical reaction rates
through cross section measurements, and providing better insights into fusion and transfer processes
for moving up the nuclear chart in the continued push for superheavy element studies, near-barrier
fusion measurements serve an important role in advancing different goals in nuclear physics.

There are four main goals of this thesis in the study of breakup and fusion reactions of "Be on

>The measurement of so-called "unaccompanied" charged particles can be thought of as the yield of projectile-like
particles associated with incomplete fusion. Further details are provided in Ch. 2.



208Pp at above-barrier energies.

1. Interplay between structure, breakup, and fusion: By measuring fusion and breakup
reactions of 'Be on 2%8Pb, this work will study the possibility of direct cluster transfer
as a mechanism of complete fusion suppression. Measuring this direct cluster transfer
mechanism in another isotope will elucidate the impact of cluster transfer reactions on fusion
cross sections. Specifically, by measuring the breakup and fusion of 'Be, the mirror nucleus
of "Li, we can exploit the similar underlying structures to better understand how breakup
thresholds (which differ by over 1 MeV) influence complete fusion suppression. Figure 1.6
shows the level schemes for both nuclei and Fig. 1.4 shows the shell model occupation
diagrams for each isotope. Notably, they share a prominent 7/2~ resonance at similar
excitation energies, which are unbound to decay into an a-particle and a secondary charged

fragment.

2. Role of Breakup Threshold in Predicting CF Suppression: In addition to "Li, there are
preexisting studies of the breakup and fusion of ®Li [5]. In particular, the measurement
of SLi + 2%Bi yields the same compound nucleus in the case of complete fusion as that
of "Be + 298Pp for this study. Therefore, the differences between breakup threshold and
secondary residues for "Be, "Li, and °Li are noted in Table 1.1. These differences in breakup
threshold and secondary fragment should inform the interpretation of differences in breakup

and fusion cross sections for the different projectiles.

3. Procedure in a Radioactive Ion Beam Environment: This experiment is one of the early
instances of making such a detailed near-barrier breakup measurement with a radioactive ion
beam from which the incomplete fusion yields were directly measured, rather than fusion
evaporation residues. While a similar procedure has been used in the past for measurement
of the incomplete fusion yields in a stable beam environment [11], This attempt should serve
as a foothold for future measurements, as well as a first-attempt from which we may learn

from some issues for future trials. Furthermore, earlier measurements of incomplete fusion



cross sections indicate an enhancement of the incomplete fusion yield when using radioactive
ion beams, as shown in Fig. 1.3. However, 'Be may not be expected to behave similarly
to the previously measured isotopes — 'Be is not a halo nucleus, but prior measurements
of other beryllium isotopes have focused on halo nuclei. Examining whether the breakup
and fusion of "Be matches more closely with that of "Li or these other radioactive ion beam
measurements may demonstrate how the reaction dynamics change when moving away from
stability or confirm the importance of low-lying structure first and foremost. This experiment
was also entailed the commissioning of the Fusion Array for Breakup of Light Elements
(FABLE). Such an array was required to be able to measure the fragments from breakup with
large angular separation in coincidence and to maximize solid angle coverage. The process of
characterizing the detectors in the array and methods for analysis of its data will be discussed

through the entirety of this thesis.

Isotope Breakup fragment 1 Breakup fragment 2 Breakup Threshold (MeV)

"Be a 3He 1.587
TLi a ¢ 2.467
OLi a d 1.474

Table 1.1 Breakup thresholds into charged fragments for 'Be and ®’Li.

The structure of this thesis is as follows:

1. Background theory and concepts for understanding the analysis of the experiment upon this

work focuses are summarized in Ch. 2.

2. Specifics regarding the experimental apparatus, including the beam production, chamber and

FABLE, are detailed in Ch. 3.

3. The analysis procedure of FABLE, including the process of turning a signal in a silicon
detector into the position and energy of the inducing particle, is described in Ch. 4. Also
included in this chapter are some basic features of the singles data from this experiment,

including particle identification and the angular distribution.
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. One challenge of the analysis of this experiment was associated with the profile of the
delivered beam. A procedure for quantifying the offset of the center-of-mass of the beam

spot is described in Ch. 5.

. The coincidence analysis of no-capture breakup fragments and corresponding simulations
from KOOKABURRA is discussed in Ch. 6. Also present in this chapter are the details of

efficiency determinations and breakup simulation validity.

. Chapter 7 contains the main result of this work — the measured differential cross sections for
the unaccompanied helium isotopes are presented in this chapter, alongside the corresponding

degree of incomplete fusion for 'Be + 28Pb.

. Lastly, Ch. 8 considers the implications of the complete fusion suppression measurement of
"Be in this work and in the context of prior measurements, including comparisons to %7Li

data from prior experiments in Refs. [5] and [11].

11



CHAPTER 2

BACKGROUND
In the last chapter, the phenomenon of complete fusion suppression was introduced, along with
context and motivation for measuring the breakup and fusion of "Be in particular at energies
above the fusion barrier. In this chapter, theoretical concepts will be reviewed for the purposes of

understanding and analyzing the measurements made for this thesis.

2.1 Reaction Channels

There are several reaction channels a projectile can enter when reacting with heavy targets at
near-barrier energies. For the following discussion, see Fig. 2.1 for illustrations of the various
reaction channels. The most peripheral process possible is scattering: either elastic scattering,
where kinetic energy is conserved, or inelastic scattering, where some of the projectile energy is
lost to excitations in the internal structure of the reacting nuclei. There can also be the transfer or
one or more nucleons between the projectile and the target. More central collisions can result in
complete fusion (CF), or total charge capture of the projectile by the target.

In reactions with weakly-bound nuclei, which are inherently prone to projectile breakup into
charged fragments, the breakup fragments can still enter the complete fusion channel, where both
fragments are captured. There is also no-capture breakup (NCBU), an analogue of scattering,
where following breakup, both charged fragments interact with the target’s Coulomb field and
escape. Finally, there is incomplete fusion, where there is only partial charge capture from the
projectile. Note also that incomplete fusion can occur by way of direct cluster transfer, in contrast to
projectile breakup followed in sequence by capture. Both methods of incomplete fusion necessitate
an escaping charged particle, which will be referred to in this work as an unaccompanied particle.
The properties of the unaccompanied particles can be leveraged to determine an incomplete fusion
cross section and interpret the reaction dynamics[11]. Consider the cross section associated with

all reactions that generate an a-particle, o :

O = OICF T+ ONCBU t Oevap T Odecay> (2.1)
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Incident

e
Unaccompanied

Figure 2.1 Cartoon of reaction channels with weakly-bound nuclei. The projectile can scatter,
following the dashed, black trajectory. Alternatively, the weakly-bound projectile can disintegrate
into fragments. After breakup occurs, both charged fragments can escape the target, as shown by
the solid black trajectories, denoted as no-capture breakup (NCBU). Alternatively, one or more
fragments can follow a trajectory similar to the one indicated in red, and fuse to the target. The
case of partial charge capture is called incomplete fusion (ICF) and the case of total charge capture
is referred to as complete fusion (CF). The projectile can also completely fuse to the target without
breaking up, as indicated by the blue trajectory, and is indistinguishable from breakup followed
by sequential capture of the fragments. Finally, note that in the case of ICF, the trajectory of the
escaping unaccompanied breakup fragment is indicated in cyan. Measuring these unaccompanied
particles is one signature of incomplete fusion. Note that the drawn trajectories in this cartoon do
not correspond to realistic trajectories for each process.

where ocr is the cross section for incomplete fusion generating an escaping alpha, oncpu gives the
cross section for a-yield from no-capture breakup, oeyap is associated with a-particles arising from
evaporation from a compound nucleus following fusion, and ogecay is the cross section associated
with a-decay of various reaction products formed in fusion. Decay products resulting from fusion
can be removed based on their low, mono-energetic peaks compared to the energies expected from
breakup fragments. Contributions due to fusion evaporation must be considered with sufficiently
high excitation energy, and will be discussed in Ch. 7. We can measure o, and oncpy directly and
constrain Oeyap, thus, incomplete fusion cross section measured by the unaccompanied a particles

can be expressed as

OICF = 0q — ONCBU ~ Tevaps (2.2)

or the difference between the cross section associated with the total a-yield and that arising from
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Breakup Mode o (mb)
Li— a+t 9.6 +0.6
Li-2n—-Li—>a+p 86+05
i-n—>%Li—>a+d 10.8+0.5
Li+p—-%Be—sa+a 73+04

Table 2.1 No-capture breakup cross sections for "Li+2%Bj at Ecy = 38.7 MeV [17] [11].

no-capture breakup and fusion evaporation.

One nuance not mentioned in the earlier discussion is that following transfer reactions, there
can be another opportunity for secondary processes. Transfer-triggered breakup modes arise when
a transfer reaction between the beam nucleus p and target 7 populates some unbound, resonant
state in the resulting projectile-like nucleus and can also contribute to complete fusion suppression

through no-capture breakup or breakup followed by capture:
p+T —>q"+R—>a+b+R, (2.3)

where ¢* is the projectile-like resonance that forms following the initial transfer reaction, R is
the recoiling target-like nucleus following transfer, and a and b are breakup fragments following
the decay of g* — a + b. See Fig. 2.2 for an illustration of this process. In some cases,
such as that of 7Li, the transfer-triggered breakup modes through the resonance structures of the
intermediate, unbound nuclei can contribute to breakup cross-sections at a similar scale to that of
their direct counterparts and should not be ignored [13, 15-17]. Table 2.1 displays the no-capture
breakup cross sections for "Li+299Bj at Ecy = 38.7 MeV. These data show that contributions from
transfer-triggered breakup are of a similar scale to that of the direct breakup channel in this case.
Timescales for breakup are important for determining which resonant states may contribute
to complete fusion suppression. If a projectile-like resonance is populated via transfer or direct
excitation, its lifetime must be brief enough such that the nucleus breaks up during its trajectory near
the target nucleus incomplete fusion can occur. One such example is in population of resonances
in 8Be, which will be discussed in Ch.6. The 8Be 2* resonance, with a lifetime of order 10722
s, is short-lived and thus its breakup @ particles will be emitted near the target. Along small ¢

trajectories, this leads to complete fusion by sequential capture of each fragment or incomplete
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Figure 2.2 Cartoon illustrating transfer-triggered breakup, following the projectile along its tra-
jectory. There is some initial nucleon transfer, depicted by the circled pink nucleon, exchanged
between the incoming projectile and the target. This populates some weakly-bound resonant state
within the projectile (indicated by the nucleus circled in red), which can then decay, or break up,
into two or more charged fragments, which follow different trajectories than the initial one of the
projectile. Whether or not this breakup occurs near or far from the target depends on the lifetime
of the populated resonance.

fusion by capture of only one fragment. Along large ¢ trajectories, the 3Be disintegration leads to
no-capture breakup, typically. However, for long-lived resonances, like the 0* resonance of ®Be,
with a lifetime of order 1071 s, projectile disintegration far later than the zeptosecond-timescale.
Therefore, particles along small ¢ trajectories that would typically lead to capture result in complete
fusion more often, but not incomplete fusion. Meanwhile, particles along large ¢ trajectories end

in no-capture breakup and the escape of the resulting fragments [13, 18].

2.2 Nuclear Scattering and Potentials

For interactions between charged fragments loosely bound together as a "Be nucleus or inter-
actions between a lighter projectile and heavier target, one can describe the quantum mechanical
states that these nuclei occupy based on a particle in a spherically symmetric potential well, which

is a more general model. The radial Schrodinger equation for a particle with mass m is:

d’u(r) 2m
+— |E-V(r) -
dr? h? (") 2mr

w u(r) =0, 2.4)
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where ¢ is the angular momentum, 7 is Planck’s reduced constant, and using the typical substitution
u(r) =rR(r).

The actual interaction can be defined as the sum of Coulomb, nuclear, and centrifugal potentials:

V(r)=Ve(r) + Vn(r) + Ve(r), (2.5

where the Coulomb potential is known to be a repulsive 1/r force proportionate to the charge
product of the interacting nuclei. For interactions between a point-like charge and a charged sphere,

the potential can be defined as

2
—lerze , r>re,

Ve(r) = i (2.6)
Z1Z5e2 3ri-r
Trc_3 r<re

where r. is the radius of the charged sphere and e? = 1.44 MeV fm.

Finally, the centrifugal term of the potential can be expressed as

(e + )R’

Ve(r) = , 2.7)

2ur?
where ¢ is the angular momentum quantum number and u = mmy/(m + my) is the reduced mass
between the interacting nuclei.

The nuclear potential should describe a short-range, attractive force and there are various options
for different nuclear potentials. A common phenomenological choice for the parametrization of the
nuclear potential is the Woods-Saxon potential:

Vo

Vn(r) = T RV
1 +exp (r;TO)

(2.8)

where V| is the depth of the potential well, r is the radial separation, Ry = ro(A:/ St A;/ 3) is the
well radius based off the mass numbers of the reacting nuclei, and ag is the surface diffuseness
parameter.

A more complex choice for the parametrization of the potential is based on the optical model,
which defines real and imaginary components of a potential, V(r) = U(r) + iW(r), to model

scattering and absorption of an incoming beam on the target, respectively [19].
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In this thesis, the Sao Paulo Potential version 2 (SPP2) was employed for determining the real
part of the nuclear interactions between breakup fragments and recoiling targets for simulations.
The SPP2 calculates a double-folding nuclear potential by integrating an effective nucleon-nucleon
interaction over the proton and neutron density distributions within the nucleus. For a full de-
scription, see Ref. [20]. Potentials calculated with SPP2 were fit to functions of the form of the
Woods-Saxon potential in Eq. 2.8 to describe particle interactions for breakup simulations, which

will be described in Sec. 2.6 and Ch. 6.

2.3 Cross sections

Before continuing, cross sections have been mentioned throughout this text and should be
formally defined. The cross section is the quantity we use to denote the probability of a nuclear
reaction, with its size (given in area) corresponding to an area transverse to the direction of motion

of the colliding nuclei. The cross section, o~ for a process is

= (2.9)

where Y is the is the yield rate of the reaction product in particles-per-second, / is the incident beam
intensity in particles-per-second, and N is the target number density, given in atoms-per-unit area.
The differential cross section is used to express the reaction rate in a region subtended with solid
angle AQ = sin 8dfd, as this will correspond to the likelihood of measuring a reaction within a

detector’s view in (8, ¢). This differential cross section is expressed as

do _ Y(6,¢)

= -7 | 2.10
dQ ~ INAQ(6.9) |, 2.10)

Elastic scattering can be approximated as Rutherford scattering in cases where the nuclear
contribution to the potential is negligible compared to that of the Coulomb force. Such situations
include reactions at sufficiently sub-barrier energies and scattering at very forward angles. We can
exploit this approximation for cross section normalization later in this thesis (see Ch. 6). The
distance of closest approach, R;,, for Rutherford scattering between nuclei with atomic numbers

Zl and Zz is
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Z1Z,e> 1
- Z142¢ (1+ ) @.11)

M Eem sin(6/2)
where here, 6 is the center-of-mass frame scattering angle, Z; is the proton number of the projectile,
Z, is the proton number of the target, and Ecy is the energy of the projectile in the center-of-mass
frame. Note also that this quantity can be experimentally determined by measurement of the
scattering angle along with knowledge of the reaction system in the case of Rutherford scattering.
The scattering angle can be related to the impact parameter, b, which gives an effective radius for

the relevant interaction. The impact parameter can be expressed as

b= cos —. (2.12)

The impact parameter, b, relates the distance of closest approach of the projectile’s trajectory
without accounting for interaction with the potential field. Therefore, by relating the scattering
angle to the impact parameter, one describes the relationship between the incoming and outgoing
trajectories of the projectile thanks to the impact of the reactions with the target field. More
central collisions, with smaller impact parameters, and thus leading to larger 6, result from more
direct processes, while more peripheral reactions have greater influence on the outgoing projectile
trajectories compared to the incoming, arising larger impact parameters. This also implies that by
inspecting the angular distribution of different ejectiles, one can infer what kinds of collisions are
associated with the resulting cross sections. This will be important when considering a comparison
of the unaccompanied o and *He spectra from reactions in this work in Ch.7.

Now, note that the impact parameter is related to the differential scattering by

do b db
= = =, 2.13
dQ  |sinf do ‘ (2.13)
one can find that the differential Rutherford scattering cross section is
d Z1Z2e%\’ 1
TRuth _ ( 1£2¢ ) X — . (2.14)
dQ 4Ecm sin” (Bcm/2)

For a detailed derivation of scattering in a Central force field, of which Rutherford scattering is one

case, see Goldstein’s description in Ch. 3 in Ref. [21].
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Finally, the classical cross section for total fusion, not accounting for weak-binding and in the

classical limit (E > Vjp), can be written as

V.
amﬂE):nR%(l—ig), (2.15)
where R is the well radius and Vj is the barrier depth. The above-barrier total fusion cross
section was estimated using the program CCFULL [22] and fusion evaporation cross sections were

calculated using PACE4 in Ch. 7 [23, 24].

2.4 Q-values
The ground state-to-ground state Q-value of the reaction, denoted as Qg, is defined as the

difference in the combined mass energies of reactants and products. This can be expressed as

Qgg = Z miC2 - Z mfcz, (2.16)
i f

where i sums over the nuclear masses of the initial reactant nuclei and f sums over the product
masses. A reaction with a positive Q-value is energetically favorable, while a reaction with a
negative Q-value has a threshold set requiring that amount of input energy. However, if the reaction
populates an excited state in the exit channel, the energy required to excite the body should be
accounted for to determine the Q-value for the particular reaction, which I will denote as simply Q.

Then the Q for a reaction that populates an excited channel with energy E, is

Q= Q4 — Ex. 2.17)

While there should be a distribution of Q-values thanks to the various excitations one can
populate in the exit channels, the optimum Q-value, Qop, is the average expected Q-value for a
transfer-based process, since a range of energies are viable, up to Q,,. We can predict this Q¢ by
matching the incoming projectile trajectory to the outgoing projectile-like particle trajectory, such
that the excitation energies of the transferred nucleons match the height of the potential barrier
between the reactants [25]. Ignoring the recoiling nucleus excitations, the optimum Q-value can

be approximated as

z,7
Qopt:ECM(Z 7 - 1)’ (218)
pLt
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where Ecw is the center mass frame energy of the incident projectile, E(.,, is the energy of the
outgoing projectile, Z;, Z{ are the charges of the outgoing projectile-like and recoiling nuclei, and
Zp,Z; are the charges of the incoming reactant nuclei. I will note that if the trajectories of the
incoming and outgoing projectiles are matched, then Ecy = E(,, implicitly. The experimentally
determined Q-value can thus give insight into the excitation of the recoiling target.

In the case of no-capture breakup, where two breakup fragments can be measured exclusively,
the experimental Q-value is reconstructed as an observable of measured reactions in the experiment
discussed in this work. When the energies of both breakup fragments are measured, the Q-value
can be expressed as

Ebeam+Q:Er+El+E2’ (2.19)

where Eyeam 15 the beam energy after correcting for energy loss in the target!, E; , are the breakup
fragment energies, and E, is the recoiling nucleus’ energy, which is calculated from the known
two-body kinematics of the reaction by knowing the individual breakup fragment energies, angles,

and identities. Therefore, the reconstructed Q-value, Q, is calculated in this work by
Q = El + EZ + Er - Ebeam, (220)

where I emphasize that the projectile-like excitations are already accounted for in the breakup
fragment kinetic energies, E1 and E,. This means that the reconstructed Q-value reflects excitations

in only the target-like nucleus.

2.5 Breakup Trajectories and Relative Energy

I will now provide a mathematical description of the relationship between breakup fragment
locations and energies and their initial projectile. Let a weakly-bound projectile, p, (perhaps
created by a preliminary transfer reaction) break up into charged fragments 1 and 2, at some point
along its trajectory. The opening angle between 1 and 2 can be denoted as 81>. We could imagine

the trajectory of p had it not broken up. This trajectory can be defined as the pseudo-projectile

'In this work, it is assumed that all reactions occur halfway through the target. This means that energies of
the incoming particle will be lowered according to this expected deposition, as well as outgoing particles will have
their energies adjusted upward to account for further energy loss exiting the target. For more details on energy loss
adjustments, see Sec. 2.7.
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Figure 2.3 Depiction of the breakup of a pseudoprojectile m 1, into two charged fragments, m; and
my, each scattering at angles 6, and 6,, with opening angle between the fragments 61> = | + Y2,
following the reaction of incoming beam particle m; and target m;, resulting a recoiling target with
velocity v, and the breakup fragments with velocities v and v,. The pseudoprojectile’s scattering
angle with respect to the target is 6,,. The breakup fragments have a relative velocity between each
other, V., and the angle between this separation vector and the pseudoprojectile velocity vector,
V), is denoted as Srel.

scattering angle, which I will denote as 6,. By considering the opening angle between the real
breakup fragments versus the trajectory of the virtual projectile, we can determine efficiencies for
breakup, discussed in Ch. 6. This scheme is shown in Fig. 2.3.

The relative energy between the breakup fragments gives insight into the weakly-bound pro-
jectile’s state prior to breakup by way of the invariant mass method. By measuring both breakup
fragments’ energies and positions, one can infer the identity of the recoiling nucleus and the re-
maining energy associated with excitation of the projectile. In this way, the relative energy can be

reconstructed. The relative energy is defined as

1
Ere = E/JVrze], (2.21)
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where y = mymy/(m; + my) is the reduced mass and the relative velocity is

Viel = \/vf +v3 = 2|vi|va] cos 612, (2.22)

which is the relative speed between the breakup fragments following disintegration, given as a
function of the particle speeds and the opening angle, 81>, between the breakup fragments. The

opening angle can be calculated according to the individual breakup fragment positions by

cos 013 = cos f cos O, + sin 0y sin 6, cos(¢| — ¢2), (2.23)

where the scattering angles of each breakup fragment are given 6 and 6;, and the azimuthal angles
are given by ¢ and ¢;.

Additionally, note that at the energy range of 3 — 5 MeV/u, the non-relativistic limit is valid for
relating particle velocities to their energies by E = %mvz. By knowing the initial beam energy and
final energies of the breakup fragments, along with their positions, this framework allows one to
establish the energetics of the intermediary reactants.

Finally, the relative momentum between the fragments can be captured in the angle, 3|, defined
as

V1V sin 012

Sin Bre; = 555 , (2.24)
viuy +viu; — 2uiurviva cos 012

where 61, is the opening angle between fragments, vy > are particle speeds in the laboratory frame
and u » are the particle speeds in the center-of-mass frame. This quantity is useful in understanding

the orientations of breakup fragments, as will be discussed in Ch. 6.

2.6 Simulating Breakup: KOOKABURRA

It is worthwhile to describe a model for breakup that can be used as a framework for interpreting
the dynamics in reactions of weakly-bound nuclei. This model will later be used in simulations
(to be discussed later in this chapter, as well as Ch. 6). The experimental analysis relies on
breakup simulations to calculate detector efficiencies and confirm interpretations of experimental
spectra. The simulation program, KOOKABURRA, written by E.C. Simpson, has been employed in

this work for these purposes [26]. KOOKABURRA is a semi-classical, time-dependent, three-body
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breakup simulation code that calculates the trajectories of both direct and transfer-triggered breakup

fragments. The program requires the following inputs:

1. Potential interactions between the participating nuclei. In this work, Woods-Saxons potentials

fitted to the Sao Paulo Potential 2 were used for the nucleus-nucleus interactions [20].

2. Q-values for transfer and breakup reactions.

3. Excitation-energy dependent lifetimes for each resonance in each projectile, provided by
R-matrix calculations with relative strengths from the experimental relative energy spectra

for each resonance.

4. Excitation energies of the target-like nuclei based on the reconstructed Q-value spectra.

5. The breakup function, described below.

Once these model inputs are provided, KOOKABURRA can simulate stochastic breakup for
each mode. It does this by first simulating the incoming Rutherford trajectory of the projectile.
It then simulates a transfer reaction between the projectile and target, assuming that a transfer-
triggered breakup mode is being triggered. After this, for each timestep, there is a chance that
the projectile will disintegrate. The program samples from a probability distribution of excitation
energy-dependent mean lifetimes to stochastically simulate breakup,? at which point the projectile
instantaneously breaks into pieces. The breakup fragment trajectories are then simulated, taking
into account interactions with the target’s field, as well as interactions between the breakup frag-
ments, which are important for simulating observables from breakup realistically [18]. Within this
framework, the locations and energies of the breakup fragments can be simulated for each breakup

mode

2The lifetimes for decay are excitation energy-dependent because while breakup is simulated instantaneously in
KOOKABURRA, the product fragment trajectories can remain localized for some time following disintegration. The
spatial separation of the breakup fragments is then dependent on the excitation energy of the projectile prior to breakup.
By sampling from a distribution of lifetimes based on the measured excitation energy distribution to stochastically
determine the timestep for breakup, this is reflected in the model.
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The breakup function is the relation between the probability for pseudoprojectile breakup to

the distance of closest approach between the projectile and the target, modeled as the exponential
P(Rpin) = efmin®?, (2.25)

where R, is the distance of closest approach along a Rutherford trajectory as defined in Eq. 2.11,
and u and v are fitted parameters for a particular reaction (in practice, reached iteratively by fitting
based on the no-capture breakup cross sections, as discussed in Ch. 6). The larger distance of
closest approach implies a more peripheral interaction, which means that the projectile is less likely
to break up, and instead having a more Rutherford-like trajectory. Conversely, closer distances
of closest approach will result in the strong nuclear force having greater influence, yielding more
breakup and fusion processes. The resulting simulations were employed to identify and interpret
contributions from the various resonances populated in the projectile prior to breakup within the

experimental data and to determine the coincidence efficiency of the detector array.

2.7 Energy Loss

Energy deposition underpins the operating principle of radiation detection and AE — E particle
identification. Additionally, accounting for energy lost through non-active materials is integral
for accurately measuring energies of particles. The energy of a particle straggling through some

material can be calculated via the Bethe-Bloch equation for stopping power,

dE 47mZ§( e? )21 [Zmevz]
_ n ’
1

2.26
dreg ( )

Cdx m?
where —dE /dx is the stopping power, e is the fundamental charge, m, is the electron mass, € is the
vacuum permittivity constant, n is the electron density, Z,, is the atomic number of the projectile,
v is the speed of the projectile, and I = 10 eV - Z; is is the mean excitation energy of the material
through which the projectile passes, with atomic number Z, [27]. This model for energy loss,
implemented via Zeigler [28], will be used throughout this analysis. In particular, energy loss is
taken into account for energy calibrations and dead layer determinations, as well as corrections in

kinematic reconstruction of reaction participants after the particles are detected. In the coincidence

analysis, the fragment energies can be used to reconstruct the Q-value of the reaction, along with
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Figure 2.4 Diagram of a particle entering a material (shaded in green) with some thickness Ax at
some angle of incidence . The larger this angle is, the more energy is deposited as the particle
passes through the material since its effective thickness becomes Ax.g = Ax/cos 3.

properties of the pseudoprojectile in the case of coincidence measurement. Finally, note that while
the energy loss is proportional to a factor of approximately le, /In Z,, the kinetic energy of a particle
is related to its mass, which goes according to its total nucleon number. This means that the energy
deposition in a material will be different for different isobars of the same element. This principle
underpins particle identification with AE — E detectors — that is, measuring the energy deposited
in a thin, front AE detector and the remaining projectile energy in a thick, back E.s detector. The
different energy depositions creates a particle identification matrix with separate bands of energy
for each isotope measured.

One note for energy corrections is that the effective thickness of a material depends on the
angle of incidence of the incoming particle. When a particle enters a material at some angle, 8, as
shown in Fig. 2.4, the thickness of the material, Ax, should be multiplied by a factor of 1/cos 8 to
account for the increased interactions through the particle’s trajectory. All routines throughout this
work that correct for energy loss via depositions (in the target, detector dead-layers, and so on) will

account for this corrective factor.
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CHAPTER 3
EXPERIMENTAL DETAILS

3.1 Introduction

In the last chapter, the motivation for a study of the breakup and fusion of "Be was discussed, as
well as some theoretical background enabling understanding the reactions of interest in this study
and how we may measure them. In this chapter, the setup of the experiment to measure breakup and

fusion cross sections will be discussed, including the detectors, electronics, and beam production.

3.2 Beam Production and Targets

The "Be beam was produced on the ReA6 ReAccelerator beamline at the National Super-
conducting Cyclotron Laboratory (NSCL), in a standalone mode, decoupled from the cyclotrons.
Following proton irradiation of a Li target, producing "Be by a (p,n) reaction, a pure sample
of "Be was produced by chemical separation, the procedure of which is described in Ref. [29].
The pure 'Be sample was then inserted into the Batch-Mode Ion Source (BMIS), consisting of a
sample oven and a VD5 Versatile Arc Discharge Ion Source (VADIS). After heating the sample
in the oven, nitrogen trifluoride was injected to reduce surface adsorption of the "Be, forming
beryllium-fluoride. These compounds were then ionized with VADIS and accelerated through a
mass separator to select only "Be [30]. From there, the beam was then injected into the electron
ion beam trap to bunch the continuous stream of ions into a bunched and pulsed beam, as well as
charge bred to a 4+ charge state for acceleration and to ensure purity by avoiding contamination of
"Li. The beam was then selected in a Q/A separator, bunched with a radiofrequency quadrupole
to 80.5 MHz, and accelerated in a system of quarter wave resonators until it was delivered to
the experimental area in the ReA6 vault, resulting in a beam with an average intensity of 5000
particles per second [31, 32]. The beam had a 4* charge state at 51.84 MeV before impinging
on the 29Pb self-supporting target. This energy, which was about 30% above the fusion barrier
energy, was chosen to match the beam-to-barrier energy ratio from prior measurements of %’Li on

209Bj from Refs. [5] and [11]. The target was measured to have a thickness of 560 ug/cm? using
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Figure 3.1 FABLE arranged in the front-back configuration for recording breakup fragments in
coincidence with large angular separation at both forwards and backwards angles. The beam axis
and direction is indicated with the cyan arrow. The target is placed at a 45° angle with respect to
the beam. Silicon beam monitors were mounted at forward angles, indicated by the white circles,
to measure elastic scattering for normalization. In this configuration, the breakup and incomplete
fusion yields from "Be on 2%Pb were measured.

a-transmission with a 23U source !. This measurement was made with FABLE in its "front-back"
configuration, pictured in Fig. 3.1, where the detectors were positioned to maximize coverage at
both forward and backward angles to measure breakup fragments with large angular separation.
In addition, a "N was also produced at 56 MeV with a 5% charge state. FABLE recorded these
data in a "lampshade" configuration placed at backwards angles, as depicted in Fig. 3.2. This

measurement was used in the energy calibration of FABLE’s AE detectors, since the '*N would

IThe 232U source spectrum will be discussed in Sec. 4.2, as it was the same source used to eventually calibrate the
detectors.
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Figure 3.2 FABLE arranged in the lampshade configuration for recording elastic scattering of 4N,
which was used in the energy calibration of the detectors

deposit its full energy and stop in the AE detectors.

The measurement of Rutherford scattering in '*N was also used to determine the solid angle of
the silicon surface barrier detectors, or beam monitors, positioned at forward angles as pictured in
both Fig. 3.1 and Fig. 3.2. The measurement of Rutherford scattering in these detectors is used to

normalize breakup cross sections (see the discussion in Sec. 6.4.2).

3.3 Apparatus: CFFD and FABLE
The beam was received in the Charged Fission Fragment Detector (CFFD) chamber. Housed
in the chamber was FABLE, the Fusion Array for Breakup of Light Elements. It is an array of

eight wedge-shaped, double-sided silicon detectors (DSSD), model MMM manufactured by Micron
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Figure 3.3 Graphic of the MMM detector design from Micron Semiconductors Ltd [33]. Eight of
these double sided silicon detectors were arranged to form the four AE — E telescopes in FABLE.

Telescope AFE Thickness (um) Nominal E.s Thickness (um)

W 111 500
X 109 500
Y 112 500
Z 112 500

Table 3.1 Detector thicknesses for each MMM within each telescope in FABLE.

semiconductors, the design of which is pictured in Fig.3.3. These neutron transumtation doped
(NTD) detectors were arranged with a near detector of roughly 100 pm thickness, and behind it, a
thick detector of roughly 500 um thickness, to form four telescopes for AE — E particle identification.
The exact detector thicknesses are listed in Table 3.1. Each DSSD has a thin aluminum coating on
both the front and back of the detector.

Each DSSD has a 60° wedge design consisting of sixteen 6.4 mm wide latitudinal arcs (junction
side) and 8 longitudinal sectors (ohmic side) subtending 6.8° in the plane of the detector, with the
active area having an inner radius of 65.20 mm and an outer radius of 270.20 mm [33]. The overlap

between signals from an arc and a sector form virtual "pixels" which give the location of a charged
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Figure 3.4 Block diagram of the signal chain used for recording data from FABLE and monitor
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detectors for this experiment. It is discussed in the text.

particle within the detector. Each arc spans A6 = 4° in polar angle and each sector spans Agp = 8°
in azimuthal angle when arranged around a target. More details about the pixelization procedure

can be found in Ch. 4. Each detector was reverse-biased to improve charge collection and reduce

noise [27].

During the experiment for this work, the readout from the detectors were amplified by the

MPR-16 preamps and then the waveforms were digitized by the XIA Pixie-16 digitizers (100

30

RF/4




MHz and 250 MHz sampling rate modules). The waveforms were processed by a fast trapezoidal
filter algorithm? and a digital constant fraction discriminator (CFD) algorithm to extract timing
and a slow trapezoidal filter for energy. The block diagram for the electronics setup used in this
experiment is shown in Fig. 3.4. FABLE signals were amplified by MPR-16 preamplifiers, which
were powered by a Clover power supply. A pulser signal was also input directly into the preamps,
along with beam monitor signals, which were amplified by the quint preamp. The resulting signals
were then recorded in Pixie-16 digitizers, indicated by M3-12 in the graphic. The OR of a livetime
trigger of several digitizer modules were grouped to generate a gate corresponding to the OR of AE
detector arc signals. Meanwhile, the beam radiofrequency (RF) signal (downscaled by a factor of
4) was input into an analogue CFD module. The AND of the AE arcs and downscaled RF was used
to create a trigger for recording a digitized version of a further downscaled beam RF pulse in the
module 12 digitizer in order to extract timing from the beam for a time-of-flight when compared
to timing from FABLE. However, time-of-flight was not able to be used in the analysis of this
experiment due to difficulty with the digitization of the full-scale beam RF and ambiguity in the

time-of-flight spectra when using the downscaled beam RF.

3.4 Conclusion

In this chapter, the details of the experimental setup were reviewed. This included the production
of the "Be beam, the introduction of FABLE, and the electronics chain used in the experiment. In
the next chapter, the process of using the signals recorded in FABLE to extract position and energy

information of particles will be discussed.

%For a review of trapezoidal filters in digital pulse processing, cf. Chapter 17 of Reference [27].
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CHAPTER 4

ANALYSIS PROCEDURE
In Ch. 3, we measured particles punching through the FABLE array by digitally recording the
charge signals of the individual arcs and sectors on each MMM Si detector with Pixie-16 digitizers.
By processing the charge waveforms through trapezoidal filters, energies were then digitally written
for each channel. However, there is still much work to be done to properly correlate individual
signals after they are recorded. This chapter concerns the process of how a virtual pixel must be
formed on the detectors where a particle entered, and then how a sorting routine is employed to

properly pair AE and E pixels for a single particle that punches through a telescope in the array.

4.1 Coordinate Determination
I will now describe the coordinate scheme for localizing particles in experiments with FABLE,
following the procedure described in Ref. [34]. When we measure a particle in one of the DSSDs,

we can assert that it has landed within the plane of the detector, and assign coordinates on that

plane
x = Rsin(y),
y = Rcos(y), 4.1)
z=0,

where R refers to the radial distance from the circle circumscribing the DSSD, and vy refers to the
angle between the radial segment and the central axis splitting the DSSD in half. This scheme is
shown in Fig. 4.1. This describes the location of a charged particle on the surface of the detector.
Note that because a particle is measured in arc and sector strips, from which a position is determined
based off a virtual pixel, the particle is localized within the pixel, but its position is not exactly
known. Therefore, in the analysis routine, the location of the particle is randomized within the
assigned pixel, and its appropriate R and y values calculated.

After assigning a particle its position within the detector, through a series of coordinate trans-

formations, the DSSD can be shifted to its true position in the lab frame, with the target at its origin.
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Figure 4.1 Coordinate system for hits in FABLE within the DSSD plane. Charged particles can be
specified according to the radial offset, R, from the DSSD center, defined as the origin, alongside
the polar angle from the central axis, defined as 7.

By doing this, the relative position of the particle within the detector can be transformed into its
position relative to the target in a typical laboratory frame. This series of transformations that I
will now describe is shown in Fig. 4.2. The coordinate system is defined such that the beam moves
positively along the z-axis and impinges on a target at the origin. I will dive into the handling
an "off-center" beam in Ch. 5. However, for the sake of defining a coordinate system, I simply
note here that an additional translation with respect to the beam offset is the only transformation
necessary to go between this coordinate system and one where the beam spot is off-axis.

First, the detectors are twisted about the y-axis in the x — z plane by n = 0. The relevant

transformations are

X — zcosn —xsinmn,
4.2)

Z — zsinn +xcosn.

For n = 0, as in this experiment, the detector plane has been moved from the x — y plane into the
y — z plane.

The detectors then lean in the y — z plane toward the target at an angle of { = 45°, which can
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Figure 4.2 Illustration of the coordinate transformations for FABLE position determination. The
DSSD starts at the origin in the x — y plane. It then undergoes a twist of 7 = 0 in the x — z plane, as
shown by grey plane 1, but for demonstrative purposes, a twist of non-zero 1’ is also shown in the
orange plane 1’, although the following transformations will be revolving around the former case.
After twisting, the detector plane is leaned by £ in the y — z plane, shown by the red plane 2. This
lean, along with translational offsets for visual clarity, are applied from 1 — 2. The last rotation
is by angle ¢niq in the x — y plane. Again, along with the translational offset, this is shown by the
blue plane 3.

be accounted for in the rotation transformation

7z — zcos{ —ysin{,
4.3)
y — zsin{ + ycos/{.

After leaning, the detectors are rotated within the x-y plane according to the azimuthal angle

with respect to the middle of the detector, ¢miq:

X — X COS Pmiqd — Y SiN Pmid,
4.4)
Y — X SiN Pid + Y COS Prid-

Last, the detector is translated according to cartesian offsets between the DSSD and its stand,
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Figure 4.3 Top-down picture a FABLE hub placed to mount detectors at forward angles and the
target stand. The distance between thew two is indicated with a red line and is the Zhyp-target used in
the position determination procedure.

as well as the stand and the target.

X — X + Xoffset»
Y = ¥ + Yoffset, (4.5)
T — Z+ Zoffset T Zhub-targets

where Zpub-target 18 the distance between the front face of the FABLE hub and the target mount along
the beam axis. This distance is indicated in Fig. 4.3.
At this point, the pixel location is determined relative to the nominal beam spot and we can

convert to spherical coordinates:

r=qx2+y2+ 22

X
¢ = arctan —,
Y 4.6)
arccos z/r 72>0,

m—arccosz/r z<O.
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Telescope F/B 7 4 Pmid  Xoftset (IMM)  Yoffset (MM)  Zoffser (MmM) Zhub-target (mm)

0 F 0° 45° 47.5° 2.5 -5.04 8.39 103.5
1 F 0° 45° 132.5° 2.5 0.46 8.39 103.5
2 B 0° 45° 227.5° 7.5 -0.46 -1.61 103.5
3 B 0° 45° 312.5° 7.5 -5.04 -1.61 103.5

Table 4.1 Table of geometric parameters relating to each FABLE telescope when arranged in the
front-back configuration for measuring breakup in this work. F/B refers to whether or not the
telescope is placed at forward or backward angles, 7 is the twist, £ is the lean, and ¢piq is the
azimuthal rotation of the detectors within the x — y plane, as described in the text. The cartesian
offsets for each detector are then indicated. Note that these are the relative offsets of the detectors
after taking into account the beam spot offset, the procedure of which is described in Ch. 5.

The parameters used for FABLE geometry in the "forward-backward" configuration for the mea-

surement of breakup fragments in this experiment are indicated in Table 4.1.

4.2 Energy Calibration

An early step in processing FABLE data is to calibrate its energy signals for each arc and sector
within the array. FABLE AE channels were calibrated using a 2*>U a-decay source and elastic
scattering of '“N on a 2%8Pb target, which did not punch through the front detectors at a lab-frame
beam energy of 56 MeV. The FABLE E,.; channels were calibrated with the same alpha source
with the AE detectors removed, but also with the scattering of "Be (at Epeam = 51.84 MeV), which
does punch through the initial AE detector layer. All energies used in the calibration were corrected
for energy loss through detector dead-layers (described below), energy deposition in targets, and in
the case of the 23%U source spectrum, energy loss through a thin gold window, taking into account
the positional information of the particle by the routine described in Sec. 4.1. This positional
information was also used to determine the expected elastic scattering energy within each pixel.!

The 232U source spectrum is shown in Fig. 4.4. Note that only peaks labeled 4-7 were
used in the energy calibration, as these peaks were less sensitive to the dead-layer determination.
Additionally, the "Be scattering point was not used for the AE detector calibration, only the Ejes

calibration. Additionally, the "Be elastic scattering points were not used to calibrate the backward-

"While virtual pixel matching between the AE and E, detectors in FABLE is required for the energy calibration, a
simple matching algorithm was employed for the energy calibration, assuming that a particle punches through parallel
pixels in each detector. While this is not always true, this approximation is sufficient for determining an energy
calibration. A more sophisticated pixelization routine, employed for the analysis of the experimental data, is described
in Sec. 4.3 and Sec. 4.5.
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Figure 4.4 Calibrated source spectrum for 232U measured in a single arc of FABLE. Seven peaks
can be resolved clearly in most channels of the MMMs, but for consistent peak separation, only
peaks 4-7 were used in the energy calibration for each segment.
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angled detectors when the statistics were insufficient. Peak positions were determined by fitting
range-limited Gaussians to each peak and using the mean fit parameter as the peak centroid.

The signals associated with arcs (junction side of the detector) are the primary energies used
for the breakup analysis, but sectors (ohmic side of the detector) were also calibrated, albeit more
poorly due to straggling through the DSSD. However, sector energies are only used in the virtual
pixelization algorithm, while arc energies are used to reconstruct particle energies and reaction
kinematics.

The FABLE dead-layers were determined in an iterative fashion by comparing the energy
depositions of the source at different distances from the detector. At different distances, radiation
enters the detector at different angles of incidence, and thus a different effective thickness of the
dead-layer is experienced by the particle. Using this, one may determine a measured dead-layer by
fitting to the energy difference and a function of the geometry. This, however, is dependent on the

initial FABLE energy calibration. Thus, one may repeatedly calibrate the FABLE channel energies
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Telescope AE Al (F) (um) AE Si (F) (um)

0 0.3 0.9
1 0.3 0.9
2 0.3 0.9
3 0.3 0.9

Table 4.2 Detector dead-layer thicknesses affecting the energy deposition within the AE DSSD of
each telescope in FABLE. Each layer is labeled to indicate whether it is on the front (F) or back (B)
of the active area of the detector.

Telescope AE Si (B) (um) Eres Al (F) (um) Eres Si (F) (um)

0 0.3 0.6 2.043
1 0.3 0.6 2.034
2 0.3 0.6 1.980
3 0.3 0.6 2.023

Table 4.3 Detector dead-layer thicknesses affecting the energy deposition within the E..; DSSD of
each telescope in FABLE. Each layer is labeled to indicate whether it is on the front (F) or back (B)
of the active area of the detector.

and redetermine the measured dead-layers until converging on a set of values such that the energy
calibration curves are fully linear from low energy decay alpha calibration points to elastically
scattered beam calibration points. The resulting dead-layers for the AE detectors are listed in Table

4.2 and for the E s detectors in Table 4.3.

4.3 Pixel enumeration

Once FABLE'’s different channels have been energy-calibrated, the next step is the event-by-
event position reconstruction. To do this, a program enumerates all possible hit patterns on the front
AFE detectors and all possible hit patterns on the back E,.¢ detectors that could be paired with a front
detector pixel and assigns coordinates to each hit enumerated based on the geometric localization
of a hit within the coordinate framework described in Ch. 3. By "all possible hit patterns," I
mean that there could be a perfectly reasonable back detector pixel constructed from signals, but
if there are no signals on the front detector which could be reasonably correlated with the back,
the back pixel should not be included in the enumeration. The reason for this is that there should
be no usable physics events that correspond to a real particle landing in a back detector without
first punching through a front detector. Therefore, the following conditions must be satisfied to

enumerate a possible hit.
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1. There is a AE arc with energy above threshold
2. There is a AE sector with energy above threshold on the same detector

3. To enumerate a possible AE — E pair, there must be an arc and a sector above threshold on the
corresponding E.. detector, with pixels aligned within an acceptable margin. To accomplish
this, the code requires abs(n, — n,) < 1 and abs(n; — n;) < 1, where n,, n, correspond to
arc and sector segment numbers on the AE detector, and n,, n; correspond to arc and sector

segment numbers on the E\.s detector, respectively.

This process is also illustrated as a flow chart in Fig. 4.5. By using the prior criteria, the program
enumerates a set of correlated hits and detector hit patterns, a subset of which corresponds to
particle trajectories through the telescopes and we wish to keep for the analysis, but another subset
will consist of spurious "junk" hits due to a variety issues, including cross-talk, charge sharing,
induced charges, and pairing "double counts" (such events will be defined and addressed in the
following section). Therefore, after we enumerate all possible hit patterns, we must begin cleaning
and re-sorting the data to ensure only hits belonging to the former group are retained for further

analysis.

4.4 Processing Hit Patterns

After enumerating all possible pixels and pairings within the requirements described in 4.3,
the individual detector hit patterns are processed within the analysis code to handle possible
complications in the hit enumeration (cross-talk, charge sharing, induced charge signals) on the
AE and E. detectors. For this, the AE and E,.s detectors are treated completely separately, as
these physical effects should only appear in the individual detectors rather than the full telescope.
After handling these effects, another pixel-matching cycle is applied to choose which hit pattern
enumeration between AE and E\ detectors is most appropriate. This step is referred to as re-pairing
and 1s described in Sec. 4.5.

Before describing this hit pattern processing procedure, one can see the necessity of removing

spurious events by inspecting arc and sector energy correlations in each detector of the telescope.
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‘ Loop over telescopes: n; ’ { Event

/\No

‘ Loop over AE sectors: ng }—> Is AE detector n; sector ng energy above threshold?

Yes

/\No

‘ Loop over AE arcs: ng }— Is AE detector n; arc n, energy above threshold?

Yes

No
— Is Es detector n; sector energy above threshold?
‘ Loop over Eye sectors: n; AND
abs(ns —n;) <1
Yes
No
Is E,s detector n; arc energy above threshold?
‘ Loop over E,¢ arcs: n, }— AND
abs(n, —n,) <1
es

Enumerate AE — E hit
in telescope n; as

(ng,ns) — (n, nj)

Figure 4.5 Flow chart of the hit enumeration process. Each colored block indicates a different "for"
loop over the respective indices for each telescope, n,, and within each telescope, its AE sectors,
ng, arcs, n, and its Eyes sectors, n; and arcs, n,. First, the analysis code loops over each event
recorded in the run (pink). Each loop nexted within the decision tree for the event is indicated in
lavender. First, AE detector hit patterns are enumerated in loops over the sector and arc segments.
Then, this process is repeated for the E.g detector, with the requirement that abs(n, — n,) < 1
and abs(ng — nj) < 1. The decision gates are indicated in orange before proceeding to the next
looping layer. If the decision gate is satisfied, the program follows the arrow indicated to the next
step. Otherwise, it will proceed looping over the current loop. If all decision gates are satisfied,
the AE — E hit is enumerated, as indicated in the green rectangle.
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Figure 4.6a shows these energy correlations in the AE detector before the cleaning procedure to be
described, and Fig. 4.6b shows the post-result. The magenta bars indicate the region of data where
the energy correlations correspond to cross-talk in the detectors, which is significantly reduced
following the procedure. This can also be observed in the corresponding plots for the E\.s detector
correlations are shown in Fig. 4.7a and Fig. 4.7b, respectively.

To process individual detector hit patterns, we assume that there is a maximum of two real
fragments landing in coincidence in the DSSD, each of which produces at least one arc signal and
one sector signal. That means that when we enumerate more than two possible hits in a single
detector, spurious signals must be identified or the event must be discarded in total.

For the following discussion, I will focus on hits that are enumerated within the same detector,
so when I mention arcs or sectors, hits or pixels, they are all contained within the same DSSD. The
program applies the same method described in this chapter to all detectors separately. Here, I wish
to introduce some nomenclature for the following discussion. N, denotes the number of arc signals
and N, denotes the number of sector signals measured in the detector. Recall that each pixel consists
of a pair of an arc and a sector on the detector, so I will denote individual pixels in this section
with parentheses, and total numbers of arc and sector signals with square brackets, respectively.
This means that [2, 2] indicates [N, = 2, Ny = 2]. The total possible enumerations before cleaning
a [2,2] multiplicity event would include up to four potential pixels. If arcs i, j and sectors k, ¢
received signals, the possible enumerations would include pixels (i, k), (i,£), (j, k), (j,€). For
each case, I may focus on [N, = x, N; = y] instead of [N, = y, Ny = x], but arcs and sectors are

interchangeable, so both can be handled in the same manner.

441 N,=1,N;=1

This case, where there are signals in one arc and one sector, represents the base case for hit
enumeration on the detector. If there is only one arc signal and one sector signal recorded, a single
particle hit can uniquely attributed to a single pixel on the detector, as shown in Fig. 4.8. If there
are any fewer signals recorded — that is, an arc without a sector or a sector fired without an arc

(abs(N, — Ng) = 1), we cannot enumerate a possible pixel and the associated signal should be
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(a) Arc energy versus sector energy for enumerated pixels via the first step
of the analysis pipeline. One can see bars of constant sector and arc energy.
Bars such as those highlighted in the magenta region, are indicative of cross-
talk between adjacent channels.
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(b) Arc energy versus sector energy for enumerated pixels following rigorous
repairing in the second step of the analysis pipeline. The bars of constant en-
ergy as shown in Fig. 4.6a have been significantly reduced, having the ener-
gies properly reconstructed, indicating improved pixel enumeration. During
this process, some diagonally-barred charge sharing events are generated,
such as those shaded in cyan, which could not successfully be reconstructed
within the pairing algorithm limitations and must be discarded.

Figure 4.6 Arc and sector energy correlations within the AE detector before and after the hit pattern
processing procedure described in Sec. 4.4.
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(a) Arc energy versus sector energy for enumerated pixels via the first step
of the analysis pipeline. One can see bars of constant sector and arc energy.
Bars such as those highlighted in the magenta region, are indicative of cross-
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(b) Arc energy versus sector energy for enumerated pixels following rigorous
repairing in the second step of the analysis pipeline. The bars of constant
energy as shown in Fig. 4.7a have been significantly cleaned, indicating
improved pixel enumeration.

Figure 4.7 Arc and sector energy correlations within the E\.; detector before and after the hit pattern
processing procedure described in Sec. 4.4.
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Arcs —

Sectors —

Figure 4.8 Base case for pixelization within the DSSD. Signals from only one sector (highlighted
in red) and one arc (highlighted in blue) within a detector uniquely identify a single pixel in which
a particle has landed, indicated with a red circle.

discarded. Additionally, N, > 0 and N; > 0 is required by the procedure described in the prior
Sec. 4.3.

442 N,+N;=3

Here is the first non-trivial case that necessitates cleaning. There are three signals in total:
either [N, = 1,N; = 2] or [N, = 2, Ny = 1]. All signals in a single segment grouping, either
[N, =3,N;=0] or [N, =0, N; = 3] are discarded based on the procedure described in Sec. 4.3.

Let the following hits be recorded in the possible pixel enumeration for [N, = 2, Ny = 1]: there
are signals in two arcs, i and k, and only one signal in one sector, j, leading to two possible pixels
being enumerated, (i, j) and (k, j). The analysis program must then identify which of the pixels
correspond to true physics events, if any. This is because any of the following options could have

occurred leading to the following hit pattern:

1. There were two breakup fragments which both landed in sector j, but different arcs i, k, as
shown in Fig. 4.9. This would result in the energy associated with sector j being the sum of
the fragment energies, but the energies in i, k having the individual fragment energies. This
event can be recovered based on the arc energies E; and Ey, and splitting the summed sector

energy E; = E; + E for assigning individual sector energies for each hit.
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Figure 4.9 Hit pattern in the detector with two channels firing in coincidence with a perpendicular
strip. The blue shaded regions indicate signals in various arcs, while the red shaded region indicates
the sector firing. The red circles indicate each particle landing in a different part of the detector,
leading to the enumeration of two separate pixels that share a sector. This hit pattern can results in
the total energy in the sector being the sum of the arc energies: E; = E; + E;. This event can be
recovered by using the signals associated with the individual arcs as the basis for the formation of
two different hits in the detector.

2. There was only one particle landing in one pixel, so sector signal E; has a proper energy, but
only one of adjacent arc energies E; or E; matches the sector energy. The other segment has
provided a signal due to induced charge between adjacent channels (i = k = 1). In other
words, this type of spurious signal when k =i+ 1 and E; = E;, while E; << E;, if arc k has

fired due to the induced charge. This case is illustrated in Fig. 4.10.

3. There was only one particle, but it landed in the boundary between adjacent (k =i + 1) arcs,
so the sector energy E; represents the full energy deposited by the particle, but only summed
together do the arc energies E;, E; match the sector energy: E; ~ E; + E;. The signals in
the arc segments have been split due to charge sharing between the adjacent channels. This
case is similar to induced charge signals in that k = i + 1, but differs in that the sector energy
would be higher than each individual arc energy in the enumerated hits. Instead, the sector
energy would roughly match the sum of the arc signal energies. Therefore, we combine

sector energies and choose the pixel corresponding to the original higher energy segment for
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Figure 4.10 Hit pattern in the detector with two adjacent channels firing in coincidence with
a perpendicular strip. The blue shaded regions indicate signals in various arcs, while the red
shaded region indicates the sector firing. The red circle indicates the particle landing in the
detector boundary, while the blue circles indicate possible pixel enumerations. This hit pattern
can be associated with charge sharing, where a single fragment deposits its energy in both strips,
illustrated here by the red circle. The energy can be summed to reconstruct the event. The hit
pattern can also be associated with two particles hitting the detector in different arcs, but the same
sector, as shown by the blue circles. This case can be identified by using the individual arc energies
to match as the total sector energy.

the geometric enumeration.

4. Alternatively, it is possible that these hit patterns could be attributed to a single particle if
there is induced charge or charge sharing in multiple segments. To eliminate this option,
energy thresholds are carefully chosen to avoid enumerating this hit pattern permutation

when there is only a single particle.

443 N,+N;=4

For this case, we can have either [N, = 3, Ny = 1], [N, = 1,Ny = 3] or [N, = 2, N, = 2].
First, consider the cases where there are three arcs and one sector, which is illustrated in Fig. 4.11.
Recall that this program assumes binary coincidence at maximum — it does not allow the scenario
where there could be three particles hitting the same detector in coincidence. Therefore, up to two
particles can be generating this hit pattern, as depicted by the groupings of either blue circles or

red circles, indicating the possible hit combinations, in the figure, even though three hits would
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be initially enumerated. One particle can cleanly hit the arc/sector pair, but the other generates
an induced charge or charge sharing sub-case as discussed in the prior subsection 4.4.2, leading
to a two-hit case. This can be verified by comparing energy depositions in the arcs and sector.
Additionally, induced charges and charge sharing can lead to spurious signals in multiple segments,
as discussed in the prior case, but the energy thresholds again serve to limit this possibility in the
[Ny =1, N = 3] case.

However, for the [N, = 2, Ny = 2] case, things are more interesting, as there can be two real
hits from breakup fragments, but two "ghost" events will also be enumerated in the possible pixel
permutations. This is illustrated in Fig. 4.12, where the red and blue circles indicate two ways that
particles could land in the detector and create the observed hit pattern. Again, recall the assumption
of binary coincidence at maximum — this means that at most, two particles could punch through
two pixels within a single detector. If they pass through completely unique arcs and sectors, this
means two arcs and two sectors, which would net four possible pixels that will be enumerated,
but only two should be chosen for further analysis. The correct enumerations are chosen based on

minimizing the difference between arc and sector energies within each pixel.

444 N,+N; >4

While it is possible to have more complicated hit patterns than those described in the prior
sections, because of the requirement of binary coincidence at maximum, other hit patterns can be
either discarded or reduced to the cases described in the prior subsections. If, with an abundance
of segments, the hit pattern cannot be reduced on the basis of charge sharing or induced charges,

the pattern will then be discarded. This occurred in fewer than 1% of events.

4.5 Rigorous Re-pairing

After the detector hit patterns have been processed for the cases discussed in Sec. 4.4, it is
required to "re-pair" front and back detector pixels. This is necessary for several reasons. Firstly,
if the reader recalls the initial hit enumeration routine illustrated in Fig. 4.5, all of the pixels are
initially enumerated within a telescope, not just a single DSSD. In other words, the data structure

representing each particle contains information from both the AE and E,.s detectors. However, the
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Figure 4.11 Case where there are three adjacent channels and one perpendicular channel firing.
The blue shaded regions indicate signals in various arcs, while the red shaded region indicates the
sector firing. The red circles indicate one possibility, where one particle shares its energy with
two arcs and the other lands in its own separate arc and the blue circles indicate the alternative
hit pattern of a similar scenario. This case is reducible after using the individual arc and sector
energies to separate which hit can be clearly identified and then identifying the second hit based on
the [2, 1] cases discussed in the prior subsection.
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Figure 4.12 Case where there are two horizontal channels and two vertical channels firing. The
blue shaded regions indicate signals in the arcs, while the red shaded region indicates signals in
the sectors. Four possible hits can be enumerated from this hit pattern. Each grouping of particles
landing in the detector is labeled by blue circles and red circles. Assuming binary breakup, this hit
pattern implies that while all four pixels will be enumerated initially, two derived pixels result in
the enumeration of ghost hits, and two correspond to true coordinates of the breakup fragments, as
discussed in the text.
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cleaning procedure described in the prior Sec. 4.4 treats information in the AE and E\. detectors
completely separately. In fact, since they were separated for the hit pattern processing step described
in the prior section, it is possible that the resulting hit patterns have decoupled former AE — E ¢
pairings that used to exist thanks to a spurious signal. Alternatively, it may make more sense to
choose a new AE — E\. pairing after consolidating some particle energies that were initially split
thanks to charge sharing or induced charges.

Additionally, potential pairing double counts that could have occurred in the original total hit
enumeration step must now be taken into account. This occurs in the pixel enumeration step
when a certain pixel for a back detector is used more than once in pairing possible combinations
with different front detector pixels. This is analogous to the [N, = 2, Ny = 2] ghost hit problem
discussed in the prior section, but rather than reducing permutations of segments within a single
detector, one must reduce permutations of pixel pairings between detectors within a telescopic pair.
See Fig. 4.13 for a visual representation of this issue. After cleaning the individual detector hit
patterns, when we re-combine front and back correlated hits, it is therefore critical to use each
enumerated pixel only once to ensure that no double counting occurs.

Finally, note that the pairing step alone cannot follow the "cleaning" procedure described in
Sec. 4.4 in this work. While this simpler process is reasonable when one can hold stricter
pairing requirements (e.g. parallel pixel requirements between AE and E,.; detectors) and has been
used in prior stable beam studies, "pairing" inefficiencies between each detector in the telescope
(also discussed in Sec. 6.4.1) and the low beam intensity of this experiment necessitated further
optimization in the sorting algorithm such that more permissive pairing was allowed. Once the
parallel pixel criterion is loosened, initial pairing between the AE and E ¢ detectors is necessary to
reduce the multiplicity of the sorting problem such that it is tractable without needless discarding
of good hits.

Recall that in the detector cleaning step, channel contents may have changed according to
induced charges or charge sharing being identified and corrected. Therefore, the possible hit

pairings are re-enumerated and evaluated on whether or not one AE — E pairing is optimal compared
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Figure 4.13 Example of the double count pairing problem. Two pixels are enumerated on the
front AE detector and back E\.s detector, respectively, indicated by teal stars. The possible pairing
correlations of front and back pixels are indicated by black and fuchsia lines. Choosing the correct
correlations is critical for correct kinematic and geometric reconstruction of breakup fragments.

to another possible pairing. Note that due to the ordering of the AE and E\.s detectors, there will
only be situations where there are more AE pixels enumerated that must be reduced down, rather
than vice versa. The following criteria are used in this evaluation procedure of reducing possible

hit patterns to a single hit pattern:

1. Are the candidate pixels likely valid hits? Ghost hits may have one good pixel (E4 — Es = 0)
and one bad pixel enumerated in correlation and should be discarded, making the re-pairing

step simple. See Fig. 4.13 for an illustration of this issue.

2. Are front and back detector pixels to be correlated reasonably close to each other in (6, ¢)?
Ideally, this should always be true for perfect alignment and parallel mounting between the
AE and E.s detectors within the telescope, but due to flaws within the mechanical mounts for
FABLE, this is not guaranteed. Additionally, even with perfect alignment, the FABLE DSSDs
are all identical in size, which means that mounting them in any telescopic configuration will

result in small differences of (6, ¢) for the same pixel. Lastly, because the beamspot was
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off-center on average by several millimeters (as discussed in Ch. 5), depending on the angles
at which a charged particle resulting from reactions with the target, passes through each
detector, it should be expected that the firing segments will not always perfectly match, even
if it should be expected for a majority of events. This alignment association is then determined
by proxy via difference in arc and sector numbers between the front and back pixels. The
expectation that a charged fragment passes through both detectors relatively straight, such that
the difference in arc and sector number is minimized between each detector in the telescope,
is used as a "tiebreaker" in the sorting algorithm when the pixel energies are reasonable. Of
the fewer than 0.4% of hits which have ambiguous AE — E\.s pairings at this stage, 33% of

those events have their pairing decided according to the tiebreaker criterion.

3. If competing hits have equidistant pixel separation between the AE and E,.s detectors, a
final tiebreaker for determining paired pixels is the energy agreement between arc and sector
segments for each AE pixel (fewer than 1% of events). The pixel with the best energy

agreement is chosen as the candidate for pairing with the E\.s detector pixel.

After this re-pairing is completed, we are left with uniquely paired AE — E events with which we can
carry out the remaining analysis. Once particles hitting detectors have been assigned appropriate

coordinates and coincidence levels, we now have positions and energies for each event.

4.6 Position and Energy of Singles Charged Particles

Following the energy calibration described in Ch. 4.2, pixel enumeration and pattern matching
as described in this chapter, and geometric associations between the pixels and lab frame coordinates
as described in Ch. 3, every single particle recorded should have its total energy and the location
of its trajectory into FABLE described within the analysis framework. Total energy, E, versus
lab-frame scattering angle, 6, for all data recorded in the "Be runs is plotted in Fig. 4.14. Here we
can see elastically scattered beam at the highest energies, along with Z = 2 breakup fragments at
intermediate energies and Z = 1 particles at lower energies.

These associations can be confirmed using the AE — E particle identification plot, shown in
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Fig. 4.15. For lower-energy fragments, this figure has been zoomed in Fig. 4.16. Note that in the
particle identification plots, the AE for each particle is multiplied by a factor of cos(3). This scaling
adjusts for energy lost in the detector depending on the angle of incidence to enhance separation
between each isotope band.

One should note that in the identification of some of the Z = 2 breakup fragments and many
of the Z = 1 breakup fragments, the band of events folds over. This is occurs when the particle
has sufficiently high energy that it does not deposit its full energy and stop in the E..s detector
along its forward trajectory. As a result, these "punch-through" events have the expected AE
energy deposition, but a smaller E.s deposition according to the particle energy. Such events were
gated out for the purpose of analysis since their full energy cannot be reconstructed, but there are
instances at the beginning of the knee in each particle band where there is some ambiguity of
where to draw each particle gate such that one does not any events where the band has already
"folded," indicating punch-through and leading to mistaken energy reconstruction. Such events
must be considered in the coincidence analysis to ensure that exit channels of breakup are properly
identified and reconstructed, or if not, discarded. This process is discussed in Ch. 6.

However, there are some other features in these figures that should be discussed. One may
notice that at the most forward and backward angles in Fig. 4.14, a significant amount of particles
near but below the beam energy appear with an intensity of the same magnitude of the elastic
scattering. In Fig. 4.15, the population of *Be has been identified and labeled, which correspond to
the aforementioned particles in the angular distribution. This can be attributed to an unfortunately
offset and misshaped beam profile. This offset beam caused a variety of issues which are discussed
in more detail in Ch. 5, but for now, what is noteworthy is the production of *Be by way of 2n
pickup off of the aluminium target frame. There are also some light impurities due to reactions
with oxygen and carbon visible at forward angles between 20 — 30 MeV, indicated in the cyan box
in Fig. 4.14. By gating in the £ — 6 matrix similar to the region indicated by the cyan rectangle,
but drawn more tightly in combination with gating in the particle identification plot, these particles

can be removed from the breakup data. Also, in Fig. 4.14, kinematic lines for the elastic scattering
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Figure 4.14 Energy versus scattering angle for charged particles measured in the reactions of 'Be
on 2%8Pb, where the color axis plots the counts per bin. The dashed magenta line at high energy
indicates the kinematic line for elastic scattering, and at low energy indicates the upper Z = 1
fragment threshold. The kinematic curves were calculated using CATKIN [35]. Ejectiles resulting
from reactions with impurities in the target (oxygen, carbon) can be seen in the region indicated
with the cyan rectangle, but can be gated out in this spectrum.

of the "Be beam near 50 MeV and the upper threshold of Z = 1 breakup fragments is plotted near
10 MeV, which were calculated using CATKIN [35]. By gating on the "Be and Z = 1 breakup
fragments in the particle identification, these data match the kinematic lines and serve to provide

further confirmation of the position and energy determinations.

4.7 Conclusion

In this chapter, the program by which FABLE signals are processed and analyzed as particles
with energies and positions in coincidence was detailed. The singles spectrum of ’Be reacting with
208ph at Ecy = 50.05 MeV was shown. In the next chapter, I will discuss the handling of a beam

offset determination, which is required to properly reconstruct the kinematics of breakup in Ch. 6.
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CHAPTER 5
BEAM SPOT RECONSTRUCTION

5.1 Introduction

The beam spot for this experiment was not optimal in profile and position. Note that the
coordinate system defined in Sec. 4.1 requires us to define the origin relative to the average reaction
site. An off-axis beam spot introduces issues in the analysis in kinematic reconstruction of breakup
and when determining an accurate evaluation of the solid angle of the detectors, which is critical to
extracting valid cross sections, as will be discussed in Ch. 6. Therefore, a rigorous determination
of the beam spot relative to the detector positions is required.

I should mention here why a beam offset correction was necessary for these data. There are
two pieces of evidence. The first piece of evidence is that skewness of what should be a uniform
distribution in ¢ can be observed in the distribution of the elastics at forward scattering angles.

Elastic scattering data, gated on the "Be in AE — E and scattering angles ranging 6 € (36°,38°) are
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Figure 5.1 Comparison between the ¢ distribution of elastic scattering of 'Bebeam at Oy, €
(36°, 38°) before (black) and after (red) offset corrections. The offset correction shifts the detectors
in space slightly and results in a far more uniform distribution expected for elastically scattered
beam.
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shown in Fig. 5.1. In black, the elastic distribution is shown without a beam offset correction and
there is a large slope in the distribution. In red, the resulting ¢ distribution following beam offset
correction is shown. While the correction does not result in a uniform distribution still, the slope
has been significantly reduced compared to the data without the offset adjustment. Additionally, the
strong population of “Be at forward angles suggests that we are populating 2n pickup with a thick
target. Specifically, instead of reactions with the thin 2°8Pb target, these reaction products instead
were resulting from impingement upon the thick aluminum frame in which the target was housed.
The consequence of this thick frame, when combined with the beam offset, results in the observed
skewing of elastics at forward angles with some azimuthal dependence. If one must work with an
unshapely or off-center beam, ideally, one would measure it with some sort of position-sensitive
detector. These data could not be measured with a beam tracking detector, since the anticipated
beam currents were too high to permit 0° tracking. Careful beam tuning was to be achieved by
tuning through a 3 mm aperture onto a Faraday cup, but this was not possible with the much
lower beam rate and profile actually delivered during the experiment. Therefore, we were forced to

determine the beam position offline.

5.2 Procedure for Beam Offset Determination

The offset of the beam was quantified by leveraging the azimuthal independence of the elastic
scattering cross section. For small slices in the scattering angle, 6, the ¢-distribution should then
be roughly uniform along our detectors. Therefore, we can determine the correct beam offset by
intentionally offsetting the detector geometry in the opposite direction and reprocess the data to
find the correct geometry which leaves our ¢-distribution uniform.

Sphere point picking was used to emulate the isotropic emission from a target (with a nonzero
offset from an origin in the chosen coordinate system, ultimately arriving at the detector offsets
described in Table 4.1), which was then filtered through FABLE’s geometric acceptance. The
resulting ¢ distribution, should match that of the measured elastic distribution shown in black in
Fig. 5.1. This process is illustrated in the flow chart in Fig. 5.2. Then, by minimizing the difference

between the simulated and observed ¢ distributions, the correct offset of the average reaction site
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Figure 5.2 Flow chart illustrating how the relationship of the beam positioning/average reaction
site and the detector positioning within the coordinate system can be manipulated to yield the same
yield distribution.

was extracted.

I also employed a brute-force empirical approach to verify the beam offset that I determined
through the above method. We have a reasonable understanding of what elastic scattering-to-
Rutherford ratio of cross sections should look like — near unity at forward angles, with a steep drop
after the grazing angle, which then smooths out to a small but steady decline. This understanding
can be leveraged to develop a metric for evaluating the validity of an offset choice.

An example cross section ratio plot for an arbitrary, incorrect offset is shown in Fig. 5.3, with
two linear fits indicated to evaluate the "reasonability" of the offset. The first fit, at forward angles,
gives linear fit parameters, with offset, b1, and slope, m . Ideally, by — 1 and m; — 0 to capture
the roughly unity Rutherford ratio behavior expected at forward angles. Meanwhile, the second fit,

with parameters b, and my, is used to enforce the smoothness and continuity along the detector
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Figure 5.3 Example of the elastic-to-Rutherford cross section ratio for an arbitrary, incorrect offset
to demonstrate how the indicated linear fits were used to evaluate the viability of the offset.

coverage gap. For this, one expects m; to be small and negative. To this end, I assert the following

cost function based on this heuristic understanding:

C =|mi|+|ma| +|by = 1], (5.1

where C, the cost heuristic, is a simple sum of the magnitude of the linear fit parameters at very
forward angles and the level of change at the discontinuity point in detector coverage between front
and back angle detectors. The idea is that the slopes in these two spots should be near zero and
that the y-intercept should be near unity to capture the normalization appropriately. However, I
emphasize that this optimization method is based on a heuristic and can only be appropriately
understood within the context of the data — the skewing of the elastics specifically was used
to roughly localize the beam spot near the edge of the target frame. The heuristic evaluation
method was only used to cross-validate the first result. This method can be evaluated over the

sum of detectors as well as individual detector yields. The results of the offset search by heuristic
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Figure 5.4 Results of offset search based on the heuristic described in Eq. 5.1. Low values indicate
a better offset choice.

evaluation are shown in Fig. 5.4.

Through both methods, I ultimately settled on implementing an offset of x — x — 5 mm and
y — y+2.75 mm to the detector translational offsets. The difference of the beam offset correction
is evident by comparing the ratio of elastic scattering to Rutherford without (blue) and with (green)
the offset correction, shown in Fig. 5.5. The ratio without the offset correction has a peaking
shoulder near 20-30° and another shoulder in the region of discontinuity between detectors near
100°, which are symptoms of distortion in the solid angle of the detectors due to the beam offset.
Following the corrections, both shoulders are smoothed out and there is improved continuity in the
measurement between the forward-angled and backward-angled detectors.

Note that while the offset is presented here in Cartesian coordinates, one could define the offset
in polar coordinates in the x — y plane, as well, since x = rog COS Po and y = rog Sin dofr, Where rog
is the radial offset and ¢ is the angle of the offset in the x-y plane. The heuristic is more sensitive
to changes in ¢ than rog, which can be seen by inspecting Fig. 5.4. Therefore, offsets within +0.5

mm along ¢ in each direction were also tested, but the normalization based on forward-angled
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Figure 5.5 Ratio of elastic scattering cross sections to Rutherford cross sections plotted for the
scattering of 'Be on 2%Pb with and without the beam offset correction.

data of the elastic-to-Rutherford ratio was not sensitive to these offsets beyond uncertainty.

To achieve proper normalization with elastic scattering yields, the beam spot center-of-mass
position relative to the detectors must be taken into account. Recall that the target is angled at 45°
relative to the beam axis. If the beam were off-center when impinging on the target, the resulting
reaction sites would be shifted both along the beam axis (strongly affecting the solid angle between
front and back detectors) as well as orthogonally (primarily affecting the solid angle at detector
edges). Explicitly, this means that any offset applied on the horizontal x-axis should also be applied
along the beam axis and of opposite sign for forwards versus backwards angle detectors. See Sec.
4.1 for a thorough explanation of the coordinate system for describing reactions relative to FABLE.
This also means that horizontal shifts in the beam spot result in the displacement of the average
reaction site along the beam axis, further changing its positioning relative to the detectors. This
can be observed in Fig. 5.4, where the heuristic parameter changes more rapidly with offsets along

only the x-axis compared to those just along the y-axis.
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With the beam offset properly determined, we can now continue forward with the analysis.
Knowledge of the location of the average reaction site is critical for proper kinematic reconstruction

of coincidence measurements of breakup, which will be discussed in the next chapter.
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CHAPTER 6
EXTRACTING NO-CAPTURE BREAKUP YIELDS

6.1 Introduction

In Ch. 4, the analysis procedure was described for turning signals recorded within FABLE into
events with position and energy data, ready for analysis. The singles spectra were reviewed and
particle identification via AE — E was demonstrated. With these particle identifications, positions,
and raw energy signals, the reaction kinematics can be reconstructed in coincidence events. The
goal is to then extract breakup yields, and then cross sections, from this information.

In this chapter, I will discuss the procedure for identifying signatures of different breakup modes
in the experimental data and simulations performed with KOOKABURRA to aid in the interpretation
of these various spectra. Additionally, comparisons between experiment and simulation kinematics
ensure that realistic breakup has been simulated for the purposes of coincidence efficiency de-
terminations. I will then discuss the efficiency determination and normalization routines used to
eventually extract cross sections that take into account the efficiencies of the detectors in singles and
coincidence modes. Finally, the validity of the simulations will be established by an examination

of the breakup functions.

6.2 Identifying Breakup Channels

Each event in FABLE data can store multiple hits in the array in coincidence, as discussed in
Ch. 4. By gating on the AE — E particle identification for each hit, the exit channels of breakup
were identified. However, it is necessary to leverage additional information in the kinematic
reconstruction to separate different resonances populated prior to projectile decay. This allows
separation of asymptotic and near-target breakup, as discussed in Ch. 2. Additionally, this insures
that the breakup kinematics are reconstructed properly and to confirm each breakup mode being
examined, including the removal of products due to reactions with light impurities in the target
by gating in both £ — 6 and Q — Ey). Finally, separation of each breakup channel by resonance

allows verification of the simulations used for determining coincidence efficiencies, which will be
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discussed in Sec. 6.6.

One must confirm that the breakup fragments measured are due to reactions with the 2**Pb
target rather than light impurities. Since the relative energy reveals the excitation of the projectile
prior to breakup and the Q-value reveals excitations within the target, as discussed in Ch. 2, the
combination of the two allows for examination of excited states in both the projectile and target
nuclei. See, for example, Fig. 6.1, which shows the Q — E matrix for the ®Be breakup channels
in the experimental data. There is separation between the 0" and 2* resonances in relative energy.
This can be seen more clearly in the one-dimensional projection in relative energy, shown in Fig.
6.2.

Also, note that there is a matching distribution of Q-values for both resonances, up to roughly
Q = 12 MeV. Recall that the ground state-to-ground state Q-value for ‘Be + 2%Pb — a +a +2"’Pb
18 Qge = 11.6 MeV and in this case, Qqpe = 0 MeV. Recall that the Q¢ (defined in Eq. 2.18 goes
to zero when the charges of the projectile and target remain unchanged in the exit channel. In other
words, neutron transfer reactions, the optimum Q-value is zero, which drives the distribution of
reconstructed Q-values to be centered about zero.

Meanwhile, Q,, should be the upper limit of the reconstructed Q-value. There are some slightly
higher Q-values reconstructed due to some smearing in the reconstruction. This can be attributed
to randomization of each particle position within the pixel, which in turn randomly changes the
angle of incidence used in energy reconstruction.

While Qg sets the upper limit of Q-values for each exit channel, it is possible to reconstruct
higher energy Q-values. Such cases occur when the full energy of a particle is not deposited in the
detector. This is observed primarily in higher-energy Z = 1 fragments, as discussed in Sec. 4.6.
If one gates on such "punch-through" events in the exit channel, the full energy of the particle is
not represented in the measured data, such that the reconstructed Q-value will be spuriously high
after inferring the recoiling target’s energy. Therefore, Q-values significantly higher than the Q,,
are gated out in the enumeration of breakup yields.

Due to target-like excitations, the Q-value can be smaller than this ground state-to-ground state
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Exit Channel Q (MeV) E. (MeV)
a+a (-12,12) (0,10)
@ +3He (-3,1) (0,10)
a+d (-20,-2) (0,10)

Table 6.1 Boundaries of gates in Q — E\ for each exit channel to ensure that tabulated yields are
products from reactions between the projectile and target with correctly reconstructed kinematics.

Q-value, in discrete levels corresponding to the recoiling nucleus’ structure. However, the levels of
207Pb cannot be resolved in the figure due to a lack of statistics and resolution. While the energy
resolution of the silicon detectors is about 40 keV, the reconstructed Q-value resolution depends
not only on the energy resolution of the breakup fragments, but also the positional resolution. This
results in a broader Q-value reconstruction, approximately 700 keV in full width at half maximum,
which washes out the structure of the recoiling target-like nucleus in this work. Q-values much
lower than the optimum Q-value are unlikely to be associated with reactions between the beam and
target and instead can be attributed to reactions with the beam and light impurities in the target.
These events should not be counted in the final enumeration of breakup yields for a given mode
and are gated out in cross section determinations. The boundaries of the gates in Q — Ey for each
exit channel are shown in Table 6.1.

The corresponding spectra for @ +>He and « + d exit channels are shown in Figures 6.3 and 6.4,
respectively. For a + *He, there is no transfer reaction prior to breakup, so the expected Q-value
distribution should just be a sharp peak at the breakup threshold, and if there were more statistics,
one might expect to resolve smaller peaks at lower Q-values associated with the low-lying excited
states of 28Pb that may be populated in the process. For the @ + d exit channel, Qopt = —12.08
MeV and the ground state-to-ground state Q-value is Qg, = —3.28 MeV. Therefore, we see in Fig.
6.4 that the distribution starts around 3 MeV and is centered near the optimum Q-value, around -12

MeV.
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Figure 6.1 Plot of reconstructed Q-value versus relative energy for the @ + a exit channel. The
one-dimensional projection of the Q-value is plotted in magenta along the y-axis. The maximum
expected Q-value, indicated by the red, dashed line, is Qg = 11.6 MeV. This is based on the
ground state-to-ground state Q-value for transfer and then breakup. One can also observe two
distinct groups in these data based on the relative energies — a simple cut at 500 keV largely
separates breakup resulting from the 0* and 2* resonances in ®Be.
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Figure 6.2 Relative energy spectrum for the transfer-triggered breakup of ®Be — « + a. In black
are the experimental data and in red are the simulated data from KOOKABURRA, scaled down to
match the statistics of the measurement. Error bars are statistical for both measured and simulated
data.
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Figure 6.4 Plot of reconstructed Q-value versus relative energy for the @ + d exit channel. The
one-dimensional projection fo the Q-value is plotted in magenta along the y-axis. The maximum
expected Q-value is indicated by the higher of the red, dashed lines. The lower red, dashed line
indicates the average expected Q-value, based on the optimum Q-value.
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Breakup Mode Resonance Width (keV) On-Resonance Lifetime (s) Near-Target Breakup?

8Be —» a +a 0" 5.57 1.2x 10716 No
2+ 1513 4.4 %1072 Yes

"Be — a + *He 7/2- 175 3.8 x 1072 Yes
Li>a+d 3* 24 2.7%x10720 Yes

Table 6.2 Table indicating the resonant breakup channels and their decay widths and lifetimes.
Also indicated is whether near-target breakup, leading to potential sequential capture, is dominant
in each case based on these lifetimes. Resonance data are from the National Nuclear Data Center
evaluations in Refs. [4] and [36].

6.3 Separating Near-Target and Asymptotic Breakup

One step of this analysis is to ensure that breakup is simulated in a realistic manner. To do this,
comparisons between KOOKABURRA and the measured data allow for validation of the simulated
data. In this section, these comparisons will be made in part to demonstrate the validity of the
simulation, but also to interpret the reaction dynamics for each process. Before going forward, I
emphasize that in the following one dimensional relative energy spectra, the simulation data are
scaled down to match the statistics of the experimental data for easier comparison, which is why
the error bars are much smaller.

The relative energy spectra (measured in black and simulated with KOOKABURRA in red)
for transfer-triggered breakup 'Be + %Pb — ®Be* + 2’Pb — « + a + 2“’Pb are plotted in Fig.
6.2. As discussed in the prior section, the two resonances observed can be separated in relative
energy alone, indicated by the dashed line in this projection plot. In one dimension, one can
observe the 0* resonance of 8Be, sharply peaked below 500 keV, near where it is expected at 92
keV. Meanwhile, the 2* resonance is broad, spanning higher relative energies, although peaking
near 2 MeV. First, note the on-resonance lifetimes of these states, indicated in Table 6.2. The 0*
(t = 1.2%x107'%5) is much more long-lived than the 2* resonance (7 = 4.4 X 10722 5) and this makes
a significant difference in understanding how the relative energy spectrum reflects the trajectories
of the breakup fragments. Because of the timescale for fusion being roughly 1072! s, breakup of
the 0" resonance occurs asymptotically far from the target, such that the resulting a-yields will only
escape. When trajectories pass closer to the target, they will result in complete fusion. However,

the 2* resonance disintegrates fast enough such that trajectories that pass near enough the target
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Figure 6.5 Cartoon illustrating the effects Coulomb perturbations in near-target breakup. The
incoming projectile decays close to the target. The resulting breakup fragments are subject to
accelerations from the target’s field, which will in turn affect their outgoing trajectories. This
broadens the range of accessible opening angles and relative momenta of the breakup fragments.

can result in incomplete fusion or complete fusion, and that trajectories passing farther from the
target could result in fusion or no-capture breakup, since the projectile disintegrates near the target,
perturbing the paths of the reaction products, unlike breakup via long-lived resonances.

This can also be confirmed in the relative energy spectrum. Without the effects of the target
field, one would expect peaks in relative energy to have widths corresponding to the decay width
of each resonance — the 0% resonance, with a width of 5.57 €V, is narrow, while the 2" resonance
has a broader width of 1.513 MeV.

When one examines the corresponding relative energy spectrum in Fig. 6.2, one sees that
the 0* resonance is peaked sharply since the breakup fragments are not subject to the Coulomb
accelerations near the target, so one expects the peak width to match the resonance width. In
comparison, the 2* resonance, which has a shorter lifetime, results in breakup yields near the
target, and are therefore subject to such accelerations. This is seen in the smeared relative energy

peak for the associated resonance. Rather than the energy peaking at an energy corresponding to the
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difference between the resonance energy and the breakup threshold (Eye = 2.9 MeV) with a width
of 1.5 MeV, the peak takes a broader distribution in excitation energy than just the decay width of
1.5 MeV. See Fig. 6.5 for a cartoon illustrating the effect of the target field on the trajectories of
the outgoing breakup fragments. Note that the smearing of the relative energy peak is expected to
be asymmetric. This is because the Coulomb field of the target can accelerate the fragments away
from each other or towards each other, depending on whether breakup occurs on the incoming
or outgoing trajectory. However, because the populated transfer-triggered resonances have some
lifetime, for a given resonance, breakup may be more likely to occur on the incoming versus the
outgoing trajectory, resulting in target field perturbations to more often increase or decrease the
relative energy between fragments [34].

Finally, note that in Fig. 6.2, the simulated relative energy spectrum for ®Be breakup (in red)
closely matches the measured breakup (in black). This serves as one indicator that the breakup is
being accurately simulated for the purposes of efficiency determination, which will be discussed
later in Sec. 6.6.

The relative energy spectra for 'Be breakup into « + *He from the experimental and simulated
data are shown in Fig. 6.6. The simulation accurately reproduces the 7/2~ resonance peak at
the expected energy near 3 MeV and we observe the same peak in the measurement. Broad,
higher-lying states of "Be result in a continuum excitation energies, rather than a singular resonant
state associated with some single energy level. These couplings are modeled in simulation as
non-resonant breakup [18]. For the breakup of "Be, the non-resonant breakup was determined to
make up 61% of the projectile’s disintegration [37]. The non-resonant breakup simulation is in

good agreement with the measured counts.
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Figure 6.6 Relative energy spectrum for the o + 3He exit channel resulting from breakup of "Be.
The experimental data are plotted in black and the data simulated with KOOKABURRA are plotted
in red. The red, dashed line indicates the expected energy of the peak associated with the 7/2~
resonance in 'Be.
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Figure 6.7 Measured (black) and simulated (red) relative energy spectra for the breakup of the
@ + d exit channel from the proton stripping mode of "Be + 2*Pb. Only breakup through the 3*
resonance was simulated, but this matches the measured data well. The red, dashed line indicates
the expected location of the resonance peak.
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The reconstructed relative energy spectrum for breakup of °Li, populated via proton-stripping
of "Be, is shown in Fig. 6.7. Again, the measured data are plotted in black and the simulated data
are plotted in red. Here, the breakup can be associated with the 3* resonance in SLi, which decays
quickly enough to break up near the target. While the resonance peak is not very broad, it is still
smeared broader than the 24 keV decay width of the 3* resonance due to perturbations of the target
field on the breakup fragments.

The orientation of the breakup fragments serves as an additional, more sensitive method for
separating near-target and asymptotic breakup modes. Recall from Eq. 2.24 that the § angle of
the breakup fragments should have a sinusoidal relationship with respect to the opening angle, 61,.
This can be observed in asymptotic breakup, where the fragment trajectories are not distorted by
interactions with the target field following breakup. In contrast, breakup near the target results in
the perturbations of fragment trajectories, such that there is a broader range of opening angles, 6,
possible [18].

Figure 6.8 shows the measured orientation spectrum for the breakup of ®Be into two a-particles.
There is clear separation between the band at small ,, corresponding to the asymptotic breakup
from the 0* resonance, and the near-target breakup from the 2* resonance, which accesses a broader
distribution of 61, and S angles due to accelerations from the target’s Coulomb field [26]. The
simulation of breakup aids this interpretation. See the simulated breakup orientation for the a + «
exit channel in Fig. 6.9, where each simulated resonance is identified and plotted in separate panels.
The asymptotic breakup resulting from the decay of the 0* resonance is restricted to more closed

opening angles when compared to that of the 2* resonance.
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Figure 6.8 Orientation matrix, plotting the opening angle between breakup fragments, 61,, against
their angle of relative momentum, S for the transfer-triggered breakup mode 'Be + n — 3Be* —
a+a. There are two separate bands from which near-target and asymptotic breakup can be separated
based on the populated resonances, as discussed in the text.
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Figure 6.9 Simulated orientation matrix for the decay of ®Be into the @ + a exit channel. The
two simulated resonances of 3Be prior to breakup were the 0* (plotted on the left panel) and 2*
(plotted on the right panel) states. Based on the lifetime of each resonance, the effects of the target’s
Coulomb field can be observed in the orientations of the resulting breakup fragments, as discussed
in the text.
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The breakup orientation matrix for the direct breakup of "Be is shown in Fig. 6.10. There
again is a band of resonant breakup, which can be attributed to decay from the 7/2~ resonance in
"Be, but non-resonant breakup can also be observed at broader opening angles. In Fig. 6.11, the
simulated orientation matrix for both the resonant and non-resonant breakup are plotted in separate
panels. One discrepancy worthy of note here is that while the simulated breakup orientation is
slightly more intense at higher 8 than lower, the measured orientation matrix in Fig. 6.10 is far less
symmetric. Asymmetry in the breakup orientation matrix is expected when the resulting fragments
are not the same mass, but the difference in asymmetry may signal that the breakup simulations do
not represent the measured data as accurately as the relative energy agreement shown in Fig. 6.6
would suggest. However, this discrepancy may only be due to a lack of statistics, since one can
make the shape out of the lower § band, but with very few counts. The simulation breakup also
shows that the resonant breakup has more asymptotic breakup (smaller 81,) than the non-resonant

breakup, which has breakup events with much larger opening angles.
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Figure 6.10 Orientation matrix, plotting the measured opening angle between breakup fragments,
615, against their angle of relative momentum, § for the direct breakup mode 'Be — « + *He.
Present are contributions from near-target, resonant 7/2~ breakup and non-resonant breakup.
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Figure 6.11 Simulated orientation matrix for the breakup of "Be into the a + 3He exit channel. The
resonant (right) and non-resonant (left) breakup are plotted separately in each panel. While both
appear to have near-target and resonant breakup, more of the non-resonant breakup seems to occur
near-target than in the case of the resonant breakup.

Finally, by inspecting the orientation spectrum for breakup of °Li, shown in Fig. 6.12, there
is only evidence of a single resonance being populated prior to breakup. Comparing to the
simulated orientation matrix for @ + d, shown in Fig. 6.13, which is simulated with only the
inclusion of breakup through the 3* resonance, the breakup orientation distribution is reasonably
reproduced. This aids in the interpretation of the relative energy spectrum in Fig. 6.7. While there
is a discrepancy between experiment and simulated data near 2-3 MeV, where one could maybe
identify a small peak in the relative energy spectrum, the breakup orientation matrix provides

evidence that there is only one resonance present in this breakup mode.
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Figure 6.12 Orientation matrix, plotting the measured opening angle between breakup fragments,
612, against their angle of relative momentum, g for the transfer-triggered breakup mode 'Be —p —
®Li* — @ + d. There is only one band of near-target breakup present, attributed to the population
of the 3* resonance in °Li.
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Figure 6.13 Orientation matrix, plotting the simulated opening angle between breakup fragments,
61, against their angle of relative momentum, g for the transfer-triggered breakup mode "Be — p —
®Li* — a + d. Only breakup via the 3* resonance were simulated here. Based on the agreement
between this spectrum and the reconstructed experimental spectrum, the presence of breakup
primarily through the 3* resonance can be confirmed.
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6.4 Efficiency Corrections and Normalization

After raw coincidence yields have been determined, one must account for the efficiencies within
the detector array, as well as a normalization of the overall cross sections based on the measured
Rutherford scattering. In this section, each of these processes will be discussed.

A consequence of the beam offset determination, discussed in Ch. 5, is that there are distortions
in the calculated solid angle of the detector edges based off of the adjusted detector positioning,
as slight offset adjustments will have a disproportionately large impact on the detector edges
compared to the middle of the detectors. As a result, in this chapter and in Ch. 7, where cross
sections are presented, points associated with the first and last arc and sector of each detector have

been discarded.

6.4.1 AFE - E Pairing Correction

The data in this experiment suffers from "pairing" inefficiencies — the ability to appropriately
match virtual pixels in the AE and E,. detectors, required for particle identification — due to a
combination of the beam offset, mechanical detector mounts, and virtual pixel sizes. While the
procedure for pixelization, described in Ch. 4 minimizes these effects, they are not completely
eliminated. For this reason, a subtle pairing efficiency correction has been applied to all yields
to mitigate this issue. The pairing efficiency was determined by comparing the yield of AE — E
paired elastic scattering events to that of the total elastic events, determined by gating on the elastic
band in a AE — 6 matrix. This allows the elastic events to be easily identifiable without AE — E
identification as long as they were measured in the AE detector, since the kinematic line of elastic
scattering appears very differently from that of breakup fragments. This is also shown in the full
particle energy versus scattering angle plot in Fig. 4.14.

The resulting efficiency determination is shown in Fig. 6.14. These factors are then used to
scale the yields accordingly along the scattering angle up to 140°, at which point, the scattering
data was too sparse at backwards angles for a reasonable determination, so no pairing correction

was applied.
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Figure 6.14 Pairing efficiency as a function of scattering angle. The correction factor implemented
on the yields to correct for inefficiencies in pairing between AE and E s detectors is the inverse of
the pairing efficiency. The method for determining the correction factors is described in the text.

6.4.2 Rutherford Normalization

The cross sections for breakup and fusion measured in FABLE are normalized against a
simultaneous Rutherford scattering measurement at forward angles in the beam monitor detectors,
where the measured elastic scattering is well approximated by Rutherford scattering. This approach
means that systematic uncertainties associated with the beam current, target thickness, and solid
angle can be canceled out. Therefore, I will now go over the process for Rutherford normalization.
Recall that we can express the yield, Y, measured in some solid angle d€2, for a given reaction as a

function of its differential cross section, do/dQ, by

3 do(6)

where [ is the beam current, N is the target number density, € is the efficiency of the measurement,
and dQ is the differential solid angle subtended at a given angle, 6. In cases where the total solid

angle of the measurement, AQ is small, the integral can be approximated as a multiplicative factor

of AQ:
do(6)
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We can write this expression for breakup in FABLE as

dogy(6
Ypu(0) = INZ—E;)AQFABLE X €coins (6.3)

where AQpag1E 1s the solid angle of FABLE and €., refers to the coincidence efficiency of the

measurement. The yield for Rutherford scattering in the monitor detectors can also be expressed as

doruih (0)

AQpy X €y, (6.4)

where €y, is the efficiency of the monitor detector and Ay, is the solid angle of the detector. We
can then take the ratio of the two expressions to express the differential cross-sections as a function
of the solid angles and yields while removing systematic dependencies on the beam current and

target thickness:

d (2]
YBU(G) _ O—Z—ISJZ() AQ €coin

Yrun (67) —dmzlgl(gl) AQ ey

(6.5)

Using this, reaction probabilities can be normalized based on Rutherford scattering measured in the
beam monitors at forward angles. We then must determine the ratio of solid angles, AQpaprLe/AQ .

The yield in these monitors Yrym (6 = 6)7) can be expressed as

doru (6 = 6
Yrun (637) = IN 2R tn( M)AQM X €, (6.6)
dQy,

where 6), is the scattering angle position of the monitor and Ay is its solid angle. Recall that the
elastic scattering of "N was measured in the alternative "lampshade" configuration (see Ch. 3).
The beam energy, at 56 MeV, was sufficiently low such that scattering at even backwards angles
would be Coulomb-dominated. Therefore, the '*N Rutherford scattering data were also used to
determine the solid angle, AQ,;, of the beam monitor detectors.

In this reaction, the Rutherford yield measured in FABLE is

doRuth (OFABLE)
YRuth (OraBLE) = IN —— AQFABLE X €FABLE- (6.7)
dQFABLE

where epapLEg 1s the singles efficiency of FABLE. By taking the ratio of Eqs. 6.6 and 6.7, the

dependence on the beam current and target thickness are canceled out. Rearranging this ratio, the
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Figure 6.15 Ratio of the differential cross sections for elastic scattering with respect to the Rutherford
cross section for 'Be on 2%8Pb at Ej,, = 51.74 MeV after accounting for energy loss in the target.
The first point near 18° was not included in the pinning of the normalization.

solid angle of the beam monitor detector, AQ, is found in terms of the 14N scattering measurement:

Yeut (031) doRruth (OFABLE) .

Ruth (Om dQ FABLE

AQy = AQEABLE—— y FAZ{E) . (6.8)
YRuth (OFABLE) LranOu) ey

This expression can then be used to plug the solid angle, AQ,,, into Eq. 6.5 for normalizing breakup

yields to ultimately extract cross sections, giving

dO'BU(H) _ YBU(Q)AQM
dQ YRuth (01) AQFABLE

X Ecoin(g, 90)’ (6.9)

where the yields are associated with the ’Be measurement here.

The Rutherford normalization can be verified by inspecting the measured elastic scattering-to-
Rutherford ratio differential cross section, which is shown in Fig. 6.15. While the cross section was
self-normalized based on the forward-angled measured points by a scaling factor of 0.94, the lack
of significant changes in the cross section between 20-40 degrees suggest that the normalization

using these points as an anchor is valid.
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6.4.3 Coincidence Efficiency Correction

KOOKABURRA was used to simulate 108 non-elastic events to determine how likely it was
that one may measure a breakup fragment in (61, ¢1), given that another fragment was measured
in (63, ¢2) following projectile disintegration. To illustrate this idea, see Fig. 6.16, which shows
FABLE’s acceptance in 6 — ¢ space and a cyan star to indicate the measurement of a breakup
fragment in one of the telescopes. The ellipse corresponds to the possible locations of breakup
fragments for a constant opening angle 61,. Since the simulation gives breakup fragment locations
and energies, and they can be filtered through FABLE’s geometric and acceptance, following the
description of FABLE’s geometry and coordinate system in Sec. 4.1, as well as FABLE’s energy
thresholds. Then, the breakup simulation and filtering routine together can be used to determine
coincidence breakup efficiencies for each breakup channel. In addition, the particle locations and
energies were used to generate spectra of breakup fragment relative energies and orientations, which
were compared to the experimental spectra. Since the simulation data can be gated on individual
breakup channels and resonances, this aided in the interpretation of the measured data, as discussed
in earlier sections of this chapter.

Recall that the pseudoprojectile, or the trajectory of the projectile prior to breakup, can be
reconstructed from the resulting fragments’ positions and energies (see Sec. 2.5 for the full
description). Therefore, it is more convenient to apply a coincidence efficiency correction for the
exclusive breakup measurement with respect to the pseudoprojectile’s scattering angle, 6, and
the opening angle between fragments, 6;,, rather than expressing the coincidence efficiency as a
function of (61, ¢1,62, ¢2). However, using only (612,6,) completely determines the positions
of both breakup fragments, so this was how the efficiency spectra were applied. In this analysis,
the efficiency correction was applied with 6° bin widths as appropriate for the statistics of the
experimental data. The yields, after correcting for coincidence efficiencies, are shown for each exit
channel: Figure 6.17 plots the & + @ exit channel, Fig. 6.18 plots the  + *He exit channel, and Fig.
6.19 shows the @ + d exit channel.

After determining coincidence efficiency-corrected yields for no-capture breakup, the yields
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Figure 6.16 Matrix of ¢ versus 6 for charged particles measured in FABLE to illustrate the goal
of coincidence efficiency determination. If a breakup fragment is measured in the detector at the
cyan star, any breakup fragment that lands in the detector’s coverage that intersects with the cyan
line indicates a breakup event in which FABLE is sensitive to both particles to be measured in
coincidence for breakup occurring at an opening angle of 61, = 20°. The simulated breakup can
then be used to extract a coincidence efficiency based off this method.

associated with breakup for each particle must also be efficiency-corrected for the determination of
unaccompanied cross sections. This correction was applied as a function of the charged particle’s

scattering angle 6 and its energy E.

6.5 No-Capture Breakup Cross Sections

Once the coincidence yields for each exit channel have been extracted and the normalization
has been established, the no-capture breakup cross sections can be determined for each breakup
mode. The no-capture breakup differential cross sections with respect to the pseudoangle of the
projectile prior to breakup for the « + @ exit channel through each resonance are shown in Fig. 6.20.
The no-capture breakup cross sections for the direct breakup into « + *He are shown in Fig. 6.21
and for the a + d channel are shown in Fig. 6.22. Note that they all peak near 6, ~ 60°, near the
grazing angle. These differential cross sections will be used in combination with the singles cross

sections to extract unaccompanied a and *He cross sections in the following Ch. 7. The integrated
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Figure 6.17 Efficiency-corrected matrix for pseudoangle of the projectile prior to breakup versus
opening angle between breakup fragments in the a + @ exit channel.
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Figure 6.18 Efficiency-corrected matrix for pseudoangle of the projectile prior to breakup versus
opening angle between breakup fragments in the @ + *He exit channel. The color scale shows the
counts per bin.
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Figure 6.19 Efficiency-corrected matrix for pseudoangle of the projectile prior to breakup versus
opening angle between breakup fragments in the a + d exit channel. The color scale shows the
counts per bin.

Exit Channel o (mb)
"Be > a+°He 7.9+2
Li* >a+d 3.2+0.6
8Be* »a+a 45=+1
8Be" S a+a 1.1+04
8Be?’ > a+a 3.3+0.38

Table 6.3 Integrated no-capture breakup cross sections for 'Be + 2%8Pb at Ecy = 50.05 MeV,
measured in this work. The contributions for the separable resonances in ®Be have also been
indicated.

cross sections for each exit channel are indicated in Table 6.3.

6.6 Simulation Validity

Breakup simulations, based off the breakup cross sections, were calculated using KOOK-
ABURRA, a semi-classical three-body dynamics code [26]. For each breakup channel, one specifies
a breakup function, P(Rpin) = exp(uRmin + v), Which gives the probability for disintegration as a
function of the distance of closest approach. Alongside this function, the lifetimes and excited states

for each product must be given. The code then outputs the outgoing trajectories for the incident
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Figure 6.20 Differential cross section for the transfer-triggered no-capture breakup of ®Be in the 0*
resonance (red) and the 2* resonance (blue) decaying into two a-particles. The total no-capture
breakup differential cross section for 3Be — « + « is plotted in black.
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Figure 6.21 Differential cross section for the direct no-capture breakup of "Be into an « and *He.
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Figure 6.22 Differential cross section for the transfer-triggered no-capture breakup of °Li in the 3*
resonance decaying into an « and a deuteron.

particle, simulates transfer (if probing a transfer-triggered breakup channel), then calculates the
trajectories of resulting breakup fragments following stochastic breakup based on the projectile’s
excitation energy-dependent mean lifetime for the projectile. The breakup fragment locations are
then geometrically filtered through FABLE’s acceptance using the same pixelization requirements.
Through this process, one can calculate both the relevant kinematic spectra for interpretation of
breakup modes, as well as the coincidence efficiency for each mode simulated.

Throughout this chapter, there have been several comparisons between measured and simulated
breakup with KOOKABURRA. In addition, simulations were employed for determination of effi-
ciency corrections. Therefore, it is worth establishing that the breakup simulations are sound for
these purposes beyond a simple comparison between the observable quantities (such as relative
energy and breakup orientation spectra).

Since this work focuses on reactions of 'Be and 2%Pb at energies above the fusion barrier,
most non-elastic processes simulated by KOOKABURRA result in complete or incomplete fusion.

As a result, using such calculations to determine a coincidence efficiency of the measurement of
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no-capture breakup yields proves difficult to gain sufficient statistics. Therefore, calculations were
performed with the effects of absorption ignored to determine the coincidence efficiency of FABLE
with reasonable statistics. This is valid in the determination of the coincidence efficiency since
€coin 18 predominantly geometric. Recall that one of the core inputs for the model calculations is the
breakup function for each mode. The breakup function was to be determined from the experimental
data, albeit with limited sensitivity to the input breakup function via the coincidence efficiency
determination. By iteratively comparing fitted breakup functions to the original input breakup
functions, one can converge upon u and v exponential fit parameters which result in the simulation
of realistic breakup events. The breakup functions, along with their exponential fits, are shown for
the @ + @ resonant breakup modes in Fig. 6.23, for the @ + *He exit channel in Fig. 6.24, and for
the @ + d exit channel in Fig. 6.25.

The fits used do not all span the full domain of distances of closest approach measured in this
work to avoid effects of absorption, more common along smaller Ry, trajectories, which can be
observed in the significantly reduced the probabilities of breakup at smaller Ry, < 13 fm. The
breakup function fits are listed in Table 6.4. Because these smaller Ry, points were discarded,
the small amount of remaining points and limited statistics mean that the breakup function heights
(v) are not well constrained. However, the breakup function slopes () could be constrained more
reasonably and do converge between the input and output of iterative simulations. Note that the
parameter uncertainties represent 1o errors in the exponential fit, but they do not account for
covariances between the correlated u and v parameters. To confirm that the efficiency matrices
were not sensitive to the breakup function parameters, additional simulations were performed at
the extrema of the fits based on these 10~ uncertainties, and efficiency matrices were shown to be
unchanged. This demonstrates that the coincidence efficiency determination is not overly-sensitive
to the model inputs. These breakup functions, along with excitation energy spectra from the
measured data, and potential interactions calculated by SPP2 [20], were the model inputs for the
simulations, as described in Ch.2 and allowed for an accurate determination of the efficiency for

measurement of no-capture breakup fragments in FABLE.
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Figure 6.23 Breakup function, plotting the probability for breakup as a function of the distance of
closest approach, Ry, for the transfer-triggered breakup of 'Be + 2%®Pb — « + « + 2°’Pb for the
0* resonance (upper panel) and 2* resonance (lower panel). The lines indicates exponential fits
for Ryin > 13 fm (cutoff indicated by the dashed, vertical line). Points below 13 fm are affected
by absorption of the breakup fragments and were excluded from the fit for extracting breakup
functions.
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Breakup Mode = Resonance u v

Be » o +a o 06+0.1 06+2
2F 09+0.2 6+3
"Be — a +He 7/2° 0.8+0.2 26+3
Non-resonant 0.8 +0.2 26+3
Li>a+d 3* 0.62+0.04 2.8+0.6

Table 6.4 Breakup functions for each channel simulated in KOOKABURRA for analysis of breakup
of "Be. The breakup function is parameterized by u and v in the form P(r) = exp(—ur + v). The
uncertainties represent 1o error in the fit parameters, but because u and v are correlated parameters,
these uncertainties do not reflect the overall covariance in the fit of the breakup functions.

P(Rmin)

10 12 14 16 18 20
Rmin (fm)

Figure 6.24 Breakup function, plotting the probability for breakup as a function of the distance of
closest approach, Ruyin, for the direct breakup of "Be +2Pb — a +*He + 2%8Pb. The line indicates
an exponential fit based on points with greater than Ry, = 13 fm (dashed, vertical line). Points
below this are affected by absorption of the breakup fragments and were excluded from the fit for

extracting the breakup function.
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Figure 6.25 Breakup function, plotting the probability for breakup as a function of the distance of
closest approach, Ruin, for the transfer-triggered breakup of "Be + ?%Pb — o + d + 2%Bi. The
solid line indicates an exponential fit and points below 13 fm (indcated by the dashed, vertical line)
were excluded.

6.7 Conclusion

In this chapter, the methods by which one can identify different breakup channels and correct
the efficiencies of particle measurements in FABLE were discussed. By employing semi-classical
simulations, one can better interpret the resulting kinematic spectra for accurate separation of
near-target and asymptotic breakup and determine coincidence efficiencies for application to yields
to extract exclusive no-capture breakup cross sections. In the next chapter, I will show how these

yields, along with the singles yields for >*He can be used to extract incomplete fusion cross sections.
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CHAPTER 7

BREAKUP AND UNACCOMPANIED CROSS SECTIONS
In the last chapter, the process of extracting yields for no-capture breakup and resulting differential
cross sections in the coincidence analysis was demonstrated. In this chapter, by taking the difference
in cross sections between the singles yield and the no-capture breakup yield and accounting for
a-particle evaporation, unaccompanied e-particle and *He cross sections will be determined,

corresponding to incomplete fusion cross sections resulting in the emission of each helium isotope.

7.1 Singles Cross Sections

The singles cross sections for & and He are determined by first selecting each particle with
AE — E particle identification and making cuts in Q — Ey. and E — 6 to remove contributions from
light impurities, giving a yield distribution measured in FABLE as a function of the scattering angle
in the laboratory frame, YpapLg(6). As discussed in Ch. 6 for coincidence cross sections, this yield
can be used to determine a differential cross section in combination with the Rutherford scattering

measurement in the beam monitors by

dogaBLE(0)  YFABLE(6) doRuth (6) €paBLE

_ , (7.1)
dQ YRuth(e) dQ €Ruth

where %}fw) is the differential cross section for a reaction product with yield Ypapr g (6) measured

in FABLE, d‘T‘Z”—g(e) is the Rutherford cross section at that same angle, Yry, are the monitor counts
of Rutherford scattering, epaprg is the efficiency for measuring the reaction product of interest
in FABLE, and ery, 1s the Rutherford scattering measurement efficiency. These efficiency terms
correspond to the scaling and pairing correction factors, which were discussed in detail in Sec.

6.4.3.

7.2 Characterization of « Evaporation

The measurement of 'Be + 2“®Pb formed the compound nucleus of sufficiently high excitation
energies so that in the data will be some «@-yields arising from axn evaporation from the target-
like nucleus. As these may have energies similar to those of a-yield resulting from breakup or

incomplete fusion, they need to be characterized and subtracted from the data. To estimate the
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a evaporation cross section, the statistical model code PACE4 was used to calculate the fusion
evaporation differential cross section [23, 24]. The calculation was performed using a level density
parameter of K = 12, which was chosen by matching the xn fusion relative excitation functions
to those measured by Dasgupta et al. for °Li + 2*°Bi, which forms the same compound nucleus,
in Ref [5], but has the full excitation functions constraining PACE calculations unlike the present
experiment. This matching included a 1.7 MeV shift in beam energy, as mentioned in the reference
for matching calculations for “Li + 2*°Bi due to the angular momentum distribution being difficult
to model when incomplete fusion is significant. All other settings were default and potential
parametrization were calculated from systematics. The integrated axn evaporation cross section
Was Oeyap = 86.6 + 0.9 mb. The differential cross section for the axn evaporation calculation
is shown alongside the other « cross sections in Fig. 7.1, and the evaporation contribution is
subtracted off wherever there was measured a-yield to arrive at the unaccompanied distribution.
Calculations with level density parameters of K = 11, 13 were also tested, but the differential cross

section remained similar. The uncertainty used in the presented calculation is purely statistical.

7.3 Unaccompanied Cross Sections

One can determine the cross section for generating a particle in the exit channel due to no-
capture breakup by summing the cross sections for no-capture breakup exit channels that emit each
particle. This is important in the case of the « cross section, where a-particles can be generated
from multiple breakup modes, and in the case of 3Be decay, two a-particles are generated from a
single reaction. Therefore, the cross section associated with @ production in the exit channel due

to no-capture breakup can be written as
0o(NCBU) = 2044 + 031e + Tad> (7.2)

where the subscripts indicate each no-capture breakup exit channel. Meanwhile, the yield of *He
due to breakup, o3y, comes simply from the no-capture breakup cross section for 'Be — « +>He.

The unaccompanied a cross section, is then given by
Ounacc (@) = 04 — 0o (NCBU) — Oevaps (7.3)
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and in the case of *He, there are no evaporation particles to account for, so the cross section is
simply
3
Ounace ("He) = o3 — 03 (NCBU). (7.4)

Figure 7.1 shows the differential cross section for the unaccompanied « in black, along with its
components, including the breakup (red) and singles (blue) cross sections and the PACE calculation
(pink). Points associated with scattering angles between 84-96° have been discarded even though
there was some detector coverage due to issues with precise determination of the solid angle at the
detector edges. In this region, the average of multiple linear interpolations, by conducting multiple
fits while including or excluding fitted points, was employed to obtain approximate values and
uncertainties for the cross section at the middle angles for the purposes of integration. At 18-20°
in the @ spectrum, these points were discarded due to apparent contributions from light impurities
that could not be removed from the yield. These points were instead extrapolated, in addition to
points where there was a lack of statistics or detector coverage. Extrapolations at the most forward
and backward angles were also used in integration. The integrated cross sections give the cross
sections for & and *He production leading to incomplete fusion, respectively. The integrated cross
sections are shown in Table 7.1.

The unaccompanied differential cross section for *He along with its components are shown in
Fig. 7.2. Linear interpolations and extrapolated were employed in the shaded regions for the singles
spectrum (blue), but in the breakup cross sections (red), only interpolation between 84-96° was
used, without extrapolations at forward and backward angles. Similar to the singles a spectrum,
there is a shoulder at forward angles in the singles *He differential cross section that propagates
into the unaccompanied distribution. This again can be attributed to imperfect removal of light
impurity reaction products in the yields.

The unaccompanied « and 3He cross sections look quite different to each other, as can be seen
in Fig. 7.3, where they are compared along the same axis. The a-spectrum is much larger, and
peaks at a much more forward angle than that of the 3He spectrum. Interpreting this in the view of

classical scattering, one can observe that more peripheral (smaller 6, larger b) reactions on average
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Figure 7.1 Differential cross sections for a-particles resulting from reactions of 'Be + 2°8Pb plotted
as a function of the laboratory-frame angle of the escaping «, 6,. The cross section for a-yield
resulting from all breakup modes is plotted in red. The singles a cross section is plotted in blue.
The difference of the two gives the unaccompanied-« differential cross section, plotted in black.
a evaporation cross sections calculated with PACE are plotted in the open pink squares and their

associated statistical unce

rtainties are plotted, but small. Shaded regions indicate data that has been

linearly interpolated or extrapolated (see discussion in the text).

o o He
Singles 352+ 8mb 161 £+ 6 mb
Breakup 24 + 3 mb 9+2mb

Evaporation 86.6 + 0.9 mb -
Unaccompanied 241 +8mb 152+ 6 mb

Table 7.1 Integrated cros

s sections for breakup and total generation of & and *He, along with the

unaccompanied cross sections, correspond to cross sections for incomplete fusion leading to the

escape of each fragment.
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Figure 7.2 Differential cross sections for *He resulting from reactions of "Be+2%8Pb plotted as
a function of the laboratory-frame angle of the escaping *He, 6s,. The cross section for *He
resulting from all breakup modes is plotted in red. The singles *He cross section is plotted in
blue. The difference of the two gives the unaccompanied 3He differential cross section, plotted in
black. Shaded regions indicate data that has been linearly interpolated or extrapolated in the singles
spectrum, but the breakup cross sections were only interpolated in between 84-96° (see discussion
in the text).

lead to the generation of a incomplete fusion yields when compared to the *He yields. This may
be expected — the only expected reactions leading to *He in the exit channel are those without
transfer, meaning absorption of an a-cluster in 'Be either directly or following Coulomb breakup.
Meanwhile, a-yields from incomplete fusion can follow from transfer-triggered breakup channels,
which may be more peripheral, in addition to the "Be entrance channel. However, contributions
from breakup are small in comparison to the unaccompanied cross sections. This could be a
possible signal of a "Trojan Horse" effect — the weakly-bound projectile of form P = A + B, with
its weakly-bound charged clusters being a heavier particle, A, and some secondary, lighter cluster,
B, is able to achieve a shorter distance-of-closest approach because the heavier A-particle shields
B from Coulomb repulsion of the target and instead brings it along a smaller ¢ trajectory, leading

to enhanced direct transfer of B in comparison to the direct fusion of B alone to some target. This
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Figure 7.3 Plot of the differential unaccompanied cross sections with respect to the scattering angle
of the escaping particle for a (in black) and 3He (in blue). Shaded gray regions indicate data
that has been linearly interpolated or extrapolated, except for *He at forward angles, which had its
extrapolation region shortened to only the magenta-shaded region.

is because, for the same Ecwy/Aproj, the higher total energy for the cluster transfer with A puts the
overall reaction at an energy higher above the Coulomb barrier [38, 39].

The total fusion cross section for 'Be was calculated using a coupled channels calculation
provided by the CCFULL program [22]. This calculation was employed to determine an incomplete
fusion factor,

OICF OICF

Ficr = = , (7.5)
OCF + OICF OTF

where the calculated total fusion cross section, o, is used to scale the incomplete fusion cross
section. This then quantifies the degree of complete fusion suppression observed in a given reaction.
The incomplete fusion cross section for this experiment was taken as the sum of the unaccompanied
cross sections for the >*He isotopes previously discussed. While there may be a contribution of
deuterons to the incomplete fusion cross section, the unaccompanied deuteron spectrum was not
able to be reliably extracted in this work and has been excluded from the sum, but is likely to be

small since the & and *He are the primary components of the cluster structure in 'Be.
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The expected total fusion cross section without the effects of weak binding was calculated by
employing the coupled channels program, CCFULL [22]. The input parameters (Vy, ro, ag) for
the Woods-Saxon potential used in the calculations was based off values given by the Sad Paulo
Potential. The fusion barrier energy extracted from these calculations was V;, = 39.44 MeV, which
well matches the fusion barrier extracted from the optical model fit of elastic scattering measurement
of "Be on 2%8Pb by Mazzocco et al. [40], in which they found to be 39.45 MeV. The uncertainty
in the total fusion cross section was determined by making several calculations of the total fusion
cross sections with slight variations in the barrier depth parameter, Vj, and plotting the absolute
difference |orp(Vo) — orr(Vp = 39.44 MeV)| as a function of the resulting barrier energy, Vp, as
shown in Fig. 7.4. By taking the average difference in the total fusion cross section at V + 500 keV
the uncertainty is estimated. The variance of the barrier energy was chosen to be 500 keV since the
fusion excitation function for this reaction has not been measured, so the range presented roughly
captures some uncertainty in the chosen barrier energy. This results in a calculated total fusion
cross section of 790 + 60 mb.

For the laboratory frame incident energy of 51.74 MeV (Ecm = 50.05 MeV), the incomplete

fusion factor determined in this work for "Be + 298Pb was found to be Ficp = 0.50 + 0.04.

7.4 Conclusion

In this chapter, the unaccompanied >*He differential and integrated cross sections were extracted
for reactions of "Be +2%8Pb at Ecy = 50.05 MeV, at 1.3 times the barrier energy and the incomplete
fusion factor was determined with respect to a total fusion calculation using CCFULL. In the next
chapter, this result is considered in the context of other incomplete fusion factor measurements
with weakly-bound nuclei. Additionally, the no-capture breakup dynamics and incomplete fusion
yields of "Be are compared to those of %7Li to better understand the role of nuclear structure and

cluster binding in the near-barrier reaction dynamics.
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Figure 7.4 Absolute difference in total fusion cross section for a barrier energy and the chosen
total fusion cross section for 'Be + 28Pb at Ej, = 51.74 MeV based on the SPP potential
parameterization plotted against the barrier energy from the resulting calculation with CCFULL.
The vertical lines indicate Vg + 500 keV.
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CHAPTER 8

DISCUSSION AND CONCLUSION
In the last chapter, unaccompanied helium cross sections were extracted for the measurement of
"Be + 28Pb at Ecy = 50.05 MeV, 1.3 times the fusion barrier energy. From these, an incomplete
fusion cross section and incomplete fusion factor of Ficrp = 0.50 + 0.04 were determined. I will
now consider the implications of these results by way of a direct comparison to the mirror nucleus
"Li and also within the broader context of other studies of the complete fusion suppression of

weakly-bound nuclei.

8.1 Complete Fusion Suppression of 'Be in the Context of Prior Measurements

In Fig. 8.1 shows an updated version of the dependence of Ficp on charged particle breakup
threshold, with now the inclusion of the "Be incomplete fusion measurement. Note that the
exponential fit to radioactive isotopes, indicated by the red line, excluded the "Be point measured
in this work, but is still in agreement with the value. In this context, an enhancement of incomplete
fusion yields in the radioactive and weakly-bound nuclei is further substantiated. While it may be
expected that the structure of the weakly-bound nucleus (similar to ’Li) and its breakup threshold
(similar to ®Li) would be the predominant influence on the mechanism of the resulting complete

fusion suppression, this measurement is in disagreement with this notion.

8.2 Comparison to ®’Li + *“Bi

There have been various breakup and fusion measurements of %’Li before this work. I shall
consider comparisons of breakup in available data of 'Li + 2Bi, measured at a matching beam
energy to barrier energy ratio of 1.3 measured in this work’s study of "Be to better understand how
structure may or may not influence the breakup dynamics. These ’Li breakup data are courtesy
of Cook et al., measured at the Heavy Ion Accelerator Facility located at the Australian National
University, which is the basis of Ref. [11]. The comparison relative energy spectra with the same
@ + a exit channel are shown in Fig. 8.2 by way of neutron-pickup for ’Be and proton-pickup for

Li. Figure 8.3 compares relative energy spectra in the @ + d exit channel via proton-stripping for
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Figure 8.1 Updated version of Fig. 1.3, plotting the Ficr for different isotopes against their breakup
threshold into two charged fragments. Blue points indicate stable beam measurements and red
points indicate radioactive ion beam experiments. The solid blue line plots an exponential fit to the
stable beam data and in red is an exponential fit to the radioactive ion beam data, excluding the "Be
point presented in this work. The dashed, grey line indicates an exponential fit to all data. With the
inclusion of the "Be measurement from this work, the trend of enhancement of incomplete fusion
yields in radioactive isotopes is further supported. Additional Ficp data from Refs. [5-9].

"Be and neutron-stripping for 'Li. Despite the fact that the initial transfer reactions are different
to populate the 8Be and °Li resonances, the breakup appears to match within uncertainty for each
experiment, but since the "Be statistics were so low, it is difficult to comment on the strength of
agreement or disagreement.

The breakup orientations in the @ + d exit channel might reveal discrepancy between the two
reactions. Figure 8.4 shows the breakup orientation matrix for the ’Li experiment [11] (left) in
comparison to the present work (right). For "Li + ?®Bi — SLi* + ?!°Bi — a + d + ?'°Bi, not
only is breakup visible through the 3* resonance, but there are also clear contributions from non-
resonant breakup. However, for Be + 298P — °Li* + 299Bi — a + d + 29Bi, there is no clear

significant contribution of non-resonant breakup. In addition, the KOOKABURRA simulation of
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Figure 8.2 Relative energy spectra comparing the breakup of "Li + p — « + « in reactions of "Li
on 2Bi at Ecy = 38.7 MeV, from Cook et al. (see Ref. [11]) to the matching exit channel in this
work. Note that the beam energies are at a matching beam energy to barrier energy ratio. The error
bars represent statistical error, and in the case of the 7Li data, counts and associated uncertainties
have been scaled down to match the overall statistics of the 'Be data.

this breakup channel accurately reproduced the experimental E¢ spectrum with only a 3* resonant
breakup contribution. This suggests that in spite of the different transfer reactions, each transfer
is isospin-symmetric, which seems to be the predominant predictor for the excitation energy of
the projectile-like resonance prior to breakup, but the resonance structure through which breakup
occurs may appear different in the breakup orientation spectra. With such low statistics in the case
of the "Be dataset, it is possible that there is some non-resonant breakup at larger 61, but it cannot be
clearly identified with such few counts. However, based on the relative intensities of non-resonant
and resonant breakup in the "Li experiment, perhaps one might expect more non-resonant breakup
in the orientation matrix for the "Be experiment than what is visible.

This may lead one to believe that because the breakup of the two mirror nuclei, "Be and "Li,
are similar due to their underlying structure, that their (in)complete fusion should also be similar.
This is incorrect. As mentioned in the last chapter, the incomplete fusion factor for "Be was found

in this work to be 0.50 = 0.04, which is much higher than that of both SLi (Ficr = 0.34 + 0.06)
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Figure 8.3 Relative energy spectra comparing the breakup of 'Li + d — t — « + d in reactions of
"Li on 2Bi at Ecy = 38 MeV, from Cook et al. (see Ref. [11]) to the matching exit channel in this
work. Note that the beam energies are at a matching beam energy to barrier energy ratio. The error
bars represent statistical error, and in the case of the 7Li data, counts and associated uncertainties
have been scaled down to match the overall statistics of the ’Be data. Note the different scales of
the color axes.
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Figure 8.4 Comparison of the breakup orientation matrix for the transfer-triggered breakup of
"Li+2YBi — °Li* — a+d at Ecy = 38.7 MeV (left) measured by Cook et al. [11] to the breakup
orientation matrix of "Be + 2%Pb — °Li* — a + d at Ecy = 50.05 MeV (right), presented in this
work. These measurements were both performed at similar £/Vp = 1.3. Note that there are clear
contributions from both non-resonant breakup and resonant breakup in the "Li data, while it is not
as apparent in the 'Be data, even with low statistics.
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Reaction Ecv MeV)  Unacc. Rel. Intensity  opcp (mb)  Qransfer (MeV)

"Be + 298pp @ 50.05 a 61 + 3% 241 + 8 4.03
3He 39 + 2% 152+6 -10.54
OLi + 209Bi® 38.81 a 63 + 3% 148 + 4 5.84
d 37 + 5% 87 + 10 -10.73
TLi + 209Bi®:0) 38.63 a 80 + 8% 256 + 21 4.59
¢ 20 + 2% 65+ 3 -11.7
(a) This work

(b) Dasgupta et al., Ref. [5]
(c) Cook et al., Ref. [11]

Table 8.1 Cross sections for unaccompanied particles resulting from incomplete fusion measured at
1.3X Epeam/ V3 for "Be on 2%8Pb and ®Li on 2*Bi. The relative intensities for each unaccompanied
particle are provided. The Q-values for direct cluster transfer leading to incomplete fusion are also
indicated, which are calculated via mass excesses based on mass evaluations from Ref. [41].

and "Li (Ficr = 0.26 + 0.03) [5], even though the breakup thresholds of "Be and SLi are nearly
identical, as shown in Fig. 8.1 in the prior section.

The comparison of incomplete fusion yields in “Be and ®7Li may be informative to better
understand why the breakup looks so similar, but the complete fusion suppression is so different.
Table 8.1 compares the cross sections for incomplete fusion, resulting in the escaping @ or secondary
fragment for each of these isotopes in reactions at a matching beam energy to fusion barrier energy
ratio of 1.3. The Q-values for direct cluster transfer in each case are also indicated. Plotted in
Fig. 8.5 are the relative intensities for incomplete fusion yields for each reaction resulting in either
an unaccompanied a or secondary cluster. While the overall fusion is significantly enhanced in
"Be in comparison to %7Li, the relative intensities of escaping versus absorbed fragments better
match for ’Be and ®Li, showing that there is perhaps some correlation between clustered breakup
threshold and direct cluster transfer orientations. At the same time, it is then strange that the
relative intensities between the unaccompanied o and He/t differ so greatly when comparing the
incomplete fusion cross sections of 'Be and’Li when the difference in their breakup thresholds is
also small. Furthermore, the transfer Q-values for "Be and ’Li cases are also close, making the
difference in both relative intensities and overall intensities surprising. In all cases, the a-particle
is more likely to escape in incomplete fusion than their alternative cluster. This makes sense when

considering the Q-value for direct cluster transfer in each process and the Trojan horse mechanism
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Figure 8.5 Stacked bar chart plotting the relative intensities of incomplete fusion cross sections
associated with an unaccompanied « (in blue) or secondary cluster (*He, d, t, in orange) for 'Be
and ®7Li [5, 11]. There is good agreement in the relative intensities between ’Be and °Li.

Exit Channel o (mb) from 'Li ¢ (mb) from 'Be

a+t/3He 9.6 +0.6 79+2
a+d 10.8 £ 0.5 32+0.6
a+a 7.3+0.4 45+1

Table 8.2 Comparison of no-capture breakup cross sections for "Li+2%Bijat Ecy = 38.7 MeV [17]
[11] to those of "Be + 298Pb at Ecy = 50.05 MeV, measured in this work. The « + 7 exit channel
corresponds to breakup of “Li and « + *He to breakup of "Be.

[38], but cannot be explained easily with breakup alone.

The no-capture breakup cross sections of the Li and "Be studies can also be compared. The
cross sections for each exit channel is indicated in Table 8.2. Here, it is shown that the no-capture
breakup cross sections are smaller in every exit channel for the "Be reactions than the "Li reactions.
Presumably, if there is breakup, at least one of the fragments is captured more often for 'Be than

"Li in view of the incomplete fusion cross sections.
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8.3 Influence of Cluster Charge-to-Mass Ratios in Fusion Reactions

While structure of the weakly-bound projectile is integral to the breakup reactions, the dynamics
of incomplete fusion, which include not only sequential breakup capture, but also direct cluster
transfer, are influenced first by something else. This could be the breakup threshold to clusters, but
if this is the case, why should some weakly-bound isotopes have such enhanced incomplete fusion
cross sections just because they are radioactive, but have otherwise typical structures? Many of the
studied radioactive nuclei, like ’Be, are not exotic in structure.

I propose that a different quantity, instead of breakup threshold, better models and predicts
complete fusion suppression and merge the discrepancy between the stable and radioisotopes. I
construct such a quantity by considering both the properties of the weakly-bound projectile and
its constituent charged clusters. Consider a weakly-bound isotope, p, such that it has low breakup
threshold to disintegrate into two charged fragments, p — 1+ 2. The parameter then is constructed
from the proton numbers of the particle and its clusters, Z,, Z;, Z;, the masses, m,, my, m;, and
charge radii p,, p1, and p;.

Recall the form of the Coulomb force between two particles,

kQ10>

F =
2

7, 8.1)

where Q1, O, are the charges of the two particles, r is the distance between them, and & is the
Coulomb constant. If one were to construct a "force-like" term from the parameters enumerated.
the product of the proton numbers in each fragment, Z;Z,, acts as natural choice to represent
the charge product component in the Coulomb force between two particles. This means that the
magnitude of acceleration of each fragment, a; and a,, is proportional to the ratio between this
product and the cluster particle mass.

However, to construct a full term to represent the acceleration of each fragment, the radial terms
are required. To do this, I propose the to use the charge radii. Specifically, by taking the difference

between the charge radius of each cluster and the charge radius of the whole projectile, two radial
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Figure 8.6 Cartoon illustrating the properties of the clusters within a weakly-bound isotope. The
charge radius of the projectile, p,, and its component clusters, p; > are labeled. Each radial term is
taken as the difference between charge radii. The proposed quantity to predict Ficr emulates the
force between the component clusters within the nucleus.

terms can be constructed:

rp =lpp —p1l, rp = lpp — p2l. (8.2)

See Fig. 8.6 for a visualization of the relationship between the various charge radii. Each radial
term r1, and ry, serve to quantify the asymmetry of the charge distribution based on clustering
within the nucleus. The product of these two radial terms then allows us to construct the "force-like"
term,

I 142

oC

: (8.3)
rlprzp

If one wanted to write a term corresponding to a term with dimensionality of acceleration for
each charged cluster within the nucleus based on this force term, we can write a; = F/m; and

ay = Fip/my. Combining these two acceleration components for each cluster, we find that a "net"
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Figure 8.7 Incomplete fusion factors for different weakly-bound isotopes plotted against the quantity
proposed in the text. This quantity scales with the magnitude of accelerations between the charged
clusters within each isotope divided by the linear charge density of the weakly-bound isotope
itself. Blue points indicate stable beam measurements and red points indicate radioactive ion beam
measurements. Magenta points indicate instances where the charge radii of the projectile clusters
have not been measured — specifically of “He, and have instead used the charge radius of “He in
the determination. The black dashed line indicates a linear fit to the data, with mean-squared error
0.00. Additional Ficp data from Refs. [5-9]. Charge radii measurements are from Ref. [42] and
nuclear masses are from the Atomic Mass Evaluation [41].

acceleration parameter is

(8.4)

Z\Z, ( 1 1 )
app=a)+ap= .

_+_
lop = pillop —p2|l \m1  ma

With greater "acceleration," the more easily clusters can be separated, or of relevance in this
work, perhaps individually transferred. Finally, the parameter is scaled to the linear charge density
pp/m, for each isotope. Figure 8.7 plots the incomplete fusion factors against this proposed
quantity. Note that in the cases of 3Li and °Be, one of the expected clusters, *He, does not have an
experimentally measured charge radius. For this reason, these points have been colored magenta
and the charge radius of 4He has been used, instead, since the lifetime of >He is so short compared

to the timescales of the reactions of interest. In this figure, there is no longer as wide of a separation
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between stable and radioactive weakly-bound nuclei, as can be seen when only examining the
breakup threshold. The linear fit to data, indicated by the dashed line, does not agree to all points
within uncertainty but captures the overall trend of the incomplete fusion factor.

To compare the parametrization of Ficr by breakup threshold versus the proposed quantity, the
error in each fit to all data is quantified as a weighted sum of the residuals, or

Z |FICZ;2FICF|’ (8.5)

ICF

where the uncertainty E is the sum of the difference between the measured Ficp and predicted
Ficr, weighted by the uncertainty each measurement, AFicg. The error in the exponential fit based
on clustered breakup threshold, indicated by the gray line in Fig. 8.1, is E = 482. Meanwhile,
the error in the linear fit to the proposed parametrization, indicated by the black line in Fig. 8.7,
is E = 192. Note that the magnitude of these error terms are large because they are scaled by
large weight terms. The important aspect of this error analysis is that the error in the fit by the

proposed quantity is less than half that of the fit by breakup threshold. This demonstrates that the

parametrization proposed more accurately reflects the measured incomplete fusion factors.

8.4 Conclusion

In this work, the no-capture breakup and incomplete fusion of “Be on 2*®Pb was measured at an
energy 1.3 times the fusion barrier energy. After extracting unaccompanied >*He cross sections, the
incomplete fusion cross section for ’Be at this energy was determined. Additionally, by calculating
a complete fusion cross section with CCFULL [22], the incomplete fusion factor for "Be in this
experiment was found to be Ficp = 0.50 + 0.04. This finding is in surprising agreement with the
trend in prior studies of weakly-bound nuclei that showed an enhancement of incomplete fusion
yields and complete fusion suppression in comparison to those of stable, weakly-bound nuclei.

The comparison between breakup and fusion of "Be to reactions of ®’Li show that breakup
threshold and low-lying structure cannot fully explain the mechanism for complete fusion suppres-
sion. Additionally, the comparison of incomplete fusion products provides further evidence for a

"Trojan Horse" mechanism by which direct cluster transfer is enhanced in weakly-bound nuclei.
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Additional breakup calculations that more properly model the capture of breakup fragments is
still necessary to understand the evidence of direct cluster transfer as a mechanism for complete
fusion suppression in 'Be, as has been observed in 'Li [11]. There were difficulties in applying
simulations with KOOKABURRA to accurately model absorption effects in this work due to large
uncertainties in the breakup functions, but calculations that constrain cross sections associated
with breakup and breakup-capture are critical to demonstrating the role of cluster transfer in the
observed enhancement of incomplete fusion.

Furthermore, calculations that carefully model cluster-cluster interactions within the weakly-
bound projectile along its trajectory would prove beneficial in forming a more complete description
of the mechanism of complete fusion suppression, as well as describe the apparent enhancement
of direct cluster transfer. One natural choice of model would be the IAV model of breakup, since it
has already been applied in calculations of %7Li reactions [39].

A measurement of the complete fusion cross section in "Be + 2“*Pb would be beneficial for
constraining the Ficg presented in this work. Part of the original experimental campaign described
in this work was to do so by measuring the decay a resulting from fusion products implanted
onto an aluminum "catcher" foil following irradiation of the 2°8Pb target, but the resulting decay
spectrum could not be fully de-convoluted [37]. Additionally, only one energy was able to be
measured in this work. While prior studies have shown that the incident energy does not change
the resulting incomplete fusion factors [5], measurements of the same reaction system at different
energies would not only improve the constraint on the incomplete fusion cross section, but also the
fusion barrier energy.

Further measurements of incomplete fusion reactions in previously-measured isotopes, but
by way of the unaccompanied charged particle method may prove useful in understanding the
role of clustering in fusion and breakup, especially in cases where there is asymmetry in the o + x
clustering. For example, while incomplete fusion factors for '%!'Be have been measured already [8,
12], the unaccompanied charged particle spectra that may be extracted in another near-barrier study

would better constrain the effects of asymmetric clustering in transfer. In one recent measurement
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of near-barrier reactions of '°B + 2%Bi [43], singles production cross sections were extracted and
coincident a+a exit channels of breakup were studied, but a measurement of the no-capture breakup
differential cross sections of each breakup channel would allow for extraction of unaccompanied
particle cross sections. By studying the various breakup exit channels observable through reactions
of 9B, the mechanism by which cluster transfer is enhanced can be better understood. Alternatively,
an above-barrier measurement of '“N would prove useful for analyzing cluster asymmetry in fusion
dynamics.!*N has higher energy, but accessible, resonances that are unbound to a variety of different
charged fragment decays, such as BC+ p (Egy = 7.5 MeV), 2C + d (Egy = 10.27 MeV) and
0B + o (Egy = 10.55 MeV) [44]. While the cross sections would be small, high beam intensities
with a stable beam are achievable and the measurement would provide plenty of asymmetry with
which to probe how clustering influences both transfer and breakup. Of course, investigating the
reaction dynamics with more exotic nuclei would prove useful in attaining more asymmetric cluster
structures, but such measurements may be difficult to achieve without improved beam intensities.
In conclusion, the measurement of no-capture breakup and incomplete fusion in Be + 2°8Pb
further substantiated evidence of incomplete fusion enhancement in radioactive isotopes. With the
statistics achieved in the present work, it is difficult to draw conclusions in the comparison to prior
67Li measurements to better understand the role of structure and breakup in near-barrier reactions
with weakly-bound nuclei, this measurement demonstrates further evidence of direct cluster transfer
as a mechanism of complete fusion suppression and suggests that further study of clustering effects
in weakly-bound nuclei is necessary to disentangle the relationship between near-barrier reaction

dynamics and the structures of the participant reactants.
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