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ABSTRACT

One-neutron transfer reactions are used to study single4p&le neutron states in nuclei.
In this work, the 1'Be(p,d)!°Be* transfer reaction at 9.93 MeV/nucleon was performed at #
TRIUMF-ISAC Il facility with the Printed Circuit Board Based C harged Particle ((PCBY)
array inside the TRIUMF ISAC Gamma- Ray Escape-Suppressed &gtrometer (TIGRESS).
Using particle identi cation and particle- coincidence the extraction of angular distributions
was performed for the ground state and all the populated exed states of'°Be (2, 2;, 1
and 2 ). A collective state model was used in an attempt to t the anglar distributions for
the 0; and 2 states by deforming a'°Be potential with a quadrupole coupling in DWBA
calculations run by FRESCO. This model correctly predictedite magnitude of the angular
distribution for the 07 state, but did not successfully reproduce the angular disbution for
the 2] state. The other 1°Be states were modeled as a single-particle hole states gsin
either a one- or two-step process to create the hole state bgmmoving aps-, neutron from
the initial con guration of the !'Be nucleus.

To extract the spectroscopic factors for the hole states, & analysis was performed to
nd the best t to the experimental data. After the spectroscopic factors were extracted
they were compared to theoretical predictions and previousxperimental values.  The
spectroscopic factors of the 1and 2 single-particle hole states starting from a pure,;-,
state were found to be lower than previous studies, howevétrwas also determined in this
analysis that ads-, component of the wavefunction could be signi cant in some sas. The
spectroscopic factor of the single-particle hole state fdre 2; state was found to be extremely
large to reproduce the magnitude of the cross-section. Fuer studies are needed to resolve
the structure of the Z state.

The 2 state remains the best candidate for an excited halo stateratture, though the

S1=» Spectroscopic factor is much lower than predicted. An expemnent to extend the angular



distributions beyond what was measured in this experimentoald provide more sensitivity
to the s;-, and ds-, components and perhaps clarify the,-, and ds-, makeup of the 1 and

2 states.
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CHAPTER 1
SCIENTIFIC MOTIVATION

Recent developments in nuclear physics have allowed impeonents in radioactive beam
facilities. These improvements have increased the capatiodls of the facilities, enabling the
production of a larger number of nuclei to be studied, includg many nuclei far from stability.
Studies of nuclei near the drip-lines have shown the exis@mnof exotic structures, including
a structure classi ed as a halo. Further investigation of te halo structures have provided

opportunities to test and to extend the current nuclear mods.
1.1 Halo Nuclei

Halo nuclei were rst discovered in 1985 with the work on largmteraction cross sections
of neutron-rich isotopes of Helium and Lithium by I. Tanihataet al [1]. A simple model of a
halo nucleus can be created by solving the time independerdt@adinger equation (Equation
1.1), whereE is the energy eigenvalues, is the e ective mass,V (r) is the potential and

( r,; )is the wavefunction.

2

E(r; )= Z—hr2+V(r) (s ) (1.1)

By choosing a solution to Equation 1.1 that is expressed as adial solution and an
angular solution (r;; )= R(r)Ym(; ), the radial and angular terms can be separated
and solved individually. The angular solution consists ohie well de ned spherical harmonics
arising from the radial symmetry of the nuclear potential ad contain the angular information
of the nucleus. This solution is shown in Equation 1.2 where=( 1)" form Oand =1
form 0, | is the azimuthal quantum number,m is the magnetic quantum number, and

P™(cos ) are the Legendre polynomials [2].



S
Y )=

@ +1) (1 j mj)!eim
4 (I + jmj)!

P™(cos) 1.2)

The radial portion is solved by assuming a nucleus with a nenain loosely bound to an
inert core that interacts in a square well potential the sizef the nucleus [3]. The resulting
radial solution for the neutron outside the potential has tke form shown in Equation 1.3
whereRy is the width of the potential.

e kr ekRo

2
RM= + - 1+ kRy)™= (1.3)

The density distribution for the neutron is given in Equation 1.4, wherek is related to
the separation energy of the neutron byhk)? = 2 S ,,, whereS, is the neutron separation

energy [3].

2kr
(=i ( iR/ RO (1.4

As the neutron separation energy decreases, the density oéttistribution di uses. The
most commonly accepted de nition of a halo nucleus state ifat the halo nucleon(s) have
more than 50% of their probability density outside the core @tential [4]. The behavior of
di erent density distributions in single-particle states using the more realistic Woods-Saxon

potential (Equation 1.5) is shown in Figure 1.1.
Vo

VWS = — V7 Rr (15)
l+ex

Figure 1.1 shows density distributions for s, p and d orbitaland for multiple neutron
separation energies. As expected from Equation 1.4, the sina¢utron separation energies
have larger density tails. The density tails also vary depeliing on the angular momentum,

showing that the largest tails come from the lowest angular amentum orbitals.



Density [ fm-? ]

0 4 8 12 16 0 4 8 12 186

Figure 1.1: Examples of Calculated Density Distributions adingle particle states in a simple
halo nucleus model [5]



The long density tail forming the halo implies that the halo mcleons (in most cases,
one or more neutrons) can be found outside of the classicaach of the binding potential
[6]. Combined with the fact that these nuclei are typicallyight and near the drip-line, they
constitute excellent laboratories to test ab-initio calclations and help ne-tune not only
the nucleon-nucleon interaction, but also whether additimal N-body interactions are needed
to properly describe them. At the very edge of stability, tweneutron halo nuclei, such as
®He, 11Li and “Be, present even more challenges to theory [7]. Known as Bamrean (halo)
nuclei, they are weakly-bound nuclei with unbound subsystes (core+n and n+n) implying
that it is the combination of the binding energies of the corn+n system that keeps the
nucleus from breaking apart [8, 9]. All in all, halo nuclei reqgsent a class a extreme nuclei
that pushes the limit of our understanding of how nucleons bd to form bound nuclei.

In general, the most successful models of the halo nuclei bdeen models which decouple
the halo wavefunction from the core of the nucleus and treathé halo nucleus as a halo
nucleon(s) + core [5]. Conrmed halo nuclei include both newon and proton halos, both
of which are shown on the chart of nuclei in Figure 1.2 in adddh to other suggested halo
nuclei. It is worth noting that though the halo nuclei in Figure 1.2 all have a ground state
halo con guration, the de nition of a halo structure can be etended to a nucleus in an
excited state.

Again, the accepted de nition of a halo nuclei is a nucleus wit a large density tail.
A large density tail can result from having low angular momdnm and a low separation
energy, but neither quality is found exclusively in groundtate con gurations. Therefore, if
a nucleus in an excited state has a large density tail, the deition of a halo nucleus can be
expanded to include that nucleus in its excited state as an eixed halo state. One known
excited halo state is the%+ excited state of!’F, which has a proton separation energy of
Sy, = 105 keV and a single proton in an s-wave orbital [10].

Another known halo nucleus is that of thel” ground state of*'Be. ‘!Be ground state

has a one-neutron halo with a 0.505 MeV neutron separationengy. A simple model of this
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Figure 1.2: Chart of Con rmed Halo Nuclei and Candidate Halo Nuclg5]

state places the halo neutron in the s-orbital, but the moreaurate wavefunction is shown

in Equation 1.6 [11], where = P 0:8and = P 0:2.

1Be(1=2") = °Be(0") 251, + Be(2*) 1ds, + i (1.6)

11Be is also interesting as a means to study possible exciteddatates in'°Be. 1°Be has
four excited states with energies close to the neutron sep#ion energy, as seen in Figure 1.3.

The 2;,1 and 2 states are all possible excited halo states [4, 12, 13].
1.2 °Be

This research is primarily focused on the;2 1 and 2 states of'°Be, though the ground
state (0;) and the rst excited state (2;) are also investigated. Theoretical calculations
from Al-Khalili and Arai [4], predict that the 25 will have a halo neutron in thep;-, orbital
coupling to either agBe(g ) core or agBe(g ) core with the spectroscopic factors calculated
using a four-body microscopic cluster model [14]. Al-Khaliand Arai also predicted that

the dominant structure of the 2 state would have a halo neutron in ars;-, orbital coupled
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with a 9Be(g ) core and small contributions from other con gurations. Téle 1.1 shows the
predicted structures and magnitude of the con guration of he 2 and 2 states. The 1

state was not considered in their analysis.

Table 1.1: The occupation probabilities for the dominanfBe+n con gurations in the °Be
states (adapted from [4] with spectroscopic factors from4))

State of 'YBe  Con guration Spectroscopic factor

gBe(% ) P3=2 0.28

+ gBe(§ ) P1=2 0.54

2 .y
Be( ) 3= 0.23
gBe(g ) P1=2 0.13
BeZ ) s 0.70

> Be( ) ds 0.16
Be(2 ) si= 0.02
Be(2 ) s 0.10

The most dominant con guration shown in Table 1.1 isg[Be(g )  pi=] for the 2 state
and PBe(g ) Si—] for the 2 state. The 2 state is the best excited halo state candidate
owing to its smaller neutron separation energy and to the halneutron being in thes;-,
orbital. However, the 2 could also have a halo structure based onm-, halo con guration.

In a neutron breakup experiment of'Be and!°Be on silicon, the 1 states and 2 states
were assumed to arise from the removal of one of tipge-, neutrons and could be thought
of as an excited halo with a con guration of S{Be(g )  sSi1=]. The spectroscopic factors
calculated from the shell model wer&, = 0:69 andS, = 0:58 [12], [15]. Again, the 2
state appears a very strong candidate for an excited halo stiture. the 1 state is predicted
to have the same structure, with the major di erence being tht it is more bound than the
2 state, but still predicted to have a strong halo contributia.

Very recently, a transfer reaction done by Johansen et al. [[LBheasured cross-sections
fromthe 2,, 1 and 2 states in a'Be(d,t)}°Be* reaction. The 1 and 2 states spectro-
scopic factors were calculated from a model assuming the @ral of one of the neutrons from

the ps=, orbital, while the 2, state was modeled by removing a neutron from the-, orbital.



The derived spectroscopic factor wer&, = 0:31(11),S, = 0:40(10) and Sz; = 25(10).
Good agreement was obtained for the 1land 2 angular distributions, however, the calcu-
lation for the 2, state failed to reproduce the experimental angular distrition [13].

The experimental spectroscopic factors are found to be lowhan the theoretical pre-
dictions by Al-Khalili and Arai, butthe 1 and 2 states were shown to have a partial halo
con guration since in both cases the original halo neutronfo'!Be remain in an s-orbital.

Overall, it is worth a more in depth look at all three of these tates.
1.3 Transfer Reactions

The most e ective way to study the predicted excited halo st of 1°Be is to use the
11Be(p,d)!°Be transfer reaction. Transfer reactions, such as (p,d), aresad to study single
particle excitations within the nucleus, making this readbn ideal for studying speci c states
in the two nuclei of interest. Additionally, the one-neutronhalo structure of!'Be can be used
to study both °Be and 'Be, as the proton can capture either the halo neutron or one of
the neutrons from the core. The resulting di erential crossection of the deuteron contains
information on the angular momentum removed in the transfereaction. A schematic of the
transfer reaction showing the neutron capture options is skvn in Figure 1.4.

If the halo neutron is captured, the corresponding angular amentum transfer will give
information about the structure of the 1*Be ground state. If a core neutron is captured, the
remaining 1°Be is left in a similar structure to the 'Be ground state as the halo neutron

remains in the same s, orbital, which is the predicted structure of the 2 halo state.
1.4 GANIL Experiment

Research on the''Be halo state and'°Be excited states was done previously using the
11Be(p, d)!°Be transfer reaction at the Grand Accekrateur National d'lons Lourds (GANIL)
in Caen, France. The reaction used ¥Be beam of 35.3 MeV per nucleon and an array of ten
position sensitive sheet-resistive silicon detectors (CHABSA) [16]. The silicon array was

arranged to cover angles between and 35 relative to the center of the target. CHARISSA
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Figure 1.4: 1Be(p,d)!°Be transfer reaction schematic showing the neutron capture psi-
bilities during the experiment

was capable of detecting boti°Be particles and deuterons from the transfer reaction which
allowed for background removal in the detected spectra. Thexcited state spectrum of°Be,
shown in Figure 1.5, illustrates the successful backgroundmoval by use of detecting’Be
with the coincident deuteron and separates the excited s&@s of'°Be into the ground state,
rst excited state and the group of four states around 6 MeV.

The resolution of the particle identi cation available during the GANIL experiment was
not capable of separating the four states iA°Be around 6 MeV, preventing the study of
individual states. With the excited state unable to be sepatad, the population of each
state was undetermined and the structure of the 2state could not be investigated further.

The structure of the excited nuclear states is investigatealsing di erential cross-sections.
The di erential cross-section is the rate at which the readbn particles are detected for a
given solid angle. The shape of the experimentally deternad cross-section is t using
various models, such as the optical model, and the t contaminformation on the angular
momentum transferred and the potential, radius, and di usaess of the nucleus. The GANIL
experiment was successful in determining the di erentialross-sections for the ground state

and rst excited state of 1°Be, but only a combined cross-section could be calculated the
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Figure 1.5: 1°Be Excited state spectrum from the GANIL experiment [16]. Top anel shows
the single hits of'°Be while bottom panel shows thé®Be hits in coincidence with a deuteron
without the carbon background.

states around 6 MeV (Figure 1.6).
Repeating the transfer reaction with an experimental setugapable of separating the
states around 6 MeV allows the dierential cross-sectionsf dhe individual states to be

studied, thereby determining the structure of the nucleusAdditionally, a lower radioactive

beam energy would avoid issues originating from three-bodyects.

1.5 |ISOLDE/CERN Experiment

Two similar transfer reactions were done at the Isotope maS&eparator On-Line facility
(ISOLDE) facility at Conseil Europeen pour la Recherche Nugaire (CERN). The 'Be(p,d)
and (d,t) transfer reaction were performed at 2.8 MeV per nleon using the T-REX silicon
array in combination with the MINIBALL germanium detector. The T-REX silicon array
consists of eight resistive strip detectors which coveredetwveen 40 and 120 in the center
of mass frame in order to detect the tritons. Another four anral detectors were placed at

very forward angles in the lab frame to detect thé°Be [13].

10



0 3 P3Dg
0"
1F
s 11E-‘.e{p,t:i)mli?.e
E L
£ (SE1.f)
o ! ;
1 - 1 |
I=1 6 MeV
10 3
l 1 |

C.M. angle (deg)
Figure 1.6: Di erential cross-sections for the'°Be ground, rst excited state and 6 MeV

states [16]. The points are experimental data points and thiene correspond to theoretical
calculations.

11



During this experiment the (p,d) transfer reaction only praluced ground state deuterons
of su cient energy to be identi ed, but the tritons in coinci dence from the (d,t) experiment
combined with the gammas give the full excited state spectrdigure 1.7) which allows the

separation of the states around 6 MeV.
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Figure 1.7: 1°Be Excited state spectrum from the ISOLDE experiment [13]. dp panel shows
the total energy spectrum in black and the sum of the gamma gatespectrum in red while
bottom panel shows the individual excitation energy for theali erent gamma gates. Blue:
2.6 MeV. Red: 2.9 MeV. Black: 3.3 MeV. Green: 6 MeV+C.

The gamma gates allow a dierential cross-section to be deteined for each of the
individual states in the transfer reaction shown in Figure B. The 2.6 MeV gamma gate
contains contributions from both the 2 and the 1 states, similarly the 2.9 MeV gamma
gate could contain contributions from both @ and the 2 states but was experimentally
determined to be purely the 2 state [13].

Although the ISOLDE experiment allowed the states around 6 Mé to be separated
and the di erential cross-sections to be determined, a nunal of discrepancies can be found
between the results of previous experiments and the ISOLDEmeriment [13, 17{20]. The

spectroscopic factor for the ground state is much higher thain previous experiments and
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population of the Z state is much higher than originally expected. A two-step mrcess, such
as removing a corgx-=; neutron and exciting the s;-, neutron into the p;-, orbital, might

make an important contribution to the cross-section, but wa not considered due to the low
beam energy of the experiment [13]. An experiment performed an energy between the
ISOLDE and GANIL experimental energies, yet still capable ofeparating the 6 MeV states

IS necessary to determine the in uence of higher order e ext
1.6 TRIUMF Experiment

To bridge the GANIL and ISOLDE experiments the''Be(p,d)!°Be transfer reaction was
performed at 10 MeV per nucleon at TRIUMF in Vancouver, CanadaThe beam energy of
10 MeV per nucleon avoids low energy coupled reaction chaheescts and the high energy
three-body e ects. Additionally, the experiment at TRIUMF, li ke the one at ISOLDE, allows
for a combination of silicon detectors and gamma detectorshiech will give further insight

into the 6 MeV excited states of:°Be.
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CHAPTER 2
EXPERIMENT

The 'Be(p,d)!°Be transfer reaction in inverse kinematics was performed at TIRMF
with a 'Be beam energy of 9.93 MeV/nucleon to study the individual eked °Be states in
an energy range between the GANIL and ISOLDE experimental ergges. The experiment
used a combined setup of Printed Circuit Board Based Chargdthrticle ((PCB)?) detectors
and the TRIUMF ISAC Gamma Ray Escape Suppressed Spectrome{@GRESS) array in
order to detect gamma rays in coincidence with identi ed deerons and separate the four

10Be excited states with energy around 6 MeV.
2.1 TRIUMF Facility

TRIUMF was chosen to perform this experiment because of itsrehg beam capabilities
as well as the TIGRESS detector array. Thé'Be isotope beam can be provided with an
average beam intensity of 1 1 particles per second (pps). The radioactive beam (RIB) at
the TRIUMF facility in Vancouver, Canada is produced by acc@rating negatively charged
hydrogen ions with a 500 MeV cyclotron. The hydrogen ions arthen stripped of their
electrons with thin graphite foil strips. Once the protons ee fully accelerated (0.75c) they
are sent down to the Isotope Separator and Accelerator (ISAGarget facility [21]. Inside
the ISAC facility, the proton beam impinges on a tantalum taget to create the!'Be ions
which are then tuned into a beam using the TRIUMF resonant iozation laser ion source
(TRILIS) [22].

The 'Be beam is directed into the low-energy beam transport (LEB)Telectrostatic beam
line where it is fully accelerated by the drift tube linac (DTL) and the superconducting linear
accelerator (SC-linac). After the beam is fully accelerated is sent to the experimental halls

and to the experimental setup. The beam path is shown in Figur21 in yellow.
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Figure 2.1: Path of the accelerated beam through the TRIUMF fality from the low-energy
section of ISAC-I to TIGRESS located in the ISAC-II hall [23]
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The TIGRESS array is located in the ISAC-II hall, making TRIUMF an optimal facility
to perform the *'Be(p,d)!°Be transfer reaction, as the four excited states around 6 MeV
can be dierentiated using the TIGRESS array gamma rays in éocidence with particle
identi cation.

In its full con guration, the TIGRESS array consists of 16 hghly segmented high purity
Germanium (HPGe) detectors. Each detector is made up of a HPGé&wer surrounded by
Bismuth Germanate Oxide (BGO) suppression shields and a tiolator. Each Germanium
clover contains 4 crystals and each crystal contains 8 segm®e[24]. The segmentation is
shown in Figure 2.2 and the lab positions of the segments in Gasian coordinates can be

found in Appendix D.

Figure 2.2: One HPGe clover in the TIGRESS array showing the segntation of the crystal
[25]

The high segmentation of TIGRESS allows for the accurate dsttion of gamma rays
with a position resolution of up to 2mm, if waveform analysids used [26]. In general,
the segmentation allows for better gamma ray angular recdnsction and better energy
resolution. This segmentation in TIGRESS allows for the Dgger correction of gamma rays
that is necessary in the separation of thé’Be excited states in the inverse kinematic (p,d)
experiment. To maximize the angular coverage of TIGRESS, w@etors can normally be
placed with four at 45, eight at 90 and four at 135. However, for this experiment the four

detectors downstream (known as the front lampshade) are rened leaving an operational
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con guration of twelve HPGe detectors.

The TIGRESS detectors can run in two di erent con gurations high-e ciency or op-
timized peak-to-total. The optimized peak-to-total con guration pushes the BGO suppres-
sion shields forward to suppress scattered gamma rays. Tlusn guration has a source-to-
detector distance of 14.5 cm. The high-e ciency con guratn pushes the clovers forward to
a source-to-detector distance of 11.0 cm [24]. The di eremdetween the two con gurations

as well as the components of the detectors can be seen in FigRre.

a b

y 4

BGO suppression shields l

Collimator

HPGe detector

Figure 2.3: Two TIGRESS clover and shield con gurations [24R) \high-e ciency" and (b)
"optimized peak-to-total"

2.2 Kinematics

Prior to the experiment, the kinematics of the transfer rean and the kinematics of
the elastic scattering were simulated to determine the optial geometrical con guration
for the detector setup. The angular distribution from the estic scattering is essential for
normalizing the collected data, so that the nal detector corguration includes a way to
measure the protons from the elastic scattering in additioto detecting and identifying the
outgoing deuterons.

Figure 2.4 shows the simulated kinematic lines from both thep(d) and (p,p) reactions
in the lab frame. The protons from the elastic scattering argehown in solid red with the
inelastically scattered protons from the% and the §+ states shown as dashed red lines.

The corresponding*!Be particles are shown in blue. The ground state deuteronsofn the
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transfer reaction are shown in solid black with the excitedates shown as dashed black lines.
The corresponding'®Be particles are shown in green. The dashed vertical linesoshwhere

the particle detectors are placed to optimize detection.

Energy vs Theta Simulated Kinematics

]

I~ \ Telescopic Detectors Auxiliary Detector

100 | ‘

= "Be(p.p)''Be

g_g oA 172" (gs)

5 I . 1/2

m 80— 5/2*
“Be(p,d)mBe

60 —— 07 (gs)
-
s 2§/1

**0‘2

—s 2

40

1}

20

\[[I\Il\](‘]\

e err S ) TOPE T i i . - WPRPTIT
0 10 20 30 40 50 60 70 80 90
Theta Lab [deg]

Figure 2.4: Simulated kinematic lines for both Elastic Scattring and the (p,d) transfer
reaction. The scattered protons are shown in red, with the c@sponding!'Be particles in
blue. The outgoing deuterons are shown in black with the casponding'®Be particles in
green. The dashed lines show the limits of the detectors usidthe experiment.

Figure 2.4 clearly shows that the heavier particles’{Be and!'Be) do not reach either of
the detectors. This is due to the forward focused nature of éhkinematics of the reaction. It
is not necessary to detect both particles as two-body kineries allow the reconstruction of
the reaction properties from a single particle. Space musebeft in the detector con guration
for the beam to pass through, which places the detector at &way from the beam axis. A
zoomed in version of the deuteron kinematics is shown in Figu2.5, with the red shaded
area showing the desirable range for deuterons to be detettnd identi ed.

As seen in Figure 2.5, the deuterons corresponding td“%Be particle in its ground state
cannot appear at lab angles beyond 52 This means that it is not necessary to have a
detector which can identify deuterons beyond 52 The energy limits of identi able deuterons

are determined by the thickness of the silicon detectors cben for the particle detector array.
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Figure 2.5: Simulated Kinematic Lines for the deuterons frorie transfer reaction. Detector
limits are shown with dashed lines, with black lines showindhé angular limits and red lines
showing energy limits for identi ed deuterons.

2.3 Experimental Runs

The 'Be(p, d)'Be transfer reaction was done in two experiments. The rst expanent
functioned as a proof of principle experiment and did not hava long run time. The small
data set collected allowed for an early start on the analysighe main run was performed a

year later and it is this experimental data set that is analyad in this dissertation.
2.3.1 Proof of Principle Experiment

The proof of principle run was done to assess the detector ggtand get preliminary
data for analysis. A stable beam of’Ne was rst used to test the setup initially followed
by approximately 1 shift of radioactive!'Be beam (about 12 hours) at an intensity of 2
10° particles per second. Unfortunately, some of the detectorseve damaged before the
radioactive beam was available, requiring a change to theiginal design of silicon detector
setup. The resulting con guration used for the rst experirmental run is shown in Figure 2.6.

Two types of silicon detectors were used in this experimentlouble sided silicon strip

detectors (DSSSDs) and single area pad detectors. The DSSSkere W1 DSM detectors
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from Micron Semiconductor, shown in Figure 2.7. The DSSSDs chan active area of 50
mm? 50 mn? with 16 vertical strips and 16 horizontal strips. The pad detctors were
MSX25 detectors, also from Micron Semiconductor. The detexs were set up downstream
of the target in a multiple detector telescopic arrays desmgd for particle identi cation, but

there was also a single DSSSD placed on the side to look at tHas&c scattering of the

proton on '!Be.
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Figure 2.7: DSSSD schematic

To optimize the silicon detector con guration to the simulded kinematics, the telescopic
arrays cover lab angles between &nd 52. This placement ensures the outgoing deuterons
will be detected by a detector capable of particle identi caon. The auxiliary detector, used
to measure the elastically scattered protons, covers labglas of 50 to 100 .

In this con guration, shown in Figure 2.6(a), the telescope mthe left side of the beam
has a three detector array of E;, E , and E with the detector thicknesses being 40m
DSSSD, 295 m DSSSD and 500 m pad detector respectively. The 40 m detector on the

left side is turned around so the n-side is closer to the targes this would allow the E ;

22



detector to be closer to the E, detector and give a better resolution on the direction of
the detected particles. The right side only has a E-E array with thicknesses of 42 m
DSSSD and 1500 m pad detector respectively. The thickness of the E detector was
chosen to be as thin as possible in order to identify the lowemnergy deuterons. The use of
the E ; detector allows deuterons with as energies as low as 2.5 MeVhte identi ed. The
con guration was designed so that vetoing signals from the E, and E detectors would yield
a usable signal in the E; detector, despite not having identi cation from the telesope.

A con guration adjustment due to damaged detectors broughthe auxiliary detector
(1031 m) closer to the target forcing the right side 40 m detector to be placed with the
p-side towards the target. Additionally the pad thickness wa increased on the right side to
extend the high energy deuteron identi cation limit.

The angular coverage of this setup is shown in Figure 2.8 whigiives the reconstructed
lab VS 1ap IN degrees. Figure 2.8 also shows the functional strips in tdetectors throughout
the experiment. The vertical strips in the telescopic detéors cover between 3 and 5 degrees

in the lab frame due to the angled detector, however, by congring individual pixels in the
telescopic detectors, the can be decreased to less than one degree in the lab frame. The
vertical strips of the auxiliary detector cover an averagefdhree degrees in the lab frame.
The  cannot be further decreased using individual pixels due thé geometry of the setup,

as angles reconstructed by pixels in the vertical strips ofié auxiliary detector do not overlap
with other vertical strips.

Previously, it had been believed that the low energy deutems could be identi ed by
rejecting events with signals in the E, and E detectors. However, during this experimental
run, a large number of non-deuteron low energy particles (beground) were present showing
that a carbon background subtraction is required to use thagnals from E ;. Additionally,
the oine analysis of the main run (analysis done during the gperiment) was optimized

using this preliminary data from the rst run.
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Figure 2.8: ap VS 12 Of the experimental setup of the proof of principle run

2.3.2 Main Experiment

The main experimental run received 14 shifts of radioactiveeam with an average in-
tensity of 1:8 10° 'Be particles per second. The silicon detector setup for theaim run,
shown in Figure 2.9, includes two full telescopic arrays cassng of a 40 m DSSSD ( E ,),
followed by a 295 m DSSSD (E ,) and nally a 500 m pad detector (E) on the left of the
beam and a 42 m DSSSD ( E ,), followed by a 499 m DSSSD (E ,) and nally a505 m
pad detector (E) on the right of the beam. The E, and E thicknesses are chosen from
the available detectors to identify the maximum number of deterons from the reaction and
give an upper energy limit to particle identi cation around 17 MeV. The 1036 m auxiliary
detector is chosen to be thick enough to stop the elasticalbcattered protons. All detectors
in this setup had the p-side of the detectors facing the targe

The angular coverage for the charged particle array is not ¢hsame as the proof of
principle run angular coverage. This is due to the positiong of the auxiliary detector. In
the rst experimental run, the auxiliary detector had to be noved forward by 10.6 mm to
connect properly to the PCB. Additionally, the two detector tlescopes were moved 12.4
mm away from the target position to compensate for the auxdry detector moving forward.

As a result, the angular coverage of the auxiliary detector ithe main run covers less of
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(a) Schematic of the main experimental run charged particle
detection array

3.05.14

(b) Picture of the main experimental run charged particle
setup

Figure 2.9: Setup of the main experimental run
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the solid angle, which is seen clearly in Figure 2.10. The vl strips in the telescopic
detectors cover between 4 and 12 degrees in the lab frame heseathe detectors are closer,
but the individual pixels still allow a of one degree in the lab frame. The vertical strips

in auxiliary detector cover about 2.5 degrees in the lab fraen
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Figure 2.10: ;o VS ap Of the experimental setup of the main experimental run

Unfortunately, during the rst half of this experiment, due to issues with the data acc-
quistion system (DAQ), the gamma rays were not recorded carttly. As a result the data
from the rst part of this experiment cannot be used as partite-gamma coincidences and to

separate the excited states of°Be around 6 MeV.
2.4 Experimental Chamber

The complete experimental setup consists of the silicon pite detector array placed
inside an experimental chamber within the TIGRESS array.

The experimental chamber used for the experiment has a radiof 11cm from the center
of the target to the chamber walls. To tinside, the silicon etector setup must be as compact
as possible. To organize the detector con guration e cieny, the detectors were placed on a
printed circuit board (PCB). The PCB organizes the cables amecting the DSSSDs to the

preampli ers and the high voltage bias cables into the comjga space.
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The PCB setup consists of a top and bottom board, with the bottim board connecting
the DSSSD cables to the preampli ers and the top board holdinthe silicon detectors in the
desired con guration. The two boards are connected in the oter by two 120-pin connectors.

The top PCB, shown in Figure 2.11, has ve 32-pin connectors wdh hold the ve
DSSSDs. The pad detectors are connected to the preampli ealdes directly and are sup-
ported by connectors placed in line with the DSSSD connectis, but not electrically attached

to the board.
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(a) View of the top PCB from above and without (b) Schematic of the wired connections in
detectors, the yellow wires show the manual connec- the top PCB with dierent colors corre-
tion made to x a electrical short sponding to di erent layers in the board.

Layer 1 is shown in dark red, layer 2 is
shown in light blue, layer 3 is shown in dark
blue, layer 4 is light red, layer 5 is green and
layer 6 is tan. [27]

Figure 2.11: Picture (a) and wiring schematic (b) of the top P8 used in this experiment

Figure 2.11(b) shows the top PCB, in which there are a total ofixs layers. Di erent
colors correspond to di erent layers within the board: layel is dark red, layer 2 is light
blue, layer 3 is dark blue, layer 4 is light red, layer 5 is greeand layer 6 is tan. The top
board had two electrical shorts within the circuitry that had to be xed manually before the
experiment. The wires used to x the shorts are visible in Fige 2.11(a).

The bottom board, shown in Figure 2.12, is composed of four septe layers which can

be seen in Figure 2.12(b). The layers are shown in di erent aok with layer 1 in red, layer
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2 in blue, layer 3 in grey blue and layer 4 in light red. The cabk for the preampli ers
are attached to the bottom of the board through the twelve 2@in connectors as seen in

Figure 2.12(a).

> 0|
i
> 0|
(a) Bottom PCB seen with preampli er ca- (b) Schematic of the wired connec-
bles attached to the connectors tions in the bottom PCB. Layer 1

is shown in red, layer 2 is shown in
blue, layer 3 is shown in grey blue
and layer 4 is shown in light red[27]

Figure 2.12: Picture (a) and wiring schematic (b) of the botton PCB used in this experiment

The setup containing both PCBs and all of the silicon detects is considered the (PCB)
setup. The full chamber setup includes (PCB) the targets and the target ladder. This
setup is shown and labelled in Figure 2.13.

The target ladder is designed to allow multiple targets to bg@laced inside the chamber.
The ladder connects to a wheel outside the chamber which cae burned to switch the
targets. Only one target was required for this experiment: 838 g/cm? CH, target for
the transfer reaction, however three more target positiongere necessary. Two of these
positions held a 2 mm collimator and "empty space”, both of wibh were needed to tune the
radioactive beam. The nal position held a carbon foil targewhich was added in the main

experiment to take a carbon background spectrum.
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Figure 2.13: Picture of the experimental vacuum chamber caihing the silicon particle
detectors with labels on items added for the experiment.

The TIGRESS array surrounding the particle detector chambreuses the eight HPGe de-
tectors at 90 and the four HPGE detectors at 135as the front lampshade is not compatible
with the chamber used in this experiment. The angular covege of TIGRESS during this

experiment is shown in Figure 2.14.

The full experimental setup with the silicon chamber insid¢he closed TIGRESS array

is shown in Figure 2.15.
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Figure 2.14: ;o VS |ap Of the TIGRESS array with triangles as the center of the clove and
squares as the center of the crystals

Figure 2.15: Picture of the silicon array chamber surroundelly the TIGRESS array

30



CHAPTER 3
ELEMENTS OF ANALYSIS: CHARGED PARTICLE DETECTORS

The charged particle data is the rst consideration in the aalysis of the!!Be(p,d)°Be*
experiment. This chapter describes the initial elements dhe charged particle analysis that
must be completed before a nal angular distribution of di @ential cross-section can be
calculated. These elements include silicon detector catittion, de ning what constitutes a
charged particle event, particle identi cation, dead layecorrections, background subtraction,

and the comparison of the results from the telescopic detecs on either side of the beam.
3.1 Charged Particle Detector Calibrations

For this experiment, an energy calibration and an asymmetrimask were both required
to properly calibrate the detectors and correctly map the ettronic channels. The energy
calibration was performed with a triple alpha source both befe and after the transfer
reaction experiment was completed. The asymmetric mask wataced over the DSSSDs
to ensure the mapping of the electronic channels to the phgai locations of the strips was
understood. Additionally, a haming scheme was implementea teach of the detectors in
the experimental setup. This naming scheme is shown in FiguBel. The detector names
increase numerically from left to right looking down on the bam and the detectors in the
telescopic arrays increase alphabetically with increagjrdistance from the target.

The pre-experiment silicon detector energy calibrationsexe performed by placing the
CSMO1F and CSMO2F detectors on the PCB in the position they widd occupy during the
experiment with a triple alpha source in the target position After the pad detectors were
calibrated, the CSMO1E and CSMO2E detectors were placed ihe correct position, with
the pad detectors still remaining in the chamber and the trifle alpha source remaining in

the target position. CSM[01-03]D detectors followed withite same procedure. The energy
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CSMO1D CSM02D
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Figure 3.1: Detector naming scheme for the main experiment

calibrations post-experiment went in the reverse order of &M[01-03]D, CSM[01-02]E, and
CSM[01-02]F.

The triple alpha source used in the energy calibrations casts of three isotopes. Each
isotope emitted one high intensity alpha decay with at leasbne additional alpha decay
similar in energy but emitted with a lower intensity. The isdopes and corresponding alpha

decays for the triple alpha source are shown in Table 3.1.

Table 3.1: Alpha Energies of the Triple Alpha Source [28].

Parent Nucleus Energy (keV) Intensity %
244Cm 5804.77 76.4
5762.64 23.6
241 Am 5485.56 84.8
5442.80 13.1
23%py 5156.59 70.77
5144.30 17.11
5105.50 11.94

32



The energy resolution in some of the strips in the particle tiectors was capable of sep-
arating the secondary triple alpha decays from the high intesity alpha decays (Figure 3.2),
however as not all of the strips within the detectors had theasne resolution, the peak value of
the weaker decays was not included in the linear t used to aékate the energy of the silicon
detectors. The calibration coe cients used for this analyis came from the post-experiment

calibration runs.
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Figure 3.2: Example of triple alpha calibration peaks with ssndary peaks visible seen in

The electronics initially recorded the DSSSD strip informion with a mapping of the
electronic channels in a non-consecutive order to the cosponding lab angle. To correct
the electronic channel mapping to the physical position ohe strips, an asymmetric mask
was placed in front of each of the DSSSDs during calibratiorkigure 3.3 shows one of the
two masks used for the electronic channel mapping (Figure 8a3) as well as the correctly
mapped hit pattern reconstructed from CSMO02D (Figure 3.3())) The masks were placed
in front of CSM[01-03]D rst, followed by the CSM[01-02]E dectors. The corrected hit

patterns for the other DSSSDs can be found in Appendix C.
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mine the CSMO02D electronic channel
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(b) Corrected Hit pattern from CSM02D with
asymmetric mask in place

Figure 3.3: Asymmetric mask and corrected hit pattern used to ap DSSSD channels

3.2 Constructing Charged Particle Events

The corrected hit pattern of CSM02D in Figure 3.3(b) shows a dector with no missing

strips, however all of the other DSSSDs had at least one stripithout a direct connection

to the DAQ, most likely due to a broken bond wire. These miss;nDSSSD strips increase

the diculty in following a single particle through the mult iple DSSSD telescopic array

to combine multiple detector signals into a single chargedapticle event. The identi ed

"broken" strips are shown in Table 3.2 with vertical strips ncreasing with |, and horizontal

strips increasing from bottom to top.

Table 3.2: Silicon Detector Strips with no direct connectio to the DAQ

Detector | Vertical Horizontal
CSMO01D 14 9
CSMO1E | 6, 11, 14| 1,2,3,7,12
CSM02D - -
CSMO2E - 1, 14
CSMO03D - 12, 14, 15
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Many possibilities are relevant when reconstructing a chged particle event for a multiple
DSSSD telescopic array containing one or two detectors witltoken strips. Figure 3.4 shows
possible detector hit options in the rst two DSSSDs for a chrged particle event. The pad

detectors are not shown in the telescopic detector hit optns.

* -

f g h 1

Figure 3.4: Hit patterns of possible reconstructed charged giele events. Red lines corre-

spond to vertical and horizontal strips containing energy eposited during a possible charged
particle event. Solid lines represent strips in the E detectors and dashed lines represent
strips in the E , detectors.

Only hit patterns a, b, and ¢ were used to reconstruct charged particle events because th
CSM[01-02]D detectors have very few missing strips, allowg for a more precise calculation
of both theta ( 15) and phi in the lab frame ( 155). The optimal charged particle event
is shown in hit pattern a. Hit pattern b was used in the reconstruction of events in the
CSMO02 telescopic array, but not used in the reconstructiorf @vents from the CSMO01 array
because during the calibration runs an extra charge depdsit was seen in the vertical strips
of CSMOL1E if the CSMO1E horizontal strips did not record an @nt. This extra charge
caused an inaccurate energy measurement and therefore tiverg could not be accurately
reconstructed.

The extra charge deposition (shown as a double peaking e ¢awas likely caused by

one of the ve horizontal strips without a direct connectionto the DAQ charge sharing
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with the vertical strip, as the double peaking was only seem idetector events without an
event recorded in the horizontal strips (Figure 3.5). The CSBRE detector did not have as
many broken horizontal strips and the double peaking e ect as not seen, which allowed hit
pattern b to be used in the reconstruction of events for the CSMO02 tetaspic array.

Hit patterns b and c were not used in the reconstruction of events for the CSMO1l¢e
scopic array because of the multiple broken strips in the CSME detector.
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(b) CSMO1Eyerica Strip 2 requiring a horizontal hit

Figure 3.5: Double peaking in CSMO1fical
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Hit pattern ¢ was used only in the reconstruction of events detected in theSMO02
telescopic array because of the number of broken strips in RISLE. The multiple broken
strips caused charge sharing in the horizontal strips of thraetector and resulted in unreliable
energy deposition in the horizontal strips. The vertical stp energy was una ected by this
charge sharing as long as a hit was recorded by a horizontatigt The discrepancy in
recorded energy between the vertical strips and horizontatrips in CSMO1E can be seen in
Figure 3.6.
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(b) E 1vs E , CSMO1 telescopic array horizontal strips

Figure 3.6: E ; vs E , for the CSMO1 telescopic array showing the energy loss of the
CSMO1E detector due to broken horizontal strips in the deté¢ar.
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Figure 3.6(b) shows a number of angled lines that are not seem the corresponding
vertical strip plot. These lines show that the energy depdsid from one event has been
spread out between multiple strips instead of a single stripBecause the energy has been
spread out it appears as if there are multiple events with mgndi erent particles instead
of giving consistent particle identifying lines. Additionaly, the energy is spread out enough
that the false events all appear to be low energy causing a kgoound that is not conducive
to an accurate reconstructed event.

Hit patterns d-i were not used for event reconstruction because only havingeostrip in
the E ; causes and to be greater than the angular resolution required for the ayular
cross-section calculation. If only the vertical strip in tle E ; is known (d,f,g), the particle
could have hit anywhere along that strip, which has a maximum of 137 degrees between
the top and bottom strip. Without a horizontal strip hit, such as with hit pattern f, the |4
cannot be known with any amount of accuracy. If there is a haontal strip hit in the E »,
the | still will have a large uncertainty because of the non-zeroogsibility of scattering
once the particle hits the E ; detector. If the particle scattering hits a horizontal strp two
strips away from the location of the initial hit the maximum = 17 degrees. Similarly, if
only the horizontal strip in the E ; is known (e,h,i) the maximum is 41 degrees across
one horizontal strip. If the particle hits a vertical strip in the E ,, but scatters two strips

from the initial hit, the maximum =5 degrees.

3.3 Particle identi cation

Particle identi cation in this experiment is vital as the deuteron must be clearly identi ed
to reconstruct the relevant two-body kinematics of the trasfer reaction as the detector
placement does not allow for the detection of thBe. To identify particles, the rate at which
energy is lost per unit length in a speci ¢ medium, or stoppig power, is used. Stopping
power can be calculated using the Bethe-Bloch formula (Equean 3.1), wherev = ¢ is the
velocity of the particle, ze is its electric charge,Z, A and are the atomic number, atomic

weight, and density of the stopping material respectivelyN, is Avogadro's numberm is the
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electron mass, and represents the mean excitation energy of the atomic electr® (generally

estimated with a value of 1@) [29].

dE = & %4z2NyZ 2mc? 2 o
& 7 2 2A In i In(1 ) (3.1)
The Bethe-Bloch formula essentially shows that E / %2 l.e. the energy loss of a

particle is proportional to its mass M), charge squared, and inversely proportional to its
energy E). Because the stopping power of particles in silicon is wedhown, the particles
can be separated and identi ed by their mass and atomic numbeusing E vs E plots, as
the energy left in each detector will be di erent for individual elements (because &) and
their isotopes (because df1). In this experiment the CSM01 and CSMO02 telescopic arrays
use the downstream telescopes to create £vs E , and E ; vs E ,+E plots. Figure 3.7
shows the E; vs E , plots for CSMO02 with cuts showing the various elements idargd
using this method.

The full telescopic array particle identi cation spectrumis displayed in Figure 3.7(a),
with Figure 3.7(b) highlighting the deuterons and showing tht the deuterons can be fully
separated from the protons and tritons, hence fully identied in the E , and E detectors.
The particle identi cation cuts used on the deuterons were grformed separately for each
telescope because of the varying detector thicknesses.

Particle identi cation in the telescopic arrays can only bedetermined if the particle
punches through the E; detector and into the E ,. The experimental setup was designed
with a 40 m E ; detector to allow for deuteron identi cation using the E-E method
as well as providing identi cation for low-energy deuteros which stop in the E ; detector
by rejecting events that deposit energy in the E, and E detectors. However, the carbon
from the CH, target caused a background of fusion evaporation particléisat also may stop
in the E ; detector in the same energy range as the transfer reaction. gbre 3.8 shows
the energy vs |5 plots from the (p,d) experiment (Figure 3.8(a)) and from the arbon

target (Figure 3.8(b)), with the simulated expected kinemats of the deuterons overlaid in
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Figure 3.7: E ; vs E , Particle identi cation plots identifying various nuclei
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black. This large carbon background prevents low energy dewon identi cation based on a

rejection of events with energy in the E, and E detectors.

Energy vs Theta for Particles Stopped in the AE| detector
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Figure 3.8: Energy vs Theta for particles stopping (no signah E , and E) in the E ;
detector with 638 g CH, and Carbon Targets with simulated kinematics for the deutems
overlaid in black

Because the energy of the particles stopping the [E detector is similar for both the
carbon background and the transfer reaction, it is imposdibd to tell how many of the par-
ticles are low energy deuterons from the transfer reactiomAdditionally, when the carbon

background was subtracted from the E; detector, the resulting plot was inconclusive as
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to whether or not only background had been removed as thereasgap around 22 where

deuteron events could have been, as seen in Figure 3.9.

Energy vs Theta for Particles Stopped in AE, detector with Carbon Background Subtracted
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Figure 3.9: Energy vs Theta for carbon background subtractioof particles stopping (no
signal in E , and E) in the E ; detector with simulated kinematics for the deuterons
overlaid in black

Particle identi cation in the CSMO03 auxiliary detector is determined by the kinematics
of the reaction. The experimental setup was designed so thahly protons from either
the elastic scattering or the inelastic scattering from thé'Be(p,p)'*Be* reaction would be
detected by the auxiliary detector. Figure 3.10 shows the emgy vs. lab theta for the
auxiliary detector from which the protons can be clearly id#i ed above 2.5 MeV.

The population of the% excited state through inelastic scattering can be identi d and
separated from the ground state using the charged particléison detector in coincidence
with the *Be(} ! 1", 320 keV) transition. The multitude of particles below 2.5 M¥
comes from background scattering o of the carbon in the CHtarget, therefore, identifying

protons below 2.5 requires a background subtraction.
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Figure 3.10: Energy vs Theta for the Auxiliary detector. Blackines represent the simulated
kinematics for the 'Be(p,p)!Be* reaction. The solid black shows the ground state, with
the 1 (0.320 MeV) and3” (1.783 MeV) excited states shown as dashed lines.

3.3.1 Depletion Layer Corrections

Once the protons and deuterons can be correctly identi ed,he small loss of energy
due to the depletion layer in the silicon detectors can be datmined and corrected for. The
depletion layer is de ned as the volume within the silicon dector in which all of the electrons
have been removed. Without electrons in this volume, there i signal from the particle's
energy loss and the total energy returned by the detector ieds than the total energy loss of
the particle. Because the rate at which individual particle lose energy in silicon is known,
once the particle is identi ed, the total energy loss of the article in the depletion layer can
be reconstructed and the full energy of the original partiel can be determined.

The depletion layer is a volume and the energy lost depends tre angle at which the
particle hits the detector as seen in Figure 3.11. The actuaisdiance within the depletion
layer, F, the particle travels is calculated using Equation 3.2 wherd is the thickness of the
depletion layer (given as 0.1 m for the p-side and 0.5 m for the n-side of the detectors),

is the angle from the center of the detector to the point of péicle impact with the detector,
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and is the angle from the horizontal.

) d
P = cof Yoo ) (32)

After the total energy loss is reconstructed, the kinematicsf the identi ed protons and
deuterons are used to reconstruct the correspondidtBe andi°Be particles, which were not

directly detected in the experiment.
3.3.2 Kinematics

The kinematics of the deuterons are shown in Figure 3.12 (usiing all of the statistics
available from the charged patrticle array) with the simulagd kinematics of the ground state
and the excited states overlaid in black. The upper and lowemergy limits of the CSMO01
and CSMO2 telescopic arrays are shown with dashed red lind$e upper energy limits are
di erent because the CSMO02 array has an additional 200m thickness worth of silicon in
the array.

With the deuteron kinematics known, the excitation spectrunof the 1°Be particles can
be deduced. The excitation spectrum of thé&’Be is shown in Figure 3.13. As expected, the
ground state and rst excited state can be separated usinggtithe silicon particle detectors
but the excited states around 6 MeV require gamma ray coinadces to be identifed. The
particle cuts used to initially separate the states are shawas dashed lines.

The °Be excitation spectrum shows a small amount of backgroundlb& the rst excited
state and the states around 6 MeV, which will have to be removddr the nal angular cross-
section calculation. The excited states around 6 MeV are smjated by requiring a gamma
ray coincidence of knowrt°Be transitions with the TIGRESS array, e ectively removingany
background seen in the silicon detectors.

One nal complication for the angular cross-section calcation comes from the folded
nature of the deuteron kinematics. The fold allows the samg,, to have events at two
di erent energies which correspond to two di erent anglesn the center of mass frame, as

seen in Figure 3.14. To separate these two events a high enesgjution and a low energy

44



(a) Depletion layer schematic of the Auxiliary Silicon detec-
tor from the top (not to scale)
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(b) Depletion layer schematic of showing a Cross section of one of theelescopic array detec-
tors as seen from the Beam line (not to scale)

Figure 3.11: Depletion layer schematics from the top and asesefrom the beam line
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Energy vs Theta for Particles in the Telescopic Array Detector
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Figure 3.12: Deuteron energy vsj,, after dead layer corrections with simulated kinematics
overlaid. Upper and lower limits of particle identi cation shown with red dashed lines.
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Figure 3.13:1%Be excitation spectrum obtained by a particle identi catin cut on the iden-
ti ed deuterons showing excitation energy cuts used to sepe the excited states
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solution has to be considered is described in detail in Sewnii5.1.1.
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Figure 3.14: 5, vs after depletion layer corrections

3.4 Telescopic Array Comparison

The deuteron kinematics, prior to analysis, displayed a gager variation in the |, angle
in the di erent states than originally predicted in the desgn of the experimental setup. The
larger uncertainty in the |3, angle was caused by an o set in the lab angle reconstruction
of the telescopic arrays. This o set between the two telespix arrays is seen in Figure 3.15
which compares the deuteron kinematics reconstructed by@hCSMO1 array in red and the
deuteron kinematics reconstructed by the CSMO02 array in bé&u The red points appear
missing over the ground state because CSMO01 had a verticaligtwith a broken connection
at the angle required to detect most of the events from the guod state.

To explore the disparity in events between the two telescopethe E ; energy spectra
were compared. Because the deuterons lose energy at a knoate in silicon and the E ;
detectors were both the same thickness  m), the energy spectra between the two arrays
should be identical and any discrepancy could be identi edsathe cause of the o set. The

energy spectra recorded by individual vertical strips in tb E ; detectors of the two telescopic
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Figure 3.15: Deuteron kinematics reconstructed individulgl by the two telescopic arrays.
Events reconstructed by CSMO01 are shown in red and Events agrstructed by CSMO02 are
shown in blue.

arrays are shown in Figure 3.16. Energy spectra in red correspl to the vertical strips in
the CSMO1 array and energy spectra in green are from the CSMagay.

The E ; spectra comparison of the two telescopic arrays shows a largeak around
14 MeV in the rst six strips of CSM01D after which the peak diappears completely as
opposed to the constant 14 MeV peak in CSM02. The 14 MeV peakdenti ed as beryllium
particles sourced from the beam as the transfer reaction kimatics do not account for
the excess number of beryllium particles seen in the speatnuFigure 3.7(a)). To get the
beryllium scattering seen in Figure 3.16, it is postulated @t the beam must have been
o -center and hitting the target holder on the side closestd the CSMO1 telescope. The
target holder would shield the outer vertical strips of CSMOD while corresponding to the
much larger count rate on the strips closest to the beam. Theattering would be uniform
over the other angles.

The experimental setup was designed to be symmetric acrose tz-axis. However, an o
center beam changes the reconstructed angle of the di eretatiescopic arrays, these changes

are demonstrated in Figure 3.17. When the beam does not hit thertter of the target, the
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Figure 3.16: Energy spectra from the vertical strips of CSM@L(red) and CSM02D (blue)

distance to the detector and the angle at which the reacted pé&cle hit combine to cause an
o set in the reconstructed lab angle as seen in Figure 3.17(a\ small o set from the center
of the target () corresponds to larger o set in the reconstructed lab thetangle, shown in
Figure 3.17(b).

The beam o set was determined to be 1mm in this experiment, # o, angles were

recalculated correcting for the o set and the kinematics diplayed the originally expected

behavior as seen in Figure 3.18.
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(a) Schematic showing the di erence in reconstructed angle
between two telescopic arrays due to a beam o set of

(b) Uncertainty in the Reconstructed Lab Theta due to a
Beam O set of

Figure 3.17: Changes in the Reconstruction of Lab Theta due ®Beam O set of
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Figure 3.18: Deuteron kinematics reconstructed individuil by the two telescopic arrays
after beam correction. Events reconstructed by CSMO01 are®hn in red and Events recon-
structed by CSMO02 are shown in blue.
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CHAPTER 4
ELEMENTS OF ANALYSIS: GAMMA RAY DETECTORS

The charge particle detectors are only part of the experiméad setup for the 1'Be(p,d)'°Be*
experiment. Becausé®Be has four excited states around 6 MeV that cannot be sepaeat
solely by charged particle identi cation, the TIGRESS gamma array is needed to identify
gamma rays in coincidence with the charged particles. Thihapter describes the Germa-
nium detector calibrations, the gamma ray addback and e ciacy calculations, Doppler
corrections, and the determination of the 2 and 1 states relative integrated cross-sections

using the known 2 and 1 gamma ray branching ratios and their detection e ciencies.
4.1 Energy Calibration

The energy calibration for the TIGRESS array was done usintCo and *°Eu sources
to calibrate the lower gamma energy range and*§Co source to calibrate the higher energy
gamma range. A preliminary energy calibration was done ugjrthe gamma ray spectra from
the calibration sources by nding the spectra peaks from thaighest intensity gamma ray
transitions and performing a linear t of the peak centroid ad the associated energy. The
gamma ray spectra for all three sources were then combineddaithe gamma peaks were t
using a skewed gaussian function shown in Figure 4.1 [30].

The skewed gaussian function is comprised of three regionsielh are de ned in Equation

4.1, Equation 4.2 and Equation 4.3 for Regions I, Il, and Illle@spectively. Region | is de ned

asx <Xy , Region 1l is de ned asxg <X <X o and Region lll is de ned asxy < X.
f=h@l t+a( z v)MeW*?22 4+ nt (4.1)

f=h1 tleZ+ht (4.2)

f = h(1+bZ")e ” (4.3)
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Figure 4.1: Skewed Gaussian used to tthe gamma rays emittexsbfn the calibration sources.

Where z = (_szi_o) V= ope, = E% h is the height of the number of counts in the
gamma ray peakXq is the value of the channel centroidFWHM is the full width at half
maximum of the gaussian, is the distance from centroid to the front edge of the gaussiat
is the ratio of the tail height to peak height,a is the lower skewness parameter, aralis the
upper skewness parameter. The channel centroid values iiged from the skewed gaussian
ts were then used in the linear t shown in Figure 4.2 to fully alibrate the data. This
process was performed for every channel in the TIGRESS array

The energy calibrated gamma ray spectra f6fCo, ®°Co and**?Eu are shown in Figure 4.3
with %6Co shown in blue *°Co shown in red and®?Eu shown in black. The energy calibration
sources were run for di erent lengths of time, evidenced byhé varying magnitudes of the

number of events in the gamma ray peaks. Additionally the°Co source was a strong source

( 10'Bq) at the time of the energy calibration run, giving a large bckground to the spectra.
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Figure 4.2: Example of a Linear Fit for Channel 9 of the Blue Cryal in Detector 7

Figure 4.3: Calibrated Energy Spectra foP®Co (blue), °Co (red) and **°Eu (black)
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4.2 Gamma Ray Addback

The gamma rays produced by the®Be in the transfer reaction have su cient energy
to generate positron-electron pairs, the annihilation of lich may result in the presence
of a single escape peak. TIGRESS was in the high-e ciency medor this experiment
and the single escape peak should be re ected in the gamma rgestra. However, this
experimental analysis was done using a gamma ray addback,tlhs events of interest were
at higher energies. Because these events are at higher epetigere is a high probability of
Compton scattering from the gamma rays. The reconstructedagima events can be seen
in Figure 4.4 where the gamma ray addback energy is shown in radd the energy directly

from the TIGRESS crystals is shown in blue.

Figure 4.4: Gamma Ray Energy Addback (red) vs TIGRESS Crystal @e Energy (blue)

Gamma ray addback is used to correct for gamma ray events in igh a single gamma ray
deposits energy in two crystals in the same detector, as saarFigure 4.5. The gamma ray
addback energy is determined by summing the energy deposditéom all crystals, thereby

reconstructing the full energy of the gamma ray. This imprass the full-energy peak e ciency
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and suppresses the escape peaks at the expense of a bettetiadpasolution [31, 32].

Figure 4.5: Single Gamma ray scattered into two crystals [33]

Without waveform analysis, which was not used for this exparient, the initial angle
of events with energy deposition in multiple crystals is mer di cult to determine. To
reconstruct the initial angle as accurately as possible th®llowing guidelines were used;
if the gamma ray energy was less than 1 MeV, the initial angle ahe gamma ray was
determined by the position of the channel with the maximum egrgy deposit. If the gamma
ray energy was larger than 1 MeV, the initial angle was determéd using a weighted average
of the channel positions with energy deposits [34]. A tablef the TIGRESS Germanium

segment positions for the fully e ciency con guration can ke found in Appendix D.
4.3 Gamma E ciency

The TIGRESS Germanium detectors have an energy dependent @ency which must be
determined. The presence of detectors inside the target e¢hher also induces a change of
e ciency especially at low energy due to the additional mataal attenuating gamma rays.
The absolute e ciency function of the TIGRESS array with the (PCB)? experimental setup

inside the chamber was determined usir§Co and **?Eu calibrated sources (see Table 4.1)
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placed on the target ladder in the center of the chamber.

Table 4.1: °Co and *2Eu Gamma Ray Sources

Isotope Creation Date 1=2 Activity at Creation Activity at Run
®Co  September 15, 2008 5.271y ‘A 10 Bq 21111 Bq
152Ey August 5, 2010  13.357y 36 10 Bq 3:.002 10 Bq

After the timed e ciency runs, the absolute e ciency ( as(E)) can be calculated using
Equation 4.4 whereN getected 1S the number of events detected in each of the gamma decays,
A is the activity in Bg, | is the known intensity of the respective decay, antdis the time of
the e ciency run. In the case of the %6Co, which was a non-calibrated source. The relative
e ciency was normalized to the absolute e ciency calculatel from the calibrated source to

allow an extension of the e ciency curve into higher energyealms.

Ndetected
E) = ——— 4.4
abs( ) A | t ( )

The absolute e ciencies were t to Equation 4.5 [35] where x :Iog(l%)) andy = Iog(fm)

and E is the energy of the gamma ray in keV. This tis shown in Figure 4.

IN( abs) = (A + Bx + Cx?) ©+(D+Ey+Fy?) ¢ (4.5)

4.4 Doppler Correction

Because the transfer reaction was performed in inverse kinatics, the 1°Be particles are
moving when the gamma decay is emitted causing a Doppler shif the gamma energy. The
Doppler shift e ectively disperses the gamma ray energy ovan energy range and as the
peak is spread over an energy range, prevents the identi ¢gan of individual transitions and
the exact number of gamma rays from a given decay from beingtélenined. To correct for
the Doppler shift, the Equation 4.6 can be used wheig® is the Doppler shifted energyE
is the gamma ray energy, is the relativistic correction, and is the relative angle between

the °Be nucleus and the emitted gamma ray as seen in Figure 4.7.
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Figure 4.6: ®°°Co and ®?Eu Gamma Ray transition energies vs Absolute E ciency

Figure 4.7: Schematic of Doppler Shifted gamma emission
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E°= E(1 cos()) (4.6)

1
= F’ﬁ (4.7)
=2 (4.8)

The kinematics of the reaction does not allow for thé’Be particles to be detected,
but two-body kinematics allows for the trajectory of thel®°Be particle to be calculated
using information from the corresponding deuteron, whichan be identi ed as described in
Section 3.3. The positions of the Germanium detectors in TIRESS are known precisely
(Appendix D) allowing a relatively precise calculation of tie relative angle between thé’Be
trajectory and the emitted gamma ray. An accurate Doppler coection can therefore be
applied to the gamma ray spectrum. Figure 4.8 compares the gimal uncorrected gamma

ray spectrum (blue) to the Doppler corrected spectrum (red)

Figure 4.8: Gamma Spectra in Coincidence with Identi ed Dewrons. Doppler correction

of gamma rays (red) improves the energy resolution from theiginal gamma ray spectrum
(blue).
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The Doppler corrected spectrum improves the resolution ohé gamma peaks and allows
the identi cation of individual excited states within the 6 MeV group. The 2 state decays
to the 2] state by a 2895 keV gamma ray which is clearly seen in the speech and showing
that the 2 state is populated. From literature, the § state is known to decay to the 2
state by a 2811 keV gamma ray as well as to the Istate through a 219 keV gamma ray.
Neither the 2811 keV or 219 keV gamma energies are observed migg that the 0, state is
not signi cantly populated through the (p,d) reaction. This is corroborated by the Johansen
experiment [13]. There is a peak at 2590 keV corresponding ttte decay of the 1 state
(2591 keV) and the 2 state (2589 keV) to the 2 state. Additionally there is a peak at
5958 keV corresponding to the decay of the Istate (2591 keV) and the 2 state (2589 keV)
to the O] state. The energy resolution does not allow for the separati of the 1 and 2
states, but the relative population of the 1 and the Z states can be determined using the
known branching ratios between the decays of these statestte 2; state and the ground

State.

4.5 Branching Ratios

Branching ratios correspond to the fraction of particles dmying by a specic decay
channel compared to the total humber of decaying particlesdm a given excited state.
Both the 1 state and 2 state decay to either the 2 state or the ground state and the

corresponding branching ratios are shown in Table 4.2.

Table 4.2: Decays of the 1 and the 2 states [36]

Excited State Decay Decay Energy (keV) Branching Ratio %
11! 2] 2593.0(5) 34(4)
11! 0f 5959.9(5) 66(4)
2! 2 2590.5(5) 91(5)
2! 0 5957.4(5) 9(5)

The number of counts in the 2590 keV N,s90) and 5958 keV (Nsg58) photopeaks cor-

rected by their corresponding absolute gamma ray e ciencge ( 2590 and sg5g) are linear
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combinations of the excited state population and the corrpsnding branching ratios. By
solving the equations 4.9 and 4.10 for the coe cientsN; and Nz;) the population of the
1 state (P, ) was determined to be 79 13% and the population of the 2 state (Pz;) was

determined to be 21 13%.

N
sz (I Brayg )+ Ny (1 Bry,o)= 22559900 (4.9)

N
Nz;(Br2+! or)+ Ny (Bri o) = 5958 (4.10)
5958

Using branching ratios of the 2590 keV and the 5958 keV gammaysaand the relative
populations of the two states, the 5958 keV transition was termined to be primarily events
from the 1 state and only 4 2% of events from the 2 state. With the assumption that
this transition is purely from the 1 state, the angular distributions of the 2 and 1 states

can be separated.
4.6 Compton Events at 6 MeV

In principle, the construction of the angular distributionfor the 1 state should rely only
on the number of events detected in the 5958 keV photopeak vever, the gamma e ciency
is low in the 6 MeV energy range and the number of events detedtin that photopeak is
also low, making the extraction of an accurate angular distrution di cult. Fortunately,
the gamma ray spectrum around 6 MeV is also relatively cleari background and allow for
the Compton scattered events to be added to the events in thehptopeak to increase the
statistics. Figure 4.9 shows in black the gamma ray energy rga in which events can be
reasonably attributed to the decay of the 1 and 2, doublet to the ground state. The blue
curve shows an estimate of the background based on the higlerd lower energy ranges
bracketing the region of interest.

By including the Compton events, the total e ciency correspnding to the detection of
gamma rays in the energy range of interest must be scaled talnde the gamma e ciency

up to the Compton edge. If a constant e ciency is assumed forhe entire Compton range,
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Figure 4.9: Gamma Spectra in Coincidence with Identi ed Dewrons showing the 6 MeV
photopeak and Compton events bracketed in black and the renexd background in blue.

the new e ciency can be calculated using Equation 4.11, wher o = s¢58 + compton IS
the e ciency for the 5958 keV photopeak and the Compton contbution combined E =
4:8 6:0 MeV), sgssis the e ciency for the 5958 keV photopeak onlyNeax is the number

of events in the photopeak andNcompion 1S the number of events in the Compton edge [13].

N + N
ot = soss —oo Compton (4.11)
Npeak

However, the e ciency is not constant over theE = 4:8 6:0 MeV range and so the
total number of events in the Compton edge is weighted usin@@ keV sections of constant
e ciency ( Ncompton = P i liNi) and the number of events in the photopeak is weighted
as seen in Equations 4.12, 4.13, giving a new absolute gamrag e ciency of 14.9 1:9%
for detecting events corresponding to the decay of the dogbto the ground state over the

Compton and photopeak energy range.
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CHAPTER 5
ELEMENTS OF ANALYSIS: ANGULAR DISTRIBUTIONS AND GEANT4
SIMULATIONS

An angular distribution of di erential cross-section calclated in the center of mass frame
is independent of the experimental setup and contains theformation related to the pro-
duction of the state of interest. These distributions are re@essary to determine the structure
of a nuclear state and, in the case the transfer reaction, al the calculation of the angu-
lar momentum transferred during the reaction. In the''Be(p,d)!°Be transfer reaction, the
calculation of the angular distribution is complex due to a mmber of factors that will be
described in this section. GEANT4 simulations were also used the analysis to predict
the kinematic e ects and to properly reconstruct the anguladistributions, including all the

experimental considerations, such as broken strips.
5.1 Calculating Angular Distributions

The number of particles detected in the experiment as a furion of angle is related to
the angular distribution as shown in Equation 5.1, wher® gewectea( ) IS the experimentally
determined number of emitted particles at a certain angle ithe center of mass, Npeam IS the
integrated number of radioactive nuclei delivered on tardeNget IS the number of proton
nuclei in the target, is the solid angle of the detector converted in the center of mass frame

: 3— is the di erential angular cross-section of the reaction at and ( ) is the e ciency of the
detector setup. The equation for the di erential angular coss-section (Equation 5.2) of an
experiment combines constantslpeam and Nigger INtO @ é term and solves forj—, assuming
normalization is possible by means other than direct calation. In this experiment the
elastic scattering seen in the auxiliary detector is usedrfmormalization. To calculate the

angular distributions for the 'Be(p,d)*°Be reaction, 3~ and Netectes Must become functions
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of both lab angle and deuteron energy because both are reguirto correctly convert the

di erential cross-section in the center of mass frame.

Ndetected( ): NbeamNtarget ( )3_( ) ( ) (5-1)

d_ — Ndetected( )
3 ) C—( O (5.2)

In practice, calculating the angular distribution is a compcated process, as all of the
experimental e ects must be taken into account. Experimera e ects such as broken detec-
tor strips, will a ect the e ciency which is dependent on 5, which in turn a ects the
calculations. Converting into the center of mass frame reqas the deuteron energy because
the lab angle can correspond to multiple center of mass angland the energy constrains
the solution (see Figure 3.14). Determining the center of masngle requires a separation

between the high energy solution and the low energy solution
5.1.1 Separating Energy Solutions

In the full energy range of the folded kinematics (Figure 3.14gvery one lab angle corre-
sponds to at least two angles in the center of mass frame. Toraxtly calculate the angular
distribution, the number of particles detected in these ddule solution angles must be sepa-
rated into higher and lower energy solutions . The smaller oter of mass angle corresponds
to the higher energy solution and the larger center of mass @e corresponds to the lower
energy solution due to the inverse kinematics nature of thexgeriment. This experiment
has a maximum detectable energy, hence not all of the lab aaglin this experiment have
will have both high and low energy solutions. If there is a & separation between the two
energies, the number of particles in each solution is straigorward to calculate, but when
the particles are within the fold of the kinematics and not esily separated, the exact energy
of the kinematic turnover must be used to separate the high ergy and low energy solutions.

Table 5.1 shows the'Be excited state and the corresponding kinematic turnovemergy.
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Table 5.1: 1°Be Excited States and the Kinematic Turnover Energies

Excited State Energy Turnover (MeV)
0; (gs) 7.8
2, (3.368 MeV) 10.5
25,1 (5.958 MeV, 5.961 MeV) 12.7
0,,2 (6.179 MeV, 6.263 MeV) 12.9

Figure 5.1 shows the deuteron energy vg;, with the energy limits shown as red dashed
lines. The kinematic turnover points are shown in black witithe turnover energies shown

with black dashed lines.

Figure 5.1: Deuteron energy Vs, after dead layer corrections with simulated kinematics
overlaid. Upper and lower limits of particle identi cation shown with red dashed lines.
Kinematic turnover points are shown in black

The number of detected patrticles in the fold of the kinematgwill have some additional
error associated with both solutions because of the energsolution of the detectors. Addi-
tionally, the error in the center of mass angle is much largevithin the fold of the kinematics
because the lab angle corresponds to a range of approximgttdirty degrees in the center

of mass frame.
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5.1.2 Solid Angle and Detection E ciency

The solid angle is calculated in the lab frame by adding up theolid angle of each pixel
within a given lab angle range or a "ring" of theta. Aringusess =1 for the telescopic
detectors and an average of = 2:5 for the auxiliary detector. The 4, is calculated at
the center of each pixel, if that o, is within aring of , that pixel is considered part of the
ring and is added to the solid angle of the ring. Figure 5.2 shewhe pixels in the |5, = 26
ring. Pixels from the CSMO1 telescopic array are shown on theft of the dashed line and
pixels from the CSMO02 telescopic array are shown on the rigbt the dashed line. The pixels
are not symmetric between the two detectors due to the o -céar beam correction discussed

in Section 3.4.

Figure 5.2: Pixels in the o, = 26 ring. Pixels from the CSMO01 telescopic array are shown
on the left of the dashed line and pixels from the CSMO02 telesuc array are shown on the
right of the dashed line.

The solid angle of each pixel is calculated using Equation3wheres is the length of the
side of the square pixel, is the angle from the beam line, is the angle from the x-axis and
r is the distance from the target to the center of the pixel. Fige 5.3 is a schematic (not

to scale) showing the beam line, a silicon detector and a pixaf side lengths a distancer
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away from the target. The dotted line represents thg = 0 horizontal plane.

2
_ S cos(r)zcos( ) (5.3)

Figure 5.3: Schematic showing a solid angle calculation fop&el of length s (Not to scale).
The arrow shows the beam line, with the dotted line showing thy = O horizontal plane.

The solid angle calculation does not take into account the eiency of the detection
system. Edge e ects such as whether a deuteron punches throupe E , detector into the
E detector or past the detector's edge a ect the number of coiis within a speci ¢ lab angle
range. If the detector array loses half of the events detecten the E ; to edge e ects in
that angle range, the calculated solid angle associated wian identi ed deuteron will be
too large and the nal angular distribution will be incorred. Similarly, if the solid angle of

a broken pixel causes events to be missed, the solid anglehattpixel cannot be included in
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the total solid angle calculation. A geometrical e ciency or the detector in the lab frame
is inherent within the angular distribution because only tle solid angle of active pixels in
the detector should be added to the total solid angle used ité calculation. Moreover, the
solid angle in the lab frame is not equivalent to the solid aig in the center of mass frame
and requires a conversion term to be added to the angular digtution calculation.

In this analysis the solid angle is not the same for each of thlietectors due to the o -
center beam line. To account for the asymmetry, the calcul@n of the solid angle was done

for both detectors individually.
5.1.3 Center of Mass Conversion Term

The angular distribution needs to be converted from the lalrdme to the center of mass
frame using the number of events measured in a physical pixescause that number does not
depend on the frame of reference. Adjusting Equation 5.2 byt8eg N getected( ; E ¢) €qual to
Ngetected( ) Shows the relation between the angular distribution in thdab frame compared

to the center of mass frame (Equation 5.4).

Q.|Q.

Noewsed (E)) €= T-GED ()= 50 ( )= Noewowsl ) € (5.)

Solving for §-( ) gives Equation 5.5, where{— is strictly a geometrical term which can
be calculated using Equation 5.6 [37], whete = ‘7’ with V being the velocity of the center

of mass andv being the deuteron velocity in the center of mass.

d . d
d_()_d_(’Ed)

€ )_ 1+ Kcos( ) (5.6)
() (1+K2+2Kcos())2 '

€ )
¢ )

(5.5)

The center of mass angle must be used in this calculation besa there are two solutions
in the lab frame. The exact kinematic turnover point energy arresponds to a calculated

solid angle value of zero in the center of mass frame when shihg between the high and
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low energy solutions. The solid angle values approachingetiiurnover point on either side
also approach zero, despite the non-zero solid angle in tlab Iframe. This can be seen in
Figure 5.4. This bias from the conversion term systematicglicauses the calculated angular

distribution within the kinematic fold to be underestimated.

Figure 5.4: Equation 5.6 plotted over . The left side of the plot shows the range OH if
only s is used in the calculation.

5.2 GEANT4 Simulations used as an Analysis Tool

Because of the complexity of the experimental setup, it is gemely di cult to carry out
the calculations of all the geometric e ects coming into pla As a result, the exact setup
of the experiment was simulated in GEANT4 and was used to cal@aié the kinematics of
the reaction as well as test the angular distribution recomeiction code used in the analysis
of the experimental data. The simulations are used to detetine the underestimation of
the calculated angular distribution within the kinematic fold due to the conversion term as
well as from geometrical e ects due to broken pixels in the tkectors as well as any edge
e ects due to the telescopic array setup. When the geometrilmd systematic e ects are
determined, they can be accounted for exactly and, therefrcan be corrected in the nal

angular distribution calculation. The simulation code carbe throughly checked using mock
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angular distributions.

To fully understand these corrections, multiple mock angat distributions in the center
of mass frame were sent through the GEANT4 simulations, indling simulations of real-
istic angular distributions. The tested distributions areshown in Figure 5.5 and include
an isotropic (at) distribution (Figure 5.5(a)), two exponential functions (Figure 5.5(b),
Figure 5.5(c)), a simulated =0 transfer (Figure 5.5(d)) and a simulated =1 transfer (Fig-
ure 5.5(e)). The calculated angular distributions were remnstructed using only information
from the simulated detectors and compared to the distributins sent. Both a fully functional
ideal detector and the actual experimental detector (with token strips) were simulated and
reconstructed. The simulated ideal detector accounts fomd identi es the events that the
experimental detector is unable to detect and helps to detmine the experimental e ects
of the broken strips, but the ideal detector still sees edgeeets in pixels which prevent
accurate reconstruction.

Using the GEANT4 simulation with an isotropic distribution, angular distributions are
reconstructed for the 3.368 MeV excited state using the fylfunctional ideal detector (green
points) and the actual experimental detector (orange pois). These distributions are also
shown in comparison to the original isotropic distribution(black histogram) in Figure 5.6.
This gure shows that a fully functional ideal detector impoves the reconstruction of the
angular distribution from the experimental detector by corecting for broken strips, but does
not fully reconstruct the original isotropic distribution.

To fully reconstruct the original isotropic distribution, the edge e ects of the telescopic
array must be taken into account as deuterons hitting the o@rmost edges of the E;
detector will not be detected and identi ed by the E , or E detectors. The discrepancy seen
in Figure 5.6 arises from the fact that the solid angle calcuian includes those outermost
pixels. To verify that the angular distribution reconstrudion of the 3.368 MeV excited
state is correct for the fully functional ideal detector whe edge e ects are considered, a

reconstruction of the angular distribution removing everd from the outermost vertical and

71



(a) Flat Distribution (b) Exponential Distribution 1

(c) Exponential Distribution 2

(d) Simulated “=0 Transfer (e) Simulated "=1 Transfer

Figure 5.5: Examples of Mock Distributions tested through GENT4 Simulation
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Figure 5.6: Reconstructed isotropic distribution using GEAN# Simulations of Detectors
with Broken Strips (Orange), Ideal Detectors (Green) for te 3.368 MeV excited state.
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horizontal strips (0 and 15). A reconstruction was also donef the angular distribution
removing events from the two outermost vertical and horizdal strips (0, 1, 14, and 15).
These reconstructions along with the reconstruction usintpe full detector are compared to

the original distribution in Figure 5.7.

Figure 5.7: Reconstructed Angular Distribution of the fully tinctional ideal detector com-
paring the reconstruction sensitivity to experimental edg e ects for the 3.368 MeV excited
state. The reconstructed angular distribution using the Rliideal detector is shown in green,
the reconstructed angular distribution removing verticaland horizontal strips 0 and 15 is
shown in bright blue and the reconstructed angular distribtion removing vertical and hori-
zontal strips 0, 1, 14 and 15 is shown in dark blue.

The removal of vertical and horizontal strips 0, 1, 14 and 15acases the angular distri-
bution reconstruction to match with the original distribution when not in the region of the
kinematic fold, which causes additional biased in the recstiuction as discussed in Section

5.1.3. However, because the edge e ects can be modeled thtoggnulation, it is possible
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to take those into account without losing all the data in the ater strips.
5.2.1 General Correction Term

The GEANT4 simulation can correct for the broken strips as welas the edge e ects
because these e ects are understood. If an isotropic didiution is simulated, to avoid
adding a bias from the original distributions, the angular dtribution reconstructed from
the experimental detector can be corrected to the originabotropic distribution using a
correction factor ., ( ) for each data point in the reconstructed angular distribubn as seen
in Figure 5.8. The mock distribution shown in Figure 5.8(b) istie same as in Figure 5.5(b),
but shown in log scale to demonstrate the e ect of the correidn factor .

This correction factor is unique for each data point and is ¢eulated as () =

opamberof palces sent by satopic bt ot rsén+ Each excited state has an isotropic distribu-
tion simulated individually to correctly identify the unique . ( ) factors for the angular
distribution calculation. The ,( ) values were tested using multiple distributions to en-
sure there was no bias added into the angular distribution censtruction.

The n( ) correction factor can be justi ably used to correct for gemetrical edge e ects
in the angular distribution calculation because the corréon factor has the same e ect as
removing the counts from outer strips of the detector. The.( ) correction factor mimics
the removal of counts from the strips without the loss of stadtics; it additionally corrects for

the loss of counts due to broken strips within the detector. Wh the addition of the ()

correction factor the equation for angular distribution reonstruction becomes Equation 5.7.

d _ Ndetected( )
g )= Cam()=7 (5.7)

The m( ) correction factor can also in principle be used to correche bias from the
center of mass conversion term as seen in Figure 5.9. Howevaydnd the simulation there
iS no way to repeat the correction using only the experimeritaetup and the correction term
is not simply adding in lost statistics. Because of this laclkf repeatability, the angular

distribution points calculated by angles inside kinematidold should be kept distinct from
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(a) Flat Distribution (b) Exponential Distribution 1

(c) Exponential Distribution 2

(d) Simulated “=0 Transfer (e) Simulated "=1 Transfer

Figure 5.8: Reconstructed Angular Distribution of the expemental detector for the
3.368 MeV excited state using all strips (orange) vs the reastructed angular distribution
of the experimental detector using .n( ) (magenta).
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the other calculated points. In what follows, they will not ke used when tting the angular

distributions with models.

Figure 5.9: Reconstructed Angular Distribution of the expemental detector for the
3.368 MeV excited state using all strips (orange) vs the rewstructed angular distribu-
tion of the experimental detector using .n( ) for all data points including the kinematic
fold (red).

5.3 Events at the Detectable Energy Limits

The data in the |5, angles around the detectable energy limits cannot be used time
calculation of the angular distributions. Due to the width d the calculated 5, angles, the
event kinematics for a single degree in the lab frame extendrass multiple energies. At the
limits of detectable energy, the number of events detectedthin that angle range is not the
total number of events emitted and causes an incorrect di ential cross-section calculation.

The events beyond the telescopic detector energy range aeeis in Figure 5.10, where the
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kinematics of the 3.368 MeV excited state dPBe are simulated with a much thicker telescopic
array than in the actual experimental setup. The simulatedhicker telescopic array shows

the full kinematics over all |5, angles.

Figure 5.10: Energy vs o for the 3.368 MeV excited state simulated with a thicker tele

scopic array than the actual experimental setup. Detectablenergy limits for the actual

experimental setup are shown in red dashed lines. Similaruges can be made for the other
states of interest and limits extracted.

To calculate a correct angular distribution for the highlidnted range in 5, all events in
the shadowed area must be counted, however, a large portidrtlte events in the high energy
solution are missing due to the detectable energy limit. Tdé 5.2 shows the 5, angles which
can be used in the angular distribution reconstruction duect the loss of detected events.
The calculation of the angular distributions beyond the ., angles in Table 5.2 are missing
events and must be removed from the nal angular distributia. The detectable energy limit

is seen in both the elastic and transfer reactions.
5.4 Experimentally Determined Angular Distributions

In some cases, the states cannot be readily identi ed usinglg charged-particle detec-
tion and require a particle-gamma coincidence. If a gamma inoidence is required, the

gamma ray detection e ciency ( (E )) must be taken into account in the calculation of the
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Table 5.2: 1°Be Excited States and Corresponding Angles with full detectegvents

Transfer Excited State b (deg) at Energy Limit  Allowed ., (deg)
0; (gs) High Energy: 44.2 >120
Low Energy: 42.0 <156
2] (3.368 MeV) High Energy: 37.0 >107
Low Energy:17.2 <168
25,1 (5.958 MeV, 5.961 MeV) High Energy: 30.0 >111
2 (6.2633 MeV) High Energy: 30.0 >111
Elastic Excited State b (deg) at Energy Limit  Allowed ., (deg)
1% (gs), 1 (0.320 MeV) High Energy: 55.0 >110.0
Low Energy: 75.0 <150.0

angular distribution, as seen in Equation 5.8. Additionallythe angular distributions must
be normalized C), using the magnitude of the elastic scattering calculatedy FRESCO to
give a correct reconstructed angular distribution. FRESCO aiculations will be discussed

further in Section 6.4.

d_ — Ndetected()
a = OO0 &)

Only the experimental data in which the gamma rays were coredy recorded by the

(5.8)

DAQ (see Section 2.3.2) is used to calculate the angular disutions in this analysis because
the kinematics of the ground state of the elastic scatteringannot be separated from the
0.320 MeV rst excited state kinematics without using gammaays detected in coincidence

with the particle detection.
5.4.1 Elastic and Inelastic Angular Distributions

Because the rst excited state of!'Be is at low energy (0.320 MeV), the reconstructed
angular distributions obtained solely with charged-partile identi cation represent the com-
bined angular distribution of both the% (0.320 keV) and %+ (ground state). To extract
the elastic scattering cross-section, a separate data seing only events in coincidence with
the 0.320 MeV gamma ray is used to determine t@ 0.320 MeV state angular distribution

(Figure 5.11(a)). The properly normalized% gamma e ciency corrected angular distribu-
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tion is then subtracted from the combined angular distribubn to determine the %J' state
angular distribution. The %+ state distribution cannot be calculated directly becausefdhe
gamma e ciency of the TIGRESS detector. The di erential cross-sections must be corrected
by the gamma e ciency term before the removal of the contribtion from the rst excited

state will give an accurate angular distribution.

€) Angular distribution for (b) Combined Ground State and 0.320 MeV

1Be(p, p)*'Be (0.320 MeV) State Angular distribution for 'Be(p, p)!'Be
(black) and the Ground State only Angular Dis-
tribution (pink)

Figure 5.11: Experimentally Determined Angular Distributios for the Inelastic Scattering
(0.320 keV) (red) and Combined Elastic and Inelastic Scattarg in black and the Elastic
scattering after removal of the inelastic contribution shan in pink.

Figure 5.11(b) shows the combined angular distribution in bck and the ground state

only distribution in red.
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5.4.2 0] and 2; states of the 'Be(p,d) °Be* Transfer Reaction

The calculated angular distributions of the''Be(p,d)!°Be transfer reaction can be sepa-
rated into two sets: the ground state and rst excited state ad the angular distributions from
the states around 6 MeV. Transfer events corresponding to tlyggound state and rst excited
state were able to be identi ed using only the particle detdion identi cation from the silicon
telescopic detectors. The transfer events corresponding the states around 6 MeV required
a gamma ray transition to be identi ed in coincidence with tte silicon particle detectors.

In the following plots, the black points represent data poits that are not beyond the
kinematic energy cuto range and are not in the kinematic fal. Red points represent
data points that are within the kinematic fold and were calclated using the correction
factor determined from the simulated isotropic distributon to overcome the center of mass
conversion bias.

The experimentally determined angular distributions calglated using Equation 5.8 with
the correct normalization from the FRESCO elastic scatterig calculation are shown in this
section but will be explained in Section 7.1. The 0 ground state angular distribution
(Figure 5.12) is calculated using only the events from the CSM telescopic array due to
the CSMO1E detector having a broken strip at the precise,, angle range covering the
kinematics of the ground state which resulted in too many uretected events to reconstruct
an angular distribution.

The 2] 3.368 MeV state angular distribution (Figure 5.13) is calcaked using events

from both telescopic detector arrays.
543 1,2,and 2 states of the 'Be(p,d) °Be* Transfer Reaction

The angular distribution for the combined 2 and 1 states around 5.598 MeV is shown
in Figure 5.14 and is calculated using events from both telegac arrays with a coincidence
2.590 MeV gamma ray. These two states cannot be separatednfyothe 2.590 MeV transition

is used as the states are only 2 keV apatrt.
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Figure 5.12: Angular distribution for *Be(p, d)!°Be 0] (ground) state, with black data
points representing data outside the kinematic fold and datpoints calculated from within
the kinematic fold are shown in red.

Figure 5.13: Angular distribution for 1'Be(p, d)'°Be 2 (3.368 MeV) statewith the black
points representing data outside of the kinematic fold, wha red points represent data from
within the kinematic fold.
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Figure 5.14: Angular distribution for 'Be(p, d)!°Be 2, and 1 doublet states (5.960 MeV)
extracted from coincidences with the 2.590 MeV transitionThe black points represent data
outside of the kinematic fold, while red points are represedata from within the kinematic

fold.
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However, as mentioned in Section 4.6, by neglecting the smabntribution of the 2;
decay, the angular distribution for the 1 state can be extracted using events from both tele-
scopic arrays in coincidence with the 5.960 MeV transitionrcluding the Compton events)

and is shown in Figure 5.15.

Figure 5.15: Angular distribution for*'Be(p, d)°Be 1 state extracted from the 6 MeV tran-
sition (Compton and photopeak). The black points represerdata outside of the kinematic
fold, while red points are represent data from within the kiematic fold.

To extract the angular distribution of the 2; state, the angular distribution of the 1
state extracted from coincidences with the 5958 MeV transin is scaled by the branching
ratio of the 1 state to the rst excited state and removed from the combinedlistribution
as seen in Equation 5.9.

d _
a '),

d d
2 d_() ) R1 d_() ) (5.9)

21
The percentage R, ) is calculated using the relative population of the 1state (P, = 79%),

the branching ratio of the 1 ! 27 transition, the relative population of the 2, state

(Pz; = 21%), and the branching ratio of the 2 ! 2; transition as shown in Equation 5.12.
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r. = F)1 BR]_ L2) (510)
rpr = Py BRy, o (5.11)

2
R, = —1 =58 15% (5.12)
rg + rzg

The deduced angular distribution for the 2 state is shown in Figure 5.16.

Figure 5.16: Angular distribution for 'Be(p, d)!°Be Z state extracted from the 2.590 MeV
transition and the removal of the scaled 1 angular distribution. The black points represent
data outside of the kinematic fold, while red points are regsent data from within the
kinematic fold.

The angular distribution for the 2 (6.263 MeV) state (Figure 5.17) was also calculated
using events from both telescopic arrays with a coincidenagima rays of 2.895 MeV.

The angular distributions of the various excited states of°Be allow a comparison of
experimental data to theory. This comparison to theory alls for an interpretation of the
angular distributions and extract the nuclear structure geerning the states of interest. The

interpretation of the angular distributions is presentedn Chapter 7.
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Figure 5.17: Angular distribution for 'Be(p, d)!°Be 2 (6.263 MeV) state extracted from
the 2.895 MeV transition. The black points represent data dside of the kinematic fold,
while red points are represent data from within the kinemat fold.
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CHAPTER 6
TRANSFER REACTION MODELING THEORY

The experimentally determined angular distributions needo be compared to theory to
interpret the data and allow con rmation or revision of our airrent understanding. The
models used to describe experimental data from théBe(p,d)'°Be* transfer reaction are
based on the nuclear shell model and use Distorted-Wave BoApproximation (DWBA)
calculations to approximate reaction cross-sections. Thichapter gives a brief overview of
the nuclear shell model and the reaction theory necessarydescribe the theoretical models

chosen to describe the experimental data.
6.1 Nuclear Shell Model

It is di cult to exactly describe a nucleus due to the nature d solving the many body
problem. A simple nuclear potential can be assumed, allowirgupled equations describing
the mutual interactions to be derived, but not solved analyitally. To avoid this complication,
a theory similar to the atomic shell model has been developead describe the nucleus.
Evidence for the nuclear shell model can be seen in the deveais from the mass predictions

of the semiempirical mass formula seen in Equations 6.1, a6 [29], whereM (Z;A) is

the mass,B is the binding energya,A, a;A%3, a.Z(Z 1)A = and agym & A22)2 are terms
corresponding to a volume term, a surface area term, a Coulbnterm, and a symmetry
term that are adjusted by the constantsa,, as, a;, asym to get the best agreement with the
experimental binding energy per nucleon data.

A 27)?
m( k )2,

B(Z;A)
02

B=aA aA®™ az(z 1A a (6.1)

M(Z;A)= Zm(*H)+ Nm, (6.2)
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The deviations from the mass predictions calculated by the ass formula, seen in Fig-

ure 6.1, show minima corresponding to the \magic numbers" airbital shell closures.

Figure 6.1: The nuclear masses and deviations from the massiala as a function of proton
and neutron number [38]

Unlike the atomic shell model, the orbital shells are not estdished by an external agent
but exist in a mean- eld potential created by the other nuclens in the nucleus. Because
nucleons are fermions, they obey the Pauli exclusion pripbe which allows the existence of
de nite spatial orbits. The mean- eld attractive potential is directly dependent on the shape
of the nuclear distribution [39], and allows individual nuteons to occupy energy levels in
subshells. The potential typically used to describe the meaeld interaction is the Woods-
Saxon potential which is de ned in Equation 6.3 wherd/; is the potential well depth, r is
the magnitude of the position vector,R = roA*3 is the nuclear radius anda is the skin
thickness.

V()= — Y0 _ 6.3)
l1+e=

An example Woods-Saxon potential is shown in Figure 6.2. Whilké use of the Woods-
Saxon potential in the shell model obtains some of the pretiéd orbital shell energy levels

seen in experimental data, higher orbitals are not reprodudeas seen on the left side of
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Figure 6.3. To improve the energy level predictions of the med] a nuclear spin-orbit poten-
tial, written as Vso(r) s, is included, whereVs, is the spin-orbit potential, ~ is the angular
momentum ands is the spin. The states can then be labelled using the total galar mo-
mentumj = ° + s and its projection m;, which gives the levels a degeneracy ofj(2 1). By
including this spin-orbital coupling to the Woods-Saxon piential, the orbital shell energy
levels predicted by the model match the experimental data extly as can be seen on the

right of Figure 6.3.

Figure 6.2: Woods-Saxon Potential calculated with A=64)V, = 50 MeV, and a = 0:5 fm
[39]

The nuclear shell model outlined above is an independent piate model without di-
rect interactions between the particles. To model nuclearactions between particles, the

Hamiltonian of the system (Equation 6.4) must be solved for ggi ¢ potentials [40].
= —+ .
A 2' u(r) (6.4)
6.2 Optical Potentials

When modeling interactions between two nuclei, the potentis that best match experi-
mental data have both real and imaginary parts. This is becae the interactions of nuclei

are strongly attractive at short range but repulsive at longange, both properties that must
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Figure 6.3: Traditional Shell model orbital arrangement foistable nuclei using the Woods-
Saxon potential [29]
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be accounted for in the total potential. To ensure both prop#ies of the potential are con-
sidered, the nuclear currenf(r;t) or ux of the scattered wave functions must satisfy the
continuity equation shown in Equation 6.5, with probability density (r;t) = j (r;t)j>.

@(r;t) _
@t 0

In general, it is di cult to satisfy the continuity equation when interaction potentials are

5 j(rn+

(6.5)

present unless the potential is given dd(r) = V(r)+iW (r). If W < 0 the potentials become
absorptive and can approximate the ux leaving in the exit cannels. These potentials, with
both real and imaginary parts, are called optical potentia as they describe refraction and
absorption in a similar manner as light passing through a alaly refractive medium [41].

The real component of the optical potential describes the wlear interaction, approx-
imated by the Woods-Saxon potential, with volume parameterV,, R and a adjusted to
describe the observed elastic scattering data. The imagnyacomponents are referred to as
surface potentials, as the components are absorptive ancetiefore the nucleons bound within
the nucleus cannot absorb the nuclear current due to the exsiion principle. Additionally,
there is a spin-orbit component that is included to accountor the * s interactions of the
nucleons and a Coulomb term is added to the potential if the pjectile in the reaction is
charged [39].

The full optical potential is de ned as Equation 6.6, with\; as the Coulomb potential
usingr > R . as the repulsive point Coulomb form and R taking the nite size of the

nucleon into account with both repulsive and attractive corponents [42].
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2

. d h L1d
U(I‘) = Vc Vf(xr) I Wi (Xi) 4Wsd7f (Xs) + m_c Vso( )Faf (Xso) (6-6)
s
¢,

= r>R
Vo= 22% 7, rz © 6.7
R.= riA™ (6.8)
f)= 1350 (69

CA1=3
Xj = w (610)

2

N 0m 611

The Woods-Saxon shape is shown &§x; ), with the subscriptsj = r; i; s; and socorre-
sponding to the real volume components, the imaginary voluencomponents, the imaginary
surface components and the spin-orbit components respeely. The operator is de ned
in terms of the spin angular momentum as = (%) for protons, neutrons,*He and tritons,

s= h for deuterons ands =0 for particles [42].

6.3 DWBA

To simplify the direct nuclear reactions using the optical ptentials described above, the
initial and nal state wavefunctions are assumed to be planeaves. With a reaction given as
A(a,b)B induced by a potential V, the simple Born Approximation(BA) gives the transition

amplitude as:
z

Tga = e ikbrbh B bJVJ A aieikaradradrb (612)
wherek,, are the relative momenta, ., are the separations of the centers of mass for the
initial and nal systems respectively. The internal statesof the nuclei are given as ;. The
matrix element is a function ofr but represents an integration over the internal coordinate

and can be written as a multipole expansion seen in Equationl@ [43].

X
he ofViaai= fuOYM( ) (6.13)

L;M
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However, using only the BA, the magnitude of the experimentalrass-sections disagreed
with the predicted cross-sections, so the distorted-waveoB approximation (DWBA) needs
to be used for more accurate predictions. The DWBA describebd elastic scattering as
closely as possible with all other reactions treated as parbations so the transition ampli-

tude becomes Equation 6.14,
z

Towsa = (Ko ro)h 8 tV] A al " (Kp; rp)dradry (6.14)
where (kp; rp,) are the distorted waves of the entrance (") and the exit (  )channels

with the form:
(kb; rb) = eikr T scatt (6.15)

The distorted waves are generally generated using opticabtentials that must be t to

elastic scattering data at the correct energy of the reactiobeing described [43].
6.4 FRESCO

FRESCO is a coupled-channel, nite-range DWBA calculation dtware program de-
veloped by Professor lan Thompson of the University of Surregnd Lawrence Livermore
National Lab, that is used to calculate the cross-sections gdlicted using a coupled-channel,
nite-range DWBA calculation [44]. The FRESCO software was obsen to calculate the the-
oretical angular distributions for this experiment due totis ability to calculate complicated
reaction mechanisms such as the coupled states and singletipke hole states that will be
described in the next chapter. The full FRESCO inputs for thigxperiment can be found in

Appendix E.
6.4.1 FRESCO Inputs

The original FRESCO code was written in Fortran 77, but some s&ons have since been
ported to Fortran 90. In this section, the input card format s described with Figure 6.4

showing an example input of the rst four input sections [44]
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Heading - The heading describes and identi es the reaction Icalated in the input

code. This line is not read by the program.

FRESCO namelist and control card inputs - This section contaithe parameters in-
volved in the numerical calculations such as the radial infmation, the step with which
the coupled-channel equations are integrated, and the radi at which the integrated
wave function is matched to the asymptotic form. Additionaly, the general options

for the calculation and the desired observables are input this section.

Partition and excited states - The \&partition" contains all the mass partitions and
the corresponding channels that must be considered in theaction. The \&states"
contains the spin, parity and excitation energy of projeclke and target states. All pairs

of states that should be included in the calculation must bexelicitly input.

Optical Potentials - The \&pot" input contains all of the par ameters of the optical
potentials used for the calculation. Any deformation to the ptentials are placed in

this section.

Overlap Functions - The \&overlap” functions are needed fosingle-particle excitation
calculations and transfer calculations. These functionsedcribe how the composite

nucleus looks relative to its core.

Couplings - The \&coupling" section couples the states giveby the partitions input
into this section. A spectroscopic amplitude for the overlagan also be set in this

input section.

In this experiment, the spectroscopic amplitudes were vad from zero to four (based on
the occupation number of theps-, orbital) to scale the angular distribution calculations fo
speci ¢ excited state couplings to nd the best t to the data. For more detailed descriptions

of the input parameters see Thompson [44].
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Figure 6.4: Example of the rst four input cards in a FRESCO calalation le

6.4.2 FRESCO Outputs

The main FRESCO output le summarizes the overlap function claulation and the cou-
pling matrix elements. The integrated cross-sections foaeh partial wave and the calculated
angular distributions are also given at the end of the le. Addionally, other les are created
during the FRESCO program run, including, but not limited to, bound-state wave functions
and amplitudes, astrophysical S-Factors, and R-matrix callations. Figure 6.5 shows the
rst part of a typical fort.16 le, containing all of the calc ulated angular distributions, output
during a FRESCO program run.

The rst 13 lines of the le contain plotting information for XMGRACE and are not
relevant to the analysis of the angular distributions. The plarization information (vector
and tensor analyzing powers) elds are blank as there was nmlgrization in the reaction
calculated. The columns of \Theta" and \sigma" correspond ¢ the and g— (given in

mb/sr) respectively of the FRESCO calculation.
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Figure 6.5: Sample of typical fort.16 le output during a FRES@® calculation

6.4.3 SFRESCO

SFRESCO is a program that using MINUIT search routines to seardor a 2 minimum
while comparing the FRESCO outputs to sets of data. Parametgrcorresponding to optical
potentials, binding potentials, spectroscopic amplitudeor R-matrix reduced widths can all
be adjusted to attempt to improve the agreement between théneory and the experimental
data. Inputs for SFRESCO must specify the input and output FREEO les, the number
and types of the search parameters and the experimental dasats.

For this experiment, SFRESCO was used to t the elastic and inastic scattering poten-
tials of the FRESCO models described in the next chapter to thexperimentally determined

angular distributions.
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CHAPTER 7
INTERPRETATION OF DATA

The theoretical angular distributions from the models usetb interpret the *'Be(p,d)!°Be*
transfer reaction were calculated using FRESCO. Two di erdnrmodels, developed in collab-
oration with Professor Filomena Nunes of Michigan State Univsity and NSCL, were used
in this analysis. The rst model was used to calculate angutadistributions for the °Be
ground and rst excited states (0 and 2; respectively). The model used to calculate these
states deforms the'°Be nucleus with a quadrupole coupling and uses a collectiveodel for
the 0; and 2 states [11]. The second model was used to calculate angulatiibutions for
the °Be states around 6 MeV (2, 1 , 05, and 2 ). The 0, state was not observed in this
experiment and as such was not included in the model. The mdder these states considers
all states to be hole states created from a deformédBe nucleus which mimics the halo
structure [4, 12, 13] .

Both models use the elastic scattering from the auxiliary dector tted with SFRESCO
to determine the optical proton scattering potentials thatbest t the data. The resulting
elastic scattering t parameters were checked against pareeters calculated using CH98
equations [45], and both ts are comparable. The deuteron attering potential at 10 MeV
per nucleon was determined by averaging the deuteron scattey potentials of °C and °Be
[46, 47]. It was necessary to average deuteron scatteringigrttials of °C and °Be because
there is no data available for deuteron scattering of’Be at 10 MeV per nucleon and?C

and °Be have a similar nuclear structure to the ground state dfBe.

7.1 Analysis of the Angular Distributions of the 10Be Ground State and First
Excited State

The FRESCO model used to estimate thej0and 2, angular distributions deforms the

1°Be nucleus in a quadrupole coupling, necessary because teg2wave function mixes with
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the ds-, 27 con guration of llBe(?) through the quadrupole vibrations [11]. To account
for the strong coupling of the @ and Z states, the model used a Coupled Channel Born
Approximation (CCBA) where the transfer coupling was to the lIisorder but the °Be states
are fully coupled to all orders. The quadrupole coupling wagiven as FRESCO variable
p2 and corresponds to the deformation length,. The deformation length is related to the
deformation parameter , (used to measure B(E2) transition strengths) by, = , R
where R is the interaction nuclear radius [48]. The optical gientials used to calculate the

angular distributions are shown in Table 7.1.

Table 7.1: Optical potentials using a Deformed°Be model

Source Channel Vj ro a W, W rs as p2
SFRESCO p+'Be 40.090 1.25 050 0.0 20 12.0 05

[46, 47] d +1%Be 89 1.2 0.77 0.0 20.3 1.35 0.62 1.68

[46, 47] p+®Be 485 135 060 00 39 1.26 0.45

To correctly determine the overall magnitude of the experiental angular distributions,
a normalization factor is required. This normalization fator, C, discussed in Section 5.1, is
determined after determining the best FRESCO t of the elasti scattering angular distri-
bution. Elastic scattering is well understood and as such oée used as an alternative to a
direct calculation of the cross section magnitude using thetegrated current of the radioac-
tive beam and the number of atoms in the target. The magnitudef the experimentalg—
values are normalized to the calculated FRESC@— values, and that normalization factor is
then applied to all of the other experimentally determinedransfer reaction cross-sections.

The angular distribution of the elastic scattering with thebest t of the proton scattering
potential using the deformed'®Be model is shown in Figure 7.1.

The 0] (ground state) 1°Be angular distribution is shown with the FRESCO calculated
angular distribution in Figure 7.2. The data points shown in ed were calculated using the
general correction term in the region of the kinematic fold.These points are determined

using the GEANT4 simulation, as discussed in Section 5.2.1y & region where the cross-
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Figure 7.1: Elastic Scattering with the FRESCO calculation usg the deformed'°Be collec-
tive state model

section is systematically underestimated and as a resultearenormalized based purely on
the corrections determined using a simulated isotropic antar distribution. These points
are not used in comparison to the FRESCO calculation, but arénewn for completeness.
The FRESCO calculation of § ground state angular distribution has the correct order
of magnitude with the data, but the FRESCO calculation of the agular distribution of the
2; state of 1°Be is an order of magnitude o from the data collected for thigeaction, as
seen in Figure 7.3. As such, it must be concluded that there is aechanism in the reaction
that is not accounted for in this collective model. A full bog model should be considered
to understand and make a fully predictive model for the 2 state. This is not undertaken as

the study of the collective behavior of°Be(0; ,27) is beyond the scope of this thesis.
7.2 Angular distributions of the 10Be 6 MeV states

To describe the 2,1 , and 2 excited states ofi°Be , the 1'Be nucleus is deformed with
a dipole interaction coupling the £2* (gs) and 2 (0.320 MeV) states and a quadrupole
interaction coupling the 2" (gs) and 52* (1.783 MeV) states using the DWBA method. In
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Figure 7.2: °Be ground state angular distribution with the FRESCO calculéion using
the deformedi®Be collective state model. The blacks point represent datautside of the
kinematic fold, while red points are represent data from witin the kinematic fold.

Figure 7.3: Angular distribution of the Z state of 1°Be with the FRESCO calculation from
the Deformed°Be Collective state model
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this model, the inelastic (2 ) scattering angular distribution was also t using SFRESCO
to determine the magnitude of the ; (dipole) coupling. There was insu cient experimental
data to calculate an angular distribution for the 52" state, but the , (quadrupole) coupling
was able to be determined using the ratio between the defortian lengths calculated by
Hussein et al [49]. The deuteron scattering potential at 10 Meper nucleon was determined
using RIPL-3 data [46],[47]. The!'Be + hole state potential was assumed to be the same as
the 'Be + p potential. The optical potentials used to describe the;, 1 , and 2 excited

states of1°Be are shown in Table 7.2.

Table 7.2: Optical Potentials using a Deformed'Be model

Source Channel ro a W, W ls as pl p2
SFRESCO p+1%Be 27.311 1754 050 2.0 2.0 1559 05 1.67 25
[46, 47] d +1°Be 89 1.2 0.77 0.0 203 135 0.62

Because the FRESCO model deforms tHéBe nucleus with both a dipole and quadrupole
couplings instead of the!®Be nucleus quadrupole coupling, the new model must be t to th
experimental elastic scattering angular distribution aga to ensure the FRESCO parameters
are correctly determined. If the same optical potential pameters were used from the rst
model, the!'Be deformation would not have the necessary parameters tdlfucalculate the
angular distributions of the 2, 1 , and 2 excited states.

The angular distribution of the elastic scattering with thebest t of the proton scattering
potential using the deformed''Be model is shown in Figure 7.4.

The best t of the inelastic scattering using the deformed'Be model is shown in Fig-
ure 7.5. Though the inelastic tis not ideal, it is within the same order of magnitude of the
experimental data, which allows the magnitude of the dipoleoupling to be determined. A
full body model, using neutrons and protons as degrees ofddem, would allow for a better

t, but developing such a model would require signi cant theretical developments.
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Figure 7.4: Elastic Scattering angular distribution with the FRESCO calculation using the
deformed!!Be state model

Figure 7.5: Angular distribution of the Inelastic Scatteringto the 1=2 state of !Be with
the FRESCO calculation using the deformed'Be state model
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It was concluded in Al-Khalili et al. [4] that the 2; excited state was unlikely to have
a collective structure, as a collective structure would red in a large B(E2), which is not
the case. Additionally, the DWBA calculations done by Johanseet al. [13] were unable
to reproduce the 2 angular distribution using the removal of ads-, neutron in a one-step
process, and suggested that a two-step process in which e, neutron is removed from a
11Be excited E2 con guration could be a possible contribution. Shell modedalculations of
the spectroscopic factors of di erent possible hole stat®o gurations done by Professor Alex
Brown, shown in Table 7.3, also predict a strong contributio from a ['Be(3 ) (ps=2) ']

con guration for the 27 state.

Table 7.3: Spectroscopic factors predicted for single-piate hole state con gurations for the
25,1 and 2 states [50]

10 . Initial Con guration
Be Excited State Neutron removed from 1lBe(%+) 1lBe(g+) 1189(% )
P3=2 | | 1.107
2, S1- | 0.00011 |
ds-» 0.007 0.0012 |
1 P3=> 0.693 0.037 |
P1=2 | | 0.0010
5 P3=> 0.580 0.345 |
P1=2 | 0.006 |

The structure of the 1 and 2 excited states has also been predicted to be in single-
particle hole states wherein theps-, neutron was removed from either thellBe(%+) or
11Be(3") con gurations [12, 15]. The angular distribution for all'°Be excited states around
6 MeV in the GANIL experiment was well reproduced using an = 1 transfer, though a
contribution from the 27 state was not considered [16]. The ISOLDE experiment used alé
state model with a [*Be(}") (ps=2) *] con guration and extracted a spectroscopic factors
of 0.31(11) and 0.40(10) for the 1 and 2 states respectively [13]. It is possible for these
two states to also have a contribution from’”Be(%‘L) state, as in the shell model calculations

shown in Table 7.3. The contribution from the!'Be(3") state is indeed not insigni cant
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for the 2 state according to Brown (see Table 7.3). This possible caittution was not
considered in either of the previous experiments.

In these calculations, the 2, 1 , and 2 excited states are modeled as single-particle
hole states in which aps-, neutron has been removed from th&'Be nucleus. Possible initial
con gurations for the 1 and 2 hole states are shown schematically in Figure 7.6. The
circles in the schematics represent the shell model neutsim the 'Be nucleus, with the
black circles showing the neutrons in the nal hole state andhe red circle showing the
neutron removed from the!!Be nucleus to create the hole state. The initial con guratio
using the'Be nucleus in the ground state models a one-step processngdhe s;-, neutron
to create the single-particle hole state. The initial con gration using the !Be nucleus in
the 1.783 MeV state models a two-step process, using tthe, neutron to create the single-

particle hole state.

(a) Possible ground state structure of either  (b) Possible excited state structure of either
the 1 or 2 hole states the 1 or 2 hole states

Figure 7.6: Shell model schematic of possible nuclear strusts for either the 1 or 2 hole
states

The binding energy for the hole states comes from the energquired to create the hole
state in *Be, instead of the energy of the state if°Be. As a result, it must be determined
how the °Be excited states compare té'Be, as shown in Figure 7.7, to correctly determine

the binding energy for the FRESCO calculation.
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Figure 7.7: Schematic of the binding energies HBe and'°Be excited states with all numbers
given in MeV (not to scale) [51], [52].
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Because the 1 and 2 states can originate from either the’LlBe({) or llBe(?) state,
multiple FRESCO angular distributions were calculated to eglore the phase space by vary-
ing the spectroscopic amplitudes, or coe cient of fractioal parentage, of the overlap func-
tions, thereby changing the impact from that initial state o the overall angular distribution.
The spectroscopic amplitudes were allowed to vary betweenadd 2.83 (corresponding to
a spectroscopic factor of 2) to ensure the full phase spaceswansidered. FRESCO then
compared the weight given to the each of the overlaps by the egiroscopic amplitude to get
a nal con guration and calculated the total angular distribution for those parameters.

To determine the best t of all of these multiple angular distibution calculations to
the experimental data, a 2 analysis was performed comparing the experimental data the
FRESCO ts. A 2 analysis uses Equation 7.1, where is the uncertainty in the data point,
yi represents the data pointy(X;) is the theoretical value determined with FRESCON s
the number of data points. The 2 analysis allows for a test of the goodness of t [53]. In
this analysis the compared theoretical value was taken frothe FRESCO calculations and
the data was the experimentally determined angular distriltions. Only data points from
outside the kinematic fold were compared to the FRESCO calated ts in the 2 analysis
and used in the extraction of the best t.

)(\l . X; 2
2 — yl y( |) (71)

i=1 i

As a test of the goodness of t, the minimum value in the 2 analysis corresponds to
the best t available of the analyzed FRESCO ts. However, thee is some variation within
the analyzed ts and a con dence interval, in which there is agood probability of nding
a reasonable t within experimental error, is required. Thecon dence interval used in this
analysis is one standard deviation, corresponding to a vawf 2+1. In this 2+ 1 region,

all analyzed ts should be considered as within error bars @na reasonable t.
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7.2.1 Angular distribution of the 2 State

To determine the orbital composition of the 2 state, FRESCO varied the spectroscopic
amplitudes for the!*Be(3") and 'Be(3") initial states. The nal wavefunction modeled for
the 2 state is shown as Equation 7.2 where= p—£— and = p—£— with A andB asthe
spectroscopic amplitudes used to scale the contribution®in the FlBe(%+) (ps=2) ] and
[1lBe(§+) (ps=2) 1] components, respectively. The spectroscopic factors daa determined
for each wavefunction component using Equation 7.3, wherei$Sthe spectroscopic factor,

A is the spectroscopic amplitude, and N corresponds to the @gpancy number of theps-,

orbital. The total spectroscopic factor for the state is calulated using Equation 7.4 [41, 44].

[ Be(2 )]= ["Be(1=2") (ps=2) 1+ [''Be(52") (ps=2) '] (7.2)

A 2
Sa = pﬁ (7.3)
Stot = Sa + Sp (7.4)

Figure 7.8 shows the 2 analysis done for the 2 state with values at 2+ 1 shown in
black. The minimum 2 value is found atA = 0:96 andB = 0:04. This corresponds to a
hole state that is derived primarily from thes;—, neutron component of the intial 11Be({)
ground state. However, this minima culminates at the end of aelatively shallow 2 valley,
meaning that a contribution from the ds-, neutron component of thellBe(g+) inital is also
possible.

The possible spectroscopic factors of the two wavefuncticomponents within the 2+1
region can be seen in Figure 7.9, which shows th&tBe(%") component has a fairly well
de ned range, only ranging between 0.16 and 0.26. However tﬁ’eBe(;) component can
vary in a fairly large range, varying between 0 and 0.25. Thesspectroscopic factor ranges
are functionally dependent on the two components, howevesp not every combination of

these component spectroscopic factors corresponds to adsal.
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Figure 7.8: 2 vs Spectroscopic Amplitudes for 2 state. The 2+ 1 values are shown in
black.
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Figure 7.9: Functional dependency of the Spectroscopic Facs of thes;-, and ds-, neutron
components of the initial!'Be state within 2+ 1 for the 2 state.

Individual FRESCO calculations along the 2 valley show a divergence of values outside
the experimental data center of mass angle range. A calcutat using spectroscopic ampli-
tudesA = 0:57 andB = 2:16, corresponding to an initial'!Be con guration mostly from the
11Be(?) state (shown in red in Figure 7.10) has a larger di erential mss-section at lower
center of mass angles than the best t, obtained witih = 0:96 andB = 0:04. The FRESCO
calculations shown in Figure 7.10 between the black t and thgreen t, are within the

2 + 1 range, with the best t to the data shown in black. The ts shown above the green
t (corresponding to A=0.80 and B=1.00) are not within the 2+ 1 range, but are shown
for completeness.

The best t of the 2 angular distribution is shown in Figure 7.11 with the data pait
calculated from within the kinematic fold shown in red. The dta point from the kinematic
fold was not used in the ? tanalysis as previously discussed in Section 7.1, but doappear
to agree with the calculated angular distribution.

Using the best t from the 2 analysis spectroscopic factors & = 0:23 andSg = 0:0004

are extracted giving a total spectroscopic factor &, = 0:23, corresponding to theA = 0:96
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Figure 7.10: FRESCO calculations along? valley for the 2 state. The red t corresponds
to the minima closest to the [Y'Be(5=2") (ps=) '] axis and the black t corresponds to
the minima closest to the [*!Be(1=2") (ps=) !] axis and is the best t to the data. The
ts between the black and green correspond to ts within the 2 + 1 region and are can be

considered reasonable ts within error bars.

Figure 7.11: Best FRESCO Fit for 2 state.
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and B = 0:04 con guration. The total spectroscopic factors within tle 2+ 1 region can be

seen as a function of the correspondirgj—, component in Figure 7.12.

Figure 7.12: Spectroscopic Factors &f-, components compared to the total spectroscopic
factor within 2+ 1 for the 2 state.

A comparison of previous experiments and theoretical predions of spectroscopic factors
for the 2 state is shown in Table 7.4. This comparison shows that a tdtapectroscopic
factor of S, = 0:23is lower than predicted, but because the? analysis is not sensitive to the
11Be(§+) component the total spectroscopic factor could be as largs 0.41 if a IargélBe(%+)
component is present. The spectroscopic factors predictbgd Alex Brown in Table 7.3 show
that a having a signi cant 11Be(t—;) component is possible, however, even with the addition
of the 11Be(g+) component, the spectroscopic factors are lower than thesically predicted.

Though the best t to the experimental data included a very smll ds-, component, by
choosing a pures;-, component t, as was done by Johansen [13], the two spectropao
factors can be directly compared. When these values were ditg compared, the spectro-
scopic factor from the pures;-, component §, = 0:24) is still considerably lower than was

extracted by Johansen.
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Table 7.4. Spectroscopic factors of this analysis comparéal previous experiments and
theoretical predictions

Experimental
This Work  Johansen [13] Wineld [16] Aumann [17]

*0.23/**0.24 0.40(10) ***1.4 0.58
Theoretical
Al-Khalili [4] Negoita [12]  Brown [50]
0.7 0.58 0.58

*Based on the best 2 t
**Based on a pures;-, component state similar to the model by Johansen
***All 6 MeV Excited States

7.2.2 Angular distribution of the 1 state

Though the spectroscopic factors calculated in Table 7.3gutict only a small contribution
from the ["'Be(3") (ps=2) 1] con guration to the total wavefunction of the 1 state (shown
in Equation 7.5), the same type of 2 analysis comparing the spectroscopic amplitudes
and B of the 1 state was performed for completeness. The spectroscopictéas for each
component can be determined as shown in Equation 7.3 and thatdl spectroscopic factor

of the state is calculated as shown in Equation 7.4.

[ °Be(l )]= ["Be(1=2") (ps=2) 1+ ['Be(52") (ps=2) '] (7.5)

The 2 analysis for the 1 state is shown in Figure 7.13 with 2 + 1 values shown in
black. This analysis only compares the experimental data tside of the kinematic fold
to the FRESCO ts. The minimum 2 value is found atA = 0:31 andB = 1:89, which
corresponds to a hole state with a majority of the state derad from the“Be(g+ ) component.
Similar to the 2 analysis, there is a shallow ? valley, with a similar shape as the previous
analysis, though the minima of the valley shows a much highétBe(3") component than
the 2 .

The spectroscopic factors o‘lee(%+) and 11Be(g“t) components are shown in Figure 7.14.

Again, the *'Be(}") component is well de ned by the 2 analysis, ranging between 0 and 0.1
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Figure 7.13: 2 vs Spectroscopic Amplitudes for 1 state. The 2+ 1 values are shown in
black.
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and the llBe(?) has a much larger range, varying from 0.14 to 1.45. As in the tate,

the component spectroscopic factors are functionally depdent on each other.

Figure 7.14: Functional dependency of the Spectroscopic kais of s;, and ds-, components
within 2+ 1 forthe 1 state.

FRESCO ts along the 2 valley are shown in Figure 7.15. The bright red t corresponds
to the best t of the data with A = 0:31 andB = 1:89, and the light blue t corresponds
to the t at the edge of the 2+ 1 region at A = 0:63 andB = 0:76. The dark blue and
black ts are outside of the 2+ 1 region and are not valid ts to the data but are shown
for completeness.

Due to the similarity of the 1 and 2 states, the lack of sensitivity to thellBe(§+)
component, as well as the physical unlikelihood of having aich a highllBe(§+) spectro-
scopic component, it was determined that the most realisti¢ to the 1  was the t with
the highest“Be({) component as shown in Figure 7.16. The red point correspontisthe
data point calculated within the kinematic fold and was not onsidered in the 2 analysis.

This t corresponds to spectroscopic amplitudes oA = 0:63 andB = 0:76.
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Figure 7.15: FRESCO calculations along? valley for the 1 state. The dark red t corre-
sponds to the t closest to the [Y'Be(5=2") (ps=) '] axis and the black t corresponds
to the minima closest to the [''Be(1=2") (ps=) !] axis. The bright red t corresponds
to the best t to the data and the ts between the dark red and light blue t correspond to
ts within the 2 + 1 region and are can be considered reasonable ts within e bars.

Figure 7.16: FRESCO Fit for 1 state.
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Using the spectroscopic amplitudes of the most realistic ta@mponent, spectroscopic
factors of S, = 0:10 andSg = 0:14 giving a total spectroscopic factor 0§, = 0:24 can be

extracted. The total spectroscopic factors within the 2+ 1 region are shown in Figure 7.17.

Figure 7.17: Functional dependency of the Spectroscopic Fars of s;-, components com-
pared to the total spectroscopic factor within 2+ 1 for the 1 state.

The S, spectroscopic factor is considerably lower than was deteémad by Johansen et
al. [13] even when a pures;—, component t is considered. The pures;-, component t
is within a 2 + 2 region, or two standard deviations, and not completely ureasonable,
though not the as close to the data as necessary to be consatklin this analysis. The
S1-, component spectroscopic factors are also much lower tharetpredictions given by Alex
Brown (Table 7.5). However, the 2 analysis is not very sensitive to thélBe(§+) component
and, though physically unlikely, if there is a Iarge“Be(E—;) component the 1 state could
have a much higher spectroscopic factor. Given those relaiuncertainties, it is di cult to

draw conclusions simply on the basis of the total spectrogmo factor.
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Table 7.5: Spectroscopic factors of the 1state compared theoretical predictions by Alex
Brown [50]

Neutron removed from  This Work  Brown [50] Johansen [13]
Uge(l") *0.10/**0.13  0.693 0.31(11)
UBe(3") *0.14/*+0.0 0.037 |

*Based on the lowesids-, component tinthe 2+ 1 region
**Based on a pures;-, component state

7.2.3 Angular distribution of the 2, state

The wavefunction of the 2 state is assumed to be due to a two-step process in which the
initial *Be nucleus con guration is excited to the% state and the ps=, neutron is removed
(Equation 7.6). This model con guration contains only onenitial component instead of two
components as in the 1 and 2 states. Additionally, the 2 analysis for the 2 state used
spectroscopic amplitudes going all the way to 4.0, corregmiing to a spectroscopic factor
of 4.0 in an attempt to reconstruct the magnitude of the expémental angular distribution.
The 2 analysis is shown in Figure 7.18 and the resulting FRESCO ts cabe seen in

Figure 7.19.

[ Be(2;)]= ['Be(1=2 ) (ps=2) '] (7.6)

Though the spectroscopic factor predicted by Alex Brown wast&emely large at 1.69, the
spectroscopic factor required for the [''Be(1=2 ) (ps=) '] component model to approach
the magnitude of the experimental angular distribution isSZz > 3:0 which appears to be
physically unrealistic. Additionally, the shape of the modedoes not appear to reproduce
the experimental angular distribution, leading to the conlaision that the model is likely
incomplete. The experiment performed at ISOLDE was also umscessful in reproducing
the experimental angular distribution with a one-step modein which a ds-, neutron was

removed [13], hence the structure of the;2state remains unclear at this point.
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Figure 7.18: 2 vs Spectroscopic Amplitude for 2 state.
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Figure 7.19: FRESCO ts of the Z state using spectroscopic amplitudes of 1.0, 2.0, 3.0 and
4.0 or spectroscopic factors of 0.25, 1.0, 2.25 and 4.0 respely.
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CHAPTER 8
CONCLUSION AND OUTLOOK

The 'Be(p,d)!°Be* transfer reaction performed at TRIUMF at 9.93 MeV/nucleonin in-
verse kinematics has allowed the successful calculatioraofjular distributions for the ground
state and all the populated excited states @, 2,, 1 and 2 ) of 1°Be using a combination of
silicon particle detectors and the TIGRESS setup to allow fgparticle- coincidences. Using
an auxiliary charged-particle detector, the elastic and elastic scattering angular distribu-
tions were also measured. The scattering distributions alved a normalization coe cient
for the data to be determined and the absolute scale of the amgr distributions from the
transfer reaction to be extracted.

The angular distribution of the inelastic scattering is regired to accurately reconstruct
the angular distribution of the elastic scattering as the st excited state of!!Be is only
320 keV away from the ground state. To extract the elastic sttaring from this initially
combined distribution, the scattering events detected inancidence with a gamma ray tran-
sition at 320 keV were separated into a purely inelastic anfar distribution which was then
subtracted from the combined distribution, taking into acount the gamma ray e ciency,
and the elastic scattering angular distribution was extraed.

Particle identi cation in coincidence with gamma ray transtions was used in the ex-
traction of the angular distributions for the states around6é MeV in energy in the transfer
reaction. The G ! 1 219 keV transition in 1°Be was not observed and it was determined
that the 0; state was not populated in this experiment. The 2! 27 2.895 MeV transi-
tion was used in coincidence with deuterons detected in theléscopic particle detectors to
extract the 2 state.

The 2, and 1 states are only 2 keV apart, and cannot be separated by gatingn

an individual gamma ray transition alone. To separate the tev angular distributions, the
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number of events when the doublet decayed to the rst excitestate and to the ground state
were measured and used to extract the relative population bbth states taken individually.
The relative population of the 2 and 1 states was determined to be 2113% and 79 13%
respectively. Given those relative populations and the;2and 1 branching ratios, the
(25;1) ! 0] 5.960 MeV transition is almost completely dominated by the etay of the
1 state alone. Hence, the 1 angular distribution could be extracted independently. Tl
2, angular distribution was then deduced by subtracting the awribution of the 1  from
the doublet combined angular distribution determined usig the (1 ;2;) ! 27 2.590 MeV
transition.

Two individual models were used to t the angular distributions obtained in this work.
The theory for the 0] and 2] angular distributions was based on a collective state model
using a deformed'®Be potential. This model deforms the'°Be nucleus with a quadrupole
coupling to account for the collective nature of theDand 2 states. The predicted FRESCO
angular distribution for the 0; state was found to be within the correct order of magnitude
of the measured angular distribution. However, the predicteFRESCO angular distribution
using the deformed'®Be collective model for the 2 state was found to be an order of
magnitude less than the measured angular distribution. An der of magnitude di erence
between the experimental data and the collective model imipk a mechanism in the reaction
has not been taken into account in the model used in this thesiAs such, a more complete
model would be required to better reconcile the theory withhte data for these states.

A model of single-particle hole con gurations was used to the measured angular dis-
tributions of the 2;, 1 and 2 states in°Be. This model deforms the!'Be nucleus with
both a dipole and quadrupole coupling to allow for the one anvo-step processes required
to create the single-particle hole con gurations.

A 2 analysis was performed to determine the best ts of the angar distribution data
with the FRESCO calculated single-particle hole con gurathtn models. The 1 and 2 state

angular distributions were allowed to be a mix of two state eogurations [1lBe(%+) (p3=2) 1]
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and [118e(§+) (Ps=2) ], while the 2 state was assumed to be purely from thé'Be(3 )

(ps=2) 1] con guration. The resulting spectroscopic factors are siwn in Table 8.1.

Table 8.1: Final spectroscopic factors extracted from the perimental angular distributions
using the single-particle hole state con guration model fathe 25, 1 and 2 states

10 . Initial Con guration
Be Excited State Neutron removed lge (%+) 1ge (§+) lige (% ) Total
2, Pa=> | | large large
1 Ps=2 0.10 0.14 | 0.24
2 P3=> 0.23 0.0004 | 0.23

The 2 analysis was found to be relatively insensitive to thélBe(?) component and the
total spectroscopic factors shown in Table 8.1 could be lagif a more signi cant 11Be(§+)
component is included in the nal result.

The 11Be(%+) spectroscopic factor of the 2 state is found to be lower than predicted
by theory. A signi cant 11Be(?) contribution cannot be ruled out as the t is relatively
insensitive to that component. The prediction from A. Brown gggests that a strongds-,
component is a possibility. The spectroscopic factor of theure 11Be({) component model
is also found to be lower than the spectroscopic factor extrged by Johansen with a similar
model.

The 2 analysis done for the 1 state shows a similar overall structure with the 2 state,
assuming that the mechanism creating both single-particleole states is the same. However,
the minimum 2 value, corresponding to the best FRESCO calculated t, forth 1 state has
amuch IargerllBe(§+) component than the 2 state. Because such a signi cant contribution
from the 'Be(3") component is unlikely, a FRESCO twithin the 2+1 region with a higher
11Be({) component was chosen as the best model of the $tate. The resulting total
spectroscopic factor is similar to the 2 state, however, the components making up the total
spectroscopic factor can vary drastically. Once again, theeasured angular distributions do

not allow for a clear separation between the;-, and ds-, contributions.
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The 2; state was found to have a very strong overlap with the singlearticle hole state
con guration model. Given the large error bars on the angutadistribution of the 27 state,
the analysis remains largely inconclusive. It should be red that the calculation from A.
Brown does suggest a spectroscopic factor greater than on&lso, Johansen was unable
to reproduce the angular distribution by modeling the tranfer as a one-step process and
removing ads=; neutron. This leaves the structure of the 2 state mostly unresolved.

The 2 state remains perhaps the best candidate for an excited hadbate structure,
though the spectroscopic factors are much lower than pretkcd. An experiment to extend
the angular distributions beyond what was measured in thisxperiment could provide more
sensitivity to the s;-, and ds-, components and perhaps clarify the;-, and ds-, makeup of

the 1 and 2 states.
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APPENDIX A
FULL SCHEMATICS OF THE TOP PRINTED CIRCUIT BOARD USED IN THE
1BE(P,D)°BE TRANSFER REACTION

The full schematics of the top printed circuit board used inhe 'Be(p,d)'°Be transfer
reaction are shown in Figure A.1, Figure A.2, Figure A.3, Figure A.4, Bure A.5, Figure A.6,
Figure A.7, and Figure A.8.

Figure A.1: First Layer of Top PCB (Top View)
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Figure A.2: First Layer of Top PCB (Mirrored Bottom View)

131



Figure A.3: Second Layer of Top PCB
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Figure A.4: Third Layer of Top PCB
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Figure A.5: Fourth Layer of Top PCB
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Figure A.6: Fifth Layer of Top PCB
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Figure A.7: Full Assembly of Top PCB (Top View)
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Figure A.8: Full Assembly of Top PCB (Mirrored Bottom View)
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APPENDIX B
FULL SCHEMATICS OF THE BOTTOM PRINTED CIRCUIT BOARD USED IN THE
1BE(P,D)°BE  TRANSFER REACTION

The full schematics of the bottom printed circuit board usedh the 'Be(p,d)!°Be transfer
reaction are shown in Figure B.1, Figure B.2, Figure B.3, Figure .B, Figure B.5, and

Figure B.6.

Figure B.1: First Layer of Bottom PCB (Top View)
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Figure B.2: First Layer of Bottom PCB (Mirrored Bottom View)
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Figure B.3: Second Layer of Bottom PCB
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Figure B.4: Third Layer of Bottom PCB
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Figure B.5: Full Assembly of Bottom PCB (Top View)
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Figure B.6: Full Assembly of Bottom PCB (Mirrored Bottom View)
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APPENDIX C
ASYMMETRIC MASKS AND CORRESPONDING HIT PATTERNS IN THE DOUBLE
SIDED SILICON STRIP DETECTORS

The asymmetric masks used to calibrate electronic channdls the corresponding lab
angle in the'Be(p,d)!°Be transfer reaction are shown in Figure C.2 and Figure C.1. The
resulting corrected hit patterns for the strip detectors ae shown in Figure C.3, Figure C.4,

Figure C.5, Figure C.6, and Figure C.7.
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Figure C.1: Asymmetric mask used in front of CSM01D and CSMO1E
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Figure C.2: Asymmetric mask used in front of CSM02D, CSM03D andSMO02E
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Figure C.3: Hit pattern for CSM01D
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Figure C.4: Hit pattern for CSM02D
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Figure C.5: Hit pattern for CSM03D
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Figure C.6: Hit pattern for CSMO1E
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Figure C.7: Hit pattern for CSMO2E
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APPENDIX D

TIGRESS GERMANIUM SEGMENT POSITIONS
Table D.1: TIGRESS Germanium detector positions for the fly e cient con guration [34]

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 78.05 61.70 134.09

1 47.83 59.64 119.06

2 63.65 65.78 102.12

Blue 3 72.14 44.72 103.15

4 57.26 37.61 118.80

5 72.73 73.96 152.77

6 89.31 81.09 134.70

7 99.39 57.11 134.51

8 82.33 50.30 152.93

0 113.50 76.38 95.72

1 95.91 79.56 67.01

2 104.85 57.32 67.30

Green 3 90.05 52.14 83.76

4 80.41 72.73 83.98

5 125.64 95.88 95.49

1 6 135.56 72.34 95.31

7 118.64 65.08 113.68

8 108.85 89.19 113.54

0 134.36 26.25 95.72

1 124.08 11.56 67.01

2 108.28 5.43 83.98

Red 3 100.55 26.81 83.76

4 114.67 33.61 67.30

5 156.64 21.05 95.49

6 140.03 13.91 113.54

7 129.91 37.87 113.68

8 147.01 44.70 95.31

0 98.82 11.57 134.09

1 75.99 -8.35 119.06

2 67.08 13.90 118.80

White 3 82.63 19.39 103.15

4 91.52 -1.51 102.12

5 103.72 -0.87 152.77

6 93.78 22.65 152.93

7 110.66 29.90 134.51

8 120.49 5.81 134.70
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 -61.70 78.05 134.09

1 -59.64 47.83 119.06

2 -65.78 63.65 102.12

Blue 3 -44.72 72.14 103.15

4 -37.61 57.26 118.80

5 -73.96 72.73 152.77

6 -81.09 89.31 134.70

7 -57.11 99.39 134.51

8 -50.30 82.33 152.93

0 -76.38 113.50 95.72

1 -79.56 95.91 67.01

2 -57.32 104.85 67.30

Green 3 -52.14 90.05 83.76

4 -72.73 80.41 83.98

5 -95.88 125.64 95.49

5 6 -72.73 80.41 83.98

7 -65.08 118.64 113.68

8 -89.19 108.85 113.54

0 -26.25 134.26 95.72

1 -11.56 124.08 67.01

2 -5.43 108.28 83.98

Red 3 -26.81 100.55 83.76

4 -33.61 114.67 67.30

5 -21.05 156.64 95.31

6 -13.91 140.03 113.54

7 -37.87 129.91 113.68

8 -44.70 147.01 95.31

0 -11.57 98.82 134.09

1 8.35 75.99 119.06

2 -13.90 67.08 118.80

White 3 -19.39 82.63 103.15

4 151 91.52 102.12

5 0.87 103.72 152.77

6 -22.65 93.78 152.93

7 -29.90 110.66 134.51

8 -5.81 120. 49 134.70
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 -78.05 -61.70 134.09

1 -47.83 -59.64 119.06

2 -63.65 65.78 102.12

Blue 3 -72.14 -44.72 103.15

4 -57.26 -37.61 118.80

5 -72.73 -73.96 152.77

6 -89.31 -81.09 134.70

7 -99.39 -57.11 134.51

8 -82.33 -50.30 152.93

0 -113.50 -76.38 95.72

1 -95.91 -79.56 67.01

2 -104.85 -57.32 67.30

Green 3 -90.05 -52.14 83.76

4 -80.41 -72.73 83.98

5 -125.64 -95.88 95.49

3 6 -135.56 -72.34 95.31

7 -118.64 -65.08 113.68

8 -108.28 -89.19 113.54

0 -134.26 -26.25 95.72

1 -124.08 -11.56 67.01

2 -108.28 -5.43 83.98

Red 3 -100.55 -26.81 83.76

4 -114.67 -33.61 67.30

5 -156.64 -21.05 95.49

6 -140.03 -13.91 113.54

7 -129.91 -37.87 113.68

8 -147.01 -44.70 95.31

0 -08.82 -11.57 134.09

1 -75.99 8.35 119.06

2 -67.08 -13.90 118.80

White 3 -82.63 -19.39 103.15

4 -91.52 151 102.12

5 -103.72 0.87 152.77

6 -93.78 -22.65 152.93

7 -110.66 -29.90 134.51

8 -120.49 -5.81 134.70
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 61.70 -78.05 134.09

1 59.64 -47.83 119.06

2 65.78 -63.65 102.12

Blue 3 44.72 -72.14 103.15

4 37.61 -57.26 118.80

5 73.96 -72.73 152.77

6 81.09 -89.31 134.70

7 57.11 -99.39 134.51

8 50.30 -82.33 152.93

0 76.38 -113.50 95.72

1 79.56 -95.91 67.01

2 57.32 104.85 67.30

Green 3 52.14 -90.05 83.76

4 72.73 -80.41 83.98

5 95.88 -125.64 95.49

4 6 72.34 -135.56 95.31

7 65.08 -118.64 113.68

8 89.19 -108.85 113.54

0 26.25 -134.26 95.72

1 11.56 -124.08 67.01

2 5.43 -108.28 83.98

Red 3 26.81 -100.55 83.76

4 33.61 -114.67 67.30

5 21.05 -156.64 95.49

6 13.91 -140.03 113.54

7 37.87 129.91 113.68

8 44.70 -147.01 95.31

0 11.57 -98.82 134.09

1 -8.35 -75.99 119.06

2 13.90 -67.08 118.80

White 3 19.39 -82.63 103.15

4 -1.51 -91.52 102.12

5 -0.87 -103.72 152.77

6 22.65 -93.78 152.93

7 29.90 -110.66 134.51

8 5.81 -120.49 134.70
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 139.75 87.25 27.13

1 107.47 84.35 36.80

2 107.64 84.01 12.83

Blue 3 116.86 63.25 13.71

4 116.66 62.21 36.42

5 146.69 104.60 40.50

6 146.58 104.81 14.96

7 156.50 80.77 14.73

8 156.44 80.99 40.74

0 139.75 87.25 -27.13

1 107.47 84.35 -36.80

2 116.66 62.21 -36.42

Green 3 116.86 63.25 -13.71

4 107.64 84.01 -12.83

5 146.69 104.60 -40.50

5 6 156.44 80.99 -40.74

7 156.50 80.77 -14.73

8 146.58 104.81 -14.96

0 160.51 37.12 -27.13

1 135.64 16.35 -36.80

2 135.51 16.71 -12.83

Red 3 127.36 37.91 -13.71

4 126.48 38.50 -36.42

5 177.69 29.76 -40.50

6 177.76 29.53 -14.96

7 167.78 53.55 -14.73

8 167.89 53.35 -40.74

0 160.51 37.12 27.13

1 135.64 16.35 36.80

2 126.48 38.50 36.42

White 3 127.36 37.91 13.71

4 135.51 16.71 12.83

5 177.69 29.76 40.50

6 167.89 53.35 40.74

7 167.78 53.55 14.73

8 177.76 29.53 14.96
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 37.12 160.51 27.13

1 16.35 135.64 36.80

2 16.71 135.51 12.83

Blue 3 37.91 127.36 13.71

4 38.50 126.48 36.42

5 29.76 177.69 40.50

6 29.53 177.76 14.96

7 53.55 167.78 14.73

8 53.35 167.89 40.74

0 37.12 160.51 -27.13

1 16.35 135.64 -36.80

2 38.50 126.48 -36.42

Green 3 37.91 127.36 -13.71

4 16.71 135.51 -12.83

5 29.76 177.69 -40.50

6 6 53.35 167.89 -40.74

7 53.55 167.78 -14.73

8 29.53 177.76 -14.96

0 87.25 139.75 -27.13

1 84.35 107.47 -36.80

2 84.01 107.64 -12.83

Red 3 63.25 116.86 -13.71

4 62.21 116.66 -36.42

5 104.60 146.69 -40.50

6 104.81 146.58 -14.96

7 80.77 156.50 -14.73

8 80.99 156.44 -40.74

0 87.25 139.75 27.13

1 84.35 107.47 36.80

2 62.21 116.66 36.42

White 3 63.25 116.86 13.71

4 84.01 107.64 12.83

5 104.60 146.69 40.50

6 80.99 156.44 40.74

7 80.77 156.50 14.73

8 104.81 146.58 14.96
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 -87.25 139.75 27.13

1 -84.35 107.47 36.80

2 -84.01 107.64 12.83

Blue 3 -63.25 116.86 13.71

4 -62.21 116.66 36.42

5 -104.60 146.69 40.50

6 -104.81 146.58 14.96

7 -80.77 156.50 14.73

8 -80.99 156.44 40.74

0 -87.25 139.75 -27.13

1 -84.35 107.47 -36.80

2 -62.21 116.66 -36.42

Green 3 -63.25 116.86 -13.71

4 -84.01 107.64 -12.83

5 -104.60 146.69 -40.50

7 6 -80.99 156.44 -40.74

7 -80.77 156.50 -14.73

8 -104.81 146.58 -14.96

0 -37.12 160.51 -27.13

1 -16.35 135.64 -36.80

2 -16.71 135.51 -12.83

Red 3 -37.91 127.36 -13.71

4 -38.50 126.48 -36.42

5 -29.76 177.69 -40.50

6 -29.53 177.76 -14.96

7 -53.55 167.78 -14.73

8 -53.35 167.89 -40.74

0 -37.12 160.51 27.13

1 -16.35 135.64 36.80

2 -38.50 126.48 36.42

White 3 -37.91 127.36 13.71

4 -16.71 135.51 12.83

5 -29.76 177.69 40.50

6 -53.35 167.89 40.74

7 -53.55 167.78 14.73

8 -29.53 177.76 14.96
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 -160.51 37.12 27.13

1 -135.64 16.35 36.80

2 -135.51 16.71 12.83

Blue 3 -127.36 37.91 13.71

4 -126.48 38.50 36.42

5 -177.69 29.76 40.50

6 -177.76 29.53 14.96

7 -167.78 53.55 14.73

8 -167.89 53.35 40.74

0 -160.51 37.12 -27.13

1 -135.64 16.35 -36.80

2 -126.48 38.50 -36.42

Green 3 -127.36 37.91 -13.71

4 -135.51 16.71 -12.83

5 -177.69 29.76 -40.50

8 6 -167.89 53.35 -40.74

7 -167.78 53.55 -14.73

8 -177.76 29.53 -14.96

0 -139.75 87.25 -27.13

1 -107.47 84.35 -36.80

2 -107.64 84.01 -12.83

Red 3 -116.86 63.25 -13.71

4 -116.66 62.21 -36.42

5 -146.69 104.60 -40.50

6 -146.58 104.81 -14.96

7 -156.50 80.77 -14.73

8 -156.44 80.99 -40.74

0 -139.75 87.25 27.13

1 -107.47 84.35 36.80

2 -116.66 62.21 36.42

White 3 -116.86 63.25 13.71

4 -107.64 84.01 12.83

5 -146.69 104.60 40.50

6 -156.44 80.99 40.74

7 -156.50 80.77 14.73

8 -146.58 104.81 14.96
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 -139.75 -87.25 27.13

1 -107.47 -84.35 36.80

2 -107.64 -84.01 12.83

Blue 3 -116.86 -63.25 13.71

4 -116.66 -62.21 36.42

5 -146.69 -104.60 40.50

6 -146.58 -104.81 14.96

7 -156.50 -80.77 14.73

8 -156.44 -80.99 40.74

0 -139.75 -87.25 -27.13

1 -107.47 -84.35 -36.80

2 -116.66 -62.21 -36.42

Green 3 -116.86 -63.25 -13.71

4 -107.64 -84.01 -12.83

5 -146.69 -104.60 -40.50

9 6 -156.44 -80.99 -40.74

7 -156.50 -80.77 -14.73

8 -146.58 -104.81 -14.96

0 -160.51 -37.12 -27.13

1 -135.64 -16.35 -36.80

2 -135.51 -16.71 -12.83

Red 3 -127.36 -37.91 -13.71

4 -126.48 -38.50 -36.42

5 -177.69 -29.76 -40.50

6 -177.76 -29.53 -14.96

7 -167.78 -53.55 -14.73

8 -167.89 -53.35 -40.74

0 -160.51 -37.12 27.13

1 -135.64 -16.35 36.80

2 -126.48 -38.50 36.42

White 3 -127.36 -37.91 13.71

4 -135.51 -16.71 12.83

5 -177.69 -29.76 40.50

6 -167.89 -53.35 40.74

7 -167.78 -53.55 14.73

8 -177.76 -29.53 14.96
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 -37.12 -160.51 27.13

1 -16.35 -135.64 36.80

2 -16.71 -135.51 12.83

Blue 3 -37.91 -127.36 13.71

4 -38.50 -126.48 36.42

5 -29.76 -177.69 40.50

6 -29.53 -177.76 14.96

7 -53.55 -167.78 14.73

8 -53.35 -167.89 40.74

0 -37.12 -160.51 -27.13

1 -16.35 -135.64 -36.80

2 -38.50 -126.48 -36.42

Green 3 -37.91 -127.36 -13.71

4 -16.71 -135.51 -12.83

5 -29.76 -177.69 -40.50

10 6 -53.35 -167.89 -40.74

7 -53.55 -167.78 -14.73

8 -29.53 -177.76 -14.96

0 -87.25 -139.75 -27.13

1 -84.35 -107.47 -36.80

2 -84.01 -107.64 -12.83

Red 3 -63.25 -116.86 -13.71

4 -62.21 -116.66 -36.42

5 -104.60 -146.69 -40.50

6 -104.81 -146.58 -14.96

7 -80.77 -156.50 -14.73

8 -80.99 -156.44 -40.74

0 -87.25 -139.75 27.13

1 -84.35 -107.47 36.80

2 -62.21 -116.66 36.42

White 3 -63.25 -116.86 13.71

4 -84.01 -107.64 12.83

5 -104.60 -146.69 40.50

6 -80.99 -156.44 40.74

7 -80.77 -156.50 14.73

8 -104.81 -146.58 14.96
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 87.25 -139.75 27.13

1 84.35 -107.47 36.80

2 84.01 -107.64 12.83

Blue 3 63.25 -116.86 13.71

4 62.21 -116.66 36.42

5 104.60 -146.69 40.50

6 104.81 -146.58 14.96

7 80.77 -156.50 14.73

8 80.99 -156.44 40.74

0 87.25 -139.75 -27.13

1 84.35 -107.47 -36.80

2 62.21 -116.66 -36.42

Green 3 63.25 -116.86 -13.71

4 84.01 -107.64 -12.83

5 104.60 -146.69 -40.50

11 6 80.99 -156.44 -40.74

7 80.77 -156.50 -14.73

8 104.81 -146.58 -14.96

0 37.12 -160.51 -27.13

1 16.35 -135.64 -36.80

2 16.71 -135.51 -12.83

Red 3 37.91 -127.36 -13.71

4 38.50 -126.48 -36.42

5 29.76 -177.69 -40.50

6 29.53 -177.76 -14.96

7 53.55 -167.78 -14.73

8 53.35 -167.89 -40.74

0 37.12 -160.51 27.13

1 16.35 -135.64 36.80

2 38.50 -126.48 36.42

White 3 37.91 -127.36 13.71

4 16.71 -135.51 12.83

5 29.76 -177.69 40.50

6 53.35 -167.89 40.74

7 53.55 -167.78 14.73

8 29.53 -177.76 14.96
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 160.51 -37.12 27.13

1 135.64 -16.35 36.80

2 135.51 -16.71 12.83

Blue 3 127.36 -37.91 13.71

4 126.48 -38.50 36.42

5 177.69 -29.76 40.50

6 177.76 -29.53 14.96

7 167.78 -53.55 14.73

8 167.89 -53.35 40.74

0 160.51 -37.12 -27.13

1 135.64 -16.35 -36.80

2 126.48 -38.50 -36.42

Green 3 127.36 -37.91 -13.71

4 135.51 -16.71 -12.83

5 177.69 -29.76 -40.50

12 6 167.89 -53.35 -40.74

7 167.78 -53.55 -14.73

8 177.76 -29.53 -14.96

0 139.75 -87.25 -27.13

1 107.47 -84.35 -36.80

2 107.64 -84.01 -12.83

Red 3 116.86 -63.25 -13.71

4 116.66 -62.21 -36.42

5 146.69 -104.60 -40.50

6 146.58 -104.81 -14.96

7 156.50 -80.77 -14.73

8 156.44 -80.99 -40.74

0 139.75 -87.25 27.13

1 107.47 -84.35 36.80

2 116.66 -62.21 36.42

White 3 116.86 -63.25 13.71

4 107.64 -84.01 12.83

5 146.69 -104.60 40.50

6 156.44 -80.99 40.74

7 156.50 -80.77 14.73

8 146.58 -104.81 14.96
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 113.50 76.38 -95.72

1 95.91 79.56 -67.01

2 80.41 72.73 -83.98

Blue 3 90.05 52.14 -83.76

4 104.85 57.32 -67.30

5 125.64 95.88 -95.49

6 108.85 89.19 -113.54

7 118.64 65.08 -113.68

8 135.56 72.34 -95.31

0 78.05 61.70 -134.09

1 47.83 59.64 -119.06

2 57.26 37.61 -118.80

Green 3 72.14 44.72 -103.15

4 63.65 65.78 -102.12

5 72.73 73.96 -152.77

13 6 82.33 50.30 -152.93

7 99.39 57.11 -134.51

8 89.31 81.09 -134.70

0 98.82 11.57 -134.09

1 75.99 -8.35 -119.06

2 91.52 -1.51 -102.12

Red 3 82.63 19.39 -103.15

4 67.08 13.90 -118.80

5 103.72 -0.87 -152.77

6 120.49 5.81 -134.70

7 110.66 29.90 -134.51

8 93.78 22.65 -152.93

0 134.26 26.25 -95.72

1 124.08 11.56 -67.01

2 114.67 33.61 -67.30

White 3 100.55 26.81 -83.76

4 108.28 5.43 -83.98

5 156.64 21.05 -95.49

6 147.01 44.70 -95.31

7 129.91 37.87 -113.68

8 140.03 13.91 -113.54
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 -76.38 1135 -95.72

1 -79.56 95.91 -67.01

2 -72.73 80.41 -83.98

Blue 3 -52.14 90.05 -83.76

4 -57.32 104.85 -67.30

5 -95.88 125.64 -95.49

6 -89.19 108.85 -113.54

7 -65.08 118.64 -113.68

8 -72.34 135.56 -95.31

0 -61.7 78.05 -134.09

1 -59.64 47.83 -119.06

2 -37.61 57.26 -118.80

Green 3 -44.72 72.14 -103.15

4 -65.78 63.65 -102.12

5 -73.96 72.73 -152.77

14 6 -50.30 82.33 -152.93

7 -57.11 99.39 -134.51

8 -81.09 89.31 -134.70

0 -11.57 98.82 -134.09

1 8.35 75.99 -119.06

2 151 91.52 -102.12

Red 3 -19.39 82.63 -103.15

4 -13.90 67.08 -118.80

5 0.87 103.72 -152.77

6 -5.81 120.49 -134.70

7 -29.90 110.66 -134.51

8 -22.65 93.78 -152.93

0 -26.25 134.26 -95.72

1 -11.56 124.08 -67.01

2 -33.61 114.67 -67.30

White 3 -26.81 100.55 -83.76

4 -5.43 108.28 -83.98

5 -21.05 156.64 -95.49

6 -44.70 147.01 -95.31

7 -37.87 129.91 -113.68

8 -13.91 140.03 -113.54
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 -113.50 -76.38 -95.72

1 -95.91 -79.56 -67.01

2 -80.41 -72.73 -83.98

Blue 3 -90.05 -52.14 -83.76

4 -104.85 -57.32 -67.30

5 -125.64 -95.88 -95.49

6 -108.85 -89.19 -113.54

7 -118.64 -65.08 -113.68

8 -135.56 -72.34 -95.31

0 -78.05 -61.7 -134.09

1 -47.83 -59.64 -119.06

2 -57.26 -37.61 -118.80

Green 3 -72.14 -44.72 -103.15

4 -63.65 -65.78 -102.12

5 -72.73 -73.96 -152.77

15 6 -82.33 -50.30 -152.93

7 -99.39 -57.11 -134.51

8 -89.31 -81.09 -134.70

0 -08.82 -11.57 -134.09

1 -75.99 8.35 -119.06

2 -91.52 151 -102.12

Red 3 -82.63 -19.39 -103.15

4 -67.08 -13.90 -118.80

5 -103.72 0.87 -152.77

6 -120.49 -5.81 -134.70

7 -110.66 -29.90 -134.51

8 -93.78 -22.65 -152.93

0 -134.26 -26.25 -95.72

1 -124.08 -11.56 -67.01

2 -114.67 -33.61 -67.30

White 3 -100.55 -26.81 -83.76

4 -108.28 -5.43 -83.98

5 -156.64 -21.05 -95.49

6 -147.01 -44.70 -95.31

7 -129.91 -37.87 -113.68

8 -140.03 -13.91, -113.54
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Table D.1: Continued.

Detector Clover Segment X (mm) y (mm) z (mm)
Color Number

0 76.38 -113.50 -95.72

1 79.56 -95.91 -67.01

2 72.73 -80.41 -83.98

Blue 3 52.14 -90.05 -83.76

4 57.32 -104.85 -67.30

5 95.88 -125.64 -95.49

6 89.19 -108.85 -113.54

7 65.08 -118.64 -113.68

8 72.34 -135.56 -95.31

0 61.70 -78.05 -134.09

1 59.64 -47.83 -119.06

2 37.61 -57.26 -118.80

Green 3 44.72 -72.14 -103.15

4 65.78 -63.65 -102.12

5 73.96 -72.73 -152.77

16 6 50.30 -82.33 -152.93

7 57.11 -99.39 -134.51

8 81.09 -89.31 -134.70

0 11.57 -98.82 -134.09

1 -8.35 -75.99 -119.06

2 -1.51 -91.52 -102.12

Red 3 19.39 -82.63 -103.15

4 13.90 -67.08 -118.80

5 -0.87 -103.72 -152.77

6 5.81 -120.49 -134.70

7 29.90 -110.66 -134.51

8 22.65 -93.78 -152.93

0 26.25 -134.26 -95.72

1 11.56 -124.08 -67.01

2 33.61 -114.67 -67.30

White 3 26.81 -100.55 -83.76

4 5.43 -108.28 -83.98

5 21.05 -156.64 -95.49

6 44.70 -147.01 -95.31

7 37.87 -129.91 -113.68

8 13.91 -140.03 -113.54
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APPENDIX E
INPUT FRESCO CODE

The FRESCO code used to model the;0and 2 states is shown in'°Be Figure E.1. The

Figure E.1: FRESCO code used to model the;Gand 2 states in'°Be
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FRESCO code used to model the 1 2; and 2 states in1°Be is shown in Figure E.2.

Figure E.2: FRESCO code used to model the 125, and 2 states in'°Be
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