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ABSTRACT

One-neutron transfer reactions are used to study single-particle neutron states in nuclei.

In this work, the 11Be(p,d)10Be* transfer reaction at 9.93 MeV/nucleon was performed at the

TRIUMF-ISAC II facility with the Printed Circuit Board Based C harged Particle ((PCB)2)

array inside the TRIUMF ISAC Gamma- Ray Escape-Suppressed Spectrometer (TIGRESS).

Using particle identi�cation and particle-
 coincidence the extraction of angular distributions

was performed for the ground state and all the populated excited states of10Be (2+
1 , 2+

2 , 1�

and 2� ). A collective state model was used in an attempt to �t the angular distributions for

the 0+
1 and 2+

1 states by deforming a10Be potential with a quadrupole coupling in DWBA

calculations run by FRESCO. This model correctly predicted the magnitude of the angular

distribution for the 0+
1 state, but did not successfully reproduce the angular distribution for

the 2+
1 state. The other 10Be states were modeled as a single-particle hole states using

either a one- or two-step process to create the hole state by removing ap3=2 neutron from

the initial con�guration of the 11Be nucleus.

To extract the spectroscopic factors for the hole states, a� 2 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 previousexperimental values. The

spectroscopic factors of the 1� and 2� single-particle hole states starting from a pures1=2

state were found to be lower than previous studies, however,it was also determined in this

analysis that ad5=2 component of the wavefunction could be signi�cant in some cases. The

spectroscopic factor of the single-particle hole state forthe 2+
2 state was found to be extremely

large to reproduce the magnitude of the cross-section. Further studies are needed to resolve

the structure of the 2+
2 state.

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

s1=2 spectroscopic factor is much lower than predicted. An experiment to extend the angular
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distributions beyond what was measured in this experiment could provide more sensitivity

to the s1=2 and d5=2 components and perhaps clarify thes1=2 and d5=2 makeup of the 1� and

2� states.
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CHAPTER 1

SCIENTIFIC MOTIVATION

Recent developments in nuclear physics have allowed improvements in radioactive beam

facilities. These improvements have increased the capabilities of the facilities, enabling the

production of a larger number of nuclei to be studied, including many nuclei far from stability.

Studies of nuclei near the drip-lines have shown the existence of exotic structures, including

a structure classi�ed as a halo. Further investigation of the halo structures have provided

opportunities to test and to extend the current nuclear models.

1.1 Halo Nuclei

Halo nuclei were �rst discovered in 1985 with the work on largeinteraction 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 independent Schr•odinger equation (Equation

1.1), whereE is the energy eigenvalues,� is the e�ective mass,V(r ) is the potential and

	( r; �; � ) is the wavefunction.

E	( r; �; � ) =
�

� �h2

2�
r 2 + V(r )

�
	( r; �; � ) (1.1)

By choosing a solution to Equation 1.1 that is expressed as a radial solution and an

angular solution 	( r; �; � ) = R(r )Ylm (�; � ), the radial and angular terms can be separated

and solved individually. The angular solution consists of the well de�ned spherical harmonics

arising from the radial symmetry of the nuclear potential and contain the angular information

of the nucleus. This solution is shown in Equation 1.2 where� = ( � 1)m for m � 0 and � = 1

for m � 0, l is the azimuthal quantum number,m is the magnetic quantum number, and

Pm
l (cos�) are the Legendre polynomials [2].
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Y m
l (�; � ) = �

s
(2l + 1)

4�
(l � j mj)!
(l + jmj)!

eim� Pm
l (cos�) (1.2)

The radial portion is solved by assuming a nucleus with a neutron loosely bound to an

inert core that interacts in a square well potential the sizeof the nucleus [3]. The resulting

radial solution for the neutron outside the potential has the form shown in Equation 1.3

whereR0 is the width of the potential.

R(r ) =
�

2�
k

� �
e� kr

r

� �
ekR 0

(1 + kR0)1=2

�
(1.3)

The density distribution for the neutron is given in Equation 1.4, wherek is related to

the separation energy of the neutron by (�hk)2 = 2�S n , whereSn is the neutron separation

energy [3].

� (r ) = j	( r )j2 / j R(r )j2 /
e� 2kr

r 2
(1.4)

As the neutron separation energy decreases, the density of the distribution di�uses. The

most commonly accepted de�nition of a halo nucleus state is that the halo nucleon(s) have

more than 50% of their probability density outside the core potential [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.

Vws = �
V0

1 + e
r � R

a

(1.5)

Figure 1.1 shows density distributions for s, p and d orbitalsand for multiple neutron

separation energies. As expected from Equation 1.4, the small neutron separation energies

have larger density tails. The density tails also vary depending on the angular momentum,

showing that the largest tails come from the lowest angular momentum orbitals.
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Figure 1.1: Examples of Calculated Density Distributions ofsingle particle states in a simple
halo nucleus model [5]
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The long density tail forming the halo implies that the halo nucleons (in most cases,

one or more neutrons) can be found outside of the classical reach of the binding potential

[6]. Combined with the fact that these nuclei are typically light and near the drip-line, they

constitute excellent laboratories to test ab-initio calculations and help �ne-tune not only

the nucleon-nucleon interaction, but also whether additional N-body interactions are needed

to properly describe them. At the very edge of stability, two-neutron halo nuclei, such as

6He, 11Li and 14Be, present even more challenges to theory [7]. Known as Borromean (halo)

nuclei, they are weakly-bound nuclei with unbound subsystems (core+n and n+n) implying

that it is the combination of the binding energies of the core+n+n system that keeps the

nucleus from breaking apart [8, 9]. All in all, halo nuclei represent a class a extreme nuclei

that pushes the limit of our understanding of how nucleons bind to form bound nuclei.

In general, the most successful models of the halo nuclei have been models which decouple

the halo wavefunction from the core of the nucleus and treat the halo nucleus as a halo

nucleon(s) + core [5]. Con�rmed halo nuclei include both neutron and proton halos, both

of which are shown on the chart of nuclei in Figure 1.2 in addition 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 extended to a nucleus in an

excited state.

Again, the accepted de�nition of a halo nuclei is a nucleus with a large density tail.

A large density tail can result from having low angular momentum and a low separation

energy, but neither quality is found exclusively in ground state con�gurations. Therefore, if

a nucleus in an excited state has a large density tail, the de�nition of a halo nucleus can be

expanded to include that nucleus in its excited state as an excited halo state. One known

excited halo state is the1
2

+ excited state of17F, which has a proton separation energy of

Sp = 105 keV and a single proton in an s-wave orbital [10].

Another known halo nucleus is that of the1
2

+ ground state of11Be. 11Be ground state

has a one-neutron halo with a 0.505 MeV neutron separation energy. A simple model of this

4



Figure 1.2: Chart of Con�rmed Halo Nuclei and Candidate Halo Nuclei [5]

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

in Equation 1.6 [11], where� =
p

0:8 and � =
p

0:2.

�
�11Be(1=2+ )

�
= �

�
�10Be(0+ ) 
 2s1=2

�
+ �

�
�10Be(2+ ) 
 1d5=2

�
+ ::: (1.6)

11Be is also interesting as a means to study possible excited halo states in10Be. 10Be has

four excited states with energies close to the neutron separation energy, as seen in Figure 1.3.

The 2+
2 , 1� and 2� states are all possible excited halo states [4, 12, 13].

1.2 10Be

This research is primarily focused on the 2+2 , 1� and 2� states of10Be, though the ground

state (0+
1 ) and the �rst excited state (2+

1 ) are also investigated. Theoretical calculations

from Al-Khalili and Arai [4], predict that the 2 +
2 will have a halo neutron in thep1=2 orbital

coupling to either a9Be(3
2

� ) core or a9Be(5
2

� ) core with the spectroscopic factors calculated

using a four-body microscopic cluster model [14]. Al-Khalili and Arai also predicted that

the dominant structure of the 2� state would have a halo neutron in ans1=2 orbital coupled
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with a 9Be(3
2

� ) core and small contributions from other con�gurations. Table 1.1 shows the

predicted structures and magnitude of the con�guration of the 2+
2 and 2� states. The 1�

state was not considered in their analysis.

Table 1.1: The occupation probabilities for the dominant9Be+n con�gurations in the 10Be
states (adapted from [4] with spectroscopic factors from [14])

State of 10Be Con�guration Spectroscopic factor

2+
2

9Be(3
2

� ) � p3=2 0.28
9Be(3

2
� ) � p1=2 0.54

9Be(5
2

� ) � p3=2 0.23
9Be(5

2
� ) � p1=2 0.13

2�

9Be(3
2

� ) � s1=2 0.70
9Be(3

2
� ) � d5=2 0.16

9Be(5
2

� ) � s1=2 0.02
9Be(5

2
� ) � d5=2 0.10

The most dominant con�guration shown in Table 1.1 is [9Be(3
2

� ) � p1=2] for the 2+
2 state

and [9Be(3
2

� ) � s1=2] for the 2� state. The 2� state is the best excited halo state candidate

owing to its smaller neutron separation energy and to the halo neutron being in thes1=2

orbital. However, the 2+2 could also have a halo structure based on ap1=2 halo con�guration.

In a neutron breakup experiment of11Be and10Be on silicon, the 1� states and 2� states

were assumed to arise from the removal of one of thep3=2 neutrons and could be thought

of as an excited halo with a con�guration of [9Be(3
2

� ) � s1=2]. The spectroscopic factors

calculated from the shell model wereS1� = 0:69 and S2� = 0:58 [12], [15]. Again, the 2�

state appears a very strong candidate for an excited halo structure. the 1� state is predicted

to have the same structure, with the major di�erence being that it is more bound than the

2� state, but still predicted to have a strong halo contribution.

Very recently, a transfer reaction done by Johansen et al. [13] measured cross-sections

from the 2+
2 , 1� and 2� states in a11Be(d,t)10Be* reaction. The 1� and 2� states spectro-

scopic factors were calculated from a model assuming the removal of one of the neutrons from

the p3=2 orbital, while the 2+
2 state was modeled by removing a neutron from thed5=2 orbital.
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The derived spectroscopic factor wereS1� = 0:31(11), S2� = 0:40(10) andS2+
2

= 25(10).

Good agreement was obtained for the 1� and 2� angular distributions, however, the calcu-

lation for the 2+
2 state failed to reproduce the experimental angular distribution [13].

The experimental spectroscopic factors are found to be lower than the theoretical pre-

dictions by Al-Khalili and Arai, but the 1 � and 2� states were shown to have a partial halo

con�guration since in both cases the original halo neutron of 11Be remain in an s-orbital.

Overall, it is worth a more in depth look at all three of these states.

1.3 Transfer Reactions

The most e�ective way to study the predicted excited halo state of 10Be is to use the

11Be(p,d)10Be� transfer reaction. Transfer reactions, such as (p,d), are used to study single

particle excitations within the nucleus, making this reaction ideal for studying speci�c states

in the two nuclei of interest. Additionally, the one-neutronhalo structure of11Be can be used

to study both 10Be and 11Be, as the proton can capture either the halo neutron or one of

the neutrons from the core. The resulting di�erential cross-section of the deuteron contains

information on the angular momentum removed in the transferreaction. A schematic of the

transfer reaction showing the neutron capture options is shown in Figure 1.4.

If the halo neutron is captured, the corresponding angular momentum transfer will give

information about the structure of the 11Be ground state. If a core neutron is captured, the

remaining 10Be is left in a similar structure to the 11Be ground state as the halo neutron

remains in the same s1=2 orbital, which is the predicted structure of the 2� halo state.

1.4 GANIL Experiment

Research on the11Be halo state and10Be excited states was done previously using the

11Be(p, d)10Be� transfer reaction at the Grand Acc�el�erateur National d'Ions Lourds (GANIL)

in Caen, France. The reaction used a11Be beam of 35.3 MeV per nucleon and an array of ten

position sensitive sheet-resistive silicon detectors (CHARISSA) [16]. The silicon array was

arranged to cover angles between 5� and 35� relative to the center of the target. CHARISSA
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Figure 1.4: 11Be(p,d)10Be� transfer reaction schematic showing the neutron capture possi-
bilities during the experiment

was capable of detecting both10Be particles and deuterons from the transfer reaction which

allowed for background removal in the detected spectra. Theexcited state spectrum of10Be,

shown in Figure 1.5, illustrates the successful background removal by use of detecting10Be

with the coincident deuteron and separates the excited states of10Be 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 in10Be around 6 MeV, preventing the study of

individual states. With the excited state unable to be separated, the population of each

state was undetermined and the structure of the 2� state could not be investigated further.

The structure of the excited nuclear states is investigatedusing di�erential cross-sections.

The di�erential cross-section is the rate at which the reaction particles are detected for a

given solid angle. The shape of the experimentally determined cross-section is �t using

various models, such as the optical model, and the �t contains information on the angular

momentum transferred and the potential, radius, and di�useness of the nucleus. The GANIL

experiment was successful in determining the di�erential cross-sections for the ground state

and �rst excited state of 10Be, but only a combined cross-section could be calculated for the

9



Figure 1.5: 10Be Excited state spectrum from the GANIL experiment [16]. Top panel shows
the single hits of10Be while bottom panel shows the10Be hits in coincidence with a deuteron
without the carbon background.

states around 6 MeV (Figure 1.6).

Repeating the transfer reaction with an experimental setupcapable of separating the

states around 6 MeV allows the di�erential cross-sections of the individual states to be

studied, thereby determining the structure of the nucleus.Additionally, a lower radioactive

beam energy would avoid issues originating from three-bodye�ects.

1.5 ISOLDE/CERN Experiment

Two similar transfer reactions were done at the Isotope massSeparator On-Line facility

(ISOLDE) facility at Conseil Europ�een pour la Recherche Nucl�eaire (CERN). The 11Be(p,d)

and (d,t) transfer reaction were performed at 2.8 MeV per nucleon 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 covered between 40� and 120� in the center

of mass frame in order to detect the tritons. Another four annual detectors were placed at

very forward angles in the lab frame to detect the10Be [13].
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Figure 1.6: Di�erential cross-sections for the10Be ground, �rst excited state and 6 MeV
states [16]. The points are experimental data points and theline correspond to theoretical
calculations.
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During this experiment the (p,d) transfer reaction only produced 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 spectra (Figure 1.7) which allows the

separation of the states around 6 MeV.

Figure 1.7: 10Be Excited state spectrum from the ISOLDE experiment [13]. Top panel shows
the total energy spectrum in black and the sum of the gamma gated spectrum in red while
bottom panel shows the individual excitation energy for thedi�erent gamma gates. Blue:
2.6 MeV. Red: 2.9 MeV. Black: 3.3 MeV. Green: 6 MeV+C.

The gamma gates allow a di�erential cross-section to be determined for each of the

individual states in the transfer reaction shown in Figure 1.8. The 2.6 MeV gamma gate

contains contributions from both the 2+2 and the 1� states, similarly the 2.9 MeV gamma

gate could contain contributions from both 0+2 and the 2� states but was experimentally

determined to be purely the 2� state [13].

Although the ISOLDE experiment allowed the states around 6 MeV to be separated

and the di�erential cross-sections to be determined, a number of discrepancies can be found

between the results of previous experiments and the ISOLDE experiment [13, 17{20]. The

spectroscopic factor for the ground state is much higher than in previous experiments and
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Figure 1.8: Di�erential cross sections for the individual excited states [13]. The black dots
correspond to experimental data points and black lines are the theoretical calculations.
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population of the 2+
2 state is much higher than originally expected. A two-step process, such

as removing a corep3=2 neutron and exciting thes1=2 neutron into the p1=2 orbital, might

make an important contribution to the cross-section, but was not considered due to the low

beam energy of the experiment [13]. An experiment performed at an energy between the

ISOLDE and GANIL experimental energies, yet still capable of separating the 6 MeV states

is necessary to determine the in
uence of higher order e�ects.

1.6 TRIUMF Experiment

To bridge the GANIL and ISOLDE experiments the11Be(p,d)10Be� transfer reaction was

performed at 10 MeV per nucleon at TRIUMF in Vancouver, Canada. The beam energy of

10 MeV per nucleon avoids low energy coupled reaction channel e�ects 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 detectors which will give further insight

into the 6 MeV excited states of10Be.
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CHAPTER 2

EXPERIMENT

The 11Be(p,d)10Be� transfer reaction in inverse kinematics was performed at TRIUMF

with a 11Be beam energy of 9.93 MeV/nucleon to study the individual excited 10Be states in

an energy range between the GANIL and ISOLDE experimental energies. The experiment

used a combined setup of Printed Circuit Board Based ChargedParticle ((PCB) 2) detectors

and the TRIUMF ISAC Gamma Ray Escape Suppressed Spectrometer(TIGRESS) array in

order to detect gamma rays in coincidence with identi�ed deuterons 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 its strong beam capabilities

as well as the TIGRESS detector array. The11Be isotope beam can be provided with an

average beam intensity of 1� 105 particles per second (pps). The radioactive beam (RIB) at

the TRIUMF facility in Vancouver, Canada is produced by accelerating negatively charged

hydrogen ions with a 500 MeV cyclotron. The hydrogen ions arethen stripped of their

electrons with thin graphite foil strips. Once the protons are fully accelerated (0.75c) they

are sent down to the Isotope Separator and Accelerator (ISAC)target facility [21]. Inside

the ISAC facility, the proton beam impinges on a tantalum target to create the11Be ions

which are then tuned into a beam using the TRIUMF resonant ionization laser ion source

(TRILIS) [22].

The 11Be beam is directed into the low-energy beam transport (LEBT) electrostatic 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, it is sent to the experimental halls

and to the experimental setup. The beam path is shown in Figure2.1 in yellow.
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Figure 2.1: Path of the accelerated beam through the TRIUMF facility 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 11Be(p,d)10Be� transfer reaction, as the four excited states around 6 MeV

can be di�erentiated using the TIGRESS array gamma rays in coincidence with particle

identi�cation.

In its full con�guration, the TIGRESS array consists of 16 highly segmented high purity

Germanium (HPGe) detectors. Each detector is made up of a HPGe clover surrounded by

Bismuth Germanate Oxide (BGO) suppression shields and a collimator. Each Germanium

clover contains 4 crystals and each crystal contains 8 segments [24]. The segmentation is

shown in Figure 2.2 and the lab positions of the segments in Cartesian coordinates can be

found in Appendix D.

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

The high segmentation of TIGRESS allows for the accurate detection of gamma rays

with a position resolution of up to 2mm, if waveform analysisis used [26]. In general,

the segmentation allows for better gamma ray angular reconstruction and better energy

resolution. This segmentation in TIGRESS allows for the Doppler correction of gamma rays

that is necessary in the separation of the10Be excited states in the inverse kinematic (p,d)

experiment. To maximize the angular coverage of TIGRESS, detectors 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 removed 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. Thiscon�guration has a source-to-

detector distance of 14.5 cm. The high-e�ciency con�guration pushes the clovers forward to

a source-to-detector distance of 11.0 cm [24]. The di�erence between the two con�gurations

as well as the components of the detectors can be seen in Figure2.3.

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

2.2 Kinematics

Prior to the experiment, the kinematics of the transfer reaction and the kinematics of

the elastic scattering were simulated to determine the optimal geometrical con�guration

for the detector setup. The angular distribution from the elastic scattering is essential for

normalizing the collected data, so that the �nal detector con�guration includes a way to

measure the protons from the elastic scattering in additionto detecting and identifying the

outgoing deuterons.

Figure 2.4 shows the simulated kinematic lines from both the (p,d) and (p,p) reactions

in the lab frame. The protons from the elastic scattering areshown in solid red with the

inelastically scattered protons from the1
2

� and the 5
2

+ states shown as dashed red lines.

The corresponding11Be particles are shown in blue. The ground state deuterons from the
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transfer reaction are shown in solid black with the excited states shown as dashed black lines.

The corresponding10Be particles are shown in green. The dashed vertical lines show where

the particle detectors are placed to optimize detection.

Figure 2.4: Simulated kinematic lines for both Elastic Scattering and the (p,d) transfer
reaction. The scattered protons are shown in red, with the corresponding11Be particles in
blue. The outgoing deuterons are shown in black with the corresponding10Be particles in
green. The dashed lines show the limits of the detectors usedin the experiment.

Figure 2.4 clearly shows that the heavier particles (10Be and 11Be) do not reach either of

the detectors. This is due to the forward focused nature of the kinematics of the reaction. It

is not necessary to detect both particles as two-body kinematics allow the reconstruction of

the reaction properties from a single particle. Space must be left in the detector con�guration

for the beam to pass through, which places the detector at 8� away from the beam axis. A

zoomed in version of the deuteron kinematics is shown in Figure 2.5, with the red shaded

area showing the desirable range for deuterons to be detected and identi�ed.

As seen in Figure 2.5, the deuterons corresponding to a10Be 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 chosen for the particle detector array.
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Figure 2.5: Simulated Kinematic Lines for the deuterons fromthe transfer reaction. Detector
limits are shown with dashed lines, with black lines showing the angular limits and red lines
showing energy limits for identi�ed deuterons.

2.3 Experimental Runs

The 11Be(p, d)11Be� transfer reaction was done in two experiments. The �rst experiment

functioned as a proof of principle experiment and did not have a long run time. The small

data set collected allowed for an early start on the analysis. The main run was performed a

year later and it is this experimental data set that is analyzed in this dissertation.

2.3.1 Proof of Principle Experiment

The proof of principle run was done to assess the detector setup and get preliminary

data for analysis. A stable beam of22Ne was �rst used to test the setup initially followed

by approximately 1 shift of radioactive11Be beam (about 12 hours) at an intensity of 2�

105 particles per second. Unfortunately, some of the detectors were damaged before the

radioactive beam was available, requiring a change to the original design of silicon detector

setup. The resulting con�guration used for the �rst experimental run is shown in Figure 2.6.

Two types of silicon detectors were used in this experiment:double sided silicon strip

detectors (DSSSDs) and single area pad detectors. The DSSSDs were W1 DSM detectors

20



(a) Schematic of the proof of principle charged particle de-
tection array

(b) Picture of the proof of principle charged particle setup

Figure 2.6: Setup of the �rst experimental run
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from Micron Semiconductor, shown in Figure 2.7. The DSSSDs had an active area of 50

mm2� 50 mm2 with 16 vertical strips and 16 horizontal strips. The pad detectors were

MSX25 detectors, also from Micron Semiconductor. The detectors were set up downstream

of the target in a multiple detector telescopic arrays designed for particle identi�cation, but

there was also a single DSSSD placed on the side to look at the elastic scattering of the

proton on 11Be.

Figure 2.7: DSSSD schematic

To optimize the silicon detector con�guration to the simulated kinematics, the telescopic

arrays cover lab angles between 8� and 52� . This placement ensures the outgoing deuterons

will be detected by a detector capable of particle identi�cation. The auxiliary detector, used

to measure the elastically scattered protons, covers lab angles of 50� to 100� .

In this con�guration, shown in Figure 2.6(a), the telescope on the left side of the beam

has a three detector array of �E1, �E 2 and E with the detector thicknesses being 40� m

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 target, as this would allow the �E 1
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detector to be closer to the �E2 detector and give a better resolution on the direction of

the detected particles. The right side only has a �E1-E array with thicknesses of 42� m

DSSSD and 1500� m pad detector respectively. The thickness of the �E1 detector was

chosen to be as thin as possible in order to identify the lowest energy deuterons. The use of

the �E 1 detector allows deuterons with as energies as low as 2.5 MeV to be identi�ed. The

con�guration was designed so that vetoing signals from the �E2 and E detectors would yield

a usable signal in the �E1 detector, despite not having identi�cation from the telescope.

A con�guration adjustment due to damaged detectors broughtthe 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 was 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 whichgives the reconstructed

� lab vs � lab in degrees. Figure 2.8 also shows the functional strips in thedetectors throughout

the experiment. The vertical strips in the telescopic detectors cover between 3 and 5 degrees

in the lab frame due to the angled detector, however, by considering 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 average of three degrees in the lab frame.

The � � cannot be further decreased using individual pixels due to the geometry of the setup,

as angles reconstructed by pixels in the vertical strips of the auxiliary detector do not overlap

with other vertical strips.

Previously, it had been believed that the low energy deuterons could be identi�ed by

rejecting events with signals in the �E2 and E detectors. However, during this experimental

run, a large number of non-deuteron low energy particles (background) were present showing

that a carbon background subtraction is required to use the signals from �E 1. Additionally,

the o�ine analysis of the main run (analysis done during the experiment) was optimized

using this preliminary data from the �rst run.
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Figure 2.8: � lab vs � lab of the experimental setup of the proof of principle run

2.3.2 Main Experiment

The main experimental run received 14 shifts of radioactivebeam with an average in-

tensity of 1:8 � 105 11Be particles per second. The silicon detector setup for the main run,

shown in Figure 2.9, includes two full telescopic arrays consisting of a 40� m DSSSD (�E 1),

followed by a 295� m DSSSD (�E 2) and �nally a 500 � m pad detector (E) on the left of the

beam and a 42� m DSSSD (�E 1), followed by a 499� m DSSSD (�E 2) and �nally a 505 � m

pad detector (E) on the right of the beam. The �E2 and E thicknesses are chosen from

the available detectors to identify the maximum number of deuterons 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 elasticallyscattered protons. All detectors

in this setup had the p-side of the detectors facing the target.

The angular coverage for the charged particle array is not the same as the proof of

principle run angular coverage. This is due to the positioning of the auxiliary detector. In

the �rst experimental run, the auxiliary detector had to be moved forward by 10.6 mm to

connect properly to the PCB. Additionally, the two detector telescopes were moved 12.4

mm away from the target position to compensate for the auxiliary detector moving forward.

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

(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 vertical strips in the telescopic

detectors cover between 4 and 12 degrees in the lab frame because the 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 frame.

Figure 2.10: � lab vs � lab 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 correctly. As a result the data

from the �rst part of this experiment cannot be used as particle-gamma coincidences and to

separate the excited states of10Be around 6 MeV.

2.4 Experimental Chamber

The complete experimental setup consists of the silicon particle detector array placed

inside an experimental chamber within the TIGRESS array.

The experimental chamber used for the experiment has a radius of 11cm from the center

of the target to the chamber walls. To �t inside, the silicon detector setup must be as compact

as possible. To organize the detector con�guration e�ciently, the detectors were placed on a

printed circuit board (PCB). The PCB organizes the cables connecting the DSSSDs to the

preampli�ers and the high voltage bias cables into the compact space.

26



The PCB setup consists of a top and bottom board, with the bottom board connecting

the DSSSD cables to the preampli�ers and the top board holding the silicon detectors in the

desired con�guration. The two boards are connected in the center by two 120-pin connectors.

The top PCB, shown in Figure 2.11, has �ve 32-pin connectors which hold the �ve

DSSSDs. The pad detectors are connected to the preampli�er cables directly and are sup-

ported by connectors placed in line with the DSSSD connections, but not electrically attached

to the board.

(a) View of the top PCB from above and without
detectors, the yellow wires show the manual connec-
tion made to �x a electrical short

(b) Schematic of the wired connections in
the top PCB with di�erent colors corre-
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 PCB used in this experiment

Figure 2.11(b) shows the top PCB, in which there are a total of six layers. Di�erent

colors correspond to di�erent layers within the board: layer 1 is dark red, layer 2 is light

blue, layer 3 is dark blue, layer 4 is light red, layer 5 is green and 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 Figure 2.11(a).

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

be seen in Figure 2.12(b). The layers are shown in di�erent colors 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 cables for the preampli�ers

are attached to the bottom of the board through the twelve 20-pin connectors as seen in

Figure 2.12(a).

(a) Bottom PCB seen with preampli�er ca-
bles attached to the connectors

(b) Schematic of the wired connec-
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 bottom PCB used in this experiment

The setup containing both PCBs and all of the silicon detectors is considered the (PCB)2

setup. The full chamber setup includes (PCB)2, 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 beplaced inside the chamber.

The ladder connects to a wheel outside the chamber which can be turned to switch the

targets. Only one target was required for this experiment: a638 � g/cm2 CH2 target for

the transfer reaction, however three more target positionswere necessary. Two of these

positions held a 2 mm collimator and "empty space", both of which were needed to tune the

radioactive beam. The �nal position held a carbon foil target which 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 containing the silicon particle
detectors with labels on items added for the experiment.

The TIGRESS array surrounding the particle detector chamber uses the eight HPGe de-

tectors at 90� and the four HPGE detectors at 135� as the front lampshade is not compatible

with the chamber used in this experiment. The angular coverage of TIGRESS during this

experiment is shown in Figure 2.14.

The full experimental setup with the silicon chamber insidethe closed TIGRESS array

is shown in Figure 2.15.
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Figure 2.14: � lab vs � lab of the TIGRESS array with triangles as the center of the clovers and
squares as the center of the crystals

Figure 2.15: Picture of the silicon array chamber surroundedby the TIGRESS array
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CHAPTER 3

ELEMENTS OF ANALYSIS: CHARGED PARTICLE DETECTORS

The charged particle data is the �rst consideration in the analysis of the11Be(p,d)10Be*

experiment. This chapter describes the initial elements ofthe charged particle analysis that

must be completed before a �nal angular distribution of di�erential cross-section can be

calculated. These elements include silicon detector calibration, de�ning what constitutes a

charged particle event, particle identi�cation, dead layer corrections, background subtraction,

and the comparison of the results from the telescopic detectors on either side of the beam.

3.1 Charged Particle Detector Calibrations

For this experiment, an energy calibration and an asymmetric mask were both required

to properly calibrate the detectors and correctly map the electronic channels. The energy

calibration was performed with a triple alpha source both before and after the transfer

reaction experiment was completed. The asymmetric mask wasplaced over the DSSSDs

to ensure the mapping of the electronic channels to the physical locations of the strips was

understood. Additionally, a naming scheme was implemented to each of the detectors in

the experimental setup. This naming scheme is shown in Figure3.1. The detector names

increase numerically from left to right looking down on the beam and the detectors in the

telescopic arrays increase alphabetically with increasing distance from the target.

The pre-experiment silicon detector energy calibrations were performed by placing the

CSM01F and CSM02F detectors on the PCB in the position they would occupy during the

experiment with a triple alpha source in the target position. After the pad detectors were

calibrated, the CSM01E and CSM02E detectors were placed in the correct position, with

the pad detectors still remaining in the chamber and the triple alpha source remaining in

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

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

CSM[01-02]F.

The triple alpha source used in the energy calibrations consists of three isotopes. Each

isotope emitted one high intensity alpha decay with at leastone additional alpha decay

similar in energy but emitted with a lower intensity. The isotopes 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

241Am 5485.56 84.8
5442.80 13.1

239Pu 5156.59 70.77
5144.30 17.11
5105.50 11.94
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The energy resolution in some of the strips in the particle detectors was capable of sep-

arating the secondary triple alpha decays from the high intensity alpha decays (Figure 3.2),

however as not all of the strips within the detectors had the same resolution, the peak value of

the weaker decays was not included in the linear �t used to calibrate the energy of the silicon

detectors. The calibration coe�cients used for this analysis came from the post-experiment

calibration runs.

Figure 3.2: Example of triple alpha calibration peaks with secondary peaks visible seen in
CSM01Evertical strip 2

The electronics initially recorded the DSSSD strip information with a mapping of the

electronic channels in a non-consecutive order to the corresponding lab angle. To correct

the electronic channel mapping to the physical position of the strips, an asymmetric mask

was placed in front of each of the DSSSDs during calibration.Figure 3.3 shows one of the

two masks used for the electronic channel mapping (Figure 3.3(a)) as well as the correctly

mapped hit pattern reconstructed from CSM02D (Figure 3.3(b)). The masks were placed

in front of CSM[01-03]D �rst, followed by the CSM[01-02]E detectors. The corrected hit

patterns for the other DSSSDs can be found in Appendix C.

33



(a) Asymmetric mask used to deter-
mine the CSM02D electronic channel
mapping

(b) Corrected Hit pattern from CSM02D with
asymmetric mask in place

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

3.2 Constructing Charged Particle Events

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

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

to the DAQ, most likely due to a broken bond wire. These missing DSSSD strips increase

the di�culty in following a single particle through the mult iple DSSSD telescopic array

to combine multiple detector signals into a single charged particle event. The identi�ed

"broken" strips are shown in Table 3.2 with vertical strips increasing with� lab and horizontal

strips increasing from bottom to top.

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

Detector Vertical Horizontal
CSM01D 14 9
CSM01E 6, 11, 14 1, 2, 3, 7, 12
CSM02D - -
CSM02E - 1, 14
CSM03D - 12, 14, 15
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Many possibilities are relevant when reconstructing a charged particle event for a multiple

DSSSD telescopic array containing one or two detectors withbroken strips. Figure 3.4 shows

possible detector hit options in the �rst two DSSSDs for a charged particle event. The pad

detectors are not shown in the telescopic detector hit options.

Figure 3.4: Hit patterns of possible reconstructed charged particle events. Red lines corre-
spond to vertical and horizontal strips containing energy deposited during a possible charged
particle event. Solid lines represent strips in the �E1 detectors and dashed lines represent
strips in the �E 2 detectors.

Only hit patterns a, b, and c were used to reconstruct charged particle events because the

CSM[01-02]D detectors have very few missing strips, allowing for a more precise calculation

of both theta (� lab) and phi in the lab frame (� lab). The optimal charged particle event

is shown in hit pattern a. Hit pattern b was used in the reconstruction of events in the

CSM02 telescopic array, but not used in the reconstruction of events from the CSM01 array

because during the calibration runs an extra charge deposition was seen in the vertical strips

of CSM01E if the CSM01E horizontal strips did not record an event. This extra charge

caused an inaccurate energy measurement and therefore the event could not be accurately

reconstructed.

The extra charge deposition (shown as a double peaking e�ect) was 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 seen in detector events without an

event recorded in the horizontal strips (Figure 3.5). The CSM02E detector did not have as

many broken horizontal strips and the double peaking e�ect was not seen, which allowed hit

pattern b to be used in the reconstruction of events for the CSM02 telescopic array.

Hit patterns b and c were not used in the reconstruction of events for the CSM01 tele-

scopic array because of the multiple broken strips in the CSM01E detector.

(a) CSM01Evertical strip 2 without the requirement of a horizontal hit

(b) CSM01Evertical strip 2 requiring a horizontal hit

Figure 3.5: Double peaking in CSM01Evertical
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Hit pattern c was used only in the reconstruction of events detected in theCSM02

telescopic array because of the number of broken strips in CSM01E. The multiple broken

strips caused charge sharing in the horizontal strips of thedetector and resulted in unreliable

energy deposition in the horizontal strips. The vertical strip energy was una�ected by this

charge sharing as long as a hit was recorded by a horizontal strip. The discrepancy in

recorded energy between the vertical strips and horizontalstrips in CSM01E can be seen in

Figure 3.6.

(a) �E 1vs �E 2 CSM01 telescopic array vertical strips

(b) �E 1vs �E 2 CSM01 telescopic array horizontal strips

Figure 3.6: �E 1 vs �E 2 for the CSM01 telescopic array showing the energy loss of the
CSM01E detector due to broken horizontal strips in the detector.
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Figure 3.6(b) shows a number of angled lines that are not seen in the corresponding

vertical strip plot. These lines show that the energy deposited from one event has been

spread out between multiple strips instead of a single strip. Because the energy has been

spread out it appears as if there are multiple events with many di�erent particles instead

of giving consistent particle identifying lines. Additionally, the energy is spread out enough

that the false events all appear to be low energy causing a background that is not conducive

to an accurate reconstructed event.

Hit patterns d-i were not used for event reconstruction because only having one strip in

the �E 1 causes �� and � � to be greater than the angular resolution required for the angular

cross-section calculation. If only the vertical strip in the �E 1 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 � lab

cannot be known with any amount of accuracy. If there is a horizontal strip hit in the �E 2,

the � lab still will have a large uncertainty because of the non-zero possibility of scattering

once the particle hits the �E 1 detector. If the particle scattering hits a horizontal strip two

strips away from the location of the initial hit the maximum � � = 17 degrees. Similarly, if

only the horizontal strip in the �E 1 is known (e,h,i) the maximum � � is 41 degrees across

one horizontal strip. If the particle hits a vertical strip in the �E 2, 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 transfer reaction as the detector

placement does not allow for the detection of the10Be. To identify particles, the rate at which

energy is lost per unit length in a speci�c medium, or stopping power, is used. Stopping

power can be calculated using the Bethe-Bloch formula (Equation 3.1), wherev = �c 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 respectively.N0 is Avogadro's number,m is the
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electron mass, andI represents the mean excitation energy of the atomic electrons (generally

estimated with a value of 10Z) [29].
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The Bethe-Bloch formula essentially shows that �E / MZ 2

E , i.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 wellknown, the particles

can be separated and identi�ed by their mass and atomic numbers using �E vs E plots, as

the energy left in each detector will be di�erent for individual elements (because ofZ ) and

their isotopes (because ofM ). In this experiment the CSM01 and CSM02 telescopic arrays

use the downstream telescopes to create �E1 vs �E 2 and �E 1 vs �E 2+E plots. Figure 3.7

shows the �E 1 vs �E 2 plots for CSM02 with cuts showing the various elements identi�ed

using this method.

The full telescopic array particle identi�cation spectrum is displayed in Figure 3.7(a),

with Figure 3.7(b) highlighting the deuterons and showing that the deuterons can be fully

separated from the protons and tritons, hence fully identi�ed in the �E 2 and E detectors.

The particle identi�cation cuts used on the deuterons were performed 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 1 detector and into the �E 2. The experimental setup was designed

with a 40 � m �E 1 detector to allow for deuteron identi�cation using the �E-E method

as well as providing identi�cation for low-energy deuterons which stop in the �E 1 detector

by rejecting events that deposit energy in the �E2 and E detectors. However, the carbon

from the CH2 target caused a background of fusion evaporation particlesthat also may stop

in the �E 1 detector in the same energy range as the transfer reaction. Figure 3.8 shows

the energy vs� lab plots from the (p,d) experiment (Figure 3.8(a)) and from the carbon

target (Figure 3.8(b)), with the simulated expected kinematics of the deuterons overlaid in
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(a) Particle identi�cation using �E 1 vs �E 2, showing all elements identi�ed
during the experiment

(b) �E 1 vs �E 2 plot zoomed on the identi�ed deuterons

Figure 3.7: �E 1 vs �E 2 Particle identi�cation plots identifying various nuclei
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black. This large carbon background prevents low energy deuteron identi�cation based on a

rejection of events with energy in the �E2 and E detectors.

(a) �E 1 Energy vs Theta for 638� g CH2 Target

(b) �E 1 Energy vs Theta for Carbon Target

Figure 3.8: Energy vs Theta for particles stopping (no signalin �E 2 and E) in the �E 1

detector with 638� g CH2 and Carbon Targets with simulated kinematics for the deuterons
overlaid in black

Because the energy of the particles stopping the �E1 detector is similar for both the

carbon background and the transfer reaction, it is impossible to tell how many of the par-

ticles are low energy deuterons from the transfer reaction.Additionally, when the carbon

background was subtracted from the �E1 detector, the resulting plot was inconclusive as
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to whether or not only background had been removed as there isa gap around 22� where

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

Figure 3.9: Energy vs Theta for carbon background subtraction of particles stopping (no
signal in �E 2 and E) in the �E 1 detector with simulated kinematics for the deuterons
overlaid in black

Particle identi�cation in the CSM03 auxiliary detector is determined by the kinematics

of the reaction. The experimental setup was designed so thatonly protons from either

the elastic scattering or the inelastic scattering from the11Be(p,p)11Be* reaction would be

detected by the auxiliary detector. Figure 3.10 shows the energy vs. lab theta for the

auxiliary detector from which the protons can be clearly identi�ed above 2.5 MeV.

The population of the 1
2

� excited state through inelastic scattering can be identi�ed and

separated from the ground state using the charged particle silicon detector in coincidence

with the 11Be(1
2

� ! 1
2

+ , 320 keV) transition. The multitude of particles below 2.5 MeV

comes from background scattering o� of the carbon in the CH2 target, therefore, identifying

protons below 2.5 requires a background subtraction.
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Figure 3.10: Energy vs Theta for the Auxiliary detector. Blacklines represent the simulated
kinematics for the 11Be(p,p)11Be* reaction. The solid black shows the ground state, with
the 1

2
� (0.320 MeV) and 5

2
+ (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, the small loss of energy

due to the depletion layer in the silicon detectors can be determined and corrected for. The

depletion layer is de�ned as the volume within the silicon detector in which all of the electrons

have been removed. Without electrons in this volume, there isno signal from the particle's

energy loss and the total energy returned by the detector is less than the total energy loss of

the particle. Because the rate at which individual particles lose energy in silicon is known,

once the particle is identi�ed, the total energy loss of the particle in the depletion layer can

be reconstructed and the full energy of the original particle can be determined.

The depletion layer is a volume and the energy lost depends onthe angle at which the

particle hits the detector as seen in Figure 3.11. The actual distance within the depletion

layer, F, the particle travels is calculated using Equation 3.2 where d 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 particle impact with the detector,
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and � is the angle from the horizontal.

F =
d

cos(� )cos(� )
(3.2)

After the total energy loss is reconstructed, the kinematicsof the identi�ed protons and

deuterons are used to reconstruct the corresponding11Be and10Be particles, which were not

directly detected in the experiment.

3.3.2 Kinematics

The kinematics of the deuterons are shown in Figure 3.12 (utilizing all of the statistics

available from the charged particle array) with the simulated kinematics of the ground state

and the excited states overlaid in black. The upper and lowerenergy limits of the CSM01

and CSM02 telescopic arrays are shown with dashed red lines.The upper energy limits are

di�erent because the CSM02 array has an additional 200� m thickness worth of silicon in

the array.

With the deuteron kinematics known, the excitation spectrumof the 10Be particles can

be deduced. The excitation spectrum of the10Be is shown in Figure 3.13. As expected, the

ground state and �rst excited state can be separated using just the silicon particle detectors

but the excited states around 6 MeV require gamma ray coincidences to be identifed. The

particle cuts used to initially separate the states are shown as dashed lines.

The 10Be excitation spectrum shows a small amount of background below the �rst excited

state and the states around 6 MeV, which will have to be removedfor the �nal angular cross-

section calculation. The excited states around 6 MeV are separated by requiring a gamma

ray coincidence of known10Be transitions with the TIGRESS array, e�ectively removingany

background seen in the silicon detectors.

One �nal complication for the angular cross-section calculation comes from the folded

nature of the deuteron kinematics. The fold allows the same� lab to have events at two

di�erent energies which correspond to two di�erent angles in the center of mass frame, as

seen in Figure 3.14. To separate these two events a high energysolution and a low energy
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(a) Depletion layer schematic of the Auxiliary Silicon detec-
tor from the top (not to scale)

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

Figure 3.11: Depletion layer schematics from the top and as seen from the beam line
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Figure 3.12: Deuteron energy vs� lab after dead layer corrections with simulated kinematics
overlaid. Upper and lower limits of particle identi�cation shown with red dashed lines.

Figure 3.13: 10Be excitation spectrum obtained by a particle identi�cation cut on the iden-
ti�ed deuterons showing excitation energy cuts used to separate the excited states
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solution has to be considered is described in detail in Section 5.1.1.

Figure 3.14: � lab vs �� after depletion layer corrections

3.4 Telescopic Array Comparison

The deuteron kinematics, prior to analysis, displayed a greater variation in the � lab angle

in the di�erent states than originally predicted in the design of the experimental setup. The

larger uncertainty in the � lab angle was caused by an o�set in the lab angle reconstruction

of the telescopic arrays. This o�set between the two telescopic arrays is seen in Figure 3.15

which compares the deuteron kinematics reconstructed by the CSM01 array in red and the

deuteron kinematics reconstructed by the CSM02 array in blue. The red points appear

missing over the ground state because CSM01 had a vertical strip with a broken connection

at the angle required to detect most of the events from the ground state.

To explore the disparity in events between the two telescopes, the �E 1 energy spectra

were compared. Because the deuterons lose energy at a known rate in silicon and the �E 1

detectors were both the same thickness (� 2 � m), the energy spectra between the two arrays

should be identical and any discrepancy could be identi�ed as the cause of the o�set. The

energy spectra recorded by individual vertical strips in the �E 1 detectors of the two telescopic
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Figure 3.15: Deuteron kinematics reconstructed individually by the two telescopic arrays.
Events reconstructed by CSM01 are shown in red and Events reconstructed by CSM02 are
shown in blue.

arrays are shown in Figure 3.16. Energy spectra in red correspond to the vertical strips in

the CSM01 array and energy spectra in green are from the CSM02array.

The �E 1 spectra comparison of the two telescopic arrays shows a large peak around

14 MeV in the �rst six strips of CSM01D after which the peak disappears completely as

opposed to the constant 14 MeV peak in CSM02. The 14 MeV peak isidenti�ed as beryllium

particles sourced from the beam as the transfer reaction kinematics do not account for

the excess number of beryllium particles seen in the spectrum (Figure 3.7(a)). To get the

beryllium scattering seen in Figure 3.16, it is postulated that the beam must have been

o�-center and hitting the target holder on the side closest to the CSM01 telescope. The

target holder would shield the outer vertical strips of CSM01D while corresponding to the

much larger count rate on the strips closest to the beam. The scattering would be uniform

over the other angles.

The experimental setup was designed to be symmetric across the z-axis. However, an o�

center beam changes the reconstructed angle of the di�erenttelescopic arrays, these changes

are demonstrated in Figure 3.17. When the beam does not hit the center of the target, the
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Figure 3.16: Energy spectra from the vertical strips of CSM01D (red) and CSM02D (blue)

distance to the detector and the angle at which the reacted particle hit combine to cause an

o�set in the reconstructed lab angle as seen in Figure 3.17(a). A small o�set from the center

of the target (� ) corresponds to larger o�set in the reconstructed lab thetaangle, shown in

Figure 3.17(b).

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

recalculated correcting for the o�set and the kinematics displayed 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 toa Beam O�set of �
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Figure 3.18: Deuteron kinematics reconstructed individually by the two telescopic arrays
after beam correction. Events reconstructed by CSM01 are shown in red and Events recon-
structed by CSM02 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 experimental setup for the 11Be(p,d)10Be*

experiment. Because10Be has four excited states around 6 MeV that cannot be separated

solely by charged particle identi�cation, the TIGRESS gamma array is needed to identify

gamma rays in coincidence with the charged particles. This chapter describes the Germa-

nium detector calibrations, the gamma ray addback and e�ciency calculations, Doppler

corrections, and the determination of the 2+2 and 1� states relative integrated cross-sections

using the known 2+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 using60Co and 152Eu sources

to calibrate the lower gamma energy range and a56Co source to calibrate the higher energy

gamma range. A preliminary energy calibration was done using the gamma ray spectra from

the calibration sources by �nding the spectra peaks from thehighest intensity gamma ray

transitions and performing a linear �t of the peak centroid and the associated energy. The

gamma ray spectra for all three sources were then combined and the gamma peaks were �t

using a skewed gaussian function shown in Figure 4.1 [30].

The skewed gaussian function is comprised of three regions which are de�ned in Equation

4.1, Equation 4.2 and Equation 4.3 for Regions I, II, and III respectively. Region I is de�ned

as x < x 0 � � , Region II is de�ned asx0 � � < x < x 0 and Region III is de�ned asx0 < x .

f = h(1 � t + a(� z � v)n )ev(v+2 z) + ht (4.1)

f = h(1 � t)e� z2
+ ht (4.2)

f = h(1 + bzm )e� z2
(4.3)

52



Figure 4.1: Skewed Gaussian used to �t the gamma rays emitted from the calibration sources.

Where z = (x� x0 )p
2�

, v = �p
2�

, � = F W HMp
8ln (2)

, h is the height of the number of counts in the

gamma ray peak,x0 is the value of the channel centroid,FWHM is the full width at half

maximum of the gaussian,� is the distance from centroid to the front edge of the gaussian, t

is the ratio of the tail height to peak height,a is the lower skewness parameter, andb is the

upper skewness parameter. The channel centroid values received from the skewed gaussian

�ts were then used in the linear �t shown in Figure 4.2 to fully calibrate the data. This

process was performed for every channel in the TIGRESS array.

The energy calibrated gamma ray spectra for56Co, 60Co and152Eu are shown in Figure 4.3

with 56Co shown in blue,60Co shown in red and152Eu shown in black. The energy calibration

sources were run for di�erent lengths of time, evidenced by the varying magnitudes of the

number of events in the gamma ray peaks. Additionally the56Co source was a strong source

(� 104Bq) at the time of the energy calibration run, giving a large background to the spectra.
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Figure 4.2: Example of a Linear Fit for Channel 9 of the Blue Crystal in Detector 7

Figure 4.3: Calibrated Energy Spectra for56Co (blue), 60Co (red) and 152Eu (black)
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4.2 Gamma Ray Addback

The gamma rays produced by the10Be in the transfer reaction have su�cient energy

to generate positron-electron pairs, the annihilation of which may result in the presence

of a single escape peak. TIGRESS was in the high-e�ciency mode for this experiment

and the single escape peak should be re
ected in the gamma ray spectra. However, this

experimental analysis was done using a gamma ray addback, asthe events of interest were

at higher energies. Because these events are at higher energy, there is a high probability of

Compton scattering from the gamma rays. The reconstructed gamma events can be seen

in Figure 4.4 where the gamma ray addback energy is shown in redand the energy directly

from the TIGRESS crystals is shown in blue.

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

Gamma ray addback is used to correct for gamma ray events in which a single gamma ray

deposits energy in two crystals in the same detector, as seenin Figure 4.5. The gamma ray

addback energy is determined by summing the energy deposited from all crystals, thereby

reconstructing the full energy of the gamma ray. This improves the full-energy peak e�ciency
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and suppresses the escape peaks at the expense of a better spatial resolution [31, 32].

'

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

Without waveform analysis, which was not used for this experiment, the initial angle

of events with energy deposition in multiple crystals is more di�cult to determine. To

reconstruct the initial angle as accurately as possible thefollowing guidelines were used;

if the gamma ray energy was less than 1 MeV, the initial angle ofthe gamma ray was

determined by the position of the channel with the maximum energy deposit. If the gamma

ray energy was larger than 1 MeV, the initial angle was determined using a weighted average

of the channel positions with energy deposits [34]. A table of the TIGRESS Germanium

segment positions for the fully e�ciency con�guration can be found in Appendix D.

4.3 Gamma E�ciency

The TIGRESS Germanium detectors have an energy dependent e�ciency which must be

determined. The presence of detectors inside the target chamber also induces a change of

e�ciency especially at low energy due to the additional material attenuating gamma rays.

The absolute e�ciency function of the TIGRESS array with the (PCB)2 experimental setup

inside the chamber was determined using60Co and 152Eu calibrated sources (see Table 4.1)
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placed on the target ladder in the center of the chamber.

Table 4.1: 60Co and 152Eu Gamma Ray Sources

Isotope Creation Date � 1=2 Activity at Creation Activity at Run
60Co September 15, 2008 5.271y 3:91� 103 Bq 2111:1 Bq
152Eu August 5, 2010 13.357y 3:46� 104 Bq 3:002� 104 Bq

After the timed e�ciency runs, the absolute e�ciency ( � abs(E)) can be calculated using

Equation 4.4 whereNdetected is the number of events detected in each of the gamma decays,

A is the activity in Bq, I 
 is the known intensity of the respective decay, andt is the time of

the e�ciency run. In the case of the 56Co, which was a non-calibrated source. The relative

e�ciency was normalized to the absolute e�ciency calculated from the calibrated source to

allow an extension of the e�ciency curve into higher energy realms.

� abs(E) =
Ndetected

A � I 
 � t
(4.4)

The absolute e�ciencies were �t to Equation 4.5 [35] where x =log( E 


100) and y = log( E 


1000)

and E 
 is the energy of the gamma ray in keV. This �t is shown in Figure 4.6.

ln(� abs) = ( A + Bx + Cx2)� G + ( D + Ey + Fy2)� 1
G (4.5)

4.4 Doppler Correction

Because the transfer reaction was performed in inverse kinematics, the 10Be particles are

moving when the gamma decay is emitted causing a Doppler shift in the gamma energy. The

Doppler shift e�ectively disperses the gamma ray energy over an energy range and as the

peak is spread over an energy range, prevents the identi�cation of individual transitions and

the exact number of gamma rays from a given decay from being determined. To correct for

the Doppler shift, the Equation 4.6 can be used whereE 0 is the Doppler shifted energy,E

is the gamma ray energy,
 is the relativistic correction, and� is the relative angle between

the 10Be nucleus and the emitted gamma ray as seen in Figure 4.7.
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Figure 4.6: 60Co and 152Eu Gamma Ray transition energies vs Absolute E�ciency

Figure 4.7: Schematic of Doppler Shifted gamma emission
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E 0 = 
E (1 � �cos(� )) (4.6)


 =
1

p
1 � � 2

(4.7)

� =
v
c

(4.8)

The kinematics of the reaction does not allow for the10Be particles to be detected,

but two-body kinematics allows for the trajectory of the10Be particle to be calculated

using information from the corresponding deuteron, which can be identi�ed as described in

Section 3.3. The positions of the Germanium detectors in TIGRESS are known precisely

(Appendix D) allowing a relatively precise calculation of the relative angle between the10Be

trajectory and the emitted gamma ray. An accurate Doppler correction can therefore be

applied to the gamma ray spectrum. Figure 4.8 compares the original uncorrected gamma

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

Figure 4.8: Gamma Spectra in Coincidence with Identi�ed Deuterons. Doppler correction
of gamma rays (red) improves the energy resolution from the original gamma ray spectrum
(blue).
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The Doppler corrected spectrum improves the resolution of the gamma peaks and allows

the identi�cation of individual excited states within the 6 MeV group. The 2� state decays

to the 2+
1 state by a 2895 keV gamma ray which is clearly seen in the spectrum and showing

that the 2� state is populated. From literature, the 0+2 state is known to decay to the 2+1

state by a 2811 keV gamma ray as well as to the 1� state through a 219 keV gamma ray.

Neither the 2811 keV or 219 keV gamma energies are observed meaning that the 0+
2 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 tothe decay of the 1� state

(2591 keV) and the 2+2 state (2589 keV) to the 2+1 state. Additionally there is a peak at

5958 keV corresponding to the decay of the 1� state (2591 keV) and the 2+2 state (2589 keV)

to the 0+
1 state. The energy resolution does not allow for the separation of the 1� and 2+

2

states, but the relative population of the 1� and the 2+
2 states can be determined using the

known branching ratios between the decays of these states tothe 2+
1 state and the ground

state.

4.5 Branching Ratios

Branching ratios correspond to the fraction of particles decaying by a speci�c decay

channel compared to the total number of decaying particles from a given excited state.

Both the 1� state and 2+2 state decay to either the 2+1 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+
2 states [36]

Excited State Decay Decay Energy (keV) Branching Ratio %
1� ! 2+

1 2593.0(5) 34(4)
1� ! 0+

1 5959.9(5) 66(4)
2+

2 ! 2+
1 2590.5(5) 91(5)

2+
2 ! 0+

1 5957.4(5) 9(5)

The number of counts in the 2590 keV (N2590) and 5958 keV (N5958) photopeaks cor-

rected by their corresponding absolute gamma ray e�ciencies (� 2590 and � 5958) are linear
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combinations of the excited state population and the corresponding branching ratios. By

solving the equations 4.9 and 4.10 for the coe�cients (N1� and N2+
2
) the population of the

1� state (P1� ) was determined to be 79� 13% and the population of the 2+2 state (P2+
2
) was

determined to be 21� 13%.

N2+
2
(1 � Br 2+ ! 0+ ) + N1� (1 � Br 1� ! 0+ ) =

N2590

� 2590
(4.9)

N2+
2
(Br 2+ ! 0+ ) + N1� (Br 1� ! 0+ ) =

N5958

� 5958
(4.10)

Using branching ratios of the 2590 keV and the 5958 keV gamma rays and the relative

populations of the two states, the 5958 keV transition was determined to be primarily events

from the 1� state and only 4� 2% of events from the 2+2 state. With the assumption that

this transition is purely from the 1� state, the angular distributions of the 2+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, however, the gamma e�ciency

is low in the 6 MeV energy range and the number of events detected in that photopeak is

also low, making the extraction of an accurate angular distribution di�cult. Fortunately,

the gamma ray spectrum around 6 MeV is also relatively clean of background and allow for

the Compton scattered events to be added to the events in the photopeak to increase the

statistics. Figure 4.9 shows in black the gamma ray energy range in which events can be

reasonably attributed to the decay of the 1� and 2+
2 doublet to the ground state. The blue

curve shows an estimate of the background based on the higherand lower energy ranges

bracketing the region of interest.

By including the Compton events, the total e�ciency corresponding to the detection of

gamma rays in the energy range of interest must be scaled to include the gamma e�ciency

up to the Compton edge. If a constant e�ciency is assumed for the entire Compton range,

61



Figure 4.9: Gamma Spectra in Coincidence with Identi�ed Deuterons showing the 6 MeV
photopeak and Compton events bracketed in black and the removed background in blue.

the new e�ciency can be calculated using Equation 4.11, where � tot = � 5958 + � Compton is

the e�ciency for the 5958 keV photopeak and the Compton contribution combined (E 
 =

4:8 � 6:0 MeV), � 5958 is the e�ciency for the 5958 keV photopeak only,Npeak is the number

of events in the photopeak andNCompton is the number of events in the Compton edge [13].

� tot = � 5958

�
Npeak + NCompton

Npeak

�
(4.11)

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 using 200 keV sections of constant

e�ciency ( NCompton =
P

i
1
� i

N i ) and the number of events in the photopeak is weighted

as seen in Equations 4.12, 4.13, giving a new absolute gamma ray e�ciency of 14.9� 1:9%

for detecting events corresponding to the decay of the double to the ground state over the

Compton and photopeak energy range.
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� tot = � 5958

 Npeak

� 5958
+

P
i

N i
� i

Npeak

� 5958

!

(4.12)

= � 5958

�
1 +

� 5958

Npeak

X

i

N i

� i

�
(4.13)
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CHAPTER 5

ELEMENTS OF ANALYSIS: ANGULAR DISTRIBUTIONS AND GEANT4

SIMULATIONS

An angular distribution of di�erential cross-section calculated in the center of mass frame

is independent of the experimental setup and contains the information related to the pro-

duction of the state of interest. These distributions are necessary to determine the structure

of a nuclear state and, in the case the transfer reaction, allow the calculation of the angu-

lar momentum transferred during the reaction. In the11Be(p,d)10Be transfer reaction, the

calculation of the angular distribution is complex due to a number of factors that will be

described in this section. GEANT4 simulations were also used in the analysis to predict

the kinematic e�ects and to properly reconstruct the angular distributions, including all the

experimental considerations, such as broken strips.

5.1 Calculating Angular Distributions

The number of particles detected in the experiment as a function of angle is related to

the angular distribution as shown in Equation 5.1, whereNdetected( �� ) is the experimentally

determined number of emitted particles at a certain angle inthe center of mass�� , Nbeam is the

integrated number of radioactive nuclei delivered on target, N target is the number of proton

nuclei in the target, �
 is the solid angle of the detector converted in the center of mass frame

�� , d�
d
 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 cross-section (Equation 5.2) of an

experiment combines constantsNbeam and N target into a 1
C term and solves ford�

d
 , assuming

normalization is possible by means other than direct calculation. In this experiment the

elastic scattering seen in the auxiliary detector is used for normalization. To calculate the

angular distributions for the 11Be(p,d)10Be reaction, d�
d
 and Ndetected must become functions
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of both lab angle and deuteron energy because both are required to correctly convert the

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

Ndetected( �� ) = NbeamN target �
( �� )
d�
d


( �� )� ( �� ) (5.1)

d�
d


( �� ) = C
Ndetected( �� )
�
( �� )� ( �� )

(5.2)

In practice, calculating the angular distribution is a complicated process, as all of the

experimental e�ects must be taken into account. Experimental e�ects such as broken detec-

tor strips, will a�ect the e�ciency which is dependent on � lab, which in turn a�ects the ��

calculations. Converting into the center of mass frame requires the deuteron energy because

the lab angle can correspond to multiple center of mass angles and the energy constrains

the solution (see Figure 3.14). Determining the center of mass angle 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 3.14), every one lab angle corre-

sponds to at least two angles in the center of mass frame. To correctly calculate the angular

distribution, the number of particles detected in these double solution angles must be sepa-

rated into higher and lower energy solutions . The smaller center of mass angle corresponds

to the higher energy solution and the larger center of mass angle corresponds to the lower

energy solution due to the inverse kinematics nature of the experiment. This experiment

has a maximum detectable energy, hence not all of the lab angles in this experiment have

will have both high and low energy solutions. If there is a clear separation between the two

energies, the number of particles in each solution is straightforward to calculate, but when

the particles are within the fold of the kinematics and not easily separated, the exact energy

of the kinematic turnover must be used to separate the high energy and low energy solutions.

Table 5.1 shows the10Be excited state and the corresponding kinematic turnover energy.
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Table 5.1: 10Be Excited States and the Kinematic Turnover Energies

Excited State Energy Turnover (MeV)
0+

1 (gs) 7.8
2+

1 (3.368 MeV) 10.5
2+

2 , 1� (5.958 MeV, 5.961 MeV) 12.7
0+

2 , 2� (6.179 MeV, 6.263 MeV) 12.9

Figure 5.1 shows the deuteron energy vs� lab with the energy limits shown as red dashed

lines. The kinematic turnover points are shown in black withthe turnover energies shown

with black dashed lines.

Figure 5.1: Deuteron energy vs� lab 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 particles in the fold of the kinematics will have some additional

error associated with both solutions because of the energy resolution of the detectors. Addi-

tionally, the error in the center of mass angle is much largerwithin the fold of the kinematics

because the lab angle corresponds to a range of approximately thirty 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 thesolid angle of each pixel

within a given lab angle range or a "ring" of theta. A ring usesa � � = 1 � for the telescopic

detectors and an average of �� = 2:5� for the auxiliary detector. The � lab is calculated at

the center of each pixel, if that� lab is within a ring of � � , that pixel is considered part of the

ring and is added to the solid angle of the ring. Figure 5.2 shows the pixels in the� lab = 26�

ring. Pixels from the CSM01 telescopic array are shown on theleft of the dashed line and

pixels from the CSM02 telescopic array are shown on the rightof the dashed line. The pixels

are not symmetric between the two detectors due to the o�-center beam correction discussed

in Section 3.4.

Figure 5.2: Pixels in the� lab = 26� ring. Pixels from the CSM01 telescopic array are shown
on the left of the dashed line and pixels from the CSM02 telescopic array are shown on the
right of the dashed line.

The solid angle of each pixel is calculated using Equation 5.3 wheres 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. Figure 5.3 is a schematic (not

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

�
 =
s2cos(� )cos(� )

r 2
(5.3)

Figure 5.3: Schematic showing a solid angle calculation for apixel of length s (Not to scale).
The arrow shows the beam line, with the dotted line showing the y = 0 horizontal plane.

The solid angle calculation does not take into account the e�ciency of the detection

system. Edge e�ects such as whether a deuteron punches through the �E 2 detector into the

E detector or past the detector's edge a�ect the number of counts within a speci�c lab angle

range. If the detector array loses half of the events detected in the �E 1 to edge e�ects in

that angle range, the calculated solid angle associated with an identi�ed deuteron will be

too large and the �nal angular distribution will be incorrect. Similarly, if the solid angle of

a broken pixel causes events to be missed, the solid angle of that pixel cannot be included in
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the total solid angle calculation. A geometrical e�ciency for the detector in the lab frame

is inherent within the angular distribution because only the solid angle of active pixels in

the detector should be added to the total solid angle used in the calculation. Moreover, the

solid angle in the lab frame is not equivalent to the solid angle in the center of mass frame

and requires a conversion term to be added to the angular distribution calculation.

In this analysis the solid angle is not the same for each of thedetectors due to the o�-

center beam line. To account for the asymmetry, the calculation 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 lab frame to the center of mass

frame using the number of events measured in a physical pixelbecause that number does not

depend on the frame of reference. Adjusting Equation 5.2 by setting Ndetected(�; E d) equal to

Ndetected( �� ) shows the relation between the angular distribution in thelab frame compared

to the center of mass frame (Equation 5.4).

Ndetected(�; E d) � C =
d�
d


(�; E d)�
( � ) =
d�
d


( �� )�
( �� ) = Ndetected( �� ) � C (5.4)

Solving for d�
d
 ( �� ) gives Equation 5.5, where�
( � )

�
( �� ) is strictly a geometrical term which can

be calculated using Equation 5.6 [37], whereK = V
�v with V being the velocity of the center

of mass and �v being the deuteron velocity in the center of mass.

d�
d


( �� ) =
d�
d


(�; E d)
�
( � )
�
( �� )

(5.5)

�
( � )
�
( �� )

=
1 + Kcos( �� )

(1 + K 2 + 2Kcos( �� ))
3
2

(5.6)

The center of mass angle must be used in this calculation because there are two solutions

in the lab frame. The exact kinematic turnover point energy corresponds to a calculated

solid angle value of zero in the center of mass frame when switching between the high and
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low energy solutions. The solid angle values approaching the turnover point on either side

also approach zero, despite the non-zero solid angle in the lab frame. This can be seen in

Figure 5.4. This bias from the conversion term systematically causes 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 of�
( � )
�
( �� ) if

only � lab is used in the calculation.

5.2 GEANT4 Simulations used as an Analysis Tool

Because of the complexity of the experimental setup, it is extremely di�cult to carry out

the calculations of all the geometric e�ects coming into play. As a result, the exact setup

of the experiment was simulated in GEANT4 and was used to calculate the kinematics of

the reaction as well as test the angular distribution reconstruction code used in the analysis

of the experimental data. The simulations are used to determine 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 detectors as well as any edge

e�ects due to the telescopic array setup. When the geometric and systematic e�ects are

determined, they can be accounted for exactly and, therefore, can be corrected in the �nal

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

To fully understand these corrections, multiple mock angular distributions in the center

of mass frame were sent through the GEANT4 simulations, including 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 reconstructed using only information

from the simulated detectors and compared to the distributions sent. Both a fully functional

ideal detector and the actual experimental detector (with broken strips) were simulated and

reconstructed. The simulated ideal detector accounts for and identi�es the events that the

experimental detector is unable to detect and helps to determine the experimental e�ects

of the broken strips, but the ideal detector still sees edge e�ects 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 fully functional ideal detector (green

points) and the actual experimental detector (orange points). 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 improves the reconstruction of the

angular distribution from the experimental detector by correcting 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 outermost edges of the �E1

detector will not be detected and identi�ed by the �E 2 or E detectors. The discrepancy seen

in Figure 5.6 arises from the fact that the solid angle calculation includes those outermost

pixels. To verify that the angular distribution reconstruction of the 3.368 MeV excited

state is correct for the fully functional ideal detector when edge e�ects are considered, a

reconstruction of the angular distribution removing events from the outermost vertical and
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(a) Flat Distribution (b) Exponential Distribution 1

(c) Exponential Distribution 2

(d) Simulated `=0 Transfer (e) Simulated `=1 Transfer

Figure 5.5: Examples of Mock Distributions tested through GEANT4 Simulation
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Figure 5.6: Reconstructed isotropic distribution using GEANT4 Simulations of Detectors
with Broken Strips (Orange), Ideal Detectors (Green) for the 3.368 MeV excited state.
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horizontal strips (0 and 15). A reconstruction was also doneof the angular distribution

removing events from the two outermost vertical and horizontal strips (0, 1, 14, and 15).

These reconstructions along with the reconstruction usingthe full detector are compared to

the original distribution in Figure 5.7.

Figure 5.7: Reconstructed Angular Distribution of the fully functional ideal detector com-
paring the reconstruction sensitivity to experimental edge e�ects for the 3.368 MeV excited
state. The reconstructed angular distribution using the Full ideal 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 distribution 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 15 causes the angular distri-

bution reconstruction to match with the original distribut ion when not in the region of the

kinematic fold, which causes additional biased in the reconstruction as discussed in Section

5.1.3. However, because the edge e�ects can be modeled through simulation, it is possible
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to take those into account without losing all the data in the outer strips.

5.2.1 General Correction Term

The GEANT4 simulation can correct for the broken strips as wellas the edge e�ects

because these e�ects are understood. If an isotropic distribution is simulated, to avoid

adding a bias from the original distributions, the angular distribution reconstructed from

the experimental detector can be corrected to the original isotropic distribution using a

correction factor � cm( �� ) for each data point in the reconstructed angular distribution as seen

in Figure 5.8. The mock distribution shown in Figure 5.8(b) is the same as in Figure 5.5(b),

but shown in log scale to demonstrate the e�ect of the correction factor .

This correction factor is unique for each data point and is calculated as � cm( �� ) =

number of particles sent by isotropic distribution at � cm
number of counts detected at � cm by the experimental setup . Each excited state has an isotropic distribu-

tion simulated individually to correctly identify the unique � cm( �� ) factors for the angular

distribution calculation. The � cm( �� ) values were tested using multiple distributions to en-

sure there was no bias added into the angular distribution reconstruction.

The � cm( �� ) correction factor can be justi�ably used to correct for geometrical edge e�ects

in the angular distribution calculation because the correction factor has the same e�ect as

removing the counts from outer strips of the detector. The� cm( �� ) correction factor mimics

the removal of counts from the strips without the loss of statistics; it additionally corrects for

the loss of counts due to broken strips within the detector. With the addition of the � cm( �� )

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

d�
d


( �� ) = C� cm( �� )
Ndetected( �� )

�
( �� )�
(5.7)

The � cm( �� ) correction factor can also in principle be used to correct the bias from the

center of mass conversion term as seen in Figure 5.9. However, beyond the simulation there

is no way to repeat the correction using only the experimental setup and the correction term

is not simply adding in lost statistics. Because of this lackof repeatability, the angular

distribution points calculated by angles inside kinematicfold 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 experimental detector for the
3.368 MeV excited state using all strips (orange) vs the reconstructed angular distribution
of the experimental detector using� cm( �� ) (magenta).
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the other calculated points. In what follows, they will not be used when �tting the angular

distributions with models.

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

5.3 Events at the Detectable Energy Limits

The data in the � lab angles around the detectable energy limits cannot be used inthe

calculation of the angular distributions. Due to the width of the calculated � lab angles, the

event kinematics for a single degree in the lab frame extend across multiple energies. At the

limits of detectable energy, the number of events detected within that angle range is not the

total number of events emitted and causes an incorrect di�erential cross-section calculation.

The events beyond the telescopic detector energy range are seen in Figure 5.10, where the
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kinematics of the 3.368 MeV excited state of10Be are simulated with a much thicker telescopic

array than in the actual experimental setup. The simulated thicker telescopic array shows

the full kinematics over all � lab angles.

Figure 5.10: Energy vs� lab for the 3.368 MeV excited state simulated with a thicker tele-
scopic array than the actual experimental setup. Detectable energy limits for the actual
experimental setup are shown in red dashed lines. Similar �gures can be made for the other
states of interest and limits extracted.

To calculate a correct angular distribution for the highlighted range in� lab, all events in

the shadowed area must be counted, however, a large portion of the events in the high energy

solution are missing due to the detectable energy limit. Table 5.2 shows the� lab angles which

can be used in the angular distribution reconstruction due to the loss of detected events.

The calculation of the angular distributions beyond the� cm angles in Table 5.2 are missing

events and must be removed from the �nal angular distribution. 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 using only charged-particle detec-

tion and require a particle-gamma coincidence. If a gamma coincidence 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: 10Be Excited States and Corresponding Angles with full detectedevents

Transfer Excited State � lab (deg) at Energy Limit Allowed � cm (deg)
0+

1 (gs) High Energy: 44.2� > 120�

Low Energy: 42.0� < 156�

2+
1 (3.368 MeV) High Energy: 37.0� > 107�

Low Energy:17.2� < 168�

2+
2 , 1� (5.958 MeV, 5.961 MeV) High Energy: 30.0� > 111�

2� (6.2633 MeV) High Energy: 30.0� > 111�

Elastic Excited State � lab (deg) at Energy Limit Allowed � cm (deg)
1
2

+ (gs), 1
2

� (0.320 MeV) High Energy: 55.0� > 110.0�

Low Energy: 75.0� < 150.0�

angular distribution, as seen in Equation 5.8. Additionally, the angular distributions must

be normalized (C), using the magnitude of the elastic scattering calculatedby FRESCO to

give a correct reconstructed angular distribution. FRESCO calculations will be discussed

further in Section 6.4.

d�
d


( �� ) = C� ( �� )
Ndetected( �� )

�
( �� )� cp( �� )� 
 (E 
 )
(5.8)

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

DAQ (see Section 2.3.2) is used to calculate the angular distributions in this analysis because

the kinematics of the ground state of the elastic scatteringcannot be separated from the

0.320 MeV �rst excited state kinematics without using gammarays detected in coincidence

with the particle detection.

5.4.1 Elastic and Inelastic Angular Distributions

Because the �rst excited state of11Be is at low energy (0.320 MeV), the reconstructed

angular distributions obtained solely with charged-particle identi�cation represent the com-

bined angular distribution of both the 1
2

� (0.320 keV) and 1
2

+ (ground state). To extract

the elastic scattering cross-section, a separate data set using only events in coincidence with

the 0.320 MeV gamma ray is used to determine the12
� 0.320 MeV state angular distribution

(Figure 5.11(a)). The properly normalized1
2

� gamma e�ciency corrected angular distribu-
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tion is then subtracted from the combined angular distribution to determine the 1
2

+ state

angular distribution. The 1
2

+ state distribution cannot be calculated directly because of the

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 contribution from the �rst excited

state will give an accurate angular distribution.

(a) Angular distribution for
11Be(p, p)11Be (0.320 MeV)

(b) Combined Ground State and 0.320 MeV
State Angular distribution for 11Be(p, p)11Be
(black) and the Ground State only Angular Dis-
tribution (pink)

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

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

only distribution in red.
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5.4.2 0+
1 and 2+

1 states of the 11Be(p,d) 10Be* Transfer Reaction

The calculated angular distributions of the11Be(p,d)10Be transfer reaction can be sepa-

rated into two sets: the ground state and �rst excited state and the angular distributions from

the states around 6 MeV. Transfer events corresponding to theground state and �rst excited

state were able to be identi�ed using only the particle detection identi�cation from the silicon

telescopic detectors. The transfer events corresponding to the states around 6 MeV required

a gamma ray transition to be identi�ed in coincidence with the silicon particle detectors.

In the following plots, the black points represent data points that are not beyond the

kinematic energy cuto� range and are not in the kinematic fold. Red points represent

data points that are within the kinematic fold and were calculated using the correction

factor determined from the simulated isotropic distribution to overcome the center of mass

conversion bias.

The experimentally determined angular distributions calculated using Equation 5.8 with

the correct normalization from the FRESCO elastic scattering calculation are shown in this

section but will be explained in Section 7.1. The 0+1 ground state angular distribution

(Figure 5.12) is calculated using only the events from the CSM02 telescopic array due to

the CSM01E detector having a broken strip at the precise� lab angle range covering the

kinematics of the ground state which resulted in too many undetected events to reconstruct

an angular distribution.

The 2+
1 3.368 MeV state angular distribution (Figure 5.13) is calculated using events

from both telescopic detector arrays.

5.4.3 1� , 2+
2 , and 2� states of the 11Be(p,d) 10Be* Transfer Reaction

The angular distribution for the combined 2+2 and 1� states around 5.598 MeV is shown

in Figure 5.14 and is calculated using events from both telescopic arrays with a coincidence

2.590 MeV gamma ray. These two states cannot be separated if only the 2.590 MeV transition

is used as the states are only 2 keV apart.
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Figure 5.12: Angular distribution for 11Be(p, d)10Be 0+
1 (ground) state, with black data

points representing data outside the kinematic fold and data points calculated from within
the kinematic fold are shown in red.

Figure 5.13: Angular distribution for 11Be(p, d)10Be 2+
1 (3.368 MeV) statewith the black

points representing data outside of the kinematic fold, while red points represent data from
within the kinematic fold.
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Figure 5.14: Angular distribution for 11Be(p, d)10Be 2+
2 and 1� doublet states (5.960 MeV)

extracted from coincidences with the 2.590 MeV transition.The black points represent data
outside of the kinematic fold, while red points are represent data from within the kinematic
fold.
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However, as mentioned in Section 4.6, by neglecting the smallcontribution of the 2+
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 transition (including the Compton events)

and is shown in Figure 5.15.

Figure 5.15: Angular distribution for 11Be(p, d)10Be 1� state extracted from the 6 MeV tran-
sition (Compton and photopeak). The black points representdata outside of the kinematic
fold, while red points are represent data from within the kinematic fold.

To extract the angular distribution of the 2+
2 state, the angular distribution of the 1�

state extracted from coincidences with the 5958 MeV transition is scaled by the branching

ratio of the 1� state to the �rst excited state and removed from the combineddistribution

as seen in Equation 5.9.
�

d�
d


( �� )
�

2+
2

=
�

d�
d


( �� )
�

2+
2 ;1�

� R1�

�
d�
d


( �� )
�

1�

(5.9)

The percentage (R1� ) is calculated using the relative population of the 1� state (P1� = 79%),

the branching ratio of the 1� ! 2+
1 transition, the relative population of the 2+

2 state

(P2+
2

= 21%), and the branching ratio of the 2+2 ! 2+
1 transition as shown in Equation 5.12.
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r1� = P1� � BR1� ! 2+
1

(5.10)

r2+
2

= P2+
2

� BR2+
2 ! 2+

1
(5.11)

R1� =
r1�

r1� + r2+
2

= 58 � 15% (5.12)

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

Figure 5.16: Angular distribution for 11Be(p, d)10Be 2+
2 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 represent 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 coincident gamma rays of 2.895 MeV.

The angular distributions of the various excited states of10Be allow a comparison of

experimental data to theory. This comparison to theory allows for an interpretation of the

angular distributions and extract the nuclear structure governing the states of interest. The

interpretation of the angular distributions is presented in Chapter 7.
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Figure 5.17: Angular distribution for 11Be(p, d)10Be 2� (6.263 MeV) state extracted from
the 2.895 MeV transition. The black points represent data outside of the kinematic fold,
while red points are represent data from within the kinematic fold.
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CHAPTER 6

TRANSFER REACTION MODELING THEORY

The experimentally determined angular distributions needto be compared to theory to

interpret the data and allow con�rmation or revision of our current understanding. The

models used to describe experimental data from the11Be(p,d)10Be* transfer reaction are

based on the nuclear shell model and use Distorted-Wave BornApproximation (DWBA)

calculations to approximate reaction cross-sections. This chapter gives a brief overview of

the nuclear shell model and the reaction theory necessary todescribe 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 of solving the many body

problem. A simple nuclear potential can be assumed, allowingcoupled equations describing

the mutual interactions to be derived, but not solved analytically. To avoid this complication,

a theory similar to the atomic shell model has been developedto describe the nucleus.

Evidence for the nuclear shell model can be seen in the deviations from the mass predictions

of the semiempirical mass formula seen in Equations 6.1, and6.2 [29], whereM (Z; A) is

the mass,B is the binding energy,avA, asA2=3, acZ(Z � 1)A � 1=3 and asym
(A � 2Z )2

A are terms

corresponding to a volume term, a surface area term, a Coulomb term, and a symmetry

term that are adjusted by the constantsav, as, ac, asym to get the best agreement with the

experimental binding energy per nucleon data.

B = avA � asA2=3 � acZ(Z � 1)A � 1=3 � asym
(A � 2Z )2

A
+ � (6.1)

M (Z; A) = Zm(1H ) + Nmn �
B (Z; A)

c2
(6.2)
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The deviations from the mass predictions calculated by the mass formula, seen in Fig-

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

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

Unlike the atomic shell model, the orbital shells are not established by an external agent

but exist in a mean-�eld potential created by the other nucleons in the nucleus. Because

nucleons are fermions, they obey the Pauli exclusion principle which allows the existence of

de�nite spatial orbits. The mean-�eld attractive potentia l is directly dependent on the shape

of the nuclear distribution [39], and allows individual nucleons to occupy energy levels in

subshells. The potential typically used to describe the mean-�eld interaction is the Woods-

Saxon potential which is de�ned in Equation 6.3 whereV0 is the potential well depth, r is

the magnitude of the position vector,R = r0A1=3 is the nuclear radius anda is the skin

thickness.

V(r ) =
� V0

1 + e
r � R

a

(6.3)

An example Woods-Saxon potential is shown in Figure 6.2. While the use of the Woods-

Saxon potential in the shell model obtains some of the predicted orbital shell energy levels

seen in experimental data, higher orbitals are not reproduced as seen on the left side of
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Figure 6.3. To improve the energy level predictions of the model, a nuclear spin-orbit poten-

tial, written as Vso(r )` � s, is included, whereVso is the spin-orbit potential, ` is the angular

momentum ands is the spin. The states can then be labelled using the total angular mo-

mentum j = ` + s and its projection mj , which gives the levels a degeneracy of (2j + 1). By

including this spin-orbital coupling to the Woods-Saxon potential, the orbital shell energy

levels predicted by the model match the experimental data exactly as can be seen on the

right of Figure 6.3.

Figure 6.2: Woods-Saxon Potential calculated with A=64,V0 = 50 MeV, and a = 0:5 fm
[39]

The nuclear shell model outlined above is an independent particle model without di-

rect interactions between the particles. To model nuclear reactions between particles, the

Hamiltonian of the system (Equation 6.4) must be solved for speci�c potentials [40].

Ĥ =
p̂2

2m
+ U(r ) (6.4)

6.2 Optical Potentials

When modeling interactions between two nuclei, the potentials that best match experi-

mental data have both real and imaginary parts. This is because the interactions of nuclei

are strongly attractive at short range but repulsive at longrange, both properties that must
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Figure 6.3: Traditional Shell model orbital arrangement forstable nuclei using the Woods-
Saxon potential [29]
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be accounted for in the total potential. To ensure both properties of the potential are con-

sidered, the nuclear currentj (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)j2.

5 � j (r ; t) +
@�(r ; t)

@t
= 0 (6.5)

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

present unless the potential is given asU(r ) = V(r )+ iW (r ). If W < 0 the potentials become

absorptive and can approximate the 
ux leaving in the exit channels. These potentials, with

both real and imaginary parts, are called optical potentials as they describe refraction and

absorption in a similar manner as light passing through a cloudy refractive medium [41].

The real component of the optical potential describes the nuclear interaction, approx-

imated by the Woods-Saxon potential, with volume parameters V0, R and a adjusted to

describe the observed elastic scattering data. The imaginary components are referred to as

surface potentials, as the components are absorptive and therefore the nucleons bound within

the nucleus cannot absorb the nuclear current due to the exclusion principle. Additionally,

there is a spin-orbit component that is included to account for the ` � s interactions of the

nucleons and a Coulomb term is added to the potential if the projectile in the reaction is

charged [39].

The full optical potential is de�ned as Equation 6.6, with Vc as the Coulomb potential

using r > R c as the repulsive point Coulomb form andr � Rc taking the �nite size of the

nucleon into account with both repulsive and attractive components [42].
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U(r ) = Vc � V f (xr ) � i
�
W f (x i ) � 4Ws

d
dxs

f (xs)
�

+
�

h
m� c

� 2

Vso(� � ` )
1
r

d
dr

f (xso) (6.6)

Vc = ZZ 0e2

(
1
r r > R c

1
2Rc

�
3 � r 2

R2
c

�
r � Rc

(6.7)

Rc = r cA1=3 (6.8)

f (x j ) =
1

1 + ex j
(6.9)

x j =
(r � r j A1=3)

aj
(6.10)

� h
mpi c

� 2
= 2:0 fm2 (6.11)

The Woods-Saxon shape is shown asf (x j ), with the subscripts j = r; i; s; and so corre-

sponding to the real volume components, the imaginary volume components, the imaginary

surface components and the spin-orbit components respectively. The � operator is de�ned

in terms of the spin angular momentum ass = ( h
2 )� for protons, neutrons,3He and tritons,

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

6.3 DWBA

To simplify the direct nuclear reactions using the optical potentials described above, the

initial and �nal state wavefunctions are assumed to be planewaves. With a reaction given as

A(a,b)B induced by a potential V, the simple Born Approximation(BA) gives the transition

amplitude as:

TBA =
Z

e� i k b�r bh B  bjV j A  ai ei k a �r a dr adr b (6.12)

whereka;b are the relative momenta,r a;b are the separations of the centers of mass for the

initial and �nal systems respectively. The internal statesof the nuclei are given as i . The

matrix element is a function ofr but represents an integration over the internal coordinates

and can be written as a multipole expansion seen in Equation 6.13 [43].

h B  bjV j A  ai =
X

L;M

f L (r )Y M
L (�; � ) (6.13)
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However, using only the BA, the magnitude of the experimental cross-sections disagreed

with the predicted cross-sections, so the distorted-wave Born approximation (DWBA) needs

to be used for more accurate predictions. The DWBA describes the elastic scattering as

closely as possible with all other reactions treated as perturbations so the transition ampli-

tude becomes Equation 6.14,

TDW BA =
Z

� � (kb; r b)h B  bjV j A  ai � + (kb; r b)dr adr b (6.14)

where� � (kb; r b) are the distorted waves of the entrance (� + ) and the exit (� � )channels

with the form:

� � (kb; r b) = ei k �r +  scatt (6.15)

The distorted waves are generally generated using optical potentials that must be �t to

elastic scattering data at the correct energy of the reaction being described [43].

6.4 FRESCO

FRESCO is a coupled-channel, �nite-range DWBA calculation software program de-

veloped by Professor Ian Thompson of the University of Surreyand Lawrence Livermore

National Lab, that is used to calculate the cross-sections predicted using a coupled-channel,

�nite-range DWBA calculation [44]. The FRESCO software was chosen to calculate the the-

oretical angular distributions for this experiment due to its ability to calculate complicated

reaction mechanisms such as the coupled states and single particle hole states that will be

described in the next chapter. The full FRESCO inputs for thisexperiment can be found in

Appendix E.

6.4.1 FRESCO Inputs

The original FRESCO code was written in Fortran 77, but some sections have since been

ported to Fortran 90. In this section, the input card format is 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 calculated in the input

code. This line is not read by the program.

� FRESCO namelist and control card inputs - This section contain the parameters in-

volved in the numerical calculations such as the radial information, the step with which

the coupled-channel equations are integrated, and the radius at which the integrated

wave function is matched to the asymptotic form. Additionally, the general options

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

� Partition and excited states - The \&partition" contains al l the mass partitions and

the corresponding channels that must be considered in the reaction. The \&states"

contains the spin, parity and excitation energy of projectile and target states. All pairs

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

� Optical Potentials - The \&pot" input contains all of the par ameters of the optical

potentials used for the calculation. Any deformation to the potentials are placed in

this section.

� Overlap Functions - The \&overlap" functions are needed forsingle-particle excitation

calculations and transfer calculations. These functions describe how the composite

nucleus looks relative to its core.

� Couplings - The \&coupling" section couples the states given by the partitions input

into this section. A spectroscopic amplitude for the overlapcan also be set in this

input section.

In this experiment, the spectroscopic amplitudes were varied from zero to four (based on

the occupation number of thep3=2 orbital) to scale the angular distribution calculations for

speci�c 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 calculation �le

6.4.2 FRESCO Outputs

The main FRESCO output �le summarizes the overlap function calculation and the cou-

pling matrix elements. The integrated cross-sections for each partial wave and the calculated

angular distributions are also given at the end of the �le. Additionally, 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 calculations. 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 polarization information (vector

and tensor analyzing powers) �elds are blank as there was no polarization in the reaction

calculated. The columns of \Theta" and \sigma" correspond to the �� and d�
d
 (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 FRESCO calculation

6.4.3 SFRESCO

SFRESCO is a program that using MINUIT search routines to searchfor a � 2 minimum

while comparing the FRESCO outputs to sets of data. Parameters corresponding to optical

potentials, binding potentials, spectroscopic amplitudes or R-matrix reduced widths can all

be adjusted to attempt to improve the agreement between the theory and the experimental

data. Inputs for SFRESCO must specify the input and output FRESCO �les, the number

and types of the search parameters and the experimental datasets.

For this experiment, SFRESCO was used to �t the elastic and inelastic scattering poten-

tials of the FRESCO models described in the next chapter to theexperimentally determined

angular distributions.
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CHAPTER 7

INTERPRETATION OF DATA

The theoretical angular distributions from the models usedto interpret the 11Be(p,d)10Be*

transfer reaction were calculated using FRESCO. Two di�erent models, developed in collab-

oration with Professor Filomena Nunes of Michigan State University and NSCL, were used

in this analysis. The �rst model was used to calculate angular distributions for the 10Be

ground and �rst excited states (0+1 and 2+
1 respectively). The model used to calculate these

states deforms the10Be nucleus with a quadrupole coupling and uses a collective model for

the 0+
1 and 2+

1 states [11]. The second model was used to calculate angular distributions for

the 10Be states around 6 MeV (2+2 , 1� , 0+
2 , and 2� ). The 0+

2 state was not observed in this

experiment and as such was not included in the model. The model for these states considers

all states to be hole states created from a deformed11Be nucleus which mimics the halo

structure [4, 12, 13] .

Both models use the elastic scattering from the auxiliary detector �tted with SFRESCO

to determine the optical proton scattering potentials thatbest �t the data. The resulting

elastic scattering �t parameters were checked against parameters calculated using CH98

equations [45], and both �ts are comparable. The deuteron scattering potential at 10 MeV

per nucleon was determined by averaging the deuteron scattering potentials of 12C and 9Be

[46, 47]. It was necessary to average deuteron scattering potentials of 12C and 9Be because

there is no data available for deuteron scattering on10Be at 10 MeV per nucleon and12C

and 9Be have a similar nuclear structure to the ground state of10Be.

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

The FRESCO model used to estimate the 0+1 and 2+
1 angular distributions deforms the

10Be nucleus in a quadrupole coupling, necessary because the 2s1=2 wave function mixes with
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the d5=2 
 2+
1 con�guration of 11Be(5

2
+ ) through the quadrupole vibrations [11]. To account

for the strong coupling of the 0+1 and 2+
1 states, the model used a Coupled Channel Born

Approximation (CCBA) where the transfer coupling was to the 1st order but the 10Be states

are fully coupled to all orders. The quadrupole coupling wasgiven as FRESCO variable

p2 and corresponds to the deformation length� 2. The deformation length is related to the

deformation parameter� 2 (used to measure B(E2) transition strengths) by� 2 = � 2 � R

where R is the interaction nuclear radius [48]. The optical potentials used to calculate the

angular distributions are shown in Table 7.1.

Table 7.1: Optical potentials using a Deformed10Be model

Source Channel V0 r0 a0 Wr Ws r s as p2
SFRESCO p + 11Be 40.090 1.25 0.50 0.0 2.0 12.0 0.5

[46, 47] d + 10Be 89 1.2 0.77 0.0 20.3 1.35 0.62 1.68
[46, 47] p + 10Be 48.5 1.35 0.60 0.0 3.9 1.26 0.45

To correctly determine the overall magnitude of the experimental angular distributions,

a normalization factor is required. This normalization factor, C, discussed in Section 5.1, is

determined after determining the best FRESCO �t of the elastic scattering angular distri-

bution. Elastic scattering is well understood and as such can be used as an alternative to a

direct calculation of the cross section magnitude using theintegrated current of the radioac-

tive beam and the number of atoms in the target. The magnitudeof the experimental d�
d


values are normalized to the calculated FRESCOd�
d
 values, and that normalization factor is

then applied to all of the other experimentally determined transfer reaction cross-sections.

The angular distribution of the elastic scattering with thebest �t of the proton scattering

potential using the deformed10Be model is shown in Figure 7.1.

The 0+
1 (ground state) 10Be angular distribution is shown with the FRESCO calculated

angular distribution in Figure 7.2. The data points shown in red 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 5.2.1, in a region where the cross-
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Figure 7.1: Elastic Scattering with the FRESCO calculation using the deformed10Be collec-
tive state model

section is systematically underestimated and as a result are renormalized based purely on

the corrections determined using a simulated isotropic angular distribution. These points

are not used in comparison to the FRESCO calculation, but are shown for completeness.

The FRESCO calculation of 0+1 ground state angular distribution has the correct order

of magnitude with the data, but the FRESCO calculation of the angular distribution of the

2+
1 state of 10Be is an order of magnitude o� from the data collected for thisreaction, as

seen in Figure 7.3. As such, it must be concluded that there is a mechanism in the reaction

that is not accounted for in this collective model. A full body model should be considered

to understand and make a fully predictive model for the 2+1 state. This is not undertaken as

the study of the collective behavior of10Be(0+
1 ,2+

1 ) is beyond the scope of this thesis.

7.2 Angular distributions of the 10Be 6 MeV states

To describe the 2+2 , 1� , and 2� excited states of10Be , the 11Be nucleus is deformed with

a dipole interaction coupling the 1=2+ (gs) and 1=2� (0.320 MeV) states and a quadrupole

interaction coupling the 1=2+ (gs) and 5=2+ (1.783 MeV) states using the DWBA method. In
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Figure 7.2: 10Be ground state angular distribution with the FRESCO calculation using
the deformed10Be collective state model. The blacks point represent data outside of the
kinematic fold, while red points are represent data from within the kinematic fold.

Figure 7.3: Angular distribution of the 2+
1 state of 10Be with the FRESCO calculation from

the Deformed10Be Collective state model
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this model, the inelastic (1=2� ) scattering angular distribution was also �t using SFRESCO

to determine the magnitude of the� 1 (dipole) coupling. There was insu�cient experimental

data to calculate an angular distribution for the 5=2+ state, but the � 2 (quadrupole) coupling

was able to be determined using the ratio between the deformation lengths calculated by

Hussein et al [49]. The deuteron scattering potential at 10 MeV per nucleon was determined

using RIPL-3 data [46],[47]. The11Be + hole state potential was assumed to be the same as

the 11Be + p potential. The optical potentials used to describe the2+
2 , 1� , and 2� excited

states of10Be are shown in Table 7.2.

Table 7.2: Optical Potentials using a Deformed11Be model

Source Channel V0 r0 a0 Wr Ws r s as p1 p2
SFRESCO p + 11Be 27.311 1.754 0.50 2.0 2.0 1.559 0.5 1.67 2.5

[46, 47] d + 10Be 89 1.2 0.77 0.0 20.3 1.35 0.62

Because the FRESCO model deforms the11Be nucleus with both a dipole and quadrupole

couplings instead of the10Be nucleus quadrupole coupling, the new model must be �t to the

experimental elastic scattering angular distribution again to ensure the FRESCO parameters

are correctly determined. If the same optical potential parameters were used from the �rst

model, the11Be deformation would not have the necessary parameters to fully calculate the

angular distributions of the 2+
2 , 1� , and 2� excited states.

The angular distribution of the elastic scattering with thebest �t of the proton scattering

potential using the deformed11Be model is shown in Figure 7.4.

The best �t of the inelastic scattering using the deformed11Be model is shown in Fig-

ure 7.5. Though the inelastic �t is not ideal, it is within the same order of magnitude of the

experimental data, which allows the magnitude of the dipolecoupling to be determined. A

full body model, using neutrons and protons as degrees of freedom, would allow for a better

�t, but developing such a model would require signi�cant theoretical developments.
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Figure 7.4: Elastic Scattering angular distribution with the FRESCO calculation using the
deformed11Be state model

Figure 7.5: Angular distribution of the Inelastic Scatteringto the 1=2� state of 11Be with
the FRESCO calculation using the deformed11Be state model
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It was concluded in Al-Khalili et al. [4] that the 2+
2 excited state was unlikely to have

a collective structure, as a collective structure would result in a large B(E2), which is not

the case. Additionally, the DWBA calculations done by Johansenet al. [13] were unable

to reproduce the 2+2 angular distribution using the removal of ad5=2 neutron in a one-step

process, and suggested that a two-step process in which thep3=2 neutron is removed from a

11Be excited 1=2� con�guration could be a possible contribution. Shell modelcalculations of

the spectroscopic factors of di�erent possible hole state con�gurations done by Professor Alex

Brown, shown in Table 7.3, also predict a strong contribution from a [11Be(1
2

� ) 
 (p3=2)� 1]

con�guration for the 2+
2 state.

Table 7.3: Spectroscopic factors predicted for single-particle hole state con�gurations for the
2+

2 , 1� and 2� states [50]

10Be Excited State Neutron removed from
Initial Con�guration

11Be(1
2

+ ) 11Be(5
2

+ ) 11Be(1
2

� )

2+
2

p3=2 | | 1.107
s1=2 | 0.00011 |
d5=2 0.007 0.0012 |

1� p3=2 0.693 0.037 |
p1=2 | | 0.0010

2� p3=2 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 thep3=2 neutron was removed from either the11Be(1
2

+ ) or

11Be(5
2

+ ) con�gurations [12, 15]. The angular distribution for all10Be excited states around

6 MeV in the GANIL experiment was well reproduced using aǹ = 1 transfer, though a

contribution from the 2+
2 state was not considered [16]. The ISOLDE experiment used a hole

state model with a [11Be(1
2

+ ) 
 (p3=2)� 1] 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 from11Be(5
2

+ ) state, as in the shell model calculations

shown in Table 7.3. The contribution from the11Be(5
2

+ ) state is indeed not insigni�cant
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for the 2� state according to Brown (see Table 7.3). This possible contribution was not

considered in either of the previous experiments.

In these calculations, the 2+2 , 1� , and 2� excited states are modeled as single-particle

hole states in which ap3=2 neutron has been removed from the11Be 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 neutrons in the 11Be nucleus, with the

black circles showing the neutrons in the �nal hole state andthe red circle showing the

neutron removed from the11Be nucleus to create the hole state. The initial con�guration

using the11Be nucleus in the ground state models a one-step process, using the s1=2 neutron

to create the single-particle hole state. The initial con�guration using the 11Be nucleus in

the 1.783 MeV state models a two-step process, using thed5=2 neutron to create the single-

particle hole state.

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

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

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

The binding energy for the hole states comes from the energy required to create the hole

state in 11Be, instead of the energy of the state in10Be. As a result, it must be determined

how the 10Be excited states compare to11Be, 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 of11Be and10Be 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 the11Be(1
2

+ ) or 11Be(5
2

+ ) state,

multiple FRESCO angular distributions were calculated to explore the phase space by vary-

ing the spectroscopic amplitudes, or coe�cient of fractional parentage, of the overlap func-

tions, thereby changing the impact from that initial state on the overall angular distribution.

The spectroscopic amplitudes were allowed to vary between 0and 2.83 (corresponding to

a spectroscopic factor of 2) to ensure the full phase space was considered. FRESCO then

compared the weight given to the each of the overlaps by the spectroscopic 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 distribution calculations to

the experimental data, a� 2 analysis was performed comparing the experimental data to the

FRESCO �ts. A � 2 analysis uses Equation 7.1, where� i is the uncertainty in the data point,

yi represents the data point,y(x i ) is the theoretical value determined with FRESCO,N is

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 fromthe FRESCO calculations and

the data was the experimentally determined angular distributions. Only data points from

outside the kinematic fold were compared to the FRESCO calculated �ts in the � 2 analysis

and used in the extraction of the best �t.

� 2 =
NX

i =1

� yi � y(x i )
� i

� 2
(7.1)

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, there 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 value of � 2 + 1. In this � 2 + 1 region,

all analyzed �ts should be considered as within error bars and a 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 the11Be(1
2

+ ) and 11Be(5
2

+ ) initial states. The �nal wavefunction modeled for

the 2� state is shown as Equation 7.2 where� = Ap
A 2+ B 2 and � = Bp

A 2+ B 2 with A andB as the

spectroscopic amplitudes used to scale the contributions from the [11Be(1
2

+ ) 
 (p3=2)� 1] and

[11Be(5
2

+ ) 
 (p3=2)� 1] components, respectively. The spectroscopic factors canbe determined

for each wavefunction component using Equation 7.3, where Sis the spectroscopic factor,

A is the spectroscopic amplitude, and N corresponds to the occupancy number of thep3=2

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

	[ 10Be(2� )] = � [11Be(1=2+ ) 
 (p3=2)� 1] + � [11Be(5=2+ ) 
 (p3=2)� 1] (7.2)

SA =
�

A
p

N

� 2

(7.3)

Stot = SA + SB (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 and B = 0:04. This corresponds to a

hole state that is derived primarily from thes1=2 neutron component of the intial11Be(1
2

+ )

ground state. However, this minima culminates at the end of a relatively shallow � 2 valley,

meaning that a contribution from the d5=2 neutron component of the11Be(5
2

+ ) inital is also

possible.

The possible spectroscopic factors of the two wavefunctioncomponents within the� 2 + 1

region can be seen in Figure 7.9, which shows that11Be(1
2

+ ) component has a fairly well

de�ned range, only ranging between 0.16 and 0.26. However the11Be(5
2

+ ) component can

vary in a fairly large range, varying between 0 and 0.25. These spectroscopic factor ranges

are functionally dependent on the two components, however,so not every combination of

these component spectroscopic factors corresponds to a valid �t.
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Figure 7.8: � 2 vs Spectroscopic Amplitudes for 2� state. The � 2 + 1 values are shown in
black.

108



Figure 7.9: Functional dependency of the Spectroscopic Factors of thes1=2 and d5=2 neutron
components of the initial11Be 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 calculation using spectroscopic ampli-

tudesA = 0:57 andB = 2:16, corresponding to an initial11Be con�guration mostly from the

11Be(5
2

+ ) state (shown in red in Figure 7.10) has a larger di�erential cross-section at lower

center of mass angles than the best �t, obtained withA = 0:96 andB = 0:04. The FRESCO

calculations shown in Figure 7.10 between the black �t and thegreen �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 point

calculated from within the kinematic fold shown in red. The data point from the kinematic

fold was not used in the� 2 �t analysis as previously discussed in Section 7.1, but doesappear

to agree with the calculated angular distribution.

Using the best �t from the � 2 analysis spectroscopic factors ofSA = 0:23 andSB = 0:0004

are extracted giving a total spectroscopic factor ofS2� = 0:23, corresponding to theA = 0:96
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Figure 7.10: FRESCO calculations along� 2 valley for the 2� state. The red �t corresponds
to the minima closest to the [11Be(5=2+ ) 
 (p3=2)� 1] axis and the black �t corresponds to
the minima closest to the [11Be(1=2+ ) 
 (p3=2)� 1] 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 the � 2 + 1 region can be

seen as a function of the correspondings1=2 component in Figure 7.12.

Figure 7.12: Spectroscopic Factors ofs1=2 components compared to the total spectroscopic
factor within � 2 + 1 for the 2� state.

A comparison of previous experiments and theoretical predictions of spectroscopic factors

for the 2� state is shown in Table 7.4. This comparison shows that a total spectroscopic

factor of S2� = 0:23 is lower than predicted, but because the� 2 analysis is not sensitive to the

11Be(5
2

+ ) component the total spectroscopic factor could be as largeas 0.41 if a large11Be(1
2

+ )

component is present. The spectroscopic factors predictedby Alex Brown in Table 7.3 show

that a having a signi�cant 11Be(5
2

+ ) component is possible, however, even with the addition

of the 11Be(5
2

+ ) component, the spectroscopic factors are lower than theoretically predicted.

Though the best �t to the experimental data included a very small d5=2 component, by

choosing a pures1=2 component �t, as was done by Johansen [13], the two spectroscopic

factors can be directly compared. When these values were directly compared, the spectro-

scopic factor from the pures1=2 component (S2� = 0:24) is still considerably lower than was

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

Experimental
This Work Johansen [13] Win�eld [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 pures1=2 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 7.3 predict only a small contribution

from the [11Be(5
2

+ ) 
 (p3=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 amplitudesA

and B of the 1� state was performed for completeness. The spectroscopic factors for each

component can be determined as shown in Equation 7.3 and the total spectroscopic factor

of the state is calculated as shown in Equation 7.4.

	[ 10Be(1� )] = � [11Be(1=2+ ) 
 (p3=2)� 1] + � [11Be(5=2+ ) 
 (p3=2)� 1] (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 outside of the kinematic fold

to the FRESCO �ts. The minimum � 2 value is found at A = 0:31 and B = 1:89, which

corresponds to a hole state with a majority of the state derived from the11Be(5
2

+ ) component.

Similar to the 2� analysis, there is a shallow� 2 valley, with a similar shape as the previous

analysis, though the minima of the valley shows a much higher11Be(5
2

+ ) component than

the 2� .

The spectroscopic factors of11Be(1
2

+ ) and 11Be(5
2

+ ) components are shown in Figure 7.14.

Again, the 11Be(1
2

+ ) 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 11Be(5
2

+ ) has a much larger range, varying from 0.14 to 1.45. As in the 2� state,

the component spectroscopic factors are functionally dependent on each other.

Figure 7.14: Functional dependency of the Spectroscopic Factors of s12 and d5=2 components
within � 2 + 1 for the 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 and B = 1:89, and the light blue �t corresponds

to the �t at the edge of the � 2 + 1 region at A = 0:63 and B = 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 the11Be(5
2

+ )

component, as well as the physical unlikelihood of having a such a high 11Be(5
2

+ ) spectro-

scopic component, it was determined that the most realistic�t to the 1 � was the �t with

the highest 11Be(1
2

+ ) component as shown in Figure 7.16. The red point correspondsto the

data point calculated within the kinematic fold and was not considered in the� 2 analysis.

This �t corresponds to spectroscopic amplitudes ofA = 0:63 andB = 0:76.
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Figure 7.15: FRESCO calculations along� 2 valley for the 1� state. The dark red �t corre-
sponds to the �t closest to the [11Be(5=2+ ) 
 (p3=2)� 1] axis and the black �t corresponds
to the minima closest to the [11Be(1=2+ ) 
 (p3=2)� 1] 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 error bars.

Figure 7.16: FRESCO Fit for 1� state.
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Using the spectroscopic amplitudes of the most realistic �t component, spectroscopic

factors of SA = 0:10 andSB = 0:14 giving a total spectroscopic factor ofS1� = 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 Factors of s1=2 components com-
pared to the total spectroscopic factor within� 2 + 1 for the 1� state.

The SA spectroscopic factor is considerably lower than was determined by Johansen et

al. [13] even when a pures1=2 component �t is considered. The pures1=2 component �t

is within a � 2 + 2 region, or two standard deviations, and not completely unreasonable,

though not the as close to the data as necessary to be considered in this analysis. The

s1=2 component spectroscopic factors are also much lower than the predictions given by Alex

Brown (Table 7.5). However, the� 2 analysis is not very sensitive to the11Be(5
2

+ ) component

and, though physically unlikely, if there is a large11Be(5
2

+ ) component the 1� state could

have a much higher spectroscopic factor. Given those relative uncertainties, it is di�cult to

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

Neutron removed from This Work Brown [50] Johansen [13]
11Be(1

2
+ ) *0.10/**0.13 0.693 0.31(11)

11Be(5
2

+ ) *0.14/**0.0 0.037 |
*Based on the lowestd5=2 component �t in the � 2 + 1 region

**Based on a pures1=2 component state

7.2.3 Angular distribution of the 2+
2 state

The wavefunction of the 2+2 state is assumed to be due to a two-step process in which the

initial 11Be nucleus con�guration is excited to the1
2

� state and thep3=2 neutron is removed

(Equation 7.6). This model con�guration contains only one initial component instead of two

components as in the 1� and 2� states. Additionally, the � 2 analysis for the 2+2 state used

spectroscopic amplitudes going all the way to 4.0, corresponding to a spectroscopic factor

of 4.0 in an attempt to reconstruct the magnitude of the experimental angular distribution.

The � 2 analysis is shown in Figure 7.18 and the resulting FRESCO �ts can be seen in

Figure 7.19.

	[ 10Be(2+
2 )] =  [11Be(1=2� ) 
 (p3=2)� 1] (7.6)

Though the spectroscopic factor predicted by Alex Brown was extremely large at 1.69, the

spectroscopic factor required for the [11Be(1=2� ) 
 (p3=2)� 1] component model to approach

the magnitude of the experimental angular distribution isS2+
2

> 3:0 which appears to be

physically unrealistic. Additionally, the shape of the model does not appear to reproduce

the experimental angular distribution, leading to the conclusion that the model is likely

incomplete. The experiment performed at ISOLDE was also unsuccessful in reproducing

the experimental angular distribution with a one-step model in which a d5=2 neutron was

removed [13], hence the structure of the 2+
2 state remains unclear at this point.
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Figure 7.18: � 2 vs Spectroscopic Amplitude for 2+2 state.
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Figure 7.19: FRESCO �ts of the 2+2 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 respectively.
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CHAPTER 8

CONCLUSION AND OUTLOOK

The 11Be(p,d)10Be* transfer reaction performed at TRIUMF at 9.93 MeV/nucleonin in-

verse kinematics has allowed the successful calculation ofangular distributions for the ground

state and all the populated excited states (2+1 , 2+
2 , 1� and 2� ) of 10Be using a combination of

silicon particle detectors and the TIGRESS setup to allow for particle-
 coincidences. Using

an auxiliary charged-particle detector, the elastic and inelastic scattering angular distribu-

tions were also measured. The scattering distributions allowed a normalization coe�cient

for the data to be determined and the absolute scale of the angular distributions from the

transfer reaction to be extracted.

The angular distribution of the inelastic scattering is required to accurately reconstruct

the angular distribution of the elastic scattering as the �rst excited state of 11Be is only

320 keV away from the ground state. To extract the elastic scattering from this initially

combined distribution, the scattering events detected in coincidence with a gamma ray tran-

sition at 320 keV were separated into a purely inelastic angular distribution which was then

subtracted from the combined distribution, taking into account the gamma ray e�ciency,

and the elastic scattering angular distribution was extracted.

Particle identi�cation in coincidence with gamma ray transitions was used in the ex-

traction of the angular distributions for the states around6 MeV in energy in the transfer

reaction. The 0+
2 ! 1� 219 keV transition in 10Be was not observed and it was determined

that the 0+
2 state was not populated in this experiment. The 2� ! 2+

1 2.895 MeV transi-

tion was used in coincidence with deuterons detected in the telescopic particle detectors to

extract the 2� state.

The 2+
2 and 1� states are only 2 keV apart, and cannot be separated by gatingon

an individual gamma ray transition alone. To separate the two angular distributions, the
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number of events when the doublet decayed to the �rst excitedstate and to the ground state

were measured and used to extract the relative population ofboth states taken individually.

The relative population of the 2+2 and 1� states was determined to be 21� 13% and 79� 13%

respectively. Given those relative populations and the 2+
2 and 1� branching ratios, the

(2+
2 ; 1� ) ! 0+

1 5.960 MeV transition is almost completely dominated by the decay of the

1� state alone. Hence, the 1� angular distribution could be extracted independently. The

2+
2 angular distribution was then deduced by subtracting the contribution of the 1 � from

the doublet combined angular distribution determined using the (1� ; 2+
2 ) ! 2+

1 2.590 MeV

transition.

Two individual models were used to �t the angular distributions obtained in this work.

The theory for the 0+
1 and 2+

1 angular distributions was based on a collective state model

using a deformed10Be potential. This model deforms the10Be nucleus with a quadrupole

coupling to account for the collective nature of the 0+1 and 2+
1 states. The predicted FRESCO

angular distribution for the 0+
1 state was found to be within the correct order of magnitude

of the measured angular distribution. However, the predicted FRESCO angular distribution

using the deformed10Be collective model for the 2+1 state was found to be an order of

magnitude less than the measured angular distribution. An order of magnitude di�erence

between the experimental data and the collective model implies a mechanism in the reaction

has not been taken into account in the model used in this thesis. As such, a more complete

model would be required to better reconcile the theory with the data for these states.

A model of single-particle hole con�gurations was used to �tthe measured angular dis-

tributions of the 2+
2 , 1� and 2� states in 10Be. This model deforms the11Be nucleus with

both a dipole and quadrupole coupling to allow for the one andtwo-step processes required

to create the single-particle hole con�gurations.

A � 2 analysis was performed to determine the best �ts of the angular distribution data

with the FRESCO calculated single-particle hole con�guration models. The 1� and 2� state

angular distributions were allowed to be a mix of two state con�gurations [ 11Be(1
2

+ )
 (p3=2)� 1]
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and [11Be(5
2

+ ) 
 (p3=2)� 1], while the 2+
2 state was assumed to be purely from the [11Be(1

2
� ) 


(p3=2)� 1] con�guration. The resulting spectroscopic factors are shown in Table 8.1.

Table 8.1: Final spectroscopic factors extracted from the experimental angular distributions
using the single-particle hole state con�guration model for the 2+

2 , 1� and 2� states

10Be Excited State Neutron removed
Initial Con�guration

Total11Be(1
2

+ ) 11Be(5
2

+ ) 11Be(1
2

� )
2+

2 p3=2 | | large large
1� p3=2 0.10 0.14 | 0.24
2� p3=2 0.23 0.0004 | 0.23

The � 2 analysis was found to be relatively insensitive to the11Be(5
2

+ ) component and the

total spectroscopic factors shown in Table 8.1 could be larger if a more signi�cant 11Be(5
2

+ )

component is included in the �nal result.

The 11Be(1
2

+ ) spectroscopic factor of the 2� state is found to be lower than predicted

by theory. A signi�cant 11Be(5
2

+ ) contribution cannot be ruled out as the �t is relatively

insensitive to that component. The prediction from A. Brown suggests that a strongd5=2

component is a possibility. The spectroscopic factor of thepure 11Be(1
2

+ ) component model

is also found to be lower than the spectroscopic factor extracted 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-particlehole states is the same. However,

the minimum � 2 value, corresponding to the best FRESCO calculated �t, for the 1� state has

a much larger11Be(5
2

+ ) component than the 2� state. Because such a signi�cant contribution

from the 11Be(5
2

+ ) component is unlikely, a FRESCO �t within the � 2+1 region with a higher

11Be(1
2

+ ) component was chosen as the best model of the 1� state. 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, themeasured angular distributions do

not allow for a clear separation between thes1=2 and d5=2 contributions.
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The 2+
2 state was found to have a very strong overlap with the single-particle hole state

con�guration model. Given the large error bars on the angular distribution of the 2+
2 state,

the analysis remains largely inconclusive. It should be noted that the calculation from A.

Brown does suggest a spectroscopic factor greater than one.Also, Johansen was unable

to reproduce the angular distribution by modeling the transfer as a one-step process and

removing ad5=2 neutron. This leaves the structure of the 2+2 state mostly unresolved.

The 2� state remains perhaps the best candidate for an excited halostate structure,

though the spectroscopic factors are much lower than predicted. An experiment to extend

the angular distributions beyond what was measured in this experiment could provide more

sensitivity to the s1=2 and d5=2 components and perhaps clarify thes1=2 and d5=2 makeup of

the 1� and 2� states.
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APPENDIX A

FULL SCHEMATICS OF THE TOP PRINTED CIRCUIT BOARD USED IN THE

11BE(P,D) 10BE� TRANSFER REACTION

The full schematics of the top printed circuit board used in the 11Be(p,d)10Be� transfer

reaction are shown in Figure A.1, Figure A.2, Figure A.3, Figure A.4, Figure 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)
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Figure A.3: Second Layer of Top PCB

132



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

11BE(P,D) 10BE� TRANSFER REACTION

The full schematics of the bottom printed circuit board usedin the 11Be(p,d)10Be� transfer

reaction are shown in Figure B.1, Figure B.2, Figure B.3, Figure B.4, 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 channelsto the corresponding lab

angle in the 11Be(p,d)10Be� transfer reaction are shown in Figure C.2 and Figure C.1. The

resulting corrected hit patterns for the strip detectors are 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 CSM01E
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Figure C.2: Asymmetric mask used in front of CSM02D, CSM03D andCSM02E
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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 CSM01E
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Figure C.7: Hit pattern for CSM02E
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APPENDIX D

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

Detector Clover
Color

Segment
Number

x (mm) y (mm) z (mm)

1

Blue

0 78.05 61.70 134.09
1 47.83 59.64 119.06
2 63.65 65.78 102.12
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

Green

0 113.50 76.38 95.72
1 95.91 79.56 67.01
2 104.85 57.32 67.30
3 90.05 52.14 83.76
4 80.41 72.73 83.98
5 125.64 95.88 95.49
6 135.56 72.34 95.31
7 118.64 65.08 113.68
8 108.85 89.19 113.54

Red

0 134.36 26.25 95.72
1 124.08 11.56 67.01
2 108.28 5.43 83.98
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

White

0 98.82 11.57 134.09
1 75.99 -8.35 119.06
2 67.08 13.90 118.80
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
Color

Segment
Number

x (mm) y (mm) z (mm)

2

Blue

0 -61.70 78.05 134.09
1 -59.64 47.83 119.06
2 -65.78 63.65 102.12
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

Green

0 -76.38 113.50 95.72
1 -79.56 95.91 67.01
2 -57.32 104.85 67.30
3 -52.14 90.05 83.76
4 -72.73 80.41 83.98
5 -95.88 125.64 95.49
6 -72.73 80.41 83.98
7 -65.08 118.64 113.68
8 -89.19 108.85 113.54

Red

0 -26.25 134.26 95.72
1 -11.56 124.08 67.01
2 -5.43 108.28 83.98
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

White

0 -11.57 98.82 134.09
1 8.35 75.99 119.06
2 -13.90 67.08 118.80
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
Color

Segment
Number

x (mm) y (mm) z (mm)

3

Blue

0 -78.05 -61.70 134.09
1 -47.83 -59.64 119.06
2 -63.65 65.78 102.12
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

Green

0 -113.50 -76.38 95.72
1 -95.91 -79.56 67.01
2 -104.85 -57.32 67.30
3 -90.05 -52.14 83.76
4 -80.41 -72.73 83.98
5 -125.64 -95.88 95.49
6 -135.56 -72.34 95.31
7 -118.64 -65.08 113.68
8 -108.28 -89.19 113.54

Red

0 -134.26 -26.25 95.72
1 -124.08 -11.56 67.01
2 -108.28 -5.43 83.98
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

White

0 -98.82 -11.57 134.09
1 -75.99 8.35 119.06
2 -67.08 -13.90 118.80
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
Color

Segment
Number

x (mm) y (mm) z (mm)

4

Blue

0 61.70 -78.05 134.09
1 59.64 -47.83 119.06
2 65.78 -63.65 102.12
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

Green

0 76.38 -113.50 95.72
1 79.56 -95.91 67.01
2 57.32 104.85 67.30
3 52.14 -90.05 83.76
4 72.73 -80.41 83.98
5 95.88 -125.64 95.49
6 72.34 -135.56 95.31
7 65.08 -118.64 113.68
8 89.19 -108.85 113.54

Red

0 26.25 -134.26 95.72
1 11.56 -124.08 67.01
2 5.43 -108.28 83.98
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

White

0 11.57 -98.82 134.09
1 -8.35 -75.99 119.06
2 13.90 -67.08 118.80
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

155



Table D.1: Continued.

Detector Clover
Color

Segment
Number

x (mm) y (mm) z (mm)

5

Blue

0 139.75 87.25 27.13
1 107.47 84.35 36.80
2 107.64 84.01 12.83
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

Green

0 139.75 87.25 -27.13
1 107.47 84.35 -36.80
2 116.66 62.21 -36.42
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

Red

0 160.51 37.12 -27.13
1 135.64 16.35 -36.80
2 135.51 16.71 -12.83
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

White

0 160.51 37.12 27.13
1 135.64 16.35 36.80
2 126.48 38.50 36.42
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
Color

Segment
Number

x (mm) y (mm) z (mm)

6

Blue

0 37.12 160.51 27.13
1 16.35 135.64 36.80
2 16.71 135.51 12.83
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

Green

0 37.12 160.51 -27.13
1 16.35 135.64 -36.80
2 38.50 126.48 -36.42
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

Red

0 87.25 139.75 -27.13
1 84.35 107.47 -36.80
2 84.01 107.64 -12.83
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

White

0 87.25 139.75 27.13
1 84.35 107.47 36.80
2 62.21 116.66 36.42
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
Color

Segment
Number

x (mm) y (mm) z (mm)

7

Blue

0 -87.25 139.75 27.13
1 -84.35 107.47 36.80
2 -84.01 107.64 12.83
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

Green

0 -87.25 139.75 -27.13
1 -84.35 107.47 -36.80
2 -62.21 116.66 -36.42
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

Red

0 -37.12 160.51 -27.13
1 -16.35 135.64 -36.80
2 -16.71 135.51 -12.83
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

White

0 -37.12 160.51 27.13
1 -16.35 135.64 36.80
2 -38.50 126.48 36.42
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
Color

Segment
Number

x (mm) y (mm) z (mm)

8

Blue

0 -160.51 37.12 27.13
1 -135.64 16.35 36.80
2 -135.51 16.71 12.83
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

Green

0 -160.51 37.12 -27.13
1 -135.64 16.35 -36.80
2 -126.48 38.50 -36.42
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

Red

0 -139.75 87.25 -27.13
1 -107.47 84.35 -36.80
2 -107.64 84.01 -12.83
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

White

0 -139.75 87.25 27.13
1 -107.47 84.35 36.80
2 -116.66 62.21 36.42
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
Color

Segment
Number

x (mm) y (mm) z (mm)

9

Blue

0 -139.75 -87.25 27.13
1 -107.47 -84.35 36.80
2 -107.64 -84.01 12.83
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

Green

0 -139.75 -87.25 -27.13
1 -107.47 -84.35 -36.80
2 -116.66 -62.21 -36.42
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

Red

0 -160.51 -37.12 -27.13
1 -135.64 -16.35 -36.80
2 -135.51 -16.71 -12.83
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

White

0 -160.51 -37.12 27.13
1 -135.64 -16.35 36.80
2 -126.48 -38.50 36.42
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
Color

Segment
Number

x (mm) y (mm) z (mm)

10

Blue

0 -37.12 -160.51 27.13
1 -16.35 -135.64 36.80
2 -16.71 -135.51 12.83
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

Green

0 -37.12 -160.51 -27.13
1 -16.35 -135.64 -36.80
2 -38.50 -126.48 -36.42
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

Red

0 -87.25 -139.75 -27.13
1 -84.35 -107.47 -36.80
2 -84.01 -107.64 -12.83
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

White

0 -87.25 -139.75 27.13
1 -84.35 -107.47 36.80
2 -62.21 -116.66 36.42
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
Color

Segment
Number

x (mm) y (mm) z (mm)

11

Blue

0 87.25 -139.75 27.13
1 84.35 -107.47 36.80
2 84.01 -107.64 12.83
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

Green

0 87.25 -139.75 -27.13
1 84.35 -107.47 -36.80
2 62.21 -116.66 -36.42
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

Red

0 37.12 -160.51 -27.13
1 16.35 -135.64 -36.80
2 16.71 -135.51 -12.83
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

White

0 37.12 -160.51 27.13
1 16.35 -135.64 36.80
2 38.50 -126.48 36.42
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
Color

Segment
Number

x (mm) y (mm) z (mm)

12

Blue

0 160.51 -37.12 27.13
1 135.64 -16.35 36.80
2 135.51 -16.71 12.83
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

Green

0 160.51 -37.12 -27.13
1 135.64 -16.35 -36.80
2 126.48 -38.50 -36.42
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

Red

0 139.75 -87.25 -27.13
1 107.47 -84.35 -36.80
2 107.64 -84.01 -12.83
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

White

0 139.75 -87.25 27.13
1 107.47 -84.35 36.80
2 116.66 -62.21 36.42
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
Color

Segment
Number

x (mm) y (mm) z (mm)

13

Blue

0 113.50 76.38 -95.72
1 95.91 79.56 -67.01
2 80.41 72.73 -83.98
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

Green

0 78.05 61.70 -134.09
1 47.83 59.64 -119.06
2 57.26 37.61 -118.80
3 72.14 44.72 -103.15
4 63.65 65.78 -102.12
5 72.73 73.96 -152.77
6 82.33 50.30 -152.93
7 99.39 57.11 -134.51
8 89.31 81.09 -134.70

Red

0 98.82 11.57 -134.09
1 75.99 -8.35 -119.06
2 91.52 -1.51 -102.12
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

White

0 134.26 26.25 -95.72
1 124.08 11.56 -67.01
2 114.67 33.61 -67.30
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
Color

Segment
Number

x (mm) y (mm) z (mm)

14

Blue

0 -76.38 113.5 -95.72
1 -79.56 95.91 -67.01
2 -72.73 80.41 -83.98
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

Green

0 -61.7 78.05 -134.09
1 -59.64 47.83 -119.06
2 -37.61 57.26 -118.80
3 -44.72 72.14 -103.15
4 -65.78 63.65 -102.12
5 -73.96 72.73 -152.77
6 -50.30 82.33 -152.93
7 -57.11 99.39 -134.51
8 -81.09 89.31 -134.70

Red

0 -11.57 98.82 -134.09
1 8.35 75.99 -119.06
2 1.51 91.52 -102.12
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

White

0 -26.25 134.26 -95.72
1 -11.56 124.08 -67.01
2 -33.61 114.67 -67.30
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
Color

Segment
Number

x (mm) y (mm) z (mm)

15

Blue

0 -113.50 -76.38 -95.72
1 -95.91 -79.56 -67.01
2 -80.41 -72.73 -83.98
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

Green

0 -78.05 -61.7 -134.09
1 -47.83 -59.64 -119.06
2 -57.26 -37.61 -118.80
3 -72.14 -44.72 -103.15
4 -63.65 -65.78 -102.12
5 -72.73 -73.96 -152.77
6 -82.33 -50.30 -152.93
7 -99.39 -57.11 -134.51
8 -89.31 -81.09 -134.70

Red

0 -98.82 -11.57 -134.09
1 -75.99 8.35 -119.06
2 -91.52 1.51 -102.12
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

White

0 -134.26 -26.25 -95.72
1 -124.08 -11.56 -67.01
2 -114.67 -33.61 -67.30
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
Color

Segment
Number

x (mm) y (mm) z (mm)

16

Blue

0 76.38 -113.50 -95.72
1 79.56 -95.91 -67.01
2 72.73 -80.41 -83.98
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

Green

0 61.70 -78.05 -134.09
1 59.64 -47.83 -119.06
2 37.61 -57.26 -118.80
3 44.72 -72.14 -103.15
4 65.78 -63.65 -102.12
5 73.96 -72.73 -152.77
6 50.30 -82.33 -152.93
7 57.11 -99.39 -134.51
8 81.09 -89.31 -134.70

Red

0 11.57 -98.82 -134.09
1 -8.35 -75.99 -119.06
2 -1.51 -91.52 -102.12
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

White

0 26.25 -134.26 -95.72
1 11.56 -124.08 -67.01
2 33.61 -114.67 -67.30
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 0+
1 and 2+

1 states is shown in10Be Figure E.1. The

Figure E.1: FRESCO code used to model the 0+
1 and 2+

1 states in 10Be
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FRESCO code used to model the 1� , 2+
2 and 2� states in 10Be is shown in Figure E.2.

Figure E.2: FRESCO code used to model the 1� , 2+
2 , and 2� states in 10Be
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