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Abstract

The radioactive 2Al is an important probe for the interstellar medium of our
galaxy since it is observed through the emission of 1.8 MeV gamma rays from
the decay of 209A1 produced by the proton capture on ?Mg. But the production
of the galactic 2°Al is now still not well determined partially due to the lack of
knowledge of the important states in 2°Si which dominate the large uncertainty in
the 2°Al(p,7)?*Si reaction rate at nova temperatures.

In nova explosions, the proton capture of 2°Al competes with its 3 decay and
bypasses the production of 269Al, since the capture product 2°Si decays quickly to
26m Al instead of its ground state, without the emission of the 1.8 MeV gamma
ray. But at even higher temperatures, such as in supernova explosions, 2*Al can
be excited to the higher excited states by thermal excitation and then quickly de-
excite to the ground state, thereby enhancing the production of 269Al1. The energy
levels in 2°Si in the Gamow window corresponding to these temperatures therefore
need to be well understood in order to determine the #*Al(p,v)?Si reaction rate,
and thus the production rate of 26Al in these explosive environments.

Two experiments were performed to study the important states in 2°Si : one
is the p(*"Si,d)?Si* reaction at the NSCL, aiming to construct the level scheme of
low lying states around the proton threshold; the other experiment is a measure-
ment of the elastic scattering of 2 Al4+p with CRIB at RIKEN in order to obtain
information on states in a broad range above the proton threshold. Details of these

two experiments and their data analyses will be presented in this thesis.
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Chapter

Introduction and Motivation

In this chapter, an introduction to some relevant background knowledge on nuclear
astrophysics which is the research field of this thesis will be given briefly. Following

this is the explanation of the scientific motivation for the study of 26Si.

1.1 Stellar evolution, nucleosynthesis and abun-
dance

We know today that our universe started from the Big-Bang (BB) which makes the
first-ever nuclei to fill up the universe from hydrogen up to beryllium, with most of
them hydrogen and helium. As the universe cooled down after the BB explosion,
the hydrogen and helium gas contracted due to gravity to form the molecular
clouds from which the first stars were born due to the further contraction until the
final gravitational collapse. Upon its formation, the star steps into its long journey
of stellar evolution starting as a main sequence star! for 90% of its lifetime. Here

we will only give a simple introduction to the stellar evolution associated with the

'Most of the stars spend most of their lifetimes in burning hydrogen and are thus categorized
as a group of stars named the main sequence stars when they are in the hydrogen burning stage.
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nucleosynthesis of elements in the nuclear burning processes during the various
stages of the stellar evolution. More general knowledge of nuclear astrophysics
and more profound details about the following content can be found in many

references, such as [1] and [2].

1.1.1 Quiescent burning processes

When a star forms as a main sequence star out of the contracting molecular cloud
in the interstellar medium (ISM), it will still undergo further contraction because
the inward gravitational force still overcomes the outward internal pressure in the
star. Therefore the core of the star gets heated by the thermal energy continuously
generated from the conversion of gravitational energy. The core temperature and
the matter density keep increasing until a critical condition (7" ~ 0.01 GK; p ~
10? g/cm?®) when hydrogen ions (protons) gain enough kinetic energy from the
heating to tunnel through the Coulomb barrier between two protons which makes
it possible for protons to fuse together and release tremendous nuclear energy.
This process of burning hydrogen goes smoothly and the continuously generated
outward nuclear radiation impedes further gravitational contraction. Finally, the
two competing forces come to an equilibrium, where the core stops contracting.
This hydrogen burning process will last for a very long time since at this temper-
ature the protons have energies far below the Coulomb barrier making the fusion
of protons very slow. This is why most of stars remain in main sequence burning
hydrogen for most of their lives. During this process another abundant element,
Helium, is produced via the pp-chain reaction at low temperatures and CNO cycle
reactions at higher temperatures [1].

When all the hydrogen in the core has been burned up with only Helium re-
maining (but still with hydrogen outside the core), the main sequence of stars
ends and no nuclear energy will be generated to prevent the core from contracting
because at this time the core temperature has not become high enough for the

Helium ions to fuse together. The core eventually gets heated up again by the
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thermal energy from the gravitational contraction, and the core temperature and
density keep increasing until the critical conditions for Helium burning are reached
(T ~0.1-0.4 GK; p ~ 10*-10° g/cm?, [2]). The core comes to an equilibrium again
with Helium burning inside the core and Hydrogen burning still in the hydrogen
shell around the Helium core.

Such burning process will repeat in the subsequent Carbon burning, Neon burn-
ing, Oxygen burning and the final quiescent burning — Silicon burning, which will
result in, for a massive star, a very hot silicon burning core surrounded by layers
of burning shells of lighter elements from the Oxygen burning shell to the outer
hydrogen burning shell. Since the nuclear burning is ignited by the thermal energy
converted from the gravitational contraction of a star, how far a star can go in
the burning stages is then essentially determined by its mass. For low mass stars,
they spend their whole lives burning hydrogen, at most up to helium burning and
then die as white drawfs since their thermal energy is too small to ignite further
nuclear burning, while for massive stars, the gravitational contraction can provide
enough energy for them to go all the way to the last quiescent burning stage.

These quiescent burning processes can make contributions to the nucleosynthe-
sis and abundances of the elements up to iron since iron is the most stable element
and it is impossible for the any nucleus to overcome the large Coulomb barrier
to fuse with a iron nucleus under the quiescent stellar burning conditions. Other
mechanisms are therefore required to explain the nucleosynthesis of the elements
beyond iron — the explosive burning processes, to be described in the following

section.

1.1.2 Explosive burning processes

The explosive burning occurs in conditions of extremely high temperature and
density, which can never be achieved during the quiescent burning processes, and
is characterized by an abrupt increase in temperature and huge amount of nuclear

energy release in a extremely short time period (usually in about one second),
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compared with the relatively mild character and millions of years long journey of
the quiescent stellar burning. It happens when a massive star or a close binary
system comes to the end of its life. Recall that a massive star can keep burning
nuclei in its core until nothing can be burned leaving iron in the core. The star
then starts contracting again. The iron nuclei cannot be burned to counter the
further contraction. However the contraction confines the free electrons in the core
to become a degenerate electron gas, the internal pressure of which then stops the
contraction of the core. But as more and more mass in the shells around the core
becomes degenerate and is deposited to the core to make it reach a critical mass,
even the degenerate gas pressure can no longer support the core and the star then
ends its life by a core collapse and a subsequent explosion, ejecting their envelopes
rich in various materials into the interstellar medium where new stars will be born.

This scenario discussed above is just one of various explosive events in the
universe and is called Type II supernova explosion. Similar events to Type II
supernovae are the Type Ib and Ic supernovae with differences in that the massive
progenitor star of the Type Ib has its outer hydrogen layer blown off by stellar
winds or a companion star, and the progenitor star of the Type Ic has both the
hydrogen and helium layer stripped off. The progenitor stars of the Type Ib/Ic
are usually called the Wolf-Rayet stars.

Other explosive scenarios are the nova explosion and Type Ia supernova explo-
sion in a binary system including a carbon-rich (CO) white dwarf and a compan-
ion star — usually a main-sequence star or a red giant star. Due to the strong
gravity of the electron-degenerate matter in the white dwarf, the hydrogen-rich
material keeps being transferred from the companion star via the equipotential
surface (Roche lobes) of the two objects to the white dwarf, forming an accretion
disk around the white dwarf. When the material reaches the surface of the white
dwarf, it will quickly become degenerate due to the strong gravity of the white
dwart, resulting in the increase of temperature. Depending on the accretion rate

and the mass of the white dwarf, the white dwarf can end up with a nova explosion
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or a more explosive Type Ia supernova explosion. If the companion star is a low
mass star, the accretion rate will be low which allows thermonuclear runaway to
take place due to the high temperature near the bottom of accreted layers around
the surface of the white dwarf, associated with large amount of energy release. This
is the scenario of the nova explosion. If the companion star is a massive star, the
material will be quickly accreted from the star to the white dwarf and accumulated
in the degenerate form on its surface. As a consequence, the mass of the white
dwarf will soon exceed the Chandrasekhar limit and an explosion occurs disrupting
the whole white dwarf. This is the scenario of Type Ia supernova explosion.
During the explosion, the light elements, hydrogen and helium, in the outer
shells are burned in a completely different manner from that in the quiescent
burning processes due to the extreme explosive conditions. Light elements can be
also synthesized in the explosive hydrogen and helium burning, i.e., via hot CNO
cycles or breakout sequences from the hot CNO cycles. The heavier elements will
only be synthesized via the neutron capture processes (s-process and r-process)
and proton capture processes (p-process)? which can only occur under the extreme
conditions of explosive events. The neutrons in the s- process are produced in the
star before explosion, i.e., in carbon burning and oxygen burning stage, while the
neutrons in the r- process are due to the neutronization by the weak interaction
at the time of hydrodynamic contraction of later stage stars, i.e., presupernovae.
Nucleosynthesis in the s-process goes along a path close to the group of stable
nuclei and nucleosynthesis in the r-process goes along a path close to the neutron
drip-line. The p-process path in turn runs close to the group of stable neutron-
deficient nuclei. The s-process is responsible for nucleosynthesis of half of the
elements beyond iron while r-process makes the other half. It should be pointed
out that nova explosions and supernova Type Ia explosions contribute mainly to the
nucleosynthesis of light elements up to iron and have no important contributions

to nucleosynthesis of elements beyond iron.

2s- and r- represent slow neutron capture and rapid neutron capture, respectively and p-
represents proton capture.
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1.1.3 Thermonuclear reactions

Thermonuclear reactions occur throughout the whole course of stellar evolution,
from initial quiescent hydrogen burning to the explosive burning stages. It is the
dominant source of the energy generation in our universe and is the way by which
all elements including those in human beings are produced. At different stages of
the stellar evolution, different thermonuclear reactions take place due to the dif-
ferent conditions characterized by the temperature, responsible for the production
of specific groups of elements determined and limited by those conditions. The
abundances of different isotopes in the universe are calculated from the network
calculations using the thermonuclear reaction rates of various reactions occurring
in different stellar scenarios at different temperatures and matter densities.

Since in the stellar matter all elements exist in the form of a gas, the particles
should be treated collectively and their collective motions are therefore constrained
by the gas model, normally the Boltzmann-Maxwell (BM) velocity distribution. So
the calculation of the reaction rate will be weighted by the BM distribution of the
velocity. Besides, from the nuclear reaction point of view, the occurrence of re-
actions between individual charged particles are prevented by the resistance due
to the repulsive Coulomb force between them, that is, the Coulomb barrier. To
represent the possibility that a charged particle overcomes the barrier to react
with another charged particle, a penetrability factor is introduced into the cross
section for the nuclear reaction according to quantum mechanics. The higher the
energy of the reacting particles, the higher the penetrability and thus the easier
a reaction takes place. Combining these two effects together, the thermonuclear
reaction rate for a specific nuclear reaction will peak with the total energy (to-
tal kinetic energy in the center-of-mass frame) at an energy only determined by
the stellar temperature (besides the masses and charges of the reacting particles).
Therefore, a thermonuclear reaction can take place with highest probability within
a window around the peak energy, called the Gamow window. Since the energy

levels populated in the compound nucleus in a stellar capture reaction is directly
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related to the total energy, the most populated energy levels will be those corre-
sponding to the total reaction energies right within the Gamow window. In the
calculation of the reaction rate, those levels in the compound nucleus have the
dominant contributions while contributions from levels out of the Gamow window
can be negligible. So it is crucial for the network calculations of element abun-
dances to locate accurately the positions of energy levels of astrophysical interest
in compound nuclei in the important stellar thermonuclear reactions. More details

and the derivations of the thermonuclear reaction rates are given in Chapter 6.

1.2 Scientific motivation for the study of *°Si

1.2.1 ?°Al in the galaxy

The radioisotope 2°Al (half-life ;5 = 0.72 x 10° years) is an important probe for
Inter-Stellar Medium (ISM) of a galaxy, which is the birthplace of newly formed
stars. The presence of °Al in the ISM has been confirmed by searching for the
characteristic 1.809 MeV ~-rays from 26Al decay. It was discovered first by the
HEAO3 satellite through the detection of the 1.809 MeV ~4-rays and was later
mapped out in an all-sky distribution over the Galaxy by the COMPTEL telescope
installed on the CGRO satellite. It is through the Doppler-shift measurements
of this 1.809 MeV line by the next-generation telescope INTEGRAL that the
galactic 2°Al is confirmed to co-rotate with the Galaxy and therefore be distributed
throughout the whole Galaxy [3]. Figure 1.1 shows the all-sky maps of 26Al from
the COMPTEL results and the INTEGRAL as well.

Regarding the stellar sources of the the galactic 2Al, there is always a discrep-
ancy between the observed data from the satellites and the stellar models. The
all-sky map clearly shows that the 2°Al is more densely distributed in the spiral
arm of the Galaxy, which consists of mainly massive stars and indicates that novae
and low-mass star cannot be the major sources. One thing we are sure about is

that in the Galaxy there is about 1-3 solar mass of ?°Al. However, according to
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Figure 1.1: Map of the Al in the galaxy measured by the INTEGRAL telescope.
The background image of the milky way is overlaid with the COMPTEL map of
26 Al emission. (Adapted from reference: MPE, 2005)

the classical nova models, classical novae should be among the major contributors
to the production of 26Al [4, 6, 7]. A recent study on the nucleosynthesis of mas-
sive stars suggests that the 2°Al is mainly from the Type II supernova explosions
and the Wolf-Rayet stars [8] which fits very well to the observed data. In spite
of this, the current situation is still unclear and we still do not have a full un-
derstanding about the sources of the 2°Al. Nevertheless, now we know that apart
from the major contributors, AGB stars can also be a site for 26 Al production and
nova explosions are still significant contributors. Since there are large uncertainties
in the important reaction rates for the production of Al in explosive hydrogen
burning due to lack of the knowledge about the details of the explosive events [5]
and since they significantly affect the production of 2°Al, it is necessary for us to
perform more accurate measurements to reduce these uncertainties so that we can

put firmer constraints on the stellar model calculations and therefore gain more
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knowledge about the Galaxy as well as the ISM.

1.2.2 The importance of the 2 Al(p,v)*Si reaction

The characteristic decay ~-rays from ?°Al are produced in the following way: the
proton capture of Mg leads to 20Al in its ground state, then the ground state
26 A1 mostly decays to the first excited state of Mg by 3% and electron capture,
followed by the ~ decay of 2Mg to its ground state with an emission of the 1.809
MeV ~-ray. This 1.809 MeV ~ can be only produced from the the decay of the
ground state of Al (T3, = 7.17 x 10° years) and the 2°Al in its isomeric state
(Ty)s = 6.36 s)will directly decay to the ground state of *Mg without any -~

emission. Figure 1.2 shows how this characteristic 1.809 MeV ~ transition occurs.
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Figure 1.2: 1.8 MeV #~ transition from the decay of the ground state of 26Al.

The reaction path toward the production of the ground state of 26Al, denoted
by 209Al, is

PALBTv)*Mg(p, 7)*AL(BTv)* Mg*(v)**Mg.

In nova explosions (typical temperature Tg = 0.1 — 0.4), the proton capture



Ph.D. Thesis - Jun Chen McMaster - Physics and Astronomy

of 2°Al competes with its 81 decay and bypasses the production of 269Al since
the capture product 26Si decays quickly to the 0.228 MeV isomeric state in 26Al
(denoted by 2°™Al) instead of its ground state, resulting in no emission of 1.809
MeV gamma rays. Since the transition between the ground state and the isomeric
state is almost impossible due to their large spin difference (AJ = 5), a thermal
equilibrium cannot be established between the two states and therefore the 2°Al
nuclei in the two states should be considered as two different nuclei instead of
the same one, which therefore complicates the 26Al production and makes the
25 Al(p,~y)?°Si reaction very important. The reaction path toward the production

of the isomeric state of 26Al follows
#Al(p,v)Si(BT ) AL(BTv)* M.

Figure 1.3 shows in the chart of nuclei the different reaction paths toward the

production of the 2Al for different conditions.
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Figure 1.3: reaction paths toward the production of the 26Al.

At even higher temperatures in supernova explosions (typical temperature

Ty > 1), ™Al can be excited to the higher excited states, such as the 0.417

10
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MeV state (J™ = 37) and the 1.058 MeV state (J™ = 17), by thermal excitation,
and then quickly decay and produce ?°9Al again [14]. It is in this way that the
ground state of 26Al communicates with its isomeric state and achieves an indi-
rect thermal equilibrium between them via the intermediate higher excited states.
Figure 1.4 demonstrates such communication. A study in Ref. [14] has shown
that at such high temperatures the 2° Al(p,v)?*Si reaction dominates over that of
the 2 Mg(p,v)*° Al reaction and as a result, instead of producing the 2 Al, the

% Al(p,v)*®Si reaction will produce most of the 2°Al in its ground state.
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Figure 1.4: Communication between the 209A1 and the 2™ Al via the intermediate
excited states by thermal excitation at supernova temperatures.

1.2.3 Nuclear structure of 2°Si

We have already mentioned that the thermonuclear reaction rates of stellar cap-
ture reactions are determined by the energy levels of the compound nuclei within
the Gamow windows corresponding to the stellar temperatures at which these re-
actions occur. Therefore states in 26Si within the corresponding windows at nova

temperatures and supernova temperatures need to be well understood in order

11
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to determine the 2°Al(p,y)?°Si reaction rate and thus the production rate of 26Al
in these explosive environments. In the 2 Al(p,y)?°Si reaction, only states above

proton threshold (S,=5.518 MeV) in 2Si can be populated, as shown in figure 1.5.
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5945 0
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2%Al'f‘l) ;3678 l+ Rl
Q = 5515 keV

4183 3+

2784 2+
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Figure 1.5: In the *Al(p,7)?Si reaction, only states above proton threshold
(S,=5.518 MeV) in %Si can be populated. The Gamow windows at the typical
nova and supernova temperatures are indicated by arrows.

Figure 1.6 shows the level scheme of 26Si compared with that of its mirror
nucleus 2Mg.

The astrophysically important states in 2°Si have been studied with different
reactions [9, 10, 11, 12, 13] due to their dominant contributions to the large un-
certainty in the °Al(p,y)?0Si reaction rate at nova temperatures (red band region
in figure 1.6). But controversies exist on the spin-parity assignments for some

dominant states, such as the 5.912 MeV and 5.946 MeV states, and the level en-
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Figure 1.6: Level schemes of Al and its mirror nucleus 2Mg. The color bands
indicate the Gamow windows at different stellar temperatures; for example, the
red band is for the nova temperature range and the blue one is for supernova
temperatures.

ergies and spin-parities of the newly found states from those measurements also
need to be confirmed. Furthermore, comparison with the mirror nucleus points
to the possible existance of new states in 25Si, which may contribute strongly to
the 2>Al(p,7)%Si rate at supernova temperatures. To address these issues, we per-
formed two experiments: one is the p(*"Si,d)?0Si* reaction at the NSCL aiming
to construct the level scheme of low lying states around the proton threshold; the
other one is the elastic scattering of *>Al+p with CRIB [21] at RIKEN in order to
obtain information on states in a broad range (E,=5.6 MeV - 8.6 MeV) above the
proton threshold [23].
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Chapter

Two experiments for the study of

26Si

This chapter covers all the descriptions of the two experiments performed at two
different laboratories — NSCL and CRIB — including facility introduction, exper-
imental techniques and set-up, radioactive beams in use, detector configurations
for each experiment, and so on. For the production of the radioactive beams, more

details can be found in Appendix A.

2.1 The p(*'Si,d)*°Si* experiment at the NSCL
facility

This experiment aimed to measure the vy-decays from the low-lying proton-unbound
excited states of the product nuclei 26Si. At higher excited states, the ?°Si becomes
unstable and is destroyed by the more preferred particle decays. For this reason,
this v spectroscopy measurement was only used to study levels of 26Si in the low
energy range for which the beam energy was chosen according to the kinematics.

In the following, I will begin with the kinematics of this reaction.
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2.1.1 Kinematics

Let us consider the general case of a incoming beam particle in collision with

a target particle (two-body kinematics, non-relativistic). Figure 2.1 shows the

schematic diagram of the collision. Let us make the following notation:

my

my

my

S

) )
S

mass of the beam particle

mass of the target particle

mass of the recoiling heavy particle

mass of the detected light particle

kinetic energy of the beam particle before collision

Q-value of the reaction with the residue in the ground state

kinetic energy of the recoiling heavy particle after collision

kinetic energy of the detected light particle after collision

excitation energy of the recoiling heavy particle after collision
scattering angle of the light particle relative to the beamline direction

scattering angle of the heavy particle relative to the beamline direction

Using the conservation of the total energy and momentum before and after the

collision, we have the following equations

Tb+Q:To+TT+Ez
\/2mbTb = \/ZmOTO cos B + v/2m,T, cos b,
vV 2m,1,sin @ = +/2m, T, sin 0,

where v2mT' is the momentum of a particle of mass m with kinetic energy of 7.

We know Ty; T, is measured by detectors and 6 is calculated from the geometry of

the target and detector as well as the hit position on the positive sensitive detector.

The remaining quantities are unknown: 7, 6, and E,, among which the E, is of
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m, T

Figure 2.1: schematic diagram of a beam target in collision with a target particle.

interest. It is given by solving the above equations as a function of T, T, and 6

o 2/ oAvT,
EFQ+(1__)T,, (1+m—)To+—mbm =2 cos
m

T m'f" mT

For our case, we have my=m(?"Si) ~27 amu (atomic mass unit), m;=m('H) ~1
amu, m,=m(*H) ~2 amu and m,=m(?°Si) ~26 amu. ' Then the expression of F,

can rewritten as

E, = <1 - (2781)) T, — (1 . mOCH ) 7, 4 2V/mES)mCLT, o

m(26Si) m(20Si) m(26Si)
1 14
:—%Tb—ETo—I— \/TbT cosf + Q

Figure 2.2 shows plots of the correlations between E, and the deuteron energy
T, at various scattering angles that the scattered deuteron makes with the beam-
line, with the beam energy E,=89 MeV /A. These plots can be used to determine

the scan range of excitation energies we can obtain for a given beam energy. As

LAll the masses in this thesis are adopted from the Atomic Mass Evaluation.
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we can see from the plots, the range of our interest (£, = 5 — 8 MeV) can be

achieved by using the 89 Mel//A beam energy .
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Figure 2.2: Correlations between the excitation energy of 2°Si* and the energy of
the scattered deuteron at various scattering angles with the beam energy FE,=89

MeV/A.

2.1.2 The NSCL facility

The NSCL (National Superconducting Cyclotron Laboratory) is located on the

campus of Michigan State University and is a world leader in rare isotope research

and nuclear science education. It primarily consists of two superconducting cy-

clotrons — K500 and K1200, which are coupled together to make it possible to

produce many rare isotopes with the in-flight (fragmentation) method?.

Figure 2.3 shows the schematic diagram of the NSCL facility.

2See Appendix A for the methods of beam production
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Figure 2.3: schematic diagram of the NSCL facility with the two cyclotrons K500
and K1200, the A1900 fragment separator and the S800 spectrograph indicated.

The charged particles of the primary beam are produced from an electron
cyclotron resonance ion source (ECR) and then injected into the first K500 cy-
clotron to gain the first acceleration. Following that is the further acceleration of
the charged particles in the K1200 cyclotron where the beam particles get fully
stripped from the electrons and sent to the production target of the A1900 sep-
arator to produce the secondary (reaction) beam by fragmentation. Besides the
beam particle of interest, many other contaminant particles can be produced at
the same time as well. So right after the secondary beam production, the beam
separation is performed to separate out only the beam particles of interest which
then can be transmitted through the remaining part of the A1900 separator and
delivered to the different experimental lines, i.e. the S800 spectrograph.

2.1.2.1 S800 spectrograph

The S800 spectrograph is a magnetic device with large acceptance and high resolu-
tion for charged particle spectroscopy and is specially designed for nuclear reaction
experiments with radioactive beams [15]. The design is unique in that the spec-

trograph is installed vertically on a carriage instead of the traditional horizontal
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installation. This not only saves space but also makes it possible to rotate the
spectrograph from 0° to 60° for different experiment purposes. The S800 can be
operated in two different modes: a focus mode with the best momentum accep-
tance (+2%) but limited resolution (1 in 1000 in energy), and a dispersion matching
mode with the best resolution (1 in 5000 in energy for a 1 mm beam spot) but
limited momentum acceptance (£0.5%). More detailed descriptions of the two
modes can be found in Ref. [15]. Figure 2.4 shows the schematic diagram of the

S800 spectrograph. Table 2.1 lists some characteristic specifications of the S800.
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Figure 2.4: schematic diagram of the S800 spectrograph and additional components
of the upstream beamline.

In figure 2.4 the target position in the S800 analysis line is also indicated.
Surrounding the target, a y-ray detector array SeGA is installed, which will be
described in the following section. The SeGA array detects the y-rays from the
decay of the heavy reaction recoils, in coincidence with the detection of these recoils
at the S800 focal plane. An ultra-fast and radiation-hard detectors made from a

single-crystal diamond is installed in the S800 before the target for timing.
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Table 2.1: Characteristic parameters of the S800 spectrograph, adapted from [16].

Energy resolution 1 in 10000 FWHM
Dispersion 9.6 cm/% (AP/P)
Momentum Acceptance 5% (P)

Angular acceptance in dispersive 7°

Angular acceptance in no-dispersive 10°

Angular resolution 2 mrad

Position resolution 0.4

At the end of the S800 is the focal plane [15, 16]. The detector system at
the focal plane consists of a pair of cathode readout drift chambers (CRDC) for
beam tracking information, followed by a multi-segmented ion chamber for energy
loss measurement, and three large plastic scintillators for timing and total energy
measurements. Figure 2.5 shows the schematic diagram of the focal plane at the

end of the S800 spectrograph.

2.1.2.2 SeGA detector array

SeGA is a highly segmented germanium detector array. It consists of 24 sepa-
rate germanium detectors arranged in two rings at 37° and 90° with 12 detectors
for each ring. Each individual detector is divided into 32 segments providing ac-
curate 3-dimensional position for Doppler broadening correction of the measured
~v—ray energies. Further details on the SeGA array can be found in reference [17].

Figure 2.6 shows a photo of the SeGA detector array from the front view.

2.1.3 Experiment details

The radioactive *"Si (T /2=4.16s) beam in the experiment at NSCL was produced
by fragmenting 150 MeV /nucleon *¢Ar primary beam ions on a 940 mg/cm? Be

target, resulting in a beam energy of 89 MeV /nucleon, an intensity of about 1x107
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Figure 2.5: schematic diagram of the focal plane detector system at the end of the
S800 spectrograph.

pps and purity of about 36%. A 250 mg/cm? polypropylene foil (CH,) was used
as the secondary target which is surrounded by the highly segmented germanium
detector array (SeGA) detecting the gamma rays from the decay of 2°Si* recoils.
These gamma rays were detected in coincidence with the detection of the 20Si
recoils at the S800 focal plane. The 206Si recoils were identified by the time of flight
(TOF) between the diamond detector and the scintillator together with the energy

loss in the ion chamber.

2.2 The p(®*Al,p)*Al experiment at the CRIB
facility

We performed an elastic scattering experiment by bombarding a thick proton target

(polyethylene, CH,) with a radioactive heavy-ion beam of 2 Al. With the beam
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Figure 2.6: Photograph of the SeGA array from the front view.

losing energy and finally stopping in the thick target, a wide range of resonance
energies can be scanned in the inverse kinematics. Because only states above
the proton threshold (S,=5.518 MeV)? in the intermediate compound nucleus of
26Si can be populated in the scattering, this experiment aims to study only the

resonances above that, as complementary to the aforementioned NSCL experiment.

2.2.1 Kinematics and the thick target method

Usually in a nuclear experiment, a light stable beam is used to bombard a target
made of a relatively heavier long-lived particle and thus the normal kinematics ap-
plies. But in experiments involving radioactive beams, especially those for nuclear
astrophysics study, one uses heavy radioactive beam particles to bombard light

target nuclei and therefore the kinematics is reversed. To obtain the proper reac-

3the Q-value of the nuclear reaction in which a proton and a heavy nucleus form a compound
nucleus; only energy levels above this Q-value in the compound nucleus can be populated by the
mechanism of compound nuclear scatterings and reactions.
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tion information for compound nuclear reactions or scatterings, such as resonant
energies and the excitation function, the motion of the interacting particles should
be calculated in inverse kinematics, in which all quantities should be converted
from the laboratory frame to the center-of-mass (CM) frame.

Although we can deduce all the energies in the CM frame by the same normal
kinematics as used for deducing the excitation energy in the p(?7Si,d)?°Si* exper-
iment, there is simpler way to do that due to the symmetry and simplicity of the
elastic scattering in inverse kinematics. Figure 2.7 shows the schematic diagram
of the elastic scattering with both the quantities in the laboratory frame and their

corresponding quantities in the CM frame indicated explicitly.

v Ccin , T cm
m m
M T
b
o e
cmi , T cim
M M

Figure 2.7: schematic diagram of the elastic scattering in inverse kinematics.
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The notation in the figure is explained as follows:

m

M

Unr
cm

U

T

Tem
T
TS
Orap
Ocm

mass of the light target particle, i.e. proton
mass of the heavy beam particle

velocity of the center of mass

lab velocity of m after collision

CM velocity of m after collision

lab velocity of M after collision

CM velocity of M after collision

lab kinetic energy of M before collision

lab kinetic energy of m after collision

CM kinetic energy of m after collision
kinetic energy of M after collision

CM kinetic energy of M after collision

lab scattering angle of m relative to the beamline direction

CM scattering angle of m relative the beamline direction

According to the simple trigonometry, we can easily find the following relations,

setting v" = v, for elastic scatterings:

Uy = 20, €OS O

20106 + Oy = 180°

And then from conservation of momentum and kinetic energy, we finally obtain

the relation between the total kinetic energy in the CM frame E,,, and the detected

proton energy 1},, as well as the relation between E,., and the beam energy Ty,

5o M+ m
T AM cos? 0,
m

Ecm:
M+m b
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In order to scan a wide range of resonance energies, the thick target method [18,
19] was used. In this method, the target, usually a polypropylene target (CH,), is
chosen to be thick enough to fully stop the radioactive beam but thin enough for
the recoiling light particles, usually protons, to exit the target. In the travel path
of the beam particle from its beginning in the target to its final stop, the beam
particle continuously loses energy mainly due to the collisions with the electrons in
the target [20], and collides with the light target particles to scatter them mostly
into the forward solid angles in the laboratory system. Therefore, a wide range of
energy levels can be scanned simultaneously with only one beam energy, with the
maximum of the range corresponding to the beam energy; and the scattered light
particles can be detected at forward angles in the laboratory system. According
to the above derivations, we can express E.,, in terms of the initial beam energy
T, before entering the target, the stopping power [20] of the beam particles in the
target dF/dx and the differential target thickness the beam ion has traveled, as

follows,

m m *dFE
E..,= T, = T, — —d
M+m" M—l—m( /0 dx :c)

where z is the length that the beam has traveled in the target when a scattering
occurs.

For our case of the 2°Al+p elastic scattering, m ~1 amu and M ~25 amu.
Then we can rewrite all the relations as

2% 1
100 cos? Oy

1 1 Y dE
Epp==T=—|T,— / d—dx
26 26 o dx

2.2.2 The CRIB facility

Ecm

CRIB is the CNS (Center for Nuclear Study) Radioactive Ion Beam separator
located at the RIKEN campus at Wako in Japan. Figure 2.8 shows the schematic
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diagram of the CRIB facility. The primary stable beam, typically a few 100 pnA
(particles per nano ampere?), is produced and accelerated at an AVF cyclotron, and
then can be delivered into different experimental halls including CRIB for different
purposes. CRIB then uses the primary beam to bombard a primary gas target at
the FO chamber to produce different low energy (<10 MeV /u) radio-isotope (RI)
beams by the in-flight (fragmentation) method. The produced various RI beams
are then passed through two dipole magnets to separate them according to the
characteristic mass-to-charge ratios (A/q) of different nuclei or different charge
states (¢) of the same nucleus. The rigidities® (Bp) of the magnets are set to select

the desired beam particles with proper A/q based on the following relation,

Bp=—v 2.1
. (2.1)

where B is the magnetic field; p is bending radius of the dipole magnet; and A, ¢,
v are the particle’s atomic mass number, charge state and velocity, respectively.

After the first selection through the bending dipole magnets according to the
magnetic rigidity, a Wien filter, installed downstream of the two dipole magnets
as shown in the schematic diagram, provides further separation for beam particles
of the same magnetic rigidity but different masses (A) according to the velocity
of the beam particle. The Wien filter will be described in detail in the following
section.

With these techniques, the CRIB facility can produce intense and good-quality
RI beams with a typical intensity of 10* to 10° pps (particles per second®), which
are applicable for various studies of nuclear physics, especially for those related to

the nuclear astrophysics that needs high intensity and high purity RI beam [21].

41 pnA = 1 nano ampere/1 charge unit (e) = 6.3x10° particle per second

5This also refers to a particle’s momentum per unit charge in a magnetic field.

6For stable beams, we use the high intensity unit of pnA; for radioactive beams, we use the
unit of pps due to their low intensities relative to the stable beams.
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Figure 2.8: schematic diagram of the CRIB facility.

2.2.2.1 Beam selector — the Wien Filter

After the beam separation using magnetic dipole according to the different mag-
netic rigidities of different nuclei, the radioactive beam is still greatly contaminated
by radioisotopes with the same mass-to-charge ratios (A/q) but different masses.
Therefore, a secondary beam selector called a Wien Filter is used and it performs
the separation based on the different momenta. In this sense, the Wien Filter is
also called momentum separator. Figure 2.9 shows the schematic diagram of the
Wien Filter.

When it is working, there are two fields applied inside: a vertical electric field
and a horizontal magnetic field perpendicular to the beam line. The directions
are set in such that when a charge particle passes through, it will experience the
downward or upward electric force and the opposite magnetic force. Only when
the two forces balance each other can the charged particle go straight along the

beam line through the filter. Otherwise, the particles will deviate from the beam
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Figure 2.9: schematic diagram of the side view of the Wien Filter.

line and stop within the filter. When the two forces are equal, we can determine

the “passing-through” velocity in terms of the magnetic field B and the electric

field E as
E
— 2.2
b= 2.2)

Since we can find the beam velocity from the energy and mass of the beam particle,
by applying the proper electric field and magnetic field, we can select only parti-
cles with the right velocity and therefore prevent the contaminants with different

velocities from passing through the filter and proceeding to the target.

2.2.2.2 Experimental chamber (F3)

After the beam particles pass through the Wien Filter, they enter the experimental
chamber in which they will be identified and tracked using two PPAC ( Parallel
Plate Avalanche Counter) [? | detectors before they bombard the target. It is
because even the Wien Filter can not filter out the unwanted particles with the
same mass and the same charge as the desired beam particles and they will co-

exist with the beam particles and also react with the target. For example, for
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3 identical AE-E telescopes

E - silicon detectors
5 x 5 cm area, ~1.5 um thick

AE - double-sided silicon detector
5 x5 cm area, ~75 um thick

Thick CH, target

TOF(At) by 2 PPACs
10 x 10 cm area

* Beam

Figure 2.10: Set-up of the detectors in the experimental chamber.

our experiment, the final radioactive 2°Al beam on target is still contaminated
greatly by its mirror nucleus > Mg in the same charge state. Since in the inverse
kinematics the light target particles will be scattered primarily into the forward
scattering angles, the silicon detectors for detection of the scattered particles are
placed at such angles. Figure 2.10 shows the set-up of the detectors in the detector
chamber and figure 2.11 shows a photograph of the experimental chamber.

In case of inelastic scattering in which the heavy particle is scattered out in its
first excited state and immediately decays to its ground state with a ~-emission,
a Nal y-ray detector array is installed right above the target for detection of
the ~-rays in coincidence of the detection of the light recoils (protons) in the

silicon detectors. By this coincidence measurement, we can not only identify the
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Figure 2.11: A photograph of the experimental chamber (F3).

resonances in the inelastic scattering events, but also remove protons from these

events due to the measured proton spectrum of the elastic scattering events.

2.2.3 Experiment details

The elastic scattering experiment was performed using a 7.5 MeV /A 2*Mg®" pri-
mary beam. The reaction *H(**Mg,n)*» Al was used to produce the secondary 2> Al
beam with energy of about 3.4 MeV /A, purity of about 50% and intensity of up
to 1.2x10° pps. The secondary beam was identified by two PPACs (Parallel Plate
Avalanche Counters) which were also used for beam tracking to determine the
beam position on target and the scattering angle when combined with the proton
position measured on a PSD (Position-sensitive Silicon Detector). The secondary
target was a 6.58 mg/cm? CH, target, which was thick enough to stop the °Al
beam ions. The elastically scattered protons after the target were measured down-

stream by 3 sets of AE-E telescopes at 0°, 17° and 27°, respectively. Each telescope
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consists of one 75um double-sided 16chx 16ch PSD and two 1500um single channel
SSDs (Silicon Strip Detectors). Right above the target, 10 Nal detectors were used
to detect y-rays from the decay of the first excited state of the 2°Al produced in
the inelastic scattering.

Figure 2.12 shows a schematic diagram of the beam transport line along the
CRIB, and the beam tracking and proton detection systems in the F3 chamber.

FO gas target,

ﬂ D2 @ 760 Torr
AVF
E‘ / - D-( cyclotron ECR
u Secondary beam, Primary beam,
254113+, 5.3 MeV/u 24Mg8+, 7.5 MeV/iu

[0 ]

F3 scattering chamber

CH2
ppﬁm ppﬁcz M2 bee
D2 M3t—q3 Wien filter 1 =1t

Figure 2.12: schematic diagram of the beam transport line along the CRIB, and
the beam tracking and proton detection systems in the F'3 chamber.

The Si detectors — PSDs and SSDs — were calibrated separately with three
alpha sources (¥"Np, E,=4.788 MeV; *!Np, E,=5.486 MeV; **'Np, E,=5.805
MeV). A further calibration with proton beams of 5 MeV, 9MeV and 14 MeV was
used to correct for the pulse height defect of alphas in the Si detector. Since the
energy range of protons in the PSD used in this experiment is about 2 MeV, the
proton beams will punch through the PSDs, enabling the AE-E telescope to be

calibrated as a whole.

2.2.4 Electronics and Data Acquisition System (DAQ)

Each SSD has one channel and is only used for an energy measurement. Each PSD
has 16 x 16 channels and it also provides the energy measurement for reconstructing

the total proton energy and for AE-E particle identification. Besides, it can also
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provide 2-dimensional position information for calculating the scattering angles and
the timing information for particle identification using the TOF (Time Of Flight)
method only by which the low-energy scattered proton stopping in the PSDs can
be identified. The 2-dimensional position information in each PPAC, which is
used for beam identification and beam tracking (constructing the scattering angle
together with the positions from PSDs), is calculated from the four timing signals
it provides with two signals determining one dimension.

Figure 2.13 shows the diagram of the electronics for the detectors.

S Amp ADC
Pre
SSD — Amp —+% -
ast
Amp CFD l 1DC
Trigger “$8D”
S Amp ADG
Pre
PSD X —— pp [t —
as
— Ao CFD 1DC
Trigger “psD”
S Amp ADG
“Low gain”
Pre
PSD Y — Ao S Amp ADG

Figure 2.13: Diagram of the electronics for the detectors, adapted from [24].

There are three trigger modes: beam singles trigger (PPAC signals), beam
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coincidence trigger (beam and PSD signals) and pile-up trigger. The beam singles
mode is used when fine tuning the beam before directing the beam to the target
and it triggers events with no PSD signals. The pile-up trigger is used for flagging
the pile-up events which will be removed from the total events. The working
trigger is the coincidence trigger provided by the beam signals (PPAC signals)
combined with the PSD signal, and let through only events which have the beam
particles with the right energies and the protons with energies deposited in the
PSD. Figure 2.14 shows the electronic diagram of DAQ triggers.

The DAQ used at CRIB is the Barbel system and the online data analysis is
performed using the ANAPAW analysis package, both of which can are discussed
in more detail on the RIKEN DAQ website [25].
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Figure 2.14: Electronic diagram of the DAQ trigger, adapted from [24].
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Chapter

Some Basic Techniques in the Data

Analysis for Nuclear Experiments

In this chapter, before describing the detailed data analysis for our two exper-
iments, some basic analysis techniques and procedures used in our experiments
and also common in nuclear physics experiments will be introduced, such as the

particle identification techniques.

3.1 Particle identification (PID) techniques

Normally in nuclear beam experiments, especially for radioactive beam experi-
ments, the resulting beam can not be 100% pure and is inevitably contaminated
during the beam production. Also the reaction recoils are contaminated either by
the unreacted beam particles and the contaminants from the beam or by the other
reaction products. So we have to filter out the contaminants in order to get the
desired beam for the expected nuclear reactions. There is currently no electronics
or detectors which can recognize nuclear isotopes and automatically filter out un-
wanted information in nuclear experiments. The techniques normally used now are
the energy loss and the time-of-flight method which use combinations of detectors

to identify the measured particles based on their properties.
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3.1.1 PID using energy loss information in detectors — the

AE-E method

When a charged particle passes through the matter in a detector, it will interact
mainly with the electrons in the matter via the Coulomb interaction. The particle
will therefore lose its energy toward creating electron-ion pairs, which can then be
collected as an electric signal whose size is a measurement of the energy deposited
in the detector. Its energy loss per unit length in the matter is then related to its
charge (proton number Z) as well as its mass M !, and is given by the Bethe-Bloch
formula (see Eq.5.3 in Chapter 5) from which we find that

A% x f_j (3.1)
where v is the velocity of the particle. If a detector is thin enough to let the particle
pass through, the total energy deposited in the detector can be approximated as
the AFE in the above relationship with Ax as the thickness of the thin target. So
for different charged particles passing through the target, Ax is the same and we

can rewrite the proportionality as

AE x —. (3.2)

Since we have the total energy of the particle £ = %MUZ, we can find based on

the proportionality above that

AE x E o< M x Z*. (3.3)

In the plot of AE vs E, this corresponds to a hyperbolic curve for continuously

varying E or a point on such a curve for a single £ 2, with the curvature uniquely

LOf course, the energy loss is also related to proton number and mass density of the matter
of the detector and since we always use the same detectors in an experiment can treat them as
constants.

2The light reaction products usually have continuously varying energies according to the
reaction kinematics and the beam particles or the heavy reaction products in inverse kinematics
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determined by the mass M and proton number Z of the detected particle. By
measuring the energy loss AF in a thin detector and total energy in a following
thick detector (thick enough to stop the particle) and plotting them in the AE
vs E histogram, different particles can be clearly identified. Figure 3.1 shows the

simulation of the AF-FE curves of different nuclei.

AE-E particle identification

energy loss AE (arbitrary unit)

| ! | ! | !
2 3 4 5
total energy E (arbitrary unit)

Figure 3.1: Simulation of particle identification using the AE vs E histogram.

Since in real experiments the particles (beam particles or scattered products)
do not necessarily go perpendicularly into the AE-E array instead at an angle ¢
with the perpendicular direction, the proportionality for AE should be corrected
by a factor of 1/cos@, as shown in figure 3.2. But the histogram in figure 3.1 still
applies except for that there is a minor extension of width for each curve upward to
account for particles scattered into the rest angles. Examples from our experiments

can be seen in the PID section in Chapter 5.

usually have fixed energies or energies varying in a very small range.
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charged
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Figure 3.2: schematic diagram of the AF-F PID method.

3.1.2 PID using time of flight between detectors — the
TOF-AE method

The effectiveness of the AE-E method is limited by the particle energy and its
intensity on the detectors, since particles of high energy and high intensity will
damage the expensive detectors, for example in our experiments, the silicon PSD
(Position Sensitive Detector) detectors. So it is usually used for the identification
of low-energy, low-intensity light charged particles, such as protons and alpha
particles, but it is not useful for particles with energies too low to pass through
the thin AE detector, e.g., the PSDs in our CRIB experiment. For example, to
straightly penetrate through a 75um PSD, a proton needs a kinetic energy of at
least about 2 MeV and protons with energies under this 2 MeV threshold energy
will stop in the PSD and therefore will not be identified uniquely using the AF
vs E histogram. For these situations, another widely used PID method using the
time of flight (TOF) of the ions between detectors comes to play a role, since it is
just a time measurement between a “start” signal and a “stop” signal and thus not

limited by particle energies. Actually the TOF method is the most used method for
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neutron energy measurements. In the following section, we will discuss separately
the PID techniques using the TOF method for beam particles and scattered light
particles.

Let L be the distance between the two detectors providing the start and stop
signals and ¢ the time difference between the two timing signals. Then the velocity
of the particle can be calculated as v = L/t and the kinetic energy E of the particle
can be written as

E=ime =ty (£>2 (3.4)
2 2 t

First let us discuss the PID using the AE-TOF method for beam particles or
heavy reaction products which have many contaminants with energies that are
either fixed or varying in a small range. Usually their energies are high enough for

them to pass though the thin detectors for the energy loss measurement and thus

Eq. 3.2 can be used for AE. Then we find that
— x 7 (3.5)

In the AE vs time (of TOF) histogram, this corresponds to locus in parabolic
bands representing different isotopes with the same Z but different masses with
the masses increasing from left to right as the TOF increases. This is due to the
fact that usually these particles have similar energies, i.e., their F is almost the
same. Thus according to Eq.3.4, the smaller the mass M, the shorter the TOF
should be. Or according to the correlation between the magnetic rigidity, Bp, and
the mass-to-charge ratio of the particle, A/q, that is Bp = (A/q)v, we can find
the time-of-flight ¢t = L/v = (A/q)L/Bp. Since the Bp value is the same for all
particles, for isotopes with the same Z (or ¢), the bigger the mass (A), the longer
the time-of-flight. Similarly according to AE o Z%/v? = 2M Z?*/E, for the same
7, the smaller the mass M, the smaller the AE. For the same M, the bigger the
7, the bigger the AFE. Figure 3.3 and figure 3.4 show an example of PID for beam
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Figure 3.3: An example of PID for beam particles using the AE vs TOF histogram,
adapted from [27].

particles using the AE vs TOF histogram.

The PID for light reaction products is slightly different since the energies vary
continuously according to the kinematics as discussed above. For particles passing
through the AE detectors, the PID is the same as that described above and each
particle species is represented by a parabolic band. But for particles stopping in
the thin detector, their energy losses cannot be approximated using Eq. 3.2 since
the energy deposited is just the total energy F = %Mvz. Using t = L/v, we find
that

AE x t* o« M* (3.6)

According to this, these light particles can be identified in the AE-TOF histogram
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Figure 3.4: Another example of PID for beam particles using the AE vs TOF
histogram, adapted from [27].

by their masses. Figure 3.5 shows a simulation of PID using this method for

particles whose energies span a wide range.

3.2 Data analysis procedure for nuclear experi-

ments

When we have an idea for an experiment on our research subject, we write a
proposal and apply for beamtime. After the proposal is approved, we begin to
think about the detailed run plan and prepare for the experiment set-up. We then
work on the beam development, detector set-up, target preparation, electronics,

and finally the data collection. At this stage, it may seem that the experiment has
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Figure 3.5: A simulation of PID using the AE-TOF histogram for continuous AFE.

been successfully done. However, this is not completely true. The experiment is
just halfway being done since what we got during the experiment time is simply the
recording of the experiment — that is, the raw information about the experimental
runs — and we are still on the way to finding the results from the experiment. This
remaining job is the data analysis: it is part of the experiment and is as important
as the experimental runs themselves.

The raw data are obtained and converted from the electronic signals by the data
acquisition (DAQ) electronics, and then encoded into binary data for easy storage
and access. The raw data for our two experiments performed at two different
laboratories were encoded in different ways and their formats are given in the
Appendix C. The first step of the data analysis is then the decoding and sorting
of the raw binary data to the normal accessible data formats that depend on the

analysis program that will be used. Of course, we can directly analyze the raw
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binary file with the decoding and sorting included in the analysis program, but
it is always good and convenient for future further analysis to decode and sort
all raw data into new easily accessible data formats. And it is also good for the
standardization of the analysis programs since almost all the different laboratories
have different raw data formats and their own analysis programs and it is very
inconvenient and difficult for researchers at different laboratories to communicate
with each other, especially for researchers who are not based in a laboratory.
For example, the CRIB data is encoded into .rdf format and the NSCL data
is encoded into .evt format. To analyze these data directly, one needs to use
their own analysis program packages, which are the ANAPAW analysis tool [28]
for CRIB data and the SpecTcl analysis tool [29] for NSCL data. To reduce the
complexity of learning and using multiple programs for our data analysis, we can
use just their own decoding programs to sort our data (.rdf and .evt) into the
same data format (.root), respectively, so that we can use the same analysis tool
for both datasets. The most used general analysis tool is the C++ based ROOT
data analysis tool package [30]. In ROOT, we can decode the raw data of different
formats separately using the corresponding decoding method and sort them into
the same format — the .root format, which can be easily accessed and analyzed
by any user-customized ROOT program.

After the raw data is converted to .root format files, we can re-sort them by
placing constraints on the data and plot any data in the files for preliminary
analysis. At this stage, we can perform PID analysis by making the histograms as
discussed in the previous section. we can then write codes to make any necessary
corrections, i.e. for our experiments, energy loss correction for proton energies and
Doppler shift correction for vy-emissions, as well as the background subtraction
if there is any. After all of those analyses, we are finished with the raw data
and we can then proceed to the next advanced stage of data analysis. The fits
using theoretical functions can be made to the analyzed data from which the final

physical parameters will be extracted. These extracted results are then compared
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with the existing results from other experiments if these exist, or with theoretical
calculations. Only then can we really say that the whole experiment has been

completed.
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Chapter I

Data Analysis for the p(*>'Si,d)?Si*
Experiment at the NSCL Facility

4.1 Particle identification of beam recoils at the

S800 focal plane

Since the secondary beam on the CH, target is contaminated by lots of unwanted
particles, there are also y-ray emission from the reactions of the contaminants with
the target, which therefore contaminate the expected spectra from the decay of the
excited states of 25Si recoils. To eliminate the contaminant v-ray, we select the
y-ray emission events coincident with the 26Si recoils by gating on the 26Si recoils
at the S800 focal plane. The particle identification (PID) of *Si was made using
the AE vs TOF technique. The information of time of flight (TOF) is from the
diamond detectors and the scintillators while the AE is the energy loss in the ion
chamber at the S800 focal plane. Figure 4.1 shows the 2-dimensional histogram
of AFE vs TOF used for the PID. The area inside the red cut corresponds to the
26Si recoils. It is clearly seen that the 2Si recoils can be easily separated from the
other contaminants in this spectrum. To implement this PID in the code using
ROOT, we can use the TCutG class to define a cut around the ?°Si region in this

PID histogram and then apply the cut during the scanning through the raw data
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to obtain the spectrum of only the y-rays coincident with the 2Si recoils.

300

280

260

240

220

AE (a.u.)

200

180

160

140

120

1’II|III|I.II|II,_I|I_<I_I|<I<FI‘-|-|||__|-|III|_I~I|III-|III

-600
TOF (a.u.)

Figure 4.1: A 2-dimensional histogram of AE vs TOF for the PID of 26Si.

The

area within the red gate corresponds to the 2°Si ions.

4.2 Doppler broadening corrections for y-ray en-

ergies

Due to the high velocity of the beam particles, the Doppler broadening is prominent

for the gamma ray energy measurement. It is corrected for as follows:

where E. qop;, Ey measured, B, and 0 represent the corrected gamma ray energy, the

measured gamma ray energy, the ratio of the 27.Si beam velocity to the speed of
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light (8 = v/c) and the y-ray emission angle, respectively.

Here we use the 2757 beam velocity for the recoil velocity, which is v=0.386¢
for all v emissions in this experiment. The reason is that the energy loss due
to the reaction with the target and the v emission is negligible compared to the
high beam energy, also the recoil has a mass comparable with that of the beam
particle and thus the velocity of the recoils can be simply regarded the same as
the beam velocity. And it is also because that the recoil energies can not be easily
and accurately measured. Actually such measurements are unnecessary since the
above estimate is accurate enough when the beam energy is high and the energy
loss is low. When end detectors with high energy resolution are used to measure
the recoil energy, it is better we use the recoil velocity instead of the beam velocity
for this correction.

The ~-ray emission angle 6 is calculated according to the geometry of the
SeGA detectors and target. The SeGA array has 22 individual detectors and each
detector has 32 segments. The detectors are arranged at fixed locations and each
segment is assigned a coordinate in 3 dimensions. Figure 4.2 shows the coordinate
system for our experiment, with the direction of z-axis points to the downstream
along the horizontal beamline. The target is assumed to be at the origin and center
on the beam axis..

In the ~-ray measurement, the v-ray detected by the germanium detector
(SeGA) can be scattered within the crystal and deposit its energy in different
segments of the detector. The hit position of a y-ray in a detector during each
single event is chosen to be the position of the segment which has the highest de-
posited energy. Let (x,y, z) be the coordinates of a SeGA segment and (zy, vy, 2)
the coordinate of the target, which ideally should be at (z, y, 2)=(0,0,0). Then

the emission angle can be calculated via,

Z — Zt

cost =
V(@ —z)?+ (y — ) + (2 — 2)?

Figurse 4.3 and 4.4 show the uncorrected and corrected gamma ray spectra in
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Figure 4.2: Coordinate system for segments of the SeGA array..

coincidence with the 29Si recoils for the whole runs.
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Figure 4.3: Gamma-ray spectrum before Doppler correction in coincidence with
the 2°Si recoils for the whole runs.
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Figure 4.4: Doppler corrected gamma-ray spectrum in coincidence with the 26Si
recoils for the whole runs, including gamma-rays measured in all SeGA detectors.
The energies indicated are from skewed Gaussian fits for the peaks.

But in reality the target center does not sit exactly on the beam axis and it
can be shifted slightly from the origin up and down, or upstream and downstream.
If zero positions are still assumed in the calculation, this will result in, for a same
transition or F. neasured, different corrected energies in different detectors , which
will consequently broaden the v energy peak, worsen the energy resolution, and
increase the uncertainty in the determination of the peak centroid. Therefore, it is
necessary first to determine the target position more accurately before proceeding
to the next step of the data analysis. The procedure for improving the determi-
nation of the target position for better Doppler correction will be discussed in the

following section.
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4.3 Attempts to make the Doppler correction
more accurate

Here I describe two attempts to make the Doppler correction more accurate: one
is the target position determination mentioned above, and the other is an offset

correction for the calibrated ~ energy before the Doppler correction.

4.3.1 Target position determination for more accurate Doppler

correction

Ideally, a given v peak should always have the same peak centroid in the different
spectra from different SeGA detectors, ignoring the statistics uncertainties in de-
termining the centroids. But we found that peak centroids measured by different
SeGA detectors for a same v peak differ greatly. For example, table 4.1 lists the
peak centroids for the 1796 keV peak corresponding to the strongest £2 — 0 tran-
sition, extracted from spectra of different SeGA detectors with the target position
of (0, 0, 0) and Figure 4.5 shows how every peak centroid shifts relative to 1796
keV. Figure 4.6 shows the projections of all SeGA detectors on the target plane.
In this experiment, SeGA detector3, 7, 8, 11, 15, 16, 23, 24 were not used.

By changing the target position used in the Doppler correction, we can slightly
change the peak centroids in the corrected ~v-ray spectra and thus minimize the
root-mean-square (RMS) deviations from the expected value. By trying different
target positions within a small and reasonable range around (0, 0, 0) and comparing
the RMS deviation, we can find the optimal target position which has the smallest
RMS.

To find the optimized target position, firstly we fixed the z; coordinate of the
target position to be zero and scanned the (x, 3;) space to find the (x;,y;) with the
smallest RMS deviation for the SeGA detectors in the 37° ring. The reason why
we fixed the z; is that, the change in z; has negligible effect on the final correction

for the detectors in the 37° ring considering their long distance to the target in

20
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Table 4.1: List of peak centroids measured by different SeGA detectors for the
1796 keV peak.

detector | peak centroid
No. (keV)
1 1805
2 1827
4 1801
5 1800
6 1806
9 1796
10 1802
12 1787
13 1798
14 1769
17 1788
18 1789
19 1773
20 1780
21 1771
22 1781

the z-axis. Secondly we fixed the (x4, ;) to be the value found from the first step,
and iterated over z; to find the z; with the smallest RMS for the 90° ring. The
effect on the final correction for the detectors in the 90° ring due to the change in
(x4, y;) is minor compared to that due to the change in z,. This is why we fixed
(x4,y;) in the second step. Ideally, we should scan the whole (zy,v;), z; space in
one step, but it is heavily limited by the computer power due to the requirements
of large storage and computing speed. The (z;,y;) from the first step and the z
from the second step together give the optimized the target position (z, y¢, 2¢).
The reason we iterated (x4, 1y, 2;) in two steps instead of just iterating it in one
step for detectors both in the 37° ring and the 90° ring, is that the latter would
occupy much more computer memory, making the procedure very slow due to the
large file size, sometimes becoming impossible. Also, the effect on the detectors in

the 90° ring due to the change of (zy,y;) of the target position is minor compared
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Figure 4.5: Deviations relative to 1796 keV of the 1796 keV peak centroids mea-
sured by different SeGA detectors with the target at (0, 0, 0). Blue and red stars
represent the SeGA detectors at the 37° and the 90°, respectively.

with the effect on those in the 37° ring. The opposite is true when iterating the z;
of the target position in the second step.

Before the iteration, it is necessary to determine the step size and the range
of the iterations for (xy, v, 2;). To this end, I performed an analysis of the effect
of the step size on the RMS. Initially a step size of 0.05cm was used to iterate z;
and y; within the range of (-lem, lem). (In the following content, if not specified,
the unit of the position is in cm.) We choose a segment at (z,y, 2)=(10, 10, 20)
in a detector of the 37° ring, with z;=0 unchanged and 6 as the angle the segment
makes with the down-stream direction of the beam axis (direction of z axis). By

applying a change Ax; on x, we get the following change in cos#,

A(cos ) = cos(f — AfB) — cos b (4.1)
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Figure 4.6: Projections of SeGA detectors on the target plane with the target at
(0,0,0). The projections in the inner and outer ring represent the SeGA detectors
in the 37° ring and the 90 ° ring, respectively.

where Af is the change of 6 due to Az, and cos @ and cos(f — Af) are calculated
by

Z
cosf = (4.2)
VX2+Y2+ 72
with
X=r—u,~10,Y =y—y; =10, X =2z — 2z, = 2 = 20; (4.3)
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and
cos(f — Af) = -
VX —Azy)2+ Y2+ 22
B Z 1
CVXPHY?+ 22 [ g Anx L (Aa)
X24Y2472 X24Y2472 (4 4)
) .
~ cos 6
Axi- X
\/1 — 23y
AIt - X
~ cosf(1 + ST ZZ)

where we use the first order Taylor expansion to arrive at the last step.

Combining Eq. 4.2 and Eq. 4.4, we find
A.ﬁUt - X
A(cosf) ~ cosf - X ivii
A(cos 0) - Ar, - X (4.5)
cos X2+ Y24+ 72
~ 0.08%

The change in Doppler corrected ~ energy due to the change in the target position

is then,

1 — fcosb z 1 — Beos(f — AD)

ﬁ — Lmeasured m (4 6)

BA cos

= Emeasure
V-

Then, we find,

AEvdop - Emeasured

AFEg,  BAcost
Eop ~ 1—fBcosh
_ Peost x0.08%
1—pBcosb
0.386 x 0.8 x 0.08%

1 —0.386 x 0.8
~ 0.04%

o4



Ph.D. Thesis - Jun Chen McMaster - Physics and Astronomy

where $=0.386 and cos #=0.8 for detectors in the 37° ring.
Based on the above calculation, for the 1796 keV v energy, for example, the

change resulting from the change in the target position (Az, = 0.5mm)is,
1796 x 0.04% ~ 0.7 keV/ (4.7)

To find out the effect of AEy,,=0.7 keV on the RMS deviation, we assume that
RMS=10 keV for the 16 detectors measuring the 1796 keV ~ energy; that is,

16 i
i EZ - Emean 2
RMS = \/ il d”fi6 F_ 10 keV (4.8)

Then,

Emean + A-Eldop)
16

16 ;
C(EY  —
RMS + A(RMS) = \/ 2i1 By

~ V102 +0.72

~ 104 0.03 keV

(4.9)

So each step of iteration of the target position will result in a change in RMS,

A(RMS) = 0.03 keV (4.10)

This assures us that the iteration step length Ax= 0.05 cm is small enough to find
the best range of target positions.

Using the step length Ax=0.05 cm, the best target position with the least RMS
was found to be (0, -0.25, 0).

In order to further verify this result, we iterated the target position for (zy,y;)
around the one above using a shorter step length of Ar=Ay=0.01 cm. The best
result stays the same.

With the best (x,y;) found, we then iterated z; in the range of (-1,1) for the
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Table 4.2: List of the smallest RMS obtained under different conditions.

Smallest RMS

(z,y, 2)

37 degree array 90 degree array total
(z,y) vary least RMS=2.1189
z=0,fixed at (x,y)=(0, -0.25) 10.379 10.694
(x,y)=(0. -0.25) smallest RMS=2.0
fixed, z vary 1431 at z=0.25 8.724

v energies measured by the detectors in the 90° array and the best result is at
2z;=0.25. Table 4.2 shows the list of the smallest RMS deviations obtained in each
iteration, as well as the smallest RMS calculated for all SeGA detectors combined.

The optimized target position we found is (x4, yy, 2:)=(0, -0.25,0.25). All y-ray
energies were subsequently corrected using this position. Figure 4.7 shows how
every peak centroid shifts relative to the 1796 keV using the optimized target

position.

4.3.2 Offset correction to the calibrated 7 energy for more

accurate Doppler correction

From figure 4.7 even with the optimized target position, we can see that the peak
centroids measured by different detectors for the 1796 keV ~-ray still have consid-
erable deviations from the expected value, with a mean deviation of the detectors
in the 37° ring of 9.286 keV and 7 keV for those in the 90° ring. What causes
this deviation even after we have done an accurate energy calibration for the de-
tectors and corrected the target position? The intrinsic energy resolution of the
SeGA detectors may contribute partially but is not be the major source, since the
SeGA detectors have high energy resolution of about 1-2 keV. The 1796 keV -~y
peak is the strongest transition among all transitions and is now well determined
with an uncertainty of about 0.2-0.5 keV. All these considerations cannot explain

the considerable deviations. But we can think about that they might come from
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Figure 4.7: Deviations from the 1796 keV of the 1796 keV peak centroids measured
by different SeGA detectors with the target at the optimized position (0, -0.25,
0.25). Blue and red stars represent the SeGA detectors at the 37° and the 90 °,
respectively.

some factors we do not know, which altogether result in an offset to the energy
measurement for each single detector. Actually this is just like a second calibra-
tion using a well-determined peak from the measured spectrum. Here we use the
1796 keV peak as a calibration source to find the offset for each detector, since, as
mentioned, its energy is very well known.

Due to the motion of emission source, the measured y-energies should be cor-
rected for Doppler Broadening in order to obtain the real transition energies of
the v rays. But, because the measurements by the detectors are made for the ~
energies deposited in the detectors, the offsets we want to find should be applied to
the these energies rather than the ~ energies after the Doppler correction. Then,

how can we find these offsets from the v energy spectra? Let us start with the
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formula of Doppler correction but now with the offset added, that is,

1 — Pcosb

N

where E(’;Z“l now is the final v energy after Doppler correction and offset correction,

Ecjlzzal - (Emeasured + Offset)

(4.11)

Eeasureq 18 still the energy deposited in the detector and of fset is the energy offset
due to the possible causes we already mentioned above. Since the energy in the

present Doppler-corrected v spectrum was obtained by

1— (B cosb
Eaop = measuredﬁ (4.12)
then we can find that,
, 1— Bcost
inal
Ecjlcop = Edop + Offsetﬁ (413)
It follows that
ina 1— B cos 6
of fset = (Egop l_ Edop)/ <ﬁ> (4.14)

Apparently we cannot use this equation to find the offset because we don’t know
what Eﬁ;al corresponds to a given combination of gy, and 6, which is exactly
what we want to find after finding the offset first. But we can assume that a same
group of events making a peak in a particular range of energies in the spectrum
of Eg,p should also make a peak in the spectrum of Eg;;al at the expected energy
that the peak should have after we make the offset correction. For example, for
the 1796 keV peak, we may find a peak at 1800 keV in a v spectrum measured by
one of the detectors and we expect that, after adding the offset, all energies in the
previous 1800 keV peak region will now peak at 1796 keV. With this assumption,
and with the fact that all energies measured by the same detector have the same
offset and the average of all the involved energies corresponds to the peak energy,

we should be able to calculate the offset by taking the average of the angles 6 of
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all the v events that make up a peak and using the peak centroids; that is

final E

_ “peak peak
offset == W (415)

where E;";Z,jl and E,.qr represent the expected peak energy and the measured peak
energy in the Doppler corrected spectrum, respectively; cos @ is the average of cos 6
over all the involved y-emissions making the peak.

Here are the details for finding the offsets. By using the 1796 keV peak as
a calibration pealk, E;ZZ,?I:N% keV for all detectors. E,..; is the peak value
corresponding to the 1796 keV peak in the v spectrum measured by each detector.
we still need to know the cos#, which will be calculated for each detector using
a 2-dimensional histogram of cosf vs E,cqsureq for the v events making up the
peak corresponding to the 1796 keV peak. Figure 4.8 shows an example of this
histogram.

Of course, the offset correction is just an approximation and not a perfect
approach, since only one known peak is used to calibrate and calculate the offsets
which are then applied to all the other peaks. Different offsets might be obtained
if we use different peak or multiple peaks for calibration. Strictly speaking, it
cannot be simply assumed that the same offset calculated using one peak is valid
for other peaks to correct their peak centroids. However, since the 1796 keV peak
we used for calibration is the dominant peak and is much stronger than the other
peaks, it alone will give the best correction results compared with those obtained
using other peaks with low statistics, or using the combination of the 1796 keV and
other peaks, both of which result in more uncertainty than the approach involving
only the strongest peak. We did find finally that with the offset correction, the
quality of the spectrum was improved. Further improvement might be achieved
by introducing a gain to each detector which can be calculated to compensate for

the offsets. It will then be similar to the linear calibration.

After all offsets for the 16 SeGA detectors in both 37° and 90° were obtained,
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Figure 4.8: An example of a 2-dimensional histogram of cosf vs E,,cqsureq for
calculating the average of cos@ of a detector over the detected v emissions of the
1796 keV peak. This is for detector No.10 in the 37° ring with the Doppler-
corrected peak of 1796 keV at 1802 keV.

they were be applied to these detectors in the sorting program to resort the raw

experimental data.

4.4 Peak information from the corrected ~ spec-

trum

Figure 4.9 is the final fully corrected ~ spectrum, in which a new ~ ray is found at
2260 keV; and figure 4.10 shows the same spectrum from 3700 keV to 4600 keV,
where another new peak around 4100 keV is found. In gamma spectroscopy, a
Gaussian shape function is used for fitting the v peak to extract the peak infor-

mation, such as peak centroid energy, peak intensity and corresponding uncertain-
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Figure 4.9: The final corrected ~ spectrum for the whole energy range of the
detected ~-rays.

ties [58, 59]. For the formula used for the fitting, there are various forms which are
slightly different from one another in format, but essentially the same [58, 60] in
that they generally consist of three components: a main pure Gaussian shape of
the peak, a skewed Gaussian shape on the low energy side of the peak caused by
the pile-up effect and incomplete charge collection of the detector; and a quadratic
background at the bottom of the Gaussian shape. Here we use the following for-
mula which is adapted from the formula in the gamma analysis package GF3 [60],
and has the pure Gaussian, skewed Gaussian and quadratic background terms

listed below in order.
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Figure 4.10: The final corrected v spectrum — an enlargement from 3700 keV to
4600 keV where a new peak around 4100 keV is found.

YA (L= enpl (X~ X0 (20

s % cexpl(X — Xo) o] - erfel(o+ X — Xo)/(VZ-0)]  (4.16)

+a-X’+b-X+c

where
Y — yield of 7 rays;
A — a normalization factor;
R — contribution of the skewed Gaussian, out of 100;
Xo — peak centroid (keV);
o — standard deviation of the peak centroid (keV);

From the fitting the peak shape, the peak centroid and peak resolution can
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be obtained directly. The peak intensity is represented by the total counts within
the peak range. In gamma spectroscopy, a relative intensity is usually used with
the strongest transition having an intensity of 100, and the rest having intensities
relative to 100, given by the ratio between their yield and that of the strongest
peak. The total yield in a peak in the spectrum is equal to the area under that
peak and is calculated using the area of the fit function excluding the background

term for that peak!. The area of the fit function is calculated as below:

Peak Area

+oo
= / (Gaussian term + skewed Gaussian term)dX

= /_O:O(A- (1-— %) cexp[—(X — XO)Q/(Q : ‘72)])dX

+o0 (4.17)
+ / (4. j”o apl(X — Xo) o] - erfel(o + X - Xo) (V- o)])dX

A-R 20
(1__) VaTo + oy NG

— Ao(vEr + %ﬁ?m

and the uncertainty of the area is given by

e (RE e

When making the fitting, we can fit each peak individually or fit all peaks

together simultaneously. Here we choose to use the former option. The fitting
procedure is as follows: firstly, we roughly decide the peak energy range of the
peak to be fitted and make a fit; secondly, we fine tune both sides of the peak
range and repeat the fitting; finally, we compare all fitting results and choose the
fit with the smallest y? to extract the peak parameters and their uncertainties,

and to calculate the peak area and its uncertainty by error propagation using the

Lonly when the histogram has a binning of 1keV /bin; otherwise, the bin size has to be taken
into account when calculating the yield using the area.
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extracted peak information. Figure 4.11 shows an example of the skewed Gaussian
fit for the 1796 keV peak with each component in the fit function plotted in the
figure also. Figures 4.12 to 4.15 show the final fits for the other potential peaks in
the final v spectrum and the fits for the newly found peaks around 4110 keV and
2260 keV are shown in figure 4.16. All these fits are obtained by varying the fit
range, and making the parameter R fixed or free to vary to find the smallest x2.
Table 4.3 lists the extracted peak parameters and peak areas, and table 4.4 lists
the final energies for all v peaks, their relative intensities with respect to that of

the strongest v ray, and the uncertainties in the intensities and energies.
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Figure 4.11: The skewed Gaussian fit example for the 1796 keV peak with the fit
curve in black solid line, the Gaussian component in red dotted line, the skewed

Gaussian component in blue dashed line, and the quadratic background in green
dotted-dashed line.
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Figure 4.12: The fits for the peaks at 843 keV, 989 keV and 1326 keV in the gamma
spectrum.
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Figure 4.13: The fits for the peaks at 1404 keV, 1533 keV and 1954 keV in the

gamma spectrum..
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Figure 4.14: The fits for the peaks at 2024 keV, 2360 keV and 2648 keV in the

gamma spectrum.
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Figure 4.15: The fits for the peaks at 2785 keV and 3000 keV in the gamma
spectrum.
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Table 4.3: List of the peak parameters of all the peaks extracted from the best
fits and the calculated peak areas, along with the uncertainties. The uncertainties
in the parentheses for the energies is just the statistical uncertainty taken directly
from the fit results for the peak energies.

peak centroid o peak area e
(keV) (keV) (counts)
843.6(3) 8.0(5) 6300(682, 7.8%) 1.08
989.4(1) 9.4(3) 41134(1439, 3.5%) 1.70
1326.0(12) 14.4(28) 5448(1357, 25%) 1.50
1404.0(4) 15.8(7) 16725(876, 5.2%) 1.52
1533.0(5) 16.6(8) 14768(881, 6.0%) 1.66
1796.0(1) 16.3(1) 211961(31214, 14.5%) 1.79
1954.0(7) 17.9(22) 8976(1375, 16.6%) 1.47
2024.0(6) 17.3(21) 9435(1583, 16.8%) 1.75
2260.0(13) 21.1(43) 5038(1416, 28%) 1.17
2360.0(20) 33.7(33) 13456(1726,12.8%) 1.28
2648.0(3) 23.9(3) 63296(8717,13.8%) 1.12
2785.0(4) 25.3(12) 13061(760, 5.8%) 1.14
3000.0(12) 30.0(43) 4513(882, 19.6%) 1.12
4113(4) 10(5) <200 0.44
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Table 4.4: The final results for all v peaks: their energies, relative intensities with
respect to that of the strongest v ray, and the corresponding uncertainties in in-
tensity. The results from the present work are compared with previous results [13].

present work other work

E., (keV) I, E, (keV) L,
843.6(3) 3.0(3) 842.1(3) 3.6(4)
989.4(1) 19.4(7) 988.8(1) 26.4(7)
1326.0(12) 2.6(7) 1329.4(3) 3.9(4)
1404.0(4) 7.9(4) 1400.7(2) 10.1(6)
1533.0(5) 7.0(4) 1531.1(5) 4.8(5)
1796.0(1) 100(15) 1797.2(1) 100.0(5)
1954.0(7) 4.3(7) 1960.4(2) 10.6(6)
2024.0(6) 4.5(8) 2024.2(5) 4.3(5)
2260.0(13) 2.4(7) — —
2360.0(20) 6.4(8) 2360.2(8) 3.6(5)
2648.0(3) 30(4) 2648.8(3) 17.3(8)
2785.0(4) 6.2(4) 2785.5(3) 12.9(7)
3000.0(12) 2.2(4) 3001.0(4) 12.4(8)
4113(4) <0.1 — —
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4.5 Coincidence analysis of y-rays

Since a cascade of gamma rays can be emitted simultaneously from an excited
state in a single reaction, the y-ray coincidence analysis technique is usually used
to construct the level scheme. This analysis is made by gating on any gamma peak
energy of interest to get all gamma rays coincident with the gated one. Various
methods have been developed for pre-sorting of the data for this purpose [43, 42].
In this section, three methods for -y coincidence analysis which differ according to
how the coincidence spectrum is obtained are described here : by -y matrix, event-
by-event and by y-v-v cube. The one generally used is the y-y matrix technique

which was also used for this project. More details will be given in this section.

4.5.1 The -y matrix technique

The procedure of this method follows three steps: (1) making a y-v matrix from
the sorted data after decoding the raw experimental data; (2) finding the expected
coincidence spectra from the matrix by applying corresponding gates on it; (3)
finding the coincidence spectra of the corresponding background and subtracting
it from the spectra obtained in step (2). The background subtraction is also a big
concern for this analysis and it will be explained in more detail in the following

text.

4.5.1.1 Constructing the v-v matrix

We can start with a simple example assuming that during a single reaction event,
there are 4 v emissions with energies of 1, 2, 3, and 4 keV, after excluding all
contaminant energies by applying proper conditions. Since they are emitted in the
same event, they are in coincidence with one another and thus they are in a cascade
of emissions from an excited state to lower states. Finding all combinations of ~-
rays emitted in all events, we will be able to find out which v peaks in the final v

spectrum in figure 4.9 are in coincidence, which then provides us with information
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for constructing the level scheme. Among the four coincident energies we can
immediately find that there are 6 different 2 dimensional combinations: (1, 2), (1,
3), (1, 4), (2, 3), (2, 4), (3, 4), each of which represents a detection coincidence
of two ~ rays with the indicated energies and a position in the 2 dimensional
histogram with the X axis and Y axis in v energy. We can fill the histogram with
all the combinations. For simplicity and convenience, we use the bigger energy
value as the X energy and the smaller one as Y energy for each combination when
we fill the histogram, since the order of the two energies in the combination does
not matter. Then we can see that we always fill one half of the matrix below the
diagonal, as demonstrated in figure 4.17. By filling the matrix with coincidence
combinations from all events, all y-y coincidence information including that of
background is then stored in the matrix. All of the following coincidence analysis

will be made directly on the -y matrix.

4.5.1.2 Finding the coincidence spectra from the v-v matrix

Figure 4.18 shows a 2D histogram of the -+ matrix constructed from the exper-
imental data. By placing a peak gate on the X axis and projecting the gated
region onto the Y axis, we select all the coincidence events with the larger one of
the two v energies within the applied energy gate. Similarly, by placing the same
gate on the Y axis and projecting the gated region onto X axis, we select all the
coincidence events with the smaller one of the two ~ energies within the applied
energy gate. Adding the two projections together gives the spectrum of all v rays
in coincidence with the ~ energies in the applied energy gate, i.e., the coincidence
spectrum of the v peak in the gate.

The bigger the size of the energy gate we choose, the more coincidence events
we can select and also the more contaminant coincidence ~ rays and background
there will be. But if the gate size is too small, the statistics in the coincidence
spectrum will be very low and give less coincidence information. Therefore, we

have to compromise between the statistics and accuracy and try carefully to find
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Y energy
AN

Y energy

Figure 4.17: An example of filling the y-y matrix—the 2-dimensional coincidence
histogram. The demonstration is for a single beam event only and each point
represents a coincidence.

the optimal coincidence gate. Figure 4.19 to figure 4.21 show the gating process
and the resulting coincidence spectra for the peak at 1796 keV.
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Figure 4.18: A 2D histogram of the -y matrix constructed from the experimental
data using the technique described in the previous subsection.
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Figure 4.19: Top: gating on the X axis for 1796 keV and projecting the gated
region onto the Y axis to find all the coincidence events with the 1796 keV ~-ray
as the larger of the two energies in coincidence. Bottom: the coincidence spectrum
obtained from the projection.
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Figure 4.20: Top: gating on the Y axis for 1796 keV and projecting the gated
region onto X axis to find all the coincidence events with the 1796 keV ~-ray as
the smaller of the two energies in coincidence. Bottom: the coincidence spectrum
obtained from the projection.

7



Ph.D. Thesis - Jun Chen McMaster - Physics and Astronomy

350

300

250

200

Events/10 keV

150

100

50

0 L1 | | | | L1 | | - | | - | | - | | I |
500 1000 1500 2000 2500 3000 3500 4000
Energy (keV)

Figure 4.21: The coincidence spectrum obtained by combining the projections on
the X axis and the Y axis shown in figure 4.19 and 4.20.

4.5.1.3 Subtracting background coincidence events from the coinci-

dence v spectrum

When we gate on an energy range to get the coincidence spectrum for a peak
in this range, what we actually obtain is a mixture of the coincidence spectrum
of the peak v rays and that of the background ~-rays in the same peak range.
This brings considerable contaminant v rays disguised as real coincident v-rays
into the coincidence spectrum making it impossible to decide whether a peak in
the coincidence spectrum is a real coincident peak or only a contaminant one
from the background coincidence. Therefore it is necessary to find the background
coincidence spectrum and subtract it from the peak coincidence spectrum.

There are different methods commonly used now for background subtraction
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of the v coincidence spectrum [44, 45, 46, 47, 48, 49|, but the basic ideas are the
same: to simulate or estimate the background in the coincidence spectrum and then
subtract it from the spectrum. What I want to clarify here is that the background
to be subtracted is from estimation or simulation rather than the real background,
since it is impossible to separate the background ~-rays from the actual transition
~-rays in the energy range of the gated peak. Because of this, there is not a very
precise way to do the background subtraction. The method used in this analysis,
which is the usual way for background subtraction in «-v analysis, is to place two
energy gates on the tails on the both sides of the gated peak, with the sum of the
two gate width equal to the gate width on the peak, to estimate the coincidence
~v-ray background inside the gate on the peak. For peaks with other peaks sitting
closely on their tails, gating on tails will bring plenty of contaminant coincident
~-rays of the neighbour peaks. For these cases, gates are be chosen on the nearby
smooth regions as close to the gated peak region as possible, and the widths of the
background gates are not necessarily made equal. Figure 4.22 demonstrates how
the gates are chosen for the two situations.

Figure 4.23 (black histogram) shows an example of a coincidence spectrum of
the v peak at 1404 keV from the transition between the excited state of 2°Si at
4184 keV to the excited state at 2783 keV [50]. The energy of the 4184 keV state
can then be confirmed within the uncertainty range by the existence of a cascade of
~v-rays of 1404 keV, 989 keV and 1796 keV. Also shown in red is its corresponding
background spectrum, which is estimated by placing gates on the tails around the
gated peak, since it is not practical to separate the background v rays from the
actual transition v rays inside the gated peak energy range.

Figure 4.24 to figure 4.29 show the coincidence spectra for other peaks.
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Figure 4.22: Top: choosing the background gates on the tails of the gated peak if
they are flat enough, gates for 1796 keV peak with the red one indicating the peak
gate and blue ones the background gates. Bottom: choosing the background gates
on the smooth regions close to the gated peak if other peaks sit on its tails, with
the main gate on the 2647 keV peak.
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Figure 4.23: An example of a coincidence ~-ray spectrum for the 1404 keV ~-ray
in black with its background shown in red.
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Figure 4.24: Coincidence vy-ray spectra for 843 keV and 989 keV ~-rays in black
with the background shown in red.
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Figure 4.25: Coincidence 7-ray spectra for 1326 keV and 1533 keV ~-rays in black
with the background shown in red.
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Figure 4.26: Coincidence 7-ray spectra for 1796 keV and 1954 keV ~-rays in black
with the background shown in red.
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Figure 4.27: Coincidence 7-ray spectra for 2024 keV and 2260 keV ~-rays in black
with the background shown in red.
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Figure 4.28: Coincidence 7-ray spectra for 2360 keV and 2648 keV ~-rays in black

with the background shown in red.
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Figure 4.29: Coincidence 7-ray spectra for 2785 keV and 3000 keV ~-rays in black
with the background shown in red.
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Table 4.5: The energy levels and associated v transitions extracted from the anal-
ysis.

JT E, (keV) ~ cascade (keV)
oF 1796.0(1) 1796.0
o 2785.0(4) 089.4°+1796.0
2785.0
0F 3329.0(6) 1533.0°+1796.0
3+ 3750.0(7) 1954.0+1796.0
33 4189.4(5) 1404.0--989.4+1796.0
o /4t 4444.0(4) 2648.0-+1796.0
45 4796.0(12) 3000.0+1796.0
(0F) 4809.4(6) 2024.0°+989.4+1796.0
2024.0+2785.0
o 5145.4(21) 2360.0--989.4+1796.0
45 5287.6(5) 843.64+-2648.0+1796.0
o 5515.4(14) 1326.0+1404.0+989.4+1796.0
(47) 6449.4(14)¢ 9260.0°+1404.0+989.4+1796.0
(25 /33) 5900(4)" 4113+1796.0

“potential doublet,with the transition from F,=3750 keV to F,=2785 keV.
bpotential doublet,with the transition from E,=5291 keV to E,=3756 keV.
“potential doublet,with the transition from F,=4831 keV to F,=2785 keV.
dno match from database [79].
“no match from database [79)].
feould be the known 5912 keV state in the literature or the new state 5886 keV found in the
2 Mg(*He,nv)?5Si experiment at the University of Tsukuba [39].
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After all cascades are extracted from the -y coincidence, they are be compared
to the equivalent ones from the well known states in 2Mg [80], the mirror nucleus of
26 A1, to determine their spin-parity assignments. Table 4.5 lists all levels associated
with possible transitions extracted from the analysis, based on which the level

scheme of 2°Si is constructed, as shown in figure 4.30.
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Figure 4.30: Level scheme of ?°Si based on the results from this analysis.

1796

0

4.5.2 The event-by-event technique

The event-by-event analysis is the most straightforward way to make the -y co-
incidence spectrum in that we just need to put constraints on energies to select
only the events with -ray energies in the constrained peak ranges. This allows us

to get more precise coincidence spectra without worrying about the overlap in the

89



Ph.D. Thesis - Jun Chen McMaster - Physics and Astronomy

gate area in the total coincidence spectrum caused by the adding-up of the two
projected coincidence spectra from the y-y matrix, as described in the previous
section. But the big disadvantage of this method is that it is very slow, hardly
interactive and very inconvenient. It is because of that we need to read through all
the data every time we make the coincidence spectra and that we need to specify
the peak gates and background gates beforehand which we will use to make the

coincidence spectra for. As a result, this method was not used in our data analysis.

4.5.3 The v-v-v cube technique

By using the -y matrix, we can find any two 7-rays that are in coincidence with
each other. But in a ~ transition cascade, there are usually more than two ~-rays if
the transition cascade starts from a high energy level. The ideal situation is that we
can find all the v-rays that are in coincidence in one event, so that the construction
of the cascade becomes much easy and straightforward. But this is neither practical
nor necessary, as will be explained in the following context. For example, if using
the event-by-event method for this purpose, we need to put even more constraints
on the v energies in order to find all coincident y-rays in a single event at one time,
which means more running time and more complexity. Besides, we cannot decide
which y-rays should be in coincidence before the analysis in order to determine the
constraints, which is exactly what we want to find out from and after the analysis.
We can also consider using a higher dimensional matrix for the purpose of finding
all coincident y-rays at one time, but the problem is that we cannot know how
many -rays are in one cascade in order to determine the dimension of the matrix,
and that the number is not the same for all events. Having said that, although we
might not be able to find all the coincident ~-rays from one event, the higher the
dimension of the coincidence matrix, the more ~v-rays we can find in coincidence.
However, another challenge immediately arises in that constructing the matrix is
seriously limited by computational power, because additional dimension requires,

depending on the size of the data, thousands of times the storage space of what
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the lower dimensional matrix has already occupied, and an even faster computer
speed. In this sense, a much higher dimensional matrix is not practical. However,
the 3-dimensional y-y-y cube is still practical and could be the upper limit. But the
new difficulty now is the challenge of the background subtraction in the projection
from the triple v cube to v~y matrix when we gate on a v energy on one dimension
of the cube to find the corresponding -y coincidence matrix for this energy. This

makes the analysis very complicated and a method using this triple v cube can be

found in Ref. [60].
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Figure 4.31: Distribution of multiplicities of all the data showing that most of the
events have only one or two 7-rays in coincidence. This indicates that the -y
matrix technique is adequate enough for the data analysis.

Actually, we can check the distribution of multiplicities of all the data to de-
termine whether to use a higher dimensional matrix. Figure 4.31 shows the mul-
tiplicities of all our data and we can see that most events have only one or two

~-rays in coincidence probably because other v-rays in the same events are either
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too weak to be detected or miss hitting onto the detectors. Some other reasons
such as electronics may also exist. It therefore turns out that for our data, the
~v-v coincidence analysis is efficient enough and it is not necessary to use the y-vy-y

cube.

4.6 Results and discussions

The results extracted from the data analysis of this experiment are listed in ta-
ble 4.5. The spin-parities are quoted from the literature or assigned by comparison
with the possible corresponding levels in the mirror nucleus. Since the experiment
aimed to confirm the known levels or to find new levels in 2*Si by measuring only the
v-decays from the excited 2°Si nucleus, no information is obtained at the S800 focal
plane for the other reaction product — the deuteron. If such information could be
obtained, the reaction kinematics geometry, such as the exit angle, and reaction
position on the target could be reconstructed using a transfer matrix calculated in
a program called COSY INFINITY [31], developed by researchers at NSCL. Thus,
the DWBA (Distorted Wave Born Approximation) [32, 33| analysis of the differ-
ential cross-section could be used for making the spin-parity assignments with the
analysis code DWUCK [34]. The spin-parity assignments can also be made by the
angular correlation measurements (or DCO — directional angular correlation of
coincident y-rays from oriented states of nuclei) of the « emissions [35, 36, 37, 38|,
which were not determined in this experiment. The idea is that, by measuring the
ratio of the intensity of the y-ray from the state of unknown spin-parity ! to the
intensity of a coincident y-ray in the same cascade with known multipolarity, and
by comparing the ratio with the theoretical value, we can then find the multipo-
larity of the former v-ray and therefore deduce the spin-parity of the state from
where this y-ray comes.

The newly found ~-ray with energy EF=4113 keV could be from the decay
of the 37 5914 keV state found in the 2%Si(p,t)?°Si measurement [9, 12] (with

'That is, the multipolarity of the y-ray is unknown.
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the spin-parities assigned using a DWBA calculation) and the **Mg(*He,n)?Si
measurement [11] (with the spin-parities assigned using the Hauser-Feshbach (HF')
calculation of differential cross section [40, 41]), to the first excited state of 27,
1796 keV. However, it could also be the 4089 keV ~-ray from the decay to the first
excited state from the 0T, 5886 keV state found in a recent **Mg(*He,n)%Si re-
measurement at Tsukuba University [39], with the spin-parity assigned using the
DCO method. According to the 4113 keV centroid determination of the v peak
in our analysis, and the transition probabilities to the 2% state from the 3%, 5912
keV state and from the 0T, 5886 keV state, the former possibility is more likely
based on our results.

For the v-ray with energy around 2260 keV, no match can be found in the
literature. But from the coincidence spectra, we can clearly see that this y-ray is
in coincidence with the y-ray of 1404 keV in the M1/E2 transition from the 4183
keV 3T level to the 2784 keV 27 level, as well as with the y-ray of 843 keV in
the E2 transition from the 5291 keV 4% level to the 4446 keV 2% level. If this
is true, the level from which the 2260 keV can be emitted have E,>7551 keV.
So far however, such v transitions have not been experimentally observed [80].
After considering this, we exclude this possibility that such higher energy levels
are the candidates for the 2260 keV ~ emission. We also found that there is a
probable M3 transition with an 851 keV ~-ray from the 4183 keV level to the 3332
keV 0%, which is however not seen in the total v spectrum probably because it is
too weak compared with the strong 843 keV E2 transition. If the observed ~-ray
around the 843 keV, that is coincident with the 2260 keV ~v-ray, is really from this
transition, then the state responsible for the 2260 keV ~ emission could be a level
around 6443 keV or above. In this energy region, there is an 07 level at 6471 keV
with a possible weak M3 transition to the 4183 keV, which however, has not been
experimentally observed before. In the mirror nucleus Mg, we find that there is
an M1/E2 transition with a 2272 keV ~-ray from the 6623 keV, 41 level to the
4350 keV, 31 level, where the latter is the mirror level to the 4183 keV, 3" level
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in 26Si. It is more probable then that the 2260 keV ~-ray seen in our experiment
is from the transition between the 4% mirror level of the 6623 keV, 4 level in
nucleus Mg to the 4183 keV level. Based on these considerations, we therefore
tentatively claim a new level in 25Si at 6446 keV with spin-parity 4T, taking the
level energy of 4183 keV as the average value (4186 keV) of the literature value
(4183 keV) [79] and our result (4189 keV).
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Chapter

Data Analysis for the p(>°Al,p)>Al
Experiment at the CRIB Facility

5.1 Particle identification (PID)

As mentioned in Chapter 2, the radioactive °Al beam is still heavily contaminated
by the Mg particles from the primary beam, and these can scatter the protons
out of the target as well. Also, the light reaction products include other unwanted
particles besides the proton, mostly alpha particles. Therefore, PID for both the

beam particles and the reaction products is needed.

5.1.1 PID for the Al beam

The radioactive 2 Al beam is contaminated with other isotopes from the beam
production, among which the primary beam particles ?*Mg is the dominant one.
Based on their different properties, such as mass and charge, we can easily separate
the 25 Al beams from those contaminants by using the combination of Bp settings,
time-of-flight (TOF) method and energy-loss measurement at F2 chamber. The

1

RF (Radio Frequency) time ! was used to separate the ?° Al beam particles from

!'The RF time refers to the time of flight between the RF signals from the AVF cyclotron
and the timing signal from the PPAC in the F3 chamber [62]. The AVF cyclotron has two RF
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the 22M g particles since the ?® Al particles have smaller energies and larger mass
than the 24 Mg particles and thus are transported slower. Figure 5.1 shows the RF
spectrum in which the 2 Al and ** Mg can be clearly identified by placing a gate
of RF time on each of them . The histogram of X and Y positions of the beam
on PPACs can be also used for PID, as shown in figure 5.2. Figure 5.3 shows the
positions of 2> Al beam particles on the PPAC after applying the RF cuts for the

selection of the 2° Al.

24Mg .

RF #
!

24Mg 25A|

0||||||||||||||||||' | SRR R
0 10 20 30 40 50 60 70 80

RF time (ns)

Figure 5.1: Particle identification of 2 Al and ?*M g using RF time. Left columns
correspond to the 2*M g while right columns correspond to the 2 Al. The Y axis
label represents the number of the RF resonators.

5.1.2 PID for the proton recoils

The scattered protons that punch through the PSD were identified by using the
AE versus E spectrum, while the spectrum of PSD energy versus TOF (between

resonator systems which provides two kinds of RF signals [63].
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Figure 5.2: Particle identification of 2> Al and 2*M g using X&Y positions of beam
particles on PPACs. 2° Al particles accumulate at the center of the PPAC and the
M g accumulate to the right of the center.

the PSD and the second PPAC) was used to identify protons punching through the
PSD and the ones stopping in the PSD. Figure 5.4 and figure 5.5 show the particle
identification of protons. When sorting the data, we can apply a gate around
the proton region to choose only scattering events in coincidence with protons in
the chosen region. The virtual gate is actually a combination of conditions for the
associated variables in an event, such as PSD energy and TOF, to confine the event
inside the gated region. It has to be pointed out that before this PID all silicon
detectors (PSDs and SSDs) must be calibrated first since the different detector
channels have different responses to the same energy signals. The calibration of

the silicon detectors is explained in the next section.
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Figure 5.3: Al beam particles on PPACs after applying the RF cuts for 2 Al on
the histogram of RF time.

5.2 Energy calibration of the silicon detectors

A 3-a source was used to calibrate the silicon detectors, including the PSD and
SSD. Due to the pulse height defect (see page 275 in Ref. [2]), a secondary proton
calibration based on the « calibration was made using proton beams of various

energies.

5.2.1 Primary calibration using 3-a source

Recall from Chapter-2 that there are in total 96 PSD channels with 32 channels for
each PSD and 6 SSD channels for 6 SSDs. Different detector channels have different
responses to one energy signal and therefore each channel must be calibrated. For
example, figure 5.6 shows the histogram of all PSD channels before calibration for

the data runs using a 3-a source. Table 5.1 is a list of energies of the 3-a source
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Figure 5.4: Particle identification of protons using a 2-D histogram of E versus
AE for the silicon telescope at zero degrees only for identifying scattered protons
punching through the PSD.

used for the energy calibration. For the a energy spectrum obtained for each
detector, the three peaks are fitted with a Gaussian function and then the peak
centroids from the fits are be used as the data points for a linear fit(or for a more
accurate calibration, a quadratic fit) to find the final calibration parameters, such
as the gain and offset for each detector channel. The equation for the calibration

is as follows:

Energy, = gain, X (energy channel - offset,,) (5.1)

where gain, and of fset, are from the a calibrations.
Figure 5.7 shows an example of the a spectrum for one PSD, channel and the

linear calibration of channel to energy is also shown in the same picture with the
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Figure 5.5: Particle identification of protons using a 2-D histogram of AE versus
time-of-flight (TOF) for identifying scattered protons both punching through the
PSD and stopping in the PSD.

Table 5.1: List of energies of the 3-a source for the energy calibration of the silicon

detectors.

« source | « energy
BTNy | 4.788 MeV
241 Am 5.486 MeV
24Cm | 5.805 MeV

axis of energy at right in green.

5.2.2 Pulse height defect effect

The silicon detector has different responses to particles with different charges when

measuring the energies of the particles. This means that the electron collection
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Figure 5.6: Histogram of all PSD channels before calibration for the data runs
using a 3-« source.

efficiency of the detector will be different when particles with different charges
deposit energy in the detector, resulting in different measured pulse heights for the
same energy that different particles have and makes energy calibration correct just
for the measurement of the same particle as used for the calibration. This is so the
called “pulse height defect” effect. In our case, we measure the proton energy in
the experiment but use the a source for energy calibration. Therefore, the pulse
height effect must be taken into account. This effect is reduced or eliminated
by performing a secondary energy calibration using proton beams — the same

particles that we measure in the elastic scattering.
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Figure 5.7: An example of « calibration for a PSD channel. Shown in green is the
linear fit of channel vs energy.

5.2.3 Secondary calibration using proton beams

Various energies were set for the proton beams used for the calibration: 1.9 MeV,
6.4 MeV, 9 MeV and 14 MeV. While for the « calibration the PSD and SSD were
calibrated separately, for the proton calibration , the PSD and SSD are calibrated
together as a AE-E telescope. According to a SRIM energy-loss calculation [64],
the 1.9 MeV proton cannot punch through the PSD to reach the SSD behind the
PSD. However, since we calibrate the PSD and SSD as a whole, it can still be used
as a calibration energy together with the proton energies of 6.4 MeV, 9 MeV and
14 MeV. Similar to the « calibration procedure, the peak centroids from the fits

to the proton energy peaks in the proton spectrum are used as the data points to
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Figure 5.8: Histogram of a energies for all PSD channels after applying the cali-
bration parameters for each detector channel.

perform a linear calibration fit (or quadratic fit) as follows %:
Energy = gain, X ( Energy, - offset,) (5.2)

where gain, and offset, are from this proton calibration, Energy, is the energy
after o calibration and FEnergy is the final energy after both calibrations.

Figure 5.9 shows an example of the proton calibration for one PSD-SSD tele-
scope. It should be pointed out that now the PSD is treated as a whole unit like
the SSD instead of being calibrated by channel in the « calibration because all

PSD channels have already been normalized after the a calibration and they share

2 Actually, only peaks with good statistics are used for calibration. For example, only the 1.9
MeV, 9 MeV and 14 MeV proton peaks are used because the 6.4 MeV proton peak has very
poor statistics compared to the three others, and including it in the calibration results in a large
uncertainty in the linear fit.
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Figure 5.9: An example of the proton calibration for a PSD-SSD telescope.

the same calibration parameters in the proton calibration.

After applying all the calibrations and PID gates for selecting the 2>Al beam
ions and proton recoils, the final spectra of the proton energies measured by the
three AE-E (PSD-SSD) telescopes arranged at 0°, 17° and 27° can be obtained,
as shown in figures 5.10 through 5.11.
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Figure 5.10: Top: the energy spectrum of protons measured by the telescope at
0°. Bottom: the energy spectrum of protons measured by the telescope at 17°
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Figure 5.11: The energy spectrum of protons measured by the telescope at 27°.

The uncertainties in proton energy can come from the intrinsic resolution of

the silicon detectors (PSD and SSD), the straggling of the beam particles and

protons in the thick target, the beam energy spread before entering the target,

and the finite solid angle of the detector strips of PSD. The former two sources are

the major contributions at the most forward angle, which result in a resolution in

center-of-mass energy (E.,,) of 4070 keV in full width at half maximum (FWHM).

At large scattering angles, the contribution due to the finite solid angle of the

detector strip becomes important and results in an total energy resolution in E.,,

of 70300 keV at Oy = 25° [65].
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5.3 Energy loss correction for scattered protons

In nuclear experiments involving thin targets, the energy loss of reaction products
before leaving the target is small(usually from a few keV to tens of keV), and can
be safely neglected compared to the exit energies of these products . But when
using the thick target approach, the energy loss of the scattered proton traveling
through the remaining part of the target can be considerable * and must be taken
into account. In the following section, two methods for the energy loss correction

are described.

5.3.1 The stopping power of charged particles in target

materials

Before continuing to the next section, I will briefly explain the frequently mentioned
concept of “stopping power” and how I find the stopping powers for the beam
particle in the C'Hy and pure carbon targets.

Charged particles moving through matter interact with the electrons of atoms in
the material. The interaction excites or ionizes the atoms. This leads to an energy
loss of the traveling particle. The Bethe formula which was derived by Hans Bethe
in 1930, describes the energy loss per distance traveled, also known as the stopping
power of the material traversed. The relativistic stopping power is calculated by
the following formula — the Bethe-Bloch formula [20], which describes the energy
loss by ionization of fast charged particles (protons, alpha particles, atomic ions,

but not electrons) traversing matter.

3If the beam particles have traveled close to the end of the target, the remaining path for
the scattered protons is short and therefore their energy losses can be neglected. But for our
experiment, the 2°Al beam particles stop slightly beyond the middle of the target, according to a
SRIM energy-loss calculation, and therefore the energy losses still need to be taken into account
for all scattered protons. In fact, when the 2°Al beam particles is close to stop, the protons they
scatter will not have enough energy to escape from the target.
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dE dr nz? e \° 2m.c? 3
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where,

g =v/c

v velocity of the particle

E  energy of the particle

x  distance traveled by the particle

¢ speed of light

z  particle charge

e  electron charge

m. rest mass of the electron

n  electron number density of the target

I mean excitation potential of the target

The n is calculated by NapZ/A, where the N4, p, A are Avogadro’s constant,
the mass density of the material, and the mass number of the material, respectively.
The mean excitation potential I can be approximated by I = (10eV)Z. This
Bethe-Bloch formula is the one used in the SRIM program [64], which is used here
to simulate shooting the beam particle onto the C'Hy and C' targets, to calculate
the stopping powers (S; and S;) in the two target materials for the different beam
energies at different depth inside the target. The calculated stopping powers are
tabulated for looking-up, or plotted in a graph and fitted to find the fitting function,
which will be used later in this Chapter for the energy loss correction and the
normalization of beam yields in these two targets. Figure 5.12 shows the calculated
stopping power vs 2>Al beam energy in the C'Hs, target (in red) and C' target (in
black).
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Figure 5.12: Stopping power vs beam energy in C'H, (red) and pure carbon target

(black), calculated with SRIM.

We then made fits to the calculated stopping power to extract the correlations

between the stopping power and beam energy. For simplicity, we divided the energy
region into two parts (E(**Al)<15 MeV and E(*Al)>15 MeV) according to the

curve shape of the stopping power vs energy plot and fit each part separately with

different simple functions instead of the Bethe-Bloch function. Figure 5.13 shows

the fits for the two parts for ?? Al passing through the CH, target.

The extracted fitting functions are:

1) For the C'H, target,
(5.4)

Siow = a x {1+ (d — Vexp[~k(E — E.)]} ™ [keV/um]
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Figure 5.13: Fits to the stopping power data calculated by SRIM. Two simple
functions are used for fitting the lower and higher energy parts separately.
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with a = 2487.8, E. = 1.54; d = 0.866; k£ = 0.335.
Shigh = Ao + ALE + AgE?* + A3E® + -« + A7 E" [keV/pm)| (5.5)

with Ag = 2242.7; A} = 35.11; Ay, = —0.971; A3 = —0.0594; Ay = —0.00277,;
As = —4.55 x 107%; Ag = 3.38 x 1077; A7 = —9.56 x 10719,

2) For the C target, the same fit functions are used and the values of fit pa-
rameters are,
for Sjow, a = 4085.4, E. = 0.653; d = 0.684; k = 0.341.
for Shign, Ao = 3393.2; Ay = 123.9; Ay = —7.947; A3 = —0.2143; A, = —0.00325;
As=—284x107% Ag = —1.33 x 1077; A7 = 2.61 x 1071,

5.3.2 Simple energy correction using the SRIM calculation

In the SRIM calculation, we simulated shooting the 2°Al beam into the target
using the actual target thicknesses. SRIM then returns the residual energies of
the beam at different spots along the beam axis as well as the scattering and final
energies of the associated scattered protons. By plotting the scattering energies of
the protons at the scattering spots and the final energies upon leaving the target,
we can determine the energy loss or scattering energy from the plot for a proton
with any final energy leaving the target. Alternatively, we can make a fit to the plot
to find a function for correcting energy loss. Figure 5.14 shows the examples of the
plots of the E.,, vs the proton energy after the target from the SRIM calculation
for the telescope at 0°, for runs with the CH, target and for runs with the pure

carbon target, with the fits to the data also shown.
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Figure 5.14: Energy loss correction from the SRIM calculation for the CHsy (top)
and the C target (bottom). The fits to the plots are also shown, as well as the
plots for the ideal situations with no energy loss.
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This correction can be used only for protons with small scattering angle where
the change of the proton’s path in the target due to the scattering angle from the
path along the beam axis can be neglected. For scattering at large angles, the
path changes greatly as the angle changes, and consideration has to be made for
different SRIM calculations for different paths, so that this method of correction
is no longer simple and an other method should be applied.

The fit functions for the two plots are:

1) for CH, target,

Eon = 0.00131115 x E2 + 0.23648 x B, + 0.169081 [MeV] (5.6)

where E.,, is the center-of-mass energy converted from the proton energy after the
energy loss correction and £, (MeV) represents the proton energy after the target
that is not corrected for energy loss.

2) for pure carbon target,

B = 0.0027504 x E2 + 0.205565 x E, + 0.384573 [MeV] (5.7)

5.3.3 Event-by-event correction

Ideally, the proton energies measured with the silicon detectors should be corrected
for energy loss on an event-by-event basis. The idea is the following. The range of
the 2°Al beam in the CH, target is determined and then divided into 5000 equal
parts. Then from the front end of the target, the residual energy of the 2°Al beam
is calculated in each part by Ziegler’'s energy-loss routines [51], along with the
scattered proton energy at the scattering spot. Knowing the length of the path
the proton travels through the target, its energy after the target is obtained and
compared with the measured proton energy in a single event. The on-spot proton
energy of this event, that is, the energy of the proton with energy loss corrected,
is then directly deduced from the final match of the comparison.

To determine the range of the 2> Al beam in the target, we need to find first the

113



Ph.D. Thesis - Jun Chen McMaster - Physics and Astronomy

angle at which the beam particle goes in the target with respect to the horizontal
beam line. This together with the position of the beam on the target, can be
calculated using the two positions of the beam particle measured by two PPACs
(Parallel Plate Avalanche Counter), located upstream of the target. The calculated
target position together with the position of the proton recoil on the PSD will then
give us the angle (with respect to the horizontal beam line) at which the proton
leaves the target. Let o and 3 represent these two angles. They are the angles that
the particle tracks make with the horizontal beam line. The scattering angle, say
0, is then the angle that is made by the two tracks — the beam particle track and
the recoil proton track. Shown in figure 5.15 is the layout of the detector system

viewed from the side, along with the particle tracks.

PPAC1 PPAC2

PSD

|t » ]

Figure 5.15: Layout of the beam tracking in the detector system obtained using
the two PPACs before the target and the PSD after the target.

Let A, B, C' and D be the track points of the beam particle in PPAC1, PPAC2,
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target and PSD, respectively, with,

= A($17y1721)

Il
Sy

962,y2,22)

A
B = B(
C = Clan, Y. =)
D = D(

I
S

Tp; Yp; Zp)

in the coordinate system as shown in figure 5.16, with the z-axis along the hor-

izontal beam line from upstream to downstream and origin on the target plane.

LT T R T R T T T T T

Horizontal beam line Z

target

Figure 5.16: Coordinate system for particle tracking in the detector chamber.

The positions A, B and D are known from the measurements; the position C
is calculated from positions A and B. Let d2, dy and dy, be the distance between
the two PPACs, the distance between the PPAC2 and the target, and the distance
between the target and the PSD. Then we find
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Ty — T1 dyo + doy

T =21 + E—— (2t —21) =a1 + i (29 — 1)
d
=+ (1 + d—%)(.CCQ — .Tl)
12
— dis +d
Ye =y + Y2 U (e —21) =y + = = (Y2 — 1) (5.8)
29 — 21 d12
d
=y +(1+ d—%)(yz — 1)
12
Zt = 0
and
QU = arccos M
AC
B3 = arccos g—tg (5.9)
g — AC? + CD? — AD?
= arccos 5AC . CD
where
d12 = 29 — 21 (510)
d2t = Zt — 29 (511)
dip = 2p — 2 (5.12)
AC = /(= 21)? + (4 — 91)? + (2 — 21)? (5.13)
CD = /(xp — )% + (Yp — 4e)? + (2p — 2)? (5.14)
AD = \/(xp — 21)* + (Yp — 11)? + (2 — 21)? (5.15)

Suppose that a beam particle of energy E enters the target at an angle o and
that [, is the range of the beam particle inside the target calculated using the
energy-loss routines [51]. The [, is then divided into N=5000 equal parts * and an

iteration procedure is made for each measured proton to find which one of the 5000

4The more parts the [, is divided into, the more accurate the energy loss correction will be;
here N=5000 is enough for an accurate correction.
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parts it corresponds to (where in the target the proton was scattered), according

to the scattering angle and associated energy loss.

2 —
ZAl Scattered
beam proton

Figure 5.17: Tllustration of the paths of a scattering in the target (not to scale).

Let t be the target thickness and [, the path length of the scattered proton
inside the target, as shown in figure 5.17. Then according to the geometry, we can

find,

= (b cosa) (5.16)

cos 8

By calculating the energy loss of the proton for [, its energy after the target,
say Fq, is obtained and compared with the measured energy F,,.,. This process
is iterated with an optimization algorithm until the calculated energy matches the
measured one. In my calculation, the “match” is achieved whenever |E .y — Epea| <
5 keV , considering the experimental uncertainty of the energy measurement.

The advantage of the event-by-event analysis is that the energy loss correction
for each event is separate, so that each event uses its own beam energy for the

correction. This allows more accurate correction than the simple one described
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in last subsection, where one single beam energy was used for all events. But,
in reality, the beam energy fluctuates from event to event and follows a Gaussian
distribution instead of just one single energy.

Figure 5.18 shows a proton spectrum after correcting for the energy loss in the
target using the event-by-event method. The X axis represents the center-of-mass
energy (E.,) transformed from the proton energy according to the kinematics
described in Chapter 2. In all the following content of this thesis, E.,, will be used

in the proton spectrum instead of the proton energy.
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Figure 5.18: An example of the proton spectrum with the energy loss correction,
with the X axis representing the center-of-mass energy (E.,,) transformed from
the proton energy.

There is another method which can be used to directly extract the actual
proton energy without adding the energy loss in the target. This involves using
an isobaric stable beam and a well-known resonance energy to perform an energy

calibration [61].

118



Ph.D. Thesis - Jun Chen McMaster - Physics and Astronomy

5.4 Deadlayer effect

2um Al
deadlayer
each
-—'""'—----
proton
PSD SSD1 SSD2
~80um ~1500um ~1500pum

Figure 5.19: The layout of the Silicon detector telescope (PSD-SSDs) with the
deadlayers sketched in.

Each of the silicon detectors used in the experiment including the PSD and
SSDs has a deadlayer of 2 um aluminum layer plated on top of the silicon content.
Since the deadlayer does not contribute to the charge collection of the detector,
there will be an energy loss in the layer which can not be counted as the deposited
energy in the detector. This aluminum layer is therefore “dead” to the energy
measurement, compared to the active layer of silicon content, from which the total
deposited energy of particles is recognized by the electronics as the measured energy
in the detector. For those protons punching through one detector and its deadlayer
and finally stopping in the next detector, their energy loss can be easily corrected
in the routine based on their deposited energy in each detector. However, there
exist protons that do not punch through to the next detector, and their deposited

energy could be interpreted as either due to the relatively lower energy protons
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Figure 5.20: Energy loss in the PSD active layer only and energy loss in the PSD
and Al deadlayer together as functions of the proton energy when leaving the target
(from SRIM simulation). The energies for just punching through the active layer,
and through the whole PSD, are indicated.

stopping in the active layer, or due to the higher energy protons punching through
the active layer and stopping in the deadlayer. Even if we can distinguish the
proton stopping in the deadlayer from that sharing the same energy and stopping
in the active layer, we can still not tell where inside the deadlayer it stops, so
that it becomes impossible for the energy loss in the deadlayer to be calculated
correctly. As a consequence of this deadlayer effect, a gap within which no events
are counted will show up in the energy spectrum of the protons for the energy
range corresponding to the protons that stop in the deadlayer.

Figure 5.19 shows the layout of the Silicon detector system with the deadlayer
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Figure 5.21: Energy loss in just the Al deadlayer only vs the proton energy after
leaving the target (from SRIM simulation).

also sketched out. Figure 5.20 shows the calculated energy loss in the active layer
of the first PSD and in the whole PSD, including the active layer and the Al
deadlayer, vs. the proton energy after leaving the target. The energies for punching
through the active layer only and through the whole PSD are indicated. £, within
the yellow shaded area corresponds to the ambiguous proton detection discussed
above. The proton with energy lower than the left end (E,<2490 keV) of this
area can be clearly identified as a proton stopping in the active layer of the PSD,
while the proton with energy beyond the right end (E,>2715 keV) will penetrate
the deadlayer and reach the second detector, in which case the energy loss in the

deadlayer can be corrected. In the ambiguous proton energy range (£, = 2490 keV—

121



Ph.D. Thesis - Jun Chen McMaster - Physics and Astronomy

2715 keV), the region at the left side of the dashed line (2650 keV) corresponds to
the protons stopping in the rest of the active layer and the maximum deposited
energy is reached where the dashed vertical line is located. In this region, the
measured energy by the deposit in the active layer gives the actual proton energy.
As B, keeps increasing toward the right end of the yellow region in figure 5.20,
the proton will punch through the active layer and stop in the deadlayer. The
energy deposited in the active layer can be measured, but that in the deadlayer
cannot be measured. Since the energy loss in the active layer decreases, which
is the measured proton energy but no longer the actual proton energy, this kind
of proton will be confused with the protons stopping only in the active layer but
with the same energy loss in this layer. So the energy range between the E, for
penetrating the PSD only and £, for penetrating the PSD and Al deadlayer is
the deadlayer gap mentioned above. The difference in Ej, s between the two plots
(red and green) at each E), gives the energy loss in the Al deadlayer at this E,.
Figure 5.21 shows the energy loss in just the Al deadlayer vs. the proton energy
after leaving the target. As we can see, at high energies (E£,>5 MeV) the energy
loss in the deadlayer is small and negligible and it can also be easily corrected,
but for some energy (E, ~ 2680 keV, corresponding to E.,, ~ 720 keV), the Ej,q;

increases abruptly up to its maximum, leaving us the with uncorrectable energy

gap.

5.5 Background subtraction

Since we use the polyethylene (CHsy) target, most of the background is from reac-
tions with the carbon in the target. Figure 5.22 is an example of the background
proton spectrum at 0° with energy loss correction from runs with the pure carbon
target, compared with the corrected proton spectrum from runs with the CHs tar-
get in figure 5.23, where the same background is also shown in red. To subtract
this background from the proton spectrum, we made measurements under the same

conditions with the pure carbon target as for the elastic scattering. Then the yield
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from the pure carbon target is normalized to the yield from the carbon in the CH,
target based on the total accumulated number of beam events, the number density
of CH, and C, and the energy-dependent stopping power of the 2°Al beam in CH,
and C. The normalization factor of the yield from pure carbon to the yield from

carbon in CH, is calculated as follows.
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Figure 5.22: Background proton spectrum from runs with the pure carbon target.

5.5.1 Normalization of yields from C'H; and C targets

Suppose that the step size of the beam energy that is equivalent to the bin size
(AE) of the proton spectrum is AFE} in the reaction of the beam with the carbon
nucleus. The proportionality of AE, to AFE is determined by the kinematics of
the reaction of the beam particle with the carbon nucleus. Then we can find the

corresponding traversed target thickness at any energy bin in the proton spectrum
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Figure 5.23: Proton spectrum from runs with the CH, target and the background
from figure 5.22 (without normalization) is also shown in red.

as

AR,

A
TS

(5.17)

where S = % is the energy dependent stopping power of beam in target material.

This gives us the yield in the thick target method at any energy bin as

AE
Y = IonAz = IanTb (5.18)

where I is the total accumulated number of beam events, o the cross section of the
reaction of the beam with carbon, and n the number density of carbon.
Finally, the normalization factor N can be obtained by

_Y1_[1 ny 51

N =+ -1 = 5.19
Y, I, ny" Sy ( )
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where [, I, are the total accumulated number of beam particles bombarding the
CH, and C targets respectively, and considered to be constant over the whole
path that the beam particles have traveled; n; is the equivalent number density of
carbon in the CHjy, ny the number density of pure carbon; and S; and S are the
stopping powers of 2* Al beam in CH, and C, respectively.

We apply the normalization factor for the yield of each bin in the proton spec-
trum from the runs with the pure carbon target, and then subtract it from the
proton spectrum from the runs with the CHy target. Figure 5.24 is the proton
spectrum after background subtraction with the conversion of the proton energy
in lab to the energy of center-of-mass (E,,). One issue that one should be careful
about is that, subtraction of one spectrum from another can be made only when

the two spectra have the same bin size, that is, energy per bin.
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Figure 5.24: Proton spectrum after background subtraction.
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5.6 Cross section from the yield spectrum of pro-

tons

In the proton spectrum (see figure 5.18), each data point represents a total yield
of protons at the corresponding center-of-mass energy (E.,). The “total” means
that the yield is the sum of all the protons with the same FE.,, within the solid
angle covered by the detector in use. Recall the experimental yield function in the

thick target method, described in section 5.5.1

AE
Y = IonAz = ]UnTb (5.20)

where [ is the total accumulated number of beam events, ¢ the scattering cross
section into the solid angle covered by the detector in use, n the number density
of the protons in the C'"H, target, and S is the energy-dependent stopping power
of the 2° Al beam in the C'H, target.

Recall that from inverse kinematics the correlation between the beam energy

E, and the center-of-mass energy E.,,, that is,

m
cm — Eeam
M+m "

(5.21)

where M and m are the masses of the beam particle and proton respectively.
Using this equation, we can find the beam’s energy range AFE), corresponding

to the bin size AFE in the proton spectrum as
M

AFE,=(1+—)AFE (5.22)
m

With this, the cross section can be obtained from the yield function as,

Y.S Y.S m
g = = .
InAE, InAE M+m

(5.23)

With the solid angle in the laboratory A€, calculated according to the ge-
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ometry of the target-detector system, the experimental differential cross section in

the laboratory will simply be [19],

do o Y-S m
dQlab_AQlab_InAEAQ M+m

(5.24)

Based on the fact that the integrals of the differential cross sections over the

same solid angle in the laboratory frame and the center-of-mass frame are equal,

that is,
do do
— - dQ = ~dQe, 5.25
dQlab fab dQcm ( )
and,

dQlab = sin Glabdelabdqb (526)
A, = S0 Oy O dd (5.27)
20100 + 0. = 180° (528)

where 6, and 6., are the scattering angles in the laboratory frame and the center-
of-mass frame, we find the differential cross sections in the center-of-mass frame

as given by,
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Figure 5.25: Excitation function at 0° in the center of mass frame after energy loss
correction and background subtraction. The bottom one is the enlargement of this
spectrum in the range of 1200 keV to 3400 keV.
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do d do 1 do 1 Y-S m

= = = . 5.29
dQcm dQcm dQlab 4 cos elab dQlab 4 cos ‘glab INAEAQ) M +m ( )

It should be pointed out that, since the beam intensity was attenuated in the
experiment, the actual total intensity / should be the total intensity extracted
from the PPAC1-XY histogram times an attenuation factor, which in our case is
3000. Figures 5.25 to 5.27 are the final excitation functions at the three angles in

the center of mass frame.
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Figure 5.26: Excitation function at 17° in the center of mass frame after energy
loss correction and background subtraction.
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Figure 5.27: Excitation function at 27° in the center of mass frame after energy
loss correction and background subtraction.

5.7 Breit-Wigner analysis

In this analysis, the Breit-Wigner formula will be used to fit for the proton reso-
nances in the elastic scattering, using the y-estimation fitting procedure. We start
with this simpler approach with the aim to extracting only the resonance energy
E'r as preliminary results, which can then be used as input and confirmed in the
R-Matrix analysis, no spin-parity assignments will be made, as these can also be
done in the R-Matrix analysis. For the following fits, a s-wave (I = 0) scattering
is assumed, since it is the dominant contribution® to the cross section at the low

center-of-mass energy in our experiment.

5The angular momentum satisfies: | = pR/h = \/2uER/h, where R is the range of interaction.
Let b the impact parameter, then R<b and we find I<\/2uEb/h. The lower the energy, the lower
the [ of the partial waves that can contribute to the cross-section.
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5.7.1 Breit-Wigner formula for resonant elastic scattering

In the Breit-Wigner mechanism, the differential cross section for the elastic scat-

tering in the center-of-mass frame is approximated by [66]

d
To = Wl Wl + 2R 1) (5.30)

where f. and f, refer to the Coulomb scattering and the single-channel nuclear
resonant scattering of an s-wave (quantum number of the orbital angular mo-
mentum [=0), respectively; the third term refers to the interference between
the Coulomb scattering and the resonant scattering; w is the statistical factor
= (2J+1)/[(2J1+1)(2J2+1)] with J, J; and J5 as the spins of the resonance, the

beam nucleus and the target nucleus, respectively. The three terms are given by

Ifel? = é?ﬁ csc? (062’”)
S SN
C (B B+ [GIB)

(e I'(E)
QW%(]CCJCT) T 4R2 21 ( 2 ) (E—ER)2+ [%F(E)}

(5.31)

X l(E — Eg)cos B + %F(E) sin 6]

where k is the wave number, n the Sommerfeld parameter, 6., the scattering
angle in the center-of-mass frame, ['(F) the energy-dependent Breit-Wigner total
width at the center-of-mass energy F.,, = F, Er the resonance energy and [ the

Coulomb phase. The parameters k, n, and [ are given by

2uk
k=-——
h
v Zme? W
= SMEMT O n | = 32
" hv M E (5.32)
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where g is the reduced mass = mM/(m + M), v the relative velocity, Zy, and Z,,
the charges of the two interacting particles, and 27C = 31.29 when E is in keV
and p is in amu .

The total width I'p of a resonance is related to the energy-dependent total

width T(E) by
[(E) =Tg exp(—27An) (5.33)

where exp(—2mAn) is referred to as the energy-dependent penetration factor, An =
1 — ng where 1y is the value of 7 evaluated at the resonant energy E = E.
Figure 5.28 shows an example of the proton spectrum calculated using the

Breit-Wigner formula with realistic values for the parameters.

5.7.2 Breit-Wigner fit for the experimental cross section

To fit the experimental cross section in the figure 5.25 (in the center-of-mass frame),

firstly we need to rewrite the Breit-Wigner formula as follows [66],

do 1
_ — A 2
aQ,. 4 |

exp(—4mAn)
(E — Ay)? + A2 exp(—4mAn)
(E — Ay)cos B+ As exp(—2mAn) sin B
(E — Ay)? + A2 exp(—4rAn)

+A,

(5.34)

+As3 n exp(—2mAn)
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Figure 5.28: Calculated proton spectrum using the Breit-Wigner formula with
realistic values of the parameters in the formula. The solid line is the total spectrum
and it is divided into three components: a pure Coulomb scattering (dashed line), a
pure resonant scattering (dotted line), and an interference between the former two
scattering processes (dot-dashed line). This figure is adapted from reference [66].
Unless mentioned, all the subsequent proton spectra titled with the Breit-Wigner
formula will have the same format. The E, and E_ mark the two characteristic
energies where the two extrema are located; FE. is the critical energy where there
is only the Coulomb contribution, with the resonant and the interference parts
canceling out; Fr marks where the pure resonance component peaks.
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where the five parameters A; to As have the following expressions (the corre-

lation 260, + 6i,p = 7 is used; N is a normalization factor):

N
Al = ———
1 cost O1ab
A2 = NWF?DL
2NwI’
Ay= R (5.35)
cos? 014
r
Ay ==t

2

The five parameters are left free in the fitting procedure and the values of Ay
and As deduced from the fitting will directly determine the resonant energy E'r and
width I'g. Each single resonance in the spectrum of the differential cross section
is fitted separately. In the fitting procedure, we have considered uncertainties
due to the beam spread and the straggling inside the target which have been
convoluted into the fit function when the fitting is in progress. Figures 5.29 and
figure 5.30 show the fits for three different resonances with each component of the
Breit-Wigner cross section shown as well. The fitting results are listed in table 5.2.

Not all peaks in the excitation function can be successfully fitted by the Breit-
Wigner function due to the quality of the data, such as the statistics and the energy
uncertainty. The fits shown here are for the two most prominent resonances in the
spectrum at Fr=1634 keV and EFr=2170 keV as well as for a possible resonance
around 3100 keV. We expect that more resonances will be able to extracted from

the R-Matrix fit to the data, to be discussed in Section 5.8.
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Figure 5.29: Breit-Wigner fits for the resonances at Fr=1.634 MeV (top) and at
Er=2.170 MeV (bottom).
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hist_sigma
%2/ ndf 367.3/8
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Figure 5.30: A Breit-Wigner fit for the resonance at Ez=3.100 MeV.

Table 5.2: List of Breit-Wigner parameters of three resonances for the Breit-Wigner
fits of the experimental differential cross sections. Fr and I'g are in units of keV.
The x?/d.o.f represents the chi-square per degree of freedom (d.o.f) for each fit.
The quoted uncertainties are directly from the fits.

Fr(Ay) Tr(245)  x*/d.o.f

1634 =9 65 = 26 2.19
2171 £ 6 115 £ 15 3.01
3100 64 + 8 45.9
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5.8 R-Matrix analysis

In this section, an advanced data fitting using the R-matrix formalism will be
described and used to extract physical parameters such as energy levels and proton
widths. R-matrix theory [52] is now the standard and the best framework for
describing resonant processes leading to compound nuclei in low-energy nuclear
physics, because the nuclear parameters it yields, such as level energies and widths,
are strongly tied to the physics of nuclear spectroscopy. It is the foundation of
the Breit-Wigner formula described previously, which is an approximation of the

resonant cross section only valid for a single-level and narrow resonance.

5.8.1 R-matrix formula for the cross section of compound

nuclear scatterings and reactions

The general multi-channel multi-level formula for the differential cross section of
any resonant process from an entrance channel o to an exit channel o is given as

follows [52]

dgaa/ _ do_as a's
Eom (2L + 1)L+ 1)) (2s+ 1)W’a/ (5.36)

where I and I, are the spins of the nuclei in the entrance channel — beam particle
and target particle; o and o’ symbolize the entrance and exit channels; s and s  are
the channel spins of the entrance and the exit channels; the summation is over all
of the partial differential cross sections of different combinations of channel spins

s and s'; and the partial differential cross section can be written as

Tas.al T (CT+RT +IT 5.37
9., @g o CTHRTHIT) (5:37)

where C'T', RT, and I'T represent the three components of the resonant differ-

ential cross section — the Coulomb term, resonant term and interference term,
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respectively. They are given by

0 0
—2 7 o . . 7
CT =(2s+1) ‘\/—77@ sin <2> exp [ 2in,In sin <2>}

1
RT = - ; By, Pp(cosf) (5.38)

2

J

r !
as,a’ s

1
= —4 Z(2J+ 1)2%[2(7&2 ’ //) O .PZ(COS 6)]5as,a/s/
VAT 51

where 6 is the scattering angle; 7, is the Sommerfeld parameter; the summation
integer L is over |l; — [;|, where [ is the quantum number of the orbital angular
momentum of the scattering system.

The By, coefficients are given by

1 / — ’ ’ —
BL = Z_1(_1>S*3 Z Z(11J1l2J2, S L)Z(lellgjz, SL) Isll/ sl (TC‘YI,S,Z;’aSb)* (539)
Jl

The Z coefficients are related to the Racah coefficients, W, by

Z(liJylado, sL) = (21 + 1)2 (2l + 1)2 (2., 4+ 1)2(2J5 + 1)2
X (lllQOO‘LO)W(l1J1l2J27 SL)

(5.40)

where (/;1500|L0) are the Clebsch-Gordan coefficients. There terms are also related
to the Z coefficients of Blatt and Biedenharn [52] by

Z(lJylyJy, sL) = i"727 L 7 (1, 11505, sL) (5.41)
The transition matrix element 7, , U iy is given by
a s ly,as
To/s'l/ ,asly 5o/sl asl16xp(2iw ! /> Ua s l ,asly (542)
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where U, , U iy is the collision matrix element given by
a s'ly,as
U(;],S,l;’asll = exp2i(wa + 07,) (5.43)
The &/, here is the phase shift and it should be distinguished from the Kronecker

delta symbol ¢, o used elsewhere.

The CT and IT terms, as we can see, will vanish if the entrance channel « is dif-
ferent from the exit channel «'; that is for nuclear reactions or inelastic scattering.
They are non-zero only when the entrance channel and exit channel are identical,
elastic scattering is the only such case. For our experiment, it is safe to assume
only one open channel (elastic scattering). Since s-wave is dominant in our case of
low-energy scattering, [ = 0 is assumed also. Then the multi-channel multi-level
R-matrix formula is reduced to the single-channel R-matrix formula and the three
terms can be simplified as follows [67],

1
CT = (2s+ 1)Eni sin~* (g)

1 J\12
RT = e ;(QJ +1) {[cos 2wy — cos 2(w; + 67 )]

+ [sin 2w; — sin 2(w; + 6)]*} Pi(cos0)
(5.44)

1 .o (0
IT = Py Z(QJ + 1)1, sin (§>

Ji

X {sin (ngaln sin (g)) [cos 2w, — cos2(w; + 6])]
-+ cos (ngaln sin (g)) [sin 2w; — sin 2(w; + 551)] } Py(cos )
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where the Coulomb phase shift w; and the total phase shift 6] are given by

w; = Ztcm_l (%1)

n=1 (5.45)

R, P,
J:t -1 141 N
o = tan (L+&G%—&) <

where P, is the penetrating function, S; the shift function, and ¢; the hard-sphere
phase shift. They are given by

kr..
P=—"C_
R
FF + GG,
=L (5.46)
F? +G;
F
= tan 'L
o)) an e

where 7, is the channel radius; and F; and G are the regular and irregular solutions
of the radial wave equation and evaluated at r..
The B; in the phase shift is the boundary condition number and R; is the energy

dependent R-matrix element, which is given for our simplified case by

2
B v
R_Z;Ex—E (5.47)

where v and E), are the reduced width and pole energy for a resonance, respectively.
These are the two resonance parameters to be extracted from the fitting.
More details about the R-matrix theory and its derivations can be found in the

R-Matrix theory section in Appendix B.

5.8.2 Boundary transformation from R-matrix parameters

to physical parameters

The boundary condition parameter B; [54, 55, 57, 56| is a constant specified to de-

termine the boundary conditions satisfied by the eigenfunctions of resonant states
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in R-matrix theory. This parameter can be arbitrarily chosen when making a fit
to experimental data since the R-matrix differential cross section is independent
of it. However, the R-matrix parameters of fitting results, such as level energies
and level widths, do depend on the boundary condition parameters, which causes
different sets of level energies and widths to be deduced for the same resonance
from R-matrix fits with different choices of the boundary parameter B;. Fortu-
nately, these “formal” resonance parameters directly deduced from R-matrix fits
and varying with the boundary parameter B; are not the actual resonance energy
and resonant width. They are called the pole energy and pole width of a resonance,
defined and used only in the R-matrix differential cross section and also referred
to as the formal resonance energy and width. When some specific boundary condi-
tion is satisfied for a specific value of B;, the deduced formal parameters will match
the actual resonance parameters. The latter are also referred to as the observed
parameters (resonance energy and width) or the physical parameters. A number
of methods have been developed to convert the formal R-matrix parameters to the
actual physical parameters of a resonance by the so-called boundary transforma-
tion, based on the fact that different formal parameters of the same resonance are
related by their boundary conditions.

Consider a transformation B, — B;, Ey\ — E:\ and vy, — ”yi\c. Here we use the
notation of B, for the boundary condition parameter of channel ¢; E) for the pole
resonance energy of level \; v, for the reduced pole resonant width of channel ¢
and level \. The transformation is made by constructing the following real and

symmetric matrix first

Cau = Exon, — Z(Bé — Bo)ac Ve (5.48)

C

Since C is real and symmetric, it can be diagonalized by an orthogonal matrix

K such that
KCK” =D (5.49)
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where D is a diagonal matrix. Its diagonal elements are the eigenvalues of the

matrix C, i.e.,

Dy, = Do, (5.50)
Then we can get
E\ = D,
’ (5.51)
70 = Kﬂyc

where . is a vector of reduced widths of all levels at channel c.
For the special case of a single channel and single level, the transformation is
reduced to,

E, = By, — (B - B) (5.5)

7/ =

where the notion of channel is ignored.

In the actual transformation process, the boundary condition parameter is al-
ways set equal to the energy dependent shift function S.(E)), evaluated at the
initial input of the pole energy FE) for each resonance, and then applied to the fit
function to deduce the new E) from the best fit. This fit is compared with the
old one to check if they match within the uncertainty range. We can also do it
in a simple way as described above by using the boundary transformation matrix
to calculate the new FE) from the original E), without repeating the fit. If they
do not match, the process is repeated (either by iterating the R-Matrix fit or by
iterating the calculation with the boundary transformation matrix) with the newly
obtained E) as the input for the pole energy and the boundary condition parame-
ter evaluated at this input energy. This iteration of the boundary transformation
ends when the pole energy converges, and the final pole energy and reduced width

have been transformed to correspond to the physical parameters of the resonance
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in use. The physical resonance width can then be calculated from the observed or

physical reduced width 7). with the relation

o __ F/\C(E/\) o 2PC(E>\),Y§C
Ae — dSe o dSe
L+37. 7% (dE)EA 1+ 327 (dE)EA

(5.53)

where T'y.(Ey) = 2P.(E\)v3, is called the formal resonance width.

5.8.3 R-matrix fit for the experimental cross section

The R-matrix fit was performed using a code based on R. E. Azuma’s R-matrix
subroutine [68, 69]. Besides the data file, an input parameter file is required when
performing the fit, which includes reaction information such as the reaction channel
radius (r. = 1.2(A;+A3)'/3), the possible combinations of quantum numbers, spin-
parities assigned to the resonances to be fitted, and so on. An example of this input
file can be found in the Appendix C. The final spin-parities for the resonances are
determined when the best fit with these combinations of spin-parities in the input
file has the smallest x? of all the best fits with different nuclear inputs; while
the resonance energies and widths are directly extracted from the fitting and the

boundary transformation procedure.

143



Ph.D. Thesis - Jun Chen McMaster - Physics and Astronomy

Table 5.3: List of all possible combinations of channel spin S, relative orbital
angular momentum [, and spin-parity J™ of the compound nucleus.
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The possible combinations of the nuclear quantum numbers are determined
according to the conservation of total angular momentum before and after the
scattering. The ground state of the ?*Al nucleus has a spin-parity of ng and the
proton has %Jr, which couple together to give the channel spin S = g &) % =2or
3. The spin-parity J™ of the compound nucleus is determined by J =1 @& S and
7y = mm,(—1)!, where [ is the relative orbital quantum number of the proton with
respect to the heavy reacting nucleus, and m;, m¢ and 7, represent the parities
of the initial heavy reacting nucleus, the final compound nucleus and the proton,
respectively. Table 5.3 lists all the possible combinations of S, [ and J™ with [ up
to 2 (d-wave).

According to scattering theory, the s-wave (I=0) scattering is dominant and the
higher partial waves make less or negligible contributions to the scattering. Since
at low energies (Er<1.2 MeV) the Coulomb scattering is dominant, no apprarent
resonance signature was observed in the excitation function. At the high energy
region (Er>2.5 MeV) in the excitation function, there are several resonance-alike
signatures and they are very difficult to be identified and fitted due to the poor
statistics. Therefore, we only fit the three prominent resonances in the range from
the 1424 keV to 2484 keV by s-wave scattering, as shown in figure 5.31. This
corresponds to the level range of 6.942 MeV to 8.002 MeV, which is within the
Gamow window at the temperatures of astrophysical interest (supernovae temper-
atures Ty, see figure 1.6 in Chapter. 1). The uncertainty (~15% , systematic and
statistical) for the data is adopted from reference [77] considering the similar ex-
perimental set-up. In all previous histograms, the uncertainties are the statistical
ones calculated by default in the ROOT program using the standard deviation of
a Poisson distribution ¢, oy = v/N, where N is the total yield at each energy (or
energy bin in the histogram).

Table 5.4 lists the resonance parameters for the three resonances extracted from

6The counts N at any energy fluctuates around its mean value ), following a Poisson probabil-
ity distribution with its mean (N) = A and its standard deviation oy = v/A. In the experimental
histogram, the measured value for N at any energy is taken as its expected value at that energy,
that is A\ = N and oy = V/N.
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Figure 5.31: An R-Matrix fit for the three resonances at Er ~ 1.62 MeV, 1.97
MeV and 2.13 MeV, with s-wave (I=0) scattering for all and J™=2% 2% and 37,
respectively.

the R-Matrix fit to the data.

We also tried fitting the data using other spin-parity assignments for the three
resonances and found that with J™=2% for both of the first two resonances, the data
is fitted the best, with the smallest x? compared with fits with other spin-parity
assignments. Therefore, J™=2" is assigned to the first two resonances. These two
resonances correspond to the energy levels of F,=7.156 MeV and 7.498 MeV in
2654 in previous study with (*He,n) [11] and (p,t) [9, 12] reactions and our spin-
parity assignments agree with their studies using a DWBA analysis. But there is a
controversy between our assignment for the third resonance (E,=7.647 MeV) and
their assignments for the excited state at F,=7.687 MeV, if they correspond to the
same energy level in 2°S4. Our best fit to the data as shown in figure 5.31 indicates

that the third resonance can be best described by s-wave scattering with J™=3",
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Table 5.4: List of parameters of resonances from a R-Matrix fit to the three reso-
nances in the experimental differential cross section in the energy range 1424 keV
— 2484 keV. The pole energy F), the resonance energy Er and the level energy F,
are in units of MeV and the resonance width I'g is in units of keV. The proton sep-
aration energy (or proton threshold energy) is S,=5.518 MeV. The uncertainties
quoted are directly from the fits.

JT E)\ ER EJ: FR

o+ 1.882(45) 1.617(76) 7.135(76) 43(10)
o+ 2.018(11) 1.977(15) 7.495(15) 10(3)
3+ 2.251(19) 2.129(28) 7.647(28) 89(15)

while from their DWBA analysis this state has J"=3", which would correspond to
a p-wave scattering in our experiment. By assigning J™=3" to the third resonance,
we got a best R-Matrix fit as shown in figure 5.32, not as good as the one with the

J™=3" assignment.
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Figure 5.32: A R-Matrix fit for the three resonances at Er ~ 1.62 MeV, 1.97 MeV

and 2.13 MeV, with s-wave (I=0) scattering for the first two and p-wave scattering
(I=1) for the third resonance (J™=2% 2 and 37, respectively).
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Chapter

Thermonuclear Reaction Rate of
29 Al(p, v)?9Si in Explosive Stellar

Environments

In this chapter, I will first give the general derivation and theoretical background
of the thermonuclear reaction rate. Following that, our new reaction rate of
25 Al(p,)?°Si will be presented, calculated based on our new results on the struc-

ture of 2°Si, already described in Chapter 4 and Chapter 5.

6.1 General derivation of the thermonuclear re-

action rate

Based on the qualitative description of thermonuclear reactions in Chapter 1, we
can derive the rate of the thermonuclear reaction'. Consider thermonuclear reac-
tions in a stellar gas between particles of type A with number density n4 and mass
my, and particles of type B with number density np and mass mp (both number

densities in units of particles per cubic centimeter). Assume that the cross section

'Here we only discuss the general 2-body charged-particle-induced nuclear reactions. For
neutron-induced reactions and more details about the derivation, refer to references [1, 2]
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of this reaction is ¢(v), which depends only on the relative velocity between two
reacting particles because according to the theory of nuclear reactions [71], the en-
ergy dependence of the cross section for a nuclear reaction only involves the total
kinetic energy (FE.,) of the two interacting particles in the center-of-mass system
with

1
Ecm - 5#”2 (61)

where 1 = mamp/(ma + mpg) is the reduced mass of the two reacting particles
and v is their relative velocity.

Since in the center-of-mass frame it does not matter which reacting particle
should be treated as the projectile or ejectile, we let particle A be the projectile
and v its velocity relative to particle B. The nuclear cross section is defined as
the probability? that a reaction occurs when a reacting particle bombards a target
containing only one target particle per unit area in the plane perpendicular to the
incident direction of the projectile. In a volume Vg, of gas mentioned above, the
total number of particles A is n4V,,s and they will encounter, in a time interval
At, a number ngvdt of particles B per unit area along the trajectory of particle
A. Then we can simply write the reaction rate (number of reactions per second

per unit volume) as

A
r= 14V ijiztt xo(v) _ nanpvo(v) (6.2)

In the stellar gas, the relative velocity v varies over a wide range and its prob-

ability follows the Maxwell-Boltzmann (MB) distribution, given by

3/2 2
P(v) = dmv? (%) exrp (—%) (6.3)

2This can be regarded as the total number of reactions even though it is a fraction for this
definition; as a matter of fact, in a nuclear reaction, there are a large number of projectiles and a
large number of target particles per unit area in the target surface, which will result in an integer
number of reactions.
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with

/000 d(v)dv =1 (6.4)

So the actual reaction rate r should be an average weighted by the MB proba-

bility function above?
r = 7’LA’I’LB<O'U> (65)

where (ov) is the weighted average and represents the reaction rate per particle

pair, given by
— - d
o0 = [ oty
3/2 00 2
:47T(27:Z;T) /0 Vo(v)exp <——5]:T> dv (6.6)

where £ = E,, = %mﬂ is the total kinetic energy in the center-of-mass frame

and the transformation from v to E has been used; k=8.6173x 107 ev/K is the
Boltzmann constant; 7' is the temperature. One thing that should be pointed
out is that, besides the relative velocity, the center-of-mass velocity V' of the two
reacting particles also follows a BW distribution and its integral should also be
included in the calculation of (ov); however, since the motion of the center-of-
mass is independent of the relative motion and the nuclear cross section depends
only on the relative velocity, the integral over V' is integrated out to be unity.
Until now we have not elaborated on the physics of the nuclear reaction, specif-
ically, the energy dependence of the cross section o(F£). First, let us introduce in

the cross section the astrophysical S-factor S(F), which contains all the nuclear

3This is for nonidentical reacting particles ; for identical particles, a factor of % should be

nanpg(ov)
14+d6aB

introduced. So the general form is r =
as 1 when A = B, and 0 when otherwise.

, where 04 is the Kronecker symbol evaluated
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physics effects, and varies relatively flatly with energy, leaving most of the energy

dependence of r outside the S-factor, i.e.,

o(E) = %e:cp(—me)S(E) (6.7)

where P = exp(—2mn) is so called Gamow factor which represents the energy
dependent penetrability of the charged particle through the Coulomb barrier. The
Gamow factor is an approximation for low energies far below the height of Coulomb
barrier which is precisely the region where the energies in stellar thermonuclear
reactions mostly occur. The S-factor is very useful in that due to its smooth
variation with energies, it can be used for extrapolating the cross section data
of stellar nuclear reactions to very low stellar energies that we can not reach in
laboratories.

The quantity 7 is the Sommerfeld parameter, defined as

ZAZB(32 ZAZB 62 M 7
2mn = 2 =2r————— | — =31.297,7 — 6.8
M= T h op ~ SLB2aZey\| (68)

where Z 4, Zp are the charges of the two reacting particles, respectively; the nu-

merical form is obtained when FE is in units of keV and p in amu (atomic mass
unit).

Inserting the above expressions into the form of (ov), we find

s\ 1 > E 9 ZuZp € 1
(=) — | s(E = _T2AGBE IR aE
o= (55) g [ s@ e (i) e (S E)

(6.9)

8\ 1 > E Ec

() = E S e 0
<7ru> (kT)3/2 [, S )ea:p( kT E
where
27TZAZB 62 2[1,

g [ H 6.10
o= (-BIE) (6.10)

is called the Gamow energy.
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Figure 6.1: The probability distribution of a thermonuclear reaction with respect to
the stellar energy E in the stellar environment at a given temperature 7T'. It results
from the combined effect of the Maxwell-Boltzmann distribution for the stellar
gas and the energy dependent penetrability function arising from the Coulomb
barrier in the cross section of the thermonuclear reaction. Instead of peaking at
the maximum of the MB distribution, the combined distribution has its so-called
Gamow peak at an energy Fj, representing the most probable energy for which
the thermonuclear reaction will happen.

By plotting the MB probability function giving the term exp(—E/kT), the
penetrability factor giving the term e:pp(—\/m) and their product on the same
graph (figure 6.1), we find that, even though the MB distribution indicates that
at a temperature 7' the most probable energy a particle in a stellar gas can have
is £ = kT, the energy at which a reaction will most probably take place at T

is shifted up to a new peak energy FEj, due to the rapid increase of the Coulomb
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penetrability with energy. The new energy Ej is called the Gamow peak energy
and is derived by setting the first derivative of the product of the exponential terms

in Eq. 6.9 with respect to F to zero. We obtain

2/3
By = (%) v 1.22(232%%%2)1/3 (6.11)
where the numerical form has the unit of keV, and Ty is in units of 10° Kelvin.
From here we can also rewrite Eg as Eg = (%)2 Ey.

In figure 6.1, the width of the Gamow peak is the energy window where a
thermonuclear reaction predominantly takes place at a given temperature 7. We
call this energy window the Gamow window for this reaction at the temperature
T. To find the Gamow window analytically, we approximate the product of the
exponential terms in the integrand of (ov) by a Gaussian function with the same
peak energy and peak height as the Gamow peak, and the same curvature at
E = Ej (that is the second derivative at Ey). The width of the Gamow peak A is
approximated as the width of the Gaussian peak at its 1/e peak height. Then we

can write the product of the exponential terms in Eq. 6.9 as,

E [Eg\ _ 3K (E-E)’
PNk NE )T T ) A/2

By matching the second derivatives at both sides of Eq. 6.12 at Ej, we find the

(6.12)

effective width A of the Gamow peak in units of keV as

4 mamp 1/6
A= %\/EOkT =0.749 (ijg—> (6.13)

ma+ Mg

So the corresponding Gamow window should be the energy window from Ey— A/2
to Fo+ A/2.

After discussing the concepts above, now we can continue with the derivation
of the thermonuclear reaction rate. The form of (ov) we have derived so far is for

the general case of charged-particle-induced reactions. Actually all these reactions
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can be categorized into two cases: non-resonant direct nuclear reactions and res-
onant nuclear reactions. All nuclear reactions not forming a resonant compound
nucleus can be regarded as non-resonant direct nuclear reactions, such as direct
capture reactions, stripping reactions, pickup reactions and Coulomb excitation.
In the calculation of the stellar nuclear reaction rate, the non-resonant reactions
is specified as the direct capture reaction, i.e., proton capture reactions and neu-
tron capture reactions. The previous statement that the S-factor varies smoothly
with energy applies to the non-resonant nuclear reactions but not to the resonant
reactions. A resonant nuclear reaction arises from the formation of the compound
nucleus of the two reacting nuclei and the rearrangement in the compound nucleus
of the contributing nucleons. When the reaction energy E (the sum of the total
energy in the CM frame and the reaction Q-value) matches a level energy in the
compound nucleus, this level will be strongly populated and a peak at this energy
in the plot of the S-factor or cross section versus energy will show up instead of the
smooth variation for non-resonant reactions. The total reaction rate includes the
contributions from both the non-resonant and resonant reactions, and their rates
can be derived separately and simplified differently according to their different

natures.

6.1.1 Non-resonant reaction rate formalism

As discussed in the previous subsection, the S-factor for non-resonant reactions
varies smoothly with energy and thus it can be regarded to first order as a constant,
i.e., S(E) = S(Ey) = constant. Then we can take the S(E) out of the integrand in

Eq. 6.9 and replace the Gamow peak function with the Gaussian function of the
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previous subsection. We find

(VYo = (%)m WS(EO) /OOO exp (-% - \/%> B
< (5) e [Cen () e |- (G5)
- () wmmsm e (52) 5

-(2)" ()

In this approximation, we use a symmetric Gaussian function to replace the

dE
(6.14)

asymmetric Gamow peak function. Therefore, to find a more accurate reaction
rate, we need to make corrections to the rate derived above for the replacement
of the peak function and the assumption of constant S-factor, since for many non-
resonant reactions the S-factor is not constant but varies with energy E. Due to
its slow variation with energy, the energy-dependent non-resonant S-factor can be

expanded in a Taylor series, with respect to E = 0 for ease of computation,
i 1 " 2
S(E)=S5(0)+ S'(0)E + 55 0)E"+--- (6.15)

where the prime represents the derivative with respect to E. We insert this expres-
sion for S(E) into the general formula (Eq. 6.9) for the non-resonant reaction rate
and we get a sum of integrals, with each corresponding to one term in the expan-
sion of S(F). With this, we have made some corrections to the energy dependence
of the S-factor. We then find that we can replace the Gamow peak function by
a Gaussian function in each integral, as described previously, since the quantity
related to the S-factor is a constant and can be taken out of each integrand. Fi-

nally we arrive at the formula for the non-resonant nuclear reaction rate, with an
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effective constant S-factor S.rs(Ep) [1] in place of the S(Ep) in Eq.(6.14),

Sups(Bo) = S(0) |14 — 1+ 510 (Eo + ﬁkT)

12
' fgoﬂ)m) 3689 (6.16)
— 2 —
+ oo (E0+36EOkT)]

where 7 = 3E,/kT; the first two terms in the square bracket arise from the cor-
rection for the asymmetry of the Gamow peak, while the remaining terms account
for the variation of the S-factor with energy; the coefficients of S(0), S'(0), S”(0)
are in units of MeV-b, b, and b/MeV, respectively, and their values can be either
obtained from fits to the experimental cross-section data; or deduced from its def-
inition in Eq. 6.7 using the cross section from shell model calculations, with the
S(0) regarded as the averaged value of the calculated S(E) over the energy range
of interest [72, 74, 75].

The formula of the reaction rate (per reacting particle pair) can be numerically

written as [1]

1/3
(00)ae = 1.30 x 10~ (ZAZBM) TS,
mamp
(6.17)

1/3
L

9 mamp

X exp [—4.2487 (

Sample calculations can be found in Ref. [76, 77]. At low stellar temperatures,
non-resonant thermonuclear reactions are the dominant contributors to the reac-
tion rate but as the temperature increases, the resonant reactions compete with

the non-resonant ones and finally become the dominant contributors.

6.1.2 Resonant reaction rate formalism

In non-resonant nuclear reactions (direct capture), the light energetic projectile,
e.g., the proton, interacts only with the surface of the heavy target nucleus and goes

directly to form the final nucleus with the simultaneously emission of y-rays. The
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configuration of the nucleons inside the target nucleus remains unchanged. This
is a single-step and direct process in which no intermediate state is formed, and it
can occur at all center-of-mass energies. In contrast to this single-step and direct
process, the resonant reaction is a two-step process in which the projectile travels
into the target nucleus and shares its kinetic energy among all the nucleons in the
target nucleus, rearranging their configuration according to the level structure of
the final nucleus. As a result, an intermediate state of the compound nucleus of two
reacting particles is formed when the total kinetic energy E.,, of the two reacting
particles plus the Q-value or threshold energy, which the compound nucleus can
absorb completely to rearrange and excite the internal nucleons, matches the level
energy F, of an excited state in the compound nucleus. The excited compound
nucleus will then subsequently de-excite to low-lying states by y-decays or break up
into other nuclei by particle decays. The E,,, for which this happens is therefore
called the resonant energy Fgr. The relation between the energy of the excited

state F, in the compound nucleus and the resonant energy Ej is given by

Since Fr > 0, we can see that E, > () and the resonant reaction can thus only
populate excited states in the compound nucleus with energies above the particle
threshold.

The energies (E.,,) of astrophysical interest are in the low energy range: for
example, the Gamow peak energy of the 2> Al + p capture reaction is £y ~ 1 MeV
at temperatures characteristic of supernova explosions of about Ty = 1 (Ty is the
astrophysical notation of temperatures, equivalent to GK.). The level density in
this low energy range is relatively small which means that the resonant states
do not overlap significantly and can be regarded as isolated and narrow resonant
states (by “narrow” we mean the total width of the resonant state I' < Fr). With

this assumption, the cross-section for populating a resonant state can be described
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by the single-level Breit-Wigner cross section, which is given by

A2 2J +1 'y

= 1+
TBW = i (2 + 1)(2d5 + 1)( + ) (E— Ep)?+12/4

(6.19)

where \ is the de Broglie wavelength, given by A = 27/k = 27h/\/2uFE with
k= p/h = \/2uE/h as the wave number; Ja, Jp, and J are the spins of the
two particles in the entrance channel* and the compound nucleus, respectively.
They are related through angular momentum conservation by S @ ! = J with the
channel spin § = Ja € Jp and with [ representing the relative orbital angular
momentum of the two reacting particles; the factor (14 d4p) accounts for the fact
that the two reacting particles are identical. F is the total energy in the center-of-
mass frame, and 'y, I'y are the partial widths of a resonant state for the entrance
channel and exit channel and I' = I'y +I'y is the total resonance width. The ratio
of the partial resonance width to the total width is the probability of the formation
of the compound nucleus by the corresponding channel. The total width of a state
is a quantity related to its mean life time 7 by the uncertainty principle I't ~ h,
through which the total width can be also obtained using a half-life measurement.

After replacing the cross section reaction rate formula (Eq. 6.6) with the oy
and realizing that the Maxwell-Boltzmann distribution function, E exp(—E/kT)
is almost constant over the total width of a narrow and isolated resonance, as
shown in figure 6.2 and therefore can be evaluated at £/ = Eg and taken out of the

integral, we can arrive at a simplified formula for the reaction rate for a narrow

4“Channel” refers to the way the compound nucleus is formed or decays, with the entrance
channel for formation and the exit channel for decay.
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Figure 6.2: The Maxwell-Boltzmann distribution and a narrow resonance.
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%0 1 E
) dE
X/O (E—ER)2+P2/46“W( k;T)
([ 2n 3/2 2 B\ Il
~ (WD) “P\THT )T

2m 3/2 2 ER
= (k) hrexp 7 )@Y

where w is the statistical factor, given by

2. +1
SRR Y FunEyToy A s AR (6:21)
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and the v = I'|I'y/T". The product of w and y is called the strength of a resonance,

2J+1 Iy
140
204+ 1)(2Jp + 1)( AB)rl T,

wy = ( (6.22)

For the capture reactions ((p,7) or («,7))in the stellar environment, the en-
trance channel is the proton capture by the heavy nucleus and the exit channel is
the y-decay of the intermediate compound nucleus. The entrance and exit widths
will be denoted by I'), and I',. If the compound state is in a higher resonant state,
it is more probable for a proton inside the compound nucleus to penetrate the
Coulomb barrier (proton decay) than for the nucleus to decay by 7-transitions
(7-decay). For this case, ', > I', and [' = I', and the resonance strength is thus
reduced to wy =~ wl',, depending only on the v width. For low-lying resonant
states just above proton threshold, the compound nucleus is relatively stable for
proton decay compared with v-decay. This implies that I', < I'y and I' = I',, and
the resonance strength is thus reduced to wy =~ wI',, depending only on the pro-
ton width. It is recalled from the non-resonant reaction rate formalism that only
reactions with the total energy F in the center-of-mass frame within the Gamow
window contributes greatly to the reaction rate. This also applies to the reso-
nant reaction rate in that only the resonant states within the Gamow window at
a stellar temperature contributes greatly to the reaction rate. Contributions from
resonances beyond the Gamow window can be neglected.

If there are many resonances within the Gamow window, the total reaction rate

is just the sum of the rate for each individual resonance, and it is written as

(OV)res = (%)3/2 1S (wy)ieap (_ i;)

7

(6.23)

—3/2
11.605 Eg,
= 2.557 x 107" (MTQ) Z(w’y)iexp (—M> [em?s™!]

ma +mp p Tg

where the masses are in units of amu, the resonance strength w~y in eV and the

resonant energy Epr in MeV.
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6.2 Stellar reaction rate of the *Al(p,y)?°Si re-

action

We calculated the new reaction rate of the 2 Al(p,v)?%Si reaction using our results
of energy levels or resonances in 2°Si from the two experiments. The contribution
from the direct capture reaction will not be recalculated in this thesis and is taken
directly from Ref. [75]. The resonant contribution from each resonance is calculated
using Eq. 6.23 given in the last section. Since only energy levels above the proton
threshold energy can be populated in this reaction, only these levels contribute to
the reaction rate. From the NSCL experiment, two levels at £,=5.909 MeV (31)
and 6.446 keV (37) are adopted for the rate calculation, while from the elastic
scattering experiment at CRIB, three resonances at F,=7.135 MeV (27), 7.495
MeV (27) and 7.647 MeV (31) are used as inputs for the calculation. We will also
include the levels from previous work [10, 11, 12] in our calculations.

For the level at £,=5.909 MeV (Er=FE,-5.518=391 keV, 371), the value of the
v width (I',=0.033 eV) is taken from Ref. [75] while the proton width I, is taken
as the average of the value (I',=2.3 keV) in Ref. [12] and that (I',=2.68 keV) in
Ref. [11]. Therefore, the resonance strength is calculated to be wy=1.9x1072 eV.
In the rate calculation, the Er will be taken as the average value (394 keV) of that
(396 keV) from Ref. [12] and our result (391 keV), as well as for the level energy
(averaged E,=5.912 MeV).

For the level at E,=6.446 MeV (Er=928 keV, 41), there are no experimental
information on I'y and I',. Instead, I'y for this state can be calculated or esti-
mated using the experimental transition information of the mirror state in 26Mg
at F,=6.622 MeV. The v width of a state associated with a M1 or E2 transition
is calculated by

Ty(M1) = gagips TY (M1) [eV] (6.24)
T,(E2) = s TV (E2) [eV] (6.25)
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where B(M1) and B(E2) are transition probabilities from measurements or calcu-
lations in Weisskopf-units; BY (M1) and BY (E2) are the corresponding Weisskopf
units; T} (M1) and I'YV (E2) are the Weisskopf-unit  widths for M1 and E2 tran-
sitions (in eV), respectively. They are given by [78],

IW(M1) =2.1x 1072E3 [eV] (6.26)
LYW (E2) = 4.9 x 1078AY3ES [eV] (6.27)

where E, is in units of MeV. Using the B(M1) and B(E2) of transitions from
the F,=6.622 MeV state in *°Mg [80], we calculated I',=1.7x 1072 eV. The proton
width T',, can be either taken from its mirror state in Mg or calculated based on
the fact that it is proportional to the penetrability through the Coulomb barrier [1].
Therefore we can find I', by scaling the proton width of a known resonance by the

ratio of the penetrability (if the reduced widths are the same), that is

P(Egr1)

FP<ERl) = P(ERQ)

T, (Eps). (6.28)

The penetrability is given by

1 mamp
P(E) = —2 = —3129 X ZpZlpy| =——— 6.29
(F) = exp(~2mn) exp< X Za B\/E(mﬁm3)> (6:29)

where m is the mass of the reacting nucleus and Z is the proton number; A and
B refer to the ??Al and proton respectively.

From Ref. [79], the E,=6.622 MeV state in Mg has a half life of T},,=19 fs.
According to uncertainty principle, the total width of this level can be calculated

to be I'=0.693h/T} ;= =0.15 eV. Assuming the total width I' = I',+I", the proton
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width is then calculated to be I',=0.13 eV and the resonance strength

2J +1 y r.r,
w e
T e+ )25+ 1) (T, +1,)
(2x4+1) 0.017 x 0.13
— X
2x3+1)(2x1+1)  (0.017+0.13)
=1.13x 1072 eV.

We take this as the resonance strength for the £,=6.446 MeV level in the reaction
rate calculation.

For the three levels at F,=7.135 MeV (Er=1617 keV, 27) | at E,=7.495 MeV
(Er=1977 keV, 2%) and at E,=7.647 MeV (Er=2129 keV, 3T), no transition
information is available from their mirror states in 2Mg. But we can still obtain
an upper limit of the v width I'; for each level by calculating the Weisskopf-unit
~v widths of single-particle transitions. They are calculated as E2, E2 and M3

transitions®, respectively and we get,

T, (E2; B, = 7.135MeV) = 4.9 x 107843 x 7.135° = 6.98 x 1072 [eV]
[ (E2 B, = 7.495MeV) = 4.9 x 1075A%? x 7.495° = 8.93 x 1072 [eV]
[ (M3;E, = 7.64TMeV) = 6.8 x 1079 A x 7.647" = 8.01 x 1077 [eV]

Combining these v widths with their proton widths extracted from the R-Matrix
fit for the three resonances, I',=42 keV, 10 keV and 89 keV, respectively, we find
that I, < I, at these high energy levels. Therefore, we can simplify the resonance
strength as wy = w x I',I',/(I'y +T',) ~ wl';, as discussed earlier. The resonance
strength of these levels are calculated to be wy = 2.91 x 1072 eV, 3.72 x 1072 eV
and 4.67 x 1077 eV.

Table 6.1 lists all the input parameter values to be used in the calculation of
the 2° Al(p,v)?®Si reaction rate.

The calculated reaction rates within the temperature range of astrophysical

For an M3 transition, the Weisskopf-unit ~ width is calculated by TY'(M3) = 6.8 x
10715 AYBET [eV]

164



Ph.D. Thesis - Jun Chen McMaster - Physics and Astronomy

Table 6.1: List of parameters to be used in the calculations of the 2> Al(p,v)*¢Si
stellar reaction rate. The parameters of the last two resonances are adopted from
Ref [12].

J" E.(MeV) Er(keV) I, (eV) I',(eV) wy(eV)

3t 5.912 394 2.49 3.30x1072 1.90x1072
4+ 6.446 928 0.13 1.70x1072 1.13x1072
2+ 7.135 1617 4.3x10% 6.98x1072 2.91x1072
2" 7.495 1977 1.0x104 8.93x 1072 3.72x1072
3t 7.647 2129 8.9x10* 8.01x1077 4.67x1077
I 5.673 155 1.3x107? 1.10x107! 3.25x10710
0t 5.946 428 1.9x1072 8.80x1073 5.01x1074

interest (see Chaper 1), are listed in Table 6.3, where Egy, Fro, Egrs, Egr4, and
ERs refer to the first five resonances in Table 6.1 in that order, and EFrg and Eg;
are the resonances found in other studies [10, 11]. The rates from the resonances
Ere=155 keV (J™ = 11) and Er;=428 keV (J™ = 07) are directly adopted from
Ref [12]. The plots of these rates are shown in figure 6.3 and 6.4. From the plots,
we can see that the high energy resonances (Fgrs, Fra, Frs) only make significant
contributions to the rate at high temperature (To>1) and their contributions at
low temperatures are negligible compared with non-resonant contribution (DC),
due to their much weak resonance strengths and high resonance energies (far away
from Gamow windows at low temperatures). The Eg; starts to make significant
contribution at Ty>0.1 and then becomes dominant. The rate from Ery can be ne-
glected at Ty <0.7 but is comparable with the DC rate at higher temperatures. The
DC contribution is dominant over the resonances at low temperatures (75<0.1).
As the temperature increases, its percentage in the total reaction rate keeps drop-
ping until a minimum is reached at Ty ~ 0.5, although its absolute contribution
keeps increasing. After that, its percentage in the total rate increases slowly as

the temperature increases but it will no longer dominate.
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A comparison of the total rates from our calculations to the rates in Ref. [12] and
in Ref. [11] is shown in figure 6.5. Agreement can be seen between our calculations
and rates from Bardayan et al. [12] except that there is a slight difference within the
temperature range 0.15 — 0.3 GK, arising mainly from the difference of the energies
of the resonance at Fr=394 keV used in the calculations. The discrepency between
our calculations and the rate from Parpottas et al. [11] at lower temperatures
(T <0.2 GK) is thought to be possibly due to their calculation mistake of the
resonance strength for the resonance at EFr=428 keV, which is calculated to be

wy=5.01x10"* eV in this study.
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Figure 6.3: The #Al(p,y)?°Si reaction rates from direct capture reaction and indi-
vidual resonances from our study.
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Figure 6.4: The #Al(p,y)?®Si reaction rates from direct capture reaction and from
the major contributing resonances. The sum of all contributions is also shown as
the solid line.
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Figure 6.5: The ratios of the total reaction rates from our calculations to the rates
from Bardayan et al. [12] and Parpottas et al. [11]
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Chapter

Summary and outlook

As an important probe of the inter-stellar medium (ISM), the amount of galactic
26 Al needs to be calculated more accurately in order to understand stellar evolution
better by its constraints on the stellar models. The °Al(p,v)?5Si reaction plays
an important role in producing the 2°Al at the explosive burning temperatures
(nova and supernova explosions), and determining the accuracy of the final total
26 Al yield predictions. Large uncertainties however (in resonance energies and
spin-parity assignments) exist for the states of astrophysical interest (right above
the proton threshold energy S,=5.518 MeV) in 2°Si in the Gamow window at
these temperatures. More input data are clearly needed in the calculation of the
25 Al(p,y)?6Si reaction rate at the temperatures of astrophysical interest.

A few recent experiments have been done to study the astrophysically im-
portant states in 2°Si. Caggiano et al found two new states above the proton
threshold at F,=5.678(8) MeV (Er=160 keV)! and F,=5.945(8) MeV (EFr=>527
keV) using the 2*Si(*He,%He)?°Si reaction, and assigned J™=1" and 3" to these
two states [10]. In the experiment, they detected the ‘He to find the excited states
in 26Si. Bardayan et al. performed a 2*Si(p,t)%5Si experiment in which tritons
were measured at different angles to deduce the excited states in 2°Si and the

angular distributions of the differential cross-section. They found a new state at

'The number in the square following the energy value represents the associated uncertainty
for the last digit. For example, in “5.678(8) MeV”, the uncertainty is 0.008 MeV.
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E,=5.914(2) MeV (Er=396 keV) which was assigned J"=0" in their first DWBA
calculations [9] and later assigned J™=3" in their re-evaluation with the FRESCO
code [12]. They however did not observe the two states found by Caggiano et al.
Parpottas et al. used the (*He,n) reaction to study the *(Si structure by measuring
the neutron at different angles. They confirmed the three states found in the two
experiments above with E,=5.670(4) MeV (Er=152 keV), 5.912(4) MeV (Er=394
keV) and 5.946(4) MeV (Er=428 keV) and J™=1", 3" and 0T, respectively, made
by the Hauser-Feshbach (HF') calculations of differential cross-section [11].

A more recent experiment (by Komatsubara et al. with McMaster participa-
tion) has been performed using the (3He,ny) reaction in which instead of detect-
ing the neutrons they measured the ~-rays from the decays of the excited 26Si
states [39]. By constructing cascades of v emissions with the y-v coincidence tech-
nique, they confirmed the state at £,=5.674 MeV (Er=156 keV) and also found
a new state at E,=5.886 MeV (Er=368 keV) which decays to the first excited
state of 1.796 MeV with a 4.089 MeV ~-ray emission. In their preliminary analysis
for the spin-parity assignments by the directional angular correlation (DCO) tech-
nique for coincident 7-rays, they tentatively assigned J™=07 to this newly found
level.

We successfully performed two different experiments via the p(*7Si,26Si*)d re-
action (referred to as (p,d) in the following) and the p(**AL*°Al)p (referred to
as (p,p) in the following) elastic scattering with radioactive beams to study the
structure of 25Si for the first time with these reactions.

In the (p,d) experiment, we also measured the y-emissions from the excited 2°Si
and constructed the -cascades with the «-v coincidence technique to determine
the level energies. We found one state within the range of 5.6 MeV to 6 MeV with
E,.=5.909 MeV (Eg=391 keV) which decays to the 1.796 MeV state with a 4.113
MeV ~-ray emission. According to our analysis, this state is the same state as that
3T state around 5.912 MeV found by Bardayan et al. and Parpottas et al. and we
adopted the spin-parity assignment of J"=3" from them. We also believe that the
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4.113 MeV ~-ray corresponds to the 4.089 MeV ~-ray observed in the experiment
by Komatsubara et al. and therefore we cannot confirm that the state found by
them (E,=5.886 MeV) is a new state. Above E,=6 MeV in ?°Si, we found a new
state at E,=6.443 MeV (Eg=925 keV) which decays to the E,=4.183 MeV state
with a 2.260 MeV ~-ray emission. We suggest a spin-parity of J™=4" for this
state by matching this cascade with those from the corresponding level ranges in
its mirror nucleus 2Mg. We did not find the E,=5.674 MeV and 5.946 MeV levels
from our analysis.

In the (p,p) experiment, we measured the scattered protons to deduce the
experimental differential cross-section. An energy range of 0-3 MeV (E.,,; cor-
responding to E,=5.518 MeV — 8.518 MeV) above the proton threshold in 2°Si
was scanned using a thick target. Actually, we did not see peak signatures in the
excitation function in the region of E., < 1.2 MeV because the Coulomb scat-
tering cross-section is dominant in this low energy region. In the region above
that, we can see many peak-like signatures but we can definitively identify three
peaks as true resonances. Furthermore, only for these three peaks could good fits
be made with the R-Matrix calculations of the differential cross-section. From
the fit, we extracted the three resonances at Ex=1.882 MeV (E,=7.135 MeV)
with J™=2% Ez=2.018 MeV (E,=7.495 MeV) with J™=2" and Ez=2.251 MeV
(E,=7.647 MeV) with J™=3*. The first two resonances likely correspond to the
levels at E,=7.150 MeV and 7.493 MeV found by both Bardayan et al. and Par-
pottas et al. The third resonance matches the level at E,=7.694 MeV found by
both Bardayan et al. and Parpottas et al. within a reasonable error range. As for
the spin-parity assignments for the three states, our R-Matrix fit results agree with
those from Bardayan et al. and Parpottas et al. but there is a discrepancy for the
third one for which our R-Matrix fit indicates J™=3", whereas both Bardayan et
al. and Parpottas et al. assigned J™=3".

Based on our results from both experiments, a new reaction rate for 2°Al(p,v)?5Si

was calculated. The contributions from the three high-energy resonances with
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E,.>7 MeV are negligible at low temperatures (nova temperatures~Tg, Gamow
window range E,=5.621-6.461 MeV) but will come to play a role at high tem-
peratures (supernova temperatures~Ty, Gamow window range F,=5.907-10.493
MeV). The newly found 6.443 MeV (Eg=925 keV) state contributes to the reaction
rates at high temperatures (T >1), comparable with the non-resonant contribu-
tion. Therefore, the most significant contributions at nova temperatures are from
resonances with Er<1 MeV.

Although much progress has been made from all of these experiments performed
for the study of the astrophysical important states in 2°Si at nova and supernova
temperatures, we note that further study to resolve uncertain states and find more
new states will require the measurement of the angular distribution of the transfer
reactions and the y-emission cascades with higher-precision and more efficient de-
tectors, and with beams of higher intensity. As the development of the radioactive
beam (RIB) technique proceeds further, direct measurements of the 2°Al(p,y)?°Si
reaction with low-energy and high-intensity RIBs will be the best choice for further
study in the future.
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Appendix
Production of RIBs in laboratory

The methods for producing the short-lived radioactive beams (RIBs) in the lab-
oratory can be categorized into two types: the ISOL method and the In-flight
method, which can produce RIBs in different energy regimes and thus are comple-
mentary. Figure A.1 shows a schematic diagram of the beam production by these

two methods in comparison.

A.1 ISOL — Isotope Separator On-Line

In the ISOL method, radioactive ions are first produced by a primary accelera-
tor or by the neutrons from a nuclear reactor and then stopped by a production
target after which the radioactivity is transported into an ion-source. The radioac-
tive nuclei from the ion source are extracted in the form of ions with the desired
charge-states and then go through the selection of mass separators to remove the
unwanted particles from the beam. After this mass separation, the beam will
get re-accelerated by a second accelerator to the desired energy for the nuclear
experiments.

With the ISOL technique, beams of high quality can be produced, which is
comparable to that of stable beams because the process is similar to that for the

stable beam production. Strong ISOL beams can be produced but the intensity
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Figure A.1: The schematic diagram of the RIB productions by the ISOL method
and the in-flight method.

varies with the chemical species used for the ion-source and their radioactivities.
This technique also depends on the diffusion and effusion of the radioactive atoms
in the production target. To facilitate the production process, the production

target is always maintained at high temperatures (about 2500°C). Since the time
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of the diffusion processes vary, this method is not suitable for short-lived nuclear
species with half-lives of milliseconds or less because the radioactive nuclei could

decay before they get re-accelerated to the secondary target.

A.2 In-flight method

In the in-flight method, the radioactive beam is produced by the fragmentation of
heavy primary beam on a light target. Interactions with the light target nuclei can
result in fragmentation and the produced nuclei can leave the target with velocities
close to those of the beam projectiles. Due to the nature of fragmentation, many
different species will be produced. Since the produced beam particles already have
high velocities, they do not need further acceleration as in the ISOL method to
transport them to the secondary target and therefore it is suitable for production
of short-lived radioactive beams. Before the beam particles reach the secondary
target beam, a beam separation is necessary, by which the beam particles can
be identified and separated by mass, charge and momentum in a spectrometer
(fragment separator). But even after this separation, the beam can be still con-
taminated by other particles with characteristics close to the desired beam particle.
Further identification for the beam particles are needed on an event-by-event basis.

Using in-flight, we can produce all chemical species with half-lives greater than
about 150 ns which is the time of transit through the fragment separator. The
main disadvantage of this method due to the nature of fragmentation is that it is
difficult to produce RIBs with high intensities and high purities and the produced
beams have poorer quality in terms of energy and focusing.

Both of our experiments at the NSCL facility and the CRIB facility use the
in-flight method to produce the RIBs.

The best method for the RIB production in the future is the one that combines

the ISOL and in-flight methods by stopping fragmentation products in a gas cell.
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Appendix
R-Matrix theory

The R-Matrix theory is a theory of the cross-section of compound nuclear reaction.
A compound nucleus is formed via the strong short-range nuclear force which exists
only inside the nucleus. Outside the nucleus the Coulomb force plays the dominant
role. Therefore the wave functions inside and outside the nucleus in the formation
of compound nuclei behave differently, and a nuclear surface is then defined as
existing at a radius a,. representing the boundary between the internal and external
region. Outside the surface, due to the weak electromagnetic interaction, the wave
function is simply described as a linear combination of the incoming and outgoing
waves. But in the internal region, the wave function is confined in the nuclear
volume enclosed by the nuclear surface and thus can be expressed as a standing
wave, the eigenvalue of which gives the resonant energy of a resonant state in the
compound nucleus. But since the compound nucleus cannot last forever, and it can
break out or decay in many exit reaction channels, the wave function is actually
not an exact standing wave but a complete orthonormal set of such standing wave
functions associated with all resonant states.

In the following, the derivation of the R-Matrix formalism for a simple particle

scattering from a central potential is described. In the internal region, the total
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radial wave function ¥ satisfies the radial Schrodinger equation,

h* d*V

2m dr?

+V(r)V = EV (B.1)

where the mass m is actually the reduced mass the scattering system.
As mentioned above, the internal wave function is described by a complete set

of wave functions of resonant states, as follows
=Y C\X, (B.2)
A

where X, represent the standing wave functions of the resonances labeled A. All

these resonances satisfy the Schrodinger equation,
HX), = FE\X), (B.3)

where F\ are the energy eigenvalues of the resonant states. The energy-dependent

coefficients C, are given by

Cy = / X;Udv (B.4)
0

where the V' represents the nuclear volume enclosed by the surface at r = a..
Since the X, are stationary, they must satisfy the boundary condition on the

nuclear surface r = a., given by
dXy
A X = B.
e 9

where b is the boundary condition number and can be arbitrarily chosen.
By multiplying Eq. B.1 by X} and the conjugate of Eq. B.3 by ¥, subtracting,

and integrating over the nuclear volume V', we obtain

B[ dXr  .dU “ .
(\p - —XA%) _(E—EA)/O X;Wdr (B.6)

r=ac

2m
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Using Eq. B.4 and Eq. B.5, we obtain

h2 X)\(CLC) A
Cy = e E— B <r— — b@) L (B.7)

Substituting this expression of C'y to Eq. B.2, we get

U(r) = G(r,a.) (TC;—\D - b\I/)T_aC (B.8)

r

where the Green’s function G(r,a.) is given by

hQ X)\(T)X)\(ac)

Glr, ac) = 2ma. 4 E,—-F

(B.9)

which relates the value of the wave function in the internal region to its derivative

on the surface and defines the R function as its value at r = a,

2
_ 15
R = G(a., a.) E/\ B E (B.10)
where
h2 1/2
= X B.11
- (Qmac) \(a2) (B.11)

is referred to as the reduced the reduced width of the resonant state.

The R-function then relates the internal stationary parameters such as the wave
functions and eigenenergies to the total wave function ¥ at the nuclear surface
= de.

From Eq. B.8, we get
U(a,) = G(ae, a.)(a.¥ (a.) — b¥(a.)) (B.12)

then we can find that
V(a.) 1+4+0bR

U(a.)  a.R

(B.13)

This implies that if we know the logarithmic derivative of the wave function at
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r = a. for all energies, we will know the cross-section for all energies as well.
In the external region, the total wave function can be written as a linear com-
bination of the linearly independent incident and outgoing radial waves, I; and O,

in the form

(I)l = Il — UlOl <B14)

where the coefficient Uj is so-called collision function which is the amplitude of the
unit-flux outgoing wave O; associated with a unit-flux incoming wave /;. The index
[ here denotes the incident relative orbital angular momentum of the scattering
system.
The radial incoming and outgoing wave functions at large distance can be
written as
I, = —expli(kr — wl/2 — nin(kr))]

(B.15)
O, = expli(kr — wl/2 — nin(kr))]

where k is the wave number and 7 is the Coulomb parameter— the Sommerfeld
parameter, depending on the charge Z; and Z, of the scattering pair and their

relative velocity v, and they are given by

2mE
k p—
h (B.16)
. Z122€2
= hv

If we let p = kr, I; and O; will be functions of p.
Alternatively, the incoming and outgoing radial wave functions can be written

in terms of the regular and irregular Coulomb functions F; and G; as

I, = (Gi(kr) — iEy(kr))exp(iw;)
O, = (Gi(kr) + iFy(kr))exp(—iw;)

(B.17)

181



Ph.D. Thesis - Jun Chen McMaster - Physics and Astronomy

where w; is the Coulomb phase shift, and is given by

w = Ztan_l(m/n). (B.18)

If there is no Coulomb field in the external region (neutron scattering) or at large
distances (r > a.), we will have  ~ 0, that is, zero Coulomb phase shift w = 0.

The regular and irregular Coulomb function F; and G; are given by (Pg. 269
in [52])

wkr ,
Fy(kr) = TJH%(IW) = krji(kr)

Gi(kr) = (=1)'y /%MJ_(H;)(kr) = —krny(kr)

where J; 1 (kr) andJ_ 1 y(kr) is half-integer Bessel functions, jikr is the spherical

(B.19)

Bessel functions and and n;kr is the spherical Neumann function.
By evaluating the logarithmic derivative of the external wave function at the

nuclear surface r = a,. and matching it with that of the external wavefunction in

Eq. B.13, we obtain
14+0R I - U0
= B.20

Rac ([l — UlOl r=a. ’ ( )

where the prime means % and it follows that

L+ bRI,— RI}

'~ 0, +bRO, — RO}, _,. (B.21)
1 LR, '
1-LRO|,

where we use the fact that [; = O] and L; is the logarithmic derivative quantity
at r = a,, given by

!/
L, =a, (%) —b=5+1ib (B.22)
U/ r=a.

Here S; is defined as the shift function leading to level shifts and P, is the penetra-
bility leading to level widths. Both of them are evaluated at » = a.. Then using
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Eq. B.17 in above equation, we can find the expressions of the shift function and

penetrability function in terms of the Coulomb functions as follows

Fy(kr)F/(kr) + Gi(kr)G)(kr)
F2(kr) + G#(kr)
ka,

F2 ) + GIr)

Sl:ac

rea (B.23)

P =

r=ac

Then we can rewrite the collision function U; in Eq. B.21 in terms of .5}, P, and
the R function using Eq. B.17, Eq. B.21 and Eq. B.22, as
(1 =S R)+iPR Gi(kr)—iF(kr

_ ) :
U= (L= (SiR) = PR Gy (kr) + i (o) P20 (B:24)

It follows that

U = exp(2i6])exp(—2igy)exp(2iw;) = exp[2i (07 — ¢y + w)] = exp(2i8)), atr = aq.
(B.25)
As we can see the collision function can finally expressed as a simple form as

U, = exp(2i4;) with the ¢; is called the total phase shift,

6 = 0 — ¢y + wy (B.26)
with
5lR = tan"! ] iDI:I;R
: (B.27)
o= tan™! Fi(ka)
: Gy(ka,)

and w; from Eq. B.18, the Coulomb scattering phase shift. §{% is the resonance
contribution to the phase shift and ¢; is the hard sphere scattering phase shift.
Now in order to find the relation between the collision function U; and the dif-

ferential cross-section, we start with the total wave functions. The total incoming
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and outgoing wave functions, Z; and Oy, are given by (Pg. 270 in [52])

I
I ZYIO 1/2 ¢

O
— 4!
O =i Yloml/J

(B.28)

where 1 is the wave function associated with other quantum numbers and the

spherical harmonics function Y}y is just

20+1
Yio(0) = ym P(cosh) (B.29)

Therefore the total wave function W can be written as the linear combinations

of the total incoming and outgoing wave functions, as follows

Up = ZAI(II —1,0) (B.30)
I
It follows that
Uy = ZAl(ilyioﬁiﬂ - Ulilno%w
I
= Z A’i}ﬁ“" [-UO) (B.31)
- Z Aﬂlﬁw 0) + ZI: Afj?ﬁw(l - )0

Substituting the expression of Y}y and Eq. B.17 (the Coulomb shift is taken as zero

at large distances) into the above equation and using Eq. B.19, we obtain

Ay, w Aity; w
Ve = 3 Sy () + 3 S (L= U) G i)
21 20+1 Ak
> () Picost)i (k) (B.32)
2l + 1 Ak | |
Z Ul1/2 l — U,)P(cosO)(ji(kr) + iny(kr))
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Recall that a plane wave exp(ikz) can be expanded as follows

exp(ikz) = exp(ikrcost) = Zil(Ql + 1)ji(kr)Pi(cost) (B.33)

!
and hy(kr) = ji(kr) +in,(kr) is the spherical Hankel function of the first kind and
is approximated as hj(kr) ~ —iexp(ikr)/(kr) at large distances. Then the above

expression of W can be written as

Up = Z ik) N2l + 1)51(kr) P(cost)

\/'01/2# 20+ 1)

204+ 1 Al ) exp(ikr)
Z o v1/2 (1-— UZ)PI(COSQ)T

(B.34)

Now we define a value of A; so that the first term in the expression Uy is just a

plane wave exp(ikz), that is,

21 + 1)v/?
A= (@i+1) (B.35)
k
Using this value of A; in the expression of Wp, we obtain
1k
Up = eap(ikz) + £(6)“LURT) (B.36)
with
1
=5 > i (20 + 1)(1 = U)Py(cos) (B.37)
1

Thus we find that the total wave function is just a superposition of an incoming
plane wave and an outgoing scattering radial wave. The f(6) is thus the nuclear

scattering amplitude and the differential cross-section is then given by

2

= [FO)P = 5 321+ 1)(1 ~ U) Pi(cosh) (8.38)

do(0)
ds?

Finally we find that the differential cross-section depends on the collision func-
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tion U; which in turn depends on the phase shifts associated with Coulomb scatter-
ing (w;), hard-sphere scattering (¢;), and resonant scattering (6;%), with the third
one determined by the R function. It is the R function within which all the in-
formation about the stationary states, such as resonance energies and widths is
contained Therefore, if we know the resonance energies and widths of resonances,
we can calculate the R function and then the collision function from which the
differential cross-section can be calculated. Likewise, if we have data of resonant
scatterings or reactions from experiments and use the formula of differential cross-
section with R function to fit the data, we can extract the resonance energies and
widths for unknown resonances, the spin-parity J™ as well.

The above derivations are for the simple case of the single channel resonant
scatterings or reactions. If there are more scattering or reaction channels involved
to populate different resonance states, the multi-channel representation is needed.
For this case, the R-function will become an R-matrix with each element repre-
senting the correlation between two channels. In turn, the collision function in
Eq. B.21 is then a collision matrix and it should be re-written as [page 732 in
Ref. [53]]

U= (kr)"?07(1 = LR)™Y(1 — L*R)I (kr)" (B.39)

where (kr)'/2 and (kr)~'/2 are the diagonal matrices with diagonal elements (kr)'/2

and (kr)~Y2, respectively; O ,I and L are also diagonal matrices with component
O, ,I. and L.(c the channel label); the simple inverse calculation of a real value in
Eq. B.21 now becomes the complicated inverse calculation of the matrix, that is
(1-LR)™L.

Actually, the resonance energies and widths extracted from the fit are not the
physical ones and they are called formal resonance energies and widths. Different
energies and widths can be obtained if different boundary constants are used. They
depend on the choice of the boundary condition and they are related to the real
physical resonance energies and width by this boundary condition. There is always

a boundary constant at which the formal resonance energy matches the physical
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one for each resonance. The process of finding the physical resonance parame-
ters from the formal ones is called boundary transformation, which is explained
in Chapter 5. The differential cross-section does not depend on the boundary
constant, which means all combinations of boundary constants and the resonance
parameters calculated at the corresponding boundary constant will give the same

value of the differential cross-section for the same resonant scattering or reaction.
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Appendix C

More analysis details

C.1 File formats of the experimental data at CRIB
and NSCL

The raw experimental data collected during the experiment were binary data. It
usually include two parts: the first part is the header including the run information
about the data file, such as file name, run time, file size, and so on; the second
part is the binary data. The data formats used in different laboratories might
be different in the details of the header and data body due to the different data
acquisition systems (DAQs) and different encoding method used to making the raw
binary data. Here the two data formats used in this thesis project are described:
the data format of the rdf data file at CRIB with extension .rdf and that of the
evt data file at NSCL with extension .evt. Figure C.1 shows the format of each
event stored in the .evt file at NSCL. Figure C.2 shows the format of .rdf file at
CRIB.
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Event Size

Packet Size

First data packet > Packet ID

Second packet Packet body

Figure C.1: Event format of data file at NSCL.
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File header

Block flag
. Event size
First data block > Event ID
e !

Data segment J

Event 1

Second data block Event 2

Figure C.2: Data format of the .rdf file at CRIB.
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C.2 Input file for the R-Matrix fitting program

Displayed below is the content of the input file “param.par” used for the R-Matrix
fit to our resonance data. For example, 1’e(3,1) represents the reduced width
of the first resonance, with the first number in the square equal to J, + 1 and
the second number indicating the number of the resonance; the two values after
1’e(3,1) are the values of this reduced width and its uncertainties, respectively.
5°g(31321) represents the formal energy of the first resonance indicated by the
last number in the square; the first number in the square again is equal to J; + 1
with J, the spin of the resoance; the second one means the number of reaction
channel, 1 for elastic scattering and 2 for inelastic scattering; the third number in
the square is equal to S + 1 with S the channel spin of this reaction channel; the

fourth number is equal to [ + 1 with [ the quantum number of the orbital angular

momentum.
SET TITLE
Elastic scattering R-matrix fit to CRIB data
PARAMETERS
1’e(3,1) > 0.17100E+01 0.61545E-02
2’e(3,2) > 0.20540E+01 0.75266E+01
3’e(4,3) > 0.22340E+01 0.75266E+01
4’e(3,4) > 0.10840E+02 0.75266E+01
5’g(31321) ’ 0.42415E+00 0.12376E-01
6°g(31312) > 0.24185E+00 0.23795E+00
7°g(41413) ’ 0.42415E+00 0.12376E-01
8’g(31314) ’ 0.29485E+01 0.23795E+00
23’signorm  ’ 0.21941E+00 0.27899E-02

minimize 1000
save

return
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C.3 Creating .spe file used in gf3 program

gf3 is a useful program for gamma spectrum analysis in the RadWare package [81].
This program takes an input spectrum file of its own format with the extension
.spe, plot it, and analyzes it. The .spe file is a binary file only for 1 dimensional
spectra and it contains two parts of information for a spectrum. The first part is
the information about the name and size of the spectrum, while the second part is
the spectrum data. Each data point in the file is just the count of the spectrum at
the channel corresponding to the index of its placement in the file. For example,
if the 14th data point in the file is 100, that means that at channel 14 on the
spectrum, there are 100 counts.

To use the gf3 program, we need to create a .spe file from our data if one
does not already exist. We can simply create it from a .txt file, which consists
of only two columns of data with the first column the channel number and the
second the count at that channel number for each row in the file. Then we can
write a short code reading the channel and count from the .txt file, creating a
.spe file and writing into the .spe file the count by order of its channel number
using a subroutine named "wspec” in the gf3 code package. The following is for
those who are reading this section and are not familiar with linking to a library.
When compiling and building this short code, we need to link it to the library
which contains the subroutine we used for creating .spe file. For example, if the
short code is “CreateSpe.c” and the library is a archive “util.a” in the directory of

“/usr/local /gf3/src/libs /util”, we just do,
gce -o CreateSpe -¢ CreateSpe.c /usr/local/qf3/src/libs/util/util.a -Im

Regarding how to use gf3, refer to the manual on its website [81].

192



Ph.D. Thesis - Jun Chen McMaster - Physics and Astronomy

C.4 Geometry of the detector system in the F3
chamber at CRIB

Figure C.3 shows the geometry of the detector system in the F3 chamber from the
top view. All of the measured distances are listed in Table C.1. dg, d; and dy are
the distances from the target center to the centers of PSDO (0°), PSD1 (17°) and
PSD2 (27°), respectively. In the calculation of the scattering angles, we use dp= d;
=d,=204 mm. The horizontal center of the PSDO0 is not on the beam axis; instead
it is off axis to the right by 16 mm as viewed from upstream to downstream. The
active area of each PSD is 50mmx50mm in X & Y dimensions. Each dimension

has 16 divisions with each having a size of 3.1 mm.

— — DI
PSDI
d D2
all a2 BI| (B2 H F  PSDO
: El
PSD2

PPACI PPAC2 E2

Figure C.3: Geometry of detectors in the F3 chamber at CRIB, from top view.
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Table C.1: List of measured distances (mm) in the detector system in F3 chamber
at CRIB for our experimental set-up (refer to figure C.3).

A1A2 52 B1B2 51 A2B2 56.8 B1C 248
B2C 197 B1F 453 B1D1 435 B1D2 | 441
B1E1 445 B1E2 | 429 CD1 193 CD2 189
CF 208 CE1 205 CE2 207
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