ABSTRACT

SONG, KAIXIN. Spectroscopic Studies of Mg and Their Implications for Na-O Anticorrelation
in Globular Clusters. (Under the direction of Richard Longland.)

Globular clusters (GCs) are dense, gravitationally bound stellar systems. They are among
the oldest populations in the universe and play a key role in understanding stellar and
galactic evolution. Over the past decades, spectroscopic observations have revealed distinct
chemical abundance anomalies within these clusters. These findings indicate that nuclear
burning in early-generation stars enriched the intracluster medium and shaped the chemi-
cal composition of later-forming stars. A deeper understanding of these processes requires
precise measurements of the relevant thermonuclear reaction rates through laboratory
nuclear experiments.

This thesis focuses on the key sodium-destruction reaction #?Na(p, y)**Mg in the Ne-Na
cycle, which helps explain the most prominent and nearly universal Na-O anticorrelation
among all observed abundance anomalies in globular clusters. A reanalysis of data from
a previous ?*Na(*He,d) experiment was performed to derive an updated *Na(p, y)**Mg
direct-capture reaction rate, based on spectroscopic factors of low-lying states that were not
covered in the previous study by Marshall et al. The new rate is found to be approximately
43% lower than previous evaluations at 7y < 0.04, primarily due to improved control of
experimental systematic uncertainties.

In addition, a fusion—evaporation experiment was carried out using GRETINA and the
FMA to constrain the energy uncertainty of the ~133 keV resonance, which dominates
the 2Na(p, y) rate at a stellar temperature of Ty ~ 0.08. No evidence of the corresponding
state was observed, and challenges still remain. During this investigation, an improved
Doppler-correction method was developed and shown to be effective. Extensive y-ray data
and new spin assignments for several levels in ?*Mg were obtained, providing valuable
input for nuclear data evaluations.
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CHAPTER

1

INTRODUCTION

1.1 Nuclear Astrophysics: Connecting the Stars and Nuclei

Nuclear astrophysics is an interdisciplinary eld that uses nuclear physics to study cosmic
phenomena governed by nuclear processes, including stellar evolution, novae, supernovae,
as well as the origin of the chemical elements. The recognition that nuclear reactions
power the stars dates back to the late 1930s, when Bethe and Critch eld identi ed the
proton—proton chain as the one of the two primary energy sources of main-sequence
stars [Bet39]. Two decades later, the pioneering works of Burbidge, Burbidge, Fowler, and
Hoyle [Bur57], and independently Cameron [Cam57], established the foundations of mod-
ern nuclear astrophysics. These studies demonstrated how successive stages of stellar
burning synthesize the chemical elements through thermonuclear reactions, thereby ac-
counting for their observed abundances, particularly those of the solar system. A deeper
understanding of these processes relies not only on precise spectroscopic observations,



but also on experimental measurements of nuclear reactions. By conducting nuclear ex-
periments in the laboratory, we gain access to aspects of stellar phenomena that would
otherwise remain beyond our reach. However, reproducing the relevant conditions of stellar
plasmas in the laboratory presents major challenges. Nuclear reactions with charged parti-
cles are hindered by their Coulomb barrier, which suppresses their cross sections at the low
energies of stellar interiors and makes direct measurements extremely dif cult. Although in
astrophysical environments the enormous number of particles allows even reactions within

a very narrow energy window to dominate stellar phenomena, laboratory experiments are
often restricted by limited statistics. To address these challenges, a variety of experimental
approaches have been developed to indirectly determine the relevant cross sections and
nuclear-structure information  [Tril4]. Progress has also come from the development of
nuclear models, particularly the successful establishment of the shell model  [Cau05] and
the application of the optical model in reaction analysis codes, which have provided a
powerful framework for comparing theory with experiment.

Building on these foundations, this thesis focuses on the nuclear processes that shape
sodium abundances in globular clusters, with particular attention to the ZNa(p, )**Mg
reaction, together with complementary studies of the nuclear structure of ~ 2*Mg that provide
essential spectroscopic information. The remainder of this chapter introduces further
background on globular cluster abundance anomalies, the Na—O anticorrelation, and the
role of the 2°Na(p, )**Mg reaction within the NeNa cycle. The structure of the thesis is
outlined at the end of this chapter.

1.2 Globular Cluster Abundance Anomalies

Globular clusters (GCs) are dense, gravitationally bound systems consisting of tens of
thousands to millions of stars within 100 parsecs. They are widely distributed in the halo
regions of the Milky Way and other galaxies. Since they are among the oldest stellar systems
in a galaxy, GCs serve as important tracers of early galactic formation and evolution. Fig. 1.1
shows an image of the M15 cluster, illustrating the dense stellar environment that is typical
of GCs.

Historically, globular clusters were regarded as simple stellar systems hosting a single



Figure 1.1 The M15 (NGC 7078) globular cluster. Credit: NASA, ESA.

stellar population. Under this assumption, each star in the globular cluster would form

at the same time with similar chemical composition. This perspective followed the early
classi cation of Population | stars in the Galactic disk and Population Il stars in the halo and
globular clusters, which was established through kinematic observations by Oort  [Oor26]
and color-magnitude diagram (CMD) comparisons by Baade [Baa44b; Baa44d. Subsequent
observations by Sandage and collaborators(e.g., [San53; San67) revealed systematic dif-
ferences among the CMDs of various clusters, suggesting variations in age and metallicity
from one cluster to another. Within any given cluster, however, stars were still believed to
constitute a single stellar population. Fig. 1.2 shows an example of CMD for M15 (NGC 7078),
in which absolute magnitude (a measure of luminosity) is plotted against spectral type
(broadly corresponding to temperature) for individual stars. Most stars lie along the main
sequence, corresponding to hydrogen burning in their cores. The red giant branch traces
stars that have exhausted hydrogen in their cores and are burning hydrogen in a surround-
ing shell, while the horizontal branch consists of stars undergoing core helium burning.
These evolutionary phases are broadly consistent with the idea that stars of different initial
masses but the same age lie along a single isochrone.



Figure 1.2 Color—-magnitude diagram of the globular cluster M15 (NGC 7078), adapted from
Durrell etal. [Dur93].

However, subsequent observations revealed clear deviations from this simple frame-
work. With the advent of high-precision photometry, evidence for multiple stellar pop-
ulations became conclusive. In 47 Tuc, for example, HST observations revealed for the
rst time that two populations can be traced continuously from the main sequence to
the horizontal branch, as shown in Fig. 1.3 [Mil11]. A detailed analysis within the same
study [Mil1l] demonstrated that these sequences correspond to two generations of stars
that differ in their helium and CNO abundances. These abundance patterns are consistent
with modern nucleosynthesis predictions.

As broader understandings of stellar types are developed through photometric studies
on the differences among the color—-magnitude diagrams of various stellar systems, spectro-
scopic analyses of stellar chemical compositions have provided complementary evidence
for tracing stellar evolution histories. Kraft's early review [Kra79] summarized the emerging
evidence for chemical inhomogeneities in globular clusters during the 1970s. Subsequent



Figure 1.3 Color—magnitude diagrams of the globular cluster 47 Tuc (NGC 104), adapted from
Milone et al. [Mil11]. The green and magenta datasets represent the rst- and second-generation
stars, respectively. The vertical axes show the apparent magnitudes in the corresponding HST

Iters, while the horizontal axes indicate the color indices  (Mgo75w ME3zew) aNd (Mezzew MEa3sW),
which are sensitive to stellar temperature and light-element (C, N, O) abundance variations.

observational work con rmed that stars within a given cluster exhibit star-to-star corre-
lations and anticorrelations among light elements such as C, N, O, Na, Mg and Al [Kra94].
Among these, the sodium—oxygen (Na—O) anticorrelation has emerged as a nearly universal
feature observed in red giant branch (RGB) stars across almost all well-studied globular
clusters [Gra04; GralZ. Fig. 1.4 illustrates this trend in 19 clusters studied by Carretta et
al. [CarQ09]. These anticorrelations are often referred to as abundance anomalies, as they
cannot be easily explained within the framework of a single stellar population. Importantly,
this phenomenon appears to be unique to globular clusters. No comparable Na—O anti-
correlation has been observed among halo eld stars [Car09; GralZ. By contrast, the CN
anticorrelation is common even among eld stars and is well understood as a signature of
the CNO cycle, highlighting that the Na—O anomaly requires a more complex explanation.
Although the astrophysical source of the observed anticorrelations remains uncertain,
they clearly originate from nuclear burning processes. In particular, they have been linked to
hydrogen burning at elevated temperatures [Lan93]. Because RGB stars themselves cannot



Figure 1.4 Figure from Carretta et al. [Car09], showing the sodium—oxygen anticorrelation in
red giant branch stars across 19 globular clusters. The x- and y-axes indicate the abundance
ratios [O/ Fe] and [Na/ Fe], which represent logarithmic differences of their element-to-iron ratios
relative to the Sun. Each data point represents the abundances of a single RGB star. Red circles
are measures for both O and Na, and blue arrows are measures for Na but only upper limits for O.



reach such temperatures, the enriched material must have been produced before the stars
we observe today. A widely accepted hypothesis [Gral2] is that nuclear burning in some
rst-generation stars altered the sodium and oxygen content of their ejecta. This processed
material subsequently polluted the intra-cluster gas, from which second-generation stars
formed. These second-generation stars are now thought to constitute the majority of the
stellar populations observed in most globular clusters, with the differences in their chemical
abundances primarily re ecting varying degrees of mixing between unprocessed and
processed gas, and some stars showing little or no evidence of such pollution.

Fig. 1.5 shows an example of the Na—O anticorrelation for NGC 5904. The population
divisions— rst-generation on the left, intermediate in the middle, and second-generation
at the bottom—reveal that second-generation stars tend to exhibit lower sodium abun-
dances, re ecting the nucleosynthetic history of the cluster.

Several candidates for the rst-generation (polluter) stars have been proposed, includ-
ing massive asymptotic giant branch (AGB, 4-8 M ) and super-AGB (8—10 M ) stars whose
hot-bottom-burning yields can reproduce parts of the Na—O trend [Ven09; DEr12], fast-
rotating massive stars ( 25M ) whose slow winds carry hot H-burning products  [Dec07],
and interacting massive binaries that shed chemically processed material at low veloci-
ties [Min09 ]. More recently, scenarios invoking very /super-massive stars ( 10*M ) formed
in dense proto-clusters have also been explored [Denl3; Giel8]. Despite extensive efforts,
no proposed source, nor combinations thereof, can simultaneously reproduce all of the
observed properties of GCs. In particular, besides the Na—O problem, a major dif culty is
that all sources severely overproduce Helium for most clusters, posing serious challenges
to the current framework [Basl§.

Besides the nearly ubiquitous Na—O anticorrelation observed in globular clusters, sev-
eral other abundance anomalies have been identi ed but appear only in subsets of clus-
ters [Bas1§. The Mg—Al anticorrelation, for example, is found in a fraction of clusters and is
interpreted as evidence of hydrogen burning at even higher temperatures  [Cas13. More ex-
treme cases, such as the Mg—K anticorrelation observed so far only in NGC 2419 (and many

eld stars) [Kem18], point to some strong nucleosynthetic processing that is not unique to
globular clusters. These cluster-to-cluster variations highlight that multiple mechanisms
may have contributed to the enrichment history of globular clusters and provide motivation
for a closer examination of the underlying nuclear cycles and reaction rates, which will be



Figure 1.5 Na—O anticorrelation in RGB stars of NGC 5904, with population divisions adapted
from Carretta et al. [Car09]. The lines separate stars into rst-generation (Na-poor, O-rich, at the
bottom), intermediate, and second-generation (Na-rich, O-poor, on the left) populations. Other
symbols are the same as those in Fig.1.4



discussed in the following section.

1.3 NeNa Cycle and %*Na(p, )?**Mg

The Na—O abundance anomalies motivate a closer examination of how sodium is produced
and destroyed in stars, which occurs through the NeNa cycle of hydrogen burning. The
main reactions can be summarized as

DNe(p, )*!Na( ")Y*Ne(p, )**Na( *)*Ne(p, )*Na(p, )*Ne. (1.1)

An illustration of the NeNa cycle is given in Fig. 1.6. Within this cycle, successive proton
captures and * decays synthesize 2Na from 2°Ne. Once produced, ?®Na can then either
go through proton capture as 2°Na(p, )**Mg or be recycled back via >*Na(p, )*°Ne. The
produced 2*Mg is diverted into the Mg—Al cycle and can not return under typical hydrogen-
burning temperature, thus removes 23Na from the cycle. The competition between the two
channels largely governs the abundance of Na in stellar interiors. In addition, the ~ 2*Na(p, )
rate also affects the supply of Mg and Mg-related anomalies.

The cycle operates in hydrogen-burning regions at 30-100 MK, corresponding to
typical astrophysical environments such as the H-burning shells of red giant branch stars
or the cores of more massive stars. Because these conditions lie deep in stellar interiors,
isolated eld stars do not generally exhibit Na—O anticorrelations. In globular clusters,
however, second-generation stars formed from the processed ejecta of earlier generations,
preserving the Na—O signature in their observable surface abundances.

At these temperatures, the ?3Na(p, )?*Mg reaction proceeds through a combination of
non-resonant direct capture into bound states and a few narrow resonances just above the
proton threshold. Its rate is therefore highly sensitive to the properties of near-threshold
states in 2*Mg. Reliable determination of these properties is crucial for constraining the
sodium balance in stellar interiors.

Direct measurements of the 2*Na(p, ) reaction at stellar energies are extremely chal-
lenging, as the Coulomb barrier suppresses cross sections to vanishingly small values. At
temperatures below about 50 MK, the reaction rate is governed by non-resonant direct
capture into low-lying bound states of  2*Mg. At slightly higher temperatures (50—-100 MK),



Figure 1.6 The NeNa cycle. The orange, blue and green arrows represent (p, )reaction, * decay
and (p, ) reactions, respectively. The thickness of arrows indicates the relative strength of cor-
responding reactions. Reactions with dashed arrows are much weaker and generally negligible
under typical stellar conditions.
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a single narrow resonance at E*™ = 133keV (E, 11826keV) dominates the rate. Both
contributions are highly sensitive to the detailed structure of near-threshold states in 2Mg,
but neither can be constrained with suf cient precision by direct (p, ) measurements
alone.

To overcome these limitations, indirect approaches are required. Proton-transfer reac-
tions such as 2°Na(3He,d )?*Mg selectively populate the same bound states that contribute
to the direct-capture component, allowing their spectroscopic strengths to be extracted
and used in reaction-rate calculations. Complementary information comes from -ray
spectroscopy following fusion—evaporation reactions, which provides precise excitation
energies and spin-parity assignments of resonant states just above the proton threshold.

This thesis therefore employs both approaches: the transfer-reaction study constrains
the direct-capture contribution through spectroscopic factors, while the fusion—evaporation
experiment yields precise nuclear-structure data for resonances. Together, these com-
plementary methods establish the foundation for a more reliable determination of the
ZNa(p, )rate.

1.4 Structure of This Thesis

The remainder of this thesis is organized as follows.

Chapter 2 presents the theoretical framework for nuclear reactions in astrophysical
environments, emphasizing the roles of direct capture and resonant processes, and their
connections with nuclear structure.

Chapter 3 describes the experimental facilities and setups at TUNL used for the ( *He,d)
transfer experimentand brie y introduces the -ray detector relevantto the fusion—evaporation
experiment.

Chapter 4 presents the 22Na(®He,d )**Mg transfer experiment performed at TUNL, which
constrains the direct-capture component ofthe  2°Na(p, ) rate through spectroscopic infor-
mation on low-lying states in  2*Mg.

Chapter 5 describes the fusion—evaporation experiment conducted at Argonne National
Laboratory using GRETINA and the FMA. This study provides high-precision -ray data
that re ne nuclear-structure properties of  2*Mg relevant to astrophysics.

11



Finally, Chapter 6 summarizes the main ndings of this work and discusses their impli-
cations for the observed abundance anomalies in globular clusters.
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CHAPTER

2

THEORETICAL FRAMEWORK FOR
ASTROPHYSICAL REACTION RATES

2.1 Thermonuclear Reaction

2.1.1 Reaction rate formalism

Astrophysical nuclear reactions take place under a wide range of conditions, including
the hydrostatic interiors of stars, explosive phenomena such as novae, X-ray bursts, and
supernovae, and even in interstellar media. In many of these cases, the reacting nuclei
can be approximated as being in thermal equilibrium, so that their velocities follow the
Maxwell-Boltzmann distribution. The relevant quantity for describing the probability of
reactions in such plasmas is the thermally averaged product of the cross section and the
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relative kinetic energies [lli15]:
Z, . ¢

E
(kT)3:2 (E)EeXp F dE, (21)
0

< 4
8 ¥ 1
h vi= —

where is the reduced mass of the system in center of mass frame, k is the Boltzmann
constant, T is the temperature,and  (E) the energy-dependent nuclear cross section. This
expression indicates that the macroscopic part of the rate comes entirely from the thermal
averaging and statistical distribution, whereas all microscopic nuclear-physics information

is encoded in the cross section  (E).

The cross section (E) provides a quantitative measure of the probability that an in-
teraction will occur. It re ects both the long-range Coulomb repulsion between charged
nuclei and the short-range nuclear interaction. Classically, the nuclear interaction could
take place only when the nuclei possess suf cient energy to overcome the Coulomb barrier,
V, = Z,Z,e%=R,, where Z, and Z, are the atomic numbers (charges) of the interacting nuclei,
e is the elementary charge, and R, is the distance of closest approach between the two
nuclei. In quantum mechanics, however, there is a nite probability for the nuclei to tunnel
through this barrier. The leading term of the  s-wave transmission probability is given by

P e?, (2.2)

which is commonly referred to as the Gamow factor. The dimensionless parameter , known
as the Sommerfeld parameter, is de ned as

S
_ 1 ZoZ,e? (2.3)
_h 2E01, .

where s the reduced mass of the two-body system, E is the center-of-mass energy, Z,
and Z, are the nuclear charges of the interacting nuclei, and e is the elementary charge.
Correspondingly, the cross section can be rewritten as
S(E
€)="Fe 2. 2.4

where S(E) is the energy-dependent astrophysical S-factor, which highlights the intrinsic
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nuclear-structure effects while isolating the dominant Coulomb barrier suppression con-
tained in the Gamow factor. When inserted into the energy integral of Eqn. 2.1, the product
of the Maxwell-Boltzmann distribution and the Gamow factor de nes a narrow energy
window, known as the Gamow peak, within which most of the stellar reactions take place.
This behavior is illustrated in Fig. 2.1.

Figure 2.1 lllustration of the Gamow window forthe ~ 2®Na+p reaction at a typical stellar burning
temperature T = 0.08 MK. The Maxwell-Boltzmann distribution (orange) decreases with energy,
while the Gamow factor (green) increases with energy due to Coulomb barrier penetration. Their
product (blue) peaks in a narrow energy window, the Gamow peak, which dominates the stellar
reaction rate.

In practice, the energy-integrated reaction rate given by Eqn. 2.1 is evaluated over a wide
range of temperatures, providing essential input for stellar models and nucleosynthesis
calculations. For more details, see Refs. [llI; 11i07 ].
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2.1.2 Direct and resonant capture

Charged-particle reactions at astrophysical temperatures can proceed through two princi-
pal mechanisms.

In the case of direct capture, the projectile is absorbed into a bound state of the nal
nucleus without forming a resonance. This process leads to a relatively smooth energy
dependence of the cross section.

In contrast, resonant capture occurs when the interacting nuclei form a compound
nucleus in an excited state at a well-de ned resonance energy E, . E, matches the excitation
energy E, of the state through the reaction Q-value:

E.=E Q, (2.5)

where Q-value represents the amount of energy released in the reaction. A negative Q value
corresponds to an endothermic reaction that requires a net energy input to occur.

During the lifetime of the state, the nucleons have suf cient time to rearrange and
effectively lose any memory of how the compound nucleus was formed. The state then
decays independently through all energetically allowed channels. It can always decay by

emission, producing discrete transitions observed as sharp lines in the -ray spectrum.
When the excitation energy exceeds the relevant thresholds, it may also decay by particle
emission such as protonsor  particles. The reaction cross section exhibits resonance peaks
described by the Breit—-Wigner formalism [Bre36] discussed in the next subsection.

The total cross section can be modelled by a smooth, honresonant background, arising
from direct capture into bound states, with discrete resonance peaks superimposed. This
behavior is illustrated in Fig. 2.2, adapted from Ref. [Ili07], which shows the S-factor for
the 2C(p, )*°N reaction. The gure highlights how direct-capture contributions form a
continuous baseline, while a broad resonance peak appears at a speci c energy. In this
case, the direct-capture contribution is tted with a quadratic polynomial t. The same
approach is applied to the 2Na(p, ) reaction in Chapter. 4.

At suf ciently high incident energies, the nuclear states overlap strongly, so that only
average level densities can be described rather than individual discrete states. The cross
section then evolves smoothly, with broader and overlapping resonances merging into a

16



Figure 2.2 Astrophysical S-factor forthe 12C(p, )*3N reaction [lli07]. The gure illustrates the
smooth nonresonant background from direct capture and the superimposed resonance peak at
higher energy.

continuous curve. In this regime, the Hauser—Feshbach statistical model provides a reliable
framework for estimating cross sections. For details, see [Hau52; Ill].

2.1.3 Narrow Resonance formalism

As discussed above, a resonance corresponds to an unbound excited state of the compound
nucleus with a nite lifetime. The nite lifetime implies an energy width = k= . If
the resonance width is small compared to the energy separation between neighboring
levels—i.e., a narrow resonance—the partial widths vary only slowly with energy and can be
treated as constants over the width of the resonance. Under this condition, the resonance
strength is approximated by a Lorentzian pro le centered at the resonance energy  E, . This
Lorentzian line shape gives rise to the familiar Breit—~Wigner expression for the cross section,
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in which the resonance amplitude is governed by the partial widths of the available decay

channels:
(E)_ 2J+1 iny out (2 6)
T K2Q2j,+ DRja+ 1) (E  E2+( =22 '
Here, k = P 2 E=h is the wave number in the entrance channel with reduced mass ,and

E denotes the center-of-mass energy of the incoming channel. J, j,, and j, are the spins
of the resonance, the projectile, and the target, respectively. is the total resonance width,
and ;, and ,, are the partial widths for the entrance and exit channels, respectively. Thus,
the resonance cross section depends primarily on the resonance energy E, and the widths
as intrinsic properties of the resonance as described above, while the projectile and target
spins are given by their ground states.

Among those, the widths play a central role. The total width is the sum of the partial
widths associated with all energetically open decay channels,

= - (2.7)

where each ; is the partial width , corresponding to the decay probability per unit time
through channel i. The labels “in” and “out” are merely conventional, as any open channel
can in principle serve as either the entrance or the exit, and the corresponding partial
widths are formally reversible. In practice, , re ects the probability that the resonance

is formed through the incoming particles, whereas  ,; speci es the strength of the decay
into the exit channel of interest, such as the emission of a ray, a proton, oran particle.
These widths are generally considered energy-dependent.

Under the narrow resonance condition, where the total width is much smaller than the
energy range over which the Maxwell-Boltzmann factor in Eqn. 2.1 varies, the Lorentzian
peak in Egn. 2.6 becomes sharply localized around E, . In this limit, the slowly varying
Maxwell-Boltzmann factor e E*T and the partial widths in the integrand can be evaluated
using their values at E = E,. Itis then convenient to de ne the resonance strength

2J+1 in out

T @ D@t D)

, (2.8)

which incorporates both the spin statistical factor and the branching of the partial widths.

18



Pulling these terms, together with the Maxwell-Boltzmann factor, out of the integral in
Eqn. 2.1, the integral becomes

Z 1 L4 <
=2 dE = — + arctan 25 (E ) (2.9)
o (E E)+ 224" 2 S '
Thus Egn. 2.1 reduces to
¢ <3=2
h vi, = R2( ) e BT, (2.10)

=~
—

for a narrow resonance i. If several narrow and isolated resonances contribute, their contri-
butions simply add to the total reaction rate. Thus, the rate depends only on the resonance
strengths and resonance energies of the contributing states. Experimentally, the resonance
strength ! is an measurable quantity that is directly proportional to the effective area
under the resonance peakinthe (E) curve for a narrow and isolated resonance.

In contrast, for a broad resonance in which the partial widths vary signi cantly over the
resonance width, the narrow-resonance approximation is no longer valid. In this case, the
energy dependence of the Breit—Wigner line shape and the widths must be retained, and
the full expression of Eqn. 2.1 has to be integrated numerically over the relevant energy
range including the energy-dependence of the partial widths.

This work does not provide new experimental results on resonances; instead, the res-
onance strengths reported in the literature are adopted in the reaction-rate calculations
presented in Chapter 4.

2.2 Connections with Nuclear Structure

In cases where the cross section or the resonance strength cannot be determined directly
from experiment, one must rely on nuclear-structure information for indirect methods.

It is therefore useful to brie y review the shell model and its extensions, which provide
the single-particle con gurations that connect nuclear structure to the reaction formalism
introduced above.
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2.2.1 Shell model basics and single-particle occupations

In the shell model, nucleons are treated as independent particles moving in an average
nuclear potential, analogous to electrons in atomic orbitals. The resulting single-particle
states are labeled by the quantum numbers nlj , where n is the radial node number, | the
orbital angular momentum, and | = | % the total angular momentum of the nucleon
with intrinsic spin s = % Neutrons and protons are lled into the orbitals separately, each
forming its own sequence of closed shells. The parity of a state is given by (1) for a single
unpaired nucleoninorbital |, and equals the product of the parities of all unpaired nucleons
when more than one is present. The total spin  J of a nucleus arises from the vector coupling
of the occupied single-particle angular momenta. Magic numbers (2, 8, 20, 28, 50, 82, 126)
correspond to closed shells, where all orbitals up to a certain energy are lled. For even—
even nuclei such as ?*Mg, the ground state has J = 0" because nucleons are paired in their
orbitals. Excited states can then be described as particle—hole excitations into higher  nl j
orbitals.

Figure 2.3 illustrates two possible shell-model con gurations for protons in the ZNa+p
system. As shown, the 11 protons of #?*Na lIs orbitals upto 1p;-, leaving one unpaired in
the 1ds_, orbital. The added protonin  2*Mg may occupy a single orbital such as the 2s,-,
orbital (left), or, in a more complex con guration, pairs with another proton and leave a
hole in a lower-lying orbital suchas 1 p;-, (right).

These single-particle con gurations and their occupations provide the structural basis
for de ning spectroscopic factors, which quantify the overlap between a given nuclear state
and a speci ¢ single-particle con guration.

2.2.2 Nilsson model and Deformation effects

?*Mg has been well-established as a prolate-deformed nucleus at its low excitation ener-
gies [Swi92; Dow?20]. In such deformed nuclei, the spherical shell-model orbitals of the  sd
shell are mixed by the quadrupole deformation of the mean potential, which is described

by the Nilsson model [Nil55]. In this approach, each orbital is labeled by the asymptotic
guantum numbers [Nn, ],where is the projection of the total single-particle angular
momentum j. N is the major oscillator quantum number, n, is the number of quanta

20



Figure 2.3 lllustration of proton occupations inthe ~ 2®Na+p system within the shell model. Left: a
con guration with the additional proton occupying the 2s,-, orbital. Right: a more complicated

con guration with the additional proton pairs with another in the 2s,-, orbital, leaving a hole in
1p1-. Note that although the unpaired protonis drawn inthe  1ds., orbital for the ground state of
23Na, in reality it is better described by the Nilsson orbital = %+ derived from this shell, which

de nesthe 2Nagroundstate J = 3"
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along the symmetry axis, and is the projection of the orbital angular momentum | onto
this axis. The parity  is given by ( 1)V,

In the collective description, deformed nuclei exhibit rotational bands characterized by
K [Boh74], the projection of the total nuclear spin  J onto the symmetry axis. K = 0 denotes
the ground-state band, K = 2the band, etc.

Recent theoretical and experimental studies have provided increasingly quantitative
insights into the structure of 2*Mg (e.g. [Chi15; Dow20)). In this work, however, the Nilsson
and rotational-band framework is introduced to provide structural context for interpreting
the earlier transfer study by Garrett et al. [Gar78] in Chapter 4 and for the discussions of
structural results in Chapter 5. The extraction of spectroscopic factors in both the early
literature and the present analysis are performed in a spherical single-particle basis, whereas
Garrett et al. interpreted their extracted spectroscopic factors by comparing them with
predictions from the rotational model and Nilsson con gurations.

2.2.3 Partial Widths and Spectroscopic Factors

Let us now take a closer look at the partial widths in Eqn. 2.7. Consider a speci c compound-
nucleus state that decays through only one particle channel ¢ (most commonly a proton
or a neutron channel) other than the channel, the corresponding partical width ~ ; can
then be writted as .. Conceptually, this decay probability is interpreted as the product
of two terms: the probability amplitude for the particle to be found at the nuclear surface,
and the probability to penetrate the potential barrier. This allows us to write . as (amore
rigorous derivation follows from matching the internal nuclear solution to the external
Coulomb solutions at the channel radius r = a; see, e.g., Sec. 2.5.5 orR-matrix theory in
lliadis [HI7)

c=2RR) %, (2.11)

with the penetrability P, (R) evaluated at the channel (interaction) radius r = R:

kR
F2( ,kR)+G2( ,kR)’

R(R)= (2.12)
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where the wave number k = P 2 E=h (for a single nucleon moving in the potential well, the
reduced mass is approximately equal to the mass m of the nucleon), isthe Sommerfeld
parameterde nedby Eqn.2.3. R( ,kR)and G, ( ,kR)aretheregularandirregular Coulomb
wave functions evaluated at r = R. Conventionally the channel radius is estimated by
R 1.25(A;°+AJ°)fm. 2_isreferred to as the reduced width. It is related to the surface

overlap by
2

2 = LRI (2.13)
c 2mR° ¢ ' '

Where u .(r) is the radial wave function of the state.

We next consider u .(r), which is now the only term related to nuclear structure in the
expression of .. As a simple case, assuming that only one particle channel is open for
state . In principle, the width of such a state is contributed by all possible single-particle
channels compatible with its quantum numbers  nlj . In many cases, however, the coupling
to one particular single-particle state p dominates, so that the width can be approximated
by that of a single leading component. The radial wave function  u.(r) can then be written
in the basis of the single-particle radial eigenfunctions and becomes

Uc(r)=A pcUupc(r), (2.14)

where contributions from other single particle states are absorbed into the coef cient A .

Take together, the partial width can be written as:

2 2

P, A? Eju (R)j2:2h—P c?s ? (2.15)
c pc 2 pc mR?2 c pc '

C=2mRZ

Where C2S = A2pC is de ned as the spectroscopic factor, pzc = Bju,c(R)j?is called the
dimensionless single-particle reduced width.

The physical meaning of Eqn. 2.15 can be understood as follows. The partial width,
which quanti es the probability for a level to decay through emission of a particle c,
factorizes into three contributions: (i) the probability that the nucleons arrange themselves
in the con guration of the corresponding single-particle state predicted by the shell model,
expressed by the spectroscopic factor C?2S; (i) the probability that the single particle appears

at the nuclear boundary, given by the amplitude of the single-particle wave function at R,
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ju,c (R)? and (iii) the probability that this particle penetrates the Coulomb and centrifugal
barriers, represented by the penetrability P.. While both P, and pzc can be calculated
theoretically, the spectroscopic factor C?2Sis typically determined experimentally.

Historically, the “spectroscopic factor,” which quanti es the overlap between the com-
pound nuclear state and a con guration built on the residual nucleus and a single-particle
orbital, was denoted simply by S. In modern transfer-reaction and R-matrix practice, one
often writes C?2S, where C is the isospin Clebsch—Gordan coef cient that couples the target
isospin T, with the nucleonisospin t = %to the compound-nucleus isospin T . Thus, C2S
represents the structure overlap including the appropriate isospin projection. In many
experimental analyses, the quantity (2J+ 1)C?S is reported instead, since the extracted
strength is insensitive to the (2J + 1)-dependent degeneracy.

2.2.4 Asymptotic Normalization Coef cients (ANC)

The spectroscopic factor C2S in the previous section was introduced when evaluating
Eqn. 2.13 with the wave function inside the nuclear boundary. This description is appropri-
ate for the unbound states, where the nuclear interaction acts primarily inside the potential
well and the exterior region corresponds to an outgoing particle wave. In contrast, for direct
capture into weakly bound states, the reaction proceeds mainly in the external region
of the nucleus, where the wave function is governed by the exponentially decaying tail
arising from the long-range Coulomb and centrifugal potentials. Such processes are called
peripheral . In this case, the effect of the nuclear interior is contained only in the overall
normalization at the nuclear boundary. This normalization is quanti ed by the asymptotic
normalization coef cient (ANC)  [Muk01; Muk22 ], which determines the magnitude of the
reaction amplitude and is is independent of the speci ¢ nuclear model describing the
interior. The ANC thus provides an equivalent structural normalization to C?2S. They are
related by:
They are related by
C2=C?sh? (2.16)

where C. and b- denote the many-body and single-particle asymptotic normalization
coef cients (ANCs), respectively. The single-particle ANC, b, is obtained theoretically by
solving the Schrodinger equation for a nucleon in a single-particle potential, typically a
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Woods—Saxon form, and matching the interior solution to the analytical Coulomb wave
function in the external region. In this region, the wave function follows the asymptotic
form

u () bW s@ 1), (2.17)

where W | -, isthe Whittaker function describing the Coulomb-bound wave, = P 2mB=h
corresponds to the binding energy B, and | is the Sommerfeld parameter for the bound
system.

Experimentally, ANCs can be determined from either low-energy radiative capture data
or peripheral transfer reactions [Bur20; Ham21]. In the former case, the cross section scales
as (E)/ CZ2, andthe ANC is tted to reproduce the measured S-factor, often within
an R-matrix framework. In the latter, nite-range DWBA analysis of peripheral transfer
reactions yields the ANC from the absolute normalization of the calculated cross section,
in the same manner as the extraction of C?2S. From either approach, the extracted ANC is
independent of the nuclear model and its speci c parameters, whereas the spectroscopic
factor C?2S generally exhibits a stronger dependence.

In the present work, this formalism is applied to direct capture into bound states of
2*Mg. The corresponding many-body and single-particle ANCs are denoted  C,, and by,
respectively, where the subscript indicates the nal nucleus  2*Mg. Further details of the
numerical implementation and transfer analysis are provided in Chapter 4.

2.3 Transfer Reactions

To obtain C2S or ANCs discussed in the previous sections experimentally, transfer reactions
can be employed. Transfer reaction refers to a type of nuclear reaction in which one or
more nucleons (typically a proton or a neutron) are exchanged between the projectile and
the target nucleus, often written in the general reaction formas A(a,b)B.Herea and b
represent the incoming and outgoing particles, respectively, while A and B are the target
and residual nuclei before and after the transfer. For example, (p,d) represents a neutron
pickup reaction, whereas (d,n) corresponds to a proton stripping reaction.
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2.3.1 The %Na(®*He,d ) reaction

Fig. 2.4 shows a schematic illustration of the 23Na(®He,d )?*Mg reaction in comparison with
the direct 2Na(p, )?*Mg capture. In this transfer process, a proton from the incident  He
nucleus (two protons and one neutron) is transferred to the ~ 23Na target, producing an
outgoing deuteron ( d, one proton and one neutron). This reaction serves as an indirect
method to probe the proton-capture strengthinthe ~ 2*Na(p, ) reaction, carried out by the
energy and spectroscopic information of the detected deuterons.

Figure 2.4 Schematic illustration ofthe 23Na(p, ) reaction (top) and the 23Na(®He,d ) transfer
reaction (bottom).

2.3.2 Optical Model Potential

Atransfer reaction suchas A(a,b)B can be viewed as a two-step scattering process involving
two subsystems: the entrance channel (a+ A)and the exit channel (b+B). A full description
of the interacting nuclei would involve complicated many-body quantum systems. As an
approximation, the optical model provides a framework in which the interaction between
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the colliding nuclei in each channel is described by an effective, complex potential—called
the optical potential. Each optical potential represents a mean eld that accounts for the
elastic scattering through its real part, and for the loss of ux into other open reaction
channels through its imaginary part. Further details about the optical model framework
can be found in Ref. [Hod71].

In practice, these potentials are usually parameterized ina Woods—Saxonform for both
the real and imaginary components, supplemented by spin—orbit and Coulomb terms:

df (r,Rp,ap)—
U= Vif@mRLa) | WTER,a) Wpap L ro:do)
dr
1d (2.18)
+ Vsor_ﬁf (r1RSOlaSO) (I S)+ VC(r )1
where f (r,R,a)= 1+e % ! is the standard Woods—Saxon form factor. The parame-

ters V,,r,,a, and W,,r;,a; denote the real and imaginary volume potentials, Wy ,rp,ap
correspond to the imaginary surface potential, and Vg, r,,a¢, de ne the spin—orbit term,
with (I s) representing the coupling between the orbital and spin angular momenta of the
nucleon. The Coulomb interaction is included through a uniformly charged sphere with
radius Rc = r, A, A detailed list of adopted parameter sets used in this analysis is given in
Chapter 4, Eq. 4.1.

The resulting distorted waves describe the relative motion of the interacting nuclei in
both the entrance and exit channels. These form the basis for the Distorted Wave Born
Approximation (DWBA) treatment of transfer reactions, discussed in the next section.

2.3.3 Distorted Wave Born Approximation (DWBA)

Inthe DWBA formalism, the transfer process is treated as a rst-order perturbation between
the entrance and exit distorted waves generated by the optical potentials introduced above.
The basic idea is to describe the reaction A(a,b)B as a single-step transition connecting the
entrance channel i (a+A)and the exitchannel f (b+B)through an effective interaction
V, that transfers one nucleon (or cluster) from the projectile to the target. Within this
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framework, the transition amplitude is written as
T= kiRi) Ve a kiR, (2.19)

where ) and f( ) are the distorted waves describing the relative motion in the entrance
and exitchannels,and ,and g denote the internal many-body wave functions of the
target and residual nuclei, respectively. The superscripts (+) and ( ) indicate outgoing- and

incoming-wave boundary conditions, with ]f ) being the time-reversed solution.

Depending on how the transfer operator is de ned, the interaction in Eq. 2.19 can be
expressed in two equivalent forms: the prior and post representations. In the prior form,
the interaction is written as the difference between the entrance optical potential and the
binding potentials within the projectile:

VD =\ 4 Upg Uga, (2.20)

where V, , represents the binding potential between the transferred particle  x and the
target A, and U, , and U,z are the entrance and exit optical potentials, respectively. In the
post form, the transfer interaction is instead given by

VPO =V Uy Uga, (2.21)

where V,,, denotes the binding potential of the transferred particle  x within the projectile.
Under exact conditions, the two forms are mathematically equivalent; in practice, small
numerical differences may arise due to approximations in the optical potentials and nite-
range effects.

Starting from the transition amplitude in Eq. 2.19, the two-body differential cross sec-
tion follows from the standard scattering formalism by dividing the transition probability
per unit time by the incident ux and using the two-body nal-state density (see, e.g.,
Refs.[Sat83; Aus70; Hod71)):

d i 1 Ks 1 X 2

d @2 h22 K L+1)@2%K+1)

(2.22)

spin proj.
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Here k; (k¢)and ; ( ¢)arethe wave number and reduced mass in the entrance (exit) chan-
neli (a+A)(f (b+B)),respectively. The factor k;=k; arises from the ratio of outgoing to
incoming channel velocities, accounting for the ux and phase-space difference between

the two channels, while the spin average (2J,+1)(2J,+1) ' re ects the unpolarized ini-
tial state. The sum runs over all magnetic substates in the initial and nal channels. All
remaining nuclear-structure dependence resides in the transition amplitude T of Egn. 2.19,
which provides the basis for extracting spectroscopic factors from experimental transfer
data discussed next.

2.3.4 Spectroscopic Factors from Transfer Reactions

Within DWBA, the transfer amplitude can be expressed schematically as
T = hgl alng 0§ iVoal (71,

where the rst term, called the overlap function, represents the nuclear-structure overlap

between the many-body states of the initialand nal nuclei for a nucleon inthe (n"j)orbital,

and the second term describes the reaction dynamics through the transition potential Voa-
The squared norm of the overlap function de nes the spectroscopic factor C?2S, which

guanti es the probability that the nal nuclear state contains the speci c single-particle

con guration corresponding to the transferred nucleon. In this sense, C?2S carries the same

physical meaning as in the context of direct capture and resonance widths introduced

in Sec.2.1.2 and Sec.2.2.3. It provides the normalization from the theoretical DWBA cross

section to experiment. The theoretical DWBA calculation itself corresponds to a pure single-

particle con guration.
Accordingly, . ¢

d
C’s= —
d

<

, (2.23)

DWBA

R
op d
o <

d
where — is the calculated differential cross section from Eqn. 2.22 for the corre-
DWBA
sponding single-nucleon orbital. Once determined from a transfer reaction, the same C?3s

also governs the normalization of the direct radiative-capture cross section oc, Where the

theoretical model cross section rllngdel is calculated for a single-nucleon orbital of a state.
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This correspondence is illustrated in Fig. 2.5.

Figure 2.5 Connection between transfer(right) and direct-capture(left) cross sections through
the spectroscopic factor C2S. Reproduced from the lecture notes of C. lliadis, Nuclear Astro-
physics[PHYS 864 Course Notes, University of North Carolina (unpublished).

This formulation provides a uni ed framework in which transfer and capture mea-
surements constrain the same nuclear-structure input. The corresponding theoretical
direct-capture cross section, D¢ is obtained by summing the contributions from all

allowed orbital angular momenta and electromagnetic multipolarities involved in the
transition. Details of this calculation are presented in the following section.

2.3.5 Angular Momentum Considerations

In a direct radiative capture (DC) reaction, a projectile nucleon is captured by a target
nucleus into a bound nal state while emitting a ray. The emitted photon carries away
the excess energy and angular momentum, and its multipolarity determines the character

of the electromagnetic transition. Electric and magnetic multipoles of order L are denoted
askEL and ML, respectively (e.g., E1, E2, M 1, M 2). Each multipolarity is associated with
speci c changes in parity and total angular momentum between the initial and nal nuclear
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states: 8
<( 1, forEL,
oL % J+L i f = (2.24)
“( D+, for ML,

These rules are also applied for transitions discussed in Chapter. 5.

The strength of direct capture with higher multipoles ( E2, M 1, and beyond) are typically
smaller by two or more orders of magnitude comparedto  E 1 transitions, due to the E2-*!
dependence of the transition probability and the additional centrifugal and Coulomb
barrier effects. Consequently, only E1 contributions are considered in the direct capture
cross section calculations presented in this work.

Figure 2.6 lllustration of the angular momentum coupling involved in the direct capture process.

Fig. 2.6 illustrates the angular-momentum couplings involved in the direct-capture
process. Conservation of total angular momentum gives the coupling relation

hoJa =k L, (2.25)

where J, and j, are the spins of the target and projectile, respectively; °; is the relative
orbital angular momentum between them in the entrance channel; J is the total angular
momentum of the nal nucleus; and L denotes the angular momentum carried by the
emitted ray, as givenin Eqn. 2.24.
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Conservation of parity further requires

aa( D= 5, (2.26)

with = 1for E1 transitions.
The nal bound state B can be described as the coupling of the captured nucleon to
the target core:

E=h Ja 1. (2.27)

where " ; is the orbital angular momentum of the captured nucleon relative to the core,
corresponding to its single-particle orbital (e.g., s,p,d,f $ “{=0,1,2,3). The correspond-
ing parity relationis 5= A .( 1) . These relations are used to check the consistency
between the assigned single-particle orbital in this work and the experimental J; from
external source for the nal state.

Taken together, Eqn. 2.25 and Eqn. 2.27 give the relation

=y L= L (2.28)

for E 1 capture, where the change of parity requires ; ; = 1. Thus, one or two possible
entrance orbital angular momenta °; may contribute to a given single-particle capture,
and the total direct-capture cross section is obtained by summing over all allowed Y. As
an example, for Na(p, ), capture into the 1ds_, orbital of a 2*Mg state allows *; = 1 and 3,
both corresponding to E 1 transitions.

The discussion above completes the theoretical foundation for the direct-capture pro-
cess. The next chapter describes the experimental setups and detection systems at the
Triangle Universities Nuclear Laboratory (TUNL), which provide the experimental basis for
the transfer studies presented in Chapters 4.
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CHAPTER

3

EXPERIMENTAL SETUPS AT TUNL

This chapter provides an overview and complementary information on the experimental
facilities and setups at the Triangle Universities Nuclear Laboratory (TUNL) relevant to the
transfer reaction experiment described in Chapter 4. More detailed descriptions about this
experiment can be found in the work of Marshall et al. [Mar21a; Mar23; Mar19a]. Although
the author did not directly participate in that particular experiment, extensive experience
was gained from other experiments utilizing the same beamline, target preparation, and
detection systems.

3.1 Tandem Accelerator System

The FN tandem Van de Graaff accelerator at TUNL is capable of accelerating hydrogen,
helium, and various light-ion beams with terminal voltages up to 10 MV. During operation,
continuously moving metal chains deliver electric charge between the central terminal and
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both sides, establishing a high-voltage potential difference that is symmetrically divided
about the central terminal. The charging process is regulated by the corona needles, whose
motor-adjusted position controls the charging current, together with a triode circuit that
further regulates the current passing through the needles. The ion beam is rstinjected as
negative ions and accelerated toward the high-voltage terminal in the center, where a thin
carbon stripping foil removes electrons from the ions, converting them to positive charge
states. The positively charged ions are then repelled by the terminal potential and undergo
a second acceleration in the downstream half of the tandem.

The accelerated beam can then be directed to multiple target rooms with various ex-
perimental setups, including the Enge split-pole spectrograph used for transfer reaction
studies discussed in the following sections. Fig. 3.1(Top) provides an overview of the TUNL
beamline from the ion source and tandem Van de Graaff accelerator to the Enge split-pole
spectrograph. The bottom gure of Fig. 3.1 shows the main beamline components, includ-
ing dipole and quadrupole magnets used for beam steering and focusing, as well as slits
employed for current monitoring and feedback control.

3.2 Target Preparation

Thin solid targets (e.g., Al, Na, K, Au, etc.) used in TUNL experiments are typically prepared
by thermal evaporation onto thin carbon backings. The carbon backings are produced by
oating a carbon Im—typically 20 or 40 g/ cm? thick—on the surface of distilled water and
carefully lifting it onto a metal frame. The mounted foils are then allowed to dry naturally
before use.

A photograph of the target evaporator located in the Duke University Physics Building is
shown in Fig. 3.2. The system operates under high-vacuum conditions and employs copper
electrodes to provide high current for heating, with water cooling to prevent overheating.
Target materials are placed in a tantalum or tungsten boat clamped between the electrodes.
whose melting points exceeds the evaporation temperature of the material. The carbon
backings are mounted in the target holder above the boat. As the material is gradually
heated and begins to evaporate with the applied current, it condenses from the vapor phase
onto the underside of the carbon backing. A quartz-crystal thickness monitor mounted in
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Figure 3.1 (Top) 3D model highlighting the TUNL beamline from the ion source and tandem Van
de Graaff accelerator to the Enge split-pole spectrograph. (Bottom) Schematic illustration of the
main beamline components (created by Dr. Richard Longland).
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the holder provides continuous real-time readings of the deposited Im thickness. A shutter
is placed between the boat and the target to prevent contamination from the outgassing

material during preheat.

Figure 3.2 The target evaporator used for preparing solid targets. The electrodes, shutter and
target holder are temporarily disassembled in this photo.

For the experiment in Chapter. 4, NaBr was chosen as the target material because of
its stability against beam bombardment and oxygen contamination, and, more impor-
tantly, because no contaminant states arise from reactions on ~ "*81Br in the energy region of
interest [Hal04; Mar23].
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Rutherford Backscattering Spectrometry (RBS) measurements usinga “He beam was em-
ployed at the 52 beamline in a separate target room to verify the target thickness and iden-
tify the elemental composition of the deposited layers. For more details, see Ref. [Mar21b].

3.3 The Enge Split-Pole Spectrograph

The Enge split-pole magnetic spectrograph is named after its designer, Harold A. Enge  [Spe67).
It provides high-resolution momentum analysis of light charged particles from nuclear
reactions, enabling precise angular distribution measurements. The “split-pole” design
encloses two dipole eld regions within a single magnet body and eld coil, separated by an
intermediate eld region. This con guration produces a nonuniform magnetic eld along

the particle trajectory, which provides second-order focusing in both the dispersive and
non-dispersive planes [Vis67]. The term “spectrograph’ refers to the instrument's capability

to produce a spatial dispersion of charged particles according to their momentum (or
magnetic rigidity B = p=q) and to record the resulting spectrum at the focal plane.

Figure 3.3 shows a schematic layout and a photograph of the spectrograph at TUNL, with
illustrative focusing trajectories of the charged reaction residues. The setup can be rotated
to any angle between 5 b 70 relative to the beam direction to obtain angular cross
sections. The focal plane of the spectrograph is equipped with a detector system for energy
and momentum reconstruction.

The focal-plane detector system consists of two position-sensitive sections (Pos1 and
Pos2) followed by a E and a residual energy ( E) detector, as shown in Fig. 3.4. Each
position section contains high-voltage anode wires placed between two aluminized Mylar
cathode foils. The cathode foils are fabricated by electro-etching to ensure uniform spacing
and electrical insulation. Signals from the anodes are read out through delay-line circuits,
which determine the horizontal position of the ionizing event along the focal plane. The
delay-line board consists of 20 delay chips, each with 10 taps providing 5 ns of delay per
tap, resulting in a total delay of approximately 1 s along the line. The detector is lled with
circulating isobutane gas at a pressure of approximately 200 Torr.

When a charged particle enters the detector through the thin entrance window, it ionizes
the isobutane molecules along its path. The liberated electrons drift toward the anode
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