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ABSTRACT

fl-DECAY HALF-LIFE OF THE rp-PROCESS
WAITING-POINT NUCLIDE %Mo

By

Joshua Bradshaw Stoker

84Mo is an even-even N = Z nucleus lying on the proton drip line that is thought
to be created during explosive hydrogen burning in Type | X-ray bursts in the as-
trophysical rapid proton capture (rp) process. 84Mo is an important waiting point
in the rp-process reaction sequence, determining mass abundance at and procession
beyond A = 84 for stable isotopes on the proton-rich side of the valley of stability
[1]. A previous experiment established the half-life of 84Mo to be 3.7“;%5% s [2]. How-
ever, treatment of the decay-chain parameters and the poor statistics accumulated
during that study left questions about the statistical and systematic errors in the
measurement. The half-life of Mo has been re-measured using a concerted setup
of the NSCL fl Counting System (BCS) [3] and 16 detectors from the Segmented
Germanium Array (SeGA) [4]. The BCS relies on a highly-segmented Si detector
to correlate implantations and subsequent fl decays on an event-by-event basis. The
correlation method employed to deduce half-lives and other properties of the fl decay
required that the average time between implantations be larger than the half-life of

the nuclide under study. Consequently, the overall implantation rate into this detec-

tor must be carefully controlled, without negatively afiecting the typically low rate of



the desired isotope. The recently constructed Radio Frequency Fragment Separator
(RFFS) [5] at NSCL was used to purify 8*Mo based on relative time-of- ight difier-
ences between the beam species of interest, isotonic contaminants, and contaminants
due to the overlap of low momentum tails of high-yield beam species. A half-life of
2.2(2) s was deduced for 84Mo, based on a sample of 1037 implantations, more than
30 times larger than the previous study. The new half-life reduced the uncertainty in
the amount of 84Mo formed in the rp process, and the consequent amount of 84gy,
to less than a factor 2. Implications of the new half-life on theoretical treatments of
nuclear level density near A = 84 along N = Z will also be discussed. The perfor-
mance capabilities of the RFFS in rejecting unwanted isotopes associated with the

production of 8Mo will be reported as well.
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CHAPTER 1

Introduction

84Mo is a fl-unstable even-even nucleus with an equal number of protons and neutrons
(N = 2Z), located near the extreme of neutron-deficient stability on the chart of the
nuclides. The half-life of 84Mo is of order seconds, decaying through the emission of a
positron. This starts a chain of decay that ends with the fl-stable 843y, which is found
on earth. However, even the most intense natural processes on earth do not create
the necessary conditions of temperature, density, and composition for the synthesis
of nuclei. Consequently, we must look elsewhere for the production of short-lived
isotopes that help to explain the chemical makeup of the world we experience every
day.

Stellar nucleosynthesis [6] describes the formative mechanisms for many of the
stable elements. For nuclei of Z > 26, it is convenient to separate the nuclei into
three categories termed the s-, p-, and r-nuclides. These categories are correlated
with the location of these nuclei on the valley of nuclear stability and their produc-
tion mechanism: The s-nuclei are the stable and longest lived nuclei for each element
that are formed in neutron capture reactions that occur at a slower rate than their
fl decay. The r-process nuclei are generally the heaviest isotopes of a given element

that are formed by the rapid capture of neutrons in an explosive environment. The



lightest stable isotopes for each element with multiple stable masses are exclusively
p-nuclides. The determination of other nuclei being either mixed or exclusively cat-
egorized depends upon the fl shielding caused by stable isotopes for a given mass

number [6].

1.1 The Astrophysical rp Process

The discovery of X-ray binaries occurred in 1976 [7]. Space observatories were re-
quired to view the emissions of these high energy photons because their energy lies
outside the visible region of the electromagnetic spectrum and does not penetrate the
atmosphere [8]. X-ray binary systems provide the stellar reaction conditions for the
rp process. The rp process begins with the accretion of hydrogen and helium rich
matter onto neutron stars from nearby companion stars, as is illustrated in Figure 1.1.
Gravitational energy is released in the form of X rays as matter reaches the surface of
the neutron star. The matter is compressed as it forms an accretion disk and travels
through the gravitational fleld gradient towards the neutron star, which eventually
results in thermonuclear burning. The time evolution of an X-ray burst is character-
ized by a peak X-ray emission (thermonuclear burning) on top of a persistent X-ray

ux (gravitational contraction). The tail of the burst peak is typically long relative to
the rise time indicating explosive ignition and the gradual consumption of hydrogen
as the burst proceeds. Understanding the mechanism of X-ray bursts provides infor-
mation about the neutron stars involved [9], and is crucial to determining the relative
abundances of stable isotopes formed during the burning process. Formally, the rp
process is a sequence of (p, ) reactions and intermingled fl* decays beginning at 4lgc
(see Figure 1.2). The 41sc seed nuclei are produced by a series of fast (fi,p) and (p, )
reactions on CNO-cycle nuclei. The alternating (fi,p) and (p, ) reactions up to 4lgc

result in a net consumption of 10 He nuclei per 4lgc produced. The formation of 4lgc
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Figure 1.1. Artist’s rendition of an X-ray binary system. Description in text. Modifled
from Ref. [11].

from all the available helium leaves 90 H nuclei per Sc atom prior to the sequence
of rapid proton captures and fl decays flnishing out the nucleosynthesis, assuming
that hydrogen and helium are accreted with a ratio typical of the 9 H to 1 He solar
abundance ratio and that this ratio is maintained until burst ignition. An unchecked
sequence of roughly 1:1 alternating proton captures and fl decays could end the X-ray
burst cycle somewhere in the region of Z ... 66. However, the mass procession of the
rp process is in uenced by the properties of the binary star system; these properties
govern the overall duration and peak temperature of the nuclear burning stage of
X-ray bursts [10]. Schatz et al. [10] demonstrated that the rp process cannot proceed
beyond 107;1ggTe, since known ground state fi emitters create a process ending cycle.
In Figure 1.3 the reactions are shown that are calculated to occur at the closeout of
the rp-process pathway where Te undergoes ( ,fi), beginning an Sn-Sb-Te cycle [10].

Accurate modeling of X-ray bursts requires nuclear physics data for over a thou-
sand isotopes. Masses, proton capture Q values, and fl-decay half-lives are all neces-

sary data for the rp process. To determine the proton capture rates, the masses and

excitation energies of rp-process nuclides should be known within 10 keV [12]. While
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Figure 1.2. Reaction °ow time integrated over a complete X-rapurst. The Sn-Sb-Te
cycle is shown in detail in Figure 1.3. Modi ed from Ref. [9].



