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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 1.3. The reactions in the Sn-Sb-Te cycle during an X-ray burst. Reaction
ows of more than 10% (solid line) and 1%-10% (dashed line) are shown. Modifled
from Ref. [9].

mass measurements are ongoing, mass uncertainties of proton-rich isotopes along the
rp process path of order 100 keV are still present for many nuclei in this region, lim-
iting the accuracy of proton capture rates in X-ray burst simulations. In addition,
recent mass measurements [12] in the region A = 80 have demonstrated difierences
from previously adopted values of order 1 MeV in some cases. The accuracy of rp
process rate calculations will improve as such discrepancies in the relevant masses
are resolved. Concerning the overall rate, temperature independent fl decays are
the dominant contributor. Even-even nuclei along the rp-process path are in general
longer lived with respect to fl decay than the other rp-process reaction intermediates.
At the proton drip-line, further mass processing through proton capture reactions
is blocked until fl decay takes place and proton capture can again proceed through
bound nuclei. Such proton unbound nuclei are termed \waiting points™ along the rp-

process pathway. At higher and higher densities, reaction ow through these \waiting



points™ are increasingly bridged to higher masses also via two-proton (2p) capture.
Schatz et al. [1], using the 1992 Finite Range Droplet Model for masses, demonstrated
that the contribution of 2p capture to the overall reaction rate can become signiflcant
at densities of order 108 g/cm3, resulting a faster procession to heavier nuclei. Mass
procession continues until the burst reaction freezes out due to a lack of fuel. The
unstable nuclei decay back to the valley of stability, making up the ash of the rp

process.

1.1.1 X-ray Burst Nucleosynthesis

Certain p-nuclei are produced in abundances that are not explained by current nu-
cleosynthesis models. For example, the solar abundances of the p-nuclei 92:94Mo and
96:98Ru are at odds with current nucleosynthesis models. X-ray bursts remain an
intriguing process to possibly explain the solar abundances of these p-nuclei [10] be-
cause the mechanism is so suited to producing them. However, the high gravitational
fleld in the vicinity of neutron stars hinders the ejection of all but the most energetic
ash, limiting the contribution of X-ray binaries to solar abundances [13]. The amount
emitted into the interstellar medium depends on the amount of p-nuclei produced in
each burst, the frequency of burst occurrences that produce p-nuclei, and the frac-
tion that escapes the gravitational fleld of the neutron star[14]. The bulk of nuclei
synthesized in the rp process would not escape the gravitational fleld. Nevertheless,
the amount of ejected material is still being debated and the composition of material
produced in an rp-process event relies on experimental data, and in instances where
these data are lacking, predictions from nuclear structure models [8]. The produced
material that is not ejected remains in the star crust and consequently afiects the
later chemical evolution in the neutron star. The half-life of Mo afiects the mass
processing above A = 84, and so is a necessary experimental parameter for modeling

reaction ow. %4Mo most directly determines the abundance of 84gr. Measuring



the 84Mo half-life would allow comparison of the corresponding 84gy overproduction

factor to those determined for 92:94Mo and 96:98Ry.

1.1.2 8zr-8Nb Cycle

Schatz et al. [1] also investigated speciflc contributions of 84Mo, a projected waiting
point nucleus, to the rp process. The flnite range droplet mass model (FRDM 1992)
employed by Schatz et al. predicts substantially smaller fi-binding energies near Z =
42 than other mass models [12]. Low fi-binding energies correspond to high (p,fi)
cross sections, making the 83Nb(p,fi)8OZr reaction more important in the reaction
network. At high temperatures (, 2 GK), a low fi-separation energy for 84Mo would
induce a Zr-Nb cycle (see flgure 1.4). Such a reaction cycle could signiflcantly impact
the rp-process outcomes, including reaction ow and mass processing beyond A = 84.
The fl-decay half-life for 807r is essential to determining the ow into this Zr-Nb cycle,
while the 84Mo half-life governs leakage out of it. The half-life for 807Zr was previously
measured in an experiment performed at the Holifleld Radioactive lon Beam Facility
[15]. The 807y half-life was found to be shorter than the theoretical half-life employed
by Schatz et al., so that any bottleneck in this region will be determined largely by
the fl-decay half-life of 84Mo [16]. The previously measured 84Mo half-life of 3.7“;%@
s is longer than the 1.1 s value used by Schatz [1], which would make the Zr-Nb cycle

bottleneck more pronounced than predicted.

1.2 Shape Deformation Along N =Z

Given the importance of the heavy N = Z nuclei in astrophysical processes, it is useful
to review the nuclear structure of these nuclei. Deformed nuclei in general exhibit
difierent single-particle level spacing and higher level densities than spherical nuclei.

Single-particle levels, level densities and nuclear masses are important ingredients for
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Figure 1.4. The time integrated reaction ow for the Zr-Nb cycle at a density of
108 g/cm3 and a temperature of 2 GK. The legend shows the limits of the proton
drip-line as well as the density of reaction ow. Taken from Ref. [1].

calculating proton-capture rates and fl-decay half-lives [1]. The ratio of the 4* and
2% yrast state energies [Ry=> - E(4I):E(ZI')] can be used as an indicator of shape
deformation in even-even nuclei, with a smaller value representing a less deformed
nucleus [17]. The R,-, ratio for even-even nuclei along the N = Z line reveals a
deformation maximum at 76Sr and 80zr (see Fig. 1.5) [18]. The smaller R,-, ratio
of 2.52 for 8 Mo marks the beginning of a transition towards the presumed spherical,
doubly magic 100gp,

Theoretical predictions for the fl-decay half-life of 84Mo within the Quasi-particle
Random Phase Approximation (QRPA) vary from 2.0 s by Sarriguren et al. [21] to
6.0 s by Biehle et al. [22]. Fig. 1.6 shows a comparison of the half-lives calculated
by Sarriguren et al. (QRPA-Sk3, QRPA-SG2) and Biehle et al. (QRPA-Biehle) with
experiment. The principle difierence between these theoretical approaches is the set
of nuclei used to calibrate the self-consistent interaction parameters for the particle-
particle coupling strength and the nuclear deformation.

The QRPA-Biehle prediction relies on the nuclei 88,900, 92Ry, and 24Pd, which

do not exhibit the same level of deformation (2.1 = R,_, = 2.23) [23, 24, 25, 26] as
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that observed in the N = Z region near A = 80, lengthening the predicted half-lives.
On the other hand, the self-consistent parameters for the QRPA-Sk3 and QRPA-SG2
cases were derived from experimental data from nuclei in the region of interest, and
mostly reproduce the experimental half-lives using self-consistent deformations that
minimize the energy. The previously measured half-life of 84Mo reported by Kienle
et al. [2] falls between the two calculations. This would imply a level of deformation
unique to the mass region, perhaps inconsistent with the observed trend of measured

R,=o ratios in the even-even N = Z nuclei.
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Figure 1.6. Half-lives of even-even N = Z nuclei (A = 64 j 92) deduced using the
QRPA. Details of difierent theoretical self-consistent parameters are given in text
[21, 22]. Theoretical predictions are compared to reported experiment values for
A = 64;68;72;76;80 [27] and A = 84;88;92 [2].
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1.3 Previous Mo Measurement

The previous 84Mo half-life measurement reported by Kienle et al. provides only
a few details on the measurement and treatment of the background [2, 28]. It is
di—cult to draw a conclusion about the accuracy of the measurement based on the
published information but there are indications from subsequent work that some of
the reported half-life values measured by Kienle et al. are too long [15, 29]. The half-
life of 84Mo was reported as 3.7“;%?8 s in a set of multiple fl-decay half-lives obtained
by a maximum likelihood analysis [30] that accounted for the decay contribution of
the parent, daughter, and granddaughter nuclei during a flxed observation time. The
experimental setup employed a highly segmented Si detector system to correlate fl
decays to speciflc implantations. After each implantation and decay, the daughter
nucleus remains in the detector system, and will subsequently decay if radioactive.
Consequently, the background rate in each pixel is directly related to the implantation
rate into that pixel, as well as the number of fl decays that must occur for each parent
to reach fl stability. The fl decays from previous implantations are the chief source of
background in these systems. Neither the measured background rate nor a method
to approximate the background rate is mentioned in the work by Kienle et al. [2].
The reliability of their fltting method was demonstrated by separately fltting the
previously known fl-decay mean lifetimes of the 8y ground and isomeric states.
Kienle et al. reported half-life values of 55“;2 ms and 5.7(7) s that agreed well with
the previously measured values of 55(12) ms [31] and 5.8(6) s [32] for the 8y ground
and isomeric states, respectively.

This good agreement for 8y was used by Kienle et al. to validate their half-lives
deduced for other isomeric and ground state parent decay. However, this example does
not ensure that the Kienle et al. half-lives determined from multi-generation decay

chains are similarly correct. The Kienle et al. report also leaves out the values of

the daughter and granddaughter decay generation half-lives provided for each parent

11



decay flt. Such details are necessary to reproduce the results reported in the Kienle

et al. study.

Table 1.1. Experimental half-lives determined by Kienle et al. [2] compared with
[15, 29] fI- correlated measurements.

Nucleus J Kienle et al. [2] fl- correlated
80 + +1:1 +0:8

Zr 0™) 5.3i0:.9 4'1i01_6 [15]
%3Rh (9/2%) 139755 119707 [29]
92Rh (.6%) 56702 4.6670:52 [29]
91 + +0:2 +0:22

Rh (9/727%) 1.7-0% 1477455 [29]

The relative rates of background and isotope decays are important for gauging
potential contributions of systematic error to the deduced half-life. A log-linear plot
of parent-decay activity vs. decay time gives a straight line with a slope determined
by the half-life. The slope becomes less steep for longer parent half-lives. Resolving
the slope of a parent decay-curve from background becomes increasingly di—cult
as the parent decay constant decreases and the background rate increases. Having
relatively few events in the decay curve exacerbates this problem. High background
rates impact the slope of the flt, of course, always leading to a half-life value that is too
long. The number of implantations collected in the Kienle et al. study are available for
each analyzed isotope in a dissertation [28], but the unreported fl detection e—ciency
prevents an estimate of the observed number of fl events. fl detection e—ciencies
may have been anywhere from 30-70% for the system employed in the Kienle et al.
study. Counts of 40 and 80 fl events for the respective 8y ground and isomeric states
are estimated based on a fl e—ciency of 40% and no contribution from background or
daughter decay events. The fl decay correlation time following each 8y implantation
is not provided so it is not possible to determine the contribution of 8gy daughter or
the contribution of background events, which are not reported. The half-life of 8gy

IS 2.65 min, which would not impact a flt to either the 8y ground or isomeric state.
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However, the daughter half-lives of some of the other nuclei in the Kienle et al. study,
including 84Mo, are short enough to impact a flt to the parent decay. In addition,
the half-life of the 84Mo daughter has since been re-measured. Though the daughter
half-life used in the Kienle et al. flt was not reported, it is likely that Kienle et al.
used the previously published value of 12(3) s [33], which is longer than the newer
value of 9.5(1.0) s [34]. Given identical data sets, using a longer daughter half-life
to flt multiple decay generations will yield a longer value for the extracted parent
half-life. Extending the fl e—ciency approximation of 40% to 84Mo indicates that
14 decay events should have been observed from the 37 reported implantations [28].
The half-life of the 84Mo daughter, 84Nb, is relatively short. This assures that some
portion of those 14 fl events are from the daughter, consequently reducing the actual
number of parent decays. The low number of fl events collected from 84Mo decay
would make extracting an accurate half-life di—cult in any background environment.
Without knowing the fl decay correlation time or background rate, the parent half-life
fltting conditions cannot be accurately reproduced.

The probability density functions in the maximum likelihood flt used by Kienle
et al. are intended to deconvolute the decay events correlated to a single nucleus into
parent, daughter, granddaughter, and background decay components. The extracted
half-life represents a half-life deduced solely from parent decay events if: 1) the prob-
ability density functions are correctly formed, and 2) the flxed input parameters are
correct. Another approach to removing non-parent decay generation events and back-
ground is through selecting only fl events that occur in coincidence with rays in the
daughter nucleus. The results of subsequent measurements of the half-lives for 80zr
[15] and 91,92,93R [29], using gating for background suppression, are shown in
Table 1.1. These background-suppressed measurements are all systematically lower
than the Kienle et al. values, at times by more than 1 , suggesting a systematic error

due to background and/or non-parent decay events in the Kienle et al. study.
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1.4 Re-measurement of the Mo Half-Life

The potential systematic uncertainty in the Kienle et al. T;_, values along N = Z
could have a dramatic impact on the rp-process simulations. This dissertation details
a re-measurement of the T,_, value of 84Mo. The goal was to determine the accurate
84Mo half-life within an uncertainty of better than 8§ 0.2 s, a factor 5 improvement
over the previous measurement. The measurement was performed at NSCL with a
concerted setup of the NSCL fl Counting System (BCS) and 16 detectors from the
Segmented Germanium Array (SeGA) aimed at reducing the background by obtain-
ing a -gated decay curve. Achieving the optimum performance with this setup for
fragment-fl- correlation requires a balance among the overall implantation rate, the
half-lives of the implanted species of interest, and the number of daughter decays by
each implanted isotope to reach fl stability. Production of 84Mo through projectile
fragmentation produces a myriad of (unwanted) fragments that dominated the beam
composition due to the exotic nature of the desired product, in ating the overall
implantation rate to unmanageable levels. Additional selective beam reduction was
required beyond that usually achieved at NSCL with the A1900 separator. Therefore
a new device, the NSCL Radio Frequency Fragment Separator (RFFS), was imple-
mented to reduce the beam rate of proton-rich nuclei to make the measurement of
fragment-fl correlations for 84Mo experimentally tractable.

The details of experimental conditions, setup, and results are provided in later
chapters as follows: Chapter 2 provides a review of the physics principles relevant
to this dissertation. The experimental apparatus, setup, and calibration procedures
are described in Chapter 3. Chapter 4 entails the identiflcation and isolation of each
principle nucleus produced during this study. Chapter 5 details of the experimental
analysis and astrophysical and theoretical implications based on the new half-life

result for 84Mo. Chapter 6 provides a brief summary and outlook.
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CHAPTER 2

Technique

The goal of the present study was to measure the fl-decay half-life of 84Mo and then
determine the rate of mass processing above A = 84 in the astrophysical rp-process.

This chapter discusses the fl and  decay processes relevant to the 84Mo measurement.

2.1 fl Decay

Any process of radioactive decay where the nuclear mass number A remains constant
while the atomic number Z changes is classifled as fl decay. In general, nuclear species
fl decay along a given isobar chain until they reach the most stable nuclide (lowest
mass). Relative nuclear stabilities can be calculated from the mass of a given nucleus

with the expression:
M2 (Z;A)tc? =[ZtMy + (A § Z)tMy]tc? § Eg 2.1)

where the masses in the expression are multiplied by c2 to express their values in
units of energy. Mz ¢ ¢ is the atomic mass and My tc? and M ¢ c2 are masses of
the hydrogen atom (938.791 MeV) and the neutron (939.573 MeV), respectively [35].

Ep is the nuclear binding energy which contains all the information on the relative
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stability of the nuclei and can be expressed using the semi-empirical mass formula:

" T, " T,
NijZ 2=3 N ijZ
Eg = At 1k i COA 1jKk
B CiAL 1 A i Co ¢ 1j A
ic3Z2AT1%8 4o, 72n01 4 (2.2)

When Ep is expressed in units of MeV, the coe—cients take on the following values:
c1 = 15:677 MeV, ¢y = 18:56 MeV, c3 = 0:717 MeV, ¢4 = 1:211 MeV, and k = 1:79.
- represents the nuclear pairing energy and takes on the value of +(-)11:A1:2 MeV
for even-even (odd-odd) nuclei, and is zero for all other nuclei. Equation (2.1), with
Equation (2.2) substituted for Eg, can be shown to be second order in Z and is a
parabola for constant A. One can flnd the minimum Z along an isobar chain through
difierentiation of Equation (2.1) with respect to Z, holding A constant. The set of
nuclei that lie at the minimum of each mass parabola form what is called the valley
of fl stability. Nuclei that are not at the bottom of the mass (energy) parabola are
unstable and may decay towards stability through the weak process, or fl decay.
There are three types of fl decay that occur depending upon the relative position

of the nucleus relative to the most stable isotope and atomic number.

i (Mz >Mzi1) @ 5XN 194 YN +fIT +7+Qp (23)
Electron Capture(Mz > Mgz ;1) : OXn +el 12, Yy (17 +Qn (24)

¥ (Mz > Mz ;1 +2me) @ PXN 15211 YN41 +I7 +7+Qp (25)

where me is the electron mass, el an electron, fIS is afl particle, ” is a neutrino, and
” an anti-neutrino. Qg is the difierence in mass (energy) between the ground states
of the decaying parent nucleus and the daughter. Mz represents the atomic mass
of a nucleus with Z protons. fl* decay is possible only if the decay energy exceeds
2mec? (1.02 MeV), the amount of energy necessary to create an electron/positron
pair. Competition between Electron Capture (EC) and fI* decay increasingly favors

fl* decay as Qg increases above the 1.02-MeV threshold.
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Table 2.1. fl-decay selection rules.

Decay Mode ¢l | ¢. | ¢l
Allowed 0,1 | no
First-forbidden | 0,1,2 | yes
Second-forbidden | 2,3 | no
Third-forbidden | 3,4 | yes
Fourth-forbidden | 4,5 | no

A wWw N 2 O

The energy of the positron emitted during fI* decay is attenuated through in-
teraction with the surrounding medium and it eventually becomes thermalized. At
this point, the positron will combine with an electron and annihilate, producing two
511 keV  rays that propagate in opposite directions. The principle nuclei produced
in the present study are fI™ emitters and the presence of their associated 511-keV

rays was seen throughout the fl-delayed spectra.

Conservation Laws

Conservation laws dictate that the angular momentum, shared by the recoiling parent
nucleus and emitted fl and neutrino, must be conserved during fl decay. This con-
servation governs the likelihood of decay from the initial ground state to flnal states
of particular spin (J) and parity (..) in the daughter. Decays are classifled into two
main types: Gamow-Teller (GT) and Fermi, depending on the orientation of the spins
of the created fl particle and neutrino being parallel (GT) or anti-parallel (Fermi).
Where there is no change in the orbital angular momentum, ¢l = 0, the decays are
termed \allowed.” The change in total nuclear spin, €I, in this case is determined
solely by the vector coupling of the fl particle and neutrino. Possible values for C1
are then 0 and 1 for GT decay, and 0 for Fermi decay. The feature that ¢.. = (j 1)I
forces the parity between the initial and flnal states to be the same for allowed decays.

Decays where ¢l > 0 are termed \forbidden,” but actually occur in nature
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with decreasing probability for each incremental increase in ¢l. Forbidden decays
are formally distinguished as flrst forbidden, second forbidden ::: corresponding to
¢l =1;2:::. Possible values for €1 must include the orbital angular momentum con-
tribution to the fl particle and neutrino vector coupling so that a ¢l value of 1 would
give €1 values of 0 or 1 for Fermi decay and 0, 1, or 2 for GT decay. A summary of

the selection rules associated with fl-decay transitions are shown in Table 2.1.

fl Decay Kinetics

A fl-decay half-life determination requires monitoring the rate of fl decays from a
known sample as a function of time. The disintegration of a parent nucleus into a
daughter nucleus through fl decay is a flrst-order reaction with respect to the amount
of the parent nucleus. Therefore, the fl-decay rate of change of a radioactive sample
of N parent nuclei into daughter nuclei per unit time (j d[N]=dt) is described by the
product of the decay constant , and the total number of parent nuclei in a given

sample at time, t, and is deflned as the activity (A) of a sample:

Nt _ .t
No = e 2.7)

Integration of (2.6) and use of the boundary condition that N = Ng at t = 0 yields
(2.7), where t is time, Ng is the number of parent nuclei at time zero, and Nt is the
number of parent nuclei at time t. The half-life of a nucleus represents the average
time needed for a parent sample to satisfy the condition N¢=Ng = 1=2, and is therefore

deflned as:

_In2
=

(2.8)
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The process of fl decay may feed one or more states in the daughter nucleus, with
a unique rate observed for the decay into each state. A partial rate constant can be
deflned for each transition if the branching ratio of fl feeding into each state is known
via the expression:

.i=BRjt, 2.9)

where ,; is the rate of decay into a particular daughter state i and BR;j is the
branching ratio into that state. The half-life of state i can then be found by replacing
. with ,; in Equation (2.8), which will give a partial half-life, tj, of the parent nucleus.
The comparative half-life, relating to the \allowedness™ of a particular transition, is
commonly reported as the logft value, where t is the t; for a particular state and f
is the Fermi phase-space function, which depends on the endpoint energy of the fl
decay and the Z of the daughter nucleus. Empirical expressions for logf are available
for atomic numbers from 0 < Z = 100 and endpoint energies from 0.1 MeV < Ej
< 10 MeV. The expression used for the logf value for a positron decay in this work

was:
E
logfy,+ = 4:0logEq + 0:79 j 0:007Zp i 0:009(Zp + 1)(Iog?0)2: (2.10)

The maximum kinetic energy of the fl* particle, Eg, is entered in MeV and Zp is
the atomic number of the daughter nucleus [35].
The decay of a nucleus far removed from fl stability begins a decay chain of parent
¥ daughter ¥ granddaughter::: until stability is reached. Bateman formulated a
solution for the activity of the ith member of a chain based on the assumption that
at t = 0 only the parent substance is present [35, 36]:
Sk i jt
AiNi(®) =.ik1.200001m0) Q@
j=

2.11
k=iGk i »j) (211)
k&j

where ,1, ,2, ,3 are the decay constants of the parent, daughter, and granddaughter,

respectively. nj(t) represents the number of nuclei present at time t for the parent

19



(i = 1), daughter (i = 2), or granddaughter (i = 3). The total activity of the chain
can be described by the sum of ,1nq(t) + ,ono(t) +:::+ ,n;(t). In this work up to
three generations of a given decay chain need to be considered, so the expanded form

of equation 2.11 is given fori =1to i1 =3:

,1n1(t) = ,1n1(0)ei -1t (2.12)
Lo = =22 ni(0) ei-1tjei ot (2.13)
52 1 ,1.
_ ei :1t
-3M3(0 = -3.2.1M(0) G2i-1)G3i -1) N
ei ’2t ei 13t ?

(2.14)

G1i-2)G31i-2) N G1i-3)G21i »3)
Experimentally, the assumption for an isolated parent population generally does not
hold, necessitating the addition of a background term in Equations (2.12), (2.13), and
(2.14) to flt the total activity.

2.2 Decay

Many nuclear processes (i.e., fl decay, fi decay, neutron capture) leave the product
nucleus in an excited state. -ray decay is the process by which an excited nucleus
releases excess energy without undergoing transmutation. This process is governed by
the electromagnetic interaction and is the emission of a photon with discrete energy.
The excited states of nuclei, generally represented as ¥ for a nuclear species X, have
specific energies and character deflned uniquely by the structure of a given nucleus.

-ray decay is represented as:
AT 1 AX+

rays are grouped in two categories for this work, those that are emitted from excited
levels populated after fl decay are termed \delayed,” whereas those from excited-state

decay of implanted nuclei prior to particle decay are termed \prompt.” Prompt and
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delayed -ray emissions were monitored to elucidate the low-energy quantum states
and serve as a background fliter for fl-decay half-life determinations. This work assigns
rays to either fl decay events or fragment implantation events based on the total
energy and type of event in coincidence with the ray (discussed below). Coincidence
flitering of the data stream through the use of \gates™ in software was used in this
work for the assignment of rays to either prompt or fl-delayed -ray spectra.
-ray emission spectra consist of discrete lines corresponding to transition energies.
The observed transitions vary between energies of 10 keV to 10 MeV. De-excitation
schemes generally form a series of one or more transitions ending in the ground
state. However, certain nuclei have energy states that are hindered from decaying
due to some combination of parity, spin, or energy difierences between the states.
Relatively long lived excited state energy levels, generally with half-lives on the order
of nanoseconds or longer, are known as isomeric states.

Understanding the difierent character of photons emitted during decay provides
insight into the structure of the nucleus. The initial and flnal energy states of the
nucleus have a deflnite angular momentum and parity, and so the photon emitted
during the transition between these two states must conserve this momentum. The
angular momentum of the initial and flnal states exists in discrete amounts as I~. The
change in angular momentum | is deflned | - &1 = j(I; i I¢)j~. ¢1 =0 s, in fact,
forbidden as every photon must carry at least one unit of angular momentum. The
photon may take on higher values of €1 so that j(I; i I¢)j = | = (I + 1) represents
the full range of allowed values of angular momentum for a photon. However, photons
with larger values of | are progressively hindered.

The dependence of photon emission on parity can be understood through the
physical relationship of electric and magnetic flelds. Protons are charged particles
with spatial and orbital distribution in the nucleus. Spatial rearrangement of protons

alters the electric fleld within the nucleus, whereas orbital or axial alignment changes

21



the associated magnetic fleld. The character of a particular decay is matched to
the change in angular momentum and parity between the initial and flnal states of
the decaying nucleus. The character can be labeled as an electric (EI) or magnetic
(MI) transition for possible | values and ¢... Even | values for transitions with no
parity change (€..=no) require electric and odd values require magnetic transitions.
The reverse is true for transitions where a change in parity occurs. This relation is

described as:

¢.(E) = (i) (2.15)

¢. M) = (jnltl (2.16)

The rate of -ray decay is inversely related to the angular momentum change, so
the transition with the smallest | value usually dominates. The transition rates for
a given character depend on the energy of the photon and the mass of the decaying
nucleus.

Table 2.2. Weisskopf single-particle transition rates (Rates given in units of s1 1 E
is in MeV). Table modifled from Ref. [37].

Transition Rate

I Electric Magnetic
1.03 £ 1014 AZ=3g3 315 £ 1013 E3
7.28 £107 A%BE> 224 £ 107 A%3ED
3.39 £ 10! A2E7 1.04 £ 101 A4=3E7
1.07 £ 101° A8=3E® 327 £ 1016 A2EY

A W N

Weisskopf derived separate expressions for the reduced magnetic and electric tran-
sition probabilities by assuming that the transitions result from the change of a single
particle inside a nucleus of uniform density. These expressions can be evaluated for
difierent | values to provide relative transition rates as a function of mass and de-
cay energy. The Weisskopf single-particle transition rates for electric and magnetic

transitions with | values from 1 to 4 are listed in Table 2.2. The rate equations show
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that for heavy nuclei an \I + 1" electric transition can compete favorably with an \I"

magnetic transition [37].
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CHAPTER 3

Experimental Setup

3.1 Isotope Production

Radioactive species are created in stellar environments, and most exist only for a
short time after their formation. For laboratory study at NSCL, radioactive nuclei are
synthesized through fragmentation reactions between two stable species. A projectile
nucleus is accelerated up to 40% the speed of light and impinged on a stationary
target, fragmenting some fraction of the projectiles. Projectile fragmentation results
in a cocktail mixture of fragments that was selectively flltered using the NSCL A1900
Fragment Separator and Radio Frequency Fragment Separator (RFFS) before being
transported to the experimental endstation. This work measured fl™-decay half-
lives by monitoring the time until fi* emission after the implantation of a known
parent nuclei in the detection system. The rate constant , was extracted and a
half-life determined from a flt of the fl*-decay activity as a function of time. All fl
unstable particles analyzed in this study were fl* emitters. This chapter presents the

experimental subsystems in detail utilized to produce 84Mo and measure its half-life.
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Figure 3.1. Layout of the K500, K1200, and A1900 components of the NSCL

3.1.1 Projectile Fragmentation

The nuclei for this study were produced via the fragmentation of 124 projectiles ac-
celerated to 140 MeV/nucleon in the NSCL coupled K500 and K1200 cyclotrons. The
1246 heam was impinged inelastically upon a 305 mg/cm2 9Be target. A nucleus-
nucleus collision fragmented the projectile through a two-step process of abrasion-
ablation [38]. The abrasion step resulted in the formation of two or more fragments
that are left in excited states, which may lose additional nucleons during a decay pro-
cess termed ablation. Virtually all of the fragments retain enough forward momentum

to be transported through the A1900 Fragment Separator [39].

3.1.2 A1900 Projectile Fragment Separator

The A1900 separation scheme employs a combination of magnetic rigidity and energy
loss flltering, denoted B%-CE-B'%, to discriminate the products of the intermediate

energy collision by g, Z, and A. Magnetic rigidity is deflned as:

B = p=q = mv=q 3.1

25



Table 3.1. A1900 and K1200 settings for the 84Mo production runs. The location of
the target and dispersive image are indicated in flgure 3.1. Efiective values represent
values input into LISE++ [40] simulations to approximate experimental conditions

Parameter

Nominal Value

Efiective Value

K1200 Radiofrequency

23:14550 MHz

23:145 MHz

1246 Projectile Energy 140 MeV/u 142:35 MeV/u
9Be Target Thickness 305 mg:cm2 327:986 mg:cm2
Dispersive Image Momentum Cut 1% 0829:5mm
B2 2:9493 Tt m 2:9493 Ttm
Dispersive Image Al wedge 180 mg:cm2 187:7 mg:cm2
B%3:4 2:5635 Ttm 2:5635 Ttm

where B is the magnetic fleld strength, % the radius of curvature, p the momentum,
m the mass, v the velocity, and q the charge state of the ion. The flrst A1900 B%
selects nuclei based on the mass-to-charge ratio because the fragmentation mechanism
produces all nuclei with nearly the same initial velocity [37]. A wedge-shaped degrader
is placed at the intermediate image of the A1900 to induce an energy loss, which is
proportional to the square of the fragment nuclear charge, the fragment mass, and

energy as
_@E , AZ?
'ox © E

(3.2)
The wedge position is indicated by the \dispersive plane” label in flgure 3.1. By
means of this wedge, the velocity, and therefore B%, is changed for all fragments prior
to passing through the second half of the A1900.

Values for the flrst and second B% selection are set corresponding to the central
momentum of a particular isotope, which was 84Mo for this study. The speciflc
settings for the projectile energy, target, and A1900 are listed in Table 3.1.

The fragment selection consisted of a cocktail beam of species matching the mag-

netic rigidity of 84Mo. A simulation of the yields of the principle fragments produced

in this study as a function of B% is shown in Figure 3.2. The simulated peak pro-
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duction B% for 84Mo was slightly higher than the observed peak production B%. The
shaded region in Figure 3.2 labeled \1% &p/p cut" illustrates the range of B% values
for the observed peak 84Mo production and corresponds to the experimental By:2
values listed in Table 3.1 accepted through the flrst A1900 B selection. The yields of

the principle beam contaminants are produced of order 10° times more than 84Mo.

3.1.3 Radio Frequency Fragment Separator

The momentum distribution of nuclei produced in fragmentation reactions is asym-
metric, resulting in a long low-momentum \tail"" that overlaps the central momen-
tum region of other products (see Figure 3.2). The central B% selection of neutron-
deflcient nuclei near the drip-line therefore overlaps with tails from more stable and
consequently much more abundantly produced nuclei. The production rate from the
low-momentum tails of more stable species exceeded the peak production rate of
84Mo to such a degree that a decay experiment was not feasible without additional
beam puriflcation after the A1900. The installation of the NSCL RFFS enabled new
experimental studies on the neutron-deflcient side of fl stability.

A schematic of the RFFS is shown in Figure 3.3. The RFFS [5] consists of two
horizontally parallel plate electrodes 1.5 m long, 10 cm wide, and 5 cm apart installed
inside a vacuum chamber attached to a straight section of beam line. An electric
current supplied to a RF loop inserted into the chamber, such that the plane of
the loop is oriented vertically. The electric current in the coil induces a magnetic
fleld inside the chamber, with fleld lines that are in a plane perpendicular to the
vertically oriented RF loop. The induced magnetic fleld forms a standing wave inside
the chamber with a node located at the vertical center of the chamber; therefore
the upper and lower halves of the chamber are always 180 degrees out of phase.
The magnetic fleld induces an electric fleld that charges the upper and lower parallel

plates with the opposite charge, creating a voltage potential across the plates with
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Figure 3.2. The isotope yield in particles per second (pps) as a function of B% for
the principle isotopes in this study as simulated by LISE++ [40]. The asymmetric
momentum distribution of ions came from the \phenomenological™ model in the code
with the efiective values listed in Table 3.1.
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Figure 3.3. Schematic drawing of the RFFS. The outer wall of the RFFS chamber
is transparent to make the components within visible. The parallel plate electrodes
are the two larger triangularly shaped objects within the chamber. The smaller two
triangular objects are capacitive tuners that control the amount of charge transferred
to the plates from the RF loop, and may be adjusted by the stepper-motors attached
at the upper and lower positions on the chamber. The RF loop is inserted from the
RF coupler attached on the upper right part of the chamber. A flne tuner is attached
at the lower left part of the chamber, which serves as a conductor to reduce the
density of the induced electric fleld in the chamber. This flne tuner is wired to be
automatically adjusted based on feedback from the resonant condition of the cavity
i.e., to minimize the difierence between the measured phase and the phase setting of
the chamber. Figure modifled from J. Ottarson.
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Figure 3.4. Overhead view of NSCL beamline with nominal operational settings
indicated. The location of the RFFS in the S2 vault is shown just upstream of the
BCS endstation with 16 detectors from SeGA.

an amplitude up to 100 kVpp. A voltage of 47 kVpp was applied for this work.
The polarity of the electric current supplied to the RF loop alternates in time at a
frequency matched to that of the K1200 cyclotron, which was 23.145 MHz (see Table
3.1).

The RFFS is located approximately 51 meters downstream from the production
target in the NSCL S2 vault, represented schematically in Figure 3.4. The drift
space results in a time-of- ight (TOF) separation of about 5 ns between successive
isotones under the reaction conditions described in Table 3.1. The settings for the
second B cut selected species with an average velocity of 11 cm/ns. An ion traveling
the full 1.5 m length of the RFFS at this velocity takes roughly 1/3 of a RF period.
The distribution of the beam species in TOF resulted in each fragment experiencing a

difierent 1/3 of the voltage cycle, and therefore receiving a difierent vertical de ection.
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