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Abstract

Evaluated nuclear data for '®Re identify the majority of spin-parity assignments
as tentative, with approximate values for the energies of several levels and
transitions. In particular, the absence of known transitions that feed the J™ = 8%
isomer 18" Re motivates their discovery. This isomer, which has a half life of
2 x 10° years, has a potential application in an isomer power source. Additionally,
the isomer’s role in certain nucleosynthesis processes is not well understood, so
measured cross sections for transitions that feed the isomer would have
astrophysical implications. Using the GErmanium Array for Neutron Induced
Excitations (GEANIE) spectrometer at the Los Alamos Neutron Science Center
(LANSCE), (n,2n7v) and (n,n’y) reactions in a 99.52% enriched ¥"Re target were
used to obtain y-ray spectra from %°Re and '87Re, respectively. The experimental
data reveal 5 new transitions in ®Re and 4 new transitions in ¥"Re. Similarities
between the level schemes of % Re and ®°Re suggest that one of the newly-observed
transitions in %°Re feeds the isomer from a level at 414.9 keV. The v-ray energy
measured for this transition implies an isomer energy of 148.2(5) keV, which is a

significant improvement over the adopted value of 149(7) keV.
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ANALYSIS OF THE NUCLEAR STRUCTURE OF SRE USING
NEUTRON-INDUCED REACTIONS

I. Introduction

1.1 Background

Natural rhenium consists of 37.4% '%5Re and 62.6% 8"Re. It was the last stable
element to be discovered, and it is notable for the fact that it has the highest boiling
point and the third highest melting point of all elements. These physical properties
make rhenium suitable as a coating for turbine blades used in aircraft jet engines.
Due to its demand in the aerospace industry and its rarity, samples of rhenium
metal can be very expensive [1].

The isotope ®®Re can be created by neutron capture (n,v) on ®*Re or by (n, 2n)
reactions from '¥"Re, and is unstable in its ground state. In the ground state, *Re
decays via electron capture or 5~ decay with a half life of 2.718 days, but *Re also
has an unusually long-lived metastable state, or isomer. The isomer *"Re has a

half-life of 2.0 x 10° years and decays via y-ray cascade to the ground state [2].

1.2 Motivation

The motivators for research on the nuclear structure of '®Re are (1) addressing
a long-standing astrophysical question related to the rhenium/osmium

cosmochronometer, and (2) developing a radioisotope power source for use on the

battlefield.



Re-Os Cosmochronometer.

The isotope "*"Re has a half-life in its ground state of 4.35 x 10 years [2], and
it B~ decays to the stable isotope ¥7Os. The long half-life of '¥"Re, on the order of
the age of the universe (15 + 2 Gyr) makes the ¥"Re/!87Os system suitable as a
chronometer with which one can estimate the ages of astronomical objects.
Measurement of the relative abundances of '¥"Re and '®7Os in meteorites permits
one to date the nucleosynthesis of rhenium and osmium by high neutron flux events
such as supernovae. The Re-Os radioactive decay system has been proposed as a
mechanism by which one can determine the age of the galaxy [3].

The nucleosynthesis of ®¥"Re and 8Os involves both a rapid r-process, and a
slow s-process. In the r-process, neutron fluxes in the stellar environment are so
high that unstable isotopes have a high probability of undergoing neutron capture
before they have the opportunity to 8 decay, while in the s-process neutron capture
rates are low enough that § decay plays an appreciable role. These processes, shown
in Figure 1, result in the production of ¥7Os almost entirely by s-process and %"Re
mostly by r-process. In this scheme, *Re is considered a branch point, in that it
can decay with a half-life of 3.72 days into ¥Os or undergo neutron capture to
create ®"Re [4, 5, 6]. Consideration of the role of the 8" Re isomer (which is not
known to 8~ decay independently) in this process would reduce errors inherent in
the use of 8"Re/!870Os as an effective chronometer [7]. Due to its 2.0 x 10° year
half-life, 186" Re exists long enough to dramatically increase the chance of neutron
capture over 3~ decay, thus increasing the rate of production of 8"Re. It is possible
that the ®5™Re isomer could be created through neutron-induced reactions in a
stellar environment, which motivates the discovery of transitions that feed the

isomer and experimental determination of their associated cross sections.
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Figure 1. Rapid (r, gray arrows) and slow (s, solid black line) processes involved in
the production of '®*"Re and '®"Os. Long-lived nuclides are identified with bold boxes,
with the dashed lines indicating weak, or secondary processes. The red outline around
the isomer '®"Re and associated pathways highlights the fact that its role in these
processes is not yet understood.

Isomer Power Source.

Long-lived nuclear isomers store up to 10° times more energy per gram of
material than chemical energy sources. These isomers release their excess energy
through a variety of decay mechanisms, with half-lives ranging from milliseconds to
thousands of years. If the isomer decays directly to the ground state, the released
energy is not a product of the binding energy of the nucleus, so it does not involve
transmutation. As a result, the significant amounts of radioactive waste produced
by nuclear fission in the form of fission fragments and neutron activation products
are not present following the decay of nuclear isomers. Several methods, including
X-ray irradiation and neutron bombardment, have been shown to induce depletion
of certain isomers as a means of accessing their stored excitation energy. However,

the goal of inducing a nucleus to release energy on demand in practical quantities



remains elusive [8].

As technology on the battlefield becomes more advanced, forward-deployed
military forces require increasingly powerful energy sources to operate equipment.
The portability of these power sources can have a critical effect on mission
readiness, so high energy density sources such as nuclear isomers are of particular
interest. To highlight the importance of this goal, the Defense Science Board in its
October 2013 report recommended that $25 million be allocated to research relating
to the development of a radioisotope power source [9]

186mRe, given its half-life of 2.0 x 10° years, has the advantage of being a stable
energy storage medium. If %¢"Re could be transformed from the isomer to the
ground state of 1¥Re on demand, the ground state would then S~ decay to ¥6Os
with a half-life of 3.7 days, producing electrons with energies up to 1.08 MeV. In
one possible radioisotope power source design, the energetic electrons could produce
scintillation light in a crystal that could in turn generate an electric current using a
photovoltaic cell.

Identifying transitions in the nuclear structure of ®Re that feed the isomer
could lead to the discovery of a method for inducing depletion of ¥™Re. The
potential of nuclear isomers as a power source was outlined by P. Walker and J. J.
Carroll, in which photon-induced depletion of isomers was proposed as a means of
achieving on-demand energy release [8]. The ultimate goal of these types of isomer
depletion experiments is the discovery of a mechanism by which the isomeric state

can be depleted with a favorable energy balance.

1.3 Problem

The objective of this research was to conduct an examination of the nuclear level

structure of 1%6Re, with the specific goal of discovering transitions that feed the



149(7) keV isomer. ¥ Re is an isotope with a relatively poorly known structure. A
search of the Evaluated Nuclear Structure Data File (ENSDF) for '®Re identifies
the majority of spin-parity assignments as tentative, with approximate values
associated with the energies of several levels and transitions, as shown in Figure 2.

Of note in Figure 2 is the the absence of known transitions that populate the 8¢"Re

1somer.
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Figure 2. An extract from the low-energy level scheme of '®®Re shows that there are
numerous levels for which the multipolarity is identified with parentheses as tentative,
while transitions and energies assigned to several levels are approximate [10].

1.4 Hypothesis

Measurements of y-ray spectra from the reaction *"Re(n, 2nv)'®*Re would
provide valuable input to nuclear structure databases such as the Experimental
Unevaluated Nuclear Data List (XUNDL) and the Evaluated Nuclear Structure
Data File (ENSDF). New levels and transitions discovered in ' Re, and in

particular levels that directly populate the %" Re isomer, would help solve the



problems identified in Section 1.2.

1.5 Methods

Using the GErmanium Array for Neutron Induced Excitations (GEANIE)
detector array at the Los Alamos Neutron Science Center (LANSCE) Weapons
Neutron Research (WNR) facility, y-ray spectra obtained from neutron-induced
reactions were used to identify new ~-ray transitions in *®*Re and verify transitions
and levels already described in existing literature. The primary neutron-induced
reaction studied was ¥"Re(n, 2ny)'%Re, from irradiating a rhenium powder sample
enriched in ®"Re. The isotope **Re has a similar structure to ®°Re, so known
y-ray transitions in ¥*Re were used as a guide to identifying transitions feeding the

isomer in '86Re.



II. Theory

The physics of nuclear structure, which is concerned with the levels and
transitions in nuclei at excitation energies below approximately 2-3 MeV,
incorporates both collective and microscopic models of nucleon motion [11]. Both
are important to understanding the structure of nuclei with odd numbers of protons

and neutrons, such as #Re.

2.1 Nuclear Landscape

The observed instability of radioisotopes provided the first clues to
understanding the physics underlying nuclear structure. In a plot of the atomic
number Z versus the neutron number N of known isotopes (Figure 3), a clear valley
of stable nuclei emerges, with unstable neutron-rich isotopes below the valley and
unstable proton-rich isotopes above it. The shape of this valley led to the
development of the first successful macroscopic, or collective, model of nuclear
structure, known as the liquid drop model (discussed further in Section 2.3).

Certain nuclei, with values of N or Z equal to the so-called magic numbers, are
known to be especially stable, a behavior not predicted by collective models. The
magic numbers, N, Z = 2,8, 20, 28, 50, 82, 126, are shown, except for N, Z = 2, in
Figure 3. Gaps are also observed at N, Z = 40 (not identified in the figure) and
Z = 64 for certain N [13]. Evidence of the stability of nuclei with magic N or Z
values led to the development of the nuclear shell model, a microscopic model that
treats the neutrons and protons in the nucleus individually instead of collectively.

The shell model assumes a spherical nuclear potential, limiting its applicability
in some cases where the nucleus has a non-spherical shape. This modification to the

shell model, known as the Nilsson model, takes into account the deformation of the



number of protons (2)

number of neutrons (N)

Figure 3. The chart of the nuclides, showing the rough valley of stable nuclei (black
dots) in the center of the plot of proton number Z versus neutron number N. Magic
numbers are identified by double lines, while realms in which nuclear deformation is
significant are outlined in purple arcs. The most common locations in which spin-trap
isomers are found are highlighted in green, while K-trap isomers are generally found

in the area highlighted in orange. Figure copyright 1994, IOP Publishing. Reproduced
with permission from [12].

nucleus in predicting nuclear behavior. The realms in which nuclear deformation
effects are significant are shown as circles or arcs in Figure 3. Of note, *Re, the
nucleus studied in this work, falls well within the mid-shell region with

82 < N < 126 and 50 < Z < 82, where deformation is a contributing factor.

2.2 Microscopic Models

Microscopic models of the nucleus are concerned with the behavior of individual
nucleons and their effects on the stability of the nucleus. A number of microscopic

models exist, the most successful of which has been the nuclear shell model [13].



Shell Model.

The nuclear shell model (with spin-orbit coupling) provides a basis for
understanding the behavior of nuclear excited states. In this basic model, which
assumes a spherical nuclear potential, protons and neutrons are assumed to be
independent particles, each occupying distinct shells in accordance with the Pauli
exclusion principle. When spin-orbit coupling is included in the model, the resulting
predictions of nuclear stability are in relatively close agreement with experiment. In
particular, the shell model exactly predicts the experimentally observed magic
numbers, and it also predicts that N, Z = 184 is magic in the absence of empirical
evidence [14]. The individual particle levels predicted by the shell model are shown
in Figure 4, in which each level is identified by its angular momentum quantum
number ¢, with s,p,d, ... referring to £ = 0,1, 2,.... The capacity of a particular
level is shown to the right of the level, and to the far right is the cumulative number
of nucleons in that level and all lower levels.

The shell model can be used to explain behavior seen in nuclear level schemes.
As an example, consider nuclei with both N and Z magic. Level schemes for these
doubly magic nuclei show a large energy gap between the ground state and the first
excited state, which is explained by the fact that a significant amount of energy is
required to promote a nucleon out of a closed shell to the next (empty) shell.
Application of the shell model to the case of nuclei away from closed shells requires
the independent particle approximation, discussed in greater detail in Section 2.4.

Transition rates between states reflect the stability of each state and are
governed by quantum mechanical selection rules. Gamma rays, which result from
transitions between energy levels, are electromagnetic radiation with characteristic
multipolarity (i.e., M1, E2, etc.). Quantum mechanical calculations of the

transition probabilities include the following selection rules for transitions between
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Figure 4. Energy levels of the nuclear shell model (including spin-orbit interaction).
The magic numbers, corresponding to completely filled nuclear shells, are identified
with circles. Reproduced with permission from [14].

energy levels:

[0; —Cf] < L <l;+{
Am = -1 — even electric, odd magnetic (1)

Am = 41 — odd electric, even magnetic.

Here L is the multipole order (L > 0) of the electromagnetic transition, ¢; and £
are the angular momentum quantum numbers of the initial and final states. The
change in parity Am between initial and final states is equal to +1 if there is no

change in parity and —1 for a change in parity. For given initial and final states,

multiple transition multipolarities may be possible, in which case the most likely

10



transition is the one with the lowest multipole order. For a given multipole order,
electric transitions are more likely than magnetic ones. These effects are revealed

quantitatively by the Weisskopf estimates.

Weisskopf Estimates.

The Weisskopf estimates, which arise from calculations of radial transition
matrix elements, provide a first-order approximation of the transition rates between
nuclear states [11, 14]. These estimates are based on the assumption of a
particularly simple spherical potential, so they are directly applicable only to the
case of spherical nuclear states. Even in this limited case they predict rates that can
result in order of magnitude differences from measured decay rates.

Given the atomic number A and the observed transition energy F in MeV, the
Weisskopf estimates give the transition rate ) in units of s™!. For electric transitions

E1 through F4 (dipole through hexadecapole), they are:

AMFE1) = 1.0 x 101423 E3
ANE2) =73 x 10"AY3E® (2)
ME3) = 34A2E7

MNFE4) = 1.1 x 107° A% E°,

For magnetic transitions, the Weisskopf estimates for the M1 through M4

11



transition rates are:

AMM1) =56 x 108 E?
MM2) = 3.5 x 10TAY2E5 (3)
MM3) = 16A*3ET

AM4) =45 x 10 4%E°.

It is important to note that the leading constant in these estimates decreases by
approximately 6 orders of magnitude for each incremental increase in multipole
order. The transition rate also depends on the energy of the transition. As
transition energy F increases, the transition rate increases as F?“*!, where L is the

multipole order of the transition [11, 14].

Deformed Shell Model.

The shell model has proven itself an incredibly powerful tool with which one can
explain many aspects of nuclear behavior, including excited state energy levels and
transition rates. These predictions agree relatively well with experiment for nuclei
with IV or Z close to the magic numbers, where nuclei are spherical in their ground
state. However, as mentioned in Section 2.1, the shell model applies directly only
when the nuclear potential can be reasonably approximated as spherical. Nuclei in
the mid-shell range with mass 150 < A < 190 are generally non-spherical, so the
spherical potential approximation used in the derivation of the nuclear shell model
is flawed.

The two symmetries encountered in deformed nuclei are oblate (frisbee) and
prolate (football) shapes, with the up direction aligned with the axis of rotation (by

convention, the z-axis in the center-of-mass reference frame). That is, an oblate

12



nucleus extends further in the equatorial direction than in the polar direction, and
the opposite is true for a prolate nucleus.

For a purely spherical nucleus, the nuclear radius R is given by

R = RyAY3, (4)

where A = N + Z is the mass number and Ry = 1.2 fm. For a non-spherical nucleus

with a static quadrupole deformation, the nuclear radius becomes

R = RyA'?

43 a3, Y0, cb)] , (5)

m

where the ay, are the (quadrupole) expansion coefficients for the spherical
harmonics Y2,(6, ¢) [11, 13]. In the center-of-mass reference frame, the expansion
coefficients «, 4o can be written in terms of a deformation parameter 5 and an
angle v as ap = fcosvy and aqy = \/Li B sinvy. The parameter 8 specifies the shape of
the distortion of the nucleus, with 5 < 0 for an oblate nucleus and g > 0 for a
prolate nucleus. The angle «v is a measure of the axial asymmetry of the nucleus,
ranging from v = 0° for an axially symmetric nucleus to v = 30°, which corresponds
to the case of maximum axial asymmetry [11, 13]. The diagram in Figure 5 shows

the equipotential surfaces for each of the shapes described above.

13
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Figure 5. Characteristic shapes of equipotential surfaces in deformed nuclei. The
spherical shape has 3 = 0, while the oblate and prolate shapes have 8 < 0 and 8 > 0,
respectively. The axial symmetry is a function of 0° < ~ < 30°, and the end views show
different degrees of axial asymmetry for the prolate and oblate shapes. Reproduced
with permission from [13].

A more accurate model of the nucleus is based on this deformed potential, in
which the degree of deformation € is accounted for in determining the energy levels.

The degree of deformation € is a function of the deformation parameter § according

to the relation
4 4 4 4
= 5( = 4 —S+ —t ). 6
f =7/ <36+96 +oo€ gt ) (6)

The deformed shell model, also known as the Nilsson model, accounts for the
non-spherical nature of mid-shell nuclei [2]. The resulting energy levels show
significant dependence on the deformation, which is evident in the so-called Nilsson
diagram of Figure 6. For ¥SRe, B = 0.22, which corresponds to ¢ = 0.194 per
Equation 6 [15].

In the Nilsson model, the energy levels of deformed nuclei depend on the
projection of the angular momentum on the axis of symmetry, defined as the
quantum number K as shown in Figure 7. Levels in the Nilsson model are identified
according to the convention K™ [Nn,A] . The first quantum numbers K™ define the

K value and parity of the state, N represents the principle quantum number which

14
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Figure 6. Deformed shell model (Nilsson) energy level diagrams for (a) neutrons and
(b) protons in deformed nuclei with 82 < N <126 and 50 < Z < 82. The parameter
€ (€2 in the figure) is a measure of the deformation of the nucleus: € < 0 for oblate
nuclei and € > 0 for prolate nuclei. The vertical red line identifies the value of € = 0.195
for '%6Re. Magic numbers are identified by circles. Figure copyright 2009 Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission from [2].
defines the major shell, and n, is the number of modes of the wavefunction in the z
direction. The quantum number A is the component of the orbital angular
momentum along the symmetry axis. Using these definitions, for a nucleon with

spin 1/2 and a spin projection 3 = £1/2 on the nuclear symmetry axis, the K value

is equal to A + 2.
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Figure 7. Definition of quantum number K and angle of inclination 6 for a single
nucleon of spin j orbiting a prolate deformed nucleus. Reproduced with permission
from [13].

In a deformed nucleus, the single particle orbits can have different inclinations
relative to the axis of symmetry. The inclination affects the energy of the particular
orbit, depending on the average distance between the orbit and the rest of the
nucleus. When the orbiting nucleon remains close to the central nuclear mass, it will
be more tightly bound (due to the attractive strong nuclear force) and have a lower
energy than a nucleon that orbits at a higher inclination angle and spends the
majority of the orbit at a greater distance from the central mass. These two orbits

are shown in Figure 8.

Figure 8. Two nucleon orbits for a prolate nucleus at different inclination angles 6. In
this figure, the orbit labeled K; has a lower energy than the one labeled K;. Repro-
duced with permission from [13].
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2.3 Collective Models

Collective models treat the nucleus as a whole, instead of accounting for the
interactions between individual nucleons. The average motion of the protons and

neutrons is used to explain empirical observations.

Liquid Drop Model.

The most familiar collective model of the nucleus is the so-called liquid drop
model. The liquid drop model was initially developed by H. Bethe and C.
Weizsécker, and it shows good qualitative agreement with experiment in the case of

predicting nuclear binding energies.

Bohr-Mottelson Model.

Much like in atomic and molecular physics, in which molecular rotational and
vibrational states are evident from features in visible or infrared spectra, the nucleus
can exhibit collective vibration and rotation. This collective motion is the basis for
the nuclear model proposed by A. Bohr and B. Mottelson in the 1950s.

The collective model of Bohr and Mottelson incorporates asymmetries in the
nucleus, and so accounts for the non-spherical nature of mid-shell nuclei. In their
model, in addition to rotations perpendicular to the axis of symmetry (which
approximates a quantum rigid rotor) the nucleus can experience  or 7 vibrations
corresponding to the parameters 8 and 7 described in Section 2.2 [11]. In a
vibration the nucleus extends and contracts parallel to the axis of symmetry (the
football or frisbee gets longer or wider, respectively). In a « vibration the nucleus
extends and contracts in a direction perpendicular to the axial direction. These
vibrations are illustrated in Figure 9.

The spectral features that the model predicts are most clearly evident in ~-ray
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Figure 9. B and « vibrational modes of deformed nuclei. A 3 vibration extends the
nucleus along its principal axis, while a v vibration is a periodic variation in the degree
of axial asymmetry. Reproduced with permission from [13].

spectra of even-even nuclei. In these spectra, clear periodicities are evident in the
~v-ray energies, corresponding to vibrational or rotational excitation of the nucleus.
These can be organized into distinct bands, where v-ray transitions between bands
are generally hindered by quantum mechanical selection rules.

Application of the collective model to determine the vibrational and rotational
energies of odd-odd, odd-even or even-odd nuclei requires additional approximations
[11, 13]. For this purpose, combined models that incorporate both collective and
microscopic approaches provide a means of describing the structure of nuclei such as

186Re from a theoretical standpoint.

2.4 Combined Models

An explanation of the structure of nuclei with an odd number of neutrons or
protons requires a combination of microscopic and collective models discussed in
Sections 2.2 and 2.3. Combined models are generally built on a “core plus valence

nucleon” description to explain nuclear behavior [11].

Independent Particle Approximation.

The most basic combined model is the independent particle approximation, in
which the nuclear properties are assumed to arise from the motion of the unpaired

valence nucleons. This is basically equivalent to the statement that the individual
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nucleon-nucleon interactions of the microscopic model can be approximated by a
common nuclear potential, i.e. a mean-field approach. This approximation
drastically simplifies shell model calculations, since a difficult N-body problem
reduces to a problem in perturbation theory. This allows the shell model to be
reasonably applied to nuclei with N or Z away from the magic numbers [13].

An illustrative example of the independent particle approximation is the
estimation of the ground-state spin J of a nucleus with an odd number of protons or
neutrons. Since the spins of paired nucleons cancel to 0, the total spin J of a
nucleus with an odd number of protons or neutrons will equal the spin j of its lone
unpaired nucleon. For an odd-odd nucleus, the total spin is determined by taking
the vector sum of the spins of the two unpaired nucleons [14].

The independent particle approximation can help to explain why level densities
observed at low excitation energies of even-odd, odd-even or odd-odd nuclei are
greater than those predicted by the shell model of the nucleus. In even-odd,
odd-even or odd-odd nuclei, nucleon spins (proton, neutron, or both) are inherently
unpaired. The energy required to excite the nucleus to a higher-energy state is
greater when the nucleus consists of paired nuclei, as energy is required to break
apart nucleon pairs. Since less energy is required to excite nuclei with unpaired
nucleons, even-odd, odd-even and odd-odd nuclei are found to have higher level

densities at low excitation energies [14].

2.5 Metastable Excited States (Isomers)

The long half lives of nuclear isomers are a direct result of selection rules that
govern 7y decay. The Weisskopf estimates are helpful for explaining the behavior of
nuclear isomers. Long-lived isomers typically have spin-parity (J™) assignments that

differ significantly from that of the states to which they can decay. Per the selection

19



rules, a direct transition from the isomer to a lower-energy state would have a high
multipole order. Thus, in a so-called spin-trap nuclear isomer, significant differences
in angular momentum between the initial and final states result in very low
transition rates, or long half lives [8, 12, 16]. The Weisskopf estimates also imply
that low-energy transitions are inhibited.

Another factor adding to the long half lives of certain isomeric states is
K-hindrance, which is an effect only observed in axially symmetric deformed nuclei,
generally in the mass-180 region as shown in Figure 3. The orientation of the
nuclear angular momentum J relative to the axis of symmetry, which is given by the
quantum number K as described in Section 2.2, governs the ability of the nucleus to
decay from an excited state to the ground state. Selection rules derived from the
Nilsson model require that the multipole order L be equal to or greater than the
change in K between the initial and final (ground) state. This selection rule is not
strictly observed, and symmetry breaking in the model can lead to transitions in
which L < AK, though such transitions are hindered. Isomers in which this is
found to be the case are known as K-trap isomers [12, 16].

The nuclear shapes of spin-trap and K-trap isomers are illustrated in Figure 10.
Per the independent particle approximation, the angular momentum arises from the
motion of a small number of valence nucleons, shown orbiting the nuclei at the top
of each panel. In the K-trap isomer shown in the figure, the nucleus in the isomer
state is shown with its angular momentum projection 90° to that of the ground

state, such that the AK between the isomer and ground state is maximized.

Population and Depletion of Isomers.

Because of the low probabilities for transition directly between the isomer state

and lower-energy states, population or depletion of nuclear isomers is generally
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Figure 10. Schematic plot of excitation energy versus angular momentum J in spin trap
isomers (a) and angular momentum projection K in K-trap isomers (b). The variation
in the curve shown in (b) is due to a wobbling motion of the deformed nucleus. In both
cases, the excitation energy has a local minimum at the energy of the isomer state.
Figure copyright 1994, IOP Publishing. Reproduced with permission from [12].
achieved by exciting the nucleus to a higher-lying intermediate states (IS) from
which it can then decay to the isomer or lower-energy state, respectively. These
intermediate states are more closely matched in spin to both the isomer and
lower-lying state [8]. In the population of isomers by photon absorption, a photon
closely matched in energy to the energy of the IS can resonantly excite the nucleus
into the IS. From the IS, the nucleus can decay via vy-ray cascade or internal
conversion to feed the isomer, or it can decay back to the initial state [17, 18]. In
reverse, depletion of nuclear isomers involves excitation of the isomer to an IS from
which it can decay to a lower-energy state and release the excitation energy of the
isomer in the process. These two processes are illustrated in Figure 11.

If a given IS at energy E has a transition width I', then a photon of energy
E +T'/2 has a high probability of resonantly exciting the nucleus into the IS. Each

intermediate state that feeds the isomer thus has a cross section for resonant photon
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Figure 11. Hypothetical isomer depletion (a) and photoexcitation (b) schemes. The
grey arrows identify resonant photon absorption and excitation from the initial state
(isomer in (a), ground state in (b)) to the intermediate state (IS), and the dashed
line is the v-ray cascade to the final state (ground state in (a), isomer in (b)). Figure
copyright 2013, AIP Publishing, LLC. Reproduced with permission from [18].
absorption related to its associated ground state transition width I'. Since the
resonances are generally very narrow compared to the energy widths in typical

photon irradiation source spectra, the cross sections are typically given as integrated

cross sections (ICS) in the literature [17, 19].

Photoexcitation by Bremsstrahlung.

One method of resonantly exciting a nucleus into an isomer is through
irradiation by bremsstrahlung. Bremsstrahlung photons are continuously
distributed in energy up to the endpoint energy of the accelerated electrons used to
create them. If F is photon energy, % represents the spectral flux density of the
bremsstrahlung source, and the number Ny of nuclei in a particular sample excited

into the isomer from N; initial nuclei is

dd
J

Here the sum is over all intermediate states that feed the isomer, identified by index

J. The term ICSy; is the integrated cross section for population of the isomer via
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the jt IS [20].

This energy- and angle-integrated cross section can be evaluated directly using
data available in nuclear databases such as the ENSDF. Dracoulis, et al. identifies
the integrated cross section for an isolated (v,7') resonance with photon wavelength
A from an initial state with angular momentum J; to an intermediate state with
angular momentum J; as

ICSy; = /a(E)dE - %Qgrﬁr—l;ﬁ‘ )
E

with a statistical factor g given by

2J;+1

I7 0T+ 1 (9)

The decay width of the intermediate state in Equation 8 is I';, while I';_,; is the
decay width of all paths that reach the isomer state and I';_, ¢ is the width for decay
from the IS directly to the final state [21]. In the case of photoexcitation, the initial
state is the ground state of the nucleus while the final state is that of the isomer.
The indices are reversed in the case of isomer depletion. The cross sections for
photoexcitation and depletion are different as a result of the differing statistical
factors and the fact that a given state cannot typically be an IS for both processes.
Unfortunately this formula has limited utility in practice, as the natural decay
width I" depends on the level lifetime 7 according to I' = h/7, and these level
lifetimes are unknown for many levels in the ENSDF'. Instead, integrated cross
sections can be deduced by direct measurement of inelastic photon excitation, the

results of which are sometimes published [17, 20].
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2.6 Neutron-Induced Excitations

In the experiment described in this work, (n,zny) reactions with = > 1 were
used to study the excited states of rhenium nuclei. In these reactions, an incident
high-energy neutron imparts energy to the target nucleus through the formation of
a compound nucleus. The excitation energy, which includes both the kinetic energy
and the binding energy of the neutron, is distributed among the nucleons according
to equipartition of energy. When a nucleon in the compound nucleus achieves
enough energy to tunnel through the potential barrier of the nucleus, it is emitted
from the nucleus. In the case where the emitted particle is a neutron, the height of
the potential barrier is equal to the neutron separation energy and this process is
known as neutron evaporation [22]. For (n,zn7y) reactions with = > 1, the
excitation energy of the compound nucleus is sufficient to overcome the separation
energy of x neutrons in the nucleus, and these neutrons escape from the nucleus as a
result. After neutron emission, the residual nucleus is generally left in an excited
state, and it decays via y-ray cascade or internal conversion to the ground state or
to an isomer.

Internal conversion is a process that competes with v decay, in which an electron
from an inner atomic shell is ejected from the atom as a means of reducing the
excitation energy of the nucleus. Following the emission of the conversion electron
from the inner atomic orbital, outer electrons will fill the vacancy, emitting a
cascade of X-rays or Auger electrons in the process [14]. These characteristic X-rays
appear prominently in most y-ray spectra. The internal conversion coefficient « is
defined such that the probability a given excited state will decay via internal
conversion instead of v decay is a/(1 + «). Conversion coefficients are included in
the calculation of partial y-ray cross sections from measured ~-ray yields for the

nuclear transitions of interest in this experiment. These conversion coefficients are
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generally published in the Table of Isotopes [2], or they can be computed using the
Brlce conversion coefficient calculator [23].

The two primary reactions reflected in the data taken with the GEANIE
detector array were '8"Re(n, n'y)'®"Re and "*"Re(n, 2ny)'®Re. Although (n,zny)
reactions with = > 3 also occurred in the target, because of the small cross sections
for these reactions compared to those of the x = 1 and x = 2 reactions there were
less data available to analyze. Furthermore, the focus of this research in particular
was on the structure of ®Re revealed through the ¥"Re(n, 2nv)'**Re reaction, so

analysis of the data from other reactions was a lesser priority.

Reaction Energetics and Cross Sections.

Neutron-induced reactions have thresholds governed by the binding energy of
the compound nucleus and the neutron separation energy of the target nucleus. As
a rough approximation, the neutron separation energy of the target nucleus
represents a threshold below which (n, 2n7y) reactions are energetically forbidden. In
this approximation, the '®"Re nucleus must be excited to an energy at least as great
as the neutron separation energy S, of the ®"Re nucleus to cause the reaction to
occur and create ®Re. The neutron separation energy is given by K. Krane for an

arbitrary nucleus 4Xy as
S = [m (47 Xno1) — m (2Xx) + ] & (10)

For '8"Re this separation energy is equal to 8.3 MeV [14].

The probabilities of decay of the compound nucleus via different reaction
channels lead to cross sections for the various reactions. The cross sections for the
187Re(n, zn)'®~*Re reactions (1 < x < 3) are plotted in Figure 12 using data

obtained from the Evaluated Nuclear Data File (ENDF). Due to the lack of
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experimental data for neutron-induced reactions in '®"Re, the cross section data
adopted for the most recent ENDF database, ENDF-VII.1, consists of values
calculated by the TALYS nuclear reaction modeling code (further described in
Section 5.3 of this document). These calculated cross sections are described as a

good fit to the available experimental data [24].

4 T T T T T

187Re(n,n’)!$7Re
187Re(n,2n)'80Re
17Re(n,3n) 55Re

Cross section (barns)

| I
0 5.0 10.0 15.0 20.0
Neutron energy (MeV)

Figure 12. Cross sections for (n,n’), (n,2n) and (n,3n) reactions in *"Re, plotted
against neutron energy FE,,. For E,, > 1.0 MeV the cross section for radiative capture
(n,~) is negligible compared to the reactions shown. Data for this plot were obtained
from the ENDF [24, 25].

As anticipated, above the ®"Re neutron separation energy of 8.3 MeV, the cross
section for the ®¥"Re(n, n')!®"Re reaction decreases as the (n,2n) reaction becomes
possible. Similarly, the cross section for the *¥"Re(n, 2n)®Re reaction decreases and
that of the 8"Re(n, 3n)'®Re reaction increases above approximately
2 x 8.3 MeV = 16.6 MeV. This allows selection thresholds, or cuts, to be defined at
neutron energies of ~ 10 MeV and ~ 20 MeV to separate the reaction products by

reaction channel during the experimental data analysis.
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2.7 Literature Review

The ENSDF database identifies a total of 24 references for nuclear data
concerning %°Re. Of these 24 references, two are compiled nuclear data sheets, and
two are articles written in German. Of the remaining original articles, two describe
the level scheme, and the remainder are concerned with other nuclear data such as
the half life or quadrupole moments [7, 15]. In addition, since the most recent
evaluation in 2002, two other references have been published that describe the level

scheme of %6Re [26, 27].

Nuclear Structure and Isomer Discovery.

The ®°Re nucleus consists of 75 protons and 111 neutrons. By nature of the fact
that it is an odd-odd nucleus, its level scheme is complex, and it has a particularly
high level density at low energies. Regularly spaced rotational and vibrational
bands predicted by collective models that are evident in even-even nuclei are not
immediately apparent in the '%Re level scheme. The deformed potential (Nilsson)
model discussed in Section 2.2 is required to determine the intrinsic energy levels in
186Re, a prolate nucleus.

An initial analysis of the nuclear structure of ¥ Re was performed by Lanier and
others in 1969 [15]. This was followed by the discovery of a long-lived isomer at
149(7) keV in 1972 by Seegmiller, Lindner, and Meyer [7]. This isomer, which has
spin-parity J™ = 8%, was observed to decay via y-ray emission to the ground state
with a half life of 2 x 10° years. An extract from the level scheme for ¥Re is shown
in Figure 13.

Evident in the figure is the ~ 50 keV transition by which the ~ 150 keV isomer
decays to the J™ = 37 state at 99.3 keV. From the 99.3 keV state, the nucleus can

de-excite by direct y-decay to the ground state or by cascade involving 40.3 keV and
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Figure 13. Selected intrinsic levels in *°Re showing the single-nucleon quantum num-
bers in the Nilsson convention K™ [Nn,A] below the horizontal axis. The spherical
state spin-parity J™ from which each state arises is identified next to the the respec-
tive level in the diagram. Dashed lines and parentheses identify tentative assignments.
Figure copyright 1972 Elsevier B.V. Reproduced with permission from [7].

59 keV ~-rays. Transitions from the J™ = 8" isomer to lower spin states are
inhibited by the spin differences between these states.

A recent work by Wheldon and others utilized a 21 MeV proton beam to excite
186Re nuclei via the transfer reaction ¥"Re(p, d)'®Re, and identified 30 levels above
400 keV that had not previously been observed [26]. The new levels discovered
during the experiment were compared against theoretical models to propose Nilsson

configurations for several levels, though others are identified with no proposed

spin-parity assignment. The data from this experiment are included in the XUNDL.

Recent Analysis of an Isomer Feeding Mechanism.

A 2014 AFIT thesis by A. Lerch examined spectra from an experiment involving

185Re(n, v)'®Re reactions performed at the Budapest Research Reactor (BRR). The
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results included discovery of 12 levels and 54 transitions not previously identified,
but a transition feeding the 149(7) keV isomer level was not among these [27]. The
work proposed that a possible mechanism is one in which the isomer is fed by an E2
transition from the 186 keV level to the 149 keV isomer level, but no experimental

or modeled data were available to support this hypothesis.
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III. Experiment

3.1 Experimental Facilities

The experiment took place at the Los Alamos Neutron Science Center
(LANSCE) Weapons Neutron Research (WNR) facility from 10 November to
9 December 2014, utilizing the GErmanium Array for Neutron Induced Excitations

(GEANIE) detector array.

LANSCE/WNR.

The LANSCE accelerator is a proton linear accelerator (LINAC) capable of
producing protons in two distinct beams at energies up to 800 MeV. The accelerator
produces pulses of protons at a macropulse repetition rate of 60 or 120 Hz and
average currents of 0.5 to 4 pA. The beam is split at locations along the beam line
and pulses are delivered to various experiments at LANSCE. Of the 60 or 120 Hz
produced by the accelerator facility, 40 or 100 Hz, respectively, is generally the
macropulse rate as it is delivered to the GEANIE target. The macropulses, which
are each 625 pus in duration, comprise numerous sub-nanosecond micropulses spaced
1.8 pus apart.

For experiments at the WNR, the 800 MeV protons are directed at one of two
tungsten targets to produce sources of spallation neutrons for the various flight
paths, illustrated in Figure 14. Each target is located under a large mound of
concrete that provides necessary shielding.

Flight paths originating from target 4 receive an unmoderated flux of neutrons
with energies ranging from 100 keV to nearly 600 MeV, depending on the angle

between the flight path and the proton beam (Figure 15).
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Figure 14. The LANSCE/WNR facility consists of two spallation targets and associated
flight path experiments. GEANIE uses neutrons produced at Target 4, while the Blue
Room experiments at Target 2 involve exposing targets directly to the 800 MeV proton
beam. Diagram authored by an employee or employees of Los Alamos National Security,
LLC (LANS), operator of the Los Alamos National Laboratory under Contract No. DE-
AC52-06NA25396 with the U.S. Department of Energy. Reproduced with permission
from [28].

GEANIE.

The GEANIE spectrometer is an array of high-purity germanium (HPGe)
detectors located at 60° right off the proton beam line. The array is used for y-ray
spectroscopy experiments that include nuclear structure investigations and cross
section measurements for various nuclear technology and national security
applications [28]. A schematic of the neutron beam tube, fission chamber and
GEANIE detector array is shown in Figure 16.

Neutron energies of 0.6 to ~ 200 MeV are available at the target in GEANIE
experiments [30, 31]. The neutron flux at the target is measured using a fission

chamber positioned at the terminus of the neutron beam tube, 18.48 m from the
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Figure 15. Neutron flux spectra (log-log scale) for target number 4 at LANSCE/WNR,
a tungsten spallation target. Neutrons are produced with energies up to 800 MeV. The
units of the vertical axis are arbitrary flux units defined such that each flux distribution
is normalized. Diagram authored by an employee or employees of the Los Alamos
National Security, LLC (LANS), operator of Los Alamos National Laboratory under
Contract No. DE-AC52-06NA25396 with the U.S. Department of Energy. Reproduced
with permission from [28].
spallation target [32]. The fission chamber consists of an ionization chamber that
incorporates iron foils impregnated with 23U and 23U, so that the known fission
cross sections of these isotopes can be used to calculate the neutron flux from the
counts of fission events in the ionization chamber [33]. The size of the neutron beam
arriving at the target is adjusted using an iron collimator, prior to the beam
transiting the fission chamber. For this experiment, the beam was trimmed to a
diameter of 1/2” (1.25 cm).

The detector array, shown in Figure 17, is positioned 20.34 m from the spallation
target and includes a mix of planar and coaxial geometry detectors to optimize
resolution and efficiency across a wide range of v-ray energies. Coaxial HPGe

detectors have a greater efficiency at ~-ray energies of ~ 400 keV and higher, while

planar detectors have a better low-energy efficiency. The gain on the two detector
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