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This work presents the first experimentally-determined nuclear level density and v-ray strength
function of the short-lived fission product 23Sr, accomplished using the 8-Oslo Method. Direct mea-
surement of the °2Sr(n,y)°*Sr cross section is not currently possible, as the half-life of 2.66 hours is
too short; instead, 2Sr was formed through 3 decay of “*Rb to excitation energies around the neu-
tron separation energy. The ~-ray spectra were measured using a total absorption spectrometer at
the National Superconducting Cyclotron Laboratory (NSCL) at Michigan State University (MSU).
The statistical properties of the *Sr nucleus were experimentally determined, including the ~-ray
strength function and nuclear level density. At low energies, the v-ray strength function exhibits a
constant y-decay strength, rather than a slightly increasing strength with decreasing ~-ray energy as
had been previously observed for several nuclei in this mid-mass region. These statistical properties
were then implemented in the reaction code TALYS1.95 to calculate the 2Sr(n,y)®*Sr cross section.

I. INTRODUCTION

Method assume the  decay of excited nuclear states

Understanding the production and destruction path-
ways of exotic nuclei has far-reaching impacts on nuclear
physics applications, from cosmogenic nucleosynthesis to
supporting the science-based U.S. Stockpile Stewardship
mission [1]. Direct measurement of the reaction cross sec-
tions of interest is typically not possible as these isotopes
are available only in limited quantities and are often too
short-lived to be made into a target. Alternatively, the
reaction cross sections can be inferred from statistical nu-
clear properties, which can be determined with indirect
methods such as the surrogate method [2, 3] or the Oslo
and $-Oslo Method [4-6].

Statistical nuclear properties for exotic nuclei, such as
the Nuclear Level Density (NLD) and ~-ray Strength
Function (7SF), calculated through theoretical predic-
tions utilizing extrapolations from experimental data for
stable nuclei are charactered by large systematic un-
certainties [7]. In contrast, by employing the S-Oslo
Method to extract the NLD and ~4SF from the experi-
mentally measured v-ray emission data, these statistical
nuclear properties can be constrained as much as by an
order of magnitude. The Oslo Method and the $-Oslo

* Formerly: UCB
T Formerly: FRIB/NSCL

formed through a charged-particle reaction or 3 decay,
respectively, is independent of how the excited state was
formed, on average [4, 8].

Nuclei with a S-decay ()g value approximately equal
to the neutron-separation energy of the daughter nu-
cleus generally make the quasi-continuum experimentally
accessible. By using a high-efficiency total absorption
spectrometer, the complete vy-ray cascade can be de-
tected, allowing for the identification of the initial ex-
citation energy populated by each [ decay. From the
measured y-ray spectra following 8 decay, the NLD and
~SF can be experimentally extracted using the $-Oslo
Method; however, normalizing these nuclear statistical
properties to auxiliary nuclear-resonance data includes
a known systematic uncertainty that has been investi-
gated and addressed by Ref. [9]. Previously, the Oslo
Method has been successfully applied to a wide mass
range from **Sc to 243Pu [10], while the 3-Oslo Method,
which was first implemented to experimentally-determine
the ™Ge(n,7)"®Ge [6] cross section, was benchmarked by
comparing results of this indirect technique to the di-
rectly measured %°Ti(n,y)5Ti reaction [11].

As the NLD and vSF are key parameters in the Hauser-
Feshbach formalism, these experimentally-determined
nuclear inputs directly impact the calculated neutron-
capture cross section [12]. The cross sections for neutron-
induced reactions, such as neutron-capture reactions, are
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FIG. 1. Raw (3-Oslo matrices comprising of the initial experimentally-measured «-ray energies and excitation energies from S-+
coincidences detected using SUNTAN highlight the difference in Qg-value between the decay of “*Rb and °*Sr. The Qs values
for 2Rb and ?*Sr as well as the S,, values for **Sr and ?*Y are indicated by black horizontal lines, respectively. (a) The raw
matrix of > Rb decay was obtained from 60 s implantation periods of the thermal °>Rb beam and the subsequent subtraction
of (b) the raw ®*Sr decay matrix. The raw ?3Sr decay matrix was obtained by measuring the decay following an implantation
period of 30 min. The decay of >*Rb populated higher excitation energies compared to the decay of *3Sr.

essential nuclear data that underpin nuclear-security and
nuclear energy applications [1]. In addition, the forma-
tion of heavy elements with A >60 in the cosmos was
driven by neutron-capture reactions, and understand-
ing these processes requires accurate and reliable nuclear
masses, [-decay properties, as well as neutron capture
and fission rates [13, 14]. When neutron capture occurs
more slowly than g-decay rates, nuclei that lie along the
valley of stability are produced, which is described as the
slow-neutron capture process (s process) [15]. In con-
trast, when neutron capture occurs more rapidly than
[-decay rates, heavy nuclei are produced by the rapid-
neutron capture process (r process) [15]. Of these pro-
cesses, the r process occurring in a high neutron flux
environment leads to the formation of neutron-rich iso-
topes far from stability [13]. Astrophysical observations
show that the abundances of heavy elements in the solar
system match those observed in many metal-poor halo
stars, with the exception of certain lighter heavy ele-
ments, such as Rb, Sr, Y, and Zr [13, 16]. One possible
explanation for this observation might be an intermedi-
ate (i) process [16]. From an i-process sensitivity study,
the 92Sr(n,7)?3Sr reaction was identified as an important
production pathway contributing to the Zr abundance
[16].

Moreover, the distribution of fission products observed
following a nuclear chain reaction provides key diagnos-
tics that support the U.S. science-based Stockpile Stew-
ardship mission [1]. However, the yields of these long-
lived fission products may be influenced by the burnup
of the short-lived fission products made directly from
fission in a complicated network of production and de-
struction reactions that can occur in a high-neutron-
flux environment. For the short-lived fission products,

which are many neutrons from stability, the reaction
rates are uncertain and rely entirely upon theoretical pre-
dictions. This work constrains the %2Sr(n,y)*3Sr cross
section which will assist in improving our understanding
of the reaction network that influences the abundance of
957r, used as a diagnostic tool to determine the number
of fissions [1].

II. EXPERIMENTAL DETAILS

A radioactive stopped-beam experiment was per-
formed at the National Superconducting Cyclotron Lab-
oratory (NSCL) to constrain the 92Sr(n,y)?3Sr cross sec-
tion. The Coupled Cyclotron Facility at the NSCL pro-
duced a primary beam of “6Zr at 120 MeV per nucleon,
which impinged on a 394 mg/cm? Be target produc-
ing a secondary beam with the projectile fragmentation
technique [17]. The secondary beam was purified using
the A1900 fragment separator to produce a high-purity
beam of radioactive 23Rb [18]. The %*Rb beam was sent
through the Gas Stopping Facility, where it was thermal-
ized, extracted at 30 keV, and delivered to the Summing
NalI(T1) (SuN) detector in the stopped beam area [19, 20].

A new beamline in the stopped beam area delivered the
93Rb beam to an experimental detector system, which
consisted of a total absorption spectrometer known as the
SuN detector, a plastic scintillator barrel (fiber detector),
and a tape transport system for removing daughter activ-
ity (SuNTAN) [21]. The SuN detector is a large volume
cylindrical detector, 16 inches in height and diameter,
composed of eight optically-isolated segments each with
three photomultiplier tubes (PMTs). A 1.8 in borehole
along its axis allows for the 3-mm-thin fiber detector to
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FIG. 2. (a) Raw, (b) unfolded, and (c) primary **Sr(E., E,)

matrices from the measured -y coincidence of *Rb decay.

The bin width of the horizontal and vertical axes is 40 keV.

The trapezoid shown in the primary matrix marks the y-ray

and excitation energy thresholds while the red dashed line
signifies the neutron separation energy, Sy.

be placed in the center inside the beam line, which con-
nects to two PMTs outside SulN through fiberoptic ca-
bles. The ?3Rb ions were implanted in the tape at the
center of this detector system.

The fiber detector was used to identify the emitted
(B particles. The 8 — 7 coincidences and the technique

of total absorption spectroscopy (TAS) were utilized to
determine the B-populated excited states in the decay
daughter and exclude background v rays. SuN was used
to efficiently detect individual «y rays, as well as determine
from the sum of these y-ray energies E., the excitation
energy F, of the daughter nucleus following 3 decay.

Following the decay of “*Rb (Qz = 7.466(9) MeV,
t1/2 = 5.84(2) s), the daughter nucleus **Sr also § de-
cays (Qp = 4.141(12) MeV, ty/, = 7.43(3) min) to
the longer lived daughter Y (Qz = 2.895(10) MeV,
t1/2 = 10.18(8) h). With the SUNTAN system, an im-
plantation period of 60 s followed by the removal and
replacement of tape within the system was implemented
to minimize the counts from the ?3Sr 3 decay to less
than approximately 4% of observed 8 decays according
to the Bateman equations [22, 23]. This competing radi-
ation was characterized using longer SUNTAN tape cy-
cles, where the ?>Rb nuclei were implanted for 30 min
followed by a measuring period of 20 mins with the beam
off. Within one minute of the beam off period, the 5 de-
cay of “*Rb was reduced to near zero and the counting
period that followed measured the ?3Sr 3 decay.

The 3 — v coincidence matrix for the ?Sr 8 decay,
referred to as D(E,, E,), is subtracted from the sum of
60 s accumulation periods represented by the 5 — v co-
incidence matrix M (E,, E,) of measured “*Rb 3 decays,
through applying a scaling factor N = 4.0%:

N [ [ M(E,,E,)dE,dE,
7] D(Es, By)dE,aE, D EeE)
= P(Ey, By) (1)

M(ECME’Y) -

to obtain the subtracted § — - coincidence matrix
P(E,,E,). The 8 decay of %Sr yields lower-energy ~y
rays due to the lower Qg value and the large SB-decay
transition strengths to states below 3 MeV [24]. Con-
sequently, the competing radiation from the S decay of
93Gr predominately affects the y-ray energy distribution
below 3 MeV.

The resulting P(E,, E,) of Rb 3 decay is shown in
Fig. 1a and is compared to the competing radiation ma-
trix D(E,, E,) in Fig. 1b. These plots illustrate the
significant difference in neutron separation energy be-
tween 23Sr and ?3Y. In addition, there is a decrease
in data collect from 3 MeV to 4 MeV for ?3Sr 3 de-
cay shown in Fig. 1b due to low [-decay feeding. The
93Rb matrix extends beyond the neutron separation en-
ergy S, (*Sr) = 5.290(8) MeV due to the high Qs [24].
Subsequently, populating states in the continuum may
lead to B-delayed neutron emission. Despite this, the
B-delayed neutron branch is low, Ig, = 1.39%, and the
delayed neutron populates most significantly the ground
state of 92Sr with a 87.5(19)% intensity and the first ex-
cited state at 814.98 keV with 12.5(19)% [25]. Compet-
ing radiation from S-delayed neutron emission along with
the 3 decay of ?3Sr influenced which region of excitation
energy and ~-ray energy was selected for analysis using
the 5-Oslo Method by directing the choice of upper and
lower bound energy limits. Outside these limits, data



would not be representative of the v decay following
decay of 23Rb.

The ([-Oslo Method is applied to a select region of
excitation energy and ~-ray energy referred to as the re-
gion of interest (ROI). In this case, the ROI is bound
by the E, >1.89 MeV and 4.09 < E, < 5.49 MeV,
which is representative of statistical v decay from the
quasi-continuum. Moreover, the ROI excludes measured
~v rays and excitation energies potentially from the [-
delayed neutron daughter ?2Sr. The first excited state
of 928r is relatively high, thus the upper E, threshold of
the ROI may be as high as 6.10 MeV and still exclude
contamination from the v decay of °2Sr. Ultimately, the
upper E, threshold was chosen to be 5.49 MeV due to
poor statistics at higher E, in the P(E,, E,) matrix. By
subtracting the competing radiation from the raw exper-
imental matrix, M(E,, E,), the resulting § — v coinci-
dence matrix, P(E, E,), contains approximately 0.2%
fewer counts within the ROI, or 436,000 counts. Finally,
the P(E,, E,) matrix can be analyzed using the 8-Oslo
Method.

III. ANALYSIS METHOD: 5-OSLO METHOD

The *Rb S-decay matrix shown in Fig. 2a was ana-
lyzed using a four-step technique known as the $-Oslo
Method. The first two steps we use to analyze this ex-
perimental matrix are (¢) unfolding the raw ~-ray spectra
using the known response function of the SuN detector
[19, 21] and (i7) extracting the primary ~-ray matrix us-
ing an iterative subtraction technique developed by Ref.
[4]. Once the primary v-ray matrix is obtained, the last
two steps are to (i) extract the NLD and the ySF from
the ROI represented by the trapezoidal region in Fig. 2¢
and (iv) normalize them using additional external nu-
clear data. The 3-Oslo Method relies on the assumption
that the distribution of v rays for an excitation-energy re-
gion, on average, is independent of the population mecha-
nism [4]. In addition, Ref. [9] highlights possible system-
atic errors in each of the four steps of the standard Oslo
Method [5], which are similarly applicable to the 8-Oslo
Method with the exceptions of using the TAS technique
that includes the complication of incomplete summing,
additional background from (-decay electrons, and nor-
malization of the NLD and ~SF.

The ($-Oslo Method begins with the unfolding of -
ray spectra using the folding iterative method described
in Ref. [26], followed by a Compton subtraction method
utilizing the detector response function. The response
function for the SuUNTAN-fiber detector system, repre-
senting the response of individual segments to 7 rays
detected in coincidence with 8 particles, was generated
using the GEANT4 simulation toolkit [19, 27] and cali-
brated with a set of standard radioactive sources. The
unfolded matrix shown in Fig. 2b represents the distribu-
tion of primary v rays as well as the  rays that originate
from later steps in the decay cascade for each excitation

energy bin.

From the unfolded matrix, higher generation ~ rays
in each excitation-energy bin were removed using an it-
erative subtraction method. The method begins with
the unfolded ~-ray spectrum of bin i, f;, which is pro-
jected out on the 7-ray energy axis from the unfolded
matrix, and a weighted sum of the spectra for all under-
lying energy bins j = 0,1,...,# — 1. The weighted sum
of all underlying spectra, g;, contains the same -~y transi-
tions as spectrum f; except for those from bin ¢ to bins
7=0,1,...,s — 1. For a given excitation energy bin, the
spectrum of primary - rays is obtained by subtracting
g; from the unfold spectrum, where the weighting coef-
ficient is the branching ratio of each primary ~ ray as
described in Ref. [5]. In Fig. 2¢, the primary matrix
displays a strong diagonal, which represents the energy
deposited by emission of a single v ray with energy equal
to the excitation energy, E, = I, as well as background
events from the electrons emitted in the 8 decay. This
strong diagonal is also visible in the unfolded matrix. In
Sec. IV B, this work later demonstrates that analysis of
ROI sub-regions that exclude several diagonals results
in a ySF that reasonably agrees with the extracted vSF
from the total ROI.

The primary ~-ray matrix shown in Fig. 2c represents
the probability P(E,, E,) of emitting 7 rays of energy
E., from excited states at energies around E,. P(E,, E,)
is proportional to two independent functions: the NLD
at the final excitation energy, p(E, — E, = Ey), and
the transmission coefficient, 7(E,). From the work of
A. Schiller et al. in Ref. [5], an expression was developed
for this relationship:

P(Ey, Ey) o< p(Ef)T(Ey). (2)

Additionally, the radiative strength is dominated by
dipole transitions, thus the ySF, f(E,), is obtained from
a direct proportionality to T (E,):

T(E,)

S8 = 5o 3)
From the ROI, these functions are extracted simultane-
ously using the proportionality as presented in Eq. 2 and
a least x2 method [5]. This method compares the exper-
imental primary matrix P(E,, E,) to a theoretical pri-
mary generation matrix Py, (E,, E,) that can be can be
approximated as

pUE)T(E,) @
B gy (B — B))T(ES)

Pth(Eam E’y) =

This method of extracting the functional forms of p(E, —
E,) and T(E,) through an iterative procedure is de-
scribed in Ref. [5]. Possible systematic errors of the
method have been discussed previously in Ref. [9]. In
particular, very low statistics at high E, resulted in an
unreliable x? minimization, and thus, low-statistics re-
gions should to be excluded.
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FIG. 3. Comparison between experimental (black crosses) and calculated (blue line) primary « spectra for individual excitation

energy bins within the region of interest F;=4.09-5.49 MeV.

The method of extracting the NLD and ~SF relies on
the assumption that the generalized Brink-Axel hypothe-
sis [28, 29] is valid, implying the vSF is dependent purely
on the y-ray energy, E,. For heavy nuclei, the general-
ized Brink-Axel hypothesis in the case of 238Np was ex-
perimentally verified to be valid in Ref. [30]. In addition,
for light nuclei, the works of M. Guttormsen et al. in
Ref. [31] and L. Crespo Campo et al. in Ref. [32] tested
the validity of the generalized Brink-Axel hypothesis for
46T and %4%°Ni, demonstrating that the vSFs are inde-
pendent of the initial excitation energy even in cases of a
low level density at the neutron separation energy. From
the findings of these works, the assumption can then be
made that the generalized Brink-Axel hypothesis is valid
for 93Sr, which has a similar level density to 6+%5Ni.

Solutions to P(E,, E,) must be normalized to addi-
tional external nuclear data because the initial extrac-
tion approach does not sufficiently constrain the NLD
and ySF. As was shown in Ref. [5], an infinite num-
ber of functions can be construction from the extracted
p(Ey — E,) and T(E,) using three parameters: A, B,
and «, are expressed as

p(Ef) = Ap(Ep)e™®r,
T(E,) = BT(E,)e*™.

(5)
(6)

These normalization parameters: A, B, and «, are solved
for using auxiliary nuclear data to determine the most
physical solution.

The /3 decay of *Rb is a selective process that pop-
ulates 3/27, 5/27, and 7/2~ levels in 3Sr by Gamow-
Teller 5 decay. Intense [-decay feeding to initial levels
around F, = 3.88 MeV was observed as indicated by the
higher number of counts in this excitation region shown
in Fig. 2c. This intensely populated region in our ex-
perimental matrix agrees with the reported S-decay in-

tensities from Ref. [24]. Thus, these initial levels may
introduce a non-statistical behavior to the NLD and vSF
due to their similarity in spins. This potentially non-
statistical decay from a grouping of similar states at ap-
proximately 3.88 MeV is excluded from the analysis by
placing an excitation energy threshold at 4.09 MeV. The
extraction method resulted in a x? of 0.83 for the region
of interest F,=4.09-5.49 MeV, and the comparison be-
tween the experimental primary v spectra P(E,, E,) and
the calculated primary v spectra Py, (E,, E,), which was
obtained from the product of the extracted p(E, — E.)
and T (E,), is shown in Fig. 3. For each individual exci-
tation energy, agreement between the experimental and
calculated spectra is visible with relatively few disagree-
ments compared to previous $-Oslo Method experiments
of the lighter nuclei "°Ge and °'Ti [6, 11], which sug-
gests p(Ey) and T (E,) were successfully extracted from
a statistical region of the experimental primary - spec-
tra. The uncertainties in the data represent the statis-
tical uncertainties plus an estimate of systematic errors
due to the y-ray spectrum unfolding and first-generation
method.

IV. NORMALIZATION OF THE NLD AND ~SF

Dipole transitions following the 3 decay of “>Rb re-
sult in populating levels in ?3Sr with spins and parities
of 1/2%, 3/2% 5/2% 7/2% and 9/2*. The slope and
magnitude of the NLD and SF for *3Sr are determined
through normalization to auxiliary nuclear data as well
as to an estimated reduction factor representing the sub-
set of populated levels compared to all possible levels.
The NLD normalization influences the shape of the vSF
through parameter «; thus, the estimated level density



at the neutron separation energy, p(S,), for 23Sr and the
reduction factor are two significant sources of systematic
uncertainty. Lastly, the magnitude of the 4SF is obtained
by normalizing the extracted function to the average, to-
tal radiative width of s-wave neutron resonances, (I'5)
using Eq. 7 of Ref. [33], which assumes that the main
contributions to the ySF are the E1 and M1 transitions
to accessible levels. In this section, several investigated
normalization approaches are presented along with the
resulting NLLD and SF obtained by this work.

A. Normalizing the NLD

In order to obtain the NLD normalization, we uti-
lized the phenomenological and microscopic model tech-
niques summarized here. The slope « and scaling fac-
tor A parameters are determined using discrete levels of
93Sr reported by Ref. [24] and an estimated value for the
level density at the neutron separation energy, p(Sy).
The level scheme of ?3Sr is considered complete up to
2.2 MeV, or 20 levels [36], beyond which the cumula-
tive number of experimentally-identified levels ceases to
increase exponentially as expected, but rather plateaus
due to deficiencies in the experimental data. At low ex-
citation energy, the experimental NLD for ?3Sr was fit to
these discrete levels reported by Ref. [24]. At excitation
energies near S,, an estimated Dy value was obtained
using two approaches:

1. fitting global systematics developed by T. von
Egidy and D. Bucurescu [34, 35, 38] to semi-
experimental p(S,) values for neighboring nuclei
(norml), or

2. fitting a microscopic model calculation using the
Hartree-Fock-Bogoliubov plus combinatorial (HFB
+ c¢) tabulated values [39] to discrete levels
(norm2).

These approaches successfully constrained the NLD in a
previous Oslo Method study of 3°Y [37] and in a bench-
mark experiment utilizing the 8-Oslo Method to extract
the NLD and 4SF of "“Ge [6]. Due to the proximity
of 93Sr to these nuclei, the work presented here utilized
similar approaches as there are no experimental neutron
resonance parameters for Sr isotopes far from stability.
As the experimentally extracted NLD for ?3Sr extends
to only 3.6 MeV, the Constant Temperature (CT) for-
mula was used to interpolate between the last data point
and the estimated p(S,,) value at high excitation energy.
This approach was successful in describing other nuclei
in the mass region such as 8Y and ?192Zr [37, 40]. The
estimated p(S,) value for 3Sr was determined using a
similar approach to Ref. [37], where predicted values from
global systematics from Refs. [34, 35, 38| are fit to semi-
experimental p(Sy,) of neighboring Rb, Sr, Y, and Zr nu-
clei. In this phenomenological-based p(.S,,) estimate, two

formulations of the spin-cutoff parameters were consid-
ered. The first is the energy-dependent spin-cutoff pa-
rameter ogp as parameterized by Ref. [34]:

o%p = 0.391A4%75(E, — 0.5P,/)%3'2, (7)

where, A is the mass number, E, is the excitation en-
ergy, and P,/ is the deuteron pairing energy. This work
considered a second spin-cut off formulation, ogrpsr, the
rigid-body moment of inertia approach:

1+ /11 da(E, —E
0.01464%/3 F +2Z( Do)

2 _
ORMI =

According to Ref. [35], a is the level-density parameter
and F is the excitation-energy shift parameter. The cal-
culated spin cut-off parameter along with experimental
s-wave neutron level spacing Dy values for the neighbor-
ing nuclei 36:85Rb, 85:87:88,:89Gy 90y and 91-95.977; [36]
were used to determine the semi-experimental p(S,,) val-
ues by the expression [5]:

202
p(Sy) = Do x
1

(J; + Dexp[—(J; + 1)2/202] + Jiexp|—J2/202]’

9)

where J; is the spin of the target nucleus in a neutron-
capture reaction. Fig. 4 of Ref. [37] illustrates the ap-
proach where global-systematic predictions for 7Y are
fit to semi-experimental p(S,) values to estimate p(S,)
of 89Y.

The comparison of global-systematic predictions for
93Sr to semi-experimental p(S,) values of neighboring
nuclei calculated using Eq. 9 is shown in Figs. 4a and
4b. The predictions were fit to semi-experimental p(.S,,)
values of 36:88Rb, 85.87:88:89Gy 90y and 21=95:977r using a
scaling factor as was done in Ref. [37]. In examining the
systematics of this mass region, this work observed that
using the spin cut-off parameter of the rigid-body mo-
ment of inertia model, orarr, to estimate p(S,,) resulted
in a steeply sloped NLD for ?3Sr, and consequently, a
steep 7SF slope. A steeply sloped «SF such as this was
compared to the Giant Dipole Resonance described by
the resonance parameters of 3Sr [36], and the mismatch
observed guided this work to exclude the orasr approach
as it was not an adequate description at high excitation
energy. In contrast, the energy-dependent spin-cutoff
parameter opp yielded lower estimated p(S,) of %3Sr.
The neighboring nuclei we included in our systematic
study span a range of proton-neutron combinations; thus
this work investigated two subsets of the neighboring nu-
clei: odd-A nuclei and Sr nuclei only. The scaling factor
and corresponding upper and lower 1-o uncertainty were
0.34709%0.367013, and 0.3370 92, where the nuclei in-
cluded were all neighboring nuclei, odd-A only, and Sr
nuclei only, respectively. The estimated total level den-
sity of 93Sr at S,, = 5.290(8) MeV [24] using oxgp = 3.709
was p(S,) = 1.35x10% MeV~! for Dy = 21.15 keV, and
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the upper and lower uncertainties were used to set the
normalization bounds: p“P(S,) = 1.96x10% MeV~! for
Dy = 14.54 keV and p'°¥(S,) = 1.02x10%> MeV~! for
Dy = 27.92 keV. This methodology for estimating the
p(Sy) for the isotopes of interest from systematics of the
mass region is similar to the approach used by Ref. [37].

In contrast to the phenomenological approach dis-
cussed, the HFB + ¢ approach described by Ref. [39]
was used to estimate p(S,) for ?3Sr from a fit of tabu-
lated NLD values to discrete levels at low energy. The
HFB + c tabulated NLD values can be shifted in energy
by ¢ and in shape by c as so [41]:

p(Ey, J,m) = parp(Ey — 0, J,m)eVE=0, (10)

The tabulated NLD was shifted by § to determine the
best agreement with the 20 known discrete levels of 93Sr
using a x? approach, which resulted in a value of §=0.162,
yielding p(S,) = 4.866x10% MeV~! with Dy = 6.02 keV
and a spin cut-off cgppi. = 3.76. The pyrp+c(Sn)
value results in a steep slope for the NLD, and thus, as
was the case in using ograsr, a steep ySF. Ultimately,
the HFB + c approach, i.e., norm2, was not used in the
resulting experimentally-determined 92Sr(n,y)?3Sr cross
section.

The slope parameter a was initially obtained from the
normalization of the NLD. Due to the spin-selectivity of 3
decay, the resulting observed NLD represents only part
of the total NLD, and thus is described by a different

slope. Consequently, the slope of the extracted ySF is
determined from a reduced NLD representative of the
spins populated by the [-delayed primary ~ rays, which
resulted in an expanded spin window by +A. In this work,
the reduction factor for the NLD at S,, was obtained from
the ratio of populated levels to the intrinsic number of
levels. The spin distribution as a function of excitation
energy can be expressed as [42]

2J +1
202

<J+1/2>21
252
9(Ey, J) = e (11)
The ratio of populated levels to the intrinsic level dis-
tribution determined through the HFB+c approach was
66%, which served as a reduction factor of the norm2
NLD normalization point, p(S,). In comparison, the
phenomenological approach yielded a similar reduction
factor of 67% for norm1. This reduced level density at
Sy, and a reduced number of discrete levels at low energies
representative of the populated levels due the §-delayed
primary v rays is then used to determine the slope of vSF.
In Refs. [6, 11], this approach was applied successfully
to "®Ge and °'Ti.

As both approaches are normalized to the same low-
lying levels, the normalized NLD of ?3Sr obtained using
either approach follows the discrete levels up to 2.2 MeV,
as shown in Fig. 6a. However, using norml results in a
normalized ?3Sr NLD that generally better reproduces



the total level density of discrete levels below 2.2 MeV
as shown in Fig. 6a, except for one data point centered
at B, = 90 keV. The extracted ?3Sr NLD is then best
normalized using the norml approach for high excita-
tion energy and discrete levels at low excitation energy
below 2.2 MeV [24]. In the energy region between the
collected data and the estimated p(S,,) for norml, the
CT model was used to interpolate the NLD, represented
by the dashed line in Fig. 6a, and expressed by the equa-
tion [43]:

1 Es—Eg
pCT(Ex)ZTeXP T, (12)

where the nuclear temperature, T, and excitation-energy
shift, Fy. For the norml approach, different slopes, or
nuclear temperatures 7', of the NLD result from the up-
per and lower estimated p(S,) values. This systematic
uncertainty is illustrated by the violet band and also cor-
responds to differently-sloped ySFs. For the norm2 ap-
proach, the HFB + c¢ tabulated level density was used
for interpolation, as shown by a dashed line, between the
collected data and the microscopic level density calcula-
tion at S,. The resulting NLD obtained using norm2 is
steeper than the slope obtained using norml, and con-
sequently, leads to a steeper vSF that is discussed in
Section IVB 1. Due to the uncertainty of the estimated
value for p(Sy,) used in norml, the upper and lower lim-
its of the normalized NLD yielded an upper deviation of
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FIG. 5. Estimated average, total radiative width, (I'y(S»)),
for %*Sr (blue diamond) based on a linear fit of the
known values for S184858TK, 86.88R}, 85878889, 90y
91,92,93.94,95,977, 94N, gpq  93:95.96.97.98.99.101\ [ (black
squares). The error band, indicated by the red-shaded region,
shows the 1-o x? minimization of the neutron resonance data.

15% and a lower deviation of 9%, on average, which are
shown as bounds of the violet shaded region in Fig. 6a.

B. Normalizing the vSF
1. ~SF slope obtained using auxiliary nuclear data

In order to obtain the vSF normalization, we utilized
systematics of neutron resonance parameters for the Kr,
Rb, Sr, Y, Zr, Nb, and Mo isotopes which is summarized
here. This approach was implemented to determine the
B parameter in Eq. 6. The o parameter was already
obtained from the NLD normalization to discrete levels
and an estimated p(S,,) for ?3Sr. The final parameter B
can be derived from the relationship between the total,
average radiative width, (I';(S,)), and the transmission
coefficient of dipole transitions, 7(E,), or the vSF [5, 9].
If the ~SF is expressed in terms of only dipole transitions,
Eq. 3 becomes

BT(E,) = [fp1(Er) + fan (By))ES, (13)

which can be expanded further to highlight the relation-
ship between B and (I'(S,,, J; £ 1/2, 7)) for neutron s-
wave capture resonances with spins J; +£1/2 as shown by
Ref. [33] and expressed as

<F(Sna Jt + 1/2,7Tt)> =

1 Sh
E,BT(E _E
2p(sna<]t:l:1/2,ﬂ't) /E»y—()d Y T( W)p(Sn ’Y)X
1
Z 9(Sn — By, Jy £1/2475), (14)

j=—1

where J; and ; are the target spin and parity, g(E,, J) is
the spin distribution function, and p(S, — E,) is the total
level density at a final energy. Equation 14 highlights
the interdependence between the NLD and the vSF, thus
the systematic uncertainty in normalizing the NLD using
an estimated p(S,,) is propagated to the normalized ySF
when solving for T (E,).

The third normalization parameter B was determined
using systematics for the neighboring nuclei 8!-84:8587Kr,
86,88R]y, 85.87,88,89G; 90y 91,92,93,94.95977, 94Nb  and
93.95,96,97.98,99,101\[g to estimate the (I'y) for %3Sr [36].
A linear fit of experimental (I',) values for Kr to Mo nu-
clei as a function of mass number A, was used to yield
an estimated value for 93Sr of (I';) =153431 meV. Fig.
5 shows the neutron resonance data for these isotopes
as well as the linear fit and associated uncertainty band.
The fit resulted in a reduced-x? >1, and so, the x? un-
certainty of applying a scaling factor to the linear fit was
used to determine the upper and lower estimates shown
by the band. As a physical reason for the linear trend
between (I'y) of neighboring nuclei Kr to Mo and mass
number is unclear, the uncertainty of 31 meV was used to
best incorporate the regional systematics. In contrast, a
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TABLE I. Parameters used in GLO fit of the ®*Sr 4SF data: GDR parameters Eq, I'q, and og corresponding to the centroid
energy, width, and cross section as well as a constant temperature for the final states Ty. In addition to the GLO fit, the steep
rise of the ?3Sr vSF is taken into account with two pygmy resonance described by standard Lorentzians with parameters: Ep,1,
Tpyts Opy1, Epy2, [py2, and opy2 corresponding to the peak energy, width, and cross section. The low energy region of the ySF

is characterized with an upbend function fupbend(E~) = Ce

Ec Te¢ o6 T Epn Tpn

Opyl

Epy2  D'pyz  0opy2 C

(MeV) (MeV) (mb) (MeV) (MeV) (MeV) (mb) (MeV) (MeV) (mb) (107° MeV~?) (Me7\7/_1)

17.02 4.07 199 0.10 13.93

2.87 23.65 5.25

1.50 1.52 6.72 0.17

linear fit of experimental (I') as a function neutron sep-
aration energy did not show a visible trend.

In Fig. 6b, the extracted vSFs for the different NLD
normalization approaches are compared showing that the
HFB+c NLD approach results in a very steep vSF slope.
As it is shown in Fig. 6b the two normalizations are in
disagreement, thus the available ®¥Sr(v, n)®"Sr data pub-
lished by Ref. [44] was used to select norm]l as the ap-
propriate approach for ?3Sr ¥SF normalization. The up-
per and lower limits of the normalized ySF are presented
as uncertainty bands which includes the systematic un-
certainty of NLD normalization approaches and the es-
timated (I',), where the violet-shaded region represents
the uncertainty from norml and the cyan-shaded region
represents the uncertainty from norm?2. In the case of
norml, the resulting uncertainty band has an upper de-
viation of 61% and a lower deviation of 36%, on average.
Furthermore, the resulting +SF from these approaches

are compared to the GDR of 88Sr obtained from photoab-
sorption cross section data in Fig. 7 [44]. To fit the vSF
for 8Sr, we adopted a Generalized Lorentzian (GLO)
model for the E1 strength which incorporates an energy-
and temperature-dependent width I'y(E,,T) and the
GDR parameters: centroid energy FEg, width I'g, and
cross section o, and is expressed by

fEl (E T): UGFG |: E"/Fk(E’)HTf)

GOV T 3(whe)? L(E2 — E)? + B3T3(E,, 1))
I'y(Ey=0,T

o7 xE =0T)) — ),

EG
(15)

where T'y(E,,Ty) is defined as
- _Te o 2
a



from Ref. [45]. As the GDR is predominantly character-
ized by E1 strength, the resulting fit yielded the following
parameters: Eg=16.87(3) MeV, I'¢ = 4.25(8) MeV, and
oc = 205(2) mb. Ref. [46] also showed that one Lorentz
line fit of Rb, Sr, 89Y, 99Zr, and “3Nb photoneutron cross
sections sufficiently characterized the GDR. The GDR
parameters from this initial GLO fit were then used to
fit the *3Sr E1 and M1 strength.

While a Generalized Lorentzian (GLO) model was used
to fit the E1 strength, two standard Lorentzian func-
tions (SLO) and an upbend function in the form of
fupbend(Ey) = Ce " was used to fit the M1 strength
[45, 47]. The E1+M!1 fit of the ®¥Sr photoabsorption data
along with our ?*Sr vSF was improved through the ad-
dition of a SLO component with parameters Epy1, I'pyi1,
and opy1 at ~14 MeV, which may be related to a pygmy
dipole resonance. In addition, at £, ~ 5 MeV a nar-
row pygmy described by parameters Epy2, I'pya, and opy2
shown in Table I was assumed to connect our *3Sr ySF
to the ®Sr photoabsorption data. A low-energy enhance-
ment, or upbend, in the vSF was first observed in 56:5"Fe
and ?379%Mo using the Oslo Method [47-49]. In addition,
the phenomenon was confirmed for “>Mo using an alter-
native model-independent technique known as the Ra-
tio method, which obtains the energy dependence of the
~vSF from correlated particle-y-v events following direct
reactions [50]. The magnitude of the upbend was con-
strained to C' < 6 x 1078 MeV during fitting of the *3Sr
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100 Sr
> E
) o
= C
W07
i E
- F93gy
108
10_9\\\\\\\\\\\\\\\\\\\\\\\\
0 5 10 15 20 25
EY (MeV)

FIG. 7. The extracted vSF for **Sr (black squares) com-
pared to the vSF for ®¥Sr (triangles) [44]. The shaded region
represents the upper- and lower-limits on the systematic un-
certainty due to normalization (norml) of the extracted NLD
and vSF. Also shown is the total dipole-strength fit function
(solid red line) which includes the GLO component for the E1
strength as well as two SLO and one upbend component for
the M1 strength.
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data due to scarcity of data at lower E, <1.8 MeV. At
low E.,, our extracted 93Gr vSF appears to be constant,
and the resulting fit parameter C' is an order of magni-
tude lower compared to the upbend structure observed in
89Y and ?1Zr [37, 40]. Similar to our *3Sr 4SF, the mea-
sured "Mo(n, 7) reaction by Ref. [51] using the DANCE
(Detector for Advanced Neutron Capture Experiments)
array did not indicate a clear resonance structure near
2 MeV that was reported by Ref. [47]. However, in
general for these previous cases from Refs. [47-49], the
upbend is clearly visible below 2 MeV, which is near the
~-ray threshold used for the 8-Oslo Method applied to
93Sr. The sum of the GLO, pygmy, and upbend fit is
illustrated with a solid red line in Fig. 7. The param-
eters used in the E1 and M1 strength fit are shown in
Table I. Photoabsorption data from Ref. [44] were used
to guide the normalization of ?3Sr ySF as there is an
absence of photonuclear data this far from the valley of
stability. The slope of the ySF obtained as a result of the
phenomenological NLD model approach agrees best with
the 38Sr(vy, n)87Sr data, while the slope of the vSF ob-
tained from the HFB + ¢ NLD approach is significantly
steeper and compares poorly to the observed behavior of
the ySF for ®Sr as it approaches 11 MeV.

The resulting ySF of this work was extracted from the
ROI of the primary y-ray matrix in Fig. 2c, where v decay
is assumed to be statistical; however, the primary ~-ray
matrix exhibits strong direct transitions to the J™=5/2%
ground state, which are clearly visible as the outermost
diagonal in the P(E,, E,) matrix. In addition, strong
direct transitions are also visible to the first, second, and
third excited states, which have tentative spin assign-
ments: (9/2)%, (5/2, 7/2, 9/2)*, and (9/27), respec-
tively [52]. These strong vy-decay transitions could po-
tentially undermine the 8-Oslo Method assumption that
the extracted NLD and ~SF, i.e., average nuclear prop-
erties, were obtained from a region described by a sta-
tistical process. In Fig. 8a, several regions are shown
with diagonal cuts applied to the primary ~-ray matrix
excluding primaries to the ground state as well as the
first three excited states: 213.431(11), 432.604(24), and
986.12(5) keV. For Regions 1 and 2, the residuals between
these vSF’s and the vSF extracted from the entire ROI
is less than 2-0, i.e., twice the value of the systematic er-
ror. For Regions 3 and 4, the residuals are less than 3-o.
Each of the selected regions in Fig. 8b are within reason-
able agreement of the systematic uncertainties, and thus
illustrate there is no indication of any violation of the
statistical approach of this work.

2. ~SF slope obtained using the Shape Method

In the previous section, the extracted +SF from ex-
perimental measurements of the y-ray spectra and total
absorption spectra of 93Sr relied on the normalization of
the NLD to obtain the slope, a, of the vSF as was previ-
ously done in the case of °Ge and °'Ti [6, 11]. In con-
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trast, a novel approach to obtain the shape of the vSF
in the absence of an experimental Dy value was intro-
duced by M. Wiedeking et al., referred to as the Shape
Method [53]. The Shape Method was also applied to
B-decay data by D. Miicher et al. [54]. An additional dif-
ference between the methods is that the Shape Method
can be directly applied to the raw matrix of excitation
energy versus 7-ray energy instead of the primary ~y-ray
matrix, which includes systematic uncertainties from the
first two steps of the 8-Oslo Method. Ref. [9] discusses
the uncertainties and possible systematic errors for each
step of the standard Oslo Method. A possible systematic
error highlighted by Ref. [9] is the presence of verti-
cal ridges and/or valleys at low energies in the matrix
due to under and/or over subtraction of higher order ~
rays when applying the primary generation method of
the Oslo Method. Due to these systematic errors in the
primary -ray matrix, the 8-Oslo Method cannot be used
to extract the NLD and ySF for y-ray energies below 2.0
MeV for ?3Sr. Furthermore, the Shape Method is ex-
pected to successfully obtain the ?3Sr SF since no non-
statistical effects in transitions to the lowest states were
observes as discussed in the previous section.

The Shape Method utilizes a ratio approach between
the intensities for two different primary ~-ray energies
from the same initial excitation energy to discrete low-
lying levels visualized as a diagonal in the P(E,, E,) ma-
trix. In addition, the method assumes symmetric par-
ity distribution and a spin distribution g(FE,J), Eq. 11.
In applying the Shape Method to this work, we exam-
ined the ratio of the second and third excited state,

both of which have tentative spin assignments. Due to
the tentative spin assignment, a vSF was obtained using
the Shape Method for each combination of spin assign-
ment for the second and third excited state as shown in
Fig. 9. These combinations include spins J = 5/2 to 9/2
for the second excited state E5, while the spin of the
third excited state is fixed at J = 9/2. The Shape
Method-obtained «SFs, were scaled in magnitude to the
B-Oslo Method-obtained «SF, which was normalized us-
ing norm1 and (I';) =1534+31 meV. The resulting vSF
for the selected spin assignments are in reasonable agree-
ment with one another and are well within the systematic
error shown by the violet band of the §-Oslo Method-
extracted ySF. The 3-Oslo Method applied to ?3Sr made
use of a 1.89 MeV ~v-ray threshold; however, the Shape
Method utilized here contributes significantly to extend-
ing the ySF below £, < 2 MeV.

V. %28R(n,7)”*SR CROSS SECTION
CALCULATION

This work presents the first experimentally-
constrained NLD and ~SF for ?3Sr. These nuclear
properties obtained using the [-Oslo Method are key
components in calculating the neutron-capture cross
section. These statistical properties, along with an opti-
cal model potential (OMP) are input parameters in the
Hauser-Feshbach formalism which is used by TALYS1.95
(here after referred to as TALYS) to calculate neutron-
capture cross sections [41]. Of these key components in



calculating the (n,v) cross section, the NLD and ~SF
most significantly influence the systematic uncertainty
of the calculation, as was previously discussed by S. N.
Liddick et al. [7].

A. Theoretical reaction calculation of the
928r(n,v)*Sr cross section

The theoretical 2Sr(n,y)?3Sr cross section was calcu-
lated using default input NLD, vSF, and OMP models
in TALYS. Default input parameters include the com-
bined constant temperature (CT) plus Fermi gas model
for the NLD, the Kopecky-Uhl generalized Lorentzian for
the F1 strength (Eq. 15) [45], an M1 strength as a func-
tion of the E1 strength: fg1/(0.0588A4%878) [41], and a
Koning and Delaroche neutron OMP with local parame-
ters [55]. A range of NLD and «SF models that include
both phenomenological and microscopic approaches are
plotted in Fig. 10a and 10b, respectively. The resulting
calculated cross section using default model settings is
shown as a black curve in Fig. 11. To obtain a maximum
and minimum value for the 92Sr(n,v)?3Sr cross section,
the combination of NLD, vSF, and OMP models were
varied. The resulting cross sections bounds are as such

1. maximum: combined CT plus Fermi gas model
for the NLD yielding Dy= 7.27 keV, Brink-Axel
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FIG. 9. The extracted ¥SF for **Sr (black squares) com-
pared to the ySF extracted using the Shape Method. Using
the Shape Method, the spin assignment of the second excited
state F2 = 432 keV were varied while the spin of the third ex-
cited state E3 = 986 keV is kept fix at J(E3) = 9/2. All Shape
Method extracted ySF’s are within the systematic error of the
[-Oslo Method normalization approaches shown by the violet
shaded region. The error bars of the Shape Method-extracted
vSF’s are obscured by the markers.
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Lorentzian [29, 56] for fgi(FE,) with a renormal-
ization factor of (I'y)= 150 meV obtained from
an interpolation table for 40 < A < 150 [41],
fE1/(0.0588A%878) for the fas1(E,), and Koning
and Delaroche OMP with local parameters [55],

2. minimum: a microscopic approach based on
Skyrme force for the NLD yielding Do= 21.74 keV
from Ref. [39], a microscopic approach based on
Gogny DIM force and combined Hartree-Fock-
Bogoliubov (HFB) plus quasiparticle-random-
phase approximation (QRPA) yielding (T',)=
25.72 meV [41, 57], fz1/(0.0588A4%878) for the
fmi1(Ey), and Koning and Delaroche OMP with
global parameters.

The range of TALYS-available NLD models for
92G8r(n,y)?3Sr was compared to this work shown in
Fig. 10a. In the high excitation energy region, 2.3 MeV
to 3.7 MeV, the difference between the upper and lower
model NLLD was on average a factor of 15 larger than the
systematic uncertainty quantified in this work. In the
case of the NLD, the theoretically predicted NLDs for
93Sr are steeper than the NLD extracted in this work,
which consequently leads to a steeper vSF that presents
a mismatch with the characteristics of the 3¥Sr GDR. Ad-
ditionally, the comparison highlights the relatively small
uncertainty due to the NLD normalization approach.

Similarly, Fig. 10b illustrates a comparison between
the vSF extracted in this work and the available vSF
models in TALYS, which reveals a significant amount of
overlap between theoretically predicted values and the
experimental data. The TALYS model variations of the
~vSF, represented as a band spanning from the lower to
upper theoretical prediction of the vSF in Fig. 10b, are
on average a factor of 26 larger than the experimental
statistical uncertainty and a factor of four larger than
the experimental band representing the uncertainty due
to normalization. The experimentally-determined ~SF
is impacted most by the uncertainty due to normaliza-
tion that propagated the systematic uncertainty from the
NLD, i.e., the a factor describing the slope of both the
NLD and ~SF, as well as the estimated value of the
('y). Though the normalization approach employed in
this work lacked neutron resonance data specifically for
938r, our estimated value for p(S,,) and (I} significantly
constrained the NLD and «SF compared to previous the-
oretical predictions.

The theoretical NLD, vSF, and OMP models used to
calculate the (n,7y) cross section vary significantly, so
much so that the ratio between the upper and lower
bounds is ~12 on average for 10 keV < E, < 5 MeV.
Fig. 11 illustrates the maximum and minimum calculated
cross sections using the avalaible models represented by
a grey-shaded band.
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FIG. 10. (a) The **Sr NLD obtained by this work is compared to the six TALYS level density models shown as a teal band.
(b) The *3*Sr vSF obtained by this work is compared to the eight TALYS strength models, where the upper and lower limits of
the teal bands represent the maximum and minimum predicted values from these models.

B. ?22Sr(n,7)%*Sr cross section calculation from this
work

The 22Sr(n,~v)%3Sr cross section was calculated using
the experimentally-determined NLD and vSF and all cor-
responding uncertainties. The extracted NLD with a CT
interpolation to S, described in Sec. IV A for energies
above F,=2.2 MeV and the total level density of dis-
crete states below 2.2 MeV were used to calculate the
(n,y) cross section. The «SF presented in this work for
1.89 MeV < E, < 5.49 MeV was utilized in the TALYS
calculation along with the total dipole-strength fit func-
tion discussed in Section IV B to extrapolate the strength
above 5.49 MeV to the GDR and below 1.89 MeV. In cal-
culating the neutron-capture cross section, both the Kon-
ing and Delaroche neutron OMP (nOMP) with local pa-
rameters and the semimicroscopic optical potential of the
Jeukenne-Lejeune-Mahaux (JLM) OMP were examined
and included in the violet systematic uncertainty band in
Fig. 11 [41, 58]. On average for 10 keV < E,, < 5 MeV,
the selection of nOMP or JLM resulted in less than one
percent difference in the neutron-capture cross section
calculated. The resulting °2Sr(n,~)%Sr cross section
calculated using the nOMP approach is shown as black
crosses in Fig. 11 with an uncertainty band in violet rep-
resentative of the normalization approaches discussed in
Secs. IV A and IVB. This experimentally-determined
92Gr(n,v)%3Sr cross section is lower than several TALYS
calculated cross sections using theoretical models as nu-
clear structure inputs represented by the grey-shaded

band in Fig. 11.

The normalization approaches used in this work de-
creased the uncertainty on the °2Sr(n,v)%Sr cross sec-
tion compared to predicted values. The ratio between
the upper- and lower-bound cross section limits was, on
average, approximately three for 10 keV < E,, < 5 MeV.
The calculated neutron-capture cross section using
experimentally-determined NLD and SF falls within the
lower limits of the uncertainty band provided by theoret-
ical predictions; however, the resulting cross section does
not agree with the default TALYS prediction. A lower
neutron-capture reaction has potentially meaningful im-
pact on astrophysical abundance calculations and fission
product burnup calculations by lowering the predicted
production of heaver Sr isotopes through neutron cap-
ture [1, 16, 49].

The uncertainty of the yvSF obtained using the Shape
Method, which investigated the combination of spin as-
signments for the second and third excited states, re-
sulted in cross section uncertainties that were smaller
than those of the normalization approaches discussed in
Secs. IV A and IV B, and as such, the predominant un-
certainty inherent to the calculated cross section is due
to the contribution of the uncertainty of the estimated
p(Sy) and (I'y) values.

VI. SUMMARY AND CONCLUSION

In this work, the $-Oslo Method was used to analyze
~-ray spectra following the 8 decay of a radioactive beam
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FIG. 11. Experimentally-determined ?2Sr(n,y)*Sr cross sec-
tion (crosses) along with systematic uncertainty shown as a
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cal calculations of the cross sections using variations in phe-
nomenological models and microscopic models are represented
by a grey-shaded band, while the default calculation is illus-
trated by the black curve.

of 93Rb obtained using the SUNTAN detector system
at the NSCL in order to experimentally determine the
NLD and ~SF for %Sr. The resulting 2Sr(n,v)%3Sr cross
section uncertainty, or the difference between the upper
and lower limits, associated with the normalization ap-
proaches used to determine these key statistical nuclear
properties was characterized and found to be factor of
six smaller than the theoretically-predicted cross section
uncertainty. Our work, therefore, illustrates that the pro-
cess of constraining statistical nuclear properties can be
significantly improved using neutron resonance spacing
data, even in challenging cases where experimental nu-
clear structure details are incomplete, such as when nor-
malizing the NLD and +SF of a neutron-rich isotopes.
This work found the NLD of ?3Sr displays a behavior
similar to the CT formula and best described using an
energy-dependent spin-cutoff parameter to estimate the
total level density at the neutron separation energy. The
~SF of ?3Sr can be described predominantly by a Gen-
eralized Lorentzian along with a structure that may be
related to a pygmy dipole resonance near the neutron
separation energy.

Additionally, the ySF for ?3Sr produced in this work
exhibited a flattening of the strength function, rather
than an observable upbend, at low E,, as has been ob-
served in this mass region in the cases of 3Y and "Ge
[6, 37]. In this case, a constant ySF at low 7-ray ener-
gies was observed as well as a lower overall value for the
experimentally constrained neutron-capture cross section
compared to the TALYS default calculation, which has
potential ramifications for astrophysical calculations of
heavy element production and burnup of fission-products
in high neutron-flux environments through a reduced
neutron-capture reaction rate [1, 16].
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Radioactive isotope beams with high intensities and
high purity, provided by such facilities as the Facility for
Rare Isotope Beams (FRIB) at Michigan State Univer-
sity (MSU) and the Californium Rare Isotope Breeder
Upgrade (CARIBU) facility at Argonne National Labo-
ratory, along with the SUNTAN detector system, are key
tools to achieving successful $-Oslo experiments inves-
tigating nuclei away from the valley of stability. While
the case of ?Sr was challenging due to the gaps in nu-
clear structure data for a nucleus five nucleons away from
stability, the ability to constrain statistical nuclear prop-
erties will only increase in difficulty as the neutron-drip
line is approached. In addition to the challenges of pro-
viding reliable normalization approaches in these cases,
very-neutron-rich nuclei have low neutron separation en-
ergies and high (-delayed neutron branches, which re-
sults in a smaller statistical region to which the $-Oslo
Method can be applied. For such exotic nuclei, chal-
lenges also remain in measuring the y-ray spectra due to
the S-decay chain, which results in a ~y-ray contribution
that is difficult to distinguish from the decays of inter-
est. Such experiments on exotic nuclei are imperative to
pursue as they improve our understanding of neutron-
induced reactions which have a wide range of impact on
understanding astrophysical processes and fission prod-
uct burnup.
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