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This work presents the first experimentally determined nuclear level density and γ -ray strength function
of the short-lived fission product 93Sr, accomplished using the β-Oslo method. Direct measurement of the
92Sr(n, γ ) 93Sr cross section is not currently possible, as the half-life of 2.66 hours is too short; instead, 93Sr was
formed through β decay of 93Rb to excitation energies around the neutron separation energy. The γ -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 93Sr nucleus were experimentally
determined, including the γ -ray strength function and nuclear level density. At low energies, the γ -ray strength
function exhibits a constant γ -decay strength, rather than a slightly increasing strength with decreasing γ -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 92Sr(n, γ ) 93Sr cross section.
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I. INTRODUCTION29

Understanding the production and destruction pathways30

of exotic nuclei has far-reaching impacts on nuclear physics31

applications, from cosmogenic nucleosynthesis to supporting32

the science-based U.S. Stockpile Stewardship mission [1].33

Direct measurement of the reaction cross sections of inter-34

est is typically not possible as these isotopes are available35

only in limited quantities and are often too short-lived to36

be made into a target. Alternatively, the reaction cross sec-37

tions can be inferred from statistical nuclear properties, which38

can be determined with indirect methods such as the surrogate39

reaction method [2,3] or the Oslo and β-Oslo method [4–6].40

Statistical nuclear properties for exotic nuclei, such as41

the nuclear level density (NLD) and γ -ray strength func-42

tion (γ SF), calculated through theoretical predictions utilizing43

*Formerly at the University of California, Berkeley, California,
USA.

†Formerly at the Facility for Rare Isotope Beams, National Su-
perconducting Cyclotron Laboratory, Michigan State University,
Michigan, USA. Currently at Ohio University, Ohio, USA.

‡Currently at Lawrence Berkeley National Laboratory (LBNL),
California, USA.

extrapolations from experimental data for stable nuclei, are 44

characterized by large systematic uncertainties [7]. In con- 45

trast, by employing the β-Oslo method to extract the NLD 46

and γ SF from the experimentally measured γ -ray emission 47

data, these statistical nuclear properties can be constrained by 48

as much as an order of magnitude. The Oslo method and the 49

β-Oslo method assume the γ decay of excited nuclear states 50

formed through a charged-particle reaction or β decay, respec- 51

tively, is independent of how the excited state was formed, on 52

average [4,8]. 53

Nuclei with a β-decay Qβ value approximately equal to the 54

neutron-separation energy of the daughter nucleus generally 55

make the quasicontinuum experimentally accessible. By using 56

a high-efficiency total absorption spectrometer, the complete 57

γ -ray cascade can be detected, allowing for the identification 58

of the initial excitation energy populated by each β decay. 59

From the measured γ -ray spectra following β decay, the NLD 60

and γ SF can be experimentally extracted using the β-Oslo 61

method; however, normalizing these nuclear statistical proper- 62

ties to auxiliary nuclear-resonance data includes a known sys- 63

tematic uncertainty that has been investigated and addressed 64

by Ref. [9]. Previously, the Oslo method has been successfully 65

applied to a wide mass range from 44Sc to 243Pu [10], 66

while the β-Oslo method, which was first implemented to 67
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experimentally determine the 75Ge(n, γ ) 76Ge [6] cross68

section, was benchmarked by comparing results of this69

indirect technique to the directly measured 50Ti(n, γ ) 51Ti70

reaction [11].71

As the NLD and γ SF are key parameters in the Hauser-72

Feshbach formalism, these experimentally determined nuclear73

inputs directly impact the calculated neutron-capture cross74

section [12]. The cross sections for neutron-induced reac-75

tions, such as neutron-capture reactions, are essential nuclear76

data that underpin nuclear-security and nuclear energy ap-77

plications [1]. In addition, the formation of heavy elements78

with A > 60 in the cosmos was driven by neutron-capture79

reactions, and understanding these processes requires accu-80

rate and reliable nuclear masses, β-decay properties, as well81

as neutron capture and fission rates [13,14]. When neutron82

capture occurs more slowly than β-decay rates, nuclei that83

lie along the valley of stability are produced, which is de-84

scribed as the slow-neutron capture process (s process) [15].85

In contrast, when neutron capture occurs more rapidly than86

β-decay rates, heavy nuclei are produced by the rapid-neutron87

capture process (r process) [15]. Of these processes, the r88

process occurring in a high-neutron-flux environment leads89

to the formation of neutron-rich isotopes far from stability90

[13]. Astrophysical observations show that the abundances91

of heavy elements in the solar system match those observed92

in many metal-poor halo stars, with the exception of certain93

lighter heavy elements, such as Rb, Sr, Y, and Zr [13,16]. One94

possible explanation for this observation might be an inter-95

mediate (i) process [16]. From an i-process sensitivity study,96

the 92Sr(n, γ ) 93Sr reaction was identified as an important97

production pathway contributing to the Zr abundance [16].98

Moreover, the distribution of fission products observed99

following a nuclear chain reaction provides key diagnostics100

that support the U.S. science-based Stockpile Stewardship101

mission [1]. However, the yields of these long-lived fission102

products may be influenced by the burnup of the short-lived103

fission products made directly from fission in a complicated104

network of production and destruction reactions that can occur105

in a high-neutron-flux environment. For the short-lived fission106

products, which are many neutrons from stability, the reaction107

rates are uncertain and rely entirely upon theoretical pre-108

dictions. This work constrains the 92Sr(n, γ ) 93Sr cross sec-109

tion which will assist in improving our understanding of the110

reaction network that influences the abundance of 95Zr, used111

as a diagnostic tool to determine the number of fissions [1].112

II. EXPERIMENTAL DETAILS113

A radioactive stopped-beam experiment was performed at114

the National Superconducting Cyclotron Laboratory (NSCL)115

to constrain the 92Sr(n, γ ) 93Sr cross section. The Coupled116

Cyclotron Facility at the NSCL produced a primary beam117

of 96Zr at 120 MeV per nucleon, which impinged on a 394118

mg/cm2 9Be target producing a secondary beam with the119

projectile fragmentation technique [17]. The secondary beam120

was purified using the A1900 fragment separator to produce121

a high-purity beam of radioactive 93Rb [18]. The 93Rb beam122

was sent through the Gas Stopping Facility, where it was123

thermalized, extracted at 30 keV, and delivered to the Sum- 124

ming NaI(Tl) (SuN) detector in the stopped beam area [19,20]. 125

A new beamline in the stopped beam area delivered the 126
93Rb beam to an experimental detector system, which con- 127

sisted of a total absorption spectrometer known as the SuN 128

detector, a plastic scintillator barrel (fiber detector), and a 129

tape transport system for removing daughter activity (SuN- 130

TAN) [21]. The SuN detector is a large-volume cylindrical 131

detector, 16 inches in height and diameter, composed of eight 132

optically isolated segments each with three photomultiplier 133

tubes (PMTs). A 1.8 in borehole along its axis allows for the 134

3-mm-thin fiber detector to be placed in the center inside the 135

beam line, which connects to two PMTs outside SuN through 136

fiber-optic cables. The 93Rb ions were implanted in the tape at 137

the center of this detector system. 138

The fiber detector was used to identify the emitted β 139

particles. The β-γ coincidences and the technique of total 140

absorption spectroscopy (TAS) were utilized to determine the 141

β-populated excited states in the decay daughter and exclude 142

background γ rays. SuN was used to efficiently detect individ- 143

ual γ rays, as well as determine from the sum of these γ -ray 144

energies Eγ , the excitation energy Ex of the daughter nucleus 145

following β decay. 146

Following the decay of 93Rb [Qβ = 7.466(9) MeV, t1/2 = 147

5.84(2) s], the daughter nucleus 93Sr also β decays [Qβ = 148

4.141(12) MeV, t1/2 = 7.43(3) min] to the longer-lived daugh- 149

ter 93Y [Qβ = 2.895(10) MeV, t1/2 = 10.18(8) h]. With the 150

SuNTAN system, an implantation period of 60 s followed by 151

the removal and replacement of tape within the system was 152

implemented to minimize the counts from the 93Sr β decay to 153

less than approximately 4% of observed β decays according 154

to the Bateman equations [22,23]. This competing radiation 155

was characterized using longer SuNTAN tape cycles, where 156

the 93Rb nuclei were implanted for 30 min followed by a 157

measuring period of 20 mins with the beam off. Within one 158

minute of the beam-off period, the β decay of 93Rb was 159

reduced to near zero and the counting period that followed 160

measured the 93Sr β decay. 161

The β-γ coincidence matrix for the 93Sr β decay, referred 162

to as D(Ex, Eγ ), is subtracted from the sum of 60 s accu- 163

mulation periods represented by the β-γ coincidence matrix 164

M(Ex, Eγ ) of measured 93Rb β decays, through applying a 165

scaling factor N = 4.0%: 166

M(Ex, Eγ ) −
N

∫∫
M(Ex, Eγ )dExdEγ∫∫

D(Ex, Eγ )dExdEγ

D(Ex, Eγ )

= P(Ex, Eγ ), (1)

to obtain the subtracted β-γ coincidence matrix P(Ex, Eγ ). 167

The β decay of 93Sr yields lower-energy γ rays due to the 168

lower Qβ− value and the large β-decay transition strengths 169

to states below 3 MeV [24]. Consequently, the competing 170

radiation from the β decay of 93Sr predominately affects the 171

γ -ray energy distribution below 3 MeV. 172

The resulting P(Ex, Eγ ) of 93Rb β decay is shown in 173

Fig. 1(a) and is compared with the competing radiation matrix 174

D(Ex, Eγ ) in Fig. 1(b). These plots illustrate the significant 175

difference in neutron separation energy between 93Sr and 176

93Y. In addition, there is a decrease in data collected from 177
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FIG. 1. Raw β-Oslo matrices comprising of the initial experimentally measured γ -ray energies and excitation energies from β-γ
coincidences detected using SuNTAN highlight the difference in Qβ value between the decay of 93Rb and 93Sr. The Qβ values for 93Rb
and 93Sr as well as the Sn values for 93Sr and 93Y are indicated by black horizontal lines, respectively. (a) The raw matrix of 93Rb decay was
obtained from 60 s implantation periods of the thermal 93Rb beam and the subsequent subtraction of (b) the raw 93Sr decay matrix. The raw
93Sr decay matrix was obtained by measuring the decay following an implantation period of 30 min. The decay of 93Rb populated higher
excitation energies compared with the decay of 93Sr.

3 to 4 MeV for 93Sr β decay shown in Fig. 1(b) due to178

low β-decay feeding. The 93Rb matrix extends beyond the179

neutron separation energy Sn(93Sr) = 5.290(8) MeV due to180

the high Qβ− [24]. Subsequently, populating states in the181

continuum may lead to β-delayed neutron emission. Despite182

this, the β-delayed neutron branch is low, Iβn = 1.39%, and183

the delayed neutron populates most significantly the ground184

state of 92Sr with a 87.5(19)% intensity and the first-excited185

state at 814.98 keV with 12.5(19)% [25]. Competing radiation186

from β-delayed neutron emission along with the β decay of187
93Sr influenced which region of excitation energy and γ -ray188

energy was selected for analysis using the β-Oslo method by189

directing the choice of upper and lower bound energy limits.190

Outside these limits, data would not be representative of the γ191

decay following β decay of 93Rb.192

The β-Oslo method is applied to a select region of exci-193

tation energy and γ -ray energy referred to as the region of194

interest (ROI). In this case, the ROI is bound by the Eγ > 1.89195

MeV and 4.09 < Ex < 5.49 MeV, which is representative196

of statistical γ decay from the quasicontinuum. Moreover,197

the ROI excludes measured γ rays and excitation energies198

potentially from the β-delayed neutron daughter 92Sr. The199

first-excited state of 92Sr is relatively high, thus the upper Ex200

threshold of the ROI may be as high as 6.10 MeV and still201

exclude contamination from the γ decay of 92Sr. Ultimately,202

the upper Ex threshold was chosen to be 5.49 MeV due to poor203

statistics at higher Ex in the P(Ex, Eγ ) matrix. By subtracting204

the competing radiation from the raw experimental matrix,205

M(Ex, Eγ ), the resulting β-γ coincidence matrix, P(Ex, Eγ ),206

contains approximately 0.2% fewer counts within the ROI, or207

436 000 counts. Finally, the P(Ex, Eγ ) matrix can be analyzed208

using the β-Oslo method.209

III. ANALYSIS METHOD: β-OSLO METHOD210

The 93Rb β-decay matrix shown in Fig. 2(a) was analyzed211

using a four-step technique known as the β-Oslo method. The212

first two steps we use to analyze this experimental matrix 213

are (i) unfolding the raw γ -ray spectra using the known re- 214

sponse function of the SuN detector [19,21] and (ii) extracting 215

the primary γ -ray matrix using an iterative subtraction tech- 216

nique developed by Ref. [4]. Once the primary γ -ray matrix 217

is obtained, the last two steps are to (iii) extract the NLD and 218

the γ SF from the ROI represented by the trapezoidal region 219

in Fig. 2(c) and (iv) normalize them using additional external 220

nuclear data. The β-Oslo method relies on the assumption 221

that the distribution of γ rays for an excitation-energy re- 222

gion, on average, is independent of the population mechanism 223

[4]. In addition, Ref. [9] highlights possible systematic er- 224

rors in each of the four steps of the standard Oslo method 225

[5], which are similarly applicable to the β-Oslo method 226

with the exceptions of using the TAS technique that includes 227

the complication of incomplete summing, additional back- 228

ground from β-decay electrons, and normalization of the NLD 229

and γ SF. 230

The β-Oslo method begins with the unfolding of γ - 231

ray spectra using the folding iterative method described in 232

Ref. [26], followed by a Compton subtraction method utiliz- 233

ing the detector response function. The response function for 234

the SuNTAN-fiber detector system, representing the response 235

of individual segments to γ rays detected in coincidence 236

with β particles, was generated using the GEANT4 simulation 237

toolkit [19,27] and calibrated with a set of standard radioactive 238

sources. The unfolded matrix shown in Fig. 2(b) represents the 239

distribution of primary γ rays as well as the γ rays that orig- 240

inate from later steps in the decay cascade for each excitation 241

energy bin. 242

From the unfolded matrix, higher-generation γ rays in 243

each excitation-energy bin were removed using an iterative 244

subtraction method. The method begins with the unfolded 245

γ -ray spectrum of bin i, fi, which is projected out on the γ -ray 246

energy axis from the unfolded matrix, and a weighted sum of 247

the spectra for all underlying energy bins j = 0, 1, . . . , i − 1. 248

The weighted sum of all underlying spectra gi contains the 249
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FIG. 2. (a) Raw, (b) unfolded, and (c) primary 93Sr(Ex, Eγ ) ma-
trices from the measured β-γ coincidence of 93Rb decay. The bin
width of the horizontal and vertical axes is 40 keV. The trapezoid
shown in the primary matrix marks the γ -ray and excitation energy
thresholds while the red dashed line signifies the neutron separation
energy, Sn.

same γ transitions as spectrum fi except for those from bin i to250

bins j = 0, 1, . . . , i − 1. For a given excitation energy bin, the251

spectrum of primary γ rays is obtained by subtracting gi from252

the unfold spectrum, where the weighting coefficient is the253

branching ratio of each primary γ ray as described in Ref. [5].254

In Fig. 2(c), the primary matrix displays a strong diagonal,255

which represents the energy deposited by emission of a single256

γ ray with energy equal to the excitation energy, Ex = Eγ , as257

well as background events from the electrons emitted in the 258

β decay. This strong diagonal is also visible in the unfolded 259

matrix. The GEANT4 simulated detector response indicated the 260

background electron contribution is predominately in the di- 261

agonal. In Sec. IV B, this work later demonstrates that analysis 262

of ROI subregions that exclude several diagonals results in a 263

γ SF that reasonably agrees with the extracted γ SF from the 264

total ROI. 265

The primary γ -ray matrix shown in Fig. 2(c) represents the 266

probability P(Ex, Eγ ) of emitting γ rays of energy Eγ from 267

excited states at energies around Ex. P(Ex, Eγ ) is proportional 268

to two independent functions: the NLD at the final excitation 269

energy, ρ(Ex − Eγ = E f ), and the transmission coefficient, 270

T (Eγ ). From the work of Schiller et al. in Ref. [5], an ex- 271

pression was developed for this relationship: 272

P(Ex, Eγ ) ∝ ρ(E f )T (Eγ ). (2)

Additionally, the radiative strength is dominated by dipole 273

transitions, thus the γ SF, f (Eγ ), is obtained from a direct 274

proportionality to T (Eγ ): 275

f (Eγ ) = T (Eγ )
2πE3

γ

. (3)

From the ROI, these functions are extracted simultaneously 276

using the proportionality as presented in Eq. (2) and a least χ2
277

method [5]. This method compares the experimental primary 278

matrix P(Ex, Eγ ) to a theoretical primary generation matrix 279

Pth(Ex, Eγ ) that can be can be approximated as 280

Pth(Ex, Eγ ) = ρ(Ex )T (Eγ )
∑Ex

E ′
γ =Emin

γ
ρ(Ex − E ′

γ )T (E ′
γ )

. (4)

This method of extracting the functional forms of ρ(Ex − Eγ ) 281

and T (Eγ ) through an iterative procedure is described in 282

Ref. [5]. Possible systematic errors of the method have been 283

discussed previously in Ref. [9]. In particular, very low statis- 284

tics at high Ex resulted in an unreliable χ2 minimization, and 285

thus, low-statistics regions should to be excluded. 286

The method of extracting the NLD and γ SF relies on 287

the assumption that the generalized Brink-Axel hypothesis 288

[28,29] is valid, implying the γ SF is dependent purely on the 289

γ -ray energy, Eγ . For heavy nuclei, the generalized Brink- 290

Axel hypothesis in the case of 238Np was experimentally 291

verified to be valid in Ref. [30]. In addition, for light nuclei, 292

the works of Guttormsen et al. in Ref. [31] and Crespo Campo 293

et al. in Ref. [32] tested the validity of the generalized Brink- 294

Axel hypothesis for 46Ti and 64,65Ni, demonstrating that the 295

γ SFs are independent of the initial excitation energy even in 296

cases of a low level density at the neutron separation energy. 297

From the findings of these works, the assumption can then be 298

made that the generalized Brink-Axel hypothesis is valid for 299
93Sr, which has a similar level density to 64,65Ni. 300

Solutions to P(Ex, Eγ ) must be normalized to additional 301

external nuclear data because the initial extraction approach 302

does not sufficiently constrain the NLD and γ SF. As was 303

shown in Ref. [5], an infinite number of functions can be 304
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FIG. 3. Comparison between experimental (black crosses) and calculated (blue line) primary γ spectra for individual excitation energy
bins within the region of interest Ex = 4.09–5.49 MeV.

construction from the extracted ρ(Ex − Eγ ) and T (Eγ ) using305

three parameters: A, B, and α, are expressed as306

ρ̃(E f ) = Aρ(E f )eαE f , (5)

T̃ (Eγ ) = BT (Eγ )eαEγ . (6)

These normalization parameters: A, B, and α, are solved for307

using auxiliary nuclear data to determine the most physical308

solution.309

The β decay of 93Rb is a selective process that populates310

3/2−, 5/2−, and 7/2− levels in 93Sr by Gamow-Teller β311

decay. Intense β-decay feeding to initial levels around Ex =312

3.88 MeV was observed as indicated by the higher number313

of counts in this excitation region shown in Fig. 2(c). This314

intensely populated region in our experimental matrix agrees315

with the reported β-decay intensities from Ref. [24]. Thus,316

these initial levels may introduce a nonstatistical behavior to317

the NLD and γ SF due to their similarity in spins. This poten-318

tially nonstatistical decay from a grouping of similar states319

at approximately 3.88 MeV is excluded from the analysis320

by placing an excitation energy threshold at 4.09 MeV. The321

extraction method resulted in a χ2 of 0.83 for the region of322

interest Ex = 4.09–5.49 MeV, and the comparison between323

the experimental primary γ spectra P(Ex, Eγ ) and the calcu-324

lated primary γ spectra Pth(Ex, Eγ ), which was obtained from325

the product of the extracted ρ(Ex − Eγ ) and T (Eγ ), is shown326

in Fig. 3. For each individual excitation energy, agreement327

between the experimental and calculated spectra is visible328

with relatively few disagreements compared with previous329

β-Oslo method experiments of the lighter nuclei 76Ge and 51Ti330

[6,11], which suggests ρ(E f ) and T (Eγ ) were successfully331

extracted from a statistical region of the experimental primary332

γ spectra. The uncertainties in the data represent the statistical333

uncertainties plus an estimate of systematic errors due to the334

γ -ray spectrum unfolding and first-generation method.335

IV. NORMALIZATION OF THE NUCLEAR LEVEL 336

DENSITY AND γ STRENGTH FUNCTION 337

Dipole transitions following the β decay of 93Rb result 338

in populating levels in 93Sr with spins and parities of 1/2±, 339

3/2±, 5/2±, 7/2±, and 9/2±. The slope and magnitude of the 340

NLD and γ SF for 93Sr are determined through normalization 341

to auxiliary nuclear data as well as to an estimated reduction 342

factor representing the subset of populated levels compared 343

with all possible levels. The NLD normalization influences 344

the shape of the γ SF through parameter α; thus, the estimated 345

level density at the neutron separation energy, ρ(Sn), for 93Sr 346

and the reduction factor are two significant sources of system- 347

atic uncertainty. Lastly, the magnitude of the γ SF is obtained 348

by normalizing the extracted function to the average, total ra- 349

diative width of s-wave neutron resonances, ⟨'γ ⟩ using Eq. (7) 350

of Ref. [33], which assumes that the main contributions to the 351

γ SF are the E1 and M1 transitions to accessible levels. In 352

this section, several investigated normalization approaches are 353

presented along with the resulting NLD and γ SF obtained by 354

this work. 355

A. Normalizing the nuclear level density 356

To obtain the NLD normalization, we utilized the phe- 357

nomenological and microscopic model techniques summa- 358

rized here. The slope α and scaling factor A parameters are 359

determined using discrete levels of 93Sr reported by Ref. [24] 360

and an estimated value for the level density at the neutron 361

separation energy, ρ(Sn). The level scheme of 93Sr is con- 362

sidered complete up to 2.2 MeV, or 20 levels [34], beyond 363

which the cumulative number of experimentally identified 364

levels ceases to increase exponentially as expected, but rather 365

plateaus due to deficiencies in the experimental data. At low 366

excitation energy, the experimental NLD for 93Sr was fit to 367

these discrete levels reported by Ref. [24]. At excitation en- 368

ergies near Sn, an estimated D0 value was obtained using two 369

approaches: 370
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(1) fitting global systematics developed by von Egidy and371

Bucurescu [35–37] to semi-experimental ρ(Sn) values372

for neighboring nuclei (norm1), or373

(2) fitting a microscopic model calculation using the374

Hartree-Fock-Bogoliubov plus combinatorial (HFB +375

c) tabulated values [38] to discrete levels (norm2).376

These approaches successfully constrained the NLD in a377

previous Oslo method study of 89Y [39] and in a benchmark378

experiment utilizing the β-Oslo method to extract the NLD379

and γ SF of 76Ge [6]. Due to the proximity of 93Sr to these380

nuclei, the work presented here utilized similar approaches be-381

cause there are no experimental neutron resonance parameters382

for Sr isotopes far from stability.383

As the experimentally extracted NLD for 93Sr extends384

to only 3.6 MeV, the constant-temperature (CT) formula385

was used to interpolate between the last data point and386

the estimated ρ(Sn) value at high excitation energy. This387

approach was successful in describing other nuclei in the388

mass region such as 89Y and 91,92Zr [39,40]. The estimated389

ρ(Sn) value for 93Sr was determined using a similar ap-390

proach to Ref. [39], where predicted values from global391

systematics from Refs. [35–37] are fit to semi-experimental392

ρ(Sn) of neighboring Rb, Sr, Y, and Zr nuclei. In this393

phenomenological-based ρ(Sn) estimate, two formulations of394

the spin-cutoff parameters were considered. The first is the395

energy-dependent spin-cutoff parameter σED as parametrized396

by Ref. [35]:397

σ 2
ED = 0.391A0.675(Ex − 0.5Pa′ )0.312, (7)

where A is the mass number, Ex is the excitation energy, and398

Pa′ is the deuteron pairing energy. This work considered a399

second spin-cut off formulation, σRMI , the rigid-body moment400

of inertia approach:401

σ 2
RMI = 0.0146A5/3 1 +

√
1 + 4a(Ex − E1)

2a
. (8)

According to Ref. [36], a is the level-density parameter and402

E1 is the excitation-energy shift parameter. The calculated403

spin cutoff parameter along with experimental s-wave neutron404

level spacing D0 values for the neighboring nuclei 86,88Rb,405
85,87,88,89Sr, 90Y, and 91−95,97Zr [34] were used to determine406

the semi-experimental ρ(Sn) values by the expression [5]407

ρ(Sn)

= 2σ 2

D0

1
(Jt + 1) exp[−(Jt + 1)2/2σ 2] + Jt exp[−J2

t /2σ 2]
,

(9)

where Jt is the spin of the target nucleus in a neutron-408

capture reaction. Figure 4 of Ref. [39] illustrates the approach409

where global-systematic predictions for 89Y are fit to semi-410

experimental ρ(Sn) values to estimate ρ(Sn) of 89Y.411

The comparison of global-systematic predictions for 93Sr412

to semi-experimental ρ(Sn) values of neighboring nuclei413

calculated using Eq. (9) is shown in Figs. 4(a) and 4(b). The414

predictions were fit to semi-experimental ρ(Sn) values of415

86,88Rb, 85,87,88,89Sr, 90Y, and 91−95,97Zr using a scaling factor416

as was done in Ref. [39]. In examining the systematics of this417

mass region, this work observed that using the spin cutoff 418

parameter of the rigid-body moment of inertia model, σRMI , 419

to estimate ρ(Sn) resulted in a steeply sloped NLD for 93Sr, 420

and consequently, a steep γ SF slope. A steeply sloped γ SF 421

such as this was compared with the giant dipole resonance 422

described by the resonance parameters of 88Sr [34], and the 423

mismatch observed guided this work to exclude the σRMI 424

approach because it was not an adequate description at high 425

excitation energy. In contrast, the energy-dependent spin- 426

cutoff parameter σED yielded lower estimated ρ(Sn) of 93Sr. 427

The neighboring nuclei we included in our systematic study 428

span a range of proton-neutron combinations; thus this work 429

investigated two subsets of the neighboring nuclei: odd-A nu- 430

clei and Sr nuclei only. The scaling factor and corresponding 431

upper and lower 1σ uncertainty were 0.34+0.08
−0.07, 0.36+0.12

−0.11, 432

and 0.33+0.08
−0.07, where the nuclei included were all neighboring 433

nuclei, odd-A only, and Sr nuclei only, respectively. The es- 434

timated total level density of 93Sr at Sn = 5.290(8) MeV [24] 435

using σED = 3.709 was ρ(Sn) = 1.35 × 103 MeV−1 for D0 = 436

21.15 keV, and the upper and lower uncertainties were used to 437

set the normalization bounds: ρup(Sn) = 1.96 × 103 MeV−1
438

for D0 = 14.54 keV and ρ low(Sn) = 1.02 × 103 MeV−1 for 439

D0 = 27.92 keV. This methodology for estimating the ρ(Sn) 440

for the isotopes of interest from systematics of the mass 441

region is similar to the approach used by Ref. [39]. 442

In contrast with the phenomenological approach discussed, 443

the HFB + c approach described by Ref. [38] was used to 444

estimate ρ(Sn) for 93Sr from a fit of tabulated NLD values to 445

discrete levels at low energy. The HFB + c tabulated NLD 446

values can be shifted in energy by δ and in shape by c as 447

so [41]: 448

ρ(Ex, J,π ) = ρHFB(Ex − δ, J,π )ec
√

Ex−δ. (10)

The tabulated NLD was shifted by δ to determine the best 449

agreement with the 20 known discrete levels of 93Sr using a 450

χ2 approach, which resulted in a value of δ = 0.162, yield- 451

ing ρ(Sn) = 4.866 × 103 MeV−1 with D0 = 6.02 keV and a 452

spin cutoff σHFB+c = 3.76. The ρHFB+c(Sn) value results in a 453

steep slope for the NLD, and thus, as was the case in using 454

σRMI , a steep γ SF. Ultimately, the HFB + c approach, i.e., 455

norm2, was not used in the resulting experimentally deter- 456

mined 92Sr(n, γ ) 93Sr cross section. 457

The slope parameter α was initially obtained from the 458

normalization of the NLD. Due to the spin-selectivity of β 459

decay, the resulting observed NLD represents only part of 460

the total NLD, and thus is described by a different slope. 461

Consequently, the slope of the extracted γ SF is determined 462

from a reduced NLD representative of the spins populated by 463

the β-delayed primary γ rays, which resulted in an expanded 464

spin window by ±h̄. In this work, the reduction factor for the 465

NLD at Sn was obtained from the ratio of populated levels 466

to the intrinsic number of levels. The spin distribution as a 467

function of excitation energy can be expressed as [42] 468

g(Ex, J ) = 2J + 1
2σ 2

e
[

−(J+1/2)2

2σ2

]
. (11)

The ratio of populated levels to the intrinsic level distribution 469

determined through the HFB + c approach was 66%, which 470
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FIG. 4. Predicted level densities at Sn from global systematics of Refs. [35,36] compared with semi-experimental data for Rb, Sr, Y, and
Zr nuclei. The semi-experimental data shown as filled points were calculated using experimental s-wave neutron level spacing D0 values from
Ref. [34] and (a), (b) the energy-dependent spin-cutoff parameter σED of Ref. [35] or (c), (d) the rigid-body moment of inertia σRMI of Ref. [36]
in Eq. (9). The estimated ρ(Sn) of 93Sr is shown as a filled red diamond. The systematic study of this mass region was first published by
Ref. [39] in Fig. 4.

served as a reduction factor of the norm2 NLD normalization471

point, ρ(Sn). In comparison, the phenomenological approach472

yielded a similar reduction factor of 67% for norm1. This473

reduced level density at Sn and a reduced number of discrete474

levels at low energies representative of the populated levels475

due the β-delayed primary γ rays is then used to determine476

the slope of γ SF. In Refs. [6,11], this approach was applied477

successfully to 76Ge and 51Ti.478

As both approaches are normalized to the same low-lying479

levels, the normalized NLD of 93Sr obtained using either ap-480

proach follows the discrete levels up to 2.2 MeV, as shown in481

Fig. 5(a). However, using norm1 results in a normalized 93Sr482

NLD that generally better reproduces the total level density of483

discrete levels below 2.2 MeV, as shown in Fig. 5(a), except484

for one data point centered at Ex = 90 keV. The extracted 93Sr485

NLD is then best normalized using the norm1 approach for486

high excitation energy and discrete levels at low excitation487

energy below 2.2 MeV [24]. In the energy region between488

the collected data and the estimated ρ(Sn) for norm1, the CT489

model was used to interpolate the NLD, represented by the490

dashed line in Fig. 5(a), and expressed by the equation [43] 491

ρCT (Ex ) = 1
T

exp
Ex−E0

T , (12)

with the nuclear temperature T and excitation-energy shift E0. 492

For the norm1 approach, different slopes, or nuclear tempera- 493

tures T , of the NLD result from the upper and lower estimated 494

ρ(Sn) values. This systematic uncertainty is illustrated by the 495

violet band and also corresponds to differently sloped γ SFs. 496

For the norm2 approach, the HFB + c tabulated level density 497

was used for interpolation, as shown by a dashed line, between 498

the collected data and the microscopic level density calcula- 499

tion at Sn. The resulting NLD obtained using norm2 is steeper 500

than the slope obtained using norm1, and consequently, leads 501

to a steeper γ SF that is discussed in Sec. IV B 1. Due to the 502

uncertainty of the estimated value for ρ(Sn) used in norm1, 503

the upper and lower limits of the normalized NLD yielded 504

an upper deviation of 15% and a lower deviation of 9%, on 505

average, which are shown as bounds of the violet shaded 506

region in Fig. 5(a). 507
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FIG. 5. (a) The extracted NLD of 93Sr for two normalization approaches are illustrated by filled squares and open circles. The estimated
ρ(Sn) for 93Sr (open and filled diamond) along with 20 discrete levels for 93Sr give an upper- and lower- normalization of the NLD. Beyond
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(norm2). (b) The extracted γ SF of 93Sr for the different normalization approaches. The uncertainties on the estimated ρ(Sn) and ⟨'γ ⟩ for 93Sr
serve as upper and lower limits on the normalized γ SF.

B. Normalizing the γSF508

1. γSF slope obtained using auxiliary nuclear data509

To obtain the γ SF normalization, we utilized systematics510

of neutron resonance parameters for the Kr, Rb, Sr, Y, Zr, Nb,511

and Mo isotopes which is summarized here. This approach512

was implemented to determine the B parameter in Eq. (6).513

The α parameter was already obtained from the NLD nor-514

malization to discrete levels and an estimated ρ(Sn) for 93Sr.515

The final parameter B can be derived from the relationship516

between the total, average radiative width, ⟨'γ (Sn)⟩, and the517

transmission coefficient of dipole transitions, T (Eγ ), or the518

γ SF [5,9]. If the γ SF is expressed in terms of only dipole519

transitions, Eq. (3) becomes520

BT (Eγ ) = [ fE1(Eγ ) + fM1(Eγ )]E3
γ , (13)

which can be expanded further to highlight the relationship521

between B and ⟨'(Sn, Jt ± 1/2,πt )⟩ for neutron s-wave cap-522

ture resonances with spins Jt ± 1/2 as shown by Ref. [33] and523

expressed as524

⟨'(Sn, Jt ± 1/2,πt )⟩

= 1
2ρ(Sn, Jt ± 1/2,πt )

∫ Sn

Eγ =0
dEγ BT (Eγ )ρ(Sn − Eγ )

×
1∑

j=−1

g(Sn − Eγ , Jt ± 1/2 + j), (14)

where Jt and πt are the target spin and parity, g(Ex, J ) is the525

spin distribution function, and ρ(Sn − Eγ ) is the total level526

density at a final energy. Equation (14) highlights the interde-527

pendence between the NLD and the γ SF, thus the systematic528

uncertainty in normalizing the NLD using an estimated ρ(Sn) 529

is propagated to the normalized γ SF when solving for T (Eγ ). 530

The third normalization parameter B was determined 531

using systematics for the neighboring nuclei 81,84,85,87Kr, 532
86,88Rb, 85,87,88,89Sr, 90Y, 91,92,93,94,95,97Zr, 94Nb, and 533
93,95,96,97,98,99,101Mo to estimate the ⟨'γ ⟩ for 93Sr [34]. A 534

linear fit of experimental ⟨'γ ⟩ values for Kr to Mo nuclei as 535

a function of mass number A was used to yield an estimated 536

value for 93Sr of ⟨'γ ⟩ = 153 ± 31 meV. Figure 6 shows 537

the neutron resonance data for these isotopes as well as the 538

linear fit and associated uncertainty band. The fit resulted in 539

a reduced χ2 > 1, and so, the χ2 uncertainty of applying a 540

scaling factor to the linear fit was used to determine the upper 541

and lower estimates shown by the band. As a physical reason 542

for the linear trend between ⟨'γ ⟩ of neighboring nuclei 543

Kr to Mo and mass number is unclear, the uncertainty of 544

31 meV was used to best incorporate the regional systematics. 545

In contrast, a linear fit of experimental ⟨'γ ⟩ as a function 546

neutron separation energy did not show a visible trend. 547

In Fig. 5(b), the extracted γ SFs for the different NLD 548

normalization approaches are compared showing that the HFB 549

+ c NLD approach results in a very steep γ SF slope. As 550

it is shown in Fig. 5(b) the two normalizations are in dis- 551

agreement, thus the available 88Sr(γ , n) 87Sr data published 552

by Ref. [44] was used to select norm1 as the appropriate 553

approach for 93Sr γ SF normalization. The upper and lower 554

limits of the normalized γ SF are presented as uncertainty 555

bands which includes the systematic uncertainty of NLD 556

normalization approaches and the estimated ⟨'γ ⟩, where the 557

violet-shaded region represents the uncertainty from norm1 558

and the cyan-shaded region represents the uncertainty from 559

norm2. In the case of norm1, the resulting uncertainty band 560

has an upper deviation of 61% and a lower deviation of 36%, 561
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on average. Furthermore, the resulting γ SF from these ap-562

proaches are compared with the GDR of 88Sr obtained from563

photoabsorption cross-section data in Fig. 7 [44]. To fit the564

γ SF for 88Sr, we adopted a generalized Lorentzian (GLO)565

model for the E1 strength which incorporates an energy- and566
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normalization (norm1) of the extracted NLD and γ SF. 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.

temperature-dependent width 'k (Eγ , Tf ) and the GDR pa- 567

rameters: centroid energy EG, width 'G, and cross section σG, 568

and is expressed by 569

f E1
GLO(Eγ , Tf ) = σG'G

3(π h̄c)2

[
Eγ 'k (Eγ , Tf )

(
E2

γ − E2
G

)2 + E2
γ '2

k (Eγ , Tf )

+ 0.7
'k (Eγ = 0, Tf )

E3
G

]

, (15)

where 'k (Eγ , Tf ) is defined as 570

'k (Eγ = 0, Tf ) = 'G

E2
G

(
E2

γ + 4π2Tf
)

(16)

from Ref. [45]. As the GDR is predominantly characterized by 571

E1 strength, the resulting fit yielded the following parameters: 572

EG = 16.87(3) MeV, 'G = 4.25(8) MeV, and σG = 205(2) 573

mb. Reference [46] also showed that one Lorentz line fit of 574

Rb, Sr, 89Y, 90Zr, and 93Nb photoneutron cross sections suf- 575

ficiently characterized the GDR. The GDR parameters from 576

this initial GLO fit were then used to fit the 93Sr E1 and M1 577

strength. 578

While a generalized Lorentzian (GLO) model was used to 579

fit the E1 strength, two standard Lorentzian functions (SLO) 580

and an upbend function in the form of fupbend(Eγ ) = Ce−ηEγ 581

was used to fit the M1 strength [45,47]. The E1 + M1 fit 582

of the 88Sr photoabsorption data along with our 93Sr γ SF 583

was improved through the addition of a SLO component 584

with parameters Epy1, 'py1, and σpy1 at ≈14 MeV, which 585

may be related to a pygmy dipole resonance. In addition, at 586

Eγ ≈ 5 MeV a narrow pygmy described by parameters Epy2, 587

'py2, and σpy2 shown in Table I was assumed to connect our 588
93Sr γ SF to the 88Sr photoabsorption data. A low-energy en- 589

hancement, or upbend, in the γ SF was first observed in 56,57Fe 590

and 93–98Mo using the Oslo method [47–49]. In addition, 591

the phenomenon was confirmed for 95Mo using an alterna- 592

tive model-independent technique known as the ratio method, 593

which obtains the energy dependence of the γ SF from corre- 594

lated particle-γ -γ events following direct reactions [50]. The 595

magnitude of the upbend was constrained to C < 6 × 10−8
596

MeV during fitting of the 93Sr data due to scarcity of data 597

at lower Eγ < 1.8 MeV. At low Eγ , our extracted 93Sr γ SF 598

appears to be constant, and the resulting fit parameter C is an 599

order of magnitude lower compared with the upbend structure 600

observed in 89Y and 91Zr [39,40]. Similar to our 93Sr γ SF, the 601

measured 97Mo(n, γ ) reaction by Ref. [51] using the Detector 602

for Advanced Neutron Capture Experiments (DANCE) array 603

did not indicate a clear resonance structure near 2 MeV that 604

was reported by Ref. [47]. However, in general for these pre- 605

vious cases from Refs. [47–49], the upbend is clearly visible 606

below 2 MeV, which is near the γ -ray threshold used for the 607

β-Oslo method applied to 93Sr. The sum of the GLO, pygmy, 608

and upbend fit is illustrated with a solid red line in Fig. 7. 609

The parameters used in the E1 and M1 strength fit are shown 610

in Table I. Photoabsorption data from Ref. [44] were used to 611

guide the normalization of 93Sr γ SF as there is an absence 612

of photonuclear data this far from the valley of stability. The 613

slope of the γ SF obtained as a result of the phenomenological 614

NLD model approach agrees best with the 88Sr(γ , n) 87Sr 615
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TABLE I. Parameters used in GLO fit of the 93Sr γ SF data: GDR parameters EG, 'G, and σG corresponding to the centroid energy, width,
and cross section as well as a constant temperature for the final states Tf . In addition to the GLO fit, the steep rise of the 93Sr γ SF is taken into
account with two pygmy resonance described by standard Lorentzians with parameters: Epy1, 'py1, σpy1, Epy2, 'py2, and σpy2 corresponding to
the peak energy, width, and cross section. The low-energy region of the γ SF is characterized with an upbend function fupbend(Eγ ) = Ce−ηEγ .

EG 'G σG Tf Epy1 'py1 σpy1 Epy2 'py2 σpy2 C η

(MeV) (MeV) (mb) (MeV) (MeV) (MeV) (mb) (MeV) (MeV) (mb) (10−9 MeV−3) (MeV−1)

17.02 4.07 199 0.10 13.93 2.87 23.65 5.25 1.50 1.52 6.72 0.17

data, while the slope of the γ SF obtained from the HFB +616

c NLD approach is significantly steeper and compares poorly617

to the observed behavior of the γ SF for 88Sr as it approaches618

11 MeV.619

The resulting γ SF of this work was extracted from the ROI620

of the primary γ -ray matrix in Fig. 2(c), where γ decay is621

assumed to be statistical; however, the primary γ -ray matrix622

exhibits strong direct transitions to the Jπ = 5/2+ ground623

state, which are clearly visible as the outermost diagonal in624

the P(Ex, Eγ ) matrix. In addition, strong direct transitions are625

also visible to the first, second, and third excited states, which626

have tentative spin assignments: (9/2)+, (5/2, 7/2, 9/2)+, and627

(9/2+), respectively [52]. These strong γ -decay transitions628

could potentially undermine the β-Oslo method assumption629

that the extracted NLD and γ SF, i.e., average nuclear prop-630

erties, were obtained from a region described by a statistical631

process. In Fig. 8(a), several regions are shown with diagonal632

cuts applied to the primary γ -ray matrix excluding primaries633

to the ground state as well as the first three excited states:634

213.431(11), 432.604(24), and 986.12(5) keV. For Regions 1635

and 2, the residuals between these γ SFs and the γ SF extracted636

from the entire ROI is less than 2σ , i.e., twice the value of637

the systematic error. For regions 3 and 4, the residuals are638

less than 3σ . Each of the selected regions in Fig. 8(b) are639

within reasonable agreement of the systematic uncertainties,640

and thus illustrate there is no indication of any violation of the 641

statistical approach of this work. 642

2. γSF slope obtained using the shape method 643

In the previous section, the extracted γ SF from experimen- 644

tal measurements of the γ -ray spectra and total absorption 645

spectra of 93Sr relied on the normalization of the NLD to 646

obtain the slope α of the γ SF as was previously done in the 647

case of 76Ge and 51Ti [6,11]. In contrast, a novel approach to 648

obtain the shape of the γ SF in the absence of an experimental 649

D0 value was introduced by Wiedeking et al., referred to as 650

the shape method [53]. The shape method was also applied to 651

β-decay data by Mücher et al. [54]. An additional difference 652

between the methods is that the shape method can be directly 653

applied to the raw matrix of excitation energy versus γ -ray 654

energy instead of the primary γ -ray matrix, which includes 655

systematic uncertainties from the first two steps of the 656

β-Oslo method. Reference [9] discusses the uncertainties and 657

possible systematic errors for each step of the standard Oslo 658

method. A possible systematic error highlighted by Ref. [9] is 659

the presence of vertical ridges and/or valleys at low energies 660

in the matrix due to under and/or over subtraction of higher- 661

order γ rays when applying the primary generation method of 662

the Oslo method. Due to these systematic errors in the primary 663

γ -ray matrix, the β-Oslo method cannot be used to extract 664
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are plotted adjacent to the γ SFs extracted from the corresponding regions.
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FIG. 9. The extracted γ SF for 93Sr (black squares) compared
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are within the systematic error of the β-Oslo method normalization
approaches shown by the violet shaded region. The error bars of the
shape-method-extracted γ SFs are obscured by the markers.

the NLD and γ SF for γ -ray energies below 2.0 MeV for 93Sr.665

Furthermore, the shape method is expected to successfully ob-666

tain the 93Sr γ SF since no nonstatistical effects in transitions667

to the lowest states were observes as discussed in the previous668

section.669

The shape method utilizes a ratio approach between the670

intensities for two different primary γ -ray energies from the671

same initial excitation energy to discrete low-lying levels vi-672

sualized as a diagonal in the P(Ex, Eγ ) matrix. In addition,673

the method assumes symmetric parity distribution and a spin674

distribution g(E , J ), Eq. (11). In applying the shape method675

to this work, we examined the ratio of the second and third676

excited state, both of which have tentative spin assignments.677

Due to the tentative spin assignment, a γ SF was obtained us-678

ing the shape method for each combination of spin assignment679

for the second and third excited state as shown in Fig. 9. These680

combinations include spins J = 5/2 to 9/2 for the second ex-681

cited state E2, while the spin of the third excited state is fixed682

at J = 9/2. The shape method-obtained γ SFs, were scaled683

in magnitude to the β-Oslo method-obtained γ SF, which684

was normalized using norm1 and ⟨'γ ⟩ = 153 ± 31 meV.685

The resulting γ SF for the selected spin assignments are in686

reasonable agreement with one another and are well within687

the systematic error shown by the violet band of the β-Oslo688

method-extracted γ SF. The β-Oslo method applied to 93Sr689

made use of a 1.89 MeV γ -ray threshold; however, the shape690

method utilized here contributes significantly to extending the 691

γ SF below Eγ < 2 MeV. 692

V. 92Sr(n, γ ) 93Sr CROSS-SECTION CALCULATION 693

This work presents the first experimentally constrained 694

NLD and γ SF for 93Sr. These nuclear properties obtained 695

using the β-Oslo method are key components in calculating 696

the neutron-capture cross section. These statistical properties, 697

along with an optical model potential (OMP) are input pa- 698

rameters in the Hauser-Feshbach formalism which is used 699

by TALYS1.95 (here after referred to as TALYS) to calculate 700

neutron-capture cross sections [41]. Of these key components 701

in calculating the (n, γ ) cross section, the NLD and γ SF 702

most significantly influence the systematic uncertainty of the 703

calculation, as was previously discussed by Liddick et al. [7]. 704

A. Theoretical reaction calculation 705

of the 92Sr(n, γ ) 93Sr cross section 706

The theoretical 92Sr(n, γ ) 93Sr cross section was calcu- 707

lated using default input NLD, γ SF, and OMP models in 708

TALYS. Default input parameters include the combined con- 709

stant temperature (CT) plus Fermi gas model for the NLD, 710

the Kopecky-Uhl generalized Lorentzian for the E1 strength 711

[Eq. (15)] [45], an M1 strength as a function of the E1 712

strength: fE1/(0.0588A0.878) [41], and a Koning and De- 713

laroche neutron OMP with local parameters [55]. A range 714

of NLD and γ SF models that include both phenomenolog- 715

ical and microscopic approaches are plotted in Figs. 10(a) 716

and 10(b), respectively. The resulting calculated cross sec- 717

tion using default model settings is shown as a black curve 718

in Fig. 11. To obtain a maximum and minimum value for 719

the 92Sr(n, γ ) 93Sr cross section, the combination of NLD, 720

γ SF, and OMP models were varied. The resulting cross sec- 721

tions bounds are as follows: 722

(1) Maximum: combined CT plus Fermi gas model for the 723

NLD yielding D0 = 7.27 keV, Brink-Axel Lorentzian 724

[29,56] for fE1(Eγ ) with a renormalization factor of 725

⟨'γ ⟩ = 150 meV obtained from an interpolation ta- 726

ble for 40 < A < 150 [41], fE1/(0.0588A0.878) for the 727

fM1(Eγ ), and Koning and Delaroche OMP with local 728

parameters [55]; 729

(2) Minimum: a microscopic approach based on Skyrme 730

force for the NLD yielding D0 = 21.74 keV from 731

Ref. [38], a microscopic approach based on Gogny 732

D1M force and combined Hartree-Fock-Bogoliubov 733

(HFB) plus quasiparticle-random-phase approxima- 734

tion (QRPA) yielding ⟨'γ ⟩ = 25.72 meV [41,57], 735

fE1/(0.0588A0.878) for the fM1(Eγ ), and Koning and 736

Delaroche OMP with global parameters. 737

The range of TALYS-available NLD models for 738
92Sr(n, γ ) 93Sr was compared with this work shown in 739

Fig. 10(a). In the high excitation energy region, 2.3 MeV to 740

3.7 MeV, the difference between the upper and lower model 741

NLD was on average a factor of 15 larger than the systematic 742

uncertainty quantified in this work. In the case of the NLD, 743

the theoretically predicted NLDs for 93Sr are steeper than the 744
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NLD extracted in this work, which consequently leads to a745

steeper γ SF that presents a mismatch with the characteristics746

of the 88Sr GDR. Additionally, the comparison highlights the747

relatively small uncertainty due to the NLD normalization748

approach.749

Similarly, Fig. 10(b) illustrates a comparison between the750

γ SF extracted in this work and the available γ SF mod-751

els in TALYS, which reveals a significant amount of overlap752

between theoretically predicted values and the experimental753

data. The TALYS model variations of the γ SF, represented as a754

band spanning from the lower to upper theoretical prediction755

of the γ SF in Fig. 10(b), are on average a factor of 26 larger756

than the experimental statistical uncertainty and a factor of757

four larger than the experimental band representing the uncer-758

tainty due to normalization. The experimentally determined759

1−10 1
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1
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) 
(m

b)
n

(Eσ

TALYS default

TALYS variations

This work (low,high)

FIG. 11. Experimentally determined 92Sr(n, γ ) 93Sr cross sec-
tion (crosses) along with systematic uncertainty shown as a
violet-shaded band compared with theoretical predictions and the
default TALYS calculated cross section. These theoretical calculations
of the cross sections using variations in phenomenological models
and microscopic models are represented by a gray-shaded band,
while the default calculation is illustrated by the black curve.

γ SF is impacted most by the uncertainty due to normalization 760

that propagated the systematic uncertainty from the NLD, 761

i.e., the α factor describing the slope of both the NLD and 762

γ SF, as well as the estimated value of the ⟨'γ ⟩. Although the 763

normalization approach employed in this work lacked neutron 764

resonance data specifically for 93Sr, our estimated value for 765

ρ(Sn) and ⟨'γ ⟩ significantly constrained the NLD and γ SF 766

compared with previous theoretical predictions. 767

The theoretical NLD, γ SF, and OMP models used to cal- 768

culate the (n, γ ) cross section vary significantly, so much so 769

that the ratio between the upper and lower bounds is ≈12 on 770

average for 10 keV < En < 5 MeV. Figure 11 illustrates the 771

maximum and minimum calculated cross sections using the 772

available models represented by a gray-shaded band. 773

B. 92Sr(n, γ ) 93Sr cross-section calculation from this work 774

The 92Sr(n, γ ) 93Sr cross section was calculated using the 775

experimentally determined NLD and γ SF and all correspond- 776

ing uncertainties. The extracted NLD with a CT interpolation 777

to Sn described in Sec. IV A for energies above Ex = 2.2 778

MeV and the total level density of discrete states below 2.2 779

MeV were used to calculate the (n, γ ) cross section. The γ SF 780

presented in this work for 1.89 MeV < Eγ < 5.49 MeV was 781

utilized in the TALYS calculation along with the total dipole- 782

strength fit function discussed in Sec. IV B to extrapolate 783

the strength above 5.49 MeV to the GDR and below 1.89 784

MeV. In calculating the neutron-capture cross section, both 785

the Koning and Delaroche neutron OMP (nOMP) with local 786

parameters and the semimicroscopic optical potential of the 787

Jeukenne–Lejeune–Mahaux (JLM) OMP were examined and 788

included in the violet systematic uncertainty band in Fig. 11 789

[41,58]. On average for 10 keV < En < 5 MeV, the selection 790

of nOMP or JLM resulted in less than one percent difference 791

in the neutron-capture cross section calculated. The resulting 792
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92Sr(n, γ ) 93Sr cross section calculated using the nOMP ap-793

proach is shown as black crosses in Fig. 11 with an uncertainty794

band in violet representative of the normalization approaches795

discussed in Secs. IV A and IV B. This experimentally de-796

termined 92Sr(n, γ ) 93Sr cross section is lower than several797

TALYS calculated cross sections using theoretical models as798

nuclear structure inputs represented by the gray-shaded band799

in Fig. 11. The nuclear data library known as the TALYS-800

based evaluated nuclear data library (TENDL) 2023 provides801

neutron-capture cross sections based on default and adjusted802

TALYS calculations [59]. A future investigation of the TENDL-803

2023 model evaluations for nuclei far off stability would be804

very fascinating.805

The normalization approaches used in this work decreased806

the uncertainty on the 92Sr(n, γ ) 93Sr cross section compared807

with predicted values. The ratio between the upper- and lower-808

bound cross section limits was, on average, approximately809

three for 10 keV < En < 5 MeV. The calculated neutron-810

capture cross section using experimentally determined NLD811

and γ SF falls within the lower limits of the uncertainty band812

provided by theoretical predictions; however, the resulting813

cross section does not agree with the default TALYS prediction.814

A lower neutron-capture reaction has potentially meaningful815

impact on astrophysical abundance calculations and fission816

product burnup calculations by lowering the predicted produc-817

tion of heaver Sr isotopes through neutron capture [1,16,49].818

The uncertainty of the γ SF obtained using the shape819

method, which investigated the combination of spin assign-820

ments for the second and third excited states, resulted in cross821

section uncertainties that were smaller than those of the nor-822

malization approaches discussed in Secs. IV A and IV B, and823

as such, the predominant uncertainty inherent to the calculated824

cross section is due to the contribution of the uncertainty of the825

estimated ρ(Sn) and ⟨'γ ⟩ values.826

VI. SUMMARY AND CONCLUSION827

In this work, the β-Oslo method was used to analyze γ -ray828

spectra following the β decay of a radioactive beam of 93Rb829

obtained using the SuNTAN detector system at the NSCL in830

order to experimentally determine the NLD and γ SF for 93Sr.831

The resulting 92Sr(n, γ ) 93Sr cross-section uncertainty, or the832

difference between the upper and lower limits, associated with833

the normalization approaches used to determine these key834

statistical nuclear properties was characterized and found to835

be factor of six smaller than the theoretically predicted cross-836

section uncertainty. This work found the NLD of 93Sr displays837

a behavior similar to the CT formula and best described838

using an energy-dependent spin-cutoff parameter to estimate839

the total level density at the neutron separation energy. The840

γ SF of 93Sr can be described predominantly by a generalized841

Lorentzian along with a structure that may be related to a842

pygmy dipole resonance near the neutron separation energy.843

Additionally, the γ SF for 93Sr produced in this work844

exhibited a flattening of the strength function, rather than845

an observable upbend, at low Eγ , as has been observed in846

this mass region in the cases of 89Y and 76Ge [6,39]. In847

this case, a constant γ SF at low γ -ray energies was ob-848

served as well as a lower overall value for the experimentally849

constrained neutron-capture cross section compared with the 850

TALYS default calculation, which has potential ramifications 851

for astrophysical calculations of heavy-element production 852

and burnup of fission products in high-neutron-flux environ- 853

ments through a reduced neutron-capture reaction rate [1,16]. 854

Radioactive isotope beams with high intensities and high 855

purity, provided by such facilities as the Facility for Rare Iso- 856

tope Beams (FRIB) at Michigan State University (MSU) and 857

the Californium Rare Isotope Breeder Upgrade (CARIBU) 858

facility at Argonne National Laboratory, along with the SuN- 859

TAN detector system, are key tools to achieving successful 860

β-Oslo experiments investigating nuclei away from the valley 861

of stability. While the case of 93Sr was challenging due to the 862

gaps in nuclear structure data for a nucleus five nucleons away 863

from stability, the ability to constrain statistical nuclear prop- 864

erties will only increase in difficulty as the neutron-drip line is 865

approached. In addition to the challenges of providing reliable 866

normalization approaches in these cases, very-neutron-rich 867

nuclei have low neutron separation energies and high β- 868

delayed neutron branches, which results in a smaller statistical 869

region to which the β-Oslo method can be applied. For such 870

exotic nuclei, challenges also remain in measuring the γ -ray 871

spectra due to the β-decay chain, which results in a γ -ray 872

contribution that is difficult to distinguish from the decays 873

of interest. Such experiments on exotic nuclei are impera- 874

tive to pursue because they improve our understanding of 875

neutron-induced reactions which have a wide range of impact 876

on understanding astrophysical processes and fission product 877

burnup. 878
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