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Abstract The y-ray strength function (y SF) and nuclear
level density (NLD) have been extracted for the first time
from inverse kinematic reactions with the Oslo method.
This novel technique allows measurements of these prop-
erties across a wide range of previously inaccessible nuclei.
Proton—y coincidence events from the d(3°Kr, py )" Kr reac-
tion were measured at iThemba LABS and the ySF and
NLD in ¥Kr was obtained. The low-energy region of the
y SF is compared to shell-model calculations, which suggest
this region to be dominated by M1 strength. The ySF and
NLD are used as input parameters to Hauser—Feshbach cal-
culations to constrain (n, y) cross sections of nuclei using
the TALYS reaction code. These results are compared to
86Kr(n, y) data from direct measurements.

1 Introduction

The nuclear level density (NLD) and the y -ray strength func-
tion (y SF) are fundamental properties of the nucleus. The
NLD was introduced by Bethe soon after the composition of
nuclei was firmly established [1]. When excitation energy in
a nucleus increases towards the particle separation energy,
the NLD increases rapidly, creating a region referred to as
the quasi-continuum. The ability of atomic nuclei to emit and
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absorb photons in the quasi-continuum is determined by the
ySF [2]. It is a measure of the average reduced y-ray decay
probability and reveals essential information about the elec-
tromagnetic response and therefore the nuclear structure of
the nucleus.

With their significant applicability to astrophysical ele-
ment formation via capture processes [3—6], NLDs and y SFs
have received increased experimental and theoretical atten-
tion [7]. They are also relevant to the design of existing
and future nuclear power reactors, where reactor simula-
tions depend on many evaluated nuclear reactions [8,9]. The
importance of NLDs and y SFs is increasingly being recog-
nized and a reference database for y SFs has been established
[10]. Nonetheless, challenges remain and nuclear physics
properties, such as the NLD and y SF, remain a main source
of uncertainty in cross-section calculations. This is either due
to the complete lack of experimental data or the associated
large experimental uncertainties.

The situation can be improved through accurate experi-
mental neutron capture cross sections, or indirectly by mea-
suring NLD and y SF data. One experimental approach, the
Oslo method [11], has been extensively used to measure the
NLD and ySF from particle-y coincident data. NLDs and
y SFs obtained with the Oslo method have been shown to
provide reliable neutron capture cross sections [12,13] and
proton capture cross sections [14]. In recent years, the Oslo
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method has been extended to extract the y SF and NLD fol-
lowing B decay [15]. Using ySFs and NLDs to determine
capture cross sections has several advantages since these
properties can be obtained for any nucleus that can be pop-
ulated in a reaction from which the excitation energy can be
experimentally determined. Although the Oslo and B-Oslo
methods provide access to a vast range of stable and radioac-
tive nuclei some species remain inaccessible. Many more
nuclei become accessible by using inverse kinematic reac-
tions, from radioactive species to several stable isotopes for
which the manufacture of targets is problematic due to their
chemical or physical properties.

In this Letter we report on the first application to mea-
sure the NLD and y SF with the Oslo method following an
inverse kinematic reaction. This work lays the foundation
of new opportunities to study statistical properties of nuclei,
which were previously inaccessible, at stable and radioac-
tive ion beam facilities. The results from the d(36Kr, p)®’Kr
reaction exhibit a low-energy enhancement of the ySF in
87Kr, which is discussed in the context of shell-model cal-
culations. The 86Kr(n, y) cross section is obtained from
the TALYS reaction code [16] and compared to previous
direct measurements to test the robustness of the experimen-
tal method.

2 Experiment

The experiment was performed with a 300 MeV 3¢Kr beam
from the Separated Sector Cyclotron facility at iThemba
LABS. Polyethylene targets with 99% deuteron enrichment
were bombarded with a beam intensity of ~ 0.1 pnA
for 80 hrs. Several deuterated polyethylene targets, rang-
ing in thicknesses from 110 to 550 pg/cm?, were used.
Accounting for the target thicknesses the center-of-mass
(CM) energy was 6.44(40) MeV. The reactions were iden-
tified through the detection of light charged particles in
two silicon AE-E telescopes covering scattering angles
between 24° and 67° relative to the beam direction (cor-
responding to CM-angles 38°~121°). The E detectors were
I mm thick while the AE detectors were 0.3 and 0.5 mm
thick. The dimensions of the Wl-type double-sided sili-
con strip detectors [17] were 4.8 x 4.8 cm and they con-
sisted of 16 parallel and perpendicular strips 3 mm wide
with an opening angle of ~ 1.5° for each pixel. Sup-
pression of § electrons was achieved by an aluminum foil
of 4.1 mg/cm? areal density which was placed in front
of the AE detectors. The y-rays were measured with the
AFRODITE array [18], which at the time of the experi-
ment consisted of eight collimated and Compton suppressed
high-purity germanium CLOVER-type detectors. Two non-
collimated LaBr3:Ce detectors (3.5" X 8”) were coupled to
the AFRODITE array and mounted 24 cm from the target
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at 45°. The detectors were calibrated using standard '3*Eu
and >%Co sources. The detector signals were processed by
XIA digital electronics in time-stamped list mode with each
channel self-triggered.

From the time-stamped list mode data, entries were
selected based on their time-stamps being within a window
of £1850 ns in an E-detector entry. The ratio of energy
deposited in the AE- to the E-detector is used to determine
the outgoing reaction channels. The selection of proton—
y events was made with an 80 ns wide time-gate on the
prompt time peak. Contributions from uncorrelated events
were subtracted from the data by placing off-prompt time
gates of equal length. This leads to approximately 100 k
proton—y events in both LaBr3z:Ce and CLOVER matri-
ces. In this letter only the data from the LaBr;:Ce detec-
tors are included, although data from the CLOVER detec-
tors yield similar results. Kinematic corrections due to the
reaction Q value, recoil energy of 8’Kr, and the energy
losses of the protons in the target and aluminum foils were
applied to determine the excitation energy of the populated
states, with the a resulting FWHM for excitation energy of
~ 1 MeV. The y-rays in coincidence with protons were
Doppler corrected by assuming the residual 8’Kr nucleus
not being deflected from the beam axis and has a con-
stant velocity of 8.5% of c. Due to these assumptions the
error in deflection angle is less than 1.3° while the error
in velocity is less than 0.4% of c. These errors are negli-
gible as the major contributor to errors in the Doppler cor-
rection is the 17° opening angle of the LaBr3:Ce detectors.
Background from 36Kr +!2 C fusion evaporation events has
been simulated with PACE4 [19] and was found to have a
very low proton yield (< 4%) with proton energies out-
side the energy range considered in the analysis. This matrix
is unfolded [20] with response functions of the detectors
extracted from a Geant4 [21] simulation of the LaBrj3:Ce
detectors. An iterative subtraction method, known as the
first-generation method [22], is applied to the unfolded y-
ray spectra, revealing the distribution of primary y-rays in
each excitation bin (256 keV bin width for both the E, and
E, axes).

The NLD p(E,) at excitation energy E and y-ray trans-
mission coefficient, 7 (E, ), are related to the primary y-ray
spectrum by [11]

P(Ex, Ey) x p(Ex — Ey)T(Ey), ey

and are extracted with a y2-method [11] giving the unique
solution of the functional shape of the NLD and 7 (E,).
These are normalized to known experimental data to retrieve
the correct slope and absolute value. The extraction has been
performed within the limits 3.2 < Ex < 5.2MeV and E, >
1.7 MeV of the primary y-ray matrix where the level density
is sufficiently high for statistical decay to be dominant.
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3 Normalization

From the primary y-ray spectrum the NLD p(E,) and y-
transmission coefficient ’?'(Ey) are extracted. These are
related to the physical solution by the following transfor-
mation [11]:

p(Ey) = AP(Ey)e* )
T(E,) = BT (E,)e*Er, 3)

where A and B are the absolute values for the level density
and the transmission coefficient, respectively, and « is the
common slope parameter.

For the level density, the slope and absolute value are deter-
mined by a fit to the level density found from the known
discrete levels [23] at low-excitation energy and the level
density at the neutron separation energy (S, = 5.5 MeV).
The level density of J = 1/2 levels at S,, is determined from
the average resonance spacing of s-wave resonances (Dg)
and p-wave resonances (D1(J = 1/2)) by

1 1
o(Sn, J =1/2) = — +

Dy Di(J=1/2) @)

with the spacing parameters are taken from [24]. The full
level density at S, is determined by

p(Sn) = p(Su. J =1/2)/g(Sn, J =1/2), &)
where g is the spin distribution [25]

2J +1
g(E, J) = —+e*(1+1/2)2/202(5)' ©

"~ 202(E)
The spin cutoff parameter o (E) is modeled with the follow-
ing energy dependence [12]:

o*(E) = of + f—iff(az(sn) — 7). (7)
n — Ld

where E is the excitation energy below which the spin cutoff
parameter o = oy is a constant. The spin cutoff parameter o4
at E; < 2.4 MeV is estimated to be 1.75(26), based on the
spin assignment of the known levels, while the cutoff param-
eter at the neutron separation energy o (S, ) is estimated to be
3.95(60), based on the predictions of the spin cutoff models
of Refs. [26-28]. The shape of the spin distribution predicted
by the Hartree—Fock—Bogoliubov plus combinatorial model
[29] has also been considered and found to be in agreement.
Based on the estimated uncertainties of o (E) and the experi-
mental uncertainties of the resonance spacing, the total NLD
at S, is found to be 1472(427) MeV L.

The level density extracted with the Oslo method extracted
extends up to 3.7 MeV and an interpolation between the Oslo

method data and the neutron separation energy has to be done.
This interpolation uses the constant temperature (CT) shape
[30]

E-Egy

1
pcr(E) = 7¢ T ®)

with shift parameter Eg = S, — T In(T'p(S,,)) to ensure that
the interpolation matches the experimental known o (S,,). The
optimum temperature parameter 7' in the interpolation, as
well as the normalization parameters A and «, are determined
through a least-squares fit between the level density extracted
in the Oslo method and the discrete levels for energies below
E, = 2.4 MeV and the CT interpolation above.

Since the reaction is sub-Coulomb barrier the primary
reaction channel will be neutron capture following inelas-
tic deuteron breakup in the Coulomb field of the 3¢Kr pro-
jectile and 1/2 states are assumed to be strongly favored
in the initial population, and has to be accounted for. Since
the resulting normalized level density found with the Oslo
method will correspond to the level density of 1/2 and 3/2
levels, the total level density is recovered by dividing by
g(Ey. 1/2) + g(Ey. 3/2).

The same normalization procedure has been repeated, but
with an interpolation with a shape matching that of the Back-
Shifted Fermi-gas model [27,31] with the difference in the
resulting normalization included in the error bars. All errors
due to systematical and statistical effects of the Oslo method
[32], together with those related to the normalization process
have been propagated to give the level density with error bars
shown in Fig. 1.

L+ d(*Kr,p)"'Kr (LaBr,:Ce) .
10° 0  From neutron res. data J'JI]
Eooeeeee CT interpolation 4
E ——— Known levels
'> -
Q2
210°
2 f
[7/] .
c L
o
°
] 105—
> E
> E
~ L
1
S I Y Y R AT IR BRI AT
0 1 2 3 4

Excitation energy (MeV)

Fig. 1 Normalized 87Kr nuclear level densities for LaBrs:Ce (red cir-
cles) detectors. The black line shows the known levels while the open
square is the level density at the neutron separation energy. The dashed
line is the constant temperature interpolation. The error bars represent
the upper and lower uncertainty limit due to all known statistical and
systematic effects
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Fig. 2 y-ray strength function of 87Kr (red circles) compared with
the y-ray strength function of 86K extracted from 86Kr(y, y’) (blue
triangles) [35] and 86Kr(y, n) (green squares) [36]. The solid black line
are results from Shell Model calculations with a 78Ni core (see Sect. 5
for details), while the red line is the microscopic HFB+QRPA prediction
[37] for the E1 strength. The error bars include all known statistical and
systematic errors

Table1 Experimental values and parameters used in the normalization.
The spin cutoff at S, o (Sn) is an average of the models presented in
[26-29] while o is estimated from discrete states with known spin. The
level density of 1/2 levels at S, are found using Eq. (4) and the total
level density at S, with Eq. (5). The temperature 7 is determined from
a least-squares fit to data points in the range 2.4 < E, < 3.7 MeV

Do 26.2(21) keV [24]
Dy (J=1/2) 18.8(14) keV [24]
o (Sp) 3.95(60)

o4 1.75(26)

p(Sn, 1/2) 91(5) MeV~!
p(Sn) 1472(427) MeV~!
(Ty0) 0.25(10) eV [33]
T 0.9(1) MeV

The absolute value of the transmission coefficients are nor-
malized to the average radiative width of s-wave resonances
(I'y0) in a process detailed in [34], and converted to y SF by
f(E) =T(E,)/Q2n E;). The value of (I'yo) is estimated
to be 0.25(10) eV based on the measured I',, of s-wave reso-
nances of [33]. The resulting y SF with all errors propagated
are shown in Fig. 2. All experimental values and parameters
used in the normalization process are listed in Table 1.

4 Nuclear level densities and y-ray strength functions

The normalized NLD is shown in Fig. 1 and is in excellent
agreement with the constant temperature level density and
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matches well with the known discrete states at lower excita-
tion energies. The normalized y SF is shown in Fig. 2 and is
consistent with y SFs from 86Kr(y, y’) [35] and 86Kr(y, n)
[36], with the enhancement seen in the (y, y’) data between
6 and 8 MeV caused by a Pygmy resonance [35]. A drop in
the ySFs at ~ 2.1 MeV is caused by the 2123-keV state
in 87Kr, which is strongly populated in the reaction, but
less through feeding from the quasi-continuum. This causes
the first-generation method to over-subtract in the higher
excitation-energy bins, causing an artificial drop in the y SF.
This effect has previously been discussed [32]. At low ener-
gies we observe a large enhancement in the ySF, similar
to what has been observed in several other nuclei [38—44].
Although the upbend has been independently confirmed [45],
little is known of the origin of this feature, except that it is
dominated by dipole radiation [46—48] and that it can have
large effects on neutron capture cross sections [49].

5 Shell-model calculations

Calculations within the shell-model framework predicts the
upbend due to M1 transitions [50]. In this work, large-
scale shell-model calculations of the M1 component of
the ySF were performed in the model space outside the
8Ni core, containing fs/2p3/2p1/289/2-proton and ds 2512
d3/287/2h11,2-neutron orbitals. The effective interaction
employed here is described e.g. in Refs. [51,52]. The diag-
onalization of the Hamiltonian matrix in the full configura-
tion space was achieved using the Strasbourg shell-model
code NATHAN [53]. The spin part of the magnetic oper-
ator was quenched by a common factor of 0.75 [53]. We
computed this way up to 60 states of each spin between
1/2 and 15/2 for both parities. This leads to a total of
around 8 - 10* M1 matrix elements, among which 14,822
connect states located in the energy range E, = 3.4 —
5.4 MeV, as considered in the experiment. To obtain the
average strength per energy interval, (B(M1)), the total
transition strength was accumulated in 200 keV bins and
divided by the number of transitions within these bins. The
¥ SF was obtained from the relation fy1(Ey, E;, Ji, ) =
l6n/9(hc)’3(B(M1)(Ey, E;, Ji,m))p(E;, Ji,m), where
pi(Ei, Ji, ) is the partial level density at the energy of
the initial state (E;). The ySF, shown in Fig. 2, is an aver-
age of the f)s1s evaluated for each spin/parity separately.
The shape of the shell-model y SF is consistent with exper-
imental data up to ~ 3 MeV. Since the model space does
not contain all spin-orbit partners (i.e., vgo,2 and 7 f7,2
orbits) the strength above 4 MeV, due to the spin-flip tran-
sitions, cannot be accounted for. However, the theoretical
v SF exhibits significant strength at £, = 0, as in the pre-
vious shell-model calculations in this mass region [50]. The
largest B(M 1) contributions at low y-ray energies in 8’Kr
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are related to transitions between close-lying negative-parity
states with vds;» ® f;/; g /2 and vds;y ® npg/lzgé /2 com-
ponents. The magnitude of the theoretical M1 strength is
in good agreement with the data as measured in the exper-
iment; however, we cannot exclude an additional contribu-
tion from E1 strength. Recent experimental results in *°Fe
[48] could suggest a mixture of M1 and E1 radiation in the
enhancement region and the addition of a non-zero E1 com-
ponent without an upbend towards £, — 0 MeV is pre-
dicted from shell-model calculations [54]. Including the E1
strength calculations from the Hartree—Fock—Bogolyubov +
QRPA (HFB+QRPA) model by [37] we observe an overall
good agreement between theoretical predictions and experi-
mental results.

6 Neutron capture cross sections

In a statistical framework the 3Kr(n, y) cross section can
be determined from the NLD, ySF and a suitable neutron
optical model potential (nOMP) for 8Kr. Phenomenological
nOMPs e.g. from Ref. [55] are observed to give good agree-
ment with the total cross section for nuclei close to the valley
of stability. We performed Hauser—Feshbach (HF) [56] cal-
culations with the TALYS! code [16], and the optical model
potential of Ref. [55]. A semi-microscopic optical model
[57] was also tested, and gave virtually the same results.
Pre-equilibrium reactions were also taken into account. Tab-
ulated experimental NLD are passed to TALYS, with NLD
at energies above 3.7 MeV generated from the CT interpola-
tion. Up to 2.3 MeV the known discrete levels are used. E1
and M1 strength are tabulated from the experimental y SF
(1.6 < E, <5.2MeV, 2.1 MeV data point excluded) with
the strength outside the experimental region tabulated from
the microscopic HFB + QRPA calculations of [37] for the E1
strength and the strength found in the SM calculations plus
a standard Lorentzian for the M1 spin flip with the default
TALYS parameterization. Decomposition of the experimen-
tal y SF are done by subtracting the SM + spin-flip strength
and assuming the residual being E1.

The capture cross section for astrophysical relevant neu-
tron energies are proportional to the integrated product of
the NLD and y SF at all energies from the ground state to the
neutron separation energy and are the region experimentally
determined. The resulting neutron capture cross section are
shown in Fig. 3. The input parameters have been varied in
accordance with the statistical and systematic uncertainties
to produce the red-hashed error-band. We observe an over-
all good agreement with direct measurements by Bhike et al.
[58] and a decent agreement at higher energies with measure-
ments of Walter et al. [59], while somewhat high compared

! Version 1.9.

= This work
TALYS default

2 R
10 Bhike et al. (2015)
Walter et al. (1986)
Beer et al. (2002)
ENDF/B-VIIl
£ 10
=
£ I
© L
1=
10°° 102 107" 10

Neutron energy (MeV)1

Fig. 3 %0Kr(n, y) cross sections. The red-hashed area represents the
total uncertainty based on both systematical and statistic errors. The
gray and blue lines are from the evaluation of ENDF/B-VIIL.1 [8] and
the TALYS default input, respectively, and is provided for comparison.
The black triangles shows the direct measurements of Bhike et al. [58],
the blue upside-down triangles are results from time-of-flight measure-
ments of Walter et al. [59] and the turquoise circles are the results from
the activation measurements of Beer et al. [60]

with the activation results of Beer et al. [60]. The Maxwellian
average (MACYS) at the typical s-process temperature of 30
keV is found to be 7.2(36) mb, which is higher than the
evaluated value of 3.4(3) mb found in KaDoNis [61]. This
discrepancy can be explained by the fact that HF calcula-
tions will give results that overestimate the MACS for low
temperatures when the level density is low [62]. A possible
resolution could be to use Monte Carlo simulations to gen-
erate statistical resonances from average nuclear properties
as proposed in [63,64].

7 Conclusion

We have presented a novel method for obtaining y SF and
NLD using inverse kinematic reactions, which opens oppor-
tunities to study a wide range of stable and radioactive nuclei.
The d (3Kr, py) reaction was used to measure the NLD and
ySF in 8Kr. The low-energy part of the y SF is found to
exhibit an enhancement. Shell-model calculations were per-
formed and suggest that the enhancement is predominantly
due to low-energy M1 transitions in 87Kr.

The ySF and NLD measurements in 8’Kr were used to
calculate (n, y) cross sections, which are in good agreement
with those from direct measurements, and give confidence
in the approach using inverse kinematic reactions. This is
consistent with the findings of previous work with the Oslo
method and is particularly interesting since direct measure-
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ment of neutron capture cross sections over a wide range of
incident neutron energies is very challenging. It is clear that
y SFs and NLDs provide a viable alternative to obtain reliable
capture cross sections.

With inverse kinematics, new regions of the nuclear chart
become accessible to experiments, which also brings about
new challenges. For exotic nuclei, neutron resonance data are
not known and the normalizing procedure needs to be revised.
One possibility is that the slope of the y SF, and thereby also
the slope of the NLD, could be constrained using a technique
where the ratio of populated discrete states from the quasi-
continuum is used to determine the shape of the y SF [45,65],
leaving the absolute value of the NLD to be determined by
the known discrete levels. Unfortunately, this still does not
determine the absolute value of the y SE. However, reason-
able estimates of the absolute value may be obtained from
systematics of the (I'y o).

Measuring statistical properties of nuclei from inverse
kinematic reactions provides a novel and complementary
foundation for exploring the limitations of the current models
of statistical behavior in the nucleus. It will allow for further
constraining the uncertainties in models which are used in
nuclear astrophysics and reactor physics.
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