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Nuclear level density and y-ray strength function of **Ni
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The nuclear level density (NLD) and y-ray strength function (y SF) of ®*Ni have been investigated using the
Oslo method. The extracted NLD is compared with previous measurements using particle evaporation and those
found from neutron resonance spacing. The y SF was found to feature a strong low-energy enhancement that
could be explained as M1 strength based on large-scale shell model calculations. Comparison of y SFs measured
with the Oslo method for various Ni isotopes reveals systematic changes to the strength below 5 MeV with

increasing mass.
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I. INTRODUCTION

Statistical properties of nuclei such as the nuclear level
density (NLD) and y-ray strength function (ySF) provide
valuable insight into the structure of the nucleus. Such nuclear
data are also vital for many applications [1,2], for exam-
ple astrophysics [3], advanced fuel cycles [4], and nuclear
waste transmutation [5]. Measurements of NLDs and y SFs
are particularly important for those applications when reaction
cross sections cannot be measured through direct tech-
niques, since they are essential input for statistical reaction
theory [6].

The Oslo method is a powerful analytical method that
allows for simultaneous extraction of nuclear level density
and y-ray strength functions from particle-y coincidences
following reactions with light ion beams [e.g., (p, p'), (d, p)
etc.] [7]. The method has been extended to be used in
conjunction with total absorption spectrometry following S
decay (B-Oslo method) [8], and particle-y coincidences from
inverse-kinematics experiments [9].

The Oslo method itself does not provide the absolute NLD
and y SF values, but rather the functional shapes. In order to
determine the correct common slope of the NLD and y SF,
as well as their absolute values, a normalization to auxiliary
experimental data is required. Typical data for normalization
are the s-wave resonance spacing, discrete resolved levels,
and average radiative width. The reliance on external data
means that the accuracy of the final NLD and y SF is mostly
determined by the accuracy of those data. The resonance spac-
ings and radiative widths can be highly uncertain, especially
in nuclei with few resonances. For the majority of unsta-
ble nuclei these have not even been measured. This means
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that alternative approaches for normalization have to be used
especially for cases where no experimental resonance data
are available. For nuclei close to stability these values can
typically be estimated from systematics in the vicinity of the
nucleus using models [8]. The downside of such normalized
NLDs and ySFs is the introduction of model dependencies,
which may result in large uncertainties. A model-independent
approach is the use of the Shape method [10,11] to determine
the slope of the y SF, however, the method requires sufficient
particle energy resolution and a well-known level structure
with resolvable energy spacing at low excitation energy. In
this paper we will look at a possible third option in which
only NLD from known discrete states is used to normalize
the NLD. Provided the discrete level scheme is sufficiently
complete, such an approach will result in a model-independent
normalization of the NLD. This may be particularly important
for measurements in nuclei far away from stability where
NLD models have not been assessed.

In this paper we have analyzed data from a (p, d) reac-
tion on ®Ni to measure the NLD and ySF of ®Ni. The
level density of %Ni has previously been measured using
particle evaporation spectra and shows significantly lower
NLD than that expected from resonance spacing data [12,13].
This makes *Ni a very interesting case study as a nor-
malization only considering known discrete levels could
resolve the discrepancy. In addition, the y SFs have previously
been measured in several other Ni isotopes and consistently
show a strong low-energy enhancement [14—19]. With this
measurement the NLD and ySF will have been measured
in most stable [14-16,20] and several unstable Ni iso-
topes [17-20], allowing for investigations into the systematics
of the ySF.
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FIG. 1. The (a) raw, (b) unfolded, and (c) first generation matrix. See text for details.

II. EXPERIMENT AND ANALYSIS

The experiment measuring particle-y coincidences from
the *Ni(p, d) ®*Ni reaction was performed with a 27.4 MeV
proton beam accelerated by the Separated Sector Cyclotron
(SSC) at iThemba LABS. The 4.56 mg/cm? thick *Ni target
was bombarded with a beam current of &1 pnA for about 15 h
at the center of the AFRODITE array [21]. The array consisted
of eight Compton suppressed high-purity germanium (HPGe)
CLOVER detectors, six small (2 in x 2 in) and two large
volume (3.5 in x 8 in) LaBr;:Ce detectors. Particles from
the reaction were measured by two silicon detectors of the
S2 type in a AE-E configuration and placed downstream of
the target. The AE detector had a thickness of 309 um and
the E detector was 1041 pm thick. In front of the particle
telescope a 10 um thick aluminum absorber was placed to
shield from § electrons. Signals from the detectors were read
out using Pixie-16 digital pulse processors from XIA. Each
detector was self-triggering and the pulse height, time stamp,
and constant fraction corrections of each event were stored to
disk for off-line analysis.

Particle-y coincidences were found in the list mode data by
placing time gates on the prompt time peak in the particle-y
time spectra. Background events were found by placing an
off-prompt time gate of similar length. The mass and charge
of the ejected particle, and thus the reaction channel, was
selected by applying a graphical cut in the AE vs. E matrix.
For each event the excitation energy of the residual ®*Ni
nucleus was found from kinematic reconstruction assuming a
two-body reaction. The resulting excitation energy and coin-
cident y-ray spectrum were then used to construct the prompt
excitation versus y-ray energy matrix shown in Fig. 1(a).
A similar background excitation-y-ray energy matrix was
constructed from the events in the background time gate.

After applying time and particle gates a total of 3.7 x 10°,
4.8 x 10°, and 5.7 x 10 prompt particle-y coincidences and
7.3 x 10°, 1.0 x 10°, and 7.9 x 10° background events were
found in the CLOVER, large LaBr;:Ce and small LaBr;:Ce
detectors, respectively. The considerably lower background
to prompt ratio for the small LaBr;:Ce detectors can be at-
tributed to their exceptionally high time resolution [22]. In
the following analysis only particle-y coincidences in the
large LaBr3:Ce detectors were considered as these exhibit far
superior efficiency at high y-ray energies, which is important
in the Oslo method.

A. Oslo method

The starting point for the Oslo method is the excitation-y
matrix. The first step is to correct for the response of the y de-
tector using the unfolding method [23]. The response function
of the setup was found from simulations of the AFRODITE
array using a model implemented in GEANT4 [24,25]. The
resulting unfolded matrix is shown in Fig. 1(b). The peak at
E, =3.6 MeV to the ground state was fitted and subtracted
from the unfolded spectra with the justification being that this
state is only populated directly from the reaction and has no
feeding from the quasicontinuum.

Next is to find the first generation matrix using the first
generation method [26]. The resulting first generation matrix
contains the distribution of the first y rays emitted in cascades
depopulating each excitation bin and is shown in Fig. 1(c).

The first generation matrix is proportional to the NLD and
y-ray transmission coefficient via [7]

F(Eya Ex) 0.8 T(Ey)p(Ex - Ey)7 (1)
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FIG. 2. ®*Ni primary y-ray distribution at excitation energy
4 MeV (top left), 5 MeV (top right), 5.75 MeV (bottom left), and
6.4 MeV (bottom right). Red dots show the experimental first gen-
eration spectra, while the solid black line is the product of the fitted
NLD and y SF.

where T'(E,, E,) is the bin with y-ray energy E, and ex-
citation energy E,. 7 (E,) is the transmission coefficient
for y-ray energy E, and p(E; — E,) is the level density
at the final excitation energy Ey = E, — E,,. The NLD and
y-ray transmission coefficients are extracted from the first
generation matrix by fitting a theoretical matrix

P(Ex — E,)T(Ey)
K @
> PE—E)T(E, )

EV _Emm

Fth(Ey JE) =

where p(E, — E, ) and T (E, ) are treated as free variables for
each final energy Ey = E, — E,, and y-ray energy E, . The fit
was done by minimizing

- T(E,, E;) — Tw(E,, E)\’
= Z( AT(E, . Ey) ) O

E\.E,

The region of the first generation matrix fitted was limited to
a minimum y -ray energy of 1500 keV and excitation energies
between 3100 keV and 6600 keV to ensure only statistical
decay was included. The region is highlighted by the dashed
line in Fig. 1(c). The resulting theoretical first generation
matrix are shown for a few select excitation bins together with
the experimental matrix in Fig. 2.

The NLD and y-ray transmission coefficients resulting
from the x2 minimization are not the physical values, but
rather the shape as Eq. (3) is symmetric under transformation

pEx—E,) =Ap(E, — E, Ye* Ex—Ey)
T(E,) = BT(E, )", %)

where A, B, and « are transformation parameters. To ob-
tain the physical transformation for the extracted NLD and

y-transmission coefficients, a normalization to external data
has to be performed, see Sec. III. The ySF is related to the
transmission coefficient via f(E,) = T(E,)/ (271E;), under
the assumption that dipole transitions dominate the transmis-
sion coefficients.

III. NORMALIZATION OF LEVEL DENSITY AND y-RAY
STRENGTH FUNCTION

The main auxiliary data required to normalize the NLD is
known level densities from tabulated levels and the NLD at the
neutron separation energy S,. Tabulated levels are converted
to level density simply by counting the number of levels
within each excitation bin and dividing by the bin width.
This results in a level density that will have large fluctuations
compared to Oslo method data as the experimental resolution
has not yet been accounted for. The level density from known
levels is smoothed with a Gaussian with FWHM of about 325
keV to match the experimental resolution for final excitation
energy. Tabulated discrete levels were taken from the RIPL-3
library [27].

The level density at the neutron separation energy is found
from the resonance spacing of s-wave resonances Dy by [7]

2 1

P = &(Su, Jy = 1/2) + (S, Ji +1/2) Do’ ©)

where J; is the ground-state spin of the A — 1 nucleus. The
spin distribution g(E,, J) is given by the Ericson distribu-

tion [28]
J2
202(EX)> — P (

with the spin-cutoff parameter parameterized by [29]

J+ 1)
(+)> ©)

g(Eva)ZeXp (_ 2(E)

E<Ed

2
2 d
o (B = {aj + £ (0%(S)) — 03) E > E,. ™
The spin-cutoff parameter of the discrete levels (E; =
2.0 MeV) is estimated to be o, = 2.30(23) from tabulated dis-
crete levels [27] and large-scale shell model calculations [30],
while the spin-cutoff parameter at the neutron separation en-
ergy was estimated to be o(S,) = 3.68(21) estimated from
the models of Refs. [31-33]. The s-wave resonance spacing
Dy = 16.0(30) keV was taken from Refs. [27,34,35] resulting
in a total level density at the neutron separation energy of
1730(363) MeV .

The experimental NLD only extends up to 5.2 MeV and
to properly compare with the level density at the neutron
separation energy the NLD is extrapolated to S, via a constant
temperature (CT) formula [28]

exp (Ex - Eshift)y ®)

1
per(Ey) = = T

T
where the temperature 7' and shift parameter Eg,;s are treated
as free parameters.

Data required to normalize the y SF is the average radiative
width of s-wave resonances, as this value is related to the y SF
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TABLE I. List of parameters used to normalize the NLD and
ySF. The spin-cutoff at S, o(S,) is estimated from the model pre-
dictions of [31-33] while the discrete levels spin-cutoff is estimated
from the discrete states [27] and shell model calculations [30]. The
s-wave resonance spacing Dy are taken from Refs. [27,34,35], while
the (I')) is a weighted average of tabulated radiative widths in
Ref. [34].

S 6.838 MeV
Dy 16.0(30) keV
a(S,) 3.63(21)

E, 2.0 MeV

o (Ey) 2.3(23)

(T,) 534(214) MeV
o(S,) 1730(363) 1/MeV
and NLD via [36]

Dy S 3
<Fy0> = 7‘/0 dEyEyf(Ey)p(Sn - Ey)
X [§(Sn — Ey, 1/2) + 8(Sy — Ey, 3/2)1E,.  (9)

Due to the limits selected (see Sec. I A) for the extraction
of the NLD and ySF the experimental data only extends
up to E, =5.2MeV and E, between 1.5 and 6.6 MeV, re-
spectively. To evaluate the integral in Eq. (9) the NLD was
extrapolated with the constant temperature formula, Eq. (8),
between 5.2 MeV and the neutron separation energy. The
ySF was extrapolated using f(E,) = Ce"r, and f (E)) =
Ce"Er /Eﬁ for energies between 0 and 1.5 MeV, and 6.6 MeV
and the neutron separation energy, respectively. The average
radiative width of s-wave resonances in ®*Ni was found to
be 534(214) MeV by a weighted average of all the tabulated
values found in Ref. [34]. Due to the large spread of the
tabulated values a large uncertainty of 40% was assumed. All
normalization parameters adopted in this analysis are listed in
Table I. The normalization parameters A, B, and o were found
by sampling the posterior probability distribution with total
likelihood function

L) =[]ci®. (10)

using the Bayesian sampling package ULTRANEST [37]. All
experimental data are assumed to be normally distributed,
giving the likelihoods

1
In Lgiscrete = e on®
discrete Xl: 2710];0510 (0)

1 Pj,discrete — pj,Oslo(o) :
52 ( . (D

F Uj,Oslo(o)

1

InLecr = 1

e Xi:n\/ZJTUj,Oslo(m
1 pict — pioste®))
_EZ( j,CT '7,0sl ) ’ (12)

Uj,Oslo(o)

| i eops, 1 Bxdops,
E 10% | —— Known levels — CT fit
& F— CTfit  p(Sh)
= B +lo +lo
:‘E i Fit region
g 10°
e r
s} I
>
2 I
g 0
= b
g F
z |
0 |
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FIG. 3. The extracted and normalized NLD. The red and blue
circles are the experimental values, while the black solid line is the
level density from the known resolved levels convoluted with the
experimental resolution. The black solid square is the level density
at the neutron separation energy found from the s-wave resonance
spacing reported by [27,34,35]. The red solid line shows the level
density from the fitted CT model while the red shaded area is the
+10 confidence interval.

2
InC,, — (Psn pSn,CT(0)> , (13)

Gps;x

(FV0>exp - <Fy0>0slo(0)>2. (14)

U<r70>exp

In E(ry(]) = (

The parameters 6 = (A, B, o, T, Eqis, 0p, 05,) have a uni-
form prior between 0 and 5 for A and B and —1 MeV ™!
and 1 MeV~! for «. The temperature and shift parameters
also used a uniform prior between 0.2 and 2 MeV and —10
and 10 MeV, respectively. The spin-cutoff parameters were
included as nuance parameters with normal distributed priors
to ensure proper propagation of errors. The resulting normal-
ized NLD and y SF are shown as red circles in Figs. 3 and 4,
respectively. The discrete likelihood, Eq. (11) was limited to
data points between 2 and 2.7 MeV, while the CT formula
was fitted between 3.2 and 4.7 MeV. To investigate the sen-
sitivity to the resonance spacing the analysis was repeated,
but excluding Eq. (13) in the total likelihood and resulted in
the NLD and ySF shown as blue circles in Figs. 3 and 4,
respectively.

In many cases, normalization of the NLD and ySF can
be further constrained by applying the Shape method [10,11],
such as in the cases of '“>!#~15INd [38] and '?°Sn [39]. Here
however, we did not pursue this option as poor excitation
energy resolution prevented us from distinguishing between
decays to levels with known and unknown spins and parities.

IV. DISCUSSION AND COMPARISON

A. Level density

We find that the experimental NLD fits exceptionally well
with the tabulated discrete NLD up to about E, ~ 3.6 MeV
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FIG. 4. Extracted y SF when including the NLD at S, from res-
onance spacings in the normalization are shown by the red circles
while the blue circles only consider the level density from known lev-
els. The orange diamonds are the y SF of °'Ni measured by Ref. [16].
The black line shows the calculated M1 strength from shell model
calculations [30] considering only decay from levels within the fit
region, while the dash-dotted line includes all levels found in the
shell model calculation.

indicating that the level scheme might be complete up to
even higher excitation energies, than the evaluated E, =
2.7MeV [27].

Comparing the two normalizations we see that the one
including po(S,) results in a slightly steeper slope. Overall the
two normalizations are well within the error bars of each other
demonstrating that normalizations without knowledge of the
NLD at the neutron separation energy are viable.

Figure 5 shows the NLD compared with the experimental
NLD found from particle evaporation spectra [12] and the
NLD found in large scale shell model (SM) calculations [30].
The SM results clearly overestimate the NLD between 1.8 and
3.7 MeV while underestimating above 4 MeV up to around
6 MeV where the model space seems to be exhausted. The
NLD found from evaporation studies fits well within the error
bars up to about 4.5 MeV where the presented NLD seems to
tend to higher densities.

In Fig. 6 the NLDs of 3%:60-64.63.67.69.70Nj [14,15,17-20] are
shown together with the measured ®*Ni isotope. We observe a
trend for E, > 2 MeV with the absolute NLD increasing with
mass number. All the odd-A nuclei clearly have higher NLDs,
as expected due to the unpaired neutron [40].

B. y-ray strength function

The extracted ySF features a strong up-bend at low
energies similar to what has been seen in other Ni iso-
topes [14-18,20], as well as other nuclei in the same mass
region [41-43]. Comparing the measured strength function
to the M1 strength predicted from the SM calculations in
Ref. [30] we see that qualitatively these have a similar shape,
although the absolute values of the SM calculations are con-

. ¢ Exp. inc. Dy ¢ Exp. excl. Dy
> 10% 1 t Voinov et al. ® p(S,)
E I —— Known levels ----- Shell model B g0
= | —CT fit ’
£ | —CTHht e
& 2
<) 10 =
o r
o L
ks |
g 0
S I
2
10°

Excitation energy [MeV]

FIG. 5. Comparison between the presented NLD shown by the
open and filled black circles and the NLD found in large-scale
shell model calculations [30] shown by the dash-dotted line. The
black solid square is the level density at the neutron separa-
tion energy found from the s-wave resonance spacing reported by
Refs. [27,34,35], while the green open boxes represent the NLD
found in particle evaporation studies by Voinov et al. [12].

siderably lower. Comparison with the photoabsorption cross
section of ®'Ni [16] shows a reasonably good agreement as the
giant dipole resonance evolves slowly with mass number. The
normalized ySF has a considerably large uncertainty band
with the dominating contributing factor being the uncertainty
in the average radiative width. Excluding the p(S,) in the nor-
malization does also have a large impact on the uncertainties
of the normalization for the y SF, increasing the size of the
error bars from ~45% to ~80%, especially at higher y-ray
energies.

In Fig. 7 we show the ySF for
together with the presented ySF. From this comparison we
can see a clear trend with the strength below ~4.5 MeV
significantly decreasing with higher mass numbers. This is
especially apparent in the unstable neutron-rich nuclei (A =

59.60,64.65.67.69.70Nj; [14-19]

104
B
c
<10 /‘/
= =l
é 102 F "/-'
3] ‘a
< et
B 1
g 10 — 3N} — Ni
—
8 === 60Nj - - - - 64Nj
g 1w —— 65Nj — O7Ni
Z GQNi 70Ni
-1
10 4 6 8 10

Excitation energy [MeV]

FIG. 6. NLDs measured with the Oslo method in Ni isotopes.
The NLDs of 7%:60:64.65.67.69.70Nj are taken from Refs. [14,15,17-20].
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FIG. 7. ySFs measured with the Oslo method in Ni isotopes. The
y SFs of 3-60:64.65.67.69.70Nj are taken from Refs. [14—19].

67,69, and 70). The outlier is the ySF of %Nji, which have
the highest strength overall.

V. SUMMARY

We have measured the NLD and ySF of %*Ni and found
that the NLD agrees well with that found from known levels,
and are compatible with the NLD at the neutron separa-
tion energy found in neutron resonance studies. The NLD

of Ref. [12] agrees with the presented NLD for excitation
energies up to about 4.7 MeV where the presented NLD seems
to be somewhat steeper. Based on this we conclude that our
results tend to favor the NLD found in resonance studies,
rather than those of Ref. [12]. The reason for the discrepancy
remains unknown and warrants further investigation.

The measured y SF features a strong low-energy enhance-
ment similar to that found in other Ni isotopes. Shell model
calculations from Ref. [30] suggest that the enhancement may
be due to M1 transitions within the quasicontinuum. Com-
pared with (y, n) [16] data for ®'Ni there may be a pygmy
resonance around 7-8 MeV, but due to the large uncertainties
in the absolute value of the measured ySF we cannot con-
clude.

In general the exclusion of s-wave spacing in the overall fit
of the NLD and y SF resulted in very similar results, although
with considerably larger uncertainties when extrapolating to-
wards the neutron separation energy. Based on this we can
conclude that if the level scheme is sufficiently well known a
reasonably good normalization for the NLD can be obtained
even without resonance data.
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