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Abstract. Enhanced y-decay on the tail of the giant electric dipole resonance, such as the scissors or
pygmy resonances, can have significant impact on (n,y) reaction rates. These rates are important input for
modeling processes that take place in astrophysical environments and nuclear reactors. Recent results from
the University of Oslo indicate the existence of a significant enhancement in the photon strength function for
nuclei in the actinide region due to the scissors resonance. Further, the M1 strength distribution of the scissors
resonances in rare earth nuclei has been studied extensively over the years. To investigate the evolution
and persistence of the scissor resonance in other mass regions, an experiment was performed utilizing the
Nal(Tl) y-ray detector array (CACTUS) and silicon particle telescopes (SiRi) at the University of Oslo
Cyclotron laboratory. Particle-y coincidences from the '8! Ta(d,p)'®?Ta and '3!Ta(d,d’)'®' Ta reactions were
used to measure the nuclear level density and photon strength function of the well-deformed '®!Ta and '32Ta
systems, to investigate the existence of resonances below the neutron separation energy.

1. Introduction

The photon strength function (PSF) characterises the
average electromagnetic properties of an excited nucleus
and it is related to radiative decay and photo-absorption
processes. The total PSF can be described by various
resonances, such as the giant electric dipole resonance
(GEDR). The nuclear level density (NLD) is a measure-
ment of the number of levels at a given excitation energy.
The PSF and NLD are average properties used to describe
the nucleur level structure when it is in the region of the
quasi-continuum where the level spacings are comparable
to the level widths.

The PSF and NLD are used as input parameters
in reaction cross section calculations in the statistical
framework of Hauser and Feshback through code like
Talys [1], and are relevant to the design of existing and
future nuclear power reactors, where simulations depend
on the many evaluated nuclear reactions involved [2]. They
also play a central role in elemental formation during
stellar nucleosynthesis [3]. Calculations have shown that
relative small changes to the overall shape of the PSF, can
have an order of magnitude effect on the rate of elemental
formation [3].

The SR was first observed in well deformed nuclei
[4], but it has since been observed in vibrational,
transitional and y-soft nuclei too. The SR has been
investigated through nuclear resonance fluorescence
(NRF) experiments in various isotopes [5] and also through

the Oslo method [6,7] in the rare-earth and actinide
regions. Although much knowledge has been obtained
about the SR over the years [8], its evolution across the
nuclear chart is not well understood. To fully understand
the interplay of the SR with other nuclear structures
properties, such as coupling to unpaired nucleons and
dependence on nuclear shape, the extent and persistence
of the SR in transitional regions of the nuclear chart has to
be investigated.

2. Experimental setup

The experiment was performed at the cyclotron laboratory
of the University of Oslo (OCL) on a self-supporting
0.8 mg/cm? thick tantalum target. A 12.5MeV deuteron
beam was used for the reactions 181Ta(d,p)mTa and
181Ta(d,d’)'8! Ta. The SiRi particle telescope and CACTUS
scintillator arrays where used to detect charged particles
and y-rays which were in coincidence with a 2 us
window [9,10].

The SiRi particle telescopes consists of 8 thin,
segmented Si AE detectors 130 um thick and 8 E
Si detectors 1550 um thick. These detectors covered
scattering angles of 0;,, = 126° — 140° with respect to the
beam axis. The CACTUS array consists of 26 Nal(Tl)
detectors with 5” x 5” crystals positioned 22 cm away
from the target covering a solid angle of 17% of 4w sr.
CACTUS has a total efficiency of 14.1% and an energy
resolution of 7% FWHM for a 1332 keV transition.
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Table 1. The PSF and NLD normalisation parameters.

Nucleus | Dy (eV) <TI,(S,) > (meV) o (mb) 0(S,) (10°MeV—T)
81Tq 1.1 £0.1 51+£1.6 49+0.5 2.0 +0.30
182Ta 42402 59+ 1.8 50+£0.5 15.0 £ 3.5

3. Oslo method

By using various analytical techniques the PSF and NLD
can be simultaneously extracted using the Oslo method.
This method has been covered extensively in the literature
[11,12] and only a brief overview will be given here. The
first step is to unfold the y-ray spectra using the detector
response function. The Compton background, effects from
pair production and the single and double escape peaks are
calculated and removed from the y spectrum. This leaves
only full energy deposit events. From the unfolded data
the first generation y-rays can then be extracted. From the
distribution of the first generation y-rays the PSF and NLD
can be extracted and normalised.

The decay of a y-ray to a specific final energy is
independent of the reaction that formed the nucleus. This
assumption is true for high level densities where the
nucleus is in a compound state prior to y-emission [13].
The probability for a y-ray to decay from excitation energy
E. to Ey, with energy E; = E, — E,, is proportional
to the level density at the final energy E; and the
transmission coefficient T(E,). It is assumed that the
transmission coefficient is independent of the initial
excitation energy of the nucleus. The first generation
y-ray matrix is proportional to the decay probability and
therefore it can be factorised as [11,12]:

P(E, Ey) < T(Ey)p(Ey) )

where p(Ey) is the level density at the final energy. A
x* minimisation between the theoretical and experimental
first generation matrix can be used to extract T(E,)
and p(Ey). There is an infinite amount of solutions for
P(E, E,) of the form:

P(Ey) = Aexpla(E — E,)]p(Ey) 2

T(E,) = Bexp(aE,)T(E,). (3)

Normalization is performed to determine the correct A,
B and o values. The NLD is normalised at low energies
to experimentally measured levels by simply counting the
levels. At the neutron separation energy S,, normalization
is achieved from level densities calculated from neutron
resonance spacing data. Since the NLD does not reach S,
the constant temperature model [14] is used to interpolate
between the experimental NLD and p(S,). The PSF is
normalised from the experimental average total radiative
width and given by:

T(Ey)_
27 E3

F(Ey) = “4)

4. Scissors resonance

The SR is a collective excitation mode dominated by single
particle events usually found at E, = 665A'/3, where § is
the deformation parameter and A is the nuclear mass [15].

It is a M1 resonance that has been observed in various
well deformed nuclei in the rare-earth and actinide regions
[6,16]. On a macroscopic level the SR can be described
by the oscillation of the proton and neutron distribution
against each other, like the blades of a scissors. On
a microscopic level the scissors resonance is made up
by transitions between levels 2 = 2 £ 1 with the same
spherical j component. €2 is the quantum number used to
describe the projection of the total angular momentum onto
the symmetry axis. The experimental SR strength can be
estimated by using [6]:

BM1) = < <GF> , (5)

327‘[2 Wpm1

where o is the cross section, I' is the radiative width and
wy is the energy centroid. A theoretical prediction of
the SR strength can also be found by using the sum rule
approach [17]:

By = le%GIV(gp — g 1y (6)
where 6;y is the isovector moment of inertia, which here
is the rigid-body moment of inertia, g, and g, are the
bare gyromagnetic factors for protons and neutrons and
wy is the nucleon magneton. '8! Ta is well deformed with a
deformation parameter § ~ 0.265 and '$>Ta with § ~ 0.255
[18]. From this significant deformation, not considering
other factors, a strong SR may be expected. Initially, SR
experiments only investigated even-even nuclei, since it
was thought that in odd-even nuclei the SR strength would
be more fragmented, due to the unpaired particle inducing
a large fragmentation in the M1 strength distribution
[19]. However, contrary M1 strength distributions were
eventually found. Some odd-even nuclei, 155G4, 7Gd,
165Ho, '7Er and 'Tm are characterised by large
fragmented M1 strength distributions which may be
attributed to the unpaired nucleon [19]. Other odd-even
nuclei, '®'Dy, "°Tb and 3Dy, however, show localised
M1 strength distributions [19]. The investigation for the
SR was extended to less deformed nuclei, for example
y-soft, vibrational and transitional nuclei. The SR was
found to be reduced by 25% in y-soft nuclei compared
to other good rotors [20]. Additionally tantalum lies in a
transitional region of gradual nuclear shape change, which
may influence the SR strength.

5. Results

The parameters used for normalising the PSF and NLD are
listed in Table 1. The resonance spacing, Dy, and average
radiative width < I',,(S,,) >, are averages from values of
[21] and [22] and the spin cutoff parameter, o, is calculated
from [23].

The NLD of '8":!32Ta are shown in Fig. 1 and the
PSF of '81.132Ta are shown in Fig. 2. In order to take
the uncertainties of Dy and (I',(S,)) into account, upper
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Figure 1. The NLD of "¥"182Ta are shown by the filled black
squares, the arrows indicate the regions where normalization
took place, the open square is the neutron resonance spacing
data, the dashed line is the constant temperature model used
for extrapolation and the solid line is the known experimental
measured level densities [24].

-
S
&

o
e
%

3 w2,
— [ Upper errors
".’> C IE)O\INea etrrors j i
1 slo data ikl
%’107; guuél”“”
E ]
~ C sadt?
g | LN et
— 10
e E
O E
c c
5 [
S 1 1 1 1 1
S0t e
[ £ Upper errors
o Lower errors
0107 Oslo data ié
F H
> r .“,,..n‘iﬂ
% = L]
08

y-rgay eneréy EY (MeAV)

Figure 2. The PSF of '3:!82Ta with their respective upper and
lower error bands.

and lower limits are defined by Dy = Dy F 5Dy and
< I'(S,) >=< I'(S,) > £ < §I(S,) >.

The photo absorption cross section data from other
measurements can be converted into PSF by [25]:

o(Ey)

f(Ey) = 73Ey(n’hc)2.

)

With the converted PSF data [26-28] the resonances of
I8LI82Ty are fitted with Lorentzian functions as shown
in Fig. 3. The resonances are: an E1 Pygmy resonance
(dark blue), a M1 spin-flip resonance (light blue), the
split GEDR (purple), the M1 SR (black) and another E1l
(green) resonance added so that the total fit matches the
experimental data. The GEDR parameters are modified
from Ref. [21].

By subtracting the sum of all the resonances, except
the SR, arguably only the SR contribution will remain
and the strength of the SR can be investigated more accu-
rately. The preliminary SR of '8!:132Ta are shown in Fig. 4.
The resonances are fit and Eq. (5) is used to calculate

Figure 3. Resonances of '¥2Ta, see text for details.
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Figure 4. The strength of the SR of '8!:'82Ta obtained by

subtracting the sum of all the other resonances (except the SR)
from the total PSE.

the preliminary B(M,) strengths: B(M;) = 3.01“?:8 u%\, for
'81Ta and B(M,) = 2.8735 113, for '®2Ta. Speculatively we
can say the SR strengths are less than the sum rule predic-
tions of (using the experimental energy centroids) 8.9 u%,
and 11 u3 for ! Ta and '82Ta respectively. This hints at
a possible y-softness. The split SR supports the possible
y-softness, however calculations to refine the results and
investigations into this possibility are still ongoing.

6. Conclusion

The PSF and NLD of '3!Ta and '3Ta are presented in
this paper, from which the SR strength is calculated. In
Ref. [29] low-lying excitations of '8! Ta were investigated
using nuclear resonance fluorescence (NRF) experiments.
It was suggested that the scissors resonance was rather
weak and split into two parts. The total SR strength in
the energy range E, = 1.8 — 4MeV of '8!Ta was found
to be 1.3+£0.2 u%. This is less than 50% compared
to "'Ta: B(M;)=3.0"% u% and 'Ta: B(M)) =
2.8%3% 13, from this work.

The SR strength is less than what the sum rule predicts
hinting at a possible y-softness however due to the large
uncertainties the SR strengths are uncertain. In order to
fully understand the dependence of the SR on unpaired
nucleons and nuclear shapes, more data needs to be
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collected, specifically on nuclei that are y-soft and odd-
odd in nature. Further work is needed to identify the extent
and persistence of the SR, in order to understand the
evolution of this resonance which can have a significant
impact on astrophysical reaction rates.
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