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Particle-y coincidence experiments were performed at the Oslo Cyclotron Laboratory with the
181Ta(d,X) and '® Ta(*He,X) reactions, to measure the nuclear level densities (NLDs) and 7-ray
strength functions (ySFs) of 180181182 ysing the Oslo method. The Back-shifted Fermi-Gas, Con-
stant Temperature plus Fermi Gas, and Hartree-Fock-Bogoliubov plus Combinatorial models where
used for the absolute normalisations of the experimental NLDs at the neutron separation energies.
The NLDs and «SFs are used to calculate the corresponding ' Ta(n,y) cross sections and these
are compared to results from other techniques. The energy region of the scissors resonance strength
is investigated and from the data and comparison to prior work it is concluded that the scissors
strength splits into two distinct parts. This splitting may allow for the determination of triaxiality
and a v deformation of 14.9° 4 1.8° was determined for '®!Ta.

PACS numbers: 21.10.Ma, 21.10.Pc, 27.70.4-9

I. Introduction

The v-ray strength function (ySF) and nuclear level den-
sity (NLD) describe the nuclear structure in the region
of the quasi-continuum where the level spacing is too
small to resolve and study individual levels. The ~SF
characterises the average electromagnetic properties and
is related to radiative decay and photo-absorption pro-
cesses [1, 2]. From the NLD the evolution of the number
of levels with excitation energy can be investigated [3]
and related to thermodynamic properties [4].

The vSF and NLD are important input parameters
into reaction cross section calculations in the Hauser-
Feshbach statistical framework [5]. The Hauser-Feshbach
formalism is implemented in the TALYS v1.9 reaction
code [6] which can be used to calculate (n,y) cross sec-
tions. Hence, NLD and SF are nuclear properties of
significance to nucleosynthesis [7] and calculations have
shown that relative small changes to the overall shape of
the ySF, such as a pygmy resonance, can have an order
of magnitude effect on the rate of elemental formation
[8]. It has been shown that measured statistical proper-
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ties can reliably be used to reproduce capture cross sec-
tions that were measured using other techniques [9-11],
although further validations are needed across the nu-
clear chart. Additionally, NLD and 4SF can also be rel-
evant to the design of existing and future nuclear power
reactors, where simulations depend on such nuclear data
[1]. Their importance is highlighted by the efforts which
are currently underway to generate a reference database
for vSFs [12].

A key feature of the 4SF in well-deformed nuclei is
the scissors resonance (SR). The SR is a collective mag-
netic dipole (M1) excitation usually found at excitation
energies F, ~ 2-4 MeV. The SR was predicted several
decades ago [13-16] and first observed in °6Gd a few
years later [17]. A splitting of the SR in 64Dy and
17Yh was reported soon after [18] and interpreted as
a possible measure of nuclear triaxiality [19]. Besides
observations in well-deformed even-even nuclei ([20] and
references therein), the SR has also been observed in less
deformed nuclei, e.g. in vibrational even-mass 22 130Te
[21], transitional 19919205 [22], and in v-soft !3*Ba and
196pt [23, 24] nuclei. The SR has been investigated
through nuclear resonance fluorescence (NRF) [25], reso-
nance neutron capture [26], and through the Oslo Method
in the rare-earth [27] and actinide [28-31] regions. A re-
view of the theoretical and experimental findings can be



found in Ref. [20].

In this paper we present results of the NLDs and vSFs
for 180181182y from six reactions. Three different level
density models are used and compared for the normali-
sation at S,. From the (d,p)'®2Ta data the ®1Ta(n,y)
cross section is calculated using TALY'S and compared to
previous results. The emergence of the SR in the tran-
sitional nucleus '®'Ta is investigated and compared to
other work. The paper is structured as follows: in Sec.
IT the experimental setup is presented and Sec. III pro-
vides a brief overview of the Oslo method and the differ-
ent level density models that were used. Sec. IV presents
the 181Ta(n,y) cross section and a comparison to other
work, while Sec. V investigates and discusses the pres-
ence of the SR in '¥!Ta. A brief summary is given in Sec.
VI

II. Experimental Setup

Three experiments were performed at the Oslo Cy-
clotron Laboratory (OCL) at the University of Oslo us-
ing a self-supporting 0.8 mg/cm? thick natural tanta-
lum target. A deuteron beam of 12.5 MeV was used
for the 181Ta(d,p)'®2Ta and '8'Ta(d,d’)'®! Ta reactions,
while a deuteron beam of 15 MeV was used for the
181Ta(d,t)®Ta reaction and a second '8'Ta(d,d’)!®1 Ta
reaction. A 34 MeV 3He beam was utilised for the
181Ta(*He,®He") 181 Ta and '®1Ta(*He,«)'®Ta reaction.
The SiRi particle telescope [32] and CACTUS scintillator
[33] array were used to detect charged particles and ~-
rays in coincidence within a 2us hardware time window.

The AE-E SiRi particle-telescope consists of eight 130
pm thin, segmented silicon AE detectors and eight 1550
pm thick E silicon detectors. These detectors covered a
polar angular range of 6;,, = 126° — 140° with respect
to the beam axis. The energy resolutions, as determined
from the elastic peaks, are =~ 125 keV for the deuteron
and 350 keV for the 3He beams. 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 16.2% of 47 sr. CACTUS has a total efficiency
of 14.1(1)% and an energy resolution of 6% FWHM for
a 1332 keV ~-ray transition.

The E detectors provided the start signal and the de-
layed Nal(T1) detectors provided the stop signal for the
time-to-digital converters, enabling event-by-event sort-
ing for the particle-y coincidence data. Calibrations
of SiRi was accomplished using individual reactions on
181Ta.,  CACTUS detectors were calibrated with the
28Si(d,p) reaction which provided appropriate y-ray ener-
gies. During offline analysis the prompt time gate was set
to 40 ns for the data sets from >He beams and to 30 ns for
the data from deuteron beams. Equivalently wide non-
prompt time gates were used to subtract and remove the
uncorrelated events from the prompt particle-y events.

III. Analysis

A. Oslo Method

The «SFs and NLDs are simultaneously extracted using
the Oslo Method, which has been covered in the literature
[27, 34-36], and only a brief overview will be presented
here. In the first step the ~-ray spectra is unfolded us-
ing the detector response function. The Compton back-
ground, effects from pair production and the single- and
double-escape peaks are removed from the ~-ray spec-
trum leaving only full-energy deposit events that are cor-
rected for efficiency. The primary 7-rays are extracted
using an iterative subtraction method that separates the
primary v-rays from the total ~-ray cascade. The pri-
mary transitions are collected in the first-generation ma-
trix P(E,, E,) with the assumption that the y-ray dis-
tribution is the same for a state populated through ~-ray
decay or the nuclear reaction. This assumption is valid at
high-level densities where the nucleus is in a compound
state prior to y-ray emission.

The probability for a ~-ray, with energy E.,, to decay
from excitation energy F, to a final energy Ef, with en-
ergy By = E,—E.,, is proportional to the level density at
the final energy, p(Ey) and the transmission coefficient
T(E,). P(E,, E,) is proportional to the decay probabil-
ity and can be factorised as:

P(Ey, Ey) o< T(Ey)p(Ey). (1)

Brink’s hypothesis [37] is assumed to be valid, which im-
plies that the y-ray transmission coefficient does not de-
pend on the properties of the initial and final states but
only on the v-ray energy. A x? minimisation is used to
extract T (E,) and p(Ef) [27]:

1 E’NLCL(L’ E1
X' = N Z Z X
f’l"ee EI:Emin E.Y:E,Vyni" (2)
Pun(Ey, Ey) — P(E,, E)\’
SP(E,, E-) ’

where Ny, is the number of degrees of freedom and
dP(E,, E.) is the uncertainty in the first-generation ma-
trix. The experimental P(E,, E,) and fitted Py, (Ey, E,)
first-generation matrices for !%2Ta are shown in Fig. 1.
Their close similarity encourages an accurate fit. The y?
minimisation was applied in the regions shown in Tab. I.

Within these limits an infinite number of solutions for
P(E, E,) can be found of the form:

p(Ey) = Ae“Fr p(Ey) (3)
and
T(E,) = Be*P1T(EB,), (4)

where A and B are normalisation parameters and « is
the slope of the NLD and ~v-ray transmission coefficient.
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FIG. 1. (Color online) The experimental (a) and fitted (b)
first-generation particle-y matrices from the *¥'Ta(d,p)'®?Ta
reaction with a deuteron energy of 12.5 MeV.

TABLE 1. The regions where the x> minimisation was applied
to data from the different reactions populating *80-181:182y,

Reaction Ebeam E7 B Ee®

(MeV) | (MeV) | (MeV) | (MeV)
(*He,a) ™ Ta 34 1.73 2.97 6.35
(*He,*He’)'®! Ta 34 1.63 2.57 7.38
(d,t)"®*°Ta 15 1.21 2.49 5.18
(d,d")'®' Ta 15 1.21 3.01 6.02
(d,d")'®' Ta 12.5 1.59 2.54 3.84
(d,p)'®# Ta 12.5 1.54 2.54 5.94

B. Nuclear level density

A normalisation is performed to determine the param-
eters A and B and the slope «, corresponding to the
physical solutions, from other experimental data as well
as systematics. The NLD is normalised at low energies
to experimentally measured levels by counting the levels
from the evaluated nuclear data base [38]. At high E,
the NLD is normalised to the total level density at the
neutron separation energy p(Sy).

The functional form of the NLD is uniquely defined
from the 2 fit of the primary 7-ray matrix. It is for
the absolute normalisation at the neutron separation
energy that different level density models, in particu-
lar the spin distribution, play a major role. For this
work three different normalisation models are considered.
The Back-shifted Fermi-Gas (BSFG) [39], Constant Tem-
perature+Fermi Gas (CT+FG) [40], and Hartree-Fock-
Bogoliubov plus Combinatorial (HFB) [41].

The CT+FG normalisation is based on two differ-
ent spin cut-off formulas. Firstly, using the energy-
dependent spin cut-off parameter, the NLD can accu-
rately be obtained from the widely used Constant Tem-
perature model (CT) [39], for 2Ag < E, <10 MeV, where

Ay is the pair-gap parameter [42]. The total NLD p(S,,)
is calculated according to [34]:

- 202 o 1
Do (1 + Dexp(= 535 + Texp(—33)

Dy is the £ = 0 neutron resonance spacing data [43, 44],
I is the initial spin of the target nucleus, and the spin
cut-off parameter o is determined from [45]:

0?2 = 0.3914%°(E, — 0.5Pa)%3'2 (6)

where A is the number of nucleons and Pa is the deuteron
pairing energy. When using this spin distribution the
model will be referred to as CT+FG1. Since the NLD
can only be extracted up to £, — F, and does not reach
Sp, the CT model [46] is used to interpolate between
the experimental NLD and p(S,). The experimentally
extracted '®1Ta NLD with CT+FG1 from all three re-
actions populating '®'Ta are shown in Fig. 2 and are
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FIG. 2. (Color online) The NLDs of *!Ta from the 12.5
MeV '8'Ta(d,d’) (green), 15 MeV '®'Ta(d,d’) (black) and
181Ta(*He,®He’) (red) reactions using the CT+FG1 model.
The solid line represents the level density deduced from known
levels. The dashed line from the CT model [46], interpolates
between the experimental data and p(S,) (black open square).

in good agreement. Secondly, the CT+FG normalisa-
tion uses the spin cut-off parameter as implemented in
TALYS [6]. The E, is divided into two excitation energy
regions: 0 <FE, < Ejs, where the constant temperature
approximation applies and E, > E);, where the Fermi-
gas model applies [47]. Ejs is the matching excitation



energy between the two models. When using the spin
distribution from TALYS the model will be referred to
as CT+FG2.

The microscopic HFB model describes the energy-,
spin- and parity-dependent NLD. This model takes into
account the HFB single-particle level scheme to calculate
incoherent intrinsic state densities which depends only
on FE,, parity and the spin projection on the symme-
try axis of the nucleus. The collective (rotational and
vibrational) enhancement are accounted for, once the in-
coherent particle-hole states densities have been deter-
mined. The resulting microscopic approach reproduces
well the experimental data at known discrete states and
S,,. These NLDs are tabulated in the TALYS software
package.

The BSFG model [39, 48] for the NLD is based on
the Fermi-gas approximation and includes pairing ener-
gies and shell correction effects in its calculations. In this
model the level density parameter and energy shift are
free parameters to allow for a reasonable fit to experi-
mental data.

In the case of 1¥9Ta, neither Dy nor the average radia-
tive width, (I’y9) are known. The p(S,) was estimated
by normalising both p(E,) and T (E,) of '®Ta on the
basis of these functions having the same slope as p(E;)
and T (E,) of ®1:182Tq using eqn. 5. It has been shown
that p(E;) and T (E,) of neighbouring isotopes have the
same slope [4], independent of the normalisation method
used. The spline fit function, as implemented in TALYS
[6], was used to estimate (Ip).

The NLDs of 180:18L182Ty ysing the three normalisa-
tions are shown in Fig. 3. The open squares are the p(S,,)
and the solid lines are the level density calculated by the
individual models. The experimental data are then nor-
malised to these calculations and are superimposed for
comparison. All the models reproduced the Dy within
experimental uncertainties. The different models will be
used later to constrain the upper and lower uncertain-
ties for the cross section calculations. The NLD of the
odd-odd '8%182Ty are higher than that of the even-odd
81Ty due to one extra unpaired neutron in 80:182Ty,
which increases the number of degrees of freedom.

C. ~-ray strength function

Assuming that the statistical y-ray decays are dominated
by dipole transitions the SF is given by [43]:

pz) = T, @

The absolute normalisation parameter B is obtained by
constraining the data to (I’y9) for s-wave resonances by
[49]:
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FIG. 3. (Color online) The NLD of ***Ta from the (d,p) re-
action (a), "' Ta from the (*He,*He’) reaction (b), and *Ta
from the (d,t) reaction (c) are shown with CT+FG2, BSFG
and HFB normalisations (see text for details).

1 Sn
(Iho(Sy)) = 27p(Sp I, 77) Z/o ) (8)

Iy
BT(E,)p(Sn — E,If)dE,,



where 7 is the parity, the subscripts f and T indicate the
final levels and target nucleus, respectively.

The photo absorption cross section, o(E,), can be con-
verted to the ySF by [2]:

_ o(Ey)

The extracted ySFs for 189181182y are shown for each
reaction individually in Fig. 4. For 182Ta (Fig. 4 (a)) the
~SF is relatively smooth in the measured range with a
possible slight enhancement at ~4.5 MeV which has been
reported previously in [50]. The SFs for ¥1Ta exhibit
some features which will be discussed in Sec. V. The vSF
from the 18°Ta(3*He,a) reaction had low statistics result-
ing in larger binning and uncertainties. The uncertain-
ties of the SF normalisation introduced by Dy and (I’yg)
from Refs. [43, 44] were considered by separately extract-
ing upper and lower NLDs and ySF's for the experimental
data, using Dy = Do F6Dg and (I'y9) = (o) £ (6150)
with the CT+FG1. This produces upper and lower error
bands. The parameters used to normalise the vSFs and
NLDs are listed in Tab. II. All vSFs for each nucleus
are plotted together, with data obtained from 18! Ta(v,n)
[51], 181 Ta(y,xn) [52] and ¥ Ta(y, ) [53], in Fig. 5. The
~SFs for the same nucleus obtained from different reac-
tions are quite similar and agree within the uncertainties.
The experimental vSF has contributions from E1 and
M1 transitions, and therefore has to be disentangled.
This is achieved by subtracting the M1 DIM-QRPA
strength [54, 55] (Quasi-Particle Random Phase Approx-
imation based on the Gogny D1M interaction) from the
experimental E14+M1 vSF as shown in Fig. 6. The disen-
tangled E1 and M1 contributions agree well with average
reaction capture (ARC) data from Ref. [56]. The same
procedure was applied in the analysis of 9%92Zr isotopes
[9]. This disentanglement was performed for the experi-
mental strengths from each data set individually.

IV. '%'Ta(n,y) cross sections

The E1 and M1 strengths plus the '®Ta NLDs are used
as input in TALYS. The experimental vSF span the en-
ergy region B < ES*P < S, The data was extrap-
olated for E™" — 0 and E¢*? — S, to reproduce the
experimental (I’,y) values within < 5%. Here ES™P is the
present experimental data. A linear fit was used to ex-
trapolate the data between the vSF and the Giant Elec-
tric Dipole Resonance (GEDR) data.

Whenever possible it is prudent to benchmark exist-
ing (n,y) cross sections to those that can be obtained
using experimental NLDs and 7SFs. The '®1Ta(n,y)
cross sections were calculated using the nuclear reac-
tions code TALYS. The key ingredients in the calcula-
tions of these (n,y) cross sections using the Hauser Fes-
hbach (HF) approach are: the nuclear structure proper-
ties (i.e., masses, deformation, E,, J™, etc), NLD, ~SF

and optical model potentials. The global neutron op-
tical potential of [57] was used for all nuclei in discus-
sion. The Hofmann-Richert-Tepel-Weidenmiiller-model
(HRTW) [58] for width fluctuation corrections in the
compound nucleus calculation was used. The ¥ Ta(n,y)
cross sections have been extensively measured in time-
of-flight [59, 60] and activation [61] measurements. It is
interesting to compared these cross sections with those
obtained from this work. The ¥ Ta(n,y)!®2Ta cross sec-
tions, o(E,), as a function of incident neutron energies
for 0.004 keV to 1 MeV, taking into account the uncer-
tainties affecting the ySFs and the NLDs, have been cal-
culated and are shown in Fig. 7. The cross sections ob-
tained from the different normalisations yield very sim-
ilar results. The ¥1Ta(n,y)!®2Ta cross sections exhibit
a slight divergence below 1072 MeV, but good agree-
ment above 1072 MeV with each other and with previ-
ous measurements. Similar results have been observed
in Ref. [10], where different normalisation models and
spin distributions were explored in detail, yielding the
same results. The agreement further validates that ex-
perimental NLDs and ySFs can be used to obtain (n,y)
cross sections indirectly, and gives confidence in this tech-
nique to determine reliable (n,y) cross sections for which
direct measurement techniques are not currently viable
e.g. Refs. [63, 64].

V. Scissors resonance

The SR is a collective excitation mode dominated by
single-particle events usually found at E, = 666A~1/3,
where ¢ is the quadrupole deformation parameter and A
is the nuclear mass [65]. On a macroscopic level the SR
may be described by the oscillation of the proton and
neutron distributions against each other, similar to scis-
sor blades. On a microscopic level the SR originates from
transitions between Nilsson orbits of AQ) = +1 with the
same spherical j component. The quantum number (Q is
the projection of the total angular momentum onto the
symmetry axis of the nucleus.

A splitting of the SR may be interpreted by means of
~ deformation where triaxial nuclei exhibit three distinct
excitations [19, 66].

1
w1 = (cosy + (\/§> siny)w1,

wa = (cosy — (%) siny)wa1, (10)
2

W3 = Wp1—=
3 Ml\/g

where w1, wo, and wsz are the centroid energies of the
individual SR components and wys; is the energy reso-
nance centroid. Along the third axis, ws is located at low
energies which is typically not within experimental reach
of the Oslo Method. The splitting of the SR of the two
higher-lying components can be calculated by [19]:

sin -y,
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TABLE II. The vSF and NLD normalisation parameters: resonance spacing Dy, average radiative width (Iy), spin-cutoff
parameter o, level density at the neutron separation energy p(S,) from the CT+FG1, level density parameter a, back-shifted

energy Fi, and the neutron separation energy S.,.

Nucleus Dy (eV) (I'y0) (meV) o(S,)° p(Sn) (10° MeV™Y) | a MeV™hH) | E1 (MeV) | S, (MeV)
180y, 0.80 + 0.24% | 62.0 = 5.87 | 4.93 £ 0.49 10.67 + 3.50 17.57 -1.09 6.65
181y 1.11 +£ 0.11¢ | 51.0 £ 1.6* | 4.96 + 0.50 14.58 + 2.80 17.53 -0.37 7.58
182y 418 + 0.15% | 59.0 + 1.8 | 4.88 + 0.49 2.02 + 0.28 17.44 -1.04 6.06

@ Average value from [43] and [44].
® Calculated using Eq. 6
¢ See text for details.

4 No experimental values of °Ta are available. See text on how the normalisation parameters were obtained.

Aw = w; — wy = w1 7 sin 7.

For axially symmetric nuclei (y=0) the ws component is
absent and the w; and we components are degenerate.

Cross sections from (v,7') and (v, z) reactions [53, 62]

were converted to ySF data with Eq. 9. The resonances

of ¥Ta for E, < 9 MeV were fitted with standard

Lorentzian functions, while for the components of the
GEDR (purple dashed lines), the enhanced generalised

(11)

Lorentzian functions were used, as shown in Fig. 8. The
GEDR parameters were slightly modified from the aver-
age values of Refs. [43, 44] to better match the experi-
mental data. From (,7’) data the enhanced ySF, for 6
MeV < E, < 8 MeV (dark-blue dashed line in Fig. 8)
was suggested to be due to the E1 pygmy resonance [53].
A slight change in the gradient at around 4.5 MeV was
noted for ¥2Ta in [50], and this feature is also visible in
our data and assumed to be a resonance at ~ 4.3 MeV
(green dashed line in Fig. 8). An additional unknown
resonance at 5.8 MeV (light-blue dashed line in Fig. 8)



@%?00000000000000
10° &
g 7
: &
L ﬁ;@% (@) Rar
107
E Bi7a(d,p) **Ta Present Exp.
R o ®'Ta(y,n), Utsunomiya (2003)
a_ o " Ta(y,x), Bergere (1968)
107
E ! ! ! Ll ! ! I
< F
> - S 50000
(] - n @%?000000000
= O
=107 &

;j ! %@% (b) *Ta

1a(He *He')*'Ta 34 MeV
181- ' 18].|.

Ta(d,d) Ta 12.5 MeV
BiT4(d,d) "' Ta 15 MeV
BlTa(y.y"), Makinaga (2014)
8lT3(y,n), Utsunomiya (2003)
BlTa(y,X), Bergere (1968)

ay streng_t\h functio
o

y-r
-
o

o
T

o O + > &

S, @?900000000000000
o°

QEgD
QS 180.
ﬁ@% (c) Ta

v ¥lra(d,9)*°Ta 15 Mev

+ ®'TaCHe,a)'®Ta 34 Mev

o ¥ Ta(y,n), Utsunomiya (2003)
o ®'Ta(y,x), Bergere (1968)

2 4 6 8 10 12 14 16
y-ray energy Ey (MeV)

H

c
o
I

o

FIG. 5. (Color online) The experimental vSFs of %2Ta (a),
181Ta (b) and '®°Ta (c) from present experiments, are com-
pared to data obtained from ' Ta(y,n) [51], **Ta(y,xn) [52]
and "®'Ta(v,v) [563]. The upper and lower uncertainty bands
(green lines) are the combination of statistical, systematic and
experimental uncertainties due to Do and (I%¢). Here, they
are shown only for the data with the largest uncertainties.

was added so that the total fit matches the experimental
data. The resonance parameters used for the fits in Fig.
8 are shown in table III.

The vSF of 181Ta exhibits weak features at 2 MeV
< E, < 3.5 MeV (black dashed lines in Fig. 8, which

- lﬂlTa\(d,py) Present Exp.

L o *™Ta(y,x), Bergere (1968)

s *¥Ta(y,n), Utsunomiya (2003)
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FIG. 6. (Color online) The experimental vSFs have contribu-
tions from E1 and M1 transitions and need to be disentangled.
The disentangled E1 and M1 contributions for *82Ta are com-
pared to ARC data from Ref. [56].

TABLE III. The resonance centroid w, amplitude o and half
width at half maximum I' used to fit the vSF resonances.
Enhanced generalised Lorentzian functions were used to fit
the GEDR and standard Lorentzian functions were used for
the other resonances.

w (MeV) o (mb) T (MeV)
2.2 0.2 0.4
2.9 0.3 0.5
4.4 2.3 1.3
5.8 8.5 1.0
7.3 21.8 1.1
12.7 340 2.8
15.6 320 3.6

are found in the typical energy range for the SR [20].
From this work the distinction between M1 and E1 is not
possible but the assignment to the SR and its location in
181Tq is corroborated by previous measurements [67, 68].
The SR splits into two peaks, at £, = 2.16 £ 0.04 MeV
and £, = 2.91 £ 0.05 MeV, which is consistent with
the fragmentation observed in Ref. [67]. The average
splitting of the SR peaks in ¥'Ta is Aw = 0.75 %+ 0.06
MeV. Using Eq. 11 a v deformation of 14.9° £ 1.8° is
calculated. No additional strength is observed for ®9Ta
or '¥2Ta in the energy region of the SR.
Potential energy surface calculations for
were performed with the Cranking Nilsson model plus
Shell correction method [69-71] with pairing-gap values
adopted from Ref. [72] and are shown in Fig. 9. From
these it is apparent that the ground-state configurations
in 181 Ta and '82Ta exhibit a v minimum, between 0°-15°
and a deformation parameter of €5 =~ 0.2. The defor-
mation parameters § and e; are the same to first order.
From this, 8%182Ta show some softness towards ~ in the

181,182,
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FIG. 7. (Color online) The present ‘' Ta(n,y) cross section (bands) obtained from the **'Ta(d,p)'®>Ta reaction, compared to
previous measurements [59-61]. The upper and lower limits are indicated by the black-dotted line obtained using the CT+FG1
model and are due to the statistical and systematic uncertainties on the experimental NLD.
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FIG. 8. (Color online) ''Ta data from the 15 MeV

181 a(d,d’) ¥ Ta, ¥ Ta(y,y") [53], and ¥ Ta(vy, X) [62] reac-
tions. Various resonances were identified (see text for details)
and contribute to the total fit (red line) that best matches the
experimental data.

form of y-vibration and are collectively prolate which is
in agreement with v = 14.9° £ 1.8° extracted from the
splitting of the SR and based on the theoretical explana-
tion of ref. [19]. This v deformation is also in agreement
with those predicted in Refs. [73, 74].

The neutron capture y-ray spectra [50] of the odd-odd
nuclei 42Pr, 160Th, 166Hp, 76Ty, 82Ta, and "8Au are
particularly interesting and can shed light on the above
results. The large deformation of e ~ 0.32 [73] in '°Tb
appears to produce a relatively localised strength at F,
= 2.5 MeV despite the two odd nucleons. Fragmentation
increases for '*Ho and '7%Lu as deformation is somewhat
reduced to ez ~ 0.30 [73]. For 42Pr, ¥2Ta and %8Au
deformation is further reduced and may explain why the
resonance is not identifiable. This is consistent with the
proportionality of B(M1) with the square of deformation
[75]. While higher detection sensitivity [67] reveals the
presence, albeit fragmented, of the SR in '8 Ta, the ad-
ditional odd neutron and a slightly reduced deformation
is sufficient to fragment the SR strength to a level that
it is not observable in 89Ta and '¥2Ta.

Low-lying excitations of 8! Ta were investigated using
NRF experiments [67, 68]. It was suggested that the
SR was rather weak and splits into two parts. From our
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FIG. 9. (Color online) Potential energy surface calculations
with the Cranking Nilsson model plus Shell correction method
for the ground states of 85182 Ta, see text for details.

work, it can be concluded that a weak SR is observed with
split centroids located at 2.16 MeV + 0.04 MeV and 2.91
MeV + 0.05 MeV, in agreement with NRF measurements
[67, 68]. The case of 182Ta is similar to that of 17198 Ay
[76] where no SR is observed.

The current results support nuclear triaxiality as the
likely mechanism of SR splitting in '8 Ta however there
are alternative explanations. The SR splitting was pro-
posed from microscopic calculations [77], which were able
to explain the observed splitting in the actinide region
[28-31], where the triaxiality argument does not hold due
to a mismatch of B(M1),2/B(M1),1, from the B(M1)
values of the individual SR components, and from the
extracted v deformation [28]. In these calculations the
SR mode of protons oscillating against neutrons is ac-
companied by a lower-energy nuclear spin scissors mode
where spin-up nucleons oscillate against spin-down nucle-
ons. Despite systematic axially deformed QRPA calcula-
tions [54, 55], the evolution of the SR across the nuclear
chart is still not fully understood. For a complete un-
derstanding of the interplay of the SR with other nuclear
structure properties, such as the coupling to unpaired
nucleons and its dependence on nuclear shape, the per-
sistence of the SR in transitional regions of the nuclear
chart has to be investigated further.

VI. Summary

The NLDs and ySFs of 80181182y were measured at
the Oslo Cyclotron Laboratory. Six independent data

sets from '81Ta(d,X) and '8'Ta(*He,X) reactions were
analysed with the Oslo Method. The total NLDs at
the neutron separation energies and their uncertainties
were calculated using three different models, the BSFG,
CT+FG (1,2), and HFB plus Combinatorial models.

The comparison between the 18! Ta(n,y) cross-sections
calculated with TALYS v1.9 using the measured NLD
and ySF and the results from direct measurements is sat-
isfying and reinforces the appropriateness of using NLDs
and ySFs for the determination of neutron capture cross
sections.

The 7 deformation of 14.9° 4 1.8° for ¥!Ta was cal-
culated and this v softness, together with the unpaired
nucleon, may be an explanation for a significant fragmen-
tation of SR strength. Nuclear triaxiality may be consid-
ered as a possible mechanism of the observed SR splitting
in '8'Ta, but further experimental work and theoretical
guidance on possible observables and specific experimen-
tal signatures for the spin-SR mode are desirable.
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