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Low-lying octupole isovector excitation in '**Nd
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The nature of low-lying 3~ levels in '**Nd was investigated in the '*Nd(n, yy) cold neutron-capture reaction.
The combination of the high neutron flux from the research reactor at the Institut Laue-Langevin and the high
y-ray detection efficiency of the EXILL setup allowed the recording of yy coincidences. From the coincidence
data precise branching ratios were extracted. Furthermore, the octagonal symmetry of the setup allowed
angular-distribution measurements to determine multipole-mixing ratios. Additionally, in a second measurement
the ultra-high resolution spectrometer GAMS6 was employed to conduct lifetime measurements using the
gamma-ray induced Doppler-shift technique (GRID). The confirmed strong M1 component in the 35 — 37
decay strongly supports the assignment of the 3 level at 2779keV as low-lying isovector octupole excitation.
Microscopic calculations within the quasiparticle phonon model confirm an isovector component in the wave
function of the 35 level, firmly establishing this fundamental mode of nuclear excitation in near-spherical nuclei.
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Recently, with the observations of strong B(E3,0" —
37) reduced transition probabilities for 2>°Rn, but in partic-
ular for ?**Ra [1], the nuclear octupole degree of freedom
has experienced a renaissance. The observed strong B(E3)
value for **Ra suggests octupole correlations in the ground
state, which are in interplay with the quadrupole deformation
predicted to enhance a possible CP-violating nuclear Schiff
moment (e.g., see Refs. [2,3] and references therein). In order
to predict this enhancement and the subsequent gain of sensi-
tivity of experiments using strongly octupole-correlated nuclei
in the search for CP violation, a complete understanding of the
octupole degree of freedom is mandatory.

At present, for the octupole degree of freedom one of the
missing pieces of information is the strength of the isovector
coupling constant (ICC) for the proton-neutron part of the
octupole-octupole residual interaction. In the nucleus, proton
and neutron excitations are distinguished by the isospin degree
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of freedom. Properties of collective levels with an isovector
character, for which in the complex wave function of the col-
lective excitation at least one component of a subsystem is out
of phase relative to the other components, are very sensitive to
the strength of the residual proton-neutron interaction [4,5].
In the ideal case of equal proton and neutron components,
the isoscalar wave function is symmetric under the exchange
of protons and neutrons, while the isovector wave function
is antisymmetric. Due to the general attractive nature of the
proton-neutron interaction, the isovector level is found at
higher energy, while the isoscalar excitation is lowered in
energy. The isoscalar excitation, for which all components
of the wave function are in phase, is usually the lowest-lying
state for a given spin and parity. However, in order to reliably
fit the ICC, a systematic identification of the isovector levels
in several nuclei is mandatory.

Examples of well-established, low-lying isovector excita-
tions are the 17 nuclear scissors mode in deformed or the
2% quadrupole mixed-symmetry state in near-spherical nuclei.
Since its original discovery in 1984 in '3°Gd [6], the scissors
mode [5] continues to be the subject of intense research
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efforts in nuclear physics [7,8]. In near-spherical nuclei, a vast
database for low-lying quadrupole isovector excitations exists
[5,9] and various microscopic calculations confirm the isovec-
tor nature of these 2% levels. In particular, the quasiparticle
phonon model (QPM) [10] has demonstrated its capability to
provide insight into the microscopic structure of levels with a
considerable isovector component in their wave function (e.g.,
see Refs. [11-15]). These calculations confirm the sensitivity
of the isovector excitation to the residual proton-neutron
interaction.

However, for the octupole degree of freedom, only a few
candidates for this fundamental excitation mode [16] were
proposed [17-19]. Their assignment as a candidate is based
on observed strong M1 transitions connecting the candidate
with the isoscalar state, which is the first excited 3| level. The
M 1 character of the decay to the symmetric state is due to the
change of the orbital movement of one subsystem relative to
the other subsystem, and the corresponding reduced transition
matrix element (3 || T(M1) || 3;,) is expected to be of the
order of one nuclear magneton 1 py [16]. In addition, several
candidates exhibit an enhanced B(E3;0% — 3.7) excitation
cross section in inelastic particle-scattering experiments [20],
which indicates a collective nature. Considering the above-
mentioned sensitivity of these excitations to the ICC facilitates
the necessity to establish firmly this mode in the octupole
sector and provide theory with unambiguous experimental
data.

A strong candidate for such a low-lying octupole isovector
excitation is the 35 level at 2779 keV in the nucleus 144Nd,
which is situated only two neutrons above the N = 82 shell
closure. A partial level scheme containing the levels and
transitions relevant to this contribution is shown in Fig. 1.
Experimentally, this proposition is based on the previously
determined B(M1,3; — 3;) = 0.091"3712, strength [21]
and the considerable E3 transition strength of B(E3;3; —
OfL) = 7.3(7) W.u. [22]. In contrast to this state, the 3, state
at 2606 keV exhibits a strong E2 transition to the 3| level,
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FIG. 1. Partial level scheme of low-lying levels in '**Nd. The
3; — 3| transitions are marked in blue (i = 2) and red (i = 3). In
addition to the decay schemes of the 3; and 35 levels, the 2;" level,
from which the second 1268-keV transition originates, is given. This
transition obscured the crucial 3; — 3] transition in Ref. [21].

which is the fingerprint for a quadrupole-octupole coupled
[27 ® 3] 1;- two-phonon state. The strength of B(E2;3; —
37) =23(4) W.u. [21] is compatible with the E2 strength of
the 23 — 0] transition of 17 W.u. In a simplistic vibrational
approach, these transitions can be seen as the annihilation of a
quadrupole phonon and, therefore, are expected to exhibit the
same E2 strength. In contrast to the 35 level, which is strongly
excited in the inelastic particle scattering, the 3; level is only
weakly excited in (p, p’) and (d, d") experiments [22] and not
excited in (e, ¢') experiments [23]. These observations point
toward a two-phonon nature of the 2606-keV level.

Although the 3, is assigned as the 3~ member of the
[2;r ® 371,- quintuplet, a weak M1 component is competing
with the dominant £2 component in the decay to the one-
phonon 37 state. In Ref. [21], a B(M 1) value of 0.007(1) M%v
is given for this decay component, which indicates a negli-
gible fragmentation of the M1 strength over the 3; and 33
levels due to quantum-mechanical state mixing. Interestingly,
in "/Nd, the 2", state is strongly fragmented over the 27 and
ZI levels [24].

However, as pointed out in Ref. [21], in the data that
were obtained in an (n, n'y) inelastic neutron-scattering ex-
periment, the crucial 1268-keV 35 — 3| transition forms
a doublet with a transition from a (2%) level at 2829 keV
to the 2; level at 1561 keV. Since, this (n, n'y) experiment
exclusively used y-ray singles spectroscopy, it was impossible
to disentangle the contributions of the two transitions to the
peak. Therefore, the extracted relative y-ray intensity and
multipole-mixing ratio are subject to this ambiguity. However,
both experimental quantities are required to determine the
M1 strength in the 35 — 3 transition, which serves as a
benchmark for theory to explore the nature of the 35 level.

In spite of the experimental indications for the low-lying
octupole isovector mode, an investigation of their wave func-
tions in a microscopic model such as the QPM is presently
lacking. The aim of this work is to provide unambiguous
experimental data for the 35 level in 44Nd using yy coin-
cidences recorded in the '**Nd(n, yy) reaction and to inves-
tigate the wave function in the microscopic approach of the
QPM.

The cold neutrons were provided by the high-flux research
reactor at the Institut Laue-Langevin (ILL) in Grenoble,
France, and transported via the PF1B neutron guide to the
EXogam at ILL array (EXILL) [25]. At the end of the PF1B
neutron guide the neutrons were collimated to a diameter
of 12mm and a flux of 108s™'cm™ was available. The
neutrons were impinging on a 0.8-mg target enriched to 91%
in '*Nd. The v rays emitted following the neutron-capture
reaction were detected in the EXILL setup. In this work, the
configuration of nine Exogam clover detectors, five GASP
detectors and two ILL clover detectors was used, which is
denoted as Config. 4 in Ref. [25]. The Exogam clover and
GASP detectors were equipped with bismuth germanate ac-
tive anti-Compton shields.

The data-acquisition system operated in triggerless time-
stamped mode and every y-ray event from the detectors was
written to the data stream. An offline event builder was used
to identify coincident events. In order to improve the peak-
to-background ratio, the event builder contained an add-back
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FIG. 2. Partial y-ray spectrum obtained by gating on the
814-keV transition depopulating the 3| level (for a partial level
scheme see Fig. 1). The peaks relevant for this work are labeled.

algorithm. In 24 h of beam time a total of 6 x 10® yy coinci-
dences were recorded. An example spectrum recorded using
the full array and gated on the 814-keV 3] — 2 transition is
shown in Fig. 2.

The central ring perpendicular to the incident neutrons con-
sisted of eight Exogam clover detectors, which were mounted
in an octagonal symmetry. The four angular groups (45°, 90°,
135°, and 180°) realized in this configuration were used to
measure angular correlations of y-ray cascades, from which,
subsequently, the multipole-mixing ratios were extracted.

The A,(8) and A4(§) coefficients in the angular correlation
function

W) =14 02A2(8) Py(cos ¥) + Q4A4(8)Py(cos ¥) (1)

depend on the multipole-mixing ratio § of the measured
transition. The coefficients Q, and Q4 consider the atten-
uation of the angular distribution due to the finite opening
angles of the detectors. They were determined using the
well-known transitions of an '**Eu source. For the 3; — 37
transition, for which the angular correlation function is shown
in Fig. 3, a multipole-mixing ratio of §(3; — 37) = 0.54(4)
was extracted. In this work the phase convention of Krane,
Steffen, and Wheeler [26] is used. The branching ratio for this
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FIG. 3. Angular correlation of the 1268-keV 35 — 37 transition
when gated on the 814-keV 37 — 2} transition.
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FIG. 4. Experimental line shape (red) of the 2082.52-keV 35 —
2 transition observed using GAMS6. Additionally, the instrument
response curve (yellow) is shown.

transition was extracted from the yy-coincidence data to be
b33 — 37) =35.4(5)%.

The lifetime 7(3;) =947}, fs given in Ref. [21] mea-
sured with the Doppler-shift attenuation method following
inelastic neutron scattering is also influenced by the 1268-
keV doublet in the y-ray spectra. Therefore, lifetimes were
measured with the new y spectrometer GAMS6 using the
y-ray induced Doppler broadening (GRID) technique [27].
The instrument is a double-flat-crystal spectrometer installed
at ILL and replaces GAMS4. The main working principle is
the same as GAMS4 [28] with the major difference that the
entire spectrometer including goniometer axes and interfer-
ometers operates under vacuum. This, together with a new
optical interferometer layout, optimizes the long-time stability
of the angle measurements allowing much longer scans of
comparably weak transitions such as the 3; — 2 2082-keV
transition.

The spectrometer offers two diffraction geometries: (i) the
nondispersive, in which both crystals are parallel, and (ii) the
dispersive, in which a dedicated Bragg angle is set in between
the two crystals. In nondispersive mode the true instrument re-
sponse function of the spectrometer is determined (see Fig. 4).
In dispersive geometry the instrument scans the line profile
emitted from the target. Knowing the instrument response
allows the association of additional broadening with physical
effects in the target.

In the current experiment we used about 12 g of natural
Nd,O3; powder. The instrument response function was deter-
mined from two independent nondispersive third-order mea-
surements of the 618- and the 697-keV transitions of '*Nd.
The contribution of thermal Doppler broadening was obtained
from dispersive third-order scans of the same transitions.

The current experiment is the first GRID lifetime measure-
ment carried out with GAMS6, so it was necessary to validate
the correctness of the extracted lifetimes. This was possible
by repeating a former GAMS4 measurement from Ref. [29].
We measured the lifetime of the 3| state using dispersive
third-order scans of the 814-keV transition. Assuming pure
primary feeding a value of T = 1.13f{2 ps was obtained. This
value agrees well with the upper limit of 0.56 < 7 < 1.21 ps
given in Ref. [29], which corresponds to the same assumptions
for the feeding history.

Due to its higher relative intensity [b(35 — ZT) =
39.9(4)%], the 35 — 2T 2082-keV transition was used to
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TABLE I. Experimental and theoretical reduced transition strengths B(o' L) of 3;7 — 0} and 3; — 3] transitions in '**Nd. E; and E,, are
given in keV, 7 in fs, branching ratios b in %, B(M 1) values in units of 3, and B(EL) values in W.u. For the QPM calculation, effective
charges of e.f = 0.1e + epare and spin g factors of g eif = 0.8g; free Were used.

Ji—> Jy E; E, 7(J;) oL Expt. — this work QPM
b 8 B(oL) Ege B(oL)

3707 1511 1511 281074,° E3 ®33.9(17) 1200 21.0
3,07 2606 2606 15340 E3 I1.1(1) 2820 2.0
3, =3 1095 M1 18.8(3) 2,015 0.013(11) 0.04

E2 1% 3.2
3507 2779 2779 31730 E3 ®7.3(7) 2904 7.4
3,37 1268 M1 35.4(5) 0.54(4) 0.25705 0.17

E2 14770 19.0

4Reference [29].
bReference [22].
“Weighted average from Refs. [21] and [29].
dReference [32].

determine the lifetime of the 35 level. The summed result
of 13 dispersive first-order scans taken over a time period of
5 days is shown in Fig. 4. The plot shows a comparison with
the instrument response function and clearly exhibits a large
Doppler broadening, an indicator for a short lifetime.

In order to extract a lifetime it is mandatory to simulate
the motion of the recoiling nucleus. This requires on the
one hand the feeding history of the 35 state to be known
(this yields the recoil velocity distribution) and on the other
hand to model the atomic motion as a function of time after
each recoil. We used molecular dynamics simulations [30,31]
yielding the most accurate computation description of the
atomic motion. The EXILL data allow us to estimate the direct
feeding from the neutron-capture state to be less then 12.5%.
The remaining feeding intensity was taken into account by
simulating two-step feeding cascades. Here the energy and the
lifetime of the intermediate states are free parameters included
in the x? analysis. This procedure results in a lifetime of
T3 = 3122 fs. The complimentary data from both experi-
ments, EXILL and GAMS, allow the calculation of the ab-
solute transition strength as given in Table 1. The data confirm
the strong M1 component in the 33 — 3| transition. The
error, which is considerable on a relative scale but comparably
small on an absolute level, is dominated by the unknown
lifetimes of the intermediate levels.

In order to investigate the origin of the observed M1
strength, low-lying octupole excitations are explored within
the QPM [10]. As already mentioned the model was suc-
cessfully applied to low-lying quadrupole isovector (mixed-
symmetry) states in the domain around the semimagic num-
ber N = 82. Following Ref. [10], the main building blocks
of the QPM are quasiparticle random-phase approximation
(QRPA) phonons. In the case of even-even nuclei the QPM
Hamiltonian is diagonalized in a basis of wave functions
constructed as a superposition of one-, two-, and three-phonon
components [33]. In the present calculation, the parameters of
the QPM Hamiltonian are the same as those used in Ref. [14]
for "“Nd. The corresponding single-particle spectra for the

A = 144 region can be found in Refs. [14,34]. The strengths
of the quadrupole-quadrupole and octupole-octupole interac-
tions were fixed according to the properties of the 2] and 37
levels of *“Nd. The strengths of the other multipole terms are
adjusted to keep the energy of the computed two-quasiparticle
states unchanged [34]. This set of parameters is widely used
and gives an overall description of the low-lying as well as the
high-lying states of nuclei in this mass region [34].

To test the isospin nature of the excited 3~ states, it is
useful to compute the ratio [15]

|(Mn - Mp)|2

3=
PO = (o, +m,p

(@)
where

M= (371 ) il Y5(Qb)lgs), T=np.  (3)
k

This ratio reveals the dominance of isoscalar correlations
[B(37) < 1] or isovector correlations [B(37) > 1] in the
structure of the excited state.

The first QRPA octupole state is the collective one. The
calculated value of the E3 transition connecting this state
with the ground state is B(E3;3; — 0]) =31.3W.u. The
structure of the [3] Jorpa state reveals that the total contribu-
tion of neutrons and protons to the structure of the state is
in phase [B([3; lorpa) = 0.37]. The second QRPA octupole
state is noncollective and dominated by the proton 187,21k 11,2
two-quasiparticle component. The third QRPA octupole state
is slightly collective, and the contribution of the main neutron
and proton components in the structure of the state is out of
phase [B([35 Iorpa) = 2.2]. This property leads to a relatively
large value [B(M1;33 oppa —> 31.orpa) = 0.36 3] for the
M1 transition connecting the [3] Jorpa and [33 Jorpa states.

The energies and structures of the low-lying octupole QPM
states, which are associated with the observed levels, are
given in Table II. The first 3] state is dominated by the
isoscalar [3] Jorpa state and, therefore, it is a symmetric
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TABLE II. Major components of low-lying octupole excitations
as determined from QPM calculations.

Ji Structure

37 63 %137 lgrpa + 30 %([ZT]QRPA ® [37 lgrpa)
3 66 %135 lore + 5 % (121 Jorpa ® 137 logrea)
35 21 %13 grpa + 11 %037 Igrpa + 11 %035 Igrpa

+32 %([ZT]QRPA ® [31_]QRPA)

state. The second 3; state is mainly a noncollective [3; Jorpa
state and in contradiction to the previous statement its two-
phonon component is rather small. The third 33 state has a
complex structure including 11% of the [35 Jorpa state. The
value of Eq. (2) is larger then unity [8(35) = 1.1]. Therefore,
the 35 level has features of the low-lying isovector (mixed-
symmetry) state. The structure of the low-lying octupole states
determines the values of the transition probabilities. In spite
of the considerable experimental errors, especially for the
lifetime of the 35 level, the calculated and measured transition
strengths are, apart from the B(E2, 3, — 3 ) value, in good
agreement. Hence, it can be concluded that the observed
relatively large B(M1;35 — 3]) strength is caused by the
isovector correlations in the structure of 33 level, and the

sizable value of the E2 transition connecting the excited 35
and 37 levels is due to the large contribution of the two-
phonon ([ZT]QRPA ® [3] lgrra) component in the structure of
the 35 level.

This contribution reports a joint experimental and theoret-
ical investigation of low-lying octupole levels in '**Nd. The
work exploited the new opportunity of performing neutron-
capture experiments with a highly efficient HPGe detec-
tor array and the state-of-the-art GAMS6 spectrometer to
resolve experimental ambiguities. These experimental ef-
forts were combined with calculations in the quasiparticle
phonon model. The theoretical results confirm the observed
B(M1, 35 — 3]) strength as originating from the isovector
contribution in the wave function of the 33 level, firmly
establishing this fundamental excitation mode in the near-
spherical nucleus **Nd.
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