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25Pa and %' Ac were produced at the IGISOL facility through proton-induced fusion-evaporation reactions
and have been studied using a-particle spectroscopy, as well as a-y and a-electron coincidence spectroscopy.
The level scheme of **! Ac, daughter of ***Pa, and of *'"Fr, daughter of *! Ac were reconstructed. An inter-
pretation of 22! Ac levels as K = 5/2* and K = 3/2* parity-doublet bands is proposed. Such bands appear in

reflection-asymmetric models and would be an indication of a static reflection asymmetric shape for 22! Ac.

DOLI: 10.1103/PhysRevC.108.014304

I. INTRODUCTION

The study of octupole deformation in atomic nuclei has
been a hot topic for the past decades [1-3], with sub-
stantial theoretical predictions and experimental evidence
for reflection-asymmetric shapes in the neutron-deficient ac-
tinides [1-12]. The most pronounced deformation in the
actinide region is centered around **’Ra (Z = 88 and N =
134) [3]. In addition to the intrinsic interest in understanding
nuclear structure, the deformation is linked to the stability
of heavy and superheavy nuclei as it can considerably de-
crease the fission barrier [13,14] and plays a major role in
the description of cluster emission [15,16]. Moreover, the
collective behavior arising from octupole correlations results
in a large enhancement of symmetry-violating nuclear prop-
erties, such as the Schiff moment [17,18]. A measurement
of this property would help to constrain sources of charge-
parity (CP) violation, proposed as necessary ingredients in
our understanding of the observed matter-antimatter asymme-
try in the universe. We note that further sensitivity may be
gained through the study of radioactive molecules incorporat-
ing heavy, octupole-deformed nuclei, highlighting a renewed
interest in the underlying structure of such nuclei [19].

The odd-mass (odd-A) actinide nuclei have been exten-
sively studied by Sheline and collaborators in the 1980s and
1990s [20-23], attempting to establish the extent of the static
quadrupole-octupole region of deformation in the ground-
states of actinide isotopes. For the past 20 years, however, the
experimental measurements in the region have been scarce.

In this work, the odd-proton (odd-Z) neutron-deficient ac-
tinide 22! Ac (Z = 89) and its daughter nucleus !"Fr (Z = 87)
have been studied through the « decay of >**Pa (Z = 91) and
21Ac, respectively, with a measurement of the y rays and
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conversion electrons emitted in coincidence. 2*Pa and ?2! Ac
were produced through a proton-induced fusion-evaporation
reaction on a >**Th (Z = 90) target. New results, including six
new « branches and more than 20 new y rays, were obtained
and an interpretation of the level scheme of 2*! Ac is proposed.

II. PREVIOUS RESULTS
A. Pa — 21Ac o decay

The « decay of 2**Pa has previously been reported in
several references [24-29]. The most extensive study [24],
published recently, reports seven w-decay branches with en-
ergies, intensities and hindrance factors given in Table I, as
well as four y-ray transitions observed in coincidence for the
first time. In this recent work, the authors assign a I = 5/2~
to the ground state for both 2>! Ac and ??>Pa. For comparison
the previous work of Huyse and collaborators had clean «-
energy spectra showing three «-decay branches with energies
and branching ratios [7261(5) keV, 53(2)%], [7235(5) keV,
30(2)%], and [7170(5) keV, 17(1)%] (see Fig. 3 in Ref. [27]).

In addition, the in-beam spectroscopy of >?! Ac using the
29Bi (14, 2n) 22! Ac reaction has been performed and a level
scheme based on two alternating parity bands has been re-
ported [30]. A tentative /* = (3/2)~ ground state has been
assigned, but the excited states obtained during this study do
not match with the ones populated through «-decay studies.

B. 'Ac - ?"Fr « decay

As mentioned above, there is a disagreement on the spin
assignment of the ground state of *’'Ac between the in-
beam [30] and «-decay [24] experiments. The « decay of
221 Ac has been studied several times in the past [24-27,29],

©2023 American Physical Society
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TABLE I. a-decay energies E,, branching ratios I,, hindrance
factors (HF), and excitation energy of the populated states Ej, for
225pa — 22! Ac and for **' Ac — 2"Fr taken from Ref. [24]. Those
shown in square brackets are tentative.

Parent nuclei E, (keV) I, (%) HF Epop (keV)

25pa(5/27) 7264(3) 61(6) 2.6(3) 0
7234(4) 15(4) 8.1(19) 30(5)
[7205(8)] 9(3) 11(5) 60(8)
7182(8) 5(2) 16(7) 88.2(15)
7135(8) 1.8(6) 32(11) 124.9(12)
7112(8) 3.7(13) 12(5) 152.2(15)
7084(8) 4.0(12) 9(3) 179.8(15)

2IAc(5/27) 7642(3) 71(4) 5.3(5) 0
7440(3) 20(2) 4.1(5) 208.7(11)
7364(5) 9(2) 5.2(12) 276.0(10)

with the most recent one [24] reporting three o-decay
branches (see Table I) consistent with the previously measured
ones, as well as three y transitions measured in coincidence
for the first time. In Ref. [26], an additional o decay was
reported with energy and intensity [7170(10) keV, ~2%]. The
ground state spin and parity of >!”Fr was determined without
ambiguity to be I* =9/27, due to a dominant unhindered
o decay towards the I” = 9/2~ ground state of 2'3At. A
tentative spin and parity assignment /™ = (5/2)~ for the first
excited state and I™ = (7/2)~ for the second excited state
have also been proposed [24].

III. EXPERIMENTAL SETUP

Data presented in this article have been obtained during an
experiment performed in July 2020 at the Ion Guide Isotope
Separation On-Line (IGISOL) facility [31,32], University of
Jyviskyld, Finland. The experimental setup is shown in Fig. 1.
Neutron-deficient actinide nuclei were produced through
proton-induced fusion-evaporation reactions with a 65-MeV
primary beam (intensity between 1 and 3 ©A) impinging on
a 2Th target (2.2 mg/cm?). The reaction products exit the
target thanks to the reaction kinematics and are stopped in the
IGISOL light-ion guide, a small volume (=1 cm?®) helium-
filled gas cell (= 120 mbar). They are then extracted and
injected into the IGISOL beam line through a radiofrequency
sextupole ion guide and finally mass separated by means of a
dipole magnet (M/AM = 500) before being delivered to the
decay station. The mass-selected nuclei are implanted into a
19 g/cm? thick carbon foil surrounded by silicon and germa-
nium detectors. Two 1-mm thick quadrant silicon detectors,
composed of four pads of 24.75-mm width each, are placed
either side of the foil, one at a distance of 26.7 mm from
the foil and the other at 30.2 mm. One 500-um thick circular
silicon detector (300 mm? active area) is placed beneath the
foil at a distance of 30.2 mm. Finally, a 4-mm thick liquid
nitrogen cooled silicon-lithium [Si(Li)] detector (2300 mm?
active area) is placed 20.6 mm behind the foil on the beam
axis. The Si(Li) detector allowed the measurement of both
a particles (25 keV FWHM energy resolution at 7 MeV)
and conversion electrons (&2 keV FWHM energy resolution
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FIG. 1. Schematic view of the experimental setup (see text for
details). The circular Si detector placed beneath the carbon foil and
the BEGe detector placed above are not shown.

at 100 keV). The other silicon detectors measured only « par-
ticles (between 30 and 40 keV FWHM energy resolution at 7
MeV). Four germanium detectors (BEGe) were also placed in
a compact geometry around the chamber for the measurement
of y rays (=1 keV FWHM energy resolution at 300 keV).

The signals from the different detectors were recorded by
mean of a triggerless data acquisition system composed of two
NUTAQ VHS-ADC V4 14bit 100 MHz cards, synchronized
by an external pulse. Each signal is processed by the board’s
internal FPGA using a moving window deconvolution filter to
extract energy information and to time stamp the events that
are sent to an acquisition computer where they are time sorted
and written to disk. Data were then converted and analyzed
using the ROOT [33] software.

IV. EXPERIMENTAL RESULTS
A. General considerations

a-particle energy calibrations were performed using on-
line data (using the tabulated a-decay energies of *>>Th and
226Th, as well as 22! Ac [34-37]) to take into account energy
loss in the implantation foil. Electron energy calibrations were
also performed with in-beam data, using «-electron coinci-
dences to clearly identify electron peaks originating from the
22Th « decay. a-particle and electron detection efficiency
calibrations were performed using a >*’Ra source deposited
on the tip of a needle placed at the central position of the
implantation foil. The energy and efficiency calibrations of the
germanium detectors was performed using '**Ba and '>?Eu
sources. A total detection efficiency of 30.7 £ 0.9% is reached
for the «-particles and 1.08 & 0.06% for the electrons. A
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FIG. 2. Top: a-particle energy (E,) vs y-ray energy (E,)
for *Pa — **'Ac. The solid red line denotes the Q, +E, =
Q. (g.s.-to-g.s.) line where the coincidences with y rays feeding
directly the ground state are expected. Bottom: Projection of the top
view on the x axis (E,). The dashed red lines denote «-y coinci-
dences for which Q, + E, is close to Q,(g.s.-to-g.s.), linking them
to the corresponding peak on the y-energy spectrum. The associated
y-ray energy is indicated.

maximal y-ray detection efficiency of 16.5 £ 1.0% is reached
at 105 keV.

Due to the implantation in a foil instead of directly in a
silicon detector, summing of « particles and conversion elec-
trons can be neglected. However, during the o decay, the recoil
energy of the daughter nucleus is sufficient to release the
daughter from the foil with ~50% probability, leading to an
unknown spatial distribution of daughter nuclei in the vacuum
chamber. Indeed, the kinetic energy of the incoming ions is
~30 keV, whereas the recoil energy is of the order of 100 keV
during o decay. Thus, the o-particle energy calibration needs
to be adjusted for the daughter nuclei to take into account
the different energy losses of the « particle before reaching
the detectors. In addition, efficiency calibrations cannot be
applied to the decay of the daughter nuclei as their spatial
distribution within the experimental chamber is not known.

Identification of « particles emitted by a given nucleus
is performed through «-y coincidences, measuring the sum
of Q, + E, and its vicinity (within 3 keV) to the ground
state—to—ground state energy [Q,(g.s.-to-g.s.)] as shown in
Fig. 2. E, is the measured y-ray energy while Q, values
are calculated using the a-particle energy E, and the equa-
tion Q, = %{”’” x E,, with m, the mass of the a particle
and my the mass of the daughter nucleus. To extract c-decay
energies and intensities, a fit of the whole «-energy spectrum
is done using a sum of deformed gaussian functions (one for

) . > >

Total fit function Iy el

600 Iz =
————— Fit function of individual o-decay peak N 8

500 ~

Counts/2 keV

0
6950 7000 7050 7100 7150 7200 7250 7300
E, (keV)

FIG. 3. a-energy spectrum (E, ) in the Si(Li) between 6.95 MeV
and 7.3 MeV, corresponding to the a-decay energy region of **Pa.
The total fit can be seen as a solid red line and each peak contribution
can be seen as blue dashed lines. Vertical dashed lines indicate
25Pa o decay with the measured E, highlighted. The two « peaks
that are not denoted with the vertical lines are contamination coming
from 22 Ac (7008.6 keV, 2*Pa decay chain) and >'*Rn (7129.1 keV,
226Th decay chain).

each peak) and with no background. Each deformed gaussian
function is defined as

p —(E-p)?
e 202
V2mo

(1— p)Be - +052 (1 4 erf (FE2))
+ 20 ]

S(E):Ix|:

with 7 the integral of the function, i the centroid, o the stan-
dard deviation, 8 the deformation parameter, p a weighting
factor between the deformed part and the gaussian part, and
erf the error function.

A zoom of the region between 6.95 MeV and 7.3 MeV is
presented in Fig. 3. The gaussian function form parameters
(o, p, and B) are forced to have the same value for all a-decay
peaks at a given position in the decay chain. Indeed the shape
of o peaks for nuclei directly implanted in the foil should be
the same. However, since part of the decay of the daughter
nuclei occurs outside of the foil, the material seen by the o
particle before detection is different, resulting in energy loss
and straggling changes and thus modifying the shape of the
peak. This allowed the fit of the whole a-energy spectrum
with a reduced number of parameters.

Using the Q, + E, = Q,(g.s.-to-g.s.) line shown in Fig. 2,
the y rays directly feeding the ground state can be identified
and thus the energy levels can be determined. The remaining
y rays are then placed within the level scheme using «-y
coincidences and levels energy differences.

The Brlcc (band-Raman internal conversion coefficients)
code [38] is used to compute expected conversion electron
energies and coefficients for each transition. The conversion
coefficients obtained for each multipolarity are then compared
with the measured ones. Due to a very low electron detection
efficiency (*1%), no electrons are detected at the expected
energy in most cases. In this case, an upper limit is set on
the number of emitted electrons and thus on the conversion
coefficient with a confidence interval of 95%. In most cases
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FIG. 4. Deduced decay scheme for *Pa — 2?! Ac « decay. The a-particle energies E,, intensities I,, and hindrance factors (HF) are given,
as well as the levels, y-transition energies, and the proposed spin-parity assignment.

this upper limit, combined with parity-based considerations,
allows the multipolarity of the transition to be determined.

B. A =225

Approximately 12 h of data acquisition was obtained for
mass A = 225. The a-energy spectrum displays several con-
tributions. The two main contributions are from **Th and
225Pa and their respective a-decay chains. In addition, there
is a contribution coming from the a-decay chains of *°Th
and 2*°Pa as both are partly transmitted through the mass
separator. Finally, the implantation foil has a remaining con-
tamination of long-lived 24Ra (Ty 2~ 3.6 d) and 223Ra
(T = 11.4 d) originating from a previous run selecting
mass A = 224 and from the **Ra calibration source. A fit of
the whole a-energy spectrum using a sum of deformed gaus-
sian functions (Fig. 3) is performed in order to extract each
peak centroid and intensity with one exception: The 7037-keV
a decay. This transition is at the limit of our detection capabil-
ities and its intensity cannot be determined directly from the
a-energy spectrum. It was determined using «-y coincidences
and thus has a larger relative uncertainty as the detection effi-
ciencies are taken into account. The o-decay hindrance factors
for 2*>Pa decay are extracted from the energies and intensities
using Preston’s spin-independent equations [39,40] with ry =
1.5475 fm interpolated from neighboring even-even nuclei
and 71, = 1.95(10) s the lifetime measured in Ref. [24]. The
a-y coincidence two-dimensional energy spectrum and its
projection on the x axis (E),) is shown in Fig. 2. The results
are summarised in Fig. 4 and compared with results from
Ref. [24] in Table III. The measured y-transition energies,
intensities, and multipolarities are reported in Table II.

The 19.5-keV level is proposed as it is fed by three different
y transitions ([E; = 91.5 keV, E, =72.4 keV], [E; = 149.7

TABLE II. Measured y-ray energies E,, initial level energies E;,
intensities I, (number of y emitted for 100 « decays), and multipo-
larity assignments. Multipolarities deduced using parity arguments
are denoted with a star.

Nucleus  E; (keV) E, (keV) I, Multipolarities
2IAc 223.7 223.7(5) 0.044(13) ?
196.6(1) 0.34(5) E1*
132.3(3) 0.37(5) E1l
75.4(2) 0.048(16) M1*
180.0 180.0(1) 0.74(10) E1l
160.7(1) 0.72(9) E1l
152.6(2) 0.21(4) El*
88.7(3) 0.43(6) E1l
149.7 149.7(3) 0.52(7) El*
129.3(3) 0.34(5) E1l
121.8(1) 0.31(4) E1l
57.1(1) 0.066(23) El*
91.5 91.5(2) 0.43(10) M1+ E2orE2
72.4(1) 0.48(6) M1+ E2
64.1(1) 0.148(25) M1+E2orM1
27.4 27.4(1) 0.032(16) M1+ E2orM1
gy 579.0 579.0(10)
87.8(2)
491.8 491.8(1)
283.0(10)
364.7 364.7(1)
155.6(1)
275.7 275.7(1)
44.3(1)
2314 231.4(1)
209.4 209.4(1)
98.8 98.8(14)
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TABLE III. Comparison between Ref. [24] and this work for a-decay energies E,, branching ratios I, hindrance factors (HF), and
excitation energy of the populated states E,,, for 25pg — 22l Ac. Those shown in square brackets are tentative.

Ref. [24] This work
Parent nuclei E, (keV) I, (%) HF Epop (keV) E, (keV) 1, (%) HF Epop (keV)
25pa(5/27) 7264(3) 61(6) 2.6(3) 7258(2) 53.0(10) 2.9(4) 0
7234(4) 15(4) 8.1(19) 30(5) 7229(2) 26.6(7) 4.6(6) 27.4(1)
[7205(8)] 9(3) 11(5) 60(8)
7182(8) 5(2) 16(7) 88.2(15) 7168(2) 11.1(4) 6.5(09) 91.5(2)
7135(8) 1.8(6) 32(11) 124.9(12)
7112(8) 3.7(13) 12(5) 152.2(15) 7109(6) 4.6(5) 9.6(16) 149.7(3)
7084(8) 4.0(12) 9(3) 179.8(15) 7078(2) 3.013) 11.5(19) 180.0(1)
7037(5) 1.7(10) 14(9) 223.7(5)

keV, E, = 129.3 keV], [E; = 180.0 keV, E, = 160.7 keV]).
However, the y transition from this level to 2*!Ac ground
state is not clearly observed as it is mixed with x rays close
in energy, and no « decay toward this level is observed. For
all other levels in the decay scheme, the Q, + E, values are
consistent and enables an improvement of the uncertainty
on the g.s.-to-g.s. O, value: Q,(g.s.-to-g.s.) = 7388 £+ 1 keV,
compared to the previous value Q, (g.s.-to-g.s.) = 7380 &+ 50
keV [34].

The a-y coincidences seen in this study are not fully in
agreement with the results presented in Ref. [24] (cf Table III).
Notably, two « branches, E, = 7205 keV and E, = 7135 keV
are not seen in this work. The E, = 7205 keV « transition is
only proposed tentatively in Ref. [24]. The E, = 7135 keV
« transition is seen in Ref. [24] in coincidence with a y ray
of energy E, = 125 keV, extracted from a statistics of 3 o-y
counts. In the present work no y rays are seen coming out
of the background between the y rays with £, = 121.8 keV
and E, = 129.3 keV, whereas the E, = 125 keV line is the
strongest transition seen in Ref. [24]. In addition, although an
o decay is seen around E, = 7135 keV, in the present work
it is clearly identified as a contamination from the o decay of
213Rn coming from the *?°Th decay chain. Finally, the E, =
7037 keV « transition seen in the present work is not reported
in Ref. [24]. This « branch is very weak compared to the other
branches and the y ray feeding directly the ground state has
a low branching ratio, making the transition hard to identify
with low statistics.

It should be noted that, for the 149.7-keV level, the total de-
excitation intensity [[;,, = 1.55(12)%] is significantly lower
than the o branching ratio feeding this state [1, = 4.6(5)%]. A
possible explanation for this is given in the discussion section.

The 27.4-keV transition is tentatively assigned as an M1 +
E?2 on the basis of the ratio between the number of emit-
ted y rays and « particles (assuming no transition from this
level to the 19.5 keV level). This ratio indicates a conversion
coefficient o, &~ 1000 that lies between the predictions for
M1 (o, = 152.8) and E2 (x, = 5380) transitions. However,
the large uncertainty on the BEGe detection efficiency at
this energy, as well as the assumption that there is no com-
peting transition, could reduce considerably this conversion
coefficient, making it potentially consistent with a pure M1
transition.

For several transitions, conversion coefficients are not
sufficient to determine the multipolarity, however in all
cases but one the ambiguity on the multipolarity can be
resolved on the basis of the parity of the initial and final
states. See the Appendix for the detail of the multipolarity
assignments.

C.A =221

Approximately 2 h of data acquisition was obtained for
mass A = 221. In order to collect more statistics, data for mass
A = 225 were also used in the analysis. The measured o de-
cays are reported in Fig. 5, the measured y rays in Table II and
the spectra are presented in Fig. 6. Since, as detailed above,
the recoil energy of the daughter nucleus is large enough for it
to escape from the implantation foil, the detection efficiencies

5/2- 0
221AC a
E, [keV] N /S’Q
579.0
7078(15)
S0
~
O O
7167(9) 3 ARG 491.8
© AN
Lo N
& ©
7287(6) ~ 6 364.7
2o
7/2-
137304) (7/2-) DY g,v 275.7
7418(4) [ay (\é,j) 231.4
7438(4) 52, 200.4
N
7547(4) > 988
7642(4) T
9/2- 27Fp 0

FIG. 5. Measured decay scheme for *!Ac — 2"Fr o decay.
The a-particle energies E,, the y-transition energies E,, as well as
the proposed spin-parity assignment and energies of the levels are
presented.
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FIG. 6. Top: a-particle energy (E,) vs y-ray energy (E, ) for ' Ac — ?'7Fr. The solid red line denotes the Q, + E, = Q,(g.s.-to-g.s.) line
where the coincidences with y ray feeding directly the ground state are expected. Bottom: Projection of the top view on the x axis (E, ), as
well as a zoom for the 300-600-keV energy region in the inset. The dashed red lines denotes «-y coincidences for which Q, + E,, is close to
0, (g.s.-to-g.s.), linking them to the corresponding peak on the y-energy spectrum. The associated y -ray energy is indicated.

are not available for the decay of *' Ac — 2!"Fr as the spa-
tial distribution of ??! Ac is unknown. In this paper, only the
observed «-decay and y-ray energies are reported.

All Q, + E, values are fully consistent with each other
within error bars and enables an improvement of the uncer-
tainty on the g.s.-to-g.s. Q, value: Q,(g.s.-to-g.s.) = 7785 +
2 keV, compared to the previous value Q,(g.s.-to-g.s.) =
7780 £ 50 keV [34]. The transition E, = 364.7 keV matches
one of the transitions (E, = 364 keV) observed in a high-spin
study in Ref. [41].

In the data for mass A = 225, two « decays (at E, = 7078
keV and E, = 7168 keV) are observed in coincidence with
several y rays, in part being consistent with an assignment to
the o decay from *>Pa to *! Ac while others with an assign-
ment to the  decay from *?!'Ac to 2!"Fr. The data suggest
that both *>Pa and %*' Ac emit « particles at approximately
the same energy, however, further experiments are needed to
confirm this.

V. DISCUSSION

An extensive discussion of the ground-state configura-
tions of odd-A actinium and protactinium isotopes is given in
Ref. [24], leading to a I™ = 5/2~ assignment for both *>Pa
and ?*! Ac. Our results are consistent with this assignment and
are summarized hereafter.

A similarity is found between the - decay of 2*’Pa reported
in Ref. [20] and the o decay of **>Pa reported here (Fig. 7).
In both cases, the lowest hindrance factor is observed for the
decay toward the ground state with very similar values. This
is consistent with microscopic-macroscopic calculations that
break the reflection symmetry [4]. Indeed, those calculations

predict two orbitals (2 = 3/2 and Q = 5/2) present around
the proton Fermi level for both Ac (Z = 89) and Pa (Z = 91)
isotopes with N &~ 130-140 [4,6,7]. For a quadrupole defor-
mation above € &~ 0.1, the Q = 3/2 orbital is the lowest
energy orbital and should be the ground state of Ac isotopes,
while the 2 = 5/2 orbitals should be the ground state of Pa
isotopes. However, as the quadrupole deformation decreases,
the two orbitals cross, hence the 2 = 5/2 becomes the low-
est energy one. The ??’Pa and **Pa are expected to have
a larger quadrupole deformation than their daughter Ac iso-
topes. Thus, the 2 = 5/2 orbital would be the ground state of
all four nuclei (227Pa, 223 Ac, 2Pa, and 221Ac), which explains
the very low hindrance factor toward the ground state in both
cases.

In addition, similar hindrance factors are also observed
toward the excited states, with notably low hindrance factors
(HF ~ 10) toward opposite parity states. This kind of behav-
ior has been interpreted several times as a sign of octupole
deformation where opposite parity states mix and lead to
low hindrance factors for transitions toward opposite parity
states [20-23].

Considering the similarity between the **'Ac and **Ac
level schemes, the I™ = 3/2% state at 88.9 keV in 2B Ac is
also expected in 22! Ac. The presence of this unobserved state
could explain the missing intensity from the 149.7-keV state
in 22! Ac. With a hindrance factor of & 100 for this 3/2% state
in 22 Ac, it is not surprising that it is not observed in this
study.

Finally, the I™ =5/27 and I™ = 5/2" levels could be
interpreted as a parity doublet arising from octupole defor-
mation. The splitting of 149.7 keV for the doublet seems
higher than the splitting usually reported in the literature
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FIG. 7. Comparison between the proposed level scheme interpretation for 22! Ac and the level scheme of >2* Ac. The numbers in the black
boxes are the hindrance factors of the « decay feeding those states. Data for 223 Ac are taken from Ref. [20].

[20,23,42—-45]. However, it is also smaller than the one re-
ported for !°Fr, which is considered as a transitional nucleus
between static octupole deformation and octupole vibration
with a splitting of 191.4 keV for the ground-state band [46].
Thus ?*' Ac could be interpreted as the onset of the transitional
region between static octupole deformation and octupole vi-
bration for the Ac isotopes. This interpretation is consistent
with the results presented in Ref. [47] where self-consistent
blocked Hartree-Fock-Bogoliubov calculations using the en-
ergy density functional SLy5s1 provides the best agreement
with the data and predicts the static octupole deformation to
occur between N = 130 and N = 142 for Ac isotopes.

VI. SUMMARY

The low-lying excitation schemes of >*! Ac and >'"Fr have
been studied at the IGISOL facility, University of Jyviskyld,
via the a-decay chain ***Pa — *'Ac — 2!"Fr. The nuclei
of interest were produced using a proton-induced fusion-
evaporation reaction on a 23?Th target. The level scheme of
221 Ac is interpreted in terms of parity-doublet bands arising
from a static reflection asymmetric shape, and is compared
with the level scheme of 2?>Ac. This, added with the need
to include reflection asymmetry in the Nilsson orbitals to un-
derstand the band heads and the low hindrance factor toward
opposite parity states seems to indicate the presence of a static

TABLE IV. Measured conversion coefficient ok, oy, and/or oy, Brlce conversion coefficients, and deduced multipolarity assignments for
each y transition seen in 22! Ac where conversion coefficients could be computed. Upper limits on conversion coefficients are given with a 95%
confidence interval. When a transition is potentially a mixed transition, the computed mixing coefficient § is also given. Assignments denoted

with a star are deduced partially using parity arguments.

Brlcc
Transition energy (keV) Measurement E1l M1 E2 Assignment
a,=302+73 0.3 9.5 62.6 M1+ E2orMl
64.1 ay =38£1.6 0.07 2.27 17.1 §=05+£0.1
a,=11.8£19 0.2 6.6 34.9 M1+ E2
72.4 ay =70£1.7 0.05 1.6 9.6 §=04=£0.1
88.7 ay < 0.73 0.03 0.9 3.7 El
a,=13.6£3.6 0.1 33 11.5 M1+ E2o0rE2
91.5 ay=19+£1.1 0.03 0.8 3.15 §=13+£02
121.8 ar, < 0.86 0.05 1.5 3.1 El
129.3 a, < 0.72 0.04 1.2 24 E1l
o < 047 0.04 1.2 2.1
1323 ay < 0.47 0.01 0.3 0.6 El
149.7 o, < 1 0.03 0.8 1.2 E1l*
ar < 0.27 0.03 0.7 0.9
160.7 ay < 0.17 0.006 0.2 0.2 El
180.1 o, < 0.16 0.02 0.5 0.5 E1l
196.6 ag < 0.69 0.08 2 0.2 E1l*
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octupole deformation in >?! Ac, in coherence with some recent
calculations. These results suggest that >*' Ac represents a
transitional nucleus between static octupole deformation and
octupole vibration. It would be important to continue this
work with the study of the o decay of *2*Pa to 2!° Ac to confirm
that 2>! Ac lies at the boundary of the region of octupole
deformation for the actinium isotopes.

The use of implantation foils in «-decay experiments
provide complementary information compared to recoil de-
cay tagging experiments, notably through the measurement
of conversion electron energy and «-electron coincidences.
In the future, such experiments can be coupled with laser
spectroscopy to obtain ground-state properties. Indeed, the
coupling of decay spectroscopy and laser spectroscopy could
provide a powerful experimental approach to pin down the
structure of these neutron-deficient actinides.
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APPENDIX: CONVERSION COEFFICIENTS
AND MULTIPOLARITIES

Details of the multipolarity assignments are found in
Table IV.
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