Single-particle states and parity doublets in odd-Z ?*! Ac and ??°Pa from a-decay
spectroscopy
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Low-lying states in the odd-Z isotopes %23 Aciz2 and 223Pai34 have been studied using a-particle
and ay-coincidence spectroscopy in the >2°Pa—22' Ac—2"Fr decay chain. Ground-state spin and
parity assignments of I™ = 5/27 are proposed for both ?*'Ac and ??’Pa, with the odd proton
occupying the Q = 5/2 orbital of the quadrupole-octupole deformed shell model in both nuclei.
In ?*'Ac, excited states in the bands based on the Q = 5/2 and Q = 3/2 orbitals have been
identified, including proposed parity-doublet states. The results suggest that reflection-asymmetric
deformation of the ground state persists in the odd-A members of the isotope chains down to N = 132
for Ac and N = 134 for Pa, before reaching the transitional region at N = 130.

I. INTRODUCTION

The phenomenon of octupole correlations in atomic
nuclei has been a subject of considerable interest for the
past few decades [1-3]. In the presence of strong octupole
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correlations, static reflection-asymmetric deformations of
the nucleus can be induced. The strongest octupole
correlations, and hence the most pronounced reflection-
asymmetric octupole shapes, are found in nuclei in the
light actinide region, centred on N = 136 and Z = 88.
Shell-model calculations of single-particle orbitals in this
region, therefore, need to include both quadrupole and
octupole deformation of the nuclear potential [4-6]. Cal-
culations of this nature indicate that the inclusion of an
asymmetric deformation component results in significant
changes to single-particle energies and orderings for pro-
ton and neutron orbitals. Experimentally, it is there-
fore of great interest to study the properties of low-lying
states in the light-actinide region, which can be compared
to the predictions of shell-model calculations with and
without an octupole-deformed component. Comparison
of experimentally-assigned ground-state spins and pari-
ties with expectations from different calculations, based
on occupancies of the lowest-lying neutron (odd-N) or
proton (odd Z) orbitals, can help to elucidate the extent
of nuclei which posses ground-state octupole deforma-
tion. This type of analysis was carried out for the odd-A
light-actinide nuclei almost 35 years ago by Sheline, as de-
scribed in Ref. [7]. That work tentatively established the
extent of the region of ground-state octupole deformation
in the light actinides. Although a significant amount of
new experimental data has been obtained since the work



of Sheline, there remains a paucity of data to define the
region at the lower-INV boundary, close to N = 130, and at
the higher-Z boundary, around Z = 91 (Pa) and Z = 92
(U). Interest in determining the extent of this region has
also been reignited recently, with theoretical calculations
predicting ground-state octupole deformations to persist
in even-even nuclei up to 22Fm (N = 126, Z = 100) [8].

A valuable experimental method in the study of low-
lying states in the light-actinide region is a-decay spec-
troscopy. Low-lying excited states are often populated by
the o decay. In addition to the energies of the states pop-
ulated, derived from differences in a-decay @ values, the
spectrum of low-lying excited states (level scheme) may
be inferred from the detection of coincident v rays and
internal conversion electrons. This ary (or ae) method of-
ten enables the multipolarities of transitions to be deter-
mined, which then provide information about the spins
and parities (I™) of the initial and final states involved
in the transition. Hindrance factors (HF) of « decay can
also be derived; the hindrance factor is the ratio of the
experimentally-determined partial half-life of a decay to
that calculated by a simple model where the preformed
« particle lies in the potential of the daughter nucleus.
Values of HF indicate the similarity of the underlying
structures of the initial and final states in an a-decay
transition. This helps to interpret not only the I™ as-
signment and configuration of the state that is populated,
but also those of the decaying state. This latter consider-
ation has previously been somewhat overlooked and can
enable the configurations of a-decaying states to be inter-
preted along isotope and isotone chains, often reaching
otherwise experimentally challenging nuclei.

Here, the odd-Z light-actinide nuclei 22!Ac (Z = 89)
and 2%Pa (Z = 91) have been studied using a-decay and
ary/ae coincidence spectroscopy. The a-decaying nuclei
were produced in heavy-ion fusion evaporation reactions
or were themselves produced in « decay. New results
concerning the low-lying states involved in the a decay,
including spin and parity assignments, have been com-
pared to theoretical predictions and regional systematics
to help understand the strength of octupole correlations
in these nuclei.

II. PREVIOUS RESULTS
A. ?2'Ac—?'"Fr o decay

The ground-state spin and parity of 22! Ac have previ-
ously been tentatively assigned to be I™ = (3/27); this
assignment was made in an in-beam v-ray spectroscopy
study in which ?2!Ac was produced by the 29°Bi(*4C,
2n)22 Ac reaction [9]. The a decay of 22! Ac has previ-
ously been studied several times in Refs. [10-14], with
consistent results reported for a-particle energies and
branching ratios for up to four a decays. Energies of
excited states populated in 2'7Fr following the a decays
of 221 Ac, with [E, (keV), BR, (%)], were determined to

be 210(20) [7440(15), 20(5)], 270(20) [7375(10), 10(5)],
and 485(15) keV [7170(10), ~2]. The excitation energies
were calculated from a-particle energy differences [11],
assuming the [7645(10), 70(10)] « decay populates the
ground state. The ground state of 2!"Fr has been de-
termined to have I™ = 9/2~ from the identification of a
dominant, unhindered o decay from 2'7Fr to the ground
state of the spherical nucleus 2'*At [11]. No spin and
parity assignments were made in Refs. [10-14] for the ex-
cited states in 2'"Fr populated by 22! Ac a decay and the
states were not observed in prompt ~-ray spectroscopy
[16].

B. 2®Pa—??'Ac a decay

No excited states have been identified in ??°Pa and
no assignment for the I™ of the a-decaying ground
state has previously been made. The « decay of ?25Pa
has previously been reported in Refs. [10-12, 14, 15]
with up to three decay branches. The a-particle ener-
gies and branching ratios measured in more comprehen-
sive of these studies were: [7250(20) keV, 100%] [10],
[7245(10) keV, 70(10)%], [7195(10) keV, 30(10)%] [11],
and [7261(5) keV, 53(2)%], [7235(5) keV, 30(2)%)],
[7170(5) keV, 17(1)%] [12]. Some disagreement exists
in the detail of the a-decay fine structure following these
previous studies. However, the results from Ref. [12] are
considered the most authoritative, due to the clean spec-
tra presented. Using these a-particle energies the ex-
cited states populated in 22!Ac have energies of 26(7)
and 92(7) keV, assuming that the 7261-keV a-particle
decay populates the ground state. The prompt ~-ray
study of 2?1 Ac led to the tentative I™ = (3/27) ground-
state assignment and a scheme of around 30 proposed
levels [9], however there are no candidates with energies
corresponding to those populated following the a decay
of 225Pa.

III. EXPERIMENTAL DETAILS

The results presented in this paper are taken from two
experiments that were performed at the Accelerator Lab-
oratory of the University of Jyvaskyla in Finland. Nu-
clei were produced via fusion-evaporation reactions us-
ing 208Pb targets and beams of *O (Experiment 1) and
20Ne (Experiment 2). Details of the energies and inten-
sities of beams, as well as target thicknesses and exper-
imental duration, are given in Table 1 of Ref. [17]. The
experiments were both performed with the same exper-
imental set up, which is described below. The target
was located at the centre of the SAGE spectrometer [18],
which was used to detect prompt v rays and internal-
conversion electrons; however, data from the SAGE spec-
trometer are not presented in this paper. Downstream of
the target, recoiling evaporation residues were separated
from fission fragments and unreacted beam ions using the



RITU gas-filled recoil separator [19, 20] and were trans-
ported to its focal plane. At the focal plane of RITU,
the reaction products were implanted into one of two
double-sided silicon strip detectors (DSSDs) placed side-
by-side at the focal plane. This enabled the detection
of both the implantation of the product nuclei as well
as any charged particles emitted following their decay,
or those from the decay of any nuclei produced in subse-
quent decays. The DSSDs each consisted of 40 horizontal
strips and 60 vertical strips, giving a total of 4800 indi-
vidual pixels. In standard operation, a multi-wire pro-
portional counter (MWPC) is placed in front (upstream)
of the DSSDs; the purpose of the MWPC is to provide
energy-loss and time-of-flight information to help distin-
guish between evaporation residues and scattered beam.
However, the MWPC was not used in the experiments
described here due to the low energies of the evaporation
residues. In the present work, time-of-flight information
was extracted from the time between prompt signals in
SAGE and the subsequent corresponding (implantation)
signal in the DSSDs. Along with the DSSDs a suite of
supplementary detectors at the focal plane constitute the
GREAT spectrometer [21]. This is used to detect radia-
tion emitted following the decays of implanted nuclei, or
those in the subsequent decay chain. For the detection of
X rays and ~ rays emitted from implanted nuclei, three
HPGe clover detectors were placed around the DSSDs.
Relative to the central ion trajectory, the centres of the
clover detectors had polar coordinates (6, ¢) of (90°,0°),
(90°,90°) and (90°,270°), where ¢ = 0° is defined to be
vertically upwards.

IV. DATA ANALYSES

Data were acquired using the triggerless Total Data
Readout (TDR) system [22] and were analysed using the
GRAIN software package [23], which was specifically de-
veloped for use with TDR data. Energy calibration of the
DSSD channels was carried out using known a-particle
energies emitted from implanted evaporation residues, or
those produced in their decay chains. The a decays from
20pg [E, = 5304.33(7) keV], 2°Ra [E, = 7456(5) keV],
29Ra [E, = 7679(3) keV], 22Th [E, = 7986(3) and
7604(3) keV], 213Rn [E, = 8090(3) keV], and 22'Th
[E, = 8469(4), 8144(4), and 7728(4) keV] were used for
data from Experiment 1. For data from Experiment 2,
the same a-particle energies were used, with the excep-
tion of those from ?2°Ra and 2'°Ra. The a-particle ener-
gies used are weighted means taken from Ref. [24], which
reviewed all previously published results. The absolute
efficiency for the detection of v rays in the focal-plane
HPGe clover detectors was determined from the intensi-
ties of a particles from decays which populated excited
states measured in the DSSDs compared with those in co-
incidence with v rays from the subsequent internal tran-
sitions.

A. «-decay selection

The 2%Pa—221Ac—21"Fr—2183At—299Bi  a-decay
chain is shown schematically in Fig. 1; the data are
taken from Refs. [12, 25-27]. The « decays of the
two isotopes studied here were selected by identifying
chains of three or four consecutive signals in a single
DSSD pixel. These corresponded to: the implant of
an evaporation residue at time tg, followed by the
subsequent a decays, oy, @z, and ag, at times t1, to,
and t3, respectively. In the analysis, the energies of as
or ag often corresponded to an energy sum between two
successive « decays in a chain. This was due to the
very short half-lives of N = 128 nuclei in the region
(Thy2 < 300 ns), and the shaping time of the DSSD
energy amplifiers, which was set to be 500 ns. A detailed
description of a-decay sum-energy spectroscopy is given
in Ref. [17]. In assigning signals as decays, as opposed to
reaction-product implantations, the correlation between
the energy recorded in the DSSDs (Epssp) and the
time-of-flight between any signal in SAGE and signals
in the DSSDs (tror) was used. Two-dimensional gates
on plots of these quantities were used to veto signals
from being assigned as decays, assuming them therefore
to be reaction-product implantations. These gates were
centred on (tror, Epssp) coordinates of (2.0 us, 2.0
MeV) for Experiment 1 and (1.4us, 4.4 MeV) for
Experiment 2.

1. 21 Ac=*"TPr

Data from both Experiments 1 and 2 were used in the
study of the o decay from ??'Ac. For the data from
Experiment 1, a-decay chains were identified whereby
ay corresponded to the decay of 22'Ac (Th /2 = 52 ms)
and as to that of the sum energy between the decays
of 2MFr (Ty/ = 19 ps) and 2At (Ty5 = 125 ns).
Figure 2(a) shows the energy of a; plotted against the
energy of as. Conditions were set for times (t; — to)
from 25 to 364 ms and (t3 — t1) from 0 to 133 us,
and for the energy of as from 16.86 to 17.43 MeV.
The lower limit on (t; — tp) was set to remove a
large background from the ***Th(Ty,, = 2.8 ms)—
8Ra(Tho = 25 ps)— *MRn(Ty)2 = 270 ns) a-decay
chain. The lower limit on the energy of as was set
to remove background from the 220Ra(T1/2 = 18 ms)—
HORn(Ty /o = 45 ps)— 22Po(Ty/ = 299 ns) a-decay
chain, where as has a maximum a«-particle sum en-
ergy of E,(*°Rn)+E,(*'?Po) = 16.83 MeV. The max-
imum a-particle sum energy of E,(?'"Fr)+E, (?13At) is
17.40 MeV, which determined the upper limit on the asg
energy. The reduction in background provided by a~y-
coincidence analysis allowed for more liberal conditions
of 3.2 to 364 ms for (t; —tp) and 0 to 17.43 MeV for the
energy of as to be set to obtain these spectra.

For data from Experiment 2, «a-decay chains were
identified whereby «; corresponded to the decay of
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FIG. 1. Schematic  representation  of  the
225Pa 221 Ac—21"Fr—»213At—2%9Bi  a-decay chain; data
taken from Refs. [12, 25-27]. The figure gives a-particle
energies, in keV, and branching ratios of the decays, as well
as the half-lives of the a-decaying ground states.

225Pa (T2 = 1.7 s), g to that of 22! Ac (T} 2 = 52 ms),
and ag that of the 2"Fr+2'3At a-particle sum. Ener-
gies of ag against ag in the chains identified are shown
in Fig. 2(b). Conditions were set for times (t; — ¢g) from
28 ms to 8.5 s, (to—t;1) from 2 to 364 ms, and (t3—t2) from
0 to 133 us. Conditions on energy were set for a; from
0 to 7298 keV, with energies 1585 to 6945 keV excluded
to prevent falsely correlated recoil energies, and ag from
0 to 17.43 MeV. For spectra of a-y coincidences no ag was
required in the chains identified and the condition on the
«y energy was set across the total 0 to 7298 keV range.
The combined a-particle spectrum of results from Ex-
periments 1 and 2, with the implementation of the time
and energy conditions described, is shown in Fig. 2(c).

2. 225Pa—>221Ac

Data from Experiment 2 was used in the study of the
a decay of ??°Pa. Chains were identified whereby oy
corresponded to the decay of 22°Pa, a» to that of 22'Ac,
and a3 that of the 217Fr+213At a-decay sum. Energies
of a1 against as in the chains identified are shown in
Fig. 3(a). Conditions were set for times (t; — tp) from
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FIG. 2. Spectra showing the a decay of **Ac. The top two
panels show the energies from the 2?!Ac a decays against
those of the subsequent a-particle sums from 2'7Fr4213At;
taken from Experiments 1 (a) and 2 (b). The bottom panel
(c) shows the combined results from both experiments for
221 Ac energies. The conditions used to create the spectra are
described in the text.

28 ms to 8.5 s, (t2 — t1) from 2 to 364 ms, and (t3 — t2)
from 0 to 133 us. Conditions on energies were set for as
from 7120 to 7680 keV and a3 from 0 to 17.43 MeV. For
spectra of a~y coincidences a condition on the energy of
ag of 0 to 7680 keV was used. The resulting a-particle
spectrum, following the implementation of the time and
energy conditions described, is shown in Fig. 3(b).

V. RESULTS

Details of the a decays studied in this work are given
in Table I. The table gives the energies of the « parti-
cles, branching ratios of the decays, spins, parities, and
energies of the states populated, the hindrance factors
of the decays, and the half-lives of the ground states of
221 Ac and 2?°Pa measured in the present work. The the-
oretical half-lives used to obtain the hindrance factors
were calculated using the spin-independent method pre-
scribed by Preston [28]. In these calculations, nuclear
radii of 9.30 (>'"Fr) and 9.36 fm (??!Ac) were used for
the theoretical partial half-lives of the « decays from
221 Ac and 225Pa, respectively. Additional ground-state
half-lives were measured for 217Fr[T1/2 = 23(2) ps], and
23 AL[Ty ;2 = 127(20) ns], which are subsequent members
of the a-decay chain.

Table II gives details of v-ray transitions in the nuclei
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FIG. 3. Spectra from the a decay of ?*Pa, taken from Ex-
periment 2. The figure shows the energies from the a decay
of ??5Pa, plotted against those from the subsequent *?'Ac,
Panel (a), along with just those selected from 225py, Panel
(b). Panel (c) shows the energies of coincident v rays and
« particles from the decay of 2?°Pa, with the total Q value for
the decay, Qr, represented as a dashed diagonal line. Panel
(d) shows the total projection of y-ray energies. Energies of
« particles and «y rays from corresponding decays are labelled
(i-vi), which are also detailed in Table I and represented in
Fig. 5. The fitted functions for each of the seven a-particle
energy peaks are shown as dashed lines on the spectrum.

produced following « decay. The table gives the ener-
gies of the transitions, the excitation energies, spins, and
parities of the initial and final states, the multipolarities
of the transitions, and the branching ratios from the ini-
tial states, where appropriate. Level schemes represent-
ing the 22! Ac—2'"Fr and ?2°Pa—22'Ac a decays and the
states populated are shown in Figs. 4 and 5, respectively.

A. ??'Ac—?'"Fr o decay

Figures 2(c) and 6 show the a-particle and ay-
coincidence spectra for the decay of 22'Ac, selected as
described in Sec. IV A 1. The highest-energy « particle,
with 7642 keV, is assumed to be produced by the decay
to the ground state in 2'7Fr. This assumption is made as
no ~y rays are observed in coincidence with these a parti-
cles and no higher-energy a-particle-conversion-electron
sum peaks are present. To help to establish the level
scheme of states populated in 2!7Fr following the o de-
cay of 221 Ac, a line of total Q value, Q7 = 7783 keV from
the 7642-keV a-particle energy, is shown on Fig. 6(a) as
a dashed diagonal line. This represents the total energy

221 Ac 5/2°

7364, 5.2(12) (7/2) 276
N
> <
8 ’LIt 7440, 4.1(5) (5/2) v 209
O g
-o -
5 ¢
[*)]
o
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7642, 5.3(5) 9/2 0
217|:r

FIG. 4. Level scheme representing the 2>! Ac—?'"Fr a decay.
The figure shows the a-particle energies and hindrance factors
of each decay, as well as the I™ and energy of each state and
the energies of transitions. All energies are given in keV.

of the 22! Ac a decay, which consists of the a-particle Q
value plus the v-ray energy. It is therefore likely that
ay coincidences which appear on this line are produced
by « decays which populate a state in 2!"Fr which then
decays directly via the emission of a single v-ray to the
ground state. Energies of the a particles identified from
decays of 22! Ac which populate excited states in 2'7Fr
are also shown as horizontal lines on the a~y-coincidence
spectrum in Fig. 6(a).

It can be seen from the a-y-coincidence spectrum that
the 7440-keV « particles are emitted from decays which
populate a 209-keV state in 2'7Fr, which then decays
directly to the ground state via a 209-keV v ray. Fig-
ure 6(b) shows the v rays in coincidence with the 7440-
keV « particle, and as only the 209-keV ~ rays are ob-
served a branching ratio of 100% from the 209-keV state
to the ground state is assumed.

The v rays in coincidence with the 7364-keV « par-
ticle, or those summed with Auger electrons, are shown
in Fig. 6(c). Coincidences between 7364-keV « parti-
cles and 276-keV ~ rays which lie on the Qr line suggest
that this a decay populates a state with this excitation
energy, which then decays directly to the ground state.
Additionally, 209-keV -~y rays are also observed, which im-
plies a 67-keV transition between the 276- and 209-keV
states. No 67-keV ~-rays are observed in the oy coin-
cidence spectra, however this observation would not be
expected considering the internal-conversion coefficients
discussed below.

In order to understand the multipolarities of the three



TABLE I. Details of o decays from 22! Ac—217Fr and 22°Pa—221Ac. The table gives a-particle energies, Eo (keV), branching ratios,

ba (%), spins and parities, I, ,

and excitation energies, Epop. (keV), of states populated, total Q values, given by Qa+Epop., Q@ (keV),

and hindrance factors, HF. Energies of a particles from 225Pa—221 Ac labelled (i-vi) correspond to those in Figs. 3 and 5; those shown in
square brackets are tentative. Values for the half-lives of the a-decaying states are also given, T} /3.

Mother nucleus Eo ba Lop. Epop. QT HF
ZIAc(5/27) [T1/2 = 45(3) ms] | 7642(3) 71(4) 9/2~ 0 7783(3) 5.3(5)
7440(3) 20(2) (5/2)~ 208.7(11) 7785(3) 4.1(5)
7364(5) 9(2) (7/2)~ 276.0(10) 7776(6) 5.2(12)

Pa(5/27) [T1/2 = 1.95(10) s]|  7264(3) 61(6) 5/2~ 0 7395(3) 2.6(3)
7234(4)(®) 15(4) (7/27) 30(5)* - 8.1(19)

[7205(8) ()] 9(3) (9/27) 60(8)* - 11(5)

7182(8) (%) 5(2) (5/2)F 88.2(15) 7400(8) 16(7)
7135(8) () 1.8(6) (7/2)* 124.9(12) 7389(8) 32(11)

7112(8)®) | 3.7(13) (5/27) 152.2(15) 7392(8) 12(5)

7084(8)(*) | 4.0(12) (7/27) 179.8(15) 7391(8) 9(3)

x Energy taken from difference in a-decay @ values.

TABLE II. Details of the y-ray transitions in daughter nuclei fol-
lowing the 221 Ac—217Fr and 225Pa—221Ac o decays. The table
gives transition energies, E, (keV), energies of initial and final
states populated, E; (keV) and Ey (keV), character of the tran-
sition, oL, initial and final spins and parities of states populated,
IT and IF, and branching ratios of transitions from states, by (%),
where relevant.

Nucleus Ey E; — Ef oL IT — I}r by
217k | 67.2(15) [276.0 — 208.7| M1[(7/2)~ — (5/2)~ |67(30)
208.7(10)| 208.7 =0 |E2| (5/2)" — 9/2~

276.0(11)| 276.0 — 0 |M1| (7/2)~ — 9/2~ |33(17)
22TAc [ 88.2(15) | 882 —0 |[E1]| (5/2)FT —5/2~
124.9(12)| 1249 -0 |E1| (7/2)t — 5/2~
152.2(15)| 1522 —=0 | - | (5/27) — 5/2~
179.8(15)| 179.8 -0 | - | (7/27) — 5/2~

transitions established in 2'7Fr several pieces of data were
used. Only multipolarities with AI < 2 are considered
as the transitions were observed in prompt coincidence
with « particles suggesting that higher-orders would be
unlikely. In this context, a useful piece of data is the ratio
between the intensities of « particles from decays popu-
lating excited states measured in the a-particle spectrum
and those in coincidence with v rays emitted from the
populated excited states. This ratio is dependent on the
total internal conversion coefficient of the «-ray transi-
tion, which can be calculated as discussed in Ref. [29]; the
measured intensity ratio may then be compared to those
expected for different multipolarity assignments. For the
209-keV transition, the measured intensity ratio for the
7440-keV « particle is consistent only with an E1 or E2
assignment. It should also be noted that this comparison
also rules out higher order multipolarity assignments.

The absence of 67-keV v rays in coincidence with the
7364-keV « particles would suggest a large conversion
coefficient for this transition, given that nine 209-keV
~v rays are observed in coincidence with this « parti-
cle and the ratio of y-ray efficiencies is €ap9/€g7 ~ 1.1.
This effectively precludes an E1 assignment for the 67-
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FIG. 5. Level scheme representing the ??*Pa—??'Ac a de-
cay. The details given are the same as in Fig. 4 with the
additional indication of the {2 of the single-particle proton
orbital to which the parity-doublet state is assigned. The «
decays labelled (i-vi) correspond to those detailed in Table I
and shown in Fig. 3.

keV transition; as uotai(67g1) = 0.29 compared with
Qitotal (67)> 8.5 for all other multipolarities [29]. Fig-
ure 6(d) shows the a-particle energies measured in coin-
cidence with the 209-keV ~ ray; for the 7364-keV « parti-
cles this necessitates the subsequent decay via the 67-keV
transition in question. The shifts in energy observed for
the 7364-keV a-particles by a few tens of keV is indicative
of Auger-electron summing, which is discussed in more
detail in Ref. [30] and illustrated in Fig. 2 therein. This,
again, is a clear indication of a highly-converted 67-keV
transition. Due to this energy summing the 7364-keV
a-particle energy was determined from the coincidences
with 276-keV ~ rays, which are shown in Fig. 6(e). It
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FIG. 6. Spectra from the ary coincidence analysis of the decay
of 22! Ac taken from Experiments 1 and 2. Panel (a) shows
the energies of v rays plotted against those of coincident «
particles. Horizontal lines represent the energies of o particles
from 22! Ac decays and the diagonal line represents the total
Q value of the o decay of > Ac (Qr = 7783 keV). The lower
two panels give y-ray energies in coincidence with 7440- (b)
and 7364-keV, plus those with summed Auger electrons, (c)
a-particle energies. Panels (d) and (e) show the a-particle
energies measured in coincidence with 209- and 276-keV -~
rays respectively.

should be noted that the 7364-keV « particles which sum
with the conversion electrons from the 67-keV transition
will be measured with energies around those of the 7440-
keV « particles. These intensities were duly considered
when calculating a-decay branching ratios.

The intensity of summed « particles with K conversion
electrons, labelled as a+cek in Fig. 2(c), can also be used
to help assign multipolarities for the transitions identified
in 2'"Fr. Using the measured intensities of the « particles
from decays to excited states, the different o+ cex inten-
sities expected for all possible remaining combinations of
multipolarities for the three transitions were simulated.
Efficiencies for the total energy deposition from conver-
sion electrons in the DSSD pixels were determined using
Monte-Carlo simulations. Values of around 37% were
found for electron energies in the range of 50 to 300 keV,
relevant to the present study. The possible multipolar-
ity assignments consistent with the measured intensity of
a + ceg are determined to be: 67(M1 or E2), 209(E2),
and 276(M1 or E2). Combinations of multipolarities
which were inconsistent with parity changes in the es-
tablished level scheme were not considered. Neither were
M2 multipolarity assignments for the 67-keV transition,
which would be unlikely to compete with a lower-order

multipolarity for the 276-keV transition.

Using the 2!7Fr ground-state assignment of I™ = 9/2~
taken from Refs. [11, 16] the possible multipolarities
established for the transitions then define the 209-
and 276-keV states to have possible spins and par-
ities:  I™(209) = (5/2, 7/2, 9/2, 11/2, 13/2)~ and
I7(276) = (5/2, 7/2, 9/2, 11/2, 13/2)~, with AT < 2
between the two states. The branching ratios of the «
decays from 22! Ac, and the branching ratio of the y-ray
transitions from the 276-keV state in 2!7Fr, are calculated
assuming M1 multipolarities for the 67- and 276-keV
transitions; this is discussed in more detail in Sec. VI A.

B. ?*Pa—??'Ac o decay

Figure 3(b) shows the spectrum from the o de-
cay of 22°Pa selected using the conditions described in
Sec. IVA 2. The a particles from decays identified to ex-
cited states are labelled a(;_,;, corresponding to those
listed in Table I and shown in Fig. 5. The «a decay of
225Pa produces a more complicated spectrum than that
of 221 Ac, with a particles from multiple decays with
closely-spaced energies. This is presumably due to a
higher density of low-energy states in the N = 132 daugh-
ter nucleus, 22! Ac, compared to those in the N = 130,
transitional nucleus 2'7Fr.

The 7264-keV « particle is assigned to the decay to
the ground state of 22! Ac because this is the highest en-
ergy « particle, or o particle summed with an internal-
conversion electron, in the decay of 22°Pa. The only other
a-particle which may be clearly identified from the spec-
trum in Fig. 3 (b) is that with E, = 7234 keV.

In order to identify other a decays from 2?°Pa, the
spectrum of coincident 7-ray and a-particle energies
shown in Fig. 3 (¢) was used. The total @) value
for the o decay of 2?°Pa, with Qr = 7395 keV taken
from the E, = 7264 keV of the decay which popu-
lates the ground state, is shown as a diagonal dashed
line. Coincidences between fully-detected « particles
from 225Pa decays which populate excited states in 22 Ac,
and ~ rays from resulting transitions which directly pop-
ulate the ground state from that excited state will ap-
pear on this line. Partially-detected a-particle energies
and Compton-scattered - rays, along with a-particle en-
ergies measured in coincidence with v rays emitted from
cascades, will appear below this Q7 line.

Four a7y coincidences appear on the @Qp line, with
L, = 88, 125, 152, and 180 keV. These coincidences are
therefore assumed to indicate « decays which populate
states with excitation energies equal to the energies of
the v rays. The four ay coincidences correspond to a-
particle energies indicated in Fig. 3 (b) which are labelled
(iii, iv, v, vi), respectively. More tentatively, one further
a-particle is identified from the spectrum in Fig. 3 (b),
which is labelled (ii) with E, = 7205 keV.

The 125-keV transition is further evident in the three
counts observed in the projection of the ~-ray energies



for all 22°Pa a-particle energies below 7264 keV, shown
in Fig. 3 (d). This then includes the ~50% of « particles
which escape from the surface of the DSSDs, depositing
only a partial energy. Further understanding of the 125-
keV transition may be gained by calculating the probabil-
ities of observing three, or more, counts using total con-
version coefficients, ar, calculated for different multipo-
larity assignments [ar(125 keV) = 0.29(E1), 9.24(M1),
4.12(E2), 58.7(M2) [29]]. These are found to be:
0.42(E1), 8.9x1073(M1), 4.7x1072(E2), 6.8x107°(M?2).
These calculations use the a-particle intensities from de-
cays which populate the 125-; 152-; and 180-keV states
and assume that the 125-keV transition is passed through
with 100% branching following the population of each of
these states. Even with these conservative assumptions,
as the probabilities are likely to be lower due to branch-
ing ratios in the level scheme, it is clear that all other
multipolarities except E1 are unlikely for the 125-keV
transition. The E1 assignment defines the I™ of the 125-
keV state with Al < 1 relative to that of the ground
state, and with opposite parity. The multipolarity of
the 88-keV transition is also assumed to be E1, with the
same conclusions drawn for the 88-keV state, as the con-
version coefficients for all other multipolarities are high:
ar = 0.16(F1), 5.0(M1), 18.9(E2), 95.1(M2) [29].

When calculating the a-decay branching ratios from
225Pa the I™ assignments discussed in Sec. VIB are as-
sumed. Branching ratios of 100% are assumed for transi-
tions between all populated states and the ground state,
except for the 60-keV state which is assumed to popu-
late only the level at 30 keV. Multipolarities of transi-
tions from positive-parity states are assumed to be E1
and those from negative-parity states are assumed to be
mixed M1/FE2 with § = 1.

VI. DISCUSSION

Single-particle orbital energies from shell-model cal-
culations can change rapidly with the addition of an
octupole-deformation component to the quadrupole-
deformed nuclear potential [4-6]. As this often leads
to differences in the lowest-energy orbital, the experi-
mentally determined ground-state spins and parities of
odd-A nuclei may be compared with those expected
from different calculations to indicate the presence, or
not, of an octupole-deformation component. The nu-
clear chart in Fig. 7 shows part of the light actinide re-
gion, with the odd-Z, even-N isotopes highlighted. The
experimentally-determined spin and parity assignments
of the ground states are given as well as the  values
of the orbitals populated by the odd protons for nuclei
beyond the N = 130 transitional region. All information
was taken from compilations and evaluations of nuclear
data [25, 31-37], and references therein. On the figure,
boundary lines are given which define the region of odd-
A nuclei in which the ground-state spins and parities are
consistent with the lowest-lying orbitals calculated with

the addition of an octupole deformation. Regions where
data is not available, and the boundary is therefore un-
certain, are indicated with dashed lines.

The figure has been adapted from Ref. [7] with several
amendments, which are described below. Studies of the
a decay of the even-Z, odd-N 227U nucleus are consistent
with a I™ = 3/2% assignment, which is expected for an
N = 135 isotone in the asymmetrically-deformed model
[49, 50]. This gives a reliable boundary at the top-right
of the figure. The boundary between At (Z = 85) and
Rn (Z = 86) isotopes is confirmed at N = 134 due to the
I™ = 9/2 (spherical shell model) ground-state assign-
ment of 22At [51]. The boundary is confirmed between
N = 130 and 131 following a-decay studies of 2!Ra and
221Th [30, 52], as well as the present ground-state assign-
ments, which are discussed below. More tentatively, this
boundary is extended to the Pa isotopes as the ground
state of 22! Pa has been assigned as I™ = 9/27 [53]. Ad-
ditionally, the figure shows the even-even nuclei that are
predicted to possess ground-state octupole deformations
in five, or more, of the calculations in Ref. [8] as shaded

grey.

Z=91| 221 223 225 227 229
(Pa) | 9/2 - 512 [512] 5/2'[512] 5/2'[5/2]

Z=89 | 219 221 223 225 227
(Ac) 9/2 512 [5/2] 5/2'[5/2] 312 [312] 3127 [312]

Z=87] 217 219 221 223 225
(Fr) 9/2 9/2[1/2] 512 [1/2] 312'[312] 3127 [312]

A
re]
N=130 132 134 136 138

FIG. 7. Chart of nuclei for selected light actinides highlighting
odd-Z even-N isotopes. Experimentally-established ground-
state spin and parity assignments are taken from Refs. [25, 31—
37] as well as the present work, and Q values of the specific
proton orbitals assigned to the ground-state configurations
for isotopes beyond the N = 130 transitional region are given.
The boundary lines define the region of odd-A nuclei in which
the ground-state assignments are consistent with predictions
from asymmetrically-deformed nuclear potential shell mod-
els; these are predominantly taken from Ref. [7], with addi-
tional amendments as described in the text. Additionally, the
even-even nuclei which are predicted to posses ground-state
octupole deformations in five, or more, of the calculations in
Ref. [8] are shaded grey.



A. 0Odd-A Ac ground-state configurations

Calculations of single-particle proton states in an
asymmetrically-deformed nuclear potential consistently
predict two orbitals, with Q@ = 5/2 and Q = 3/2, to
be present at the Fermi level of the 89th proton of Ac
isotopes from N ~ 130 - 140 [4-6]. The ground-state
configurations of odd-A Ac isotopes are expected there-
fore, in the presence of strong octupole correlations, to
be due to these orbitals; with the odd proton occupy-
ing the state lying lowest in energy. The calculations
broadly predict that as both quadrupole- and octupole-
deformation parameters reduce, from N = 140 down to-
wards the spherical shell closure at N = 126, the Q = 5/2
and 3/2 configurations cross, with the former becoming
the lower-energy state.

The ground states of 22”Ac and 22°Ac have been as-
signed with I™ = 3/2~. The assignment for 227Ac was
proposed following studies of the a decay of 231 Pa [54, 55]
and proton-stripping reactions [56] as well as direct mea-
surements of the nuclear spin and electromagnetic mo-
ments, the latter helping to identify the single-particle
orbital responsible for the ground-state configuration, via
nuclear laser-spectroscopy [38-41]. For 2?°Ac, the as-
signment was made following studies of the « decay of
229Pa [57, 58] and the S~ decay of 22°Ra [57]. The
ground state of 223Ac was assigned as I™ = 5/2% fol-
lowing the study of the a decay of 22"Pa [59]. However,
that interpretation was subsequently re-evaluated follow-
ing another a-decay study in Ref. [60], and the ground
state was reassigned as 5/27. These results were inter-
preted as the ground-state configurations switching from
the Q = 3/2 (227Ac and ?2%Ac) to the Q = 5/2 (?23Ac)
orbital between N = 136 and 134. For the next isotope,
221 Ac, a tentative (3/27) ground-state was assigned fol-
lowing a study of prompt inbeam transitions by Aiche
et al. in Ref. [9]. This assignment was guided by cal-
culations of Ref. [6], which predict the energy of the
Q1 = 3/2 orbital to be 8 keV below that of the = 5/2
orbital. However, these calculations also predicted the
Q = 5/2-orbital energy to be 71 keV above that of the
Q) = 3/2 orbital in 22 Ac, contrary to experimental obser-
vations. The 3/2 assignment in 22! Ac would imply that
the Q = 3/2 and 5/2 states cross again at N = 132, with
the 3/2 becoming the lowest in energy. For lower-N iso-
topes the ground states are determined by the odd proton
occupying the hg,y spherical-shell-model orbital. This is
evident in the I™ = 9/2~ assignment for the ground state
of 219 Ac from the observation of a dominant, unhindered
a decay to the 9/27 ground state of 2'5Fr [11].

To interpret the present results from the 22 Ac—21"Fr
« decay, they may be compared with those from neigh-
bouring odd-A Ac isotopes. Figure 8(a) shows excita-
tion energies of states in the isotopes 2'5Fr, 2'7Fr, 219Fr,
and ??'Fr populated in the « decay of 2Ac [11, 53],
2lAc, 223Ac [61, 62], and 225Ac [63, 64], respectively.
The configurations of states populated in 2'9Fr and 22'Fr
have previously been interpreted as members of parity-
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FIG. 8. Systematics of selected states in odd-A Fr isotopes
(indicated on lower axis) showing excitation energies, Panel
(a), and hindrance factors of a decays which populate the
states, Panel (b). The decaying Ac isotope is shown on the
upper axis, with the spin and parity assignment of the a-
decaying state. The spins and parities of the states popu-
lated in Fr isotopes are indicated along with the  values of
the reflection-asymmetric-potential model single-particle con-
figurations; the spherical-shell-model configurations are also
indicated where appropriate. Results are shown from the
HINC—5Fr [11], 223Ac—2Fr [61, 62], and 2?5 Ac—*1Fr
[63] « decays, as well as those for ?*!Ac—2'"Fr from the
present study; which are highlighted as filled or bold sym-
bols.

doublet bands built on two single-particle proton-orbital
band heads with Q@ = 1/2 or 3/2 [61-63]. Ground-
state spins have also been directly determined and elec-
tromagnetic moments measured via laser spectroscopy
in 219Fr [42-44] and ??'Fr [43-48]. The study of the
ground-state electric-quadrupole-moment systematics for
odd-A francium isotopes (Ref. [43]) revealed 2'°Fr and
221Fr to posses similar deformations and confirmed the
Q = 1/2 orbital assignment for both, despite the anoma-
lous I™ = 9/2~ ground-state of 29Fr. This is indi-
cated by consistent electric-quadrupole-moment magni-
tudes from 2'°~225Fr, which change from negative to pos-
itive between 22'Fr and 223Fr as the ground state changes
between the 2 = 1/2 and 3/2 orbitals. This inversion is
attributed to the strength of the Coriolis mixing; strong
mixing decoupling the odd proton of the Q = 1/2 state
in 2YFr and 2?2'Fr and weaker mixing leading to a cou-
pled Q = 3/2 proton for 223Fr and 2?°Fr. It should
be noted that the = 3/2 states in Fr isotopes are
the product of a different single-particle configuration to
those discussed in the Ac isotopes. Ground-state assign-
ments of 9/2~ are indicated for 21°Fr [11, 65], 217Fr [11],



and 219Fr [66, 67], as a result of dominant, unhindered
(HF ~ 1) a decays to 9/27 hg,, spherical-shell-model
ground states in the At (Z = 85) daughter nuclei. The
presence of an unhindered decay from 2Fr would indi-
cate that this nucleus may be considered somewhat tran-
sitional; the 9/2~ ground state displaying characteristics
of the hg /s spherical-shell-model configuration [7, 62], as
well as those of the Q@ = 1/2 orbital [43]. The 9/2~
states in Fig. 8 are therefore listed with both spherical-
shell-model and reflection-asymmetric-model configura-
tions, as the isotopes move from spherical (>'°Fr), to
transitional (>'72!19Fr), and finally to the well-deformed
region (*21Fr). It should be noted that the assignment of
pure single-particle configurations to the states is some-
what misleading due to the significant Coriolis mixing
expected. However, analogous states may still be identi-
fied in neighbouring nuclei, the a-decay hindrance factors
to which may be compared in interpreting the structures
of the decaying states.

Figure 8(b) shows the hindrance factors of the « de-
cays which populate the states shown in Panel (a). The
hindrance factors of the 225Ac—221Fr and 22Ac—29Fr
a decays are consistent with the spin and parity assign-
ments of the a-decaying ground states. Unhindered «
decays from 22°Ac to the 3/2~ states in ?2'Fr, and 2?3Ac
to the higher-spin 5/2~ and 7/2 states in 2!%Fr are ob-
served; decays to the 3/27 states for 223Ac—2Fr also
become much more hindered. Clear shifts in hindrance
factors to analogous states in the product nuclei are ob-
served when changing the configuration of the a-decaying
state from 2?°Ac (I™ = 3/27) to 223Ac (I" = 5/27). For
221 Ac, the o decay to the 9/2~ ground state in 2!7Fr
shows no dramatic shift in hindrance factor compared to
that of the 222 Ac decay to the 9/2~ ground state in 2!9Fr.
Such shifts in hindrance factor are observed between the
a decays of (2?Ac and 223Ac) and (?23Ac and 225Ac) to
9/2~ ground states in the daughter nuclei, which is at-
tributable to changes in configuration of the a-decaying
state. This would suggest that the ground-state configu-
ration in ??'Ac is the same as that in 223Ac, that has a
ground-state spin of 5/2.

Considering the configurations of the two excited states
populated in 217 Fr following the o decay of 22! Ac, assign-
ments of I™ = 3/2~ for either state have been ruled out.
This is evident from the observation of «-ray transitions
between the excited states in 2!7Fr and the 9/2~ ground
state; these transitions being unlikely to have AI > 3
multipolarities (as detailed in Sec. V A). Considering the
present suggestions for possible spins and parities of the
209- and 276-keV states in 2"Fr and the multipolari-
ties of the three transitions identified from them, as well
as the hindrance factor systematics of neighbouring iso-
topes, the two states are assigned as analogous to those
with I™ = (5/2)~ and (7/2)~ of the Q™ =1/2~ and 3/2~
bands, respectively, in ?Fr and 22'Fr. With reducing
quadrupole deformation when moving along the transi-
tional nuclei from 219Fr to 217Fr the 9/2~ ground state is
brought down in energy as a result of the spherical hg /o
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orbital. The excited Q2 = 1/2 and 3/2 states therefore lie
higher in energy for 2!“Fr compared to 2'%Fr. However,
these states still remain below the excitation energies of
states based on spherical-shell-model orbitals, for which
the lowest energy is E = 364 keV [16].

The similarity of the a-decay fine structure from both
221 Ac and 223 Ac, and the difference to that of both 29 Ac
and 2?°Ac, is consistent with the same a-decaying state
in both nuclei. The a-decaying ground state of 22'Ac
is therefore assigned with I™ = 5/27, consistent with
the assignment made for ?*Ac in Ref. [60], from the
Q = 5/2 proton orbital. This assignment differs from
that tentatively proposed in Ref. [9] of I™ = (3/27), in-
terpreted as from the = 3/2 state. The systematics of
ground-state configurations in odd-A Ac nuclei, shown in
Fig. 7, now indicates a crossing of the Q = 3/2 and 5/2
orbitals from N = 136 to 134, with the 2 = 5/2 state
becoming the lower in energy at N = 134, which per-
sists to NV = 132. This suggests that the asymmetrically-
deformed nuclear-potential model remains robust in cal-
culating single-particle proton orbitals down to N = 132
for odd-A Ac isotopes, before the spherical-shell-model
determines the I™ = 9/2~ ground state configurations at
N = 130 and beyond down to the N = 126 shell closure.

B. Parity-doublet states in ??'Ac

The assigned spins and parities of the states popu-
lated in the ??°Pa—22'Ac a decay are given in Table I,
and shown in Fig. 5 with the Q values of the single-
particle orbitals indicated. Figure 9 compares the en-
ergies of the parity-doublet states identified in this work
in 22! Ac with those in neighbouring odd-A Ac isotopes
from the Q™ = 3/27 and Q" = 5/2% bands; taken
from Refs. [59, 60] (#23Ac), [57, 58] (*?5Ac), and [54—
56] (*2"Ac).

The ground state of 22! Ac populated in the o decay of
225Pa has presently been assigned with I™ = 5/27, based
on the Q = 5/2 orbital. In analogy to the states observed
in 223:225:227 Ac the state populated at 30 keV is assumed
to be the I™ = (7/27) member of the ground-state band.
The unhindered « decays to these (7/27) states in both
221 Ac and 223 Ac suggests a I™ = 5/27(Q = 5/2) ground-
state assignment of 22°Pa; this is discussed in more detail
in Sec. VIC. Other states populated in the Q™ = 5/2%
bands are assigned according to systematics of excited
states and a-decay hindrance factors to the states, as well
as the established multipolarities of the 88- and 125-keV
states.

In addition to states in 2?'Ac in the ground-state
) = 5/2 band, those in the = 3/2 band are also ex-
pected to be populated via o decay. In both cases it
is the states with similar spins and parities to those of
the a-decaying 2?°Pa, ground state that are expected to
be populated via unhindered decays. From the « decays
identified, the transitions with E, = 7112, and 7084 keV
would likely correspond to decays which populate states



in the Q = 3/2 band. Tentative assignments have been
made for two states populated in this band based on
excitation-energy and hindrance-factor systematics. It
is possible that the 152-keV state could be assigned as
the (3/27) state of the = 3/2 band, with the 180-keV
state then being the (5/27) state. However, due mainly
to the hindrance-factor systematics the 152- and 180-keV
states are assigned as the (5/27) and (7/27) members of
the Q = 3/2 band, respectively.
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FIG. 9. Excitation energy systematics in odd-A Ac isotopes
(indicated on lower axis) of selected states from parity-doublet
bands based on 2 = 5/2 and © = 3/2 single-particle proton
orbitals shown relative to the I™ = 5/27 (2 = 5/2) state.
Data are taken from Refs. [59, 60] (***Ac), [57, 58] (**®Ac),
and [54-56] (**"Ac), as well as present results for 2>! Ac; which
are highlighted with filled or bold symbols. Hindrance factors
of a decays to some of the states are given in square brackets,
with the preceding nucleus indicated on the upper axis with
the spin and parity of the decaying state.

The systematics given in Fig. 9 show the I™ = 9/2~
member of the Q = 5/2 orbital band continues to move
down in energy at N = 132. This precedes the dramatic
shift observed in the N = 130 transitional nucleus 2!? Ac,
in which the I™ = 9/2~ state becomes the ground state
based on the hg,; spherical-shell model orbitals. The
+7 parity-doublet partner states are observed to devi-
ate in energy when moving from the centre of the region
of quadrupole-octupole deformation (N ~ 136). How-
ever, no dramatic change in energy difference is observed
moving down to 22'Ac, suggesting that octupole corre-
lations remain strong to the edge of the region. The
present results suggest that the Q@ = 3/2 band head
lies around 120 keV above that of the Q@ = 5/2 or-
bital in 22! Ac. This is consistent with various calcula-
tions of single-particle orbital energies in the presence
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of asymmetrically-deformed nuclear potentials [4-6], sug-
gesting the model remains robust down to N = 132 for
the Ac isotopes.

C. 0Odd-A Pa ground-state configurations

As in the odd-A Ac isotopes, the 2 = 3/2 and = 5/2
proton orbitals are expected to determine the ground
state configurations of the odd-A Pa isotopes in the re-
gion of strong octupole correlations [4-6]. However, it is
now the higher-energy orbital, occupied by the 91st pro-
ton of the Pa isotopes, as opposed to the lower-energy
orbital, occupied by the 89th proton of Ac, which de-
termines the ground-state configuration. The crossing of
the = 3/2 and 5/2 orbitals, predicted to occur with the
change in quadrupole-deformation and observed in the
Ac isotopes from N = 136 to 134, is therefore expected
to lead to the opposite shift in ground-state configura-
tions than that observed in the odd-A Ac isotopes; from
Q =5/2 to Q = 3/2 configurations when moving down
towards the NV = 126 shell closure.

The ground states of 22°Pa and ?27Pa have been as-
signed to be I™ = 5/27 and 5/27, respectively, and at-
tributed to the {2 = 5/2 orbital. The assignments were
made for 229Pa following electron-capture studies to, and
from, the isotope, as well as multi-nucleon transfer re-
actions and « decay studies [57, 68, 69] and for 22"Pa
following a-decay studies to states in 223Ac [59, 60]. No
assignments for the ground states of 22°Pa, or 223Pa, have
previously been proposed. The unhindered, dominant «
decay from 221 Pa to the I™ = 9/2~ spherical-shell-model
ground state of 2!7Ac [53] lead to the same 9/27 assign-
ment for the decaying ground state.

Figure 9 indicates the hindrance factors of « decays
to some of the states populated in odd-A Ac isotopes,
taken from Refs. [59, 60] (>2"Pa—223Ac) and the present
study (#2°Pa—?21Ac). The 22"Pa—223Ac a decay has
been noted for being somewhat unusual in the decay of
an odd-A nucleus as having the same initial and final
state configurations for the ground-state-to-ground-state
a decay [60]; the inversion of the 2 = 3/2 and Q = 5/2
orbitals between ?2°Ac and ??3Ac leads to both the
mother and daughter nuclei having I™ = 5/2~ (2 = 5/2)
ground states. This leads to an unhindered decay to
the ground state (HF = 2.4), and also the I™ = 7/2~
member of the band (HF = 6.7), with Al = 1 re-
quired. The low hindrance factors to the 5/2~ (HF = 2.6)
and (7/27) (HF = 8.1) members of the @ = 5/2 band
in 22'Ac identified in this work would imply the same
situation with the 2?2°Pa—22!Ac decay, leading to the
I™ =5/27 (Q = 5/2) ground-state assignment for 22°Pa.
An I™ = 3/27 (Q = 3/2) assignment for the a-decaying
state would be inconsistent with the low hindrance fac-
tors observed. Relatively unhindered « decays to states
in the = 3/2 band are also observed from both 22"Pa
and 2?°Pa, with hindrance factors of 4.8 (??"Pa) and
12 (?*°Pa) to the respective (5/27) states. However, un-



certainties in branching ratios to, and spin and parity
assignments for, states in the Q = 3/2 bands of ?**Ac
and 22! Ac make comparison difficult. Hindrance factors
to the positive-parity states in 222Ac and 22! Ac are also
difficult to compare due to the varying strength of oc-
tupole correlations across the region and the effects this
has on initial- and final-state wavefunction overlap in the
« decays.

The I™ = 5/27 (2 = 5/2) ground-state assignment
for 225Pa indicates that the crossing of the = 3/2 and
Q = 5/2 orbitals, which occurs between N = 136 (*2°Ac)
and 134 (**3Ac) for the Ac isotopes, does not occur
by N = 134 in the Pa isotope chain. As the cross-
ing of the orbitals is predicted to take place with re-
ducing quadrupole deformation [4-6] this is unsurpris-
ing, as the predicted deformation parameters are cal-
culated to be By = 0.164 for 22°Ac, where the orbital
crossing has not yet occurred in the Ac isotopes, and
B2 = 0.165 for ??°Pa [70]. Considering the next iso-
tope, 223Pa, the orbitals may be expected to have crossed,
meaning the = 3/2 orbital will form the ground state.
This expectation is due to the calculated quadrupole-
deformation parameter of S = 0.137 for 223Pa, com-
pared with 3y = 0.147 for ??3Ac in which the orbitals
are observed to have crossed. However, the predicted
) = 3/2-orbital ground state assumes that the picture
of quadrupole-octupole deformed nuclear systems is still
valid for 223Pa.

VII. SUMMARY

Low-lying states in the odd-Z, even-N nuclei 22!'Ac
and 2?°Pa have been investigated by means of the a-
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particle, conversion-electron, and 7-ray spectroscopy of
the 22°Pa—221 Ac—21"Fr decay chain. Ground-state as-
signments of I™ = 5/2~ have been made for both ??*Ac
and ??°Pa, which were attributed to the odd-proton occu-
pying the asymmetrically-deformed nuclear-potential or-
bital with 2 = 5/2. The odd proton inhabits this state in
both Ac (89") and Pa (91°!) isotopes due to the crossing
of the Q = 5/2 and 3/2 orbitals in the region. Parity-
doublet states populated in 22! Ac above the Q = 5/2
and 3/2 band-heads were also assigned. These results in-
dicate that an asymmetrically-deformed nuclear ground
state persists in the odd-A isotopes down to N = 132 for
Ac and N = 134 for Pa. This is proposed as the single-
particle states predicted by the asymmetrically-deformed
nuclear-potential shell model remain valid, and is sup-
ported, in the Ac isotopes, by the observation of possible
parity-doublet states.
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