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In-beam y-ray spectroscopy of >'***Ac and >''Ra
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The first in-beam y-ray spectroscopic study of the neutron-deficient actinium isotopes 2''?'*Ac has been
carried out at the Accelerator Laboratory of the University of Jyviskyld using a highly selective recoil-decay
tagging method with the JUROGAM 3 germanium-detector array and MARA separator. The nuclei of interest
were produced using the °Lu(*°Ar, 4n)?'' Ac and '°Hf (*’Cl, 4n) *'* Ac fusion-evaporation reactions. Excited
states in 2!' Ac were observed for the first time. In 2! Ac and 2> Ac low-lying core-excited states whose excitation
energies follow the systematic trends of their respective core states in even-even isotones >'°Ra and *'*Ra were
identified. Additionally, we were able to extend the level scheme of 2llRa, which was also produced in the
“Ar 4 "SLu reaction. We also remeasured the half-lives of the ground states of these nuclei and also that of the

(34" isomeric state of >''Ra.
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I. INTRODUCTION

Extensive research of nuclear structure and shape evolu-
tion [1] in the N < 126, translead region has been ongoing
for several decades at the Accelerator Laboratory of the Uni-
versity of Jyviskyld (JYFL-ACCLAB) and other laboratories.
Early studies utilized, for example, «-decay spectroscopy,
later extended by in-beam techniques. In the «-decay process,
states with similar initial and final state structures are favored,
which can indirectly provide information about the deforma-
tion of the initial state if the final state structure is known and
vice versa [2]. Experiments employing in-gas laser ionization
and spectroscopy techniques [3] have also confirmed results
from the decay studies by measuring ground-state charge dis-
tributions and observed enlarged radii when the ground state
becomes deformed.

In-beam y-ray spectroscopy can be used to probe the de-
veloping shape change of nuclei before it is seen for the
ground state. The information is gained by studying a range of
nuclei and their level-energy systematics. In-beam y -ray spec-
troscopy can also reveal shape coexistence of excited states by
observing rotational bands based on different shapes [4].
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Measurements of excited states provide a good bench-
mark for nuclear theories and give valuable input for further
developments. In general, the shape evolution predicted by
current mean-field models [5,6] in the region of interest of
the present work is reproduced quite well. Once leaving the
spherical N = 126 shell closure towards the proton drip line
a shape change towards weak oblate deformation is predicted,
and closer to the N = 104 neutron midshell a strong prolate
deformation takes over. However, experimental confirmation
becomes more challenging due to the decreasing production
cross sections and short lifetimes when approaching the pro-
ton drip line.

Due to the experimental challenges, not much is known
about the structure of odd-even actinium (Z = 89) isotopes
in this region. Besides «-decay studies [7—11], only one in-gas
laser spectroscopic study has been carried out [12]. No y-ray
transitions were known in 2! Ac and just five transitions were
tentatively placed to the level scheme of >'*Ac in Ref. [9]. In
the isotope 2''Ra, six y-ray transitions were known [13-15],
all of which reside below the (34 ") isomeric state. The main
motivation of this work was to continue studying this not
yet so well-known area of the nuclear chart, and especially
investigate low-lying excited states of actinium and radium
isotopes and their level-energy systematics.

II. EXPERIMENTAL DETAILS

The nuclei of interest were produced using two different
fusion-evaporation reactions, 4OAr +175Lu and ¥C1 + 18°HF,
Experimental production cross section for 2!'Ac and *'*Ac
were in the order of 50ub with beam energies of 182
and 170MeV, respectively. While these were independent
measurements, it later proved to be advantageous to do

©2024 American Physical Society
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TABLE I. Beam and target summary.

Jab Tveam drarget Duration

Beam (MeV) (pnA) Target (ug/ cm?) (h)
AT 182 14 175 2 930 55
A0 A8t 186 15 1751 2 320 2

A0 A8+ 182 20 1751 yo 320 44
A0 A8+ 182 19 SLye 460 66
e oy 170 10 180yt b 180° 126
e+ 170 12 natgf b 500 16

247 ug/ cm? carbon charge reset foil downstream from the target.
21 ug/ cm? carbon charge reset foil downstream from the target.
“Estimation, based on an «-particle energy-loss measurement.

cross-checking between these data sets to solve some ambigu-
ities regarding the presence of neighboring isotopes. For more
details regarding the beam and target combinations used, see
Table I.

The beams were provided by the electron-cyclotron reso-
nance ion source and the K130 cyclotron of JYFL-ACCLAB.
The JUROGAM 3 germanium-detector array [16] was deployed
for the detection of prompt y rays at the target position.
Stacked tin and copper absorbers of thicknesses 0.25 mm and
0.5 mm, respectively, were placed in front of the germanium
detectors to decrease the x-ray yield. Reaction products of
interest were separated from the unreacted primary beam
and other unwanted particles using the MARA vacuum-mode
mass separator [17,18], and they were subsequently identified
at the focal plane using the highly selective recoil-decay tag-
ging (RDT) method [19,20].

The MARA focal plane consisted of a multiwire pro-
portional counter (MWPC) with 0.9-um thick mylar foil
windows, a 300-um thick double-sided silicon-strip detec-
tor (DSSD), and 1-mm thick punch-through veto detectors.
Three broad-energy germanium detectors, surrounding the
focal-plane chamber, were used to detect y rays after the
de-excitation of directly populated long-lived isomeric states
or after decays to excited states.

This instrumentation, combined with the triggerless total
data readout data-acquisition system [21], makes it possible to

10*

apply different gating conditions and use various correlation
techniques during the offline analysis. For further details of
typical setups and the other techniques used with MARA, see
Ref. [22] and references therein.

III. RESULTS

During the analysis, an event is constructed around the
DSSD data. If the given X and Y strip signals have a similar
amplitude and time, an event is assigned to that quasipixel.
This event can then have multiple attributes. For example, it
can be classified as a fusion-recoil event based on its implan-
tation energy and time of flight between the DSSD and the
MWPC. Alternatively, it can be classified as a decay event, if
its energy is in a suitable range and signals were not detected
in the MWPC nor in the punch-through detectors. Otherwise,
it is considered as another type of beam related event such
as a scattered target- or beam-like particle or a lighter punch-
through particle of unspecified origin and it can be ignored for
the purpose of tagging correlations.

If there are subsequent recoil and decay events in the same
DSSD pixel, they can be plotted in a tagging plot, as shown
in Fig. 1. Once an event is tagged in this manner, temporal
correlations can be made to prompt y-ray events seen by the
germanium detectors at the target position. After the transi-
tions belonging to the nucleus of interest were identified, a
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FIG. 1. Decay time as a function of the decay energy for the decay events following a recoil-implantation event in the same pixel of the
DSSD. Three example gates are shown in pink, one for the internal conversion electrons from the 2!'Ra isomeric 395 keV M2 transition (IT)

and two for the « decays as indicated.
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FIG. 2. Recoil-decay correlated «-particle energy spectra from
reactions *°Ar + '>Lu (blue) and ¥’ C1 + '®°Hf (red).

level scheme could be constructed based on transition intensi-
ties, energy sums, and y-y coincidences.

A. Isotope 2Ac

When studying the nucleus ?'*Ac, the main contaminant
was its neighbor, >'?Ac, produced in the 5n channel. The
a-particle energy and half-life of these two nuclei are very
similar, and even the decay properties of daughter nuclei
are similar. However, the previously unknown transitions of
22 Ac were reliably identified through a cross-bombardment
in the reaction **Ar + '"Lu. Energy spectra of « particles
from these two reactions are shown in Fig. 2. The relative
shifts in the yields of the products are apparent. The clean
22Ac a-peak allowed us to distinguish the transitions be-
longing to it and 2'*Ac, see blue histogram in Fig. 2. Origin
of the transitions were also confirmed by separately setting
gates on either side of the doublet o peak in the reaction
37C1 4 '39Hf. The lower energy side of the « peak enhanced
the transitions of 2'* Ac, while the higher energy side enhanced
the transitions belonging to 2'? Ac, which is consistent with the
reported a-particle energies of 2> Ac and >'?Ac in the litera-
ture, 7360(6) keV and 7379(8) keV, respectively [23,24].

Two y-y coincidence spectra are shown in Fig. 3. The
coincidence y-ray energy spectrum with the gate set on the
613-keV ground-state transition in Fig. 3(a) shows all three
other strong peaks present in the singles spectrum in Fig. 4(a)
and additionally the peak at 1116keV is also present. The
450-keV transition is also in coincidence with the 446-keV
transition as seen in Fig. 3(b). In fact, the 613-keV, 821-keV,
450-keV, and 446-keV transitions are mutually coincident,
suggesting their placement in one cascade.

The 613-keV, 821-keV, 450-keV transitions were also ob-
served in the a-decay study of 2'"Pa [9]. However, we were
able to establish their correct sequence based on the in-beam
y-ray intensities. Spins and parities for 467-keV and 634-keV
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FIG. 3. 2"*Ac a-decay tagged prompt coincidence y-ray energy
spectra gated on the (a) 613-keV and (b) 450-keV y-ray transitions.
The 273-keV transition marked in red (*) is from the contaminant
212

Ac.

states seen in the aforementioned «-decay study are suggested
on the basis of the hindrance-factor systematics presented in
Ref. [25]. The constructed level scheme is shown in Fig. 5.
Not all transitions could be confidently placed on it. A list
of all observed transitions and their relative intensities can be
found in Table II. Spin and parity assignments and suggested
configurations for selected states are discussed in Sec. I'V.

The half-life of ?'*Ac was determined from the 446-
450-821-613-keV y-gated recoil-a correlations, using the
logarithmic time-scale method, described in Ref. [26]. The
obtained result was 771(14) ms, which is in an agreement the
reported literature value of 738(16) ms [27].

B. Isotope *2Ac

Several transitions belonging to the isotope >'?Ac could be
clearly seen with both reactions. The shell-model calculations
in Ref. [3], suggest that the ground state should have a spin
and parity of 7%, above which 67 and 5% states lie at around
200keV of excitation energy. We observed several suitable
transitions in this energy range, as is seen in the recoil-« gated
y-ray energy spectrum in Fig. 4(b). However, limited data did
not allow for construction of the level scheme. A summary
of the observed transitions and their prompt coincidences is
presented in Table II. The half-life of >'?Ac was determined
from the recoil-a correlations of the non-?'*Ac contami-
nated “°Ar 4+ '">Lu dataset, using the logarithmic time-scale
method [26]. The obtained result was 881(15) ms, which is in
a good agreement with the half-life of 880(35) ms reported in
Ref. [28].

C. Isotope 2'Ac

Identification of the transitions belonging to the 2!'Ac
nucleus was more straightforward as no strong overlapping
activities were present. A recoil-a gated y-ray energy spec-
trum is shown in Fig. 4(c).
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FIG. 4. (a) Recoil-a gated prompt y-ray energy spectrum for >'*Ac. Transitions marked in red (*) belong to the contaminant of *'>Ac, as
can be clearly seen by comparing it to the spectrum, shown in (b). (b) Recoil-o gated prompt y-ray energy spectrum for *'?Ac. Transitions
marked in red (*), originate from the target (\”°Lu) due to beam induced Coulomb excitations. (c) Recoil- gated prompt y -ray energy spectrum
for >'' Ac. Transitions marked in red (*) originate from Coulomb excitations of the '"°Lu target. (d) Prompt y-ray energy spectrum for >'°Ac,
which was obtained by applying a tight recoil-a-a gate, favoring the decay properties of 2'°Ac. A contaminant line from 2! Ac is marked in

red (*).

Selected y-ray coincidence spectra are shown in Fig. 6.
The spectrum in Fig. 6(a) shows the transitions placed above
the proposed 564-keV ground state transition. Notably, the
488-613-keV cascade is missing and the 537-keV transition
is present. Based on the energy sums and systematics, the
488-613-keV cascade is then assigned to feed the ground
state in parallel with the 564-keV transition in a similar
manner as in the neighboring odd-even isotone 209g; [29].
The 633-keV and 743-keV transitions seen in the spectra
of Figs. 6(a) and 6(c) are placed to form an alternative de-
cay path from the 1940keV state to the 564 keV state. The
638-keV gated spectrum in Fig. 6(b) shows the main band

and the transition is also in a prompt coincidence with the
154-keV transition. However, in the 279-keV gated spectrum
Fig. 6(c), the 154-keV transition is not present, suggesting its
placement in parallel with the 279-keV transition. This place-
ment is also supported by the observed 125-keV transition,
in coincidence with the 154-keV transition, which completes
the energy sum. Based on the energy sums and systematics
as well as y-y coincidences and intensities, we were able to
place 11 out of 22 transitions into the level scheme, shown in
Fig. 7, and give tentative spin and parity assignments as well
as configurations for the states. List of all observed transitions
and their properties are given in Table II.

034311-4
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TABLE II. Properties of the transitions assigned to *'**"*Ac and *''Ra. Relative y-ray transition intensities (I)*") are measured from the
recoil-a-gated y-ray singles spectra and corrected by the efficiency obtained using '?Eu + '**Ba mixed source. Spin and parity of the initial
(I7) and final states (I]') and multipolarities (o L) are to be considered as tentative. For 212 Ac, prompt y-y coincidences are given. Reported
errors are nominal 1o interval and they include statistical uncertainties of the fittings as well as estimated experimental uncertainties associated
with the Doppler correction and background.

Nucleus E, (keV) I;el' (%) Ir I oL
2BAc 429.4(7) 8(1)
445.9(5) 60(5) (23/27) (21/27) (M1 +E2)
450.3(5) 74(5) (21/27) (17/27) (E2)
466.5(2)* (7/27) 9/2- (M1 +E2)
504.2(6) 17(2)
512.1(6)° 33(3)
565.3(8)° 16(3)
612.5(6) 100(8) (13/27) 9/2- (E2)
634.3(1)* (11/27) 9/2- (M1+E2)
701.2(7)° 19(3)
740.4(9)° 12(3)
773.4(6)° 7(2)
793.7(6)° 14(2)
820.5(6) 80(8) 17/27) (13/27) (E2)
1115.7(6) 13(2) (13/27)
Prompt y-y coincidences
22A¢ 171.8(5) 34(6) 235.0,273.2, 344.0, 364.3, 521.9
235.0(4) 47(7) 171.8,273.2, 344.0, 521.9
252.9(5) 102) 2732
273.2(5) 100(15) 171.8,235.0, 252.9, 344.0, 521.9, 884.7
344.0(4) 44(7) 171.8,235.0, 273.2, 521.9
364.3(5) 8(2) 171.8,521.9
521.9(4) 84(13) 171.8, 235.0, 273.2, 344.0, 364.3, 808.3
601.3(6) 41(6)
615.2(5) 51(8)
808.3(4) 39(6) 521.9
884.7(6) 21(5) 273.2
2T A 125.0(6) 5(1) (23/27)
153.8(6) 14(1) (21/27)
234.1(7)° 5(1)
246.9(6)° 7(1)
279.3(6) 9(1) (23/27) (21/27) (M1 +E2)
355.0(6)° 13(1)
381.7(6)" 8(1)
408.2(6)° 12(1)
487.9(6) 14(1) (15/27) (11/27) (E2)
500.1(6)° 4(1)
507.1(6)° 21(2)
520.0(6)° 31(1)
536.7(6) 9(1) (15/27) (13/27) (M1 +E2)
564.4(6) 100(4) (13/27) 9/2- (E2)
598.2(6)° 11(4)
612.8(6) 32(2) (11/27) 9/2- (M1 +E2)
632.8(6) 33(2) (17/27) (13/27) (E2)
638.2(6) 32(2) (21/27) (17/27) (E2)
698.7(6)° 17(1)
723.9(6)° 5(1)
737.2(6) 58(4) 17/27) (13/27) (E2)
743.1(7) 5(1) (21/27) (17/27) (E2)
2107 476.1(6) 100(6)
834.6(6) 80(7)
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TABLE II. (Continued.)

Nucleus E, (keV) I (%) I Ir oL
2R, 146.4(6) 15(1) (19/27) (17/2%) (E1)
161.4(6) 7(1) (15/27) (13/27) (M1 +E2)
196.2(7)° 9(3)
252.5(7) 17(4)
263.6(6) 24(2)
395.4(2)° (13/2+) 9/27) (M2)
439.3(6) 48(4) (15/27) (11/2°) (E2)
462.5(7)° 11(2)
514.7(6) 56(4) (15/27)
526.0(6) 54(6) (17/2%) (13/2%) (E2)
531.2(6) 69(6) (7/27) 5/2- (M1 +E2)
601.4(6) 100(8) (15/27) (13/2+) (E1)
671.9(6) 16(2) (21/2%) (17/2%) (E2)
791.1(6) 39(3) (15/27)
800.3(6)" 71(4) 9/27) 5/2- (E2)
825.8(6) 49(3) (11/27) (7/2°) (E2)
834.1(6) 22(3) (13/27) 9/27) (E2)
873.7(6)° 16(2)

“Energy taken from Ref. [9].

Could not be placed in the level scheme with confidence.

“Energy measured at the focal plane.

9Energy measured at the focal plane was 801.5(2) keV.

The half-life of 2''Ac was determined again from

the recoil-o correlations, using the logarithmic time-scale
method [26]. The obtained half-life, 228(4) ms, is in an agree-

ment with the literature value of 210(30) ms [30]

(23/2°) I 2329
446
(21/2) 1883
1728
450
a7/2°) 1433
1116
821
(11/27) 634
(13/2) 613
a12) 467
634 613
467 .
9/2~ 0

213Ac

FIG. 5. The proposed level scheme for 2!*Ac. Transitions in red

are from the w-decay work of Ref. [9].

D. Isotope 2%Ac

A small concentration of events was observed in the side
of the main 2''Ac group of the recoil-gated decay-decay
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FIG. 6. *'' Ac a-decay tagged prompt coincidence y-ray energy

ray transitions.
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FIG. 7. The proposed level scheme for 2'' Ac, as deduced from
the present data.

matrix. The a-particle energies and decay times of this group
match the neighboring isotope 2'°Ac and its daughter nuclei
208Fr, The application of a stringent recoil-a- gate to this
group brought up the prompt y-ray energy spectrum shown
in Fig. 4(d). Two candidate transitions at energies of 476 keV
and 835 keV are clearly distinguished from the 2!' Ac residual
background, and those were then assigned to 2!° Ac. Properties
of these transitions are listed in Table II.

E. Isotope >''Ra

A byproduct of the reaction *’Ar 4 '"Lu was the isotope
2l1Ra, which was produced through the 1p3n channel. The
395-keV and 800-keV transitions depopulating the (13/2+)
isomeric state were known prior to this study [15], but we
were now able to expand the level scheme considerably. The
half-life of the ('*") isomeric state was long enough to
be observed at the focal plane. Separate recoil-decay tag-
ging could be made either with the o decays, or with the
internal-conversion electrons originating from the 395-keV
M?2 transition that depopulates the isomeric state, see Fig. 8.
A delayed y-ray energy spectrum measured within 50 us after
2I1Ra recoil implantation at the focal-plane Ge array is shown
in the inset of Fig. 8. The spectrum shows the 395-keV M2
transition, 801.5(2)-keV transition [same as the 800.3(6)-keV
transition at target position], and x rays from the internal
conversion of the 395-keV M2 transition. The efficiency cor-
rected intensity ratio of these two transitions agrees well with
that reported in Ref. [13].

The internal-conversion electron gated spectrum (red in
Fig. 8) clearly shows the transitions at 146, 264, 515, 526, 601,
672, and 791 keV, therefore, they must lie above the isomeric
state. Furthermore, the transitions at 439, 531, 800, 826, and
834 keV are completely missing from this spectrum.

These two prompt spectra in Fig. 8, along with the
prompt y-y coincidences of 826-keV and 834-keV [Figs. 9(a)
and 9(b)], and transition energy sums, suggest that there are
two decay paths bypassing the (‘3/2+) isomeric state. One via
the 834-keV transition and the other via the 439-826-531-keV
cascade. It is worth of mentioning that the «-decay properties
of 2!'Ra are very similar to those of >'*Ra, and the energies
of the presently observed 439 and 826-keV transitions are
close to those of the 67 — 4% and 4t — 27 transitions in
2I2Ra, respectively. However, contamination from 2!’Ra is
low as indicated by the nonobservation of the 2'>Ra 2+ — 0%
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FIG. 8. Two different y-ray energy spectra for *''Ra from the present study. The blue spectrum was obtained with the gate set on >!'Ra «
decays, as shown in Fig. 1. The red spectrum was obtained with the gate on the internal conversion electrons, as shown in the bottom left corner
in Fig. 1, separating transitions feeding the isomeric (13/2+) state. The inset shows the a-decay gated delayed transitions of ''Ra observed in
the focal-plane Ge-array. Transitions marked in red (*) originate from coulomb excitations of the > Lu target in the main panel and red (+) in

the inset mark transitions of 2'*Ra.
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FIG. 9. ?''Ra «-decay tagged prompt coincidence y-ray energy
spectra gated on the (a) 826-keV and (b) 834-keV y-ray transitions.

transition at the energy of 629keV in the w-decay tagged
prompt y-ray energy spectrum shown in blue in Fig. 8. The
proposed level scheme for 2!'Ra is presented in Fig. 10, and a
summary of the observed transitions can be found in Table II.

The half-life of the ground state of 2!'Ra was deter-
mined from the recoil-« correlations, using the logarithmic

2588
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395 o
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l 2
512" ' 0
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FIG. 10. Proposed level scheme for *''Ra. Intensity of the de-

layed 395-keV transition is not to scale.

2400 , , ,

2000

1 600

1200

800 -

Level energy (keV)

400

FIG. 11. Level-energy systematics of selected negative-parity
states in odd-mass actinium isotopes, compared to positive-parity
states in even-even radium isotopes (circles). The blue squares are
from the present study, other points are taken from Refs. [36-39].

time-scale method [26]. The obtained result was 13.7(2)s,
which is in a good agreement with the literature value of
13(2)s [30]. Additionally, the internal conversion electron
correlations were used to obtain a half-life of 9.6(2) us for the
(13/2+) isomeric state by applying the semilogarithmic scale
linear least-square fit method. This is also in a good agreement
with the two latest values of 9.7(6) us reported in Ref. [15] and
9.4(5) us reported in Ref. [31].

IV. DISCUSSION

In nearby odd-A astatine and francium isotopes it has been
observed that the low-lying negative parity yrast states fol-
low the systematics of their respective even-even isotones,
see, for example Refs. [32-35] and references therein. This
phenomenon can be interpreted as the nucleus having an even-
even core and a weakly coupled “spectator” nucleon. The
resulting energies of the yrast states are almost the same as
those in the core nucleus, but the angular momentum of the
odd nucleon is added.

Similarly, the level energies of the (g_), (§_), and (2—21_)
yrast states in odd-even 2'3Ac and 2! Ac follow the energies
of the 2, 47, and 67 states of their even-even radium core as
illustrated in Fig. 11. The energies of these radium equivalent
states in the actinium isotopes are a bit lower, but no sudden
changes that could indicate a shape or configuration change
were observed as expected. The majority of the states in the
23Ac and 2""Ac are therefore interpreted arising from the
weak coupling of the odd hg/» quasiproton to the associated
even-even core states. Spins and parities for the other states
are suggested based on the systematics of the lighter odd-even
isotones.

In Table III, suggested dominant configurations of the ob-
served states are given. They are based on similarities with
the francium isotones and assignments in Refs. [29,40]. While

the (%_) states in 2'3Ac and 2! Ac still represent a coupling
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TABLE III. Configurations proposed to 232! Ac and ?!'Ra.

Nucleus  Ejye (keV) Ir Configuration
2B Ac 0 9/2- w(hep) ® | *?Ra; 07)
467 (7/27) 7(fr2) ® | *"Ra; 0)
or w(hyy) ® | 2'?Ra; 2+)
613 (13/27) w(hep) ® | *?Ra;27)
634 (11/27) n(hep) ® | *’Ra;27)
1433 (17/27) w(hyp) ® | *?Ra; 47)
1883 (21/27) 7 (hos) ® | *'*Ra; 6)
2329 (23/27) 7 (h3)0.f7/2)
HAc 0 9/2~ 7 (hyp) ® | *'°Ra; 07)
564 (13/27) 7 (hosn) ® | *'Ra; 2+)
613 (11/27) m(hyp) ® | *'°Ra;27)
1101 (15/27) w(hop) ® | *°Ra; 47)
1197 (17/27) 7 (hop) ® | *'Ra; 47)
1302 (17/27) w(hyp) ® | *'°Ra; 47)
1940 (21/27) 7 (hyp) ® | *'°Ra; 67)
2219 (23/27) 7 (K3, f22)
2lIRa 0 5/2- v(fsn) © | *°Ra; 0%)
531 (7/27) v(f57;) ® | *’Ra;2%)
800 9/27) v(fs) ® | *Ra;2%)
1196 (13/2%) u(i;;/z) ® | *?Ra; 0%)
1357 (11/27) v(f57;) ® | *’Ra;4%)
1634 (13/27) v(f;/;) ® | *?Ra;4t)
1722 (17/2%) u(i;;/z) ® | *?Ra;2t)
1797 (15/27) v(f;/;) ® | *’Ra; 6%)
1868 (19/27) v(fs3) ® | *'°Ra; 8%)
2394 (21/2%) v(ifs,) ® | *'°Ra; 47)

of the hg/» quasiproton to the rather pure 6% member of the
proton h§ /> seniority multiplet of the radium core, opening of
the N = 126 closed shell generates several 4™ and especially
27" states with mixed configurations seen as a sudden drop
of energies of the low-lying yrast states in these nuclei. In
2I2Ra, the 2% state can be associated with a dominant neu-
tron (py fs’/é )2+ configuration and in >'°Ra with a dominant

neutron ( pl’/z2 f57§ )2+ configuration [36,37].
Similarly to **Fr, we observe two (5 ) states in *'' Ac, the

upper one being favored in the de-excitation of the (22—1_) state
by E2 transitions. Therefore, as in 209B; it is assigned with
a coupling of the hg/, quasiproton to the 4;” core state of the
dominant proton h§ /» configuration. The lower (yrast) (%7)
state represents a coupling of the same proton to a 4;“ state of
a dominant neutron ( pf/zz fsﬁ )4+ configuration. Such 4 states
with similar assignments have been observed in 2'°Ra [37].
The case of the even-odd >''Ra is similar to that of >!' Ac
and 23 Ac, but instead of the extra proton, it has an active
neutron-hole in the fs, shell. Its structure therefore resembles
that of its heavier neighboring even-even isotope 2'”?Ra. Con-
sequently, the level energy systematics of N = 123 isotones
exhibit smooth behavior, as shown in Fig. 12. The list of

3000 I I | I
§ 2500 \‘/k_\. 21/2+ -
) 19/2-
EN I

— e
%D 1500 [ *3/2° .
= £ —=—x11/2"
= — 13/2F
S 1000 | ( -
9 , ‘ 2 + 9/2-
500 I ce— 712~ ]
2IR,
o L1 I I I I I

82 84 86 88 90 92
Z

FIG. 12. Level-energy systematics of selected statesin N = 123
isotones. The points on the dotted line (Z = 88) are the proposed
levels in 2!'Ra from the present study. The other points are taken
from Refs. [42-45].

suggested configurations for observed states of >''Ra can be
found in Table III.

Both ?!’Ra and 2'°Ra have a low-lying isomeric 8% state
with a half-life of several microseconds, but no signs of such
metastable states were seen in 2'*Ac nor in *!'Ac. How-
ever, nuclei in this area of the nuclear chart are known to
have isomeric states with half-lives around 10-100 ns. For
example, in nearby astatine and francium nuclei, isomeric
states with a spin and parity of %4— or %Jr are commonly
present [29,32,33,40,41]. Our setup was not sensitive to de-
cays of isomeric states within this time regime as they would
predominantly decay in flight, outside both the target and
focal-plane positions, and thus would remain unnoticed. The
time of flight through the separator was close to 1.3 us. The
presence of such nanosecond-scale isomers might explain the

sudden termination of the observed cascades above the (2—237)
state. Furthermore, the strong internal conversion branches
and resulting strong x-ray background, could also prevent
us from observing low-energy transitions, also abundant in
nearby nuclei. The level structure of nearby nuclei fragments

above the %7 state, which makes it difficult to construct level
schemes, especially with limited statistics.

However, the recoil-decay tagging method is one of the few
feasible ways to probe the excited states of actinium isotopes.
A clean tag is needed for unambiguous identification of re-
action products as the nuclei in this region share remarkably
similar decay properties. The power of combining an in-flight
separator with the RDT method lies on the unprecedented
selectivity gained from the multiple tagging conditions at the
focal plane. When employed with an efficient Ge-detector
array at the target area, it enables a clean identification of cas-
cades of prompt y-ray transitions, including those bypassing
isomers. Moreover, the observed intensities of prompt y rays
allow the order of transitions in a cascade to be determined,
which is difficult in off-beam detection of y rays emitted in
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TABLEIV. Summary of the measured half-lives (7"**") together
2

with the values from literature (7).
2

Nucleus e Tl“t'

2 2
*"Ra 13.7(2)s 13(2)s [30]
''"Ra 9.6(2) us 9.7(6) us [15]
2 Ac 228(4)ms 210(30) ms [30]
22A¢ 881(15) ms 880(35) ms [28]
2B Ac 771(14) ms 738(16) ms [27]

the decay of isomers. For these reasons the low-lying level
structure of many radium, francium, and astatine isotopes in
this region are not without ambiguities and could certainly
benefit from further studies using in-beam RDT methods to,
for example, probe de-excitation paths bypassing the 8 and
other isomeric states.

V. SUMMARY

In the present work, we have established the first level
scheme for the isotope 2T A, corrected and extended the level
scheme for the isotope >'3 Ac. We have shown that the energies
of their (% M), (% ), (271 ") states closely follow the energies
of their respective even-even core states in a similar manner as
has been seen in the other odd-even nuclei in this region. y -ray

transitions assigned to the odd-odd *'°Ac and 2!>Ac isotopes
were identified but no level scheme was constructed. We also
extended the level scheme of even-odd isotope >''Ra beyond
the (13/2+) isomeric state, and identified two parallel decay
paths bypassing the metastable state. This enabled us to assign
configurations and extend systematics of high-spin states of
N = 123 isotones up to Z = 88. Additionally, we measured
the half-lives for all isotopes and isomeric states present in the
data, for which an improvement could be made. These values
are summarized in Table I'V.

The data obtained in the present work and the correspond-
ing metadata are available online [46].
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