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Abstract

There is a strong interest in the properties of the exceptionally low first excited state
in #2Th. It is proposed to search for the alpha decay branch from the 3.5 eV state in
229Th into the states in ?2Ra and to measure its half-life by alpha decay spectroscopy.
The expected half-life is of the order of 10 hrs based on our model interpretation of the
observed low energy structure in 22Th from our currently completed set of measurements.
So far there have been conflicting reports on the half-life or half-life limits for this state.
Browne et al. has observed no events and determined the half-life as either below 6 hrs
or longer than 20 days, while Mitsugashira et al. has reported the half-life of 13.9£3.0
hrs based on very weak statistics and no firm identification of the origin of the observed
counts.

Our proposed measurement will be done at ISOLDE by using different population of
the metastable state in ??*Th than done in the previous measurements. In this respect
the mass separation technique at ISOLDE represents a unique production technique, and
could offer a significant advantage. We ask for 4 new shifts of radioactive beams (A=229,
but mainly ??Ra), which will be combined with 2 shifts left for the IS386 collaboration
from the previous year.



1. Motivation

The motivation for the detailed investigation of the low-energy structure of 22Th has
been included in our original beam proposal for the IS386 project and moreover it is also
presented in detail in Appendix I, which is a copy of our publication on ?**Th recently
submitted for publication. (On January 20-th, 2006, this paper has been tentatively
accepted for publication in Physical Review C.) Consequently, the following presentation
highlights only the key aspects related to motivation.

Precision 7-spectroscopy studies performed by Helmer and Reich [1] on the ?*3U —
229Th alpha decay place the first excited state of the daughter nucleus at unusually low
energy of 3.54+1.0 eV. The spin and parity of this state is presumably 3/2%, while that of
the ground state is 5/2%. These two states are interpreted as the 3/2%[631] and 5/21[633]
Nilsson-model orbitals. The 3/2" state is expected to be an isomer. Its partial y-decay
half-life has been estimated to be in the range of hours, see [2] and Appendix I.

There are at least two reasons for a special interest in the 3.5 eV 3/2" state. First,
it offers a unique possibility to study coupling between the nuclear and atomic degrees
of freedom [3, 4, 5]. Second, it gives a chance to observe the nuclear-spin mixing that is
expected to take place in case of hydrogen-like ions 22Th8%" circulating in a storage ring
2, 5], e.g.: ESR at GSI.

The first effect can manifest itself via the so-called electronic bridge [3]. It means a
competition to the v-decay from a two-step process: a part of the excitation energy is
transferred to one of the valence electrons to shift it to another orbit. The rest of the
energy is carried away by a "red-shifted” ~-ray photon. The enhancement of the isomeric
transition depends upon its energy. As predicted by the theory [5], it can be as high as
three orders of magnitude [5]. To verify this theory one needs (i) the isomer energy with
uncertainty below +0.1 eV, (ii) the half-life of the isomer in a neutral atom, and (iii) the
partial half-life for the isomeric M1 v transition. For predictions of the mixing of the
5/2% ground state and the 3/2% isomeric state in a hydrogen-like ion of ?**Th one needs
additionally the magnetic-moment value for the isomer.

We have originally proposed to reinvestigate the 8 and ~ spectroscopy of the ???Ac
to 229Th decay, with a special effort to measure subnanosecond lifetimes of the excited
states in 22Th. Theoretical analysis of data obtained for the rotational bands build
on the K™=5/2" ground state and on the ~3.5 eV 3/2" isomer did allow to derive the
partial y-decay half-life of this isomer, of about 10 hrs, as presented in Appendix I. There
has been no unambiguous measurement of this lifetime. In fact, there have been two
reported measurements which results exclude one another. Browne et al.[6] has observed
no events and determined the half-life as either below 6 hrs or longer than 20 days,
while Mitsugashira et al.[7] has reported the half-life of 13.94+3.0 hrs based on very weak
statistics and no firm identification of the origin of the observed counts.

2. Proposed alpha-spectroscopy of the decay of ?Th™

The A=229 activity will be produced in a proton-induced spallation of 238U and mass
separated. The A=229 isobars form a chain of the 3-decays:

29Fr(50 s) — 22°Ra(4.0 min) — 22Ac(1.04 hr) — 22°Th.

The dominant production activity will be ??Ra (about a 2-6 x 10° /s) and ?*Fr (about
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Figure 1: A partial alpha-decay scheme of 2?Th to #?°Ra.

1-2 x 10°/s). We expect that the beta decay of ?*?Ac will populate the metastable state
at 3.5 eV with about 50% probability, out of which only a tiny fraction will proceed via
an alpha decay. This branching is estimated next.

The 5/2+[633] ground state of ?*Th decays by an unhindered alpha transition to the
0.236 MeV 5/2+[633] state in **Ra with Ty /5 of 7880 years = 2.49 x 10'' s, with the
branching of 56% and the energy of Q,=5.1679 MeV, see Fig. 1.

On the other hand the decay of the 3/2+ [631] 3.5 keV isomer of #?Th should decay
predominantly by an unhindered transition to the 0.150 MeV 3/2+[631] state in *?°Ra
with similar parameters, which due to the energy factor should yield 1.23 x 10! s as
partial half-life and 6.9 x 10'° s as total half-life for the alpha decay to ??’Ra. Assuming
that the half-live of the level is 10 hrs (3.6 x 10* s), then the alpha branching is only 5.2
x 1077,

Although there will be some short test irradiations, yet we expect that two strong
radioactive sources will be irradiated (one at LA1 and one at LA2 beam lines) each over
22-24 hours, with the cooling time of about 14 hours to minimize the beta decay of 2>°Ac.
With the beam strength of 1 x 10° atoms/s, we will produce about 8 x 10'° atoms of
229Th with about 50% in the metastable state. After the cooling time of 14 hrs, we will
have as the most significant problem the beta activity from the decay of 22Ac at about
2 x 10% dps, which will decay much faster than the alpha activity and will have much
lower energy, which can be cut by raising the threshold in the detector system.

Overall about 20 000 events of interest (alphas from the metastable state) will be
produced, of which about 90% will decay by the time the cooling period ends. This would
still leave about 1000-2000 alphas to be observed in a direct decay. Our alpha detector
efficiency will be about 30-35%.

As alpha detectors we will have standard Si-detectors, but also scintillators (thin plas-
tic or BaFy discs), with the measurements conducted in a small vacuum chamber. The
scintillators can be used at very high counting rates for beta-rays, making the measure-



ment sensitive to shorter lifetimes of the isomer. The main measurement will be the
multispectrum scalling of alpha events as a function of decay time. The resolution of the
alpha spectrum will depend on the alpha detector used. The measuring station will also
include a small Ge detector, working in coincidence with alpha detector.

In principle, besides the contribution from beta-rays recorded at low energies, the
energy spectra should include only the alpha lines present from the long-lived ground
state decay of ?**Th and the shorter-lived component from the isomeric state. The decay
of #2°Ra has a half-life of 14.9 days, thus the short-lived component of the metastable
state in 22Th should be easily extracted from the long-lived components using the time
evolution of the energy spectra.

4. Summary of beam requests

In total, we request 4 new shifts with radioactive beams, this will be combined with 2
shifts left to the project from previous year. We request the use of ThC target. We will
need 1 shift of stable beam to align the beam lines.

Nucleus # of shifts Separator Target Ion source Min.Intensity
Stable beam 1 GPS/HRS ThC WSI
229Ra 6 GPS/HRS ThC WSI 1x10°
total new shifts 4
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Lifetimes of excited states in 22Th, populated in the 8 decay of 29 Ac, have been measured using
the Advanced Time-Delayed Svv(t) method. Half-lives of 14 states have been determined including
11 of them for the first time. Twenty-seven new ~-lines have been introduced into the [-decay
scheme of 229 Ac based on results of v coincidence measurements. Reduced transition probabilities
have been determined for more than 70 y-transitions in ***Th. Average |Do| values of 0.029(1),
0.077(3) and 0.024(5) efm have been deduced for the lowest K™=1/2%, 3/2% and 5/2% parity
partner bands, respectively. Excited states in 22°Th and experimental transition rates have been
interpreted within the quasiparticle-plus-phonon model. The half-life of the 3.5 eV, 3/27 isomeric
state is predicted to be about 10 h. Potential energy surfaces on the (32,83) plane for the lowest
single quasiparticle configurations in 2?°Th have been calculated using Strutinsky method.

PACS numbers: 21.10.Tg; 21.10.Re; 21.10.Ky; 27.90.4+b

I. INTRODUCTION

Spectroscopic studies of the 22Th nucleus are very im-
portant at least for two reasons. Firstly, 22°Th lies at
the perimeter of the octupole deformation region in Ac-
tinides and the coexistence of reflection-symmetric and
reflection-asymmetric shapes is expected in this nucleus
[1]. Secondly, the first excited state in 22°Th at the en-
ergy of only 3.5(10) eV [2] is the lowest excited state
known in all nuclei and the only one with excitation en-
ergy within the atomic energy scale (recent evaluation
[3] gives the energy of 5.5(10) eV for this state). Con-
sequently the lowest excited state in 22Th presents a
unique opportunity to investigate interactions between
nuclear and atomic degrees of freedom and was the main
subject of several works in the last few years (e.g. [4-7]
and references quoted therein). While a direct observa-
tion of this state has not yet been possible, an estimate
of its properties can be obtained by extrapolation from
properties of the higher-lying levels in 22°Th.

Excited states in 22 Th have been previously studied in
the a-decay of 223U [8, 9], B-decay of 229 Ac [10], electron-
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capture decay of 22?Pa [11] as well as in the transfer re-
actions [12, 13] and Coulomb excitations [14]. Recently
new studies on the B-decay of 22 Ac [15] and on the a-
decay of 233U [16] have been reported. Multipolarities
of many ~-transitions in 22°Th have been established in
Ref. [15] by internal-conversion electron measurements.
Lifetimes of the 42.3 and 97.1 keV levels have been mea-
sured in Ref. [17] and of the 146.4 and 164.5 keV levels
in Ref. [15]. Despite a large body of experimental data
on 229Th only the structure of levels below 300 keV is
clearly understood. In order to obtain a better under-
standing of the low energy structure of 22°Th we have
measured lifetimes of the excited states in this nucleus
using the Advanced Time-Delayed vyv(t) method [18-
20]. The experimental methods are briefly described in
Section II, while the new level scheme for 22°Th and the
lifetime results are presented in Section III of this paper.
In Section IV experimental results are discussed in terms
of the quasiparticle-plus-phonon model. Additionally re-
sults of potential energy calculations on the (32,03) plane
are also presented.

II. EXPERIMENTAL DETAILS

Measurements were carried out at the High Resolution
Mass Separator (HRS) at the ISOLDE facility at CERN.
Excited states in ?2Th were populated in the (3-decay



of ?29Ac, which was obtained via a chain of 3-decays
starting from the 229Fr isotope

229 7. 50s 229 b, 4.0m 229 A, 62.7m 229y,

The 22°Fr nuclei were produced in the spallation reaction
of 238U induced by the 1.4 GeV protons from the PS
booster. The 2?°Fr activity mass separated from other
spallation reaction products, was implanted onto an alu-
minium foil. After about 40 min of irradiation and 30 min
of cooling time, foil with almost pure activity of 22°Ac
was placed in the center of our experimental setup.

Level lifetimes in the sub-nanosecond range have
been measured with the Advanced Time-Delayed 5yv(t)
method [18-20]. Fast timing information was derived
from time-delayed coincidences between fast-response (-
and BaFs «-detectors, while additional coincidences with
a Ge y-detector were used to select the desired vy-cascade.
A 3 mm thick plastic scintillator NE111A was used as
[-detector to ensure for it a constant time response in-
dependent of energy of incident (-particles. The setup
consisted of two BaFy detectors in shape of truncated
cones with height of 2.5 cm each and two HPGe de-
tectors with efficiencies of about 40% and 70%, respec-
tively. This resulted in one combination of 3-Ge-Ge co-
incidences, which served to construct the level scheme,
and four combinations of 3-Ge-BaF, coincidences which
provided lifetime information. Triple and higher-fold co-
incident events were collected and then pre-sorted off-line
into data sets with triple coincidences mentioned above.
Two independent series of measurements were performed,
in which about 3.7x10°% and 8.4x10° triple coincidence
events were collected, respectively.

III. EXPERIMENTAL RESULTS

A. Level scheme

The results for 22°Th are presented in Figs. 1 — 4 and
in Table I. The level scheme was constructed based on
the 8-Ge-Ge data. Examples of coincident y-ray spectra
collected with the Ge detectors are shown in the upper
panels of Figs. 1 — 3, while the new level scheme for
229Th is presented in Figs. 4a—c. Level and gamma-
ray energies determined in the present work are given
in columns 1 and 4 of Table I, respectively, and also in
the level scheme. For several v-lines precise v-ray ener-
gies were adopted from Ref. [2]. Some of these energies
were used for internal energy calibration which served to
determine the energies of other lines in ?2Th. Where
available, ~-ray intensities as well as E2/M1 mixing ra-
tios were taken from Ref. [15] (the intensity relations in
our data have been distorted by the low-energy cut-off in
the gating [ signals).

In general our level scheme for 22Th agrees well with
the one obtained by Gulda et al. [15]. The exception is
the 526.75 keV level, for which no evidence was found

in our data. Twenty-seven new ~-lines have been intro-
duced into the decay scheme of 229 Ac connecting levels
already established in previous works. Six of them have
already been observed in the a-decay of 233U [16]. New
lines are marked by stars in Figs. 4a—c and in Table L.
Information on new transitions not listed in Table I is
given in Table II. Highly converted transitions, which
have not been directly observed in our spectra but whose
existence has been established from our coincidence data,
are drawn with dashed lines in the level scheme and are
given in parentheses in Table I. For completeness, tran-
sitions seen by Gulda et al. [15] but not observed in our
data because of lower efficiency of our setup in the very
low and high energy ranges or due to restrictive coin-
cidence requirements, are shown in the level scheme by
dotted lines.

B. Level lifetimes

Level lifetimes were determined from the analysis of
the triple coincidence (B-Ge-BaF, data. The key to the
analysis is a clean separation of the full energy peaks
in the gating spectra. Examples of «-ray BaFs spectra
coincident to the gating transitions selected in the Ge
detector are shown in the lower panels of Figs. 1 — 3.

1. Slope fitting

Lifetimes longer than about 40 ps, which manifest
themselves by strong asymmetry (or slope) on the de-
layed side of the time spectra, have been measured us-
ing the de-convolution method [18]. This method is
frequently called slope fitting from its simplest form of
analysis. Examples of such time-delayed spectra are
those obtained for the 146.4, 148.2 and 424.0 keV lev-
els in 22Th as shown in Fig. 5. The fitted function in-
cludes four free parameters, namely position and Full-
Width-at-Half-Maximum of Gaussian, which approxi-
mates prompt time response of the timing detectors, the
half-life value and one parameter, which provides an over-
all re-normalization between the experimental and fitted
time spectra. More details on the fitting procedures are
given in Ref. [18].

As an example of the analysis consider the half-life of
the 146.4 keV level. As seen in Fig. 1 the 146.4 keV level
is strongly fed from above by the 422.9 keV transition,
which can be very clearly identified also in the corre-
sponding BaF, coincident spectrum despite of poor en-
ergy resolution of BaFs detectors. By reversing the gates
and selecting the 422.9 keV transition in the Ge detec-
tor, see Fig. 3, one can unambiguously select in the BaFs
spectrum the 117.2 and 146.3 keV transitions de-exciting
the 146.4 keV level. Then by selecting the energy gate in
this spectrum covering the full energy peaks due to the
117.2 and 146.3 keV transitions, one obtains the time-
delayed [-BaFs(t) spectrum shown in the top panel of
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Fig. 5. We note here, that all spectra shown in Figs. 1 —
3 and 5 were also gated on the [ detector using one com-
mon energy gate. In the v cascades selected for analysis
care was taken to ensure that «-rays feeding the state of
interest from above de-excite levels with lifetimes much
shorter than the measured lifetime and do not interfere
in the de-convolution process.

The time spectrum shown in Fig. 5 represents in fact
a sum of similar time distributions gated in Ge detec-
tor on the 219.6, 422.9 and 515.2 keV transitions feeding
directly the 146.4 keV level from above. The half-lives
determined individually from their time distributions are
the same within the uncertainties, nevertheless the con-
tributions related to the 219.6 and 515.2 keV transitions
have much weaker statistics than that for the 422.9 keV
line, and thus influence in a minor way the final value for
the half-life of the 146.4 keV level.

The half-lives for the levels at 146.4, 148.2, 164.5,
303.0, 424.0 and 425.3 keV have been determined by the
de-convolution method, as 329(8) ps, 689(34) ps, 61(7)
ps, 110(17) ps, 190(8) and 290(48) ps, respectively. These
results were obtained in the second run, characterized by
higher statistics and slightly better energy resolution in
Ge detectors. For a comparison we list the half-lives of
Ty = 332(18) ps, 677(62) ps, 62(11) ps and 175(18) ps

obtained for the 146.4, 148.2, 164.5 and 424.0 keV lev-
els, respectively, in the first run. Moreover, our half-life
results measured for the 146.4 and 164.5 keV levels from
triple coincidence (3-BaFs-Ge events nicely confirm the
values of 336(10) and 53(4) ps obtained for these levels
by Gulda et al. [15] in a less restrictive way from double
(B-BaF(t) coincidences.

2. Centroid-shift analysis

Lifetimes shorter than 40 ps were measured using the
centroid shift method [18], in which the mean lifetime
7=T1/2/In2 is determined as shift of the centroid of the
time-delayed spectrum from the prompt curve at a given
~-ray energy. Centroid shift measurements in this work
are based on the concept of a two y-ray cascade [18]. The
method is illustrated using an example of the 317.2 keV
level, for which the shortest and the most precise result
has been obtained.

Consider the cascade involving the 252.1 and 317.2 keV
transitions de-exciting the 569.3 keV level to the ground
state via the 317.2 keV intermediate state, lifetime of
which is to be determined. As seen in Fig. 2 by gat-
ing on the 317.2 keV transition in the Ge detector, one
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is able to select the very strong 252.1 keV transition in
the BaF, spectrum and determine the centroid position
of the resultant time-delayed S-BaF(t) spectrum. This
position represents our reference point, which is shown
on the reference curve in Fig. 6 at the energy of 252 keV.
(Similarly, one can use the time spectrum generated by
the 245.3 keV (Ge) and the 252.1 keV (BaF3) gates, see
Fig. 1, to confirm the reference point at 252 keV.) We
do not know the lifetime of the 569.3 keV level or lev-
els above it, which feed this state. For the purpose of
present analysis these lifetimes do not have to be deter-
mined since they cancel out in the analysis.

By reversing the gates and selecting the 252.1 keV
transition in Ge detector, see Fig. 2, one can gate on
the full energy peaks due to the 245.3 and 317.2 keV ~-
rays de-exciting the 317.2 keV level. By selecting these
transitions in the BaF5 energy spectrum one obtains the
time-delayed $-BaFs(t) distributions, centroids of which
are shifted from the reference point by exactly the mean-
life of the 317.2 keV level. As shown in the middle panel
of Fig. 6 these points, labelled 252-245 and 252-317, are
shifted above the reference curve.

As seen in the figure, a single reference point at one
~-ray energy (say at 252 keV) will not allow for a precise
lifetime determination if the time-shifted point is mea-
sured at another energy (say 317 keV), unless a reference
curve is established over a wider energy range. A second
point can be easily established at 423 keV by using the
Ge gate at 146.3 keV and selecting the 422.9 keV tran-
sition in the BaFs spectrum, see Fig. 1. Since this tran-
sition de-excites the same 569.3 keV level as the 252.1
keV ~-ray, thus the centroid of the time spectrum se-
lected with the 146.3 keV (Ge) and 422.9 keV (BaFs)
transitions represents exactly the position of the refer-
ence curve at 423 keV. We note that the reference curve
is relatively flat in the energy range from 252 to 423 keV,
which would allow to complete the measurement for the
317.2 keV level using only two reference points. How-
ever, by using different combinations of gates set on the
full-energy peaks in the Ge and BaF; spectra on tran-
sitions de-exciting the 569.3 keV level we have extended
the reference curve. Moreover, a similar curve was es-
tablished for transitions de-exciting the 605.3 keV level.
Since, within the high level of precision, there was no de-
tectable shift between these curves we have merged them
into one reference curve shown in Fig. 6.

We have used three time-delayed points to determine
the half-life of the 317.2 keV state. The third point was
set on the energy of 288 keV in the BaF; spectrum. This
gate includes not only the full energy peak of the 288.0
keV ~-ray but also contributions from other weaker lines
at this energy and partial contribution from the full en-
ergy peaks at 245.3 and 317.2 keV. Since all these tran-
sitions de-excite the same level at 317.2 keV and contri-
bution from the Compton tail is minor at these energies,
therefore there was no need for any correction procedures.

We finally note, that since all time-delayed spectra
were started with detection of 8 particle, the gating con-
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FIG. 5: Time-delayed B+v7y(t) spectra showing slopes due
to the lifetimes of the 146.4, 148.2 and 424.0 keV levels in
229Th. Each figure shows experimental points, prompt Gaus-
sian spectrum and slope curve, which was fitted in the de-
convolution process.

ditions on the (-spectrum were chosen to keep the time
response of 3 detector constant to within ~1 ps over the
range of selected [ particle energies.

8. Transition rates

Half-life results obtained in the present work are shown
in the level scheme and are listed in the third column
of Table I. Reduced transition probabilities for about
70 transitions in 22Th are given in column 9 of Table
I. Most of them were established in this work. They
were determined from level lifetimes and relative y-ray in-
tensities using total internal conversion coefficients from
Ref. [21]. For transitions with energies below 21 keV total
internal conversion coefficients were taken from Ref. [22].
For the 1.8 keV transition, assumed to be of M1 type,
total internal conversion coefficient of ay,; = 8500 was



TABLE I: Level lifetimes and experimental and theoretical reduced transition probabilities in ?2°Th; ~-ray energies are deter-
mined in this work unless noted otherwise. New ~-lines are marked by stars.

Initial LKT T1/2 E, I, I/ K7 X\*  aror? Beap(XA)° Bitheor (X )
level
[ keV ] [ ps] [ keV ]
0.0035  3/23/2F (0.0035) 5/2 5/2%F M1 2.5x1072
E2 5.6x103
29.18 5/2 3/2% 29.1846(30)¢ 1.98(8) 3/2 3/2% M1 1.1x1072
E2 1.9x10*
(29.18) 5/2 5/2% M1 0.9x1072
E2 4.1x103
4234 7/25/2% 172(6)° 42.34(10) 0.44(9)f 5/25/2F  M19Y 48.0 1.8(5)x10~2 1.52x102
E29 720 2.4(15)x10% 3.19x10*
71.82 7/2 3/2% 29.369 7/2 5/2% M1 0.7x10~2
E2 3.7x103
42.68(4) 0.5 5/2 3/2% M1 1.4x1072
E2 1.1x10*
71.8159(20)¢ 0.40(2) 3/23/2% E2 0.7x10*
(71.82) 5/2 5/2F M1 0.5x10~2
E2 3.1x103
97.14  9/25/2T  147(12)° 25.14(10)" 0.65(3) 7/2 3/2% M1 210 3.8(4)x 1072 8.56x 1073
54.699(1)9 1.94(32)9 7/25/2t M9 21.5 9.2(19)x10~3  1.61x10~2
E29 200 9.3(27)x 103 5.13x103
67.943(6)9 0.17(4)9 5/23/2% E2 70 1.6(4)x 103 930
97.134(1)9 2.17(49)9 5/2 5/2% E2 14.0 3.4(8)x103 2.09x103
125.51  9/2 3/2+ (28.37) 9/2 5/2+ M1 0.6x10~2
E2 3.9x103
53.69(9) 0.12(1) 7/2 3/2% M1 1.3x1072
E2 0.9x10%
82.957(30)9 0.005(1)9 7/2 5/2% M1 0.4x102
E2 3.5x103
96.224(2)9 0.04(1)9 5/2 3/2% E2 0.4x10%
125.41(6)9 0.0018(4)9 5/2 5/2% E2 3.2x103
146.35  5/25/2~ 329(8) 74.5390(40) ¢ 7.2(2) 7/2 3/2%F E1l 0.260 3.3(1)x10~4 8.67x10~°
117.1628(9)¢ 15.7(5) 5/2 3/2% El 0.332 1.83(7)x 104 1.00x10~%
146.3462(6) ¢ 34(1) 5/2 5/2% El 0.195 2.04(8)x10~%  2.50x10~%
148.16  7/25/2~ 689(34) (1.81)* 3.84(34)x10=%*  5/2 5/2~ M1 8500 2.9(3)x1071! 1.07x1071
76.3507(27)¢ 0.68(2) 7/2 3/2% E1l 0.255 7.5(4)x1075 1.34x107°
118.9721(15)¢ 6.1(2) 5/2 3/2% El 0.321 1.8(1)x107% 8.89x1075
148.14(7) 0.62(2) 5/2 5/2F El 0.192 9.3(6)x10~6 7.49x1076
164.52  3/23/2~ 61(7) (16.36)* 0.0012(2)* 7/25/2~ E2 20000 4.8(10)x 10% 2.40x10%
18.17(5)" 0.084(14)* 5/25/2~ M1 155 4.6(9)x1072 3.23x1072
135.3393(5)¢ 37(1) 5/2 3/2% E1l 0.23 5.4(6)x 104 1.24x10~4
164.5240(5)¢ 100 3/23/2% El 0.15 8.1(10)x10~4 7.86x1074
217.15  5/23/2~ 30(7) 52.71(5) 0.14(1) 3/23/2~ M1 23.5 1.0(2)x 101 1.22x10~1
145.46(4) 2.1(1) 7/2 3/2% El 0.195 7.9(19)x10~4 8.7x10~4
187.9669(3)¢ 2.32(7) 5/2 3/2% El 0.110 4.1(10)x10~4 5.7x107%
217.1519(20)¢ 3.7(1) 3/23/2% El 0.078 4.2(10)x1074 2.9x1074
237.35  7/23/2” <34 (89.2)* 0.050(16)* 7/25/2” M1 5.1 >2.6x 1072 1.51x1072
(91.0)* 0.13(2)* 5/25/2~ M1 4.9 >6.3x 1072 5.90x1072
111.4(1) 0.37(3) 9/2 3/2% El 0.370 >1.1x1073 1.80x1073
165.0(1)* 0.27(7)* 7/2 3/2% El 0.145 >24x107% 2.90x10~4
208.1795(7)% 0.61(2) 5/2 3/2% E1l 0.087 >2.7x107% 3.70x10~4
237.4(2)" 0.6 5/25/2F E1l 0.063 >1.8x 1074 1.10x10~4
261.96  1/21/2% 15(3) 261.958(4)% 38(1) 3/2 3/2% M1 1.18 4.5(10)x10~2  2.33x10~2
E2 0.24 8.2(18)x 103 9.21x10?




TABLE. I: (Continued).
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Initial LKT T1/0 E, L@ I;KF X% aror’® Beap(XA)° Btheor (X)
level
[ keV ] [ps] [ keV ]
288.48 3/2 1/2% 16(7) 259.30(7) 9.4(4) 5/2 3/2% M1 1.22 4.7(21)x 1072 3.80x10~2
288.5(1) 4 3/23/2% M1 0.90 1.4(7)x 1072 1.21x1072
303.01 7/2 7/2% 110(17) 154.85(4) 0.37(2) 7/25/2” El 0.17 4.5(7)x1074 8.60x10~4
303.55(7)" 0.25(1) 5/2 5/2t M1 0.78 3.6(6)x10~3 2.11x1073
317.17 5/2 1/2% 9.0(16) (28.7)* 0.012(2)* 3/2 1/2% M1 140 3.3(8)x 1072 4.2x1072
(55.2)* 0.006(1)* 1/2 1/2% E2 195 1.1(3)x 10% 1.5x10*
99.95(8) 0.22(7) 5/2 3/2~ El 0.117 1.6(6)x107% 0.9x10~%
168.94(5) 0.20(3) 7/25/2” El 0.140 3.0(7)x1075 1.7x107°
170.8091(24)¢ 0.37(1) 5/25/2~ El 0.136 5.3(10)x 1075 1.7x1073
245.3498(11)¢ 10.9(3) 7/2 3/2% M1 1.45 3.0(6)x10~2 2.5x1072
E2 0.31 4.2(9)x103 3.2x103
274.79(5) 1.22(4) 7/2 5/2% M1 1.02 1.8(4)x1073 1.2x1073
E2 0.27 3.9(2)x 102 2.5x102
288.04(4) 4 5/2 3/2t M1 0.88 1.1(3)x 1072 0.7x10~2
317.1689(15)¢ 23.4(7) 3/23/2% M1 0.700 1.9(4)x1072 1.8x1072
E2 0.140 4.1(8)x103 1.2x103
320.55 5/2 5/2% 10.3(21) (32.1)* 0.012(2)° 3/21/2% M1 105 3.3(9)x1072 2.5x1072
(58.6)* 0.005(1)* 1/21/2% E2 145 9.5(27)x 103 5.7x103
156.04(9)* 0.31(7)? 3/23/2~ El 0.167 8.3(25)x107° 7.5x107°
171.9(2) 0.26(5) 7/25/2 El 0.135 5.2(15)x 107> 6.1x10°
174.1919(20)¢ 0.43(1) 5/25/2~ El 0.130 8.3(17)x 1075 9.5x107°
248.74(6) 3.9(10) 7/2 3/2F M1 1.40 2.3(8)x10~2 1.8x1072
278.08(4) 2.55(8) 7/2 5/2% M1 0.98 4.7(11)x1073 3.7x1073
E2 0.205 1.1(3)x 103 0.9x103
291.3561(9)¢ 11.0(3) 5/2 3/2t M1 0.85 2.5(5)x10~2 2.3x1072
E2 0.175 2.7(6)x 103 1.9x103
320.5471(13)¢ 5.9(2) 5/2 5/2% M1 0.68 5. 7(14)><10*3 4.9x1073
E2 0.135 5(3)x 103 1.1x103
365.81 7/2 5/2% 9(4) (45.3)* 0.037(7)* 5/25/2% M1 38 ( 1)x1072 9.7x1072
(48.6)* 0.044(9)* 5/2 1/2+ M1 31 8.1(40)x 1072 5.6x1072
217.6(1) 0.19(5) 7/25/2~ El 0.078 4.3(22)x107° 5.6x107°
219.55(4) 0.53(2) 5/25/2~ El 0.076 1.2(5)x10~4 1.8x10~4
240.5(1) 1.17(3) 9/2 3/2% M1 1.50 1.1(5)x 1072 0.9x10~2
E2 0.32 1.7(8)x 103 0.7x103
268.6747(21)¢ 1.04(3) 9/2 5/2% M1 1.10 7.2(33)x1073 6.7x1073
E2 0.23 8.2(38)x 102 6.5x102
293.995(9)¢ 0.53(2) 7/2 3/2% M1 0.84 4.4(20)x1073 3.9x1073
323.3806(14)¢ 3.3(1) 7/2 5/2% M1 0.66 5. 4(25)><10*3 7.01x1073
E2 0.128 2.1(9)x 103 1.2x10%
336.6195(16)4 2.35(7) 5/2 3/2% M1 0.60 3. 7(19)><10*3 2.9x1073
E2 0.118 1.2(5)x 103 0.9x103
365.75(4) 3.2(1) 5/25/2+ M1 0.48 1.4(6)x 1072 1.1x1072
423.95 1/21/2~ 190(8) 135.55(7)* 1.1(2)* 3/21/2% El 0.23 1.8(3)x10~% 1.6x10~4
162.01(5) 0.64(2) 1/2 1/2% El 0.155 6.1(3)x107° 5.5x107°
259.40(3) 1.6(3) 3/23/2~ M1 1.22 3.4(6)x10~3 2.9x1073
425.30 3/21/2~ 290(48) 163.35(5) 0.4 1/2 1/2% El 0.15 6.6(20)x107° 5.9x107°
277.21(6) 0.31(4) 7/25/2” E2 0.21 1.8(4)x 102 1.1x102
278.7(1)* 0.49(7) 5/25/2~ M1 0.98 1.5(3)x1073 0.9x1073
425.36(5)" 0.27(1) 3/23/2% E1 0.018 2.5(4)x1076 2.1x1076
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TABLE. I: (Continued).

Initial LKT Ty/o E, I ;K7 X\® aror’ Bezp(XN)© Biheor (X)
level
[keV ] [ps] [ keV ]
478.58 5/21/2~ <16 157.88(9) 0.8(2) 5/2 5/2% El 0.165 >1.5x1074 1.1x1074
189.6(1) 0.09(1) 3/21/2+ E1l 0.11 >9.8x 1076 2.5x1076
241.18(9)* 0.55(9)° 7/23/2~ M1 1.48 >26x 1073 1.2x1073
261.80(9)* 0.58(8)" 5/23/2~ M1 1.18 >22x 1073 1.9x1073
314.12(5)* 0.78(10)* 3/23/2~ M1 0.72 >1.7x 1073 1.2x1073
330.54(4) 0.49(2) 7/25/2~ M1 0.63 >9.1x10"4 7.6x107%
332.52(4)" 0.09(1) 5/25/2~ M1 0.63 >1.6x 1074 0.9x10~4
406.53(8)* 3.5(6)* 7/2 3/2% El 0.0195 >39x107° 1.7x107°
436.20(4)" 5.6(2) 7/2 5/2% El 0.017 >5.0x107° 3.8x107°
449.17(9) 3.7(6)° 5/2 3/2% El 0.0155 >3.0x107° 1.7x107°
478.64(4)" 17.5(5) 5/2 5/2% El 0.014 >1.2x1074 0.8x107%

%y-ray intensities and §2(E2/M1) mixing ratios are from Ref. [15]
except when noted otherwise.

bTotal internal conversion coefficients for transitions with energies
above 21 keV are from Ref. [21], while for transitions with lower
energies from Ref. [22] .

“in the units e2 fm? for E1 transitions, e? fm?* for E2 transitions
and ”?\1 for M1 transitions.

¢y ray energy adopted from Ref. [2].

¢Lifetimes of the 42.3 and 97.1 keV levels are from Ref. [17].

fIndividual intensities of the 42-keV doublet are deduced from ~v
coincidence results and the total intensity from Ref. [15].

9§2(E2/M1) for the 42.34 keV y-ray and data concerning ~-
transitions de-exciting the 97.14 and 125.51 keV levels are from
Ref. [23]. Intensities of v-transitions were re-normalized to the
units used in Ref. [15].

hfrom Ref. [15].

in-ray intensity determined in this work.

TABLE II: New 4-lines in 22 Th not listed in Table 1.

E, 1, Initial level
[keV ] [keV ]
24.8(1) 661.6
69.1(2) 638.6
83.9(2) 689.0
84.8(1) 654.0
156.3(1) 1.6(6) 605.3

161.46(8) 0.53(10) 449.7
203.47(6) 0.94(12) 569.3
343.3(1) 0.18(4) 605.3
526.4(4) 2.1(8) 569.3

estimated by extrapolation of values listed in Ref. [22].

IV. DISCUSSION
A. Single quasiparticle configurations in 2?°Th

The occurrence of strong octupole correlations in odd-
A nuclei is manifested by the presence of parity doublet
bands and enhanced E1 transitions between members of

these bands. This effect persists in the ocupole soft nuclei
where significant octupole coupling may exist between
selected close-lying bands of opposite parity. For this
reason these bands are labelled parity partner bands [24]
(see also discussion in Sec. IV C).

In the case of parity doublet K™=1/2% bands the de-
coupling parameters are expected to be of equal magni-
tudes and opposite signs. According to the single quasi-
particle calculations performed by Cwiok and Nazarewicz
[25, 26] for 22°Th, one expects nine single-particle states
below 1 MeV: three states with K=1/2, two with K=3/2,
three with K=5/2 and one state with K=7/2. Our single-
particle calculations (see Sec. IVE) predict one more
K=7/2 level at a similar, although slightly higher, ex-
citation energy.

Configuration assignment to the five rotational bands
built on the K=3/2 and K=5/2 states (see Fig. 7) has
already been made in the earlier studies [8, 13, 15, 27].
Furthermore, the 1/2[631] and 1/2[501] configurations
have been assigned to the rotational bands built on two
K=1/2 levels at the energies of 262.0 and 535.7 keV, re-
spectively. Recently, in the a-decay study [16] the 317.2
keV level has been proposed as the 5/2% member to the
first K=1/2 band. Decoupling parameter a for this band
is found to be equal to 0.21 and can be compared to
the theoretical value of 0.30 predicted by Leander and
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FIG. 6: Determination of half-lives for the 262.0, 317.2 and
320.6 keV levels by centroid shift technique. Each figure shows
the reference curve (solid line) and centroid positions of time-
delayed spectra marked by the energies (in keV) of y-ray gates
in the Ge and BaF2 detectors. The shift of the time-delayed
centroid from the reference curve gives the mean-life of the
level (calibration 20.00(6) ps/ch); see text for details.

Chen [28] and to 0.285 obtained in the calculations of
Sec. IVC. The B(E2) value of 1.1(3)x10* €2 fm* de-
duced from our data for the 55.2 keV intra-band transi-
tion gives for this band the quadrupole moment of 7.4(9)
eb and the quadrupole deformation parameter (5,=0.20.
The latter value is close to the (2 equilibrium deforma-
tion of 0.18 obtained in our calculations of Sec. IVE for
the configuration with 1/2[631] as the main component.
The magnetic |gx — gr|(1 — b) factor determined for this
band from the B(M1) value of the 28.7 keV transition is
equal to 1.18(14) (see Table IV).

The only new information obtained in this work for
the second K=1/2 band built on the 535.7 keV level is
the theoretical value of the decoupling parameter a=0.27,
predicted in our calculations of Sec. IV C.

Based on our new data, we propose the 424.0 keV
(1/27) level as the head of the third K=1/2 band with
the 425.3 keV state as the 3/2~ band member. The pro-
posed interpretation conflicts with the M1 multipolarity
given [15] to the 425.4 keV transition. We note, how-
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TABLE IIL: Structure of the intrinsic states in ?*°Th calcu-
lated within the QPPM model. The band labels are the same
as in Fig. 7.

Band Structure of the wave function
Label
A 5/2[633](84%)+(5/2[752]+Q, ) (4%)
+(5/2[503]+Q4, ) (2%)
A 5/2(622](85%)+5/2[633](1%)+(5/2[752]+Q4, ) (5%)
B 3/2[631](43%)+3/2[642](31%)+(3/2[761]+Q4, ) (12%)
C 1/2[631](57%)+1/2[640](11%)+1/2[651](7%)
+(1/2[7701+ Q) (8%)+1/2[501]+Q; ) (2%)
D 3/2[642](43%)+3/2(631](28%)+(3/2[761]+ Q) (19%)
+(3/2[501]+Q4,) (3%)
7/2[613](39%)+7/2[624] (37%)+(7/2[743]+ Q) (12%)
a 5/2[752](83%)+5/2[503](1%)+(5/2[633]+Q3, ) (11%)
b 3/2[761](80%)+(3/2[642]+Qd, ) (14%)
+(3/2[651]+Q4, ) (2%)
c 1/2[501)(77%)+1/2[770)(1%)+(1/2[651]+Qd, ) (9%)
+(1/2[6401+Q3,) (5%)+(1/2[660]+Qi, ) (3%)
¢ 1/2[770](70%)+1/2[501](8.2%)-+(1/2[640]+Q5, ) (9.3%)
e 7/2[743)(75%)+(7/2[624]+Qd,) (18%)

ever, that the 425.4 keV transition was assigned to this
level based on energy match and not due to vy coinci-
dences, thus its assignment to this state is not firm. On
the other hand, if the parity assignment to the 425.3 keV
level would be positive, then the 277.2 keV transition to
the 7/2~ state would be of M2 type, which is very un-
likely. For the 5/27 member of this band we propose the
478.6 keV level. The decoupling parameter a obtained
for this band is equal to —0.92 and may be compared to
the theoretical value of —1.4 obtained from calculations
of Sec. IVC. These calculations give 1/2[770] as the
main component of the intrinsic wave function for this
band. In view of the potential energy calculations from
Sec. IV E intrinsic state with this wave function compo-
nent is predicted to be octupole deformed and this band
could be a candidate for the negative parity member of
the K = 1/2 parity doublet bands.

For the 478.6 keV level we prefer the 5/2 assignment
proposed above, instead of 7/27 given in Ref. [15] since
then the 189.6 keV transition would become unreason-
ably fast M2 line. Moreover, we do not observe neither
the 315.39 nor the 381.54 keV transition to de-excite this
state, as proposed in [16].

The 303.0 keV level has been tentatively interpreted in
Ref. [16] as head of the K™=7/2" band. This band may
originate from the 7/2[613] configuration. Second K=7/2
configuration which originates from the 7/2[743] orbital
is predicted to be octupole deformed (see Sec. IVE). We
tentatively propose the 465.4 keV level as one of the par-
ity doublet band-heads assigned to this configuration.
This level is populated in the a-decay of 233U [16] and
de-excites to the 7/2% state at 303.0 keV via 162.5 keV
transition.
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FIG. 7: Experimental levels in 22Th grouped into rotational bands. Dashed lines represent levels populated in the a-decay
[8, 9, 16]. Each band is labelled by the dominant single-quasiparticle component of the wave function as obtained in the
calculations in Section IV C. The structure of the intrinsic states forming the base for each rotational band is given in Table
III. The pairs of bands labelled by the same small and capital letters are interpreted as parity partner bands.

TABLE IV: Magnetic g factors for the rotational bands in
229
Th.

Band E; E, I; lgx — gr|
K™ [keV ] [keV ]
5/2% 42.34 42.34 7/2t 0.24(3)
97.14 54.699 9/2% 0.14(2)®
5/2~ 148.16 1.81 7/2~ 0.95(5)
3/2~ 217.15 52.71 5/2~ 0.84(10)
1/2+ 317.17 28.7 5/2F 1.18(14)®
5/2% 365.81 45.3 7/2% 0.51(12)

“from data in Ref. [23].
blgx — gr|(1 — b) where b is the magnetic decoupling parameter.

Table V shows a comparison of the experimental
branching ratios for the E1 and M1 transitions to the
theoretical intensity ratios given by the Alaga’s rule [29].
A good agreement is observed only for the E1 transitions
connecting levels from the K™=3/2~ band at 164.5 keV

with levels of the K™=3/271 band at 0.0035 keV (see lower
part of Table V). This confirms the K™ assignment for
these bands. For other bands a clear deviation from the
Alaga rule is observed suggesting that most of the bands
in 229Th are strongly Coriolis mixed.

Theoretical branching ratios for the Coriolis coupled
bands are described by the Mikhailov rule [30]. In
practise, this rule can be applied to experimental data
only when |K; — K;| > A and when the degree of K-
forbiddennes n=0. Only in this case the Mikhailov rule
takes a simple form:

B(X\) = M} LK MKy — K;)|[I;Kp)? x
(14 [Ip(If + 1) = Li(Li + 1)])?ad,

with one free parameter ay;. As can be seen in the up-
per part of Table V this rule nicely reproduces branch-
ing ratios for the E1 transitions between K™=5/2" and
K™=3/2" bands with band heads at 146.4 keV and
0.0035 keV, respectively. For this comparison, the value



of aps was set to 0.323.

B. B(E1) rates

A common property of nuclei with strong octupole
correlations are enhanced E1 transitions. A significant
number of reduced transition probabilities B(E1) listed
in column 9 of Table I is moderately fast, of the order of
10~* €2 fm?, while typical B(E1) values for nuclei from
non-octupole collective regions are much slower, below
107° e2fm?. In particular, the E1 transitions connect-
ing members of the K™=3/2% bands with band heads
at 0.0035 and 164.5 keV have B(E1) values higher than
1.8 x 107% e2fm?. Evidently, these bands constitute a
pair of parity partner bands. The E1 transitions between
parity partner bands with K™=5/2% and 1/2% are signif-
icantly less enhanced. No clear difference is observed be-
tween E1 transitions connecting the parity partner bands
(intra-band transitions) and those connecting opposite
parity bands with different K (inter-band transitions).
The B(E1l) values for many El inter-band transitions
with |AK| = 1 are of the order 10=* 2 fm?. This pro-
vides another indication that rotational bands in 22°Th
are strongly mixed since mixing would enhance the inter-
band transitions to the values comparable to those for
intra-band.

A generally adopted way of comparison of the E1
strength over a wider range of nuclei is offered by the
intrinsic electric dipole moment, | Dy, which removes the
spin dependence affecting the B(E1) rates. Assuming a
strong-coupling limit and an axial shape of the nucleus,
the electric dipole moment, | Dy, is defined (for K+# 1/2)
via the rotational formula:

3
B(E1) = ED%(L—KlOHfK)z.

It should be emphasized that the |Dy| moment remains
a convenient parameter for the inter-comparison even
though this rotational formula may not be strictly appli-
cable to such an octupole transitional nucleus as 22°Th.

Table VI provides the | Dy| moments deduced from the
B(E1) values given in Table I for the parity partner bands
in 229Th. The highest |Dg| values of 0.077(3) efm (on
the average) are obtained for the E1 transitions connect-
ing the K™=3/2% bands. Much smaller average | Dy| val-
ues of 0.024(5) and 0.029(1) efm are deduced for the
K™=5/2% and 1/2%* bands, respectively. Figure 8 shows
a comparison of the |Dg| values from Table VI to those
for the K™=1/2%, 3/2% and 5/2% parity doublet or par-
ity partner bands in other odd-A isotopes of Th. They
may also be compared to the average values of |Dy| =
0.10 efm and > 0.11 efm for the K™=3/2% and 1/2%
bands in ?2"Ra [31], the isotone of ?2°Th, respectively
and to the | Dy| values for the K™=0% bands in ?2Th and
230Th, where |Do| = 0.121(3) efm and 0.053(2) efm, re-
spectively, were determined from the B(E1)/B(E2) ratios
measured in [32] and the Q¢ values taken from [33]. One
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FIG. 8: Electric dipole moments for the K™=1/2%, 3/2% and
5/2i parity doublet or parity partner bands in the odd-A
thorium isotopes. Experimental data are from Refs. [24, 34—
37] and from this work.

may conclude, that the |Dg| moments in 22Th follow
the smoothly decreasing trend of these values when mov-
ing from the center of the octupole collective region to
the heavier reflection-symmetric thorium isotopes. More-
over, the difference between the intra- and inter-band E1
transitions diminishes with the decreasing strength of oc-
tupole correlations.

C. Quasiparticle-plus-phonon model calculations

The experimental B(E1) rates, as well as rates for the
E2 and M1 transitions, are compared to the results of the
quasiparticle-plus-phonon model (QPPM) calculations in
columns 9 and 10 of Table I, respectively.

In the strong correlation limit octupole correlations
lead to a stable octupole deformation of the nuclear
mean field (nonzero value of the intrinsic dipole mo-
ment |Dg|). In the weak octupole correlation limit
these correlations are not strong enough to form sta-
ble octupole deformation but are sufficiently strong to
shift octupole vibrations in even-even nuclei to very low
excitation energies. In the corresponding odd-A nu-
clei these correlations manifest themselves by relatively
large octupole vibrational components in the lowest ex-
cited states. The best description of this situation is
provided by the quasiparticle-plus-phonon model (see
Refs. [24, 25, 31, 38] and citations therein) where the low-
est intrinsic states in odd-A nuclei are understood as the
linear combinations of quasiparticle and quasiparticle-
plus-phonon components. In such a way the QPPM takes
into account an odd quasiparticle and vibrating even-
even core. For nuclei from the region of weak octupole
correlations the lowest even-even core vibrations have an
octupole character.

The QPPM Hamiltonian consists of the intrinsic and
rotational parts (with inclusion of Coriolis mixing). The
intrinsic part of the Hamiltonian describes intrinsic states
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TABLE V: Comparison of experimentally obtained branching ratios for the E1 transitions in ??°Th to the Alaga and Mikhailov

rules.
Initial level I7 K; IT Ky E, Reduced branching ratios
exp theory
[ keV ] [ keV ] Alaga Mikhailov®
146.35 5/27 5/2 5/2% 3/2 117.16 1 1 1
7/2% 3/2 74.54 1.78(8) 0.17 1.78
148.16 7/2- 5/2 5/2% 3/2 118.97 1 1 1
7/2% 3/2 76.35 0.42(2) 0.71 0.45
164.52 3/2~ 3/2 3/2+ 3/2 164.52 1 1
5/2F 3/2 135.34 0.66(3) 0.67
217.15 5/2~ 3/2 3/2+ 3/2 217.15 1 1
5/2% 3/2 187.97 0.97(4) 0.96
7/2+ 3/2 145.46 1.89(10) 1.79
237.35 7/2= 3/2 5/2+ 3/2 208.18 1 1
7/2% 3/2 165.0 0.9(2) 0.40
9/2+ 3/2 111.4 4.0(4) 1.40

%obtained using parameter a;;=0.323

TABLE VI: Intrinsic dipole moments, |Do|, for the E1 tran-
sitions in 22°Th.

E; ITK; E, 7Ky | Do|
[ keV ] [ keV ] [ efm)
146.35 5/27 5/2 146.35 5/2% 5/2 0.0345(7)
148.16 7/27 5/2 148.14 5/2% 5/2 0.0135(4)
164.52 3/27 3/2 135.34 5/2%+ 3/2 0.075(4)
164.52 3/2% 3/2 0.075(5)
217.15 5/2~ 3/2 145.46 7/2%+ 3/2 0.084(10)
187.97 5/2+ 3/2 0.081(10)
217.15 3/2+ 3/2 0.081(10)
237.35 7/27 3/2 111.4 9/2% 3/2 >0.095
165.0 7/2F 3/2 >0.084
208.18 5/2%F 3/2 >0.057
320.55 5/2% 5/2 171.9 7/27 5/2 0.028(4)
174.19 5/27 5/2 0.022(2)
365.81 7/2% 5/2 217.6 7/27 5/2 0.021(6)
219.55 5/27 5/2 0.048(11)
423.95 1/27 1/2 135.55 3/2t 1/2 0.034(3)@
162.01 1/2% 1/2 0.028(1)®
425.30 3/27 1/2 163.55 1/2% 1/2 0.029(4)®
478.58 5/27 1/2 189.6 3/2t 1/2 >0.010¢

“with D term neglected

of a nucleus while the rotational part creates rotational
bands build on top of those states. The rotational bands
are mixed by the Coriolis interaction. In our calcu-
lations the intrinsic Hamiltonian involves phenomeno-
logical mean field of the Nilsson type (with the axial
quadrupole and hexadecapole deformations), monopole
pairing residual interactions, and long-range residual in-
teractions in the quadrupole-quadrupole and octupole-
octupole form (for details see e.g. [24, 40]). Appropri-

ate choice of the model parameters gives a good agree-
ment between the calculated energy spectrum and the
experimental one as shown in Fig. 7 (see also Figs. 8
and 9 in Ref. [15]). Contributions from dominant quasi-
particle and quasiparticle-plus-phonon components into
each intrinsic state are listed in Table III. It can be seen
that octupole phonons play a significant role in this nu-
cleus. Moreover, one can recognize some kind of a parity-
doublet structure among the bands in the sense that we
can indentify two bands, one of positive parity (labelled
with a capital letter) and corresponding negative parity
partner (labelled with a corresponding lower case letter).
In each such pair of bands (e.g.: A-a or B-b etc.), which
we define as parity partner bands, the dominating single-
quasiparticle component of one band forms the dominat-
ing collective quasiparticle-plus-octupole-phonon (Q;,_o)
component of the second band, and vice versa. In such
a way the QPPM reflects the parity doublet structure
which is a characteristic feature of strong octupole cor-
relations.

One observes a very good agreement between the
experimental reduced transition probabilities Begp,(XA)
and the theoretical values Bipeor (X A) calculated in the
framework of the QPPM with the Coriolis mixing (see
Table I). The QPPM approach provides a good descrip-
tion of the reduced probabilities even in the case of inter-
band transitions, which is due to the inclusion of octupole
correlations in the residual interactions and by taking
into account the Coriolis mixing. The drawback of the
QPPM model in the form applied here is that it does not
involve the residual interactions entirely and the vibra-
tions of the even-even core are treated only on the RPA
harmonic level (anharmonic effects are neglected).



D. Half-life of the low-energy 3/2% isomer

For the M1 ~-ray transition connecting the low-energy
3/2% level and the 5/2% ground state, the QPPM calcu-
lations yield the reduced probability B(M1) = 0.025 u%
(see Table I). The half-life of this transition, expressed
in hours, can be obtained from the relation T;,, =
10.95h/ E3B(M1), where E, is given in eV. The assump-
tion of E, = (3.5 £ 1.0) eV [2] leads to Ty, = 10%5°
hours, while by using the recently re-evaluated energy
value of E, = (5.5£1.0) eV [3] one obtains T, = 2.6175
hours. A comparison of model predictions to an experi-
mental half-life of the isomer, when a reliable T /5 value
will be available, would require a correction for the effect
of an electronic bridge [41], which is an additional decay
channel for the isomer.

Within our experimental approach, the half-life mea-
surement of the isomeric state was not possible. Earlier,
two groups attempted to determine this half-life using
radiochemical and a-spectroscopy techniques. Browne
et al. [6] separated the activity of 22Th, and presum-
ably of 229 Th, from a sample of 233U, and searched for
a short-lived a-ray component originating from the de-
cay of the isomer. The result of that experiment was
negative. It has been concluded that the 22Th half-
life must be either shorter than 6 h or longer than 20
days. This conclusion is in conflict with the results re-
ported by Mitsugashira et al. [42]. In the latter work,
the 229" Th activity was sought by producing it through
the (7,n) reaction on a 23°Th target. The a-spectrum
of the chemically separated thorium fraction was mea-
sured as a function of time. The half-life observed for
the component at about 5 MeV (the energy of the a-
radiation expected for 2" Th) was found to be 13.9 +
3.0 h. This value assigned to the isomer is compatible
with our predictions based on the isomer energy of 3.5
+ 1.0 eV. However, in view of the disagreement between
the results obtained by the two groups, further efforts to
measure the half-life of the isomer are obviously needed.
In Ref. [42], a study of the a-decay of 22" Th after (-
decay of ?29Ac has been suggested. For a stringent test
of the model predictions, also a more accurate determi-
nation of the isomer energy would be required.

E. Potential energy surfaces

Octupole correlations can be accounted for in an alter-
native approach by including octupole deformation pa-
rameter, 33, into the model calculations.

We have calculated band head energies and poten-
tial energy surfaces on the (f2,03) plane for the low-
est quasi-particle configurations in 22°Th. The calcula-
tions were performed using the Strutinsky method, in
which macrosopic energy contribution is obtained us-
ing the liquid-drop formula with the surface diffuseness
term [43], whereas shell correction is calculated using the
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axially-deformed Woods-Saxon potential with the univer-
sal set of parameters [44]. Potential energy surfaces for
specific configurations (see Fig. 9) have been obtained
by blocking the odd neutron in state with a given K
and by minimization of total energy with respect to the
shape parameters 64 — [Bg. These calculations show that
for all considered configurations quadrupole deformation
(B2 is within the range of 0.15 — 0.20. Moreover, they
show that the 22Th nucleus is reflection-symmetric or
slightly octupole-soft in all single quasi-particle configu-
rations with spins 3/2 and 5/2. Distinct octupole soft-
ness is predicted for two K = 1/2 configurations with the
dominating 1/2[631] and 1/2[501] single-particle compo-
nents. Octupole deformation of g3 ~ 0.12 is expected
only for the K = 7/2 configuration with the main com-
ponent 7/2[743] and for the K = 1/2 configuration with
1/2[770] as the main component. However, the octupole
minima are not very deep and octupole barrier heights
are lower than 0.5 MeV.

These calculations do not explain why enhanced E1
transitions are observed for the K™=3/2% configurations
and why such transitions are weaker for the K™=5/2%
and K™=1/2% bands.

Potential energy calculations performed for two odd-
A neighbors of 22Th show that the 227Th nucleus is
reflection-asymmetric in all but one lowest configuration
while no octupole deformation is predicted for 23'Th.
Only two configurations in the latter nucleus are foreseen
to be octupole soft. Thus one concludes that 22°Th lies at
the border of the actinide octupole collective region and
coexistence of the reflection-asymmetric and reflection-
symmetric shapes is predicted in this nucleus.

V. SUMMARY

The Advanced Time-Delayed Gvv(t) method has been
used to measure half-lives of 14 excited states in 22°Th.
Reduced transition probabilities were obtained for more
than 70 transitions. Twenty-seven new v-lines have been
introduced into the decay scheme of 22° Ac. Enhanced E1
transitions are observed between the K™=3/2% bands.

A good agreement between experimental transition
probabilities and results of the QPPM calculations im-
plies octupole-vibrational nature of the lowest config-
urations in 2?°Th and strong Coriolis coupling of the
K™=3/2~ and K™=1/2" bands. It indicates that one
can describe the low-lying states in 22Th without the
stable octupole deformation in the mean field. The oc-
tupole softness is also confirmed by the potential energy
surface calculations. A non zero octupole deformation is
foreseen only for one K=1/2 and one K=7/2 state lying
at higher excitation energies.

Our results confirm the location of 22 Th nucleus at the
border of the collective octupole region in actinides where
the interplay takes place between reflection-symmetric
and asymmetric configurations.
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