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Lifetimes of excited states in 2?°Th, populated in the B decay of ?*’Ac, have been measured using the
advanced time-delayed By y(t) method. Half-lives of 14 states have been determined including 11 of them for
the first time. Twenty-seven new y lines have been introduced into the B-decay scheme of 2’ Ac based on
results of yy coincidence measurements. Reduced transition probabilities have been determined for more than
70 y transitions in 2>°Th. Average | Dy| values of 0.029(1), 0.077(3), and 0.024(5) e fm have been deduced for the
lowest K™ = 1/2%,3/2%, and 5/2* parity partner bands, respectively. Excited states in ??*Th and experimental
transition rates have been interpreted within the quasiparticle-plus-phonon model. The half-life of the 3.5-eV,
3/2% isomeric state is predicted to be about 10 h. Potential energy surfaces on the (8,, 83) plane for the lowest
single quasiparticle configurations in 2Th have been calculated using the Strutinsky method.
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I. INTRODUCTION

Spectroscopic studies of the ?*Th nucleus are very
important for at least two reasons. First, 2°Th lies at
the perimeter of the octupole deformation region in the
actinides and the coexistence of reflection-symmetric and
reflection-asymmetric shapes is expected in this nucleus [1].
Second, the first excited state in 2*Th at an energy of only
3.5(10) eV [2] is the lowest excited state known in all nuclei
and the only one with excitation energy within the atomic
energy scale (with recent evaluation [3] giving an energy of
5.5(10) eV for this state). Consequently, the lowest excited
state in 2>Th presents a unique opportunity to investigate
interactions between nuclear and atomic degrees of freedom
and has been the main subject of several works in the past
few years (e.g. [4—7] and references quoted therein). Although
a direct observation 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 2>Th have been previously studied in
the a decay of U [8,9], B decay of **°Ac [10], and
electron-capture decay of 2?°Pa [11] as well as in transfer
reactions [12,13] and Coulomb excitations [14]. Recently, new
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studies on the B decay of 2*Ac [15] and on the « decay
of 233U [16] have been reported. Multipolarities of many
y transitions in 2**Th have been established in Ref. [15] by
internal-conversion electron measurements. Lifetimes of the
42.3- and 97.1-keV levels have been measured in Ref. [17]
and of the 146.4- and 164.5-keV levels in Ref. [15]. Despite
a large body of experimental data on >2°Th only the structure
of levels below 300 keV is clearly understood. To obtain a
better understanding of the low-energy structure of 2> Th we
have measured lifetimes of the excited states in this nucleus
using the advanced time-delayed By y (¢) method [18-20]. The
experimental methods are briefly described in Sec. II, and
the new level scheme for 2*Th and the lifetime results are
presented in Sec. III of this paper. In Sec. IV experimental
results are discussed in terms of the quasiparticle-plus-phonon
model. Additionally, results of potential energy calculations
on the (8,, B3) 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 2> Th were populated in the 8 decay of >*’Ac,
which was obtained via a chain of 8 decays starting from the
229Fr isotope:

229Fr 50s 229Ra 4.0 min 229AC 62.7 min 229Th

©2006 The American Physical Society
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FIG. 1. Top panels show coincident y-ray Ge spectra sorted from the B-Ge-Ge data using gates set on the 146.3- and 245.3-keV transitions.
Panels at the bottom show the corresponding coincident y-ray spectra sorted onto the BaF, detector using the 8-Ge-BaF, data.

The ?*Fr nuclei were produced in the spallation reaction
of 28U induced by the 1.4-GeV protons from the Proton
Synchrotron (PS) booster. The 2*’Fr activity, mass separated
from other spallation reaction products, was implanted onto
an aluminium foil. After about 40 min of irradiation and 30
min of cooling time, the foil with almost pure activity of 22° Ac
was placed in the center of our experimental setup.

Level lifetimes in the subnanosecond range have been
measured with the advanced time-delayed By y(t) method
[18-20]. Fast timing information was derived from time-
delayed coincidences between fast-response S and BaF,
y detectors, and additional coincidences with a Ge y detector
were used to select the desired y cascade. A 3-mm-thick plastic
scintillator NE111A was used as a § detector to ensure a
constant time response independent of the energy of incident
B particles. The setup consisted of two BaF, detectors in
the shape of truncated cones with a height of 2.5 cm each
and two HPGe detectors with efficiencies of about 40%
and 70%, respectively. This resulted in one combination of
B-Ge-Ge coincidences, which served to construct the level
scheme, and four combinations of 8-Ge-BaF, coincidences,
which provided lifetime information. Triple- and higher-fold
coincident events were collected and then presorted off-line
into data sets with the triple coincidences already mentioned.
Two independent series of measurements were performed, in
which about 3.7 x 10% and 8.4 x 106 triple coincidence events
were collected, respectively.

III. EXPERIMENTAL RESULTS

A. Level scheme

The results for >>Th are presented in Figs. 1-4 and in
Table 1. The level scheme was constructed based on the 5-Ge-
Ge data. Examples of coincident y-ray spectra collected with
the Ge detectors are shown in the upper panels of Figs. 1-3;
the new level scheme for 2?°Th is presented in Figs. 4(a)—
4(c). Level and y -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 y lines precise y-ray
energies 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 229Th, Where available,
y-ray intensities as well as E2/M1 mixing ratios were taken
from Ref. [15]. (The intensity relations in our data have been
distorted by the low-energy cutoff in the gating g signals.)

In general our level scheme for *’Th 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 y lines have been introduced into the
decay scheme of ?*° Ac connecting levels already established
in previous works. Six of them have already been observed
in the o decay of U [16]. New lines are marked by
stars in Figs. 4(a)—4(c) and in Table I. Information on new
transitions not listed in Table I is given in Table II. Highly
converted transitions, which have not been directly observed
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FIG. 2. Similar to Fig. 1 but gated on the 252.1- and 317.2-keV transitions.

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 1. For
completeness, transitions seen by Gulda ef al. [15], but not
observed in our data because of the lower efficiency of our
setup in the very low and high-energy ranges or because of
restrictive coincidence 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 y-ray BaF, spectra coincident to the
gating transitions selected in the Ge detector are shown in the
lower panels of Figs. 1-3.
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FIG. 3. Similar to Fig. 1 but gated on the 404.8- and 422.9-keV transitions.
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TABLEL Level lifetimes and experimental and theoretical reduced transition probabilities in 2 Th; y -ray energies are determined in this
work unless noted otherwise. New y lines are marked by stars.

Initial Ii Ktﬂ T]/2 Ey I},a If K? XA\? O{TOTb BEXP(X)\.)C Btheor(X)")
level (keV) (ps) (keV)
0.0035 3/23/2 (0.0035) 5125127 M1 2.5x 1072
E2 5.6 x 10°
29.18 5/2 3/2* 29.1846(30)¢  1.98(8) 3/232% Ml 1.1 x 1072
E2 1.9 x 10*
(29.18) 5125127 M1 0.9 x 1072
E2 4.1x10°
42.34 7/2 5/2* 172(6)° 42.34(10) 0.44(9)f 5/25/2%  M12  48.0 1.85) x 1072 1.52 x 1072
E2¢ 720 24(15)x 10° 3.19 x 10*
71.82 7/23/2% 29.36% 7125127 M1 0.7 x 1072
E2 3.7 x 103
42.68(4) 0.5 51232t Ml 1.4 %1072
E2 1.1 x 10*
71.8159(20)¢  0.40(2) 3232 E2 0.7 x 10*
(71.82) 52502 Ml 0.5 x 1072
E2 3.1 x10°
97.14 9/25/2%  147(12)¢ 25.14(10)" 0.65(3) 712327 M1 210 3.8(4)x 1072 8.56x 1073
54.699(1)¢ 1.94(32)% 7125127 M1 21.5 9.2(19) x 107*  1.61 x 1072
E2¢ 200 93027)x 10> 5.13 x 10°
67.943(6)% 0.17(4)2 51232t E2 70 1.6(4) x 10° 930
97.134(1)¢ 2.17(49)¢ 512512 E2 14.0 3.4(8) x 10° 2.09 x 10°
125.51 9/2 3/2* (28.37) 925127 M1 0.6 x 1072
E2 3.9 x 103
53.69(9) 0.12(1) 7232t Ml 1.3x 1072
E2 0.9 x 10*
82.957(30)¢ 0.005(1)¢ 7125127 M1 0.4 x 1072
E2 3.5 x 103
96.224(2)¢ 0.04(1)2 5232 E2 0.4 x 10*
125.41(6)¢ 0.0018(4)¢ 512572 E2 3.2 x 10°
146.35 5252 329(8) 74.5390(40)Y  7.2(2) 7232+ El 0.260 33(1)x 1074 8.67x 1075
117.1628(9)¢  15.7(5) 51232t El 0.332 1.83(7) x 107*  1.00 x 10~*
146.3462(6)*  34(1) 5/25/2%  El 0.195 2.04(8) x 107+ 2.50 x 107*
148.16 7/25/2~ 689(34) (1.81)* 3.84(34) x 1041 5/25/2= M1 8500 293)x 107" 1.07 x 107!
76.3507Q27)¢  0.68(2) 7232+ El 0.255 75(4)x 1075 1.34x 1075
118.9721(15)¢  6.1(2) 5232t El 0.321 1.8(1)x 107*  8.89 x 1073
148.14(7) 0.62(2) 51252 El 0.192 9.3(6) x 107 7.49 x 107°
164.52 3/23/27 61(7) (16.36)* 0.0012(2)! 7252~  E2 20000 4.8(10) x 10* 2.40 x 10*
18.17(5)" 0.084(14)i 5252 Ml 155 4.609)x 1072 3.23x 1072
135.3393(5)¢  37(1) 5232t El 0.23 5406)x107*  1.24x107*
164.5240(5)¢ 100 3/23/2% El 0.15 8.1(10) x 10~*  7.86 x 107*
217.15 5/23/2- 30(7) 52.71(5) 0.14(1) 3232~ M1 235 1.02) x 1071 1.22 x 107!
145.46(4) 2.1(1) 7232+ El 0.195  7.9(19)x10~*  87x107*
187.9669(3)¢ 2.32(7) 5232t El 0.110 4.1(10) x 107* 5.7x 1074
217.1519(20)¢  3.7(1) 3/23/2% El 0.078 4.2(10) x 107* 29 %1074
237.35 7/23/2 <34 (89.2)* 0.050(16)! 7/25127 Ml 5.1 >2.6x1072  1.51 x 1072
(91.0)* 0.13(2)! 5/2512= Ml 4.9 >6.3x 1072 5.90 x 1072
111.4(1) 0.37(3) 9/23/2t El 0.370 >1.1x1073 1.80x 1073
165.0(1)* 0.27(7) 7/23/2%  El 0.145 >24x107* 2.90x107*
208.1795(7)  0.61(2) 5232+ El 0.087 >27x10"* 370 x 10~
237.4(2) 0.6 51252 El 0.063 >1.8x10™* 1.10x10™*
261.96 1/21/2* 15(3) 261.958(4)¢ 38(1) 3/232F Ml 1.18 4.5(10) x 1072 2.33x 1072
E2 0.24 8.2(18) x 10° 9.21 x 10°
288.48 3/21/2* 16(7) 259.30(7) 9.4(4) 512327 M1 1.22 4721)x 1072 3.80x 1072
288.5(1) 4 3/23/2% Ml 0.90 1.47)x 1072 1.21 x 1072
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TABLE 1. (Continued.)

Initial Ii Kln T1/2 E}, Iya IfK}Z XA O[T()Tb Bexp(X}n)c BtheO,(Xk)
level (keV) (ps) (keV)
303.01 7/27/2% 110(17)  154.85(4) 0.37(2) /252~ E1 0.17 4.57)x107*  8.60 x 10~*
303.55(7)" 0.25(1) 52527 M1 0.78 3.6(6) x 1073 2.11x107?
317.17 5212+ 9.0(16)  (28.7)F 0.012(2) 32124 Ml 140 338)x 1072 42x 1072
(55.2)* 0.006(1)i 1212 E2 195 1.1(3) x 10* 1.5 % 10*
99.95(8) 0.22(7) 5/23/2~ El 0.117 1.6(6) x 10~# 0.9 x 1074
168.94(5) 0.20(3) /252~ E1 0.140 3.0(7) x 1073 1.7 x 1073
170.8091(24)*  0.37(1) 5/25/2~ El 0.136 5.3(10) x 1073 1.7 x 1073
245.3498(11)¢  10.9(3) 7/2327 M1 1.45 3.0(6) x 1072 2.5x 1072
E2 031 4.2(9) x 10 3.2 % 103
274.79(5) 1.22(4) 7/2512 M1 1.02 1.8(4) x 1073 1.2x 1073
E2 027 3.9(2) x 102 2.5 x 10?
288.04(4) 4 51232t Ml 0.88 1.13) x 1072 0.7 x 1072
317.1689(15)¢  23.4(7) 3/232% M1 0.700 1.94) x 1072 1.8x 1072
E2 0.140 4.1(8) x 10° 1.2 x 10°
320.55 5252+ 10321)  (32.1) 0.012(2) 32124 Ml 105 3309)x 1072 2.5x 1072
(58.6)* 0.005(1)! 1212t E2 145 9.5(27) x 10 5.7x 103
156.04(9)* 0.31(7)! 3/23/2~ El 0.167 8.3(25) x 1073 7.5% 1073
171.92) 0.26(5) 72572  El 0.135  52(15)x 1075  6.1x 1075
174.191920)  0.43(1) 5252 El 0.130  83(I7)x10°  9.5x10°°
248.74(6) 3.9(10) 7/23/2 Ml 1.40 2.3(8) x 1072 1.8 x 1072
278.08(4) 2.55(8) 7/25/2% Ml 0.98 4.7(11) x 1073 3.7x 1073
E2 0.205 1.13) x 10° 0.9 x 10°
291.3561(9)¢  11.0(3) 5/23/2% M1 0.85 2.5(5) x 1072 2.3 x 1072
E2 0.175 2.7(6) x 103 1.9 x 10°
320.5471(13)¢  5.92) 5252 M1 0.68 5.7(14) x 1073 49 %1073
E2 0.135 1.5(3) x 10° 1.1x103
365.81 7/2512%  9(4) (45.3)* 0.037(7) 51252 M1 38 8.4(41) x 1072 9.7 x 1072
(48.6)" 0.044(9)! 5212t Ml 31 8.1(40) x 1072 5.6 x 1072
217.6(1) 0.19(5) /252~ E1 0.078 4.3(22) x 1073 5.6 x 1073
219.55(4) 0.53(2) 5252~ El 0.076 125)x 10 1.8x10™*
240.5(1) 1.17(3) 9232t M1 1.50 1.1(5) x 1072 0.9 x 1072
E2 0.32 1.7(8) x 10° 0.7 x 10°
268.6747(21)¢  1.04(3) 9/25/2% M1 1.10 7.2(33) x 1073 6.7 x 1073
E2 023 8.2(38) x 102 6.5 x 107
293.995(9)¢ 0.53(2) 7/23/2 Ml 0.84 4.4(20) x 1073 3.9x1073
323.3806(14)¢  3.3(1) 7/25/2% Ml 0.66 5.4(25)x107*  7.01 x 1073
E2 0.128 2.19) x 103 1.2x 103
336.6195(16)  2.35(7) 5232 M1 0.60 37(19)x 1073 2.9x 1073
E2 0.118 1.2(5) x 10° 0.9 x 10°
365.75(4) 3.2(1) 52527 M1 0.48 1.4(6) x 1072 1.1 x 1072
423.95 1212- 1908)  135.55(7)* 1.12) 3212+ El 0.23 1.83)x 104 1.6x 10~
162.01(5) 0.64(2) 1/21/2%  El 0.155 6.1(3) x 1073 5.5x 1073
259.40(3) 1.6(3) 3/23/2= M1 1.22 3.4(6) x 1073 29 %1073
425.30 3/21/27 290(48) 163.35(5) 0.4 1/21/2%  E1l 0.15 6.6(20) x 1073 5.9 %1073
277.21(6) 0.31(4) 7252- E2 021 1.8(4) x 10? 1.1 x 102
278.7(1)* 0.49(7)! 5/25/2= Ml 0.98 1.53) x 1073 0.9 x 1073
425.36(5) 0.27(1) 31232t El 0.018 2.5(4) x 1076 2.1x107¢
478.58 52172~ <16 157.88(9) 0.8(2) 5/25/2%  El 0.165 >1.5%x107* 1.1 x 107
189.6(1) 0.09(1) 3212t El 0.11 >9.8 x 1076 2.5x 1076
241.18(9)* 0.55(9)! /2327 M1 1.48 >2.6 x 1073 1.2x 1073
261.80(9)* 0.58(8)! 5/23/2= M1 1.18 >2.2x 1073 1.9x 1073
314.12(5)* 0.78(10)! 3232~ M1 072 >17x1073  12x 107
330.54(4) 0.49(2) 7252- M1 0.63 >9.1x 10  7.6x10°*
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TABLE 1. (Continued.)

Initial 1,' Kl” T1/2 Ey Iya 1/ K? X! ClTOTb Bexp(X)\‘)c Blheor(X)")
level (keV) (ps) (keV)
332.52(4)" 0.09(1) 5/25/2= M1 0.63 >1.6x 1074 0.9 x 107*
406.53(8)* 3.5(6) 71232 El 0.0195 >3.9x 1073 1.7x 1073
436.20(4)" 5.6(2) 71252 E1l 0.017 >5.0 x 1073 3.8x107°
449.17(9) 3.7(6) 5232+ El 0.0155 >30x1075  1.7x 1075
478.64(4)" 17.5(5) 51252t  El 0.014 >1.2x107* 0.8 x 107*

2y -ray intensities and §2(E2/M1) mixing ratios are from Ref. [15] except when noted otherwise.
Total internal conversion coefficients for transitions with energies above 21 keV are from Ref. [21]; those for transitions with lower

energies are from Ref. [22].

°In the units ¢? fm? for E1 transitions, > fm* for E2 transitions, and u2, for M1 transitions.

dy-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 y y coincidence results and the total intensity from Ref. [15].
£82(E2/M1) for the 42.34-keV y ray and data concerning y transitions de-exciting the 97.14- and 125.51-keV levels are from Ref. [23].
Intensities of y transitions were renormalized to the units used in Ref. [15].

"From Ref. [15].
iy -ray intensity determined in this work.

1. Slope fitting

Lifetimes longer than about 40 ps, which manifest them-
selves by strong asymmetry (or slope) on the delayed side of
the time spectra, have been measured using the deconvolution
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 levels in ?*’Th as shown in Fig. 5. The fitted function
includes four free parameters, namely position and full width
at half-maximum of the Gaussian, which approximates prompt
time response of the timing detectors, the half-life value,
and one parameter that provides an overall renormalization
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 corresponding BaF,
coincident spectrum despite the poor energy resolution of
the BaF, detectors. By reversing the gates and selecting the
422.9-keV transition in the Ge detector (see Fig. 3), one can

TABLE II. New ¥ lines in ?*Th not listed in Table L.

E, (keV) I, Initial level (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

unambiguously select in the BaF, 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 of the 117.2- and 146.3-keV transitions, one
obtains the time-delayed B-BaF,(t) spectrum shown in the top
panel of Fig. 5. We note here that all spectra shown in Figs. 1-3
and 5 were also gated on the 8 detector using one common
energy gate. In the y cascades selected for analysis, care was
taken to ensure that y 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 deconvolution
process.

The time spectrum shown in Fig. 5 represents in fact a
sum of similar time distributions gated in Ge detector 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 contributions related to the
219.6- and 515.2-keV transitions have much weaker statistics
than that for the 422.9-keV line, and thus they 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), 689(34), 61(7), 110(17),
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 the Ge detectors.
For a comparison we list the half-lives of Ty, = 332(18),
677(62), 62(11), and 175(18) ps obtained for the 146.4-,
148.2-, 164.5-, and 424.0-keV levels, respectively, in the first
run. Moreover, our half-life results measured for the 146.4- and
164.5-keV levels from triple coincidence S-BaF,-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.

044326-6



NUCLEAR STRUCTURE OF **Th PHYSICAL REVIEW C 73, 044326 (2006)

229
c +
897 140 Gp*

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 779.35
O on
AN %
£952
CHnxRTon o A o A 689.03
SeSIxnth o, HTHY e
SRIINRDgrSE L I g 661.58
—_ ‘_‘777777 - f
TR gE A == o o 654.02
SESIE=h b S - L e 638.62
= =
aSo r gootn—mbs 60529 (5/2)T
O=MATANOMN0 = O -
NTERRAYRRRBQIR S A0 +
———————————— 00 569.28 (3/2)
535.74 1727
47858 (5/2)~ <16
44973
42530 (3/27) 290(48)
42395 (1/27) 190(8)
36581 (727) 9@)
320.55 (5121 10.3021)
317.17 (5121 9.0016)
303.01 (72%) 110017)
288.48 321 16(7)
26196 127 15@3)
3 23735 (127) <34
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 236.35
217.15 (5/2)~  30(7)
164.52 (3/2)~  61(7)
P : P P 162.82 (11/2%)
v j Ly L L 148.16 (7/2)” 689(34)
: : ‘ L 14635 5727 329(8)
12551 92%
97.14 92t 147(12)
P 71.82 727
L 4234 2% 172(6)
- 29.18 5127
L ; 1 : T 0.0035 312%
I H H . . 0 spt
T
229 EI" T,
Th [keV] [ps]
90 139

(@)

FIG. 4. The level scheme of ?*Th from the 8 decay of >’ Ac. Full and empty circles indicate strong and weak yy coincidence relations,
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unobserved transitions established on the basis of our coincidence relations. Stars indicate new transitions in the 8 decay of 22’ Ac observed in
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FIG. 5. Time-delayed By y(t) spectra showing slopes corre-
sponding to the lifetimes of the 146.4-, 148.2-, and 424.0-keV levels
in 2Th. Each figure shows experimental points, a prompt Gaussian
spectrum, and a slope curve, which was fitted in the deconvolution
process.

2. Centroid-shift analysis

Lifetimes shorter than 40 ps were measured using the
centroid-shift method [18], in which the mean lifetime
T =T,/In2 is determined as a shift of the centroid of the
time-delayed spectrum from the prompt curve at a given y -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, the lifetime of which is
to be determined. As seen in Fig. 2, by gating on the 317.2-
keV transition in the Ge detector, one 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
B-BaF,(#) 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 (BaF;)
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 levels
above it, which feed this state. For the purpose of the present
analysis these lifetimes do not have to be determined since
they cancel out in the analysis.

By reversing the gates and selecting the 252.1-keV transi-
tion in the Ge detector (see Fig. 2), one can gate on the full
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FIG. 6. Determination of half-lives for the 262.0-, 317.2-, and
320.6-keV levels by the 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 BaF, 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.

energy peaks of the 245.3- and 317.2-keV y rays de-exciting
the 317.2-keV level. By selecting these transitions in the
BaF, energy spectrum one obtains the time-delayed S-BaF,(f)
distributions, the 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,
labeled 252245 and 252-317, are shifted above the reference
curve.

As seen in the figure, a single reference point at one
y-ray energy (say at 252 keV) will not allow for a precise
lifetime determination if the time-shifted point is measured
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 transition in the
BaF, spectrum (see Fig. 1). Since this transition de-excites
the same 569.3-keV level as the 252.1-keV y ray, the centroid
of the time spectrum selected with the 146.3-keV (Ge) and
422.9-keV (BaF,) transitions represents exactly the position
of the reference 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 us to complete the measurement for the
317.2-keV level using only two reference points. However, by
using different combinations of gates set on the full-energy
peaks in the Ge and BaF, spectra on transitions de-exciting
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the 569.3-keV level we have extended the reference curve.
Moreover, a similar curve was established for transitions
de-exciting the 605.3-keV level. Since, within the high level of
precision, there was no detectable 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 at an
energy of 288 keV in the BaF, spectrum. This gate includes
not only the full energy peak of the 288.0-keV y ray but
also contributions from other weaker lines at this energy and
a partial contribution from the full energy peaks at 245.3
and 317.2 keV. Since all these transitions de-excite the same
level at 317.2 keV and contribution from the Compton tail is
minor at these energies, there was no need for any correction
procedures.

We finally note that since all time-delayed spectra were
started with the detection of a B particle, the gating conditions
on the B spectrum were chosen to keep the time response of the
B detector constant to within ~1 ps over the range of selected
B particle energies.

3. 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 1.
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 intensities 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
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to be of M1 type, a total internal conversion coefficient of
ot = 8500 was estimated by extrapolation of values listed in
Ref. [22].

IV. DISCUSSION

A. Single quasiparticle configurations in >**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 labeled
parity partner bands [24] (see also the 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 magnitudes
and opposite signs. According to the single quasi-particle
calculations performed by Cwiok and Nazarewicz [25,26] for
229Th, 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 with K = 7/2. Our single-particle calculations
(see Sec. IV E) predict one more K = 7/2 level at a similar,
although slightly higher, excitation energy.

The 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 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 energies
of 262.0 and 535.7 keV, respectively. Recently, in an «-decay
study [16] the 317.2-keV level has been proposed as the 5/2F
member to the first K = 1/2 band. The 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 Chen

(3/21) 569.3
K® = 3/2*2 1/2°_535.7

3/2[642] . K*=1/2
D (5/2_&78,6(7{.2..)"4.65.4 1/2[501] FIG. 7. Experimental levels
(9/24)425.9 (32)425.3 K" = 7/2 c in **Th grouped into rotational
(1_/2-) 424.0 7/2[743] blands. Dalslieg hpes tr;lepreser(lit lev-
7/21365.8 K™ = - els populated in the « decay
(721t K 172 e [8,9,16]. Each band is labeled by
(7/2%) 303.0 (5/2%) 317.2 (5/21)320.6 1/2[770] the dominant single-quasiparticle
e ' . 3/2* 288.5 K™ = 5/2* c' component of the wave function
K"=7/2 1/2+_262.0 as obtained in the calculations in
7/2[613] 57 1237.4 o . 5/2[622] Sec. IVC. The structure of the

5/23217.2 K" = 1/2 Al o .

E /o631 intrinsic state§ forming the l?ase
(11/2%) 162.8 (712 148.2 @2 164.51 [ 1 for each rotational band is given

9/2+125.5 52 146.4 K" = 3/2"

-
2o 718 K =912 3/2[761]
5/2[752]

9/2" 9741

7/2° 423

5/2* 29.2

5/2° 0.0 3/2*0,0035
K® = 5/2* K"=3/2*
5/2[633] 3/2[631]

A B

229Th

in Table III. The pairs of bands
labeled by the same small and
capital letters are interpreted as
parity partner bands.
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TABLE III. Structure of the intrinsic states in >*Th calculated
within the quasiparticle-plus-phonon model. The band labels are the
same as in Fig. 7.

Band
label

Structure of the wave function

A 5/2[633](84%) + (5/2[752] + Q3,)(4%)
+(5/2[503] + Q%,)(2%)

A 5/2[622]1(85%) + 5/2[633]1(1%) + (5/2[752] + Q%)(S%)

B 3/2[631](43%) + 3/2[642](31%) + (3/2[761] + Q}ro)(lz%)

C 1/2[6311(57%) + 1/2[6401(11%) + 1/2[6511(7%)

+(1/2[770] + QF)(8%) + (1/2[501] + Q3)(2%)

D 3/2[642](43%) + 3/2[631](28%) + (3/2[761] + Q;O)(w%)

+(3/2[501] + Q3,)(3%)

E 7/2[613]1(39%) + 7/2[624]1(37%) + (7/2[743] + Q§0)(12%)
5/2[7521(83%) + 5/2[503]1(1%) + (5/2[633] + Q;.)(l 1%)
3/2[761](80%) + (3/2[642] + Q;ro)(14%)

+(3/2[651] + Q%)(2%)

c 1/2[5011(77%) + 1/2[770](1%) + (1/2[651] + Q%)(9%)

+(1/2[640] + QF)(5%) + (1/2[660] + Q3)(3%)

c’ 1/2[7701(70%) + 1/2[5011(8.2%) + (1/2[640] +
Q;O)(9.3%)

e 7/2[743]1(75%) + (7/2[624] + Q}Q))(IS%)

[28] and to 0.285 obtained in the calculations of Sec. IV C.
The B(E2) value of 1.1(3) x 10* €% fm* deduced from our
data for the 55.2-keV intraband transition gives for this band
the quadrupole moment of 7.4(9) eb and the quadrupole
deformation parameter 8, = 0.20. The latter value is close
to the B, equilibrium deformation of 0.18 obtained in our
calculations of Sec. IV E for the configuration with 1/2[631]
as the main component. The magnetic |gx — gr|(1 — b) factor
determined for this K = 1/2 band from the B(M1) value of the
28.7-keV transition is equal to 1.18(14) (see Table IV). Here
b denotes the magnetic decoupling parameter as defined by
Egs. (4-85) and (4-86) in Ref. [29].

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.

TABLE IV. Magnetic g factors for the rotational bands in >°Th.

Band E; E, I; lgx — grl
K™ (keV) (keV)
5/2% 42.34 42.34 72* 0.24(3)*
97.14 54.699 9/2+ 0.14(2)*
5/2- 148.16 1.81 7/2- 0.95(5)
32~ 217.15 52.71 52~ 0.84(10)
172+ 317.17 28.7 5/2+ 1.18(14)°
5/2+ 365.81 45.3 7/2+ 0.51(12)

*From data in Ref. [23].
gk — grl(1 — b), where b is the magnetic decoupling parameter.
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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 3/27 band member. The proposed interpretation
conflicts with the M1 multipolarity given [15] to the 425.4-keV
transition. We note, however, that the 425.4-keV transition
was assigned to this level based on an energy match and
not on yy coincidences; thus its assignment to this state is
not firm. Moreover, 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 unlikely. 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. IV C. 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 the intrinsic state with this
wave function component 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 here, instead of the 7/2~ one given in Ref. [15] since
then the 189.6-keV transition would become an unreasonably
fast M2 line. Moreover, we do not observe either the 315.39- or
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 the head of the K™ =7/2" band. This band
may originate from the 7/2[613] configuration. A 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 parity
doublet band-heads assigned to this configuration. This level
is populated in the o decay of 23U [16] and de-excites to the
7/27" state at 303.0 keV via a 162.5-keV transition.

Table V shows a comparison of the experimental branching
ratios for E1 transitions to and M1 transitions to the theoretical
intensity ratios given by Alaga’s rule [30]. 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™ =3/2%
band at 0.0035 keV (see lower part of Table V). This confirms
the K7 assignment for these bands. For other bands a clear
deviation from the Alaga rule is observed, suggesting that
most of the bands in 22°Th are strongly Coriolis mixed.

Theoretical branching ratios for the Coriolis coupled bands
are described by the Mikhailov rule [31]. In practice, this rule
can be applied to experimental data only when |K; — K;| > A
and when the degree of K-forbiddenness » = 0. Only in this
case does the Mikhailov rule take a simple form

B(X)) = M7 (LK;MKy — K)|IK )
x [+ [+ 1) — L+ D]ay,,

with one free parameter, ay. As can be seen in the upper part
of Table V this rule nicely reproduces branching ratios for
the E1 transitions between K* =5/2~ and K™ =3/2" bands
with bandheads at 146.4 and 0.0035 keV, respectively. For this
comparison, the value of ay; was set to 0.323.
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TABLE V. Comparison of experimentally obtained branching ratios for the E1 transitions in 2 Th to the Alaga and

Mikhailov rules.
Initial level I" K; 1 J’f Ky E, (keV) Reduced branching ratios
(keV)
Exp Theory
Alaga Mikhailov?*
146.35 5/2= 5/2 5/2% 3/2 117.16 1 1 1
7/2% 3/2 74.54 1.78(8) 0.17 1.78
148.16 712- 5/2 52T 3/2 118.97 1 1 1
7/2% 3/2 76.35 0.42(2) 0.71 0.45
164.52 3/27 372 3/2% 372 164.52 1 1
5/2% 312 135.34 0.66(3) 0.67
217.15 512~ 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 7127 3/2 5/2% 3/2 208.18 1 1
7/2% 3/2 165.0 0.92) 0.40
9/2% 3/2 111.4 4.0(4) 1.40

#Obtained using parameter a, = 0.323.

B. B(E1) rates

A common property of nuclei with strong octupole
correlations is the presence of enhanced E1 transitions.
A significant number of reduced transition probabilities
B(E1) listed in column 9 of Table I are moderately fast,
of the order of 10~*¢?fm?, whereas typical B(E1) values
for nuclei from nonoctupole collective regions are much
slower, below 1075 &2 fm?. In particular, the E1 transitions
connecting members of the K™ = 3/2% bands with bandheads
at 0.0035 and 164.5 keV have B(E1) values higher than
1.8 x 10~* €2 fm®. 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 significantly
less enhanced. No clear difference is observed between E1
transitions connecting the parity partner bands (intraband
transitions) and those connecting opposite parity bands with
different K (interband transitions). The B(E1) values for many
E1 interband transitions with |AK| =1 are of the order
10~*¢? fm>. This provides another indication that rotational
bands in >**Th are strongly mixed since mixing would enhance
the interband transitions to the values comparable to those for
the intraband.

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(Z)(I,KlOUfK)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 applicable to such
an octupole transitional nucleus as >*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 | Dy| values of 0.077(3) e fm (on average)
are obtained for the E1 transitions connecting the K™ =3/2%
bands. Much smaller average |Dy| values of 0.024(5) and
0.029(1) e fm are deduced for the K™ =5/2% and 1/2* bands,
respectively. Figure 8 shows a comparison of the |Dy| values
from Table VI to those for the K™ =1/2%,3/2%, and 5/2%
parity doublet or parity partner bands in other odd-A isotopes
of Th. They may also be compared to the average values of

TABLE VI. Intrinsic dipole moments, | D/, for the E1 transitions
in 2Th.

E[ Il-”K,' Ey I;rKf |D0|
(keV) (keV) (efm)
146.35 5127 5/2 146.35 5/2% 52 0.0345(7)
148.16 727 5/2 148.14 5/2% 52 0.0135(4)
164.52 3/27 3/2 135.34 5/27 32 0.075(4)
164.52 3/2% 3/2 0.075(5)
217.15 527 3/2 145.46 7/2% 372 0.084(10)
187.97 527 372 0.081(10)
217.15 3/2% 3/2 0.081(10)
237.35 727 3/2 111.4 9/2% 3/2 >0.095
165.0 7/2% 372 >0.084
208.18 5/2% 3/2 >0.057
320.55 5/2% 572 171.9 7127 5/2 0.028(4)
174.19 5127 5/2 0.022(2)
365.81 7/2% 52 217.6 712 5/2 0.021(6)
219.55 5127 5/2 0.048(11)
423.95 127172 135.55 32T 1/2 0.034(3)*
162.01 12T 172 0.028(1)*
425.30 3127172 163.55 12T 172 0.029(4)*
478.58 5127 1/2 189.6 32T 1/2 >0.010*

*With the D, term neglected (for definition of D see Eq. (67) in
Ref. [32]).
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FIG. 8. Electric dipole moments for the K™ =1/2*,3/2%, and
5/2% parity doublet or parity partner bands in the odd-A thorium
isotopes. Experimental data are from Refs. [24,32,36-38] and from
this work.

|Do| =0.10 ¢ fm and |Dy| > 0.11 e fm for the K™ =3/2% and
1/ 2% bands in 2*’Ra [33], the isotone of 22°Th, respectively,
and to the |Dg| values for the K™ =0% bands in *?*Th
and 23°Th, where |Dy| = 0.121(3) efm and 0.053(2) e fm,
respectively, were determined from the B(E1)/B(E2) ratios
measured in [34] and the Q( values taken from [35]. One may
conclude that the | Dy| moments in 2> Th follow the smoothly
decreasing trend of these values when moving from the center
of the octupole collective region to the heavier reflection-
symmetric thorium isotopes. Moreover, the difference between
the intra- and interband E1 transitions diminishes with the
decreasing strength of the octupole correlations.

C. Quasiparticle-plus-phonon model calculations

The experimental B(E1) rates, as well as rates for the £2 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 moment |Dgy|). In the weak
octupole correlation limit these correlations are not strong
enough to form stable octupole deformation but are sufficiently
strong to shift octupole vibrations in even-even nuclei to very
low excitation energies. In the corresponding odd-A nuclei
these correlations manifest themselves by relatively large
octupole vibrational components in the lowest excited states.
The best description of this situation is provided by the QPPM
(see Refs. [24,33,39] and citations therein), where the lowest
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 intrinsic and rotational
parts (with the inclusion of Coriolis mixing). The intrinsic
part of the Hamiltonian describes intrinsic states of a nucleus
whereas the rotational part creates rotational bands built
on top of those states. The rotational bands are mixed by
the Coriolis interaction. In our calculations the intrinsic
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Hamiltonian involves a phenomenological mean field of
the Nilsson type (with axial quadrupole and hexadecapole
deformations), monopole pairing residual interactions, and
long-range residual interactions in the quadrupole-quadrupole
and octupole-octupole form (for details see, e.g. [24,40,41]).
Appropriate choice of the model parameters gives a good
agreement 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 quasiparticle
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 nucleus. 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 (labeled with a capital letter)
and a corresponding negative-parity partner (labeled with a
corresponding lowercase letter). In each such pair of bands
(e.g., A-aor B-b), which we define as parity partner bands, the
dominating single-quasiparticle component of one band forms
the dominating collective quasiparticle-plus-octupole-phonon
(Q;ro) 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 correlations.

One observes a very good agreement between the ex-
perimental reduced transition probabilities Bex,(XA) and the
theoretical values By,eor(X 1) calculated in the framework of the
QPPM with Coriolis mixing (see Table I). The QPPM approach
provides a good description of the reduced probabilities even
in the case of interband transitions, because of the inclusion of
octupole correlations in the residual interactions and because
Coriolis mixing is taken into account. The drawback of the
QPPM model in the form applied here is that it does not
involve the residual interactions entirely and the vibrations of
the even-even core are treated only on the RPA harmonic level
(i.e., anharmonic effects are neglected).

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

For the M1 y -ray transition connecting the low-energy 3/2%
level and the 5/2% ground state, the QPPM calculations yield
the reduced probability B(M1) = 0.025 /L%\, (see Table I).
The half-life of this transition, expressed in hours, can be
obtained from the relation 71/, = (10.95h)/E ; B(M1), where
E, is given in eV. The assumption of E, = (3.5 +1.0)eV
[2] leads to Ty» = 10“:;8 h, whereas by using the recently
re-evaluated energy value of E, = (5.5+1.0)eV [3] one
obtains T, = 2.61“%:3 h. A comparison of model predictions
to an experimental half-life of the isomer, when a reliable
Ty, value becomes available, would require a correction for
the effect of an electronic bridge [42], which is an additional
decay channel for the isomer.

Within our experimental approach, the half-life measure-
ment 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 2?Th, and presumably of 22°Th™, from a sample
of 23U and searched for a short-lived a-ray component
originating from the decay of the isomer. The result of that
experiment was negative. It has been concluded that the
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FIG. 9. Potential energy surfaces calculated for the K™ = 5/2* ground state (upper left panel), for two K = 1/2 bands with bandheads at
262.0 and 424.0 ke'V (upper right and lower right panels, respectively), and for the K = 7/2 band with bandhead at 465.4 keV (lower left panel).

The energy distance between the contour lines is equal to 0.25 MeV.

229Th™ half-life must be either shorter than 6 h or longer than
20 days. This conclusion conflicts with the results reported
by Mitsugashira et al. [43]. In the latter work, the **Th™
activity was sought by producing it through the (y,n) reaction
on a 2Th target. The o spectrum of the chemically separated
thorium fraction was measured as a function of time. The
half-life observed for the component at about 5 MeV (the
energy of the o radiation expected for *Th™) was found to
be 13.9 4= 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. [43], a
study of the  decay of 2°Th™ after 8 decay of >*° Ac has been
suggested. A stringent test of the model predictions would also
require a more accurate determination of the isomer energy.

E. Potential energy surfaces

Octupole correlations can be accounted for in an alternative
approach by the including octupole deformation parameter 83
into the model calculations.
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We have calculated bandhead energies and potential energy
surfaces on the (B, B3) plane for the lowest quasiparticle
configurations in 2?Th. The calculations were performed
using the Strutinsky method, in which the macrosopic energy
contribution is obtained using the liquid-drop formula with
the surface diffuseness term [44], whereas a shell correction is
calculated using the axially deformed Woods-Saxon potential
with the universal set of parameters [45]. 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 f,—fB¢. These calculations show that for
all considered configurations the quadrupole deformation S,
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 quasiparticle configurations with spins 3/2
and 5/2. Distinct octupole softness is predicted for two K =
1/2 configurations with the dominating 1/2[631] and 1/2[501]
single-particle components. An octupole deformation of 3 ~
0.12 is expected only for the K = 7/2 configuration with the
main component 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 El
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 2Th show that the 2’ Th nucleus is reflection-
asymmetric in all but one lowest configuration whereas
no octupole deformation is predicted for 2*!'Th. Only two
configurations in the latter nucleus are foreseen to be octupole
soft. Thus one concludes that ??°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.

PHYSICAL REVIEW C 73, 044326 (2006)

V. SUMMARY

The advanced time-delayed Sy y(f) method has been
used to measure half-lives of 14 excited states in >?Th.
Reduced transition probabilities were obtained for more than
70 transitions. Twenty-seven new y lines have been introduced
into the decay scheme of 2* Ac. Enhanced E1 transitions are
observed between the K™ = 3/2% bands.

A good agreement between experimental transition prob-
abilities and results of the QPPM calculations implies an
octupole-vibrational nature of the lowest configurations in
229Th and a strong Coriolis coupling of the K™ =3/2~ and
K™ =1/27 bands. This indicates that one can describe the low-
lying states in 22°Th without the stable octupole deformation
in the mean field. The octupole softness is also confirmed by
the potential energy surface calculations. A nonzero 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 the **Th nucleus
at the border of the collective octupole region in actinides
where interplay takes place between reflection-symmetric and
asymmetric configurations.
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