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Abstract. Excited bands of ??®Th were studied in the *?°Ra(a, 2n) reaction by gamma-ray and conversion-
electron spectroscopy. The first-excited K™ = 07 and 27 bands were identified up to I™ = 12 and 10T,
respectively. The spin dependence of the moments of inertia is discussed. The experimental data indicate
a structural change of these bands from 2?®Th to 23°Th and 232Th.

PACS. 21.10.Re Collective levels and giant resonances — 23.20.Lv Gamma transitions and level energies
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1 Introduction

The nuclear structure of heavy nuclei around (N, Z) =
(136,88) (**2Rn, 22*Ra, 226Th) has been interpreted suc-
cessfully by assuming reflection-asymmetric (octupole de-
formed) shapes [1]. The first evidence for such shapes came
from the observation of unusually low lying K™ = 0~
bands in even-even nuclei with the I™ = 1~ band heads
around 250 keV [2]. These excitation energies are very low
compared to the energies of ~1 MeV for octupole-shape
oscillations, but still ~ 200 keV higher than the 1~ mem-
bers of the alternating-parity ground bands predicted for
nuclei with stable octupole deformation. However, the ex-
pected regular interspacing of the ground-state K™ = 0T
and the first-excited K™ = 0~ bands develops for spins
above ~6. This was taken as evidence for the formation
of reflection-asymmetric shapes at higher spins.

The alternating-parity ground bands in even-even nu-
clei have so far provided the only evidence for the spin
evolution of stable octupole deformation. Moreover, it has
been pointed out that the observed octupole rigidity at
high spins is rather difficult to understand in view of
the theoretical prediction of only modest octupole barri-
ers [1]. It is thus important to obtain additional informa-
tion on this phenomenon - and on the effects of reflection-
asymmetric deformations in even-even nuclei in general -
from excited rotational bands. The investigation of bands
up to high spins requires the measurement of y-rays fol-
lowing compound reactions. Such measurements are dif-
ficult due to the lack of suitable targets and the over-
whelming fission cross-sections leading to a large ~-ray
background from the fission fragments. In a study of the
light thorium isotopes in ?2°Ra(ca, zn) reactions [3] we ob-

served in 228Th a large number of high-energy ~-rays in
the spectrum in coincidence with conversion electrons of
the 47 — 27 ground-band transition. This encouraged a
study of excited bands in the ?*°Ra(a, 2n)??8Th reaction
with the moderately large v — v coincidence setup avail-
able at our cyclotron, and the present work gives the re-
sults of this investigation, leading to the extension of the
first-excited K™ = 07 and 2% rotational bands in 22Th
(denoted in the following for simplicity as 3 and v bands,
respectively) to intermediate spins.

2 Experimental methods and results

A target of ~ 300ug/cm? of 22Ra was bombarded with 28
MeV a-particles from the Bonn cyclotron. Gamma rays in
the resulting compound reaction were measured by three
Compton-suppressed Ge detectors in coincidence with the
L;; conversion-electrons of the 4% — 2T ground-band
transition detected with an iron-free orange spectrome-
ter. The v-ray spectrum in the energy region from 400 to
1150 keV is shown in Fig. 1 (the low-energy part of this
spectrum is shown in Fig. 5 of ref. [3] where also details on
the experimental technique can be found). In the present
context this spectrum provides two pieces of information:
(i) All y-rays assigned below to the 8 and v bands pro-
ceed via the 47 — 27 member of the ground band. The
~-ray intensities derived from the coincidence spectrum of
Fig. 1 can thus be used as singles intensities. (ii) The gate
electrons are essentially free from contributions from the
decay of fission fragments, in contrast to the gated spec-
tra in the v — ~ coincidences. This enables in many cases
the identification of background ~ — «y coincidences from
fission fragments.
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Fig. 1. Gamma-ray spectrum in coincidence with L;; conver-
sion electrons of the 47 — 27 transition of the ground band of
228Th, The ~-rays assigned as depopulating the 8 and  bands
are marked by diamonds and triangles, respectively

The technique of e~ —  coincidence measurements can
only be used successfully for low-energy transitions with
sufficiently high conversion coefficients, e.g. for E2 tran-
sitions with energies below ~200 keV. For an identifica-
tion of excited rotational bands it is necessary to mea-
sure 7 —« coincidences. We have performed such mea-
surements in the 226Ra(a, 2n) reaction with a v — + coinci-
dence setup consisting of four Compton-suppressed Ge de-
tectors placed 17 cm from the target at 45°, 90° and £135°
to the beam direction. Some selected coincidence spectra
are displayed in Figs. 2 and 3, showing the proposed tran-
sitions from the § band to the first-excited K™ = 0~ band
and from the v band to the ground band, respectively.

The energies and relative intensities of the y-rays as-
signed to the § and v band are listed in Table 1. The to-
tal intensities of the transitions depopulating the 3 and ~
band, observed in the (a, 2n) reaction, are shown in Fig. 4
together with those of the ground and first-excited 0~
bands (the reduced intensities of the even-spin members of
the v band presumably result from neglecting the contri-
butions from the unobserved I, — (I £ 2), transitions).
With a total cross section for the 22Ra(a, 2n)??*Th re-
action of ~1 b (estimated from the peak cross section of
~500 mb for the ??°Ra(a, 4n)??5Th reaction [7]) one ob-
tains cross sections for the excitation of the 8 and v bands
of ~20 mb.
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Fig. 2. Gamma-ray spectra in coincidence with successive
I~ — (I —1)" transitions from the first-excited K™ = 0~
band to the ground band of 222Th. The observed lines are in-
terpreted as transitions from the first-excited K™ = 07 band
as indicated by their markings

3 Discussion

The levels of the first-excited K™ = 0% and 2% bands
in 228Th, and their dominant decays to the first-excited
0~ and ground band, are shown in Fig. 5. The low-spin
members of the two bands were known from previous work
up to the 47 and 67 levels, respectively [4,5,6].

The spin-dependence of the moments of inertia of the
ground, B and v bands is shown for the nuclei 22 Th, 239Th
and 232Th in Fig. 6. This figure illustrates the structural
change of these bands in the three nuclei: the § and ~
bands in 23°Th and 232Th have similar moments of iner-
tia, ~ 10% and 20% larger, respectively, than those of the
ground band. In ??8Th, in contrast, the moment of iner-
tia of the v band is only slightly larger than that of the
ground band, whereas that of the 3 band is ~ 35% larger.
The figure also shows, as observed earlier [12,13], that the
nucleus-to-nucleus variation of the moment of inertia at
low spins is much smaller for the # band than for the
ground band. It furthermore indicates that the increase of
the moment of inertia with increasing angular momentum
in a given nucleus is similar for the ground and § band.

In Table 2 we have collected the moments of inertia
of the ground band and the first two excited K™ = 0T
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Table 1. Energies and intensities of y-rays from the first-excited K™ = 07 and 2% bands in ?**Th

41

Band Level?® Transition®
Ep.p. (keV) K7™ Eeye (keV) I I—- I E, (keV) L,(exp) L,(cal)®
831.82 0" 831.82 1 0ot 0F— 1- 503.7 2 100 5 100
— ot 774.1 2 325 37.9
874.47 2 2t 2t 3~ 478.45 4 109 6 101
- 1~ 546.45 2 100 5 100
— 4t 687.8 2 17 8 21.1
— ot 816.5 1 13 2 27.8
— ot 874.5 2 26 4 27.3
068.43 3 4+ 4t 5~ 449.23 3 58 8 60.5
—  3” 572.3 1 100 11 100
— 67 590.1 3 1.55 6.8
— 4t 781.9 2 13 3 15.9
— ot 910.7 1 47 8 37.5
1105.4 2 6" 6t— 7 409.9 2 89 11 39.8
— 5 586.4 2 100 44 100
— 4t 918.1 3 83 11 38.7
1280.5 2 8t 8T— 9~ 359.6 2 30 10 26.1
- 7" 585.0 2 100 30 100
— 67 902.3 masked 36.5
1490.4 8 10T 10t— 11~ 300.6 3 33 13 16.2
—  9” 569.5 2 100 13 100
— 8t 867.1 5 14 4 33.1
17332 8 12+ 12t — 13~ 236.0 3 25 8 8.9
— 11- 543.3 2 100 17 100
— 10t 821.6 4 15 11 29.2
968.97 2t 968.97 1 2t 2t 4t 782.1 1 14 2 2.3 (3.6)
— 2t 911.20 2 100 2 100
— ot 968.98 2 62 2 95.2 (76.8)
1022.53 1 3t 3t— 4t 835.65 2 33 8 19.5 (31.2)
— ot 964.80 2 100 6 100
1091.02 8 4t 47— 6t 713.1 8 1.8 4 2.6 (5.0)
— 4t 904.19 3 100 5 100
- ot 1033.25 9 26.5 9 66.2 (38.4)
1174.51 10 5% 57— 6T 796.2 1 48 10 19.4 (40.8)
— 4t 987.7 1 100 12 100
1270.0 2 6" 67— 6F 891.8 2 100 8 100
— 4t 1083.2 weak 71.2 (27.9)
1379.5 8 7+ 7t— 8t 756.9 3 50 19 16.5 (46.0)
— 67 1001.3 3 100 13 100
1497.3 8 8" 8t— 8§t 874.7 3 100 15 100
— 67 1119.1 weak 82.1 (19.7)
1627.9 8 9F 9t— 10* 715.9 3 38 8 13.3 (49.6)
— 8t 1005.4 8 100 15 100
1762.8 8 10" 10t— 10% 850.8 3 100 50 100
— 8F 1140.2 weak 96.4 (12.1)

@) The results listed for I™ < 5% are from radioactive decay work [4,5,6]
®) Alaga values for B(E2) ratios and R = 2.1-107*fm™! for B(E1)/B(E2). Values in parenthesis: generalized intensity

relation with as = 0.017 (see text)

bands at low and high spins for even-even Ra, Th, U and
Pu nuclei. It is remarkable that the values for the excited
0T bands in the thorium and uranium nuclei vary only by
~ 5% in a mass region of changing quadrupole deformation
where the values for the ground band are changing by
almost a factor of 2. It has to be noted, however, that the
first-excited K™ = 07 bands in the actinides are known

to have properties very different from those expected for
B-vibrations (see e.g. [16]).

The most noticeable feature of the moments of inertia
of the v bands is the odd-even staggering: in 23°Th and
232Th the even-spin members of the v band are shifted
to higher energies compared to the odd-spin members,
whereas there is a small shift in the opposite direction
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Fig. 3. Gamma-ray spectra in coincidence with successive
transitions within the ground band of ??*Th. The lines inter-
preted as transitions from the v band to the ground band are
marked

in 228Th. These shifts are probably caused by couplings
of the v band with close-lying K™ = 0% bands. This is
most obvious for 22°Th and 232Th for which the magni-
tudes of the upward shifts strongly suggest a coupling of
the v bands to the lower-lying first-excited 0% bands: the
observed energy gaps between the 2* members of the two
bands is 104 keV for 22°Th and 11 keV for 232Th.

In order to investigate the coupling of the 8 and -~
bands in 2°°Th and 232Th more quantitatively we have
performed two-band mixing calculations. The matrix el-
ements of the 8 — y-coupling were assumed to have the
form (y|H.|8) = /2(I — 1)I(I +1)(I +2) - hy [17], and
ho was varied for every spin to obtain a smooth spin de-
pendence of the moments of inertia for the unperturbed
~ bands. The v band in 232Th requires a spin depen-
dence of the interaction strength with |hq| decreasing from
~0.2 keV for I = 2 to ~ 0.1 keV for I = 12 (Jho(I)| =
0.207 4+ 0.0006(I — 2) — 0.00126(I — 2)?), whereas the ~y
band in 239Th is described with |hs| = 0.15 keV. The
spin dependence of hy for 232Th might result from an in-
creasing coupling of the v band to higher-lying K™ = 0T
bands with increasing spin, and thus the low-spin result
of |he| & 0.21 keV probably represents the true S —~ cou-
pling. The corresponding coupling in the deformed rare
earth nuclei seems to be approximately twice as strong
(see e.g. [18]). This is not surprising since the structure
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Fig. 4. Depopulation probability versus nuclear spin for the
ground, ﬁrst-excited 07, 3 and v bands in 2?®Th, as observed
in the **°Ra(a, 2n)***Th reaction

1733

228Th

Fig. 5. Partial level scheme of 22*Th showing the first-excited
K™ = 0" and 27 bands observed in the ?*Ra(a,2n)**®*Th
reaction

of the first-excited K™ = 07 bands in the rare earth and
actinide regions is known to be quite different.

The cause of the odd-even staggering of the v band
in 22%Th is less clear. The downward shifts of the even-
spin members indicate a stronger coupling to higher-lying
K™ = 07 bands than to the first-excited one. We note
in this connection the difference in the structure of the 3
and v bands of 2?8Th indicated by the differences in their
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Fig. 6. Moments of inertia versus spin for the ground bands
and the first-excited K™ = 0" and 2% bands (8 and ~ bands)
of 228Th, 23°Th [8] and 2**Th [9,10,11]

moments of inertia discussed above. A second-excited 0T
band in 228Th has also a large moment of inertia, but
a third 0T band has been proposed with its 2% and 4T
members 206 and 199 keV above the corresponding levels
of the v band, indicating similar moments of inertia of
these latter two bands [5]. One possible explanation for
the observed odd-even staggering in 2?Th might thus be
that the v band couples only very weakly to the first two
excited 07 bands, but rather strongly to the third one.

The experimental y-ray branching ratios for the tran-
sitions from the 8 and - bands to the ground and first-
excited K™ = 0~ bands are compared in Table 1 with cal-
culated values. All transitions between levels with equal
or opposite parities are assumed to have pure E2 or El
multipolarities, respectively. The values listed for the 3
band are calculated using the Alaga relations for the El
and E2 branchings. For the E1 to E2 branchings a ratio
of the transition matrix elements (see [17], (4-92)) of

_ |(07[M(EL0)[0F) | _ 103 1
R= | T I(E.0)0%) — (2140.2)-1073fm

is derived from the experimental v -ray branchings of the
0% level and the [IT™ — (I —1)7] to [[T — (I —2)7]
branchings of the 27 and 4% levels of the 3 band. The
agreement of the experimental and calculated branching
ratios is reasonable bearing in mind that band mixings
have been neglected (see [8] for a discussion of such mixing
effects).

The Alaga values for the E2 branchings from the -~y
band to the ground band deviate appreciably from the
experimental results. Here it is possible to take into ac-
count the coupling of the v band with the ground band,

Table 2. Comparison of moments of inertia of the ground and
excited 0" bands in even-even actinide nuclei

Nucleus  Eere(07)® J/R*[MeV1)® J(O1)/J(9)°
(keV) g 0" I I

226Rq 824.6 44.33 1 61.1 2 1.38 1.26

228Ra 721.2 47.01 2 60.6 1 1.29

226y 805.2 42.74 2 70.4 9 1.65

2287 831.8 51.94 1 70.4 1 1.36 1.35
938.6 73.2 2 1.41

230 634.9 56.39 2 70.3 2 1.25 1.22

Z32Th 730.4 60.77 1 68.6 4 1.13  1.08

=2y 691.4 63.06 1 69.6 1 1.10  1.07
927.3 745 8 1.18

24y 809.9 68.97 1 71.7 2 1.04 1.24
1044.5 73.6 8 1.07

26y 919.2 66.31 1 73.0 6 1.10

238y 925.7 66.80 5 72.1 7 1.08
996.7 73.9 12 1.11

238py 941.5 68.06 5 72.1 4 1.06

240py 860.7 70.05 1 75.7 2 1.08
1089.4 72.3 3 1.03

®) Experimental data from Nuclear Data Sheets and refs.
[3.14,15]

) Calculated from the 2 — 0% transitions of the ground
band (g) and excited 0% bands (07)

©y I 2% — 0% transitions; IT: 12% — 10" transitions for
228Th and 232Th, 10" —8" transition for 232U and 87 —6+
transitions for 2°Ra, 23°Th and 234U

which is expected to have a dominating effect on the E2
branchings, neglecting again the coupling of the v band
to excited K™ = 07 bands: the odd-spin members of the
~ band are not influenced by these excited bands, and
the E2 branchings should therefore follow the generalized
intensity relation (see [17], (4-230))

B(E2,I, — (I+1),) I—-1(1+2-(I+1) a2\’
B(E2,I, — (I —1),) I+2 1-2-1-ay

From the experimental branching ratios of the odd-
spin members an average value of as = —My/M; =
0.017(4) is derived (for a definition of the M, see [17]). The
branching ratios calculated using this value in the gener-
alized intensity relation are listed in the last column of
Table 1 (values in parenthesis). The comparison with the
experimental values demonstrates that the mutual ground
- v coupling is indeed responsible for most of the devia-
tions of the branching ratios from the Alaga values.

4 Conclusion

We have identified the 3 and ~ bands in 2?8Th to inter-
mediate spins in the (a,2n) compound reaction. To our
knowledge only one comparable report exists for nuclei in
the region of strong octupole correlations around A = 225,
our study of ??°Ra in the (d,pn) deuteron-breakup reac-
tion, where the 3 band was identified up to the 8% level
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[13]. Both these isotones are located in the transition re-
gion from stable octupole to pure quadrupole deformation.
The alternating-parity ground band expected for stable
octupole deformation is reached at I ~ 10 and ~ 15 in
226Ra and 228Th, respectively. In both nuclei the moment
of inertia of the 8 band is ~ 35% larger than that of the
ground band independent of spin, with a slight indication
of a possible saturation at the highest spins observed (see
Fig. 6 and Fig. 5 of [13]). Unfortunately, the highest spins
observed in the present work on 2?®Th and the previous
work on ??6Ra are still 2 to 4 units below the critical
spins.

In addition to the ~-rays assigned in the present work
as deexciting the 8 and v bands we observe a number of
as yet unassigned -rays of comparable intensities. Since
our measurements were made with a small detector ar-
ray it is very probable that the g and v bands could
be extended to higher spins, and additional bands could
be identified in measurements with the large existing de-
tector arrays. Such measurements, and an extension to
the 226Ra(a, 4n)?2Th reaction, would be very interest-
ing.

This work was partly funded by DFG grants Gu 179/3-4 and
Bo 1109/1
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