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Backbending in the pear-shaped g;"Th nucleus: Evidence of a high-spin octupole to quadrupole
shape transition in the actinides
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Relatively neutron-rich thorium isotopes lie at the heart of a nuclear region of nuclei exhibiting octupole
correlation effects. The detailed level structure of **Th has been investigated in measurements of y radiation
following the fusion-evaporation channel of the *Pb('8Q ,3n)**Th reaction at 85 MeV beam energy. The level
structure has been extended up to spin 49/2, and 33 new y rays have been added using triple-y coincidence
data. The spins and parities of the newly observed states have been confirmed by angular distribution ratios. In
addition to the two known yrast bands based on a K = 5/2 configuration, a non-yrast band has been established
up to spin 35/2. We interpret this new structure as based on the same configuration as the yrast band in >*'Th
having dominant K = 1/2 contribution. At the highest spin a backbending occurs around a rotational frequency
of iw = 0.23 MeV, very close to the one predicted in ***Th, where a sharp transition to a reflection-symmetric

shape is expected.
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I. INTRODUCTION

In many aspects, the actinide region (from Rn to Th)
presents a rich variety of phenomena connected with the
octupole degree of freedom, which can form, for instance,
pear-shaped nuclei [1-3]. It is well known from molecular
spectroscopy that reflection-asymmetry induces rotational
bands composed of alternating parity states connected by
strong, collective, E'1 transitions. The same situation occurs
in the spectrum of octupole nuclei; however, in nuclear
spectroscopy, the separation between rotational and vibrational
collective modes is less clear than in molecules. Band heads
could vary from vibration-like structure to static octupole
shape depending on the potential energy surfaces at spin zero.

Focusing on thorium isotopes, recent calculations [4,5]
suggest a rapid shape evolution from a spherical ground state
in 2Th to a pronounced quadrupole-octupole deformation
in ?%Th. This evolution is identified as a double shape
phase transition occurring as the neutron number N (control
parameter) increases: a transition from spherical to quadrupole
shape, and a transition from nonoctupole to octupole shape.
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Observables associated with order parameters for both changes
present a sudden evolution around N = 134, putting 2**Th at
the heart of this double phase transition.

In the framework of covariant density functional theory,
Agbemava et al. [6] support such a rapid evolution by
calculating the equilibrium deformations f,, 83 and the gain
of binding energy due to octupole deformation. Their study
also points out the effect of pairing at low spin. Although
the topology of the potential energy surfaces is not drastically
modified by changes in the pairing strength, it appears that
a weaker pairing is more favorable to octupole deformation.
For instance, in the case of the octupole nucleus ***Th, the
potential energy surface presents two minima, corresponding
respectively to pure quadrupole and quadrupole-octupole
deformation. A stronger pairing weakens the octupole rigidity
in two ways: the energy difference between octupole and
quadrupole minima is reduced, and so is the height of the
potential barrier between them. Therefore, they concluded that
the strongest impact due to the octupole degree of freedom is
expected in the systems with weakest pairing. Because of the
level blocking that weakens the pairing effects in odd-mass
systems, we may expect a stronger presence of octupolarity
in odd-mass nuclei such as 22*Th. However, the additional
coupling of the quasiparticle to deformation and rotation has to
be taken into account [7]. Characteristics of rotational bands,
at medium and high spin, would also reveal how the shape
competition evolves with collective rotations.

The decay scheme of **Th is one of the most relevant
examples of a nuclear high-spin-parity doublet [1,8]. In this
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work, we have extended the level structure of **Th up to
spin 49/2, and 33 new transitions have been added in the
level scheme. A new, non-yrast, structure at low spin has
been established. The new band does not show the typical
interlinked bands with opposite simplex and is interpreted
as being based on a dominant K = 1/2 contribution. The
known rotational bands with K = 5/2 configuration have been
extended up to very high spin, allowing us to observe for the
first time a backbending that is interpreted as a band crossing.

II. EXPERIMENTAL DETAILS

A. Experimental setup

The *?3Th nuclei were produced by the fusion-evaporation
reaction 2Pb('0,3n)***Th. This reaction was performed
using an 85 MeV 30 beam delivered by the Vivitron tandem
of Institut de Recherches Subatomiques (IReS), Strasbourg,
impinged on a 100 mg cm~2 2%8Pb self-supporting target where
the beam was stopped. The incident energy thus covered a wide
range, giving rise to different reaction types. The experiment
was initially dedicated to the study of high-spin states in fission
fragments. However, the analysis of these data has revealed
interesting features in nuclei produced in different reaction
channels with high statistics. For instance, Doppler shifted y
rays emitted by the >'2Po nucleus produced by « transfer have
been assigned to enhanced E1 transitions from non-natural
parity levels, leading to the discovery of a new kind of cluster
structures [9-11]. 22>Th is one of the most produced nuclei
in this experiment, which reflects the dominant contribution
of the ("®0,3n) reaction channel at the energy where fusion
is favored. One can notice that a similar reaction was used in
Ref. [8] to produce 2**Th nuclei, while mainly **'Th nuclei
were obtained by using instead either an '°Q beam [12] or a
207pb target [13].

The y rays produced by the deexcitation of >**Th were
detected by the EUROBALL IV array [14], composed of 71
Compton-suppressed germanium detectors disposed around
the target as follows:

(1) At backward angles: 15 cluster detectors, each com-
posed in 7 Ge crystals [15].

(2) Around 90 degrees: 26 clover detectors, each composed
of 4 Ge crystals [16].

(3) At forward angles: 30 single-crystal tapered detectors.

The 239 crystals formed 13 rings at angles ranging from
15.5° to 163.5°.

Since the experiment was set up to study high-spin states
involved in y cascades of high-multiplicities, events were
recorded only for y multiplicities >>3 (namely, if at least three
unsuppressed y rays were observed in prompt coincidence).
Under this condition, the recorded data set contains ~4 x 10°
events with fold >3 and ~1.8 x 10° with fold >4 (from
which we can estimate the production cross section to be
o3y, X 1-10 mb)

B. Data analysis

We have investigated the structure of *>*Th by y spec-
troscopy, using the multi-y -ray coincidence technique to select
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the emitting nucleus and locate the observed transitions in
its level scheme. The events recorded during the experiment
were used to build multidimensional y matrices counting the
coincidences occurring between three or four y rays (these
matrices are denoted respectively cubes and hypercubes).
Matrix projections under different sets of conditions produced
multigated y-ray spectra, obtained in the framework of the
RADWARE package [17]. For instance, four-dimensional y
matrices (hypercubes) could be used to produce triple-gated
spectra such as those shown in Fig. 1.

When allowed by the statistics, anisotropy measurements
were used to determine the multipolarity of the transitions.
For this purpose, the y detectors were grouped into two parts
centered at two mean angles: tapered plus cluster detectors
(T + C) centered on 39.3°, and clover detectors (Q) centered
on 76.6°. A symmetry around 90° with respect to the beam
axis is assumed. The emitting nucleus is stopped in the target
within a timescale of few picoseconds [11], shorter than the
typical half-lives of the levels populated in >*Th (no Doppler
effect was observed for the y rays emitted by this nucleus).
The angular distribution ratio Rapo (angular distribution from
oriented nuclei) is given for each y ray by

_ 1,(393deg)  I,(T +C)
© 1,(76.6deg)  1,(Q)

The theoretical ADO ratios of 0.85 and 1.30 are expected
for pure stretched dipole and quadrupole transitions, respec-
tively, in the 212pg nucleus [11]. Transitions of well-known
multipolarity (in the >'?Po as well as in the ***Th nuclei)
were used to check that the measured Rapo allows us to dis-
criminate between stretched Al = 1 transitions (Rapo < 1)
and stretched Al =2 transitions (Rapo > 1). This study
confirms the J” assignment of all new states relatively to
the previous ones.

ey

ADO

III. RESULTS AND DISCUSSION
A. Level scheme of **Th

The level scheme of >**Th is known to exhibit typical
features of an octupole nucleus, namely two nearly degenerate
bands of alternating parity [8,18]. These two bands are
distinguished by the simplex quantum number s, related to
the spin / and the parity p by

pSZeiTrl, (2)

which means that, for odd-mass nuclei implying semi-integer
spin values, the levels can be classified in four sequences of
given simplex and parity:

la: (s,p) = (—i,—), I"=(3+2n) =1".3",...,
1b: (s,p) = (—i,+), I" = (% + 2”)+ = %+’%+’ B
2a:(s,p) = (+i,=), " =(3+2) =337,
2b: (s.p) = (+i.4), "= (S+20)" =1"3",

In the case of ?**Th (N =133), the ground state has
been assigned a spin-parity of 5/2% [8]. This value has not
been measured directly, but it has been adopted by analogy
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FIG. 1. Representative triple-gated spectra showing transitions between high-spin levels of >*Th. Coincidence conditions are indicated.
For instance, spectrum (a) shows the y rays appearing in events for which the following set of transitions is also detected: 157 keV and 183 keV
and (191 or 213) keV. The transitions of sequences 1a and 1b are indicated in red; sequences 2a and 2b in green; sequences 3a and 3b in blue.
(a) Spectrum showing mostly transitions in sequences la and 1b. (b) Spectrum showing mostly transitions in sequences 2a and 2b. (c) Spectrum
showing mostly transitions in sequences 3a and 3b. The presence of transitions from different bands in each spectrum is linked to the interband
communication (see text).
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with the radium isotone 2>'Ra for which the spin and parity
of the ground state (5/2%) have been established by laser
spectroscopic measurements [19]. This analogy is possible
since both nuclei are expected to have similar deformation,
and with an even proton number the spin-parity of the ground
state is determined by the individual level occupied by the last
neutron. Furthermore, the corresponding value is in agreement
with theoretical calculations (see, e.g., Fig. 6 in Ref. [20], for
an octupole deformation 83 >~ 0.1).

Most of the previous knowledge on the *>>Th level scheme
was established by Dahlinger ef al. [8]. We can also notice
more recent measurements of low-spin states populated by «
decay of 2>’U [21,22]. Since the work presented in Ref. [8],
the two principal bands of ***Th were known up to the levels
31/2% (s = —i) and 33/2% (s = +i), although the transitions
issuing from these last two levels could not be confirmed by
y-y coincidences in the original experiment. In this previous
work, the combination of electron and y spectroscopy allowed
the conversion coefficients associated with the transitions to be
determined, and allowed the detection of strongly converted
M1 transitions between the two bands of opposite simplex,
which was not possible in the present analysis that is purely
based on y detection. Thus we have to keep in mind that the two
bands communicate, although the corresponding transitions do
not appear in the y-ray spectra.

Seven weak transitions observed in Ref. [8] were attributed
to 22Th but could not be placed in the level scheme. The
present analysis allowed us to identify two of them (E, =
213.1 and 240.5 ke V) as transitions between high-spin levels of
the sequences 1a and 1b. A third one, at E,, = 146 keV, seems
to involve an unknown level offering an alternative path be-
tween the 17/27 and 13/27 levels of the sequence 1a. Indeed,
it appears most strongly in coincidence with the transitions of
this band, but is suppressed by a gate on known transitions
between 17/2~ and 13/2~. Furthermore, it is emitted together
with a y ray at 77 keV different from the known transition
between 13/2% and 11/27; since E(17/27) — E(13/27) =
146 + 77 keV, this supports the existence of such a new level
(which would be situated at 401 or 470 keV depending on the
ordering of the 146 and 77 keV transitions).

In the present work, 33 new y rays from *?*Th have
been observed, and 35 have been newly placed in the level
scheme. The completion of the level scheme was performed
on the basis of multi-y coincidence analysis, together with
intensity arguments. When allowed by the statistics, anisotropy
measurements (Rapo) were used to confirm the multipolarity
of the transitions. The two principal bands of simplex +i and
—i have been extended up to spin 43 /2 and 49/2 respectively
(14 new levels). The placement of the 31/2% and 33/2% levels
proposed in Ref. [8] has been confirmed. In addition, a non-
yrast structure previously unobserved has been constructed: it
is composed of seven levels organized in two communicating
bands, one of these bands being linked to the sequence 2b of
the main structure. The list of observed y transitions is given
in Table I, ordered by energy.

The level scheme of >*Th derived from this work is shown
in Fig. 2. The arrows between the levels represent the y
intensity only (the contribution of internal conversion is not
represented). The newly observed transitions that have been
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TABLE I. Observed y rays ordered by energy belonging to the
25Th. Uncertainties in transition energies are typically between 0.1
and 0.5 keV. Intensities measured in this experiment are given with
the requirement that a minimum of three unsuppressed Ge detectors
fired in prompt coincidence. All y intensities are normalized to the
123.5 keV transition. For total intensity, see [8] for cases in which
a conversion coefficient has been calculated. Spin and parity are
determined under the assumption that the spin-parity of the ground
state is %+. (o) The angular distribution ratio is calculated in the
presence of an unresolved doublet. () Tentative y ray. (o) Unplaced

transition.

E, (keV) I, Rapo Al IT 7 Localization
31.9 19(9) 1 42 1b-1a
513 7(2) 1" i b
67.5 12(3) 1 T 2b-1b
76.8 63(12) 1 BT o u- 2b-2a
87.4 44(5) 1oy 2 2am
92.3 83(12) 1 BT Bt g p
93.4 113) 1 uroer 1b-2b
103.8 3614 0917) 1 ZT AT 2a0p
104.8 45(14)  0.84(6) 1 %* Lo 1b-1a
108.6 10(5) I S 1)
111.4 764) 0637 1 BT ur la-1b
1184 35(8)  0.73(7) 1 g %* la-1b
118.7 6(3) 2 27 3T 2w
123.5 77 0.88(8) I g* 2a-2b
127.8 143) 0871 1 Z° BT 2a-2b
129.3 504 067 1 31T la-1b
131.9 37(8)  0.72(7) I %* la-1b
145.8® linked to la
150.0 184) 084 1 3T 2T 2ap
156.9 515) 081 1 I7 LT gpog
157.2 345 073() 1 B BT la-1b
1583 64(5) 0698 1 LT U- 1b-1a
161.0 15(5) 2 4r I 1b-1b
169.0 8(4) L2122 L 4o 2a-2a
169.6 10.6(24)  0.75(9) 12 %* 2a-2b
183.1 389) 0747 1 BT A0 1b-1a
187.3 493)  o071(m) 1 27Ot la-1b
190.0 53(15) 074100 1 2 %* 2a-2b
191.1 383  067(7) 1 ZT BT Ib-la
197.8 25.3(37)  0.69(7) 1 %* z- 1b-1a
200.3 443) 0897 1 AT LT opbma
200.9 18(2) 2 BT T 2pp
201.2 15742) 063100 1 27 &7 Ib-la
202.7 13.6(27) 0.73(10) 1 %* 2- 1b-1la
210.7 199) 0651 1 BT 4T 2a-2b
213.1 35.163) 076(7) 1 ¥ AT la-1b
216.6 204) 1037 2 BT oA 1b-1b
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TABLE 1. (Continued.)
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TABLE 1. (Continued.)

E, (keV) I, Rapo Al IT I"/T Localization E, (keV) I, Rapo Al I7 I_’f’ Localization
222.6 43) 077 1 BT BT 2b-2a 455.6 0.8(4) 129115 2 LT &7 2b-2b
2232 2 o0 Bo la-la 461.9 159 11813 2 &7 4 2b-2b
237.0 30(3)  0.87(8) 1 27“ z- 2b-2a 463.1 54(17) 1.13(11) 2 §+ %* 1b-1b
240.5 16535 0828) 1 ¥ BT la-1b 471.7 7234) L17(12) 2 4T a7 la-la
243.9 146) 1269 2 27 L 2a-2a 472.5 5421 16211 2 2T 2 2a-2a
249.5 6(4) 2 T oBT o gp2p 475.8 LA 15218 2 47 £7 24
250.0©) 25(5)  0.80(7) 1 %+ i 2b-2a (487.9)  22(10) 1.38(13) 2 £ 4~ la-la
250.0¢) 34(14) 080(7) 1 BT 47 2b-2a
259.5°  104(29) 07009) 1 I 5T 2b-2a
260.5 6.4(17) 07009) 1 4T 27 2b-2a
268.7 16.1(43)  0.80(9) 1 123(’) %(” 3b-3a used to co.mpllete this scheme appear in the three y spectra
269.8 7.8(22) 0.64(9) oA + laib presented in Elg. 1. For each of'these spectra,.t.he gates have
been chosen in order to highlight the transitions between
276.9 10.7(25) 1318) 2 Lt 157F 1b-1b . . . . .

: : : 21 high-spin levels of a given structure: respectively, the main
288.4 399 1431y 2 % 5 2b-2b band of simplex —i (composed of the sequences 1a and 1b), the
290.5 15(2) 1.30(7) 2 20U la—la main band of simplex +i (composed of the sequences 2a and
296.8 92026) 07312) 1 2 = 2 3b_3a 2b), and the non-yrast structure (composed of the sequences

’ ' ’ 2 2 3a and 3b).

25(=)  23(H)
300.8 10534) 0.78(10) 1 3 z 3b-3a The top spectrum (a) shows the y rays in coincidence with
305.2 1920 1389 2 & 7 2a-2a three transitions: two of them (157 and 183 keV) are intense
315.2 489) 1.1909) 2 %* %* 1b-1b transitions between relatively low-lying levels of the band of
126.6 44(18) 1.1512) 2 BF at 2b_2b simplex —i. The third imposed transition can be either one

' ' ' o) of two selected transitions located higher in this band (191
3314 6.5(24) 141D 2 7 2 3a-3a or 213 keV). This combination allows all the new y rays
340.7 8.127) 1318) 2 £ 2 la-la attributed to the high-spin part of the band of simplex —i
348.6 10.8(36) 1.05(10) 2 %* %* 1b=1b to be observed. The last two y-rays, at 463 and 472 keV, are
3510 199(54) 1238) 2 Z° B~ 2a2a clearly seen. One can notice the expected effects of the selected

' ' ' 232 “ 221 N gates: extinction of the y rays at 316 and 341 keV (bypassed
3533 11.6(19)  0.82(9) L3 7 3a-2b by the 183.1 keV gate), and a strong presence of the y rays
357.9 8.0(17) 0.79(9) 1 %(H Y 3a-2b at 132 and 187 keV. Apart from strong peaks corresponding
365.5 9.2(22) 0.75(11) 310 29+ 3a-2b to the x rays from lead and thorium, we can also see in the
366.2 90.127) 1.60(15) 2 222* é n 2b2b spectrum several y rays attributed to transitions in the other

) ) ’ 2(+) 2 main band (of simplex +i). This is due to two effects that are
3717 34(10) 072100 1 ¥ 3 3a-2b present during all the analysis: (i) as previously mentioned,
373.1 93(23) 1.159) 2 371“ ) %” ) 3a-3a the two main bands communicate, although the corresponding
378.6 92028) 129(10) 2 2~ 3~ lala transﬁ10n§ are strongly converted and do not appear in th.e y

nt o+ bolb spectra; (ii) the two main bands are nearly degenerate (a typical
386.0 46(19) 12401 2 37 Z* 1b-1 feature of octupole bands), and in several cases a given y-ray
387.7 113) 14809 2 5 5 2a—2a energy corresponds to different transitions. This is the case for
4003 12(3) 1.21(11) 2 %* ?* 2b-2b instance for the transition at 157 keV that is even three times
@06.)®  50(35) 129(10) 2 B® a® 3a-3a degenerate in the level scheme of ***Th (this energy appears

) ’ o2 twice in the investigated band, hence the strong corresponding
4115 7.1(13) 12408 2 2 2 la—1 :

: : : 22 a-la peak in the spectrum).

416.9 10.625) 12811 2 % 3 1b-1b For the middle spectrum (b), the triple gate corresponds to
420.1 8.0(19) 1.44(9) 2 %’ %’ 2a-2a transitions in the medium-spin part of the band of simplex +i.
428.8 8.8(22) 13410) 2 ¥+ m* 2b-2b The specific combination of gates was again chosen in order
43479 <08 2 : observe most clearly y rays attributed to the high-spin part

’ © ' ot agt of the two sequences 2a and 2b. Note the y rays at 456 and
442.7 8.5(22)  1.34(9) 23 2 Ib-1b 476 keV, issuing from the two highest levels, associated with
444 4©) 9.4(25) 1349 2 IZ° 37 la-la the backbending phenomenon that will be discussed later. As
450© 35(14) 134100 2 2 BT 2a-2a previously, transitions belonging to the neighboring band can
4506 33(13) 134(10) 2 4f @t 2b2b also be seen. The presence of the y ray at 372 keV from the

: : 2 2

non-yrast structure is allowed by the combination of gates.
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FIG. 2. Level scheme of **Th determined by y-ray spectroscopy via the **Pb(**0 ,31)***Th reaction. The widths of the arrows represents
the y-ray intensity of the transitions. The newly observed transitions are colored in red. The two main bands of alternating parity are classified
in four sequences labeled 1a, 1b for the band of simplex —i and 2a, 2b for the band of simplex +i (each sequence has a fixed parity). A
similar notation is used for the non-yrast structure, formed of two sequences labeled 3a and 3b. Spin-parity assignment for the main structure
is based on the assumption of a 5/2* ground state. Each of the two main bands presents intense stretched E 1 intersequence transitions as well
as stretched E2 intrasequence transitions. Strongly converted M 1 transitions link these two bands: they are not represented here since they do
not appear in y spectroscopy. The parities of the non-yrast structure levels are tentative (see text).

The newly observed non-yrast structure is partially shown
by the last spectrum (c). This structure communicates with
the sequence 2b of the main band of simplex +i. The
triple gate involves the 200 keV y ray corresponding to
the intense transition that link the non-yrast structure to the
yrast sequences 2a and 2b. The other two conditions consist
of conbinations of transitions inside the non-yrast structure,
or between this structure and the main band. As a result,
four y rays associated with the non-yrast structure appear
clearly in the spectrum (plus the y ray at 331 keV that
is less visible). Others appear when different sets of gates
are imposed, but are suppressed here; for instance, the y
rays at 301, 366, and 372 keV are forbidden by the gate
imposing the coincidence with y rays at 331 or 373 keV. The
coincidence required with 353 or 358 keV y rays blocks the
presence of these two transitions in the spectrum since they are
anticorrelated.

The intra-sequence transitions have been observed for
sequence 3a but not for sequence 3b. Such transitions would
correspond to y-ray energies of 327 and 345 keV, but they
are too weak to be evidenced by dedicated sets of gates. One
can notice that a y ray at 327 keV is present in spectrum
(c), but this transition is forbidden by the gate requirement
(331 or 373 keV), instead, it is due to a known transition

in sequence 2b, that can occur if the cascade joins the main
band at level 25/2%. This y ray disappears in a double-gated
spectrum showing y rays in coincidence with 200 and 353 keV
(cascades where the main band is joined at level 21/27).

The parities of the non-yrast band are assigned tentatively,
under the following assumptions: (i) the transitions linking
the non-yrast structure (sequence 3a) to the main structure
(sequence 2b) are of M1 type with Al =1, as is the case
between the two main bands of opposite simplex (converted
transitions linking 1a to 2a on one side and 1b to 2b on the other
side, see [8]); (ii) the two sequences of the non-yrast structure
communicate by stretched E1 transitions and have stretched
E?2 intrasequence transitions. This picture is supported by our
Rapo measurements, and is consistent with the observed y
intensities. M1 y transitions from the non-yrast structure to
the main sequence can be observed due to the large energy
difference between linked levels, and are competing with E2
intrasequence transitions involving similar energy differences.
The E'1 transitions from 3b to 3a are strongly dominant over
E?2 intrasequence transitions in 3b that involve similar energy
differences; this explains why the latter are not observed. This
pattern is due to the upshift of the assumed negative-parity
sequence 3b with respect to the positive-parity sequence 3a,
which also leads to the absence of observed E 1 transitions from
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3a to 3b (due to the tiny energy difference between successive
Al =1 levels).

B. Low-spin structures

As already mentioned, one consequence of octupole
correlations is the appearance of low-lying positive- and
negative-parity states forming sequences of opposite parity
interconnected by strong E1 transitions. These sequences
are arranged in rotational bands of alternating parity states,
each band being associated to a simplex quantum number
s [23,24]. The possible s values depend on the projection
of the angular momentum on the symmetry axis, given by
the quantum number K. In the case of an even-mass nucleus
(K = 0), the favored value is s = 41 and only one alternating
parity band shows up. For odd-mass nuclei with K # 0, the
simplex can take two values s = =i, giving rise to the doubling
of almost all states with respect to their parity [25,26]. This
is what is observed in nuclei such as 2!%%2322Tp [8,27,28]
and also **'Ra [29], where K > 3/2: two quasidegenerate
bands appear. Let us notice that the case of odd-mass nuclei
with K = 1/2 such as 22! Th is particular: one of the bands
is shifted up due to Coriolis effects and no parity doubling
appears, the level scheme being similar to that of even-even
isotopes [[8,13], and references therein].

The unambiguous spin assignment of ground states in
221, 223Th, and **Th could still be debated depending on
the coupling scenario used for the valence nucleon. For 22! Th,
the 7/27 level is accepted to be the ground state. Calculations
predict a strong K = 1/2 component for the state, which leads
to the lack of a parity doublet in the level scheme [13,30].
It is also the case for >*Th which has a K = 1/2 ground
state configuration. Concerning the >**Th and 2**Th yrast
configurations, it has been established that they are based on
K > 1/2 configurations. High-lying octupole bands, which
exhibit the features of an almost degenerate parity doublet,
have been found in 22! Th and interpreted as based on the same
K = 5/2 configuration as the yrast band in 223Th [13].

The new band found in this work, composed of the
sequences 3a and 3b in the level scheme of Fig. 2, could be
compared to structures with good simplex quantum number
and no parity doublet. One may then expect the band-head
configuration to have a dominant K = 1/2 component. Such a
scenario is also confirmed by calculations using the reflection-
asymmetric mean-field theory with an average Woods-Saxon
potential and a monopole pairing residual interaction [30].
The low-lying one-quasiparticle excitations are given for
2L223.255Th jsotopes together with two quantum numbers
K and ng, which order single-particle levels of the same K
energetically from the bottom of the potential well. It appears
that the first excited state in >!'Th is the one expected for the
223Th yrast configuration, although the K = 3/2 (n; = 17)
orbital lies close in energy. The situation is different for
223Th, for which the lowest excited state is clearly identified
to have a K = 1/2 component, in agreement with what we
have observed in our data set. For a given simplex, one way
to study the nature of the configuration is to draw the ratio of
rotational frequencies of the negative and positive parity bands
w(—)/w(+) as a function of angular momentum. The ratio is
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calculated using the following formula [20]:

w () EUd+1) —EUI—1)
ot(l)  TEU 42— EUI -=2)*

3)

Figure 3 displays the ratio for all the bands observed in
our data set. The two limits, corresponding to reflection-
asymmetric rotor and rotation-aligned octupole vibration, are
also represented. The low number of y rays composing the
new excited band suggests a stable octupole deformation for
the band head, which may not be strong enough to survive at
higher spins.

On the other hand, the previously known bands (la, 1b,
2a, and 2b) show a more characteristic behavior that can be
interpreted as the stabilization of a well pronounced octupole
shape [1]. However, one can see that some curves do not
converge strictly to the asymptotic static limit. With the
new transitions established in this work, one can discuss the
assumption in more detail.

C. Medium-spin structures

Another way to characterize the evolution of octupole
correlations with spin is through the parity splitting—the
energy difference between the negative parity states and the
(interpolated) positive parity states for a given spin—defined
by the following equation:

+ +
SE(I) = E(I) — I+DE(I-DY+IEI+1) @
21 +1

The parity splitting is shown for several thorium isotopes
in Fig. 4. It should be zero in the case of a rigid octupole
rotor. It is frequently stated that static octupole shapes are
stabilized by rotation, since the parity splitting approaches zero
with increasing spin; however, for some bands the evolution
does not stop at zero but instead oscillates around this limit
(see 2%222Th in Fig. 4). Frauendorf [31] has proposed to
interpret such properties of the rotational bands as based on
the condensation of rotational-aligned octupole phonons. As
we follow up the yrast states, the number n of phonons in
the condensate increases with the angular momentum /. Since
the parity of the state is determined by n, the energies of the
negative and positive parity states are alternatively affected
by phonon alignment, as the energy levels associated with
different values of n cross each other. The successive values of
n involve changes in the sign of the parity splitting. Additional
anharmonicities [32] cause interactions between levels of same
n parity: two such levels do not cross but repel each other, with
mixing occurring at the quasicrossing. This effect determines
the way SE(I) varies between two consecutive crossings
by zero. The anharmonicity and interaction of the phonons
increase with N. It softens the transitions associated with each
change of the phonon number and attenuates the oscillations,
which is evident by looking at the evolution from **°Th to
224Th in Fig. 4. Reviol e al. [13] have extended the study
to odd-N nuclei. They concluded that the rotation-induced
condensation of octupole phonons carries over to the odd-N
nuclei even if the presence of an additional neutron in the
core seems to reduce the fluctuations in the octupole degree of
freedom. With our new data, we have been able to extend the
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FIG. 3. Ratio between the rotational frequency of the negative
and positive parity bands w(r = —)/w(wr = +) versus the angular
momentum. A value of this ratio close to unity stands for a
rigid reflection-asymmetric rotor. The behavior of a perfect aligned
octupole phonon is also indicated.

parity splitting for *>Th yrast sequences to higher spins (see
Fig. 4). Concerning the s = —i band, one can compare to what
is observed for 22Th, i.e., a crossing that brings back §E to
positive values, in our case for spin > 15%. The amplitude of the
last point is higher than the minimum and almost equal to the
initial value. As well, for the s = +i band, the tendency that
can be guessed from previous data is confirmed. For spin > 127,
the curve grows slowly to reach about O for the latest value. It
is worth noting that, except for the initial value, the differences
in amplitude between the odd-mass 2> Th curves and the >>Th
core one are small. Unlike the parity splitting in 2*°Ra [31],
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the data for **?>*Th do not suggest any attenuation beyond
the crossing of the two- to one-phonon band, i.e., once § E
becomes positive again. It might be due to a weak, or delayed,
mixing between the one- and three-phonon bands. Another
possibility to explain such behavior arises more clearly from
our data by looking at the highest spins in >Th (see below).

D. Backbending in the high-spin structure

As reported by Li et al. [4,5], the calculations indicate that
224Th exhibits, at low spin, the critical point of a double phase
transition, from spherical to quadrupole and from nonoctupole
to octupole shape. At higher spin, one may then expect crossing
of bands based on different shapes. An important difference
between reflection-asymmetric and symmetric shapes con-
cerns the effect of intruder states [33]: in thorium isotopes,
high-j intruders are brought at the Fermi level, ji5,, and 13/,
for neutrons and protons, respectively. Without the octupole
degree of freedom, such intruder states carry large alignment.
As these orbitals slope down rapidly in energy with increasing
rotational frequency, pair breaking is expected at relatively
low spin along the yrast line. For 3 # 0, since the octupole
interaction mixes the intruder states with states of the major
shell, such a large alignment is quenched. Indeed, without
the octupole degree of freedom, one would expect sharp
backbending at low spin in 22#??6Th yrast bands, which is not
the case [34]. Using the cranked Woods-Saxon-Bogolyubov-
Strutinsky method, Nazarewicz, Leander, and Dudek [35]
performed the first theoretical exploration of the evolution
of the octupole deformation with spin, in particular for 2?2Th.
As for 24226Th, configurations with spin alignment of vjs 2
and i3/, become, in the reflection-symmetric well, lowest
already at low spin (I ~ 124); it is of course not confirmed by
experimental data. However, including the octupole degree
of freedom, they are able to reproduce the yrast line up
to the highest spin observed. The calculations also predict
a backbending around 267, for a rotational frequency close
to 0.23 MeV, due to the crossing with the four-quasiparticle
v(jis5/2)*7 (i13)2)* reflection-symmetric band.

sk #S=+1 E0Th|
. e S=-j 2+
100F -

W/ A

AS=+1 27| ¢ S=+1 22Th]
W S=-i 2
0 S=+i Th_
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FIG. 4. Splitting between states with opposite parity within the s
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ame rotational band for various thorium isotopes as a function of spin.
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FIG. 5. Kinematic moment of inertia for both positive and
negative parity states in **Th. The full (empty) symbols represent
the sequence with simplex number s = —i (s = +i). A backbending
and an upbending arise from the positive and negative parity bands
respectively, in the same simplex structure (s = +i) around rotational
frequency of iw =~ 0.23 MeV.

Hints of such a shape transition, involving this four-
quasiparticle configuration, have been reported. It is proposed
as one possible explanation of the abrupt loss of intensity at
spin 257 in the **Th octupole band [36]. A similar feeding
pattern in 2! Th leads to the same conclusion [13]. An upbend,
which occurs at frequency between 0.18 and 0.19 MeV, has
been observed in >2Th for the s = +i yrast band without
being firmly assigned [28]. Coming back to our data set,
the kinematic moments of inertia for the >>*Th yrast band
are displayed in Fig. 5. The effective moment of inertia J§
as well as the rotational frequency w were calculated using
the standard technique described in Refs. [8,37]. It is well
known that the negative parity sequences, at low spin, have
a larger effective moment of inertia than the positive parity
ones. It is related to a larger quadrupole deformation [38].
All the yrast sequences merge at medium frequencies around
0.15 MeV. Looking at the highest frequencies, one can see, for
s = i, abackbending for the positive parity band at 0.23 MeV
and an upbend at a slightly greater frequency 0.24 MeV for
the negative parity band. The s = —i bands does not present
such sudden changes. The rotational frequency at which the
backbending is observed, 0.23 MeV, is very close to the value
at which the shape transition in the *>Th core is predicted [35].
To characterize more precisely the termination of the s = +i
band, it would be interesting to clearly identify the interacting
band, as has been done for another octupole band in *°Sm
[39]. It seems, however, beyond the limits of what we are able
to observe in our data sets.
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IV. CONCLUSIONS

Shape transitions in the actinide region, involving the
octupole degree of freedom, have been the object of several
theoretical studies leading to the prediction of band-crossings
occurring at high spin. In this paper we report on the
first experimental evidence of such a crossing in the odd
nucleus 22Th, based on the new determination of its level
scheme up to very high spin. An experiment, performed
with EUROBALL 1V, has indeed allowed us to extend our
knowledge on the structure of this nucleus, since the pioneer
work by Dahlinger et al. in the 1980s. The recent progress
realized in y-spectroscopy experiments comes from the use of
multidetector arrays involving a large number of germanium
crystals, together with fast electronics for data acquisition; the
detection efficiency at high multiplicity has been substantially
increased, yielding high-statistics data sets. Several features
have emerged from our study of the newly identified *>*Th
levels. A new structure has been identified and tentatively
assigned to an octupole rotational band based on a K = 1/2
configuration. Concerning the yrast structure composed of four
sequences, (i) the study of parity splitting has been extended
and shows oscillations as expected in case of condensation of
rotational-aligned octupole phonons, and (ii) a backbending
and upbending have been observed in the s = +i sequences,
respectively, at spin-parity 49/2% and 47/2~. The predicted
shape transition from reflection-asymmetric to reflection-
symmetric shape in the **Th core is emphasized to be a
candidate for such a sudden band termination. This transition
could also explain the absence of attenuation at high spin
of the parity-splitting oscillations for 2*>?>*Th nuclei. To
characterize more precisely the expected four-quasiparticle
reflection-symmetric configuration that becomes yrast after
the transition, it would be of considerable interest to perform
measurements at even higher spin in the 22?2 Th isotopes and
in the odd ?**Th nucleus. as was done in the Z ~ 88, N ~ 56
region of octupole deformation. However, for the actinide
region, this represents a significant experimental challenge
in terms of detection efficiency of transitions from weakly
populated levels at very high spin. The role of the competition
with fission should also be considered in discussing the
possibility to observe such transitions. On the other hand,
our study also opens the way to further investigations of
shape transitions at high spins in the neighboring actinides,
where evidence of such crossings, if they happen at smaller
rotational frequencies, could be accessible with the current
arrays and would bring valuable information. It will be
also instructive to compare experimental results with new
theoretical investigations of rotational bands including the
octupole degree of freedom.
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