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By means of thesp,td reaction we study the excitation spectra of 0+ states in the deformed nuclei228Th,
230Th, and232U, using the Q3D magnetic spectrograph facility at the Munich tandem accelerator. At small
reaction angles the 0+ transfer angular distributions have steeply rising cross sections which allow us to
identify these states in otherwise very complicated and dense spectra. For each of these nuclei we resolve
typically about ten excited states with safe 0+ assignments. The studied excitation energies range up to 2.5, 2.7,
and 2.3 MeV, respectively, and the summed transfer strengths add to more than 60% of the ground state
strength. As in a recent study of158Gd we compare with interacting boson approximation(IBA ) calculations in
the spdf boson space. This highly schematic collective model description, including octupole collectivity, but
neglecting other relevant degrees of freedom, gives numbers of excited 0+ states in these actinide nuclei that
are rather close to the observed ones.

DOI: 10.1103/PhysRevC.69.044310 PACS number(s): 21.10.Jx, 21.60.Ev, 27.90.1b

I. INTRODUCTION

In nuclei the appearance of excited 0+ states is indicative
for the presence of specific modes of nuclear excitations, and
their study is therefore of considerable interest. For the
closed shell nucleus208Pb only two excited 0+ states have
been observed so far: a neutron pairing vibrational mode[1]
and an octupole two-phonon excitation[2–4]. Intruder con-
figurations may contribute in addition as known for40Ca and
for less closed nuclei as90Zr, 96Zr [5], 112Cd [6], and others.
In deformed nuclei a large variety of excited 0+ states is
expected as discussed in detail below.

Excited 0+ states are easily identified viasp,td and st ,pd
reactions in otherwise complicated and dense excitation
spectra, because they have steeply rising cross sections at
small reaction angles; at the same time only natural parity
states are populated strongly. Rich 0+ spectra had been ob-
served in earliersp,td studies of medium weight nuclei as
146Nd [7], 146Sm [8], 134Ba, 132Ba [9], and114Sm [10], where
typically nine excited 0+ states had been resolved in the ex-
citation energy range up to 2.5–4 MeV. To reproduce theo-
retically the number of 0+ states in146Nd and146Sm and to
account for the excitation strengths insp,td, specific particle-
hole and particle-particle correlations had to be considered in
addition to particle-core coupling effects[7,8].

In addition to 0+ transfer fromJp=0+ target nuclei one
has to mention 0+ transfer studies insp,td from target nuclei
with spin, e.g., the study of the ground state and of related
higher states in229Pa[11], and the study of the distribution of
7/2− strength in odd samarium isotopes by Tracheet al. [12].
In deformed heavy nuclei the low-lying 0+ states had been
studied systematically in the early 1970s.

For rare earth nuclei Oothoudt and Hintz[13] observed in
sp,td typically three excited 0+ states. The cross sections for
the ground states are about the same, while for the excited
states they differ significantly: For many nuclei the first ex-
cited 0+ states have low cross sections, a few percent com-
pared to the ground state, and the next higher states are typi-
cally a bit stronger. On the other hand, nuclei as174Yb (and
176Hf) have for the first excited 0+ states the large cross sec-
tions of 25%(and 12%) of the ground state excitation.

For the actinides Maheret al. [14] observed insp,td also
strong excitations of the first excited 0+ states. Combined
with other available evidence, in particular, the strong Cou-
lomb excitation of the associated rotational bands, they con-
cluded that these 0+ states represent a stable collective exci-
tation different in character from both theb vibration and the
most common formulation of the pair vibration.

To explain these observations, Griffin, Jackson, and
Volkov [15], van Rij and Kahana[16], and Bess, Broglia,
and Nilsson[17] realized the importance of the quadrupole
pairing field—in addition to the monopole pairing—for de-
formed nuclei. In combination with a nonstochastic distribu-
tion of oblate and prolate single particle orbitals these
strongly excited low-lying 0+ states result as pairing isomer
states. Consistent with this model was the nonobservation of
these states inst ,pd in a search on actinide nuclei by Casten
et al. [18]. These studies culminated in the microscopic cal-
culations of low-lying 0+ states in actinides by Ragnarsson
and Broglia [19]. A later study of the W isotopes by
Mortensen, Betts, and Bockelmann[20] revealed also the
importance of excitations associated with a subshell gap, in
addition to the pairing isomer mechanism.

In recent years a few more 0+ states had been identified
[21–24], but the understanding of the higher excited 0+ states
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remains as a challenge for nuclear theory. Within their qua-
siparticle model(QPM) Soloviev and co-workers[25–28]
provided microscopic understanding of low-lying 0+ states.
We have to refer also to the study of Otsuka and Sugita[29]
which deals with thespdf-IBM (interacting boson model) in
application to the actinide nuclei. These calculations were
restricted to the first two 0+ excitations(known to this time).

A renewed interest in 0+ states results from a recentsp,td
study of 158Gd of Lesheret al. [30], where 13 excited 0+

states have been identified at excitation energies below
3.1 MeV, with an accumulated transfer strength of about
25% of the ground state strength. Note that, as for some of
the W-Pt nuclei[14], the sp,td transfer strength to the first
excited 0+ state of158Gd is weak.

In the present paper we report on a study of 0+ states in
the actinide nuclei228Th, 230Th, and232U, observed insp,td
spectra. The choice of the nuclei was restricted by the avail-
ability of the respective targets. Our experimental results
about states withJp values different from 0+ or of weakly
excited states, where tentative 0+ assignments may be pos-
sible, will be presented in separate publications[31].

We obtain new and detailed experimental information
about the 0+ excitation spectra and their strength distribu-
tions in sp,td. For each of these three nuclei the accumulated
transfer strengths add up to about 60% of the ground state
strengths. This value is much larger than observed for lighter
nuclei and it will be interesting to understand this feature.

The neutron pairing gap parameter for these nuclei is in
the vicinity of 700 keV, which leads to two-quasiparticle ex-
citations around 1.5 MeV. One thus expects a remarkable
number of 0+ states above this energy, as predicted in the
calculations of Ragnarsson and Broglia[19] mentioned
above.

To obtain an estimate for the number of excited 0+ states
which result from quadrupolar and octupolar collectivity, we
also discuss respective interacting boson approximation
(IBA ) calculations, which support the relevance of octupole
collectivity. In this model in lowest order the respective
transfer strengths vanish for the higher excited states. Intro-
ducing higher order terms this is corrected to some extent,
but this will not be presented here. This restricts the com-
parison with the experimental data, also because we may
miss experimentally some 0+ states with very low transfer
strength.

The large cross sections of the many observed 0+ states in
228Th, 230Th, and 232U, and the respectivesp,td transfer
strength distributions provide a test case for modern micro-
scopic structure calculations, which include the various as-
pects of interaction and collectivity.

II. EXCITED 0 + STATES IN DEFORMED NUCLEI

The present calculations of 0+ excitation energies and
sp,td strengths in deformed heavy nuclei are restricted to the
low energy range. For the more extended energy range that
we have to consider, a number of structure effects are ex-
pected to contribute. In comparison to spherical nuclei addi-
tional 0+ states have to be expected in deformed nuclei be-
cause of the quantization with respect to the intrinsic axis:

An excitation mode with angular momentumJp splits into
states distinguished by theirK quantum numbers, which
range from zero toJ, compare Fig. 1. Thus, e.g., a quadru-
polar (one-phonon) vibration with Jp=2+ splits into Kp=0+

andKp=2+ states, an example is the heads of the relatedb
andg vibrational bands.

For axially symmetric deformed nuclei 0+ states result
from K splitting of collective and of noncollective modes of
excitation. For most quantum numbers of natural parity the
lowest states are collective, compare, e.g.,208Pb [4]. States
related to specific two-quasiparticle modes are expected to
follow at higher excitation energies above twice the pairing
gap energy, around 1.5 MeV in our case. In addition, there
are the two-phonon excitations of the collective modes at
low energies, the quadrupole, octupole and hexadecupole
phonons. Apart from these we have to consider the collective
monopole pairing vibration(MPV). In reality all these con-
figurations will mix to some extent. Insp,td the observed
spreading of the excitation strength of the higher lying ex-
cited 0+ states may be treated as mixing with the neutron
component of the MPV.

A. Quadrupole and octupole collectivity

Accounting for quadrupole and octupole collectivity only,
in Ref. [32] the IBA was used within thespdfboson space to
see how many of the excited 0+ states are expected for158Gd
in this energy range, and to compare this with the 13 excited
0+ states identified by Lesheret al. [30]. The calculations of
Ref. [32] had been restricted to a highly schematic discus-
sion: the simplest form of the Hamiltonian is used and mix-
ing betweend and pf bosons is neglected. The parameters
are chosen to reproduce the excitation energies of low-lying
spectra, especially the bands of negative parity. In the energy
range considered, their IBA calculation predicts five excited
0+ states of puresd (quadrupolar) bosonic structure—as in
the geometrical collective model—and three additional ex-

FIG. 1. Schematic presentation of the different kinds of excita-
tions in deformed nuclei, yielding excitedKp=0+ states: Positive
parity two-quasiparticle excitations(of collective and of noncollec-
tive nature), two-phonon excitations, and monopole pairing
excitations.
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cited 0+ states with two bosons in thepf boson space. The
latter ones are related to octupole two-phonon(OTP) excita-
tions. The model provides some kind of educated guess
about the number of excited 0+ states resulting from quadru-
polar and octupolar collectivity.

In the present study of actinide nuclei we deal with de-
formed nuclei of strong octupole collectivity, which, how-
ever, changes with the mass number. A measure of the octu-
pole collectivity is given by the excitation energy of the first
1− state. Compared to158Gd with Exs1−d=977 keV the exci-
tation energies of228Th, 230Th, and 232U are Exs1−d=328,
508, and 563 keV, respectively. Thus, we are in a position to
compare three neighboring nuclei which differ by one neu-
tron pair and/or by one proton pair only but vary strongly
with respect to octupole collectivity. The experimental infor-

mation about the low-lying states of228,230Th and 232U is
summarized in Refs.[33–35] and several more recent experi-
mental investigations[21–24,28,36,37], including a sp,td
study of the lowest states[23]. Addressed to theoretical un-
derstanding of these nuclei there are a number of recent pub-
lications which are related mainly to features of octupole
collectivity [38–44], triaxiality [45,46], and to the descrip-
tion within interacting boson approximations[47–52].

In axially symmetric, statically deformed nuclei any exci-
tation of positive parity causes aKp=0+ state. Since the nu-
clei we study are prolate we have to expect, as for Nilsson
states, strongest binding for the lowestK state. This enhances
the number of 0+ states at low excitation energies. Large
energy shifts result from theK splitting of the octupole vi-
brational state, as discussed by Cottle and Zamfir[47] in the
case of rare earth nuclei: theKp=0− andKp=1− bandheads

FIG. 2. Spectrum for the230Thsp,td238Th reaction sEp

=25 MeVd at a detection angle of 7.5° in logarithmic scale, in the
energy range beginning with the first excited 0+ state. Some levels
are labeled with their excitation energy in keV. States assigned as 0+

are marked with an asterisk.

FIG. 3. Complete spectrum for232Thsp,td230Th sEp=25 MeVd
in logarithmic scale for a detection angle of 7.5°. Some levels are
labeled with their excitation energy in keV. States assigned as 0+ are
marked with an asterisk.
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are observed at very low excitation energies, whereas the
Kp=3− strength is shifted upwards in energy.

In the IBA study of 0+ states in158Gd [32] the octupolar
excitations contribute to the number ofKp=0+ states via
two-phonon excitations only. Since the coupling of these
two-phonon octupole excitations with quadrupole phonon
excitations is neglected, thesdf-IBA calculation gives the
Kp=0+ excitations of pure quadrupolar type at exactly the
same energies as a puresd-IBA, and all additionally calcu-
lated Kp=0+ states result with a puref2 boson content,
equivalent to octupole two-phonon excitations.

B. Further degrees of freedom

Collective excitations of multipolarity 0+ and 4+, the
MPV excitation, and some hexadecupole vibrational collec-

tivity, have to be expected and shall lead to a number of
additional excitedKp=0+ states.

The monopole pairing vibration is well established for
208Pb. Of the two known 0+ states of208Pb, the lower one is
identified as the MPV state and the higher one as the 0+

member of the octupole-two-phonon excitation multiplet,
compare Ref.[4] and further references therein. According to
the literature one expects at least two kinds of MPV states,
one for neutron-pair excitations(n-MPV) and one for proton-
pair excitations(p-MPV). The latter one usually is expected
at higher excitation energy. Because of its collective(vibra-
tional) nature, in asp,td reaction then-MPV state is expected
to be strongly excited. In case of a relatively dense spectrum
of 0+ states then-MPV state will mix with nearby states. In
our case mixing is significant and we may consider the cen-
ter of the transfer strength—at an excitation energy near
1600 keV (see Fig. 11)—as the unperturbed excitation en-
ergy of the neutron monopole pairing vibration(n-MPV)
state. The pairing vibrational excitations result from a
particle-particle coupling in the residual interaction, which,
however, is not included in the usual RPA- or IBA-like struc-

FIG. 4. Spectrum for234Usp,td232UsEp=25 MeVd in logarith-
mic scale for a detection angle of 7.5°, in the energy range begin-
ning with the first excited 0+ state. Some levels are labeled with
their excitation energy in keV. States assigned as 0+ are marked
with an asterisk.

FIG. 5. Angular distributions of assigned 0+ states in228Th. The
lines are drawn to guide the eyes and have no further meaning.
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ture calculations. Within these frames the pairing vibrational
excitation has to be considered as a kind of intruder configu-
ration.

Hexadecupole vibrational collectivity is established in
spherical nuclei at excitation energies near or slightly above
the collective octupole state. In inelastic scattering it is re-
lated with large one-step transition strength to excited 4+

states. The analysis of hexadecupole collectivity is compli-
cated because of the necessity to differentiate against quad-
rupole two-phonon 4+ excitations and related processes. Also
the hexadecupole strength may be distributed over a few
neighboring states, in contrast to the octupole strength,
which is concentrated in the lowest 3− state. One may com-
pare with a study of112Cd by Hertenbergeret al. [6] and
Garrettet al. [53]. As for the octupole vibration, it is reason-
able to assume that theKp=0+ hexadecupole excitation will
be pushed down to rather low energy. This may be treated
formally by introducing ag boson and expanding asd-IBA
to a sdg-IBA, analogous to the case of octupole collectivity.
In this way additionalKp=0+ states shall be derived.

The very interesting question with respect to the observed
sp,td strength is the contribution of noncollectiveKp=0+

states, resulting from noncollective two-quasiparticle(2QP)
excitations. It is the concept of collectivity that for each
given multipolarityJp the noncollective 2QP excitations are
expected at considerable higher energy than the respective
collective vibrational states. It will be very interesting to see
microscopic calculations extending the study of Ragnarsson
and Broglia[19] to higher energies, to learn about the nature
of the observed states.

III. EXPERIMENTS

A. Experimental procedure, spectra

The sp,td experiments have been performed at the Mu-
nich tandem accelerator laboratory with a beam of 25 MeV
protons and intensities of 1–2mA on target. The reaction
products have been analyzed with the Q3D magnetic spec-
trograph[54] and detected in its focal plane. We used two
different focal plane detectors which are multiwire propor-
tional chambers with readout of a cathode foil structure for
position determination andDE/Erest particle identification
[55–57]. The targets230Th, 232Th, and234U had a thickness
of 100 mg/cm2 each, evaporated onto 22mg/cm2 thick car-
bon backings. The isotopic purity of the230Th and234U tar-
gets was about 99%. The resulting triton spectra have a reso-
lution of 5–7 keV full width at half maximum and are
virtually background-free. Angular distributions of the cross
sections are extracted from spectra at ten different laboratory

FIG. 6. Angular distributions of assigned 0+ states in230Th. The
lines are drawn to guide the eyes and have no further meaning.

FIG. 7. Angular distribution of assigned 0+ states in232U. The
lines are drawn to guide the eyes and have no further meaning.
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angles(5°, 7.5°, 10°, 12.5°, 16°, 20°, 26°, 30°, 35°, 40°).
In the case of230Thsp,td228Th we have at higher excita-

tion energies spectra for five angles only(7.5°, 12.5°, 16°,
20°, 30°) because of problems with the target.

Typical spectra for a detection angle of 7.5° are shown in
Figs. 2–4 for the three nuclei. At this angle the 0+ states have
comparatively large cross sections. For calibration purposes
spectra from different target nuclei had been taken in the
same magnetic setting, including the reactions184Wsp,td and
186Wsp,td. The triton spectra were analyzed with the pro-
gramGASPAN of Rieß [58].

B. Experimentally obtained 0+ states

The 0+ transfers are identified from their typical pattern in
the differential cross section angular distributions. At very
small reaction angles the 0+ transfer angular distributions

TABLE I. Optical potential parameters used in the DWBA cal-
culations. The values were chosen according to Ref.[61].

sp,tdTh,U sp,td158Gd

Ep (MeV) 25 27

p t n p t n

Vr (MeV) 57.10 166.70 a 58.88 160.03 a

4WD (MeV) 32.46 29.80

W0 (MeV) 2.80 10.28 3.24 17.83

4Vso (MeV) 24.80 l=25 24.80 l=25

rr (fm) 1.17 1.16 1.17 1.23 1.20 1.17

rD (fm) 1.32 1.32

r0 (fm) 1.32 1.50 1.32 1.40

rso (fm) 1.01 1.01

Rc (fm) 1.30 1.30 1.25 1.30

ar (fm) 0.75 0.75 0.75 0.75 0.72 0.75

aD (fm) 0.51 0.65

a0 (fm) 0.51 0.82 0.65 0.84

aso (fm) 0.75 0.75

nlc 0.85 0.25 0.85 0.25

aAdjusted byCHUCK3.

FIG. 8. Angular distributions of the first excited 1−, 2+, 3−, 4+,
and 6+ states. In the shaded area we compare the angular distribu-
tions of the232U 0+ ground state and the 927.3 keV excited state.
This angular distribution does not allow for a firm 0+ assignment
proposed by Ardissonet al. [59]. The lines are drawn to guide the
eyes and have no further meaning.

FIG. 9. Ground state transition data with DWBA fits. The spec-
troscopic factorsS=sds /dVdexpt/ sds /dVdCHUCK3 are given.
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have steeply rising cross sections and a sharp minimum at a
detection angle of<15°. This allows us to identify these
states in otherwise very complicated and dense spectra.

The differential cross section angular distributions of
those observed transfers to228Th, 230Th, and232U, which we
assign as 0+ are shown—in logarithmic scale—in Figs. 5–7.
These are all angular distributions which are very similar in
shape to the respective ground state transitions. Since all
these distributions are rather similar we use lines to guide the
eye.

One may compare these angular distributions with those
for transitions with different quantum numbers: Fig. 8 shows
angular distributions of transitions to the first excited 1−, 2+,
3−, 4+, and 6+ states of these nuclei in comparison to the 01

+

state of 232U. The 1− transitions are very weak and may
result from multistep excitations. All the other rather strong
transitions showJp typical shapes: The angular position of
the first minimum in cross section shifts systematically with
increasing transferred angular momentum. For a given quan-
tum number the distributions for228Th, 230Th, and232U are
very similar.

Since we have no knowledge of the microscopic structure
of these levels, the assignments of quantum numbers at
present is restricted to this kind of pattern recognition. In
sp,td for a given quantum numberJp we can expect—at
least in the limit of DWBA (distorted-wave Born
approximation)—relative cross section angular distributions
rather independent of the specific structure of the individual
state, since the wave function of the outgoing triton is re-
stricted to the nuclear exterior, and thus to the tails of the
transition form factors.

In the shaded area of Fig. 8 we compare the angular dis-
tributions of the 927 keV excited state in232U with the 0+

ground state. The angular distribution of the 927 keV state
gives no firm evidence for a 0+ assignment proposed by Ard-
issonet al. [59].

C. DWBA analysis and transfer strengths

Assuming transfer of a givensl j d pair, coupled to spin
zero, DWBA calculations give cross section angular distribu-

TABLE II. Assigned 0+ states in228Th, 230Th, and 232U. The
transfer strength of the excited states adds up to 64, 64, and 72% of
the observed ground state strength, respectively.

Ex skeVd Ex skeVd ssu=7.5°da Spectroscopic
This work NDS[33–35] smb/srd factor s%d

228Th

0.0 0.0 246.6 100.0b

831.9(3) 831.823(10) 89.4 28.9
938.7(3) 938.58(7) 25.0 7.8

1120.1(3) 1120.09(10)c 1.1 0.3
1511.2(3) 3.6 1.0
1627.9(3) 18.6 4.9
1691.4(4) 1.7 0.4
2044.7(5) 1.7 0.4
2079.9(5) 8.9 2.1
2131.3(6) 50.7 11.8
2159.4(5) 3.0 0.7
2290.0(7) 26.3 5.9

o 164.2

230Th

0.0 0.0 308.5 100.0b

635.1(2) 634.9(1) 117.3 31.9
1297.8(6) 6.7 1.5
1447.9(5) 2.6 0.6
1590.2(5) 1589.8(3) 16.2 3.4
1639.3(6) 1638.5(2)d 9.6 2.0
1802.5(6) 3.3 0.7
2093.9(7) 15.2 2.8
2150.5(6) 16.3 3.0
2175.1(6) 29.5 5.4
2268.9(6) 35.5 6.4
2395.2(7) 5.4 0.9
2493.8(7) 4.0 0.7
2528.1(7) 29.1 4.9

o 164.2

232U

0.0 0.0 235.5 100.0b

691.4(3) 691.21(24) 71.4 26.0
1277.2(4) 17.5 5.7
1482.0(4) 22.5 7.1
1569.0(4) 5.4 1.7
1797.0(4) 12.3 3.7
1822.1(4) 32.9 9.8
1861.5(4) 15.7 4.6
1931.8(4) 44.6 13.0

o 171.6

aThe relative errors of the cross sections result from counting sta-
tistics and background subtraction; they vary between 2% for strong
states and 10% for weak states.
bBy definition, see text.
cFrom Ref.[28].
dAssigned ass2,0+d in Ref. [34].

FIG. 10. DWBA calculations of cross sections of excited 0+

states at 7.5° normalized to the ground state cross section(calcu-
lated withCHUCK3 using the input files of Fig. 15).

0+ STATES IN DEFORMED ACTINIDE NUCLEI BY… PHYSICAL REVIEW C 69, 044310(2004)

044310-7



tions, which for different orbits differ in magnitude and—for
cases with small cross sections—to some extent also in
shape. Since small cross sections may be altered due to in-
elastic scattering(coupled channel effects) these deviations
without further theoretical guidance are not considered as a
basis to differentiate in the excitation of states between col-
lective and noncollective excitations.

To determine spectroscopic factors we need a form factor
as reference. Since in the present state of analysis we do not
know the relative contributions of the specificj2 transfer
configurations to each of the observed excited 0+ states—
according to their microscopic structure—we arbitrarily
chose one configuration which provides the best reproduc-
tion of the ground state transition, which is thes2g9/2d2 trans-
fer, as a reference. For each state the binding energies of the
two neutrons are calculated to match the outgoing triton en-
ergy observed insp,td. We used the codeCHUCK3 of Kunz
[60]. In this way we obtain a kinematic correction of the
cross section, not more. With this restriction the term spec-
troscopic factor is used.

In Fig. 9 DWBA cross section angular distributions are
compared with data for the observed transfers to the ground
states of228Th, 230Th, and232U. Their obtained spectroscopic
factors, i.e.,sds /dVdexpt/ sds /dVdCHUCK3, of 7.7, 8.7, and
8.0, respectively, are nearly the same, in agreement with ear-
lier observations. Anyhow, the values depend strongly on the
chosen potential parameters. We used the optical potential
parameters listed in Table I; the resultingCHUCK3 input files
are displayed in Fig. 15 in the Appendix.

To determine the spectroscopic factors of the excited
states, we compare the experimental values of the differential
cross section at the detection angleu=7.5° with the DWBA-
calculated value at the respective kinematic condition. The
energy dependences of the ratios of the DWBA-calculated
cross sections of excited states to the ground state cross sec-
tions are shown in Fig. 10. In this way the spectroscopic
factors are determined as a kinematic correction of the cross

section. Since we do not attempt to fit the angular distribu-
tions of excited states, we show the data in Figs. 5–7 only
with lines guiding the eye.

The results are summarized in Table II and in Fig. 11,
where the spectroscopic factors are normalized to the respec-
tive observed ground state transfer strength, and given in
percent of the latter. In Fig. 11 we display the transfer
strength of all excited 0+ states observed in228Th, 230Th, and
232U. We also include the data for158Gd from Ref.[30] to
present all existing data for deformed nuclei, studied in a
comparable way. The display as incremental plots visualizes
the distribution of the transfer strength.

There are a few transitions with very low cross sections in
the 1mb/sr range which show for very small scattering
angles an increasing cross section with decreasing angle, but
otherwise not the typical pattern for a 0+ excitation. We leave
the discussion of these states to a forthcoming paper[31] and
discuss here only states where the data provide firm evidence
for 0+ excitations. In the range of low cross sections, higher
order and coupled channel effects may produce angular dis-
tributions which deviate strongly from those for one-step di-

FIG. 11. Incremental plot of the transfer strengths to excited 0+

states in158Gd, 228Th, 230Th, and232U. The 158Gd data are derived
from Ref. [30].

FIG. 12. Lowest negative parity bands in228Th, 230Th, and232U,
comparing thespdf-IBA calculation with known excitation energies
from the NDS[33–35] and Ref.[28]. Left side experimental, right
side calculated levels.
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rect excitations. Thus we cannot claim to observe all excited
0+ states. Our analysis is restricted to those showing up with
a spectroscopic strength of about 0.5% of the ground state
excitation strength or more, defining in this way a class of
states.

In Fig. 11 we include also data for158Gd, derived from the
cross sections of Lesheret al. [30]. Because of weak excita-

tion strength, the first excited 0+ state in 158Gd at Ex
=1195 keV is not visible in this plot. For228Th, 230Th, and
232U, which differ by one neutron or one proton pair only, the
summed 0+ transfer strengths to the excited states add up to
64, 64, and 72 %, respectively, of the ground state transfer
strengths. These are much higher values than observed for
158Gd, where the excited states carry only 26% of the ground
state transfer strength. Note the identical values for the two
Th isotopes, and the larger value for232U with one additional
proton pair.

IV. COMPARISON OF 0 + STATES WITH IBA
CALCULATIONS

The role of the octupole degree of freedom in heavy de-
formed nuclei and the related description withf bosons,
added to the established IBA in thesdboson space(sd-IBA ),
has been systematically studied for deformed rare earth nu-
clei [47] and for deformed actinides[48].

For the rare earth nuclei the IBA in thesdf boson space
(sdf-IBA ) reproduces reasonably well the main features of

TABLE III. Multipole parameters of thespdf boson IBA calcu-
lation. The number of negative parity bosons is allowed to range
from 0 to 3.

Nucleus 232U 230Th 228Th

Total number of bosons 12 11 10

es 0.0000 0.0000 0.0000

ep 0.9900 1.0000 1.0500

ed 0.2500 0.2500 0.2100

e f 0.9400 0.9000 0.6500

k 0.0120 0.0140 0.0180

xsd 1.3228 1.0000 1.3228

FIG. 13. Lowest positive parity bands in
228Th, 230Th, and232U, comparing thespdf-IBA
calculation with known excitation energies from
the Nuclear Data Sheets(NDS) [33–35] and Ref.
[28]. For 228Th we show two 0+ bands. According
to the schematic IBA calculation the octupole
two-phonon band is the one with the lower exci-
tation energies. In reality the two bands are ex-
pected to mix.
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the observed low-lying negative parity states, for the actinide
nuclei a better reproduction of the respective data is obtained
if one allows in addition to thef boson for ap boson
(spdf-IBA ). The physical nature of thep boson is not clear.
It may result as an artefact, or an anharmonicity, of an octu-
pole excitation in a quadrupolar deformed potential. In the
present context we treat thef boson or the combination of a
p and anf boson(pf boson) as a technical way to describe
octupole collectivity.

A simple IBA Hamiltonian in thespdf space, including
vibrational contributions and a quadrupole interaction in the
simple form, is

H = edn̂d + epn̂p + e fn̂f − kQ̂spdf· Q̂spdf, s1d

whereed, ep, ande f are the boson energies andn̂d, n̂p, andn̂f
are the boson number operators. Note that the same strength
k of the quadrupole interaction describes thesd bosons and

the pf bosons. TheQ̂spdf quadrupole operator

Q̂spdf= Q̂sd+ Q̂pf = fs†d̃ + d†sgs2d − s1/2dÎ7fd†d̃gs2d

+ s3/5dÎ7fp†f̃ + f†p̃gs2d − s9/10dÎ3fp†p̃gs2d

− s3/10dÎ42ff†f̃gs2d s2d

is used as in Ref.f51g; the −Î7/2 factor in front offd†d̃gs2d

may be adjusted introducing an additional parameterxsd.
This Hamiltonian was used in Refs.f32,51g.

In Figs. 12 and 13 we display excitation energies of nega-
tive and positive parity states in228Th, 230Th, and232U, com-
paring anspdf-IBA calculation with experimental data from
the Nuclear Data compilations[33–35]. Thepf boson param-
eters are chosen to reproduce theKp=0− and Kp=1− band-
heads; they are determined by the experimental energies of

the Jp=11
−,Kp=0− and Jp=12

−,Kp=1− states. For228Th the
Jp=11

−,Kp=0− excitation energy is 328 keV and thus signifi-
cantly lower than 508 and 563 keV for230Th and 232U, re-
spectively. This is in contrast to theJp=12

−,Kp=1− excitation
energies, which are about the same in the three nuclei, com-
pare Fig. 12.

The IBA parameters in thesdboson space are determined
by the low energy spacing of the ground state band and the
Jp=21

+,Kp=0+ and Jp=21
+,Kp=2+ bandheads, respectively.

The values of the parameters are listed in Table III.
The experimental spectra of the 0+ states obtained for

228Th, 230Th, and232U, and the results ofspdf-IBA calcula-
tions are compared in Fig. 14; as for158Gd [32], in the
spdf-IBA calculations mixing betweend and pf bosons is
neglected and thef (andp) bosons account for octupole col-
lectivity. The key quantities for octupole collectivity, the 1−

excitation energies, are also indicated.
For 228Th, 230Th, and232U in the energy ranges covered

experimentally(2.5, 2.7, and 2.3 MeV, respectively) the IBA
predicts four, six, and six excited 0+ states, respectively, of
puresd (quadrupolar) bosonic structure, and additionally six,
seven, and four excited 0+ states, respectively, which have
two bosons in thepf boson space. They are related to—or
represent—OTP excitations. Inspecting the lowest excited 0+

states of228Th, 230Th, and232U we have a reasonable corre-
lation in excitation energy between experiment and calcula-
tion.

For all of these three nuclei this schematic calculation
predicts one of the two lowest excited 0+ states as an octu-
pole two-phonon excitation and the other one as ansd space
excitation; the sequence, however, changes. Because of the
larger octupole collectivity of228Th, expressed by the low
value of the excitation energy of the lowest 1− state at
328 keV, the predicted octupole two-phonon 0+ excitation is
lower in excitation energy than the predicted lowest excited

FIG. 14. Excitation energies of
all safely assigned excited 0+

states in228Th, 230Th, and 232U,
compared withspdf-IBA calcula-
tions. OTP states are marked by a
dot. The shadowed areas indicate
the upper range of the experimen-
tal evaluation. The positions of the
11

− states are indicated, too.
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0+ states in thesd space. The situation is reversed for230Th
and 232U, where the lowest 1− states have higher excitation
energies, compare Fig. 14.

Taking the IBA calculation and the parametrization used
literally, the IBA predicts in the energy ranges considered 10,
13, and 10 excited 0+ states. Accounting in addition for the
presence of a monopole pairing vibrational state, and perhaps
one state from hexadecupole collectivity, both not included
in the calculation, we have—without consideration of non
collective two-quasiparticle states—nearly perfect agreement
with the numbers of 11, 13, and 8 observed and safely as-
signed states for228Th, 230Th, and232U, respectively.

To improve the comparison with theory one needs infor-
mation about the spectroscopic factors. The IBA, in lowest
order, fails completely to reproduce thesp,td spectroscopic
factors. The calculated first excited 0+ state comes with about
1% of the transfer strength of the ground state, and the
higher states are even weaker, whereas experimentally the
excited states show up with about 60% of the ground state
transfer strength. The IBA as well as most RPA calculations
do not include the monopole pairing vibrational configura-
tions. The spreading of this strength, however, is the mecha-
nism which provides thesp,td transfer.

V. CONCLUSION

We have performedsp,td transfer reactions to study ex-
cited 0+ states in228Th, 230Th, and 232U. In each of these
three nuclei we find several excited 0+ states that have not
been experimentally observed before. Their accumulated
strengths add up to more than 60% of the ground state
strengths.

An spdf-IBA description of these actinide nuclei gives a
nearly quantitative prediction of the number of the observed
excited 0+ states. This interesting, but puzzling result and the
large observed transfer strengths need microscopic explana-
tions. We hope data of this kind will stimulate further and
microscopically motivated studies, as those in the QPM
model [25–28] or in BCS and RPA models as in Ref.[19],
but in a large configuration space. In this respect it will be
interesting to see whether the very large observed accumu-
lated strengths of the excited states of more than 60% of the
ground state strengths result from a kind of splitting of the
ground state strengths, due to quadrupole pairing in combi-
nation with a nonstatistical distribution of prolate and oblate
orbitals, as discussed above. If the transfer strengths to the
first excited states have to be considered as part of the
ground state strength, then the remaining strengths of the
higher excited states stay in the 25% range, as observed for
158Gd, compare Fig. 11.
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APPENDIX: DWBA INPUT FILES
Figure 15 shows the four input files used for the DWBA

calculations with the codeCHUCK3. The optical potential pa-
rameters are given in Table I.

FIG. 15. CHUCK3 input files for the discussedsp,td reactions.
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