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The a-cluster pickup reaction (d,°Li) has been studied at E, = 55 MeV on targets of 22Th and »*U. Members of
the ground-state rotational bands in **Ra and ***Th are excited and absolute reduced a widths obtained from finite-
range distorted-wave analysis are in good agreement with values deduced from & decay. In addition three excited
groups of states are very strongly populated in both nuclei with spectroscopic strength per group comparable with
those of the respective ground state bands. These groups are apparently excited rotational bands with band heads at
E, =700+40, 1070+ 60, and 1390+60 keV in **Ra and E, = 81030, 115040, and 147040 keV in **Th.
The selective and strong excitation in this particular multi-nucleon transfer reaction of several excited bands is not
predicted by existing theoretical models. An attempt has been made to describe the systematics of excited 0* states
in the actinide region with the interacting boson model. Excitation energies are reasonably well described but
intruder states are present and transfer strengths are not reproduced properly. The observation of strong a -cluster
pickup to excited rotational bands suggests coherent contributions from both neutron and proton pair excitations
which can lead to strong four-body correlations and/or to new types of collective excitations which favor quartet
structure. It is found that about 25% of the nuclear charge (matter) at 7~10.6 fm must be associated with &
particles. This high e -clustering probability indicates @ -particle condensation in low-density nuclear matter.

NUCLEAR REACTIONS 2%2Th, 2%8y(4,%Li), E=54.8 MeV; measured ¢(6); DWBA
analysis; 2®Ra, 2%Th deduced levels, S,, 74’ (10.5 fm), a-clustering probabili-
ties.
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I. INTRODUCTION

Calculations® with simple shell-model configu-
rations explain relative a-spectroscopic effects
in heavy nuclei very well, but absolute reduced
a widths deduced from « decay (and « transfer)
are usually underpredicted by several orders of
magnitude unless extensive configuration mixing
is introduced.? Such mixing and the associated
strong a-particle clustering in the surface of
heavy nuclei results from the nature of the inter-
actions between nucleons which is respondible for
two-proton two-neutron (and other) correlations. * 3

Experimental absolute reduced o widths for
heavy nuclei have been deduced almost entirely
from a-decay data. Only in recent years have
direct a-transfer reactions such as (d, °Li) and
(*%0,'*C) been performed*™*? for nuclei with A
>100. Absolute reduced a widths can be extract-
ed from reaction analyses®®!! when the transfer
proceeds predominantly by a direct one-step

mechanism, Direct a transfer extends the study
of a-like correlations to the region of stable
nuclei. Moreover, spectroscopic information be-
comes available for excited states, whereas a-
decay data are often limited to low excited states
due to the strong energy dependence of the a-par-
ticle penetrability. Multiparticle multihole and
other more complicated excitations can hence be
studied via « transfer.

The (d,°Li) reaction is a particularly useful
reaction since 0" ~0" transitions display charac-
teristic diffractive angular distributions even for
the heaviest nuclei. Although cross sections de-
crease strongly with target mass,* problems due
to target contaminants are minimal because of the
increasingly positive @ values.

Low excited 0" states in the actinide region are
currently the subject of experimental and theore-
tical studies.'®?® Such states have been observed!?
via (p,t) with typically 159 of the ground state
cross section. No such transitions are usually
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observed'®!® in (¢,p) except for certain 0*
states!” ! in *°Pm and ?**Cm which appear to have
the characteristics of pairing vibration states due
to a subshell closure at N=152, Several of the
excited 0" states are characterized by small a-
decay hindrance factors®°? and large EO matrix
elements.*3 The observation of relatively strong
two-neutron pickup is incompatible with the as-
sumption of B8 vibrations as theoretical descrip-
tion of these states. This conclusion lead to the
introduction of other models,”™? particularly the
concept of pairing isomers???24"2% where indepen-
dent pairing correlations for prolate and oblate
orbitals are assumed. The observation inthe pre-
sent experiment of intense a-pickup transitions
to excited states in ***Ra and ***Th provides new
insight into the intrinsic structures of these states
and thus facilitates tests of theoretical models.
The experimental procedures and results are
presentedin Secs. II andIII, and the analysis of the
data with the distorted-wave Born approximation
(DWBA) is described in Sec. IV. It is followed
by discussions of reduced widths (Sec. V), the
systematics in the actinide nuclei of excited 0*
states in the framework of the interacting boson
approximation (IBA) (Sec. VI), and a-clustering
probabilities (Sec. VII). A summary is presented
in Sec. VIII.

II. EXPERIMENTAL PROCEDURES

A 54.8 MeV deuteron beam from the Texas
A& M cyclotron was used together with an Enge
split-pole magnetic spectrometer (AQ2=2.1 msr,
A§ = 3°) to identify °Li particles from the (d,°Li)
reaction on #*2Th and #*°U targets. The targets
consisted of natural thorium and uranium of about
200 pg/cm? thickness oncarbon backings. The
target thicknesses were determined from forward-
angle elastic scattering data and from the energy
loss of 5.5 MeV « particles. The reaction pro-
ducts were detected and identified inthe focal plane
of the spectrograph with a position-sensitive pro-
portional counter backed by a silicon surface-bar-
rier detector (5 cm x 1 cm) partially biased to just
stop °Li particles. Energy loss, total energy, and
time-of-flight signals were used for particle iden-
tification. Elastic deuteron scattering and
12C(d,°Li)®Be were used to calibrate the energy
scale of the detector. The energy analyzed beam
of >1.5 uA on target made it necessary to use a
water-cooled Faraday cup which introduced an
uncertainty in the integrated current of +10%.
The low cross sections required average expo-
sures of 25 mC per spectrum. The energy resolu-
tion due to target thickness and position resolu-
tion was 80 keV full width at half maximum

(FWHM). The detection efficiency was 75 +109,
due to the limited detector height. The combined
uncertainties of target thickness and other effects
yield absolute cross sections with estimated un-
certainties of +40%. The measured spectra are
essentially free of background despite a very high
rate of incident « particles and deuterons.

III. EXPERIMENTAL RESULTS

Energy spectra obtained from **Th(d, °Li)***Ra
and ***U(d, °Li)***Th at §,,, = 6° are displayed in
Fig. 1. The spectra cover a range of about 1.6
MeV in excitation energy. Both spectra are char-
acterized by transitions to four distinct groups of
states, probably rotational bands. The estimated
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FIG. 1. Energy spectra for ®Li particles from the
(d,®Li) reaction. Band heads for various groups of
levels are marked by arrows. Level schemes for the
residual nuclei and neighboring isobars are from Refs.
43 and 44. Tentative spin assignments (Ref. 31) are
given in parentheses and extrapolated energy levels are
indicated by dashed lines.
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TABLE I, Excitation energies, cross sections, spectroscopic factors, and reduced widths for ground state rotational

bands and groups of excited states.

232Th(d,sLi)228Ra 238U(d’GLi)234Th
do b do
E* aw © Yo2(s) © E* a ¢ Yo2(s)

JT (keV) (nb/sr) Sa eV) JT (keV) (nb/sr) Sa (eV)

0* 0 137 +40 0.019 59 0" 0 92 + 24 0.017 44

2* 64¢ 287 +58 0.042 120 2* 50 151 + 31 0.027 68

4" 205¢ 108 +36 0.012 29 4" 160 115+ 27 0.013 26

6" 409¢ 59 +26 0.008 14 6" (331) 44 + 17 0.004 6
8" (555) 69 + 21 0.007 7

G1 0 530 +76 100° 100° G1 9 359 +48 100° 100°¢

G2 700 + 40 799 +97 158 139 G2 810 +30 553 + 59 125 108

G3 1070 + 60 282 + 58 57 47 G3 1150 + 40 342 + 46 83 67

G4 1390 + 60 223 £51 47 36 G4 1470 + 40 309 + 44 82 63

2Excitation energies from this work are given with uncertainties. The energies for the groups of levels represent

band head energies.

PRelative uncertainties of c.m. cross sections are indicated. Absolute uncertainties are estimated as +40%.

°Channel radius s=1.74 /3 fm.
4From Ref, 31.
®Relative values normalized to group G1.

excitation energies of the respective band heads
labeled G1, G2, etc., are indicated. The 0" and
2* members of the g.s. rotational bands are not
fully resolved, but individual cross sections for
these and the other members can be extracted re-
liably using standard peak fitting procedures. %
The cross sections for the states with J* <4* are
a factor of about 2 greater than for higher spin
states. The 27 state is the most intense. No at-

tempts have been made to resolve the excited
groups of levels. The excitation energies and
cross sections for the ground state rotational
bands and for the three respective excited groups
are listed in Table I. The level schemes includ-
ed in Fig. 1 will be discussed later.

Four-point angular distributions for transitions
to the members of the g.s. rotational band and to
the four groups of states in 2**Th are displayed
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FIG. 2. Experimental angular distributions for transitions to the members of the ground state rotational band in 2%Th
and the four unresolved groups of levels indicated in Fig. 1 (filled circles). Cross sections for the corresponding
transitions to states in ?28Ra at 6° (open circles) are also indicated. The curves are from finite-range DWBA calcula-

tions for 23U(d, ®Li)?*Th described in the text.
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in Fig. 2. Cross sections for the corresponding
transitions to ?*°Ra at 6,,, = 6° are also indicated.
The curves displayed in the figure are from DWBA
calculations as described in the next section.

IV. DWBA ANALYSIS

All data were subjected to a finite-range DWBA
analysis utilizing the computer code DWUCKS5. *¢
The procedures and parameters are identical to
those used in a previous comparison'! between a-
decay and a-cluster pickup [parameter sets P(d),
D(°Li), GV(B=A + @), and W(°Li=d + @) from
Table II of Ref, 11]. Macroscopic a-cluster wave
functions with eleven radial nodes bound in Woods-
Saxon plus Coulomb potential wells were used to
calculate the DWBA form factors. The potential
parameters (r,=1.35 fm, a=0.65 fm) for the a-
cluster bound state were chosen in accordance
with the known A dependence of nuclear radii as
discussed elsewhere.!' The relative motion wave
function between the deuteron and « particle in
the ground state of °Li was generated by a Woods-
Saxon potential with a hard core. This potential®’
yields the correct a +d separation energy and
reproduces low-energy °S, scattering phase shifts,
the rms charge radius of the ground state of °Li,
as well as absolute (d,°Li) cross sections. Other
SLi cluster wave functions are discussed in Ref.
11.

The °Li optical model parameter set D appears
to be most appropriate and predicts correct ab-
solute (d,°Li) cross sections for medium heavy
and heavy target nuclei. It is not fully satisfac-
tory, though, as it was derived by extrapolating
lower-mass data. Alternate °Li parameter sets
based on 73, 99, and 154 MeV elastic scattering
data have become available recently,®®3° but were
found to reproduce the measured?’ 50 MeV elastic
scattering for **Pb as well as ***Pb(d, °Li)**Hg, ,.
data at E,=54.8 MeV (Ref. 9) very poorly. Elastic
scattering data obtained at 88 MeV have also just
been reported.** The need for unique global °Li
optical parameters still exists.

Spectroscopic factors S, and reduced widths
defined by

2

n
Va1 2(8) = 5= Sa [ ¥(5)® (1)

a

are determined in the analysis. Here, L, is the
reduced a-particle mass, u2¥(r) the one-dimen-
sional radial wave function which is normalized
to unity inside a sphere of 20 fm, and s is the
channel radius. The latter, taken as s =1, 743
fm, is chosen near the radius 7, at which the

a particle is picked up in (d, °Li) because v,%(r)
becomes less reliable for »<7_,.. Unlike R-ma-
trix theory, the use of Woods-Saxon plus Coulomb

potentials makes the choice of channel radius

essentially arbitrary, Whereas S, is very model-

dependent, the reduced widths y,2%(s) are quite

insensitive to the choice of potential parameters.
The a-clustering probability defined as

m (c),
Apo()=LLET (@)

nucl

is the ratio of the nuclear matter (or charge) den-
sity associated with a particles in a particular
quantum state T to the total nuclear matter (or
charge) density. The latter is normalized to A
or Z, respectively. The numerator in Eq. (2) is
obtained by foldingthe number density of « par-
ticles in the quantum state T,

Nayr () =55 Y £2(0), (3)

with the matter (or charge) distribution p™’(») of
the free a particle which is normalized to 4 or 2,
respectively (for details see Appendix B of Ref.
11). By summing p;"f%) () over the valence «o
particles, i.e., those which have the highest
available quantum numbers I', one can obtain an
estimate (lower limit) for the total a-clustering
probability in the surface of nuclei in their ground
states. This summationis achieved by adding the
reduced width functions v, *(v) for the observed
pickup transitions for ground and excited states.
There is no double counting in this procedure for
pickup reactions. Experimental charge distribu-
tions?? for the target nucleus and the free « par-
ticle are used in the determination of the (charge)
a-clustering probability ) . A%(#) (see Sec. VII).

V. SPECTROSCOPIC FACTORS
AND REDUCED WIDTHS

The spectra of Fig. 1 and those at other angles
clearly show the presence of selective excitations
of groups of levels. The low spin members of the
ground state rotational bands (0" to 8%) are pop-
ulated as well as three groups each of excited
levels. The latter appear to be excited rota-
tional bands (0 to 24 7), and the energies deduced
for the respective band heads, as marked in Fig,
1, are given in Table I.

The spectra are accompanied by the known level
schemes*®* for ?*Ra and ?**Th as well as those
for the respective neighboring proton-rich iso-
bars ??*Th and **U. Isobars appear to have simi-
lar level schemes (see below). The latterare
included for comparison with the data as more
experimental information is available on them.
Excited rotational bands based on 0* states (quasi
B bands) in the isobar 2**U are indeed close to the
groups G2 and G3. Tentative assignments® of 0*
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for states in **®Ra coincide closely with the groups
G2 and G3, and another 0 state in the isobar
?28Th is also close in excitation energy. These
facts together with the systematics of excited
0" states discussed later suggest that the four
groups of states in both 2?*Ra and #***Th are rota-
tional bands. Negative parity states (17, 37, and
57; quasi y bands) are weakly excited if at all.

The calculated angular distributions for the
transitions to the members of the g.s. rotational
band in #**Th of Fig, 2 agree well with the limited
data available. The data have large relative
uncertainties due to statistics and the unfold-
ing procedure® for the 0" and 2* states as well
as the absolute uncertainties mentioned earlier.

No attempts were made to resolve the excited
groups of levels in ***Ra and ?**Th. The calculated
angular distributions for the four unresolved groups
are obtained assuming L =2. This appears to be
the dominant component as in the ground state
band.

Reduced widths v,%(s) and the model-dependent
spectroscopic factors S, are included in Table
I. The cross sections are largest for the 2* mem-
bers of the g.s. rotational band and fall off mark-
edly for the 6" and 8" states. Reduced widths
and spectroscopic factors fall off even more
strongly as the reaction mechanism favors trans-
fer with angular momentum L > 8. The observed
behavior is very similarto that seen in '*Er(d,
°Li)'*®Dy at E,= 35 MeV (see Fig. 1 of Ref. 8)
and '™Sm(d, °Li)'*°Nd at E,= 33 MeV.'? It sup-
ports the boson-model assumption that only s-
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and d-bosons are transferred in « transfer.*®
Table II shows the comparison between the re-
duced widths, partial decay constants, branching
ratios, half-lives, and reduced hindrance factors
deduced from reaction and decay data. The in-
verse reduced hindrance factors RHF™ represent
relative reduced widths. The widths v,%(s) (and
RHF) are determined in the reaction while A, and
I, are obtained using calculated penetrabilities.
The situation is reversed for decay where A,
and I, provide the experimental input. The close
agreement between both the absolute and the rela-
tive values is quite remarkable considering un-
certainties in the reaction analysis and the cal-
culation of penetrabilities. Similar agreement
has been observed previously'! in a study of «
transfer between ground states of « decaying
nuclei. It indicates a predominant direct a-trans-
fer mechanism. Penetrabilities calculated from
spherical cluster wave functions have to be re-
placed by penetrability matrices*® if the deforma-
tion is explicitly included. Also, inelastic ex-
citations in the entrance and exit channels should
be included in the reaction analysis. The above
result suggests that deformation effects are rela-
tively weak and/or that they affect both analyses
similarly. Thechannel radiusused in the com-
parison of v,%(s) and RHF is different from the
inner classical turning point which is commonly
used in the analysis of a-decay data. However,
the reduced hindrance factors are essentially
independent of this choice. The values of RHF

of Table II are also in excellent agreement with

TABLE II. Comparison of reduced widths, decay constants, branching ratios, half-lives, and reduced hindrance

factors for reaction and a-decay data.

Reaction « decay
.YaZ(s)a,b )‘a Ia ,ya2(s)b )\ac Ia c
System JT (ev) (sec?) (%) RHF2®  (eV) (sec) (%) RHF®
2Th=22Ra+a " 59 9.5 x10%° 75 1.0 73 1.2x1018 77 1.00
2* 120 3.2 x101? 25 0.5 133 3.6x10%° 23 0.55
4* 29 1.2 x10°% 0.10 2.0 ~73 ~3.1x102  ~0.20 ~1.0
6" 14 9.3 x1025 7x10%
1.3 x1018 1.6 x10718
Ty~1.7x10%0%9 To~1.4x1041%
By=Th 4+  0* 44 2.6 x1018 73 1.0 65 3.8x10718 77 1.00
2* 68 9.6 x101° 27 0.7 82 1.1x1078 23 0.80
4* 26 1.3 x102° 0.36 1.7 ~23 ~1.1x102% ~0.23 ~2.8
6* 6 1.5 x10728 4x10% 7.0
8* 7 8.2 x1072' 2x107 6.8
3.6 x 1018 4.9 x1018
T,~6.2x10*%9 Ty~ 4.4x10%%
2This work.

b Channel radius s=1.74 '/ % fm.

core

®Half-lives and branching ratios from Refs, 43, 44, and 47.

dUncertainties < a factor of 2.
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values predicted from their known systematic A
dependences?” except for the decay value RHF (4%)
of ?**Ra which, based on systematics, is probably
a factor 2 to 3 too small. The known minimum?*’
of RHF (2*) near A =224 leading to y,%(2")
>y,%(0%) for this region is directly reflected in
the measured (d, °Li) cross sections, as they are
approximately proportional to the reduced widths
in the nuclear surface.

The excited groups of levels, presumably rota-
tional bands, are populated with cross sections
partly exceeding those of the respective ground
state bands. The relative spectroscopic factors
and reduced widths of Table I are estimated from
the comparison with the calculated angular dis-
tributions of Fig. 2. The groups G2 are the most
intense [7,%(G2) > y,2(G1)] and the combined re-
duced widths for all transitions are about 3.5 times
those of the corresponding g.s. bands. Such
transitions to excited groups of levels are in qual-
itative accord with the observed strong a-decay
branches to excited 0" states in actinide nuclei.
At least 12 such branching ratios have been mea-
sured®®3! for nuclei from ???Ra to 2*°Pu including
two for ?**U. These excited states are indicated
in Fig. 4. The (reduced) hindrance factors are
quite small, typically about 7. However, the
relative strengths of RHF ™'~ 159, are still con-
siderably less than those observed in o pickup.
The transfer data of course suffer from the limited
energy resolution and the lack of detailed angular
distributions which would establish L =0 charac-
teristics. Since (d,°Li) cross sections are nearly
proportional to the reduced widths, the presence
of significant a-spectroscopic strength for these
excited states, independent of their exact nature,
is clearly evident. No such selective excitations
are predicted by existing theoretical models.

The fact that in all but one case only one ex-
cited 0" state is observed in « decay is likely due
to the penetrabilities which decrease the branching
ratios for higher 0* states by additional orders of
magnitude and make them difficult to observe.
The difference for the relative reduced widths,
~15% in a decay, 2100% in o transfer, is more
difficult to explain. It may be due to a dependence
of the calculated penetrabilities or cross sections
on nuclear size and shape parameters (smaller
radius). Such an explanation might be in accord
with the known strong EO transitions®3* and (p,¢)
angular distributions,'® which are slightly differ-
ent for the ground and excited 0" states.

VI. SYSTEMATICS OF EXCITED 0* STATES
IN ACTINIDE NUCLEI

The excited 0* states inthe actinide regionare often
characterized as g-vibrational states. However, the

observation'? of significant (p,t) strength over a
wide range of nuclei contradicts such a descrip-
tion since transitions to g bands are not fa-
vored. A new type of collectivity has therefore
been suggested.!® The cross sections of the
twelve measured (p, t) transitions from ??*Ra to
246Cm are typically 15% of the ground states.
Only one excited 0" state is usually seen, but two
are seen for three of the targets. Strong L=0
pickup transitions have also been observed* in
neighboring odd-A nuclei. In contrast, (¢,p)
transitions'® !¢ to these same states are generally
very weak. They are populated with at most

a few percent of the ground states. Only in the
heavier actinide nuclei, **Cm and ?*°Pu, are ex-
cited 0" states seen in (¢,p) (Refs. 17,19) with
about 35% of the ground state cross section. These
states, together with a 0* state in 2°°Cf whichis
observed!® as EO transition in a conversion elec-
tron spectrum, are identified as neutron pairing
vibration states due to an apparent subshell closure
at neutron number N=152,1!7*°

The other excited 0" states have several addition-
al unusual features. As remarked earlier, the ob-
served a-decay branching ratios of 107 to 10™
are relatively large. This yields small reduced
hindrance factors and large relative reduced widths
in the range 10 to 209,. Furthermore, these
states exhibit strong electromagnetic EO transi-
tions to the respective ground states while E2
transitions between members of the excited and
ground state rotational bands are weak.

The presence of intrinsic excitations with K”
=0" and 2" below the threshold for two-quasi-
particle excitations in addition to what was then
believed to be 8- and y-vibrational bands, was
recognized earlier.?® This was noted for the re-
gion near A =236 where the additional excitations
decay predominantly to lower-lying intrinsic ex-
citations rather than the ground state band, sug-
gesting similar structures for the excited bands.

Excited 0* states are known to be strongly ex-
cited in two-nucleon transfer near major shells
or subshell closures in deformed nuclei where the
pairing gap is smaller than the gap in single par-
ticle or Nilsson orbitals, respectively. Such tran-
sitions are also observed in regions of rapid
shape transitions, but none of these possibilities
apply to the behavior observed in the actinide nu-
clei. Shape isomers with considerably larger
deformation which are observed at higher excita-
tion energies*® are also ruled out.

Various theoretical models have been develop-
ed?'™® to explain the observed phenomena, most
notably the concept of pairing isomers, ?-22,24°26
This represents a new and stable type of collectiv-
ity whereby the inhomogeneity of prolate and ob-
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late (downsloping and upsloping) Nilsson orbits
near the Fermi surface with independent pairing
correlations leads to two classes of collective
states. The oblate collective state is below the
Fermi surface and can therefore only be observed
in two-nucleon pickup. However, there appears
to exist disagreement!” ?2:24:25 35 to whether or not
the systematics of the 0 states can indeed be de-
scribed by this concept. It also seems unclear
whether the excited states are indeed collective

in nature as originally suggested'® or represent
shell-model excitations.?* The selective and strong
excitation of three groups of excited states in a-
particle pickup is not predicted by the model.

In order to provide additional insight into the
properties of the states, we have attempted to de-
scribe the states phenomenologically by adjusting
the parameters of the interacting boson model
Hamiltonian®®

H=¢(n, +n,) -kQ2Q? (4)

Here, the quadrupole operators @}?’ and @'’
are expressed as sums of seniority nonconserv-
ing and seniority conserving components with re-
lative strengths X, and x,, respectively. No dis-
tinction was made between the parameters for the
neutron and proton bosons. Also, a projection
procedure®® was used to project out the states
which are symmetric in the neutron and proton
degrees of freedom® (maximum F spin). The pa-
rameters €, k, and (x, + xs) were obtained®? for
nuclei from 2* Ra to ***Pu by fitting known positive
parity levels.32:43:44:47,53 The results are dis-
played in Fig. 3. All parameters follow well-
defined trends except for the quantity (x, + xs) for
224Ra and ?*Th. In order to extract averaged
global parameters it became necessary to fac-
torize the strength k of the quadrupole-quadru-
pole interaction as a function of the number of
proton and neutron bosons, respectively, or ex-
press it as a function of the total number of bosons
outside the 2”Pb core, N,=N,+N,= (A —208).
Both approaches were performed, but the latter
was found to give a slightly more systematic be-
havior provided k is redefined as interaction &
between all bosons and the operators %>’ and @'?’
in Eq. (4) are replaced by @'?’. This is equivalent
to the simple substitution in Eq. (4) of the expres-
sion k(Ny,N,) =[N, (N,-1)/2N,N,]J&(N,). It seems
to imply that in this region of nuclei the quadru-
pole-quadrupole interaction acts between all bos-
ons and not just between the proton and the neu-
tron bosons. The curves included in Fig, 3
represent the averaged parameters.

Figure 4 displays the experimental excitation
energies of the ground state rotational bands up to
the 6* state together with all known excited 0"
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al 0" states are from other references. 3-1771%30,31
The states observed in the present experiment are
included with error bars. The 0" states labeled

A show a smooth dependence on N, with a mini-
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FIG. 4. Excitation energies of the ground state rota-
tional bands (0*,2*,4* 6* and of excited 0* states in the
actinide nuclei as function of the total number of bosons
outside the *®Pb core, N ,=3(A-208). Excited 0*
states with small a-decay hindrance factors or large
(p,t) transition strength are marked by short horizontal
lines on the left or right, respectively. The solid lines
are predictions from the interacting boson model as
described in the text.
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mum near N,=11 (A =230). Another set of 0*
states in the heavier actinides labeled B inter-
sects set A at mass number A =236 and becomes
energetically lower with a minimum near N,=16
(A =240). The two rotational bands in #**U with
band heads at 926 and 993 keV are attributed to
sets B and A, respectively. Three additional

0" states labeled C are described as neutron pair-
ing vibration states.!”™® The apparent subshell
closure at neutron number N=152 is not visible
in the systematics of the ground state rotational
bands, however.

Excited 0* states with low a decay reduced hin-
drance factors and/or strong (p,#) cross sections
are marked in Fig. 4 by short horizontal lines
on the left and right hand side of the data points,
respectively. With two exceptions, all these
states belong to sets A and/or B. Similar intrin-
sic structures for these sets of excited states are
again suggested. The lowest of the excited groups
of states (groups G2) observed in the present ex-
periment are also attributed to set A.

The solid curves in Fig. 4 are obtained with the
averaged global parameters found above. The 0*
states labeled A are well reproduced except for
the 0, state in ?**Th (N,=10) which is slightly
higher. The states labeled B canbe reproduced
with slightly different parameters « and xs¢,

(see Fig. 3) but not simultaneously with the states
A. The presence of the states B and other “in-
truder” states suggests that other types of ex-
citation and/or more than one type of boson may
have to be considered. It should be noted that ad-
ditional states which are not fully symmetric in the
neutron and proton degrees of freedom® (F<F,_,)
are neglected in the present approach.®® These
states are usually predicted at higher excitation
energy and should not interfere with the region of
interest, £ <1.5 MeV. The parameters of Fig.
3 are not very different from those found in the
deformed rare earth nuclei.®® The wave functions
are thus close to the SU(3) limit of the IBA model
which identifies the 02+ states primarily as B-vi-
bration states, which is at variance with other
known properties of these states. An estimate
for **°Th where the experimental excitation energy
E_(0,) =650 keV has a minimum places a more
pure SU(3) state (large k, X, =X, ~—3V7T) at slightly
higher energies (E, =900 to 1100 keV).

Similar results are obtained for the negative
parity states.?®3' The observed low excitation
energies cannot be reproduced on the basis of
quadrupole and octupole vibrations alone. It is
worth noting that the negative parity states display
a systematics similar to the 0, states. They form
two parabolas intersecting at N,=13 with minima
at N,=8 (E ~300 keV) and N, =15 to 16 (E,

=700 keV). Other similarities between the posi-
tive and negative parity states with K"=0" and 0~
suggesting related intrinsic structures were point-
ed out recently. ?®

Two-nucleon transfer strengths based on the
above IBA wave functions were calculated® for the
experimentally observed™ (p,¢) transitions.
Whereas mixing between symmetric (F=F,, ) and
the neglected antisymmetric (F< F,_, ) states may
affect the calculated strengths, the effect is not
expected to be large in analogy to the results®®
for the Nd, Sm, and Gd isotopes. It was found that
the relative spectroscopic strength are very small
(<1%) for both 0;/0; and 03/0;. The correspond-
ing (¢,p) transitions, however, are predicted to
be quite strong for 0,/0; with a maximum of
~13% at A =230 and decreasing values for smaller
and larger A. This is in agreement* with theo-
retical predictions in the extreme SU(3) limit of
the IBA model in shells which are less than half
filled with bosons, but it is in complete disagree-
ment with the experimental evidence. Similar
results are predicted for two-proton transfer for
which no data exist. Amplitudes for a-particle
transfer can be expressed as coherent sums of
two-neutron and two-proton amplitudes.>® Pick-
up transitions to excited 0 states are therefore
predicted to be extremely small, which also dis-
agrees with the observed (d,°Li) transfer
strengths. The contradictory situation for two-
neutron transfer can be rectified for the heavier
actinide nuclei if N=152 is introduced as a magic
neutron number, thus reversing the predictions
for (p,¢) and (¢, p) due tothe presence of neutron
boson holes. Indeed, a ratio of 15% for 0,,0;
is then calculated for **°Pu(p,#)***Pu. The sys-
tematics of the ground state rotational bands does
not support the above assumption, however, and
the observation of uniform (p,¢) strength over the
entive range of actinide nuclei can clearly not be
reproduced. It thus appears that a satisfactory
and comprehensive description of the excited 0"
states in the actinide nuclei in terms of a simple
IBA model is not possible despite its success in
describing excitation energies. This result is to
be contrasted with the excellent agreement>*-5¢
between experiment and IBA predictions including
two-neutron stripping and pickup which is ob-
tained for the samarium isotopes. Reactions in-
volving the transfer of one or two bosons [e.g.,
(p,1),(t,p),(d,° Li)] seem to provide definitive
tests of IBA wave functions. It would be highly
desirable, for instance, to investigate the pre-
sence of two-proton pickup strength to excited
states in actinide nuclei which might display char-
acteristics similar to that experimentally ob-
served in (p,?).
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VII. ALPHA-CLUSTERING PROBABILITIES

The a-clustering probabilities A% (r) defined in
Eq. (2) of Sec. IV and Appendix B of Ref. 11 are
calculated as ratios of the nuclear charge den-
sities associated with a particles in the quantum
state T" with that for all protons, respectively.
Charge densities are used instead of matter den-
sities since experimental charge distributions are
well known*? from electron scattering and other
methods. The charge distribution of the free «
particle is also well established. *? It is needed
to derive the charge density p () at large radii
from the density of a-particle centers, n, (»).
The results of Fig. 5 are obtained for simplicity
by using a uniform charge dsitribution of the «
particle with radius R =(£)*/2(2)'/2, where (»*)*/?
is the experimental rms charge radius. Figure
5 displays the clustering probability in *%*U,

Al (N)=p5 08 (P)/05, (), as calculated from the
reduced width function ymz(r) for the ground state
transition #2®*U(d, °Li)***Th. The quantum numbers
T are here those which describe the a-cluster
wave function of the 2*®U ground state relative to
23Th in its ground state only. The total a-cluster-
ing probability 2 A%(») for all valence « particles
in the ground state of **U, also shown, is ob-

2
e S [
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FIG. 5. Calculated alpha-clustering probabilities
AS s (7) and ZpA £(7) (all valence o particles) for the
ground state of 2¥U, The rapidly decreasing curve
represents the relative nuclear charge density.

tained by adding the reduced width functions v, %(»)
for all observed pickup transitions. Also shown
in Fig. 5 is the relative nuclear charge density

in 2%V in units of the central density. The graphs
show that AS | (v) and 2 r AZ(r) reach maximum
values of 1.8% and 209, respectively, at »=10.65
fm. Here, the corresponding nuclear charge den-
sity is 0.18%. Similar results are obtained for
232Th: the maximum values are 2.5% and 30%,
respectively, at »=10.60 fm, where the relative
nuclear charge density is 0.12%. (The total
clustering probabilities may be increased further
due to more tightly bound « particles with low-

er harmonic oscillator quantum numbers which
are not included here.) The above a-clustering
probabilities agree with values reported earlier'!
for other a-decaying nuclei including several rare-
earth nuclei with A =150.

The o -clustering probabilities decrease be-
yond 11 fm because pS,(r) decreases more rapidly
with » than pg,y (). Thisisduetothedependence of
barrier penetration oncharge and mass. The maxi-
mum @ -clustering probabilities of 20-30% are sur-
prisinglylarge. They may indicate o-particle con-
densation. This phenomenon is predicted®” for infi-
nite nuclear matter at reduced density where com-
plete o -particle clustering leads to lower energy
per nucleon than uniform nuclear matter. It must
be emphasized, though, that the situation in real
nuclear matter is not entirely equivalent due to
the presence of a surface. The presence of o~
condensation effects in the nuclear surface may
have consequences for certain atomic effects which
depend on high moments of the nuclear charge
distribution.

VIII. SUMMARY

Excellent agreement between the absolute and
relative reduced widths deduced from both « trans-
fer and o decay to low-spin members of the ground
state rotational bands in ***Ra and #*Th has been
obtained. It supports the assumption of a direct
a-pickup mechanism for the (d,°Li) reaction.
Strong transitions are observed to several groups
of excited states, presumably rotational bands,
in both?®®Ra and #**Th. The spectroscopic strengths
are about equal to those of the ground state bands.
This result suggests coherent contributions from
both neutron and proton excitations, as two-neu-
trons pickup strength to excited 0" states, seen
uniformly over the entire range of actinide nu-
clei,'® is weaker. The selective excitations ob-
served in the present experiment are seemingly
not predicted by existing theoretical models.

Weak branching ratios for excited 0; states ob-
served in « decay®”® confirm the presence of
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considerable « strength for these excited states
(small reduced hindrance factor). However, the
relative reduced widths are smaller than those
inferred from the present experiment. A smaller
radius for the excited 0" states might explain this
difference in agreement with conclusions!® drawn
from (p,t) experiments and in accord withthe
observation of strong EOQtransitions.

Existing theoretical models do not seem to pro-
vide a comprehensive description of the rather
unusual properties of the excited 0" states in the
actinide nuclei. A description in terms of a
simple IBA model is also inadequate.

The a-clustering probabilities associated with
the valence « particles at »=10.6 fm in the ground
states of both 2*2Th and 23®U calculated from the

reduced widths of the (d,°Li) reaction are found
to be about 259, This large value may indicate
a-condensation effects®” in low-density nuclear
matter as predicted by infinite matter calculations.
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