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TO THE NATURE OF 0" STATES IN *®Th
STUDIED BY TWO-NEUTRON TRANSFER

Sequences of states observed in the Z°Th(p, t)***Th reaction are selected which can be treated as rotational bands
and as multiplets of excitations. Moments of inertia have been derived from these sequences, whose values may be
considered as evidence of the two-phonon nature of most 0° excitations. Experimental data are compared with
interacting boson model and quasiparticle-phonon model calculations and with experimental data for *’Pa. Conclusions

have been made concerning the nature of 0" states in **Th.
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Introduction

The nucleus “**Th is located in a region where
strong octupole correlations are important in the
properties already of the low-lying excitations.
Besides the interplay of collective and single-
particle excitations, which takes place in deformed
rare earth nuclei, the reflection asymmetry
additionally complicates the picture of excitations.
Already in an earlier publication [1], a conclusion
was made that the nature of the first excited 0"
states in the actinide nuclei is different from that in
the rare earth region, where they are due to the
quadrupole vibration. The strong excitations in the
(p, t)-reaction suggest that these states represent a
collective excitation different from the [3-vibration.
Decay modes of the levels of the band on the first
excited 0" state in ***Th have led to the suggestion
that this band might predominantly have an octupole
two-phonon structure [2]. One has to expect a
complicated picture at higher excitations: residual
interactions could mix the one-phonon and
multiphonon vibrations of quadrupole and octupole
character with each other and with quasiparticle
excitations. Detailed experimental information on
the properties of such excitations is needed. On the
experimental side, two-neutron transfer reactions are
very useful. On the theoretical side, a test of the
advanced Interacting Boson Model (IBM) and a
microscopic approach, such as the quasiparticle-
phonon model (QPM), would be very interesting.
Spectroscopic data obtained in the foregoing paper
[3] are analyzed here to throw light onto the nature
of 0 states in *** Th.

Collective bands in ***Th

After the assignment of spins to all excited states,
those sequences of states can be identified, which

show the characteristics of a rotational band
structure. An identification of the states attributed to
rotational bands was made on the basis of the
following conditions:

a) the angular distribution for a band member
candidate state is fitted by DWBA calculations for
the spin necessary to put this state in the band;

b) the transfer cross section in the (p, t) reaction
to states in the potential band has to decrease with
increasing spin;

c) the energies of the states in the band can be
fitted approximately by the expression for a
rotational band £ = Ey + AI(I + 1) with a small and
smooth variation of the rotational inertial parameter
A = /#/2J, Jis the moment of inertia (MI).

Collective bands identified in such a way are
shown in Fig. 1. The procedure can be justified in
that some sequences meeting the above criteria are
already known from gamma-ray spectroscopy to be
rotational bands [2, 4], so similar sequences are
rotational bands, too. The straight lines in Fig. 1
support the argument for these assignments. It is
worth to mention, that the assignments of 0" even for
the states at 1531.7 and 2335.9 keV are supported by
one 2" state on top of them. The bands built on states
of one-phonon octupole-quadruplet (the band K" =
=1 was not correctly identified in [2]), the band
with K = 07, 831.9 keV [2, 4], K* = 0", 938.6,
1120.1 keV [4] and K = 2", 968.8 and 1153.5 keV
[2, 4] were identified earlier. Additional levels are
added to these bands from the (p, t) study. Two
bands with K* = 2" are added, based only on the
analysis of the decay of ** Ac [2]: at 1638.23 keV
and at 1899.98 keV. There is only contradiction in
the spin assignment for the 2010.17 keV level. The
(p, t) data do not support spin 4" and prefer a 2"
assignment instead.
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Fig. 1. Collective bands based on the 0", 2%, 17, 2 and 3
excited states in ***Th as assigned from the DWBA fit
of the angular distributions from the (p, t) reaction.

In Fig. 2 we present moments of inertia (MI)
obtained by fitting the level energies of the bands
displayed in Fig. 1 by the expression E=FE;+
+ AI(I +1) for close-lying levels, i.e. they were
determined for band members using the ratio of AE
and A[/({ + 1)], thus saving the spin dependence of
the MI. This procedure is valid for all bands except
the 943.8 keV, 1" band. The usual procedure leads to
strongly staggering values. In the case of the K" = 0
and K” = 1~ bands, the Coriolis interaction mixes the
band members only for odd /. The even members /
of the K = 1" band remain unperturbed. In a simple
two level model (K" = 0" and K = 1™ bands) the
following expression can be obtained for the band
energies

E(L K*=1)~E + (4, + B)(I+ 1) for[odd,
ELK'=1)~E +AI({+1) forleven, (1)

where E, =E/— A and B = C/(E', - 4, - E\), E,
and £, are the intrinsic bandhead energies, 4, is the
inertial parameter and C is the strength of the
Coriolis interaction, which is believed to be small.
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Fig. 2. Moments of inertia for the bands in ***Th as
assigned from the angular distributions from the
20Th(p, t)*2*Th reaction. The values of J/A* are given in
units MeV™".

The effective parameters of inertia behaves then as

A=A+ % BT+ 1) for 7 odd,

A=A, - %B(I- 1) for Ieven. (2)

Fitting these expressions to the experimental data
gives the smoothly changing values of the moment
of inertia between 76.9 and 78.6 MeV™', as shown in
Fig. 2 with parameter B = 0.75 + 0.68 (thus
staggering is removed).

The obtained MI cover a broad range, from about
50 MeV™' to about 100 MeV™'. The negative parity
bands based on the states with spin 17, interpreted as
the octupole-vibrational bands [2, 4], have high MI.
The 0" band at 1120.1 keV, considered as B-vib-
rational band, has the smallest MI, close to the one
of the ground-state (g.s) band. At this stage, it is
difficult to assert about clear correlation between the
intrinsic structure of the bands and the magnitude of
their MI. Nevertheless, one can assume for the 0"
bands that some of the larger MI could be related to
the two-phonon octupole structure and the smallest
Mol could be related to the one- phonon quadrupole
structure. The bands with intermediate values of the
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Mol could be based on the two-phonon quadrupole
excitations. If the moments of inertia do indeed carry
information on the inner structure of the bands, then
the number of excitations with a structure as in the
g.s. or P-vibrational states in ***Th is small.

Quadruplet of octupole excitations

The lowest negative-parity excitations with K =
=07, I, 27 and 3" are generally interpreted as
octupole vibrational ones. They are one-phonon
octupole excitations. The corresponding energies in
*"Th such as 328.0, 944.2, 1123.0, and 1344.0 keV
were established already in [4]. Here we confirmed
these assignments after the removal of some
ambiguities. They are the bandheads of the
rotational bands which are displayed in Fig. 4
together with the (p, t) cross sections and their
parameters A4.

In the case of »°Th, the assumption was made
that the strongly excited first 0" state, together with
also strongly excited states with spins 2" and 47,
accompanied by somewhat weaker excited state with
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Fig. 3. Experimental distribution of the (p, t) strength
integrated in the angle region 7.5° - 30° for 0°, 2" and
4" states in ***Th.

The non-rotational 4" and 6" states, which do not
belong to rotational bands, which are strongly
excited in the (p, t) reaction and could be members

the spin 6, belong to the two-phonon octupole
quadruplet [6]. Strong excitations and close
rotational parameters were the arguments for
assigning the same structure to these states. As one
can see in Fig. 3, the first 0" state in ***Th at
831.9keV is also strongly excited. Taking into
account the decay properties of the band on this 0"
state, the suggestion was made that this band has an
octupole two-phonon structure [2]. The picture for
other states is not so transparent. There is no
prominent excitation strength of the 2" and 4" states
just above this 0" state. The first excited 2" state,
which is not a member of the 0" band, is the state at
968.8 keV. But the de-excitation of the band built on
this state demonstrates the properties expected for a
B-vibrational band. Moreover, its moment of inertia
is much smaller than the one derived for the 0" band
at 831.9 keV. For the band built on the 2" state at
1153.3 keV, the moment of inertia is close to the one
of the band built on the 0" state at 831.9 keV and the
state at 1153.3 keV is relatively strong excited in the
(p, t) reaction.

() 6" 1904
a + J'I:_ +
6 — 1812 K=6
A=7?
4 1644  o©=16ub
K'=4"
A=77keV
c=8.6ub
4+
8 1153
6 2 K= 2"
4* A=78keV
2+ og=24 le
o' ———832
K'=0 3
A=72keV 5§—— . K3 g
c=3%ub i g A=
5 __ =
¥y > - _1123 6=03ub
- R — K'=2
: 2. 944  A=75keV
9 1 Kr[: 1— oc=07 ].lb
A=73keV
rd c=04ub
5
5)3: ....... 328 (b)
K'=0
A=06.9 keV
=09 ub

Fig. 4. Suggested multiplets of states of the octupole one-
phonon (bottom) and the octupole two-phonon (top)
excitations and the corresponding collective bands.

of the two-phonon octupole quadruplet, are the
states at 1643.8 and 1905.8 keV. The level at
1812.7 keV, tentatively assigned as a 6" state, can be
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attributed to the band based on the 4 state, the
corresponding rotational inertial parameter again is
very close to the one for 0" and 2" bands. No
members of a rotational band can be related to the 6"
band head at energy 1905.8 keV (see Fig. 4).

IBM calculations

In phenomenological IBM, the positive-parity
states are described by introducing s and d bosons,
while for the negative parity states one has to
introduce additional bosons with odd wvalues of
angular momentum (at least one f boson). In the
region of transitional actinides, where octupole
deformation might develop, the IBM-spdf (which
uses p and f bosons) was applied with success in
Refs. [7 - 9].

In the present paper, we adopt the IBM-spdf
framework for calculating the low-lying positive and
negative parity states in ***Th. In Ref. [8], the IBM
calculations for this nucleus have been already
performed. However, these calculations used only a
simplified Hamiltonian to describe the existing (up
to that date) electromagnetic data. More recent
calculations (which also used a simplified Hamil-
tonian) [10] indicated that IBM fails completely to
reproduce the (p,t) spectroscopic factors. The
calculated first excited states were found with a
transfer strength of ~1 % of that of the ground state
and the higher states were even weaker, whereas
experimentally the first excited state is seen with
=30 % of the ground-state intensity. In order to treat
these spectroscopic observables in a reasonable
approach, we used the method suggested in
Ref. [11], where it was shown that the addition of
the second-order O(5) Casimir operator in the
Hamiltonian can account for the observed (p, t)
spectroscopic factors.

The Hamiltonian employed in the present paper
is similar to the one used in Refs. [8, 9] and is able
to describe simultaneously the positive and negative
parity states:

Hspd/‘ = Sdfld +8pﬁp + Sfﬁf +k(Q5pdf 'Qspdf)(o) +
+a[(d'd)® x(d'd)P1”, 3)

where €,, €, and €, are the boson energies and 7

T(ED=e[xV(s"p+p'5)V+(p'd+d )+ @ f+ fTd) "],

is the effective charge for the F1
M )

where e,

transitions and y,’ and Y, are model parameters.

The goal of the present paper is to describe
simultaneously both the existing electromagnetic

10

n, and 7, are the boson number operators, £ is the

quadrupole-quadrupole interaction strength and a; is
the strength of the O(5) second order Casimir
operator. In the spdf model, the quadrupole operator
is considered as [12]:

0,y =0,+0, =@Ed+d"$H® +x2(d'd)® +
+i( 4T+
x“?{gf( B+ 3\/_(f f)‘”} 4

Tilde applies only to the d, p and f bosons and
means: d,, = (-1)" d.,.

The quadrupole
operator is:

electromagnetic  transition

T(E2)=e,0

spdf >

)

where e, represents the boson effective charge. To

ensure no-vanishing E2 transitions between the
states containing no pf bosons and those having (pf)*
components we follow the approach described in
Refs. [8, 9], where the mixing of different positive
parity-states with different pf components is
achieved by introducing in the Hamiltonian a dipole-
dipole interaction term of the form:

H, OLD:pdf Aspdf+h.c., (6)
where
D, =-2\2[p'd +d'p1” +/5[s"p+ p's1" +
+d' f+ f1d]” (7)

is the dipole operator arising from the O(4)
dynamical symmetry limit, which does not conserve
separately the number of positive and negative parity
bosons [12, 13]. This term will also be important
later in the calculations of the two-neutron transfer
intensities. The interaction strength is given by the a
parameter and is chosen to have a very small value,
a = 0.0005 MeV, similar to Refs. [8, 9].

For the E1 transitions, a linear combination of the

»” | three allowed one-body interactions was taken:

®)

and the hadronic (transfer strength) data. To achieve
this goal, the two-neutron transfer intensities
between the ground state of the target nucleus and
the excited states of the residual nucleus were also
calculated. The L = 0 transfer operator may contain
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various terms, but we shall restrict it to the following
form:

PO) _ (y 7 PN
PV =(o,n,+o,n,)s+

1/2 172
. 1) .
+0o, QV—NV—NV n, N, + s, 9
N N +1

where €, is the pair degeneracy of neutron shell, N,
is the number of neutron pairs, N is the total number
of bosons, and a,, a; and a, are constant parameters.
The L =0 transfer operator contains two additional
terms beside the leading order term, proportional to
the bosonic § operator [14]. Details about the
contributions of different terms in calculating the
(p,t) spectroscopic factors will be given in a
forthcoming paper [15].

The calculations were performed using the
computer code “OCTUPOLE” [16]. The Hamil-
tonian is diagonalized in a Hilbert space with a total
number of bosons Nz = n, + ny + n, + n. For the
present calculations we used an extended basis
allowing up to three negative parity bosons (n, +
+ny=3). The vibrational strengths used in the
calculations are g;,= 0.2 MeV, g,= 1.0 MeV, and ¢~=
1.1 MeV, while the quadrupole-quadrupole inter-
action strength has a value of k=-21keV. The
strength of the O(5) second order Casimir operator is
set to a;= 0.053 MeV, while the quadrupole operator

parameters are ¥\, =—1.09and y'7) = 1.

The full spectrum of excited 0" states obtained in
the present experiment is displayed in Fig. 5 in
comparison to the corresponding calculated values.
In the energy range covered experimentally (up to
2.5 MeV), in the IBM-spdf calculations one obtains
10 excited 0" states in comparison to the 17
experimentally observed 0" excitations (firm spin
assignment). Given that there was no attempt to fine
tune the calculations to the empirical 0" states, there
is no point in invoking a precise energy cut-off for
the IBM calculations. Therefore, it is appropriate to
look also above 2.5 MeV, where there is a
continuous spectrum of 0 states consisting of 20
states up to 3.3 MeV and as many as 30 up to
4 MeV. The IBM asserts that some of these states
are having 2 pf bosons in their structure and are
related (according to Ref. [8]) to the presence of
double dipole/octupole excitations. For example, the
boson admixtures for the first excited 0" state are
n;=4.2, n,= 1.4 and n,= 0.6 in comparison with
those for the [-vibrational state as n,=4.5,
n,=0.006 and n=0.001. However, the present
theoretical and experimental data cannot allow for a
final decision on the nature of the 0" states. In
particular, additional experimental information is

needed to measure the branching ratios and the
absolute transition probabilities stemming from
these states. In Fig. 5, the 2" and 4" levels revealed
in the present experiment are also compared to the
results of the IBM calculations. The experiment
revealed 33 excited 2" and 25 excited 4" states up to
2.5 MeV. In the same energy range, the calculations
produced only 16 excited 2" states and 15 excited 4"
states. If one looks above this limit, one finds 32
excited 2° states and 33 excited 4" states up to
3.3 MeV within the IBM.

In nucleus ***Th there are no lifetimes measured
for the negative-parity states, hence no absolute
transition probabilities might be extracted. There-
fore, we would restrict the present discussion to
reproducing the B(E1)/B(E2) ratios. A detailed
comparison between the experimental data and the
present calculations is presented in Table 1. The best
agreement is obtained by using e;= 0.005 efm and
e,=0.19 eb as the effective charges in Egs. (8) and
(5), respectively. The remaining E1 parameters are
Xsp=0.4 and y4r=-1.4.

The B(E1)/B(E2) ratios discussed in Table 1
belong to the K"=0; (the predicted double-

octupole phonon band) and K™ =0; (B-vibrational)

bands. The comparison between them is important,
because it can be used as a tool for providing
additional information about the nature of the
K™ =0; band. All the states belonging to this band

are having 2 pf'bosons in their structure in the IBM
calculations and are supposed to have a double-
octupole phonon character. Further information
confirming this hypothesis comes from the analysis
of the E1 and E2 branching ratios. By using the IBM
picture, the states belonging to the K™ =0, band

will show the strong transitions into the negative-
parity states (if they have a double-octupole
character), while the levels stemming from the

K" =0; (B-band) will show relatively weak El

transitions to these states. The experimental values
in Table 1 fully confirm this hypothesis, showing
that the B(E1)/B(E2) ratios are at least one order of
magnitude larger for the K™ =0, band.

In Fig. 6, we display the calculated two-neutron
intensities for ***Th as compared to the integrated
experimental cross sections normalized to that of the
ground state. The calculations reproduce the strong
excitation of the first 0" state at 832 keV in roughly
good agreement with the experiment. The experi-
mental spectrum of 0 states is dominated also by a
single state located at an energy of 2.1 MeV,
showing a high cross section of about 15 % of that
of the ground state. In the IBM, there is a state
located at 2.1 MeV, which have the transfer intensi-

11
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Fig. 5. Energies of all experimentally assigned excited 07, 2%, and 4" states in ***Th in comparison to /BM-spdf
calculations. For the 0" excitations, the states containing 2 pf bosons in their structure and assumed to have a double
dipole/octupole character are marked with asterisk.

Table 1. Experimental and calculated B(E1)/B(E2) transition ratios in ***Th.
The parameters of the E1 operator are fitted to the available experimental data

K" E;, keV I, I I, Exp. 10" b IBM 10* b
0; 832 0" Iy 2! 5.1(4) 6.1
874 2" 3 47 7.1(15) 7.6
2" 3 2r 24.5(31) 15.2
2" 3 0 14.7(24) 23.6
2" Iy 47 4.2(9) 4.4
2" I; 2r 14.5(19) 8.9
2" Iy 0f 8.7(14) 13.7
968 4" 5 6 22.8(80) 9.2

4" 5 47 10.8(27) 18.2
4" 5 2r 6.7(13) 20.7
4" 3 6; 19.1(67) 5.9
4" 3 4t 9.0(23) 11.8
4" 3 2! 5.6(11) 13.4

0; 1176 2" I; 47 0.060(25) 0.08
2" Iy 2r 0.25(10) 0.27
2" Iy 0 0.62(28) 0.38
2" 3 47 0.09(5) 0.16
2" 3 2r 0.39(20) 0.52
2" 3. 0; 0.95(51) 0.72

ties of about 18 %. This state has a double-octupole
phonon structure. Another state at 2.29 MeV with a
relative cross section of about 7 % can be put in
correspondence to the calculated in the IBM state at
2.2MeV also with a double-octupole phonon
structure. The running sum in Fig. 6 is taken up to
3.25 MeV, where another group of states with
significant transfer strength is calculated by the

12

IBM. The parameters from Eq. (9) were estimated
from the fit of the known two-neutron transfer
intensities (integrated cross sections). The values
employed in the present paper are o, = 1.3 mb/sr,
o= -0.4 mb/sr, and a, =0.03 mb/sr. The location
and transfer intensity of the strongest states is
very well reproduced by the calculations. Because
the calculated energy distribution of the 0 states is
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Fig. 6. Comparison between the experimental two-neutron
transfer strengths (panel (a)) for the 0" states and the IBM
results (panel ()). In panel (c) the experimental versus
computed running sum of the (p, t) strengths is given. (See
color Figure online.)

underestimating the experimental data, this also
affects the fragmentation of the transferred strength.
However, the main characteristics are well repro-
duced by the present calculations.

QPM calculations

The IBM is a phenomenological approach. To
gain a detailed information on the properties of the
states excited in the (p, t) reaction, a microscopic
approach is necessary (see, g.e., QPM, self-
consistent RPA on the basis of HFB). The ability of
the QPM to describe multiple 0" states (energies, £2
and EO strengths, two-nucleon spectroscopic factors)
was demonstrated for **Gd [17]. An extension of
the QPM to describe the 0" states in the actinides
[18] was made after our publication on the results of
a preliminary analysis of the experimental data [10].
These calculations are used for comparison with the
present detailed analysis of the experimental data for
*%Th. See [18, 19[ for the theoretical basis of the
calculations.

The experimental spectrum of the 0 relative
reaction strength for the (p, t) transfer (the ratios of
the (p, t) strength for every state to those for the
ground state) is compared to the results of the QPM
calculations in Fig. 7. The (p, t) normalized transfer
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[ — Experimental (c)
60 —— QPM-calculation -
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Fig. 7. Comparison of the experimental (a) and calculated
with the QPM (b) 0" relative reaction strengths for the
(p, t) reaction. The values for the O+gAS. are normalized to 1.
The experimental increments of the (p,t) strength
(absolute values) in comparison to the QPM calculations
are shown in the panel (¢). (See color Figure online.)

spectroscopic strengths in the QPM are expressed
also as ratios

(10)

rn(p,t)}z.
ro(pa[)

S, (p,1) {

The amplitude T'o(p, t) refers to the transitions to
the / members of the ground-state rotational band,
ie. to the ground state at an analysis of the 0"
excitations. The amplitude I, (p, t) includes the
transitions between the ground state and the one-
and two-phonon components of the wave function.
The numerical results of the calculations obtained
within the QPM approach [18] are provided to us by
A. V. Sushkov [20]. The QPM generates 15 states 0"
below 2.5 MeV, in fair agreement with the 17 firmly
assigned states. The calculations reproduce the
strong excitation of the first 0" state in accordance
with the experiment. In Fig. 7, we present also the
increments of the (p, t) strength ratios in comparison
to those of the QPM calculated normalized
spectroscopic  strengths. As one can see, the
calculations of a few first peaks are roughly in
agreement with the experiment. The (p, t) strength
for the questionable 0" state at 2335.9 keV does not
influence considerably the results of comparison

13
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(hence it is not included in the comparison).

A visible deviation of the calculated strength
from experiment is seen above 2 MeV. Theory
predicts many 0° excitations at higher energies
(more than 80 states in the energy range below
4 MeV), but with a small strength. At the same time,
two strong excitations are observed in the

experiment at 2.13 and 2.29 MeV (Table 2),
respectively. It is interesting to note that both the
IBM and the QPM describe the two strongly excited
states and therefore a jump in the increments of the
(p, t) strength in the vicinity of 2 MeV, thus
reproducing partly the sharp increase in the
experimental increment.

Table 2. Phonon structure of selected QPM states. The weights of the one-phonon (|(Ap)|;) or the two-phonon
(J(MWi((Ap)i|) components are given in percent. Only main one-phonon components are shown.

Transfer factors (p, t) are normalized to the O;& state value

K'| ESf? E, e E,cale™ S,5% SS s, cate™ Structure from [18] Structure from [4]
0" | 0.832 0.8 0.724 0.236 0281 (20),96 (20),97; [(30):(30),]0.3
0 | 0.939 1.0 1.496 0.041 0.002 |(20),94; (20):4 (20),95; [(30),(30),]0.7
0 | 1.120 1.2 1.570 0.008 0.001 |(20)4; (20):93 (20):82; (20)414;(20),1
0: | 1511 1.4 1.831 0013 | 0021 E?ggis(sy,;o()z?z)ig; 20612 120),78; (20517
1 1
0: | 1.532 0.003
0 | 1.628 1.6 1.950 0.058 0.089 [(20),20; (20)573; (20)3  [(20)s97; [(30):(30),]0.5
0: | 1.691 1.7 1.962 0.008 0.046 %03;1(53;0()2]06)512; (20)6625 120,92: [(30)'(30),14
1 1
0 | 1.710 1.8 2.138 0.003 0.001 |(20),89; [(22),(22),]4 (20),97; [(30),(30),]0.2
0: | 1.750 0.011
+ (20)49; (20)853; . .
05, | 1.909 1.9 2.162 0.028 0.016 |00 o 1o [(30),(30y 123 (2074 (20)4: (20)4
0 | 2.045 2.190 0.003 0.008  [(20):6; [(22):(22),]87
+ (20)43; (20)65; (20)837
05, | 2.080 2.270 0.028 0.013 |70\ 14: [(30),(30).132
N (20)s5; (20)980;
0, | 2.131 2.290 0.150 0.008 |30 300 16: [BINGL)]T
05, | 2.159 2.334 0.007 0.001 |(20)04; [(30),(30),]87
05 | 2.290 2.350 0.067 0.003 Eéoz);%g%;m;
1 2
+ (20)1084;
05, | 2456 2.359 0.003 0.001 |30 300, 13: [(30),(30):]3
0, | 0328 0.5 0.005 (30),99
1| 0944 1.0 0.002 (31),98
3| 1344 1.4 0.002 (33),95; [(20),(33),]13
27| 0.969 1.0 0.121 (22),98
20| 1153 1.3 0.145 (22),99
47| 1432 1.5 0.001 (44),99

* Data are taken from [4].
* Data are taken from [18]

In these QPM calculations, the dominant phonon
structure of the 0" states in the low part of energies
is of the one-phonon quadrupole nature. For higher
energies, an admixture of the two quadrupole and
two octupole phonons are present in the structure of
these states, and for some of the states they become
dominant. The relatively modest role of the octupole
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phonons in the structure of the low energy 0" states
is explained in [18] by the enhancement of the Pauli
principle, leading to a spreading of the lowest two
octupole phonon components among several QPM
0" states and pushing them to higher energies.
Besides the publication [18], other calculations of
the same Dubna group were carried out for a semi-
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microscopic description of the level structure, and
transition rates between excited states in ***Th,
observed in the decay of ***Pa [4]. The wave
functions, the level energies from these two
publications in correspondence to the experimental
ones and to the transfer factors are given in Table 2
too. The transfer factors and also the moments of
inertia are taken into account to put in
correspondence the experimental and calculated
levels. The large difference in the transfer factors is
seen only for two levels at 2131 and 2290 keV.
There is an essential difference in the energies of the
lowest 0" states in [4, 18]. They are more close to
the experimental ones in [4]. This is caused by the
choice of the isoscalar quadrupole-quadrupole
interaction strength stronger than the critical value in
Ref. [4]. As a consequence the energy of the lowest
collective 0" state becomes imaginary and its
properties such as the structure, E2 reduced
transition probabilities and the transfer factor are
partially transferred to the next 0" collective state.
Among the transition properties, the calculated
B(E1)/B(E2) ratios at the decay of some 0" states are
of special interest in [4].

Table 3. Experimental and calculated B(E1)/B(E2)
transition ratios in ***Th.
The Weisskopf estimate of this ratio
is B(E1)/B(E2) =2.9 b™

5 o

; 5 S
K’ E L | En (In|Ep| Ip - .
- | 2

M o

0"]831.8 0" [328.0|1(57.8] 2" 5.1(4) 2.25
0"]938.60 0" [328.0|1(57.8] 2" 6.7(6) 54.8
0" |1175.5] 2" [328.0|1(57.8| 2" 0.06(3) 1.45

In Table3 we present some data on the
B(E1)/B(E2) ratios, in order to note the difference in
the explanation of the experimental data by the QPM
and the IBM. The calculated ratios for transitions
from the 0, 0;, and 0; states to the octupole 0,
state and the ground state band are compared with
the experimental ratios. As one can see from Tables
2 and 3, the small admixtures of the octupole two-

phonon components to the wave functions of the 0]

and 0, states are responsible for the fast El
transitions. In the IBM, the similar results are
obtained for the 0; state, having 2 pf’bosons in their

structure and which are supposed to have mainly a
double-octupole phonon character (see Table 1 and
corresponding discussion). At the same time, the
B(E1)/B(E2) ratio is considerably smaller for the

decay of the 0" state, which is a B-vibrational state,
again in agreement with the experiment. The same
result is obtained in the IBM.

Generally, the QPM is quite accurate in nuclei
with small ground-state correlations. These
correlations increase with the collectivity of the first
one-phonon states, which is exactly the case of
*Th. To illustrate it we performed the simple QPM
calculations using the Nilsson potential + monopole
pairing interaction (Nilsson parameters k and [ taken
from Ref. [21], deformation parameters &, = 0.167,
g4 = —0.080 and pairing gaps A, = 0.732 MeV, A, =
=0.901 MeV taken from Refs. [22, 23]) + isoscalar
quadrupole-quadrupole  and  octupole-octupole
interaction. In the calculations only one-phonon
RPA states were taken into account. From Fig. §,

one can see that the contribution S’(p,t) of the

“backward” RPA amplitudes to the normalized
relative transfer-reaction spectroscopic strength

S (p,t) is important for the first excited 0" one-

phonon state indicating thus its pairing vibrational
character. The maximum value of the number of
quasiparticles with the quantum number ¢ in the

ground state, n2° , can be calculated (see [4])

max ?

n2, = maxB(cpjz)ﬂ, (11)

where @7 are the “backward” RPA amplitudes of

the first 0" one-phonon state. For the isoscalar
quadrupole-quadrupole interaction strength kyy =
=0.55 keV fm*, that reproduces the experimental

energy of the first 0" excited state, the ground state
20

Fig. 8). The effect of multi-phonon admixtures that
pushes  two-octupole  phonon  poles, and
consequently, the two-octupole phonon energies to
lower values is then underestimated. In summary,
the accuracy of the calculations of **Th as stated in
Ref. [4] is worse due to the increased ground-state
correlations and the shift of two-phonon poles
towards smaller energies. In a future QPM study one
also has to take into account the spin-quadrupole
interaction that is known to increase the density of
the low-lying 0" states [21, 24].

correlations measured by n_ ~ become large (see

To the nature of 0" excitations

At a microscopic approach there can be a few
situations of structure of the 0" states. A B-vibra-
tional mode can be characterized by the relatively
small two-nucleon transfer strength and a relatively
large B(E2) value with a moment of inertia close to
the one of the ground state. The large ratio
B(E1)/B(E2) and the increase of the moment of
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Fig. 8. The QPM energy E of the first excited 0° one-phonon state, the normalized relative transfer — reaction
strength S, (p,t), the contribution S’(p,t) of the “backward” RPA amplitudes ¢ to S,(p,t) and the maximum number

of quasiparticles with quantum number ¢ in the ground state (n”’)__ as functions of the isoscalar quadrupole-

quadrupole interaction strength k. For more details see the text.

inertia indicate the presence of the octupole two-
phonon component. If a state has a relatively weak
B(E2) value and also a weak two-nucleon transfer
strength, but exhibits an increase of the moment of
inertia, it should be a state with one dominant 2qp
configuration. The pairing vibrational excitations
can be characterized by their large two-nucleon
transfer strengths and relatively small B(E2) values.

It is clear that the first and second 0" excited
states cannot be the B-vibrational states, as usually is
observed in deformed rare-earth nuclei since their
moments of inertia are much larger than those of the
ground state and also their (p, t) strengths are large.
The actual [-vibrational state is observed at
1120 keV and it is excited very weakly in the (p, t)
reaction. As we have seen, both the IBM and the
QPM reproduce the 0" relative reaction strength for
the (p, t) reaction and the B(E1)/B(E2) ratios of the
decay of the lowest 0" states reasonably well. At the
same time, the nature of 0" excitations in the QPM
differs significantly from the one in the spdf-IBM. In
all low-lying states of the QPM calculations, the
quadrupole phonons are dominant and the octupole
phonons are predicted to play a relatively modest
role, whereas the IBM shows the lowest 0 state as
having mainly 2pf bosons in their structure [8]. The
analysis of the lowest quadrupole phonon wave
function in the QPM reveals that the backward RPA
amplitudes ¢ contribute considerably to the relative
(p, t) reaction strength indicating thus that the lowest
excited 0" state describes pairing vibrations arising
from ground state fluctuations [18].
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For an additional hint to the nature of the lowest
0" states, we include Fig. 9 with the B(E1)/B(E2)
ratio stemming from the lowest excited states in
*Th and *°Th. Intuitively, one would expect that a
large B(E1)/B(E2) ratio might be characteristic for a
two-octupole-phonon excitation, whereas a small
ratio might indicate a shape oscillation. Such a
picture is observed for ***Th: The large B(E1)/B(E2)

ratios for the 0/ and 0 states, and vanishing values

for the B- and y-vibrational states.

In this aspect a comparison of the relative
transfer strengths in the (p, t) reaction leading to the
0" states in **Th and to the 3/2 states in **’Pa (data
are taken from [25]) has to be considered in addition
(Fig. 10). Since the ground-state spin in the target
nucleus ' Pa is 3/27, just these spins are excited in a
two-neutron L = 0 transfer. The nucleus **’Pa can be
regarded as “**Th plus a strongly coupled proton.
The rotational band built on the first 3/2° excited
state in **Pa at the energy 11.6 keV [26]
corresponds to the ***Th g.s. band and is excited very
strongly. The main component in the structure of the
ground state in the target nucleus **'Pa is 1/2[530]
[25]. Therefore, the levels excited in the L = 0
transfer are I, K = 3/2°, 1/2 states, and they are
members of the collective bands based on the state
originating from coupling the K* = 1/2" state to the
28Th core-excited states. Such bands, as identified in
[24], can be used to derive the moments of inertia
for at least three 3/2" states. The values of J/#A” in
MeV™! are given below (energies in **’Pa are relative
to the lowest 3/2 state)



TO THE NATURE OF 0" STATES IN **Th

Ppa:  E (keV) 0.0 703 830 1524
JH, MeV!' 792 78.4 127.5 89.3

Th: E (keV) 0.0 832 939
JMeV'!' 519 703 73.2

The moments of inertia in **’Pa are larger than
those in **Th, that is a manifestation of the
contribution of the odd proton. The large moment of
inertia for the 830.5 keV state can probably be
explained (at least partly) by neglecting the Coriolis
coupling when fitting the energies of the
corresponding band. Nevertheless, the increment of
the moment of inertia for the state at 830.5 keV

%
B-vib(r) g L
o* 1176 v-vib(2)
-
9 e 4" 1081
3: 1023"
2 969"
o _ 939 [0.71(a)]
a* 832 [0.06(3)|
[<0.001] 10.06(3)|
[0.09(2)] 0* 695
[6.7(6)]
[5.14)]
5 519 1z 508
3 386
1 328
[<04]
4 187
-3 2" 58
U+
281 230y,

Fig. 9. Comparison of the B(E1)/B(E2) values
for the lowest excited 0" levels in >**Th and *°Th.

From the incomplete information, we can only
conclude that the 831.8 keV state in **Th has the
largest pairing vibrational branch and in **’Pa the
additional proton has the effect that the largest
pairing vibrational branch is moved to the
1523.7 keV state. No theoretical explanation was
undertaken since the publication of the experimental
results on **Pa [25]. It would be interesting to
undertake the theoretical analysis of the excitations
with the L = 0" transfer in odd nuclei, and first of all
in the **’Pa nucleus. According to the experimental
study of excitations in other odd nuclei, as we have
seen, different phenomena can be expected.

As for the experimental evidence of the nature of
other 0" states, we have only the moments of inertia
derived from the sequences of states treated as
rotational bands, and thus, an only tentative
conclusion can be drawn about their structure. In

relative to other states in **’Pa can be put in
correspondence to similar increments for the states
at 831.8 and 938.6 keV relative to the g.s. in ***Th.
But this state, as well as other low-lying states in
*¥pa, is only weakly excited in contrast to the strong
excitation of the state 831.8 keV in **Th. At the
same time, the 3/2° state with the energy at
1523.7 keV is excited strongly, but it cannot be put
in correspondence to the first excited state in ***Th:
There is practically no increment of its moment of
inertia relative to the lowest 3/2° state. Besides that,
its energy is almost twice larger than the first excited
0" state in **Th.

I (a) ®2%Th, 0" states

20 - -
O\o - -
k3]
2 r I 1
v
§ 0 S ,][ 9 :L.vp?. T Iu'[
© 229 -
2 r (b) Pa, 3/2 states
5]
M -

10 -

0”,,[,9,],i?”?eﬁ — .,A

T A T
0 500 1000 1500 2000 2500
Energy, keV

Fig. 10. The (p,t) cross sections for the 0" states in
28Th and 3/2° states in **’Pa divided by the cross
sections for the ground state in ***Th (a) and for the
lowest 3/2° state in **’Pa (b), in percent. Energies in
22%pa are given relative to the lowest 3/2 state.

contrast to 2°Th [6], for which they are distributed
almost uniformly over the region from 47 to
98 MeV™', the moments of inertia in ***Th have
values close to 50 MeV™' only for the g.s., B-vibra-
tional 0" states and for the state at 1531.7 keV, all
other 0" states have larger values from 70 to 95
MeV™. This fact can indicate that corresponding
states are probably of a two-phonon nature too, or
two quasi-particle states with an admixture of the
pairing vibrations.

Conclusion

The firm assignments for the 0, 2" and 4" and
some 6" states in “**Th allowed to suggest multiplets
of states, which can be treated as the one- and two-
phonon octupole quadruplets, and to identify the
sequences of states, which have the features of
rotational bands with definite inertial parameters.
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Moments of inertia are derived from these
sequences. Only for the g.s. and B-vibrational states
and additionally for the state at 1531.7 keV, the
moments of inertia are about 50 MeV™'. For all other
states they are larger than 70 MeV™, i.e. the value
for the first excited 0" state. This information,
together with the spectroscopic information on some
Y-transitions, were used for conclusions on the
nature of the 0" states. The experimental data have
been compared to the IBM-spdf and QPM
calculations. Spectroscopic factors from the (p,t)
reaction, and the trend in their change with
excitation energy, are approximately reproduced by

both the IBM and QPM for the 0" states. A
remarkable feature of the IBM and QPM is the
existence of the strong first vibrational excitations,
close in magnitude and position to the experimental
ones. Giving also an approximately correct number
of 0" states, these models provide different
descriptions for the structure of these states. The
lack of additional information does not allow for
final conclusions on the validity of the theoretical
approaches. Challenging experiments on gamma
spectroscopy following (p, t) reactions would give
much needed information.
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O. I JleBon', II. Anekca’, C.ITacky’, B. A. Onimyx’, II. I. Tipoasd*

! Inemumym soeprux docniooncens HAH Vipainu, Kuis
2IHcmumym @izuku ma yucmux mexnonoziu Texniunoeo ynisepcumemy, Ocmpasa, Yexist
? Hayionanonuii incmumym ¢pizuxu i adeproi inocenepii in. X. Xynybes, Byxapecm, Pymynis
* Mionxencoxuii ynisepcumem im. Jloosica Maxcuminiana, gizuunuii paxynemem, I'apxine, Hiveuuuna

JIO MIPUPOJIU 0' CTAHIB VY **Th,
IO 3BY/KYIOTBCS IIPU JBOHEMTPOHHIN MEPEJAUI

BubpaHo MOCITiZOBHOCTI 30y[KEHHX CTaHiB, w0 crocTepiramucs y > Th(p, t)**Th peaxuii, ski MOXyTb
PO3MIIIATHCh SIK POTAIlifHI CMYTH Ta MYJBTHIUICTH 30Y/DKEHHX CTaHiB. MoMeHTH iHepii Oyiau OTpHMaHi 3 KX
TIOCITiTOBHOCTEH, BETMYHHN SKHX MOXKYTh PO3ITIANATUCH 5K CBiONTBO ABO(GOHOHHOI IPHpOoaH 6inbimocTi 0 30y mKkeHsb.
ExcriepuMeHTaIbHI TaHi TOPIBHIOIOTBCS 3 PO3paxXyHKaMH B paMKax MOJEII B3aeMOIII0YMX OO30HIB Ta KBasi-
4aCTHHKOBO-(POHOHHOI MOJENI, a TAKOXK 3 EKCIEPUMEHTATBHHMH TAaHUMH I > Pa. OGroBoproeThest mpupoga 0
30yKCHB B spi 28T,

Knrouosi cnoea: 0 cTaHu, KOJEKTUBHI CMyTH, MOMEHTH iHEpIIii, epHi MOJIEi.

A. W Jlepon', II. Anexca’, C.Iacky’, B. A. Ouumyx', II. I'. Tupoand®

! Unemumym soeprvix uccnedosanuti HAH Yipaunvl, Kues
? Unemumym gusuru u wucmoix mexnonozuii Texnuueckozo ynusepcumema, Ocmpasa, Yexus
3Hauu0Ha/szbn7 uncmumym ¢pusuku u si0eprotl undicenepuu um. X. Xynybes, byxapecm, Pymoinus
* Mionxenckuii ynusepcumem um. Jhoosuea Maxcumunuana, gusuveckuii paxynomem, Iapxune, Fepmanus

K IPUPOJIE 0" COCTOSIHUM B ***Th,
BO3BYKJIAEMbBIX IIPA JBYXHEWUTPOHHOI IEPEJAYE

BEIGPaHbI TTOCIEOBATENBHOCTH BO30YKICHHBIX COCTOSIHMI, HaOmomaeMbix B = Th(p, t)***Th peakuuu, KoTOpsIe
MOTYT PAacCMaTPUBATHCS KaK POTAIMOHHBIC MOJOCHI U MYJITUILIETHI BO3OYXKICHHBIX COCTOSIHUI. MOMEHTBI MHEPIHMU
OBUTH TIOJyYeHBI M3 ATHX IOCJEOBATEIbHOCTEH, BEIMUYUHBI KOTOPBIX MOTYT paccMaTpUBaThCs KaK CBHUJIIETEIBCTBO
ABYX(OHOHHOH MPUPObI GobIHHCTBA 0 BO30YXKIeHH. DKCIepMMEHTAIbHbIE JAHHbIE CPABHUBAIOTCS C PACYETAMH B
paMKax MOJEIM B3aUMOJEHCTBYIOIIMX OO30HOB M KBa3MYaCTHYHO-(OHOHHOW MOJENH, & TaKkKe C SKCIepHMEH-
TabHBIMA JAHHBIME 115 22 Pa. OO0cyxnaercs mpupoaa 0" BO30YXKIICHHI B sApe 28T,

Kntouegvie crosa: 0 cOCTOSHNS, KOJIEKTHBHBIE MONOCH], MOMEHTHI MHEPIIUH, IEPHBIE MOJIEIH.
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