
PHYSICAL REVIEW C VOLUME 29, NUMBER 5 MAY 1984

Electromagnetic properties of Th studied by Coulomb excitation
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The Coulomb excitation of ' Th by 135 MeV ' S ions was studied using the particle-gamma coin-
cidence technique. Scattered projectiles were detected within an angular range of 30'&0 & 172', and
the impact-parameter dependence of the gamma-ray intensities was measured. Excitation of the
ground-state rotational band was observed up to the 10+ state, while the P- and y-vibrational bands
were seen up to the 4+ and 8+ states, respectively. Levels belonging to the E =0 and 1 octupole
vibrational bands were also identified. From the scattering-angle dependent gamma-ray intensities
E2 transition matrix elements within the ground band and interband matrix elements connecting
levels of the y band with the ground band are deduced. Gamma-ray branching ratios for transitions
from the y- and octupole-vibrational bands to ground-band levels are also determined. Both transi-
tion matrix elements and branching ratios are compared with nuclear-model predictions.

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

The deformed nucleus Th is the lightest actinide nu-
cleus having a half-life which is long enough to permit its
use as a target nucleus for in-beam experiments. Howev-
er, only a limited number of such experiments have been
performed and, hence, Th is less well studied than other
nuclei in the actinide region. Previous work on Th in-
cludes studies of the (d,d') reaction, ' the P decay of Pa
(Ref. 2 and references cited therein), Coulomb excitation
by a particles, the a decay ' of U, and the (p, t)
two-neutron pickup reaction on Th. From these stud-
ies, energies, spins, and parities of the lowest states in

Th, as well as a few electromagnetic transition rates,
have been deduced.

Recently we showed for Th that Coulomb excitation
by medium-heavy projectiles, such as S ions, provides a
sensitive method to obtain detailed information on the
electromagnetic properties of both yrast states and levels
belonging to side bands built upon vibration-like configu-
rations up to spins I & 14k. To study the electromagnetic
properties of Th in more detail, we have again per-
formed a Coulomb-excitation experiment using S ions.
The work reported here supplements the previous studies
of Th as new excited states are identified and elec-
tromagnetic matrix elements are determined. Moreover,
gamma-ray branching ratios from the y- and octupole-
vibrational bands into the ground band are found to be
very sensitive to band-coupling phenomena and give in-
sight into finer details of the wave functions describing
these states. Selected aspects of this work were reported
earlier. '

The experiment was performed by exposing a highly en-
riched Th target to a beam of S ions obtained from
the Emperor tandem accelerator at Munchen. A beam en-

ergy of 135 MeV was chosen, which is considered low
enough to make the influence of nuclear forces on the ex-
citation process negligible. This energy corresponds to a
minimum distance of 5.3 fm between the surfaces of the
projectile and target nucleus in head-on collisions when a
charge radius of R =1.2A 'r fm and a quadrupole defor-
mation parameter Pz ——0.2 are used to calculate the
Coulomb energy.

The target was produced by electrodeposition of thori-
um enriched to 83.9% in Th from an isopropanol solu-
tion onto a 0.94 mg/cm Ti backing. The thickness of the
deposit was =0.8 mg/cm with inhomogeneities of the
order of 20% across the target diameter of 5 mm. These
specifications were obtained from measurements of the
specific a and y activities, as well as the energy loss of a
particles emitted from a 'Am source and passing
through the target.

Gamma-ray spectra were measured in coincidence with
the scattered S projectiles as a function of the scattering
angle. The experimental setup as shown in Fig. 1 includ-
ed two Ge(Li) detectors positioned at (O&,C&r) =(45', 180)
and (112',180') with respect to the beam direction. A
large position-sensitive parallel-plate avalanche gas
counter covering an angular range of 30'(e(150' and
an annular Si surface-barrier detector extending from 162'
to 172' in the laboratory system were used to detect the
scattered projectiles. The azimuthal range covered by the
gas counter varied from —20'& 4 & 20' to —28'& 4 & 28'
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FIG. 1. Experimental setup used in the present Coulomb-
excitation study.

depending on the scattering angle. The cathode of this
detector was divided into 12 segments, each having an an-
gular width of 58=10'. These segments were connected
by integrated 20-ns delays, thus forming a delay line
which served to read out the position, i.e., scattering an-
gle, information. To prevent recoiling Th nuclei and

S ions scattered from the Ti backing from entering the
particle detector and thus contributing to the background,
absorber foils thick enough to stop these particles were
placed in front of the gas counter. Sulphur ions scattered
from Th, however, suffered only a minor energy loss.
For further details of the experimental setup and particu-
lars of the position-sensitive gas counter, see Ref. 11.

For each event, the energy signal from either Ge(Li)
detector, the scattering-angle information from the
avalanche counter or the energy signal from the Si detec-
tor, and the time relations between the detectors were
recorded on magnetic tape. From these data, particle-
coincident gamma-ray spectra were accumulated for all
scattering-angle intervals with random coincidences sub-
stracted. The energy and efficiency calibration of the
gamma-ray spectra was evaluated using ' Eu and ' Ta
sources.

A gamma spectrum measured with the Ge(Li) detector
at 0&——112 is shown in Fig. 2. This spectrum contains
gamma rays which are coincident with 32S projectiles scat-
tered into the angle interval SO' & 0( 1SO' and
162'&O~ & 172'. Since the recoil velocity of the Th nu-
clei varies from 0.007c to 0.02c depending on the scatter-
ing angle of the projectile, the individual particle-
coincident gamma-ray spectra were corrected for their
different Doppler shifts prior to summation. The gamma
transitions seen in the spectrum of Fig. 2 are listed in
Table I.

III. ANALYSIS OF THE DATA

A partial level scheme of s Th, which results from the
gamma transitions listed in Table I in combination with
data published previously, ' is shown in Fig. 3. The
ground-state rotational band was established by earlier
work' up to the 6+ (tentatively 8+) level, while the
present experiment shows excitation of the ground band

(I-2)g

3oTh{32$ 2g'
)

EL =135 MeV

10

I—
~10
C3
LJ

Ioct (I-1)g
Ioct —(I+1)g

I I

5 3

~0 i

5 I) (I+2)g
11

9 7(P
I

l
0

I

7 1

I„ Ig

I

Iq (I-2)g

z

10

I

300
I

500

2

Ip Ig
l

700 900

lilt ill I i&i

1100

ENERGY (keV)

FIG. 2. Gamma-ray spectrum resulting from the Coulomb excitation of 2 Th by S ions measured in coincidence with the scat-
tered projectiles (see the text). Lines labeled by c are contaminants due to transitions in Th.
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up to the 10+ state. The characteristic dependence of the
gamma intensity on the projectile scattering angle served
to identify the 8+-6+ and 10+-8+ transitions. Our inter-
pretation is in excellent agreement with results of a very
recent study of the Th(a, a'2n) Th reaction, ' which
also shows excitation of the ground band up to I =10+.
Moreover, the Coulomb excitation induced by Kr and

Nd ions was recently used' to investigate yrast states

and levels of the E =0 octupole band in Th up to
higher spins. In the present experiment strong excitation
of the P- and y-vibrational bands, as well as the E =0
and 1 octupole bands, is observed in addition to the
ground-band levels mentioned, and several new levels are
assigned. These assignments are primarily based on rota-
tional energy systematics [the I(I+1) law to second or-
der] and the Ritz combination principle.

TABLE I. Gamma transitions in Th.

Energy'
(keV)

112.9
120.9
151.4
171.2
182.6
187.9
196.2
211.5
223.8
237.3
240.9
246.8
251.9
257.8
268.4
273.8
285.9
303.4
313.6
320.4
329.6
335.5
356.3
397.7
408.2
420.S
431.5
454.9
460.0
470.8
484.4
495.6
508.7
513.0
518.3
554.9
581.8
597.3

611.0
625.0
636.5

Relative
intensity"

1838+ 50
179014 125

82+ 24D
965+ 34

9267+ 82
139+ 23
141+ 22C
131+ 19
272+ 25

2163+ 49
106+ 20C
110+ 15
108+ 16
222+ 19
185+ 19
199+ 21
373+ 25
193+ 20
110+ 17
101+ 18
593+ 31
120+ 18
129+ 19
407+ 28
99+ 17

1628+ 22
168+ 21
979+ 40
162+ 22
218+ 24
143+ 21
539+ 33
742+ 38D
716+ 37D
485+ 32
128+ 24
437+ 37
47+ 18

104+ 22
112+ 21
33+ 17

Assignment'

~'2Th

4+~2+

6+~4+

9 ~7?
232Th

8+—+6+

7 -+8+
232Th

10+—+8+

12+~10+
5 ~6+

3-~4+

5 ' —+5

1 ~2+
2 '~1
9 ~8+

232Th

7 ~6+
0+

5 ~4+
3 ~2+

0+ 2+p
5~+~6+ or
4p+ ~4+?

232Th

2+~2+
p

Energy'
(keV)

644.4
651.1
667.8
675.7
681.4
710.4
719.6
727.9
732.2
734.9
746.0
753.9
761.6
773.0
781.6

787.3
791.4
796.1

813.9
824.3
829.9
837.6
843.5
875.8
896.0
900.2
924.0
929.5
934.6
951.7
959.2
966.8
976.2

1015.6
1030.6
1080.3
1170.4
1184.4
1188.9
1313.1
1323.0

Relative
intensity

27+ 15
47+ 19
82+ 18
82+ 18

265+ 29
602+ 34
64+ 16

1889+ 58D
252+ 24D
163+ 20
60+ 15

100+ 16
50+ 15

167+ 19
667+ 34

160+ 18
87+ 13

111+ 11
55+ 11
91+ 14

116+ 15
83+ 13
45+ 10
51+ 10
80+ 13
54+ 11
67+ 12

103+ 15
116+ 16
93+ 15D

191+ 21D
73+ 13
77+ 13
33+ 9
43+ 10
73+ 14
70+ 14
54+ 12
68+ 14
35+ 10
88+ 16

Assignment'

8~+~8+?
3+ 4+

y
232Th?

2+~2+p
6+ 6+

y
4+~4+
4+~2+p
2+~2+r

232Th

6p+~4+??
6+

8p+ ~6+??
3+~2+

y
2+ —+0+ ory
5+ 4+?

y

2-' 4+?

4+ 2+
y

4+?

7-'~6+?
1 '~2+?

4+
1-'~0+
3 ' —+2+

'The energy errors are typically 0.5 keV for stronger lines and up to 1 keV for weaker transitions.
Extracted from the gamma-ray spectrum coincident with projectiles scattered into the angle intervals 50 (8( 150' and
162'(0 (172' {see Fig. 2). The error given includes the statistical error and the unceitainty associated with the background subtrac-
tion.
'D=doublet, C=complex structure. Odd-parity levels marked by a prime belong to the K =1 octupole band. No prime indicates
K =0
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FIG. 3. Partial level scheme of Th as based on the gamma transitions observed in the present experiment.

The determination of electromagnetic transition rates in
Th has been a major objective of this work. For this

purpose, calculations of excitation probabilities and
gamma-decay intensities were performed within the
framework of the semiclassical theory of Coulomb excita-
tion' using a sophisticated version' of the Winther-de
Boer computer code. ' These calculations served to deter-
mine electromagnetic transition matrix elements. In addi-
tion, the particle-gamma angular correlation was ob-
tained, which is needed to relate the measured gamma in-
tensities to branching ratios.

The internal conversion coefficients used in these calcu-
lations were taken from the tables of Hager and Seltzer. '

Finite solid-angle corrections for the Ge(Li) detectors
were evaluated on the basis of the work of Camp and Van
Lehn. ' Corrections to the Rutherford trajectory of the
projectile due to dipole polarization, atomic screening,
vacuum polarization, and relativistic effects, as derived in
Ref. 20, were found to be negligible.

For the present experiment, the Sommerfeld parame-
ter' is g =110, and the semiclassical theory is believed to
provide a reasonable description as long as only a few
steps are involved in the excitation. For multistep pro-
cesses, quantal corrections are expected to become non-
negligible, however. Thus far, exact quantum mechanical
calculations, which take into account all relevant states,
are extremely time consuming and have not been per-
formed. The influence of quantal corrections on the
Coulomb excitation of U by Ar ions was estimated
(see, e.g., Ref. 21) to range from approximately zero for
the 4+ state to —7% for the 10+ level of the ground-state
band. Since these values are of the same order of magni-
tude as the uncertainties of the measured gamma
strengths, quantal corrections were not applied in the
analysis.

Our calculations of the gamma intensities included
corrections for the magnetic hyperfine interaction, which
causes the recoiling target nuclei to precess, thus leading
to a more isotropic particle-gamma angular correlation.
This alignment attenuation is accounted for by coeffi-
cients Gk which enter the angular distribution function
given by Winther and de Boer. ' We have adopted the
Abragam-Pound formalism, which is based on statistical
perturbations, to parametrize the deorientation effect. In
this model, the time-integrated attenuation coefficients are
given by

Gk(N) =[1+Ak(N)1(N)]

where 1.(N) denotes the lifetime of the nuclear state ¹

The quantities Ak(N) are proportional to the g factor of
the state N, which has been assumed to be constant within
the ground band, and the magnetic field. The attenua-
tion coefficients Gk (N) were determined from the
scattering-angle dependence of the gamma-intensity ratios
I(8;8&——45')/I(8;8& ——112'), which is influenced by the
deorientation effect. For the 6+ level of the ground band
a value of G2(6+)=O.S6+0.05 was obtained. Correction
factors Gk(N) for all other relevant states were calculated
from this value by using Eq. (1) and the relation
A,2(N)/A, 4(N)=3/10, which is valid for pure dipole in-
teraction. A study of the deorientation effect in other ac-
tinide nuclei will be the subject of a forthcoming publica-
tion.

By employing the details just described, Coulomb-
excitation and gamma-decay calculations were performed
to compute gamma intensities as a function of the impact
parameter. To deduce electromagnetic transition matrix
elements from the measured gamma-ray intensities, the
procedure applied in a previous study of yrast bands in
actinide nuclei, and described there in detail, was used.
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The method is based on the fact that a gamma-ray inten-
sity ratio, in a limited scattering-angle interval, depends
strongly on one transition matrix element only and may
be used to determine this particular matrix element. In
the work of Ref. 25 successive gamma transitions within
the yrast sequence were used to calculate the intensity ra-
tios. For the present study, which also includes an
analysis of interband transitions, the method was general-
ized by introducing intensity ratios

r(Q~;M, N, M', N') =I(8;M~N)/I(O" M'~N') . (2)

In most cases, this ratio depends not only on transition
matrix elements connecting states M with N and M' with
N' with intensities I(8;M~N) and I(8;M'~N'),
respectively, but also on a large number of matrix ele-
ments between other states M" and X". By selecting a
suitable transition M'~X', a ratio r may be found that
depends on just a few or even only one matrix element.
To find such a normalization, a "sensitivity matrix" de-
fined as

S(8,M, N, M', N', M",N") = a(N"
l
lM(EZ)

l
lM-)

was determined from the Coulomb-excitation calculations.
The elements of this seven-dimensional matrix are expan-
sion coefficients in a Taylor series of the intensity ratio in
terms of matrix elements (N"

l
lM(EA, )llM" ) and, hence,

provide a measure to what extent these elements influence
the ratio r. For transitions within the ground-state band
and selected interband transitions from the y-vibrational
band to ground-band levels, it was possible to find suitable
intensity ratios to evaluate matrix elements.

ments taken from precise Coulomb-excitation studies with
a projectiles. For further details of the computational
method the reader is referred to Ref. 25.

The E2 diagonal matrix elements were found to affect
the intensity ratios only slightly and, hence, were kept
constant in the calculations, while the E4 matrix elements
did have some influence. The correlations, however, were
too complex to allow an unambiguous evaluation of E4
matrix eler. ents. Higher-spin states are increasingly sen-
sitive to the phase of the E4 matrix elements and allow a
determination of the sign of the (4+llM(E4)llo+) ele-
ment in the frame of the rigid-rotor model. The positive
sign was found to give better agreement with the particle-
gamrna angular correlation. This is in accordance with
the positive E4 matrix element established for Th,

U, and U by Guidry et al. ' and Eichler et al.
The influence of the P- and y-vibrational bands, as well

as the E =0, 1, and 2 octupole bands, on the
gamma-intensity ratios was also studied. The spin depen-
dence of intraband and interband matrix elements was
computed by using the Alaga rule. For the coupling of
the y-vibrational band to the ground band, the rotational
model of Bohr and Mottelson was used, since gamma-
ray branching ratios from levels of the y band to the
ground band, as determined from the present data (see
below), indicate that this model provides a better descrip-
tion than the rigid rotor. The intrinsic E2 and E3 inter-
band matrix elements were taken from Ref. 5, while the
quadrupole moments of the side bands were assumed to be
equal to that of the ground band. Variations in the intrin-
sic moments were found to change the gamma-intensity
ratios within the ground band by no more than 2%%uo as
long as the calculated interband intensities reproduced the
experimental data.

A. The ground-state band

Transition matrix elements ((I—2)z l
lM(E2)

l lI~ )
within the ground band were deduced from intensity ra-
tios

r(8;I&)=I[8;I&~(I 2)s]/I[O;(I —2)z~(I 4)&—j . —

At forward scattering angles, this ratio depends essentially
on the ((I—2)sllM(E2)llIs) matrix element, whereas
the influence of other matrix elements becomes more im-
portant with increasing scattering angles. Hence, the
latter angular region is less well suited for a determination
of matrix elements. At small scattering angles, on the
other hand, the level under consideration may be only
weakly excited, with large statistical uncertainties Bssoci-
ated with its gamma decay. By multiplying the r values
with weight factors, which depend on both the statistical
error and the strength of the correlation, the intermediate
angular range was given the greatest significance for the
determination of matrix elements. Transition matrix ele-
ments were obtained by an iteration procedure in which a
set of matrix elements was varied until the experimental
intensity ratios were reproduced. The "start" values were
calculated using the rigid-rotor relations, with the
(2+llM(E»llo'& and (4+11M«4)llo+& matrix ele-

B. The y-vibrational band

In this subsection, the method used to determine inter-
band E2 matrix elements between y- and ground-band
levels will be discussed. Since transitions within the y
band cannot be observed experimentally, their strength
was calculated using the rigid-rotor relations. This as-
sumption appears to be justified, because the energies of
the y-band levels follow very well the I(I+1) spacing.
Since the phase relation between intraband and interband
matrix elements cannot be deduced from the present data,
we chose to use the same sign for all intrinsic rnornents.
The particle-gamma angular correlations show that M1
admixtures are insignificant.

With these assumptions, the interband gamma intensi-
ties depend exclusively on ground-band and interband ma-
trix elements. Since the former have been fixed by the
method described in the preceding section, the latter can
now be determined from the data. In general, the inter-
band gamma intensities can be normalized in different
ways to calculate intensity ratios according to Eq. (2).
Any transition, either within the ground band or from the

y band head to any ground-band level may be used for
this purpose. The structure of the "sensitivity matrix"
suggests that the interband transitions are only weakly
correlated to each other, except for transitions originating
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6.1+0.9
7.2+1.1
7.6+ 1.4

5.7
6.7
7.6

from the Iy
2+ ——band head. Therefore, the

(Ig
~
~M(E2)~ ~2y+) matrix elements were determined first

by employing the strong 6g+-4g+ transition as normaliza-
tion. In a second step, other interband matrix elements
were computed relative to the 2& -2~+ transition.

It was interesting to investigate to what extent the inter-
band matrix elements are influenced by other vibrational
bands, in particular the P band. As long as the interaction
between the P and y bands is not stronger than the cou-

pling between the y and ground-state band, the influence
was found to be negligible. If the interaction exceeds this
limit, then the impact-parameter dependence of the gam-
ma intensities is noticeably affected. This effect has been
used to estimate the P-y-interaction strength, as will be
discussed below.

TABLE II. Reduced E2 transition matrix elements within
the ground band of ' Th in comparison with rigid-rotor predic-
tions.

(I +2( )M (E2)
~
)I ) (e b)

Experiment Rigid rotor

els, and the error associated with the E4 matrix elements.
Table II also includes rigid-rotor predictions, which are
normalized to the (2+~~M(E2)~~0+) matrix element as
obtained from the precise Coulomb-excitation experiment
of Bemis er a/. As in other actinide nuclei, the rigid-
rotor values are found to agree with the data within the
quoted errors

The excitation energies of the ground-band are well

reproduced by the relation E(I)=AI(I+1)+BI (I+1)
with coefficients 2=8.88 keV and B=—8.27 eV. The
occurrence of the second-order term in this expansion can
be attributed to changes in the internal pairing structure
caused by the Coriolis force or a centrifugal stretching of
the rotating nucleus as accounted for by the rotation-
vibration interaction. ' Associated with the stretching of
the core would be an increase of the E2 transition rates
with respect to the rigid-rotor prediction. However, such
an increase could hardly be detected because of the limited
accuracy achievable in the determination of transition ma-
trix elements.

A different method to study the rotation-vibration in-
teraction is the analysis of gamma-ray branching ratios of
interband transitions from vibrational bands to the ground
band. These ratios provide a rather sensitive measure of
the strength of the rotation-vibration coupling.

B. The y-vibrational band

IV. RESULTS AND DISCUSSION

A. The ground state band

The E2 transition matrix elements within the ground
band as obtained from the present experiment are listed in
Table II. The errors quoted include the experimental un-
certainties of the gamma intensities, uncertainties due to
correlations with other ground-band matrix elements, as
well as with matrix elements connecting to vibrational lev-

I

In Table III experimental B(E2) ratios are compared
with results of nuclear-model calculations. From this
table it is seen that B(E2) ratios of interband transitions
from the y-vibrational band to ground-band levels are at
variance with both the Alaga rule and results of the
rotation-vibration model. The rotational model of Bohr
and Mottelson, on the other hand, describes the data
very well. The latter theoretical values were calculated as-
suming identical intrinsic quadrupole moments within the
ground-state band and the y band by using the following
equation:

B(E2'Iy~Ig)=2(Iy22 2 IIg0) tM1+M2[Ig(Ig+1) Iy(Iy+1)]

TABLE III. B(E2) ratios of interband transitions in Th in comparison with various nuclear-
model predictions.

Experiment Alaga ratio

B(E2 Iy ~It )/B (E2 Iy ~Ig )

Rotation-vibration
model'

Bohr and
Mottelson

2.1+0.2
8.1+1.2

&20

1.4
2.9
3.7

1.6
2.2
0.9

2.1

8.3
28.3

'Reference 32.
~Reference 29.
'Reference 33.

Experiment

1+6.2

B(Z2;S, r~)yB(S2;r, r, )

Rotation-vibration Interaction-boson
model' model [SU(3) broken]'

»1
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TABLE IV. Reduced E2 interband matrix elements in Th connecting levels of the y-vibrational
band with the ground band.

2+
4+
6+

'Reference 32.

2+
y

4+
y

6+
y

Experiment

0.43+0.11
1.03+0.27
2.3 +1.9

(Iy~ ~(E2)~(Ig ) (e b)

Alaga value

0.42
0.62
0.76

Rotation-vibration
model'

0.71
0.87
0.65

Here, M~ is the intrinsic interband E2 matrix element,
and Mq contains the rotation-vibration coupling strength.
The coupling constant ar= —Mz/Mt was found from
the experimental branching ratios to be a&

——0.029+OOO5.
With this single parameter all experimental E2 ratios are
reproduced. It is interesting to note that, within the un-

certainties, the same value, a„=0.030+& oo6, was found
previously for Th.

In Sec. III a method was outlined to deduce interband
E2 matrix elements between the y band and the ground
band on the basis of certain model assumptions. The re-
sults of such an analysis are presented in Table IV and are
compared to predictions based on the Alaga rule and the
rotation-vibration model. The errors quoted have been
obtained under the same aspects as those of the ground-
state band. No E4 contribution has been taken into ac-
count, however. Table IV shows that, in view of the ex-
perimental uncertainties, both theories provide an equally
good description of the experimental results.

As stated in Sec. III, interband E2 matrix elements con-
necting levels of the P and y bands influence the impact-
parameter dependence of the Ir-I~ transitions. The ratio
B(E2;2& ~Op+)/B (E2;2& +0&+) dedu—ced from that

I

dependence is listed in Table III and is compared with
model predictions. In spite of the large uncertainties asso-
ciated with this method we consider this an important re-
sult. Rotation-vibration model calculations suggest a
rather strong coupling between the P and y bands. The
interacting-boson model, even with slightly broken SU(3)
symmetry, predicts a still stronger interaction, a
measure of which is provided by the ratio
B(E2;2&+ +0~+)/B—(E2;2&+ ~0&+). As can be seen in
Table III, such a strong coupling is in marked disagree-
ment with our findings. A similar result was recently ob-
tained" for Th.

C. The K =0 octupole band

In Table V experimental B(E1) ratios of transitions
from the lowest octupole band to the ground band are
shown. It is seen that there is disagreement with the Ala-
ga ratios calculated for a pure K =0 configuration.
This is not unexpected, however, since the octupole bands
in the heavier actinides are known to be strongly coupled
with each other by the Coriolis force. With this band
mixing taken into account the El transition strength may
be written

B(E1;I;~If) =(Kf 0+
~
M(E1,0——)

~

K; =0 ) [c(I;,0,0)(I 010
~
IfO)+W2c(I;, 1,0)(I;11—1

~

IfO)Z]

The coefficients c(I,K,a) are the amplitudes in the expansion of the mixed wave function in terms of pure configura-
tions having different K-quantum numbers. The signature a is related to the E value of the strongest component in the
wave function. In this sense, E =0 is assigned to the lowest octupole band. The parameter Z in Eq. (6) is a ratio of in-
trinsic El matrix elements,

Z —(Ef=0+
~

M(E1, —1)
~
K; =1 )/(Kf 0+

~
M(E1,0)

~

——K;=0 )

To determine the coefficients c(I,K,a), Coriolis calcula-
tions were performed, which included levels of the
K =0, 1, and 2 octupole bands. The energies of the
E =2 band members, which were not observed in the

present experiment, were taken from Ref. 12. Theoretical
level energies were computed for the mixed bands and ad-
justed to fit the experimental data by varying six parame-
ters, viz. , two coupling matrix elements, three band-head

TABLE V. B(E1)ratios of transitions from the K =0 octupole band to the ground band in 3 Th.

Experiment
8 [E1;I,~(I+ l)g]/8 [E1;I,~(I 1)]-

Alaga ratio (K =0 ) Coriolis fit'

1 2.44+0.15
3 1.95+0.21
5 3.17+0.23
7 3.01+0.32

'Calculated using Z=4.4 [see Eq. (6) and the text].

2.00
1.33
1.20
1.14

2.44
2.12
2.63
3.38
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0
0
0
0

Experiment

508.4
571.7
686.7
852.2

1064.4
951.7
971.6

1013.0
1108.7
1252.7
1079.3
1127.8

Coriolis fit'

509.1

572.3
686.1

850.5
1065.4
953.8
974.8

1007.2
1106.8
1254.9
1081.7
1125.8

'Calculated using the intrinsic Coriolis matrix elements
&SC=I 11+ 1&=0 &=027 &K=2 11+ IK
the band-head energies Eo(K =0 )=496.41 keV, Eo{E =1 )

=941.04 keV, Eo(K =2 ) =1039.18 keV, and the inertial pa-
rameter A =R /~=6. 35 keV.

energies, and one inertial parameter, which was assumed
to be equal in all of the three bands. As shown in Table
VI, very good agreement was achieved by this fit for all
12 levels. With the coefficients c(I,K,a) obtained in this
way El branching ratios were calculated using Eq. (6).
The Z parameter in this equation was determined to be
Z=4.4+0.4 by adjusting these branching ratios to the

TABLE VI. Energies of levels belonging to the K =0, 1

and 2 octupole bands in 23 Th in comparison with results of a
Coriolis band-mixing calculation.

Excitation energy
(keV)

corresponding experimental values. Table V shows that
very good overall agreement was obtained with this Z
value.

V. SUMMARY

In conclusion, a Coulomb-excitation experiment em-
ploying a setup which measures the scattering-angle
dependence of the gamma-ray intensities over a wide an-
gular range, allows us to study in detail electromagnetic
properties of collective nuclear states up to intermediate
spins. The present Th experiment has shown that
B(E2) values within the ground-state band are in agree-
ment with the rigid-rotor predictions within their experi-
mental uncertainties. Gamma-ray branching ratios of
transitions from the y-vibrational band to the ground
band have been shown to be a sensitive measure of the
rotation-vibration interaction and were used to determine
its strength within the framework of the rotational model
of Bohr and Mottelson. The direct coupling between the
P- and y-vibrational bands was found to be considerably
smaller than predicted by both the rotation-vibration
model in the version considered here and the interacting-
boson model. Branching ratios of the K =0 octupole
band are well reproduced by the rotational model includ-
ing the Coriolis interaction.
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