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Scattering of 100 and 172 MeV a particles has been used to study giant resonances in
22Th and 2*®U. First, experiments have been performed at scattering angles between 8 and
17° using a 1 m scattering chamber. Consistent fits to these data at both incident energies
indicate that the giant monopole resonance in these nuclei splits into two parts separated by
more than 4 MeV. This is confirmed by new magnetic spectrograph results which have
been obtained in the angular region 3°—5°. A splitting of the monopole strength as deduced
from our data can be explained by mixing of giant monopole and quadrupole resonances in
these deformed nuclei. From the angular dependence of the differential cross sections evi-
dence for the existence of odd parity (L =1,3) giant resonances at high excitation energies
is obtained. From the small angle data the giant octupole resonance was located at
E,=19.6+1 MeV with a width '(FWHM) =6.5+1 MeV.

NUCLEAR REACTIONS 22Th, 2*U(q,a'); E,=100 and 172 MeV;
measured o(©). Deduced excitation strengths for multipolarities
L =0-—4, splitting of the L =0 strength.

I. INTRODUCTION

During the last few years strong efforts have been
made!~3 to study the giant monopole resonance
(GMR). In heavy nuclei a concentrated GMR is
observed at E, ~80 4 ~!/> MeV which exhausts ap-
proximately the full energy weighted sum rule
(EWSR) strength. In a more detailed discussion,
the question arises whether in the region of de-
formed nuclei the GMR is affected by deformation.
On the basis of the liquid drop model deformation
effects are not expected. However, in a more re-
fined picture the GMR can mix with the giant
quadrupole resonance (GQR) leading to a splitting
of the monopole strength.*> Experimental evidence
for deformation effects in the monopole excitation
has been reported®’ mainly for rare earth nuclei: a
shift to slightly higher excitation energies and a
sum rule strength smaller than found for neighbor-
ing spherical nuclei. However, no clear evidence for
the existence of a low energy monopole component
has yet been obtained.

To study the GMR in deformed actinide nuclei
we investigated a scattering at different incident en-
ergies. Based on the results of Ref. 2, we expect at
100 MeV incident energy a rather weak excitation
of the GMR, so dominantly the GQR should be ob-
served. At 172 MeV we expect both, GQR and
GMR, to be strongly excited. Thus, from a careful
comparison of low and high energy data the GMR
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excitation may be deduced. For Pb this method
yielded results? in good agreement with small angle
studies.”> Another motivation for our experiment
was a more systematic study of the new odd parity
giant resonances found in ®Pb at higher excitation
energies (Refs. 8 and 9).

II. EXPERIMENTS AND DATA ANALYSIS

The experiments were performed using momen-
tum analyzed a beams of 100 and 172 MeV from
the Jiilich isochronous cyclotron JULIC. Experi-
ments were performed at scattering angles between
8° and 17° using a 1 m scattering chamber. In addi-
tion, small angle scattering data are discussed which
have been measured with the new Jilich magnetic
spectrograph BIG KARL.

A. Larger angle measurements

The details of the experimental setup were the
same as in Refs. 2, 8, and 10. Self-supporting >*?Th
and 238U targets of about 8 mg/cm? thickness were
used. Although considerable care was taken in
preparing the targets contamination of H, C, and O
could not be avoided. Therefore, separate contam-
inant spectra were measured (Fig. 1). Great care
was taken to subtract the contaminant peaks in the
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FIG. 1. Spectra of 172 MeV a scattering from 2*?Th,
28 in comparison with contaminant spectra from '°O
and Mylar (C-H). Background and fits to the giant res-
onance region are indicated as well as the decomposition
into even (L =0,2) and odd parity (L =1,3) giant reso-
nance bumps at E, ~ 11 and 20 MeV, respectively.

Th and U spectra. As a check, for several angles
complete contaminant spectra have been subtracted
(see the 172 MeV spectra in Fig. 2). In the spectra
shown in Figs. 1 and 2 the background assumed
was of simple form similar to that in Ref. 8: The
high energy part of the spectra above 30 MeV was
extended to the minimum of the low energy part of
the spectra at 7 MeV by a smooth polynomial fit.
It was made sure that the angular dependence of the
background (shown in Fig. 3 for the GQR) was
smooth. Taking into account the contaminations
and the background two bumps remain in the spec-
tra. They are indicated by solid lines in Fig. 1. The
larger one at about 11 MeV excitation energy shows
an angular distribution typical for even parity exci-
tations (L =0, 2, and 4), whereas the smaller one at
about 20 MeV has an angular distribution which is
out of phase with the first one indicating odd parity
excitations (L =1,3) (Refs. 8 and 9).
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FIG. 2. Spectra of 100 and 172 MeV a scattering
from %*2Th and 2U. Background and fits to the giant
resonance region are indicated as well as the decomposi-
tion into separate peaks for the resonances indicated by
arrows and a high lying bump at E,~20 MeV. Left
bottom parts: giant resonance data (from the right hand
spectra) after background subtraction.

The disentangling of excitations of the same pari-
ty is more difficult. For the even parity excitations
this was done by measuring at different incident en-
ergies. For the lower incident energy raw spectra
are shown in the inset of Fig. 2. Several 100 MeV
spectra have been taken between scattering angles of
11° and 15°. They show a quite symmetric giant
resonance peak which is mainly due to L =2 excita-
tion.!! Quite different, at 172 MeV an asymmetric
shape of the giant resonance bump is observed (Fig.
2). (As will be shown later, this is due to a much
stronger excitation of the GMR and the excitation
of the new giant resonances® at E; ~20 MeV.) In
addition, the giant resonance maximum is shifted in
the 172 MeV data to lower excitation energies (by
about 0.6 MeV) in comparison with the position of
the peak in the 100 MeV spectra (see the lower left
hand spectra in Fig. 2). Both the 100 and 172 MeV
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FIG. 3. Differential cross sections in comparison
with microscopic DWBA calculations. The angular
dependence of the background in the region of the GQR
is shown in the right bottom part.

spectra were taken in the same experimental run en-
suring that the relative energy calibration for the
different energies is known with sufficiently high
accuracy (< 100 keV).

In a first attempt to fit the data four Gaussian
peaks (as in Ref. 8) were assumed representing
GQR, GMR, and (only for the 172 MeV fits) two
higher energy resonances. A fit with one Gaussian
peak for GQR and GMR as used at E, =120 MeV
(Ref. 11) is not possible at the higher incident ener-
gy because of larger L =0 cross sections.” The
higher energy broad structure (E, ~20 MeV) can be
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fitted almost equally well by one Gaussian peak at
most angles. However, the use of two peaks yields
better fits for all angles; further, it does not add un-
certainties in the total yield which is discussed only.
The position of the GQR (which may have some
contributions of higher L) is mainly fixed by the
100 MeV data, whereas the GMR parameters were
fixed by the analysis for both incident energies.
The 100 MeV fits were quite similar to those shown
in Fig. 2. However, for 172 MeV fits were ob-
tained which are given by the dashed lines. These
fits peak at the position of the experimental giant
resonance bump in the 100 MeV spectra (as indicat-
ed by the dotted-dashed line in Fig. 2) and do not
reproduce the 0.6 MeV shift mentioned above. This
result is in contrast to the case of *®Pb for which a
consistent fit of low and high energy data was
achieved? (in the Pb data there was no shift of giant
resonance maxima at different beam energies).

In order to get better fits an additional resonance
peak had to be assumed in the low excitation region
of the GQR. The results are shown in Fig. 2 by the
solid fit lines in the lower left hand parts (back-
ground subtracted 172 MeV data) and in the 172
MeV spectra on the right hand side. They represent
the minimum number of peaks required to obtain a
good fit at both beam energies: Taking into account
the 172 MeV data only, the positive parity excita-
tions could be fitted by two peaks whereas the 100
MeV data alone can be fitted by one. However, in
such an analysis the peak positions at different
beam energies do not match. Therefore, a con-
sistent fit to all data requires the assumption of
three peaks. The resonance parameters are given in
Table I except for the high lying resonances which
were assumed at E,=17 and 21 MeV with full
width at half maximum T'(FWHM) = 5.6 and 6.8
MeV, respectively.

Differential cross sections obtained from the 172

TABLE I. Resonance parameters and sum rule strengths (uncertaintites +20%) for L =0,
2, and 4 excitations derived from the larger angle data. The L =0 strengths are obtained using

a transition density similar to prg; in Ref. 10.

E, (MeV) ' (MeV) L S (% EWSR)
B2py 9.6+0.3 2.3+0.3 0 28
10.9+0.3 3.0+0.4 2,4 62,10
13.8+0.4 3.0+0.5 0 66
By 9.3+0.3 2.0+0.3 0 30
10.8+0.3 3.0+0.4 2,4 66,10
13.7+0.4 3.0+0.5 0 65
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MeV data are presented in Fig. 3. The uncertainties
in the deduced cross sections due to background
subtraction and fit ambiguities were estimated to be
between +20 and +30 % (indicated as error bars in
Fig. 3). Consequently, also the errors in the extract-
ed EWSR strengths (Table I) are of the order of
20%. Cross sections for the high energy bump
(E, ~13—28 MeV) and also for the component at
E, ~9.6 MeV are given in Fig. 3 only for Th. The
data for U are quite similar but have larger errors
due to '®O contaminations. The high energy bump
is somewhat broader than in the case of 20%Pb.
Similar to 2®Pb its angular dependence indicates at
least two different resonances, however, with much
larger uncertainties.

To analyze our experimental data in Fig. 3, dis-
torted wave Born approximation (DWBA) calcula-
tions were performed using folding type form fac-
tors. These calculations are of the same type as
those in Refs. 8, 10, and 12 using the same effective
interaction. Optical potentials were obtained by fit-
ting our elastic scattering data. The parameters are
for Th: V=170.5 MeV, ry=1.19 fm, a,=0.68
fm, W) =20.5 MeV, rpy=1.48 fm, ap=0.75 fm;
and for U: ¥V'=170.6 MeV, ry=1.15 fm, a;,=0.68
fm, W) =21.4 MeV, ryy=1.48 fm, ap=0.73 fm;
r.=1.3 fm.

The results of this DWBA analysis are shown in
Fig. 3. They will be discussed in Sec. III.

B. Small angle data

In this study new small angle data (scattering an-
gles 3°—5°) are included which were taken with the
Jiillich magnetic spectrograph BIG KARL.!®* De-
tails of these experiments as well as results for a
number of nuclei will be given elsewhere.'* Spectra
are given in Fig. 4. To analyze these data a linear
background is assumed which is consistent with
that used in the analysis of the larger angle data
(Figs. 1 and 2). In the fits to the spectra narrow
contaminant peaks were included as well as giant
resonances as discussed above. Without any change
the parameters in Table I yielded excellent fits to
the data (giant resonance peaks as indicated in Fig.
4). This supports the conclusions drawn from the
larger angle data, in particular, since the giant reso-
nances are more strongly excited relative to the
background. The high energy bump is well fitted
by one Gaussian located at £, =19.6+1 MeV with
a width of 6.5+1 MeV.

a-Scattering
Eq=172MeV

COUNTS

I
S
S

1000

500

1000

500 4 e

1 1
Ex(MeV) 20 10
FIG. 4. Small angle spectra (4°) of 172 MeV «a
scattering from ?Th and 2%U. The sharp lines in the
spectra are due to '°0O contamination. Background and
fits to giant resonances are indicated.

III. DISCUSSION

The effect of ground state deformation on the
parameters of giant resonances is of considerable
experimental and theoretical interest. The isovector
giant dipole resonance splits into a K=0" and 1~
component with centroid energies separated by
about 3 MeV in deformed actinide nuclei.’*> Much
smaller deformation effects are expected for the
GQR which splits into three components with
K=0%, 1%, and 2*. Experimentally a broadening
of the resonance of the order of 1 MeV has been
found for rare earth nuclei.®!® As the GQR in
208ppb contains contributions of higher L (Ref. 10) it
is interesting to study these components in de-
formed heavy systems. For the GMR a splitting is
possible only through mixing with the K =0* com-
ponent of the GQR. Also, the recently found nega-
tive parity excitations®® should show deformation
effects. However, these resonances have large
widths and, therefore, a study of deformation ef-
fects is more difficult. In the following we discuss
structure in the GQR region, the properties of the
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GMR, and the odd parity excitations at high excita-
tion energy.

A. The giant quadrupole excitation

The angular distributions of the resonances at
10.9 and 10.8 MeV are shown in Fig. 3. They are
well described by a mixture of L =2 and 4 excita-
tion with strengths given in Table I. The width de-
rived from our data is only 0.4 MeV larger than
that found for the spherical nucleus 2°Pb (I'=2.6
MeV, Ref. 10). This indicates a rather small defor-
mation effect. In rare earth nuclei a larger broaden-
ing AT of the order of 1 MeV was found, but also
with a larger width T of about 4 MeV (Refs. 6 and
16) in the spherical case. If the smaller deformation
of the actinide nuclei (8, ~0.20—0.26, Ref. 17) is
taken into account the relative broadening of the
GQR is about the same in both mass regions. The
GQR angular distributions in Fig. 3 show pro-
nounced diffraction structure. This is different
from 2°®Pb for which the GQR angular distribution
was quite flat.! Although the width of the reso-
nance is larger than in the case of 2®!Pb, no L=6
(or L =3) component'® was needed to fit the data
(Ex~10.9 MeV) in Fig. 3. The fact that smaller
contributions of larger multipolarity are found than
in 2Pb may indicate that due to deformation ef-
fects in the present cases the higher multipole
strength is strongly spread out in energy and there-
fore contributes mainly to the subtracted back-
ground.

Position, width, and strength of the GQR are in
good agreement with other hadron scattering re-

sults.'!® Qur results are not consistent with elec-
tron scattering studies.”>?. In (e,e’) (Ref. 19) the
isovector giant dipole resonance is dominant; this
leads to large uncertainties in the extraction of the
GQR. Also in the (e,f) work (Ref. 20) a GQR in U
is obtained with too large a width of 6.9 MeV. Fur-
ther it should be mentioned that the conclusions of
Ref. 19 on transition densities from (e,e’) are not
confirmed: As for spherical nuclei, the GQR cross
section (Fig. 3) is well described using a surface
derivative transition density (see Ref. 10) derived
from the unmodified ground state density of Ref.
21.

B. Splitting of the giant monopole resonance

The other resonances in Table I show in our
analysis the expected® strong energy dependence of
the L =0 yield which is much different from that
of L =2 (or L =4). The experimental results for
the resonance at ~ 13.7 MeV are in agreement with
Ref. 7; the corresponding angular distributions in
Fig. 3 are well described by the L =0 DWBA calcu-
lations. The monopole strength deduced exhausts
about 65% of the EWSR limit. This is significant-
ly smaller than found in the case of 26Pb. The new
structure (E, ~9.5 MeV) has the same features as
the high energy monopole resonance: Its strength is
very small in the 100 MeV fits but significant con-
tributions are obtained in the analysis of the 172
MeV data. Furthermore, its angular distribution is
consistent with an L =0 DWBA calculation (Fig.
3). The sum rule strengths (Table I) for this reso-
nance and the one above the GQR together exhaust

TABLE II. Sum rule strengths from the small angle data (estimated uncertainties +30%)

in comparison with the larger angle results.

Small angle data

Larger angle data

E, (MeV) L S (% EWSR) S (% EWSR)
BTh 9.6 0 21 28
10.9 2,4 63* 62,10
13.8 0 63 66
19.6 3 42 40°
By 9.3 0 22 30
10.8 2,4 53 66,10
13.7 0 69 65
19.6 3 40 40°

2Assuming L =2 only (at these angles L =4 cross sections are relatively small).

L =3 yield in the excitation region 13—28 MeV.
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about the same monopole sum rule strength as
found for the unsplit GMR of *%Pb (Ref. 10). Sum
rule strengths obtained from the small angle cross
sections are given in Table II assuming L assign-
ments as deduced from the larger angle data. Gen-
erally a good agreement is obtained with the larger
angle results; only the sum rule strengths for the
low lying L =0 peaks are found to be somewhat
smaller. The fact that a consistent description of
small and larger angle data is obtained supports
strongly our conclusions of a split monopole reso-
nance.

A splitting of the GMR as obtained from our
data is consistent with theoretical predictions.**
The low energy component of the GMR is found in
the low excitation region of the GQR which should
be of K=0" structure. Centroid energies and sum
rule strengths of L =0 and 2 excitations are com-
pared in Fig. 5 with the theoretical prediction of
Ref. 5. In the calculation of Ref. 5 the sum rule
strengths assumed for a spherical system were
100% both for L =0 and 2 excitation. This is
larger than found experimentally (Ref. 10). Taking
this into account then a remarkable agreement of
the theoretical prediction with our experimental re-
sults is obtained.

Finally, it should be mentioned that in the
description of the GMR cross sections the same dif-
ficulty exists as discussed in Ref. 10: By using the
Tassie density in a folding approach a cross section

=
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FIG. 5. Comparison of giant resonance centroid ener-
gies (L =0 and 2) from Table I with the theoretical pre-
diction of Ref. 5. The deformation parameters 3, given
for Th and U are average values from Ref. 17.

too small by a factor of 2 is obtained. In order to
get a reliable sum rule strength one can either use a
transition density similar to pyr; in Ref. 10 (this
was done in this study) or one may describe the
GMR cross section in a potential approach.??

C. 0Odd parity giant resonances
at higher excitation energy

The differential cross sections for the high lying
structure (E, ~13—28 MeV) is given in Fig. 3. The
angular distribution (in Fig. 3) is well described by a
sum of L =1 and 3 excitations assuming 90% and
40% EWSR strength for L =1 and 3, respectively.
These strengths are consistent with those for 2°5Pb
(Ref. 8). As for 2®Pb we would assume an L =3
character mainly in the lower energy region around
17 MeV whereas the L =1, T =0 excitation is lo-
cated at the higher excitation energy. Apart from
our (a,a’) experiments there is a clear evidence for
the high lying resonance from fission decay in the
reaction 2*U(a,a’f). The details of this experi-
ment will be discussed elsewhere.”> Also in 200
MeV proton scattering an L =1 T =0 excitation
has been found?* at 21.5 MeV in 2Pb with a sum
rule strength consistent with our results.”> Howev-
er, in the experiments of Ref. 9 the high lying L =1
excitation has not been found.

Interestingly, in the angular range of 4—5°
covered by the small angle data the giant octupole
cross sections are predicted to be large whereas
L =1 and possible L =5 excitations are weak. Be-
cause of this the high lying resonance in Fig. 4 can
be identified as the giant octupole resonance (GOR).
The octupole yield derived from the small angle
data in Table II is consistent with that deduced
from the other data. In comparison with the small
angle spectra there is additional yield in the larger
angle spectra not only at higher excitations (expect-
ed for L =1) but also in the region 15—17 MeV.
Consistent with random-phase approximations
(RPA) calculations?® this may be explained by an
additional L =5 contribution.

IV. SUMMARY

Our study of a scattering from actinide nuclei
has indicated excitation of isoscalar giant reso-
nances with multipolarity L =0—4(5). In compar-
ison with the results for the spherical nucleus 2Pb
deformation effects have been found for different
multipolarities. For the high lying odd parity reso-
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nance bump—the existence of which has been con-
firmed for 2**Th and 28¥U—there is indication for a
broadening of the order of 1.5—2 MeV. However,
much clearer evidence for deformation effects has
been obtained for the more narrow resonances of
multipolarity L =0 and 2. In particular, our results
indicate a large splitting of the GMR; this has been
predicted theoretically. Both a low and a high fre-
quency monopole component could be located
which are separated by more than 4 MeV. This
represents the largest giant resonance splitting due
to deformation found experimentally.

Most of the data existing on the GMR excitation
have been obtained from small angle experi-

ments.">%7 To disentangle the low frequency

monopole peak in the region of the GQR requires
an accurate determination of small differences in gi-
ant resonance yields. With the “small angle”
method this is possible only at extremely small an-
gles (see the discussion in Ref. 6) where in addition
to large experimental difficulties changes of the
background behavior are expected.?’” On the other
hand with our method of studying the energy
dependence, small differences in the yield of L =0
and 2 giant resonances can be investigated at many
different scattering angles. This reduces ambigui-
ties in the extraction of resonance parameters neces-
sary to establish the low energy monopole peak.
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