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Elastic and inelastic scattering of 575 MeV 2Ar on 2°®Pb to low-lying states of both target
and projectile nucleus were studied. The measured cross sections were analyzed with coupled-
channels calculations. A very satisfying description of the data was obtained by using B(EL)
values from the literature and proper optical potential parameters. The latter were used as
basis to estimate the cross sections for the excitation of the isovector giant dipole and isoscalar

giant quadrupole resonances.

I. INTRODUCTION

Data of well resolved elastic and inelastic scattering of
heavy ions only became available when high-resolution
magnetic spectrometers became operational at heavy-
ion accelerators. Both the energy region of low-lying
states!=* and the high-energy nuclear continuum®-7
were investigated. The analysis of the former data
showed that coupling between channels must be taken
into account in the determination of nucleus-nucleus op-
tical potential parameters because of the sizable cross-
section for inelastic excitations. The parameters were
found to differ significantly from those obtained by poor-
resolution experiments measured in the early days of
heavy-ion physics.

The nuclear continuum below E* =~ 30 MeV is domi-
nated by the excitation of giant resonances (GR) of var-
ious multipolarities as demonstrated by Bertrand et al®
in reactions of both 224-MeV 170 and 328 with 298Pb,
by Suomijarvi et al.” in reactions of 40A-MeV 2°Ne with
both °°Zr and 2°2Pb and by Roussel-Chomaz et al.? in
reactions of 43A-MeV 36Kr on 293Pb . Other spectrom-
eter data taken by Sohlbach et al.’ at much lower beam
energy (3°Kr +298Pb at Ejp, = 18.24 MeV) did not show
prominent excitation of giant resonances. This finding is
consistent with the observation of Ref. 8 that the cross-
section for excitation of giant resonances in a certain nu-
cleus increases with E/A.

Besides spectrometer data some time-of-flight data
were also published. Chomaz et al® reported the ex-
citation of giant resonances in the 3°Ar +203Pb system
at low beam energy (114 MeV), which is very surpris-
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ing in view of the above-mentioned findings. In partic-
ular the structures observed at high excitation energy,
which were interpreted in terms of multiphonon exci-
tations built from GR in the target nucleus,!® caused
considerable discussions.?'1~13 were also found® in 2°Ne
+203Pb at 304 MeV and in various other nuclei'* bom-
barded with 33A4-MeV “*°Ar applying the same experi-
mental method.

It is the purpose of the present study to provide high-
resolution spectrometer data for the 36Ar +2°8Pb system.
The beam energy of 575 MeV (~ 16 A MeV) is consider-
ably higher than in the studies of Ref. 9. Excitation of
low-lying collective states in both target and projectile
nucleus are investigated; excitation of giant resonances,
however, was not observed in the angular region studied.
We will show in the present paper that a detailed analysis
of elastic and inelastic scattering leads to reliable poten-
tial parameters on the basis of which cross sections for
giant resonance excitation can be estimated.

II. EXPERIMENTAL PROCEDURE
AND RAW DATA

An 36Ar beam of 575 MeV from the UNILAC of GSI
was used to irradiate self-supporting 2°3Pb targets of 270
pg/cm? area density isotopically enriched to 98.69%. The
GSI magnetic spectrometer was used in combination with
its focal plane detector to determine momentum spec-
tra of outgoing projectile-like reaction products. The
details of the experimental technique and the analyzing
procedure were described in Refs. 6 and 15, respectively.
An unambiguous identification of 36Ar and neighboring
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ions in various charge states was achieved. In Fig. 1
we present the 3®Ar momentum spectrum at 95, = 20°
summed over the charge states ¢ = 16%,17%,18%, which
contain more than 98% of the total charge state dis-
tribution. This spectrum covers excitation energies up
to E* ~ 50 MeV. Besides the elastic line two inelastic
peaks are clearly seen at E* = (2.0 £ 0.2) MeV and at
E* = (4.1 £ 0.2) MeV. Within the experimental resolu-
tion of AE=1.2 MeV (AE/E = 2 x 1073) these peaks
have to be identified with low-lying collective states in
3Ar and 2%8Pb known to be strongly excited in inelas-
tic scattering of various probes, electrons as well as light
and heavy ions (see Sec. III). These are 27 and 3~ states,
namely

36Ar(2%,1.97 MeV), 2°°Pb(37,2.61 MeV)
on one hand and
203ph(2+,4.09 MeV), 3°Ar(37,4.18 MeV)

on the other hand; they are compatible in energy with
the observed peak positions. In the following these two
experimental peaks are called “inelastic lines” although
each of them comprises two states.

In the momentum spectrum of Fig. 1 these lines are fol-
lowed by an inelastic continuum centered at E* ~9 MeV
and a broad bump at E* x 30 MeV, the latter is due to
the well known sequential particle emission after projec-
tile pickup reactions.® There is no evidence for an exci-
tation of giant resonances in 2°3Pb at E* ~ 11 MeV and
E* ~ 13.2 MeV at this angle which is slightly forward of
the grazing angle of ¥, = 20.2°. We like to stress that
the spectrometer’s hardware and software are so elab-
orate that the momentum spectra are essentially free of
any artificial structures. Similar spectra were obtained at
J1ab = 18° and 16°, they were utilized to determine the
cross section of the elastic and the inelastic lines. Spectra
measured at more forward angles (14°-10°) allowed only
the determination of the elastic scattering cross section,
which rises extremely fast in comparison to the inelastic
one, while at a more backward angle (Jjap, = 22°) the
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FIG.1. Momentum spectrum of 575-MeV 3®Ar scattered
from 2°®Pb at 91.p = 20°.

inelastic cross section became unmeasurably small in our
experiment. The experimental cross sections for elastic
and inelastic scattering will be compared to model cal-
culations in the following section.

III. MODEL CALCULATIONS FOR
EXCITATION OF LOW-LYING STATES

Quantum-mechanical model calculations for elastic
and inelastic scattering of heavy-ions can become very
involved since a very large number of partial waves have
to be considered. Therefore, the application of the gener-
alized Fresnel model of Frahn and Gross!® and the semi-
quantal model of Frahn!? for calculating E2 excitations
seem, at first, very attractive. Only the Coulomb and
nuclear deformation lengths 6(LC) and 6(LN), respectively,
need to be known in the latter case. They are connected
with the deformation parameters ,BEC), ,Bgv) and the radii
Rc, Ry via the relation

687 = B\ Re, 87 = By Rw

where L refers to the multipolarity under considera-
tion. The Coulomb deformation parameters ﬂ(LC) are
connected with the B(EL) values for a target nucleus
of charge Zre via

2
B(EL) = ( g0>4—?;-zTeRg)

The size of the deformation length immediately shows
that the weak-coupling condition implied in Frahn’s
model'” is not fulfilled in the present case. Hence a
full quantum-mechanical coupled-channels calculation is
needed.

Estimates of inelastic cross sections due to Coulomb
excitation are commonly used to decide which transitions
should be included in coupled-channels calculations. We
used the Coulomb excitation code!® COULEX to calcu-
late angular distributions for the most prominent inelas-
tic channels, which are listed in Table I together with
the experimental B(EL) values taken from Finn!® for
36Ar and from Ring and Speth?® for 2°8Pb . The results

TABLE 1. Reduced transition probabilities B(E L) for the
excitation of various states in 3°Ar and 2°®Pb taken from
X (e,e')X scattering experiments (from Refs. 19 and 20).

Transitions B(FEL)
1 — f L e?bt
Ar(0t) Ar(2%, 1.97 MeV) 2 0.028
Ar(3~, 4.18 MeV) 3 0.0113
Pb(ot) Pb(3~, 2.61 MeV) 3 0.6
Pb(2%, 4.09 MeV) 2 0.2965
Pb(4*, 4.32 MeV) 4 0.1287
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TABLE II.

Optical potential parameters for the system 3¢Ar + 2°®Pb at 575 MeV, where V

and W are the depth of real and imaginary Woods-Saxon potentials, R,, R,, and Rc are the radii
of the potentials, and a, and a, are the diffuseness of the potentials.

14 R, ar w R, a, Rc

Set (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
I 19.4 11.16 0.74 30.4 11.16 0.76 11.99
II 20.9 11.44 0.79 24.4 11.44 0.77 11.99
III 33.4 11.72 0.43 48.3 11.72 0.56 11.99

are depicted in Fig. 2 together with the experimental
data of the elastic and the two “inelastic lines.” Only
the most forward data points should be compared to the
calculations since they are the ones least influenced by
nuclear excitation. One concludes from this calculations
that strong coupling to 2% states is likely to be present,
that 3~ excitations may be important via interference
and that the excitation of 41 states can safely be ne-
glected in the further investigation that includes the ab-
sorptive nuclear potential. This finding is the reason for
attributing the two “inelastic lines” observed in the mo-
mentum spectrum of Fig. 1 to low-lying collective states
of 36Ar and 208Pb .

Coupled-channels calculations were performed by us-
ing the code ECIS79 of Raynal.?! At first, optical model
parameters were determined by x2-fitting of the differ-
ential cross section for elastic scattering and taking into
account the E2 couplings in both 3€Ar and 2°8Pb . These
excitations are calculated in the vibrational model as-
suming one-phonon excitations. Since there is no con-
vincing evidence that the Coulomb and nuclear defor-
mation lengths are different we used 6(LC) = 6(LN); their
values were deduced from Table I. In order to obtain
numerically stable results it was necessary to use an in-
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FIG. 2. Elastic and inelastic cross-section of various col-

lectively excited states in 3Ar and 2°®Pb calculated with
COULEX. Data points are included (circle: elastic line; di-
amond: “inelastic line 1”; triangle: “inelastic line 2”).

tegration step size of 0.02 fm and a matching radius of
50 fm. Therefore partial waves up to £ = 2700h had to
be taken into account. Three sets of optical model pa-
rameters were found to reproduce the experimental data
almost equally well. They are listed in Table II. The cal-
culated cross section for elastic and inelastic scattering is
shown in Fig. 3 as a solid line (potential set II).

In a second step we also considered in the coupled-
channels calculations 3~ excitations of 3°Ar and 2°%Pb .
The optical potential parameter set II was used again.
The inclusion of 3~ excitations modifies only slightly the
elastic and inelastic 2% cross sections as can be seen
from the dashed lines in Fig. 3. The additive contribu-
tions are the results of constructive interferences due to
3~ excitations. Their smallness fortunately justifies our
procedure of not taking into account E3 couplings dur-
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FIG. 3. Results of coupled-channels calculation. Top:
(solid line) elastic differential cross section taking into account
couplings to 2°Ar (2%) and 2°Pb (27%). Bottom: (solid line)
inelastic differential cross-section for *°Ar (2%) and *°*Pb
(2%). The broken lines result if 36Ar (37) and 2%8Pb (37)
excitations are additionally coupled in.
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FIG. 4. Results of coupled-channels calculations for exci-

tation of 2+ and 3~ states in both *®Ar and 2°*Pb . The left
frame shows the sum of ®Ar (2%) and 2°Pb (37) differential
cross sections together with the data for “line 1” (diamonds).
The right frame shows the sum of 2°®Pb (2%) and Ar (37)
differential cross sections together with the data for “line 2”
(triangles).

ing the y2-fitting of optical model parameters. Includ-
ing 3~ excitations on top of 2% excitations would result
in roughly three times longer computation times, which
could not be justified in view of the smallness of the an-
ticipated correction.

The calculated cross-sections for 2t and 3~ excitations
in 3%Ar 293Pb were added in order to render possible a
comparison with the experimental data. The results are
shown in Fig. 4. A surprisingly good agreement is found
for both “inelastic lines.” The line at £* =~ 2.0 MeV
is dominated by the 2% excitation of 3®Ar (1.97 MeV)
with the 3~ excitation of 208Pb (2.61 MeV) being almost
negligible. This is also reflected in the energetic position
of this line. The line with centroid at E* ~ 4.1 MeV
is clearly a superposition of the 2% state in 2°8Pb (4.09
MeV) and the 3~ state in 3°Ar (4.18 MeV), with the
former (latter) one dominating at forward (backward)
angles, the experimental data just covering the transition
region.

We consider these results as encouraging in view of
a quantitative understanding of experimental heavy-ion
data measured with high resolution.

IV. MODEL CALCULATIONS FOR
GIANT-RESONANCE EXCITATIONS

Giant resonances were studied frequently (see e.g.,
Ref. 22). In 2%Pb the isovector giant dipole (GDR)
at Efy= 13.2 MeV and isoscalar giant quadrupole reso-
nance (GQR) at Efg=11 MeV, respectively, are known
to exhaust nearly 100% of the energy-weighted sum-
rule (EWSR). Their resonance width is 'gr ~3 MeV
(cf. Ref. 22). They would be completely resolved from
low-lying collective states in our experiment. However,
in the investigated angular range there is in no signifi-
cant structure discernible in the measured 3Ar momen-
tum or derived energy spectra that could be attributed
to GR excitations. This result is quite surprising in view
of the experimental results reported in Ref. 9. However,
it is quantitatively corroborated by the following calcu-

lations.

First we performed Coulomb excitation calculations for
states in 2°3Pb (cf. Fig. 5), including both the GDR, and
the GQR in lead. The strength function S(EL) of each
GR was assumed to be represented by a § function lo-
cated at the experimental energies Er. Then the com-
monly used relation

S(EL) = ELB(EL)
holds. S(EL) was calculated following Refs. 24 and 25:

9 B* NZ ,
SED=ramra ¢
and for L > 2
2
s(pry = LI D A 5o per-y

4 2M

where M is the nuclear mass unit in MeV and (RP) is
the pth moment of a spherical charge distribution with
radius R, (RP) = 3/(p+ 3)RP. Figure 5 shows the angu-
lar distribution of both giant resonances and that of the
other states observed in 2°8Pb. This Coulomb excitation
calculation shows that the GDR can safely be neglected
in comparison to the GQR in the present situation, even
in the case of a GR excitation with both, nuclear and
Coulomb interaction.

We then performed coupled-channels calculations with
the code ECIS-79, taking into account the excitations of
36Ar (2%, 1.97 MeV) and 203Pb (2%, 4.09 MeV), which
were found to be most strongly coupled to the elastic
channel (see above), and that of the GQR in 20%Pb .
On basis of a 100% exhausted EWSR for F2 excitations
a deformation parameter of ﬁng)R = 0.0755 is obtained
in the vibrational model from the formula given above
(cf. Ref. 22). Again the optical potential parameter set
IT from Sec. III and the equality of Coulomb and nu-
clear deformation, 6(¢) = §(™) was assumed. Although
it was argued that GR excitation proceeds dominantly
by nuclear forces!® we did not neglect Coulomb excita-
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FIG. 5. Cross section for Coulomb excitation of various
states in 2°®Pb (calculated with COULEX).
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FIG. 6. Differential cross sections obtained from a
coupled-channels calculation for *®Ar and 2°®Pb . Couplings
of the indicated states to their respective ground states were
taken into account.

tion in order to avoid a bias in the model calculations.
Figure 6 depicts the results of the model calculation. At
angles around the quarter point angle (19.%4?, = 22.2°)
a differential cross section of 15 mb/sr is predicted for
GQR excitation. This value fits nicely into the systemat-
ics presented by Sandorfi® of GQR excitation cross sec-
tions in 2°®Pb measured as a function of beam energy
with various hadronic probes. We find Coulomb and nu-
clear excitation to be of equal importance in contrast to
the above-mentioned conjecture.!® The calculated GQR
cross section 1s about a factor of 20 smaller than that for
the added intensity of 3®Ar (2, 1.97 MeV) and 2°3Pb
(37, 2.61 MeV), represented by “line 1” in Fig. 1. Con-
sidering also the GQR width, which is about 3 times
larger than that of “line 1,” it is understood that the mea-
sured momentum spectrum does not exhibit pronounced
GR structures. The cross section for GQR excitation
decreases at more forward angles according to our calcu-
lations, and its observability is diminished in view of the
rapidly growing elastic cross section.

Chomaz et al.® reported for the system 3%Ar +203Pb at
11A MeV the excitation of giant resonances and high ex-
citation energy structures. The latter were interpreted in

terms of target multiphonon excitations built from giant
resonances.!? A very comprehensive study of this process
was published recently.?? If the relative excitation prob-
ability calculated at the grazing angle for two phonon
excitation,® which is about a factor of 40-50 smaller
than that for one phonon excitation, holds also for our
beam energy of 16 A MeV we have no chance to observe
the two phonon excitation. This quantitative argument
can be turned around and may be used in disfavor of
Refs. 9 and 10: The observed structures at high exci-
tation energy® correspond to cross sections much larger
than the model calculations!® predict. Based on this ob-
servation and our data we conclude that the reported
high excitation energy structures® are unlikely to be due
to multiphonon target excitations. There existence still
needs to be proven.

V. CONCLUDING REMARKS

We have shown in this paper that a consistent descrip-
tion of elastic and inelastic scattering to low-lying collec-
tive states in both projectile and target nucleus in the 575
MeV 36Ar 4208Ph reaction can be obtained from pub-
lished B(EL) values if the effective nuclear potential is
deduced from elastic scattering data measured with high
resolution. There is no need to adjust B(E'L) values. The
calculations show that at angles forward of grazing the
excitation of 2% states dominates. Even if the relative
contribution of unresolved 3~ states were not properly
determined due to the lack of additional data we con-
sider the predicted cross sections for GQR excitation as
quite reliable. On this basis it is concluded that mul-
tiphonon excitations built from giant resonances in the
target can hardly be observed at this or even lower beam
energies.
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