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Evidence for the Excitation of Giant Resonances in Heavy-Ion Inelastic Scattering

R. R. Betts, S. B. DiCenzo, M. H. Mortensen, and R. L. White
A. ~~. @Sight Nuclear Stmctuxe Laboratory, Yale University, Nero Haven, Connecticut 06520

(Received 18 July 1977)

A study of the inelastic scattering of "C from 'VAl at 82 MeV, a bombarding energy at
which deep-inelastic collisions occur, suggests the population of giant resonances in the
target. This result supports the suggestion of Broglia, Dasso, and Winther regarding
the mechanism of deep-inelastic collisions.

It has been proposed' that the excitation of giant
resonances in the target and projectile may play
an important role in the mechanism of deep-in-
elastic heavy-ion collisions. The suggested
means by which kinetic energy of relative motion
is converted into excitation energy involves the
multiple excitation of those degrees of freedom
which are strongly coupled to the target and pro-
jectile ground states (i.e., the giant resonances).
These degrees of freedom may therefore be con-
sidered as "doorways" leading to deep inelastic
events and thus provide a link between quasielas-
tic and deep-inelastic collisions.

The probability that either fragment will emerge
in a single giant resonance depends on the system
being considered. For heavy systems, ' such as
Kr+ Pb, the large energy loss observed implies
a dominance of multiple excitation of the giant
resonances which suggests that it is extremely un-
likely that either fragment will actually emerge
in a single, and therefore identifiable, giant res-
onance. We do not therefore expect the direct ob-
servation of giant resonances in deep-inelastic
scattering of heavy systems. For light systems,
however, the situation is somewhat simpler.
Shorter collision times and higher excitation en-
ergies for the giant resonances combine to make
it more likely that the fragments separate with
one actually still in a giant resonance. These con-
clusions are supported by the experimental re-
sults for systems like "0+"Al, "C+"Al, etc. ,
where the energy loss observed in deep-inelastic
collisions leads to excitation energies more char-
acteristic of single excitation of the giant reso-
nances in the target and projectile than of multi-
ple excitation. ' The question then is whether or
not the giant resonances are, in fact, selectively

populated over the continuum background as im-
plied in the model of Ref. 1.

With the above points in mind, we have studied
the inelastic scattering of "C from "Al at a bom-
barding energy of 82 MeV. At this bombarding
energy, deep-inelastic collisions form a large
fraction of the total reaction cross section' (v„„,
=1700 mb, v&„„,„=1000 mb), and earlier results'
show that inelastic scattering of beam particles
forms the major fraction of the reaction products.
This Letter reports the possible observation of
twa giant resonances in "Al thus providing evi-
dence in favor of the suggestion of Ref. 1. It is
also, to the authors' knowledge, the first time
heavy ions have been used to excite giant reso-
nances in any nucleus.

A 400- p, g/cm' 99.7%%uo-pure Al target was bom-
barded with a beam of 82-MeV ' C ions from the
Yale MP tandem Van de Graaff accelerator. The
reaction products were detected in a EE-E tele-
scope consisting of two silicon surface-barrier
detectors (25 and 300 pm). This detector system
was easily able to separate the different isotopes
of C, and the overall energy resolution was 300
keV. Carbon build-up on the target was reduced
to a negligible amount by placing a Cu plate
cooled to liquid-nitrogen temperature in the close
vicinity of the target. The absence of carbon an
the Al was further checked. by frequent runs with
a carbon target to provide comparison spectra.
Data were obtained in 1' steps from 15' to 25' and
5 steps thereafter to 40'.

Spectra for the reaction "Al("C,"C') obtained
at angles of 15, 23, and 30 are shown in Fig. 1.
The raw data have been converted to a Q-value
scale thus enabling a direct comparison of the
three spectra. Transitions to the low-lying qua-
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F10. ].. Spectra of ~A1(' Q, ' C') at a bombarding
energy of 82 MeV. The regions of excitation corre-
spond~I to the low-energy octupole resonance (LEOR)
and giant quadrupole resonance (GQR) are indicated.

drupole states of "Al at 0.84 MeV (2')+ 1.01 MeV

(—,"), 2.21 MeV (-'+) and 2.98 MeV (~')+ 3.00 MeV
(~) are clearly visible as is the strong transition
2

to the 4.43 MeV (2+) state of '~C. Also clear are
transitions to broad states or groups of states
centered near 7.7, 10.4, and 12.8 MeV, and an
excess of strength in the excitation region cover-
ing 14-26 MeV. The regions of excitation corre-
sponding to the known'" giant quadrupole reso-
nance (GQR) and the expected location' of the low-
energy octupole resonance (LEOR) are indicated
on the figure. Although the present experiment
cannot distinguish between projectile and target
excitation or mutual excitation of both fragments,
it is possible to assign the transitions at Q = —7.7,

—10.4, and —12.8 MeV to excitations of "Al rath-
er than of the projectile. This arises as a result
of "C becoming particle unstable above E„=7.37
MeV and all natural-parity states above this ex-
citation energy therefore have substantial width
for particle emission resulting in their decay be-
fore reaching the detector telescope. It is also
possible to rule out the possibility of the above-
mentioned peaks arising. from mutual excitation
of the target and projectile as no combinations of
"C in its 2+ state and known 'Al excitations fit
the measured Q values. It is possible, however,
that the shoulders on the side of the 4.43- and 7.7-
MeV peaks result from such mutual excitation
processes.

The group at 7.7-MeV excitation in "Al proba. -
bly corresponds to the lowest-lying octupole state
observed near this excitation energy in nuclei in
this mass region [E„=6.88 MeV ("Si), E„=6.88
MeV (~Mg)]. The collective strength will be dis-
tributed over a multiplet of states in "Al thus
providing an explanation of the observed width of
this transition.

The transitions to groups centered a.t E„=10.4
and 12.8 MeV lie in the region of excitation ex-
pected for the LEOR in "Al. There is no direct
evidence that these are in fact I = 3 excitations
although they most likely correspond to the mul-
tiplets formed by the coupling of the odd 1d„,
proton hole to states at 10.2 and 13.0 MeV in 2'Si

which are strongly excited' in (n, n') and are
most probably 3 states. ' We therefore tentative-
ly assign these two groups to belong to the LEOR
in 27Al.

The broad structure spanning the excitation
range 14-28 MeV coincides with the known posi-
tion and width of the GQR in "Al. The background
in this region (shown as dashed lines in Fig. 1)
was chosen by matching to' the observed low-ener-
gy spectrum and smoothly extrapolating to zero
at the high-energy end. The exact location and
spreading of the experimental strength is depen-
dent on the way in which this background is drawn.
It is clear, however, that the existence of the
broad structure is not in question for any reason-
able choice of background. We emphasize here
that we believe the background to arise for physi-
cal rather than instrumental reasons and as such
to be a contribution to the total cross section.

Figure 2 shows angular distributions obtained
for the transitions discussed in the previous para-
graphs. The more-forward-angle data, points for
the 4.43-MeV transition were obtained in an ear-
lier experiment with somewhat poorer statistics.
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FIG. &. Angular distributions of transitions to groups
with the indicated Q values. The curves are the results
of one-step DWBA calculations using a collective form
factor. The L values used are shorn&.

The curves are the results of one-step distorted-
wave Born-approximation (DWBA) calculations
using a collective form factor of the derivative
type and optical-model parameters taken from a
preliminary analysis of elastic scattering data
measured at this energy. " The curves are arbi-
trarily normalized to the data. The quality of the
fit for the 4.43-MeV transitions is excellent.
Equally good fits were also obtained for the other
low-lying transitions but are not shown here for
reasons of space. The calculations for the high-
er-lying transitions, however, show consistent
deviations from the data at larger angles, and
in no sense can these calculations be said to de-
scribe the data except in the crudest way at for-
ward angles. It is possible that different optical-
model prescriptions will be able to remedy this
discrepancy. More likely, however, is that the
inclusion of the expected strong coupling between

inelastic channels, as implied in the model of
Broglia, Dasso, and Winther, will provide the
solution. These points are under further investi-
gation.

Integrated cross sections for the observed
structures were obtained from the measured an-
gular distributions using the DWBA predictions
to extrapolate to forward angles. The total cross
section obtained is approximately 10 mb which is
to be compared with the approximately 200 mb ob-
tained for the total inelastic scattering cross sec-
tion. ' This result implies a relatively small prob-
ability for the target emerging in a single giant
resonance when compared with the total for this
channel —it is of interest to see if a calculation
of the type discussed in Ref. 2 will be able to re-
produce this value.

In summary and conclusion, a study of the in-
elastic scattering of '2C from "Al at a, bombard-
ing energy at which deep-inelastic scattering oc-
curs has shown that structures corresponding ap-
proximately both in energy and width to the ex-
pected LEOR and known GQR are excited. This
result is in agreement with the expectations of
the model of Broglia, Dasso, and Winther and
thus provides the first experimental support of
their ideas. Clearly of further interest is the
study of the detailed mechanism by which these
giant resonances are populated, in particular the
effect of the expected strong-coupled channels on
the angular-distribution shapes and magnitudes.
Also of interest in this regard is the energy de-
pendence of the population of the giant resonances
particularly in the region just above where the fu-
sion cross section turns over (E &~=45 MeV)
which perhaps not coincidentally is approximately
the threshold for excitation of these giant reso-
nances (E, -EGR =Ec,„,).
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We report the result of a calculation of the yrast levels for a system of four nucleons
in the i&3~& shell, interacting via a pairing force, and. coupled to a strongly deformed,
axially symmetric core. In addition to an initial backbend at I =12, a second smaller
backbend occurs at I = 38. The structure of the wave functions at the second discontinu-
ity indicates that it arises becaose of the decoupling of a11 four nucleons and subseqUent
alignment with the core angular momentum.

In a recent Letter, Lee et al. ' have reported on
a study in which high-spin yrast levels up to I = 32
have been observed in "'Er. When they plot the
moment of inertia versus the square of the rota-
tional frequency in the usual way for this yrast
sequence, they observe a new discontinuity in
the curve at I=28, in addition to the previously
observed backbend at I = 14. Several explanations
have been offered for the existence of the first
backbend in many nuclei. ' An especially attrac-
tive suggestion was made by Stephens and Simon'
who attribute the backbend to the breaking of a
pair of i»y, neutrons and a subsequent realign-
ment of their angular momentum with the rota-
tional angular momentum. The question immedi-
ately arises whether the second discontinuity now
observed in the '"Er sequence can be explained
as an alignment of an additional pair of i»y, neu-
trons. Below, we report on a model calculation
which suggests that this may be the case.

In a previously reported calculation, ' we con-
sidered a simple system composed of N identical
valence nucleons bound to an axially symmetric,
strongly deformed core. We assumed further
that all valence nucleons are in orbitals which
can be specified by one definite j quantum @um-
ber, in particular, the i»t, unique-parity orbital.
Our model Hamiltonian is

N

H R j28 ++Hg p
(t') Hp +pn (I)

The first term is the rotational Hamiltonian for
the deformed core with moment of inertia 8.
H, p(i) is the single-particle Hamiltonian for the
ith valence nucleon moving in the field of the
deformed core. (In our calculation, we choose
a deformed oscillator potential to represent the
core.) The only interaction between valence nu-
cleons which we include is a simple pairing inter-
action, H&~.

The energy spectrum and wave functions for the
yrast levels of our model system were then cal-
culated using the basis l(j)"Z,R;I) in the lab sys-
tem; the valence particles are coupled to a defin-
ite t which is then coupled to a definite (even)
core angular momentum R to yield definite I. Be-
cause of the many 4 values possible for the (i»t, )"
configuration, we restricted ourselves to include
only those basis states which have the lowest
seniorities, v =0 or 2 when N is even. The re-
sult of that calculation led to a backbend at I=10
for N =2, and at I=18 for N =4. The N =2 calcu-
lation was exact. The N =4 calculation, however,
was performed with a truncated basis. We have
since attempted to assess the importance of those
V =4 states which were previously omitted from
the latter calculation. This omission turns out
to be extremely important due to the large core
deformation (P =0.3) which was chosen.

For the N =4 case, only v =0, 2, and 4 is pos-
sible. Thus, an inclusion of the V =4 states and
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