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Evidence is presented for the excitation of giant mu1tipole resonances in inelastic scat-
tering of 815-MeV 60 ions on C, Ni, and Pb targets. Highly excited modes around
20 MeV of excitation energy in Pb exhaust a large fraction of the energy-weighted iso-
scalar E'3 and E5 sum-rule strengths.

For the study of energy dissipation processes
in heavy-ion reactions it is important to under-
stand the response function' of the nuclei in-
volved in the collisions. It is natural to assume
that in the initial reaction step the excitation of
simple one-particle, one-hole states absorbs
part of the kinetic energy of relative motion.
Therefore, giant multipole resonances may also
be involved if, in the adiabatic limit, the colli-
sion times are of the same order of magnitude
as the corresponding quantum transition times. '
In addition, angular-momentum matching condi-
tions in heavy-ion reactions allow large angular
momentum transfers. While several low-energy,
heavy-ion scattering experiments ( ~10 MeV/
nucleon)' ' have reported the observation of giant
quadrupole structures in nuclei, it was the goal
of the present experiment to improve these stud-

ies with a high-energy "0beam at 315 MeV on
"C, "Ni, and '"Pb, and to search for excitations
of higher multipolarity, which have been report-
ed so far only in electron scattering on Pb. '

The experiments were performed at the Law-
rence Berkeley Laboratory 88-in. cyclotron. A
beam of 315-MeV "0"ions was scattered from
self-supporting '"Pb (1.03 mg/cm'), "Ni (1.67
mg/cm'), and "C (0.36 mg/cm') foils. The reac-
tion products were identified in the focal plane of
a magnetic quadrupole —single-dipole spectrom-
eter, using a counter which determines the posi-
tion (Bp), energy loss (~), and time of flight
(TQF) of the reaction products. Position spectra
of inelastically scattered "0particles on ' 'Pb,
"Ni, and "C targets are shown in Figs. 1(a)-1(c).
Single-nucleon-transfer reactions were also in-
vestigated to assess the competition between
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transfer and inelastic scattering as the energy-
loss mechanism in heavy-ion collisions. A more
detailed presentation of these data will be given
elsewhere.

All spectra exhibit pronounced structures in
the continuum. The spectrum for ' 'Pb, taken
close to the grazing angle, shows strong excita-
tion of giant r e sonance structur es, which be-
come pronounced for "Ni only at angles more
forward than the grazing angle (0," =9'). For

FIG. 1. Energy spectra for inelastic scattering of Q

at 815 MeV on (a} pb, (b) Ni, and (c) C. The ar-
rows on the horizontal axis indicate expected positions
of projectile excitations built up on low-lying target
states. The label Q denotes the position of low-lying
transitions in. the ( Q, Q) reaction.

the "0+"C system the grazing angle is - 2' in
the laboratory system and at such forward angles
hydrogen contamination in the "C target obscured
the "0 energy spectrum in the giant resonance
region.

Compared to hadron (A ~ 4) scattering data, the
spectra reveal an improved peak-to-continuum
ratio, possibly equaled only by a recent high-
energy 'Li scattering experiment. ' The contribu-
tions from sequential decay of ejectiles following

n, proton, or neutron pickup lie outside the
region of the giant resonance structures in all
three nuclei at 315 MeV incident energy. These
processes are known" to be a severe problem in
inclusive light-ion scattering spectra. At high
excitation energies there is some contribution
from "0 ground-state groups as indicated in
Fig. 1. The broad peak at a Q value of approxi-
mately 6 MeV in all spectra is attributed to the
3, 6.13-MeV projectile excitation, Doppler
broadened by the subsequent y decay and by under-
lying tar get states. The kinematically expected
positions of projectile excitations built up on the
strongest low-lying target states are indicated
by arrows on the horizontal axis of each spec-
trum (see Fig. 1).

We interpret the 10.8-MeV (1"=2.5 MeV) struc-
ture in ' 'Pb "the 16-Mev (r =3.2 MeV) side
group in 5BNi "(the 13.1-MeV group is found in
electron scattering" to be of E3 nature), and the
25.3- to 26.7-MeV (I'=4 MeV) groups in "C (Ref.
10) as the known isoscalar giant quadrupole reso-
nances in these nuclei. The structure at 13.6
MeV in ' 'Pb [see Fig. 1(a)], which is more pro-
nounced in the present experiment than in light-
ion scattering experiments, has been identified"
previously as the giant monopole resonance. The
distinctive structure of the spectra in the giant
resonance region invites a detailed comparison
with light-ion coincidence experiments especially
for the "C case." At a scattering angle of 3' the
excitation of giant resonance structure seems to
be even stronger than at 4' [Fig. 1(c)], but is
superimposed on a 10- to 15-MeV-wide bump
from hydrogen contamination in the "C target.

One of the most striking and novel features of
the spectra for ' 'Pb is the observation of a pro-
nounced gross-structure peak at an excitation en-
ergy of approximately 20 MeV. No structure
around this excitation energy was found in the in-
elastic scattering of "0 at 140 MeV, ' nor has any
hadron scattering experiment revealed gross
structure in this region. However, two electron-
scattering" experiments and several theoretical
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FIG. 2. Angular distributions of low-lying and highly
excited groups for inelastic 6Q scattering on Pb and

C. The solid curves represent DWBA calculations
with the angular momentum transfers shown.

calculations'" imply a strong concentration of
the L =3 and L = 5 strength function at similar ex-
citation energies. In particular, the structures
found at 18.1 and 19.7 MeV in the present experi-
ment are well reproduced by continuum random-
phase-approximation calculations. '" An addi-
tional hint that these highly excited structures in
' 'Pb represent higher multipole modes comes
from the simple liquid-drop model, ' which pre-
dicts that, for increasing target mass (A), the
response times 7 ~A' '/L'/' of higher multipo-
larities (L) become better matched for the pro-
jectile collision times typical of this experiment.

Angular distributions were measured (see Fig.
2) for low-lying discrete states and the highly
excited broad structures. Only typical examples

are discussed here. The 25.3- and 26.7-MeV
components in "C were analyzed separately (after
subtracting a smooth background through the
minima in the spectra as indicated in Fig. 1 by
dashed curves) and revealed no significant dif-
ferences in the diffraction patterns. The same
result holds for the 18.1- and 19.7-MeV groups
in ' 'Pb. Distorted-wave Born-approximation
(DWBA) calculations have been performed using
optical-model parameters obtained for '"Pb at
an incident energy of 315 MeV (set Q in Olmer
et al."); the sa, me para, meters were used for "Ni.
For "C the E18 potential from Cramer et al."
was used. %e included 250 partial waves for

Pb and 150 partial waves for 58Nj and C. A
complex-coupling plus Coulomb-excitation form
factor was used. The resulting curves are shown
in Fig. 2. No attempt was made to improve the
fit to the data by adjusting the phase angle be-
tween the nuclear and Coulomb interaction ampli-
tudes. The DWBA cross sections are normalized
to the data at the grazing angle to give the Cou-
lomb-excitation strengths pc~ (Rcz =1.2A'/'). We
obtained, for example, pcE = 0.41, 0.09, and 0.10
for the low-lying 4.44-MeV (2'), 2.46-MeV (4'),
and 2.61-MeV (3 ) transitions in "C, "Ni, and
'"Pb, respectively, in good agreement with
known B(EL) values. ' '" " The energy-weighted
sum-rule strengths were deduced on the assump-
tion of a, uniform mass distribution" (vo = 1.2 fm)
and result in 25",,'% E2 strength for the 25.3- to
26.7-MeV groups in "C, (40+15)%E2 strength
for the 16-MeV group in "Ni, and (87*20)%E2
strength for the 10.8-MeV group in ' 'Pb. If we
assume that the pronounced structures around
20 MeV in ' 'Pb belong to the 35cu components of
the isoscalar 3 and 5 giant resonances, and
first exhaust 100% of the E3 sum-rule strength
(using about 30% of the observed cross section at
the gra, zing angle), we are left with 10-20% of
the E5 sum-rule strength. Approximately the
same total strength is predicted by the random-
phase-approximation calculations, '" but with
more equal division between the modes. Although
the quoted E2 strengths for "Ni and "'Pb agree
reasonably well with hadron-scattering data, "
the F2 strength in "C is almost 3 times larger
than is found in a recent light-ion coincidence
experiment. 'o These results, combined with the
suggestive l-dependent angular distributions ob-
served for "C (see Fig. 2), make high-energy
heavy-ion scattering a promising tool for the
study of giant resonances.

In this Letter, we have presented the most
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striking evidence yet for the excitation of giant
resonances with heavy-ion beams. Whereas it
is clear that improvements in the data will be
achieved using coincidence techniques, as in the
case of light-ion scattering, "we emphasize that
we have already observed pronounced structures
of high multipole states in a straightforward
singles experiment. This suggests that there are
exciting prospects for mapping the nuclear re-
sponse function of high multipole resonances in
nuclei with even higher-energy beams, which are
required to match the corresponding quantum
transition times.

The authors would like to thank G. R. Satchler
and A. J. Baltz for help in performing the DWBA
calculations, and H. Faraggi, C. K. Gelbke,
K. T. Knopfle, and A. Shotter for valuable dis-
cussions. This work was supported by the Nu-
clear Physics Division of the U, S. Department
of Energy.

&'~NATO Fellow, on leave from Max Planck Institute,
Heidelberg, West Germany.

&"& Present address: University of Maryland, College
Park, Md. 20742.

~'~ Present address: Universidad Nacional Autonoma
de Mexico, Mexico 20, Distrito Federal, Mexico.

&d&IAEA Fellow, on deputation from Bhabha Atomic
Research Centre, Calcutta, 700064, India.

G. Bertsch and S. F. Tsai, Phys. Rep. 18C, 126
(1975).

R. A. Broglia, C. H. Dasso, G. Pollarolo, and A. Win-
ther, Phys. Rev. Lett. 41, 25 (1978).

J. P. Bondorf, in Nuclear SpectroscoPy and Nuclear
Iteactions aoith Heavy lons, Proceedings of the Interna-
tional School of Physics Enrico Fermi", Course IXII,
edited by H. Faraggi and B. A. Bicci (North-Holland,

Amsterdam, 1976), p. 221.
4B. R. Betts, S. B. DiCenzo, M. H. Mortensen, and

R. L. White, Phys. Rev. Lett. 39, 1188 (1977).
5M. Buenerd, D. Lebrun, J. Chauvin, Y. Qaillard,

J. M. Loiseaux, P. Martin, G. Perrin, and P. de Sainti-
gnon, Phys. Bev. Lett. 40, 1482 (1978).

6A. Guterman, D. Ashery, J. Alster, D. K. Scott,
M. S. Zisman, C. K. Gelbke, H. Wieman, and D. L.
Hendrie, to be published.

~M. Sasao and Y. Torizuka, Phys. Bev. C 15, 217
(1977).

R. Pitthan, F. R. Buskirk, E. B. Dally, J. N. Dyer,
and X. K. Maruyama, Phys. Bev. Lett. BB, 849 (1974).

K. T. Kn5pfle, G, J. Wagner, P. Doll, D. L. Hendrie,
and H. Wieman, in Proceedings of the International
Conference on Nuclear Interactions, Canberra, Aus-
tralia, 1978, edited by B.A. Hobson (Springer, Heidel-
berg, to be published).

H. Riedesel, K. T. Knbpfle, H. Breuer, P. Doll,
G. Mairle, and G. J. Wagner, Phys. Rev. Lett. 41, 877
(1978), and references therein.

J. Speth, E. Werner, and W. Wild, Phys. Rev. BBC,
1-27 (1977).

R. Pitthan, G. M. Bates, J. S. Beachy, F. R. Bus-
kirk, E. B. Dally, D. H. Dubois, J. N. Dyer, and S. J.
Dowalick, to be published.

D. H. Youngblood, C. M. Rozsa, J. M. Moss, D. B.
Brown, and J. D. Bronson, Phys. Rev. Lett. 89, 1188
(1977).

~4C. Olmer, M. Mermaz, M. Buenerd, C. K. Gelbke,
D. L. Hendrie, J. Mahoney, D. K. Scott, M. H. Mac-
farlane, and S. C. Pieper, Phys. Rev. C 18, 205 (1978).

~~J. G. Cramer, R. M. DeVries, D. A. Goldberg,
M. S. Zisman, and C. F. Maguire, Phys. Rev. C 14,
2158 (1976).

D. C. Kocher and B. L. Auble, Nucl. Data Sheets
19, 494 (1976).

D. H. Youngblood, J. M. Moss, C. M. Rozsa, J. D.
Bronson, A. D. Bacher, and D. B.Brown, Phys. Rev.
C 18, 994 (1976).

G. B.Satchler, Noel. Phys. A195, 1 (]972), and
private communication.

Charge-State Dependence of the Coulomb Explosion of 10-MeV OH+
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A molecular OH+ beam has been produced in a Pelletron accelerator. The Coulomb ex-
plosion of 10-MeV QH in thin carbon foils was studied by measuring energy and angular
distributions of protons in simultaneous coincidence with the emerging oxygen charge
states. A simple model of effective charge illustrates the use of su h coincidence meas-
urements to provide information about the electronic screening of moving ions in a solid,
and about the formation of emergent charge states.

Much interest has been recently focused on
studies of the Coulomb explosion which occurs
when a molecular ion impinges on a thin target. ' '

After the molecule enters the foil, the "explo-
sion- can be considered to occur ln t o dlstlnct
stages. Within a very short time («1 csee) the
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