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Recent data on the inelastic scattering of 60 on 208Pb at 315 MeV provide a crucial test of the coherent state model of
heavy ion reactions where the surface degrees of freedom are explicitly taken into account. The transfer of particles is
treated as a position dependent absorption in accordance with one-particle transfer formfactors.

Recently, the reaction 208Pb (160, 16(0")208pp has
been studied [1] at ~20 MeV per nucleon. Very conspi-
cuous structures in the continuous spectrum have
been found, in particular around 10.8 MeV and in the
range of 18.1—19.7 MeV. They were interpreted as
arising from the excitation of isoscalar modes of dif-
ferent multipolaries. Data on the elastic scattering of
160 on 208pPb at ~20 MeV per nucleon have also been
published [2].

In the present letter we report on an analysis of
these data. The model utilized was proposed in ref.
[3]. 1t treats explicitly both the low-lying collective
surface vibrations of the two interacting nuclei as well
as the high-lying damped giant resonances.

The spectrum of the surface modes utilized in the
calculations is for 208Pb the same as used in ref. [9]
except for the position of the O* state. For 160 it is
given in the caption of fig. 1 and is similar to one used
earlier. The surface—surface interaction was described
in the proximity approximation [4]. The zero-point
fluctuations associated with the low-lying surface
modes were included by a set of random initial condi-
tions as discussed in ref. [S}].

Most of the cross section is associated with deep
inelastic events with a broad energy distribution which
is determined by the energy loss partly due to excita-
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tion of surface modes and partly due to the transfer of
particles [6]. The energy spectrum of the 160 ions de-
tected thus receives contributions from the spectra of
several heavier scattered particles, which due to particle
evaporation end as 160 before they reach the detector.
Because of the many channels involved one expects
these collisions to contribute a rather smooth back-
ground in the energy distribution. If we disregard this
background we may thus treat the transfer reactions
as a depopulation of the 160 channel.

For the rate of transfer reactions we use the expres-
sion [7]

dn/dt = N(r/a2) [f ()], (0

where 7 is the collision time (r ~ 0.3 X 10~2! 5) and
f(r) is the formfactor for single particle transfer [8].
For the latter quantity we use the approximation

F)=F/(1 +ex0-R)), €))

where R =1.25 (A:{/3 +AH3) fm and k = 1 fm~1. The
coefficient F' depends on the single particle configura-
tions in the two nuclei. A rough estimate gives F ~ S
MeV. The factor N indicates the effective number of
transfer channels with favourable Q-value which con-
tribute. We have used N = 6.

In the numerical calculaticns the depopulation ac-
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cording to eq. (1) was followed along the trajectory
for each of the initial conditions. The population of
the different quantum states of the surface modes was
projected out of the total sample by the technique
described in ref, [9].

<« Fig. 1. Double differential inelastic cross section associated
with the reaction 160 + 208Pb_ In (a) the experimental spec-
trum at the grazing angle 61,1, = 14° is given. In (b) and (c)
the predicted “direct reaction™ double differential cross sec-
tions are shown in mb/MeV sr for two different angles. The
darkly shaded area corresponds to the events in which at least
two harmonic oscillator quanta were absorbed. The response
function of 160 used was (A, w, T, EWSR (%)) = (27, 69, 0,
8); (23, 23, 6, 90); (37, 61, 0, 9); (47, 23, 6, 25) where i is
the energy of the state and I its width, both in MeV, while
EWSR (%) is the percentage of the isoscalar energy weighted
sum rule associated with the excitation of the mode.

In fig. 1b we show the resulting “direct reaction”
double differential cross section d2¢/dEd# as a func-
tion of the energy loss and for the grazing angle of
B1ab = 14°. The largest cross sections are associated with
the low lying states in 208Pb and in 160 as indicated.
All events leading to an excitation of 160 of more than
10 MeV are not included in the histogram as they
would lead to particle decay.

The structure seen around 11 MeV is partly due to
multiple excitaiion of the low-lying states (hatched
area) and partly to the excitation of the isoscalar giant
quadrupole resonance and of the 2#w component of
the hexadecapole giant resonance. The shoulder at 14
MeV is due to the monopole giant resonance. The cross
sections are shared in the ratio 3 : 2 : 1. While Coulomb
excitation is absent for the 0% state and weak for the
4* state it accounts for 2/3 of the cross section of the
2* state. It is noted that this ratio has been calculated
in a rather unorthodox way, and should be interpreted
as an order of magnitude estimate. In fact, the ratio
of 2/3 is the ratio of the inelastic cross section calcula-
ted in the range of impact parameters 11 fm < p < oo,
and the cross section calculated in the range of impact
parameters 0 < p < 11 fm. In both cases, both the
Coulomb and nuclear interactions are included, al-
though only Coulomb excitation is important in the
range of impact parameters p > 11 fm.

The structure around 20 MeV contains little multi-
ple excitation but mainly the excitation of the 3w
component of the A = 5 giant resonance and the oc-
tupole giant resonance. The cross section is shared in
the ratio 1 : 2.

For comparison we indicate in fig. 1a the experi-
mental data [1] which include the background from
indirect reactions via transfer processes which were
deleted in fig. 1b. In fig. 1c is shown the “direct” spec-

23



PHYSICS LETTERS 31 December 1979

Volume 89B, number 1

ozal e ol gf ozl gl ozl Sil oIl Gl
wog (4) * wg (a)
| I i -
C I i m_
- I Hm ]
— O_I.AI o+ * O_L
ﬁ T 1 i V1
= .T + ' 4
I T \ 1 \ ]
i T (Asmo2).§ '\ N\ 18/ qu) % ..+
- (AN 19)_€ 0,) Gsfaw) T s(Aswi)_gad =7 N\ _ T (AN9Z).gad (1s/ qu) ]
o 01 O 201
ozl oIl oll Gl ozl sil oil gl |TO=k il ol 5
- P . -, . ’
wag (3) * wdg (9) ~o. urg (v)
| Q ‘Memam  104uonp -
) Ma=m  ojuonp —-
1 . joayss0jy — 07
] o3 O
n m I\
017 s Wil
— .q\ o
- | \/
. (AW 11) 4¥ \ “ ]
R ]
(AW Z€)_g ad s/ amson 2 N 2 N A T e
HANA) 09D N uo_h 0

24



Volume 89B, number 1

trum at 6;,, = 7°. Besides the single excitation of the
low-lying states, mainly by Coulomb excitation, the
cross section is dominated by multiple excitation.

In figs. 2b—2f we show the differential cross sec-
tion for the various structures seen in the spectra as
full drawn curves, which are to be compared to the ex-
perimental data [1] indicated by error bars. The ten-
dency of most of the curves to show two maxima re-
flects the existence of a Coulomb as well as a nuclear
rainbow scattering in the average deflection function.
For the giant resonances in figs. 2¢ and 2d we have in-
dicated also by dash—dot curves the angular distribu-
tions associated with single phonon excitation. We
have also here by dashed curves indicated the results
which would apply for the single phonon excitation
in the absence of the absorption (1) due to particle
transfer.

In fig. 2a we display by a full drawn curve the
elastic cross section utilizing the same technique as
was used for the inelastic cross sections. The differen-
ce between this result and the experimental data [2],
indicated by error bars, is due to the finite wave length
in the relative motion. In order to carry out the quan-
tal calculation we use for the real part of the potential
the proximity potential UV while the imaginary part
should be the sum of the absorption W, due to transfer
and W, due to excitation of surface modes. For W,
we should use —%hdn/dt while W, is given by the anal-
ogous formula [7}]

W, = —a2(r/n2)(dUV [dr)? . 3)

The derivative of the proximity potential indicates
the common radial dependence of the inelastic form-
factors. The total strength o2 can be interpreted as
the zero point fluctuation in the sum R of the nuclear
radii
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where the summation should be performed over all
surface modes with favourable Q-value. For the present
case we find o = 0.4 fm. The optical model calculation
is indicated by a dashed curve.

Quantal corrections to the inelastic angular distri-
butions would give rise to a less steep decrease in the
cross section beyond 15°, and would give rise to strong
Coulomb nuclear interferences for the low 3~ state.

In the present investigation no attempt was made
to adjust the response function of the two colliding
nuclei, which was taken from ref. [9]. The good agree-
ment with recent experiments lends confidence to
the ability of the model to describe heavy ion reac-
tions. It thus seems possible to use the model to ex-
tract more detailed information about the nuclear
response function from heavy ion scattering. An anal-
ysis on the basis of distorted wave Born approximation
is in general not warranted since the background may
display marked structure.

Discussions with P. Doll and D. Scott are acknow-
ledged.
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Fig. 2. Predicted elastic and inelastic angular distributions in comparison with the experimental data. The semiclassical elastic cross
section displayed in (a) was calculated as described in the text. The quantal angular distributions were calculated utilizing for the
real part of the optical potential UNV(r) a Saxon—Woods parametrization of the proximity potential in the tail region. The corres-
ponding parameters are Vo = 54.65 MeV, ro = 1.16 fm and @ = 0.6732 fm. The ima;ina:y potential Wi + Wy contains two contribu-
tions. The first Wy = (60 MeV) X {1/[1+exp((- — R)/(1fm))] }* with R = 1.25 (45 + AX?) fm, is associated with the depopula-
tion of the elastic channel because of particle transfer. The second Wy = 0.03, (MeV~! fm2)(dt¥/dr)? arises from the depopula-
tion of the elastic channel due to inelastic scattering. The optical model calculations were carried out utilizing both the absorption
W = Wy and the total absorption W = Wy, + W;. In figs. (b)—(d) the angular distributions of the lowest octupole mode in Pb as well
as of the structures at about 11 MeV and 20 MeV are shown (continuous line), in comparison with the data. In calculating the
angular distribution shown as dashed curves in (c) and (d), no absorption due to particle transfer was included, while the dash~dot
curves are the angular distributions associated with single phonon excitations.
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