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I. Introduction

Heavy-ion inelastic scattering at sub-Coulomb energies has been

employed for many years to obtain nuclear structure information, espe-

cially information on the moments, Q. , of the nuclear charge

distribution, p(r), where

Extending the technique to energies e.bove the Coulomb barrier has

generally been avoided because of the unknown nature of the nuclear force

and because accurate absolute cross sections are difficult to measure at

the higher energies. However, by making measurements slightly above the

Coulomb barrier so that a portion of the data is dominated by Coulomb for-

ces (generally at small angles in an angular distribution or at low

energies in an excitation function), the entire data set can be accurately

normalized to Rutherford scattering. A careful analysis of the data then

fixes the real part of the nuclear potential near the strong absorption
i ?

radius. '

At this point, one is faced with the problem of relating the nuclear

moments of a parametrized nuclear potential with the shape of the target
3 4surface. In principle, a folding model procedure * would appear to be an

appropriate way to avoid this problem, but, to date, a computer for-

mulation suitable for coupled-channel analysis of heavy-ion reactions is

not generally available.



A first approximation to the folding model which is particularly

suitable to strongly absorbed surface reactions is the rolling model of

Hendrie. In this model, the target charge distribution is assumed

constant out to a sharp cut-off radius given by:

Rt ( 9 ) = ro At / 3 Cl + A Y2,0 ( e ) + e4 Y4,0 ( 9 ) + "-1 (2)

the projectile charge radius by:

and the nuclear-interaction surface by

Rn(e) = PJ (Aj / 3 + A J / 3 ) [1 + B£ Y2j0(e) + *J Y4>0(e) + $ Y6j0(e) + . . . ]

(4)

The geometrical operation of rolling the spherical projectile over the

deformed target surface wi l l cause the projectile center to move on a sur-

face described by Eq. (4). This allows the e!? of Eq. (4) to be related to

the 6̂  of Eq. (2). With this framework, heavy-ion inelastic scattering

can be profitably extended to above-the-barrier energies as is illustrated

in the following examples.

II. An Experimental Aside

To insure normalization to c R u t h as well as to obtain the superior

resolution afforded by transmission geometry, it is convenient to choose

the laboratory beam energy, E (MeV), so that the "peak" in a 7/aD .

lies in the range 30° <_ e _< 70°. A convenient parametrization for this

condition is provided by:



0.72 ZtZp [1 + c s c f f i ] fAt + Ap)

P " [TT25 (At
I /3

 + A J ' 3 ) + 3.5] \ # • l )

If the beam energy is chosen too high, the grazing angle will be at small

angles and the ti. a will be dominated by nuclear forces. In this situation,

a , generally exhibts a diffraction behavior and optical model analysis

reveals a sensitivity to the nuclear interior. Such penetration of the

ions violates the condition for applicability of the rolling model.

III. Illustrations

A. 12C (70.4 MeV) + 1 4 4 j l 4 6Nd, Importance of Hultistep Effects

That nuclear moments could be reliably extracted from above-the-barrier

heavy-ion scattering was first demonstrated by Hilliset al_. in their
12systematic study of 70.4 MeV C scattering from the stable Nd isotopes. A

144sample of their results is shown in Fig. 1 for the isotope Nd. Shown are

the differential cross sections for elastic scattering (as a ratio to

Rutherford scattering) and for exciting the low lying 2 and 4 states. The

solid curves, which provide an excellent fit to the data, are rotational
o

model coupled-channels calculat ions including a l l the t rans i t i ons shown i n

the inset t o F ig . 1 . The 0 + 2 coupling strength was obtained from

9 + +

the measured B(E2+) and the 2 + 2 sel f -coupl ing strength was taken from a

Coulomb reor ienta t ion measurement. The 2 + 4 and 4 + 4 + matrix elements

were assumed to have rotat ional model values whi le the 0+ + 4+ t r ans i t i on

st rength, generated by a B^ deformation, was varied t o obtain the best f i t
4+

t o a . In a l l cases, Coulomb and nuclear t r ans i t i on strengths were

taken to be equal i n the r o l l i n g model approximation. With the B(E2+)



fixed, the parameters of the optional potential were determined by fitting

the elastic-scattering differential cross section.

The dotted curves in Fig. 1 are DWBA calculations performed in the same
0

spirit — i.e. using known Coulomb matrix elements and requiring Coulomb

and nuclear transition strengths to be equal. A satisfactory DWBA fit to

c + could be obtained by increasing the B(E2+) siightly (~ 3%) and reducing

the nuclear transition strength by ~ 20%. By such a plry, a DWBA calcula-

tion can mock up the influence of the 4 state on the 2 state as well as

the reorientation in the 2 state (both are multistep effects). No adjust-

ment of DWBA parameters could reproduce the measured 4 angular distribution

because this distribution arises from a strong interference between direct

excitation of the 4 state and double E2 excitation to this state.

The role of reorientation in the 2 state is illustrated more clearly

in Fig. 2 which shows CCBA calculations for three values of the 2 state

quadrupole moment. The dotted curve, Q2 = 0, is similar to a DWBA calcula-

tion in that reorientation is not accounted for. The solid curve, the same

as the solid curve in Fig. 1, uses the value of CL measured by Coulomb
g

reorientation. However, the scattering beyond 50° in Fig. 2 is dominated

by the nuclear potential and it is therefore comforting that the analysis is

consistent with equal matter and charge quadrupole moments.

Sensitivity to hexadecapole deformation is illustrated in Fig. 3 for
1Afi 144

scattering from Nd. As in the case for Nd, the B(E2+) and Q? values
q

were taken from Coulomb excitation. If no hexadecapole deformation is

assumed, then the dotted curves result, which only accounts for double E2

excitation to the 4 state. Allowing for direct excitation by a hexadecapole



deformation of e? * 0.05 (solid curves in Fig. 3) not only gives the correct
4+ 2+

shape for a but also results in an improved fit to o .
12

Data and analysis of C scattering from the other even Nd isotopes

show similar results. Although this study showed the general iiaportance of

B4 deformations in the Nd isotopes, it is doubtful if reliable hexadeca-

pole moments could be extracted if the B(E2+)'s and static quadrupole
g

moments had not been previously measured.

on ?08

B. Ne (131 MeV) + Pb. Large Hsxadecapole Deformation
20

The nucleus Ne offered an interesting challenge to this technique

since the reported B(E2t), Q_ and e. values varied over so large a range,

none of these quantities could be taken at a fixed value. Reported B(E2+)
2 ?10 ? 9 n

values varied from 0.048e b to 0.029e b , Q2 values ranged
from -0.20eb12 to -0.24eb,10 and B4 values varied from 0.111 3 to 0.23.14*

Fortunately, the analysis of elastic and inelastic scattering of 131 MeV
on ?08

Ne from Pb revealed a sufficient separation of sensitivities to the

parameters to allow simultaneous determination of all three structure quan-

tities (as well as the optical potential). This is illustrated in Figs.

4-6. In Fig. 4 two CCBA calculations are compared to the elastic scattering

angular distribution. The dotted curve is a calculation in which the ground
20 +

state is coupled to the Ne 2 state whereas the solid curve includes
20 +

coupling to the Ne 4 state as well. Note that the ratio-to-Rutherford

cross section is plotted on a linear scale to enhance the detail near

ari/°DHTu ~ l' Botn calculations have equally good x
2 values. Both calcula-

2 2
tions use a B(E2+) * 0.033e b which is essential to f i t t i n g the elastic
scattering as well as essential to providing the measured magnitude of c at

forward angles (e^_ „ 50°) (see Figs. 5 and 6).
tin /



As in the case of 70 MeV 12C scattering from the Nd isotopes,7 the
+ 2+

2 quadrupole moment is most sensitive to the behavior of o at large
angles (e >_ 70°). This is illustrated in Fig. 5 which also shows that an

20oblate shape for Ne can be ruled out. With B(E2+) fixed by the magnitude
2+ 2+

of o at small angles and Q2 fixed by the behavior of o at back angles,
2+the sensitivity to B- appear in the magnitude of a near e * 65°. This

is shown in Fig. 6 for three values of e£. The remarkable influence of p£

on the 2 cross section is a consequence of the very large hexadecapole defor-

mation in Ne (g£ ~ 0.22). The apparent shape of the Ne surface as

determined by these parameters is shown in Fig. 7. Both the large static
20

quadrupole moment and large hexadecapole deformation implied by the Ne +
o no i c

Pb experiment present problems for shell model calculations. In

part icular, shell" model calculations predict " values near QR . for Ne.

C. 12C (78 MeV) + 1 9 4Pt. Asymmetric Rotor Model

Another example of the importance of hexadecapole deformations in heavy-
12

ion inelastic scattering is in the scattering of 78 MeV c ions from the
194transit ional nucleus Pt. The low-lying spectra from transit ional nuclei

appear to be well described by the asymmetric-rotor model of Davydov and
22Filippov. Figure 8 shows the elastic scattering data with a CCBA f i t

(lower part of the figure) as well as an optical model f i t to the elast ic

plus low lying 2 cross section (upper part of Fig. 8). The CCBA
21 + 194 +

analysis included the second 2 state in Pt as well as the 2 and
4 members of the ground-state rotational-band in an asymmetric-rotor

22 22
model calculation. The conventional asymmetric-rotor model does not
include 6. deformation and the target surface is described by:



„••-, l"

£ (8) ' rc
Q A j / 3 [1 + *l COSYC Y2)0 + A g 8* sinyc (Y2>2 + Y 2 _ 2 ) ] (6)

rather than by Eq. 2. With this definition of the charge radius and the
1g* p3 + +

known B(E2+) for Pt , the fits to inelastic scattering to the 2 , 2
+ 21

and 4 states shown in Fig. 9 were obtained. The variables include the
four parameter optional model (mainly fixed by the elastic scattering
data of Fig. 8) and the asymmetry parameter Y C . The value yC ~ 30° is

2+'

determined by fitting the magnitude of the a cross section. What

stands out in Fig. 9 is the failure to account for the shape of the

4 cross section. Furthermore the predicted values for the MQ 2I and

M 2 2 matrix elements, shown in the first row of Table I, disagree in sign

as well as in magnitude with the values.measured by Coulomb

excitation23'24 (shown in the third row of Table I).
25 22

Baker has extended the Davydov-Filippov model to include hexade-
capole deformations by amending Eq. 6 as follows:
R t ( e ) = r o A t / 3 [ 1 + B2 c o s Y ° Y2,0 + ^ e2 sinr2 (Y2,2 + Y2 -

+ BS Y4,0 + a42 <Y4,2 + Y4,-2> + a44 <Y4,4 + Y4,-4)^ • (7)

Assuning no asymmetric E4 shape components (a4_ • a-4 • 0) but allowing

for a 8. deformation, the fits shown in Fig. 10 were obtained. The much
4+improved account of a reflects the importance of interference between

direct and double E2 excitations to the 4 state. Furthermore, the

inclusion of 8. deformation resulted in MQ2, and M«2 matrix elements

(second row of Table I) which were in much better agreement with the

Coulomb excitation values.23,24



D. 22Ne (93.5 MeV) * 126Te. Mutual Excitation

As a final example of the rich possibilities for multistep processes

in heavy-ion inelastic scattering, consider the case of mutual excitation
+ 22

of collective 2 states in both the projectile, Ne, and the target,
Te . The energy level diagram and pertinent transitions are shown in

Fig. 11. Note that there are four possible paths to the 1.941 MeV
1 ?f\ +

"level" which represents the simultaneous excitation of Te (2 * 0.666
MeV) and 22Ne (2+ = 1.275 MeV).

26 22

Elastic and inelastic data for 93.5 MeV Ne scattered from a
126

Te target are shown in Figs. 12 and 13 respectively. The solid curves
27

are coupled-channels calculations with the program CHORK using B(E2t)
22 126 28 29

transition rates for Ne and Te previously reported. ' Although

the single excitation to the 2 states are reasonably well accounted for,

the bell shaped nature of the mutual excitation appears to be a problem

for this analysis. The correct magnitude of the mutual excitation cross

section is obtained only if all the transitions in Fig. 11 are included

in the analysis. However, the detailed differences between calculations

and data point to a need for a more sophisticated form factor to describe

the interaction.

IV. Summary

The main drawback in above-the-barrier inelastic scattering as a

probe of nuclear structure is the non-analytic nature of the nuclear

potential. The above illustrations show that steady progress has been

made towards overcoming this difficulty, thereby, learning more about the

ion-ion nuclear potential. We have also seen that nuclear and Coulomb



, . . • • - I

excitation emphasize different excitations and their interference produ-

ces a rich variety of phenomena which are useful in extracting nuclear

structure information.
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Table I

Summary of asymmetric-rotor model parameters ar predicted E2
194matrix elements for Pt compared to Coulomb excitation matrix

elements (units of e-fm ).

Y

30°

41.7°

A
0.133

0.151

"4

0

-0.07

Coulomb excitation

Matrix elements

M02,

-6.1

8.4

9.0(a)

±0.2

M22

7.3

-61.2

-83.0<b>

±7.9

"22"

155.1

139.1

145.5(a)

±2.5

(a) Ref. 23.

(b) Ref. 24.
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Figure Captions
19 144

Fig. 1. 70.4 MeV C elastic and inelastic scattering from Nd (from

Ref. 7). The dashed curves are DWBA calculations and the solid

curves are CCBA calculations which include the couplings shown

in the inset. Known matrix elements (*tef. 9) were used in both

calculations and BC. - 0.053 were deduced from the CCBA fit.

Fig. 2. Sensitivity of CCBA calculations to the assumed value of the

2 state quadrupoie moment (reorientation effect). The solid

curve uses the value measured in Coulomb reorientation (Ref.

9). The dotted curve, 0~ = 0, is similar to the result which

would be obtained with a DWBA calculation.

12
Fig. 3. Angular distributions for 70.4 MeV C elastic and inelastic

scattering from Nd (from Ref. 7). The curves are CCBA

calculations for two different values of the hexadecapole

deformation parameter and illustrates the sensitivity of heavy-

ion inelastic scattering to this parameter.

?O 208

Fig. 4. 131 MeV c Ne elastic scattering from Pb as a ratio to

Rutherford scattering (from Ref. 15). The curves are simulta-

neous CCBA fits to the 0 and 2 data in the rotational model.

The solid curve includes coupling to the 4 state (unresolved

in the experiment).

Fig. 5. Differential cross section for exciting the 1.63 MeV 2 state

in 30Ne by the 20Ne (13 MeV) + 208Pb reaction (from Ref. 15).
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+ +
The curves are CCBA calculations which couple the 0 , 2 and

4 states in the rotational model and shows the sensitivity to

the magnitude and sign of the static quadrupole moment.

Fig. 6. Three 0 2 4 rotational model calculations with different values

of B? are compared by their 2" cross section predictions (Ref.

15). All calculations use the same B(E2+) and Q2 values and
c +

differ in their value of &.. The level of the 2 cross secti
near e - 65° is sensitive to the assumed magnitude of B?.cm. * 4

20 c
Fig. 7. The shape of Ne implied by the deformation parameters ^ ~ +0-

and B? = +0.22 (assuming rotational symmetry).

Fig. 8. Differential cross sections (as a ratio to Rutherford

scattering) for 78 MeV 1 2C scattering from 1 9 V t (from Ref. 21).

The upper curve is an optical model fit to the sum of elastic
+ 194and inelastic scattering to the first 2 state in Pt. The

lower curve is a CCBA fit to elastic scattering.

Fig. 9. CCBA asymmetric-rotor calculations compared to the data for ine-

lastic excitations of low lying 2 and 4 states of Pt (from

Ref. 21). The value Y = 30° for the asymmetry parameter gives

the best fit to the magnitude of the 2 cross section. No

hexadecapole deformation is included in the calculations.

Fig. 10. Same as Fig. 9 except that Y = 41.7° and the hexadecapole defor-

mation, &. = -0.07, is included in the calculation.
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22 '• 126Fig. 11. The energy level diagram for the composite Ne + Te system.
22

Left side indicates excitations of Ne while on the right are
pg

illustrated the excitations of Te. The arrows indicate the

couplings included in the CCBA calculation.

Fig. 12. On the right side is the ratio of elastic to Rutherford scat-

tering for 93.5 MeV 22Ne + 126Te (from Ref. 26). The left side

shows the ratio of elastic plus inelastic scattering to Te
22 +and Ne Z states to Rutherford scattering. Solid curves

represent the CCBA calculation.

1 p

Fig. 13. Differential cross sections for scattering to the Te
+ 22 +2 state, the Ne 2 state and for the mutual excitation of the

126Te ar,d 22Ne 2 + states (from Ref. 26). The solid curves

represent the full CCBA calculation including all the tran-

sitions in Fig. 11 while the short- and long-dashed curves

represent the contributions from the direct and indirect routes,

respectively.
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