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INELASTIC SCATTERING OF HFAVY IONS

" F. D. Becchetti
Lawrence Berkeley Laboratory
University of Californis
Berkeley, California 94720

I.. INTRODUCTION

The ihélastic scattering of heavy ions exciting low lying‘collective
levels can be described>as a "Quasi-elastic" process since the energy, mass,
and charge transfers are small or zero. The small energy (Q = 0) ﬁnd charge
trensfers imply that fhé projecﬁile orbits, incoﬁing énd outgoing; can be
deduced from obéervation of the eiastic scattering. Staﬁdard DWBA or CCBA
would appear to be applicable since the mass transfer is zero and thus the
no-recoil approximation need not be invoked. Furthermoré, as we shall see,
the angular distributions depend, in most cases, on the multipolarity of the
tfansition. These features_are‘in contrast to those for nucleon transfer
between heavyjions. Thezinterpretation of transfer reactions is plagued by
uncertaihties ip optical model pérameters and recoilleffects in DWBA, and
iack of L-dependende in the angular distributions.

In the following sections I will discugs: a) huclear and Coulomb
interference and the phase of the H. I. ~ nucleus interaction b) the shape of
the H. I; optical potentiai and ¢) determination of defdrmation pafameters.

16

I will concentrate on inelastic scattering of "light" heavy ions (120,' 0, etc.)

on nuclei A 2 L0, at energies above the Coulomb barrier. The data are mostly

from Copenl’xagc—:-nl-3 (NBI) and Berkeleyh’S (LBL). Inelastic scattering resonances

are discussed elsewhere in these proceedings.
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II. NUCLEAR AND COULOMB INTERFERENCE

Much information about the sign, shape and magnitnde of nucleon-nucleon
and nucleonfnucleus forces has been deduced ffom observation oftscattering in
thé presence of ﬁhe combined-nuclear,and Coulomb fieldsf The elastic scatter-
ing -angular distribution§ exhibif'oscillations.which;>ih»part, arise from the
interference between nuclea: aﬁd Coulomb scattering.

Interference effects are mbst pronounced when nuciear and Coulomb
forces aré'éomparablef Such is_often the case for inelastic scattering of

3He, alpha particles and heavy ions from nuclei. In DWBA, excitation of a

collective level is described by the interaction (form factor)6—8
_ . C '
F (r) = Fi(r) + F)(r) | - W
where S
| | eZ. um VB(EL)
Fo(r) = —dmmee—— —4 . | (2)
L 2L .+ 1 rL + 1 .
and
s evr &4 ug % N
Fi(r) = B (VgRg & * TWiRr 3p) | - (3)

In these equations, L is the'multipolarity of the trénsition and Fg(r) and
Fg(r) are the Coulomb and nuclear excitation. forces, respectively. The latter
is proportiohal to the derivative of the optical potential, VR f(r) + iWI g(r),

which describes the elastic scattering. BN is the potential deformation due

L

to the target nuclear deformation (target excitation). Since the optical
potential is usuelly attractive (vR < 0), as well as absorptive (wI < 0) there
is a point for which Re(FL (r)) = 0. This results in a minimum in the inelas-

tic scattering angular distribution (or excitation functio'n).T’8 Such destruc-

6

' 6
tive interference has been observed in (3He,3He'), (e,0') and ( Li, Li'),

although the effects are often sma.ll.9’lo’ll
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In Fig. 1 we show datah'(LBL) for 208Pb(160, 0') 8Pb (g.s., 3,5,

2+) as a function of angle (E = 10k MeV) while in Fig. 2 we show data3 (NBI)

for 88Sr(l60,l60')888r (g.s., 2+, 37) as a function of energy (BL = 175°).

Two regions are observed, respectively: small angles (low energies) for which

/o, &1 and‘cinél (6,E) depehds on L (and/or Q), and large angles (high

(o}
Oel R

(6,E) is nearly L-independent. These features can be

enér ies) where O,
g ) S inel :

qualitatively understood in terms of interference between nuclear and Coulomb
scattering of ions-whose orbits are described semi-classically (n > 1, L <<kR).

In such a picture the inelastic scattering can be written 358

(o}

inei(e,;) =P o, (6,E) o | (4)

L "el

where P is the inelastic scattering probability and qel.(e,E) is the elastic

scattering. Furthermbre one can show that12
P, « iFL(D)[2 ' | (5)

where D(O,E) is the distance of closest approach;‘which for Coulomb orbits is

given by

D(6,E) = (ZlZé/QEC o) (1 + csc 8/2) - (6)

. + -
We illustrate this in Fig. 3 where we show Oinel/cel for 16O, 12 4 96Zr(2 +3)
) .

versus |FL(D)I' for L = 3 (the main component of the states excited).2 In the

region r, D > 13 fm (small 6, low E) Couloﬁb forces dominate and PL and'cinel

L + 1

are L-dependent-(Fg(D) «1/D ) whereas for r, D < 11 fm (large 6, high E),

nuclear forces and absorption (L independent) dominate. The strong absorption

dampens any dscillations r, D <11 fm. The minimum in the inelastic cross

C
L

to note that the elastic scattering at the corresponding D(e,E) exhibits

section occurs at D(6,E) such that Re(F (D) + Fg(D)) a»o.' It is interesting

constructive interference (Figs. 1, 2). Since the relation (6) neglects the

distortion of the real potential, the minimum in oinel(D)vappears to shift
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e SIS 5816, 16,158, .+
slightly with E and/or 6. This is shown in Fig. ba for > Ni(7 0, 0')S Ni(2 )

. meaéured3 as functions of 6(E = bb, 50, 60 MeV) and E(6 = 60°, 75°,‘90°, 175°).

" The maximum in Oel(D)/OR(D) also shifts accordingly,3 as can be seen in Fig. Ub.

The effect of the real pbtential on the.projéctile orbit can be included in
: . . 8
a semi~classical model by calculation of the deflection function. The absorp-

tion can also be treated.8 Figure 5 compares the results of semi-classical

58 16

and quantum mechanical caléul_ation_s8 for Ni + "°0. Except for the region of

strong absorption (where Oine1 Oel) both methods give similar results,

although the use of the semi—classical method may be advantageous when many
S ‘ :
_inela#iic transitions nust be coupled.8
In the discusSibns above we have assumed the validity of the collective
model (Eqs. lf3). It has been pointed out, however, that nuclear -~ Coulomb
interference.can be'used as a sensitive probe of the phésé of.the‘nuclear

inelastic form factor.t> Thus one may rewrite (3) as

Fﬁ(r) = Bﬁ ue™® R %%(r) ‘ ‘ ' (1)

The determination of the phase a is necessary to facilitate coﬁparisons with

13

form factors calculated using microscopic models. In nucleon-nucleus

inelastic scattering'Fg(r) >> Fg(r) and as a consequehcevthe shape and magni-

tude of ¢ are nearly independent of a. Such is not usually the case for

inel

the inelastic scattering of heavy ions.
In Fig. 6 we show DWBA calculations" for 200pp(100,2601)208py(37).

The calculations for 6 > 80° are relatively insensitive to a (since FE(D) < Fg(D))'

and BgU can be determined'by-fitting_the magnitude of oinei(e)). Siﬁilarly the
forward angle data determines B(EL). The phase a can then be adJusted to fit
' the interferenc¢ patﬁern. The resulth for the data shown is a = 30° t 15°,
This is in very good agreement with the collective model value & = 20° deduced

from the optical model potential used to fit the elastic scattering

Y
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(o = tan~t IWI/VRr if f(r) = g(r)). The phases determined from nuclear-

, 20
Coulomb interference in (o,0'), (3He,3He') and (160,160') on 8

consistentlo’ll’l3 with the collective model which requires deformation of

Pb are all

both the real and imaginary parts of the optical potential. The phase a will
in general depend on bombarding energy since the ratio wI/VR will. Thus

@+ 0° as E + E W_ . 0).
as Coulomb Barrier ( I )

IiI. bETERMINATION OF OPTICAL MODEL POTENTIAL

The optical potential for heavy ions is often not determined very wéll
from elastic scattefing. This is due to the dominance of Coulomb forées at
large projectile separation and strong asbsorption which occurs for close
approacheé._ This can be seen by displaying the optical-potentials and elastic -
sca.ttering2 vs. D{(9,E), as shown in Figs. Ta and Tb. The potentials VR(r) and
WI(r) are accurately determined only in the region f > 9 fm (>Rﬁ’RI)° In this
region the potentials satisfy the Igo relationlh V(r) » V exp(R/a) |
exp(—r/a)v=‘C(a) exp(-r/a). Thus the diffuseness parameter determines the -

2,3 16 12

potential shape. Recent analyses of elastic scattering of 0 and “°C ions

from nuclei A = 40 indicate a; <§aR'<§O.6 fm. The analysis of some transfer

reasdtion dats requiresl6 ~ 0.6 fm. The optical potentials generated by

&1

folding a nucleon-nucleus optical potential with the projectile density havee’17

fps 81 3'0.6 fm. It is possible to obtain & not unreaSbnable fit to elastic
scattering dgta wifh a folded-type potential which has &g =8; = 1 fm (set Iv,
Figs. Ta and Tb). '

Heavy ion inelastic scattéring, however, is very sensitive ﬁo the

potential shape since the derivative of the optical potential enters in the

form factor (Eq. 3). This is shown in Fig. 8 for 16O + 58N1. The solid curve

3

represents & calculation™ with ep = 0.53 fm and e, = 0.38 fm while the dash

I
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égrvez is for ap = a; = 1 fm. Collective model phases were used for the calcu—
lations. shown. It can be seen that a diffuse nuclear potential does not pro-
duce enough structure compared to the observed interfereﬁce (this feature is
felatively-insensitive to a in this case). Simiiiar fesults have been obtained
fof other nuclei‘_.2 The analyses of nucleaf-Coulomb interference indicate o
a; SzaR < 0.6 fm. | |

 Although the angular distributions for excitation of low lying levels
are reprbduéed quite well by DWBA (see Figs. 1 and 2) there are indications
that the calculetions for very inelastic scattering (Ex >> 0, Q << 0) are
shifted back in angle with respect to the datae’h (sée Fig. 1). The 6bserved
shift with Q-value is very~simiiiar to that observed fgf transfer reactions,

16,18 that transfer with non quasi-elastic Q values (@ ¥Q )

Where it is observed
. » opt

are not fit by DWBA without parameter adjustments. The obéervation of this
effect in inelastic scattering indicates that this phendmeﬁon is associated
vith orbit mismatch and/or channel coupling and not probiéms associated with
recoil, the transfer formvfactor, or mass and charge transfers per se. More

H.I. inelastic data Ex >> 0 would be useful in further clarifying this problem.

IV. DEFORMATION MEASUREMENTS
The spectroscopic quantities obtained via super-Céulomb H.I. inelastic

-séattering are the E.Mf.tranéitiénvrates'B(EL) and potential deférmations

Bg (Eqs; 2 and 3). In practice, however, states Ex.>> 0 and L >> 0 are excited

moétly by nuclear excitation, owipg to the rapid decrease of Coulomd excitation -
with L and Q. Therefore, transitions to states L £ 3 and Ex S 3 MeV usually 3f£
- exhibit the most nuclear-Coulomﬁ interference and caﬁvﬁe‘used to meaéure simul=-
taneously B(EL) and Bg. The.quahtity B(EL)‘ie é measure of the target charge
deformation (Bg) while Bg is & measure of the target mass deformation, B, (in

first order BgROM = BLR where ROM is the potential radius and R 18 the target
9

ra.di.us).l . .E
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- It has been observed that the charge and mass defonhations~deduced
_from.different measurements (Coulomb excitation, (p,p‘), (d,a'), etc.) often
differ substantially.19 One would like to correlate these differences with
isospin, etec., however it is often not certain whether the observed effects
are meaningful or merely reflect experimental and theofetical uncertainties
(such as normalization problems). H.I. inelastic scattering can yield deter-
minations of'charge and mase deformations from a single experiment. This is
illustrated in Fig. 9 for the first 2+ stetes in several_ﬁuclei. Shown are
the charge (Bg) and mass (82) defbrmafione deduced from B(E2) and BN values

16 16

measured with (™ o' ) compared with those deduced from separate measurements'

(in some cases average values). The agreement between the H.I. results and
other measurements is good. The results shown indicate that Bg 2 82 for the

nuclei shown, except'perhaps hBCa. In Table I we compare results obtainedh

from Pb (16 16 21-26

0'), E = 104 MeV (Fig. 1) with those from (e,e'), (p,p'),
(a,a'), and (3He,3He'). The light ion results are not very self-consistent,

vhereas the H.I. results have Bg > BL(G > GL). It can be seen from Table I

EL
that appnrent differences in E.M. and nuclear transition rates (GEL and GL)
| can arise from higher-order effects in Couloﬁb_excitation (e.g. reorientation)
which are rot included in a simple treatment (Eq. 2).

The results shown in Fig. 9 and Table I are for spherical nuclei.
Recent technological advancements make it possible to study H.I. scattering

from deformed nuclei at high bombardlng energies with adequate energy

resolution.2! An example is given in Fig. 10 where a 124 spectrum from
\ _ _ _

1%m(1%,%%c"), E = 78 MeV 1s shown.’ Members of the g.s. rotational band
+ L+ L+

(27, 4,6, .. .) are excited with cross sections comparable to those for

. 2 .
1ight iomns. 8_ It is hoped that such experiments will give information on the

effects of the projectile size on measurements of high potential moments
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(Bh’Bé) and resolve ambiguities that now exist between Coulomb excitation and
(a,a') measurements. The quantitative interpretatidn-of H.I. ihelaatic
_ scattering from deformed nuclei must await the extension of coupled channels

calculations (CCBA) to include energetic heavy ions.

V. SUMMARY
It is hqped thét the preceding illustrations have shown that heavy-ion
inelastic sééﬁtering at energies above the Coulomb barrier can ﬁe'used to
obtain iﬁformatibn about the H.I.-nucleus interaction and nuclear shapeé, and

provide knowledge valuable for the interpretation of other heavy ion reactions.

EA . atcFE -
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8Pb.

Table I. Transition probabilities for states in 20
(160,160')a (e,ei)b Coul. (p,p")° (3He,3He')f (a,0')
' ExC©
Ex(Mev)1 J"J BNk 8 G G G. G

L L EL EL L L L

2.62 3°  0.060 0.085 39.5+2 3242 135.8 19.2 41.1+4.18
| (2h+2)0 | 19.60

3.20 5 0.036 0.051 1h4+5 10.7 3.5 1L.1+1.68
L.10 ot 0.030 0.043. 8.1%0.5 9.4 k.9 8.0+0.88
L.31 yt 2612 5,2 1k, 8+1.68
®Collective model analysis with opticel potential: U(r) = (v+iw)(1+exp1§5))'l with V = -0 MeV, W = -15 MeV,

CRef 22; Coulomb excitation including reorientation, El6

dRef. 23, E
®Rer. 2k, E
. P
Ref. 11, ®

3ge

24.6 MeV.
Lo MeV.
= h3.7 MeV.

{see Fig.l)

b

8Ref. 25, E
hRef. 26, E
o

lMea.sured in

Ref. 21.

= 17.5 - 19 MeV (Q = -1.3 b).

42 MeV.
Ly MeV.

this experiment (% 50 keV).
JFrom Ref. 23.

ksg is the potential deformation and BL is the target mass deformation, as deduced from the deformation
lengths (see text). |

L
GL =

charge (GEL) deformation of the target.

DB(EL) from (e, e') of Ref. 21 (see Eq. (2)).
"B(EL) from Gy = G, and sdjusting G
®Deduced from the 160

= B(L)/BSP(L).

Estimated errors are shown.

L

to fit the data.
+ 208py. aata presented in Ref. 22 but neglecting reorientation terms (Q = 0 b).

G = z2(3+L)as§/un(eL+1) where B, 15 the mass (G ) or

€69T-141
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Figure Captions

Fig. 1. Angular distributions for 2°8Pb(l6o,l6b'), E = 104 MeV (Ref. L).

The curves are DWBA calculations for pﬁciear + Coulomb excitation (péra-
meters givén in Table‘I). 'The DWBA program DWUCK (P. D. Kunz,'unpublished)
was used. | | _

Fig. 2: EXcitation:functions for 888r(l60,160'), eL = 17§° (Ref. 3). The
vcurves are DWBA calculations. : o

16,

0 and !

Fig. 3. Top: The inelastic scattering probability of C from 96Zr vs.

D(8) compared with a DWBA calculation. Bottom: The sqﬁare of the form

factor vs. separation (Ref. 2).

Fig. La. Ratio of inelastic (1.45 MeV) to elastic scattering of l60 from 58Ni

as a function of the classical distance of closest approach (Eq. 6). This
figure summarizes the data from four excitation functions and three
angular distributions (Ref. 3). The curves are drawn to guide the eye.

58

Fig. Ub. Elastic scattering of ]60 from - Ni divided by the Rutherford cross

section, as a function of the classical distance of closest approach (Eq. 6).
This figure éummarrizes the data from four excitatioh functions and three
- angular distributions (Ref. 3). The curves ére dréwn"to-guidebthe eye.
Fig. 5. A comparison of semi-classical And DWBA calculations for léd + 58N1
(Refs. 1 and 8). | .
Fig. 6. Top: DWBA calculations for excitatidn due to Coulomb forces
(FL(r) = Fg(r)) or nuclear forces (FL(r) = Fg(r)). Bottom: DWBA éalcula—

tions for combined Coulomb and nuclear excitation as a function of the

phase factor a(= tan-l|wI/VR|, Eq. T).

16 96

Fig. Ta. Left: The feal part of the optical potentials which fit 0+ “7Zr

elastic scattering (Ref. 2). Note that the origin starts at r = 4 fm.

Vc(r) is the Coulomb potential. Right: The elastic data for 160 * 962:




Fig.

Fig.

-13- LBL-1653

at 49(e) and,60(9) MeV as ratio to Ruthgrférd scattering, versus D(6)
(Eq. 6); ‘The curves are optical model calculaticns for the potentials
indicated (EL =.60‘MeV). |

Tb. Same as Fig. 6 but for the absorptive part of the OM potential.

8. Elastic and inelastic scattering of 164 4 58Ni (Ref. 3). The solid

curves are DWBA calculations with a; = 0.38, ap = 0.53 (Ref. 3) while the

 dot-dashed curves are for a folded-type potential, ap = a; = 1 fm (Ref. 2).

Fig.

-Fig.

9. Quadrupole charge (Bg) and mass deformations (82)“deduced from
(*6a,%a'), ((e) Rer. 2, (&) Ref. 3, (¥) Ref. 4) compared with other
measurements ((o) Ref. 20).

10. % spectrum from 1525m + 120, E, = 78 MeV (Ref. 5). The positions

L
of states in the g.s. rotational band are'indicated.(Ref. 28).
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E, = 104 MeV
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
‘responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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