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Abstract. Differenitial cross-section angular distributions for the elastic scattering of
270 MeV *He particles from 3*Ni, *°Zr, ! '°Sn and 2°Pb have been measured. Optical model
analysis of the cross-sections has yielded the optical model parameters for *He particles at
270 MeV. Angular distributions have also been measured for the inelastic excitation of the
low-lying levels in the above meationed nuclei. A collective model analysis using the distorted
wave Born approximation (DWBA) of these cross-sections with the distorted waves generated
by the optical model parameters determined from the elastic scattering analysis, has yielded the
reduced transition probability (B(EL)) values consistent with those reported in the literature.
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1. Introduction

As a part of the programme to study the excitation of the giant resonance region in
58Nj, 20Zr, 11Sn and 2°®Pb utilising the 270 MeV *He particles, we have measured the
elastic and the inelastic scattering of *He particles at this energy. The inelastic scattering
measurements are mainly for the low-lying states of the various target nuclei. For *He
particle energies greater than 100 MeV, the elastic scattering measurements have been
reported at 217 MeV (Willis et al 1973), 130 MeV (Djaloeis et al 1978)and in the energy
region 90-120 MeV (Hyakutake et al 1978, 1980). The present work at 270 MeV is
perhaps the highest energy at which the elastic and the inelastic scattering data from
3He particles are being reported. Langevin-Joliot et al (1982) reported (*He, “He)
reaction at 280 MeV 3He energy, but the analysis of the *He €lastic or inelastic cross-
sections has not been published.

The experimental details of the measurements are given in § 2. The analysis and the
results for the elastic and inelastic scattering data are given in § 3. The conclusions are
given in §4.

T To whom all correspondence should be addressed.
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748 P P Singh et al
2. Experimental procedure

The present measurements have been carried out utilising the 270 MeV *He particle
beams available from the Indiana University Cyclotron Facility (IUCF). The
isotopically enriched targets of 3¥Ni (99 %), °°Zr (98 %), ! 1Sn (96 %) and 2°8Pb (99 %)
ranging in thickness from 10 to 100 mg/cm? were used. The scattered particles were
detected using the QDDM spectrometer (Bent et al 1981). The differential cross-section
measurements were carried out in the angular range of 6 ~ 6° to 32° in steps of 0-75° or
1:5°. The angular resolution was kept at 0-2° for 6 < 27° and 0-4° for 8 > 27°. Beam
current on the target ranged from 1-0 to 50 (particle) nA.

The measured differential cross-sections for the elastic scattering for all target nuclei
are plotted in figure 1. The inelastic scattering to various low-lying states of *®Ni, °°Zr,
116Sn and 2°%Pb are presented in figures 3-6 respectively. The elastic scattering cross-
sections have absolute errors of the order of + 52 arising mainly due to target non-
uniformity and uncertainties in target thicknesses. The inelastic scattering data have
uncertainties between 5 and 109;, composed of errors due to counting statistics, target
thickness and target non-uniformity and the peak fitting procedure followed in the data
analysis of overlapping levels.

3. Analysis and results

3.1 Elastic scattering

As can be seen from figure 1, the angular distribution data exhibit a few strong
oscillations characteristic of Fraunhoffer diffraction followed by a rather smooth
exponential fall-off. Conventional optical model analysis of the elastic cross-sections,
using the code SNOOPY (Schwandt 1981), has yielded the parameters as listed in table
1. The optical potential employed is parametrized as,

U(r) = Ugou( = Vo fy ) =iV, £, (7). (1)

Here U ¢, represents the Coulomb potential and V,and ¥, are the strengths of the real
and the imaginary parts of the complex nuclear potentials respectively. The form factor
Sfa(r) { fr(r)) of the real (imaginary) part of the potential was assumed to have a Woods-
Saxon form, characterized by a half-value radius rg A, (r,43/*) and diffuseness,
agl(a,). (A; = target mass number).

The code SNOOPY uses relativistic kinematics in the optical model calculation.
Starting from the set of parameters found best suitable at E = 217 MeV (Willis et al
1973) we optimized the parameters (table 1) to get the best fit to the data. The best fit
theoretical curves along with the experimental data are shown in figure 1. The optical
model fit to the experimental cross-sections is, in general, quite good for all the targets.
The structures and the absolute cross-sections are better reproduced, within exper-
imental uncertainties, for the angles forward of 25° than for the ones larger than 25. The
optical model predictions do show discrepancies as compared to experimental data, in
some angular regions, (particularly some of the minima in ¢/0 plots) and they vary
with the target. A better fit could be obtained by varying all the parameters, but due to
limited angular range of the experimental cross-sections, such an exercise was not
considered useful.
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Figure 1. Differential cross-section angular distributions for the elastic scattering of *He
particles by *8Ni, °Zr, !'6Sn and 2°®Pb. The curves are the optical model fits to the data. §'s
are in degrees,

The volume integral per projectile-target pair is defined as

JR = .“Vklfk(r) dr/(Ap Ar)’
J, = IVl fi(d/(A, Ap), 03}
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Table 1. Optical model parameters *Ni, *°Zr,
116gn, 208ph 4 He (270 MeV).

SGNi 9ozr 1 lSSn ZOBPb
Ve (MeV} 67 69 66 71
rg (fm) 124 124 127 1-25
ap (fm) 085 083 0-86 0-86
V; (MeV) 21 23 23 18
r; (fm) 1-41 1-39 1-40 1-43
a, (fm) 079 079 0-66 0-81
r, (fm) 1-35 1-35 1-35 1-35
Jz (MeV fm?) 233 224 224 219
J; (MeV fm?) 99 100 96 80
0 (mb) 1365 1745 1885 2775

Note. Half value radius = r,4}/* fm (x = R or I); Coulomb
radius = r.A}/® fm; 6 5 = Reaction cross-section.

respectively for the real and the imaginary parts of the optical potential. In the above
equation A, and A, represent the mass number of the projectile and the target nuclei,
respectively. The volume integrals J, and J, are found to be less ambiguous quantities
to study the energy and/or target mass dependences of the optical potential. We have
plotted in figure 2, the values of J and J, in the 100-270 MeV region using the results of
the optical model analysis of 100-217 MeV *He elastic scattering (Willis et al 1973;
Djaloeis et al 1978; Hyakutake et al 1978, 1980), along with those of this report. It is
clear from an inspection of figure 2 (top part) that J, decreases linearly with the
bombarding energy of *He. The decrease of J , with energy can be anticipated due to the
non-locality effect (Hodgson 1966) and the intrinsic energy dependence arising from
the energy dependence of the separation distance of the two-body effective interactions
(Sinha et al 1973).

The volume integrals J, plotted in the lower part of figure 2. The energy dependence
seen in the case of J, is not as significant as that observed for J,.

We have fitted the J, and J, values in the energy 1egion 100 to 270 MeV, and for
A = 40-208 using the following functional form for the volume integrals J that was
found (Gupta and Murthy 1982; Gupta et al 1985) successful in explaining the data for
energies below 50 MeV/nucleon. With the functional form

NT—ZT

Jx=[10x(1—axE*>+( )J,,(l—ﬁ,E*)] (14,4510

T
with E*=E—-2(144Z,/ A1), 3

the effective projectile energy and X = R (real) or I (imaginary) part, the volume
integral data have been fitted, varying the parameters Jo,, Jix, @, fx and r,. We
assumed an error of + 5% on the J values in carrying out the fit. As the five parameters
mentioned above are correlated one should be cautious in identifying the terms J,, and
J. . with the isoscalar and the isovector parts of the interaction. The values of the
various parameters found from the above procedure in the energy region 100-270 MeV
are listed in table 2. The solid lines in upper part of figure 2 represent the predictions for
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Figure 2. Volume integrals per target-projectile pair, J, for the real part and J, for the
imaginary part are plotted as a function of *He energy. The continuous and the dashed lines
represent the calculations using (3) for 3*Ni and 2°%Pb.

Table 2. Parameters to fit the volume integrals

Jpd,.

Jor 217 Uy 95

ap 1140x 1077 g 2:54x 1074
Jir 143 Ji; 172

Br 543x 107 B, 141 x 1074
TR 12 394

Note: J’s in MeV fm?; o’s, §'s in fm?.

208pp and *Ni, using expression (3). It appears that 4, dependence of J is not very
significant for lower E values and within the errors on J, the values of *®Ni are not
different from those obtained for 2°® Pb. However, for larger E values beyond 200 MeV
there are noticeable differences between the J, values of ®Ni and 2°8Pb,
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The solid lines on the lower part of figure 2 represent the predictions (using (3)) for
58Ni and 2°8Pb. The two lines roughly enclose the observed values of J, for the various
target masses. It is found that the J, and J, values determined at 270 MeV for 2°® Pb in
the present work are 219 MeV fm® and 80 MeV fm?, respectively. These are quite
different from the values of 166 MeV fm? and 99 MeV fm?, respectively obtained from
extrapolations of the formulae found successful in explaining the data for energies upto
50 MeV/nucleon (Gupta and Murthy 1982; Gupta et al 1985).

3.2 Inelastic scattering

The angular distribution data for the strongly excited low-lying levels, in the various
nuclei are plotted in figures 3, 4, 5 and 6 for the target nuclei *®Ni, °Zr, !'®Sn and
208ph, respectively. The measurements on the low-lying states serve two purposes.
First, they give in an independent way, irrespective of any theoretical calculation, the
angular distribution shapes for states with J* = 2¥,37,4" and 5. These shapes serve
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Figure 3. Angular distribution data for the low-lying states in **Ni. The solid curves are the
predictions from the collective model. &’s are in degrees.
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Figure 4. Angular distribution data for the low-lying states in °°Zr. The solid curves are the
predictions from the collective model. &'s are in degrees.

as guides for the behaviour to be expected for multipoles in the giant resonance region.
Second, if we can explain satisfactorily with a macroscopic collective model (DWBA)
the data for the low-lying states with known J™ values, then we can extend these
calculations with some confidence in predicting the ¢ (8) angular distributions for the
various multipolarities observed in the giant resonance region. The inelastic scattering
data are compared with the collective model DWBA predictions. In ali the calculations
acomplex transition potential has been used and the effects of Coulomb excitation have
been included. The radial part of the interaction potential for exciting a multipole (L)

vibration is given as

dVR(")

dvi(r)
dr ’

dr @

+B,r, A}

V.= BrrgAr”

where V,(r) and V,(r) are the real and the imaginary parts of the optical potential
obtained from fits to the elastic scattering data. f, and fi, are the deformation
parameters for the real and the imaginary parts respectively. The calculations have been
performed using the computer code DWUCK-4 (Kunz 1982) with relativistic
kinematics. The calculations have been made assuming B, = ;. The values of f’s were
extracted by normalising the observed cross-sections with those of DWBA so that,

g = 7 Oexp (5)

o ®owea
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Figure 5. Angular distribution data for the low-lying states in * *®Sn. The solid curves are the
predictions from the collective model. 0’s are in degrees.

Since in the optical model analysis of the elastic cross-sections (table 1) we haver, # r,,
we take the deformation length for the optical model potential, é,,, for the various
target nuclei as

Oopt = Blrg Az +r,477)/2 (6)

As seen from figures 3 through 6, the macroscopic collective model DWBA calculation
gives a reasonable account of the observed inelastic excitation of the low-lying states of
various multipolarities. There, however, are some quantitative discrepancies. In the case
of Ni (figure 3) for the 4 *,2:46 MeV state the calculated positions of the second maxima
are at higher angles than observed. For Pb while the data for the strongly excited 3~
state is explained well by the DWBA calculation, it is not so for the relatively weakly
excited 27 state (figure 6). The largest discrepancies are noticed for the 2 state in Pb.
This may be mainly due to the uncertainties involved in the experimental determination
of the cross-section for this state. It may be possible to improve the agreement between
theory and experiment in certain cases with suitable changes in parameters. But such an
attempt was considered not worthwhile as the overall quality of the DWBA predictions
has been generally good.

The values of the reduced transition probabilities B(EL), were calculated, in both
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Figure6. Angular distribution data for the low-lying states in ° Pb. The solid curves are the
predictions from the collective model. &'s are in degrees.

uniform and Fermi density distributions using the following relations:

B(EL), = 6&,,(2,/41:)2 9R2-? (uniform) e?fm?t, N
B(EL), = (éopt)2 (Z/4r) (L+2)? (rt-')* (Fermi) e*fm2L ®)

(Rm = 12 413

For the Fermi distribution, the value of the half density radius was adopted as
R, = 1115 A}?—053 A;'"? and of diffuseness as a, = 0-568 fm, following the
analysis of Bernstein (1969).

In table 3, we have listed the B(E L) values obtained for the various low-lying levels in
8Ni, °°Zr, ' *¢Snand 2°8Pb. From the B(EL), values obtained from electron scattering
experiments, the proton deformation lengths 4, have been deduced using the
expression

52

p

B(EL), , 1
—.-.-_(__)__ (47[/21') (L+2)2<r[__1 >2-

= ©
In table 4 the J values from other determinations are compiled. In table 3 we have listed
the average values (from table 4), (4 ), 5opt (present work for *He), and 6, values and

made a comparison of them.
In general, within experimental uncertainties, the values of 50pt extracted from the
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Table 3. 5., B(EL), 6, and (J) values.
E, S op B(EL)e?  fm2L 3, (8
Nucleus (MeV) J* (fm) U F {fm) (fim)
SBNi 1-45 2* 0773 + 0-062 576 652 0711+0020 0890+0118
2:46 4* 0312+ 0025 43688 76708  0-276 + 0-008 0-364 + 0-:077
326 2+ 0407 + 0033 160 181 0400+ 0010 0360 + 0-045
452 3- 0-656 + 0-039 8950 11915 0685+ 0-027 0733 + 0-047
207r 218 2* 0-449 + 0-036 531 562 0495+ 0-049 0432 + 0-054
275 3- 0701 +0-021 37484 43690 0980+ 0-173 0-877 + 0-080
1168n a) 129 2+ 0-645 + 0-065 2030 2082 0-598 + 0027 0-713 + 0-079
227 3- 0776 + 0-:058 100,624 110,139  0-667 + 0-033 0-806 +0-122
208pp 2-61 3- 0722+ 0048 510,499 497,446 0-807 + 0065 0-821 + 0010
409 2+ 0-532 + 0-054 5482 5322 0411+ 0033 0-399 + 0-052
Note a. The error on J, value has been assumed to be + 5.
Table 4. & values from other works.
E, &
Nucleus J* (MeV) (fm) Method References
BN 2" 1-45 o711 {e, €') 1
1-00 (o, @) 2
0-85 (n, n’) 3
099 Low E (p, p') 3
090 High E (p, p') 4
{8)=0890+ 0118
4t 246 0-276° (e, €) 5
0403 High E (p, p") 4
0414 (o, &) 6
{(8)=0364 + 0077
2t 326 0-40 {e, e') 4
0370 High E (p, p) 4
0311 (a, o) 2
{8) =0360 + 0045
37 452 0-685 (e, ¢') 1
0779 High E (p, p) 4
0736 (2, o) 2
{6)=0733 + 0047
90Zr 2t 218 0495 (e, &) 4
0456 (n, n') 3
038 Low E (p, p) 3
0465 High E (p, p) 4
044 (o, @) 3
0-355 Low E (p, p) 1

(8 =0432 + 0054
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3= 275 0980 (e, €) 4
0-889 High E (p, p') 4
079 Low E (p, ') 7
0-85 (o, ') 6
{4 ) = 0877 + 0080
1165n 2% 129 0-598 (e, €) 8
0759 (a, ) 9
0673 (n, n') 3
0797 Low E (p, p) 10
0-740 High E (p, p) 1t
{6)=0713 + 0079
3- 227 0667 (e, &) 8
0892 Low E (p, p)) 10
0-860 (o, @) 9
(6> =0806+0122
208pp 3© 261 0-807 (e, €) 4
0-83 Low E (p, p') 7
0-825 High E (p, p) 4
0-822 (@ «') 12
{3 ) =0821 + 0010
2% 409 0411 (e. €) 4
037 Low E (p, p) 7
0-466 High E (p, p) 4
0-348 (a, o) 12

(8 =0399 + 0052

“The average value of the ratios of &'s from Afanasev et al (1970) to those of
Crannell et al (1961) for the 2*, 3~ states is 0-71. The value for the 4 * state is available
only from Crannell et al (1961). This value is divided by 1-4 and listed in the table
(normalized value). :

1. Afanasev et al (1970); 2. Jarvis et al (1967); 3. Bernstein et al (1981b);4. Gazzaly
et al (1982); 5. Crannell ez af (1961); 6. Bernstein (1969); 7. Fujita et al (1985);
8. Curtis et al (1968); 9. Bingham et al (1969); 10. Wiencke et al (1983);
11. Liljestrand et al (1979); 12. Harakeh et al (1979).

present work agree with the corresponding values of ( ) and 8, for most transitions in
all the four nuclei (see table 3). However a close inspection of the J,,, values extracted
from the present work and the 6, values obtained from electron scattering reveals
noticeable differences between them. These differences may be due to the expectation
(Bernstein et al 1981a) that the deformation of the proton and the neutron density
distribution may not be the same. Strictly speaking as pointed out by Bernstein et al
(1981b) the deformation length in hadron scattering should be written as

_ bEZ.5,+bEN.S,  Z.8,+KN,9,

o, . = =
opt bEZ,.+bEN, Z,+KN; "’

(10)

where 6, and 4, are the proton and the neutron deformation lengths respectively and b
and b[ are the interaction strength of hadron field with target protons and neutrons
respectively. The parameter K = bf/bf depends on the projectile. In effect there is a
probe dependence introduced in the determination of the deformation lengths. Thus, if
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one knows the value of K and J, then, one can determine the value of é,, using the above
equation. Knowledge of 6, and 4, in turn can be used to determine the ratio

M,/M, = N6,/Z5, (11)

of the neutron and the proton transition matrix elements and compared with values of
this ratio obtained by using other probes. Such a comparison provides a consistency
check on the measured 6, values.

K is defined as (Vg+ V,y)/(Vis— Viy) where V(g is the isoscalar and V;, is the
isovector interaction of the probe with the target nucleus. In principle one can
determine the values of Vg and V;, potentials from an optical model analysis of the
3He-nucleus elastic scattering cross-section. In practice due to correlation among
various parameters it is not possible to obtain unambiguous values for ¥V}, in particular.
Various attempts to determine ¥}, have yielded values of V,, ~ 0-14 V| (Hyakutake et
al 1980) and Vi ~ V,, (Willis et al 1973). Our attempts in this respect were not any
more successful. One will need complementary elastic cross-section of triton from the
same target to be combined with those of *He to determine V,, with better accuracy. In
view of this situation we have resorted to the folding model for estimating the values of
V,sand V,,. We obtain these values for *He energy of E in terms of V5 and V,, of the
proton/neutron at the corresponding energy per nucleon of E/3. Thus one can define,

V,s(*He) ~ 3V5(p or n),
Viv(He) > ¥ (p).

For E,;, ~ 90 MeV, Vs = 36 MeV and V, ~ 6 MeV (Bhattacharya and Kailas 1983).
With these values one can get a value of K ~ 1-1. It has been argued (Gupta and Murthy
1982) that V,,(*He) ~ {V,y expected from the folding model. This leads to a value of
K ~ 1, which is not very far from the value given by the folding model. The J, value has
been determined using (10) by combining the 60Pl value obtained for *He in the present
work with d, value from electron scattering data and taking K = 1.

The values of (M,/M,) obtained using 6, and J, values in (11) are listed in tabie 5,
which also includes the values reported in the literature (Gazzaly et al 1982; Bernstein et
al 1981; Madsen et al 1983). The values of (M, /M, ) for all the states deduced from the
present measurements for Ni agree rather well with those reported by Gazzaly et al
(1982) and those obtained by Bernstein et al (1981b). Again for the 2* state in Zr our
value is in good agreement with the values of Gazzaly et al (1982) and Bernstein et al
(1981). A major discrepancy between our and Gazzaly values is for 3™ state in Zr. For
Sn our value is in good accord with that of Bernstein et al (1981b). In the case of Pb, for
the 2+ state all the three works agree. Again there are differences between our and
Gazzaly’s values for the 3~ state in Pb. Overall, it appears that the values of transition
matrix elements deduced from the DWBA analysis of *He inelastic cross-sections are in
good agreement with those reported in the literature.

The (M,/M,) values obtained in the present work can be compared with the
predictions of the homogeneous collective model according to which M,/M, = N/Z-
(6, = J,). It is found (table 5) that the (M,/M,) values obtained in some cases (e.g. 2*
states in Ni, Zr, Sn), within errors agree with the homogeneous model predictions.
However, the (M,,/ M) values determined in some other cases (e.g. 3™ states in Zr, Sn)
differ considerably from those expected from the homogeneous model. The present
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Table 5. (M,/M,) values.

M, /M,
E, éopl o o, Present Gazzaly Bernstein

Nucleus (MeV) J* (fm) (fm) (fm) results et al® et al
58Ni 1-45 2 0773 0711 0-831 1125+019 129+006 1-35+0-15b

2-46 4* 0312 0276 0-346 11334+ 020 1-15+045
N/Z = 1071 326 2% 0407 0400 0414 1111+ 018 092+018

452 3= 0656 0685 0629 098+014 095+011
90Zr 219 2% 0449 0495 0412 104 +026 1-12+0:04 0-95+0-080
N/Z = 1250 275 3- 0701 0980 0478 061+029 106+ 006
1168p 120 2% 0645 0598 0-680 1-50+ 0-28 1-75 + 0-.08*
N/Z = 1-320 227 3= 0776 0667 0-858 1-70+ 024
208pp 261 3- 0722 0807 0667 1227+018 1:72+ 007

N/Z = 1537 409 2% 0532 0411 0-611 228+043 197+016 150+030°

aGazzaly et al (1982); ¥ Bernstein et al (1981); < Madsen et al (1983).

results are in general consistent with the findings of Bernstein et al (1981b) that the 8’s
are probe-dependent.

4. Conclusion

We have reported here the elastic and the inelastic scattering angular distribution data
for 270 MeV *He particles from 38Ni, °°Zr, ' **Sn and 2°8Pb targets. The optical model
analysis of the elastic scattering data has been carried out and the systematics of the
volume integrals of the *He-nucleus optical potentials in the energy region of 100 and
270 MeV has been established. Macroscopic collective model analysis of the inelastic
scattering data using the optical model parameters determined from the analysis of the
elastic scattering data has led to reasonable reproduction of the data. The B(EL) values
determined for the various low-lying levels are in good agreement with the other
determinations obtained using different projectiles at various bombarding energies.
This confirms the validity of the use of macroscopic collective model for the analysis of
inelastic excitation by 270 MeV, *He projectile.
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