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Abstract

Angular distributions for the elastic scattering of 160 on ho’h§Ca

SOTi, 520r, 5hFe’ 58,60,62,6&Ni’ 86,888r’ 92,96Zr

9

, and 92Mo at an incident

12 96

16 96Zr at 49 MeV, and ~“C on

energy of 60 MeV, ~ 0 on Zr at 38 MeV have been

16 L8

measured using a AE-E counter telescope. Inelastic scattering of 0 on Ca,

Shpe, 58yi, 885, 921 (60 Mev) ana 3¢ on 9°

Zr (38 MeV) populating low lying
collective states of the target was»alsd measured.

The elastic scattering angular distributions are characteristic of
those for strongly absorbed particles. The inélastic data show structure,
however, which is found to be due to the destructive interference between
Coulomb and nuclear excitation. The data are analyzed using the optical model
with collective formfactors. Deformation parameters in good agreement with

those obtained by other means can be extracted provided corrections for the

finite size of the projectile are made.

*N. S. F. Fellow 1970/T1
**permanent address: Kurchatov Institute, Moscow, U.S.S.R.

*#%Jjames A. Picker Fellow, 1969/71. Present address: University of Wisconsin,
Madison, Wisconsin, U.S.A. . H
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1. Introduction

The usefulness of heavy ion projectiles in the study of inelastic
scattering at;sub—Coﬁlomb incident energies has been demonstratedl). The
mechanism at these energies is excitation due solely to Coulomb interactions,
i.e., Coulomb éxcitatione). 5

In this paper we report the study of elastic and inelastic scattering
of oxygen and carbon ions from nuclei 40 < A < 96 at inéident energies above
the Coulomb barrier. The results are analyzed using the opticael model and
DWBA. It will be shown that theAshape of the inelastic scattering anguiar
distributions are mainly determined by interference between Coulomb and

nuclear excitation and that heavy ions can be used as a sensitive probe of

the ion-ion potential.
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2. Experimental Methods
The experiments were performed at the Niels Bohr Institute tandem
laboratory. The heavy ion beams were provided by an HVEC model FN tandem

Van de Graaff accelerator. The measurements described here were obtained as

. part of a more extensive experiment designed to study particle transfer

reactions with heavy ions3); The experimental techniques are described in
more detail elsewhere3).
The eléstic and some of the inelastic scattering data were obtained

with an array of 100 um Si surface barrier (SiSB) counters, while most of

~ the inelastic measurements were made using a AE-E SiSB counter telescope

(13 or 20 ym AE and 100 pym E counters, respectively). The mass resolution
was between 6 and 10% for the telescope. The energy resolution (FWHM) was

200-L00 keV.

16 . . 96

An 0 spectrum obtained from the bombardment of ” Zr with 60 MeV

16, . . .

0 ions is shown in fig. 1. The group corresponding to 1.8 MeV excitation
energy is an unresolved doublet due to excitation of the first 2% and 3-
levels in 96Zr. With the exception of 96Zr the first collective levels of

the other target nuclei studied could be resolved.

ho,hsc 50 52 5k

The elastic data presented here include: a, ~ Ti, Cr, Fe,

58,60,62,6ly; 86,885, 92,96, 92y, 4 166(60 Mev); Pzr + L60(ko Mev);
96

7r + 2c(38 MeV). The inelastic date include: 485, Stpe, By, 88y,

Zr(l6 16 (12 12

Fe,

o') E. = 60 MeV and

L c'), E —38mwu-
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3. Elastic Scattering

3.1 DATA

The elastic scattering data are shown in figs. 2, 3, 4 as ratio to

Rutherford, o(e)/oR(e). The angular distributions vary systematically with

target or projectile Z and the beam energy. As shown in ref. 3, the elastic
angular distributions can be approximated by a simple function of the apsidal

distanceh)
D(6) = n/k (1 + cse g-) | 3.1

e2/2Ec . Z, and Z, are the charges of the projectile and

where n/k = 2 .m. 1 o

lZZ

target, respectively, E is the c.m. energy, and 0 is the c.m. scattering

c.m.
angle. The decrease from Rutherford scattering begins at an angle such that

1/3

D(6) =~ 1.7 (A1 +‘A21/3) fm where A, and A, are the projectile and target

1
mass numbers, respectively.
3.2 OPTICAL MODEL ANALYSIS

The elastic scattering data have been éhalyzed using the optical model

(OM) with a potential of the form:

U(r) = [V(r) + 1w (r)] + Vo (r)

where

r—- -1 '
VR(r) Ve f(r) VR<é + exp o ) : (3.2)

r-RI -1
WI <l + exp a

I

and

WI(r) W g(r)
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 The Coulomb potential VC(r) was taken to be‘that due to uniformly charged
spheres with a séparafion Rc = 1.3 (Ail/3i+vA2l/3),fm}

‘The parametefs v, RR, aps WI, RI, a; were obtaihed by griding on
the parameters and comparing the calculations with the data. -Calcﬁlations
were performed with fﬁé programs,GAP56) and DWUCKY). . Up to 140 partial
waves were used. This corresponds to 346 times the zevalues_for which TR’
thé transmission coefficients) for the Lth partial wave is V1/2. The
differential equations were integrated out to ko fﬁ in 0;1 fm steps. The
integration routines used in the programs were found-to diverge for steps
much smaller or greater ﬁhan this value. The value O.l-fm is on the order
of A/8, whefe_l is the asyﬁptotic wave length of the projectile.

It was found in fitting‘the data that the calculations for 0/6R> 0.1
were most sensitive to the optical potentials in the region r R,9 fm, and
fﬁrthermore that in this region it was necessary that the'potentials fall_
off exponentially.

One family of paraméters.was.obtained using'the following restrictiohs:

RR =R =Ry = ro“‘ll/3 +,A21/3)

| | (3.3)
T %7 %

The parameters V_, W and a_. were adjusted to fit the data. It was found

1’ For 0
that all the data could be reasonably well fitted with a standard set of

parameters (set I), although improvements could be obtained in some cases by

adjusting Vg slightly (set II). The resulting parameter sets (OM sets I, II)

are listed in table 1 and the OM fits to the data are shown in figs. 2, 3, and L.

N\



K;,,J ¥ 7; L,E i;f r‘;?:‘ g;’“; % 3 p J J(' a
~5- LBL-1258
We have also fitted 58Ni, 96Zr + 16O with a potential (set III) having a
sﬁallér radius than for sets I and II. The fits are shown in fig. 5.
Finélly, an optical potential, generated by folding a nucleon-projec-
. . . . 8
tile optical potential with the target nucleon distribution, was considered ’9).

1/3

This was approximated with a Woods-Saxon form with RO = rOA2 and diffuse-

ness a, = 1 fm. The main differences between the "folded" type potential and

a A21/3 while for the latter

that given by 3.3 are that for the former RO
R0 G(All/3 + A21/3), and that the folded type potential has a much larger

. 9 o ps 96, . 58 . ., 16
diffuseness’). The parameters obtained by fitting the Zry, “°Ni + 770 data

with the folded type potential are given in table 1 (set IV). The fits to

the data are shown in fig. 5. In obtaining the fits, we have constrained

= = 1/3 _ _ C .
RR = RI roA2 ~and ap = 8; 1 fm. Also, the exact folded potentlalyls
not'as simple as the Woods-Saxon form used here9).
' In figs. 6 and 7, we compare the OM potentials, which fit the 20zr+160

elastic daté. It can be seen in fig. 6 that the real part of potential sets
I and III are very similiar for r > 9 fm, whereas set IV, while having a much
larger diffusivity, intersects the other potentials at r = 11 fm. The absorp-
tive potentials (fig. T) show a similiar behavior although not so pronounced
as that for the real potentials.

In figs. 6 and 7, the calculated and experimental elastic angular

6 96

distributions for L9 and 60 MeV 1 0 on Zr are shown versus the classical
distance of closest approach (eq. 3.1). It is seen that the region r ~ 11 fm
Just corresponds to the region in which the data are fitted and for which the

oM calculations are most alike.
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We conclude that elastic scattering can be usédvto determine the
ion-ion optical potentials in the surface region corfesponding to grazing
collisions and fhat W(r)/V(r) ~1:2.5 in this region. The precise shapes
of the potentials are not well détermined, however. Also, since our analy-
sis is sensitive to a'region r > 9 fm, it is not possible to deduce infor-
mation about interior features of the potentials, such as a repulsive corelo).
As we shall show in section 4.3, the study of inelastié.scattering can help
determine the shpaes of the potentials.

3.3 COMPARISON WITH OTHER ANALYSES

6

We may compare our results with those of refs. Ca.+l 0,

11,12,13) for Lo
EL = 20 to 4T MeV. The optical potehtials used in these references are listed
in table 2. If one compares the values of the real and imaginary potentials

96 6

at r = 9.2 fm, ﬁhich corresponds tb r =11 fm in the ‘Zr + 1 0 system, we
find (table 2) that the values of V(r) are similiar, but that the slopes
differ, whereas, the values of W(r) vary considerably.

Some‘Ofvthe elastic data presented here have alsovbeen analeedlh)

using the smooth cut-off model and a semi-classical model3), but these analy-

ses will not be diséussed here.
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k. Inelastic Scattering

4.1 ANGULAR DISTRIBUTIONS

. . : : . L 16 ;
Angular distributions for the inelastic scattering of O-ions have

., 8 6 ~ ;
been obtained on the h8Ca, 51‘li'e, 58N1, 8Sr, and 9 Zr target nuclei at 60

MeV and laC'oh'96

7r at 38 MeV (figs. 8-10). The most striking feature is an
oscillafion which appears to be correlated with the rise of the elastic data-
above Rutherford scattering. Similiar effects have been observed in the

15,16

inelastic scattering of T and a~particles ).

96Zr, 58Ni and, probably,

The oscillation is most pronounced on the
N .
80a target nuclei, though for the latter the rise at forward angles was
impossible to measure, due to a very strong background of the elastically

16

scattered 160 ions on the "0 and 120 impurities in the target. Results

16 58

of a study of this effect in the excitiation function of ~°0 + “°Ni inelastic
scattering have been published elsewherelT).
4.2 SEMI-CLASSICAL MODEL

The observed behaviour of the angular distributions can be explained
qualitatively as an interference between Coulomb excitatidn and nuclear exci~-
tationlY). In the semi-classical description of the coliision.the particle is

moving along a classical trajectory, and one may write the cross section for

excitation of a collective state, in first order perturbation theory as:

do, . (8) = P(6) do_, (6) ' _ . \ (h;i)

where P(0) is the probability that the nucleus is exciﬁéd in a collision in
which the particle is scattered into an angle 6 and do,, (0) is the elastic

cross section..
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The probability P(6) can be expressed in terms of the amplitude b(8)
for a transition from the ground state to the excited state as:
p(6) = [b(8)]1° R O (k2)

As the totsal 1nteract10n potential between the colliding particles 1s of the

-

form (see sectlon 3.2):
‘VC(r) + VRf(r) + Wy g(r)

with Vg and W, negative (attractive and absorptive, respectively) and V (r)

p051t1ve (repu151ve), one may write (neglecting the summatlon over the different

m-states):
b(8) = [b,(8) - b(6)] - b (6) | (k.3)

where bC’ bR’ andvbI (all real and positive) are the amplitudes dué to the

Coulomb field, the real nuclear field, and the absorptive field, respectively.

Since 6 = 6(D), D being the apsidal distance (eq. 3.1), one has that

inel

a0 (D) = a9 (D) [[ng(0) = w1 4 v, (0] (b.4)

At large distances that is at forward angles, the Coulomb amplitude is
dominant, and the cross-section is pure Coulomb excitation. With decreasing

distance, that is with increasing»angle, the amplitudes bR and bI will increase

faster than the Coulomb amplitude bc and destructive-interference between the

Coulomb amplitude b, and the nuclear amplitude b, occurs, giving rise to an

c R

oscillation in the inelastic cross section. Finally, the rapid decrease of

doel at large angles, which is due to the absorption, results in the fall off
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of the cross'ssotion. The probability P(6) continues to rise, however,
approaohing unity at iarge angles. For this situation perturbation tﬁeory
may not be valid |

. We illustrate the features outlined above by plotting do, 1(D)/do (D)

and the square of the‘formfactor. (see section h.3)'for'120, l60 on 96

Zr
leading to the unresolved 2% and 3‘ states in 96Zr at aboot 1.8 MeV excita-
tion energy tersus D(9)‘and r, respectively. This is shown in fig. 11. |
dotioal potentiai set I1 has tsen used with the quantities B(EL) and Bgv
adjusted‘tokfit_the data. Ths formfactor shown in fig. 11 is for the L=3
96Zr(l66,160)96Zr(3‘) transition, as it is found to bssresponsible for most
of tte cross Séctioo. It can be seen from fig. 11 that the shape of P(D) is
strongly correlated with |FL(D)|2 and in particular, the minimum correspond-
ing to the cancellation of the real parts of Fg(r) and Fg(r) at D= r = 12 fm.
One finds a behaviour similar to that shown in fig. 11, when D is changéd
by fixing 6 and var&ing the bombarding energy as in ref. 1T7.

The interpretationvof the observed oscillations as due to destruc-
tive interferenoe is supported by the DWBA calculations shown in fig. 8. 1In

(12 120') to the states at 1.8 MeV (2% and

this figure we show data for _
-37).- Also shown are DWBA calculations using only the Coulomb part and only
the nuclear part of the formfactor (top) and the total formfactor (bottom)
with B(EL) and B adjusted to fit the data (see section 4.3). |
4.3 DWBA CALCULATIONS

We have performed DWBA calculations using the program DWUCK ) and

the formfactor given by 18’19)
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P(r) = FL(r) + T(r)
where »

W) = L “’;;ffﬁﬁ St (k.5)
and

Fg(r)

IT

(RRR aflr) , 4y g —ES—L>

The quantity B(EL) is the e.m. tramsition proiability for a O >~ L -
electric excitation of the target and Bglis the multipole deformation of the
nuclear opticallpdtential. Up to 140 ﬁartial waves were used with the numeri-
cal integrations taken out to 40 fm in 0.1 fm steps. Tﬁis is adequate (¥ 10%)
in the region D N, 15 fm, which included most of the data points.

The values of B(EL) were taken from the values compiled by Bernstein2
or from other sources. Where direct measurements of‘thé électric traﬁsition
rates were not available we have deduced values from the potential deforma-
tion parameters determined from inelastic scattering using light ions. The
values of Bg aré aetermined by fitting the data. Unlike the situation for
light ions where only the magnitude of the DWBA cross Section depends on Bg,
for heavy ions both the magnitude.and shape. of the aﬁgulaf distributions
change, aue to the interference terms. |

~In fiés. 8-10, we show the fits to the inelastic data using OM poten-
tial set II. The values of Bg obtained are lisfed in table 3, together with
the B(EL) values. In fig. 12 and table 3, we also show the results of

96 58 . . 16

calculations for Zr, “Ni + 0 using OM sets III and IV. It can be seen

that OM sets II and III yield similar fits to thé data, whereas, OM set IV

9y
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gives a much worse fit. This is due to the large diffuseness (aO = 1 fm)
for this potentiai which greatly affects the derivative term appearing. in
the formfactor. - The fits to the inelastic data suggest-that the appropriate

OM potentials have a diffuseness parameter, a ~ 0.5 fm.

0°

Better agreement with the experimental angulér distributions, particu—
larly at forﬁard‘angles, can be obtained by adjusting B(EL). This ié shown
in fig. 8 forkﬁhe.l,8 MeV states observed in 96Zr(l2C,120'); Tn some cases
this may be’justified; in that direct measurements of'B(EL) are not available,
4L 4 THE PHAéE OF THE NUCLEAR FORMFACTOR

It has been suggested that interference effeéts can be used as &a .
unique probe in determining the proper phase of the nﬁclear pdrt of the tran-
sition amplitudeez). As can be seen from eqs. 4.3 and 4.5, the imaginary
part of»Fg(r) results in an amplitude which adds incoherently to the inelas-
tic crosé section. The simple collective form factor used in eq. 4.5 has
Im Fg(r)/Re Fﬁ(r) = WI/VR or about 1:2.5 for the potentiﬁls used. The con-
tribution of Im.Fg(r) is.most important at the minimﬁm in the cross section
corresponding to_bC(B) = bR(e). The analysis of the inelgstic data is con-
sistent with the phase of the formfactor given by the collective model
(eq. 4.5). |
4.5 FINITE SIZE CORRECTIONS

In electron or light-ion inelastic scattering, the deformation of the
interaction potential can be expected to be nearly the same as the mass- |
deformation of the target owing.to the small projectilé size. This is ﬁot

expected to be:the case when the projectile size is large, as it is for

heavy ions. 'Averaging the interaction over the projectile nucleon distribution
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will result in a projectile—nucleﬁs potential deformation which will be
smaller than that of the‘target nuclear state involved;‘ This effect has been
observed for inelastic aipha scétteringzo). It is fdﬁnd‘that one can deduce
the target staté mass deformation from the OM potentiai deformation using the

“relation
By = 81 Bo | R (k.6)

ﬁhere BM’ Bﬁvgnd'RM,bRo are the deformationé and radii;of the target and
optical model potentials, respectively. Eq. 4.6 has been used to deduce
target mass'deformations from the observed OM potential déformatiops, Bg.
The results are listed in ﬁable 3. |

Since the finite size corrections appear to-be>Quite substantial, a
more exact tfegﬁment than that given by (h.S) would be desirable.
L.6 COMPARISON WITH OTHER MEASUREMENTS

In table 3, we compare the potential and mass. deformations obtained
from the analysis of heavy.ion inelastic scattering with deformation para-
meters obtained from other methods, such as (0,0). The.deformation para-
meters obtained in the latter measurements should be compared with the BM
values deduced in this experiment. The agreement in most cases is good, the
R values being within * 10% of each other.. |
5. CONCLUSIONS » -

The preéent results indicate that the DWBA tredﬁment may be applied to
heavy ion reactions well above the Couloﬁb barrier and by utilizing thé
interferencé between Coulomb and nuclear forces, one may use heavy ioﬁs as

a sensitive probe of these forces.



~13~ LBL-1258

6. ACKNOWLEDGMENTS

The authors thank A. Winther, S. Landowne, and R. Broglia for useful
information and discussions. F.D.B., V.J.M., and R.J.N. acknowledge the
hospitality provided by the. staff of the Niels Bohr Institute during their

stay at the Institute.



k)

10)

11)

1l o | ‘LBL-1258

References

Proc. of the Conf. on Nucl. Reactions Induced by Heavy Ions, eds. W. Hering

and R. Bock (North Holland, 1970). Chap. X, and references cited therein

K. Alder, A. Bohr, T. Huus, B. Mottelson, and A. Winther, Rev. Mod. Phys.
28 (1956) U432 and references cited therein

R. J. Nickles, V. I. Manko, P. R. Christensen, and F. D. Becchetti, Phys.
Rev. Lett. 26 (1971) 1267

P. R. Christensen,lgz;g;:, Proc of the Intl. Conf. on Heavy Ion Physics,
Dubna, 1971, p. 235

P. R. Christénsen, V. I. Manko, F. D. Beéchetti, and Rf J. Nickles,
submitted to.Nucl. Phys. |

R. D. Evans, The Atomic Nucleus (McGraw-Hill, New York, 1955) p. 845

P, E. Hodgson, The Optical Model of Elastic Scatterihg (Oxford University

Press, London, 1963)

GAPS, Birthe Olsen, unpublished.

DWUCK, written by P. D. Kunz, University 6f Colorado;reports C00~535-606
and C00-~535-613, unpublished. A modified version of the program described
in these reports was used _

G. W. Greenlees, G. J. Pyle, and Y. C. Tang, Phys. Rev._;ll_(1968) 1115
5. G. Kadmenskii, et al., Yad. Fiz. 10 (1969) T30. [(English transl.:
Soviet J. Phys. 10 (1970) k22]

H. A. Bethe, Phys. Rev. 167 (1968) 879

K. A. Brueckner, et al., Phys. Rev. 171 (1968) 1188

W. Scheid, R. Ligensa, and W. Greiner, Phys. Rev. Lett. 21 (1968) 1479

J. S. Eck, R. A. LaSalle, and D. A. Robson, Phys. Rev. 186 (1969) 1132



3

12)
13)
1k4)

15)
16)

17)

18)

19)

20)

21)
22)
23)
2k)
25)
26)

27)

M.

J.

F

4 ¢ I . Wi . 3 .
(ERRR RS Y A - B S AT

-15- : o LBL-1258

C. Bertin, et al., Nucl. Phys. A167 (1971) 216
Orloff and W. W. Daehnick, Phys. Rev. C3 (1971) 430

. D. Becchetti, et al., Proc. of the Intl. Conf. on Heavy Ion Physics,

Dubna, 1971, p. 361

T. Baker and R. Tickle, Phys. Rev. C5 (1972) 5ul-

F.
M. Samuel and U. Smilansky, Phys. Lett. 28B (1968) 318 |

R. J. Pryor, T. X. Saladin, R. H. Bassel, and R. M. Drisko, ref. 1, p. 450
B. Wakefield, et al., Phys. Lett. 31B (1970) 56

F. Vidébaek, I. Chernov, P. R. Christensen, and E.' E. Gross, Phys. Rev.

L

R

ett. 28 (1972) 1072. R. Broglia, et al., Phys. Lett. 40B (1972) 293

. H. Bassel, G. R. Satchler, R. M. Drisko, and E. Rost, Phys. Rev. 128

(1962) 2693

C

A

. Leclercq-Willain, ref. 1, p. 453

. M. Bernstein, in Adv. in Nucl Phys., eds. M. Baranger and E. Vogt, 3

(1969) 325

J

G.

P

=

=

M.

. Y. Park ang_ G. R. Satchler, Particles aﬁd ANucl.ei, 1 (1971) 233
R. SatchieQ, Phys. Lett. 33B (1970) 385

. H. Stelson and L. Grodzins, Nucl. Data 1 (1966) 21

. P. Lippincott and A. M. Bernstein, Phys. Rev. 163 (1967) 1170
. Hintérberger, et al., Nucl. Phys. A1l5 (1968) 570

Inoue, Nucl. Phys. Al19 (1968‘)':‘-1;1&9 '

. R. Flynn, D. D. Armstrong, and J G. Beery, Phys Rev. C1 (1970) 703

A
i, s



Table 1. Optical Model Parametersa)
Sgt EL, Projectile Target Vgo ' LY Rys 8g> Comments
MeV MeV MeV fm fm
I. 49,60 16o hOCa-'96Zr -Lo -15 /3, A21/3) 0.50 General set
38 120 (see figs. 2-4)
II. 60 16, *2er -35 Same as Set I ' | Vp adjusted
Shpe, 98:60y; s
92Zr, 926 -22
III. 60 16y 58ys -320 =90 1.10(A11/3 + A21/3) 0.50 rg= 1.10 fm
96Zr -620
Iv. 60 léov 58Ni- -230 -120 1.15 A21/3 1.00- Folded-type
96Zr -360 potential
a) | r-"RO -1 | | . -
U(r) = (VR + iWI) (1 + exp ) T+ Vc(r) where Vc(r) is the Coulomb potential due to uniformly

charged spheres with R = l.30(A1

o

2

1/3 + A l/3) fm.

P VU P  ——

—9 ‘[_

962 T-141



Table 2. Optical Modelzggrameters for 16O + hOCa
E v W R r ) a v_(9 efm)b) w_(9 2fm)b) Ref
L’ R® I 0’ -0’ 0’ R ’ '
MeV MeV MeV m fm m MeV MeV
38-42 - 35 - 2.0  7.20 1.19 0.60 -1.21 ~0.069 11
- 30 - 1.5 7.20 1.19 . 0.70 -1.63 ~0.081
20-40 ~150 10 7.40 1.23 0.467 -3.11 -0.21 12
L0 - 91.7 -43.7 7.72 1.28 0.406 -2.33 -1.11 13
INg - 62.9 - 446 7.72,  1.28 ~ 0:399 -1.50 -0.11
60 ‘ - ko -15 7.85 1.30 0.50 ~2.,52 -0.94 This
. study.
2)r =1 /(Y3 + A Y3). See also footnote a) table 1
7o 0 A1 5 . e a able 1. |
b)The potentials at r = 9.2 fm, corresponding to r = 1.55(A11/3 + A21/3) fm.

_L'[_

gscT~1d1



Table 3.

Deformation Parameters

Nucleus Ex,a) J”a) oM 5(zL)®) Bgc) Bﬁ) Other Meas.®) Ref.
MeV Set S.P.Uu.
60 Mev 60
480q 3.83 ot I 1.7 0.06 0.10 0.13 (a,o) , n
4.50 3~ I 5.4 0.08 0.13k (0.18)8
Shpe 1.40 ot I 8.7 0.088 0.147 0.18 (a,d) 25
3.00 ot I 3.0 0.08 0.13k4 0.1k (d,d) éS
581 1Lhs 2t I 9.9 0.092 0.152 0.188  (a,d) 26
IIT 9.9 0.187 0.26
Iv 9.9 . 0.086 0.075
3200 2* 1 1.2 0.ov)f . o.ot)f ocok9 (ad) 26
ot 2.3 | 0.049  (a,d) 26
4.50 3= II  13.3 0.12 ~  0.198 0.16 (0,d) 26
88y, 1.8 ot I 8.5 0.085 0133 - (0.12)8
9Oz 185 o 1 (2)P 0.06  (t,t) 27
37 an? 0.1 | 0.186 0.165  (t,8) 21
3= IIT 0.148 - 0.192
3" v 0.230 0.202

(continued)
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Table 3 {continued)

Nucleus Ex,a) Jna) oM | B(EL)b) BQC) Bﬁ) Other Meas.e) Ref.
MeV Set S.p.u.
38 MeV 12C
Bpe 1.8 ot T (2)P . | 0.06  (t,th o1
37 (17)B 0.122 0.189  0.165 (t,t) 27
2" I. (5)* 0.06 (t,t) .27
3T an)® 0.099 0.155  0.165  (t,t) 27
a)The excitation energies are estimated to be accurate to t 50 keV. The spins and parities assumed tg
are shown and are taken from the references cited. I
b)The.e. m. transition Probability for the target state as determined from (e,e') or Coulomb exci-
tation. The values are taken from the compilation of ref. 20, unless otherwise noted, and are
given in.sihgle pérficle units. |
c)VThe potential déformation Bg(eq. h.s).
d)The target mass deformation deduced from B‘using eq. 4.6 with Rm='l.3 A2l/3 fm.
e)Othe_r'meza,suremen‘cs of potential or mass deformation. These should be compared to BM.
f)Unres'olved group of states. The J" of the_state(s) most likely to be excited in heavy-ion %
inelasticiscattering is given.' | | éi
(continued)
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Table 3 (continued)

g)
h)

i)

From compilation of ref. 23.
Deduced from (t,t') measurements of ref. 27.

Adjusted to fit the data at forward angles (see fig. 8).

85cT~14dT



£

,,_
P
~

=y ¢
ss

-21- : LBL-1258

Figure Captibns

16 96

Fig. 1. An 0 spectrum from l60 + Zr.

Fig. 2. Elaétic écattering of 16O at 60 MeV (1lab). Optiqal calculations are
shown for sets I and II ffom table 1,"

Fig. 3. Samebéé fig. 2.

12 96

Fig. L. Elastic scattering of 16o + 96Zr (49 MeV) and ~“C + 7 Zr (38 MeV).

Optical mo‘del,calcula.t_j’.ons for set I, table 1 are shown.

16 58 16 96

Fig. 5. Elastic scattering of ~°0 + 2 Ni, 0 + ° Zr at 60 MeV (lab). Optical

model calculations for sets III, IV, table 1 are shown.

Fig. 6. Left: The real part of the optical potentials which fit l60 + 9

Zr
elastic scattering (table 1, figs. 3-5). Note that the origin starts at
r =154 fm, VC(r) is the Coulomb potential. Right: The elastic data for

160 + 96

7Zr at h9(o)7§pd:60(o) MeV as ratio to Rutherford scattering,
versus D(G) (eq. 3.1); The curves are optical model calculationé for
the potentials indicated (E; = 60 MeV).

Fig. 7. Saﬁe;asvfig. 6 but for the absorptive part of ﬁhe OM potential.

96Zr populating the unresolved ot and 37

Fig. 8. Top: The daté‘for 120 +
levels at 1;8 MeV excitation energy. The calculétibns shown are for the
Coulomb and nuclear parts of the formfactor (eq. h.S). Bottom: the
solid line is the DWBA calculation using the sum of the Coulomb and
nuclear parts of the form factor with B(EL) and BLN adjusted (see table 3).
The dashgd line corresponds to values of B(EL) taken from other measure-
ments (see table 3). _

Fig. 9. The inelastic scatterihg of 16O ions at 60 MeV. DWBA calculations are

shown with the formfactor parameters (eq. 4.5) listed in table 3. Optical

model sets I and II were used.
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Fig. 10. Same as fig. 9. Optical model sets I and II were used.
’ ' 16 96

Fig. 11. Top: .The ratio of inelastic to elastic scattering for ~ 0 + 7 Zr

ana *2¢ + 9zr populating the 2% and 3- states at 1.8 MeV excitatioh ”
energy-. fhé-DWBA calculation is for the formfactor shown, D(8) is the
apsidal distance for the angle 6 (eq. 3.1). Bottom: vTﬁe,formfactor for
125 4 965, (3-) as given by eq. 4.5 with B(EL) and BLN adjusted to fit
the data. '

Fig. 12. Seme as fig. 9 except optical model sets III and IV were used. The

parameters are listed in table 3.
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Fig. 10
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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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