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Abétract:
The inelastic.scattering of 16O erom 2%b has

been studied at an incident l60 energy‘of 104 MeV. The
angular‘distributionsvto ﬁhe 37,5, and.2+ levels at

2.62, 3.20, and 4.10 MeV excitation in 2°CPb show inter-
ference patterns characteristic of tﬁose expected from

the deétructive interferencevof Coulomb and ﬁuclear excif
tation. The results aré analyzed,using DWBA. The phase,
‘a, of the nuclear excitation form factér, is»determined to

be oo = 30 * 15°, in good agreementvwith the collective model.
Values of the transition prpbabilities deduced ffom‘the potential
deformatidn.parameters are found to be.smaller By a factor of
N2 than the electromagnetic transition probabilities megsured

in (e,e') or Coulomb excitation.

The interference of nuclear and Coulomb excitation has been observed

1,2 3 k,5

using.alphas, He particles,3 and recently, heavy ions. It has been suggested

that the interference effect can be used to obtain information about the nuclear

6-9

interaction since one knows the properties of Coulomb excitation. Satchler
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has shown,9 for example, that one can determine the absolute phase of the
nuclear interaction. Most inelastie scattering experiments using light ions
are neﬁ sensitive to either the sign or phase of the nuclear interaction sineei
the Coulomb forces are much weaker aﬁ the interaction radius than nuclear
forces. The iﬁformation easily obtainable by studying the interference
effect using light ions is, therefore, limited. In contrast, the Coulomb
and nuclear forces for heavy ion projectiles are often comperable and,
as we shall show, the inelastic unéular distributions are dominated by
interference effects and are a sensitive probe of fhe interactions inducing
inelastic transitions. »

The exﬁeriments were pefformed at the LBL 88 ineh cyclotron. A beanm
of 10k Mev 16O ions wes scattered from enriched'ZOBPb ﬁargets (100-~300 ug/cmz)
on 20 ug/cm2 carbon backing. The feaction products were identified in the
focal plane of a magnetic spectfometer using a position sensitive proportional
counter.1® This counter measures the position (Bp), energy loss (dE/dx), and
~ time of flight of the products and permits mass separation up to A v 20, A
peeition.spectrum (summed over six horizontal wires, Vv 6 cm vertical height) is
shown in Fig., 1.

Levels in 2°0Pb at 2,62 (3" = 37), 3.20 (57), ¥.10 (2), and b.31 (")
MeV could be identified and cross sections extracted. The group at
Ex v 6 MeV (Fig. 1) is tentatively ascribed to excitation of the 3~ state
in l6O which is at 6.13 MeV., The peak centroids and shapes for such groups will
4 160*

be shifted and Doppler-broadened due to the gamma decay of the in flight.
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The apparent excitation of states in 16O has been,observedll'for a number of
other targets, A v 90, Several 16O spectra were taken exténding up to 20 MeV
: N 208 RN o ,o12 :
in excitation of Pb., No evidence for g predicted isoscalar giant quadrupole
state was obtained, although‘the cross section may be too small to be seen
. 13 .
above the background.

The angular distributions for the elastic and inelastic transitions
are shown in Fig. 2, The inelastic data show structure which depend on.the spin
of the final state (also Q value). This is in contrast to the data obtained
for nucleon transfer reactions which exhibit structureless angular distri-
15-17

butions.

The elastic scattering data were:fit with the optical model using a

potential
U(r) = (V + iw) £(r). ‘ _ v - (1a)
where
r-R -1 : '
f(r) = (1 + exp T) ' (1b)
.with
R = r'o(A:lL/_3 + A;/B,) . (1)

Initial parameters were taken from Ref. 5> and adjusted to fit the dafa. The
final parameters are given in Table I and the fit is shown in Fig. 2.
The DWBA form factor for inelastic scattering is given by the collective

6,7,8,18

model as

F(r) = E0) wF) L - | (2)
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- where

Zle.hﬂ VB(EL)

s
2L + 1 rL<+ 1

Fg(r) =

and

U o0 BN R ar(r)

L° Tar » (4)

Ff‘{(r)

where B(EL) is the electromagnetic transition probability for Coulomb excitation

of the target, Z.e is the projectile charge, and Bg is the deformation of the

1
optical potential (1) of multipolarity L.

The term U e allows for an arbitrary phase between the Coulomb and
nuclear parts,_Fg(r) and Fg(r); The collective model has

Ue® =V 4w | (5
where V and W are takeh from the analyéis of the elastic scattering. The
potentials listed in Table I correspond to U & -42,8 MeV and a & 20°,

In Fig. 3 (top) we show the contributions‘to the cross section of
the 3~ state arising from Coulomb excitation (with distorted waves) and nuclear
excitation separately. The B(E3) value measured in (e,e') was used.l9 The

DWBA calculations were made using the program DWUCth

with ihO partial waves
and radisl integrations out to hO_fm. The calculations were found to be
accurate (t 20%) for all but the most forwerd angle points (6 < 40°).

| The phase, 0, was determined in the following manner: At large angies,

where nuclear excitation dominates, one can determine the modulus of the effective

interaction since the calculations are relatively insensitive to the phase.
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Having done this, one can then determine o, by fitting the interference,pattern
over the entire angular range. The results are shown in Fig. 3 for the transi-
tion to the 3~ state. The best fit was obtained with o = 30° but reasonable

fits could be obtained with
15° <a < b5, . (6)

i.e. 0 < W<V with V and W both negative (éttractive énd absorﬁtive,
fespeétively).v The calculations with o = O (purely real in£era¢tion)‘show too
ﬁuch struétﬁre‘compared to the data (see Fig. 3)'and couid be excluded, at
leést for the model and form factbrs’uSed here. The value a = 30° ié close
to the value givén by the collective model, Ed. (55,’for the optical potéhtial
listed in Table I (a = 209). | | |

In Fig; 2‘wé éhow calculations for the 3~, 5 , and 2" angular distri-
butions. The B(EL) values were fixed af values taken from (e,e') measurements.
The collectiQerﬁodel form factor was used (d = 20°) and Bg was adjusted to fit
the Aata. The resulting values of Bg are listed in Téble I. In contrast to
thé>analysis of lighf‘ion scattering, the parameﬁervﬁi éffects both the shépe
and magnitude of the angular distribution, owing to fhe interference with

Coulom.b‘e)xcitationo Furthermore, since the DWBA calculations can be normalized

vby B(EL) values taken from pure Coulomb excitétion, the absolute phase and

magnitude of the nuclear part of the form factor can be determined.

We have deduced target mass.deformations; B

25

, using the deformation lengths

1, from the potential

deformations, Bg

N ' ~ | |
B By = B Bow > o | (7).
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where R is the target mass radius (R = 1.3 A;/S)_end R., is the optical

pot.entia.l raa.iﬁs [RO =1.3 (Al/3 2/3) ] .

oM

Thus one has B§‘< BL. Equation .

Lo

(7) is only approximate since one should use radii appropriate to

the'multipolarity of the transition however this requires a more detailed

23,2}

model. The values of>BL deduced using Eq. (7) are probably upper limits.:

In Table I we list values of Bg, By, and G E.B(L)/B (L)‘and compare them with

19-27

values deduced from other measurements. Our results are in good agreement

3

with the (p,p ) results of Ref. 20 and the ( He, He') results of Ref. 3, which

give GL values much smaller than the GEL values deduced from the B(EL) measure-

ments.

It has been pointed  out that the GL valﬁes one measures may differ

o _ : : ' o 2
between various reactions since the transition probabilities depend on isospin.
Thus (e,e') measurements and Coulomb excitation determine properties of the

target charge deformation whereas (psp'), (o,a'), etc. are primarily measures
. ‘ o ‘

of the total mass deformation. Bernstein has compared Gy, values obtained

frbm‘(a,d') with those obtained from B(EL) measurements and has not found any
systematic differences,vhowever.

The (e,e') and Coulomb eXcitatiop measurements listed in Table I for

the 3~ state in 208Pb indicate GEL‘N 35 = 5 whereas the GL values obtained from

light ion inelasfie scattering are scattered over a range 19 < GL < 41, oOur

results, which are sensitive to both GE# and G, are consistent with Gpp, = Lo

and G. = 20, If we constrain G. = G, we obtain G =25 % L (see Telle I). The fiky

L EL

is poorer than that shoﬁn in Fig; 2 for GEL >.GL’ however.

EL

is complicated by the possibility26 of corrections due to reorientation and

The interpretation of the G, values obtained from Coulomb excitation
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other higher order effects., These corrections will depend on thé projectile
used, and can lead to apparent differences in the GEL values one obtains using

first order theory only (see Table I). Thus the differences in the G

EL and GL

values shown in Table I may be due to negléct of higher order terms in the
transition matrices rather than differences between the B(EL) ‘and B(L) transition
probabilities. The utilization of fhefinterference between nucléar and Coulomb
excitation bromisgs to yiéld much additional'infqrmgtion about transition
probabilities and the higher order corrections terms.

The auphofs thank A. Giorni, G. M.vMarinéscu, J. MeriWethér; D{ Miiler,

J. Sherman, and M. Zisman for their assistance.
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FIGURE CAPTIONS

Fig. 1. A l6O spectrum from 1601+ 208

Ph. The spectrum was obtained by summing
over six wires of a position sensitive proportional c§unter in.thevfocal
plane of the magnetic spectrometer.,
208Pb(160,l60). The spins and parities are
taken from Ref. 20. The excitation energies_(i 50 kéV)‘meaSured in the
present experiment are listed in parenthesés.- The curves are DWBA
calculations (éee text and Table I).
Fig. 3. Top: DﬁBA calculations for excitafion due to Coulomb’forces
(FL(r) = Fg(r)) or:nuclear forces (FL(r)'= Fg(r)). - Bottom: DWBA calculations‘i

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

factor o (see Eq. (4)).



Transition probabilities

for states in 2O8Pb

Table I.
 This work"™ (e;e')b coul. (p,p")? (p,p")°¢ ‘(3He, (a;a')
i - o K P . | 3pe)
Ex(Mev)™ = Jv - B - By Gy, Gy, Ger - G Gy, G Gy
2,62 3" 0.060  0.085 2084 39,510 22 19.5  35.8  19.2 h1.1:h.18
(2544)" (2u2)° 19.6
3.20 5" 0.036 0.051 B 8™ 1h+5 8.1 10.7 3.5 14.141.68
410 2" 0.030 0.043 5.1 . 8.1%0.5 b6 9.k g '8.o¢o.83
.31 g 262 6.4 5.2 14.8:1.65
®Collective model analysis with optical potential: U(r) = (v+iW) (L+exp(5) ™! with v = -bo Mev,
W= 15 MeV, R = 1.31'(Ai/3 + Aé/3) fm, & = 0.45 fm. | |
bRef. 19. a .
cRéf; é6; Coulomb excitation including‘reorientation, El6o = 69.1 MeV, Eé = 17.53+'1§ Mev (a - -1.3b).
dRer. 20, E = 2).6 Mev. | |
®Ref. 22, E, - 4o MeV.
TRef. 3, By = U3.7 Mev.
He
ERer. 21, E, = 42 MeV.
hRef._27, E, = Ly MeV."‘

- 0-[_

IMeasured in this experiment (* 50 keV).

dProm Ref. 20.

(continued)

G69-19T
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Table I. (continued)

kgg is the potential deformation and BL is the_targef mass défdrmation, as déducéd‘from the deformation
léngths (see text).

L. _ \ . ‘ - _ .2 2.2 . ' :

TG = B(L)/BSP(L)._ Estimated errors are shown. Gp = Z (3+L) BL/hﬂ(2L+l) where BL_ls the mass (GL) or
.charge (GEL) deformation of the target | .

"B(EL) from (e,e') of Ref. 19 (see Eq. (3)).-

E L

"B(EL) from G . = G and adjusting G, to fit the data.
6O +~?O8Pb data presented in Ref. 26 but neglecting reoriéntatioh-terms (=001). .

°Deduced from the *

G69-141
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