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Abstract:

The elastic scattering and bne-proton transfer reaction
induced by 312.6 MeV 16O ions on 208Pb are investigated and com-
pared with data at lower incident energies. A conventional DWBA
analysis can.aCCQunt for the qualitative features of the energy
spectra but overestimates the enefgy dependence of the observed
absolute cross sections by almost an order of magnitude between
104 and 312.6 MeV.

Studies of heavy-ion induced direct-transfer reactions over a
wide range of incident energy can reveal aspects of the reaction mech-
anism that are obscured at any one energy by uncertainties concerning the
internal structure df the nucleaf.states involved. This letter reports
measurements at 312.6 MeV of thé differential cross sections for the proton-

208_ . 209_, . ,
transfer reaction Pb(lso,;SN) Bi populating several known single-

1,2

particle states in 2OgBi. Together with the results of earlier studies

at 104, 140 and 216.6 MeV, transfer cross sections are now available at
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incident3energiés extending from near the Coulomb barrier to more than 200

MeV above, thereby enabling a sensitive study of the reaction mechanism.

0

The nuclei under consideration are near major shell closures; and their

¥
2 L
208P l60,1;.5N) 09Bi reaction

(Z

' microscépic nature is well understood. The b (

should thus be well suited for teSting the applicability of the DWBA over
a wide range of incident energy. It is the purpose of this letter to show
that the DWBA'fails by.nearly one order of magnitude to reproduce the'

energy dependence of the experimentally observed cross sections even for

} ' 2
such a well-understood system as 160 +'.08Pb.

208 208Pb

The elastic scattering of 16O on Pb and the reaction 16O 15N

(0,7 N)

209 . . . . .
Bi were studied at an incident energy of 312.6 MeV using the QSD magnetic

spectfometer at the Lawrence Berkeley Laboratory -88-Inch Cyclotron. An energy

2 S
OgBi at © = 11.9° is shown in

208 . 16 15
©, N lab

spectrum for the reaction Pb (

)

Fig. 1. A comparison of this spectrum with those previously obtained at lower

: . 1-3 : . . s . .
energies shows several qualitative differences: (1.) Whereas spin-flip
Lo ' . . .16
transitions (e.g., transfer of a proton from a j = £ - 1/2 state in O to a
. - . 209, .
3 = 2 4+ 1/2 state in Bi) are favored at energies close to the Coulomb

barrier, the non-spin-flip transitions dominate at 312.6 MeV; (2.i The
s . 209, . : .
transitions to the 3p states in Bi are much weaker than at lower energies;
s - . ; . 15
(3.) Transitions to the 3/2 excited state at 6.32 MeV in N are strong at
312.6 MeV although they were negligible at 104 MeV. These aspects of the -
o L . 4 o
reaction will be discussed in detail in a forthcoming paper where it will
be shown that they are rather well accounted for by a DWBA analysis. Here
we discuss the failure of the DWBA to reproduce the cnergy dependence of

-the cross sections.
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Angular distributions have been measured for transitions to each of
the singleIPArticle states identified in Fig. 1. All of the angular distri-
butions were observed to have nearly idehticél'bell—shaped behavior, centered

“at 13.5° (c.m.).

208, (16, 15 209

Finite—range calculations for the b ( ) Bi reaction were
made with Ptolemy,5 a'prqgram:fog hééVy;ion direct-reaction calculations.
Thé effecti&e transition opefator was’chosén to include the Couiomb and core-
Céulomb gorrectioﬁs.6  As was shown in Réf. 6, and verified in the present
work; such corrections bring calculations in "post" and "prior" representations
~of the DWBA to Qithin_é few percent of each other. | |

Several opticai model descriptidns of the 16O + 208Pb'elastic scat-
tering.at’312;6 MeV ﬁave beeﬁ investigated. 'Each optical potentiai was
deriVédvby'first exfrapolating to 31256 Mev energy—depeﬁdent Woods~—

' Saxon potentials fifted to the lower‘energy data.7 The resulting
parameters were‘then used as'initialbvalﬁes in a least—équares'fit to.the
elastic dgta at 312.6 MeV. A final chi-square per point of 0.4 was obtained
for 5% error bars. Compafable fits Qefe obtained for several different

' parametrizationéiof'the energy dependence but, since all these potentials
vield similar pfedictiéns for the energy dependence of the transfer cross
section, only one potehtial will be considered here. ' This potential‘is
based én é quadratic energy dependence for the geometrical parameters
(ro, roi’ a, ai) and energy—independent depthé.’ The potential parameters
used for each of the four incident energies are presénted ﬁo three
signifiéant fiéures in Table I.

.The bound—staté form~factors used in the\present analysié are those
erﬁplo_yed?'9 in eariiér studies of heavy-ion induced transfer reabtions on

16

2 : . ., 209_.
08Pb. The radial wave functions for single~proton states in 20 Bi and O
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aré eigenfunctions of Woods-Saxon potentials with central and spin-orbit
components. The real depths of the potentials were adjusted to reproduce

the known binding energy of each state. The resulting bound state potentials

15 208 | . s : .
for N + p and Pb + p are only slightly state-dependent (maximum variation
. , 10 . ' s
in depth less than 5%), and have been shown1 to yield r.m.s. charge radii
consistent with those obtained in electron scattering around A = 16 and
A ®~ 208. These potentials are very similar to the single-proton potentials

11 . ' .
obtained as the zero-energy limit of proton-nucleus optical potentials.
208 . 12 _ .
~ The Pb + p potential has been used to extract spectroscopic factors for
Ny 209_, _ ' :

the single-particle states of ' "Bi from measurements of the reactions

3 209_, . .
Pb( He,d) Bi, and these spectroscopic factors are used in the present

208
. 5 '
study. The spectroscopic factor for 1 N was taken to have the full closed-
shell value of S = 2 for the lpl/2 ground sﬁate. The bound-state potential
parameters are given in Table I.
" The angular distribution obtained in the present work for the

208Pb(160,15N)209

Bi (g;s,, h9/2) reaction is shown in Fié. 2. Also included
in the figure are tHe angular distributions measuredl'2 at the incident
energies of 104, 140 and 216.6 MeV. The corresponding DWBA angular distri-.
butions (displayed as solid lines in Fig. 2) fail to account for the magnitude
df the experimental cross sections, predicting too small cross sections at
low energies and too large cross sections at high energies.

That this failure of the DWBA occurs for all single particle states
in 2.OgBi considered here is shown in Fig. 3, where the ratio of the calculated to
the experimental total cross section is.displayed for each of the five transitions
measured in the present work. Between 104 and 312.6 MeV, the DWBA faiis to-
réproduce the energyAdependénce of the experimental cross seqtions by almost

an order of magnitude.
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We believe that the failure of DWBA to account for the energy

: dependence of the transfer cross sections is of great significance. It
can be concealed by treating the reactions at each‘enérgy as isolated

- phenomena. Absolute cross sections in better agreement with experiment

coﬁldbbe acﬁiéved, eﬁergy b& energy, by ad-hoc Qaiiations in bouﬁd étate
and optical model parametefs, and saérificing, if necessary, both the
qQalitative rélationSﬁip.of the bound state potentials to the nuéleon—
hucleuslopticalbmodel as well as the.qualify of fits to the elastic
scattering data. For ekample, the absolute'cross sectiohs at 312.6 MeV
can be reduced by a factor of 2.54 by using the 15N % p bound staté
potential»parameters at both vertices.13 However, this modification has

a similar effect at 104 MeV (the factor is 2.86),vso that the discrepancy

in the energy dependence is not removed. Moreover, such stratagems miss

the point of the optical—model DWBA treatment of periphéral reactions, and
obviouély have no predictive pbwer, which is a most important feature of

any theory. If, as shown in the present work, systematic appliéation of the

-model uncovers major shortcomings, then this result should be taken as an

indication that the_physiéal premises of_the.modél have broken down.

An impbrtant deficiency of the conventional DWBA-optical model

treatment of heavy-ion reactions is the neglect of‘inelastic core excitations.

The usual remédy-of including coupléd—dhannel effects is not likely to

account for the large discrepancy observed at the higher incident energies

if only a few specific channels are coupled. It has been recently

suggested that the single particle wave functions might be substantially

polarizedvduring the collision process - an extreme limit being adiabatic,
| e . PSRV
two-center shell model wave functions. This effect might substantially

change the absolute cross sections, but is most important only at low
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energies énd'thﬁs would not be expected to remove thé large discrepancy
observed abéve 200 MeV. |

An alternative explanation éf the failure of the DWBA concerns
the basic premise of the model that each transfer process is a minbr |
' perturbation on the dbminant elastic chaﬁnel. Since it has recently
) been.shown15 thdat the cross section to all Quasi—elastic continua
increases drastically between 104 MeV and 312.6 MeV (where it amounts
to more than 30% of the total reaction crossAsection); it is conceivable
that the large_flﬁx.going into this peripheral process is related to
the faiiure of the DWBA to reproducé the energy dependence of the
trénsfer.cross §ections, In general, it is not clear that the large
' flux going into fast periphéral processes can bevsuccessfully
_des?fibed by én opticai potential, or thét an individual perturbative

. 16
treatment of each direct reaction channel is still adequate.

‘LBL-5805
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TABLE CAPTIONS

Table I. Optical and bound-state potential parameters.
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Table TI. -
Optical Potentials:
vV = 51.1 MeV, W= 51.5 MevV, co = 1.3 fm
Erab _ »ro = Toi @ a3
(MeV) : (fm) C o (fm) (fm)
104.0 1.28 .498 .445
140.0 - 1.21 o .681 .631
216.6 : 1.15 : .708 .709
312.6 S 1.11 - .796 . 741
Bo{nnd—State ‘Potentials:
System r - a \Y . r - a Y
T (o] SO SO SO CcO
(£m) (fm) (MeV) (fm) (£m) (fm)
208 bt 1.28 .76 6 1.09 .60 1.3
15 o - . _
N+p 1.20 .65 - 7 1.20 .65 1.2
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FIGURE CAPTIONS

" "Tig. 1. Energy spectrum obtained at a laboratory angle of 11.9° for

2 6 1 0
the reaction 08Pb(l 0, )2 9B

N)

i. Transitions to known single-
. o . 209, \ s
particle states in Bi are identified.

2
160,15N) 09Bl

L . . ' ' . 208
Fig. 2. Differential cross sections for the reaction Pb(

populating the h 9 ground state at an incident energy of 104, 140,

9/
2;6.6 and 312.6 MeV, from right to left. The solid lines are
DWBA calculatidns deécribed in thé text; the dashed liﬁes‘are
drawn to guide the eye.

Fig.‘3.v Tﬁe ratio-of the DWBA to the experimental total cross secﬁion

. s . . . 209 .
for the five observed transitions to single-particle states in Bi.
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