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OSCILLATIONS IN THE ANGULAR DISTRIBUTIONS OP HEAVY-ION TRANSFER REACTIONS

J. D. Garrett
Broofchaven National Laboratory
Upton, New York, USA 11973

Oscillations in the angular distributions are established as a general feature of
heavy-ion induced, few-nucleon transfer reactions at incident energies sufficiently
above the Coulomb barrier. For proper Q-matching with incident and exiting energies
well above the Coulomb barrier, the angular position of the most forward maxima In
the differential cross section is characteristic of the transferred angular momentum.
The threshold for such oscil lations is particularly sensitive to the absorptive
potential near the nuclear surface requiring potentials that are strongly absorbing
in the nuclear interior but nearly transparent at the surface. Evidence also is
presented for an energy dependent surface absorption. Certain anomalous cases where
the oscil lating cross sections are predicted to be out of phase with the data are
discussed.

1. Introduction

Recent experimental studies (c.f . refs. ~ ) have indicated that large forward
angle cross sections which osci l late as a function of angle are a general feature
of heavy-ion induced, few-nucleon transfer reactions at incident energies sufficiently
above the Coulomb barrier. This development has stimulated renewed experimental and
theoretical activity in such measurements that previously had been considered by
many as uninteresting. I should like to discuss some of the features of these angu-
lar distributions concentrating on the heavy-ion physics that can be learned from
•such studies. Since most of the audience is familiar with the subject, I intend to
outline only briefly the general features of such angular shapes, and then to dis-
cuss some of the recent data and what can be learned from i t . Finally, perhaps I
wil l be able to speak to some questions that were raised at our Brookhaven informal
study on this subject last summer. I wil l use Brookhaven data to i l lustrate
my points, but I wish to stress that similar data has been measured at many other
European and American laboratories.

It must be remarked that large, oscil lating forward angle cross sections

previously had been anticipated by several theorist (c.f. refs . ' ) and in fact
14studied in detail for light targets here at the Max-Planck-Institute ) as well as
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elsewhere. As early as 1961 large cross sections were observed forward of the

grazing angle in radiochetnical total cross section data obtained at Yale ) . The

new element revealed by the recent detailed measurements is the low threshold for

the large forward angle cross sections in certain cases. Furthermore, measurements

at higher energies suggest ) that such structure is a general feature of few-nucleon

transfer reactions sufficiently above the Coulomb barrier. Oscillating forward

angle cross sections have been observed ) for few nucleon transfer induced by light

heavy ions on intermediate mass targets having Sonmerfeld parameters, T) • ZjZ^e /fiv

~ 2 0 .

2. General features of oscillating angular distributions
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Typical angular shapes observed in such transfer reactions are shown in fig. 1

40
Fig. 1. Angular distributions of the Ca

(l->C,12c) transition to the ̂ C a
ground state at 40, 60, and 68 MeV
incident energies (refs. 3 and 16).
The DHBA predictions (curves) repro-
duce the shape change between 40 and
68 MeV.

for the 40Ca(13C,12C) transition populating

the Ca ground state ' ) measured at in-

cident energies of 40, 60, and 68 MeV. At

60 and 68 MeV pronounced oscillations are

observed in the data. At 40 MeV incident

energy, however, a well developed, broad peak

is observed near the angle corresponding to a

grazing trajectory and at more forward angles

a smaller peak is observed. The detailed

change in shape and magnitude is reproduced

in terms of DtfBA predictions.

The shape change from a relatively smooth

grazing peak at 40 MeV to rapid oscillations

at 68 MeV also has been explained- ) in terms

of a dIftractive model based on a partial

wave expansion of the cross section ' ) .

Such a parameterization approximates the I

space localization of the transfer amplitude

by a Gaussian distribution and assumes a

linear variation with I of the transfer phase.

Until recently such a semiclassleal descriptionso



had been applied only to L=0 or to the M=0 magnetic substatts for LJK) transfer.

Even though such a model is qualitatively successful in describing the existence of

oscillations, it fails to describe the richness of heavy-ion induced transfer

phenomena. One improvement would be to extend such an approach to include Mi'O coa-

ponents and to incorporate an expansion which is valid at small angles. Such a
17 18

description has been developed by Kahana, Bond, and Ch«6man ' ) . I do not wish

to discuss the details of such a description, since It has been-covered explicitly

In a recent publication ) and in the talk of Kahana at the Nashville Conference on
18Reactions Between Complex Nuclei ). Such a description, however, shows that .the

partial cross section corresponding to the |M|«L magnetic substate will dominate over

the |M|<L substates when: i) the reaction is well matched, i.e. when the localiza-

tion in l space is the same for entrance and exit channels, and il) the Incident and

exiting energies are well above the Coulomb barrier. For such cases, the angular

position of the forward most peak is given by the first maximum in the Beasel function

JuCt'c0 + 1/2)0,] and satisfies the Inequality

(M(Mf2))1/2 < Uf°
 l/2

Such "L" or really M dependence Is observed In experimental measurements and repro*-

duced in the DWBA analysis ' ). Figure 2 demonstrates such dependence for the
48Ca(l60,14C) transitions6) to the lowest 0+, 2 +, 4 +, and 6+ states of 5 OTi. The

solid curves in the figure are DWBA cross sections calculated using the finite range,
19 6

recoil code LOLA ) with a two-nucleon cluster form factor as described in ref. ) .

This figure indicates the necessary precision in the extreme forward angle data to

distinguish transferred L values using such reactions. It is apparent Chat It Is

easier to extract transferred L values from light-ion induced transfer if the equiva-

lent transfer is possible with available projectiles.

3. DWBA analysis

Although the simple models are successful in describing the general features

of heavy-ion induced transfer reactions, and are an aid in understanding the physics

involved, the DWBA formalism still remains the main prescription in the analysis

of such data. The remainder of this talk will be based on such an analysis. It

already has been indicated that the energy dependence (see fig. 1) of the shape and

magnitude of the Ca( C, C) Ca transition and the observed L dependence (see
g.s.

fig. 2) is reproduced in DWBA predictions.

The DWBA differential cross sections for single-nucleon transfer studies dis-

cussed were calculated using the finite-range DWBA code SRC of Baltz ). This code

includes the effects of recoil in a proper Taylor series expansion ) keeping terns

to second order. For single-nucleon transfer the predicted cross section for the
reaction A(a,b)B is related to the stripping cross section through spectroscoplc
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factors.

Fig. 2. Angular distributions for
487-11646Ca(160,l*C) transitions
•t an incident energy of
56 McV populating the low-
est <F, 2+, 4+ and 6 + states
in 50xi (ref. 6 ) . The solid
lines are DW8A predictions
calculated using the code LOLA.
The inset shows an energy spec-
trua.
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A value of tfce name licet la* cans cast N

near one, therefor*, indicates agreeaeat

between Measured awl predicted absolute

cross sections. The two*awcleoA transfer

version22) of the finite rang* code R M C 2 3 )

was used to predict the "Vtlf1**},1***)****

and ^HgC^O, 1*^ 2**! cross sections.

Ibis code uses a Microscopic fora factor

but does not include the effects of recall.

The parameters, spectroscopic factor* and

two-nucleon spectroscoplc eaplitudes used

in these calculations are tabulated In the

appendix.

4. Sensitivity to optical potentials

The '*space localisation of the heavy*

ton induced transfer aaplttMd* is • ctttt*

quence of the decay of the radial fora

factor affecting the fall off toward

higher ' and the absorptive effects of the

ion-Ion optical potential governing the

decay toward lower ''a. The phase in the

region of the ' window also i* quite

sensitive to the nuclear absorption. For

larger V* the phases will be identical to

Couloab phases. Wear the I window the

phases will deviate front the Coulee* phase

(for energies above the Couloab harrier)

as the effects of the real nuclear potential

becoa* iaportant. However as-the absorp-

tion Increases the effects off the nuclear

potential will decrease (see e.g. figs.

19 and 21). It, therefore, ia not surprise

ing that the details of the imaginary potential near the nuclear aurface are ieaortaat
*

for transfer reactions.
Angular distribution shape* with very large forward pcake and a well foraed

"bell-shaped" peak at the "grazing" angle are particularly sensitive to the details



of the imaginary potential. Such shapes represent the onset of oscillations. A

typical euwpie of such an angular shape is the Ce( C, M) transition to the X

ground state, J 3/2* (fig. 3), Measured16'24) at an incident energy of 40 MeV.

A large, rapidly varying differential

cross section is observed at the post

forward angles while smaller amplitude

oscillations, superimposed on a broad

peifc, are observed near anglas correspond-

ing to the classical gracing trajectory.

Shown with the data are WIA calculations

based on optical-model parameters having

identical geometry for both the real and

imaginary potential wells. The dashed

curve represents calculations based on

parameters (set 2 of Table Al) which

reproduce C and M elastic scattering

on
40.

Fig. 3. CAngular distribution of the Ca
(«C,l*W) transition to the ground

at ai» In
energy of 40 MtV (refe.l6»**;>
The curves are DVBA predictions
using optical-model paraawtcr
set 2, table Al. Only the aag-
nitude of the absorption has bean
varied for the two different cal-
culations shown.

Ca over a range of incident encr-

. The calculation reproduces

neither the large forward angle cross

section nor the variation of the cross

section as a function of angle. If the.

Imaginary potentials ia both the entrance

and exit channels are reduced to W - 5.5

McV, while leaving the other parameters

unchanged, the forward angle cross

sections are strongly enhanced and

strong oscillations are .predicted

(solid curve in fig. 3). However,

the oscillations of the curves based

on these weakly absorbing potentials

are out of phase with the moat for-

ward angle data points. The angular

positions of the maxims at the forward angles alao have changed relative to- their

predicted positions when the more strongly absorbing potentials are used.

The change in the angular positions of the forward angle maxima is the result

of contributions from amplitudes corresponding to large nuclear overlaps. The pre-

dicted angular distributions for the ̂ C a ^ C , 1 * * ) 3 9 * . reaction aa • function of
g.s.a lower radial cutoff radius, Reo, are shown in fig. 4. These calculations indicate

that for such weakly absorbing potentials contributions are obtained well inside the

channel radii. In fact, at forward angles large contributions are observed for less

than a 5 fm separation of the nuclear centers. The angle of the most forward maxima
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Fig. 5. Calculated M-l transition
amplitude as a function of
outgoing * corresponding to
the angular distribution shown
as a solid curve in fig. 3.
Large values are predicted for
low partial waves.

Fig. 4. Predicted angulardistribution
of the «W5C,«M)5*K ,
cross section at an incident
energy of UO MeV as a function
of a lower cutoff on the radial
integration, K . Optical-
•odel parameters set 2 of table
Al with an absorption of 5.5
MeV, (which correspond to the
solid curve in fig. 3) were used
in all the calculations.

also changes when the contributions fro*

the nuclear interior axe reaoved.

With this extremely weak absorptive

potential the lower partial waves have

a significant effect upon the cross sec-

tion. In fig. 5 the transition amplitudes
LMB. as a function of the outgoing partial

wave { are shown for the M«l substatt.

The change in the position of the calcu-

lated maxima in the weakly absorbing case

arises from a beating of the frequencies

of oscillation corresponding to the two

peaks in B^1 of fig. 5. When the first

15 partial waves are removed fro* this

calculation the position of the maxima

returns to that calculated using the

strong absorptive potential (see figs. 3

and 6).

The contributions to calculated

heavy-ion transfer cross sections from

deep within the nuclear Interior that

arise as a result of weakly absorbing ion-

ion potentials are unphysical. The ab-

sorption in the nuclear interior awst be

increased to reduce such contributions,

and yet it is necessary to .Mint a in a

weak absorption in the nuclear surface'

region to obtain the large forward-angle
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Fig. 6. Comparison of predicted angular dis-
tribution shown as a solid curve in
fig. 3 with a calculation having the
contributions for all partial waves
< IS removed (see fig. 5).

cross sections that are observed, e.g., in the
40Ca(l3C,A*N)39K grounu-state transition (see

fig. 3). It is particularly important that

potentials which do not have unphysical contri-

butions from the nuclear interior should be

used when spectroscopic information is to be

obtained from the analysis. As seen in figs.

4 and 6 such contributions can shift the posi-

tion of the most forward maxima which is sen-

sitive to the L dependence of the transfer.
30

At Brookhaven we have been using an imaginary potential shape which combines

a strong absorption in the nuclear interior and weak absorption at the nuclear sur-

face with an imaginary diffusivity at the nuclear surface similar to that of nuclear

natter. The sum of a Woods-Saxon shape with a small diffusivity and a surface deriva-

tive term with a larger diffusivity is used for the imaginary potential. Strong ab-

sorption from the Woods-Saxon shape reduces the contributions from tht nuclear inte-

rior while the weaker imaginary potential at the nuclear surface with a "reasonable"

diffusivity gives the absorption at the radii where transfer takes place. Predic-

tions based on such surface transparent potentials are shown in fig. 7 for the 40

MeV *0C(I3C,14M) and «°C(l3C, 12 39
C) transitions to the ground states of K and

Ca. The shape and magnitude of the ( C, C) angular distribution Is well repro-

duced by these calculations. The general shape and the magnitude of the more struc-
13 14

tured ( C, N) angular distribution is given, but the details of the most forward

angle data still are not completely reproduced. However, predictions based on these

*39K g . s . datapotentials give a better description of the forward angle Ca( C,

than calculations using potentials with the same real and imaginary Woods-Saxon ge-

ometry (sec, e .g . , f ig . 3) .

The 40Ca( l3C,14N)39K g.s . transition amplitudes, B^1, calculated for the H-l

magnetic substate using tnese potentials are shown as a function of > in f ig. 8. As

a result of the stronger absorption in the nuclear interior, the large contributions

that Mere observed for the small partial waves using the weakly absorbing Woods-Saxon

potentials (f ig. 5) are greatly reduced in these calculations. In f ig. 9 the 40 MeV

C elastic scattering from Ca predicted using these surface transparent potentials

is compared with experimental data ) . The experimental cross sections are repro-

duced .
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Fig. 7. Comparison of aeasured and
predicted angular distribu-

for the 40 MeV 40Ca
; * 3 9 «0

(13C,12C)41C|-8* transitions.
The calculateS'lngular shapes
used surface transparent
potentials as discussed in the
text and given as set I in
table Al.

0.1-

00

1 U • i

NORMAL

M'l

00

o>

20 40

Calculated tt*l transition
amplitude as a function of
outgoing I using surface
transparent potentials.
These potentials-were used to
calculate the ( C, H) an-
gular distribution shown in
fig. 7. The large values pre-
dicted for low partial waves
using weak absorptive poten-
tials of Woods-Saxon geooetry
(fig. 5) have been reduced.

Fig. 9. Comparison of Measured and
predicted 40 MeV 1 3C elastic
scattering from 4 0Ca using the
surface transparent potentials
(set 1 table Al) that repro-
duce Che transfer cross sections
(fig. 7).
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In figs. 10 and 11 the differential, and total calculated cross sections for Che
40 13 14 39

Ca( C, N) K ground-state. transit ion a t an incident energy of 40 HeV i s shown

-20-
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Fig. 10. Calculated 40 MeV Ca( C, N) K differential cross sections as a
function of a lower cutoff on the radial integration, R . These calcula-
tions used the surface transparent potentials (set 1 ofc?able Al) discussed
in the text. Predictions based on these potentials are shown with the
experimental data in fig. 7. The radial shape of the Coulomb plus real

c__ 13/. ̂  40»inuclear and imaginary nuclear potentials for C JCa also are shown.

CO

i

and that
indicate

Fig. 11. Predicted total cross section for the
40 MeV 4°Ca(X3C,l*N)39K transition
as a function of a lower* cutoff on the
radial integration. See fig. 10 and
text for potentials used. R and R_
indicate the real nuclear raSius ana the
Rutherford radius in the entrance channel.

as a function of lower cutoffs on the radial inte-

gration. These calculations are based on the sur-

face transparent potentials. For comparison the

real plus Coulomb and imaginary nuclear potentials

for the C + Ca channel also are shown in fig.

10. It must be emphasized that the,use of a radial

integration cutoff is a computational technique

it does not completely remove the effects of the nuclear interior. It does

however, at what radii laree contribution to the cross section are obtained.
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The predicted cross sections corresponding to radial cutoffs of 6-7 fm were nearly

identical both in magnitude and shape to the calculation with no radial cutoff.

Such was not the case for the weak Woods-Saxon imaginary potential which had signifi-

cant contributions from the nuclear interior (see fig. 4 ) . The rise in the total

cross section for cutoffs between 7 and 8 fm result from removing certain contribu-

tions which cause cancellations in the cross section. The main contributions to the

total cross section still are obtained near the Rutherford radius (i.e. the radius

at which the Coulomb plus real nuclear potential is maximum—see fig. 10). The for-

ward-angle cross section, however, starts to decrease relative to the "grazing" peak

cross section for radial cutoffs between 7.5 and 8.0 fm and has nearly disappeared

after R = 8.5 fm. Therefore the large forward peak seems to have its origin at
CO

radii inside the Rutherford radius, suggesting that this peak is connected to contri-

butions from the opposite side of the nucleus that is either diffracted or refracted

around the nucleus.

By using surface transparent potentials (set 1 of table Al) it also has been
6C 18 16

possible to reproduce the details of the oscillations observed in the Ni( 0, 0)
transition to the 62Ni ground state1 ) (see fig. 12). Prediction using surface

500

200

100

50

20

10

65M»V

ODDD
PARTICLE
TELESCOPE

i i i i i i i

Fig. 12. Angular distribution correspond-
ing to the &0Ni(180,160) transi-
tion to the ground state of "2Ni
measured at an incident energy
of 65 MeV (ref. l 0 ) . Data indi-
cated by solid points were re-
corded using the BNL QDDD spec-
trometer. The DWBA curves were
calculated using surface trans-
parent potentials (set 1, table
/.I).

transparent potentials which reproduce the

experimental data ) are compared in fig.

13 with predictions based on weakly absorb-

ing imaginary potentials of Woods-Saxon

geometry (set 2 of table Al) which have

been used in a previous analysis of this
4

reaction ) . The strong absorption in the

nuclear interior has decreased the magni-

tude of the oscillation at the more backward

angles. The different period of the oscil-

lations at the forward angles in the calculations based on weakly absorbing imaginary

potentials of Woods Saxon geometry probably results from a beating between contribu-

tions from the interior and the surface of the nucleus. Furthermore,€nearly all the

angular dependence on the single-particle configurations "hich is predicted using- the

potentials that are too weakly absorbing in the nuclear interior is removed in the

calculation based on the surface transparent potentials fie. 14.

10 20 30

•e.mW9fl>

40 50
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Fig. 13. Predictions based on surface transparent
potentials (set 1 table Al) which repro-
duce the experimental data (fig. 12) are
compared with predictions based on weakly
absorbing potentials of Woods-Saxon
geometry (set 2 of table Al) which were
used in a previous analysis of this
reaction (ref. 4). We have mada progress
in a year, haven't we!

Th-> important features of the potentials which

we have been using are: i) strong absorption in the

nuclear interior, ii) weak absorption near the nu-
clear surface, and iii) a diffusivity near the

nuclear surface that approximates the nuclear nat-

ter distribution. The suggested parameterization

is only one that incorporates these features. In

fact, imaginary potentials with a saall diffusivity

and a radius .somewhat smaller than the real nuclear radius arc presently being used

by several groups, c.f. refs.

two of the proposed features.

6,8). Such an imaginary potential incorporates the first

WEAKLY ABSORBING -
POTENTIALS

i i I i r .

I SURFACE TRANSPARENT i
POTENTIALS

Fig.

60 0 30 60
9 (deg)
cm

The configuration dependence observed in 6 0Ni(1 80,1 6O)6 2Nig s > transition at
65 MeV using weakly absorbing potentials (set 2, table Al) is'almost com-
pletely removed when surface transparent potentials are used (set ] , table Al)
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5. Total quasiclastic cross sections

Such imaginary potential shapes may have a physical basis. The interior and

surface absorption almost certainly arise from different processes—compound processes

dominating the interior and quasielastic processes important in the surface region.

A sharp increase in the absorption might then bu exoeited at the radius where the more

violent compound processes become important. In order tc determine if quasielastic

processes contain sufficient tocal cross section to account for the partial cross sec-

tions of the surface partial waves, we have measured ) the total few-nucleon transfer

reaction and inelastic scattering cross sections induced by 0 on Pb at bombarding

energies of 82, 88, and 94 MeV. Heavy targets were chosen to allow the transfer cross

sections to be measured above the Coulomb barrier without competition with reaction

products from light target impurities. For the cases measured the reaction kinematics

completely separate the groups of interest and products resulting from light target

impurities in the angular region which contribute significantly to the total cross

section. Angular distributions of the total yield of inelasticaliy scattered O and

0, N, and C resulting from transfer is shown for 32 MeV 0 incident on ' Pb in fig.

15. Much smaller yields also were observed for Be and B. Total reaction cross sec-

tions were determined from the optical model using parameter giving a best fit to the

10

JQ

E

-Q
O

f.0

0.1
90

Fig. 15.

-INELASTIC :

120 150

Differential cross section as a function of angle for the total yields of
0, N, and C resulting from transfer and inelasticallv scattered * 0 induced
by 82 MeV l 60 incident on 2 0 6Pb and 0 8Pb (see ref. ) . The summed cross
section for all channels also is shown. *

elastic scattering at each energy. The 'otal reaction cross section is the sum over
l's of the partial cross section o (8) for each I is given by
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where T is the transmission coefficient as calculated using the optical uodel code
«> 208

ABACUS*0). The results of a preliminary analysis for Pb are given in table 1.

Table 1. Summary of 0 +
Section Data.

208
Pb Total Cross

E, ,. Elab c m .
(MeV) (MeV)

82 76.14
88 81.71
94 87.29

219
553
876

Q
(mb)

94
257
331

°QE/aT

0.43
0.46
0.38

16
23
32

c)

'From optical model fit of elastic scatter-
ing.

Integrated experimental cross sections.

See fig. 16—assumes sharp cutoff.

40

A surprisingly large fraction of the

total reaction cross section ~ 401

is accounted for.- by the quasielastic

processes even as high as 15 MeV above

the Coulomb barrier. The sum of the

partial cross sections Q for ' < K,

is shown as a function oft. in fig.

16. The values of i dividing the

quasielastic cross section from other

processes are shown as I .. on ther crlt
plot of transmission coefficients in

fig. 16. The ' .,. are obtained

assuming that the partial cross sec-

tions for large £'s are all quasi-

elastic and a sharp division in I

space between quasielastic and other

processes. It is seen for the system

studied in this energy region that the

quasielastic cross sections are suf-

ficiently large to account for the

cross sections of the surface partial

waves. Such a division between quasi-

elastic and other more violent proces-

ses in i-space is consistent with a

difference in the radial dependence

of the absorption near the nuclear

surface and in the nuclear interior.

Figr 16. Sum of partial cross section "f for
I < I, as a function of r.. For com-
parison transmission coefficients based
on a fit to the l 60 + 208Pb elastic
scattering data at each energy is shown.
The values of i separating contribu-
tions from quasielastic and other proces-
ses in a sharp cutoff approximation are
indicated with the transmission coefficients.
These values are determined from the mea--
sured quasielastic and the calculated total
reaction cross sections given in table 1.



6. Energy dependence of the surface absorption from the 26Mg(l«o, C)28Si /
g.s. \^i

transition

I would now like to turn my attention to the Mg( 0, C) transition to the28

2

Si ground state. Experimental data now exists for this transition at 33 and 40

MeV (ref.27), 45 MeV (refs.2'7), 60 MeV, (ref.28) and 128 MeV (ref.29)(see fig. 17).

Oscillating cross sections are observed

at all energies. Once again the lovest

energy data is particularly sensitive

to the imaginary potential shape. Cal-

culations based on three different seta

of optical model parameters are shov?-

in fig. 18. The two dashed curves which

have relatively weak absorption in the

nuclear surface but are of Woods Saxon

geometry with a diffusivity ~ 0.5-0.6

do not reproduce t'.ie oscillating experi-

mental cross sections. Attempts to "fit"

the data by reducing the imaginary poten-

tial keeping a fixed geometry has been

unsuccessful. The solid curve in fig. 18

is based on the same real geometry as the

long dashed curve, but with surface trans-

parent imaginary potentials given as set

1 in table Al. The amplitudes, B^ and

phase derivativesf(jj) are compared in

fig. 19 for the calculations using weak

Woods-Saxon imaginary potentials

(long dashed curve of fig. 18)

and surface transparent potential

(solid curve of fig. 18). The

surface transparent potential

which produces oscillating

cross sections is more localized

in t space and has e more pro-

nounced dip in the phase deriva-

tive, j(J0> in the "jf-window".

Fig. 17. Differential cross sections for the
Mg(16O,l*C)28Si ground-state transi-

tion at 33 (ref.27), 40 (ref.27), 45
(refs.2.7), 60 (ref.28), and 128 (ref.29)
MeV. OWBA predictions based on identical
optical-model parameters (set 1, table
Al) are shown with the 33-60 MeV data.
At 128 MeV it is necessary to increase
the absorption in the region of the
nuclear surface to W =10 MeV to repro-
duce the shape of the angular distribu-
tion. Note the change in angular scale
between tha left and right portions of
the figure.

The weaker absorption for the surface region in these potentials presumably allows

the transfer amplitude to build up faster, but then the rapid increase in absorption

at smaller radii causes a sharp drop in the amplitude on the low £ side of the /

window. Similarly for the phase derivative a weaker absorption at large radii permits

the real nuclear potential to have a greater effect and t(i) deviates more from the
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Fig. 18. Comparison cf DWBA predictions
for the 26Mg(16o,l^C)28Si g
transition at an incident
energy of 33 MeV using three
different optical potentials.
The solid curve corresponds
to surface transparent poten-
tials (set 1, table Al) and
is shown with data in fig. 17.
The long and short dashed curves
correspond to sets 2 and 3, respec-
tively in table Al.

Pig. 19. Amplitudes, B , and phase
derivatives, iftl), as a
function of I for the solid
and long dashed calculations
shown in fig. 18. The 1/e
half widths, T, are indicated
for the B V ' S .

I

i
<3\

Coulomb phase change for surface transparent potentials. The added localization and

a smaller ijr(i) both enhance the probability of oscillations ' ).

The 33 MeV 26Mg(l6O,1<>C) 8Si g data are sensitive'to the magnitude of the sur-

face absorption in the surface transparent potentials (see fig. 20). An adequate

Fig. 20. Effect of increasing the surface
absorption from W_m = 1 to 5 for
"MeV 26Mg(16O,l*g?28Si_ angular
distribution. 8' "

description of the experimental data can be ob-

tained for W ?5 2 MeV. Using identical parameters

with a W = 1 MeV absorption in the surface re-

gion, the shapes of the oscillating cross sections

can be reproduced for 33, 40, 45, and 60 MeV. The

ratio of the experimental to calculated cross sec-

tion, however, decreases a factor of 2 between 33

and 60 MeV incident energy (see table 2). The
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Table 2. Surface Absorption and Normalizations for Mg( 0, C) SI Transition
g'8'

Elab Ec. m.
 WSD ( M e V>

(MeV) (MeV) to fit shape*1 * VI = 1 MeV Energy Dep W e_
b )

SD SD

33 20.43 S2 130 130
40 24.76 <4 100 130
45 27.86 «*8 90 .130
60 37.14 <IO 65 130

128 79.24 Js 5d> c) 37

'Range of surface absorption with parameter set 1, table Al which f i t s angular shape.
b V D = 0.54 (Ec ffl - 18.58) MeV.
C'Shape of 128 MeV angular distribution not reproduced for W • 1.0. o

-20 for Wcn - 10 HeV. S D e x p

d) D

'Values as large as 100 MeV s t i l l reproduce the angular shape.

calculated cross section for the 128 MeV data using parameters identical to tiiose used

at the lower incident energies do not reproduce the shape of the experimental angular

distribution. This problem is remedied by increasing the surface absorption to W_ •

j 10 MeV. A calculation based on such parameters is shown with the experiaental data

in fig. 17. Therefore, an energy dependent surface absorption is necessary to repro-

duce simultaneously the shape of the angular distribution at 33 and 128 MeV incident

I energy. An energy dependent surface absorption decreases the variation with incident

i energy of the normalization between calculated and experimental cross sections. In

fact, for a surface absorption of

» „ « 0.54 (E. - 18.56) MeV

the variation of the normalization with energy is removed between 33 and 60 MeV.

Such an energy dependence also is consistent with the surface absorption needed to

reproduce the shape of the single-nucleon transfer angular distributions for 60 MtV

0 incident on Mg. The normalisation between experimental and calculated cross

sections for the 128-MeV data ia Increased by the energy dependent absorption; how-

ever, it still is a factor of ~ 3.5 less than that of the lower energy data. This

Is not surprising, since the recoil corrections, which arc not included in the present

two-nucleon transfer calculations, are expected to vary considerably between 60 and

128 MeV.

Using such potentials the absolute experimental Mg( 0, C) Si ground state

cross section is under predicted by a factor of — 130 (see table 2). It Is known )

that a proper treatment of recoil increases the calculated crosa section for this

transition at 45 MeV incllent energy. This is In contrast to a predicted ) decrease

in the 6 ZNi( 1 80, 1 60) MNl ground state cross section at an incident escrgy of t$ Half.

Recent calculations32) for (l60,l4C) reactions on 2 0 8Pb and *8Ca targets suggest that
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increasing the basis of single particle states over what are used in the present cal-

culations might increase the predicted cross sections.by as much as an order of nagni-

tude. It seems imperative that large-basis full-recoil calculations be applied to

this and similar cases where data exists over a laree range of energies.

The transfer amplitudes, and change of phases, are shown in fig. 21 for the DWBA

LM
Fig. 21. Transfer amplitudes, B , and

phase derivat ives, $ ( / / , for the
DWBA calculations shown with the
2 6 I 6 O 1 4 C ) 2 8 S
DWBA calcu
26Mg(I6O,14C)

8Si E data in

LJ

fig. 17. Values §otn for W "1.
(solid curve) and 10 (dashed
curve) are shown for 128 MeV.

calculations shown with the data in fig.

17. Several interesting features are

noted. Between 33 and 60 MeV Che I space

localization remains nearly constant. The

increased oscillations for higher incident

energies probably are the result of a de-

creased if. The amplitudes for snail l'a

increase in magnitude with increasing

incident energy. Contributions fro* such

interior partial waves probably causes Che

anomalous angular shape predicted for 128

MeV incident energy and too weak of a sur-

face absorption.

An anomalous behavior is observed in the phase derivative, •(£), for I values

just below the I window (see fig. 21). A shoulder is observed in the t dependence of

f for the lower energy data, but a sharp peak develops at higher energies. The peak
lu

is correlated in f with a minimum observed in the amplitudes B*T ; therefore It has been
33 34associated ) with a zero in the transfer amplitude at a Ronphysical value of «.he

angular stoocntum not far fro* a physical angular aoacntun. Slnilar behavior also has

been observed in calculations based on weakly absorbing potentials for several other
An U It, to 43 14 Ij 49 I

reactions, e . g . . Ca< C, N) K % and Ca( H, C> Sc ) . The anoMlous phase
changes arc reduced by increasing the diffusivity in the volume absorption • " •
Lower cutoffs in the radial integration indicate that these anomalous phase changes
•re associated with a radius near chat of the rapid increase in absorption. They,
therefore. May be the result of some sort of a reflection phenoaena associated with
the sharp increase In the absorption. Calculations with the more standard Woods-Saxon
imaginary geoMecry having a relatively large diffusivity, e .g . , the 4 S Ca( 1 S, l 3 C) 4 9 Sc

m transition ) at SO HeV ineUVnt energy, do in some cases show similar rapid changes
in phase. The effect of such an anomaly on the cross section is not large. In fig.22
the calculated angular distribution that was shown with the 60 MeV
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18
Fig. 22. Comparison of calculated angular

distribution for the 60 MeV 26Mg
(160,WC)28Si transition
shown with thl'Sita in fig. 17
with a calculated distribution
having the contributions of the
partial waves below f - 25 re-
moved.

data in fig. 17 is compared with a calcula-

tion based on identical parameters in which

the contributions from the partial waves

below i » 25 were removed. Such a compari-

son indicates that the anomalous phase

change near partial waves 23 and 24 and the

other contributions from lower partial

waves do not significantly change the

character of the forward angle cross sec-

tions. Such contributions do, however,

alter the pattern of amplitude modulations

which Friedman, McVoy, and Shuy have

shown34'35) can result from the dip in f(l)

in the t window. The phases in the £

window are identical for the two curves shown in fig. 22, and indeed amplitude mod-

ulations are observed in both. Contributions from the lower partial waves (see

fig. 21), which are removed in the case of the dashed curve, do change the modula-
40 13 14

tion. Such amplitude modulations may be observed in our 68 MeV Ca( C, N) data
in fig. 1.

7. Difference in angular distribution shapes for single- and two-nucleon transfer

so

Significant differences between the sngular shapes of single-nucleon and two-
2 36 J7nucleon transfer are well known (c.f. ref. ' ' ) . Smoother single-nucleon transfer

angular distributions have been explained ) as less 4-space localization resulting

from a less rapidly decaying form factor in single-nucleon transfer and the incoherent

contributions from several magnetic substates |fli| « L. A dramatic example of the

difference is shown in f ig . 23 where experimental angular distributions for the
26Mg(l6O,WC) and 26Mg(16O,15N) transitions to the ground states of 2 8 Si and 27A1 are

28compared, these two transitions were measured ) simultaneously at an incident energy
of 60 MeV using the MIT-'rookhaven time-of-flight system. In f ig . 24 calculated

angular shapes are she ;or a progression of changes between correct two-proton and

single-proton transfer The amplitudes and phase derivatives are shown in f ig . 25

as a function of t corresponding to the various curves shown in f ig . 24. The change

In the angular shape produced by changing the form factor in two-nuclfeon transfer to

thar of a single proton having the same binding as one of the protons in the two
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Fig. 23 Comparison of the experimental
angular distributions (ref.28)
for the 60 MeV 2 6

'Si and
ons.

14,

0.01

5
I

o>
00
(

'i /

1 / f.f.

40 0 20 40
•cm (deg)

Fig. 24. Comparison of predicted angular
shapes showing a progression of
changes between the correct two-
proton transfer 26Mg(16O,14C)
2 8 Si and one-proton transfer

LM
Fig. 25. Transfer amplitudes, B, , and

phase derivatives, »(f), cor-
responding to the calculated
angular shapes shown in fig.24.
The various curves correspond
to calculations as described
in the caption of fig. 24.

calculations were fors60*MeV
incident energy and used optical-
model parameter set 1, table Al
with W -10 MeV. The solid and
long dished curves are for iden-
tical Mg(16O, C)Z 8Si g > t ,
calculations except the former
has a correct microscopic two-
proton form factor, whereas the
latter has a single-proton fora
factor. The short dashed and
dot-dash curves are for 26Mg(15O,
15M)27A1 transitions with spins
changed to give L»0 and the cor-
rect L-3 transfer respectively.

a



proton form factor Is not as large as might be expected3'), even though the 1 window

is now about two units wider at the 1/e width. Changing the kinematic from that of

Mg( 6O,l C) Si to that of Mg( 0, N) Al makes a more dramatic change in

the angular shapes (compare the long dashed and short dashed curves in fig. 24) than

a change between two-nucleon and single-nucleon form factors. The correct ( 0, N)

kinematics gives an even wider {-window and makes a large difference for the phase

derivative, *(/), in the /window. Finally, additional smoothing is obtained from

contributions of the various magnetic substates and the angles of the peaks are moved

when the correct angular momentum is included in the L - 3 Mg( 0, N) Al calcula-

tion. Thus for the case studied the kinematics and the different angular momentum

are important effects in the observed shape change between single-proton and two-

proton transfer. The role of the phase in producing more or less oscillatory angular

distributions also must be stressed. Similar conclusions have been made ) for com-

parison of two- and single-nucleon transfer using other targets and projectiles.

13 14
8. Difficulties in reproducing the correct phase of oscillations for Ca( C, N)K

transitions

Finally, I would like to discuss an anomalous behavior of the forward angle os-
tn A9 Lit 13 It

dilations. The UUBA cross sections predicted for the ' ' Ca( C, M) transi-

tions9'2*'39) to the 3 9» 4 1» 4 3
K ground srates shown in figs. 26 and 27 correctly re-

produce the Magnitude and the general shape of the angular distributions as well as

10.0

Fig. 26. distributions of the
»K transi-

tion at incident8A»« ofKenergies
60 and 68 MeV (refs. > r t ) .
The data represented by open
circles were obtained using
the QDDD spectrometer. The
curves correspond to DWBA
calculations as described in
the text.

the period of the oscillations; however,

the oscillations predicted are out of

phase with the 6^ MeV data for all targets

and with both 60 and 68 MeV data for the
40C

OOi,

0
Ca target.

case of the

This is in contrast to the

40
Ca transitions at the sasie incident

energies as the Ca(l3C,l*N)K transitions
figs. 1 and 28 where the details of the oscillations are reproduced. The shape of
the 4OCa(l3C,l%O39K transition at ?.n Incident energy of 40 HeV also is reproducedg.s.
using surface transparent potentials (see fig. 3j. A wide variety of optical paraswters
have been tried; however, we have not been able to reproduce this angular shape. It
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27. Angular 'distributions of the
40,42 .WraflSp 12c)41,43,45Ca
a n d 40,42i^^3 c ; i4N )39,41,g.S .
^3K transi t ions a t an incident
energy"of 68̂ MeV ( r e f s . 9 > 3 9 ) . The
data on 4Z><MlCa were obtained
using the QDDD spectrometer. The
DWBA calculat ions shown as curves
reproduce the shape of the (*-3C,
12C) angular d i s t r i b u t i o n s , but
the predicted oscil lations are
out of phase with.the ( l 3 C, N)
data for a l l three targets. The
optical model parameters used were
set 1, table Al. For the *2»**Ca
targets the radii were scaled to
account for the increased A.

is easy to change the period of the oscil-

lations, but that does not allow a "fit"

over a large angular range. We originally

thought that the explanation might be a

large non-normal contribution from recoil.

The L = 2 non-normal cross section is in-

deed out of phase with the L * 1 normal

predicted cross section (fig. 28); however,

_ the normal term is predicted to dominate.

Furthermore, the oscillations also are predicted to be out of phase for the Ca( C,

10' 20* 30" 0" W 20* 30*

1 4 TT
N) transition to the J 1/21

40,
2.S3 MeV excited state of 39,K (fig. 29). Since a

8l/2 Proton is picked up from """Ca, there are no non-normal contributions for this

case. Therefore, recoil effects apparently are not the source of the discrepancy.

Similar difficulties in reproducing the phase of the oscillations were experienced

by deVrles, et al.*°) for the transition to the JV « l/2+ state at an

excitation of 3.09 MeV in C. Therefore, similar problems exist in fitting the de-

tailed oscillation of five different transiClone--a 11 L * i! In Che caae of Ca

(13C,14N)39K the Q matching is reasonably good (see fig. 30) and the differential
• •••

cross sections are several mb/sr. It, therefore, would require an unusually large

second order process to explain this anomally. Some type of a resonance phenomena

seem* equally unlikely, since similar effects are observed at different incident en-

ergies and at different Q values. It is imperative that such discrepancies be under-

stood before heavy-ion transfer reactions are used a* a apectroscopic tool.
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data
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tIMfV

NOMMAL
L ' l

Mo. Reg. #

Fig. 28. DWBA predicted angular distribution
for the *°Ca(13C,T4N)39K transi-
tion at 68 MeV incident Inifgy show-
ing the normal L - 1 and non-normal
L = 2 contributions. This predicted
angular shape i s shown with the data
in f igs . 26 and 27.

K)
Fig. 29. Angular distributions of the

40ca(13C» N) transition to
l/2+ state at 2.53 MeV excita-
tion in 39K. The open circles
show data measured using the
QDDD spectrometer. The curves
correspond to DWBA calculations
described in the text.
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Fig. 30. Plot of the total cross section as a
function of varvine Q-value for the
reaction 40Ca(iJC,I'4N)39K at an incident
energy of 68 MeV and assuming the con-
figuration of the 3'K ground state. The
proper Q-value for the transition to the
ground state of 39K is indicated by Q .
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Appendix

Table Al. Optical-model parameters used in calculation.

• V - V - 1 W
w s

ill 4a1 ^

where r - R r - R1

& x".

WS a'SD

Reac t ion/Channe1 V
(MeV) SD MWS WSD RWS RSD WS

(MeV) (MeV) (fm) (f«) (fin)

C + l»0r



40 MeV Set 1
Set 2

60 MeV
68 MeV

14N + 39R

40 MeV Set 1
Set 2

60 and 68 MeV

12 «„
C + Ca

40 MeV
60 MeV
68 MeV

6ONi(18O,16O)62
Ni

18Of6°Ni
lV62Ni

16 26*
0 + Mg

Set 1
Set 2
Set 3

14c +
 28si

Set 1
Set 2
Set 3

Bound State

*°Ca(13C W N )
*W3C>O

33.4
33.4
33.4
33.4

34.2
34.2
34.2

33.4
33.4
33.4

70.0

70.0

100.
100.
35

100
100
35

b

b)

7.33
7.33
7.33
7.33

7.37
7.37
7.37

7.29
7.29
7.29

8.68

8.31

6.69
6.69
6.25

6.64
6.64
6.21

1.2A

1.2A

24
0.55
0.55
0.55
0.55

0.55
0.55
0.55

0.55
0.55
0.55

0.40

0.40

0.50
0.50
0.69

0.50
0.50
0.69

1/30.65

1/3Q.65

18.
18.
18.
18.

Id.
12.
18.

18.
18.
18.

18.

18.

65
20
35

65
20
35.

4.5
.
9.0
9.0

0.3
-
4.5

4.5
9.0
9.0

1.

-•

1.

-

-

6.75
7.33
6.90
7.00

7.10
7.37
7.00

'6.75
6.90
7.00

8.38

8.01

6.40
6.69
5.70

6.35
6.64
5.66

6.75
-
6.90
7.00

7.10
-

7.00

6.75
6.90
7.00

8.68

8.31

6.40
-
-

6.35
-
-

0.05
0.55
0.05
0.05

0.05
0.55
0.05

0.05
0.05
0.05

0.05

0.05

0.05
0.50
0.61

0.05
0.50
0.61

Other Reactions b) 1.25A 0.65

•> For 128 MeV it was necessary to increase this value. The calculation in fig. 17
used W = 10 for 128 MeV. See also text for discussion of energy dependence of
U for this reaction. The comparison of one-proton and two-proton transfer in

b)

SD
Cgs. 24 and 25 used W,

SD
10 as single-proton data seemed to prefer such a value.

The bound state well depths were adjusted to give the transferred nucleon the
proper binding energy.

Table A2.

Reaction

"ca^C,1

Summary of

Incident
Energy
(MeV

LV 9K g 8 >

40
60
68

60
68

transitions

j "

3/2+
3/2+
3/2+

1/2+

analyzed.

Transferred L

Nor. m

1
1
1

1
1

2
2
2

-

c2s a)

C Sab

0.69
0.69
0.69

0.69
0.69

c2s a>
C SAB

4.0
4.0
4.0

1.53
1.53

Na Figure"*

1.25
1.00
1.25

J.60
2.00

7
26
26

29
29



3
3
3

0
0
0

.77

.77

.77

0
0
0

.80

.80

.80

1
1
1

.25

.25

.50

1&7
1
1

A0Ca(13C,12C)41Ca
40 7/2* 4
60 7/2" 4
68 7/2" 4

^Normalization and spectroscopic factors as described in text. For sources of
spectroscopic factors see ref. 41.

Fig. in which calculated cross section shown with data.

Table A3. Two-nuclcon spectroscopic amplitudes used in calculations.

I8fl^16na) 60 N i - <>2N.b) % - * V > 25Mg - 2 8 S i
c )

2s

Id

a)

b)

c)

1/2 °'450

5/2 °'893

Ref.22).

Determined

Ref.37).

2p3/2

lf5/2

2pl/2

0.795

0.991

0.395

from pairing wave

lpl/2

"5/2

2sl/2

"3/2

0.88

0.08

0.11

0.C6

functions of

1

"5/2

2sl/2

"3/2

ref.42.

1

0

0

.03

.51

.25
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