PHYSICAL REVIEW C

VOLUME 14, NUMBER 1 JULY 1976

Diffractive, Regge-pole, and distorted-wave Born-approximation description
of the 26Mg('¢0, 14C)**Si,  transition between 33 and 128 MeV*

C. K. Gelbke,T J. D. Garrett, M. J. LeVine, and C. E. Thorn
Brookhaven National Laboratory, Upton, New York 11973

(Received 30 June 1975; revised manuscript received 3 December 1975)

Angular distributions for the 26Mg (0, 14C)*8Si, transition have been measured at incident
energies of 33 and 40 MeV using a magnetic spectrometer. These data together with
previous measurements for this same transition at 45, 60, and 128 MeV incident en-
ergies have been analyzed in terms of a diffractive model, Regge-poles, and the dis-
torted-wave Born approximation. The shapes of the angular distributions at all incident
energies are reproduced in each of the three analyses. Parameters required to fit the dif-
fractive and Regge-pole models to the data are compared to equivalent quantities extracted
from the distorted-wave Born-approximation analysis, and the relevant parameters are
found to be consistent in all three models. This agreement is due principally to the periph-
eral nature of these reactions. To simultaneously reproduce the angular shape at the lowest
and highest energies in the distorted-wave Born-approximation analysis, it was necessary
to assume an energy dependent absorption in the vicinity of the nuclear surface. The use of
such potentials removes much of the energy dependence of the normalization between the
predicted and measured cross sections.

diffractive model, Regge pole, and DWBA analysis at E=33, 40, 45, 60, and

[NUCLEAR REACTIONS 2Mg(1%0, 14C)?8Si; E =33 and 40 MeV measured 0(6); ]
128 MeV.

I. INTRODUCTION

A considerable quantity of heavy-ion-induced,
few-nucleon transfer data is now available' for a
variety of projectiles and targets. The range of in-
cident energies for such data extends from below
to well above the Coulomb barrier. Data for a
specific transition, however, usually® do not exist
for a wide range of incident energies. Angular
distributions for the **Mg(*°0, *C) transition to the
ground state of 28Si are available at incident ener-
gies of 45 (Ref. 3), 60 (Refs. 3 and 4), and 128
(Ref. 5) MeV. This article presents new data for
the 2Mg(*®0, “C)?*®Si, ,, transition at 33 and 40
MeV incident energies.

The distorted-wave Born-approximation (DWBA)
formalism is generally used for the analysis of
heavy-ion-induced transfer data. It is informative,
however, to apply diffractive®-!’ and Regge-pole!?-1¢
descriptions to the **Mg(*°0, '*C)?®Si, , transition,
since experimental data exist for a wide range of
incident energies (from 1.4 to 5.5 times the inci-
dent channel Coulomb barrier). For this transi-
tion, with L =0 transfer and with the angular mo-
mentum in the incident and exit channels well
matched, these simple descriptions with only
three free parameters can successfully describe
the details of the shape of the angular distributions
as a function of energy. Parameters from the
diffractive and Regge-pole descriptions also can
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be compared to similar quantities extracted from
an independent DWBA analysis of the data, pro-
viding insight into the connection between these
models. Since the diffractive and Regge-pole
formalisms applied in this study contain no nuclear
structure information, they cannot be considered
a complete description of the reaction. In parti-
cular, absolute cross sections cannot be obtained
from these analyses, asis possible with the DWBA.
The new data are discussed in Sec. II; the
DWBA, diffractive, and Regge-pole analyses are
presented in Secs. III, IV, and V, respectively,
and the conclusions are summarized in Sec. VI.

II. 33 AND 40 MeV DATA

The angular distributions corresponding to the
26Mg(*®0, 'C) transition to the 22Si ground state
measured at incident energies of 33 and 40 MeV
were obtained using the *0 beam of the Brook-
haven National Laboratory (BNL) tandem facility.
These data (shown in Fig. 1 together with the exist-
ing data at higher incident energies) were mea-
sured using a position sensitive silicon detector
in the focal plane of the BNL quadrupole-dipole-
dipole-dipole (QDDD) spectrometer.!” Signals
from the detector proportional to the energy and to
the product of position and energy were sorted and
displayed in a two-dimensional format using a
Sigma 7 computer. Therefore, it was possible to
distinguish the '*C reaction products from other
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FIG. 1. Comparison of DWBA calculations and experi-
mental cross sections for the *Mg(160, 14C)?®Si, . transi-
tions at 33, 40, 45, 60, and 128 MeV incident energies.
The lowest two incident energies are from the present
work and the 45, 60, and 128 MeV data is taken from
Refs. 3—5, respectively. Data obtained using magnetic
spectrometers are indicated by open circles. The spec-
troscopic amplitudes and the surface transparent optical
potentials with an energy dependent surface absorption
(Set 1) are given in Tables I and II, respectively. The
calculated curves shown with the 33, 40, 45, and 60
MeV data are multiplied by 130, and the prediction
shown with the 128 MeV data is normalized by a factor
of 37. Note the change in the angular scale between the
right and left portions of the figure.

particles with identical magnetic rigidity. The

angular acceptance of the spectrometer was +0.35°.

A Mg target of =65 pg/cm? thickness enriched to
greater than 95% in 2®Mg and supported on a natu-
ral C backing of 20 ug/cm? thickness was used.
Relative cross sections were obtained by simul-
taneously measuring the °0O elastic yield from
26Mg in a fixed monitor detector. The absolute
cross section scale was established by measuring
the elastic scattering of '°0 on 2®Mg in the spec-
trometer at angles where the elastic scattering is
expected to deviate from Rutherford by less than
1.5%. The distribution of charge states for the
elastically scattered '°0 ions was measured in the
spectrometer. Since these experimental values
agree with the calculated'® equilibrium charge
state distribution, the published'® values for both

LeVINE, AND THORN 14

O and C ions were used in obtaining absolute cross
sections. An uncertainty of +10% is estimated for
the absolute cross section scale. The vertical
error bars shown with the 33 and 40 MeV data re-
flect only statistical uncertainties.

IIl. DWBA ANALYSIS

The DWBA cross section can be expressed as'®
do _ pipsks

ao _ 2JB+1 Z!BLM 2
9~ @anVE, @J,+D(@s,+1) & 175

(1)

In the no-recoil limit!® the reduced amplitudes are
given by

BSLJ” = Eil‘-lf-Leioi(liNiaf(lf)I{,;{i(ZZf_'_ 1)1/2
Iilf
X (1,0L0|1,0)¢, - MLM|1,0)Y37(6,0), (2)

where the z axis has been chosen along the direc-
tion of the incident beam. The initial and final
channels are denoted by the indices ¢ and f; L and
M are the transferred orbital angular momentum
and its projection. The radial integrals are given
by

sy -8 4T f - ma
I,f,‘ A Fsz('r)f,f(kf,mB r)f,i(k,,r)dr.

3)

The remaining parameters are defined in the lit-
erature.'®

In the present case, the 2*Mg(*¢0, *C)?®Si ground
state transition, s=j=L=M=0, and the reduced
amplitudes simplify to

Boo= D €M+ AN (21 + 1)P (cosh)
1
=Y €*1|I5,((2,+ 1)P(cose) . (4)
1

The two-nucleon version®® of the finite range
code®* RDRC was used to calculate the DWBA cross
section. This code uses a microscopic form fac-
tor, but does not include the effects of recoil.

TABLE I. Two-nucleon spectroscopic amplitudes
used in DWBA analysis.

189 . H4ca %)g — 2gj 2

(pyp)*  0.88
(1dsp)*  —0.08
@2s1)* —0.11
(dy ) —0.06

(dsp)® 1.03
(2s12)* 0.5
(1d3/z)2 0.25

2 From Ref. 24.
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FIG. 2. Comparison of DWBA predictions for the
26Mg(";O, 14C)MSig.s. transition at an incident energy of
33 MeV using three different optical potentials. The
solid curve corresponds to calculations using surface
transparent potentials (Set 1, Table II) and is shown
with the experimental data in Fig. 1. The long and short
dashed curves correspond to potential Sets 2 and 3,
respectively, given in Table II. See text for discussion.
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The DWBA analysis has been restricted to the no-
recoil approximation, since investigations of the
effects of recoil on single-nucleon transfer?® and
on two-nucleon transfer® have indicated that gen-
erally the magnitudes of the calculated cross sec-
tions are affected by the proper treatment of re-
coil and that the shapes of the angular distributions
are only slightly changed. Since the diffractive
and Regge-pole models contain no magnitude in-
formation, only the shapes of angular distributions
are considered in the comparisons of the models
with the DWBA, and therefore the simpler, no-
recoil DWBA calculations have been used. The
two-nucleon spectroscopic amplitudes of Nilsson
et al.?* (listed in Table I) were used in the calcula-
tion.

The angular shape of the predicted cross section
at the lowest incident energy is particularly sen-
sitive to the parametrization of the imaginary po-
tential. Calculations with relatively weak absorp-
tion of Woods-Saxon geometry with a diffusivity
~0.5-0.6 fm do not reproduce the oscillating cross
sections observed for an incident energy of 33
MeV (see the dashed curves in Fig. 2). Similar
difficulties have been experienced?s~?® in repro-
ducing other oscillating angular distributions at
low bombarding energies, i.e., near the threshold
for oscillating angular shapes. Attempts to repro-
duce the 33 MeV data by reducing the imaginary
potential keeping a fixed Woods-Saxon geometry

TABLE II. Optical-model potentials used in the DWBA analysis

1 N | . , o4 1
Ur)=V, —V1+e" _l%siJre"' +iW da'y, r <“‘—1+e,n>,
where
x_”—R’ x’=7_,R“’S, xu:r_'RSD‘
a a WS a SD
|4 R a=a’gy Wws Wsp " Rysg=R’sp alys
Channel and set (MeV) (fm) (fm) (MeV) MeV) (fm) (fm)
160+26Mg
Set 1 100 6.69 0.50 65 a 6.40 0.05
Set 2 100 6.69 0.50 20 coe 6.69 0.50
Set 3P 35 6.25 0.69 35 . 5.70 0.61
e +2si
Set 1 100 6.64 0.50 65 c 6.35 0.05
Set 2 100 6.64 0.50 20 e 6.64 0.50
Set 3b 35 6.21 0.69 35 5.66 0.61
Bound state ¢ 1.25 A8 0.65 “ee

2 Wgp=0.54(E_, —18.58) MeV. Different values are shown for comparison in Fig. 4 and

Table VII.

b Used for analysis of this same reaction at 45 MeV incident energy in Ref. 24.

¢Same as for %0+ Mg channel.

dThe bound state well depths were adjusted to give the individual transferred protons the

proper binding energy.
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FIG. 3. Comparison of transfer amplitudes (21;+1)|1},]
and phase derivatives 2d6,;/dl calculated in the DWBA
for the 26Mg(160, 14C)?8Si ground state transition at 33
MeV incident energy using optical model Sets 1 (solid
curves) and 2 (dashed curves) of Table II. All param-
eters in the two calculations are identical except for
the form of the imaginary potential. The solid curve
corresponds to surface transparent potentials, and the
dashed curve was calculated using an imaginary poten-
tial with the same Woods-Saxon geometry as the real
potential. The angular shapes of the differential cross
sections corresponding to these two calculations are
shown in Fig. 2.

have been unsuccessful. The solid curve in Fig. 2
was calculated with the same real potential as the
long dashed curve, but with a surface transparent
imaginary potential®® (set 1, Table II). This curve
reproduces the observed angular shape at 33 MeV
(Fig. 1). Transfer amplitudes (2/+1)|I,| and
phase derivatives 2d& ,/dl are compared in Fig. 3
for DWBA calculations (shown in Fig. 2) differing
only in the imaginary potentials. The features of
the surface transparent potentials which show a
rapid change from weak absorption at the nuclear
surface to strong absorption just inside the nu-
cleus produce a better localized transfer amplitude
and a more pronounced dip in the phase derivative
than do weakly absorbing potentials of Woods-
Saxon geometry. Both the better localization and
the smaller magnitude of the phase derivative en-
hance the oscillations in the differential cross
sections.?”3%3! Indeed, oscillations are predicted
using the surface transparent potentials, whereas
the weakly absorbing potentials with identical real
and imaginary Woods-Saxon geometry predict a
grazing cross section except at the most forward
angles (see Fig. 2).

If the optical model parameters are taken to be
energy independent, the angular shapes can be re-
produced for 33, 40, 45, and 60 MeV incident en-
ergies, but not for the 128 MeV data. The shape
of the angular distribution obtained at 128 MeV,
however, can be reproduced if the surface absorp-
tion Wy, is increased. The range of the surface
absorption Wg, which (together with the parameters
of set 1) allows a “reasonable fit” to the shape of
the angular distribution, is given for each incident
energy in Table III. The shapes of the 33 and 128
MeV angular distributions cannot be reproduced
simultaneously using these parameters with any
single value of Wy, (see Table III and Fig. 4).

TABLE III. Surface absorption and normalizations for DWBA analysis as described in text.

Enp Ecm, Wsp (MeV) Oexp(6)/Tpgc (0)
(MeV) (MeV) To fit shape 2 Wsp=1 MeV P Energy dep. Wsp ©
33 20.43 <2 130 130
40 24.76 <4 100 130
45 27.86 <8 90 130
60 37.14 <10 65 130
128 79.24 254 e 37

2 Range of surface absorption Wgp with parameter set 1, Table II to fit angular shape. See

text.

b See Ref. 27 for fit to 33, 40, 45, and 60 MeV data.
¢ Wsp =0.54(E . m. —18.58) MeV used together with parameter set 1 of Table II. See Fig. 1

for fit with this normalization.

dvalues as large as 100 MeV still reproduce the angular shape.
€ Shape of 128 MeV angular distribution not reproduced for Wgp S5 MeV—see Fig. 4. Oexp

(0)/0ppc(0) =17 for Wgp =5 MeV.
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FIG. 4. Comparison of calculated DWBA cross sec-
tions (based on optical model parameter Set 1 of Table
1D for the reaction 26Mg('%0, 14C)?%Siys. at 33 and 128 MeV
incident energy for a variation of the absorption Wgp in
the region of the nuclear surface. The solid curves are
calculated using the energy dependent absorption dis-
cussed in the text and are shown normalized to the ex-
perimental data in Fig. 1. A value of Wgp=5, which is
about the lowest surface absorption to reproduce the
128 MeV data (see Table III), would not “fit” the 33 MeV
data. Similarly, calculations using values of Wgp which
reproduce the 33 MeV observed angular shape do not
“fit” the 128 MeV data.

However, a good description of the data is obtained
at all measured energies if the surface absorption
is taken to be energy dependent. This is shown in
Fig. 1, where the data are compared with calcu-
lations using the optical-model parameter Set 1
with a surface absorption of Wy, =0.54 (E_
—-18.58) MeV. Such an energy dependence accounts
for the general features of the data between 33 and
128 MeV. However, it does not reproduce the de-
tails of the deep minima of the 45 and 60 MeV data
quite as well as calculations based on a weaker
surface absorption (see Fig. 17 of Ref. 27). A
similar energy dependent absorption is required

in such a potential parametrization to simultane-
ously reproduce the angular shapes of the
26Mg(*%0, 14C)?®si transitions at the lowest incident
energies and the **Mg(*®0, '°N)?’Al transitions® 32

at higher bombarding energies.

The present potential parameters have not been
derived from an analysis of the elastic scattering
data. Optical model calculations using these po-
tential parameters are, therefore, not expected
to reproduce the details of the elastic scattering
angular distributions, especially at large scatter-
ing angles where c/oR<0.1. Whereas no elastic
scattering data are available for the exit channel,
elastic scattering data have been published at 45
and 60 MeV incident energies®? for the entrance
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channel. In Fig. 5 they are compared with optical
model calculations utilizing the same potential
parameters that have been used in the calculations
of Fig. 1. The details of the elastic scattering
measurements are not reproduced by these poten-
tials which describe the energy dependence of the
26Mg(1%0, *C)?8Si transfer data. DWBA calculations
using the recently published optical model param-
eters®? obtained from a fit to the elastic data and
such calculations based on potentials of the same
geometry with reduced absorption do not predict
the shapes of the 2*Mg(*®0, *C)?8Si angular distri-
butions at the lowest incident energies. Further-
more, it is noted that, at small scattering angles,
single-nucleon transfer data induced by 'O on
28Mg also could not be reproduced by single-step
DWBA calculations utilizing optical potential pa-
rameters derived from an analysis of elastic
scattering data.’? Similar difficulties have been
encountered in the analysis of other heavy-ion-in-
duced transfer reactions,®® and very often surface
transparent optical potentials had to be intro-
duced.?®

The energy dependence of the present potentials
might be due to the neglect of second order effects
which could be important in this reaction because
of the rather large deformation of the target nucle-
us. Note that any neglect of coupled channel ef-
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FIG. 5. Comparison of optical model calculations using
the energy dependent surface absorption as in Fig. 1 to
the entrance channel elastic scattering data at 45 and 60
MeV. The data have been taken from Ref. 32.
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FIG. 6. Predicted transfer amplitudes (2 ;+1)[I};]
and phase derivatives 2dd;/dl as a function of the final
channel partial wave. Identical parameters to those used
to calculate the differential cross sections shown with
the 26Mg(160, 14C)?8Sigs. experimental data in Fig. 1 were
used. The 1/e full widths 2A! are shown by the horizontal
arrows with the phase derivatives. Also shown (dashed
curve) for an incident energy of 128 MeV are values cal-
culated with a weaker absorption near the nuclear sur-
face—-Wsp=2 MeV. The angular shape predicted for an
incident energy of 128 MeV and Wsp=2 MeV is shown in
Fig. 4. The anomalous disappearance of a sharp minima
in the predicted cross section between 10 and 15° is the
result of contributions from large amplitudes for the
lower partial waves. In Fig. 7 the result of removing
the contributions of the partial waves below I =41 is
shown.

fects results in a modification of the imaginary po-
tential.'®* A more complete analysis of the present
reaction which includes a proper coupling between
elastic and inelastic scattering as well as the
dominating transfer channels would be necessary
before deciding about the significance of the pres-
ent energy dependence of the optical potential.

In order to see the effect of the energy depen-
dence of the imaginary part of the optical potential,
transfer amplitudes (2/+1)|79,| and phase deriva-
tives 6,=2d6,/dl corresponding to the DWBA cal-
culations using the energy dependent surface ab-
sorption are plotted as a function of the exit chan-
nel partial wave / in Fig. 6. For comparison the
values of the transfer amplitudes and phase deriva-
tives calculated for 128 MeV incident energy using
a weaker surface absorption (Wgp =2 MeV) are also
shown as dashed curves in Fig. 6. For the case
of weaker absorption at the nuclear surface, there

are contributions to the transition amplitude cor-
responding to small partial waves. Increasing the
surface absorption essentially damps the contri-
butions from these low partial waves. The
anomalous angular shape calculated for the 128
MeV incident energy using the weaker surface ab-
sorption (see dashed curve in Fig. 4) is the result
of interference between such contributions from
the lower partial waves and those in the ! window.
When the lower partial waves are removed from
the weak surface absorption calculation, oscilla-
tions are predicted in the 10-15° angular region
(see Fig. 7).

Another effect of an increased absorption at the
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FIG. 7. Comparison of angular distribution predicted
in the DWBA for the 26Mg(1¢0, 14C)28Si ground-state tran-
sition at 128 MeV incident energy using optical model
parameter Set 1 of Table II (solid curve) with Wsp=2
MeV with a calculation dashed curve with contributions
of all partial waves <41 removed (see Fig. 6). The
anomalous disappearance of sharp minima in the pre-
dicted cross section between 10 and 15° is apparently
the result of contributions from the low partial waves.



14 DIFFRACTIVE, REGGE-POLE, AND DISTORTED-WAVE... 133

nuclear surface is a smoother dependence of 6, on
angular momentum. In particular, the spike in

6, which is observed for the weakly absorbing po-
tentials near the grazing partial waves disappears
for an increased absorption (see Fig. 6). Similar
anomalous spikes in the phase derivative 6, pre-
dicted for this transition at lower incident ener-
gies?” also disappear when potentials with an in-
creased surface absorption are used in the calcu-
lations.

The energy dependent surface absorption re-
moves the variation of the normalization between
calculated and experimental cross sections be-
tween 33 and 60 MeV incident energy (see Table
IO). The normalization of the 128 MeV data, how-
ever, is still a factor of ~3.5 less than that of the
lower energy data. Perhaps this is not too sur-
prising since the effects of recoil, which are ne-
glected in the present calculation, would be ex-
pected to vary considerably between 60 and 128
MeV incident energies. Recoil also may account
for part of the large factor (~130 for these calcu-
lations at the lower incident energy, see Table III)
by which these calculations have to be normalized
to reproduce the measured cross sections. Recent
calculations®* for (*¢0,'*C) reactions on *®Ca and
208p} targets indicate that a very large basis of
single-particle states can increase the predicted
cross sections by a significant factor.

IV. DIFFRACTIVE DESCRIPTION

Various diffraction parametrizations which yield
analytic expressions for the differential cross
section®!! have been formulated. For the present
case of L =0 angular momentum transfer a very
simple parametrization is used. This three-pa-
rameter prescription, which was first introduced
by Strutinsky,® stresses the I-space localization
about some critical angular momentum /,. The
reduced reaction amplitude is parametrized by
approximating the phase by a linear function of
angular momentum

5,= 5,0+ 30,(1-1,) (5)

and assuming a Gaussian distribution for the radial
integrals (compare Eqgs. 3 and 4)

175 =moexp[-<l ;ll")z} : (6)

Here 6, may be interpreted as the classical scat-
tering angle; [, is the critical angular momentum,
and Al is the width of the localization of the reac-
tion amplitude in angular momentum space. Re-
placing the summation on / by an integration and
using the asymptotic expression for the Legendre

polynomials of large argument, one obtains

2, 2
do _ LAy, {e-(Al)2(60+ 02/2 ,=(A1D2(60-6)2/2
dQ  2k*siné

- ze-(Al)2(602+ 62) /2

x cos[(2l,+1)8+ n/2]}. )

For 6,Al>>1 the interference term is negligible
and a Gaussian angular distribution is obtained,
it is localized at the scattering angle 6 =6, with
the width A6=v2 /Al. For 6,AI< 1 a strongly
oscillating angular distribution is obtained.

The measured shapes of the **Mg(*°0, *C)*®Si, ,,
angular distributions are well described by this
diffractive parametrization. In Fig. 8 the data are
compared to the predictions of the diffractive
model with the three parameters /,, 4,, and 6,
chosen to give a minimum y? at each incident en-
ergy. The values of the parameters and the mini-
mum x? values obtained are given in Table IV.

As the figure and the tabulated x? values show, the
calculations fit the data quite well. However, the
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FIG. 8. Comparison of diffraction model calculations
with the experimental data for the 26Mg(1¢0, 14C)*®Si,..
transition at 33, 40, 45, 60, and 128 MeV incident en-
ergies. See caption of Fig. 1 for data sources. The pa-
rameters used in the calculations are given in Table IV.
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TABLE IV. Comparison of parameters used in the diffractive model analysis of the data
(see Fig. 8) and corresponding values obtained from the DWBA analysis (see Fig. 6).

Diffractive analysis
E Lo Al )

DWBA analysis
1,2 ar? 0o °

(MeV) (Units of #Z)  (Units of #) (deg) x? (Units of %)  (Units of #7) (deg) x2
33 14.9 2.70 52.1 1.7 14.5 2.5 4.6 3.8
40 17.9 2.59 20.9 4.8 18.5 2.5 26.0 20.3
45 20.7 2.13 10.5 3.1 21.0 2.75 16.9 14.3
60 274 3.35 0.0 3.3 27.0 3.0 11.3 12.0
128 46.2 5.44 6.9 1.1 45.5 4.5 -1.2 23
4 Obtained from reaction amplitude of DWBA analysis (see Fig. 6).
b Average value of DWBA phase derivative in I/e I window (see Fig. 6).
interpretation of the resulting parameters requires localization AR, by
some caution. The parameter [, uniquely deter- " o
- =k 1)]/2
mines the period of oscillation of the angular dis- R.=k {n+ [+ o(lo+ 1)]*/% (8)
tribution, which is well defined by the data at all and
energies, and the values of [, found in the diffrac- E _/E 1 Al
tive analysis agree with those extracted from the AR =(sgeme L CBT - \p o (9)
¢ \2E ., /Ecg-1/ °1,

DWBA (see Table IV). However, both 6, and Al
determine the amplitude of oscillation, the rele-
vant quantity being roughly the product Alé,, so
that neither parameter is uniquely determined.
The data also do not define the amplitude of oscil-
lation as precisely as they do the period. In parti-
cular, in the calculations no attempt was made to
correct for the finite angular resolution of the
data. In spite of these uncertainties, the values of
Al and 6, extracted from the DWBA agree quali-
tatively with the diffractive model (see Table IV).
Indeed, at 33 MeV, where the amplitude of oscil-
lation is best defined by the data, the product

Alf, is the same for both the DWBA and the dif-
fractive analysis.

By assuming Rutherford trajectories for the par-
ticles and that the reaction takes place at the dis-
tance of closest approach R, the I-space localiza-
tion demonstrated in the DWBA and diffractive
analyses may be transformed into an R-space

Here 7 is the Coulomb parameter of the reaction
n=2,Z,e*m/h’k, E, , is the center of mass ener-
gy, and E.y is the Coulomb energy at the distance
R..
The distance of closest approach R_, the width
of the R-space localization AR_, and the asymp-
totic wave length A for the relative motion of the
particles in entrance and exit channels calculated
using these formulas and the values of Al and [,
taken from the DWBA analysis (Table IV) are col-
lected in Table V.

Two points should be noted: (i) The reaction ap-
pears to be localized at a distance of closest ap-
proach around 9.1+0.6 fm. Due to the neglect of
the attractive nuclear interaction this value is ex-
pected to be an upper limit. (ii) The reaction ap-
pears to be extremely well localized independent
of the incident energy. The width of the R-space
localization, however, is much smaller than the

TABLE V. Distance of closest approach in R-space localization assuming Rutherford

trajectories.
Incident channel Exit channel

Epb Ecm. R,® AR,* A Eem, R,® AR,2 A
(Mev)  (MeV) n (fm) (fm) (fm) MeV) n fm) (fm) (fm)
33 20.43 10.50 9.3 0.34 2.03 17.95 9.51 9.7 0.39 2.23
40 24.76 9.53 9.0 0.35 1.84 22.28 8.54 9.3 0.38 2.00
45 27.86 8.99 8.9 0.35 1.74 25.35 8.00 9.2 0.39 1.87
60 37.14 7.78 8.7 0.35 1.50 34.66 6.84 9.0 0.37 1.60
128 79.24 5.33 8.5 0.38 1.03 76.76 4.60 8.7 0.39 1.08

2 Calculated using Eqgs. (8) and (9) with [, and Al from the DWBA reaction amplitudes
shown in Fig. 6 and listed in Table IV. Identical values of I, and Al have been used in both

the incident and exit channels.

This is reasonable because the reaction in “well matched”

in / space —otherwise such simple diffractive and Regge-pole analyses probably would not

reproduce the angular shapes.
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FIG. 9. Predicted total cross section for the 2Mg-
(180, 14C) %8s, . transition at 60 MeV as a function of a
lower cutoff on the radial integration. Optical model
parameter Set 1 of Table II was used in the calculations.
The variation of total cross section between 6.5 and 8 fm
results from removing contributions which cause can-
cellations in the cross sections. The rapid decrease in
total cross sections for cutoffs greater than 8 fm demon-
strates that the main transfer contribution is obtained
(see Ref, 37) at such radial distances. In the lower por-
tion of the figure the sum of the real nuclear plus Cou-
lomb potential for the 1¥0+26Mg channel is shown as a
function of radii for comparison.

wave length of relative motion, indicating that the
connection between /-space localization and R-
space localization should not be taken too serious-
ly. It has been pointed out®3® that the localiza-
tion of the reaction amplitudes in I space mostly
is the result of phase averaging and only to some
extent is due to the localization of the overlap of
the wave functions in the initial and final states.
For comparison, the radial dependence of the

calculated DWBA total cross section is shown in
Fig. 9 as a function of lower cutoffs in the radial
integration.?” The sum of the real nuclear (opti-
cal model parameter set 1 of Table II) plus Cou-
lomb potential in the entrance channel also is
shown as a function of the radius. The main con-
tribution to the calculated DWBA cross section is
associated with radii of 9.3 !3:5 fm for 33 MeV in-
cident energy.’® The radial region contributing
to the DWBA cross section has decreased to
~8.8!3:5 fm for 60 MeV incident energy and re-
mains nearly constant up to an incident energy of
128 MeV. This latter value is slightly less than
the average distance of closest approach in en-
trance and exit channels obtained by assuming
Rutherford trajectories (see Table VI). In a clas-
sical picture the difference of the two distances
may be explained as the attraction of the nuclear
potential which is taken into account in the DWBA
calculations but not by assuming Rutherford tra-
jectories. The dominant contributions to the
26Mg(*®0, *C)?8Si reaction at energies sufficiently
above the Coulomb barrier are apparently associ-
ated with radii near the Rutherford or interaction
radius (i.e., the radius at which the real nuclear
and Coulomb forces balance—see Fig. 9). A simi-
lar lower radial cutoff analysis of the DWBA cross
section indicates that contributions to heavy-ion-
induced single-nucleon transfer also is peaked
near the Rutherford radius.?”

V. REGGE-POLE ANALYSIS

The Regge-pole analysis of heavy-ion transfer
data described in Ref. 14 assumes that the wave
function in the scattering channels may be approx-
imated to a good degree of accuracy by a single
pole contribution. This has, in fact, been demon-
strated to be true for several cases.'?!® Such a
description is based on the following ansatz for the
wave function in the entrance channel'*:

WK, )= fo(r)ga(Byy 7)) - (10)

The angular dependence of the wave function is
given by

s expli3m) +io(l,) +i6)l,]
8olkyry) = IZM @, -a)l;+a+1)
i
% % V.
X Y (RY,  (2). (11)

The wave function in the exit channel is obtained
from the relation’®

X(')(E,F)*=X(")(-E,f) , (12)
giving
UKy, T)* = filr )E (R s 7) (13)

with
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TABLE VI. Interaction radius summary.
Interaction
radius (fm) E, (MeV) 33 40 45 60 128
A. Coulomb trajectory transformation of /-space localization to R space ?
Incident channel 9.3 9.0 8.9 8.7 8.5
Exit channel 9.7 9.3 9.2 9.0 8.7
B. Radial cutoff on DWBA calculations P
RVZ 9.25 8.80 8.75
Ryoq = 0109, ¢ 9.0-9.9 8.5-9.4 8.5-9.4
C. Rotational energy of “quasimolecular state” ©
Incident channel R;,;=8.3 fm
Exit channel R, =8.6 fm
2See Table V.
b See Fig. 9.
¢ Lower radial cutoff radius where R, is half the value of that calculated with no cutoff
(see Fig. 9).

dRange of lower radial cutoff radii where o,,,,; is between 90% and 10% of the value calcu-
lated with no cutoff in the radial integration (see Fig. 9).
€See discussion in Sec. V of text.

exp[—’t(z‘ﬂ)lf'i- lO'f(lf)'i‘lﬁflf]

“A,+prD) Y

1gmg

(2)Y, . (7). (14)

gﬂ(kﬂ 7?) 2

Tgmg

The asymptotic wave vector is denoted by k and the Coulomb phase shift by 0. The additional phase shift
due to the nuclear potential is approximated by a linear function of angular momentum, the slope of which
is the parameter §’. The Regge poles in the entrance and exit channels are given by the complex numbers
a and B, respectively.

In the no-recoil approximation the reduced transfer amplitude then is given by

im(l; — L)+ i0,(1;) +50/1,) +id3l;+id}]

exp[3i
Bru=Cru Z .

o (7, - a)l;+a+ 1)1

ﬁ)(lf+ B+1)

and is related to the transfer cross section by

(1). Nuclear structure effects enter only via
the radial form factor through the normalization
constants C,,. If the angular momentum transfer
is uniquely determined, the shape of the angular
distribution is independent of the specific structure
of the states involved. In the present case, the
angular momentum transfer is L=0. The number
of free parameters is reduced by assuming iden-
tical poles and nuclear phase shifts in the initial
and final channels, i.e., a=g and 9;=5;=5’. Such
an assumption, justified a posteriori by the ability
to reproduce the experimental data (see also
Refs. 14-16), is possible because the incident and
exit channel angular momenta are quite well
matched. Thus Eq. (15) reduces to the simple ex-
pression

(1,0LO0|1,0)(, — MLM 1,021+ 1)’/2Y,'f”(6, 0),

(15)
_ expliol)+iocl)+26'1]
Boo=Coo 7= Zl: 7= aF(l+ a =17
X(21+1)P,(cosé) (16)

\[___

P,(cosb).

Z e*%1(21+1)19,

As in the case of the diffractive model, the shape
of the angular distribution is described by three
parameters: the real and imaginary parts of the
pole a and the slope of the nuclear part of the
phase shift §’. Figure 10 demonstrates that the
shapes of the angular distributions at all energies
are satisfactorily described by the Regge-pole
analysis. The curves shown in the figure repre-
sent a best fit to the data obtained by varying
Rea, Ima, &’, and the magnitude of the calculated
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FIG. 10. Comparison of Regge-pole calculations with
experimental data for the *Mg(10, 14C)%8Sig.. transition
at 30, 40, 45, 60, and 128 MeV incident energy. See
caption of Fig. 1 for data sources. The calculations are
described in the text and the parameters used are con-
tained in Table VIL

differential cross section. The final parameters
and resulting x2 values are listed in Table VII.

The Regge-pole and diffractive prescriptions
both fit the data equally well, as a comparison of
Figs. 8 and 10 and the x® values in Tables IV and
VII show. Also, the parameters [, and Rea are
nearly identical at each energy and Al and Imo
are similar, both showing a gradual increase with
energy. This is to be expected, since a compari-
son of the two models shows the [-space distribu-
tions of transfer amplitudes to be similar in shape
to each other and to the DWBA.

The main differences between the diffraction and
Regge descriptions is that the former assumes a
Gaussian and the latter essentially a Lorentzian
distribution of the amplitudes I}, [compare Egs.
(6) and (16)]. In order to see how sensitively angu-
lar distributions depend on the details of the vari-
ous analyses it is instructive to compare them with
the DWBA calculations. This has been done by

fitting the DWBA calculations with the diffraction
and Regge descriptions. Table VII gives the best
fit parameters. Figure 11 compares the magni-
tudes of the radial integrals |I,|, and the phase
derivatives 6,=2d6,/dl, for both the diffractive,
Regge-pole, and DWBA descriptions at 33 and 60
MeV incident energies. The corresponding angular
distributions are compared in Fig. 12. Again, the
parameters which determine the peak of the I-
space distribution of amplitudes, I, and Rea, are
well determined and nearly equal for both models.
The widths of the distributions, measured by Al
and Ima, also are very similar for the two models
and for the DWBA (see Fig. 11). The values of
phase parameters in the two models 6, and &’ are
not so simply related, although Fig. 11 suggests
that the parameter 6, of the diffractive model
represents some average value of the (nonconstant)
phase derivative in the / window.

The parameters of the Regge and diffraction
models may be related to each other by requiring
that the positions of the maxima and the widths
at half maximum of the radial integrals |I9,| be
the same and that the values of the phase deriva-
tives 6, in the / window be similar. This yields
the relations

l,=Rea, (1)

Al=1.20Ima, (18)
~9tan-1(_" ;2

6,~ 2tan (Rea>+25 g (19)

Comparing the best fit parameters given in
Table VIII, one obtains good agreement with the
relations (17) and (18). However, the values of 6,
are generally larger than expected from Eq. (19)
by about 20°. Therefore, the values of §, used in
the diffraction model represent an average of the
phase derivatives over the entire / window and
are not determined by the minimum values at =1,
as is implied in Eq. (19). It already has been
pointed out that smaller values of both the phase
derivative and the width of the /-space window
produce stronger oscillations in the angular dis-
tribution. If the product (Ima)é’ (or Al6,) is kept
constant, ¥* changes very little for large changes

TABLE VII. Best fit Regge parameters from analysis
of data (see Fig. 10).

E o’

(MeV) Rea Imo (rad) x*
33 14.9 2.31 0.116 3.1
40 17.9 2.48 —0.009 6.5
45 20.7 2.12 0.063 3.2
60 27.5 2.30 0.026 1.7

128 46.3 5.18 0.095 0.8
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TABLE VIII. Parameters resulting from fit of Regge and diffractive models to DWBA cross

section.
Regge model
Best fit 2 Ima=2.26" Ima=0.113 Rea®
E (MeV) Rea Ima & (rad) & (rad) X%/ X i 6 (rad) X% X% min
33 14.7 2.19 0.103 0.082 4.2 0.319 7.9
40 18.7 1.98 0.125 0.079 3.3 0.103 1.6
45 21.2 1.95 0.122 0.089 1.1 0.074 1.2
60 27.4 2.19 0.118 0.130 2.2 0.064 6.8
128 46.3 2.95 0.075 0.080 3.1 0.056 8.7
Diffractive model
Best fit 2 Al=2.47¢ Al=0.1241,°¢
E (MeV) 1, al 6, (deg) 6, (deg) X%/ X% min 6, (deg) XY/ X in
33 14.6 1.82 55.3 39.9 4.3 55.8 1.0
40 18.7 2.09 32.9 29.3 1.3 31.0
45 21.2 2.18 25.5 25.8 1.1 23.7 .
60 27.3 2.54 15.3 14.8 1.0 16.0 2.7
128 46.4 3.08 3.95 -10.3 4.8 16.8 3.6
2 Three parameter best fit.
b Fit constraining Ima as described.
¢Fit constraining Al as described.
ﬁZ
in Ima (or Al). Hence the values of Ima (or Al) are E=const+ 5 1,1, +1), (20)

not very well defined and it is possible to obtain
reasonable fits to the DWBA calculations either by
using energy independent values of Ima (or Al) or
by keeping the ratio Ima/Rea (or Al/l) constant
with energy (see Table VIII and Fig. 12).

The nonlinearity of the phase derivative in the
! window seems to have only a subtle influence on
the shape of the angular distribution. For the
DWBA and for the Regge calculations 6, has a
minimum in the I window at all energies (see Fig.
6). The consequence of such a behavior of the
phase is a predicted'®3® modulation of the ampli-
tude of the oscillations. That only the details of
the amplitude of oscillation and not their general
appearance are affected is clear from the fact that
the angular shapes observed in the present study
are as well described by the diffractive (without
the phase dip) as by the Regge-pole (with the phase
dip) descriptions (see Fig. 11).

We may give a physical interpretation to the pa-
rameters of the Regge-pole analysis, and in so
doing demonstrate that this interpretation is con-
sistent with the assumptions of the DWBA analysis.
In particular, the Regge-pole description suggests
that for a very short time the two interacting nu-
clei might be considered to form a “quasimolecu-
lar” state with angular momentum /,=Rea. For a
given internuclear distance R_,, the moment of in-
ertia is 9= uR_,?, where p is the reduced mass
of the quasimolecular system. The rotational en-
ergy is then

and the moment of inertia may be determined by
plotting tke quantity [,(/,+1) as a function of chan-
nel energy. This has been done for both the initial
and final channels in Fig. 13. As is evident from
the figure, Eq. (20) is valid to a satisfactory de-
gree of accuracy. From the slope of the [ (l,+1)
vs E plot one obtains for both the initial and final
channels

29 .
£=33.3 MeV™!,

corresponding to R, =8.3 fm and 8.6 fm for the
entrance and exit channels, respectively. Such
rotational separations are approximately equal to
that distance where a radial cutoff starts to re-
duce the predicted DWBA total cross section (see
Table VI). It should be pointed out that the con-
cept of a “quasirotational” state is not essential
to an understanding of the linear dependence of
1,(I,+1) on E shown in Fig. 13. It is sufficient
that the reaction be peripheral so that k%p?
=1,(l,+1) (¢ is the wave number and b is the im-
pact parameter for the two nuclei). The Regge-
pole description contains this feature and thus
provides a natural interpretation for the linear
dependence with reasonable values for the inter-
nuclear distance R_,.

A Regge pole is perhaps more properly inter-
preted'*!3 as a damped surface wave traveling
around the nuclear surface. The damping con-
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FIG. 11. Comparison of magnitudes and phase deriva-
tives of the transfer amplitudes corresponding to DWBA,
diffractive, and Regge-pole calculations which produce
nearly identical angular distributions (see Fig. 12). Note
that the transfer amplitudes are plotted as |I{;| without
the factor (2! +1) which usually is included in the DWBA
amplitude (e.g., see Figs. 3 and 6 and Ref. 27). Thus,
the Gaussian and Lorentzian forms of the diffractive and
Regge amplitudes respectively are apparent and can be
compared directly. The diffractive and Regge-pole pre-
dictions shown were obtained by a least squares fit to the
angular shape predicted in the DWBA and shown with the
experimental data in Fig. 1. The optimum fit diffractive
and Regge-pole parameters are given in Table VIII. The
comparison is made both at 33 MeV (left) and 60 MeV
(right) incident energy.

stant in the angular direction, i.e., the “life angle”
of the surface wave, is given by (Ima)™. For the
calculations shown in Fig. 10 at incident energies
=60 MeV, Ima~ 2.4, which corresponds to a life
angle of 24°. The surface waves decay very rapidly
ly, surviving less than a tenth of one revolution.
This already has been stressed in Ref. 14, where
the term “peripheral fly-off resonance” has been
introduced to contrast with the more usual concept
of orbiting. To reinforce this point the width of
the “peripheral fly-off resonance” also may be
calculated by the relation'?

_Ima(Ey)Rea’(E,)

Here a prime denotes differentation with respect

to the energy. Using Eq. (20) for Rea and noting
that for E, .= 60 MeV Ima’(E)=0 (see Table VII)

inc =
one obtains

_Ima(E)73(21,+ 1)
= 53 .

r (22)

[N

For the value of 29/7%°=33.3 MeV ~ and the value
Ima=2.4 we may estimate the width

I'=0.14(27,+1) MeV.
The spacing of the resonances may be written as*

r

- 2Ima (23)

or, for our special case,

D=0.030(21,+1) MeV .

At a laboratory energy of 40 MeV, [,=18 and one
obtains I'~ 5.2 MeV and a spacing of the resonances
of D~ 1.1 MeV. Therefore, as has been pointed out
by Fuller,” one does not populate single isolated
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FIG. 12. Fits of DWBA calculations by Regge (left
side) and diffraction (right side) parametrizations. The
full curves are the DWBA calculations shown with the
data in Fig. 1. The thin curves are best fits to the
DWBA curves obtained by varying all three parameters.
The dashed curves are obtained by keeping Ima (left)
or Al (right) constant with energy. The dotted curves
correspond to keeping Ima/Rew (left) or AL/l (right)
constant with energy. The parameters corresponding
to the diffractive and Regge-pole calculations are given
in Table VIIL
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FIG. 13. Plot of ly(ly+1) versus the center-of-mass
energies of the initial and final channels. The values of
ly as determined from ly=Rea in the Regge-pole analysis
of the angular shape have been used (see Table VII).
Since the transition is well matched in I space, identical
poles and therefore l’s have been used for the entrance
and exit channels. These values are nearly identical to
the I,’s obtained in the DWBA analysis (see Table IV).
The error flags indicated represent an uncertainty in ,
of one unit of angular momentum.

resonances which would extend around the nucleus
but instead several broad overlapping resonances.
At 40 MeV laboratory energy their lifetime may be
estimated to be T=1.3 X 1072 sec, which is of the
order of magnitude of the time the nuclei take to
fly past each other. Such a value is consistent
with the direct reaction mechanism assumed in
this analysis and in the DWBA description.

VI. SUMMARY

The oscillating shape of the **Mg(*°0, **C)?*Si, ,.
angular distributions at 33, 40, 45, 60, and 128
MeV incident energy are reproduced by diffractive,
Regge-pole, and DWBA analyses. The first two
descriptions do not depend on detailed assumptions
about the wave functions or the interactions in-
volved. They are successful in describing the
angular shape because of the peripheral nature of
the reaction. A comparison of the reaction ampli-
tudes obtained from the DWBA with the Gaussian
and Lorentzian shapes of the diffraction and Regge
models, respectively, shows that the angular dis-

tributions do not sensitively depend on the details
of the transition amplitude but only on some
average quantities like the position and the width
of the I-space localization. Even a linear depen-
dence of the phase shifts on angular momentum
gives a good description of the present data. This
indicates that the main reason for the occurrence
of the strong oscillations in the present angular
distributions is the diffraction due to the strong
I-space localization. The effect of a phase non-
linear in I such as predicted in the DWBA analysis
is a modulation of the amplitudes of the oscilla-
tions'®'3® which would be difficult to observe ex-
perimentally. The success of the Regge-pole
formalism for such transfers stresses the impor-
tance of the peripheral distorted waves to the re-
action dynamics. The parameters of such a
“Regge-pole resonance” used to reproduce the
transfer data are consistent with the Z-space local-
ization in the DWBA and diffractive analyses. The
implied “life angle” of the peripheral resonance
(=24°) is much less than one revolution, i.e., it is
consistent with the assumed direct reaction
mechanism.

The sensitivity of the predicted DWBA angular
shapes to the details of the absorptive potential
suggests an energy dependent imaginary potential
in the nuclear surface region. Such a potential
removes much of the variation of the normaliza-
tion between calculated and experimental cross
sections with incident energy; however, the DWBA
calculations yield the absolute cross section which
are too small by more than two orders of magni-
tude at the lower energies. It is expected that re-
coil®® and an enlarged configuration basis®* would
improve the agreement significantly. It is noted
that second order processes have been suggested*!
to contribute significantly to the **Mg(*°0, **C)
transition to the lowest 2* and 4" excited states
of 28Si. Similar processes also may contribute to
the transition strength populating the 22Si ground
state and might be an explanation for the energy
dependence of the imaginary potential in the nu-
clear surface region which has to be introduced in
a single step DWBA calculation.
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