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Effect of a-transfer polarization potential in the Mg+ ' O system
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The effect of the dynamic O.-transfer polarization potential on several channels of the system

Mg+ ' 0 has been calculated and compared to our experimental data and those of Paul and colla-
borators. The general agreement is good, indicating that the a-transfer coupling can have an im-

portant contribution to explain the back-angle anomalies observed in the elastic, inelastic, and

transfer channels.

I. INTRODUCTION

The anomalous back-angle elastic scattering of n a-type
nuclej ( Q+2sSj Q+ Mg ~C+2sSj 2C+24Mg etc. )

has attracted considerable attention in the last decade. '
The transfer reactions (' 0, ' C) involving these systems
also present anomalous back-angle behavior, with strong-
ly oscillating backward rise in angular distributions and
very structured excitation functions at forward and back-
ward angles. ' A number of models have been proposed
to explain some or all features observed, ranging from
isolated resonances, parity-dependent optical poten-
tials, channel-coupling to the excited states of the target
nucleus, and imaginary optical potentials calculated mi-
croscopically from single-particle transfers. ' None of
these models is able to explain all or even a large part of
data.

Because of the presence of anomalies in both elastic
and o,-transfer reactions, an attractive explanation could
be the coupling between elastic channel and the +-
transfer channels. A first attempt" to include this cou-
pling has been applied to the Mg+' C elastic scattering
at 40 MeV. The coupling to the "Mg(' C, ' 0) Ne reac-
tion was described in the framework of Frahn's closed
formalism' and a good agreement with data was ob-
tained. The Mg(' 0, ' 0) Mg angular distribution was
explained through a molecular potential calculation'
describing Mg as ' O+2u. In order to explain the
anomalous back-angle excitation function of the

Si(' 0, ' 0) Si elastic scattering, the transfer of two
and three a particles was described in a semiclassical
treatment' of the interplay between transfer process and
absorption. The general trend of data is consistent with
the calculated energy dependence.

In a recent work of Hussein and collaborators, ' the
coupling to a-transfer channel has been explicitly taken
into account by the evaluation of a dynamic e-transfer
polarization potential (DTPP) for the process ' 0
+ Si~' C+ S~' O+ Si and the back-angle elastic
scattering of ' 0+ Si has been reproduced with the po-
larization potential added to the E-18 optical potential.

The aim of this work is to evaluate the effect of the dy-
namic a-transfer polarization potential, not only on the
elastic channel, but simultaneously on a-transfer and in-
elastic channels also, and compare with experimental

data. This comparison was made for the following reac-
tion channels at E, =27.8 MeV:

Mg('0 '0) M g. S.

24Mg( &60 &2C)23Sj

Mg(' 0 ' 0) Mg(2+, 1.37 Mev),
Mg(' 0 ' C) Si(2+, 1.78 MeV),

Mg(' 0 Ne) Ne,
In order to have complete experimental angular distri-

butions of all these channels, we measured the inelastic
angular distribution in the forward and intermediate an-
gle region (40'&6, &100') and the angular distribu-
tions of the Mg(' 0, Ne) Ne reaction leading to the
ground state and excited states of the final nuclei. We
also completed in the forward and intermediate angle re-
gion (40'&6&100') the elastic and a-stripping angular
distributions measured by Paul and collaborators. "

%'e also measured excitation functions' for the reac-
tjons 24Mg(160 20Ne)20Ne 24Mg(160 20Ne(2+ ) )20Ne

at 8 =90' and Mg(' 0 ' C) Si, and Mg(' 0,
' C) Si(2+) at 8, =70'. These excitation functions are
also being analyzed in the framework of the DTPP for-
malism.

The Mg(' Q, Ne) Ne, angular distribution at 27.8
MeV presents a strong minimum at 90' (Fig. 3), and its
excitation function, measured at 90, shows also a strong
minimum at 27.8 MeV. ' This result cannot be under-
stood by the isolated resonance with J=20, which was
used to explain the structures present at 27.8 MeV in the

Mg(' 0, ' C) Sjs, excitation functions at 0, 90, and
180', since the contribution of an even single l value in
the symmetrized amplitude, should produce a maximum
at 90' in the Ne+ Ne channel. It seems also dificult
to explain why a resonance, which is present in the

Mg+' 0 channel and ' C+ Si channel, should be ab-
sent in the Ne+ Ne channel, if the resonant partial
wave, near to the grazing l value (1g =16) would not be
absorbed. So a complete description of the anomalies at
27.8 MeV has to take into account these new experimen-
tal facts.

The dynamic a-transfer polarization potential, describ-
ing the coupling between the elastic and the a-stripping
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channel, was calculated and introduced into a DWBA
code and its eff'ect on the elastic, inelastic, and transfer
cross sections was calculated. The general agreement be-
tween measured angular distributions and calculations is
good, indicating that the o.-transfer coupling can have an
important contribution to explain the back-angle
anomalies. However the DTPP, which produces a local-
ized l window in the scattering matrix, also fails to ex-
plain the minimum at 90 in the Ne+ Ne channel.
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II. EXPERIMENTAL METHOD AND RESULTS

The angular distributions of elastic, inelastic, and
transfer reactions of the system ' 0+ Mg were mea-
sured using an ' 0 beam accelerated to E&,b

——46. 5 MeV
by the Sao Paulo Pelletron Accelerator. Targets of iso-
tropically enriched Mg were evaporated on ' C backing.
Three sets of AE-E telescopes were used, the E detectors
being standard Si surface barrier detectors and the AE
detectors proportional gas counters. A thin layer of Bi
was evaporated on the ' C backings before the Mg eva-
poration and the Rutherford scattering of ' 0 on Bi pro-
vided a practical way to normalize the data. A monitor
placed at 15 with respect to the beam permitted us to
calculate the ratio of Mg to Bi target thickness to ob-
tain absolute cross sections for all measured processes.
The energy resolution at all angles was sufhcient to
separate the elastic peak from inelastic peaks.

We measured at E, =27.8 MeV the angular distri-
butions of the Mg(' 0, Ne) Ne reactions, leading to
the ground state and excited states of final nuclei, and
completed in the forward and intermediate angle region
(40'&8, (110') the inelastic, elastic, and a-stripping
angular distributions, measured by Paul and collabora-
tors.
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In Fig. 1 we present our elastic and inelastic angular
distributions. In Fig. 2 we present our transfer reaction
24Mg( 16O 12C )28Sj and 24Mg( 16O 12C )28Sj( 2+, 1.78
MeV) angular distributions, and in Fig. 3 we show our
data on Mg(' 0, Ne) Ne, leading, respectively, to the

Ne ground state, one Ne excited to the 2+, 1.63 MeV
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FIG. 1. Angular distributions of the Mg(' 0, ' 0) Mg elas-
tic scattering and Mg(' 0, ' 0) Mg(2+, 1.37 MeV) inelastic
scattering.

FIG. 3. Angular distributions Mg(' 0, oNe)' Ne(0+, g. s. ),
24Mg( 160 20Ne )20Ne( 2 + l 63 MeV) 24Mg( 160 20Ne( 2+ I 63
MeV) Ne(2+, 1.63 MeV), and Mg( ' 0, Ne) Ne(4+, 4.25
MeV) reactions.
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state, both Ne excited to the 2+ state, one Ne excited
to the 4+, 4.25 MeV state.

Our elastic scattering and (' 0, ' C) data agree well
with the measurements of Paul from 8, =35' to 55'.
From 55' to 100' our data are more precise and present
more structures. The Mg(' 0, Ne) Ne, angular dis-
tribution shown in Fig. 3 presents strong oscillations and
a symmetry around 90', with a strong minimum at 90 .

III. ANALYSIS OF THE DATA
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A. The dynamic a-transfer polarization potential

Hussein and collaborators' define the dynamic a-
transfer polarization potential, V„,I, to be the potential
which reproduces, to first order, the correction to the
elastic scattering T matrix, arising from an explicit con-
sideration of the transfer process 0~1~0, namely
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where 7' —' are the waves distorted by the background
strong absorption interaction, yo is the intrinsic ground
state of the combined system, Ho& and H&o are the ap-
propriate transfer coupling interactions, and G', +' is the
unperturbed distorted Green function describing the
propagation in channel 1, in the presence of the strong
absorption potential. The DTPP can be expanded in par-
tial waves and from this nonlocal DTPP a trivially
equivalent local potential is defined through

Vz,&(r)fi (kr)—= f dr'V, &(r, r')f& (kr'), (3)

where f& (kr) is the distorted partial wave function.
One finds that using the no recoil (NR) and zero range

(ZR) approximations, and including a factor of 2 due to
off-shell corrections, ' the trivia11y equivalent local poten-
tial V„,~ can be written as

V p„(r)=C,(E)F(r), (4)

where F(r) is the form factor of the a-transfer reaction
and CI(E) is given by

FIG. 4. Full experimental angular distribution of the
Mg(' 0, ' C) 'Si(0+,g. s. ) reaction, our data are indicated by

open circles and data of Paul et al. (Ref. 4) with solid dots. The
continuous line is the cross section calculated by pToLEMY and
the dashed line is the calculation by DwpoL, using the potential
ANL2 in both channels. The calculations are normalized to ex-
perimental data at forward angles.

B. Applications to the system Mg+ ' O at
E, =27.8 MeV

1. Details of the calculation

We apply the formalism of DTPP to the system
Mg+ ' 0, assuming the a-transfer process
Mg+ 0~ Si+ C~ Mg+ 0 as a basis f

coupled-channels discussion. The corresponding polar-
ization potential is constructed with channel 0 being

Mg+ 0 and channel 1 being Si+ C and all partici-

CI(E)= A
4ip, (Ii '(ko, k, ))
A' k, II (k )S (k )

0.75—

where 3 contains the spectroscopic amplitudes, normali-
zation due to recoil and finite-range effects, II ' is the
transfer radial integral, II is the elastic radial integral,
and SI, are the unperturbed nuclear elastic scattering
matrix elements in the transfer channel.
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TABLE I. Optical potential parameters.

Potential V (MeV) r„(fm) a„(fm) 8' (MeV) rI (fm) al (fm)
FIG. 5. The solid line indicates the modulus of the perturbed

scattering matrix
~
S, o i

and the dashed line of the unperturbed
scattering matrix

i Si o ~, the inset indicates the modulus of the

t, o St,ol—
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pating nuclei are in their respective ground states. We
developed a DWBA code named DwPOL, based on
DwUcK, which used the no-recoil and zero-range approx-
imations in order to calculate V» and the cross sections.

It is a well-known fact that zero-range and no-recoil
calculations fail badly for heavy-ion a-transfer reactions.
The efFect of ZR and NR approximations depends on the
optical potential used in the incoming and outgoing chan-
nels. For some potentials the effect reduces to a simple
disagreement in absolute value presenting very similar
angular dependence.

In order to estimate the efFect of ZR and NR approxi-
mations, we compared the transfer differential cross sec-
tion calculated by DWPOL (without V„,& ) and by the full
finite-range DWBA code PTOLEMY for the reaction
"Mg(' 0, ' C) Si, , using the optical potential obtained

by Tabor, ' called ANL2 (see Table I) in the incoming
and outgoing channels. The bound-state wave functions
are calculated in the usual way, adjusting the depth of a
Woods-Saxon well with 8 = 1 .25 A z- fm and a =0.65
fm, in order to reproduce the separation energies. The
transferred four-nucleon cluster (called an a-particle
hereafter) is assumed to be in an internal 1S state.

Both calculations give very similar angular distribu-
tions, as can be seen in Fig. 4, resulting in a constant nor-
malization factor which takes into account the recoil and
Gnite-range effects.

The angular distributions of the other transfer reac-
tions (a stripping and a pickup) have also been compared
through DWPOL and PTOLEMY calculations, and in all
cases the "exact" and NR and ZR angular distributions
had very similar angular dependence, and the normaliza-
tion factor was the very same in all cases.

In view of this result we concluded that the NR and
ZR calculations, with ANL2 potential, should be safely
used, when conveniently corrected by the appropriate
normalization factor.

The calculations were performed in the following steps.
(a) The radial integrals I&

' and I& and the scattering
matrix SI &

were calculated by the DWBA code DwPGL
together with the a-transfer form factor F( r), computing
subsequently the polarization potential Vp

(b) The full normalization of V~», including also spec-
troscopic factors of the reaction "Mg( ' 0, ' C) Si
was obtained comparing the experimental differential
cross section of this reaction at forward angles with the
DWPOL calculated transfer cross section.

(c) The normalized Vt, &
is added to the optical poten-

tial and the radial Schrodinger equation is solved, gen-
erating the exact, perturbed wave function in the elastic
channel f & ( r ). From this wave function we calculated
the perturbed scattering matrix SI o which is compared
in Fig. 5 with the unperturbed scattering matrix SI o. The
slight difference between them is localized around the
grazing angular momentum, as can be seen in the inset of
Fig. 5, where the difference

I S& o—S& o I
is shown.

(d) This exact wave function is used in DWPOL to calcu-
late the elastic angular distribution, the inelastic excita-
tion cross sections, and the transfer cross sections for all
transfer processes, namely
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FIG. 6. Experimental angular distribution of
Mg( ' 0, ' C ) Si(0+,g.s. ) reaction, our data are the open cir-

cles and the data of Paul (Ref. 4) the solid dots. The continuous
line is the cross section calculated in the presence of V~„and
the dashed line without V„,&
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2. Calculations of the ctoss sections
for the Mg + 60 system,

including the polarization poten ti a l

a. The reaction Mg( 0, ' C) Si, The differential
transfer cross sections were calculated without and in the
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FICs. 7. Experimental angular distribution of
Mg( ' 0, ' 0 ) Mg elastic scattering, our data are the open cir-

cles and the data of Paul (Ref. 4) and the solid dots. The con-
tinuous line is the cross section calculated in the presence of
Vp, ~

and the dashed line without V„,& .

Mg( ' 0, ' C) Si(0+ )

Mg( ' 0 ' C) Si(2+ )
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including the effect of V,&
in all of these processes. The

same code permitted us to calculate these cross sections
without including V,&, in order to compare both calcula-
tions.
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df~(r) dft(r)
F~(r) =52 V +i W

dl' dI
(7)

where 52 ——Pz R & is the nuclear deformation length and
the nuclear optical potential is

presence of V„,&
and normalized to experimental data at

forward angles.
The effect of V„,&

in the transfer angular distribution is
small at forward angles, but produces strong oscillations
and rise in the backward-angle region. However, its
effect in the backward angles is still smaller than the ex-
perimental cross section. If we multiply V, ~ by an addi-
tional factor of 1 .9 the calculated transfer cross section
reproduces wel 1 the backward rise in the experimental
data, as can be verified in Fig. 6, where we compare
the complete experimental angular distribution of

Mg( ' O, ' C ) Sis, , including our data (open circles)
and that of Paul (solid dots) with the calculated transfer
cross section in the presence of V„& (continuous line) and
without V,&

(dashed line). This additional normalization
factor can be attributed to the off-shell effects, whose
inAuence can modify the V

&
by a factor ranging from 1

to 4. ' The reason to perform the final normalization of
Vpo) adJusting the backward cross section of the

Mg( ' G, ' C) Sis, is th'at we assume that the backward
anomaly in this channel is due exclusively to the dynami-
ca1 a-transfer polarization potential V,~

. In the calcula-
tions of other channels, this same normalization of Vp
will be maintained.

b Elas.tic scattering Mg( 0, 0) Mg. The V
&

is
included in the Schrodinger equation, together with the
optical potential ANL2. The elastic cross section, calcu-
1ated in the presence of these potentials, is shown in Fig.
7 together with experimental data. The calculation pro-
vides the backward rise, which is somewhat overestimat-
ed. Many attempts were performed, using many different
optical potentials, in order to reduce the effect in the elas-
tic channel, without reducing in the a-transfer channel,
but in no way could we change this behavior. This fact
can be an indication that the coupling to other channels
(inelastic, a pickup), which are neglected in this calcula-
tion, are more important in the elastic channel than in
the a-stripping ground-state transition.

c. Inelastic scattering Mg( 0, 0) Mg(2+, 1.37
Me V). The inelastic cross, section was calculated by
DwpoL, using collective nuclear form factors, given by
the derivative of the optical potential

100

I

0 01 ) I ) I ( I i I i I i I i I i I

0 20 40 60 80 100 120 140 160 180

FIG 8. Experimental angular distribution of
Mg( ' 0, ' 0 ) Mg( 2+, 1 .37 MeV) inelastic scattering, our data

are the open circles and the data of Paul (Ref. 4) are the solid
dots. The continuous line is the cross section calculated in the
presence of Vp, ~

and the dashed line without Vp

where we obtained a good accord with our forward in-
elastic data, using the ANL2 potential, Pz ——0.3897 and
Pz R& ——1 .5. However, when these deformation parame-
ters are used in DWBA approximation the agreement is
much worse. In order to get a good fit of the data using
DwpoL, we have to increase Pz to 0.542 and reduce 52 to
0.862. The full inelastic experimental angular distribu-
tion and the calculations with V„„(continuous line) and
without V „(dashed line) are shown in Fig. 8. The de-
formation parameters used in this calculation are
52 ——0.862 and Pz ——0.542. The effect of V~,&

is again
small at forward angles, but produces an increase and
strong oscil lations at the backward angles. However, the
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Using Rc ——ra~ A T with ro& ——1 .495 fm and the adopted
value of B(E2 $ ) =430 e fm, we obtain Pz ——0.3897 and
52 ——Pz Rc——1 .68. The nuclear deformation length
52 ——P2 R, obtained in other inelastic scattering measure-
ments on ~Mg, ' ' is around 1 .5 and 1 .6. We also per-
formed coupled-channels calculations with the code ECIS,
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FIG. 9. Experimental angular distribution of
Mg( ' 0, ' C ) Si(2 +, 1 .78 MeV) reaction, our data are the open

circles and the data of Paul (Ref. 4) are the solid dots. The con-
tinuous line is the cross section calculated in the presence of
Vp l and the dashed line without Vp J .
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FICx. 10. Experimental angular distribution of
Mg(' 0, Ne) Ne(0+, g. s. ) reaction. The continuous line is

the cross section calculated in the presence of V~,~
and the

dashed line without Vp

backward cross section is still somewhat underestimated.
d. The reaction Mg( 0, C) Si(2+,1 78 Me V.). The

transfer cross sections, calculated without and in the
presence of Vz, &

and normalized to experimental data at
forward angles, are shown in Fig. 9, together with experi-
mental angular distribution. The calculation without
V,&

(dashed curve) reproduces well the forward angle
cross section but fails completely at backward angles.
The efFect of the inclusion of Vpp] again is small at for-
ward angles and produces oscillations and rise at back-
ward angles, which are, however, underestimated.

e. The reaction Mg( 0, ¹)¹s,The outgoing
particles are identical and this fact implies, in two
modifications in the calculations of the transfer cross sec-
tion, that there is a double counting in the detection,
because the detector cannot distinguish between Ne
originating from target or projectile; and the outgoing
wave function has to be symmetrized. The transfer cross

section, calculated in these conditions, can be written as

=
I f«m)+f (~ »—v +~)

I

'

where f (»p) is the transfer amplitude calculated
without considering the identity of particles. Only even
partial waves will contribute to the summed transfer am-
plitude and the cross section will be symmetrical around
90.

VVe have calculated the transfer cross section without
Vpp] taking into account both efFects afFecting identical
particles, and again normalizing the calculation to the
mean behavior of forward-angle experimental data. The
calculation, presented in Fig. 10 as a dashed line, pro-
duces a maximum at 90', in disaccord with experimental
result, and almost no osciHations at fotward and back-
ward angles, showing even a smooth bell shape, with
maximum at 8,-40', due to negative Q value of the re-
action ( —4.SS MeV). The eff'ect of inclusion of V~„ in
the calculation is to introduce oscillations at forward and
backward angles which agree well with experimental
data. Ho~ever, the maximum at 90 remains even with
Vpp] indicating that the experimental minimum is not re-
lated to this cz-transfer coupling.

The excitation function of this transition measured' at
90' also presents a strong minimum at this energy (27.8
MeV). This fact has also been observed in other cases of
identical particle scattering, as the elastic scattering
' C(' C, ' C)' C at some energies. ' We are investigat-
ing the origin of this minimum.

f. The reactions Mg( 0, ¹)Ne leading to excited
states (2+ at 4.25 MeV) in Ne. We performed calcula-
tions with PToLEMY for these reactions and verified that
the cross section for the reaction Mg(' 0, Ne ) Neg,
is much higher than for the reaction

Mg(' 0, Ne) Ne'. The spectroscopic factors for
' 0+o,~ Ne* are also higher than for 2 Mg —a
—+ Ne*. As a consequence, the experimental angular
distributions for the excitation of one Ne to its 2+ or
4+ states, respectively, can be considered essentially as

TABLE II. Comparison of relative theoretical spectroscopic factors of the reactions
"Mg(' 0, ' C) 'Si and Mg(' 0, Ne) Ne with our relative normalization factors N, defined in text.

S& refers to target spectroscopic factors and S2 to projectile spectroscopic factors, S,S2 refers to the re-

actions indicated and S&S2/S&S2(' 0, ' C)~, are the reaction spectroscopic factors normalized to the
ground-state transition of the (' 0, ' C) reaction. N are our relative normalization factors. The
theoretical spectroscopic factors S& and S2 were normalized such that S = 1 for ' 0, , +a~ Ne, ,

Sl ( Mg+(y~ Si(J~) )

Jrr

0+
2+

0.41'
0.094'

S,("C+ "0)

1.62
1.62

SlSq

0.664
0.152

S)S2
S,S,("0,"C)„

1

0.23
1

0.23

S&( Mg —o,~ Ne(J ))
Jrr

0+ 0.35'

Sq(' 0+a~ Ne)

0.53 0.52

'Reference 25.
Calculations of H. Yoshida, quoted in Ref. 26.
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projectile excitation reaction, as

Mg(' 0 Ne(2+, l.63) )

' Mg("0 "Ne(4+, 4.25))"N, ,
In DwpoL the projectile excitation cannot be taken into

account and for these reasons, we cannot calculate at the
present stage the effect of V,&

on the reactions leading to
excited states of Ne in these sections.

g. Spectroscopic information. In order to show that
our results are quantitatively consistent, we compared
our relative normalization % (defined as the normaliza-
tion factor of the transition considered determined at for-
ward angles, divided by the normalization factor of the
a-stripping ground-state transition), with the ratio of the
theoretical spectroscopic factors corresponding to these
transitions. In Table II we show the theoretical u-
spectroscopic factors S& and S2, for the target and pro-
jectile nuclei involved in these reactions, ' normalized
relative to the Neg z ~ Og ~ +a spectroscopic factor.
The spectroscopic factors of the reactions are also
presented in the third column of Table II as products of
target and projectile spectroscopic factors. In the fourth
column we show the relative spectroscopic factors of

these reactions, normalized to the ground-state transition
of the (' 0, ' C) reaction. In the fifth column we show
our relative normalization factors N, which are in excel-
lent agreement with the relative theoretical spectroscopic
factors of these reactions.

IV. CONCLUSIONS

We have calculated the dynamic a-transfer polariza-
tion potential V,~

and introduced it into our elastic, in-
elastic, and transfer calculations in order to estimate its
effects on the back-angle anomalies observed in many
channels of the Mg+' 0 system. The coupling be-
tween the elastic and a-stripping channel explains in a
fairly quantitative way the anomalies observed, overes-
timating the effect in the elastic channel and somewhat
underestimating in some other channels. This fact can be
an indication that other channel couplings can also be
important and should be taken into account.
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