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Distorted wave analyses of the7Li „a,2a…3H reaction
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The distorted wave–peripheral three-body coupling model has been applied for knockout of particles
in l 5 1 state. As an example the7Li( a,2a)3H reaction at 77, 99, and 119 MeV has been analyzed. T
distorted wave impulse approximation peripheral three-body coupling model calculations are compare
the conventional kinematic coupling approximation and with the data.

PACS number~s!: 24.50.1g, 24.10.Eq
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Knockout reactions have always been expected to yi
reliable nuclear structure information. However, the distort
wave impulse approximation~DWIA ! analyses of the large
amount of the knockout data have mostly resulted in u
physical and thus unreliable and inconsistent informati
about nuclear structure@1–3#. Most of the large inconsisten
cies arose in the cases of cluster knockout such as~a,2a! and
(p,pa) where large optical distortion effects were prese
@3–6#. Checks on various approximations have resulted
some improvements in the analyses of knockout data. In
such attempt it was demonstrated@7# that in the DWIA for-
malism peripheral three-body coupling model~PTBCM! is a
significant improvement over the conventional kinema
coupling approximation~KCA! treatment. The examples
treated by using the PTBCM formalism have, however, be
confined to the knockout reactions where the knocked
particle was bound in the target nucleus in a state of z
orbital angular momentum,l 50. It is well known that when
the knocked out particle comes from an initiall 50 bound
state the coincidence spectrum normally has a broad dis
bution, peaked close to the zero recoil momentum positi
This lack of detailed structure in the spectrum ofl 50
knockout data hinders the extraction of detailed and spec
information about the various input parameter values@8#.
Moreover, it has been found that with reasonable bound s
wave functions, while the plane wave impulse approximati
~PWIA! overpredicts the peak cross sections~ corresponding
to zero recoil momentum! the use of conventional DWIA-
KCA drastically reduces them so much so that spectrosco
factors take absurdly large values@3#. Larger recoil momen-
tum components in the spectrum have been found to be e
more suppressed due to optical distortions@9#. Therefore the
l 50 knockout DWIA predictions of energy sharing spect
are usually much sharper compared to the data. This beh
ior may arise from the incorrect treatment of large optic
distortions in the initial and final scattering states@10#. A
feeling of the amount of distortions is sometimes helpf
One may perceive it theoretically from the ratio of the pla
wave to distorted wave predictions. Experimentally one c
look for special kinematic conditions where some limitin
value is known such as the ratio of cross sections at the
around the zero recoil momentum position and at a pe
position in the case of knockout froml Þ0 bound state.
Knockout from al Þ0 bound state in the PWIA gives nul
cross section at zero recoil momentum position. Due to
tical distortions this dip gets filled up and the amount
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filling up measures the influence of distorting optical pote
tials. Special kinematic conditions of noncoplanar geomet
however, indicate@11,12# somewhat reduced influence of op
tical distortions while spanning the large recoil momentu
distributions in knockout reactions.

In the 7Li( a,2a)3H reaction the knockout of alpha clus
ter mostly occurs from anl 51 bound state of4He and3H
in the ground state of7Li. In order to check on the effects o
optical distortion in thel Þ0 case, recently reported data o
7Li ~a,2a!3H reaction at 77, 99, and 119 MeV has been an
lyzed using the KCA and PTBCM formalisms@13#. Expres-
sion for the differential cross section in the impulse appro
mation is written in the usual form:

d3s

dV1dV2dE1
5KSS ds

dV D
aa

(
L

uTL
L~QW !u2, ~1!

whereK is the kinematic factor andS is the clustering prob-
ability. The term (ds/dV)aa is thea-a scattering cross sec-
tion at the relevant center of mass scattering angle and fi
state relative energy. The distorted momentum distributio
(uTL

L(QW )u2 at a recoil momentumQW is obtained by a dis-
torted wave computer code which can be run with options
KCA as well as PTBCM formalisms. For the distortions o
the initial scattering state a factor of37 has been used to
reduce thea-7Li optical potential so as to suppress th
double counting of thea-a interaction accounted for by the
impulse approximation. Use has been made of thea-t inter-
cluster wave function which gives 3.54 fm as its rms radi
~the other intercluster wave function with 2.4 fm rms radiu
gives much lower prediction for the absolute cross section!.

Results obtained from the two formalisms, PTBCM an
KCA, are compared for the three energies@Figs. 1~a!,
1~b!,1~c!#. In these figures it is seen that the absolute cro
sections in the two formalisms do not differ significantl
The shape of the energy sharing spectra are not drastic
different in the two formalisms but there are some interesti
points to be observed. The PTBCM formalism gives som
what sharper distributions as compared to the KCA form
ism. This pruning of the wings of the spectra by the PTBC
as compared to the KCA formalism indicates, as expect
that the nuclear interior contributions to the matrix eleme
~which are opposite in sign to the exterior contribution!
have been partially suppressed by the KCA. Enhancemen
lower momentum components~the region around the dip po-
508 © 1996 The American Physical Society
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sition and in between the peaks! by the PTBCM indicates
that the KCA was suppressing the nuclear interior as well
the surface contributions to the matrix element. Peak to v
ley ratio, however, is seen to increase with incident energy
both treatments of the DWIA calculations. This is to be e
pected from the prevailing wisdom that with increased in
dent energy the filling up of the dip in thel Þ 0 distributions
should be less.

The distorted wave calculations using KCA and PTBC
formalisms are compared with the experimental data at 1
99, and 77 MeV in Figs. 2~a,b,c!, respectively. The calcu-
lated results, however, are normalized to the experimen
data so as to match the cross sections for the higher en
E1 peak of the spectrum. A closer look at the energy shar
data on the reaction indicates that the ratio of the cross s
tions of peak to dip increases as one goes down in ene
from 119 to 77 MeV. This means that distortion effects e
fectively decrease as one goes from higher energy to lo
energy because the dip filling is more in the higher ene
data. Besides this the humps on either side of the dip ten
broaden as one goes to higher energies. Both of these ob
vations go against the common understanding~viz. an in-
crease of the asymptotic energy relative to the depth of
optical potential should lead to reduced distortions in t
wave function!. The distorting optical potentials are know
to fudge the scattering wave function. The higher moment

FIG. 1. Comparison of the DWIA calculations using PTBCM
~——! and KCA~- - - -! formalisms for the7Li( a,2a)3H at ~a! 119
MeV, ~b! 99 MeV, and~c! 77 MeV incident energy.
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region gets more contribution from the nuclear interi
whose attenuation should lead to a sharper spectrum. To
certain this, an improved treatment of the nuclear surface
interior is thus warranted through the PTBCM formalism.
has been seen earlier that with reasonable bounda-t inter-
cluster wave function (Rrms

a2t.2.4 fm! while the PWIA over-
predicts the absolute cross section , the DWIA-KCA unde
predicts it drastically~by factors of;5 – 8! @9#. With this
a-t bound intercluster wave function the ratio of the peak
dip cross sections are well described by the DWIA-KCA
the three incident energies but the wings of the distributio

FIG. 2. ~a! Comparison of the DWIA calculations at 119 MeV
normalized at the higherE1 peak with the7Li ~a,2a!3H data @13#
using PTBCM~——! and KCA~- - - -! formalisms. The7Li inter-
cluster bound wave function used has a rms radius of 3.54 fm.~b!
Same as~a! except at 99 MeV.~c! Same as~a! except at 77 MeV.
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~the higher recoil momentum components! are overpredicted
indicative of higher absorption than theoritically predicted
On the other hand with a bound wave function havin
Rrms

a2t.3.54 fm one gets reasonable predictions of peak a
solute cross sections at the three energies@13#. Large dis-
agreement has, however, been noticed in the ratios of
peak to dip cross sections between predictions and obse
tions especially at lower energies.

It is seen from the figures that the normalization facto
do not differ significantly between KCA and PTBCM results
The normalization factors, however, differ slightly with th
incident energy~they are 0.74 for 77 MeV, 0.62 for 99 MeV,
and 0.98 for 119 MeV!. The reason for the slightly higher
normalization constants at 77 and 119 MeV may be due
the increaseda-a reaction cross section around these ene
gies @14#. The larger reaction cross section takes away t
flux from the freea-a elastic channel and hence it reduce
a-a scattering cross section leading to lower7Li ~a,2a!3H
cross section in the impulse approximation. The opening
of the reaction channels is apparently modified in the o
shell effects present in the (a,2a) reactions.

Regarding the shape of the distribution it is seen that b
cause of the sharper distribution of PTBCM as compared
KCA, the former is much closer to the experimental resul
In fact the 119 MeV spectrum using PTBCM fits the data f
better than the corresponding KCA distribution. For 99 Me
spectrum~where the two predictions differ less! one notices
the PTBCM prediction to be much closer to the data than t
KCA prediction, even though the error bars on the data a
smaller. The dip is, however, slightly more filled up than i
the 119 MeV prediction. On the other hand, for the lowe
energy~77 MeV! spectrum one sees that the distribution o
the observed data is much sharper than the predictions of
two formalisms. The PTBCM prediction is somewha
sharper than the KCA , but the dip at the zero recoil mome
tum is drastically filled up in both the formalisms. Although
the deeper dip in the experimental data at 77 MeV indica
a smaller optical distortion effect, the use of unusually larg
radius fora-t binding potential is necessitated so that larg
absolute cross sections are predicted. However, even the
of a larger radius for the bound state potential does not co
strain the result of higher cross sections at large recoil m
menta.

In the detailed analysis of knockout reactions, the loca
ization of the overlap function indicates that the differenc
between the low and high recoil momentum componen
comes mainly from the reduction of contribution from th
extreme surface region.~See Fig. 2 of Ref.@15# and Fig. 1 of
Ref. @16#.! Whenever the optical distortions are large, th
DWIA predictions for l 50 knockout spectra are normally
sharper whereasl Þ0 are invariably broad. This feature may
be understood in terms of the localization of the contrib
tions to the matrix element. Thel 50 wave function nor-
mally has a peak aroundR50 whereas the wave function
vanishes at this point forl Þ0. Contributions to the matrix
element in the case ofl 50, both from the nuclear interior as
well as the exterior regions therefore add on to give the la
est value at around the zero recoil momentum position. It
seen in the localization analyses of knockout reactions tha
one approaches higher recoil momenta, the contribution
reduced mostly from the exterior region. The use of unre
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istic distorting optical potentials introduces some imbalanc
between external and internal contributions to the knocko
reaction overlap function. Forl 50 knockout the prediction
of a sharper distribution compared to the experimental da
indicates that there is too much reduction~in the overlap
function! as one approaches higher recoil momenta. It is we
known that the extreme surface region essentially gets co
tributions from large partial waves which are primarily un-
distorted plane wave component of the scattering states. O
can therefore visualize that the internal contribution is re
duced greatly because of the optical distortions. Thus a re
tively large contribution to the overlap function is cut off in
going to higher recoil momenta resulting in a sharper corre
lation spectrum.

Applying the same logic to thel Þ 0 knockout spectrum
it is well known that the minimum close to the zero recoi
momentum position arises from the cancellation of the sca
tering state parts of the wave functions@in the plane wave
casej lÞ0(0)50] so as to yield a smaller value of the over-
lap function. The interplay of the optical distortions will lead
to inadequate cancellations and hence a higher value of t
scattering state part leading to the filling of the dip close t
the zero recoil momentum position. Moreover, the peak
close to and on either side of theQW 50 position will corre-
spond to rising contributions from the external region of th
bound wave function. Beyond the peak, however, there is
decline in the external contributions to the overlap functio
as the bound wave function itself starts declining inwards s
as to go through the node~see Fig. 4 of Ref.@13#!. For a
compact bound wave function, however, the node is muc
deeper inside the nuclear surface and hence the peak posit
occurs at a larger recoil momentum . With increasingQW not
only is there a decline in the surface contributions but ther
is an increasing internal contribution of the opposite sign
For strong optical distortion the internal contribution of the
opposite sign is suppressed and hence a higher cross sec
is predicted. If, however, the optical distortions were weak
sharper decline on the sides of the peaks would result. T
observation of sharp peaks compared to DWIA predictions
the l 51 spectra therefore requires a weaker optical disto
tion. The disagreement between DWIA predictions in shap
as well as in magnitude with the experimental data is thu
understandable forl 50 as well asl Þ0. Though the two
look different, both indicate weaker optical distortions than
present in the corresponding two-body optical scattering r
sults.

Lack of detailed structure in thel 50 knockout spectrum
does not allow one to obtain much information from the
DWIA analysis. These analyses yield large clustering prob
abilities and rather sharp spectra. However, for thel Þ0
spectrum~having a dip at the zero recoil momentum posi
tion! the filling up of the dip is a measure of the influence o
the distorting optical potentials. The data on7Li ~a,2a!3H
reaction at 77, 99, and 119 MeV, surprisingly, shows mor
filling up of the dip and broadening of the humps at highe
energies. Therefore, an improved treatment of optical disto
tions was required through the peripheral three-body co
pling model ~PTBCM! of DWIA. The PTBCM treats the
nuclear surface and interior contributions to the transitio
matrix element more accurately than the conventional kine
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matic coupling approximation~KCA!. The PTBCM formal-
ism gives somewhat sharper distributions as compared to
KCA, thus fitting the data better. However, for a better fit t
the data both the formalisms require weaker optical disto
tions than are available from the optical model analyses
two body scattering. This conclusion from DWIA analyses o
the
o
r-
of
f

coplanar cluster knockout data about reduction in optical di
tortions therefore supports the analyses of noncoplanar r
sults in Refs.@11# and @12#.
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