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Deuteron breakup at extreme forward angles:
Failure of a pure Coulomb dissociation description
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~Received 19 May 1995!

We present an analysis of recent measurement of the 56 MeV deuteron breakup data on12C, 40Ca, and
208Pb targets taken by Okamuraet al.. The cross section measured atup5un50° was claimed to be a strong
evidence of Coulomb breakup, especially in light nuclei. However, the single-step pure Coulomb brea
formalism fails to describe both the magnitude and the shape of the triple differential cross section even in
nuclei. At 56 MeV incident deuteron energy, the nuclear interference effect is found to be significant in all
above nuclei. The prior form distorted-wave Born-approximation calculations with unusual optical potent
in the exit channel can reproduce the highly asymmetric shapes of the triple differential cross section a
extreme forward angle, but, fail to give their exact magnitude. The possible role of multistep processe
discussed.@S0556-2813~96!01205-8#

PACS number~s!: 25.70.Mn, 24.10.Eq, 24.50.1g
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I. INTRODUCTION

In recent years Coulomb dissociation@1–3# of both stable
and exotic nuclei@4–7# with incident energies above th
Coulomb barrier has opened up a vast area of research i
so-called ‘‘low energy’’ domain of nuclear physics. The di
sociation of an energetic projectile in the intense Coulo
field of a target nucleus is an inverse process to capture
action and it can provide important insight into the nucle
synthesis in the early Universe@8, 9#. However, a persisten
problem in this quest remains in the identification of t
angular region where the nuclear breakup effect can be
nored in comparison to the dominant Coulomb dissociati
Due to the short range nature of the nuclear field one usu
expects less and less nuclear contribution at larger im
parameters. On the other hand, the infinite range Coulo
field of the target nucleus, although it diminishes in stren
with increasing impact parameter (l ), can cause significan
dissociation of the projectile at largel without causing large
angular deflection of the fragments. The breakup cross
tion at very small angle is therefore expected to be do
nated by the Coulomb dissociation. However, nuclear in
ference effects, target-fragment final state interaction~FSI!
as well as recombination of the fragments with small relat
energy might cause significant changes in the expected C
lomb breakup cross section.

In the early 1980’s thed→p1n breakup data on severa
targets provided excellent testing ground for various av
able theories of breakup@10–12#. The post form distorted-
wave Born-approximation~DWBA! theory @10#, although
generally successful for low relative angles of fragmen
uses a zero-range approximation, completely neglects th
nal state interaction and treats Coulomb breakup insu
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ciently. The prior form DWBA theory@11# on the other hand
includes final state interaction between the breakup fra
ments to all orders and encompasses the full finite ran
effects correctly. Also, the prior form DWBA theory treats
nuclear and Coulomb breakup on the same footing and w
found to be quite successful for the 56 MeVd→p1n
breakup except at equal-angle angle pairs where a large ov
prediction by the theory neccesitated an arbitrary renorm
ization of the calculated results to fit the data@12#. Iseri
et al. @13, 14# demonstrated the importance of multistep pro
cesses in breakup and a rigorous coupled-channel calcula
with continuum-continuum coupling reasonably reproduce
the magnitude of the above data. However, the Coulom
breakup was not incorporated in their work. Later on Auste
suggested that the effects of multistep processes can be si
lated through an unusual optical potential at the exit chann
@15#.

Recently, for the first time, the 56 MeVd→p1n breakup
data have been obtained atuL5up5un50° for 12C, 40Ca,
90Zr, and 208Pb targets@1#. These newly obtained data show
a very interesting feature. With the lightest target12C, the
uL50° data exhibit the characteristic double-peaked stru
ture of the Coulomb dissociation not observed in the earli
larger angle data. The observed structure of energy shar
spectra atuL50° is highly asymmetric and varies in shape
with the targetZ-value. The two-peaked feature observe
with theZ56 (12C! target reduces to almost one peak as th
Z value increases toZ582 (208Pb! @1#. This immediately
raises the question whether this asymmetry results from pu
Coulomb dissociation or from Coulomb plus other process
mentioned earlier causing piling up of the protons at th
higher energy side.

To appreciate the effects of the multistep processes
uL50° one would need a coupled discretized continuu
channels~CDCC! calculation in which the Coulomb effects
are properly incorporated. Unfortunately, no such calculatio
2287 © 1996 The American Physical Society
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2288 53SAMANTA, MUKHERJEE, KANUNGO, AND BASU
is available so far. To test the extent of validity of the on
step pure Coulomb dissociation description of theuL50°
data we have carried out an extensive study of the 56 M
d→p1n breakup with 12C, 40Ca, and208Pb targets in the
framework of the prior form DWBA theory.

A brief description of the theory is given in Sec. II t
discuss its inherent limitations when applied to this wo
The details of the analysis and the possible implications
the results are given in Secs. III and IV, respectively.

II. FORMALISM

The Hamiltonian for the elastic breakup process

a~5b1x!1A→a*1A→b1x1A ~1!

can be written as

H5HA1Hb1Hx1Tb1Tx1UbA~rWbA!1VbA~rWbA!

1UxA~rWxA!1VxA~rWxA!1Ubx~rWbx!1Vbx~rWbx!, ~2!

whereHA ,Hb ,Hx are the internal Hamiltonians ofA, b, and
x. The Tb andTx denote the kinetic energies of fragmen
b and x of massmb and mx , respectively,UbA ,UxA the
nuclear interaction potentials of the breakup fragments w
the targetA, and Ubx is the nuclear interaction potentia
which bindsb andx in the projectilea with a ground state
wave functionfa(rW). The V’s are the respective Coulom
interaction potentials.

The prior form theory of breakup@11# includes the final
state interaction between the broken up fragmentsb andx to
all orders by virtue of the explicit use of the continuum rel
tive wave function. TheT matrix in the prior form can be
written as@15#

T prior5^xa*
~2 !

~Kf
W ,RW )fa*

~2 !
~kW ,rW !uUbA~r bA!1UxA~r xA!

1VbA~r bA!1VxA~r xA!2UaA~r aA!

2VaA~r aA!uC~1 !~Ki
W ,rW,RW !&. ~3!

Here the target nucleus is assumed to be at rest at the or
so that the usual coordinates areRW 5rWaA
5(mbrWbA1mxrWxA)/(mb1mx),rW5rWbx5rWbA2rWxA , fa*

(2)(kW ,rW)

is the b1x final state wave function. Thexa
(1) and xa*

(2)

describe the motion of the center of mass ofb and x with
momentaKi andKf at the entrance and exit channels, r
spectively.

The full wave functionC (1) can be explained as

C~1 !5faxa
~1 !1E dk8fk8

~1 !xk8
~1 ! . ~4!

The DWBA expression of theT matrix in the prior form is
obtained by taking only the first term of~4! and is written as

T DWBA
prior 5^xa*

~2 !
~Kf
W ,RW )fa*

~2 !
~kW ,rW !uUbA~r bA!1UxA~r xA!

1VbA~r bA!1VxA~r xA!2UaA~r aA!

2VaA~r aA!ufa~rW !xa
~1 !~Ki

W ,RW )&. ~5!
-

eV
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-
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Austern pointed out in@15# that one needs to choose a prope
exit channel potential to minimize the effect of replacin
C (1)(KW i ,rW,RW ) by fa(rW)xa

(1)(Ki
W ,RW ) in ~5! and the potential

UaA1VaA , determined by the continuum-continuum cou
pling term of the three-body model~as is indeed appropriate
for an optical interaction in a three-body continuum!, is quite
different from usual optical model potential.

An alternative prior formT matrix @16# with a different
choice of product wave functions in the exit channel is

T 5E xb
~2 !* ~rWbA!xx

~2 !* ~rWxA!@UbA~r bA!1UxA~r xA!

1VbA~r bA!1VxA~r xA!2UaA~r aA!2VaA~r aA!#

3fa~rWbx!xa
~1 !~rWaA!drWaAdrWbx , ~6!

whereU ’s are the nuclear potentials andV’s are the Cou-
lomb potentials andxb andxx are the scattering wave func-
tions governed by the potentialsUbA(r bA)1VbA(r bA) and
UxA(r xA)1VxA(r xA), respectively. Thefa(r bx) is the
ground state wave function of the projectile andxa is the
incoming wave function distorted by the potentia
UaA(r aA)1VaA(r aA). This form is equivalent to the so-
called post form DWBAT matrix @15#. The aboveT matrix
can be rewritten as

T 5^xb
~2 !~rWbA!xx

~2 !~rWxA!uUbA~rWbA!1VbA~rWbA!

3ufa~rWbx!xa
~1 !~rWaA!&1^xb

~2 !~rWbA!xx
~2 !~rWxA!u

3UxA~rWxA!1VxA~rWxA!ufa~rWbx!xa
~1 !~rWaA!&

2^„xb
~2 !~rWbA!xx

~2 !~rWxA!ufa~rWbx!…uUaA~rWaA!

1VaA~rWaA!uxa
~1 !~rWaA!& ~7!

5T b1T x2T a. ~8!

HereT b andT x represent the ‘‘shearing’’ due to the inter-
action ofb andx with the target, respectively. TheT a term
can be interpreted to provide the ‘‘recombination’’ a
(xb

(2)xx
(2)ufa) gives the projectile component of the fina

state wave function,xb
(2)xx

(2) .
In the prior form DWBA prescription of Rybicki and

Austern@11# the final state is taken asxa*
(2)fa* , wherefa*

is a continuum state of the projectile, and the recombinatio
term becomes identically zero due to the orthogonality
fa andfa* @15#.

From an inspection of Eq.~3! we find that ford→p1n
breakup, the interaction potential in the form factor shou
be written as

U int5~Up1Un2Ud!1~Vp2Vd!, ~9!

whereas, in the prior form DWBA theory used by us

U int5Up1Un1Vp ~10!

and theT matrix is

T DWBA
prior 5^xd*

~2 !fd*
~2 !uUp1Un1Vpufdxd

~1 !&. ~11!
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53 2289DEUTERON BREAKUP AT EXTREME FORWARD ANGLES: . . .
Here, as explained earlier, the deuteron interaction part v
ishes as the outgoing deuteron wave functionfd* has no
ground state component and the continuum statesfd* are
orthogonal tofd .

III. ANALYSIS

In this work we present the analysis of the 56 Me
d→p1n breakup data of Okamuraet al. @1# with 12C,
40Ca, and208Pb targets. We used a modified version of t
code of Goto@17, 18# which computes breakup cross sectio
in the framework of the prior form DWBA theory of Rybick
and Austern@11#. In the ensuing calculations contribution
from the maximuml values up tolmax5145 and integration
up toRmax5150 fm are considered. In the following subse
tions analyses of the (d,pn) reaction with three different
targets 12C, 40Ca and 208Pb are presented separately. It
pertinent to note here that, even in our pure Coulo
breakup calculations, both nuclear and Coulomb distort
waves have been utilized whereas, in the earlier calcula
of Okamuraet al. the distortion effects due to nuclear inte
action between the target and the nucleons were negle
@1#.

A. 12C „d,pn…

The 12C(d,pn) reaction data were taken a
uL5up5un50° – 55° and it was suggested by Okamu
et al. @1# that the data aboveuL;15° is strongly nuclear
dominated. We studied the relative importance of t
Coulomb and nuclear contributions at uL

50°,2°,4°,6°,10°,15°,25°, and 35° and found that Co
lomb part is usually smaller than the nuclear one excep
uL50° where the double-peaked Coulomb structure p
dominates~Fig. 1!. Nevertheless, the Coulomb nuclear inte
ference plays an important role at all forward angles inclu
ing zero.

In our earlier work@18#, we also found an overprediction
at uL515° and 0° when the usual optical potentials we
used~Table I!. Through a thorough parametric search it w
found @18# that in order to get the best fit to both the sha
and the magnitude of the energy sharing distribution data
uL515°, the real part of the exit channel nuclear poten
had to be reduced from 65 MeV to 48 MeV.

The effect of variation of the energy integrated cross s
tion (d2s/dVpdVn) with the exit channel potential,Vex
~real part only!, was systematically studied a
uL50°,6°,8°,10°,15°, and 25°~Fig. 2!. At uL50°,6°,8°,
and 25° this variation has similar nature and the value
d2s/dVpdVn at Vex50 MeV is less than that atVex565
MeV. Interestingly, the nature of the above curve is tota
opposite atuL510° and 15° indicating a strong sensitivity o
the present calculation to the exit channel potential near
region. The momentum transfer~i.e., the momentum differ-
ence between the incomingd and the scatteredd* ) at
uL515° is around 117 MeV/c. In the 56 MeV 12C(d,pn)
reaction data a sudden drop in energy integrated cross
tion was found below this angle@1#. Incidentally, also in the
(6Li,ad) breakup experimental data a similar dip in th
cross section was found below this same momentum tran
value@19–23#. The similarity between these two entirely di
n-
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ferent systems is intriguing and might be a reflection of the
basicS-wave structure of the bound state wave function a
well as their similar and small binding energies. This aspec
needs further exploration with other loosely bound nuclei.

The variation of energy sharing spectra
(d3s/dVpdVndEp) with different exit channel potentials
for uL50°,6°,10°,15°,25° are shown in Fig. 3. At
uL515° the shape and magnitude of the energy sharin
spectra are found to be quite sensitive to the exit chann
potential whereas their effects are less drastic atuL50°.

We carried out the calculation of12C(d,pn) reaction at
uL515° withVex548 MeV and 20 MeV separately, both of
which yield approximately the same value of
d2s/dVpdVn . The latter one produces an energy sharin
distribution entirely different from the experimental data
both in shape and in magnitude~Fig. 4!. This observation
proves that it is essential to have the energy sharing dist
bution data to accurately determine the exit channel potent
and the energy integrated data alone is not sufficient for th
purpose.

At uL50° our pure Coulomb breakup calculation with
full nuclear plus Coulomb distorted-waves at the entranc
and the exit channels significantly overpredicts the dat
Moreover it fails to reproduce the pronounced asymmetr
structure of the energy sharing data~Fig. 5!. This overpre-
diction cannot be alleviated even if we reduce the exit cha
nel potential to 0.0 MeV. Although the addition of the
nuclear part in the form factor gives the correct asymmetr
shape of the data, it largely overpredicts the overall magn
tude of the energy sharing distribution~Fig. 6!. This large

FIG. 1. Prior form DWBA calculations with the usual optical
potentials~Table I! showing the relative contributions of the nuclear
and Coulomb breakup in the energy sharing spectra of the 56 Me
12C(d,pn) reaction at differentup5un . The solid lines represent
calculations with only nuclear breakup and dashed lines repres
with only Coulomb breakup calculations.
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TABLE I. Optical potential parameters.

Elab V0 r 0 a0 Wv WD r I aI r c Ref.
Reaction ~MeV! ~MeV! ~fm! ~fm! ~MeV! ~MeV! ~fm! ~fm! ~fm!

d112C 56 65.0 1.17 0.81 3.67 10.0 1.325 0.690 1.30@12#
p112C 28 53.29 1.124 0.57 - 8.05 1.124 0.5 1.30@12#
n112C 28 52.25 1.124 0.57 - 8.05 1.124 0.5 1.30@12#
d140Ca 56 75.5 1.20 0.769 2.45 9.77 1.32 0.785 1.30@25#
p140Ca 27.4 50.59 1.152 0.692 2.02 7.81 1.152 0.549 1.30@26#
n140Ca 27.4 50.59 1.152 0.692 2.02 7.81 1.152 0.549 1.30@26#
d1208Pb 52 79.8 1.25 0.66 12.0 - 1.25 1.0 1.30 @27#
p1208Pb 30 56.12 1.16 0.75 6.51 4.04 1.37 0.63 1.30@28#
n1208Pb 30 69.55 1.16 0.77 4.50 3.5 1.58 0.51 1.30@28#
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overprediction is sustained even if the exit channel poten
is reduced to zero. In our earlier work@18# we did a search
on the exit channel parametersV0(5Vex),r 0 ,a0 and found
that the use of an unusually long range optical potential w
reduced strength (V0555 MeV, r 054 fm, a054 fm! gives a
closer fit to the data. Nevertheless, there remains some s
for improvement.

A possible source of discrepancy might be the form fac
used in the calculation where we used the on-shellp112C
andn112C scattering potentials. The actual off-shell pote
tials could be different from the above values both in sha
and in magnitude. In fact, in the 156 MeV6Li→a1d
breakup reaction studies with208Pb target, it was found tha
much shallower and spatially more extended transition
tentials approximately reproduced the energy sharing d
taken at wider angles@24#. In those calculations the Coulom
breakup part was neglected as it was expected to be s
due to the large relative momenta between the fragme
detected at wide angles. However, in the case of
d→p1n breakup reaction atuL50° the Coulomb breakup

FIG. 2. Variation of energy integrated cross section withVex for
the 56 MeV 12C(d,pn) reaction at differentup5un .
tial

ith

ope

or

n-
pe

o-
ata

all
nts
he

is the most important ingredient and cannot be neglecte
Interestingly, for the deuteron breakup the scattering cro
section is found to be more sensitive to the variation of th
strength of both the nuclear and the Coulomb transition p
tentials than the geometrical parameters and the large ov
predictions can be adjusted by reducing only the depth of t
transition potentials. Therefore, we multiplied the transitio
potentials by arbitrary reduction factors and adjusted the
values to reproduce the data. We call the reduction factors
the nuclear and Coulomb transition potentialsBn and Bc ,
respectively. The possible implications of these reductio
factors will be discussed in the next section.

At uL515°, the energy sharing data can be reasonab
reproduced both by the usual optical potential (Vex565
MeV! with Bn5Bc50.67 and by the unusual optical poten-
tial (Vex548 MeV! with Bn5Bc51, the latter producing a

FIG. 3. Variation of energy sharing spectra with different exi
channel potentials for the 56 MeV12C(d,pn) reaction at different
up5un . The solid, dashed, and dotted curves represent calculatio
with Vex 5 65 MeV, 48 MeV, and 0 MeV, respectively.



d

il-
xact
of

r

s

-

s

a

53 2291DEUTERON BREAKUP AT EXTREME FORWARD ANGLES: . . .
slightly better fit to the experimental data~Fig. 4!. Calcula-
tions with the reduction factorsBn50.6, Bc50.5, and
Vex50.0 MeV, andBn5Bc51 andVex520 MeV also repro-
duce the energy integrated cross section but they fail to
scribe the energy sharing data and therefore discarded.

In contrast to theuL515° data, foruL50°, no variation
of Vex with Bn5Bc51 reproduces the magnitude of eithe
the energy sharing data or the energy integrated data.
excellent fit to theuL50° data is obtained usingBn50.3 and

FIG. 4. Energy sharing spectra for the 56 MeV12C(d,pn) re-
action atup5un515°. The dashed line shows the results of th
usual optical potentials~unnormalized!. The dash-double-dotted,
dotted, and dash-dotted lines are withVex50, 20, and 48 MeV
~unusual optical potentials!, respectively. The solid line represent
calculations with usual optical potentials butBn5Bc50.67.

FIG. 5. Energy sharing spectra for12C(d,pn) reaction at
up5un50°. The solid~dashed! line shows Coulomb breakup con
tribution forVex50 MeV (Vex565 MeV!. The dotted~dash-dotted!
line shows the nuclear breakup contribution forVex50 MeV
(Vex565 MeV!.
e-

r
An

Bc50.5 withVd
exit50.0 MeV only ~Fig. 7!.

At uL56°, Bn50.3 andBc50.3 withVd
exit50.0 MeV ap-

proximately reproduce the absolute magnitude of the ava
able energy integrated data but, as explained above, the e
values ofBn andBc , cannot be ascertained in the absence
the energy sharing data.

In summary, theuL515° data can be reproduced eithe
by an unusual optical potential (Vex548 MeV! or by using

e

FIG. 6. Energy sharing spectra for the12C(d,pn) reaction at
up5un50° and full nuclear plus Coulomb breakup calculation
with different exit channel potentials. The solid line is withV ex 50
MeV, the dashed and dash-dotted lines are withVex565 and 48
MeV, respectively. All results are shown after multiplying by
factor 0.2.

FIG. 7. Energy sharing spectra for the 56 MeV12C(d,pn) re-
action atup5un50°. The solid line is withBn50.3,Bc50.5, and
Vex 50 MeV. The dashed~dotted! line is for Bn50.3,Bc50, i.e.,
nuclear only (Bn50, Bc50.5, i.e., Coulomb only!.
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reduction factorsBn5Bc50.67 in the both nuclear and Cou
lomb transition potentials, the first choice being somew
better. ForuL50° the unusual potential as low asVex50
MeV fails to reproduce the low cross section data and ad
tional reduction factors (Bn50.3,Bc5 0.5! are needed to fit
the data. The Coulomb nuclear interference effect is foun
be significant at all the forward angles including zero.

B. 40Ca„d,pn…

The (d,pn) data with 40Ca target also show a double
peaked structure with pronounced asymmetry. Table I c
tains the optical potential parameters for thed140Ca scatter-
ing at 56 MeV and thep140Ca andn140Ca scattering at 28
MeV used in this analysis. With these parameters the p
Coulomb breakup calculations fail to reproduce both
shape and the magnitude of the triple differential cross s
tion data. However, the pure Coulomb result dominates
pure nuclear one. Consideration of Coulomb plus nucl
breakup delineates some asymmetry but highly overpred
the observed data. The Coulomb and nuclear plus Coulo
breakup calculations are shown in Fig. 8 both reduced b
factor of 4.

The magnitude and the shape of the triple differen
cross section was found to be sensitive to the exit chan
potential and after a systematic search a closer fit to the
could be obtained withV0570 MeV, r 052 fm, and
a050.769 fm. However, unlike the case of the12C target,
here we had to use a further reduction factor of 3 to ge
comparable magnitude~Fig. 9!.

Alternatively, the correct magnitude could be reproduc
by using the reduction factorsBn50.4,Bc50.6 in the form
factors along with the unusual optical potential at the e
channel~Fig. 10!.

It is pertinent to note that in the case of12C, at uL50°,
we got the best fit withBn50.3, Bc5 0.5, andVex5 0.0
MeV without changing the geometry parameters of the e

FIG. 8. Energy sharing spectra for the40Ca(d,pn) reaction at
up5un50° and calculations with usual optical potentials. The so
~dashed! line shows results with full nuclear plus Coulomb~Cou-
lomb only! contributions shown multiplied by a factor of 1/4. Th
dotted line shows the result of nuclear breakup only.
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channel potential. This approach is found to be nonappli
cable in the case of40Ca where in addition toBn50.4,
Bc50.6 and an unusually lowVex570 MeV, the geometry
parameters of the exit channel potential also need to be a
tered in order to get the best fit to the data.

C. 208Pb„d,pn…

The 208Pb(d,pn) breakup data atuL50° show an ex-
tremly interesting feature where the expected double-peake

lid

e

FIG. 9. Energy sharing spectra for the40Ca(d,pn) reaction at
up5un50°. The solid line shows full nuclear plus Coulomb
breakup results with unusual optical potentials. The dotted~dashed!
line shows nuclear~Coulomb! contributions separately. The full
nuclear plus Coulomb calculations are shown multiplied by a facto
of 1/3 and the pure Coulomb part is shown multiplied by a factor of
1/2.

FIG. 10. Energy sharing spectra for the40Ca(d,pn) reaction at
up5un50°. The solid line corresponds to nuclear plus Coulomb
breakup calculations withBn50.4, Bc50.6 and the same unusual
optical potentials as in Fig. 9.
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53 2293DEUTERON BREAKUP AT EXTREME FORWARD ANGLES: . . .
structure of Coulomb dissociation vanishes and a promin
single peak is seen at higher proton energy.

From the pure Coulomb breakup calculation we find th
instead of producing a single peak it generates the expec
double-peaked structure~Fig. 11!. This large deviation is
somewhat puzzling as one expects the Coulomb breakup
scription to be more valid with the208Pb (Z582! target than
the 12C (Z56! target.

Interestingly, the nuclear breakup part here dominates
Coulomb breakup~Fig. 11! a feature not observed in the
deuteron breakup atuL50° with 12C and40Ca targets. Cou-
lomb nuclear interference also does not reproduce the sin
peaked structure and it highly overpredicts the overall ma
nitude of the energy sharing data~Fig. 11!. The optical
potential parameters are given in Table I.

The single-peaked structure can be reproduced by the
of unusual optical potential parameters (V0570 MeV,
r 051.5 fm, a051.0 fm! at the exit channel when both
nuclear and Coulomb breakup are considered. This resu
shown multiplied by a factor 0.1 in Fig. 12. Interestingly, th
pure Coulomb calculations with the unusual optical potent
fails to give the single-peaked structure. This indicates t
importance of the Coulomb nuclear interference in208 Pb.
However, the exact magnitude of the data can be reprodu
after an appropriate normalization factor is used in the Co
lomb plus nuclear calculations. This renormalization can a
be simulated by the reduction factorsBn50.3,Bc50.3 in the
transition potentials~Fig. 13!.

IV. CONCLUDING REMARKS

In this work a detailed analysis of the 56 MeV deutero
breakup data of Okamuraet al. @1# with 12C, 40Ca, and
208Pb targets in the framework of the prior form DWBA

FIG. 11. Energy sharing spectra for208Pb(d,pn) reaction at
up5un50° and calculations with usual optical potentials. The sol
line ~dashed/dotted! shows results with full nuclear plus Coulomb
~Coulomb only/nuclear only! contributions.
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FIG. 12. Energy sharing spectra for the208Pb(d,pn) reaction at
up5un50°. The solid line shows full nuclear plus Coulom
breakup result~normalized by a factor of 0.1! with an unusual op-
tical potential. The dotted~dashed! line shows nuclear~Coulomb!
contributions separately. The dominating nuclear part is shown
duced by a factor of 10.

FIG. 13. Energy sharing spectra for the208Pb(d,pn) reaction at
up5un50°. The solid line shows nuclear plus Coulomb break
results withBn5Bc50.3 and the same unusual optical potential
Fig. 12.
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theory is presented with both usual and unusual optical
tentials at the exit channel. The unusual optical potentia
essentially the effective distorting potential for the broken-
deuteron in the exit channel which is related to t
continuum-continuum coupling. The pure Coulomb break
calculations both with usual and unusual optical potentials
the exit channel fail to describe the data. The addition o
nuclear breakup part in conjunction with the usual optic
potentials at both entrance and exit channels also fail to
produce the asymmetric structure of theup5un50° data.
An unusual optical potential at the exit channel along w
reduction factors in the nuclear~real part only! and Coulomb
transition potentials explain the data. For40Ca and208Pb the
exit channel potentials are found to be highly deformed
shape while for12C only a reduced strength exit chann
potential needs to be considered. For an accurate determ
tion of the exit channel potential, the energy integrated cr
section is found to be inadequate and the necessity of
energy sharing spectrum is established.

The reduction factors of the transition potentials might
simulating the off-shell effect of the fragment-target intera
tion for which we used the on-shell potentials. It was point
out by Heideet al. @24# that the exactT matrix for the
breakup in the prior form DWBA can be written as

T 5^xa*
~2 !fk

~2 !u~UbA1UxA2UaA!Vuxa
~1 !fa&, ~12!

whereUaA is the exit channel distortion potential generatin
xa andV is similar to the Moeller’s operator defined by

C~1 !5Vxa
~1 !fa . ~13!

If the breakup channel coupling effect is large,V will be
different from unity. This of course is in addition to th
inadequecy of the used breakup model itself, and to the
that the scattering potential is in general nonlocal which
different from the local on-shell scattering potential. In th
work, the fragments are on the same side of the beam
equal angles with small realtive breakup energies for wh
the coupling effects are expected to be large. The unu
optical potential at the exit channel may not be sufficient
simulate this large coupling effect atuL50°. This inad-
equecy might be reflected in the additional requirement
the reduction factorsBn andBc .

It is pertinent to note that in the prior form DWBA theor
the outgoing deuteron wave function does not contain
ground state component which would be important if t
recombination of p1n→d takes place. For deutero
breakup, Koike discussed the effect of the FSI in the qua
free scattering~QFS! region to explain the supression of th
QFS peaks at forward angles in the three-body model@29#.
He gave the theoretical explanation of the effect of the FS
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the QFS region on thea1d→a1n1p reaction spectra and
his idea is partly confirmed by the2H(a,ap)n data@30# at
Ea5140 MeV. In thed1d→d1n1p system, a similar su-
pression of the QFS peak was reported by Kluget al. @31#.
The deuteron wave function has a large span in radial sp
owing to its small binding energy. Therefore, the recombin
tion might occur due to strong attractive force between t
fragments when their relative energy (e) is small. At large
impact parameter, the recombination effect due to attract
nuclear force between the fragments might dominate ov
the disruptive but weak breakup force. Therefore,
uL50° the FSI between the fragments~going in the same
direction with low relative energies! may induce ‘‘recombi-
nation’’ which could contribute in the reduction of the
breakup cross section. The present analysis with the sing
step DWBA formalism can only point out these possibilitie
but it cannot prove such a FSI conclusively as the recom
nation effect is not incorporated in the present formalism.

We would like to stress here that we do not claim that o
calculated cross sections with the normalization factorsBn
andBc provide the exact theoretical interpretation of the r
action mechanism. But, the requirement of the normalizati
factors,Bn andBc , strongly points at the existence of a larg
reduction of breakup cross sections at the extreme forw
angle, indicating the presence of an additional reacti
mechanism. This reduction cannot be reproduced by
single-step DWBA theory even with unusual optical pote
tials in the exit channel, although, this last prescription@15#
does explain the data at angles beyond a certain critical m
mentum transfer~;117 MeV/c). This aspect possibly needs
to be considered in all the Coulomb dissociation calculatio
as it might affect the extraction of the astrophysicalS factors.
For a proper understanding of the actual reaction mec
nisms, a full three-body theory with multistep processes
needed.

In conclusion, we find that atuL50°, as suggested by
Okamuraet al., @1# the Coulomb dissociation indeed domi
nates thed→p1n breakup reaction in the case of12C and
40Ca targets while, for the heavier208Pb target, the nuclear
breakup is the dominant one. Nevertheless, the Coulo
nuclear interference cannot be ignored even in12C or 40Ca
target. In the context of Coulomb dissociation measuremen
the failure of the one-step pure Coulomb breakup formalis
at 56 MeV incident deuteron energy is an important findin
which suggests that the Coulomb dissociation of deutero
should be explored in other energy domains for its fruitf
utilizations in astrophysics.
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