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Mechanism of the forward-angle„d,pn… reaction at intermediate energies
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The elastic breakup of the deuteron has been measured in a kinematical condition ofup5un50° at Ed

5140 MeV and 270 MeV on seven targets ranging fromZ56 to 82. A double-peaked structure with its
minimum atEp.En is observed for all the measured triple-differential cross sections, which indicates a large
contribution from Coulomb breakup. While a symmetric shape is expected for anE1 transition, the observed
proton-energy distribution is asymmetric, showing considerable dependence on both the target and the incident
energy. These data and previous data at 56 MeV have been analyzed using the post-form of the distorted-wave
Born approximation~DWBA! theory. Although the calculations account reasonably well for the asymmetric
shape, by including the nuclear potential, they consistently overestimate the magnitudes of the cross sections
over the whole measured region. Limitations of the post-form DWBA are discussed.@S0556-2813~98!03910-7#

PACS number~s!: 24.10.2i, 24.50.1g, 25.45.De
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I. INTRODUCTION

The breakup of unstable nuclei by the Coulomb inter
tion has recently attracted attention due to their astrophys
interest@1#. In order to extract relevant capture cross sectio
several reaction problems must be clarified. Particular un
tainties are the contributions from nuclear breakup and
‘‘post-acceleration’’ effect arising from the different Cou
lomb potentials between the ejectiles and target. Various
oretical models, such as the semiclassical coupled-chan
approach@2,3#, the direct numerical integration of the time
dependent Schro¨dinger equation@4,5#, the sudden approxi
mation @6#, the post-formalism of the distorted-wave Bo
approximation~DWBA! @7#, and most recently a three-bod
adiabatic formulation@11#, have been proposed for treatin
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such problems. The low intensity currently available for u
stable nuclei, however, leads to limited data having la
uncertainties which effectively hampers the challenge
these theoretical descriptions.

The study may be efficiently pursued by using light-io
primary beams. Because of its small breakup-energy and
dominance of theS wave in the ground state, the deutero
can be considered as the simplest example of an ‘‘exot
nucleus. There is no ambiguity in the projectile wave fun
tion and the absence of resonances certifies the d
breakup mechanism. Besides, the post-acceleration effe
strongly enhanced in deuteron breakup where the entire
jectile charge is carried by one of the ejectiles having o
half of the total mass.

Although the breakup of the deuteron has been the sub
of extensive investigations, few data exist which manifest
Coulomb breakup, particularly at energies above the C
lomb barrier. In our previous study at 56 MeV@8#, a strong
indication of Coulomb breakup was first observed atup
5un50°, yet a considerable influence of distortion was su
gested at the same time. Measurements at intermediate
gies (Ed.100 MeV), where the distortion becomes small
are highly desirable, but have never been done becaus
cilities capable of providing such a beam were rare u
recently. In this paper, data for the elastic breakup of 140
270 MeV deuterons atup5un50° are presented and ana
lyzed along with the data at 56 MeV. The implications
these previous data are discussed by some authors, but
qualitatively @9# or even misleadingly@10#. It is also an ob-
ject of this paper to present a rigorous calculation includin
way to make a comparison with the data.

The experimental procedure and results are given in S
II and III, respectively. The analysis based on the post-fo
DWBA and its possible implications are given in Secs.
and V, respectively. A part of the data has been presen
elsewhere@11# together with an analysis based on the n

ty,
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PRC 58 2181MECHANISM OF THE FORWARD-ANGLE(d,pn). . .
FIG. 1. Schematic view of the experimental setup. Protons are detected at the first focal plane of the spectrograph SMART, m
most of its large momentum acceptance. Trajectories of protons, as well as the deuteron beam which has twice the magnetic rigid
of protons, are also shown.
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approach to the Coulomb breakup process. As stated th
that method is not immediately applicable to the treatmen
nuclear breakup. In the present analysis, the nuclear inte
tion is treated on the same footing as the Coulomb inte
tion but employing the conventional zero-range DWBA.

II. EXPERIMENTAL PROCEDURE

The (d,pn) elastic breakup reaction, which leaves the t
get nucleus in its ground state, has been measured a
RIKEN Accelerator Research Facility in a kinematical co
dition of up5un50°. Deuteron beams of 140 MeV and 27
MeV, provided by the ring cyclotron, were used to bomba
the targets 12C, 28Si, 40Ca, 90Zr, 118Sn, 165Ho, and 208Pb,
which were all self-supporting foils of natural or isotopical
enriched elements. Protons emitted were momentum
lyzed by using the spectrograph SMART@12# and measured
by a pair of multiwire drift chambers followed by a plast
scintillator hodoscope equipped at the first focal plane~Fig.
1!. Details of the charged-particle detection system, as w
as the properties of the spectrograph, can be found elsew
@13#. Neutrons were detected by two~six! sets of NE213
liquid scintillation counters at a distance of 12 m~22 m!
from the target for the 140 MeV~270 MeV! incident energy.
Backgroundg and cosmic rays were eliminated by using t
pulse-shape discrimination method. Charged particles w
rejected by thin plastic scintillation counters placed in fro
of the neutron counters. The neutron energy was determ
by the time-of-flight method. The resolution of the total e
ergy Ep1En was 2.5 MeV @full width at half maximum
~FWHM!# or better depending on the target. Typical coin
dence energy spectra are shown in Fig. 2. The solid angle
the neutron and proton detectors, which are shown to h
importance in Sec. IV, are listed in Table I.

The incident beam, having twice the magnetic rigidity
that of the protons measured, was stopped inside the di
magnet of the spectrograph~Fig. 1!. The yoke of the dipole
magnet thus served as a shield, allowing the low-backgro
measurement. It should be noted that the situation is v
different for measurements at angles other than zero deg
where the incident beam has to be stopped inside the sca
ing chamber and it is then difficult to shield the backgrou
re,
f
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neutrons produced near the target. Only very limited d
have been obtained at larger angles in the present ex
ment. The beam intensity was kept weak, typically 0.01–
nA, to make the accidental coincidence background reas

FIG. 2. ~a! Two-dimensional and~b! summed energy spectra o
the coincidence protons and neutrons from the deuteron breaku
the 12C target at 270 MeV. The effects of accidental coinciden
are corrected for.
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2182 PRC 58H. OKAMURA et al.
ably small. The contribution from the electric dark current
the beam stopper, which was not negligible compared w
the beam intensity, was eliminated by using a moni
counter.

The neutron detection efficiency was calibrated using
7Li( p,n)7Be@g.s.10.43 MeV# reaction @14# at Ep
570 MeV and 135 MeV@Fig. 3~a!#. The proton beam was
obtained by accelerating H2

1 , the singly charged hydroge
molecule, with the same cyclotron field as that for the d
teron in order to minimize the time lag between the calib
tion and the breakup measurement. The energy depend
of the detection efficiency was extrapolated by using
Monte Carlo calculation@15# which, as shown in Fig. 3~b!, is
almost flat in the region relevant to the present measurem
The optics property of the spectrograph was also studied
using protons elastically scattered from a gold target. T
systematic error, including those arising from uncertaint
of the beam intensity and the target thickness, is estimate
be 30%.

Because of the lack of available optical potentials,
elastic scattering was also measured at 140 MeV
12C, 40Ca, and 208Pb targets at the second focal plane
SMART where a better momentum and angular resolutio
achieved. Details of the measurement of elastic scatte
will be described elsewhere.

III. RESULTS

The measured triple-differential cross sections atup5un
50° are presented in Figs. 4 and 5 forEd5140 MeV and
270 MeV, respectively, plotted as a function of the detec

TABLE I. Solid angles of the neutron and proton detectors.

Ed ~MeV! DVn ~msr!a DVp ~mrad2)

140 0.45 603120
270 0.48 603120
56b 0.88 75375

aCircular shape.
bTaken from Ref.@8#.

FIG. 3. ~a! Typical angular distribution of the
7Li( p,n)7Be@g.s.10.43 MeV# reaction obtained by using 270 MeV
H2

1 . It is normalized to the Fourier-Bessel representation given
Ref. @14# ~solid curve! for calibrating the neutron detection effi
ciency.~b! The energy dependence of the detection efficiency
culated by a Monte Carlo code@15# for the neutron counters used i
the present experiment.
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proton energy. Because of the difficulty described in the p
vious section, the data at larger angles have been obta
only on the 12C target at 270 MeV forup

L5un
L which are

shown in Fig. 6. All the cross sections are presented in
laboratory frame. The errors shown in figures are the sta
tical ones only.

A common feature of the proton-energy spectra atu
50° is a double-peaked structure with its minimum atEp

. 1
2 Ed . They are significantly different from the bell-shape

spectra shown in the lower panels of Fig. 6 and usually
served at backward angles. The shape of the spectru
symmetric for light targets at 270 MeV but becomes asy
metric, showing an enhancement of the higher-proton-ene
peak, as the target mass increases. The degree of asym
becomes even larger at lower incident energies. For the
at 56 MeV, which were obtained previously@8# and are
shown in Fig. 7, the data reduce to almost a single peak
208Pb.

n

l-

FIG. 4. Triple-differential cross sections for the elastic break
of 140-MeV deuterons atup5un50° on the12C, 28Si, 40Ca, 90Zr,
118Sn, 165Ho, and 208Pb targets. The results of the post-for
DWBA calculation using the potential sets A~solid curves! and B
~dot-dashed curves! in Table II are presented but commonly mult
plied by a factor of 0.5. The result of the pure-Coulomb calculat
is also shown~dashed curves! without any normalization. The cal
culated cross sections are averaged over the solid angles o
detectors. See text for details.
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PRC 58 2183MECHANISM OF THE FORWARD-ANGLE(d,pn). . .
The gross evolution of the cross sections is illustrated
Fig. 8~a! where the energy-integrated double-different
cross section is shown for each incident energy, plotted
function of the atomic numberZ of the target. The data a
270 MeV are on a straight line~on a logarithmic scale! close
to Z2 and therefore indicate the dominance of Coulom
breakup. As the incident energy goes down, however,
cross section tends to be suppressed for heavy targets, re
ing in the characteristic behavior at 56 MeV where the ma
mum is observed atZ.20. A strong influence on the dis
torted waves is suggested by thisZ dependence as well as th
asymmetric shape of the spectrum.

IV. ANALYSIS

As discussed in a previous study@8#, the origin of the
double peak is readily understood on the basis of the p
formalism of the DWBA, theT matrix of which is expressed
as @16#

Tprior5^cd*
~2 !xd* A

~2 ! uVpA1VnA2VdAufd xdA
~1 !& , ~1!

wherefd andcd* denote the bound and scattering states
the p-n system, respectively, andViA and x iA denote the
potential and the distorted wave between the particlei and
the target, respectively. For pure-Coulomb breakup,

FIG. 5. Same as Fig. 4 but forEd5270 MeV. The potential sets
in Table III are used for calculations.
n
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VpA1VnA2VdA→Ze2(r pA
212r dA

21), and using an explicit
representation of thep-n wave functions,

fd5(
j

cje
2a j r pn/r pn , cd*

~1!
5eikpn•rpn ,

wherekpn is thep-n relative momentum,Tprior is reduced to

Tprior
E1 5(

j

i4pZe2cj

~a j1kpn
2 !2 K xd* A

~2 ! U kpn•rdA

r dA
3 UxdA

~1 !L , ~2!

if the dipole approximation is well fulfilled. Since Eq.~2!
becomes zero atkpn50 whereEp5En. 1

2 Ed , the double
peak observed in the experimental spectra also strongly
gests the dominance of the Coulomb breakup.

Tprior
E1 gives only symmetric spectra. The asymmet

shape can arise from interference with nuclear breakup
from the higher-order effects~than E1) of the unbalanced
Coulomb potentials in the final state. These however
treated only perturbatively in Eq.~1! and, in addition, there is
no way to describexd* A properly @17#. The prior-form
DWBA is likely to be a poor approximation, although th
rapid convergence with respect top-n partial waves makes i
attractive for numerical evaluations.

The post-form DWBA, on the other hand, should descr
the asymmetric shape better if it is mainly caused by
unbalanced Coulomb distortions, which are properly trea
in the T matrix @16#:

Tpost5^xpA
~2 !xnB

~2 !uVpn1VnA2VnBufd xdA
~1 !& , ~3!

FIG. 6. Triple-differential cross sections for th
12C(d,pn)12Cg.s. reaction at Ed5270 MeV and at up

L5un
L

50°, 4°, 7°, and 10°. The meanings of the solid and das
curves are the same as those in Fig. 5.
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2184 PRC 58H. OKAMURA et al.
whereB denotes thep1A system. Since quantities appea
ing in Eq. ~3! are determined less ambiguously than those
Tprior , Tpost is expected to be a good approximation also
the treatment of nuclear potentials. In this paper, an anal
based on the post-form DWBA is presented and compa
with the new data and the previous data at 56 MeV@8#.
Details of the calculation, including a useful technique wh
led us to employ this approximation for the present case,
described in the Appendix. It is worth noting that the pres
calculation is a conventional one, treating the nuclear in
action on the same footing as the Coulomb interaction,

FIG. 7. Same as Fig. 4 but forEd556 MeV and on the12C,
40Ca, 90Zr, and208Pb targets~taken from Ref.@8#!. The calculations
using the potential sets A~solid curves! and B~dot-dashed curves!
in Table IV are presented multiplied by the factors shown in
figure.
n
r
is
d

re
t
r-
d

differs distinctly from the method of Ref.@7# where the ef-
fects of nuclear interactions are incorporated using a diffr
tion dissociation theory.

The distorted wave is produced by an optical poten
with the standard form

V~r !52VRf ~r R ,aR ;r !2 iWVf ~r I ,aI ;r !

1 i4aIWD

d

dr
f ~r I ,aI ;r !1VCoulomb,

where

f ~r i ,ai ;r !5F11expS r 2r iA
1/3

ai
D G21

.

The parameters used in the calculations at 140 MeV,
MeV, and 56 MeV are listed in Tables II, III, and IV, respe
tively. The Coulomb radiusr C is fixed as 1.3 fm. Since cal
culations have to be made over a wide range of proton
neutron energies, energy-dependent global parametriza
are employed for the available cases. At intermediate e
gies, the deuteron optical potentials are available only
very limited cases. All the parameters used in the pres
analysis are deduced from the measurements at RIKEN.
ure 9 shows the deuteron elastic scattering at 140 MeV w
the optical-model fits obtained using the codeECIS79 @28#.
The 270 MeV data are taken from Refs.@21,22#. As well as
these experimentally obtained potentials, those deduced f
nucleon optical potentials, according to the method
Johnson and Soper@18#, are used for comparison as well a
to see the systematic dependence on the target. These p
tials are referred to as sets A and B in Tables II–IV. Pu
Coulomb calculations given by Eq.~A2! are also presented
to clarify the effect of the nuclear potentials.

The triple-differential cross section is obtained by

d3s

dVp
LdVn

LdEp
L

5
2pmdA

\2kdA

uTu2r ,

wherer is the phase-space distribution with respect toVp
L ,

Vn
L , andEp

L @29#. In the following, the experimental data ar
compared with the averaged cross section,

e

e
g the

ation.
FIG. 8. Dependence of the energy-integrated cross section on the atomic numberZ of the target~a! for the present data along with th
previous ones@8# and ~b! for the corresponding post-form DWBA calculations. The pure-Coulomb calculation and the one usin
potential deduced by the Johnson-Soper method@18# are presented by the open and solid symbols, respectively, without any normaliz
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TABLE II. Optical-potential parameters used for the analysis of 140-MeV data.

Set VR r R aR WV WD r I aI Ref.
~MeV! ~fm! ~fm! ~MeV! ~MeV! ~fm! ~fm!

12C d A 49.39 1.23 0.77 5.73 3.70 1.45 0.48 a

d B 54.80 1.29 0.70 6.99 3.85 1.48 0.60 b

p,n 25.39 1.244 0.712 2.84 2.32 1.469 0.39 @19#
28Si d A 76.23 1.10 0.80 14.41 5.89 1.28 0.58 a

p,n 38.63 1.116 0.739 7.18 3.46 1.288 0.507 @19#
40Ca d A 71.38 1.17 0.75 12.55 6.53 1.20 0.75 a

d B 36.17 1.38 0.79 1.07 9.46 0.97 0.94 b

p,n 35.83 1.18 0.69 6.23 3.61 1.21 0.69 @20#
90Zr d A 77.10 1.19 0.75 11.76 8.52 1.23 0.76 a

p,n 38.56 1.20 0.69 5.87 4.65 1.24 0.69 @20#
118Sn d A 79.27 1.20 0.75 11.41 9.35 1.24 0.76 a

p,n 39.63 1.20 0.69 5.70 5.09 1.24 0.69 @20#
165Ho d A 81.88 1.20 0.75 10.84 10.27 1.25 0.76 a

p,n 40.93 1.21 0.69 5.42 5.59 1.25 0.69 @20#
208Pb d A 83.85 1.21 0.75 10.38 10.96 1.25 0.76 a

d B 60.56 1.20 0.85 20.99 1.92 1.16 1.25 b

p,n 41.91 1.21 0.69 5.19 5.97 1.26 0.69 @20#

aDeduced from nucleon optical potentials according to Ref.@18#.
bObtained in the present analysis~Fig. 9!.

TABLE III. Same as Table II but for 270 MeV.E5laboratory energy andWD50.

Set VR r R aR WV r I aI Ref.
~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm!

12C d A 20.1 1.43 0.74 53.9 0.87 0.73 @21#

d B 25.5 1.37 0.59 45.1 0.84 0.73 a

p,n 12.84 1.40 0.515 25.4 0.805 0.71 @23#
28Si d A 23.3 1.25 0.80 54.14 0.93 0.98 @22#

d B 24.8 1.37 0.63 32.2 1.04 0.80 a

p,n 12.40 1.39 0.55 16.4 1.05 0.75 @23#
40Ca d A 28.8 1.37 0.79 27.9 1.18 0.74 @21#

d B 42.7 1.25 0.78 17.5 1.31 0.72 a

p,n 105.5 1.125 0.675 b 1.65 0.32 @24#

217.14 lnE 10.001E 10.00031E 20.0024E 10.0025E
90Zr d A 32.4 1.35 0.74 31.4 1.22 0.73 @21#

d B 46.5 1.25 0.78 17.5 1.32 0.72 a

p,n 107.3 c 0.675 b 1.65 0.32 @24#

217.14 lnE 10.00031E 20.0024E 10.0025E
118Sn d B 47.8 1.25 0.78 17.5 1.32 0.72 a

p,n 108.0 b 0.675 b 1.65 0.32 @24#

217.14 lnE 10.00031E 20.0024E 10.0025E
165Ho d B 49.0 1.25 0.78 17.5 1.32 0.72 a

p,n 108.6 c 0.675 b 1.65 0.32 @24#

217.14 lnE 10.00031E 20.0024E 10.0025E
208Pb d A 22.6 1.35 0.75 13.7 1.28 0.66 @21#

d B 49.4 1.25 0.78 17.5 1.32 0.72 a

p,n 109.0 c 0.675 b 1.65 0.32 @24#

217.14 lnE 10.00031E 20.0024E 10.0025E

aDeduced from nucleon optical potentials according to Ref.@18#.
b6.612.7331022(E280)13.8731026(E280)3.
cmin(1.255, 1.12510.001E).
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TABLE IV. Same as Table II but for 56 MeV.E5laboratory energy.

Set VR r R aR WV WD r I aI Ref.
~MeV! ~fm! ~fm! ~MeV! ~MeV! ~fm! ~fm!

12C d A 79.79 1.12 0.742 0.0 11.55 1.23 0.666 @25#

d B 103.62 1.10 0.637 1.28 13.33 1.11 0.579 a

p,n 61.05 1.15 0.57 b 9.60 1.15 0.50 @26#

20.277E 20.001E 20.055E 20.001E
40Ca d A 75.47 1.20 0.769 2.452 9.775 1.32 0.783 @25#

d B 94.19 1.16 0.810 8.08 9.43 1.27 0.631 a

p 56.34 1.17 0.75 22.7 11.8 1.32 0.51 @27#

20.32E 10.22E 20.25E
n 56.30 1.17 0.75 21.56 13.0 1.26 0.58 @27#

20.32E 10.22E 20.25E
90Zr d A 89.16 1.11 0.816 5.034 8.289 1.36 0.786 @25#

d B 95.89 1.16 0.810 8.03 9.45 1.29 0.668 a

p 60.24 1.17 0.75 22.7 13.1 1.32 0.588 @27#

20.32E 10.22E 20.25E
n 53.63 1.17 0.75 21.56 11.67 1.26 0.58 @27#

20.32E 10.22E 20.25E
208Pb d A 88.60 1.17 0.768 4.201 10.30 1.27 0.891 @25#

d B 97.94 1.16 0.808 8.01 9.41 1.29 0.720 a

p 64.61 1.17 0.75 22.7 14.4 1.32 0.658 @27#

20.32E 10.22E 20.25E
n 51.22 1.17 0.75 21.56 10.46 1.26 0.58 @27#

20.32E 10.22E 20.25E

aDeduced from nucleon optical potentials according to Ref.@18#.
bmax„0, min(7.5, 1.06E237.6)….
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dVp
LdVn

LdEp
L L 5

1

DVpDVn

3E
DVpDVn

dVp
LdVn

L d 3scalc

dVp
LdVn

LdEp
L

,

where the integration is carried out over the solid angles
the proton (DVp) and neutron (DVn) detectors~Table I!.
SinceDVn is small, an integration only onDVp gives an

FIG. 9. Angular distributions and the optical-model fits for t
elastic scattering cross section at 140 MeV on the12C, 40Ca, and
208Pb targets.
f

almost identical result. The average must be taken beca
the calculated angular distribution near 0° is extremely st
and exhibits complex behavior. For example, Fig. 10 sho
the dependence of the triple-differential cross section on
proton angleup

L for several targets at 140 MeV with th
neutron angle fixed at 0°. It is remarkable that the maxim
point of the cross section moves fromu50° for heavy tar-
gets. As the proton detector coversup

L up to 3.5° around 0°,
the averaged cross section is likely to be different in mag
tude as well as in shape from the one calculated exactl
0°. The situation is essentially the same for the pu
Coulomb calculation. It is worth noting that, while it has n
been studied in the present experiment due to the lack
resolution, a detailed angular distribution was reported fr
IUCF on carbon and copper targets atEd5260 MeV @30#
where, without using a spectrograph, a good angular res
tion was achieved but at the sacrifice of the energy res
tion.

The results of calculations are shown in Figs. 4–8 and
Except for Fig. 8~b!, the solid and dot-dashed curves repr
sent the calculations using the potential sets A and B for
corresponding tables, respectively, multiplied by the fact
indicated in the figures~mostly 0.5!. The dashed curves rep
resent the pure-Coulomb calculations without normalizati
In Fig. 8~b! the calculations with and without nuclear pote
tials are presented by solid and open symbols, respective
should be noted that the averaged cross section has mod
target dependence in spite of its complicated angular dis
bution as a consequence of the specific choice of the dete
solid angles.
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Considering the systematic uncertainty of the experime
the magnitudes of the cross sections are reasonably we
produced by the pure-Coulomb calculations, except for
208Pb target at 56 MeV~Fig. 7! and for the backward angle
~Figs. 6 and 11! where the nuclear interaction is likely t
have a larger contribution. Concerning the shape of
proton-energy spectra, however, the agreement is ra
poor. Although the double peak is produced atu50° for all
targets and incident energies, the lower-energy peak in
spectrum tends to be overestimated. The discrepancy
comes significant, particularly for light targets~Figs. 4, 5,
and 7!.

By including the nuclear potentials, the lower-ener
peak is relatively suppressed and also the minimum of
double peak tends to be filled, resulting in improved agr

FIG. 10. Calculated triple-differential cross sections atEd

5140 MeV for the40Ca, 165Ho, and208Pb targets plotted as a func
tion of the proton angleup

L . The neutron angle is fixed atun50°
and the potential set A in Table IV is used.
t,
re-
e

e
er

he
e-

e
-

ment with the data. The spectrum shape is remarkably w
reproduced for heavy targets at 140 and 270 MeV and
40Ca at 56 MeV~Figs. 4, 5, and 7!. However, the magnitude
of the cross section is consistently overestimated and a
twice as large as the data. The difference between the ca
lations using the deuteron optical potential and the one
duced by the Johnson-Soper method@18# is generally small
both in shape and in magnitude. A distinct change betw
the 40Ca and28Si targets at 270 MeV@Figs. 5 and 8~b!# can
be attributed to the difference in the nucleon optical pot
tials between the energy-dependent global parametriza
for A>40 @24# and the parameters atEp5156 MeV @23#
used forA,40.

Unfortunately angular distributions are available only f
the 12C target where the present approximation is expec
to be invalid~cf. the Appendix!. Nevertheless, the increasin
contribution from nuclear breakup at backward angles
worth noting. At Ed5270 MeV, while the pure-Coulomb
calculation severely underestimates the cross section
angles other than 0°, the one including nuclear potent
gives better agreement with the data, not only for the m
nitude of the cross section, but also for the broad bell sh
of the spectra atuL57° and 10°~Fig. 6!. The spectrum at
uL54°, where the nuclear breakup contribution is of t
same order as the Coulomb breakup, thus producing a c
plicated interference effect, is poorly reproduced. It sho
be noted that, althoughkpn can be close to zero in the geom
etry of up

L5un
L , the post-form pure-Coulomb calculatio

gives bell-shaped distributions atuL other than 0°~dashed
curves in Fig. 6! unlike the simpleE1 transition@Eq. ~2!#
which gives a double-peaked distribution at any angles.
Ed556 MeV, the diffractive angular distribution is fairly
well reproduced by including the nuclear potentials, althou
the magnitude is consistently overestimated~Fig. 11!.

FIG. 11. Angular distribution of the energy-integrated cross s
tion for the 12C(d,pn)12Cg.s. reaction atEd556 MeV ~taken from
Refs.@8,31#!. The results of the calculation using the potential se
in Table IV multiplied by a factor of 0.5 and of the pure-Coulom
calculation are presented by the solid and dashed curves, res
tively. The calculated cross sections are averaged over the s
angles of the detectors.
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V. DISCUSSION

Considering the remarkable success of the post-fo
DWBA at backward angles and below 56 MeV~cf. Fig. 14
and Refs.@16,37#!, the present failure in reproducing th
magnitude of the cross section is surprising. As describe
the Appendix, the validity of the approximations,VnA
.VnB and Vpnfd.D0 d(r pn), introduced to the origina
form of Tpost @Eq. ~3!# is a point at issue. But they do no
necessarily deteriorate the description in the particular ge
etry of up5un50°.

The p-n final state interaction~FSI!, on the other hand
which is treated only perturbatively in the post-form DWBA
surely plays an important part at forward angles. It is m
clearly illustrated in the prior-form DWBA. In the limit of
the plane-wave approximation, Eq.~1! is reduced to

Tprior
PW 5^cd*

~2 !ueiq•rpn/2ufd&V̄~q!,

where V̄ denotes the Fourier transform ofVpA1VnA (VdA
does not contribute to the reaction! andq is the momentum
transfer. At forward angles whereq.0,Tprior

PW becomes close
to zero due to the orthogonality relation̂cd* ufd&50. In
other words, noting the decompositioncd*

(1)
5exp(ikpn•r pn)

1cFSI
(1) , the FSI amplitudêcFSI

(2)uVufd& destructively inter-
feres with the quasifree scattering~QFS! amplitude
^e2 ikpn•rpnuVufd&. Sincefd is mainly in the 3S1 state,cFSI
also mainly consists of theS wave. Accordingly the FSI
amplitude has a bell-shaped distribution and reduces
cross section across a broad range of the proton energy.
overestimate of the cross section in the present ana
therefore can be attributed to the improper treatment of
p-n FSI in the post-form DWBA. It should be noted th
cFSI hardly contributes to the Coulomb breakup which
primarily caused by the dipole excitation. This qualitative
explains the present situation where the pure-Coulomb
culation better reproduces the magnitude of the cross sec

As we employ the zero-range approximation, it is difficu
to incorporate thep-n FSI amplitude in the present calcula
tion. Besides the study of projectile dependence is practic
impossible because the projectile information is in princi
reduced to a factorD0 . Nevertheless, it is of great interest
see how the characteristic energy and target depend
presently observed will change, particularly for more loos
bound projectiles. The gross dependence on the proje
wave function will be illustrated hopefully by the prior-form
DWBA. A calculation using theE1 matrix element@Eq. ~2!#
which is readily evaluated by using Ehrenfest’s theorem@32#
has been carried out. The projectile is characterized by
binding energyed employing the Hulthe`n-type wave func-
tion fd(r )5N0(e2ar2e2br)/r , wherea5\21Ampned and
b56.39a. Figure 12 shows the energy and target dep
dence of the double-differential cross section, averaged o
the detector solid angles, for each binding energy of 0
2.22, and 20 MeV without any normalization. The result f
ed52.22 MeV qualitatively agrees with the post-form pur
Coulomb calculation@open symbols in Fig. 8~b!#, therefore
justifying our attempt. The cross section varies by seve
orders of magnitude depending oned but is not simply scaled
by the size of the projectile. The characteristic target dep
dence, where the cross section tends to be suppresse
m
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heavy targets depending strongly on the incident energy
found to be even more developed for a deeply bound pro
tile. The cross section for a very loosely bound projectile
the other hand becomes almost independent of the inci
energy, showing a target dependence very close toZ2. Con-
sequently the effect of distortion is likely to be less pr
nounced for halo nuclei but critically dependent on the p
jectile wave function.

VI. SUMMARY AND CONCLUSIONS

The elastic breakup of the deuteron has been studied
kinematically complete measurement atup5un50° andEd
5140 MeV and 270 MeV which, together with the previou
study at 56 MeV, provides rich information on the ener
dependence and the target dependence, ranging fromZ56 to
82. The magnitude of the cross sections varies almos
proportion toZ2 at 270 MeV, indicating the dominance o
Coulomb breakup, but tends to be suppressed for heavy
gets at lower energies. Likewise, the double-peaked pro
energy spectrum observed in the whole measured region
ports the dominance of Coulomb breakup, but becom
asymmetric with increasing target mass and/or decrea
incident energy, although a symmetric shape is expected
the E1 transition.

FIG. 12. Dependence of the energy-integrated cross sectio
the atomic numberZ of the target at incident energies of 56, 14
270, 500, and 1000 MeV for each binding energyed of 0.2, 2.22,
and 20 MeV calculated by the prior-form DWBA without any no
malization.
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Since these observations suggest distortion effects ha
large influence at low energies and for high-Z targets, post-
form DWBA calculations including nuclear potentials ha
been carried out. The calculated triple-differential cross s
tions are found to show very steep and complicated distr
tions at angles near 0°. It is thus crucial to average the c
section over the detector solid angles to make a compar
with the data. The observedZ dependence is not a simp
scaling due to the dominance of the Coulomb breakup, e
though it is close toZ2. The results of calculations includin
nuclear potentials reproduce the shape of the spectra rea
ably well but consistently overestimate the magnitudes of

FIG. 13. Amplitudes of the partialT matrices summed over th
deuteron partial waves plotted as a function ofl p and l n for the
118Sn(d,pn)118Sng.s. reaction at Ed556 MeV,up

L5115°,un
L

5215° ~opposite side of the proton in a coplanar geometry!, and
Ep

L530 MeV. ~a! TZR , ~b! TZR
pC , and ~c! TZR

diff correspond to Eqs
~A1!, ~A2!, and~A3!, respectively.
a

c-
u-
ss
on

n

on-
e

cross sections by a factor of about 2. The pure-Coulo
calculations better reproduce the magnitude but with poo
agreement in shape. This can be qualitatively understood
consequence of the improper treatment of thep-n FSI am-
plitude, the effect of which is enhanced at very forwa
angles. As we employ the zero-range approximation,
post-form DWBA is not able to predict the dependence
the projectile wave function, which instead has been d
cussed based on the prior-form DWBA.

In spite of its success at backward angles and lower e
gies, as well as of its proper treatment of the ejectile distor
waves, which are presumably essential for describing
asymmetric shape of the spectrum, the post-form DW
fails to fully reproduce the present data. Clearly the react
is caused mainly by the Coulomb interaction; still, a mo
advanced theory is needed to obtain its complete underst
ing. Various reaction problems, such as the post-accelera
effect and the contribution from nuclear breakup, which a
vital issues in the analysis of the breakup of halo nuc
show up in a clear-cut and enhanced way in the deute
breakup. The present data provide a means for clean
critical tests of models proposed for treating these proble
and will hopefully stimulate the development of such the
ries.
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APPENDIX

The post-form DWBA calculation has been carried o
following the method of Baur and Trautmann@16,33#. Equa-
tion ~3! is evaluated usually by introducing an approximati
VnA.VnB , which, however, will be invalid for light targets
besides, the optical potential on theunboundtargetB cannot
be deduced experimentally.

The resultantT matrix

Tpost.^xpA
~2 !xnB

~2 !uVpnufdxdA
~1 !&

is further approximated by introducing the zero-range
proximation to be

TZR5D0^x̃pA
~2 !~r ! x̃nB

~2 !~gr !uL~r ! x̃dA
~1 !~r !&, ~A1!

whereg5mA /mB , but including the finite-range correction

L~r !5F12
2mpn

\2
R2

„VpA~r !1VnB~gr !2VdA~r !2ed…G21

,

and the nonlocality corrections for optical potentials,
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FIG. 14. Energy-integrated cross sections, plotted as a function of the proton angleup
L , for the 56-MeV deuteron breakup from the12C,

51V, and 118Sn targets while the neutron angles are fixed atun
L515°, 17.5°, and 15°, respectively~taken from Ref.@36#!. The solid and

dashed curves are the results~without any normalization! of the post-form DWBA calculations with and without nuclear potentia
respectively.
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x̃ iA
~6 !~r !5x iA

~6 !~r !expFb i
2

8

2m iA

\2
ViA

N ~r !G .

The parametersD05124 MeV fm3/2, R50.667 fm, bp/n
50.85 fm, andbd50.54 fm are used in the present analys
The validity of the zero-range approximation, however, i
point at issue in the energy region above 100 MeV, wh
the wave numberkdA becomes larger than 3 fm21 andxdA
thus varies considerably within the range ofVpnfd which is
the order of 1 fm.

Numerical calculations ofTZR still have difficulties in the
slow convergence of radial integral, which is solved by t
Vincent-Fortune contour integration method@34#, and in the
long summation over partial waves, which is avoided by
troducing the pure-CoulombT matrix

TZR
pC5D0LC^xpA

C~2 !~r ! e2 igknB•ru xdA
C~1 !~r !& , ~A2!

where x iA
C(6) denotes the Coulomb distorted wave. T

finite-range correction is reduced to a factorLC(51.025)
and there is no nonlocality effect in this case.TZR

pC is readily
evaluated by using the analytical expression for the bre
strahlung matrix element@35#. The remaining part

TZR
diff5TZR2TZR

pC , ~A3!
ys
-

.
a
e

e

-

s-

which is evaluated by the partial-wave expansion of the d
torted waves, converges very rapidly with respect tol d , l p ,
and l n . As an example, partialT matrices for Eqs.~A1!–
~A3! summed overl d are shown in Fig. 13 as a function ofl p

and l n for the 118Sn(d,pn)118Sng.s. reaction at 56 MeV in a
kinematical condition indicated in the figure. The rapid co
vergence on the partial waves is a significant advantage
other theoretical treatments particularly for the cases wh
the Coulomb breakup becomes important. This powe
technique, however, can be applied only to a breakup re
tion with one of ejectiles having no charge. In the pres
analysis, partial waves have been summed up to 50, 70,
90 (5 l d

max5 l p
max5 l n

max) for 56-, 140-, and 270-MeV inciden
energies, respectively.

In order to recall the remarkable success of the post-fo
DWBA at backward angles and below 56 MeV, a compa
son of the data taken from Ref.@36# with the corresponding
calculations is shown in Fig. 14 without any normalizatio
Our calculation reproduces the data better than the pr
ously presented one in Ref.@37# for heavy targets, partly
because we summed up the partial waves up to 50 while
authors in Ref.@37# limited l n

max to be 20, which, as can b
seen from Fig. 13, is not sufficiently large for some kin
matical conditions.
ys.
@1# G. Baur and M. Weber, Nucl. Phys.A504, 352 ~1989!, and
references therein.

@2# L. F. Canto, R. Donangelo, A. Romanelli, and H. Schluz, Ph
Lett. B 318, 415~1993!; A. Romanelli, L. F. Canto, R. Donan
.

gelo, and P. Lotti, Nucl. Phys.A588, 71c ~1995!.
@3# C. A. Bertulani and F. Canto, Nucl. Phys.A539, 163 ~1992!.
@4# H. Esbensen, G. F. Bertsch, and C. A. Bertulani, Nucl. Ph

A581, 107 ~1995!.



H.
ys

nd

hy
r

tio
ibu

S
ka
i,

, T
T

.

hi

.

g,

l-

E.
C

o,
.

rg,
s.

o,
s.

C

PRC 58 2191MECHANISM OF THE FORWARD-ANGLE(d,pn). . .
@5# T. Kido, K. Yabana, and Y. Suzuki, Phys. Rev. C53, 2296
~1996!, and references therein.

@6# S. Typel, H. H. Wolter. and G. Baur, Nucl. Phys.A613, 147
~1997!, and references therein.

@7# P. Banerjee and R. Shyam, Nucl. Phys.A561, 112~1993!, and
references therein.

@8# H. Okamura, S. Hatori, N. Matsuoka, T. Noro, A. Okihana,
Sakai, H. M. Shimizu, K. Takeshita, and T. Yamaya, Ph
Lett. B 325, 308 ~1994!.

@9# L. F. Canto, R. Donangelo, A. Romanelli, M. S. Hussein, a
A. F. R. de Toledo Piza, Phys. Rev. C55, R750~1997!.

@10# C. Samanta, S. Mukherjee, R. Kanungo, and D. N. Basu, P
Rev. C53, 2287~1996!. @It is not clear that the average ove
the detector solid angles~Sec. IV! is carried out in their analy-
sis considering the extreme overestimate of the cross sec
This makes their conclusion on the nuclear-breakup contr
tion questionable.#

@11# J. A. Tostevin, S. Rugmai, R. C. Johnson, H. Okamura,
Ishida, N. Sakamoto, H. Otsu, T. Uesaka, T. Wakasa, H. Sa
T. Niizeki, H. Toyokawa, Y. Tajima, H. Ohnuma, M. Yoso
K. Hatanaka, and T. Ichihara, Phys. Lett. B424, 219~1998!; J.
A. Tostevin, S. Rugmai, and R. C. Johnson, Phys. Rev. C57,
3225 ~1998!.

@12# T. Ichiharaet al., Nucl. Phys.A569, 287c~1994!.
@13# H. Okamura, S. Ishida, N. Sakamoto, H. Otsu, T. Uesaka

Wakasa, Y. Satou, H. Sakai, T. Niizeki, H. Ohnuma, and
Ichihara, Nucl. Instrum. Methods Phys. Res. A406, 78 ~1998!.

@14# T. N. Taddeucciet al., Phys. Rev. C41, 2548~1990!.
@15# R. A. Cecil, B. D. Anderson, and R. Maddy, Nucl. Instrum

Methods161, 439 ~1979!.
@16# G. Baur and D. Trauttmann, Phys. Rep., Phys. Lett.25C, 1525

~1976!, and references therein.
@17# N. Austern, Phys. Rev. C30, 1130~1984!.
@18# R. C. Johnson and P. J. R. Soper, Phys. Rev. C1, 976 ~1970!.
@19# K. Hosono, M. Kondo, T. Saito, N. Matsuoka, S. Nagamac
.

s.

n.
-

.
i,

.
.

,

T. Noro, H. Shimizu, S. Kato, K. Okada, K. Ogino, and Y
Kadota, Nucl. Phys.A343, 234 ~1980!.

@20# R. L. Varner, W. J. Thompson, T. L. McAbee, E. J. Ludwi
and T. B. Clegg, Phys. Rep.201, 57 ~1991!.

@21# T. Ohnishiet al., RIKEN Accelerator Progress Report No.29,
1996, p. 56; Phys. Lett. B~to be published!.

@22# Y. Satou~private communication!.
@23# V. Comparat, R. Frascaria, N. Marty, M. Morlet, and A. Wi

lis, Nucl. Phys.A221, 403 ~1974!.
@24# P. Schwandt, H. O. Meyer, W. W. Jacobs, A. D. Bacher, S.

Vigdor, M. D. Kaitchuck, and T. R. Donoghue, Phys. Rev.
26, 55 ~1982!.

@25# N. Matsuoka, H. Sakai, T. Saito, K. Hosono, M. Kondo, H. It
K. Hatanaka, T. Ichihara, A. Okihana, K. Imai, and K
Nisimura, Nucl. Phys.A455, 413 ~1986!.

@26# B. A. Watson, P. P. Singh, and R. E. Segel, Phys. Rev.182,
977 ~1969!.

@27# F. D. Becchetti and G. W. Greenless, Phys. Rev.182, 1190
~1969!.

@28# J. Raynal, computer codeECIS79 ~unpublished!.
@29# G. G. Ohlsen, Nucl. Instrum. Methods37, 240 ~1965!.
@30# M. Spraker, B. Ni, J. M. Cameron, E. Jourdan, G. P. A. Be

D. W. Miller, and T. Rinckel, Nucl. Instrum. Methods Phy
Res. A394, 311 ~1997!.

@31# H. Okamuraet al., Phys. Lett. B227, 204 ~1989!.
@32# R. Gold and C. Wong, Phys. Rev.132, 2586~1963!.
@33# G. Baur, F. Ro¨sel, and D. Trautmann, Nucl. Phys.A265, 101

~1976!.
@34# C. M. Vincent and H. T. Fortune, Phys. Rev. C2, 782 ~1970!.
@35# A. Nordsieck, Phys. Rev.93, 785 ~1954!.
@36# N. Matsuoka, K. Hatanaka, T. Saito, T. Itahashi, K. Hoson

A. Shimizu, M. Kondo, F. Ohtani, and O. Cynshi, Nucl. Phy
A391, 357 ~1982!.

@37# G. Baur, R. Shyam, F. Ro¨sel, and D. Trautmann, Phys. Rev.
28, 946 ~1983!.


