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Higher-order and E2 effects in medium energy8B breakup

J. Mortimer, I. J. Thompson, and J. A. Tostevin
Department of Physics, School of Physics and Chemistry, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom

~Received 11 April 2002; published 20 June 2002!

Longitudinal momentum distributions of7Be fragments following the dissociation of8B on heavy, highly
charged target nuclei show forward-aft asymmetries, the result of interference of electric quadrupole (E2)
transitions with the dominantE1 excitation process. These asymmetries can therefore be used to gain insight
into theE2 contributions to the breakup process. To assess the sensitivity of theseE2 interference terms to the
assumed reaction mechanism, in particular, the role of higher-order coupling effects at medium energies,
coupled discretized continuum channels~CDCC! calculations are carried out for8B breakup at 44 and 81
MeV/nucleon on heavy targets. The effects of higher-order processes due to both Coulomb and nuclear
breakup mechanisms can be estimated. In line with earlier work we find that the asymmetries produced by the
calculations are reduced when including the higher-order couplings, reflecting an effective quenching of theE2
contributions. The full CDCC calculations show less asymmetry than the available experimental data, suggest-
ing that the structure or reaction model now contains insufficientE2 strength. This contrasts with the results of
lowest-order reaction theories that conclude that the8B modelE2 amplitudes are too large.

DOI: 10.1103/PhysRevC.65.064619 PACS number~s!: 24.10.Eq, 25.60.Gc, 25.70.De, 27.20.1n
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I. INTRODUCTION

The properties of light, weakly bound nuclei have be
studied in nuclear physics for a number of years. Of rec
interest is the Coulomb breakup of these nuclei, which
be used to gain information about the inverse capture re
tions that are important in nuclear astrophysics@1#. Charged
particle capture reactions at stellar temperatures have
small cross sections due to the Coulomb barrier, there
direct measurements of these cross sections are diffi
However, breakup reactions of light nuclei in the Coulom
field of a highZ nucleus have large cross sections at proj
tile incident energies of 10–100 MeV/nucleon. Measu
ments of the projectile fragments emerging at extremely
ward angles, and having experienced small momen
transfers, allow the interactions between the projectile fr
ments at low relative energies to be investigated.

An important proton capture reaction is7Be(p,g)8B. De-
termining its reaction rate at solar temperatures is relevan
the solar neutrino problem, as the neutrinos produced in8B
decay are the major contributor to the high energy neutr
flux from the Sun. Several attempts have been made to m
sure the7Be(p,g) cross section directly@2–9#, but at proton
energies considerably higher than those found at solar t
peratures, which are typically 15–20 keV. Analyses of th
data in terms of the astrophysicalS factor have then been
extrapolated to low energies to extract the zero energS
factor S17(0) @2,3#. Difficulties in measuring the captur
cross section, and uncertainties in the subsequent extra
tion, mean that the value ofS17(0) is still not known to
sufficient accuracy.

Indirect studies of the7Be(p,g) cross section have als
been made by performing Coulomb dominated8B breakup
experiments on heavy target nuclei such as Pb and Ag@10–
14#. However, a complication in the interpretation of8B
breakup measurements is that, as well as theE1 transitions
that completely dominate the capture process,E2 transitions
may also contribute to the breakup cross section.
0556-2813/2002/65~6!/064619~8!/$20.00 65 0646
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Theoretical predictions@15–18# have been made concern
ing the importance ofE2 transitions in8B Coulomb breakup
assuming different structure models. In these, the brea
differential cross sections were expressed as a function o~a!
the proton-7Be center of mass~c.m.! scattering angle, and
~b! their relative energy, in an attempt to reproduce the d
of Motobayashiet al. @10,11#. However, these observable
are not well suited to gauge theE2 strength since theirE1
and E2 contributions are incoherent. There have theref
been efforts to measure observables sensitive toE1/E2
interference.

In a series of recent experiments Davidset al. @13,14,19#
have measured the parallel momentum distributionsds/dpi
of the 7Be fragments produced in the breakup of8B on
heavy nuclei at 40–80 MeV/nucleon. These7Be fragment
parallel momentum distributions are a particularly sensit
indicator of competingE1 andE2 dominated breakup path
ways, showing strong interference effects even in lead
order @19,20#. Using first-order semiclassical~Coulomb ex-
citation! theory, theE2 amplitude from a simple single
particle 8B structure model@18,21# had to be reduced by a
factor of 0.7 in order to reproduce the measured interfere
in the 44.1-MeV data@13,19#. Higher-order effects were sug
gested as being the source of this reduction. This suppos
is supported also by earlier@18,22# time-dependent calcula
tions of the effects of higher-order coupling contributions,
8B1Au at 41 MeV/nucleon, and also by semiclassical c
culations@23# for a similar reaction. These showed a reduc
level of interference, i.e., an effective suppression ofE2
strength within that higher-order analysis. Such tim
dependent formulations of higher-order effects have been
fined considerably, meanwhile, using the efficiency
Lagrange mesh techniques@24#, although these have not ye
been applied to parallel momentum distribution calculatio
for the 8B system. This earlier work is sufficient to indica
that higher-order effects, and the assumed reaction me
nism may play a significant roˆle in the breakup process an
©2002 The American Physical Society19-1
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so needs to be considered carefully when assessing theE2
contribution to breakup.

Nuclear interaction induced breakup may also contrib
to the measured cross section. First-order Coulomb brea
calculations for the8B1Ag system at 44 MeV/nucleon@14#
fail to reproduce the widths of the measured parallel mom
tum distributions. It was suggested this may be due
nuclear contributions, which were not taken into accoun
that analysis, and which are also difficult to include to
orders in the time-dependent methods of Refs.@18,25#. De-
spite the peripheral nature of the reactions, selected by
detection of only those7Be fragments emerging at very fo
ward angles, nuclear interactions between the projectile
target are possible, due to the highly extended nature of
8B wave function.

We note also a recent coupled discretized continu
channels ~CDCC! study @26# of data for the 8B158Ni
breakup reaction at low energy, 26 MeV@27#. At this near
Coulomb barrier energy the roˆles of both the Coulomb and
nuclear interactions were strong, as were the effects ofE1,
E2, and E3 electric multipole transitions. These data i
cluded the7Be final state energy distributions measured
several laboratory angles which, like thepi distributions, are
strongly affected by interference between breakup pa
waves. The CDCC calculations were able to reproduce
full data set within the accuracy of the measurements
showed only very minor sensitivity to the parameters of
model, such as the proton-target potential. In particular,
adjustment of the structure modelEl strengths, to be dis
cussed here, were found to be necessary in that anal
Moreover, theE2 contributions were large.

In this paper we present the results of a CDCC coup
channels analysis of the breakup of8B on Pb and Ag targets
at 44 and 81 MeV/nucleon. The calculations include both
Coulomb and nuclear interactions of the projectile fragme
with the target as well as treating the8B excitations to all
orders. We highlight the importance of higher-order effe
in the breakup by comparison of the all-order CDCC resu
with first-order distorted waves Born approximatio
~DWBA! calculations. We also compare the calculatio
with the measured parallel momentum distributions
Davidset al. @14# in an attempt to clarify theE2 contribution
to the breakup cross section and its sensitivity to the assu
reaction model.

II. STRUCTURE MODELS

The ground state~g.s.! of 8B hasJp521, the dominant
configuration being a proton in a 0p3/2 orbit coupled to the
7Be(3/22, g.s.! core. Several single-particle structure mo
els have been proposed@16,18,28–32# based on one-body
potential models to bind8B. These are compared in Re
@33#. In the model of Esbensen and Bertsch@18# the potential
well depths in thep17Be(Jp) channels are also adjusted
reproduce the known 11 and 31 8B* resonances. Thes
modified depths act as an effective spin-dependent inte
tion with the 7Be core.

Here we will assume the simplest model of a purep3/2
valence proton orbital around a spectator core with
06461
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coupled spins and unit spectroscopic factor. In doing so
neglect~a! possible smallp1/2 proton configurations,~b! ex-
cited 7Be core components in the wave function, and~c! the
physical differences in the energies of the 21(g.s.) and 11

and 31 resonances. We believe that careful all-order cal
lations, even in this simple model space, are valuable to h
identify the disagreements, if any, of such a model with
available data.

Concerning the points above:~a! the microscopic shell
model calculates a@p3/23

7Be(g.s.)# spectroscopic factor
close to unity@34,35#. A very recent analysis of proton re
moval data from 8B, at energies between 142 MeV
nucleon–1.44 GeV/nucleon, is also consistent with a m
sured spectroscopic factor of one@36#. Calculations that trea
8B as a (a13He1p) three-body system, however, predict
significantly lower spectroscopic factor for this@p3/2
37Be(g.s.)# configuration, of order 0.7@37#. To examine the
possible influence ofp1/2 configurations in a single-particle
model, we compare in Fig. 1 theE1 andE2 strength distri-
butions for p3/2 ~solid line! and p1/2 ~dashed line! valence
proton orbitals. We find very little difference in the dipo
strength functions. A more noticeable difference is seen
the quadrupole strength function for the two configuratio
for relative energies from 0 to 2 MeV, but even here, beca
the p1/2 probability is small, the likely errors on the breaku
calculations are probably of order 1%.

~b! We neglect both dynamical excitation of7Be and any
7Be core excited component in the8B ground state. The
latter is quantified by a recent experiment at the GSI@38# that
measured a~1363!% branch from the7Be(1/22) excited
state following proton removal from the8B ground state by
a 12C target. This excited core component is neglected in
present breakup model.

~c! We neglect the splitting of the 21 and 11 states, and
so do not include the 11 ~0.6 MeV! resonance. This reso
nance produces only a very narrow peak in theM1 andE2
strength functions@18#, which are otherwise the same a
those of Fig. 1. At the beam energies of interest here theM1
transition is in any case very small~approximately 3%! com-
pared to theE1 andE2 transitions.

We conclude that our neglect of dynamical coupling to t
core degrees of freedom will induce small errors in break
observables for low and medium energy breakup exp

FIG. 1. Single-particle electric dipole~left! and quadrupole
~right! strength functions for Coulomb breakup of8B→7Be1p as a
function of relative energy of the fragments.
9-2
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HIGHER-ORDER ANDE2 EFFECTS IN MEDIUM . . . PHYSICAL REVIEW C 65 064619
ments. For the present we treat the core as a spectator i
breakup process. Accurate calculations within this mo
space, in comparison with data, can then be used to as
the likely importance of the approximations made.

In our spectator core model, the protonp3/2 initial state is
computed in a~trivially ! modified version of the Esbense
and Bertsch@18# model. A single spherical Woods-Saxo
plus spin-orbit potential, with geometry parametersr 0

51.25 fm, a50.52 fm, and Vso54.898 MeV, is used
throughout for the core-proton nuclear interaction in t
ground and all continuum states. A central well depthV0

544.97 MeV reproduces the correct proton g.s. separa
energy of 0.137 MeV.

III. COUPLED DISCRETIZED CONTINUUM CHANNELS
BREAKUP THEORY

In this section we outline the necessary CDCC formali
@39,40# for analyzing the parallel momentum distributions
the core fragments in8B elastic breakup. The CDCC calcu
lates an approximate description of the projection of the
many-body wave function onto the ground states of the
get and core nuclei. The target is assumed here to have
zero. The breakup is of a two-body projectilep (8B) with
chargeZp , massmp , incident on a target nucleus of charg
Zt , and massmt . The projectile consists of a core of ma
mc , chargeZc , and a valence proton of massmv .

The projectile interacts with the target through effecti

core- and valence proton-target tidal interactionsVct(RW c) and

Vvt(RW v) with RW c andRW v the core- and proton-target separ
tions. These potentials include both the nuclear and Coulo

interactions. We denote byRW the position of the c.m. of the

core and proton relative to the target and byrW the position of
the proton relative to the core.

The core particle in our spectator model can be assu
spinless, while the proton has spins(51/2) and projection
s. These particles are assumed structureless. The total a
lar momentum of the projectile ground state isI, with pro-
jectionM, in which the relative orbital angular momentum
the two constituents isl 0 and their separation energy
E0 (.0). The incident wave number of the projectile in th

c.m. frame of the projectile and target isKW 0 and the coordi-
natez axis is chosen in the incident beam direction.

The CDCC treatment now couples the incident projec
state (I ,M ), in all orders, to selected breakup configuratio
(I 8,M 8) of the core and proton, with relative orbital angul
momentuml. This continuum of breakup states, in each s
nificant spin-parity excitationI 8, is further grouped into a
numberN(I 8) of representative energy intervals or bins.
each bin i, representing states with wave numbers on
interval @ki 21→ki #, a square integrable bin statef̂a ,a
[@ i ,(ls)I 8# is constructed@26# as a weighted superpositio
of the scattering states in that interval. The bins in eachI 8
channel extend up to a maximum relative energyEmax. The
actual CDCC model space used is detailed in Sec. IV.
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A. Construction of continuum bin states

For each bin interval, with widthDki5@ki2ki 21#, the
representative bin state is, explicitly,

f̂a
M8~rW !5@Yl~ r̂ ! ^ Xs# I 8M8ua~r !/r . ~1!

The radial functionsua are square integrable superposition
with weight functionsga(k),

ua~r !5A 2

pNa
E

ki 21

ki
ga~k! f a~k,r !dk, ~2!

of the scattering statesf a(k,r ), eigenstates of thec1p rela-
tive motion HamiltonianHp . The normalization factor is
Na5*ki 21

ki uga(k)u2 dk. The f a are defined here such that, fo

r→`,

f a~k,r !→@cosda~k!Fl~kr !1sinda~k!Gl~kr !#, ~3!

wherek belongs to bina andFl andGl are the regular and
irregular partial wave Coulomb functions. So thef a are real
when using a real core-proton two-body interaction. Ene
conservation connects the wave numbersKa of the c.m. of
the fragments in bin statea and the corresponding bin sta
excitation energiesÊa5^f̂auHpuf̂a&. For non-s-wave bins
we usedga(k)51. For thes-wave bins we usedga(k)5k
that aids the interpolation of the three-body transition am
tude near the breakup threshold in Eq.~4!.

These bin statesf̂a provide an orthonormal relative mo
tion basis for the coupled channels solution of the three-b
wave function. The bins and their coupling potentia

^f̂auVct1Vvtuf̂b& are constructed, and the coupled equ
tions are solved, either exactly or iteratively, using t
coupled channels codeFRESCO @41#. Using the iterative
method, first-order DWBA solutions can be found as the
proximate solutions@42,43# of the CDCC equations, with
these same couplings, but then each ground state to bin
pling acts only once. The core and proton interactions w
the target are expanded to multipole orderl.

The coupled equations solution generates~effective two-
body! transition amplitudesT̂ M8M

a (KW a), already summed
over projectile-target partial waves, for populating each
stateI 8,M 8 from initial stateI ,M , as a function of the angle
of the center of mass of the emerging excited projectile in
c.m. frame. These amplitudes are expressed in a coordi
system withx axis in the plane ofKW 0 andKW a . For a general
x-coordinate axis the coupled channels amplitudes must
sequently be multiplied by exp(i@M2M8#fK), with fK re-
ferred to the chosenx axis.

B. Three-body breakup observables

The relationship of the CDCC coupled channels bin st
inelastic amplitudesT̂ M8M

a (KW a) to the physical breakup tran

sition amplitudesTs:M(kW ,KW ) from initial state I ,M to a
three-body continuum final state is discussed in detail in R
@26#. This is needed to make predictions for the detect
9-3
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MORTIMER, THOMPSON, AND TOSTEVIN PHYSICAL REVIEW C65 064619
geometries considered here, since each detector config
tion and detected fragment energy involves a distinct fi
state c.m. wave vectorKW , breakup energyEk , and relative
motion wave vectorkW .

The three-body breakupT matrix can be written@26#

Ts:M~kW ,KW !5
~2p!3/2

k (
an

~2 i ! l~ lnssuI 8M 8!exp@ i d̄a~k!#

3Yl
n~ k̂!ga~k!TM8M~a,KW !. ~4!

Here d̄a(k) is the sum of the nuclear and Coulomb proto
core relative motion phase shifts in excited stateI 8, and the
TM8M(a,KW ) are interpolated from the coupled channels a
plitudes T̂ M8M

a (KW a) available on the chosenKa and uKa

grid. Explicitly,

TM8M~a,KW !5exp~ i @M2M 8#fK!@ T̂ M8M
a

~KW !/ANa#,
~5!

where the value of the bracketed term on the right hand
is interpolated from the coupled channels solution. The nu
ber of bin states used to describe eachI 8 excitation must
allow an accurate interpolation of these amplitudes. The s
in Eq. ~4! is taken over all bin statesa that containk.

The three-body amplitudes, Eq.~4!, are used to compute
the triple differential cross sections for breakup in the lab
ratory frame. If the energy or momentum of the core parti
is measured then the relevant cross section is

d3s

dEcdVcdVv

5
2pmpt

\2K0

1

~2I 11! (
sM

uTs:M~kW ,KW !u2r~Ec ,Vc ,Vv!, ~6!

where mpt is the projectile-target reduced mass a
r(Ec ,Vc ,Vv) is the three-body phase space factor, cal
lated here using nonrelativistic kinematics@44#. If pW c , pW v ,
andpW tot denote particular values of the detected core, pro
and total final state momenta in the laboratory frame, th
the relevant breakupT-matrix elements have c.m. and rel
tive wave vectorsKW andkW , where

\KW 5pW v1pW c2
mv1mc

mv1mc1mt
pW tot ,

~7!

\kW5
mc

mv1mc
pW v2

mv

mv1mc
pW c .

The data under discussion here are the parallel momen
distributions of the core fragments and the cross sect
must be integrated numerically over all directions of the u
observed proton. The coreds/dpci differential cross sec-
tions are computed by writing, afterdVv integration, in the
laboratory frame,
06461
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ds

dpW c

5
1

mcpc

d2s

dEcdVc
~8!

and then integrating over the experimentally specified an
lar acceptance and/or perpendicular momentum compon
of the core.

The phase-space and kinematical equations were also
rived using relativitistic kinematics. Relativity was found
have no effect on the shape of the distributions, only on
ds/dpci centroid position, and, to a much lesser extent, th
overall magnitudes.

IV. CDCC CALCULATIONS

The CDCC method described in the preceding section
applied to forward going fragments following the breakup
8B on Pb and Ag targets at 44 and 81 MeV/nucleon. Para
momentum distributions of7Be are calculated for compari
son with the data from the recent experiments at the Natio
Superconducting Cyclotron Laboratory~NSCL! at Michigan
State University@14#. In Ref. @14# the 8B breakup cross sec
tion, on a Pb target at 83 MeV/nucleon, was measured w
high precision also as a function of the relative energy of
proton and7Be. The accompanying CDCC calculations@14#
were able to reproduce this data rather precisely and with
parameter variation~see Fig. 17 of Ref.@14#!. As previously
stated, however, these data are incoherent in the electric
tipole contributions and, as theE2 contributions are much
reduced at this higher energy, do not pose such a deman
test of the theory. The quality of agreement of the CDC
calculations with the data do, however, give a reasona
indication that the CDCC produces a good overallE1
strength. Our emphasis in the following is therefore the
quiredE2 strength.

A. CDCC model space

The model space parameters for the CDCC calculati
are defined as follows. For all spin/parity excitationsI 8 the
continuum is discretized up to a maximum relative energy
Emax510 MeV. The number of bins for eachI 8 excitation
were as follows: 1/21 has 20 bins, 1/22,3/22,3/21,5/21

each have ten bins, and 5/22,7/22 each have five bins. The
bins had evenly spacedki from k50 to kmax. When con-
structing each bin state, the numerical integration overDki in
Eq. ~2! uses 50 intervals. Multipoles up tol52 and a maxi-
mum radius ofr max560 fm are used when constructing th
coupling interactions. Including also thel53 multipole cou-
plings made very little difference to the calculations at t
incident energies of the NSCL experiments and we concl
that theseE3 couplings are negligible.

For the motion of the projectile c.m. relative to the targ
partial waves up toL510 000 and values ofR<Rmax
51000 fm are used to compute the relative motion wa
functions in the coupled channels set, where these limits
well asr max are sufficient for stable results. With increasin
L, the partial-wave values are calculated at progressiv
larger intervals and the intermediateS-matrix elements are
computed by interpolation. The7Be-target interaction used
9-4
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in the calculations is that of Cook@45#, obtained for7Li, and
the proton-target interaction is calculated using the glo
nucleon optical potential parameter set of Becchetti a
Greenlees@46#, but without fragment-target spin-orbit inte
actions.

B. 7Be parallel momentum distributions

Previous attempts to reproduce the measu
7Be ds/dpi , for 8B on Pb at 44 MeV/nucleon, used th
single-particleB(El) distributions, Fig. 1, in semiclassica
first-order perturbation theory calculations@19#. The
structure-model-generatedE2 strength was then scaled so
to reproduce theE1/E2 interference asymmetry seen in th
data. Within this first-order approximation to the reacti
dynamics the data required anE2 amplitude 0.7 times tha
given by the Esbensen and Bertsch structure model. We w
able to reproduce these results in detail. The results of s
semiclassical calculations are shown by the dot-das
curves in Fig. 2, before any rescaling. The larger asymm
of these calculations compared to the data is clear. An ea
nonperturbative, time-dependent calculation@18#, however,
producedds/dpi distributions with a reduced asymmet
compared with first-order calculations for the same intrin
structure andB(El) inputs. This indicates that higher-orde
effects may play a significant roˆle in the breakup process an
that any deducedE2 strength from comparisons with da
are reaction mechanism dependent.

Figure 2 shows the7Be parallel momentum distribution
for the breakup of8B on Pb at 44 and 81 MeV/nucleon wit
maximum 7Be acceptance angles ofumax53.5° and 2.5°,
respectively. Distributions calculated using both the DWB
~solid lines! and CDCC~dashed lines! are shown. These ar
absolute predictions. The DWBA and CDCC calculations u
the same structure model and model space. Compariso
the DWBA calculations with the semiclassical calculatio
~dot-dashed curves! shows that the quantum mechanic
DWBA calculations, prior to the addition of higher-order e
fects, are already less asymmetric that the semiclassica
sults. These effects are a combination of the inclusion

FIG. 2. Parallel momentum distribution of7Be from the
breakup of8B on Pb at~i! 44 MeV/nucleon withumax53.5° ~left!
and ~ii ! 81 MeV/nucleon withumax52.5° ~right!. The curves are
the results of CDCC~dashed! and first-order DWBA~solid! calcu-
lations using our assumed8B structure model. The dot-dashe
curves are the results of first-order semiclassical~Coulomb excita-
tion! calculations with the sameB(El) strength functions of Fig. 1
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nuclear interactions and the finite size of the target. The
culatedpi asymmetries from the CDCC method are reduc
further from those of the DWBA, consistent with the on
earlier comparison@18# of higher- and first-order calcula
tions. Since the CDCC and DWBA calculations use the sa
8B structure model, the suppression of theE1/E2 interfer-
ence shows a reduced effectiveE2 strength. This reduction
is larger than is needed to describe the asymmetry of
data.

Figures 3 and 4 show how scaling of theE2 amplitude in
the CDCC calculations changes the asymmetry in the cen
regions of the 7Be parallel momentum distributions. Th
scaling means that alll52 multipole couplings are multi-
plied by the stated factor. As the object of this analysis is
reproduce the asymmetry of the measured distributions,
cross sections for eachE2 scaling have had their overa
magnitude renormalized~in thex2 fit sense! to the six central

FIG. 3. Parallel momentum distribution of7Be from the
breakup of 8B on Ag at 44 MeV/nucleon withumax51.5°. The
curves are results of CDCC calculations with thel52 multipole
amplitudes scaled by the factors indicated.

FIG. 4. Parallel momentum distribution of7Be from the
breakup of 8B on Pb at 44 MeV/nucleon withumax51.5°. The
curves are results of CDCC calculations with thel52 multipole
amplitudes scaled by the factors indicated.
9-5
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MORTIMER, THOMPSON, AND TOSTEVIN PHYSICAL REVIEW C65 064619
data points of the measured distributions. The experime
uncertainty in theumax values in any case results in comp
rable uncertainties in the absolute magnitudes of the m
sured distributions, but not to their asymmetry. The ren
malization allows a more direct comparison with the da
An E2 rescaling factor of 1.6 gives the best overall descr
tion of the data for the two energies and two targets.

The rescaling effects in the specific case of the Pb ta
at 44.1 MeV/nucleon are shown in Fig. 5. The origin
CDCC calculations are shown in the left panel and sh
insufficient interference~too shallow a slope! compared to
the experimental data. Recall that the first-order theory gi
curves which are too steep and require anE2 amplitude scal-
ing of 0.7 to reproduce these data. On the contrary, the r
panel shows that, within the CDCC, theE2 amplitude needs
to be enhanced by a factor of order 1.6 to restore the m
sured interference effects.

Figures 6 and 7 show the7Be parallel momentum distri
butions for both the Ag and Pb targets at 44 and 81 Me

FIG. 5. Measured@19# and calculated parallel momentum distr
butions for 7Be fragments, in the forward angle cones withumax

52.4° ~filled squares! and umax51.5° ~filled diamonds!, from 8B
breakup on a Pb target at 44.1 MeV/nucleon. The left panel sh
the full CDCC calculations with the original8B modelE2 strength.
The right panel shows calculations in which alll52 multipole cou-
plings have been scaled by a factor of 1.6.

FIG. 6. Parallel momentum distributions of7Be from the
breakup of8B on Ag at~i! 44 MeV/nucleon~left! into the forward
angle cones withumax51.5° ~filled diamonds!, umax52.0° ~filled
squares!, and umax52.5° ~filled circles! and ~ii ! 81 MeV/nucleon
~right! into the forward angle cones withumax50.75° ~filled dia-
monds!, umax51.0° ~filled squares!, and umax51.25° ~filled
circles!. The curves are CDCC calculations in which alll52 mul-
tipole couplings have been scaled by a factor of 1.6.
06461
al

a-
r-
.
-

et
l

s

ht

a-

/

nucleon for all available angular cuts. Each figure shows
CDCC results in which theE2 strength has been multiplie
by 1.6. The distributions have been renormalized to the c
tral six points for the 44 MeV/nucleon data and the cent
five points for the 81 MeV/nucleon data. At 44 MeV
nucleon, the scaling of 1.6 increases the asymmetry s
ciently to give a reasonable fit to the data for all angular cu
perhaps with the exception ofumax53.5° case for the Pb
target. Increasing theE2 amplitude by the same factor in th
81 MeV/nucleon calculations is seen to provide a good
scription of the asymmetry seen in that data also, altho
the importance of theE2 contributions, and indeed of th
higher-order effects, fall with increasing incident energy.

V. SUMMARY AND CONCLUSIONS

In this paper the Coulomb breakup of8B on Ag and Pb
targets at 44 and 81 MeV/nucleon has been investigated.
CDCC method is used to calculate the triple different
breakup cross section and hence the7Be parallel momentum
distributions produced in the breakup.E1/E2 interference
results in an asymmetry in thepi distributions and this asym
metry is used to try to understand both the importance
higher-order effects in the breakup process, and the impl
tions for the effectiveE2 transition strength.

Through comparison with first-order DWBA calculation
it is shown that higher-order effects suppress theE1/E2 in-
terference, reducing the asymmetry seen in the calcula
distributions. This suppression now underestimates the m
sured asymmetry at 44 MeV/nucleon. The quadrupole ma
elements need to be scaled by 1.6 to restore agreement
the data. The importance of theE2 contributions and higher
order effects falls with increasing incident energy and
data near 80 MeV/nucleon add little to the clarification of t
E2 component. It will still be useful, however, to appply o
partial-wave CDCC analysis to the forthcoming momentu
distributions from GSI, measured at 250 MeV/nucleon, as
Ref. @12#.

In summary, 8B breakup data are now available over

s

FIG. 7. Parallel momentum distributions of7Be from the
breakup of8B on Pb at~i! 44 MeV/nucleon~left! into the forward
angle cones withumax51.5° ~filled diamonds!, umax52.4° ~filled
squares!, and umax53.5° ~filled circles! and ~ii ! 81 MeV/nucleon
~right! into the forward angle cones withumax51.5° ~filled dia-
monds!, umax52.0° ~filled squares!, andumax52.5° ~filled circles!.
The curves are CDCC calculations in which alll52 multipole cou-
plings have been scaled by a factor of 1.6.
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wide energy range. The data at 26 MeV, from Notre Da
@27#, are well described by the CDCC and single-partic
modelEl strengths, although the error bars on these data
significant. Predictions for the parallel momentum distrib
tion data from the NSCL at higher energies, particularly
data at 44.1 MeV/nucleon, show considerable reaction mo
dependence, the CDCC predicting large higher-order eff
and a corresponding suppression ofE2 interference.

We have shown that a theoretical description of the8B
breakup process exists that reproduces the asymmetry se
all the available~40–80!-MeV/nucleon8B breakup data set
on Ag and Pb targets, with a consistent~enhanced! E2
strength. However, large~and unphysical! changes to the
single-particle structure model would be required to incre
theE2 amplitude by the factor of 1.6 required to reinstate
observed asymmetries. It remains to be clarified if this
veals a difficulty with the8B structure, the CDCC conver
gence, or with the data themselves.

It would be timely, as a first step toward such a theoreti
clarification, to carry out detailed comparisons of the resu
of the available~CDCC and time-dependent! higher-order
Jr
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reaction theories, in particular for pure Coulomb break
where both methods should be accurate. The very interes
case of the 44.1-MeV NSCLpi data offers an energy an
angular regime in which the assumptions underlying b
theories are expected to be quite reliable and where th
comparisons should be very informative. It is likely, how
ever, that the assumption that8B can be satisactorily de
scribed using a purep3/2 single-particle model is at fault
Core state mixing in the8B ground state, as well as dynam
cal core excitations, will need to be considered in futu
calculations.
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