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Higher-order and E2 effects in medium energy®B breakup
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Longitudinal momentum distributions dBe fragments following the dissociation 8B on heavy, highly
charged target nuclei show forward-aft asymmetries, the result of interference of electric quadEgple (
transitions with the dominaril excitation process. These asymmetries can therefore be used to gain insight
into theE2 contributions to the breakup process. To assess the sensitivity ofERdséerference terms to the
assumed reaction mechanism, in particular, the role of higher-order coupling effects at medium energies,
coupled discretized continuum channéBDCC) calculations are carried out fdiB 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 quenchirtgof the
contributions. The full CDCC calculations show less asymmetry than the available experimental data, suggest-
ing that the structure or reaction model now contains insuffid&@hstrength. This contrasts with the results of
lowest-order reaction theories that conclude that%emodel E2 amplitudes are too large.
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I. INTRODUCTION Theoretical predictiongl5—-18 have been made concern-
ing the importance o2 transitions in®B Coulomb breakup
The properties of light, weakly bound nuclei have beenassuming different structure models. In these, the breakup
studied in nuclear physics for a number of years. Of recenglifferential cross sections were expressed as a functi¢a of
interest is the Coulomb breakup of these nuclei, which cafhe proton/Be center of mas¢c.m) scattering angle, and
be used to gain information about the inverse capture reagp) their relative energy, in an attempt to reproduce the data
tions that are important in nuclear astrophyditk Charged  of Motobayashiet al. [10,11]. However, these observables
particle capture reactions at stellar temperatures have Velye not well suited to gauge tHe2 strength since theiel
small cross sections due to the Coulomb barrier, thereforg 4 g5 contributions are incoherent. There have therefore

direct measurements of these cross sections are difﬁcu'Been efforts to measure observables sensitiveE 14E2

However, breakup reactions of light nuclei in the COU|Ombinterference.

field of a highZ nucleus have large cross sections at projec- In a series of recent experiments Davigtsal. [13,14,19

tile incident energies of 10—-100 MeV/nucleon. Measure-h dth llel tum distributidertd
ments of the projectile fragments emerging at extremely for- ave measured the parallel momentum distribu P

ward angles, and having experienced small momenturft’ € 'Be fragments produced in the breakup & on
transfers, allow the interactions between the projectile fragh®avy nuclei at 40-80 MeV/nucleon. The%Be fragment
ments at low relative energies to be investigated. par.allel momentuml distributions are a particularly sensitive
An important proton Capture reaction 7|§e(p, »),)BB De- |nd|Cat0r of Compe“nil and E2 d0m|nated breakup path-
termining its reaction rate at solar temperatures is relevant t/ays, showing strong interference effects even in leading
the solar neutrino problem, as the neutrinos producetBin order[19,20. Using first-order semiclassic&Coulomb ex-
decay are the major contributor to the high energy neutringitation theory, theE2 amplitude from a simple single-
flux from the Sun. Several attempts have been made to megarticle ®B structure mode[18,21] had to be reduced by a
sure the’Be(p, y) cross section directlj2—9], but at proton  factor of 0.7 in order to reproduce the measured interference
energies considerably higher than those found at solar tenia the 44.1-MeV dat13,19. Higher-order effects were sug-
peratures, which are typically 15-20 keV. Analyses of thesgyested as being the source of this reduction. This supposition
data in terms of the astrophysic8lfactor have then been is supported also by earli¢i8,22 time-dependent calcula-
extrapolated to low energies to extract the zero enegy tions of the effects of higher-order coupling contributions, in
factor S;40) [2,3]. Difficulties in measuring the capture 8B+ Au at 41 MeV/nucleon, and also by semiclassical cal-
cross section, and uncertainties in the subsequent extrapoledlations[ 23] for a similar reaction. These showed a reduced
tion, mean that the value d-0) is still not known to level of interference, i.e., an effective suppressionE
sufficient accuracy. strength within that higher-order analysis. Such time-
Indirect studies of the/Be(p,y) cross section have also dependent formulations of higher-order effects have been re-
been made by performing Coulomb dominafé® breakup fined considerably, meanwhile, using the efficiency of
experiments on heavy target nuclei such as Pb anfll@g  Lagrange mesh techniquE®4|, although these have not yet
14]. However, a complication in the interpretation 8B been applied to parallel momentum distribution calculations
breakup measurements is that, as well asBhetransitions  for the 8B system. This earlier work is sufficient to indicate
that completely dominate the capture proc& transitions that higher-order effects, and the assumed reaction mecha-
may also contribute to the breakup cross section. nism may play a significant e in the breakup process and
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so needs to be considered carefully when assessing2he 0.15 - - 300
contribution to breakup.

Nuclear interaction induced breakup may also contribute
to the measured cross section. First-order Coulomb breakup
calculations for th€B+ Ag system at 44 MeV/nucledr4]
fail to reproduce the widths of the measured parallel momen-

o
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o

dB(E1)/dE (e*fm°MeV™")
dB(E2)/dE (¢’ fm*MeV ™)

tum distributions. It was suggested this may be due to 0.05 100 ¢

nuclear contributions, which were not taken into account in - ga/z

that analysis, and which are also difficult to include to all 0 o 0

orders in the time-dependent methods of REES,25. De- 0o 1 2 3

spite the peripheral nature of the reactions, selected by the E..(MeV) E.(MeV)

ward angles, nuclear interactions between the projectile and. . 8.7
target are possible, due to the highly extended nature of th 'ght.) strength f.”nCt'OnS for Coulomb breakup'@— ‘Be+p as
8B wave function. unction of relative energy of the fragments.
We note also a recent coupled discretized continuum
channels (CDCO) study [26] of data for the 8B-+%Ni coupled spins and unit spectroscopic factor. In doing so we
breakup reaction at low energy, 26 Md¥7]. At this near  neglect(a) possible smalpy;, proton configurations(b) ex-
Coulomb barrier energy thé les of both the Coulomb and cited ‘Be core components in the wave function, dapdthe
nuclear interactions were strong, as were the effecIof  physical differences in the energies of thé(g.s.) and T
E2, andE3 electric multipole transitions. These data in- and 3" resonances. We believe that careful all-order calcu-
cluded theBe final state energy distributions measured atiations, even in this simple model space, are valuable to help
several laboratory angles which, like thedistributions, are  identify the disagreements, if any, of such a model with the
strongly affected by interference between breakup partia@vailable data.
waves. The CDCC calculations were able to reproduce the Concerning the points abovéa) the microscopic shell
full data set within the accuracy of the measurements anthodel calculates dps,x 'Be(g.s.)] spectroscopic factor
showed only very minor sensitivity to the parameters of theclose to unity[34,35. A very recent analysis of proton re-
model, such as the proton-target potential. In particular, nanoval data from B, at energies between 142 MeV/
adjustment of the structure modeh strengths, to be dis- nucleon—1.44 GeV/nucleon, is also consistent with a mea-
cussed here, were found to be necessary in that analysisured spectroscopic factor of of6]. Calculations that treat
Moreover, theE2 contributions were large. 8B as a @+ 3He+p) three-body system, however, predict a
In this paper we present the results of a CDCC coupledsignificantly lower spectroscopic factor for thifps,
channels analysis of the breakup®8 on Pb and Ag targets X 'Be(g.s.) configuration, of order 0.f37]. To examine the
at 44 and 81 MeV/nucleon. The calculations include both thgossible influence op4/, configurations in a single-particle
Coulomb and nuclear interactions of the projectile fragmentsnodel, we compare in Fig. 1 tHel andE2 strength distri-
with the target as well as treating tH® excitations to all  butions for ps, (solid line) and p,,, (dashed ling valence
orders. We highlight the importance of higher-order effectsproton orbitals. We find very little difference in the dipole
in the breakup by comparison of the all-order CDCC resultsstrength functions. A more noticeable difference is seen in
with first-order distorted waves Born approximation the quadrupole strength function for the two configurations
(DWBA) calculations. We also compare the calculationsfor relative energies from 0 to 2 MeV, but even here, because
with the measured parallel momentum distributions ofthe py,, probability is small, the likely errors on the breakup
Davidset al.[14] in an attempt to clarify th&2 contribution  calculations are probably of order 1%.
to the breakup cross section and its sensitivity to the assumed (b) We neglect both dynamical excitation 6Be and any
reaction model. "Be core excited component in tHfB ground state. The
latter is quantified by a recent experiment at the (38| that
Il. STRUCTURE MODELS measured &13+3)% branch from the’Be(1/2") excited
state following proton removal from th&8 ground state by
The ground statég.s) of 8B hasJ™=2", the dominant a '°C target. This excited core component is neglected in the
configuration being a proton in apg;, orbit coupled to the present breakup model.
'Be(3/2°, g.s) core. Several single-particle structure mod-  (c) We neglect the splitting of the2and 1" states, and
els have been proposgd6,18,28—32 based on one-body so do not include the 1 (0.6 MeV) resonance. This reso-
potential models to bind®B. These are compared in Ref. nance produces only a very narrow peak in k& andE2
[33]. In the model of Esbensen and Bert$tB] the potential  strength functiond 18], which are otherwise the same as
well depths in thep+ ‘Be(d™) channels are also adjusted to those of Fig. 1. At the beam energies of interest herévitie
reproduce the known 1 and 3" 8B* resonances. These transition is in any case very sméipproximately 3%com-
modified depths act as an effective spin-dependent interagared to theE1l andE2 transitions.
tion with the "Be core. We conclude that our neglect of dynamical coupling to the
Here we will assume the simplest model of a ppeg,  core degrees of freedom will induce small errors in breakup
valence proton orbital around a spectator core with unobservables for low and medium energy breakup experi-

detection of only thosé€Be fragments emerging at very for- _ _ o
Q FIG. 1. Single-particle electric dipoléleft) and quadrupole
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ments. For the present we treat the core as a spectator in the A. Construction of continuum bin states

breakup process._ Accur_ate calculations within this model k5, each bin interval, with widthAk;=[k;—k;_,], the

space, in comparison with data, can then be used to asseggyresentative bin state is, explicitly,

the likely importance of the approximations made.

In our spectator core model, the protpg), initial state is &y,(F)=[Y|(F)®Xs]|'M'Ua(f)/f- (1)

computed in atrivially) modified version of the Esbensen

and Bertsch[18] model. A single spherical Woods-Saxon The radial functionsi,, are square integrable superpositions,

plus spin-orbit potential, with geometry parametars  with weight functionsg,(k),

=1.25fm, a=0.52 fm, and V¢;,=4.898 MeV, is used

throughout for the core-proton nuclear interaction in the [ 2 [k

ground and all continuum states. A central well depth Ualr)= wNafkilg“(k)f“(k’r)dk’ @

=44.97 MeV reproduces the correct proton g.s. separation

energy of 0.137 MeV. of the scattering statds,(k,r), eigenstates of the+ p rela-
tive motion HamiltonianH,. The normalization factor is
Nazft: 1|ga(k)|2dk. Thef , are defined here such that, for

I1l. COUPLED DISCRETIZED CONTINUUM CHANNELS r—oo,

BREAKUP THEORY

In this section we outline the necessary CDCC formalism falkir)—[coss,(K)Fi(kr) +sindo(K) G (kn)], (3

[39,40 for analyzing the parallel momentum distributions of |, harek belongs to bine andF, andG, are the regular and
the core fragments ifiB elastic breakup. The CDCC calcu- jrreqular partial wave Coulomb functions. So theare real
lates an approximate description of the projection of the fullynen using a real core-proton two-body interaction. Energy
many-body wave function onto the ground states of the targonservation connects the wave numbigsof the c.m. of
get and core nuclei. The target is assumed here to have Spife fragments in bin state and the corresponding bin state
zero. The breakup is of a two-body projectjpe(®B) with excitation energieéﬁa:(c}balH |(“]5a>' For nons-wave bins
chargeZ,, massm,, incident on a target nucleus of charge ¢ usedg,(k)=1. For thes—vSave bins we used,, (k) =k

Z;, and massn;. The projectile consists of a core of mass that ajds the interpolation of the three-body transition ampli-
m., chargeZ., and a valence proton of mass, . tude near the breakup threshold in E4j.

The projectile interacts with the target througb effective  These bin stateg,, provide an orthonormal relative mo-
core- and valence proton-target tidal interactidgR.) and  tion basis for the coupled channels solution of the three-body
Vvt(ﬁv) with ﬁc and ﬁv the core- and proton-target separa-wave function. The bins and their coupling potentials
tions. These potentials include both the nuclear and Coulomb&a|vct+vvt|€bﬁ> are constructed, and the coupled equa-

interactions. We denote W the position of the c.m. of the tions are solved, either exactly or iteratively, using the

core and proton relative to the target andfuyle position of coupled phannels COUERESCO .[41]' Using the iterative
. method, first-order DWBA solutions can be found as the ap-
the proton relative to the core.

Th ficle i tat del b proximate solutiong42,43 of the CDCC equations, with
€ core particle in our spectator model can be assumeﬁj]ese same couplings, but then each ground state to bin cou-

spinless, Whll_e the proton has spf=1/2) and projection pling acts only once. The core and proton interactions with
o. These particles are assumed structureless. The total angii, target are expanded to multipole order
lar momentum of the projectile ground statel jswith pro- The coupled equations solution generaieective two-
jectionM, in whlch the relat|ve orb|t_al angular_momentum _of body) transition amplitudesAT,‘\j,,M(Ka), already summed
the two constituents i, and their separation energy is - . . .
o L over projectile-target partial waves, for populating each bin
£ (>0). The incident wave number of the projectile in the statel’,M’ from initial statel ,M, as a function of the angle
c.m. frame of the projectile and targetig and the coordi-  of the center of mass of the emerging excited projectile in the
natez axis is chosen in the incident beam direction. ~ c.m. frame. These amplitudes are expressed in a coordinate
The CDC_C treatment now couples the |nC|dent_ prole_ctllesystem withx axis in the plane ono and Ka_ For a general
state (,M), in all orders, to selected breakup configurationsy_coordinate axis the coupled channels amplitudes must sub-

(I",M") of the core and proton, with relative orbital angular sequently be multiplied by exi1—M’]¢y), with ¢ re-
momentuml. This continuum of breakup states, in each sig-ferred to the choser axis.

nificant spin-parity excitation’, is further grouped into a
numberN(1') of representative energy intervals or bins. In
each bini, representing states with wave numbers on the ) ) .
interval [k _;—k], a square integrable bin stafﬁa,a _ The_ relatlopshlpAoI the E:DCC coupled_ channels bin state
=[i,(Is)I'] is constructed26] as a weighted superposition inelastic amplitudes™y, ,(K,) to the physical breakup tran-
of the scattering states in that interval. The bins in ech sition amplitudesT,.(k,K) from initial state |,M to a
channel extend up to a maximum relative enefgy,. The  three-body continuum final state is discussed in detalil in Ref.
actual CDCC model space used is detailed in Sec. IV. [26]. This is needed to make predictions for the detection

B. Three-body breakup observables
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geometries considered here, since each detector configura- do 1 d?a
tion and detected fragment energy involves a distinct final S s e
g 9y dp. McPc dEcdQ,

state c.m. wave vectdf, breakup energy,, and relative

®

motion wave vectok. and then integrating over the experimentally specified angu-
The three-body breakup matrix can be writterj26] lar acceptance and/or perpendicular momentum components
3 of the core.
T, (K K)= (2m) S (=) (lvsa]l’ M"Y exdi 8,(K)] ~ The phase-space and kinematical equations were also de-
k av rived using relativitistic kinematics. Relativity was found to

~ . have no effect on the shape of the distributions, only on the
XY (K)ga(K) Tyrm(a,K). (4)  da/dp, centroid position, and, to a much lesser extent, their
overall magnitudes.
Here 6,(k) is the sum of the nuclear and Coulomb proton-
core relative motion phase shifts in excited stdteand the IV. CDCC CALCULATIONS

Twm(a,K) are interpolated from the coupled channels am- o cpcc method described in the preceding section is

plitudes 7,/ (K,,) available on the chosel, and Ok,  applied to forward going fragments following the breakup of

grid. Explicitly, 8B on Pb and Ag targets at 44 and 81 MeV/nucleon. Parallel
momentum distributions ofBe are calculated for compari-
Tum(a,K)=expi[M—M ']¢K)[AT?NM(K)/‘/N(1], son with the data from the recent experiments at the National

(5) Superconducting Cyclotron LaboratofSCL) at Michigan
State Universityf14]. In Ref.[14] the 8B breakup cross sec-

where the value of the bracketed term on the right hand sidéon, on a Pb target at 83 MeV/nucleon, was measured with
is interpolated from the coupled channels solution. The numbigh precision also as a function of the relative energy of the
ber of bin states used to describe ed¢hexcitation must Proton and’Be. The accompanying CDCC calculatidiig]
allow an accurate interpolation of these amplitudes. The surere able to reproduce this data rather precisely and without
in Eq. (4) is taken over all bin states that contairk. parameter variatiofsee Fig. 17 of Ref.14]). As previously

The three-body amplitudes, E€), are used to compute Stated, however, these data are incoherent in the electric mul-
the triple differential cross sections for breakup in the labo-ipole contributions and, as thg2 contributions are much
ratory frame. If the energy or momentum of the core particle'educed at this higher energy, do not pose such a demanding

is measured then the relevant cross section is test of the theory. The quality of agreement of the CDCC
calculations with the data do, however, give a reasonable
d3o indication that the CDCC produces a good overall
JEdQ.dO. strength. Our emphasis in the following is therefore the re-
crmreTt quiredE2 strength.
_2mppe 1 D <2
a 72K, (21+1) Gm ITom(KK)Fp(Ee Qe y), (6) A. CDCC model space

The model space parameters for the CDCC calculations
where wy, is the projectile-target reduced mass andare defined as follows. For all spin/parity excitatidristhe
p(E¢,Q.,Q,) is the three-body phase space factor, calcucontinuum is discretized up to a maximum relative energy of
lated here using nonrelativistic kinematig#4]. If p., p,,  Emax=10 MeV. The number of bins for eadh excitation
and ., denote particular values of the detected core, protonwere as follows: 1/2 has 20 bins, 1/2,3/27,3/2" 5/2*
and total final state momenta in the laboratory frame, theach have ten bins, and 5/Z/2~ each have five bins. The
the relevant breakufi-matrix elements have c.m. and rela- bins had evenly spacek| from k=0 to ky,,x. When con-

tive wave vector& andk, where structing each bin state, the numerical integration agrin
Eq. (2) uses 50 intervals. Multipoles up ¥=2 and a maxi-
m.+m mum radius ofr,,,,=60 fm are used when constructing the
hK=p,+ ﬁc—”—c Piot » coupling interactions. Including also the=3 multipole cou-
m,, + me+m;

plings made very little difference to the calculations at the
(7) " incident energies of the NSCL experiments and we conclude
hk= me 6, — m, 6 that theseE3 couplings are negligible.
m,+mg Y m,+mg "¢ For the motion of the projectile c.m. relative to the target,
partial waves up toL=10000 and values oR=Rax
The data under discussion here are the parallel momentum 1000 fm are used to compute the relative motion wave
distributions of the core fragments and the cross sectionfunctions in the coupled channels set, where these limits as
must be integrated numerically over all directions of the un-well asr,,, are sufficient for stable results. With increasing
observed proton. The cor@o/dp differential cross sec- L, the partial-wave values are calculated at progressively
tions are computed by writing, aftel(), integration, in the larger intervals and the intermediafematrix elements are
laboratory frame, computed by interpolation. ThéBe-target interaction used
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FIG. 2. Parallel momentum distribution ofBe from the 0'62.00 ‘ 202 204 506
breakup of®B on Pb at(i) 44 MeV/nucleon with@,,,=3.5° (left) p, (GeV/c)
. . . (1
and (ii) 81 MeV/nucleon with6,,,,=2.5° (right). The curves are
the results of CDCGdashed and first-order DWBA(solid) calcu- FIG. 3. Parallel momentum distribution ofBe from the

lations using our assumedB structure model. The dot-dashed breakup of®B on Ag at 44 MeV/nucleon with,,.,=1.5°. The
curves are the results of first-order semiclassi€ulomb excita-  curves are results of CDCC calculations with the2 multipole
tion) calculations with the samg(EN) strength functions of Fig. 1. amplitudes scaled by the factors indicated.

in the calculations is that of Codk5], obtained for’Li, and
the proton-target interaction is calculated using the globa(g

nucleon optical potgntial parameter set of 'Beccheltti aNGyrther from those of the DWBA, consistent with the only
Greenlee$46], but without fragment-target spin-orbit inter- gy comparisof18] of higher- and first-order calcula-
actions. tions. Since the CDCC and DWBA calculations use the same
. o 8B structure model, the suppression of tB&/E2 interfer-
B. "Be parallel momentum distributions ence shows a reduced effecti#® strength. This reduction
Previous attempts to reproduce the measureds larger than is needed to describe the asymmetry of the
'Beda/dp;, for ®B on Pb at 44 MeV/nucleon, used the data.

single-particleB(E\) distributions, Fig. 1, in semiclassical ~ Figures 3 and 4 show how scaling of tB& amplitude in
first-order perturbation theory Calculaﬂong]_g] The the CDCC calculations changes the asymmetry in the central
structure-model-generatd&R strength was then scaled so asregions of the ‘Be parallel momentum distributions. The
to reproduce th&1/E2 interference asymmetry seen in the scaling means that aN=2 multipole couplings are multi-
data. Within this first-order approximation to the reactionplied by the stated factor. As the object of this analysis is to
dynamics the data required &2 amplitude 0.7 times that reproduce the asymmetry of the measured distributions, the
given by the Esbensen and Bertsch structure model. We wef$0ss sections for eacB2 scalmg have had their overall
able to reproduce these results in detail. The results of suomagnitude renormalize@h the x* fit sense to the six central
semiclassical calculations are shown by the dot-dashed
curves in Fig. 2, before any rescaling. The larger asymmetry 1.5 degrees
of these calculations compared to the data is clear. An earlier 1.25 : :
nonperturbative, time-dependent calculatid8], however,
producedda/dp distributions with a reduced asymmetry
compared with first-order calculations for the same intrinsic
structure andB(EM) inputs. This indicates that higher-order
effects may play a significant lein the breakup process and
that any deduced?2 strength from comparisons with data
are reaction mechanism dependent.

Figure 2 shows théBe parallel momentum distributions
for the breakup ofB on Pb at 44 and 81 MeV/nucleon with
maximum ‘Be acceptance angles @f,.,=3.5° and 2.5°,
respectively. Distributions calculated using both the DWBA
(solid lines and CDCC(dashed linesare shown. These are
absolute predictions. The DWBA and CDCC calculations use 0-752 00 202 Yy "2 s
the same structure model and model space. Comparison of ' ' o (GeV/c)' '
the DWBA calculations with the semiclassical calculations Y
(dot-dashed curvesshows that the quantum mechanical F|G. 4. Parallel momentum distribution ofBe from the
DWBA calculations, prior to the addition of higher-order ef- preakup of®B on Pb at 44 MeV/nucleon witlf,,,=1.5°. The
fects, are already less asymmetric that the semiclassical reurves are results of CDCC calculations with the2 multipole
sults. These effects are a combination of the inclusion oamplitudes scaled by the factors indicated.

uclear interactions and the finite size of the target. The cal-
ulatedp; asymmetries from the CDCC method are reduced

1.00

do/dp, (b/(GeV/c))
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FIG. 5. Measuredl19] and calculated parallel momentum distri-
butions for Be fragments, in the forward angle cones with.x  breakup of8B on Pb at(i) 44 MeV/nucleon(left) into the forward
=2.4° (filled squares and 6= 1.5° (filled diamonds, from ®B angle cones withd,,,=1.5° (filled diamond, 6= 2.4° (filled
breakup on a Pb target at 44.1 MeV/nucleon. The left panel ShOquuareh and 6,5=3.5° (filled circles and (i) 81 MeV/nucleon
the full CDCC calculations with the origindB modelE2 strength. (right) into the forward angle cones withy,q=1.5° (filled dia-

The right panel shows calculations in which &#2 multipole cou-  mondg, 6,,,,=2.0° (filled squarel and 6,,,= 2.5° (filled circles.

plings have been scaled by a factor of 1.6. The curves are CDCC calculations in whicha#2 multipole cou-
plings have been scaled by a factor of 1.6.

data points of the measured distributions. The experimental

uncertainty in thagmax values in any case results in compa- nucleon for all available angular cuts. Each figure shows the

rable uncertainties in the absolute magnitudes of the med=DCC results in which th&2 strength has been multiplied

sured distributions, but not to their asymmetry. The renorby 1.6. The distributions have been renormalized to the cen-

malization allows a more direct comparison with the dataltral six points for the 44 MeV/nucleon data and the central

An E2 rescaling factor of 1.6 gives the best overall descripfive points for the 81 MeV/nucleon data. At 44 MeV/

tion of the data for the two energies and two targets. nucleon, the scaling of 1.6 increases the asymmetry suffi-

The rescaling effects in the specific case of the Pb targegiently to give a reasonable fit to the data for all angular cuts,
at 44.1 MeV/nucleon are shown in Fig. 5. The original perhaps with the exception df,,=3.5° case for the Pb
CDCC calculations are shown in the left panel and showiarget. Increasing thE2 amplitude by the same factor in the
insufficient interferencdtoo shallow a slopecompared to 81 MeV/nucleon calculations is seen to provide a good de-
the experimental data. Recall that the first-order theory givescription of the asymmetry seen in that data also, although
curves which are too steep and requireEghamplitude scal- the importance of thé2 contributions, and indeed of the
ing of 0.7 to reproduce these data. On the contrary, the rightigher-order effects, fall with increasing incident energy.
panel shows that, within the CDCC, tB® amplitude needs
to be enhanced by a factor of order 1.6 to restore the mea-
sured interference effects.

Figures 6 and 7 show th&e parallel momentum distri-
butions for both the Ag and Pb targets at 44 and 81 MeV.

FIG. 7. Parallel momentum distributions dfBe from the

V. SUMMARY AND CONCLUSIONS

In this paper the Coulomb breakup 8B on Ag and Pb
fargets at 44 and 81 MeV/nucleon has been investigated. The
CDCC method is used to calculate the triple differential

E2 (x1.6)

E2 (x1.6)

do/dp, (b/(GeV/c))
(=]

270 275 280 285

O 1 1
195 200 205 210
p, (GeVic)

FIG. 6. Parallel momentum distributions ofBe from the
breakup of®B on Ag at(i) 44 MeV/nucleon(left) into the forward
angle cones with9,,,,=1.5° (filled diamond$, 6,,.,=2.0° (filled
squares and 6,,,,=2.5° (filled circles and (ii) 81 MeV/nucleon
(right) into the forward angle cones with,,,=0.75° (filled dia-
monds, 6na.,=1.0° (filled squares and 6,,,=1.25° (filled
circles. The curves are CDCC calculations in which ¥#2 mul-
tipole couplings have been scaled by a factor of 1.6.

breakup cross section and hence tBe parallel momentum
distributions produced in the breakuRl/E2 interference
results in an asymmetry in th® distributions and this asym-
metry is used to try to understand both the importance of
higher-order effects in the breakup process, and the implica-
tions for the effectiveE2 transition strength.

Through comparison with first-order DWBA calculations
it is shown that higher-order effects suppress Hi¢E2 in-
terference, reducing the asymmetry seen in the calculated
distributions. This suppression now underestimates the mea-
sured asymmetry at 44 MeV/nucleon. The quadrupole matrix
elements need to be scaled by 1.6 to restore agreement with
the data. The importance of tf&2 contributions and higher-
order effects falls with increasing incident energy and the
data near 80 MeV/nucleon add little to the clarification of the
E2 component. It will still be useful, however, to appply our
partial-wave CDCC analysis to the forthcoming momentum
distributions from GSI, measured at 250 MeV/nucleon, as in
Ref.[12].

In summary,®B breakup data are now available over a
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wide energy range. The data at 26 MeV, from Notre Dameaeaction theories, in particular for pure Coulomb breakup
[27], are well described by the CDCC and single-particle-where both methods should be accurate. The very interesting
modelEA strengths, although the error bars on these data arease of the 44.1-MeV NSCp; data offers an energy and
significant. Predictions for the parallel momentum distribu-angular regime in which the assumptions underlying both

tion data from the NSCL at higher energies, particularly thetheories are expected to be quite reliable and where these
data at 44.1 MeV/nUCIeon, show considerable reaction modgomparisons should be very informative. It is ||ke|y, how-

dependence, the CDCC predicting large higher-order effectgyer, that the assumption th8B can be satisactorily de-

and a corresponding suppression&¥ interference.
We have shown that a theoretical description of fie

scribed using a pur@s, single-particle model is at fault.
Core state mixing in théB ground state, as well as dynami-

breakup process exists that reproduces the asymmetry seendsy core excitations, will need to be considered in future
all the availablg40—80-MeV/nucleon®B breakup data sets cglculations.

on Ag and Pb targets, with a consistef@nhanced E2
strength. However, largéand unphysical changes to the

single-particle structure model would be required to increase
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