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We discuss calculations of three-body observables for the breakp oh a *®Ni target at low energy
using the coupled discretized continuum channels approach. Calculations of both the angular distribution of the
"Be fragments and their energy distributions are compared with those measured at several laboratory angles. In
these observables there is interference between the breakup amplitudes from different spin-parity excitations of
the projectile. The resulting angle and the energy distributions reveal the importance of the higher-order
continuum state couplings for an understanding of the measurements.
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I. INTRODUCTION parallel to the beam direction, followin§B breakup on a
heavy target at 44 MeV/nucleon.

Projectile breakup is an important reaction channel in the In this paper we present calculations that are performed
scattering of weakly bound nuclei. An accurate treatment ofising full three-body kinematics. These calculations are car-
breakup is therefore a major ingredient in attempts to undertied out within the framework of the coupled discretized con-
stand the properties of light exotic radioactive nuclei fromtinuum channels(CDCC) methodology, e.g.[22,23, for
reaction studies. The number of published experimentapreakup reactions of two-body projectiles. The interference
breakup studies, and also their accuracy, has increased rapgtween different excitation channels is shown to be signifi-

idly. These include reactions in which both nuclear and Cout@nt for assessing the convergence of the calculations and

lomb breakup effects are expected to be significant, e.gj[,hose breakup excitations that contribute. The methods pre-

. 58 .
[1-17]. Until recently, the low intensities of available rare sented are applied to the breakup % on a *Ni target at

isotope beams have meant that many of the experimenE'ab:25‘8 Mev, for which new measurements have been

were either designed to measure inclusive cross sections Wi{ﬁportgd[17,24]. _We compare the results OT the full CDCC
incomplete kinematics, or did not have adequate statistics tanaly3|s, also distorted wave Bormn approxn_nat(@W_BA)
' 8nd truncated coupled channels calculations, with these

a_lllow the extraction of exclusive observables. The CTOSS S€Gvailable data for the laboratory angle and energy distribu-
tions extracted from the measurements were oftenllnte.grate[%nS of the’Be fragments. The calculations of Reff20,21]
over fragment energies or angles or both, and inevitablh,yed the importance of higher-order breakup couplings,
some details of the physical process were lost as a resulfye couplings between continuum states, upon®i& cen-
This is no longer the situation. Secondary beam intensitiegr of mass cross section angular distribution. We will show
are becoming sufficiently high that coincidence experimentsn this work that these higher-order effects are manifested
are now practical, and, in the future, data will more routinelyeyen more significantly in the energy distributions of fige
require a fully three- or more-body study, e[d.8,19. The  fragments following breakup.

need for precise theoretical predictions of the breakup of

two-body projectiles, and of their three-body observables, is Il. THEORETICAL CONSIDERATIONS

the primary motivation for this work.

Theoretical reaction models, which treat breakup as an \We consider the breakup reactipa-c+v in which the
excitation of the projectile to a two-body continuum state,Projectile nucleug is a bound state of a core partiae of
most naturally express their results as cross sections descriPin I, and projectionu; and a valence particle, of spins
ing the c.m. and the relative motions of the dissociated sys@nd projectiono. These particles are, presently, assumed
tem, using two-body kinematics. It has therefore been comstructureless and_ so their internal wave functions are repre-
mon for the experimental data to also be transformed to thgented by the spinor&; and As. The total angular momen-
c.m. frame, for ease of comparison, e.g., the theoretical cafum of the ground state gf is J,, with projectionM, the
culations 0f[20,21] and the experimental data p£7]. This relative orpltal angul_ar momentum of the tw_o gonstltuents is
process is ambiguous in the case of inclusive data. Mucho, and their separation energydg(>0). The incident wave
more important is that the three-body cross sections are exiumber of the projectile in the c.m. frame of the projectile
plicitly coherent in contributions from different spin-parity and the target i&, and the coordinate axis is chosen in the
excitations of the projectile and so have the potential to offeincident beam direction. The targels assumed to have spin
a far greater insight into the projectile structure and the rezero and no explicit target excitation is included. Target ex-
action mechanism. An excellent example of this is the inter<itation is therefore present only through the complex effec-
ference observefil4] in the cross section of théBe frag- tive interactions ofc andv with the target. Our three-body
ments, as a function of their component of momentumsolution of the Schidinger equation gives an approximate
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description of the projection of the full many-body+t extraction of the three-body transition amplitude at low rela-
wave function onto the ground states of the target, the cordjve breakup energies, discussed later in @§). In this case
and the valence nuclei. This three-body wave function isy;=k?Ak; and the bin energies are&=#7k>

denoted¥g \ (r,R) whereR is the position of the c.m. g k5 _1/(10u,, AkK2).

relative to the target andis the position ofv relative to the
corec. The particle masses ang,=mc+m, andm,. B. Coupled channels amplitudes

A. Construction of continuum bin states These bin stateéa provide an orthonormal relative mo-

. tion basis for the coupled channels solution of the three-body
In the CDCC. methoaﬂzz,za, the breakup_op IS ass_umed c+uv+t wave function. The bins and the coupling potentials

to populate a finite set of selected-v excited configura- -~ - oA .
. . . = = (¢o|U(r,R)|¢p) are constructed, and the coupled equations
t'OPSgW'th quantum number, I,j, wherej=1+s andJ, are solved, using the coupled channels cedesco[25].
=j+1. Here, each of these spin-parity excitations will be HereU(F,ﬁ) is the sum of the interactions afandy with
S the target, which is expanded to a maximum specified mul-
The eXCItgtlons are also a}ssumed to extend to some maXt'rpole orderg. The coupled equations solution generates the
mum relative energyina(Jy) or wave numbekmay. ,Th's (two-body scattering amplitudes, summed over partial
momentum range is then divided into a numbeéfJ;) of  yaves, for populating each bin stalg, M’ from initial state
intervals or bins, each with a widthki=[ki—ki_,]. We 3 v as a function of the angléx of the c.m. of the ex-

In each of these relative motion bins a single representa-

tive wave function is constructed from those v scattering A - 47 K,

statesf ,(k,r) internal to the bin, with assumed angular mo- Fmm(Ka) == K_Z (LOJ,M[IM)
mentum coupling 0 oL’y

L . X(L'M=M"J;M'[IM)
o (N=IVI(N@ @ X]ymrua(r)ir. (D) )
The radial functionau, are square integrable and are a su- XeXm[ULJrUL'])EsﬂJp:'—'Jp'(K“)
perposition

2 (ki
Ua(N =Yy f ga(K)fa(k,r)dk 2
TNaJki_y Hereo, ando . are the Coulomb phases appropriate to the

of the scattering states, eigenstates of thev internal  Nitial and final state c.m. energies and g ., 1,/(K,) are
Hamiltonian H,, with weight function g,(k). N, the partial waves matrices for exciting bin state with c.m.
:fti lg..(k)|2dk is a normalization constant. The, are ~ Wave numberK,. When calculated usingFRESCO[25],

i-1 these amplitudes are expressed in a coordinate systenxwith
axis in the plane oﬁo and}Za, such that the azimuthal angle
f(k,r)—[coss,(K)F,(kr)+sind, (k)G,(kr)], (3) ¢Ka of IZa is zero. When discussing three-body observables,
it is more convenient to define the coordinate system with
respect to the fixed positions of the detectors in the labora-
tory. For such a generatcoordinate axis the coupled chan-
nels amplitudes must subsequently be multiplied by

X YKo YM ™M (K,). (5)

defined here such that, for— o,

whereke @« and F, and G, are the regular and irregular
partial wave Coulomb functions. So tHe, are real when
using a reat+uv two-body interaction. An optimal discreti-
zation of the continuum requires a consideration of the num- / ; :

) ! : X expi[M—M"]¢k), with ¢ referred to the chosex axis.
ber, the boundariels, the widthsAk;, and the weightg,, in For use in the following, the two-body inelastic ampli-
the bins, which may depend on thig configuration. Energy  y,des of Eq.(5) are renormalized to that of tHE matrix by

conservation relates thet+v c.m. wave number, and  yemoval of their two-body phase space factors, so that
corresponding bin state energi€s, as

hK2 . K%K} fw 2mh?  [Ko . .
“+&=5——&, 4 T ym(Ka)=- Furm(Ka). (6)
21u“pt 2/.Lpt 0 ( ) lu’pt Ka/
where we define each bin energy By=(¢.|Hl$.) and  Throughout, we adopt scattering state anthatrix normal-
whereup, is the projectile-target reduced mass. izations such that, asymptotically, the plane-wave states
For nons-wave bins typically one useg,(k)=1 for a

_ _ _ 2 exp(k-r) that enter are multiplied by unity.

nonresonant continuum in which cad¢;=Ak; and & It follows that the inelastic differential cross section an-
=h%k2(2ue,) with k2=[k?—k2 ,1/(3Ak;). For swave gular distribution, in the center of mass frame, for excitation
bins it is an advantage to usg,(k)=Kk. This stabilizes the of a given bin state is

024617-2



CALCULATIONS OF THREE-BODY OBSERVABLES IN . .. PHYSICAL REVIEW ®3 024617

dot@)_ 1 [ o [Ka 5 3020 Thom(KR)= 20 )3/22<—|><|vso|1m)<1ml FAYR
0y _2Jp+1 2mt?) Ko s | u()] S g
x exfi 5,()]Y/(K)ga(K) Tyrm(a,K).
5371 2, (Kol @ | o

(12

C. Three-body breakup amplitudes Here theTM,M(a K) will be interpolated from the matrices

Less obvious is the relatlonshlp of the CDCC two-body7 « ’M(K ), available on the calculatetd,, and ¢ grid.
inelastic amplltudesTM,M(Ka) to the breakup transition

amphtudesTM:M(k,K) from an initial stateJ,,M to a gen-
eral physical three-body final state of the constituents
[22,26]. This is needed to make predictions for experiments Ty, y(a,K)=exp(ilM—M ') [ 75, (K)/ VN, ],
with general detection geometries, since each detector con- (13
figuration and detected fragment energy involves a distinct
final state c.m. wave vectd, breakup energy,, and rela-
tive motion wave vectok.

To clarify this connection, we make the CDCC approxi-
mation to the exactprior form) breakup transition ampli-
tude, by replacing the exactt-v +t three-body wave func-

Specifically, for each value d, we evaluate

where the value of the bracketed term on the right-hand side
is interpolated from the coupled channels solution.

In practice this interpolation is carried out as a function of
the deviation ofK from the threshold center of mass wave
) AR . b number. For nors-wave breakup, the amplitudes are con-
tion, Wi wm(r,R), by its CDCC approximation~~, as strained to vanish at the breakup threshislg, , i.e.,

|KR
T om(KK)= (¢>kw(r lu(r R)|\PK w(r.R). (8) B2, H2K3

2ppt 2:“pt

TS (K =0,

: , - —&. (14)
Here ¢, is thec+u final state. Upon inserting the set of

all included bin-states, which are assumed complete within

the model space used, then ) )
We note that in Eq912) and(13) the functional dependence

.. ) of the T matrix on the angles ok, the phase shiftga(k),
Tuom(k,K)= 2 (Dol ba ) and the azimuthal anglé are all treated exactly. The grid
aM of #¢ values can also be very fine without computing cost.
X<&,Z/I’eiK~R|U(II’,§ |\I,EDM(F R ), (9) The.most important reqwrement is therefore Ehat the pumber
of bin states used to describe ed€h—Kkma] Jj, excitation

) ) ) ] must be sufficient to allow an accurate interpolation of the
where the sum is over all bing, which contain wave num- amplitudes in the value ofK=|K— K, |, or alternatively

ber k. We should now recognize that the matrix elements, |
M,M(Ka) of Eg. (6), obtained from the coupled channels
solution, are precisely the transition matrix elements appear-
ing in Eq.(9), i.e., D. Three-body observables
The three-body amplitudes of E¢L2) are used to com-
M,M(K )=(pM "eiKa R|U(r R)|\1fK M(r R)) (100 pute the triple differential cross sections for breakup. If the
energy of the core particle is measured then

but calculated on the grid o, andK , values. For the first o

X . 2 1
term in Eq.(9), one obtains il

dQdQ,dE; 2k, (2J,+1)

3/

2
= - -
(Bl Bl )= w— 2 (=)'(lvsoljm) X 3 TR R)p(Ee,0c,0,).

X(jmiu3pM exidi 8,(K) 194K Y/ (K), (15

11
o With our T-matrix normalizations, and nonrelativistic kine-
where §,(k) = 8,(k) + o ,(k) is the sum of the nuclear and matics, the necessary three-body phase space factor
Coulomb phase shifts foc+v scattering at relative wave p(E,Q.,Q,), the density of states per unit core particle
numberk. It follows that the three-body breakupmatrix  energy interval for detection at solid angl®s andQ., is
can be written as [27]
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mem, ik Ak, bound states of**Cu, if present, could also contribute. We
p(Ec.Q¢, Q)= —F——F— comment briefly below on the latter.
(27h)
y my A. The CDCC model space
m, +me+m,(Ke— Kiop) -k, /K2 | Model space parameters common to all the CDCC calcu-
(16) lations are as follows. Partial waves up ltg,,,= 1000 and

radii Rup toR;,,,=500 fm were used for the computation
Hereﬁlzc andhlzu are the core and valence particle momentz°f the projectile-target relative-motion wave functions. The

. : > ntinuum bins wer lculat ing radii<ry,
in the final state and K,y the total momentum of the sys- continuum _ bins were _calculated using _radii=rpin

. . =60 fm. The "Be intrinsic spin was neglected, the core
tem, all evaluated in the frame, c.m. or laboratory, of inter-,_ :
e . ; . being assumed to behave as a spectator. Thus we=<&t
est. The association with the appropridtenatrix elements

in Eq. (15) is made through The proto!"n spins= 1/2, was included and hendcgzj s
In the final calculations presented, ay states consistent
- - - m, . Me. m,. with relative orbital angular momenta<3, i.e.,Jl’) up to
K=ke+k,— 3 m Kot k= m_kv_ m_kc- 17 f,,, were included. We show that the effects of theave
P . P continuum are small. The bin state discretization was carried
As the data under discussion here are inclusive with reeut up to maximum relative enerd,.=10 MeV for each
spect to the valence particlproton angles, the calculated state. The number of bins in tle,, continuum was 32. For
triple differential cross sections must be integrated numerieach of the othed,, 16 bins were used. These had equally
cally over(}, . The presented observables are also integrategpacedk; from k=0 to k.. In the case of the DWBA
and averaged over the solid angl&§). subtended by the calculations shown, the model space is the same, however,
core particle detectors, with the stated detector efficiencyhe bin states are coupled to the ground state in first order

profilese(Q,) [17], i.e., only. Calculations using potential multipoles<4 in con-
) 3 structing the coupling potentials will be shown but the final
< d“o >:Lf do (s(Q )f do do calculations requirg=<3.
dOdE;/ AQcJan, ¢ c vdQdQ,dE, |’ For the "Be-®Ni system, the interaction of Moroet al.

(18 [30] was used, as in the earlier analysis of R&0]. The
) _ proton-’Be binding potential was taken from Esbensen and
It is most convenient to choose thez plane to be that de- Bertsch(EB) [31]. The model of Kimet al.[32] is also con-

fined by the beam and the core particle detector. sidered. The potential used to construct the bin states was the
same(rea) potential as was used to bind tAB ground state,
lIl. APPLICATION TO SUB-COULOMB BREAKUP assumed a purgy, proton single-particle state. The proton-

The method detailed above is applied to the breakup 0]?8Ni potenti_al is first taken from the global parametrization
88 on %Ni at energyE,.,=25.8 MeV, for which new data of Becchetti and GreenledBG) [33], but is also discussed
are availablg17,24). A first experiment was performed in below.
1996 at the Nuclear Structure Laboratory of the University of
Notre Dame(ND) [10], one motivation being to clarify the
importance of thée2 contribution to the Coulomb dissocia- It is important to note from the outset that the total
tion process, an issue that is still not completely resolvedreakup cross-section angular distribution of the c.m. of the
[12]. In that first experiment, the measuréBe fragments excited projectile, the sum of the two-body inelastic differ-
were detected at only one laboratory angtedQ°), assumed ential cross sections of E7), is incoherent in the different
to be free from the influence of strong interaction contribu-bin components. This is not the case for the three-body am-
tions. However, as a result of theoretical predictif?8,29  plitude of Eg.(12) and the triple differential cross sections,
of a strong nuclear peak beyond 40°, and claims also oEq. (15). The practical convergence of the calculation, i.e.,
Coulomb-nuclear interference at around 40°, a more comthe dependence of the observables on the assumed model
plete experiment was recently carried out using the now upspace, is therefore much more subtle in this case.
graded ND facility. Measurements were obtained of an an- The three-body calculations are found to require a more
gular distribution of the’Be fragment$17] and also of their  extended set of bins, excitation energies, and potential mul-
energy distributiong24] for the range of measured labora- tipoles. Whereas the use of energy bins up to only 3 MeV of
tory angles. Although the removed proton is not observedrelative energy, and multipoles<2, e.g., in Ref[20], gives
since the heavy fragment energies are identified, the prestable (converged c.m. differential cross sections, in the
sented’Be fragment distributions are known to contain no sense of Eq(7), this is not the case for the calculations of the
contribution from proton transfer reactions to bound states ofriple differential cross sections and the energy and angle
®9Cu. There may nevertheless be contributions from knockintegrated distributions. We need the enlarged coupled chan-
out or stripping processes in which the proton excites theels model space, as detailed above, with bins extending
target and is absorbed. Such contributions are not calculatdzeyondé&,,.,=8 MeV to obtain a converged result for these
in this work. Proton transfer reactions to near-thresifoldt  three-body observables. Furthermore, even when the ex-

B. Results of calculations
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FIG. 1. Convergence of the calculated laboratory-frafie FIG. 2. The calculated laboratory-frani@e cross section an-

cross section angular distribution following the breakup®Bfon gular distribution following the breakup B on 5®Ni at 25.8 MeV.

58Ni at 25.8 MeV as a function of the maximum protéBe rela-  The long-dashed curve is tifg,,,=10 MeV, <3, g<2, calcula-

tive energy included in the calculation. tion from Fig. 1. The solid curve include3=3 multipole terms
while the dot-dashed curve includes bath 4 andl =4 effects.

tended range of continuum energies is included, the bin dis-

cretization may itself not be fine enough so that the basis othe | =4 breakup partial waves are included. The additional
bin states is sufficiently complete. We have therefore verifie@ffects are small and the remaining calculations therefore use
the stability of our results, with regard to the bin size, bythe truncated model space witf<3 andl<3.

doubling the number of bins and confirming that the same The solid curve in Fig. 3 uses the BG proton-target po-

results are produced. tential and the EB protoriBe potential. In Ref[28] it was
shown that different’Be->®Ni potential models give essen-
1. Angular distributions tially the same shape for th#8* c.m. angular distribution,

while the cross-section normalization depends on the size of
the 8B g.s. wave function. The long-dashed curve in Fig. 3
shows the results of using the protdBe interaction of Kim
et al. [32]. Consistent with earlier work, the cross section is
enhanced due to the larger predict¥8 rms radius in this
model.

The Becchetti-Greenled83] proton->®Ni potential, used

otential. For the largef,,,, the bins have been constructed above and previously, has surface imaginary strength and
P 9 max geometry parameterd/=12 MeV, ry=1.32 fm, anday,

so as not to alter their low energy discretization. The calcu=' ; h q
lation of the three-body cross sections thus provides a differ> 0-234 fm when computed at 3 MeV proton energy. Expe-
ence tells ug34] that the BG parameters give reasonable

ent interpretation of the reaction mechanism, and evidenc d v d . v 10 MeV. An al
for significantly higher-energy excitations than would be de- Its 1o data only down 1o approximately eVv. An alter-

duced from the earlier calculations and their comparison
with the 8B* c.m. cross section. We will show that these
high relative motion excitations are reflected in the calcu- 120 |
lated breakup energy distributions féBe and the proton.

Figures 2 and 3 present the calculatd@k laboratory dif-
ferential cross section angular distribution, integrated over
energy and proton angles and averaged over the core detector
solid angles, and compare this with the dg24]. The ‘Be
detectors were circular, subtending a solid an{e, com-
prising a circle of radius 6° about the nominal laboratory
angle 6,,,. They have a stated Gaussian efficiency profile
£(#) with full width at half maximum of 10.9{17]. Here 0
is measured from the nomina|,, setting.

The convergence of the calculations with multipole order,
and a'SP V\_"th the included continuum partlal' Waves, IS F|G. 3. The calculated laboratory-franie cross section an-
shown in Fig. 2. Here the long-dashed curve is the resulgyar distribution following the breakup &8 on 5Ni at 25.8 MeV
shown in Fig. 1, converged with respect to excitation energyjrom the EB(solid) and Kim (dashedl models for the protoriBe
with g<2 andl<3. The solid curve includes also the effects interaction and the BG proton-target interaction. The dotted-dashed
of the g=3 multipole couplings fol<3. The dot-dashed curve uses the EB protofBe interaction and the VG proton-target
curve is a calculation wherg=4 multipole couplings and interaction. The experimental data are from H&fZ].

The convergence of the three-body calculations With,
is clearly illustrated in Fig. 1. Here we show tHBe labo-
ratory differential cross section angular distributions from
calculations that include continuum bins up 6.y
=3,4,6,8, and 10 MeV. The calculations for this conver-
gence test use multipoleg<2 and|=<3. The calculations
use the BG proton-target potential and the EB prote-

140

100

80

60

do/dQ, (mb/sr)

40 |

0 20 40 60 80
8,,('Be) (degrees)
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native global parametrization, tailored for use below 20bution at forward angles which is not present in the
MeV, has a similar imaginary strength but somewhat smallecalculations of Figs. 1, 2, and 3 in which the angular depen-
radius and diffuseness parametarg=1.25 fm anday,  dences are treated exactly.

=0.47 fm[35] and leads to very similar results. There are,
however, also potential parameters fitted to elastic scattering
data at 5.45 MeV[36,34. This analysis uses a Gaussian
surface term and obtains a much reduced absorptive strength, In Fig. 4 we show the calculated breakup energy distribu-
W=3.5 MeV, ry=1.23 fm, anday,=1.2 fm. We will re- tions of the 'Be fragments, together with the data from Ref.
fer to this as the VG potential. There is therefore some unf24], for four measured laboratory configurations. For the
certainty in this potential input. The dotted-dashed curve irsmallest angle=20°, the calculations and the data are the
Fig. 3 shows the calculatetBe angular distribution from the average of the distributions &t,,=19° andf,,,=21°. For

VG potential. The cross section is changed only slightly athe largest angles, 50/60°, the curves and data are similarly
smaller angles. At the larger angles the calculated cross sethie average of the distributions obtained faf,=50° and

tion is enhanced and is consistent with the experimental and,,,=60°. The measured cross sections are zero outside of
gular distribution data. the range of the data points shown. The solid curves use the

Our calculations show that th8B structure(size and  BG proton distortion and the EB protofBe potential. The
proton-target potential uncertainties affect the calculations irgeneral features of the data, their magnitude, centroids, and
characteristically different ways. The former produces arwidths, are well described by the calculations. The long-
overall scaling while the latter produces, principally, a largedashed curves are the results using the Kim prdi®a-po-
angle enhancement. The data, currently, do not allow thesential. They show an enhanced cross section discussed ear-
effects to be discriminated further. In the final event, thelier, but a very similar shape. The dotted-dashed curves are
overall agreement between the calculations and the data telculated using the VG proton distortion and the EB proton-
Fig. 3 is qualitatively similar to the comparisons made in 'Be potential. The small arrows on the energy axis in Fig. 4
Ref. [17]. There the calculatedB* c.m. cross sections (and Fig. 5 indicate 7/8 of the’B energy for elastic scatter-
[20,21] are compared with an approximate transformation ofing at each laboratory angle. An overall reduction in the
the measuredBe data of Fig. 3 to the c.m. frame. Such mean energy of the heavy fragments within the breakup re-
approximate comparisons, however, are not necessary.  action is evident.

We observe that the results of our calculations are quali- Further insight is gained by looking at the results of
tatively quite different from those presented in RE37], DWBA calculations, and also calculations in which a subset
where an isotropic approximation was assumed in calculatef the continuum couplings are switched off, shown in Figs.
ing the "Be fragment laboratory cross sections. Those calcu5(a)—(d). The long-dashed lines show the DWBA calcula-
lations show a radical change of shape of the angular distritions. The dotted-dashed lines are the results of CDCC

2. Energy distributions
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w200 w’ frame Be cross section energy
é'“ 3" 5t distributions  following the
T10} 3 breakup of 8B on *Ni at 25.8
o "o MeV for the laboratory angles in-
0 , ) ) ) 0 e ) , , dicated. The curves compare the
14 16 18 20 22 24 12 14 16 18 20 22 24 full CDCC (solid), the CDCC in
E.o(BE) (MeV) E,o('Be) (MeV) the absence of the CC bin cou-
. . ' 25 . ' . . plings (dztted-gasﬂe)g antlj tlhe
. N 7 . 7 DWBA (long-dashell calcula-
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= o ) S20¢ PN ] 8B ground-state structure model
= /NN = ! SN and the BG proton distortion. The
20l // ; \\\‘ £15¢ ;S ! arrows on the energy axis indicate
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W’ /l,/ Y w10 s 1 scattering at each laboratory
g’ 5 // /,/ '\\‘ %" i \‘ angle.
£ ) MoSer \
N i -
12 14 16 18 20 22 24 02 12 16 20 22 24

E..(Be) (MeV)

coupled channels calculations but in which all continuum-
continuum(CC) couplings between bin states are removed.
The solid lines are the full calculations, as were shown in
Fig. 4. We see that the calculations in the absence of CC
couplings, both DWBA and truncated coupled channels,
show energy distributions that are strongly asymmetric and
have an enhanced high energy peak. This is very similar to
what is observed in thé€Be fragment parallel momentum
distributions from 8B breakup observed at higher energy
[14]. As in that case, we show in Fig. 6 that this asymmetry
has its origin in the interference between tg transitions

to even breakup partial waves, and &2 transitions to odd
breakup partial waves. Thedex amplitudes, which indi-
vidually give approximately symmetric energy distributions,
interfere to give strongly asymmetric responses. The very
nearby kinematic cutoff in our case distorts the symmetry
somewhat. Th&E2/E1 amplitude ratio in this lower energy
case is also greater and so the asymmetry is enhanced com-
pared to higher energies.

In the full CDCC calculations these asymmetries are es-
sentially removed as a result of the higher-order couplings.
This higher-order coupling induced suppression of the
E1/E2 interference asymmetry was also a feature of the
(higher energydynamical calculations in Reff31]. The sup-
pression is more complete at the lower energy discussed
here. Figure 7 shows the analog of Figa)6 the calculated
cross sections to odd and even breakup partial waves, from
the full CDCC calculations using EB and BG potentials. Evi-

E..(Be) (MeV)

40

[
(=]

d’o/dQ dE, (mb/(sr MeV))
=3 8

15

d’o/dQdE, (mbi(sr MeV))

10

E..(Be) (MeV)

0,,,(Be)=30°

(b)-
DWBA
odd
e N
. N\
Y X
27 even AR
7 W
A\
\
- /:—’/ \
i . . \ LN
14 16 18 20 22 24

E..(Be) (MeV)

suppressed, and is in fact large. The interference between tlwgthin the full DWBA calculation.
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FIG. 8. Calculated laboratory-frame proton cross section angu-

FIG. 7. Caloulated laboratory-framéBe cross section energy lar distributions following the breakup &8 on 5®Ni at 25.8 MeV,

distributions following the breakup diB on %Ni at 25.8 MeV for X 2 .
the laboratory angle indicated. The curves show the odd and eve?bowmg the role of the interaction between the proton and the tar-

breakup partial waves cross sections and their interference withiﬁa' The calculations use _the E(B.O“d) and Kim (long-dasheyi
the full CDCC calculation. models for the protoriBe interaction and the BG proton-target

interaction. The dotted-dashed curve uses the EB préBminter-

two contributions in Figs. 7 and(@ is however very differ- action and the VG proton-target interaction.

ent in the two cases. ) , . o
Also evident in these two figures is the fact that the odd- With th|.s sensitivity to the proton-target potential in mind,
breakup partial-waves contribution in the CDCC calculationhOWeVer, in Fig. 8 we show the calculated proton laboratory

is significantly narrower than that calculated using DWBA, angular distributions from the EB and KirfB wave func-
This narrowing is already manifest B+ p wave two-step tions, and the BG a_nd VG proton distorting potentials. We
(q<2 Coulomb calculations and arises there from interfer- NOté that the magnitude, but not the shape, of the proton
ence between the first-ordE2 and second-ordél ampli-  CroSS section angular distribution shows a significant sensi-
tudes for populating the-wave continuum. The importance tivity to the assumed absorpnon_ in the proton-target system.
of these particular interfering paths was also noted in RefPrecise data could therefore verify and constrain this element
[31], there in connection with a reduction in the calculated®f the calculations. o

8B decay-energy spectrum at higher energy, when going be- The shape <7)f the calculated proton-energy _d|_str|but|on,
yond first-order Coulomb excitation theory. The calculated!k€ that for the "Be fragments, shows little sensitivity to the
energy distributions reveal even more clearly than those fof0SOrptive content of the proton distortion or to the choice of
the angular distribution the importance of a full treatment of B binding potential. The calculations in Fig. 9 use the EB

the dynamical couplings within the continuum. (solid) and Kim (long-dashejl models for the protorlBe
interaction and the BG proton-target interaction. The dot-
3. Additional calculations and comments daShed curve uses the EB pl’OtaBe interaCtion and the VG

. . _ proton-target interaction. The calculated proton energy dis-
Since the proton separation energy from f€u(g.s.) is

S,=3.42 MeV, proton transfer to the’Cu(g.s.) would pro-
duce 'Be fragments with=26 MeV of kinetic energy in the
c.m. frame, and so such events are not part of the energy
distributions measured. Those transfers that might contribute
to the energy spectra of Fig. 4 would therefore be to excited
(resonant proton levels in®°Cu* at around 9 MeV of exci-
tation energy. If the protor¥Ni interaction supported one or
more potential resonances, then the CDCC reaction mecha-
nism would include their dynamical effects since breakup, by
projectile excitation and by transfer to unbound states, are
not distinguishable mechanisms in the three-body reaction
model used. Clearly, however, the ability of the protthii
interaction to support such resonance strength, and its ab-
sorptive content, are closely related questions. As was noted

earlier in Fig. 3, use of the VG proton-target potential calcu-  Fig, 9. calculated laboratory-frame angle-integrated proton
lates an enhanced large-angle cross section. Clarifying thigoss section energy distributions following the breakugBfon
sensitivity, and the possible role of such final-state resoséNj at 25.8 MeV. The calculations use the EBolid) and Kim
nances, requires further study and fine tuning of the protondong-dashed models for the protorfBe interaction and the BG
target potential. A full discussion of this topic is beyond theproton-target interaction. The dotted-dashed curve uses the EB
scope and motivation of the present article. proton-'Be interaction and the VG proton-target interaction.

do/dE, (mb/MeV)

E.p(P) (MeV)
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observables is more subtle than that for the cross section of
20 the c.m. motion of théB* and requires a significantly more
% 16 L extended space dB* excitation energies. The required ex-
= citation energy range is clarified.
% . Our calculations show that th®B structure and the ab-
£ sorptive content of the proton-target potentials affect the cal-
< gl culated 'Be fragment angular distributions differently, the
o former producing an overall scaling, and the latter a large
3 4l angle enhancement. Reducing the strength of the imaginary
o part of the proton potential in line with a phenomenological
0 study [36], provides agreement with the larger-angle data.
10 The full CDCC calculations are shown to provide a good
Ep(P) (MeV) description of the measuretBe fragment energy distribu-

tions. The widths and positions of these distributions are
found to be rather insensitive to the details of the potentials
used within the calculations. The presence of coupling be-
Sween the continuum states is shown to be crucial to under-
stand both the magnitudes of these energy distributions and
their measured energy centroids. The absorptive content of
the proton-target potentials affect the magnitudes of the cal-
I . culated proton angular and energy distributions significantly,
tributions, integrated over aflBe fragment angles, peak for although their shapes are little affected. The calculated pro-

ey bt - seon b tond s g ety enecton (58 Fagment energy disnbutn revcls an overl
ing the high relative-energy excitations of tAB* discussed increasedreduced average energy of the fragment from the

o . . dynamics of the breakup process.
earlier in connection with the convergence of the CDCC cal- The application of these techniques to calculate the paral-

culations.7Figure 10 shows the energy distributions predictegel momentum distribution of the heavy breakup fragments
when the’Be fragments emerge at laboratory angles of 20 following the nuclear dissociation of the two-body system

30°, and 40°. In this case the arrows on the different curvesig, il be reported elsewhef@8]. Further applications to

. . 8 . .
indicate 1/8 of the"B energy _for elastic scattering at each systems with significant Coulomb dissociation strength, such
laboratory angle. The calculations show an increased average ¢ . sg breakup at energies of 40 MeV/nucleon and

energy(acceleratloh of the removed protons from the dy- greater, are also in progress.
namics of the breakup process.

FIG. 10. Calculated laboratory-frame proton cross section en
ergy distributions following the breakup 88 on 5Ni at 25.8 MeV
for the "Be fragment laboratory angles indicated. The calculation
use the EB protoriBe interaction and the BG proton-target inter-
action. The arrows indicate 1/8 of tii& energy for elastic scatter-
ing at each laboratory angle.
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