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We investigate *Be 4 2°8Pb elastic scattering, breakup, and fusion at energies around the Coulomb barrier.
The three processes are described simultaneously, with identical conditions of calculations. The °Be nucleus
is defined in an o + « + n three-body model, using the hyperspherical coordinate method. We first analyze
spectroscopic properties of “Be and show that the model provides a fairly good description of the low-lying
states. The scattering with 2°8Pb is then studied with the continuum discretized coupled channel method, where
the & + o + n continuum is approximated by a discrete number of pseudostates. The use of a three-body model
for °Be improves previous theoretical works, where °Be is assumed to have a two-body structure (*Be + n or
SHe + ), although neither *Be nor *He are bound. Optical potentials for the o + 2*®Pb and n + 2°®Pb systems are
taken from the literature. We present cross sections at different energies, and we investigate the convergence with
respect to the truncation of the & 4+ o + n continuum. In general, good agreement with experiment is obtained,
despite no parameter fitting being made. We show that continuum effects increase at low energies, and we confirm

that breakup channels enhance the fusion cross sections below the Coulomb barrier.
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I. INTRODUCTION

Many experiments have been performed with the °Be
nucleus, used as a target or as a projectile [1]. Although °Be
is stable, it presents a Borromean structure, as the well-known
halo nucleus ®He. None of the two-body subsystems « + n
or « 4 « is bound in °Be, which has important consequences
on the theoretical description of this nucleus. Precise wave
functions must include the three-body nature of °Be. The
hyperspherical formalism is an ideal tool to describe three-
body Borromean systems, as it does not assume a specific
two-body structure and considers the three particles« + o + n
on an equal footing. This model has been successfully applied
to several exotic nuclei, such as °He [2] or ''Li [3], and to
more tightly bound nuclei such as °Be [4] or 12C [5].

In the present work, we aim at investigating °Be scattering
on a heavy target. The reaction framework is the continuum
discretized coupled-channel (CDCC) method [6—8], which is
well adapted to weakly bound projectiles since it allows one to
include breakup channels. Originally, the CDCC method was
developed to describe deuteron elastic scattering [6]. Owing
to its low binding energy, deuteron breakup channels must be
included, even in the calculation of the elastic cross sections.

Over the last decades, the CDCC method has been extended
in various directions and in particular to reactions involving
three-body projectiles such as °He [9] or ''Li [10]. Going
from two-body projectiles (suchasd = p +nor’Li = a + )
to three-body projectiles strongly increases the complexity
of the calculations, even if both options eventually end up
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with a standard coupled-channel system. The calculations are
performed in three steps: (1) computing the *Be wave functions
in the o + o + n hyperspherical model; (2) evaluating the
°Be + target potentials (including coupling terms) for all
°Be states; (3) solving the coupled-channel system to provide
the scattering matrices and eventually the cross sections.
Calculations involved in each step are significantly more
complicated for three-body projectiles than for two-body
projectiles.

Many data have been obtained for °Be 4 *Pb elastic
scattering [11,12], breakup [13,14], and fusion [15,16]. These
experimental data provide a good opportunity to test ’Be wave
functions. Previous CDCC calculations, using a two-body
approximation for °Be, show that breakup effects are important
[12,17,18]. In a two-body model, 9Be is assumed to have
a 8Be + n or He + « cluster structure. This approximation
presents several shortcomings: (i) ®Be and *He are unbound,
and assuming a pointlike structure is questionable; (ii) in
a more rigorous three-body approach, both configurations
are strictly equivalent, and the relative importance of the
8Be + n and °He + « channels is not relevant; (iii) a two-body
model of °Be requires Be + 2%Pb or *He + 2%Pb optical
potentials, which are not available. These different issues are
more precisely addressed in a three-body model of *Be. No
assumption should be made about the cluster structure, and
o + 28Pb as well as n + 2°8Pb optical potentials are available
in the literature.

Calculations of fusion cross sections deserve special atten-
tion. The fusion process provides strong tests of scattering
models and has been investigated by many authors (see, for
example, Refs. [19-21]). An important issue is associated with
the concept of complete and incomplete fusion, according
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to whether the whole projectile fuses or just one of its
fragments. For weakly bound nuclei, a recent coupled-channel
calculation [22] suggests that the total fusion cross section
is strongly suppressed at low energies, compared to model
predictions. Our goal here is not to provide a deep analysis
of the fusion cross section but to investigate this mechanism
in conditions identical to those of elastic scattering. In most
calculations, these processes are studied independently, with
optical potentials optimized for each reaction.

The paper is organized as follows. In Sec. II, we briefly
present the three-body model and apply it to spectroscopic
properties of °Be. Section III provides an outline of the CDCC
method with three-body projectiles. Using the °Be wave
functions, we apply the CDCC formalism to the °Be + 2*Pb
system in Sec. IV. Elastic-scattering, breakup, and fusion cross
sections are calculated at energies close to the Coulomb barrier.
Conclusions and outlook are presented in Sec. V.

II. THREE-BODY MODEL OF °Be

A. Hyperspherical formalism

We present here the main properties of the hyperspherical
method. Further detail can be found in Refs. [2,23,24]. For a
three-body system, the Hamiltonian is given by

3
Ho = Zz”— ZV(r,—;, )

i=1
where r; and p; are the space and momentum coordinates,
respectively, of the three particles, and V;; is the potential
between nuclei i and j. We define scaled Jacobi coordinates
as

%)

X = /Ha—a(rs —12),
ro +r3
y = VMBen(rl - 2 ) %)9

where (y—o =2 and wp.—, = 8/9. We assume that particle
1 is the neutron and particles 2 and 3 correspond to the o
particles. Of course any other choice is possible, but the present
set of coordinates allows us to account for the symmetry of the
o + o system and to reduce the number of components in the
wave functions.

From coordinates (2), we define the hyperradius p and
hyperangle o as

@

,02 =x? + yz,
3)

o = arctan(y/x).

For a given angular momentum j and parity 7, a solution of
the Schrodinger equation associated with (1) is expanded as

jmm
2 : \I'[lxlylS
INNN

=Y k() VIR Qe Q). (@)

lyjmﬂ —

where K is the hypermomentum, typical of many-body
systems [23,24]. In practice, the summation over K is truncated
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at a maximum value Ky, In (4), y = (I4,1,,1,5) represents
a set of quantum numbers, where [, and [, are the orbital
momenta associated with x and y, / is the total angular
momentum, and § is the total intrinsic spin (S =1/2 in
the o + o +n system). Functions )¢ are hyperspherical
harmonics and depend on five angles. These are well-known
analytical functions [23,24]. Notice that, for a given K, the
summation over y is limited by the selection rules

K =1 +1,+2n,
e =1l S TS e+ 1y, (&)
=S| <j<I+S,
where 7 is a positive integer number. The number of y values

rapidly increases with K.

The hyperradial wave functions X,{% (p) are obtained from
a coupled-channel differential system [2]

R (d>  (K+3/2)(K+5/2) i
o <d—p2 - o ) —E\x;x(0)

+ D VI 6, (0) X () = 0, )

K'y'

where m y is the nucleon mass, and where V,éfry,_ Kk, (p) repre-
sents a matrix element of the potential term Vi, + Vi3 + Vo3
between hyperspherical harmonics. This system is solved here
by using the Lagrange mesh method [5,25]. Each component
of the hyperradial wave function is expanded as

No
Xk (p) = Z )i (p), )
where u;(p) are Lagrange functions [5]. System (6) is therefore
replaced by a standard eigenvalue problem. Typical values for
N() are N() ~ 20-30.

The main advantage of Lagrange functions is that matrix
elements are very simple if one uses the Gauss approximation
corresponding to the mesh. For an operator O(p) depending
on the hyperradius only, a matrix element is given by

(xJxlolxm) Zcm T 0o, 8)

where O(p;) is the operator defined at the mesh points p;. This
means that no integral is needed for the matrix elements (see
Ref. [25] for more detail).

B. Application to the ¢ + o + 1 system

The determination of the Be wave functions is the first
step for the *Be + 2%Pb CDCC calculation. The spectroscopy
of °Be in cluster models has been performed in previous
microscopic [26-28] and nonmicroscopic [4,29-31] models.
Here we briefly describe the specificities of our approach.
An important issue is the role of ®Be* 4+ n configurations,
which were predicted to be important in low-lying states [26].
This was subsequently supported by experimental data on the
‘Be breakup [32]. Most calculations assume 8Be + n and/or
SHe + « configurations (see, for example, Ref. [12]). From
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the theoretical point of view these two configurations are
strictly equivalent provided that the basis is large enough.
Our choice (2) of the Jacobi coordinates assumes a Be + n
structure, but the He 4+ o configuration is obtained by a
unitary transform, using the Raynal-Revai coefficients [23].

For the o + « interaction, we use the deep potential of
Buck et al. [33]. The o + n interaction is taken from Kanada
et al. [34]. Both (real) potentials accurately reproduce the
o + o and o + nucleon phase shifts in a wide energy range.
These deep potentials contain additional bound states, which
aim at simulating the Pauli forbidden states. Additional deep
states are removed in the three-body calculation by using a
supersymmetric transform [35].

With these potentials, the Be ground state is too bound
(—3.12 MeV, while the experimental value is —1.57 MeV
with respect to the o + « + n threshold). We have therefore
introduced a phenomenological three-body force as

Vip(p) = 58k K Syy's 9

0
1+ (p/po)
where pp = 6 fm [36]. Using Vy = 2.7 MeV provides the
experimental binding energy of the 3/2~ ground state. The
wave functions (4) are determined with a Gauss-Laguerre mesh
with Ny = 20 and a scaling parameter 4 = 0.3 fm (see [5] for
detail). Several tests have been performed to check the stability
of the results with respect to these parameters. The truncation
hypermoment is K,x = 20. For j™ = 3/27, this choice leads
to 100 values of (y K) in the system (6). This number is 135
for j* =5/2".

InFig. 1, we show the convergence of the 3/2~ ground-state
and 5/27 energies as a function of K. For negative-parity
states, only odd K values are allowed. The 5/27 state is
a narrow resonance (I = 0.78 keV) and can be accurately
described in a bound-state approximation. Figure 1 shows
that a reasonable convergence is reached for K,z = 15.
The theoretical 5/27 energy (0.67 MeV) is slightly too low
compared to experiment (0.86 MeV), but no fit has been
performed.

Spectroscopic properties of the 3/27 and 5/2~ states are
given in Table I. The quadrupole and magnetic moments (Q

15 [
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FIG. 1. Convergence of the 3/2~ and 5/2~ °Be energies as a
function of the maximum hypermoment K ... Energies are defined
from the o + « + n threshold.
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TABLE 1. Spectroscopic properties of ?Be.

Theory Experiment [38]
0(3/27) (e fm?) 4.96 5.29 +0.04
w(3/27) (uw) ~1.13 ~1.18
B(E2,5/2" — 3/27) (W.u.) 20.1 244+ 18
Vr? (fm) 2.36 2.45+0.01*

4Interaction radius.

and p, respectively), as well as the E2 transition probability,
are in fair agreement with experiment, despite that no effective
charge being used. The r.m.s matter radius (with a radius of
1.4 fm assumed for the « particle) is slightly smaller than the
experimental interaction radius [37].

The wave functions are analyzed in Table II. The 3Be
components are deduced from the amplitudes in the /, partial
waves as

2

¢l = Z |<\p/7izs|‘y/215> ; (10)

1,.01,8

where I, = 0 corresponds to the ®Be ground state and [, = 2
to the 2 excited state. Table II confirms previous microscopic
studies [26] and experimental data [14,32], which suggest
that the 2T component is important. In particular, Brown
et al. [14] observe a branching ratio for the 5/2~ decay to
the n + 3Be(2") channel of 94 4 2%, which is remarkably
close to the 2 amplitude found here (95.0%).

Table II also presents the / contributions C;/” in the wave
functions; they are obtained as in (10) by summing over /, in
place of /. Each j™ contains two [ values (/ = j £ 1/2). From
Table II, we deduce that the lowest value is strongly dominant.

The 3/2~ wave function is shown in Fig. 2, in terms of the
probability function P/™(x,y) defined as

PIT(x,y) = /a’QdeyI‘l’jm”(x,y)l2 an

and is plotted as a function of the relative coordinates ry. =
x/ /2 and rgen = Y+/9/8. The normalization is such that

/ Pjn(rafaarBefn)drotfadrBefn =L 12)

Figure 2 presents a maximum near ry., ~ 3 fm and rg.., &
2.2 fm. The a-« distance is similar to the value found in the

TABLE IL. Components (in %) C;" (10) and C/” (see text) of the
3/27 and 5/27 states.

cl’ j=3/2" j=5/2
$Be(0) 50.6 0.4
8Be(2") 484 95.0
8Be(4) 1.0 45
cr”

I=1 84.8 -
1=2 15.2 93.8
1=3 - 6.2
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Foo (fM)

FIG. 2. Probability function (11) of the °Be ground state. The
curves are drawn in steps of 0.005.

ground state of 12C [5]. It is also consistent with a microscopic
cluster calculation [39], where the optimal -« distance was
found close to 3 fm.

III. THE CDCC METHOD

A. Outline

We present here a brief outline of the CDCC method [7], and
we refer to Ref. [40] for specificities of three-body projectiles.
The CDCC method is based on approximate solutions of the
projectile Hamiltonian (1)

HoW{"™ = EJTw/"™, (13)

where k are the excitation levels in partial wave jm. Solutions
with E(J)i < 0 correspond to bound states of the projectile,

whereas E}} > 0 correspond to narrow resonances or to
approximations of the three-body continuum. These states
cannot be associated with physical states and are referred to as
pseudostates. As in most calculations, the target is assumed to
remain in its ground state.

The Hamiltonian of the projectile + target system is written
as
2

I
HR.x.y) = Ho(x.y) = 5 ——Ar + V(R.x.y),  (14)

npT
where py is the reduced mass of the system, and R is the
relative coordinate (see Fig. 3). The potential term reads

V(R,x,)’) = Vlt(R’)’) + Vzt(vavy) + V3t(va’y)a (15)

where the three components V;, are optical potentials between
fragment i and the target. Owing to the present choice of
the Jacobi coordinates (2), the potential between particle 1
(the neutron for °Be) does not depend on coordinate x or,
equivalently, on r,_, (see Fig. 3).

In order to solve the Schrodinger equation associated
with (14), the total wave function with angular momentum
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208pp

FIG. 3. (Color online) Coordinates involved in the present four-
body model.

J and parity TT [T = 7(—1)"] is expanded as
WM R x,y) = > o/ (Qr.x. )L (R),  (16)
jmkL

where the channel wave functions are given by

PN Qpay) =it [ @y @ V@], a7

The sums over k and j are truncated at a maximum energy Ep,x

and at a maximum angular momentum jp,, respectively.
The radial functions gCJ T(R) [where we use the notation

¢ = (j,m,k,L)] are obtained from the coupled-channel system

h? d? L(L+1)
- LRI LB El(R
|: 2upr (dRz R? >+ ‘ ]gc ()

+Y VI RGIR) =0, (18)

where E is the c.m. energy, E. are the threshold energies, and
the coupling potentials are given by matrix elements

VIR = (oMM V |@2MT). (19)

The integration is performed over 2z and over the internal
coordinates x and y. The calculation of these coupling
potentials is much more complicated for three-body projectiles
than for two-body projectiles. Out of the three potentials V;,
in (15), matrix elements of Vy;, are the easiest since V;; does not
depend on x. The calculations of the two remaining terms V5,
and V3, are performed by using the Raynal-Revai coefficients
(see Refs. [40,41] for detail).

B. Scattering matrices

System (18) must be solved for positive scattering energies

E (E. = 0 corresponds to the ground state of the projectile).

At large distances, the radial functions for open channels (E >

E.) tend to a combination of the incoming (/.) and outgoing
(0O.) Coulomb functions as

I (R) = L(k:R).o — UL O(kcR).  (20)

)

where w is the entrance channel, k. is the wave number
in channel ¢, and U/ is the scattering matrix. For closed
channels (E < E.), the radial functions tend to

gl (R) = ALL W, 11122k R), 21

c(w)
where 7. is the Sommerfeld parameter in channel ¢, A/l is
the amplitude, and W_,_;11,2(x) is the Whittaker function.
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Elastic, inelastic, and breakup cross sections are then derived
from the scattering matrices [42].

In the present work, we solve Eq. (18) with R-matrix
theory [43], which is based on the existence of two regions.
They are separated by the channel radius a: R < a, where the
nuclear part in the interaction is important, and R > a, where
only the Coulomb interaction remains and where the radial
wave functions have reached their asymptotic form (20). In
the internal region, the radial wave functions are expanded
over a basis as

N
g"R) =) fi"ui(R), (22)

i=1

and matrix elements

v = / W RV (R (R)dR 23)

ci,c'i

are needed to compute the scattering matrix. As basis functions
u;(R), we use here Lagrange functions based on Legendre
polynomials [25,43]. Matrix elements (23) can be therefore
computed without any integral over the relative coordinate R.
As mentioned before, a specificity of three-body pro-
jectiles is that matrix elements (19) are rather complicated
and that three-body wave functions are of course required.
Another specificity comes from the high level densities in the
projectile. As three-body wave functions (4) contain many
components (typically 100-200 for realistic values of Kp,x),
the Schrodinger equation associated with the projectile (13)
provides many eigenvalues. The three-body continuum is
therefore approximated by a large number of square-integrable
wave functions. Examples for He(= o + n + n) are given
in [40]; they show that the level densities are much higher
than for two-body projectiles. As a consequence, the coupled-
channel system (18) involves a large number of equations.

C. Breakup cross sections

In the CDCC formalism, the continuum is simulated by a
discrete number of square-integrable pseudostates. The cross
section for “inelastic scattering” from the ground state to a
pseudostate i is given by

2J +1

s
oi(E) = = Ualin
" kZJZH;(leH)(zml)' ot

2

. (@24

where I} and I, are the spins of the colliding nuclei, w is the
Be(g.s.) + 2%8Pb entrance channel, and nondiagonal elements
of the scattering matrix are involved [42]. In this definition, L
and L’ correspond to the angular momenta in the entrance and
exit channels, respectively. Of course, a specific cross section
to a single pseudostate does not have a physical meaning.
However, the total breakup cross section can be approximated
by the contribution of all pseudostates as

opu(E) =) oi(E). (25)
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D. Fusion cross sections
The total fusion cross section o7 is defined from [20,21,42]

orr(E) = 75 D_(2J + DT{M(E), (26)
JII

where k is the wave number and T7/™ is the transmission
coefficient for fusion in partial wave JII. It can be obtained
from the scattering matrices as

1
QL+D2L+1)
x Z(‘SLwL - |Ua{{[w,a)L(E)’2)' @7

Lo.L

T.™E) =

The reaction cross section can be defined in a similar way as

ow(E) = 75 Y (2 + DT{™(E), (28)
J1I
with
JII 1
TR (E) =

QL+ DR2L+1)
x Z (‘SLML%i - |Ua{Fw,iL(E)|2)' 29)
Lol

With these definitions, the fusion cross section is related to the
reaction and breakup cross sections by

orp(E) = or(E) — opy(E). (30)

Using flux conservation properties, the fusion transmission
coefficient can be expressed from the imaginary part ch (R)
of the coupling potentials [42]. It is therefore strictly equivalent
to

4k 1

TJH E)= —— / o R
" ( ) E (211 + 1)(212 + 1) ;ND;L, ngw,aL( )
X WOtJero/L’(R) gig@_afL/(R)dR, (31)

where index « stands for @ = (j,7,k); i.e., it does not depend
on the angular momentum L [in other words ¢ = («,L)]. In
practice, using this definition is more complicated than (27)
since it requires the wave functions, but it provides better
accuracy at low energies, where the scattering matrix is close
to unity. It also gives an approximate method to distinguish
between complete and incomplete fusion [19]. Finally, it al-
lows us to adapt the calculation to the experimental conditions
of the fusion measurements. In the present case, fusion is
experimentally defined as the capture of the whole charge of
the projectile, where the neutron is not absorbed by the target.
This can be addressed by removing the neutron-target potential
in Eq. (32).

IV. APPLICATION TO THE °Be + 2Pb SYSTEM

A. Conditions of the calculation

The four-body Hamiltonian (14) relies on a->Pb and
n —2%8 Pb optical potentials. For «-2®Pb, we use the potential
of Goldring et al. [44], which fits elastic cross sections in the
range E, = 14-23 MeV. The n —2% Pb optical potential is
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taken from Ref. [45] at a neutron energy E, = E},/9 (where
Ep is the °Be energy).

The coupled-channel system (18) is solved with R-matrix
theory [43]. In the coupling potentials (23), all multipoles
are taken into account. In particular, the £1 mechanisms are
expected to be important with highly charged targets. We use
a channel radius @ = 30 fm, where the nuclear components,
as well as nonmonopole Coulomb terms, are small. At R =
30 fm, The Coulomb monopole potential is 15.74 MeV,
whereas the coupling with the first 1/2% pseudostate is
0.026 MeV (a term that decreases as ~1/R?). Several tests
have been performed to check the stability of the cross
sections against variations of the channel radius. In the cross
sections, we include partial waves up to J,x = 301/2, which
corresponds to L, = 150. This ensures precise convergence,
even at backward angles.

The full calculations are performed with °Be partial waves
jT =1/2%, 3/2% and 5/2%, and we use a truncation energy
Emex = 12.5 MeV. The °Be hyperradial wave functions
are expanded over a Lagrange basis with Ny =20 [see
Eq. (7)]. Using larger values does not affect the spectroscopic
properties of the low-lying states. Of course, the discrete
continuum spectrum is modified. The convergence against
these parameters (j values, Enax, and Ny) will be illustrated
in the next section. The °Be pseudostates are shown in Fig. 4
for the most important angular momenta j* = 3/27, 5/27,
and 1/2F. For these values, the °Be spectrum presents a
bound state or a resonance. As expected, the level density
is quite large. With a truncation energy of 12.5 MeV, the
numbers of pseudostates are 36, 37, 59, 63, and 71 for
jT=1/2%,1/27,3/2%, 3/27, and 5/2%, respectively.

B. Elastic scattering

We first analyze the convergence of the elastic cross sections
against the truncation parameters Epax and jmax. This analysis

12 —

10 —— —_—

8 L e — =

6 | — =
— e —
= —
%) = — __———
E 4 e —
BE - -
[u B J——

2 -

0L

2 L

3/2- 5/2- 1/2*

FIG. 4. Pseudostate energies Eé’z of °Be for different angular
momenta j* [see Eq. (13)] and for Ny = 20. Energies are defined
from the o + « + n threshold.
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is performed at two typical incident energies (Ejp = 38 MeV,
which approximately corresponds to the Coulomb barrier, and
Eip = 50 MeV, above the Coulomb barrier), as convergence
issues are known to depend on energy [46].

Figure 5 illustrates the convergence with the maximum
pseudostate energy Ep,x, which varies form 2.5 to 12.5 MeV
(with partial waves j™ = 1/2%, 3/2%, and 5/2% being in-
cluded). At Ej, = 50 MeV, the convergence is reasonably
fast, and pseudostates up to En.x = 10 MeV are sufficient.
The strongest sensitivity is obtained near 8 ~ 60°. The con-
vergence is slower at low energies, which confirms previous
studies on ''Be scattering [46,47]

In Fig. 6, we show the convergence with respect to the
°Be partial waves j*. The effect of breakup channels is
obvious at both energies. For Ey,,, a high accuracy requires
several angular momenta, and the convergence is faster at
high energies. This result emphasizes the numerical issues
associated with CDCC calculations. The need of several partial
waves in the projectile wave functions is very challenging for
three-body projectiles, where the level density is rather large.

Figure 7 shows a comparison of theoretical and experimen-
tal °Be + 28Pb elastic cross sections at various energies (with
data taken from Refs. [11,48]). In contrast with optical-model
calculations [11], no renormalization of the potential is needed.
The absorption is simulated by the imaginary parts of the
a-2%Pb and n —2® Pb interactions and by the a + o +n
discretized continuum.

The results of Fig. 7 confirm that continuum couplings
are important. The single-channel calculation, limited to the
°Be ground state (dashed lines), is significantly different from
the data in the whole angular range. At backward angles, the

11
(@) Eqp = 38 MeV
1.0 lab
09 F gy
08 ' — Epax =
07 | Emax = 7.5 \\
— Epar =10
06 I __ g .. =125
o5 L— v L

0 30 60 90 120 150 180

o/og

1.2

1.0 Elab =50 MeV

0.8
0.6
0.4
0.2

0.0
0 30 60 90 120

FIG. 5. (Color online) Influence of the truncation energy E . at
E, = 38 MeV (upper panel) and Ey,, = 50 MeV (lower panel). The
cross sections are divided by the Rutherford cross sections.
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FIG. 6. (Color online) Influence of the °Be partial waves j* at
E, = 38 MeV (upper panel) and Ej,, = 50 MeV (lower panel). The
cross sections are divided by the Rutherford cross sections.

elastic cross sections are small and differences do not show
up on a linear scale. However, the insets of Fig. 7, presented
on a logarithmic scale, clearly confirm the role of breakup
channels, even at large angles.

C. °Be breakup on a >8Pb target

The investigation of breakup cross sections provides a
strong constraint on CDCC calculations which, in contrast
with the optical model-distorted-wave Born approximation,
explicitly include the coupling to the °Be continuum states
to all orders. As °Be is a Borromean nucleus, an « + « + n
description is quite appropriate to describe the continuum.

The CDCC breakup cross section is compared to the data
of Woolliscroft er al. [13] in Fig. 8. For the elastic scattering,
we consider various conditions of calculations. Let us first
discuss the convergence against the truncation energy Epax
(upper panel). Partial waves j© = 1/2%, 3/2%, and 5/2% are
included. Near the highest experimental energy, the cross
sections are large, and the effect of E,,y is relatively small.
This effect, however, becomes more important at low energies.
Using a low truncation energy Epn,x = 2.5 MeV provides
50% overestimation. Convergence effects against the °Be
partial waves (lower panel) are even stronger. Calculations
limited to j™ = 3/2%, even with a high truncation energy
Enax = 12.5 MeV, are unable to reproduce the data. The full
calculation provides a breakup cross section in fair agreement
with experiment. With identical conditions of the calculations,
the model therefore provides a consistent description of elastic
scattering and of breakup cross sections.
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FIG. 7. °Be + 2%Pb elastic cross sections (divided by the Ruther-
ford cross section) at different °Be laboratory energies. Dashed lines:
single-channel calculations limited to the °Be ground state; solid
lines: full calculations. The insets show the cross sections on a
logarithmic scale. The experimental data are taken from Ref. [11]
(filled circles) and Ref. [48] (open circles).

D. °Be + 2¥Pb fusion

With the present model, we also address the calculation
of the fusion cross sections. At energies below the Coulomb
barrier, the fusion cross section has been shown to be strongly
overestimated by theory [22]. In Ref. [22], the authors use a
simple 8Be 4+ n two-body model of °Be, and they conclude
that the coupling to the breakup channels leads to a strong
enhancement of the total fusion cross section as compared
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FIG. 8. (Color online) °Be + 2%*Pb breakup cross section (25) as
a function of the truncation energy Ep.x (upper panel) and of the °Be
partial waves j (lower panel). The experimental data (filled circles)
are taken from Ref. [13].

to the data at sub-barrier energies. They investigate several
°Be-target systems, but they do not consider elastic scattering.

In the present work, the description of *Be + 2%®Pb fusion
is improved in two ways: more realistic o« + o +n wave
functions are used for °Be, and identical conditions (optical
potentials and discretization of the continuum) are used for all
processes. This unified and consistent treatment significantly
enhances the reliability of the model, since no parameter
is fitted, and since the theory can be tested on well-known
elastic-scattering data.

The total fusion cross section essentially involves two
contributions: that of complete fusion, where the whole
projectile is absorbed, and that of incomplete fusion, where
only a part of the projectile charge is absorbed by the target.
As far as total fusion is concerned, the cross section can
be obtained by using the scattering matrices [see Egs. (26)
and (27)]. The CDCC total fusion cross sections obtained in
this way are shown in Fig. 9, where we analyze the convergence
against the truncation energy (upper panel) and against the °Be
partial waves (lower panel). The Coulomb barrier is located
at 37.6 MeV and is indicated by a vertical arrow. Above
E.m =~ 40 MeV, the fusion cross sections are weakly sensitive
to the breakup channels. Calculations limited to the *Be ground
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FIG. 9. (Color online) Total fusion cross sections o7 for differ-
ent truncation energies E .« (in MeV, upper panel), and numbers of
°Be partial waves (lower panel). The Coulomb barrier energy V is
indicated by a vertical arrow.

state (dashed lines) provide a very realistic approximation.
Below 40 MeV, however, breakup channels lead to a strong
enhancement of the total fusion cross section. This is partly
associated with the reduction of the breakup cross section
(see Fig. 8) when the truncation energy increases. Again,
convergence is reached for rather large Ey,,x values.

Above the Coulomb barrier, the present calculation over-
estimates the data by about a factor of 2. Results provided by
Egs. (26) and (27) are presented in Fig. 10 as red lines. This
overestimation is due to the different definitions adopted for
fusion in the experiment and in the calculation. That is, the
theory, Eq. (27), defines fusion as the absorption of the whole
projectile or any of its fragments, including the neutron. On
the other hand, the experimental cross section only includes
contributions from the absorption of charge [15]. Thus, the
two cross sections differ by the neutron absorption, which,
owing to the lack of a Coulomb barrier, may be quite large.
The CDCC calculation can be adapted to the experimental
conditions by using the equivalent definition (32) of the fusion
cross section. Of course, when the three components of the
potential are included in (32), Eqs. (27) and (32) should provide
identical cross sections. This comparison represents a strong
test of the calculation, since both methods are numerically
rather different.

With Eq. (32), we can simulate the experimental conditions,
by removing the imaginary part of the n —2% Pb potential.
The results obtained in this way are shown in Fig. 10 as black
lines. By excluding the neutron capture, we obtain excellent
agreement with experiment above E.;, ~ 40 MeV. This is
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FIG. 10. (Color online) Total fusion cross sections with (black
lines) and without (red lines) removal of the neutron capture. The
dashed lines represent the single-channel calculations, and the solid
lines represent the full calculations. The Coulomb barrier energy Vi
is indicated by a vertical arrow.

more clearly shown in the inset, drawn on a linear scale.
We confirm previous CDCC calculations [22,49], in which
the influence of breakup channels was shown to increase at
sub-barrier energies. Below the Coulomb barrier, the single-
channel calculation is in better agreement with experiment, and
the full calculation overestimates the data. This discrepancy is
common to most CDCC fusion calculations (see, for example,
Fig. 1 of Ref. [22]), and it deserves further investigation.

E. Numerical issues

In this section we briefly discuss the sensitivity of the
various cross sections against the continuum discretization and
against the a-2"Pb potential. These tests allow us to assess
the accuracy that may be expected from four-body CDCC
calculations. In both cases, we compare calculations limited to
Jj =3/27 and E,nx = 12.5 MeV, to keep acceptable computer
times. As we are essentially interested in qualitative aspects, it
is reasonable to assume that the conclusions would be similar
when all j values are included.

Let us first discuss the discretized continuum, which can be
modified by changing the number of Lagrange basis functions,
Np. In all calculations until now, Ny = 20 has been used.
Using larger values of course improves the precision of the
discretized continuum but strongly increases computer times.
An additional calculation has been performed with Ny = 30
(limited to j =3/27, but the truncation energy En. is
identical). The continuum spectrum is shown in Fig. 11 and
is compared to the conditions used throughout the paper. The
number of continuum levels is 63 for Ny = 20 and 235 for
No = 30; i.e., the level density is increased by a factor of 4.

PHYSICAL REVIEW C 91, 024606 (2015)
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FIG. 11. °Be pseudostates with different numbers of basis func-
tions: Ny = 20 (left) and Ny = 30 (right). Energies are defined from
the o + o + n threshold.

The ratios

Ry, = 200 =50 (32)
o(Ny = 20)

are shown in Fig. 12 for elastic scattering (6 = 60° and 90°),
for breakup, and for fusion. Although the level density is much
higher for Ny = 30, elastic scattering is virtually insensitive to
the Ny value. The breakup and fusion cross sections are more
sensitive at low energies (6% and 8% at most). At these low
energies, however, the cross sections (see Figs. 8 and 10) are
quite low, and a variation of a few percent hardly affects the
absolute values at the scale of the figures.

A similar sensitivity test is performed in Fig. 13, with the
a-28Pb optical potential. The two potentials essentially differ
by their imaginary component. Goldring et al. [44], whose
potential is adopted throughout the text, use a volume term.
Here we perform calculations with the potential of Barnett and

1.1
1.05
=
(@] e
——elastic 90 deg.
09 /e elastic 60 deg.
——breakup
——fusion
0'9 TN TN N TN NN TN SN TN TN [N TN TN TN N NN SN TN SN T N TN NN S SN NS T T S
30 35 40 45 50 55 60
Ecm. (MeV)

FIG. 12. (Color online) Ratios Ry, [see Eq. (32)] for elastic
scattering, breakup, and fusion.
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FIG. 13. (Color online) Ratios R,y [see Eq. (33)] for elastic
scattering, breakup, and fusion.

Lilley [50], which fits the a->Pb scattering with a surface
term. Figure 13 displays the ratios

o(BL)

POt S (GSM)” (33)

where BL and GSM stand for Refs. [50] and [44], respectively.
The most visible effect is on the breakup cross section at high
energies, where the difference reaches 12%. However, this
sensitivity is much lower than the experimental uncertainties,
and the choice of the potential does not affect the conclusions.

V. CONCLUSION

We have applied the four-body CDCC formalism to the
°Be + 2%Pb system. In a first step, we have computed *Be
wave functions within a three-body o + o + n hyperspherical
model. These calculations were performed for low-lying states
but also for pseudostates, which represent positive-energy
approximations of the continuum. The main advantage of
the hyperspherical approach is that it treats the three-body
continuum without any approximation concerning possible
8Be +n or "He 4+ o cluster structures, which actually are
equivalent.

The three-body model of °Be relies on o + « and « + n
(real) interactions, which reproduce very well the elastic
phase shifts. With these bare interactions, the °Be ground
state is slightly too bound. We therefore introduce a phe-
nomenological three-body force to reproduce the experimental

PHYSICAL REVIEW C 91, 024606 (2015)

ground-state energy. The spectroscopy of low-lying states is
in fair agreement with experiment. When we express the wave
functions in terms of ®Be +n configurations, we confirm
a strong component in the 8Be(2¥) 4+ n channel. This is
particularly true for the 5/27 excited state, which is almost
pure 3Be(2%) + n, in agreement with experiment [14].

We used the “Be wave functions in a simultaneous calcu-
lation of °Be + 2%8Pb elastic scattering, breakup, and fusion
at energies close to the Coulomb barrier. CDCC calculations
involving three-body projectiles require large computer times,
owing to the level density. Until now, these calculations
were limited to core +n + n projectiles [9,10,40], where a
more limited number of partial waves were included. For
°Be we have considered states with angular momentum ;™ =
1/2%, 3/2%, and 5/2%, with a large truncation energy. These
conditions lead to heavy numerical calculations, in particular
for fusion, but are necessary to achieve good accuracy of the
cross sections. The use of the R matrix [43] is well adapted to
large-scale calculations and can be optimized by using prop-
agation techniques [51]. As expected, including continuum
channels significantly improves the elastic cross sections.

With the CDCC method, breakup cross sections can also
be derived. With a full basis, the CDCC cross sections are in
good agreement with the data. We presented an exploratory
study of 9Be + 208Pp fusion, with conditions of calculations
identical to those of elastic scattering and breakup. We showed
that fair agreement can be obtained simultaneously for the
three processes. For fusion, however, the low-energy cross
section is overestimated, owing to a strong influence of breakup
channels. This result confirms previous works, performed in
a simpler two-body model for the projectile. In the future, the
same model could be used to analyze complete and incomplete
fusion separately. A better understanding of the low-energy
fusion data also deserves further studies.

We have assessed the sensitivity with respecttothe « + o +
n continuum and to the choice of the a->** Pb optical potential.
This sensitivity is in general lower than the experimental
uncertainties. As breakup is the most sensitive process, this
issue will need to be treated carefully when high-precision
breakup data become available.
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