
Inclusive breakup reactions in low energy unstable nuclei collisions

- Introduction: light exotic nuclei

- Inclusive breakup reactions induced by 8Li  

- Inclusive breakup reactions induced by 6He

- Comparison with more exotic projectiles 11Li, 11Be and 8B

- Conclusions

RIBRAS 

LASNPA 2024 - México City - R. Lichtenthäler Filho



6
H
6
6
e

1 2

3

41

2

4
5

6
7
8

6
8

9

10
12 14

16

neutron number

pr
ot

on
 n

um
be

r

18 20 22

10

stable

neutron halo

proton halo

borromean

11Li
6He

8B

24O

unstable neutron rich

11Be

2n-halo

1n-halo

1p-halo

1H 2H 3H

3He 4He 8He

6Li 7Li 8Li 9Li

unstable proton rich

9Be 10Be7Be

11B10B

n

12C 13C

14N

16O 17O 18O

20Ne

19F

22Ne17Ne

2p-halo

• light weakly bound nuclei – Clusters and Halos

exotic nuclei             B.E(MeV) (structure)
11Li (T1/2=8.75ms)       0.300 (n+n+9Li) three-body

6He (T1/2=807ms) 0.973 (n+n+alfa)
11Be (T1/2=13.81s)       0.501 (n+10Be)

8B (T1/2=770 ms)        0.137 (p+7Be)
17F ( 64.5 s)                 0.6 MeV (p+16O) 

0.1 MeV for 1st 17F excited state

8B

11Li

weakly bound nuclei             B.E(MeV) (structure)
6Li    1.47 (a+d)
7Li 2.46 (a+t)
9Be                                                     1.67 (a+a+n) 
8Li                                                    2.03 (7Li + n)

binding energies of ‘normal’nuclei 7-10 MeV

LASNPA 2024 - México City -

6He

R. Lichtenthäler Filho



First solenoid

1- primary target
2- collimator
3- Faraday cup
4- solenoid

5- lollipop
6-collimator
7- scattering chamber, secondary target

and detectors

angular acceptance
2 deg<Dq <6 deg

primary beam

DW=30 msr

▪ The RIBRAS system: secondary beam selection
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58Ni target

gold target

Inclusive breakup
58Ni(8Li,7Li)X

elastic

Inclusive breakup reactions with 8Li Beam: two E-DE identification spectra of the 8Li+58Ni collision
8Li is a weakly bound nucleus that breaks 
into a 7Li and a nêutron

8Li à n + 7Li  Ebu = 2.03 MeV

What kind of information one can get if only one of
the projectiles fragment is detected

Inclusive breakup reactions:

co
ntaminatio

ns

7Li energy and angular distributions

8Li

7Li

X
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Elastic breakup:

8Li à n + 7Li  Ebu = 2.03 MeV

Q-value is negative for elastic breakup

There is a threshold at Ebu

elastic breakup

neutron transfer or non-elastic breakup (NEB)

8Li

8Li

7Li

7Li

n

Two diffferent processes are possible to produce 7Li from the 8Li+58Ni collision:

Neutron transfer or non-elastic breakup (NEB)

Q-value can be either positive or negative 
The transfered nêutron interacts strongly with the target

Reaction Q-value can be either positive or negative
depending on the final state excitation energy
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EB=2.03 MeV

9 MeV

2n-transfer

Q to GS is positive (Q= 
+7MeV)  but the
probability is weak!

EBf

Continuum’

gs

1n-threshold

Q-window

7Li+59Ni

8Li+58Ni

Dynamics of the neutron transfer reactions
Q-optimum considerations

linear and angular momentum matching conditions

Seminal paper by D. M. Brink, PLB v.40, pg 37 (1972)

initial state

final state

Transfer reactions are very selective of the final states
energies and angular momentum.

Qopt
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EB=2.03 MeV

9 MeV

2n-transfer

Q to GS is positive (Q= 
+7MeV)  but the
probability is weak!

EBf

Continuum’

gs

1n-threshold

Q-window

7Li+59Ni

8Li+58Ni

Dynamics of the neutron transfer reactions

for nêutron transfers Qopt ~ 0

initial state

final state

x

projectile

target

vp

v

l1

Transfer reactions are very selective of the final states
energies and angular momentum.

l2

Classical selection rules

Linear momentum of the transfer particle stays constant during the transfer

Dynamics of the neutron transfer reactions

Transfer reactions are very selective of the final states
energies and angular momentum.

Qopt

Qopt shifts to negative values as more and more
angular momentum is transfered in the collision

Q-optimum considerations
linear and angular momentum matching conditions

Seminal paper by D. M. Brink, PLB v.40, pg 37 (1972)
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TABLE I. Spectroscopic amplitudes, Anlj , considered in the
CRC calculations for the overlaps h120Sn|121Sni.

CRC1 CRC2
nlj Ex Anlj Ex Anlj

2d3/2 0.000 1.000 0.000 0.190
1h11/2 0.008 1.000 0.008 0.329
3s1/2 0.207 1.000 0.207 0.437
1g7/2 0.994 1.000 0.994 0.606
2d5/2 1.175 1.000 1.175 0.867
2f7/2 2.880 1.000 3.110 1.000
3p3/2 3.750 1.000 4.970 1.000
2f5/2 5.210 1.000 BIN 1.000
1h9/2 BIN 1.000 BIN 1.000
1i13/2 BIN 1.000 BIN 1.000

we also included states in the continuum of n+120Sn for
each representative state. In the case of calculations with
BCS spectroscopic factors, we also included states in the
continuum, but only for the 2f5/2, 1h9/2 and 1i13/2 con-
figurations which, according to the KD potential, display
low-lying resonances and hence might potentially a↵ect
the transfer cross sections.

In this calculation, the possibility of producing 7Li in
its ground and first excited states was considered. Fur-
thermore, the possibility of 8Li being in the ground state,
first excited state and second excited state was taken into
account. For this calculation, the spectroscopic factors
presented in [2, 20] were considered (see Table II).

TABLE II. Spectroscopic amplitudes for the overlaps
h8Li|7Lii.

J⇡ J⇡7Li nlj Anlj

2+
3/2� 1p3/2 0.943
3/2� 1p1/2 0.471
1/2� 1p3/2 -0.471

1+
3/2� 1p1/2 0.816
1/2� 1p3/2 0.816

3+ 3/2� 1p3/2 0.632

The results of the CRC calculations are shown in
Figs. 2 and 4. The solid red line corresponds to the re-
gion comprised by the two aforementioned calculations.
In Fig. 4, it is observed that the 7Li angular distribu-
tion at 25.8 MeV is very well reproduced by the CRC
calculation, both in shape and magnitude.

The elastic angular distribution is also partially well
reproduced, including the observed suppression of the
Fresnel peak at forward angles. At backward angles,
an underestimation of the experimental cross sections by
the CDCC and CRC calculations is observed. The CRC
calculation exhibits an increase with respect to the no-
continuum calculation at these angles, which points to
the importance of the one-neutron stripping channel in
this angular region, although the e↵ect is insu�cient to
fully reproduce the experimental trend.
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FIG. 3. Experimental Q-value distribution for
120Sn(8Li,7Li)X reaction compared to IAV+CDCC cal-
culations (dashed black line) and CDCC (dotted blue line).
In the upper horizontal axis we show the corresponding
excitation energy of the recoil X system. The red arrow
separates bound (right) and unbound (left) states in the
n+120Sn excited system.
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E. The angle-integrated breakup cross sections

Because the IAV and CRC methods provide a good de-
scription of the 7Li angular distributions, one can rely on
the angle-integrated cross sections. In Table III we pro-
vide a comparison between the present total 8Li breakup
cross sections and those for the 120Sn, 58Ni and 9Be
targets, obtained from previous CRC and IAV analyses

LASNPA 2024 - México City -
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FIG. 1. Two-dimensional !E -E spectra obtained with (a) 58Ni
and (b) gold targets at θlab = 35◦ and incident energy of 26.1 MeV
[37].

Figs. 1(a) and 1(b). With the gold target (b) it is possible to
separate two 8Li elastic peaks but with the nickel target (a) at
the backwards angles region it becomes very difficult to sep-
arate these two peaks. For this reason we decided to include
both in the total 8Li peak area to calculate the cross sections
in a consistent way. It is important to mention that the lower
energy peak seen in Fig. 2 includes both low energy events
coming from the primary target and possible events from the
8Li(1+; 0.98) excitation in the secondary target. However, the
events from the 8Li excitation are of minor importance, as will
be demonstrated in the next section.

The 7Li events observed below the elastic 8Li peak in
Fig. 1(a) are not present in the gold target spectrum, indi-
cating that 7Li particles are not beam contaminants but are
being produced in reactions with the 58Ni target. The 7Li
line presents a wide energy distribution concentrated mainly
below the elastic peak but extending also to higher ener-
gies. This energy distribution corresponds to the population
of different excited states in the final (59Ni) nucleus, corre-
sponding to different 58Ni(8Li, 7Li) reaction Q values from its
ground state (Qg.s. = 7 MeV) up to higher excitation energies
around and above 7 MeV (Q ! 0). At this point, we cannot
decide whether these 7Li particles are coming from the neu-
tron transfer or the 8Li breakup, as we will discuss in more
detail further.

The secondary beam intensity was monitored during the
experiment by performing gold target runs before and after
every 58Ni run. The cross sections were determined from the

FIG. 2. Projection of the 8Li peaks from Fig. 1 on the total energy
axis. FWHMs for gold and nickel targets are shown in the figure. The
solid lines are Gaussian fits.

expression

σ Ni
cm(θ ) = Nc

Ni

Nc
Au

Nb
Au

Nb
Ni

N t
Au

N t
Ni

JNi

JAu
σ Au

cm (θ ), (1)

where Nc is the number of counts in the peak of interest, Nb is
the total number of incident 8Li beam particles during the run,
J is the Jacobian factor which transforms from the laboratory
to the center-of-mass system, N t is the areal density of the
target in number of atoms/cm2, and σ Au

cm (θ ) is the 8Li + 197Au
Rutherford cross section. We take the ratio Nb

Au/Nb
Ni as being

equal to the ratio between the primary beam integrated cur-
rents in each run. Here we suppose that the 8Li production rate
is constant in both the gold target and the adjacent Ni target
runs. The advantage of this method is that it is independent of
the detectors solid angles.

The 8Li + 58Ni elastic scattering and 7Li angular distribu-
tions, measured at 23.9, 26.1, 28.7, and 30 MeV, are shown
in Figs. 3 and 4. These energies are well above the Coulomb
barrier V (lab)

CB = 13.55 MeV for this system [39].
The errors have been calculated considering two compo-

nents: the statistical errors on the ratio Nc
Ni/Nc

Au in Eq. (1) and
an additional term λ which was obtained from the fluctuation
in the σ/σRuth ratio measured with the gold target at forward
angles. This fluctuation around σ/σRuth ≈ 1 was estimated
to be of the order of 6% and was included in all data from
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7Li energy distribution: A(8Li,7Li)X
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E. The angle-integrated breakup cross sections

Because the IAV and CRC methods provide a good de-
scription of the 7Li angular distributions, one can rely on
the angle-integrated cross sections. In Table III we pro-
vide a comparison between the present total 8Li breakup
cross sections and those for the 120Sn, 58Ni and 9Be
targets, obtained from previous CRC and IAV analyses
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FIG. 1. Two-dimensional !E -E spectra obtained with (a) 58Ni
and (b) gold targets at θlab = 35◦ and incident energy of 26.1 MeV
[37].

Figs. 1(a) and 1(b). With the gold target (b) it is possible to
separate two 8Li elastic peaks but with the nickel target (a) at
the backwards angles region it becomes very difficult to sep-
arate these two peaks. For this reason we decided to include
both in the total 8Li peak area to calculate the cross sections
in a consistent way. It is important to mention that the lower
energy peak seen in Fig. 2 includes both low energy events
coming from the primary target and possible events from the
8Li(1+; 0.98) excitation in the secondary target. However, the
events from the 8Li excitation are of minor importance, as will
be demonstrated in the next section.

The 7Li events observed below the elastic 8Li peak in
Fig. 1(a) are not present in the gold target spectrum, indi-
cating that 7Li particles are not beam contaminants but are
being produced in reactions with the 58Ni target. The 7Li
line presents a wide energy distribution concentrated mainly
below the elastic peak but extending also to higher ener-
gies. This energy distribution corresponds to the population
of different excited states in the final (59Ni) nucleus, corre-
sponding to different 58Ni(8Li, 7Li) reaction Q values from its
ground state (Qg.s. = 7 MeV) up to higher excitation energies
around and above 7 MeV (Q ! 0). At this point, we cannot
decide whether these 7Li particles are coming from the neu-
tron transfer or the 8Li breakup, as we will discuss in more
detail further.

The secondary beam intensity was monitored during the
experiment by performing gold target runs before and after
every 58Ni run. The cross sections were determined from the

FIG. 2. Projection of the 8Li peaks from Fig. 1 on the total energy
axis. FWHMs for gold and nickel targets are shown in the figure. The
solid lines are Gaussian fits.
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where Nc is the number of counts in the peak of interest, Nb is
the total number of incident 8Li beam particles during the run,
J is the Jacobian factor which transforms from the laboratory
to the center-of-mass system, N t is the areal density of the
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cm (θ ) is the 8Li + 197Au
Rutherford cross section. We take the ratio Nb
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equal to the ratio between the primary beam integrated cur-
rents in each run. Here we suppose that the 8Li production rate
is constant in both the gold target and the adjacent Ni target
runs. The advantage of this method is that it is independent of
the detectors solid angles.

The 8Li + 58Ni elastic scattering and 7Li angular distribu-
tions, measured at 23.9, 26.1, 28.7, and 30 MeV, are shown
in Figs. 3 and 4. These energies are well above the Coulomb
barrier V (lab)

CB = 13.55 MeV for this system [39].
The errors have been calculated considering two compo-

nents: the statistical errors on the ratio Nc
Ni/Nc

Au in Eq. (1) and
an additional term λ which was obtained from the fluctuation
in the σ/σRuth ratio measured with the gold target at forward
angles. This fluctuation around σ/σRuth ≈ 1 was estimated
to be of the order of 6% and was included in all data from
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using the kinematics of the 58Ni(8Li,7Li)59Ni* reaction
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because the E7Li distribution
depends on the scattering angle
but Q does not.

missing mass spectrum
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8Li + 58Ni at 4 energies: energy distributions of 7Li from the 58Ni(8Li,7Li)59Ni* reaction

About one-half of the flux goes to bound states (transfer) and one-half to unbound states (breakup)
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FIG. 3. The 8Li + 58Ni elastic scattering angular distributions
relative to Rutherford compared with optical model fits obtained with
a double-folding potential (with scaling factors Nr = 1 and Ni = 0.6)
supplemented with a derivative Woods-Saxon potential (solid lines).
The dashed lines are optical model calculations obtained with the
double-folding potential alone.

forward to backward angles, being more relevant only at for-
ward angles where the statistical errors are smaller.

The 7Li production cross sections (Figs. 4 and 5) were
obtained by integrating the yields along the 7Li line shown in
the !E -E spectrum. In Fig. 5, we show the 7Li energy spectra
as a function of the 58Ni(8Li, 7Li) 59Ni reaction Q value.
To obtain this distribution, the E7Li axis was transformed to
Q = Qg.s. − Ex where Qg.s. = 7.0 MeV is the gs reaction Q
value of the transfer reaction and Ex is the excitation energy
of the recoil nucleus. The latter is obtained from the measured
E7Li using the analytical expression for the kinematics of the
transfer reaction. The advantage of this procedure is that the
Q value distribution does not depend on the scattering angle,
whereas E7Li does, allowing the summation of the 7Li yields
measured at different angles. The upper horizontal axis in
Fig. 5 stands for the excitation energy of the recoil nucleus
59Ni. The obtained 7Li energy distributions are consistent to
what is expected from Q-optimum considerations for a neu-
tron transfer reaction [40].

III. THEORETICAL ANALYSIS

A. Optical model and coupled channels (CC) calculations

The measured quasielastic differential cross sections were
first compared with optical model calculations. The real part
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of the 8Li + 58Ni potential was generated by a double-folding
(DF) procedure, convoluting the M3Y nucleon-nucleon inter-
action with the 8Li ground-state density from the microscopic
calculation of Descouvemont et al. [41] and the 58Ni ground-
state density obtained from a Hartree-Fock calculation with
the Skyrme SkX interaction [42]. For the Coulomb potential,
we considered that of a uniformly charged sphere of radius
Rc = 1.25 × (81/3 + 581/3) fm. For the imaginary part, we
first attempted to use the same geometry as the real part, mul-
tiplied by some scaling factor (Ni). This procedure, however,
did not provide reasonable fits of the data, unless unusually
large values of Ni were adopted (Ni > 1). For more standard
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The 7Li production cross sections (Figs. 4 and 5) were
obtained by integrating the yields along the 7Li line shown in
the !E -E spectrum. In Fig. 5, we show the 7Li energy spectra
as a function of the 58Ni(8Li, 7Li) 59Ni reaction Q value.
To obtain this distribution, the E7Li axis was transformed to
Q = Qg.s. − Ex where Qg.s. = 7.0 MeV is the gs reaction Q
value of the transfer reaction and Ex is the excitation energy
of the recoil nucleus. The latter is obtained from the measured
E7Li using the analytical expression for the kinematics of the
transfer reaction. The advantage of this procedure is that the
Q value distribution does not depend on the scattering angle,
whereas E7Li does, allowing the summation of the 7Li yields
measured at different angles. The upper horizontal axis in
Fig. 5 stands for the excitation energy of the recoil nucleus
59Ni. The obtained 7Li energy distributions are consistent to
what is expected from Q-optimum considerations for a neu-
tron transfer reaction [40].
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we considered that of a uniformly charged sphere of radius
Rc = 1.25 × (81/3 + 581/3) fm. For the imaginary part, we
first attempted to use the same geometry as the real part, mul-
tiplied by some scaling factor (Ni). This procedure, however,
did not provide reasonable fits of the data, unless unusually
large values of Ni were adopted (Ni > 1). For more standard
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Calculations:

- Optical model for elastic scattering

- Continuum Discretized Coupled Channels (CDCC) for elastic scattering and elastic breakup

- Coupled Reaction Channels (CRC) for elastic scattering and transfer reactions

- Ichimura, Austern, Vincent (IAV) for transfer + breakup (NEB)
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Equivalence of post and prior sum rules for inclusive breakup reactions
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A critical examination of sum rules derived previously by Austern and Vincent (post form) and by
Udagawa and Tamura (prior form) demonstrates that agreement between the two approaches is ob-
tained if certain approximations implicit in the Udagawa-Tamura prior-form derivation are avoided.
We examine the relation of the two approaches to singularities of the post-form distorted wave Born
approximation matrix element and to the procedures for reduction of a many-body theory by use of
effective operators in a model space. The two-step heuristic model is seen to be invalid for prior-
form inelastic breakup; it is necessary to take account of nuclear excitations during projectile break-
up. Careful treatment of the non-Hermiticity of kinetic energy operators with respect to continuum
wave functions is required.

INTRODUCTION

Disagreements between recent papers about inclusive
breakup raise interesting questions of understanding of
basic reaction theory Inclusi. ve breakup refers to reac-
tions of the type

a +3~b +anything,
where b is a definite fragment of the incident projectile,

a =b+x,
and the energy of b in the exit channel is low enough so
the remaining dynamical system x +2 is unbound. Thus
an inclusive experiment sums over exit channels that have
three or more bodies in the continuum. In each such
channel the final condition of the system x +A may have
x and A in their ground states [elastic breakup (EB)] or in
excited states (inelastic breakup), or there may be particle
transfer between x and A. In the work of Li, Udagawa,
and Tamura' (LUT) the sum of breakup events other than
elastic breakup is called breakup fusion (BF).
Direct reaction analyses of inclusive breakup treat b as

a spectator to the subsequent dynamics of the x +A sys-
tem. In such "two-step" approaches completeness allows
reduction of the sum over channels to a closed form
operator expression, a typical quantum mechanical sum
rule. LUT apply completeness to the prior-form deriva-
tion of the breakup cross section. They criticize a related
sum rule expression obtained by Austern and Vincent
(AV) and Kasano and Ichimura (KI), who apply com-
pleteness to the post-form derivation. The LUT criticism
is extended to papers by Baur and Trautmann and col-
laborators, whose calculational method can be regarded
as an approximation of the AV-KI theory.
Both sum rules take the form of ground state expecta-

tions of the Green's function 6 z for the interaction of
the unobserved particle x with the target nucleus, in com-
bination with various optical potential interactions. Since

the sum rules concern sums over alternative modes of de-
cay of x+2, their formal derivation requires considera-
tion of the internal coordinates of the nuclei. But these
coordinates no longer appear in the final expressions with
optical potentials. Hence an essential step in the deriva-
tion of the sum rules is the "optical reduction, " which
suppresses internal coordinates.
To obtain consistent post. and prior derivations of sum

rules, it is necessary that both approaches start from the
same many-body dynamical model and that they employ
comparable optical reductions. We show in Sec. IV that
an exact optical reduction in the derivation of the prior-
form sum rule is rather complicated, and it does not agree
with the expression discussed by LUT, which we show is
based on an approximation. From the numerical calcula-
tions given by LUT, it is clear that the discrepancy be-
tween the exact and approximate prior-form sum rules is
large. The corresponding optical reduction in the post-
form derivation in Sec. II is easier, because the post in-
teraction Vb„does not contain the coordinates of A. We
show in Sec. IV that the corrected prior-form sum rule
transforms correctly into the AV post-form sum rule; our
transformation formally resembles one given by LUT.
Thus the AV post-form sum rule is correct, and the LUT
criticisms originate from approximations in their optical
reduction.
The post-form derivation is not without its own diffi-

culties. Even on the energy shell the post-form breakup
matrix element needs a convergence factor ' to correctly
suppress long range oscillations in the integration. Off
the energy shell the disconnected structure of the matrix
element causes a delta function divergence, and this is po-
tentially more troublesome, because the derivation of the
sum rule requires some use of off-energy-shell matrix ele-
ments. We reexamine the post-form derivation in Sec. II,
and we show that the off-energy-shell divergence of the
matrix elements does not damage the sum rule.
The oscillatory integrals and off-energy-shell divergence
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Ingredients: fragment-target optical potentials (V1 ; V2)
for CRC à representative excited states and spectroscopic factors
for IAV à the imaginary part of the optical potential between the transfered particle and the target. 
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FIG. 3. The 8Li + 58Ni elastic scattering angular distributions
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The dashed lines are optical model calculations obtained with the
double-folding potential alone.

forward to backward angles, being more relevant only at for-
ward angles where the statistical errors are smaller.

The 7Li production cross sections (Figs. 4 and 5) were
obtained by integrating the yields along the 7Li line shown in
the !E -E spectrum. In Fig. 5, we show the 7Li energy spectra
as a function of the 58Ni(8Li, 7Li) 59Ni reaction Q value.
To obtain this distribution, the E7Li axis was transformed to
Q = Qg.s. − Ex where Qg.s. = 7.0 MeV is the gs reaction Q
value of the transfer reaction and Ex is the excitation energy
of the recoil nucleus. The latter is obtained from the measured
E7Li using the analytical expression for the kinematics of the
transfer reaction. The advantage of this procedure is that the
Q value distribution does not depend on the scattering angle,
whereas E7Li does, allowing the summation of the 7Li yields
measured at different angles. The upper horizontal axis in
Fig. 5 stands for the excitation energy of the recoil nucleus
59Ni. The obtained 7Li energy distributions are consistent to
what is expected from Q-optimum considerations for a neu-
tron transfer reaction [40].

III. THEORETICAL ANALYSIS

A. Optical model and coupled channels (CC) calculations

The measured quasielastic differential cross sections were
first compared with optical model calculations. The real part
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of the 8Li + 58Ni potential was generated by a double-folding
(DF) procedure, convoluting the M3Y nucleon-nucleon inter-
action with the 8Li ground-state density from the microscopic
calculation of Descouvemont et al. [41] and the 58Ni ground-
state density obtained from a Hartree-Fock calculation with
the Skyrme SkX interaction [42]. For the Coulomb potential,
we considered that of a uniformly charged sphere of radius
Rc = 1.25 × (81/3 + 581/3) fm. For the imaginary part, we
first attempted to use the same geometry as the real part, mul-
tiplied by some scaling factor (Ni). This procedure, however,
did not provide reasonable fits of the data, unless unusually
large values of Ni were adopted (Ni > 1). For more standard
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The 7Li production cross sections (Figs. 4 and 5) were
obtained by integrating the yields along the 7Li line shown in
the !E -E spectrum. In Fig. 5, we show the 7Li energy spectra
as a function of the 58Ni(8Li, 7Li) 59Ni reaction Q value.
To obtain this distribution, the E7Li axis was transformed to
Q = Qg.s. − Ex where Qg.s. = 7.0 MeV is the gs reaction Q
value of the transfer reaction and Ex is the excitation energy
of the recoil nucleus. The latter is obtained from the measured
E7Li using the analytical expression for the kinematics of the
transfer reaction. The advantage of this procedure is that the
Q value distribution does not depend on the scattering angle,
whereas E7Li does, allowing the summation of the 7Li yields
measured at different angles. The upper horizontal axis in
Fig. 5 stands for the excitation energy of the recoil nucleus
59Ni. The obtained 7Li energy distributions are consistent to
what is expected from Q-optimum considerations for a neu-
tron transfer reaction [40].
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action with the 8Li ground-state density from the microscopic
calculation of Descouvemont et al. [41] and the 58Ni ground-
state density obtained from a Hartree-Fock calculation with
the Skyrme SkX interaction [42]. For the Coulomb potential,
we considered that of a uniformly charged sphere of radius
Rc = 1.25 × (81/3 + 581/3) fm. For the imaginary part, we
first attempted to use the same geometry as the real part, mul-
tiplied by some scaling factor (Ni). This procedure, however,
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with respect to the double-folding calculations presented in
Sec. III A. Being based in the DWBA approximation, the IAV
model does not permit us to study the effect of NEB channels
on the elastic data. To study such an effect, we have performed
further calculations in which these couplings are included,
approximately, within the CRC framework.

D. CRC calculations

The CRC method is a variational approach of the scattering
process, in which the total wave function of the system is
expanded in a set of internal states of two or more mass
rearrangements [59,60]. The radial coefficients appearing in
this expansion are obtained by solving a set of coupled inte-
grodifferential equations. The method was originally devised
to incorporate the effect of strong transfer channels in situa-
tions in which the first-order approximation (DWBA) is not
valid. Included states are typically the ground state and a few
low-lying excited states for the considered rearrangements.
In the present case, we aim to use this method to describe
the coupling of the elastic channels with the states of the
59Ni system. As the number of states in this energy range is
expected to be enormous, we adopt an approximate procedure
in which the physical states of the 59Ni system are replaced by
a set of representative doorway states. For each angular mo-
mentum configuration (nℓ j) above the Fermi level in 58Ni, we
assume that the full single-particle strength can be described
by a representative state, located at an excitation energy given
by the centroid of the single-particle states belonging to this
configuration, according to the analysis of the 58Ni(d, p)59Ni
reaction by Iwamoto et al. [61]. According to the results listed
in Table 3 of Ref. [61], the relevant configurations are 2p3/2,
1 f5/2, 2p1/2, 1g9/2, 2d5/2, and 3s1/2. It should be noted that the
summed spectroscopic factors shown in that table, which were
obtained from a DWBA analysis of the data, are in some cases
significantly smaller than unity. The missing strength might
correspond to unidentified levels but also to higher excited
states lying in the continuum. In our calculations, we assign
unit spectroscopic factor to all the above configurations, with
the aim of accounting for this missing strength . We note also
that, in addition to the aforementioned configurations, other
higher single-particle configurations are also possible but,
since they were not observed in the data of [61], we associate
them with continuum states without significant bound states
counterparts and, as such, they are described by a set of con-
tinuum bins. In this way, the calculation is meant to account,
approximately, for the transfer of the neutron to both bound
and unbound orbits of the 59Ni residual nucleus. Although
one cannot make a one-by-one identification of the doorway
states with the physical states of the system, completeness of
the single-particle basis ensures that coupling with all relevant
transfer channels is included.

We take into account the removal of the neutron from
1p1/2 and 1p3/2 configurations, leaving the 7Li in its first
excited state. The required spectroscopic amplitudes for the
8Li → 7Li +n decomposition, considering 8Li in its g.s. or 1+

excited state, have been taken from Ref. [62]. For 8Li(3+) →
7Li +n, the required spectroscopic amplitude, corresponding

TABLE I. Total reaction and 7Li production cross sections for the
8Li + 58Ni reaction at the incident energies measured in this work.
NEB and EBU cross sections were obtained through IAV and CDCC
calculations, respectively.

Energy σ CRC
reac σ OM-fit

reac σ CRC
bu σ NEB+EBU

bu σ NEB
bu

(MeV) (mb) (mb) (mb) (mb) (mb)

23.9 1354 1194 244 291 262
26.1 1484 1322 242 290 261
28.7 1606 1446 236 284 255
30.0 1657 1500 233 281 252

to the p3/2 configuration, was calculated following the same
procedure adopted in Ref. [62], giving the value of 0.632.

As for the 8Li projectile, the CRC model space included, in
addition to the 8Li ground state, the bound excited state (1+;
980.8 keV) and the narrow 3+ resonance at Ex = 2.25 MeV.
Nuclear couplings between these three states were included
by means of transition potentials generated by folding the
M3Y nucleon-nucleon interaction with 8Li transition densi-
ties of Descouvemont et al. [41] and the target Hartree-Fock
ground state density. Coulomb couplings were also included
assuming a rotor model with matrix elements derived from the
electric transition probability B(E2, 1+ → 2+) = 1.6 W.u.
also computed in [41]. Transfer couplings from the 8Li ground
state as well as from the considered excited states were
included.

The CRC method requires also optical potentials for the
entrance (8Li + 58Ni) and exit (7Li + 59Ni∗) channels. These
are to be understood as bare potentials, which are meant
to describe the interaction between the colliding partners in
absence of the considered couplings. In practice, these bare
potentials are adjusted so that the full CRC calculation repro-
duces the elastic scattering data. For the exit-channel optical
potential, we adopted the parameters of the 7Li + 58Ni po-
tential discussed in Sec. III B. For the entrance channel, we
found that a very good reproduction of the elastic data could
be obtained by just removing the surface imaginary potential
introduced in the OM analysis of Sec. III A and keeping the
double-folding potential with scaling factors Nr = 1 and Ni =
0.6. A reduction in the strength of the bare imaginary potential
with respect to the optical model potential is expected since
the couplings to the transfer channels are explicitly taken into
account [63,64]. The same scaling factors were assumed for
the transition potentials between the 8Li states.

The results of these calculations are compared with the
elastic data in Fig. 6 and with the 7Li angular distributions
in Fig. 4. Both observables are nicely explained by the cal-
culations. Comparing the data with the full CRC calculation
confirms the large influence of these channels on the elastic
scattering, as was anticipated. In Table I we present the total
reaction cross sections1 obtained from the OM-fit (Fig. 3)
and CRC calculations (Fig. 6), as well as the angle integrated

1The reaction cross section quoted here follows the definition of the
FRESCO code [51].
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FIG. 3. The 8Li + 58Ni elastic scattering angular distributions
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supplemented with a derivative Woods-Saxon potential (solid lines).
The dashed lines are optical model calculations obtained with the
double-folding potential alone.

forward to backward angles, being more relevant only at for-
ward angles where the statistical errors are smaller.

The 7Li production cross sections (Figs. 4 and 5) were
obtained by integrating the yields along the 7Li line shown in
the !E -E spectrum. In Fig. 5, we show the 7Li energy spectra
as a function of the 58Ni(8Li, 7Li) 59Ni reaction Q value.
To obtain this distribution, the E7Li axis was transformed to
Q = Qg.s. − Ex where Qg.s. = 7.0 MeV is the gs reaction Q
value of the transfer reaction and Ex is the excitation energy
of the recoil nucleus. The latter is obtained from the measured
E7Li using the analytical expression for the kinematics of the
transfer reaction. The advantage of this procedure is that the
Q value distribution does not depend on the scattering angle,
whereas E7Li does, allowing the summation of the 7Li yields
measured at different angles. The upper horizontal axis in
Fig. 5 stands for the excitation energy of the recoil nucleus
59Ni. The obtained 7Li energy distributions are consistent to
what is expected from Q-optimum considerations for a neu-
tron transfer reaction [40].

III. THEORETICAL ANALYSIS

A. Optical model and coupled channels (CC) calculations

The measured quasielastic differential cross sections were
first compared with optical model calculations. The real part
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of the 8Li + 58Ni potential was generated by a double-folding
(DF) procedure, convoluting the M3Y nucleon-nucleon inter-
action with the 8Li ground-state density from the microscopic
calculation of Descouvemont et al. [41] and the 58Ni ground-
state density obtained from a Hartree-Fock calculation with
the Skyrme SkX interaction [42]. For the Coulomb potential,
we considered that of a uniformly charged sphere of radius
Rc = 1.25 × (81/3 + 581/3) fm. For the imaginary part, we
first attempted to use the same geometry as the real part, mul-
tiplied by some scaling factor (Ni). This procedure, however,
did not provide reasonable fits of the data, unless unusually
large values of Ni were adopted (Ni > 1). For more standard
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obtained by integrating the yields along the 7Li line shown in
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as a function of the 58Ni(8Li, 7Li) 59Ni reaction Q value.
To obtain this distribution, the E7Li axis was transformed to
Q = Qg.s. − Ex where Qg.s. = 7.0 MeV is the gs reaction Q
value of the transfer reaction and Ex is the excitation energy
of the recoil nucleus. The latter is obtained from the measured
E7Li using the analytical expression for the kinematics of the
transfer reaction. The advantage of this procedure is that the
Q value distribution does not depend on the scattering angle,
whereas E7Li does, allowing the summation of the 7Li yields
measured at different angles. The upper horizontal axis in
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what is expected from Q-optimum considerations for a neu-
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(DF) procedure, convoluting the M3Y nucleon-nucleon inter-
action with the 8Li ground-state density from the microscopic
calculation of Descouvemont et al. [41] and the 58Ni ground-
state density obtained from a Hartree-Fock calculation with
the Skyrme SkX interaction [42]. For the Coulomb potential,
we considered that of a uniformly charged sphere of radius
Rc = 1.25 × (81/3 + 581/3) fm. For the imaginary part, we
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with respect to the double-folding calculations presented in
Sec. III A. Being based in the DWBA approximation, the IAV
model does not permit us to study the effect of NEB channels
on the elastic data. To study such an effect, we have performed
further calculations in which these couplings are included,
approximately, within the CRC framework.

D. CRC calculations

The CRC method is a variational approach of the scattering
process, in which the total wave function of the system is
expanded in a set of internal states of two or more mass
rearrangements [59,60]. The radial coefficients appearing in
this expansion are obtained by solving a set of coupled inte-
grodifferential equations. The method was originally devised
to incorporate the effect of strong transfer channels in situa-
tions in which the first-order approximation (DWBA) is not
valid. Included states are typically the ground state and a few
low-lying excited states for the considered rearrangements.
In the present case, we aim to use this method to describe
the coupling of the elastic channels with the states of the
59Ni system. As the number of states in this energy range is
expected to be enormous, we adopt an approximate procedure
in which the physical states of the 59Ni system are replaced by
a set of representative doorway states. For each angular mo-
mentum configuration (nℓ j) above the Fermi level in 58Ni, we
assume that the full single-particle strength can be described
by a representative state, located at an excitation energy given
by the centroid of the single-particle states belonging to this
configuration, according to the analysis of the 58Ni(d, p)59Ni
reaction by Iwamoto et al. [61]. According to the results listed
in Table 3 of Ref. [61], the relevant configurations are 2p3/2,
1 f5/2, 2p1/2, 1g9/2, 2d5/2, and 3s1/2. It should be noted that the
summed spectroscopic factors shown in that table, which were
obtained from a DWBA analysis of the data, are in some cases
significantly smaller than unity. The missing strength might
correspond to unidentified levels but also to higher excited
states lying in the continuum. In our calculations, we assign
unit spectroscopic factor to all the above configurations, with
the aim of accounting for this missing strength . We note also
that, in addition to the aforementioned configurations, other
higher single-particle configurations are also possible but,
since they were not observed in the data of [61], we associate
them with continuum states without significant bound states
counterparts and, as such, they are described by a set of con-
tinuum bins. In this way, the calculation is meant to account,
approximately, for the transfer of the neutron to both bound
and unbound orbits of the 59Ni residual nucleus. Although
one cannot make a one-by-one identification of the doorway
states with the physical states of the system, completeness of
the single-particle basis ensures that coupling with all relevant
transfer channels is included.

We take into account the removal of the neutron from
1p1/2 and 1p3/2 configurations, leaving the 7Li in its first
excited state. The required spectroscopic amplitudes for the
8Li → 7Li +n decomposition, considering 8Li in its g.s. or 1+

excited state, have been taken from Ref. [62]. For 8Li(3+) →
7Li +n, the required spectroscopic amplitude, corresponding

TABLE I. Total reaction and 7Li production cross sections for the
8Li + 58Ni reaction at the incident energies measured in this work.
NEB and EBU cross sections were obtained through IAV and CDCC
calculations, respectively.

Energy σ CRC
reac σ OM-fit

reac σ CRC
bu σ NEB+EBU

bu σ NEB
bu

(MeV) (mb) (mb) (mb) (mb) (mb)

23.9 1354 1194 244 291 262
26.1 1484 1322 242 290 261
28.7 1606 1446 236 284 255
30.0 1657 1500 233 281 252

to the p3/2 configuration, was calculated following the same
procedure adopted in Ref. [62], giving the value of 0.632.

As for the 8Li projectile, the CRC model space included, in
addition to the 8Li ground state, the bound excited state (1+;
980.8 keV) and the narrow 3+ resonance at Ex = 2.25 MeV.
Nuclear couplings between these three states were included
by means of transition potentials generated by folding the
M3Y nucleon-nucleon interaction with 8Li transition densi-
ties of Descouvemont et al. [41] and the target Hartree-Fock
ground state density. Coulomb couplings were also included
assuming a rotor model with matrix elements derived from the
electric transition probability B(E2, 1+ → 2+) = 1.6 W.u.
also computed in [41]. Transfer couplings from the 8Li ground
state as well as from the considered excited states were
included.

The CRC method requires also optical potentials for the
entrance (8Li + 58Ni) and exit (7Li + 59Ni∗) channels. These
are to be understood as bare potentials, which are meant
to describe the interaction between the colliding partners in
absence of the considered couplings. In practice, these bare
potentials are adjusted so that the full CRC calculation repro-
duces the elastic scattering data. For the exit-channel optical
potential, we adopted the parameters of the 7Li + 58Ni po-
tential discussed in Sec. III B. For the entrance channel, we
found that a very good reproduction of the elastic data could
be obtained by just removing the surface imaginary potential
introduced in the OM analysis of Sec. III A and keeping the
double-folding potential with scaling factors Nr = 1 and Ni =
0.6. A reduction in the strength of the bare imaginary potential
with respect to the optical model potential is expected since
the couplings to the transfer channels are explicitly taken into
account [63,64]. The same scaling factors were assumed for
the transition potentials between the 8Li states.

The results of these calculations are compared with the
elastic data in Fig. 6 and with the 7Li angular distributions
in Fig. 4. Both observables are nicely explained by the cal-
culations. Comparing the data with the full CRC calculation
confirms the large influence of these channels on the elastic
scattering, as was anticipated. In Table I we present the total
reaction cross sections1 obtained from the OM-fit (Fig. 3)
and CRC calculations (Fig. 6), as well as the angle integrated

1The reaction cross section quoted here follows the definition of the
FRESCO code [51].
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Fig. 3 Two-dimensional C(Z ,M)− E identification spectra obtained
with the !E-E telescope at θlab ≈ 17◦ with: berilium (top) and gold
(botton) targets

36 to 46 degrees in the laboratory system. The telescopes 3
and 4 together covered the region from 44 to 75 degrees. Due
to the very low cross sections at backward angles, no counts
from the 8Li+9Be elastic scattering were seen beyond 43
deg. Thus, for angles above 43 degrees, telescopes 3 and 4
measured only the 8Li scattered on gold target, which were
useful for data normalization.

Figure 3 shows a typical particle identification C(Z ,M)-
E spectra measured with telescope 1, for two different sec-
ondary targets, 9Be (upper panel) and 197Au (lower panel).
The C(Z ,M) quantity is defined as C(Z ,M) = (E)b −
(E − !E)b with E = EResidual + !E [29], where EResidual
and !E are the signals from the telescopes and b=1.6 was
adjusted. This method provides a clear (Z ,M) identification
of the particles.

Due to the large 8Li+197Au Coulomb barrier (Vb
lab ≈

29.1 MeV) most of the events seen in Fig.3 (bottom) are com-
ponents of the secondary beam which were scattered by the
target. We see that the secondary beam is composed mainly
by 8Li, in addition to some contamination particles. A 7 Li
contamination peak, in the 2+ atomic charge state, is seen
in Fig. 3 (bottom) which belongs to the low energy degraded

primary beam. In addition, few contamination peaks corre-
sponding to 6,4He and p, d, t light particles are seen in the
spectrum. 6He is an usual contamination peak in RIBRAS
experiments and come from the 9Be(7Li,6He) reaction in the
primary target. 4He and the hydrogen isotopes are also pro-
duced in the primary target from projectile and target breakup
and fusion evaporation reactions. Those light contaminants
have a very wide energy distribution and are present in all
experiments in RIBRAS. In Fig. 3 (upper panel) we see the
same identification spectrum with a Beryllium target. There,
the 7Li in the 2+ charge state is not seen anymore due to its
energy falling below the !E threshold. On the other hand, a
strip of 7Li particles is seen just below the 8Li line which was
not seen in the gold target spectrum. As these 7Li particles
are present only in the measurements with the 9Be target, we
conclude that they are not beam contaminants, but are orig-
inated in reactions with the 9Be secondary target. The 7Li
counts from reaction were seen only at very forward angles
(13 deg < θ < 26 deg) covered by the telescope 1.

A strip of 4He was observed in measurements with the 9Be
target. These particles possibly come from the 9Be breakup
into 4He+4He+n and the 9Be(8Li,4He) transfer reaction.

In order to display our particle identification, in Fig. 4 we
show a projection of the Fig. 3-(upper) in the C(Z ,M) axis
for the region above E ≥ 14 MeV. From Fig. 4, it is quite
clear that the identification spectra (Fig. 3) have sufficient
resolution to separate not only 7Li and 8Li but also 6Li and
9Li isotopes. The 9Li counts come from the neutron pickup
9Be(8Li,9Li)8Be reaction. This reaction has a positive ground
state Q-value of +2.499 MeV and has been measured in
previous works [17]. A few 6Li counts are observed which
are probably produced in the 9Be(8Li,6Li)12Be two neutron
transfer reaction with Qgs = −1.969 MeV.

The reason for choosing only E ≥ 14 MeV events to
obtain Fig. 4 is that the 7Li strip is horizontal in this region

Fig. 4 Projection of the spectrum of Fig. 3 (top) on the C(Z,M) axis,
in the energy range above 14 MeV
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Abstract The 8Li + 9Be quasi-elastic angular distribution
and the 9Be(8Li,7Li)X inclusive reaction have been mea-
sured at ELab = 23.8 MeV bombarding energy using the
RIBRAS facility. In addition to the 8Li scattering peak, a
large yield of 7Li particles has been observed in the identifi-
cation spectra, presenting a wide energy distribution centered
around and below the energy of the 8Li quasi-elastic peak.
The 7Li angular and energy distributions have been obtained
and analysed assuming that these particles stem from two dif-
ferent mechanisms: (i) the elastic breakup (EBU), in which
the projectile dissociates into 7Li+n and the 9Be target
remains in its ground state and (ii) the nonelastic breakup
(NEB) which accounts for absorptive processes between the
neutron and the target, including the neutron transfer. The 7Li
angular and energy distributions have been analyzed by the
Ichimura, Austern and Vincent (IAV) model for NEB, and the
Continuum-Discretized Coupled-Channels (CDCC) method
for the EBU. The theoretical results are in good agreement
with the experimental data.

1 Introduction

The production of secondary beams of unstable nuclei
became possible thanks to the development of several facil-
ities around the world, providing unique opportunities to
probe new aspects of nuclear physics involving unstable
and exotic nuclei [1– 3]. In the low-energy regime (≤ 10
MeV/nucleon), reactions induced by unstable light nuclei
usually exhibit larger total reaction cross sections, compared

a e-mail: osvaldo.santos@usp.br (corresponding author)
b e-mail: rubens@if.usp.br (corresponding author)

to their stable partners, indicating that many reaction chan-
nels are open. A complete study of these different reaction
channels provides useful information on the reaction dynam-
ics involving weakly bound projectiles, aiming to identify
the processes that most contribute to the total reaction cross
section [4– 11]. In addition, important nuclear structure infor-
mation, such as spectroscopic factors and deformations, arise
from such studies.

In particular, 8 Li is a beta-unstable nucleus with a 7Li+n
cluster structure (Sn = 2.033 MeV) and owing to its relatively
low binding energy, reactions producing the 7Li nucleus are
expected in collisions involving the 8Li projectile. Indeed,
recent measurements of the 58Ni(8Li,7Li)X inclusive reac-
tion indicate that the one-neutron stripping process, popu-
lating a wide range of excitation energies ranging from the
ground state up to highly excited states above the 59Ni neu-
tron threshold, is the channel that most contributes to the 7Li
yield [12]. By contrast, the 8Li elastic breakup has only a
minor effect on the observed 7Li yield, most of which comes
from non-elastic breakup channels.

For the 8Li collision on light targets, only scarce data are
found in the literature [11,13– 20]. In Ref. [17], the authors
measured one-neutron stripping from 8Li to 9Be leading to
specific low lying states, such as the ground state, of the 10Be
residual nucleus. In the next paragraphs we will describe in
more details the differences between the present experiment
and that of Ref. [17], to emphasize the importance of our
data.

We present new data for the 9Be(8Li,7Li)X reaction at 23.8
MeV, for a wide range of excitation energies of the recoil sys-
tem X . Such reactions are characterized by the detection of a
charged fragment of the projectile (7Li in the present case),
showing a broad energy distribution, indicating that the recoil

0123456789().: V,-vol 123
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Fig. 6 Q-distribution for 9Be(8Li,7Li)10Be reaction (black points)
compared with EBU (dotted green line) and the sum of EBU and NEB
(checkered region). The red arrow at Ex = 6.812 MeV shows neutron
threshold position which separates bound and unbound states of the
recoil nucleus 10Be

Fig. 7 Angular distribution for the 9Be(8Li,7Li) reaction (black points)
compared with EBU (dotted green line) and the sum of EBU and NEB
(checkered region). The checkered region delimits the calculations with-
out and with scaling factors for the n+9Be spectroscopic factors (see
text for details)

The theoretical integrated EBU and NEB cross sections
are σEBU

bu = 20 mb and σNEB
bu = 94 and 124 mb, respectively,

for the two curves in Fig. 7.

4 Summary and conclusions

The 8Li + 9Be quasi-elastic scattering angular distribution
and the angular and energy distributions of the 9Be(8Li,7Li)X
reaction have been measured at Elab = 23.8 MeV bombarding
energy.

The quasi-elastic angular distribution was analysed by
optical model calculations using standard Woods-Saxon

potentials whose parameters were varied to best fit the data.
An excellent fit was obtained with a deep real potential and
a shallow long-range imaginary potential.

The inclusive 7Li singles energy and angular distribu-
tions have also been obtained and analyzed by CDCC and
IAV methods for the elastic breakup (EBU) and nonelastic
breakup (NEB), respectively. The EBU was found to con-
tribute to about ∼15%-20% of the total 7Li yield. NEB con-
tributions were found to span a wide range of excitation ener-
gies of the residual system (n+9Be), with about half of their
contribution corresponding to the population 10Be bound
states. The total cross section (EBU+NEB) reproduces well
the shape and magnitude of the measured energy differen-
tial cross sections in the region corresponding to the pop-
ulation of 10Be unbound states. On the other hand, for the
bound states region, the IAV calculation overestimates the
cross sections. Considerations of the Pauli blocking effect,
due to the partial occupation of the p3/2 and p1/2 levels in
9Be nucleus indicate that a reduction in the spectroscopic
factors is expected, leading to a reduction of the cross sec-
tions in this region. An estimation of this reduction leads to
an improvement of the agreement with data in the bound state
region.

Whereas the analysis of transfer reactions leading to spe-
cific final states of the outgoing nuclei has been routinely
performed for decades thanks to the availability of adequate
reaction tools (e.g. DWBA, ADWA, etc), the proper analy-
sis of inclusive breakup reactions has been hampered by the
lack of appropriate theoretical frameworks to describe such
processes. The recent implementation of inclusive breakup
models by several groups has opened the possibility to per-
form this kind of analyses, which may provide new insights
on the breakup mechanisms taking place in the collisions of
weakly-bound nuclei, for example, by quantifying the rela-
tive importance of elastic (i.e. “diffractive”) breakup from
other non-elastic breakup contributions. The present work
represents the first successful application of this approach
for the 9Be(8Li,7Li)X case.
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Fig. 6 Q-distribution for 9Be(8Li,7Li)10Be reaction (black points)
compared with EBU (dotted green line) and the sum of EBU and NEB
(checkered region). The red arrow at Ex = 6.812 MeV shows neutron
threshold position which separates bound and unbound states of the
recoil nucleus 10Be

Fig. 7 Angular distribution for the 9Be(8Li,7Li) reaction (black points)
compared with EBU (dotted green line) and the sum of EBU and NEB
(checkered region). The checkered region delimits the calculations with-
out and with scaling factors for the n+9Be spectroscopic factors (see
text for details)

The theoretical integrated EBU and NEB cross sections
are σEBU

bu = 20 mb and σNEB
bu = 94 and 124 mb, respectively,

for the two curves in Fig. 7.

4 Summary and conclusions

The 8Li + 9Be quasi-elastic scattering angular distribution
and the angular and energy distributions of the 9Be(8Li,7Li)X
reaction have been measured at Elab = 23.8 MeV bombarding
energy.

The quasi-elastic angular distribution was analysed by
optical model calculations using standard Woods-Saxon

potentials whose parameters were varied to best fit the data.
An excellent fit was obtained with a deep real potential and
a shallow long-range imaginary potential.

The inclusive 7Li singles energy and angular distribu-
tions have also been obtained and analyzed by CDCC and
IAV methods for the elastic breakup (EBU) and nonelastic
breakup (NEB), respectively. The EBU was found to con-
tribute to about ∼15%-20% of the total 7Li yield. NEB con-
tributions were found to span a wide range of excitation ener-
gies of the residual system (n+9Be), with about half of their
contribution corresponding to the population 10Be bound
states. The total cross section (EBU+NEB) reproduces well
the shape and magnitude of the measured energy differen-
tial cross sections in the region corresponding to the pop-
ulation of 10Be unbound states. On the other hand, for the
bound states region, the IAV calculation overestimates the
cross sections. Considerations of the Pauli blocking effect,
due to the partial occupation of the p3/2 and p1/2 levels in
9Be nucleus indicate that a reduction in the spectroscopic
factors is expected, leading to a reduction of the cross sec-
tions in this region. An estimation of this reduction leads to
an improvement of the agreement with data in the bound state
region.

Whereas the analysis of transfer reactions leading to spe-
cific final states of the outgoing nuclei has been routinely
performed for decades thanks to the availability of adequate
reaction tools (e.g. DWBA, ADWA, etc), the proper analy-
sis of inclusive breakup reactions has been hampered by the
lack of appropriate theoretical frameworks to describe such
processes. The recent implementation of inclusive breakup
models by several groups has opened the possibility to per-
form this kind of analyses, which may provide new insights
on the breakup mechanisms taking place in the collisions of
weakly-bound nuclei, for example, by quantifying the rela-
tive importance of elastic (i.e. “diffractive”) breakup from
other non-elastic breakup contributions. The present work
represents the first successful application of this approach
for the 9Be(8Li,7Li)X case.
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Fig. 3 Two-dimensional C(Z ,M)− E identification spectra obtained
with the !E-E telescope at θlab ≈ 17◦ with: berilium (top) and gold
(botton) targets

36 to 46 degrees in the laboratory system. The telescopes 3
and 4 together covered the region from 44 to 75 degrees. Due
to the very low cross sections at backward angles, no counts
from the 8Li+9Be elastic scattering were seen beyond 43
deg. Thus, for angles above 43 degrees, telescopes 3 and 4
measured only the 8Li scattered on gold target, which were
useful for data normalization.

Figure 3 shows a typical particle identification C(Z ,M)-
E spectra measured with telescope 1, for two different sec-
ondary targets, 9Be (upper panel) and 197Au (lower panel).
The C(Z ,M) quantity is defined as C(Z ,M) = (E)b −
(E − !E)b with E = EResidual + !E [29], where EResidual
and !E are the signals from the telescopes and b=1.6 was
adjusted. This method provides a clear (Z ,M) identification
of the particles.

Due to the large 8Li+197Au Coulomb barrier (Vb
lab ≈

29.1 MeV) most of the events seen in Fig.3 (bottom) are com-
ponents of the secondary beam which were scattered by the
target. We see that the secondary beam is composed mainly
by 8Li, in addition to some contamination particles. A 7 Li
contamination peak, in the 2+ atomic charge state, is seen
in Fig. 3 (bottom) which belongs to the low energy degraded

primary beam. In addition, few contamination peaks corre-
sponding to 6,4He and p, d, t light particles are seen in the
spectrum. 6He is an usual contamination peak in RIBRAS
experiments and come from the 9Be(7Li,6He) reaction in the
primary target. 4He and the hydrogen isotopes are also pro-
duced in the primary target from projectile and target breakup
and fusion evaporation reactions. Those light contaminants
have a very wide energy distribution and are present in all
experiments in RIBRAS. In Fig. 3 (upper panel) we see the
same identification spectrum with a Beryllium target. There,
the 7Li in the 2+ charge state is not seen anymore due to its
energy falling below the !E threshold. On the other hand, a
strip of 7Li particles is seen just below the 8Li line which was
not seen in the gold target spectrum. As these 7Li particles
are present only in the measurements with the 9Be target, we
conclude that they are not beam contaminants, but are orig-
inated in reactions with the 9Be secondary target. The 7Li
counts from reaction were seen only at very forward angles
(13 deg < θ < 26 deg) covered by the telescope 1.

A strip of 4He was observed in measurements with the 9Be
target. These particles possibly come from the 9Be breakup
into 4He+4He+n and the 9Be(8Li,4He) transfer reaction.

In order to display our particle identification, in Fig. 4 we
show a projection of the Fig. 3-(upper) in the C(Z ,M) axis
for the region above E ≥ 14 MeV. From Fig. 4, it is quite
clear that the identification spectra (Fig. 3) have sufficient
resolution to separate not only 7Li and 8Li but also 6Li and
9Li isotopes. The 9Li counts come from the neutron pickup
9Be(8Li,9Li)8Be reaction. This reaction has a positive ground
state Q-value of +2.499 MeV and has been measured in
previous works [17]. A few 6Li counts are observed which
are probably produced in the 9Be(8Li,6Li)12Be two neutron
transfer reaction with Qgs = −1.969 MeV.

The reason for choosing only E ≥ 14 MeV events to
obtain Fig. 4 is that the 7Li strip is horizontal in this region

Fig. 4 Projection of the spectrum of Fig. 3 (top) on the C(Z,M) axis,
in the energy range above 14 MeV
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Abstract The 8Li + 9Be quasi-elastic angular distribution
and the 9Be(8Li,7Li)X inclusive reaction have been mea-
sured at ELab = 23.8 MeV bombarding energy using the
RIBRAS facility. In addition to the 8Li scattering peak, a
large yield of 7Li particles has been observed in the identifi-
cation spectra, presenting a wide energy distribution centered
around and below the energy of the 8Li quasi-elastic peak.
The 7Li angular and energy distributions have been obtained
and analysed assuming that these particles stem from two dif-
ferent mechanisms: (i) the elastic breakup (EBU), in which
the projectile dissociates into 7Li+n and the 9Be target
remains in its ground state and (ii) the nonelastic breakup
(NEB) which accounts for absorptive processes between the
neutron and the target, including the neutron transfer. The 7Li
angular and energy distributions have been analyzed by the
Ichimura, Austern and Vincent (IAV) model for NEB, and the
Continuum-Discretized Coupled-Channels (CDCC) method
for the EBU. The theoretical results are in good agreement
with the experimental data.

1 Introduction

The production of secondary beams of unstable nuclei
became possible thanks to the development of several facil-
ities around the world, providing unique opportunities to
probe new aspects of nuclear physics involving unstable
and exotic nuclei [1– 3]. In the low-energy regime (≤ 10
MeV/nucleon), reactions induced by unstable light nuclei
usually exhibit larger total reaction cross sections, compared

a e-mail: osvaldo.santos@usp.br (corresponding author)
b e-mail: rubens@if.usp.br (corresponding author)

to their stable partners, indicating that many reaction chan-
nels are open. A complete study of these different reaction
channels provides useful information on the reaction dynam-
ics involving weakly bound projectiles, aiming to identify
the processes that most contribute to the total reaction cross
section [4– 11]. In addition, important nuclear structure infor-
mation, such as spectroscopic factors and deformations, arise
from such studies.

In particular, 8 Li is a beta-unstable nucleus with a 7Li+n
cluster structure (Sn = 2.033 MeV) and owing to its relatively
low binding energy, reactions producing the 7Li nucleus are
expected in collisions involving the 8Li projectile. Indeed,
recent measurements of the 58Ni(8Li,7Li)X inclusive reac-
tion indicate that the one-neutron stripping process, popu-
lating a wide range of excitation energies ranging from the
ground state up to highly excited states above the 59Ni neu-
tron threshold, is the channel that most contributes to the 7Li
yield [12]. By contrast, the 8Li elastic breakup has only a
minor effect on the observed 7Li yield, most of which comes
from non-elastic breakup channels.

For the 8Li collision on light targets, only scarce data are
found in the literature [11,13– 20]. In Ref. [17], the authors
measured one-neutron stripping from 8Li to 9Be leading to
specific low lying states, such as the ground state, of the 10Be
residual nucleus. In the next paragraphs we will describe in
more details the differences between the present experiment
and that of Ref. [17], to emphasize the importance of our
data.

We present new data for the 9Be(8Li,7Li)X reaction at 23.8
MeV, for a wide range of excitation energies of the recoil sys-
tem X . Such reactions are characterized by the detection of a
charged fragment of the projectile (7Li in the present case),
showing a broad energy distribution, indicating that the recoil
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Fig. 6 Q-distribution for 9Be(8Li,7Li)10Be reaction (black points)
compared with EBU (dotted green line) and the sum of EBU and NEB
(checkered region). The red arrow at Ex = 6.812 MeV shows neutron
threshold position which separates bound and unbound states of the
recoil nucleus 10Be

Fig. 7 Angular distribution for the 9Be(8Li,7Li) reaction (black points)
compared with EBU (dotted green line) and the sum of EBU and NEB
(checkered region). The checkered region delimits the calculations with-
out and with scaling factors for the n+9Be spectroscopic factors (see
text for details)

The theoretical integrated EBU and NEB cross sections
are σEBU

bu = 20 mb and σNEB
bu = 94 and 124 mb, respectively,

for the two curves in Fig. 7.

4 Summary and conclusions

The 8Li + 9Be quasi-elastic scattering angular distribution
and the angular and energy distributions of the 9Be(8Li,7Li)X
reaction have been measured at Elab = 23.8 MeV bombarding
energy.

The quasi-elastic angular distribution was analysed by
optical model calculations using standard Woods-Saxon

potentials whose parameters were varied to best fit the data.
An excellent fit was obtained with a deep real potential and
a shallow long-range imaginary potential.

The inclusive 7Li singles energy and angular distribu-
tions have also been obtained and analyzed by CDCC and
IAV methods for the elastic breakup (EBU) and nonelastic
breakup (NEB), respectively. The EBU was found to con-
tribute to about ∼15%-20% of the total 7Li yield. NEB con-
tributions were found to span a wide range of excitation ener-
gies of the residual system (n+9Be), with about half of their
contribution corresponding to the population 10Be bound
states. The total cross section (EBU+NEB) reproduces well
the shape and magnitude of the measured energy differen-
tial cross sections in the region corresponding to the pop-
ulation of 10Be unbound states. On the other hand, for the
bound states region, the IAV calculation overestimates the
cross sections. Considerations of the Pauli blocking effect,
due to the partial occupation of the p3/2 and p1/2 levels in
9Be nucleus indicate that a reduction in the spectroscopic
factors is expected, leading to a reduction of the cross sec-
tions in this region. An estimation of this reduction leads to
an improvement of the agreement with data in the bound state
region.

Whereas the analysis of transfer reactions leading to spe-
cific final states of the outgoing nuclei has been routinely
performed for decades thanks to the availability of adequate
reaction tools (e.g. DWBA, ADWA, etc), the proper analy-
sis of inclusive breakup reactions has been hampered by the
lack of appropriate theoretical frameworks to describe such
processes. The recent implementation of inclusive breakup
models by several groups has opened the possibility to per-
form this kind of analyses, which may provide new insights
on the breakup mechanisms taking place in the collisions of
weakly-bound nuclei, for example, by quantifying the rela-
tive importance of elastic (i.e. “diffractive”) breakup from
other non-elastic breakup contributions. The present work
represents the first successful application of this approach
for the 9Be(8Li,7Li)X case.
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compared with EBU (dotted green line) and the sum of EBU and NEB
(checkered region). The red arrow at Ex = 6.812 MeV shows neutron
threshold position which separates bound and unbound states of the
recoil nucleus 10Be
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compared with EBU (dotted green line) and the sum of EBU and NEB
(checkered region). The checkered region delimits the calculations with-
out and with scaling factors for the n+9Be spectroscopic factors (see
text for details)

The theoretical integrated EBU and NEB cross sections
are σEBU

bu = 20 mb and σNEB
bu = 94 and 124 mb, respectively,

for the two curves in Fig. 7.

4 Summary and conclusions

The 8Li + 9Be quasi-elastic scattering angular distribution
and the angular and energy distributions of the 9Be(8Li,7Li)X
reaction have been measured at Elab = 23.8 MeV bombarding
energy.

The quasi-elastic angular distribution was analysed by
optical model calculations using standard Woods-Saxon

potentials whose parameters were varied to best fit the data.
An excellent fit was obtained with a deep real potential and
a shallow long-range imaginary potential.

The inclusive 7Li singles energy and angular distribu-
tions have also been obtained and analyzed by CDCC and
IAV methods for the elastic breakup (EBU) and nonelastic
breakup (NEB), respectively. The EBU was found to con-
tribute to about ∼15%-20% of the total 7Li yield. NEB con-
tributions were found to span a wide range of excitation ener-
gies of the residual system (n+9Be), with about half of their
contribution corresponding to the population 10Be bound
states. The total cross section (EBU+NEB) reproduces well
the shape and magnitude of the measured energy differen-
tial cross sections in the region corresponding to the pop-
ulation of 10Be unbound states. On the other hand, for the
bound states region, the IAV calculation overestimates the
cross sections. Considerations of the Pauli blocking effect,
due to the partial occupation of the p3/2 and p1/2 levels in
9Be nucleus indicate that a reduction in the spectroscopic
factors is expected, leading to a reduction of the cross sec-
tions in this region. An estimation of this reduction leads to
an improvement of the agreement with data in the bound state
region.

Whereas the analysis of transfer reactions leading to spe-
cific final states of the outgoing nuclei has been routinely
performed for decades thanks to the availability of adequate
reaction tools (e.g. DWBA, ADWA, etc), the proper analy-
sis of inclusive breakup reactions has been hampered by the
lack of appropriate theoretical frameworks to describe such
processes. The recent implementation of inclusive breakup
models by several groups has opened the possibility to per-
form this kind of analyses, which may provide new insights
on the breakup mechanisms taking place in the collisions of
weakly-bound nuclei, for example, by quantifying the rela-
tive importance of elastic (i.e. “diffractive”) breakup from
other non-elastic breakup contributions. The present work
represents the first successful application of this approach
for the 9Be(8Li,7Li)X case.
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butions (see Fig. 2), indicating that the transfer reaction
takes place at partial waves larger than the usual grazing
angular momentum obtained from the elastic scattering.

FIG. 1. Two-dimensional C(Z,M)�E identification spectra
obtained with 120Sn (top) and gold (bottom) targets at ✓lab =
69� and an incident energy of 25.8 MeV for 8Li.

III. THEORETICAL ANALYSIS

In the present section, we will present a detailed anal-
ysis of the data, including the 8Li+120Sn elastic scatter-
ing angular distributions and the 7Li energy and angu-
lar distributions at the two measured energies. First, we
performed optical model (OM) calculations to obtain ap-
propriate OM potentials for the entrance channel. Next,
we compared the elastic distributions with CDCC and
coupled-channels (CC) calculations. It is worth notic-
ing that the measured 8Li+120Sn elastic angular distri-
butions are indeed quasi-elastic, as we are unable to sep-
arate possible contributions from the excitation of low-
lying states of the projectile and target due to our exper-
imental energy resolution. However, we performed de-
tailed coupled-channels calculations to estimate the e↵ect

of the projectile and target excitations on the “elastic”
angular distributions, using known values of B(E2) and
nuclear deformations for 120Sn and 8Li. In all cases, we
found that the e↵ect of inelastic scattering is negligible
in the entire angular range of our measurements, so that
from now on we will refer to the 8Li+120Sn distributions
as purely elastic.

Finally, we compared the measured inclusive 7Li dis-
tributions with calculations based on the IAV and CRC
formalisms, and discuss the e↵ect of the neutron strip-
ping channel on the elastic cross sections.

A. Optical model

As a first step in the analysis of the elastic scattering
angular distributions, an optical model calculation was
performed, using FRESCO code [40] to obtain the scatter-
ing potentials. We used a double-folding (DF) potential
obtained by convoluting the M3Y nucleon-nucleon inter-
action with the 8Li ground-state density from Ref. [41].
We used the same methodology of Ref [2]. Following
previous works, the imaginary part was renormalized by
Ni = 0.6, while no renormalization was applied to the
real part (Nr = 1). An imaginary Woods-Saxon sur-
face derivative term was added to the DF potential, and
the parameters were adjusted to best fit the data. The
following best-fit parameters were obtained: Wd=86.34
MeV, rwd=1.28 fm, and awd=0.30 fm. The result of this
fit is shown in Fig. 2 as the black solid line. The same
potential parameters were used for both energies.
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FIG. 2. 8Li + 120Sn experimental elastic scattering angular
distributions compared with the CDCC no-continuum (dotted
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and OM-Fit (solid black line).
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In the present section, we will present a detailed anal-
ysis of the data, including the 8Li+120Sn elastic scatter-
ing angular distributions and the 7Li energy and angu-
lar distributions at the two measured energies. First, we
performed optical model (OM) calculations to obtain ap-
propriate OM potentials for the entrance channel. Next,
we compared the elastic distributions with CDCC and
coupled-channels (CC) calculations. It is worth notic-
ing that the measured 8Li+120Sn elastic angular distri-
butions are indeed quasi-elastic, as we are unable to sep-
arate possible contributions from the excitation of low-
lying states of the projectile and target due to our exper-
imental energy resolution. However, we performed de-
tailed coupled-channels calculations to estimate the e↵ect

of the projectile and target excitations on the “elastic”
angular distributions, using known values of B(E2) and
nuclear deformations for 120Sn and 8Li. In all cases, we
found that the e↵ect of inelastic scattering is negligible
in the entire angular range of our measurements, so that
from now on we will refer to the 8Li+120Sn distributions
as purely elastic.

Finally, we compared the measured inclusive 7Li dis-
tributions with calculations based on the IAV and CRC
formalisms, and discuss the e↵ect of the neutron strip-
ping channel on the elastic cross sections.

A. Optical model

As a first step in the analysis of the elastic scattering
angular distributions, an optical model calculation was
performed, using FRESCO code [40] to obtain the scatter-
ing potentials. We used a double-folding (DF) potential
obtained by convoluting the M3Y nucleon-nucleon inter-
action with the 8Li ground-state density from Ref. [41].
We used the same methodology of Ref [2]. Following
previous works, the imaginary part was renormalized by
Ni = 0.6, while no renormalization was applied to the
real part (Nr = 1). An imaginary Woods-Saxon sur-
face derivative term was added to the DF potential, and
the parameters were adjusted to best fit the data. The
following best-fit parameters were obtained: Wd=86.34
MeV, rwd=1.28 fm, and awd=0.30 fm. The result of this
fit is shown in Fig. 2 as the black solid line. The same
potential parameters were used for both energies.
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FIG. 5. Coupled scheme of the 120Sn(8Li,7Li) reaction for the
CRC1 calculations. For the CRC2, the 2f5/2 state is in the
continuum (see TABLE I for more details).

[1, 2]. The results can be compared with the total re-
action cross sections obtained from the OM and CRC
analysis of the elastic scattering data. It is interesting
to note that, in all cases, the �bu/�reac ratio increases as
E/Vb decreases, indicating that inclusive breakup pro-
cesses (transfer/breakup) become relatively more impor-
tant for lower reduced energies (see Table III). The re-
sults show that the total 7Li production cross section in-
creases from lighter to heavier targets, being 38%� 84%
for the 8Li+120Sn system, around 15� 20% for 58Ni and
only 9% for the 9Be target. The ratio between the to-
tal 7Li production and the total reaction cross section
increases as the reduced energy (E/Vb) decreases, indi-
cating that the transfer/breakup process becomes rel-
atively more important as the energy approaches the
Coulomb barrier. Similar behavior has also been ob-
served for other more exotic neutron-rich projectiles such
as 6He+120Sn [21, 35], 11Be [6] and 11Li+208Pb [5] and
also in the proton-rich case 8B+208Pb where the ratio
reaches unity at energies below the Coulomb barrier [52].
In the 8Be+120Sn case [10], the elastic breakup of the
projectile dominates over transfer and other nonelastic
breakup modes.

TABLE III. Total (angle integrated) breakup cross sections
(�bu) and total reaction cross section for 8Li on 9Be [1], 58Ni
[2], and 120Sn targets.

System ELab �CRC

bu
�IAV+CDCC

bu
�OM

reac. �CRC

reac. �bu/�reac

(MeV) (mb) (mb) (mb) (mb)
8Li+9Be 23.8 - 124(5) 1440 - 0.0861(35)
8Li+58Ni 23.9 244 291 1194 1354 0.210(23)
8Li+58Ni 26.1 242 290 1322 1484 0.190(20)
8Li+58Ni 28.7 236 284 1446 1606 0.170(18)
8Li+58Ni 30.0 233 281 1500 1657 0.163(17)
8Li+120Sn 21.7 267(6) 271 316 565(11) 0.842(16)
8Li+120Sn 25.8 291(4) 325 816 1077(25) 0.375(26)

IV. SUMMARY AND CONCLUSIONS

Particle distributions from the 8Li+120Sn reaction
have been measured at laboratory energies of 21.7 and
25.8 MeV. The elastic scattering angular distribution
exhibits a typical Fresnel pattern dominated by the
Coulomb interaction, as expected for low-energy heavy-
target collisions. These elastic distributions have been
compared with optical model, continuum-discretized
coupled-channels and coupled reaction channels calcula-
tions. A reduction in the �/�Ruth ratio was observed
at forward angles, around the expected position of the
Fresnel peak, in the elastic distribution. The compari-
son with the CDCC and CRC calculations indicates that
CDCC partially accounts for this reduction, whereas the
CRC provides a better agreement with the data at for-
ward angles. However, an enhancement of the elastic
cross section is observed at backward angles which is not
reproduced by the CDCC and CRC calculations. Indeed,
the CRC calculations present a tendency to produce the
backward enhancement, indicating that this e↵ect could
be due to the coupling to the neutron transfer channel.
In contrast to the results obtained previously for the

same projectile on 9Be and 58Ni targets, the 7Li en-
ergy distribution for 120Sn shows a dominance of trans-
fer to 121Sn bound states over unbound states. The
Q-value distribution of the 7Li production channel at
E=25.8 MeV and the recoil nucleus excitation energy
shows a maximum at high excitation energies, but still
below the neutron threshold. The data were very well
described by the calculations using the IAV inclusive
breakup model, with no adjustable parameters. Due to
low statistics, no 7Li energy distribution was obtained at
21.7 MeV.
The 7Li angular distributions have been well repro-

duced by both the IAV plus CDCC and CRC calculations
at 25.8 MeV. The larger experimental errors for the lower
incident energy prevent a detailed comparison with the
theory, but the overall magnitude of the measured cross
sections seems to be accounted for by both calculations
without adjustable parameters. At both energies, the
projectile elastic breakup contribution to the 7Li yield is
very small.
The angle-integrated 7Li total breakup cross section

was obtained from the IAV plus CDCC and CRC calcu-
lations and was compared with the total cross sections
obtained previously for the 58Ni and 9Be targets. Both
IAV+CDCC and CRC provide very similar total cross
sections with a dominance of nonelastic breakup (includ-
ing transfer to bound states) over elastic breakup. The
results show that the total 7Li production cross section
increases from lighter to heavier targets and the ratio
between the total 7Li production and the total reac-
tion cross section increases as the reduced energy (E/Vb)
decreases, indicating that the inclusive breakup of the
projectile becomes relatively more important as the en-
ergy approaches the Coulomb barrier. For the present
8Li+120Sn data, this ratio is larger and the neutron trans-
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A large yield of α particles produced in the 120Sn(6He, α) reaction was measured at 20.3-, 22.2-, 22.4-, and
24.5-MeV bombarding energies. The α particles are distributed over a broad energy range in the vicinity and
below the elastic scattering 6He peak. Energy integrated α-particle cross sections have been obtained at θlab =
36◦, 40◦, and 60◦. The α energy distributions have been analyzed at a fixed laboratory angle (≈ 60◦) in terms of
the reaction Q value, considering the 2n-transfer reaction kinematics 120Sn(6He, α)122Sn. A kinematical analysis
of the Q-value distribution shows that the recoil system 120Sn + 2n is formed in highly excited states in the
continuum, at increasing excitation energies as the bombarding energy increases. It is shown that by using Brink’s
formula, the excitation energy depends on the transferred angular momentum following a linear relation with the
square of the angular momentum, indicating that some kind of dinuclear rotating system is formed after the
reaction.
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I. INTRODUCTION

With the availability of radioactive ion beams, the study
of nuclei far from the line of stability has been considerably
improved. Over the last few years, elastic scattering and
transfer reactions induced by low-energy neutron-rich and
proton-rich projectiles on several targets have been investi-
gated [1– 6]. There were several reports showing that total
reaction cross sections in reactions with radioactive ion beams
are larger when compared with reactions with stable beams
[2,3,5]. An important step in the study of nuclear reactions
with radioactive ion beams is to identify the reaction channels
responsible for the increase in the total reaction cross sections,
such as breakup and transfer. Light nuclei away from the line
of stability usually present a pronounced clusterlike structure
formed by a core surrounded by one or more weakly bound
nucleons. Several examples, such as 6He(α + 2n), 11Li(9Li +
2n), 11Be(10Be + n), 14Be(12Be + 2n), and others, are found
mainly in the neutron rich side of the nuclear chart. Owing
to their small breakup energies and the low angular momen-
tum of the valence neutrons, their wave functions extend to
large distances from the core, forming a kind of low density
neutron halo [7– 10]. As a result, reactions such as projectile
breakup and neutron transfers may be strongly favored in the
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interaction of these projectiles with various targets, which
enhances the total reaction cross sections. There have been
several reports showing high total reaction cross sections in
reactions involving exotic projectiles [2,3,7,11– 15].

The study of nuclear reactions with 6He has been inter-
esting due to the observation of a large yield of α particles
produced in the interaction with heavy targets [16– 22]. The
Borromean halo nucleus 6He has a two-neutron separation
energy of 0.975 MeV and it is expected to easily break up
into an α particle and two neutrons when interacting with a
target. In addition to this, the halo nature of 6He (neutron halo)
could induce neutron transfer reactions between projectile and
target. The indirect effect of the projectile breakup on the
elastic scattering angular distributions has been described with
great success by four body continuum discretized coupled
channels (4b-CDCC) calculations [3,11,23– 26]. The reaction
mechanism responsible for the α-particle production, on the
other hand, is not yet well understood and it has been the sub-
ject of several investigations. The experimental α-production
cross sections in reactions 6He + 209Bi, 238U [16,17,19] are
very large, well above the theoretical predictions considering
the usual breakup/transfer mechanism, and are very much
closer to the fusion cross sections of stable systems.

In a previous work, a large number of α particles pro-
duced in the 6He + 120Sn reaction at energies slightly above
the Coulomb barrier was observed [27,28]. In this work the
experimental α-particle energy distributions were analyzed by
two different models: the two-neutron transfer to the 122Sn
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I. INTRODUCTION

With the availability of radioactive ion beams, the study
of nuclei far from the line of stability has been considerably
improved. Over the last few years, elastic scattering and
transfer reactions induced by low-energy neutron-rich and
proton-rich projectiles on several targets have been investi-
gated [1– 6]. There were several reports showing that total
reaction cross sections in reactions with radioactive ion beams
are larger when compared with reactions with stable beams
[2,3,5]. An important step in the study of nuclear reactions
with radioactive ion beams is to identify the reaction channels
responsible for the increase in the total reaction cross sections,
such as breakup and transfer. Light nuclei away from the line
of stability usually present a pronounced clusterlike structure
formed by a core surrounded by one or more weakly bound
nucleons. Several examples, such as 6He(α + 2n), 11Li(9Li +
2n), 11Be(10Be + n), 14Be(12Be + 2n), and others, are found
mainly in the neutron rich side of the nuclear chart. Owing
to their small breakup energies and the low angular momen-
tum of the valence neutrons, their wave functions extend to
large distances from the core, forming a kind of low density
neutron halo [7– 10]. As a result, reactions such as projectile
breakup and neutron transfers may be strongly favored in the
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interaction of these projectiles with various targets, which
enhances the total reaction cross sections. There have been
several reports showing high total reaction cross sections in
reactions involving exotic projectiles [2,3,7,11– 15].

The study of nuclear reactions with 6He has been inter-
esting due to the observation of a large yield of α particles
produced in the interaction with heavy targets [16– 22]. The
Borromean halo nucleus 6He has a two-neutron separation
energy of 0.975 MeV and it is expected to easily break up
into an α particle and two neutrons when interacting with a
target. In addition to this, the halo nature of 6He (neutron halo)
could induce neutron transfer reactions between projectile and
target. The indirect effect of the projectile breakup on the
elastic scattering angular distributions has been described with
great success by four body continuum discretized coupled
channels (4b-CDCC) calculations [3,11,23– 26]. The reaction
mechanism responsible for the α-particle production, on the
other hand, is not yet well understood and it has been the sub-
ject of several investigations. The experimental α-production
cross sections in reactions 6He + 209Bi, 238U [16,17,19] are
very large, well above the theoretical predictions considering
the usual breakup/transfer mechanism, and are very much
closer to the fusion cross sections of stable systems.

In a previous work, a large number of α particles pro-
duced in the 6He + 120Sn reaction at energies slightly above
the Coulomb barrier was observed [27,28]. In this work the
experimental α-particle energy distributions were analyzed by
two different models: the two-neutron transfer to the 122Sn
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FIG. 6. 6He + 120Sn elastic angular distributions at 22.2 MeV
along with 4b-CDCC calculations.

1916 mb at 20.5 MeV. Total reaction cross sections are
expected to increase with energy above the Coulomb barrier
(≈13.3 MeV in the laboratory system).

III. ANALYSIS OF THE Q-VALUE DISTRIBUTIONS

It is well known that transfer reactions are quite selective
in terms of the transferred linear and angular momentum. D.
M. Brink gave the first description for this selectivity [31],
in terms of two matching conditions that must be satisfied to
maximize the cross section. These conditions are

!k = kf − ki ≈ 0 (2)

and

!L + h̄!λ = 0, (3)

where ki,f are the linear momentum of the transferred particle
before and after the transfer. L = µvR is the incident orbital
angular momentum and λ is the intrinsic angular momentum
of the transferred particle. The first condition states that the
velocity of the transferred particle must be equal before and
after the collision. The second condition imposes total angular
momentum conservation during the transfer process.

Considering the process A + x → y + B with x = t + y ,
t being the transferred particle, the above matching conditions
can be condensed into a single equation [31]:

h̄(λ2 − λ1) + 1
2
mtv(Ry − RA) + R

v
Q = 0, (4)

where !λ = (λ2 − λ1) is the transferred angular momentum,
λ1 and λ2 are the angular momenta of the transferred particle
in the initial and final nucleus, respectively, mt is the mass
of the transferred particle, v is its velocity in the position
where transfer takes place, Ry and RA are the radii of the
cores y and A, and R = Ry + RA with Ri = 1.2A

1/3
i . The

local velocity is calculated by v =
√

( 2(Elab−Vb)
mp

), where Vb

is the Coulomb energy at the position where transfer takes
place. We take Vb as the Coulomb barrier as given by [32,33].
For the 6He + 120Sn system V lab

b = 13.35 MeV. In the case of

TABLE II. Laboratory energies (MeV), Q centroids (MeV),
transferred angular momentum (!λ) as calculated from formula (4),
excitation energies (see text), and squared final angular momentum.

Elab (MeV) Qav (MeV) !λ Eexc (MeV) λ2(λ2 + 1)

17.4 0.2(3) 0.52 13.8(3) 3.83
18.1 − 1.2(3) 1.94 15.2(3) 11.58
19.8 − 1.8(3) 2.42 15.8(3) 15.11
20.3 − 2.8(5) 3.17 16.8(5) 21.55
20.5 − 2.7(5) 3.06 16.7(5) 20.54
22.2 − 3.6(4) 3.60 17.6(4) 25.76
22.4 − 3.5(5) 3.52 17.5(5) 24.95
24.5 − 5.5(5) 4.65 19.5(5) 37.57

neutron transfers, the reaction Q value corresponds to the Q
optimum, when the above condition is satisfied, and should
correspond to the centroids of the Q distributions shown in
Fig. 5. We obtained the centroids of the Q distributions by av-
eraging the Q distribution at each bombarding energy: Qav =∑

(Q × dσ/dQ)/
∑

dσ/dQ. The errors come out from a
usual standard deviation calculation. The widths of the Q
distributions have been also calculated and vary between 2.5
and 3 MeV but no systematic variation was seen.

In Table II we quote the laboratory energies along with the
resulting Qav, the corresponding transferred angular momenta
!λ, as deduced from Eq. (4), and the final excitation energies
(see text).

Given the Q centroids we also calculate the corresponding
excitation energies that are populated in the recoil nuclei:
Eexc = Qgs-Qav with Qgs = 14.01 MeV being the ground
state Q value for the 2n-transfer reaction. The errors in Qav
were estimated as 0.25 MeV, half width of the energy bins.

In Fig. 7, we plot the excitation energies versus the square
of the intrinsic angular momentum of the final nucleus 122Sn,
given by λ2 = !λ + λ1, for two possible states of the angular
momentum in the initial nucleus λ1 = 1 (dots) and λ1 = 0
(squares). The solid lines in Fig. 7 are the result of a linear
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FIG. 7. Excitation energy of the final nucleus as a function of
the square of the angular momentum in the final nucleus for λ1 = 1
(dots) and λ1 = 0 (squares). The solid line is a linear fit (see text).
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I. INTRODUCTION

With the availability of radioactive ion beams, the study
of nuclei far from the line of stability has been considerably
improved. Over the last few years, elastic scattering and
transfer reactions induced by low-energy neutron-rich and
proton-rich projectiles on several targets have been investi-
gated [1– 6]. There were several reports showing that total
reaction cross sections in reactions with radioactive ion beams
are larger when compared with reactions with stable beams
[2,3,5]. An important step in the study of nuclear reactions
with radioactive ion beams is to identify the reaction channels
responsible for the increase in the total reaction cross sections,
such as breakup and transfer. Light nuclei away from the line
of stability usually present a pronounced clusterlike structure
formed by a core surrounded by one or more weakly bound
nucleons. Several examples, such as 6He(α + 2n), 11Li(9Li +
2n), 11Be(10Be + n), 14Be(12Be + 2n), and others, are found
mainly in the neutron rich side of the nuclear chart. Owing
to their small breakup energies and the low angular momen-
tum of the valence neutrons, their wave functions extend to
large distances from the core, forming a kind of low density
neutron halo [7– 10]. As a result, reactions such as projectile
breakup and neutron transfers may be strongly favored in the
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interaction of these projectiles with various targets, which
enhances the total reaction cross sections. There have been
several reports showing high total reaction cross sections in
reactions involving exotic projectiles [2,3,7,11– 15].

The study of nuclear reactions with 6He has been inter-
esting due to the observation of a large yield of α particles
produced in the interaction with heavy targets [16– 22]. The
Borromean halo nucleus 6He has a two-neutron separation
energy of 0.975 MeV and it is expected to easily break up
into an α particle and two neutrons when interacting with a
target. In addition to this, the halo nature of 6He (neutron halo)
could induce neutron transfer reactions between projectile and
target. The indirect effect of the projectile breakup on the
elastic scattering angular distributions has been described with
great success by four body continuum discretized coupled
channels (4b-CDCC) calculations [3,11,23– 26]. The reaction
mechanism responsible for the α-particle production, on the
other hand, is not yet well understood and it has been the sub-
ject of several investigations. The experimental α-production
cross sections in reactions 6He + 209Bi, 238U [16,17,19] are
very large, well above the theoretical predictions considering
the usual breakup/transfer mechanism, and are very much
closer to the fusion cross sections of stable systems.

In a previous work, a large number of α particles pro-
duced in the 6He + 120Sn reaction at energies slightly above
the Coulomb barrier was observed [27,28]. In this work the
experimental α-particle energy distributions were analyzed by
two different models: the two-neutron transfer to the 122Sn
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A large yield of α particles produced in the 120Sn(6He, α) reaction was measured at 20.3-, 22.2-, 22.4-, and
24.5-MeV bombarding energies. The α particles are distributed over a broad energy range in the vicinity and
below the elastic scattering 6He peak. Energy integrated α-particle cross sections have been obtained at θlab =
36◦, 40◦, and 60◦. The α energy distributions have been analyzed at a fixed laboratory angle (≈ 60◦) in terms of
the reaction Q value, considering the 2n-transfer reaction kinematics 120Sn(6He, α)122Sn. A kinematical analysis
of the Q-value distribution shows that the recoil system 120Sn + 2n is formed in highly excited states in the
continuum, at increasing excitation energies as the bombarding energy increases. It is shown that by using Brink’s
formula, the excitation energy depends on the transferred angular momentum following a linear relation with the
square of the angular momentum, indicating that some kind of dinuclear rotating system is formed after the
reaction.

DOI: 10.1103/PhysRevC.99.014601

I. INTRODUCTION

With the availability of radioactive ion beams, the study
of nuclei far from the line of stability has been considerably
improved. Over the last few years, elastic scattering and
transfer reactions induced by low-energy neutron-rich and
proton-rich projectiles on several targets have been investi-
gated [1– 6]. There were several reports showing that total
reaction cross sections in reactions with radioactive ion beams
are larger when compared with reactions with stable beams
[2,3,5]. An important step in the study of nuclear reactions
with radioactive ion beams is to identify the reaction channels
responsible for the increase in the total reaction cross sections,
such as breakup and transfer. Light nuclei away from the line
of stability usually present a pronounced clusterlike structure
formed by a core surrounded by one or more weakly bound
nucleons. Several examples, such as 6He(α + 2n), 11Li(9Li +
2n), 11Be(10Be + n), 14Be(12Be + 2n), and others, are found
mainly in the neutron rich side of the nuclear chart. Owing
to their small breakup energies and the low angular momen-
tum of the valence neutrons, their wave functions extend to
large distances from the core, forming a kind of low density
neutron halo [7– 10]. As a result, reactions such as projectile
breakup and neutron transfers may be strongly favored in the
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interaction of these projectiles with various targets, which
enhances the total reaction cross sections. There have been
several reports showing high total reaction cross sections in
reactions involving exotic projectiles [2,3,7,11– 15].

The study of nuclear reactions with 6He has been inter-
esting due to the observation of a large yield of α particles
produced in the interaction with heavy targets [16– 22]. The
Borromean halo nucleus 6He has a two-neutron separation
energy of 0.975 MeV and it is expected to easily break up
into an α particle and two neutrons when interacting with a
target. In addition to this, the halo nature of 6He (neutron halo)
could induce neutron transfer reactions between projectile and
target. The indirect effect of the projectile breakup on the
elastic scattering angular distributions has been described with
great success by four body continuum discretized coupled
channels (4b-CDCC) calculations [3,11,23– 26]. The reaction
mechanism responsible for the α-particle production, on the
other hand, is not yet well understood and it has been the sub-
ject of several investigations. The experimental α-production
cross sections in reactions 6He + 209Bi, 238U [16,17,19] are
very large, well above the theoretical predictions considering
the usual breakup/transfer mechanism, and are very much
closer to the fusion cross sections of stable systems.

In a previous work, a large number of α particles pro-
duced in the 6He + 120Sn reaction at energies slightly above
the Coulomb barrier was observed [27,28]. In this work the
experimental α-particle energy distributions were analyzed by
two different models: the two-neutron transfer to the 122Sn
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data fit. The present results show, for λ1 = 1 (dots), a linear
relation between the excitation energy of the recoil nuclei
and its angular momentum square λ2(λ2 + 1). This seems
to behave as a typical rotational band with K = 13.22 MeV
and a slope h̄2/(2I ) = 0.17 MeV which is very close to that
expected for a rotating 2n-120Sn system with a moment of
inertia I = µR2 where µ is the reduced mass of the 120Sn-2n
dinuclear system and R = 1.2(1201/3 + 21/3) fm.

The present results indicate that the experimental α-energy
distributions are consistent with the formation of composite
2n-120Sn rotating system driven by the momentum of the
transferred particle (2n). The dinuclear system is formed
at increasing excitation energies as the bombarding energy
increases, from excitation energies a little below the 2n thresh-
old in the 122Sn, Eexc = 13.8 MeV at Elab = 17.4 MeV up
to Eexc = 19.5 MeV at Elab = 24.5 MeV. All these excitation
energies are well above the 1n threshold, in the 122Sn con-
tinuum, indicating that a transfer to the continuum process is
taking place.

IV. SUMMARY AND CONCLUSIONS

New experimental data for α-production cross sections
were presented for the reaction 6He + 120Sn at different en-
ergies. A large yield of α particles with a broad energy
distribution has been observed in the E-!E spectra, in the
neighborhood of the 6He elastic scattering peak. A kinemati-
cal analysis of the α-particle energy distributions is presented
in terms of the Q value for the two-neutron stripping reaction
120Sn(6He,α)122Sn. The results show that the energy distribu-
tions of the α particles are centered at Q values around zero
(Q optimum for neutron transfer) going to negative values
Q ≈ −5.5 MeV, as the bombarding energy increases from

17.4 to 24.5 MeV. As the 2n binding energy in the 122Sn
ground state is very much positive (+14.98 MeV), these Q
values show that the recoil system 120Sn + 2n is formed in
highly excited states in the continuum. Using Brink’s formula
for Q optimum transfer, we tried to interpret the decrease
in the reaction Q value to a corresponding increase in the
transferred angular momentum. We found that the final ex-
citation energies follow a linear relation with the square of
the final angular momentum, indicating that some kind of
dinuclear rotating system is formed after the collision. The
moment of inertia that comes out from this relation is not far
from what is expected for a 2n-120Sn rotating system. The
α-particle production cross sections are very large indicating
the presence of reaction mechanisms other than pure projectile
breakup, as predicted by continuum discretized coupled chan-
nels calculations. However, it becomes clear from the present
analysis that it is not possible to distinguish between different
reaction mechanisms only on the basis of the α-particle energy
distributions. Further measurements would be required of
other degrees of freedom, such as gammas and neutrons, to
decide the competition between neutron transfer or projectile
breakup.
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A detailed analysis of the elastic scattering data has been
recently presented in Ref. [15]. Here, we present the
breakup data and the corresponding theoretical analysis
in terms of semiclassical and coupled-channels calcula-
tions. From this comparison, we have extracted informa-
tion about the BðE1Þ distribution close to the breakup
threshold. The presence and location of a low-lying dipole
resonance in the 11Li nucleus is also investigated.

The experiment was performed at the TRIUMF facility
(Vancouver, Canada). A primary 500 MeV 100 !A proton
beam produced at the TRIUMF cyclotron impinged on a Ta
primary target. The post accelerated Li secondary beams
were transported to the ISAC-II facility [16] and monitored
by a 700 !m surface barrier Si detector placed at about
28 cm from the target. The average intensity of the 11Li
beam detected in this monitor was 4300 11Li=s. For 9Li,
two targets were used (1.45 and 1:9 mg=cm2), whereas for
11Li only the thinner one was used. The angular resolution
was better than 3#. The measurements were done at two
beam energies, 24.3 and 29.8 MeV, which are, respectively,
below and around the Coulomb barrier (Vb $ 28 MeV).

The experimental setup is composed by 4 telescopes
(T1–T4) placed around the 208Pb target, covering the
following laboratory angles: T1: 10#–40#, T2: 30#–60#,
T3: 50#–100#, T4: 90#–140#. Telescopes T1 and T2 con-
sisted of a 40 !m thick double sided Si strip detector
(DSSSD) in front stacked with 500 !m DSSSDs, forming
a !E-E pixel based structure. Telescopes T3 and T4 con-
sisted of 20 !m single sided Si strip detectors (SSSSD) in
front stacked with 60 !m DSSSDs, in order to form a
!E -E pixel based structure.

Elastic and breakup events were selected in two-
dimensional !E versus !E þ E plots, as shown in Fig. 1
for the telescope 1, at a nominal angle of 30:0# & 1:5# and
for an incident energy of 24.3 MeV. The 11Li breakup
events, producing 9Li fragments, are clearly separated
from the 11Li elastic events, which allows a precise analy-
sis of the 11Li breakup process on 208Pb. From this plot, it is
seen that the average energy of the 9Li fragments is about
1 MeV higher than 9=11 of the incident energy of 11Li, that
would be the expected energy in a distant breakup scenario.

The observed values suggest instead a scenario in which
the projectile breaks up in the proximity of the target, and
then the 9Li is postaccelerated with an energy gain equal to
the potential energy at this point. For example, for a
Coulomb trajectory corresponding to a scattering angle
of 30#, this yields an energy gain of the order of
1–1.5 MeV, in agreement with Fig. 1.
To quantify the importance of the breakup channel,

we use the breakup probability, defined here as the ratio
of 9Li events to the sum of 9Li and 11Li events for a given
scattering angle. This magnitude is shown in Fig. 2, at the
two incident energies. The errors indicated are purely
statistical. In both cases, the breakup probability increases
smoothly with increasing angle. We note that the large
yield of 9Li at backward angles is comparable to that of
11Li at 24.3 MeV and 70% larger at 29.8 MeV.
The experimental breakup probabilities have been

compared with continuum-discretized coupled-channels
(CDCC) calculations [17], using the four-body version of
this method proposed in Ref. [18]. This is an extension of
the standard CDCC method appropriate for three-body
projectiles. In these calculations, the 11Li states (bound
and unbound) are described within a three-body model
(9Li þ nþ n). To reduce the complexity of the calcula-
tions, the spin of the 9Li core is ignored. For the n-9Li and
n-n interactions we adopt the model P4 of Ref. [19]. An

FIG. 1 (color online). !E versus !E þ E plot for the telescope
1 at the laboratory angle 30:0# & 1:5# for the 11Li þ 208Pb
reaction at an incident energy of 24.3 MeV.
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FIG. 2 (color online). Breakup probabilities angular distribu-
tions, in the laboratory frame, for the reaction 11Li þ 208Pb at
(a) 24.3 MeV and (b) 29.8 MeV. The circles represent the
experimental data. The solid line represent the four-body
CDCC calculation. The dashed and dot-dashed lines are semi-
classical (EPM) calculations computed, respectively from the
theoretical three-body BðE1Þ distribution and from the experi-
mental BðE1Þ distribution of Ref. [6].
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TABLE II. Comparison of the experimental total reaction cross section (σreac) and breakup cross section (σBU ) with the DBU, 2n-TC and
1n-TC mechanisms. The experimental reaction cross sections are obtained from the optical model fit to the elastic differential cross sections
(see text for details).

24.3 MeV Exp. (mb) DBU(4b-CDCC) (mb) 2n-TC (CRC) (mb) 1n-TC (CRC) (mb)

σreac 5400 6500 5500 5600
σBU 5100 4200 780 940

29.8 MeV Exp. (mb) DBU(4b-CDCC) (mb) 2n-TC (CRC) (mb) 1n-TC (CRC) (mb)
σreac 7800 8400 7100 7900
σBU 6500 5400 1100 1000

One can observe that the breakup process constitutes the
main contribution to the reaction cross sections and that the
direct breakup mechanism seems to be dominant.

IV. DISCUSSION AND SUMMARY

We have measured the elastic scattering differential cross
sections and the angular and energy distributions of the 9Li
fragments arising from the inclusive breakup of the reaction
11Li+ 208Pb at two incident energies around and below the
Coulomb barrier. We observed a strong reduction of the elastic
cross sections, accompanied by a large yield of 9Li.

We can reasonably describe the three observables, at small
and intermediate angles (θ < 60◦), with CDCC calculations,
which describe the elastic scattering and the elastic breakup
cross sections. For the latter, the main mechanism is dipole
Coulomb breakup. This confirms the idea that elastic and
inclusive breakup measurements, at energies around the
Coulomb barrier, can be used as a tool to extract information
on the B(E1) distribution at these energies, but there should
be an awareness that systematic analysis errors can arise if due
account is not given to other mechanisms arising from nuclear
interactions.

At larger scattering angles, beyond 60◦, the CDCC calcula-
tions underestimate the experimental data. This indicates that
other mechanisms for removing the neutrons from 11Li play
an important role, such as transfer to bound states of the target,
or nonelastic breakup. These effects have been estimated using
two different approaches:

(i) The CRC calculations assume a dineutron model for
the 11Li nucleus and include, in addition to the elastic
channel, a set of representative states for the 208Pb -2n
systems, which are meant to simulate the two-neutron
transfer and total breakup (elastic + inelastic). Since
dipole Coulomb breakup is not expected to be well
described by the two-neutron transfer representation,
this effect is approximated by an analytical Coulomb
polarization potential. These CRC calculations give
important contributions at backward angles and predict

the energy distributions of the 9Li fragments, slightly
shifted to higher energies, and consistent with the data.

(ii) The CRC calculations for one neutron transfer, describ-
ing 11Li as a combination of s and p neutrons, coupled
to 10Li in 1+, 2+ virtual states or 1− , 2− resonances.
The calculations give sizable contributions at backward
angles, which are comparable to those of the CRC
calculations for two-neutron transfer.

It should be noted that these transfer calculations (i) and
(ii), do not necessarily lead to orthogonal states, and are not,
a priori, orthogonal to the direct breakup calculations. So,
one should not attempt to add up the corresponding cross
sections. Calculations (i) and (ii) only show that the reaction
mechanism, at backward angles, is more complex than the
pure direct breakup, and so it would be much more difficult
to extract spectroscopic information from the cross sections
at backward angles. We emphasize, however, that the breakup
cross sections at these large angles are much smaller than those
at smaller angles and, therefore, the direct breakup mechanism
is able to account for most of the measured 9Li cross sections.

To conclude, the observables measured in this work have
demonstrated that the extremely weakly bound structure of
11Li is easily broken, producing a large yield of 9Li fragments.
This effect is appropriately described by a direct breakup
model, mainly at forward angles, although at backward angles
other mechanisms, such as neutron transfer or nonelastic
breakup, become important.

ACKNOWLEDGMENTS

This work has been partially supported by Spanish Na-
tional Projects No. FPA2009-08848, No. FPA2009-07387,
No. FPA2010-22131-C02-01, No. FPA2009-07653, No.
FPA2012-32443 and by the Consolider-Ingenio 2010 Program
CPAN (CSD2007-00042). M.R.G. acknowledges the financial
support from the program VPPI-US. C.A.D acknowledges
the financial support from the U.K. Science and Technology
Facilities Council through Grant No. EP/D060575/1. J.A.L.
acknowledges a Marie Curie Piscopia fellow at the University
of Padova.

[1] J. H. Kelley, E. Kwan, J. E. Purcell, C. G. Sheu, and H. R.
Weller, Nucl. Phys. A 880, 88 (2012).

[2] M. Smith et al., Phys. Rev. Lett. 101, 202501 (2008).

[3] A. A. Korsheninnikov et al., Phys. Rev. Lett. 78, 2317
(1997).

[4] K. Ikeda, Nucl. Phys. A 538, 355 (1992).

044608-9

A detailed analysis of the elastic scattering data has been
recently presented in Ref. [15]. Here, we present the
breakup data and the corresponding theoretical analysis
in terms of semiclassical and coupled-channels calcula-
tions. From this comparison, we have extracted informa-
tion about the BðE1Þ distribution close to the breakup
threshold. The presence and location of a low-lying dipole
resonance in the 11Li nucleus is also investigated.

The experiment was performed at the TRIUMF facility
(Vancouver, Canada). A primary 500 MeV 100 !A proton
beam produced at the TRIUMF cyclotron impinged on a Ta
primary target. The post accelerated Li secondary beams
were transported to the ISAC-II facility [16] and monitored
by a 700 !m surface barrier Si detector placed at about
28 cm from the target. The average intensity of the 11Li
beam detected in this monitor was 4300 11Li=s. For 9Li,
two targets were used (1.45 and 1:9 mg=cm2), whereas for
11Li only the thinner one was used. The angular resolution
was better than 3#. The measurements were done at two
beam energies, 24.3 and 29.8 MeV, which are, respectively,
below and around the Coulomb barrier (Vb $ 28 MeV).

The experimental setup is composed by 4 telescopes
(T1–T4) placed around the 208Pb target, covering the
following laboratory angles: T1: 10#–40#, T2: 30#–60#,
T3: 50#–100#, T4: 90#–140#. Telescopes T1 and T2 con-
sisted of a 40 !m thick double sided Si strip detector
(DSSSD) in front stacked with 500 !m DSSSDs, forming
a !E-E pixel based structure. Telescopes T3 and T4 con-
sisted of 20 !m single sided Si strip detectors (SSSSD) in
front stacked with 60 !m DSSSDs, in order to form a
!E -E pixel based structure.

Elastic and breakup events were selected in two-
dimensional !E versus !E þ E plots, as shown in Fig. 1
for the telescope 1, at a nominal angle of 30:0# & 1:5# and
for an incident energy of 24.3 MeV. The 11Li breakup
events, producing 9Li fragments, are clearly separated
from the 11Li elastic events, which allows a precise analy-
sis of the 11Li breakup process on 208Pb. From this plot, it is
seen that the average energy of the 9Li fragments is about
1 MeV higher than 9=11 of the incident energy of 11Li, that
would be the expected energy in a distant breakup scenario.

The observed values suggest instead a scenario in which
the projectile breaks up in the proximity of the target, and
then the 9Li is postaccelerated with an energy gain equal to
the potential energy at this point. For example, for a
Coulomb trajectory corresponding to a scattering angle
of 30#, this yields an energy gain of the order of
1–1.5 MeV, in agreement with Fig. 1.
To quantify the importance of the breakup channel,

we use the breakup probability, defined here as the ratio
of 9Li events to the sum of 9Li and 11Li events for a given
scattering angle. This magnitude is shown in Fig. 2, at the
two incident energies. The errors indicated are purely
statistical. In both cases, the breakup probability increases
smoothly with increasing angle. We note that the large
yield of 9Li at backward angles is comparable to that of
11Li at 24.3 MeV and 70% larger at 29.8 MeV.
The experimental breakup probabilities have been

compared with continuum-discretized coupled-channels
(CDCC) calculations [17], using the four-body version of
this method proposed in Ref. [18]. This is an extension of
the standard CDCC method appropriate for three-body
projectiles. In these calculations, the 11Li states (bound
and unbound) are described within a three-body model
(9Li þ nþ n). To reduce the complexity of the calcula-
tions, the spin of the 9Li core is ignored. For the n-9Li and
n-n interactions we adopt the model P4 of Ref. [19]. An

FIG. 1 (color online). !E versus !E þ E plot for the telescope
1 at the laboratory angle 30:0# & 1:5# for the 11Li þ 208Pb
reaction at an incident energy of 24.3 MeV.
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FIG. 2 (color online). Breakup probabilities angular distribu-
tions, in the laboratory frame, for the reaction 11Li þ 208Pb at
(a) 24.3 MeV and (b) 29.8 MeV. The circles represent the
experimental data. The solid line represent the four-body
CDCC calculation. The dashed and dot-dashed lines are semi-
classical (EPM) calculations computed, respectively from the
theoretical three-body BðE1Þ distribution and from the experi-
mental BðE1Þ distribution of Ref. [6].
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The inclusive breakup for the 11Liþ 208Pb reaction at energies around the Coulomb barrier has been

measured for the first time. A sizable yield of 9Li following the 11Li dissociation has been observed, even

at energies well below the Coulomb barrier. Using the first-order semiclassical perturbation theory of

Coulomb excitation it is shown that the breakup probability data measured at small angles can be used to

extract effective breakup energy as well as the slope of BðE1Þ distribution close to the threshold. Four-

body continuum-discretized coupled-channels calculations, including both nuclear and Coulomb cou-

plings between the target and projectile to all orders, reproduce the measured inclusive breakup cross

sections and support the presence of a dipole resonance in the 11Li continuum at low excitation energy.

DOI: 10.1103/PhysRevLett.110.142701 PACS numbers: 25.70.$ z, 24.50.+g, 25.60.$ t

Nuclear haloes are intriguing quantum phenomena asso-
ciated with one or two weakly bound nucleons, which
generate a dilute density distribution extending much fur-
ther than the radius expected for a stable nucleus of the
same mass. Breakup reactions have provided useful infor-
mation on the ground state properties of halo nuclei, such
as binding energies, spectroscopic factors and angular
momentum (see Ref. [1] for a recent review). When exclu-
sive measurements are possible, i.e., all outgoing frag-
ments are detected after breakup, these experiments can
be used to infer spectroscopic properties of the continuum,
such as the location and spin assignment of resonant states
[2– 4] and dipole strengths [2,5,6]. These experiments have
revealed that halo nuclei exhibit a strong soft electric
dipole (E1) response at low excitation energies [2,6], in
contrast with the case of stable nuclei, for which the E1
response is mostly due to the giant dipole resonance, which
appears at significantly higher energies.

The largest soft dipole response ever observed corre-
sponds to the 11Li nucleus. This is a paradigmatic two-
neutron halo nucleus, with a well-developed three-body
structure, comprising a 9Li core surrounded by two loosely
bound neutrons [S2n ¼ 369:15ð65Þ keV [7]]. Although

reported values of the BðE1Þ of 11Li deduced from exclu-
sive breakup measurements give a large E1 strength just
above the breakup threshold, they considerably differ in the
absolute values [1,6,8,9]. Structure models differ also in
the predictions of the continuum; it is debated whether
there is a low energy dipole resonance [10– 14] and, if so,
how important this resonance is for the appearance of the
large BðE1Þ strength.
Information on the BðE1Þ response can be also inferred

from inclusive breakup reactions, in which only the heavy
fragments are detected. When the halo nucleus interacts
with a heavy target, the strong dipole Coulomb interaction
between them produces a drastic reduction of the elastic
scattering cross section and a large breakup probability.
At Coulomb-barrier energies, where the Coulomb force
dominates, this process populates selectively states with
low excitation energies. Therefore, a comparison between
the data with suitable reaction calculations can provide
an indirect determination of the BðE1Þ at low-excitation
energies.
With this motivation, we have measured the elastic

scattering and breakup reaction of the 11Li nucleus on a
lead target at energies around the Coulomb barrier.
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FIG. 4. (Color online) Elastic scattering angular distributions, in
the center-of-mass frame, at two different bombarding energies. The
4b- and 3b-CDCC calculations are represented by solid red and
dashed blue lines, respectively. The same 3b-CDCC calculations
without the continuum couplings are shown by dotted blue lines.

and 1n-TC model). The aim of this study is to understand
the dynamics of the reaction induced by the weakly bound
nucleus, 11Li, on a heavy target.

In order to obtain a first understanding of the breakup
process, we compare the experimental energy distributions
of the 9Li fragments with two limits derived from simple
kinematic considerations for the DBU and 2n-TC models. In
the first one, the 11Li nucleus is slightly excited by the target.
In this case, we would expect the velocity of the outgoing
9Li ejectiles to be similar to that of the elastic scattered 11Li.
Therefore, its energy would be a 9/11 fraction of the incident
11Li energy. On the other hand, the 2n-TC picture considers
a reaction mechanism in which the two neutrons loose part
of their kinetic energy and are left with small relative energy
with respect to the target. Hence, the 9Li particles remain
with essentially the beam energy.

In Fig. 7, the predicted energy of the DBU and 2n-TC
mechanisms are represented by the solid blue and dashed green
arrows, respectively. The comparison of these two extreme
models with the experimental data suggests a dominance of
the DBU mechanism at forward angles (telescopes 1 and 2),
while for large angles (telescopes 3 and 4) both extreme models
give energies compatible with the data.
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FIG. 5. (Color online) Elastic scattering angular distributions, in
the center-of-mass frame, at two different bombarding energies.
The dotted line is the one-channel (no-continuum) calculation using
the double-folding SPP potential. The dot-dashed line is the one-
channel calculation with the SPP potential plus the Coulomb dipole
polarization potential (CDP). The solid lines are the full CRC
calculations.

From the same figure it is seen that, for the smallest
scattering angles, the average energy of the emitted 9Li
products is close to 9/11 that of the incoming 11Li. However,
as the scattering angle increases, the average energy of 9Li is
larger than this simple expectation by ∼1–2 MeV, meaning that
they are postaccelerated. This energy gain can be understood
as a postacceleration of the 9Li fragments due to the Coulomb
potential, following the breakup of the projectile in the
proximity of the target. For example, for a scattering angle of
40◦ and at 29.8 MeV, the energy gain in a classical Coulomb
trajectory is around 2 MeV, in agreement with Fig. 7.

For a more quantitative understanding of the data, we have
compared the angular and energy distributions of the 9Li
breakup fragments with the predictions of the 3b-CDCC and
CRC calculations described in the following sections.

A. Direct breakup mechanism (CDCC calculations)

The CDCC framework [29,30] has been successfully used
to describe reactions using either a three-body (two-body
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Fig. 6. Energy distributions of the breakup fragment 10Be for the indicated angular 
intervals. The orange and green arrows correspond to the estimated 10Be energies 
excluding and including post-acceleration, respectively (see text for details).

The similitude between the CDCC and XCDCC results in Fig. 5
suggests that core excitations are not significant for breakup cross 
section in the current reaction. This result, which is also consistent 
with the findings of Refs. [6,10], is interpreted as due to the simi-
lar dB(E1)/dE distributions for continuum states predicted by the 
adopted SP and CEX models. However, it becomes apparent from 
Fig. 5 that the CDCC and XCDCC calculations fail to reproduce the 
data for θlab ! 10◦ . Since the (X)CDCC methods account only for 
the elastic breakup mechanism, we attribute the discrepancy to the 
presence of nonelastic breakup (NEB) contributions. As in Ref. [6], 
the latter have been computed using the inclusive-breakup model 
of Ichimura, Austern and Vincent (IAV) [1], following the imple-
mentation performed in Ref. [48]. The calculated 10Be yield arising 
from NEB is shown by the dashed line in Fig. 5. It is negligible 
for scattering angles below 10◦ , but becomes significant above this 
angle. The sum of the EBU (XCDCC) and NEB contributions (solid 
green line) agrees rather well with the experimental data.

We notice that the EBU contribution contains both nuclear and 
Coulomb breakup contributions. With a heavy target, such as the 
lead target used in this work, the breakup is however expected to 
be Coulomb dominated. This has been confirmed by performing 
additional XCDCC calculations retaining all nuclear couplings but 
only the monopole diagonal Coulomb potential. The result, shown 
in Fig. 5 by the dotted line, is significantly smaller than the full 
calculations, where both nuclear and Coulomb couplings are con-
sidered, and peaks at larger angles (θlab ∼ 12◦).

Further insight on the reaction dynamics could be obtained 
from the investigation of the energy distributions of the 10Be core, 
shown in Fig. 6 for the indicated angular intervals. The experimen-
tal distributions, corrected by the energy losses in the target and 
dead-layers of the detectors, are compared with the calculations 
discussed earlier. For each panel, we show the EBU (XCDCC), NEB 
(IAV) and their sum (for the lower angular cut, θlab = 6 − 8◦ the 
NEB contribution is negligible, so it has been omitted for clar-
ity). In general, the sum of the EBU and NEB contributions peak 
is at about the same 10Be energy and their sum explain rather 
well the measured distributions, except for some underestimation 
in the magnitude.

A more detailed inspection of the outgoing energy distribution 
can shed light on several dynamical aspects of the reaction. In par-
ticular, the centroid of the energy distribution and its deviation 
with respect to simple kinematical considerations provide infor-
mation on the breakup dynamics [49– 51]. Following Ref. [6], we 
have compared the experimental centroids of the outgoing 10Be 
energy distributions with those obtained in the XCDCC calcula-

Fig. 7. Position of the centroid of the 10Be energy distributions as a function of 
the laboratory angle. The experimental peak position (blue diamonds) is compared
with the result of the XCDCC calculations (red squares) and with two kinematical 
calculations, including (solid red line) or excluding (dashed orange line) the effect 
of post-acceleration effect (see text for details).

tions discussed earlier and with two simple kinematical models. 
This comparison is shown in Fig. 7. In the first of such models, 
we assume a binary inelastic-like process with a Q-value given by 
the optimum excitation energy deduced from the XCDCC calcula-
tions. In this model, the final 11Be kinetic energy is determined 
by the Q -value and the scattering angle. Further, we assume the 
10Be kinetic energy is just 10/11 times the energy of the outgo-
ing 11Be. This simple estimate, indicated by the orange arrows in 
Fig. 6, is found to systematically underpredict the observed 10Be 
energy peak position. As in [6], we attribute this discrepancy to 
the post-acceleration experienced by the 10Be fragment in the 
strong Coulomb field of the high-Z target, following the projec-
tile dissociation. The presence of post-acceleration suggests that (i) 
the breakup occurs mainly through non-resonant continuum states 
and (ii) that the breakup takes place in the proximity of the target, 
where the Coulomb force is strong. Using the arguments given in 
[6], the additional kinetic energy gained by the charged fragment 
(10Be) due to the post-acceleration mechanism can be estimated 
as

"E = mn

mn + mc

Zc Zte2

Rbu
, (1)

where Rbu is the projectile-target separation at which the breakup 
is assumed to take place, Zc,t are the core and target charges 
and mn,c the neutron and core masses. As in [6], we approximate 
Rbu by the distance of closest approach for the Coulomb trajec-
tory associated to the considered scattering angle. When this extra 
energy is added to the previous estimate, one obtains the green 
arrows displayed in Fig. 6. The latter turn out to be in very good 
agreement with the peak position of the data and the XCDCC cal-
culations, as shown in Fig. 7, reinforcing the importance of the 
post-acceleration effect and validating the simple kinematical pic-
ture. In Fig. 7, the dashed and solid lines correspond to the kine-
matical estimates without and with post-acceleration, respectively. 
As can be observed, the calculations including post-acceleration re-
produce very well the data.

The sudden fall for θlab ≥ 13◦ in the kinematical calculations 
stems from the fact that, beyond this angle, the optimal excitation 
energy is associated with the low-lying 5/2+ resonance which, in 
the 11Be model employed in the XCDCC calculations, is located at 
Ex ≃ 1.8 MeV. The XCDCC calculations reproduce also very well the 
experimental values, which indicates that post-acceleration effects 
are implicitly taken into account by these calculations, mostly in 
the form of continuum-continuum couplings.
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of the dipole Coulomb interaction. In the case of 11Be scattering, 
the DPP contains contributions from both the 1/2− bound excited 
state as well as from continuum states and, as such, requires as 
ingredient the B(E1) connecting the ground state with all these 
states. In the present calculations these B(E1) values have been 
computed with the particle-plus-rotor model (CEX) of Ref. [40]. 
This model, described below in more detail, accounts explicitly 
for the 10Be deformation and produces a dB(E1)/E distribution 
in good agreement with that extracted from the Coulomb disso-
ciation experiment of Fukuda et al. [41]. Adding this DPP to the 
bare 10Be + 208Pb potential, we obtain a very good reproduction 
of the measured quasielastic data (solid curve). The total reaction 
cross sections from these OM calculations are σR = 2473, 3067, 
and 7798 mb, for 9Be, 10Be, and 11Be, respectively. The extraordi-
nary large σR value of the 11Be + 208Pb system is associated with 
the strong breakup channel arising from the special, weakly-bound 
structure of this nucleus.

To investigate the interplay of nuclear structure and reaction 
dynamics in the quasielastic scattering angular distributions, CDCC 
and XCDCC calculations have been performed for the 11Be + 208Pb
system. The CDCC calculations employ a single-particle (SP) model 
of 11Be, which ignores the structure of the 10Be core. The rela-
tive motion between the halo neutron and the inert 10Be core 
is described with the Woods-Saxon potential of Ref. [42], which 
reproduces the separation energy of the valence neutron in the 
ground and the first excited state of 11Be as well as the position 
of the 5 /2+

1 low-lying resonance. A binning procedure was used to 
describe the continuum states. Continuum states with maximum 
orbital angular momentum ℓmax = 6 and excitation energy up to 
εmax = 12 MeV above the breakup threshold were included.

We have also performed extended CDCC (XCDCC) calculations, 
in which the effects of 10Be deformation and excitation are ex-
plicitly taken into account. In the present XCDCC calculations, the 
11Be states are described using the aforementioned CEX particle-
plus-rotor model of Ref. [40], which takes into account the ground 
state (0+

1 ) and the first excited state (2+
1 ) of the 10Be core. The 

n-10Be interaction contains central and spin-orbit terms with the 
usual Woods-Saxon volume and derivative shapes, respectively. 
Quadrupole couplings are also included by deforming the central 
part with a deformation parameter β2 = 0.67 [43]. These cou-
plings produce admixtures of the 10Be(0+

1 ) and 10Be(2+
1 )states in 

the 11Be states. For example, the resultant ground-state wave func-
tion has a 88% of 10Be(0+

1 ) ⊗ νs1/2 configuration.
The energies and wave functions of the 11Be states are calcu-

lated with the pseudostate (PS) method [44], which consists in 
diagonalizing the Hamiltonian of this composite system in a conve-
nient basis of square-integrable functions. In this work, we use the 
Transformed Harmonic Oscillator (THO) basis, which is obtained 
by application of a local scaled transformation (LST) to the conven-
tional HO basis. In particular, we use the analytical LST proposed in 
Ref. [45 ], which has been already applied to 11Be in Refs. [44,46], 
and the parameters used in the present calculations are similar to 
those employed in that reference. The size of the basis is deter-
mined by the number of oscillator functions (N), the maximum 
excitation energy (εmax), the maximum orbital angular momentum 
for the core-valence motion (ℓmax), the maximum valence + core 
angular momentum ( jmax) and the number of the core states. In 
the present calculations we use N = 10 − 20 (depending on the 
partial wave), εmax = 13 MeV, ℓmax = 9 and jmax = 13/2.

In both the CDCC and XCDCC calculations the OMP parameters 
between the valence neutron and 208Pb are taken from the sys-
tematic nucleon-nucleus OMP of Ref. [47]. The core-target OMP 
was obtained from the systematic nucleus-nucleus potential of 
Ref. [36], which, as shown in Fig. 3, reproduced the 10Be + 208Pb
elastic scattering data reasonably well.

Fig. 4. Comparisons between results of CDCC (upper panel) and XCDCC (lower panel) 
calculations and the experimental data of the quasielastic scattering of 11Be + 208Pb
at E lab = 140 MeV. The dashed and dotted curves are for elastic scattering with 
and without including the continuum-continuum couplings, respectively. The solid 
curves are for quasielastic scattering, which are sums of elastic and inelastic scat-
tering cross sections.

Fig. 5. Experimental differential breakup cross section for 11Be + 208Pb system at 
E lab = 140 MeV compared with the CDCC and XCDCC calculations, for the elastic 
breakup part, and IAV calculations, for the NEB part. See text for the details.

The results of these calculations are shown in Fig. 4 (a) and (b) 
for quasielastic scattering and in Figs. 5 and 6 for the breakup reac-
tion. As we can see in Fig. 4, CDCC and XCDCC calculations repro-
duce the quasielastic scattering data nearly equally well. A closer 
inspection of Fig. 4 shows that, although the CDCC and XCDCC cal-
culations produce similar quasielastic cross sections, they predict 
somewhat different elastic (and, consequently, inelastic) cross sec-
tions. As a result, the quasielastic scattering cross section, which is 
the sum of the elastic and inelastic cross sections, is rather close 
for CDCC and XCDCC. The same has been found for the 11Be+ 64Zn
[6] and 11Be + 197Au [10] reactions at near-barrier energies. As ex-
plained in [6], the difference in the predicted inelastic cross section 
is due to the rather different B(E1; g.s. → 1/2−

1 ) values given by 
the SP and CEX models used, respectively, in the CDCC and XCDCC 
calculations. The importance of the breakup channels on the elastic 
scattering can be assessed by comparing the one-channel (no-BU) 
CDCC and XCDCC calculation, dotted line in Fig. 4, which corre-
sponds to a calculation where all couplings to the continuum are 
switched off, with the full CDCC and XCDCC calculations. As can 
be seen in Fig. 4 (a) and (b), the full calculations reproduce the 
strong reduction of the CNIP, confirming that the strong breakup 
coupling effects, which has been mostly reported for halo nuclei at 
near-barrier energies, persist in the case of the 11Be halo nucleus 
at incident energies several times higher than that of the Coulomb 
barrier.
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Angular distributions of quasielastic scattering and breakup of the neutron-rich halo nucleus 11Be 
on a 208Pb target at an incident energy of 140 MeV (about 3.5 times the Coulomb barrier) were 
measured at HIRFL-RIBLL. A strong suppression of the Coulomb nuclear interference peak is observed 
in the measured quasielastic scattering angular distribution. The result demonstrates for the first time 
the persistence of the strong breakup coupling effect reported so far for reaction systems involving 
neutron-halo nuclei at this relatively high incident energy. The measured quasielastic scattering cross 
sections are satisfactorily reproduced by continuum discretized coupled channel (CDCC) calculations as 
well as by the XCDCC calculations where the deformation of the 10Be core is taken into account. The 
angular and energy distributions of the 10Be fragments could also be well reproduced considering elastic 
breakup (CDCC and XCDCC) plus nonelastic breakup contributions, with the latter evaluated with the 
model by Ichimura, Austern and Vincent [1]. The comparison of the 10Be energy distributions with 
simple kinematical estimates evidence the presence of a significant post-acceleration effect which, in 
the (X)CDCC frameworks, is accounted for by continuum-continuum couplings.
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1. Introduction

Elastic and breakup reactions induced by stable as well as un-
stable atomic nuclei constitute a fruitful area of research in nu-
clear physics. The angular distributions of elastic scattering cross 
sections can exhibit different features depending on the incident 
energy and on the structure of the colliding nuclei. For ordinary 
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0370-2693/© 2020 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.

10Be energy distribution

10Be angular distribution

11Be + 208 Pb breakup @ 140 MeV

Total Bu cross –section ~ 3632 mb

Total reaction cross sections is 7798 mb 11Be.
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Fig. 2. The two-dimensional ∆E − E particle identification spectra for the (a) 9Be, (b) 
10Be and (c) 11Be beams within all the angles covered by the current measurement. 
In (c), the expected loci of 10Be beam contamination are indicated and it is well 
separated from the group of 10Be breakup fragment particles.

The DSSDs in these telescopes consisted of 32 strips on each 
side with 64 × 64 mm2 of total active areas, and are 301, 129, and 
144 µm thick for Tel1, Tel2, and Tel3, respectively. They allowed 
us to determine the positions of the scattered particles accurately 
within areas of 2 × 2 mm2. The SSD detectors, which provided the 
E signals of the scattered particles, have thicknesses of 1536, 1535, 
and 1528 µm, respectively and have the same effective areas as the 
DSSDs.

Typical two-dimensional ∆E − E particle identification spectra 
for the 9Be, 10Be, and 11Be beams are shown in Fig. 2 (a), (b) and 
(c). Only elastic scattering events were observed for the 9Be and 
10Be beams, while for the 11Be beam, both 11Be and 10Be parti-
cles were observed. The latter being produced by the interaction of 
11Be with the target (projectile breakup and/or transfer). As seen 
in Fig. 2 (c), our telescopes can clearly distinguish the reaction 
products, 10Be, from the elastically scattered 11Be particles. This 
clear particle identification has been achieved within all the an-
gles covered by our measurement. The purity of the 11Be beam is 
higher than 82%. The main contaminations are 10Be and 12B parti-
cles. The 10Be particles as reaction products can be well separated 
from the elastic scattering events induced by the beam contami-
nant 10Be, which centered at around 158 MeV (red-dotted gate) in 
the ∆E − E spectrum.

A Monte Carlo simulation was used to evaluate the absolute dif-
ferential cross sections. Assuming pure Rutherford scattering at all 
angles, taking into account the actual geometry of detector setup 
and the beam track measured by SiA and SiB, one can obtain the 
Rutherford scattering yield N(θ)Ruth at a given θ . The elastic scat-
tering differential cross section dσ (θ)exp as the ratio to the Ruther-

ford cross section dσ (θ)Ruth is obtained by: dσexp(θ)

dσRuth(θ) = C × N(θ)exp
N(θ)Ruth

. 
The overall normalization factor was obtained by normalizing the 
cross sections measured at angles smaller than 20◦ for the 9Be 
elastic scattering to the Rutherford cross sections. At these small 
angles the cross sections are assumed to be pure Rutherford. The 
resulting normalization factor was, then, used to normalize the 
elastic scattering cross sections for 10Be and 11Be. In order to 
minimize the systematic errors, small corrections for detector mis-

Fig. 3. Quasielastic scattering angular distributions for 9,10,11Be + 208Pb. The dash-
dotted, dashed and solid curves are results of optical model calculations for 9Be, 
10Be, and 11Be, respectively. See the text for details.

alignment were also applied. Details of the data analysis can be 
found in Refs. [34,35].

The experimental angular distributions for the elastic scatter-
ing of 9Be, 10Be and 11Be projectiles on a 208Pb target are shown 
in Fig. 3 as ratios to the corresponding Rutherford cross sections. 
The error bars are for statistical errors only. The angular distribu-
tions were obtained with an interval of 1◦ in the laboratory frame. 
Due to the energy dispersion of the secondary beams and the in-
trinsic energy resolution of our detectors, it was not possible to 
separate the inelastic events from the elastic ones. These data are 
thus quasielastic in nature. Contributions from the excitation of the 
lead target are assumed to be negligible, as that has been made 
at several other experiments at similar incident energies [21– 23]. 
The contribution from the excitation of the first excited state of 
11Be can be estimated in CDCC/XCDCC calculations, which will be 
shown in the following section. The 10Be particles downstream 
of the target in Fig. 2 (c) may be products of either breakup or 
neutron transfer reactions. However, cross sections of latter have 
been estimated to be negligible at the present incident energy, so 
these events are taken inclusively as the product of the projectile 
breakup reaction.

3. Results and discussions

Comparisons between the angular distributions of the mea-
sured quasielastic scattering cross sections of 9Be, 10Be, and 11Be 
from the lead target and the elastic scattering cross sections from 
optical model calculations are depicted in Fig. 3. The systematic 
folding model nucleus-nucleus potential of Ref. [36] is used for 
9Be and 10Be. Result of optical model calculation suggests that 
the quarter-point angle for the 9Be + 208Pb system is about 35◦ , 
which is much larger than the covered angular range in our ex-
periment. At scattering angles smaller than 20◦ , the measured 
ratio-to-Rutherford cross sections are very close to unity, which 
justifies our use of this set of data to make overall normalizations 
in our experiment. The angular distribution of 10Be + 208Pb sys-
tem shows a typical CNIP, as expected for a tightly-bound nucleus. 
The systematic potential accounts for these data reasonably well, 
as shown by the blue dashed curve. The angular distribution of 
the 11Be + 208Pb system, on other hand, shows a strong damping 
of the CNIP, which can not be accounted for by the systematic po-
tential. The discrepancy is attributed to the presence of long-range 
absorption effects, mostly arising from the strong dipole Coulomb 
breakup mechanism. This effect can be accommodated in the OM 
framework in the form of a polarization potential. In the present 
analysis, we have adopted the dynamic dipole polarization (DPP) 
potential of Refs. [37 ,38] (see also [39] for a recent application 
to 11Be), which accounts for the effect of the coupling to the ex-
cited states on the elastic cross section due to second-order action 
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FIG. 1. Sketch of the detector setup. Two DSSDs (SiA and SiB)
were placed upstream from the target for measuring the beam po-
sition. The reaction products were detected with two telescopes,
symmetrically mounted around the beam axis, which were composed
of two DSSDs, a silicon detector, and an array of CsI(Tl) crystals.

The target consisted of an 8.26-mg/cm2-thick self-supporting
foil, made by the evaporation method. The energies of the
secondary beams at the center of the target were about
Elab = 175 MeV for 7Be and Elab = 238 MeV for 8B, with
an overall energy resolution of 1.6%. The detection setup was
comprised of two !E -E telescopes, named TelR and TelL.
These detectors were used to measure the reaction products.
Each telescope was made up of a thin DSSD, a silicon detec-
tor, a thick DSSD, and a CsI(Tl) crystal array. The thin DSSDs
(301 and 142 µm thick) with 32 strips on each side and an
active area of 64 mm × 64 mm were used as !E detectors
in the telescopes. The silicon detectors have thicknesses of
(TelR) 1528 and (TelL) 1535 µm and were used to measure
the residual energy of the scattered and breakup 8B and 7Be
particles. Additionally, thick DSSDs, with 32 strips on each
side, a sensitive area of 64 mm × 64 mm, and thicknesses of
1004 and 998 µm, respectively, were used as the !E detectors
for measuring protons or any other light particles, while the
CsI arrays served as the E detectors. Both CsI arrays were
composed of 16 (4 × 4) CsI(Tl) crystals, and each crystal unit
has an active area of 21 mm × 21 mm. These two telescopes
were mounted 272 mm downstream from the target, covering
a polar angular range from 3◦ to 20◦ in the laboratory frame
with a resolution of about 0.4◦. The detectors were calibrated
with the elastically scattered 1H, 4He, 6Li, 7Be, and 8B parti-
cles. During the experiment, the temperature of the detection
system was kept at − 20 ◦C with a chilling system that used an
alcohol solution for the cooling cycle.

Typical two-dimensional particle identification spectra af-
ter the ToF cuts for the 7Be and 8B projectiles on a 208Pb target
are shown in Fig. 2. Owing to the superb resolution of ToF
signals, which is better than 5 ns (full width at half maximum),
the particles in the secondary beam are well separated. It can
be seen that no elastic scattered 7Be and 8B beams are mixed
with the 7Be products coming from breakup events. The best
approach to clearly identify and isolate the elastic breakup
component would be to measure the 7Be and proton fragments
in coincidence, as performed in Refs. [20,21]. However, due
to the limited coverage of the detector setup, the coincidence
measurement was not possible and only the 7Be fragment,
from the 8B breakup, was measured in the experiment (inclu-
sive breakup).

The angles of elastic scattering and breakup events were
determined by considering the incident position and direction
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FIG. 2. The calibrated two-dimensional !E -E particle identifi-
cation spectra for the (a) 7Be and (b) 8B projectile nuclei obtained by
the TelR telescope, gated by their corresponding ToF. The solid-red-
line ellipsoids represent the loci of the elastic scattering events for
7Be and 8B. The dashed line represents the band for 7Be (breakup
events), which have the same ToF as 8B but different energy.

of the beam on the target provided by SiA and SiB and the
hit positions in the telescopes TelR and TelL. Monte Carlo
simulations, taking into account the detector geometry and
the broad and nonuniform beam profiles on the target, were
performed to evaluate the geometrical acceptance, and to
determine the absolute differential cross section. With this
method, the systematic errors arising from the measurements
of the total number of incident beam particles, the target
thickness, and the solid angles can be eliminated. More details
on the procedure to correct for the the detector misalignment,
on the analysis of the contamination from particles scattered
by SiA and SiB, and on the data normalization are given in
Refs. [37,46– 49].

III. RESULTS AND DISCUSSION

A global normalization factor [37] for the measured cross
sections was extracted from the elastic scattering of a 3He-
beam contaminant at forward angles, where the σ/σRuth ratio
is close to unity. The resulting experimental elastic scattering
angular distributions, normalized to the Rutherford scattering
cross sections for 3He + 208Pb at Elab = 55 MeV, 7Be + 208Pb
at Elab = 175 MeV, and 8B + 208Pb at Elab = 238 MeV are pre-
sented in Fig. 3. As for 7Be and 8B, typical Fresnel diffraction
patterns can be seen in both distributions, which is consistent
with the results obtained for the elastic scattering of 8B + natPb
at Elab = 170 and 178 MeV reported in Refs. [37,38].

In a first approach, we performed an optical model (OM)
analysis to describe the 7Be and 8B elastic scattering data
using the code FRESCO [50] with the systematic optical po-
tential proposed by Xu and Pang [51]. This is a global
nucleus-nucleus potential constructed with the single-folding
model based on the Bruyères Jeukenne-Lejeune-Mahaux
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FIG. 5. Experimental 7Be angular distributions from the
8B + 208Pb reaction at Elab = 238 MeV (yellow circle) and
comparisons with calculations. Error bars are statistical only.

included (dotted line). The inclusion of the breakup channels
reduces the Fresnel peak and slightly increases the cross sec-
tion at larger angles. These two effects are in the direction
of improving the agreement with the data, although some
overestimation of the Fresnel peak is still visible.

In addition to the elastically scattered 8B projectile, the
present experiment allowed for a clear identification of the
produced 7Be fragments, presumably stemming from the
breakup and transfer processes. Breakup cross sections are
very sensitive to the projectile structure and can be used to
investigate the interplay between nuclear structure and re-
action dynamics. Therefore, in the following, we analyzed
this channel in detail and compared it with the calculations.
The angular distribution of these 7Be fragments has been
extracted and compared in Fig. 5 with the CDCC prediction.
The latter was computed by a suitable transformation of the
CDCC breakup amplitudes, using the formalism of Ref. [67].
Besides the systematic potential for 7Be + 208Pb [51] used
in this calculation, another two different potentials, namely,
the complex Woods-Saxon potential [68] from the fitting of
7Be + 208Pb data in this experiment and Cook’s optical model
potential [69], were also tested. The calculated breakup cross
sections barely showed any difference, indicating that this
observable is weakly sensitive to the choice of this potential
even for this relatively high energy. From Fig. 5, it is seen
that the CDCC calculation reproduces very well the measured
distribution (within error bars) up to a scattering angle of ≈7◦,
but underestimates the data at larger angles. At this stage, it
is worth recalling that the CDCC method provides only the
so-called elastic breakup (EBU) cross section, in which the
projectile dissociates while the target remains in its ground
state. Since the present experiment is inclusive with respect
to the removed proton, other processes can in principle con-
tribute to the 7Be production, in which the proton interacts
nonelastically with the target nucleus. These contributions,
that we denote globally as nonelastic breakup (NEB), can be
efficiently computed with the model proposed by Ichimura,

Austern, Vincent (IAV) [70]. The IAV model has been re-
cently revisited by several groups [71– 77]. The model has
been successfully applied to weakly bound projectiles induced
reactions, such as for the exotic 11Be projectile on 208Pb tar-
get [39]. The same potentials used in the CDCC calculation
were also adopted in the NEB calculation. The results of
the NEB calculations are also shown in Fig. 5. The NEB
distribution peaks at larger angles as compared to the EBU
distribution. When the NEB contribution is added to the EBU,
a rather good agreement with the data is obtained (solid line
in Fig. 5). Thus, from the present analysis, we conclude that
most of the inclusive 7Be yield can be explained as due to
an elastic dissociation mechanism, but with a small but not
negligible contribution due to nonelastic breakup processes.
The breakup angular distribution of 11Be → 10Be +n on a
208Pb target at 3.5 times the Coulomb barrier has also been
recently measured [39]. The integrated breakup cross section
of 8B in the present work (779 mb) is approximately only one
fourth of that for 11Be (3632 mb). Considering that the proton
separation energy of 8B (Sp = 0.136 MeV) is much smaller
than the neutron separation energy of 11Be (Sn = 0.502 MeV),
the obtained smaller integrated cross section indicates that the
Coulomb and centrifugal barriers experienced by the valence
proton in the ground state of 8B may suppress the breakup
probability. This interpretation is supported by the study of
Ref. [40], where calculations are presented for 8B-induced
reactions in which the valence proton is replaced by a neutron,
resulting in a much larger cross section, similar to a neutron
in 11Be at similar binding energy.

IV. SUMMARY

In summary, new data were presented for the elastic scat-
tering and breakup reactions of 8B on a 208Pb target at an
incident energy of Elab = 238 MeV, which corresponds to
four times the Coulomb barrier. The elastic scattering angu-
lar distribution, which is well reproduced by optical model
and CDCC calculations, exhibits the typical Coulomb nu-
clear interference peak. This is at variance with the case of
the neutron-rich halo nucleus 11Be on the same target and
at a similar energy [39], where a strong suppression of this
interference peak was observed. The extracted reduced total
reaction cross section for 8B + 208Pb is similar to that of
the 7Be + 208Pb reaction. The present work indicates that the
breakup couplings effects, in the elastic scattering for the
8B + 208Pb system at higher energies, do not play an impor-
tant role. In contrast, a strong suppression in the 8B + 208Pb
elastic scattering at energies close to the Coulomb barrier was
observed, though the data were rather poorly described by
CDCC calculations [30]. This might corroborate the idea of
the gradual decreasing of the breakup couplings effects in the
elastic scattering for the 8B + 208Pb system. However, to better
investigate this issue, further data on elastic scattering and
breakup for this system at different energies would be very
welcome.

The angular distribution of 7Be fragments was measured
for the first time at this energy. The extracted 7Be cross section
could be mostly accounted for by the CDCC calculations,
thereby indicating the dominance of the EBU mechanism.
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Elastic scattering and breakup angular distributions of the weakly bound radioactive nucleus 8B on a 208Pb
target at an incident energy of 238 MeV, which corresponds to four times the Coulomb barrier, have been
measured at the HIRFL-RIBLL facility (Institute of Modern Physics, Lanzhou). The data have been analyzed
using the optical model and the continuum discretized coupled channels (CDCC) formalism. The measured and
calculated elastic scattering angular distributions do not show any significant Coulomb rainbow suppression.
The angular distribution for the breakup reaction was measured for the first time at this energy. The angular
distribution of the 7Be fragments could be reproduced considering elastic plus nonelastic breakup contributions,
with the former evaluated with the CDCC calculations and the latter with the model of Ichimura, Austern, and
Vincent [Phys. Rev. C 32, 431 (1985)]. The comparison of the breakup cross section of 8B with that of 11Be
suggests that the Coulomb and centrifugal barriers encountered by the valence proton may suppress the breakup
cross section.

DOI: 10.1103/PhysRevC.103.024606

I. INTRODUCTION

Direct nuclear reactions induced by light weakly bound
nuclei, such as 6,8He, 11Li, 11Be, 8B, and others, have been
extensively investigated both experimentally and theoretically
to study their unusual features. Among the direct reactions,
elastic scattering is the simplest yet powerful tool to probe the
matter densities, surface diffusenesses, and even cluster struc-
tures of these nuclei [1– 3]. Elastic scattering is known to be
affected by strongly coupled reaction channels, which usually
results in an enhancement of the total reaction cross section
and a departure from the expected behavior for ordinary nu-
clei, such as the suppression of the oscillatory pattern in the
case of Fresnel scattering. The nature of these channels can
be very different depending on the structure of the colliding
nuclei. Whereas in the case of stable, well bound nuclei cou-

*Corresponding author: yangyanyun@impcas.ac.cn

plings to collective excitations of the projectile and/or target
nuclei (such as quadrupole and octupole couplings) play a ma-
jor role [4– 6], in the case of weakly bound nuclei other modes
gain relevance, such as transfer and breakup modes, due to the
very low binding energies and extended spatial distributions
of the valence particles in these nuclei [7]. For 11Li and 11Be
the breakup can be considered mainly responsible for the
large total reaction cross sections [8– 11], while for 6,8He the
transfer reaction is mainly responsible for the enhancement
of total reaction cross sections [12– 16]. Moreover, the large
breakup and transfer cross sections for light weakly bound
nuclei have a significant impact on other reaction channels
such as fusion and elastic scattering [17– 19].

For weakly bound nuclei in the proton-rich side, such as
8B, the situation is less clear. With a separation energy of
Sp = 0.136 MeV, 8B is a proton halo nucleus, which has a
cluster configuration of an inert 7Be core and a valence pro-
ton occupying the p-wave orbital. The spatial extension and
cluster configuration of the 8B nucleus are rather important
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FIG. 3. Elastic scattering angular distributions for 3He + 208Pb
at Elab = 55 MeV (black empty diamond), 7Be + 208Pb at Elab =
175 MeV (blue solid circle), and 8B + 208Pb at Elab = 238 MeV (red
solid square) and comparisons with OM calculations. Error bars are
due to the statistical uncertainty only.

(JLMB) semi-microscopic nucleon-nucleus potential and
which should take into account reasonable nucleon density
distributions of the colliding nuclei [51]. The proton and
neutron density distributions for the 7Be, 8B, and 208Pb nu-
clei were taken from Hartree-Fock calculations with the SkX
interaction [52]. The rms radii for the proton distributions
were 2.371, 2.537, and 5.441 fm for 7Be, 8B, and 208Pb,
respectively. This potential has a simple energy dependence
of the potential parameters and it is able to reproduce the
angular distributions of elastic scattering and total reaction
cross sections for projectiles with atomic masses up to around
A = 40, including both stable and unstable nuclei, and at
incident energies up to about 100 MeV/nucleon. The re-
sults of the OM calculations are presented in Fig. 3. As
seen in the figure, this potential reproduces the data quite
well, although it slightly overestimates the data at the Fresnel
peak, particularly for 8B + 208Pb. The derived total reaction
cross sections are 3253 and 3423 mb for 7Be + 208Pb and
8B + 208Pb, respectively, corresponding to almost the same
reduced cross sections [53], namely, σreduced = σtotal/(A1/3

p +
A1/3

t )2 = 52.95 and 54.50 mb for 7Be and 8B projectiles,
respectively.

To explicitly investigate the importance of the breakup
channel and its influence on the elastic scattering angular
distribution for the 8B + 208Pb reaction, we have compared
the measured data with CDCC calculations. The 8B + 208Pb
reaction was described using a standard three-body model in
which the 8B projectile is treated as an inert 7Be core plus a
valence proton (8B → 7Be +p). For simplicity, the spin of the
7Be core was ignored.

The p- 7Be interaction, required to generate the 8B ground
and continuum states, consisted of central and spin-orbit terms
with standard Woods-Saxon forms and with the parameters
R0 = 2.391 fm and a0 = 0.52 fm, adopted from Ref. [54]. For
the spin-orbit part, the depth was fixed to Vso = 4.898 MeV
whereas for the central part it was adjusted to give the exper-
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FIG. 4. Elastic scattering angular distributions for the 8B + 208Pb
reaction at Elab = 238 MeV. Experimental data from the present
experiment (black squares) are compared with OM and CDCC cal-
culations. Error bars are statistical only.

imental proton separation energy for the ground state of 8B
(Sp = 0.136 MeV). The ground-state wave function obtained
with this potential has an ANC value of C2 = 0.53 fm−1,
which is within the range of values extracted from different
reactions [35,55– 59] and microscopic calculations [60– 62].
For continuum states, the same p+ 7Be potential was em-
ployed. The continuum was discretized using the pseudostate
(PS) method, which consists of diagonalizing the projectile
Hamiltonian in a basis of square-integrable functions. In this
work, we used the transformed harmonic oscillator (THO)
basis, which is obtained by application of a local scale trans-
formation (LST) to the conventional HO basis. In particular,
we used the analytical LST proposed in Refs. [63,64]. The
range of the basis is controlled by the oscillator length (b)
and the parameter γ [64]. We have used b= 1.6 fm and
γ = 2 fm−1/2, although this choice is not critical since the
computed observables must be independent of this choice if
the basis is chosen large enough. The size of the basis is
determined by the number of oscillator functions (N), the
maximum excitation energy (εmax), and the maximum orbital
angular momentum for the core-valence motion (ℓmax). In the
present calculations we used N = 25, εmax = 35 MeV, and
ℓmax = 3. Convergence of elastic scattering and breakup cross
sections were ensured by using a large enough model space.
The CDCC calculations require also the proton + target and
7Be + target optical potentials. For 7Be + 208Pb, we used the
systematic single-folding potential of Ref. [51] evaluated at
208 MeV (7/8 of the incident energy) whereas for p+ 208Pb
the systematic global potential of Koning and Delaroche [65],
evaluated at 29.8 MeV (1/8 of the incident energy), was used.
The projectile-target coupling potentials were generated with
the code THOX [66] and the coupled equations were solved
with the code FRESCO [50].

The calculated elastic cross section is shown in Fig. 4. To
highlight the effect of the coupling to the breakup channels,
the single-channel calculation resulting from the omission
of the continuum states in the CDCC calculation is also
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Conclusions:

- The fragments energy and angular distributions in 8Li reactions indicate that the dominant process at
low energies is the nêutron transfer/non-elastic breakup (NEB) rather than elastic breakup. Elastic
breakup seems to give a minor contribution at low energies. 

- The transfered particle (nêutron) interacts strongly with the target, exciting the recoil system over a 
wide excitation energy range from bound to unbound states with a maximum cross-section below the
nêutron threshold. The fragments energy distributions are well described by IAV calculations and
momentum matching conditions as predicted by Q-optimum calculations.  

- The coupling between the transfer and the elastic channels explain the backward rise observed in the
8Li+target elastic scattering angular distributions.

- For 6He projectiles, it seems that there is a transition from transfer (or NEB) to elastic breakup as the
beam energy increases.

- The total breakup cross section increases relatively to the total reaction cross section for lower
energies, in some cases, reaching almost 100% of the total reaction cross section.
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