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Cross sections for direct and resonant breakup of radioactive "Be nuclei produced in a transfer reaction
128n(°Li, "'Be — o + *He) '!'In have been measured. Breakup of "Be into o and *He cluster fragments via
its resonant states of 7/27(4.57 MeV) and 5/2~ (6.73 MeV) in the continuum have been identified for the first
time using the measured distribution of a- *He relative energy and the reaction Q value obtained from the a- *He
coincident events. The breakup cross sections extracted from the efficiency corrected coincidence yield compares
well with the results of the coupled-channels calculations. Significant cross sections for breakup of "Be into its
cluster fragments directly or through resonant states highlight the importance of the ground-state structure of

"Be as a cluster of « and *He.

DOLI: 10.1103/PhysRevC.102.021601

The study of nuclear reactions using weakly bound stable
and radioactive ion beams is a topic of great interest. Most
of the radioactive light nuclei are weakly bound and exhibit
cluster structure in their ground states (g.s.). Being weakly
bound, these projectile nuclei are prone to breakup into two
or more cluster fragments during the interaction with a target
nucleus. The presence of additional breakup channels in the
above reactions compared to the ones involving strongly
bound projectiles leads to several interesting observations on
the outgoing channels, especially at beam energies around the
Coulomb barrier. Such observations include: (i) suppression
or enhancement of complete fusion cross sections [1,2], (ii)
enhancement in the inclusive «-particle production [3-5],
(iii) breakup threshold anomaly in the energy dependence of
the optical model potentials obtained from elastic-scattering
angular distributions [6,7], and (iv) enhancement in the peak-
to-valley ratio of the fission fragment mass distribution as
well as in the width of the folding angle distribution [8,9].
The breakup of the projectile may occur in two modes: direct
or sequential. In the second mode, one of the possibilities is
the transition of the projectile nucleus to any of its excited
states in the continuum with finite lifetimes (resonant states)
followed by its breakup into two cluster fragments. The
search for these breakup channels through different resonance
states of the weakly bound stable or unstable nuclei is of
current interest.

In recent years, several studies have been carried out us-
ing weakly bound stable nuclei ®Li and *Be to understand
the role of different breakup channels on elastic-scattering,
fusion, and fission reactions at near-barrier energies and
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their consequences on high yield of inclusive o production
[1-7,10-19]. In addition to the direct and resonant breakup
channels, the cross sections of the individual transfer-induced
breakup channels play an important role in providing cor-
rect coupling strength needed for realistic coupled-channels
calculations to find their effects on elastic as well as fusion
cross sections. For reactions involving weakly bound unstable
nuclei with medium and heavy mass targets, a large enhance-
ment of total reaction cross sections has been observed [20].
There have been several studies focused towards finding the
probable reaction channels which are mainly responsible for
such an enhancement. The properties of these nuclei also
influence the results of explosive astrophysical events, such as
supernovas. However, direct measurement of structural prop-
erties of these nuclei is very challenging because of their short
lifetimes and limited availability. So, one should search for
indirect methods to get the structural data of these rare exotic
nuclei. One of the possibilities is to produce these radioactive
nuclei by transfer reactions involving weakly bound stable
nuclei and then study their breakup reaction mechanisms. For
example, the radioactive 'Be nuclei can be produced by a 1p-
pickup reaction involving the weakly bound stable projectiles
of °Li, i.e., (°Li, "Be) reaction. "Be lies on the proton-rich side
of the line of stability, and it is weakly bound with a threshold
energy of 1.59 MeV for its breakup into *He and «. So, if
"Be is formed by the above transfer reaction with excitation
energy above its breakup threshold, then, it will breakup into
two fragments: *He and «. The study of breakup mechanisms
in the reactions involving "Be as a projectile is very important
for understanding the cluster structure of 'Be. This structural
information can be used as the input to the study of proton
halo nucleus ®B (of which "Be is considered to be the core),
thus, adding further importance to the study of ’Be breakup.
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The effect of breakup of ’'Be — *He4a on
elastic-scattering angular distribution has been studied in
Refs. [21-23] at energies near the Coulomb barrier. In the
energy dependence behavior of the optical potentials obtained
from the elastic-scattering analysis, a usual threshold anomaly
has been observed indicating no significant effect of breakup.
However, the studies in Refs. [23,24] show significant
effect of breakup of ’Be on elastic scattering where the
importance of both direct as well as resonant breakup has been
pointed out.

Attempts have been made to measure the cross sections
for breakup of "Be — o + *He in reactions 'Be + '>C [25]
and ®Ni [26]. An unambiguous measurement of noncapture
breakup cross sections is possible only by detecting both *He
and « in coincidence. In the study of 'Be 4+ '>C by Amro
et al. [25], no significant 3He -a coincidence counts have
been observed. The production of the majority of *He and
a particles in direct reactions could be explained in terms
of « and *He cluster transfers, respectively, on the basis of
experimentally observed forward peaked angular distributions
and the results of coupled-channels calculations. In a study on
the measurement of the coincidence of fission fragments with
light charged particles, such as « or *He in the "Be 4 23%U
reaction, Raabe et al. [27] also emphasize on the dominance
of cluster transfer mechanism. Mazzocco et al. [26] have
made a detailed study on both experimental and theoretical
cross sections for breakup of "Be in the "Be 4 *Ni reaction
at Epp = 21.5 MeV. Results of coupled-channels calculations
predicted a significant breakup cross section (*10.8 mb) in
contrast to their experimental observation [26]. The limited
geometrical efficiencies of the detectors used for the above
measurements appear to have resulted in the observation
of only a few He-a coincidence counts corresponding to
the breakup of "Be. Although, an estimated upper limit on
the breakup cross section has been found to corroborate
with the results of coupled-channels calculations. There is
no experimental data available in the literature on the cross
section for "Be breakup obtained directly from the measured
3He - coincidence counts. The observed differences between
theoretical prediction and different measurements warrants
further experimental and theoretical investigations on the
cross sections for breakup of "Be into *He + . One of the
reasons for such low *He - coincidence counts measured in
Ref. [26] for "Be 4+ *Ni could be due to the missing events
corresponding to the resonant breakup of ’Be. There are
two known resonance states of 'Be at 4.57 MeV (7/27) and
6.73 MeV (5/27) [28] to which "Be is expected to be excited
with a good probability followed by a breakup into *He + .

The experimental cross section for both direct as well as
resonant breakup of ’Be is of utmost importance in order
not only to understand the complete breakup reaction mech-
anism, but also to derive the astrophysical S factor for the
capture reaction 3He + o — "Be. With the above motivation,
a detailed study of breakup reactions involving both direct
and sequential breakup of the radioactive nuclei 'Be pro-
duced in '"?Sn(°Li, "Be) reaction has been taken up in the
present Rapid Communication using a big Si-strip detector
array covering a large solid angle with good granularity and
energy resolution.

8000F — 2
I 18
=16
6000—
S 14
S .
- —12
S 4000/ i
S~
ﬂ I -8
20001~ ]
; 4
P,
B S e~ i £ )
o= = | |
0 2000 4000 6000 8000
E (ch. no.)

FIG. 1. A typical two-dimensional (AE versus E) raw spectrum
obtained from one of the vertical strips at 95° and Epeamn = 30 MeV,
clearly identifying different particle bands with Z = 1-3.

This Rapid Communication reports the results of experi-
mental breakup cross section of 'Be into *He + « via its direct
as well as resonance modes. Coupled reaction channels (CRC)
calculations have been performed to understand the measured
cross sections. Experimental and/or theoretical cross sections
have been compared to find out the contributions of the
breakup channels to inclusive « production and understand
the underlying reaction mechanism.

Exclusive measurements have been carried out for the
®Li+'"’Sn reaction at a beam energy of 30 MeV using
the 14-UD Pelletron-LINAC Accelerator facility in Mumbai.
Self-supporting enriched (299.5%) ''?Sn foil having a thick-
ness of ~540 ug/cm? was used as a target. Five telescopes
(S1-S5) of double-sided Si strip detectors covering a total
angular range of 293° were placed on one of the two rotatable
arms inside a 1.5-m diameter scattering chamber to detect the
breakup fragments. The cone angles that need to be covered
to detect the breakup proceeding through the above reso-
nance states are ~40° and 53°, respectively. Two Si-surface
barrier detectors (of thicknesses ~1000 um) kept at +20°
were used to monitor incident flux by measuring the Ruther-
ford scattering. In addition, there were five telescopes (T1-—
TS) of single surface barrier detectors (with AE ~ 50, E =~
1000-2000 pm) placed on the second arm of the scattering
chamber to measure the elastic-scattering cross sections in
additional angles, particularly, the forward ones. A typical
two-dimensional spectrum of AE versus E is shown in Fig. 1
where the two bands corresponding to *He and « particles are
clearly separated.

In this Rapid Communication, we focus on (6Li, "Be), i.e.,
the 1p-pickup reaction followed by breakup into « + >He
particles. The coincidence yields in any two pixels with o
particles in one pixel and the *He particle in any other pixel
of another strip have been extracted independently by putting
two-dimensional gates on, respective, particle bands of the
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FIG. 2. (a) Distribution of relative energy E, of the coincident
a->He breakup fragments without efficiency correction, (b) the
efficiency of the detector array as a function of relative energy, and
(c) the efficiency corrected E, distribution.

spectra obtained from the strip telescopes. The relative en-
ergy distribution between two breakup fragments infer about
the excitation energy of the projectilelike nuclei above their
breakup threshold through which the breakup occurs. The
relative energy “E” of two breakup fragments [30] *He and
« was reconstructed using the measured energies and emission
angles. The expression of relative energy for the «- *He pair
is given by

miE, + myE| — 2 /mymyE E, cos 6>

Erel =
my + my

ey

From the relative energy distribution without efficiency
correction as shown in Fig. 2(a), it is observed that the breakup
yield of "Be — « + *He is peaking around 2.98 MeV and
5.14 MeV corresponding to 7/2~ and 5/2" states of 'Be, re-
spectively. To confirm that these peaks genuinely represent the
resonant states of 'Be, a Monte Carlo simulation was carried

out to obtain the relative energy-dependent efficiency. The
breakup fragments were assumed to be emitted isotropically
in the rest frame of the outgoing projectilelike nucleus 'Be
before it broke up. The E, and efficiency of the detector have
been determined event by event. This efficiency distribution
was applied to the raw data to obtain the efficiency corrected
E..1 distribution.

For "Be breaking into « and 3He, the E.; distribution
without efficiency correction, the E.-dependent efficiency of
the detector array, and the E, distribution with efficiency
correction have been shown in Figs. 2(a)-2(c), respectively.
It is interesting to see from the Fig. 2(c), similar to Fig. 2(a),
that, apart from the direct breakup at low energy, there are
two dominant peaks at 2.98 and 5.14 MeV which correspond
to the first and second resonance states of 7/27~ (4.57 MeV)
and 5/27 (6.73 MeV), respectively (see Table I). The width
of the 7/2~ state is found to be much larger than the value
available in the literature. This broadening could be due to
the differential postbreakup Coulomb acceleration of 3He
and “He fragments along with the effect of the fragment
orientations. It may be emphasized that the breakup of 'Be
into *He + « through its two resonant states is observed for
the first time in the present Rapid Communication.

To find out the excitations of the residual target nuclei
associated with the breakup process, the Q-value distribution
of each of the breakup events of "Be — « + *He has been
generated from the following relation [14]:

Q=E,+ E31-[e ~+ Eloss + Erecoil — Ebeam 2)

where E, and Esy, are the laboratory energies of the breakup
fragments o and SHe, Epeqn is the beam energy, Ejos 1s the
energy loss in the target calculated at half-thickness, and Ejecoil
is the recoil energy of the residual target nucleus in the labo-
ratory frame. The Q-value distributions of the corresponding
reactions have been shown in Fig. 3. Two-dimensional plots
of E versus the Q value can reveal the information about the
excitations of targetlike fragment associated with the particu-
lar breakup mode of the projectilelike fragment. From Fig. 4,
it can be concluded that the breakup is mainly occurring via
the g.s. of the target nuclei (Qg; = —3.55 MeV). In addition,
there are events with Q values smaller than —3.55 MeV
that correspond to the breakup events accompanied by many
low-lying excitations (up to ~1.2 MeV) of the residual
nucleus ''In.

Differential cross sections for 'Be — o + *He breakup
channels have been obtained following the same procedure
as adopted in Refs. [11,12]. Using reconstructed events for
o + *He breakup, a distribution of events corresponding to
different 0, ¢’s of the outgoing 'Be* just before breakup,

TABLE 1. Energies and widths of the resonance peaks observed in relative energy distribution compared with the literature values [29].

Present Rapid Communication Literature
Erel r Erel r
State (MeV) (MeV) (MeV) (MeV)
"Be (7/27) 2.60 1.76 2.98 0.175
"Be (5/27) 5.30 1.76 5.14 1.20
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FIG. 3. Q-value distribution of the reaction ''>Sn(°Li, "Be —
o 4 *He) "'In at Eyean = 30 MeV.

was generated. Now, for each 0(7Be*) bin, the efficiency cor-
rected relative energy distribution [Yieff(é‘) = Y"™(6)/¢;] was
obtained by summing over all ¢(’Be*) coverage of a detector
array corresponding to the same 6("Be*) bin. Here, Y(0)
represents the yield of the “i’th bin of the relative energy
between ¢; and ¢€; + de without the efficiency correction, and
g; is the efficiency of the detector array for the same relative
energy bin. For a particular 8 bin, the coincidence yields under
the peaks corresponding to the resonances of 7/27 (E =
1.2-4.3 MeV) and 5/27 (E = 4.3-7.0 MeV) in the relative
energy distribution have been extracted individually by inte-
grating Yfﬁ () in steps of de (=0.05 MeV) over the respective
E. range (A€ = N de).

Differential breakup cross section for each of the resonance
states is extracted from the following relation:

do_br (9) _ ZfV:l Yieff(e) do,el

dQ Ya(0)  dQ ©). 3

where Y (0) is the yield of elastic scattering in the solid
angle corresponding to the element AG('Be*), A¢p('Be*),
and ‘%(9) is the differential elastic-scattering cross section.
The latter was obtained by normalizing: (i) Y(0) to the
monitor yield Y,,,(6,,) corresponding to Rutherford scattering
and (ii) their solid angles. Thus, differential cross sections for
the direct breakup of 'Be — o + *He with relative energy
in the range of 0-1.2 MeV have been deduced and shown
as hollow circles in Fig. 5(a). Similarly, the cross sections
obtained for 'Be — o + *He breakup via 7/2 and 5/2~
resonances are shown as hollow circles in Figs. 5(b) and 5(c),
respectively. Although there are evidences for direct breakup
mode as observed in the measurements of Refs. [25,26], the
cross sections for the direct breakup as well as the resonant
breakup modes via the states of 7/2~ and 5/2~ are observed
in the present Rapid Communication for the first time.

The 1p pickup followed by breakup into o + >He, i.e.,
(°Li, 'Be — « + *He) reaction is found to be one of the
important breakup channels and, thus, responsible for «-
particle production in outgoing channels of the °Li+ '1?Sn
reaction system. The present section focuses on the theoretical
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FIG. 4. Two-dimensional plot of E,; versus the Q value showing
the distribution of events with different projectilelike and targetlike
excitations for the o + *He breakup.

understanding of the experimentally measured cross sections
of direct and resonant breakup channels of radioactive nuclei
of "Be which is produced in 1p-pickup reaction. When ’Be
is formed with excitation energy above its breakup threshold
(1.586 MeV), it breaks into an «-He pair. Hence, the cross
section for the 1p-pickup reaction leading to the formation of
"Be with excitation energy above 1.586 MeV is considered
to be equal to the breakup cross section of "Be into o + *He.
CRC calculations using the nuclear reaction code FRESCO [31]
have been performed to estimate the 1p-pick up cross section.
For the channels that are coupled in the calculations, only
two mass partitions with outgoing channels ®Li+ ''2Sn (for

101 61 « Ty 3T RN AR A 10°
(a) CLi,'Be=a+"He)t (c) ("Li, Be*(5/27) ’g
100 | (direct) F ~ a+’He) 10°! =
— Ry g
4 Foo 102 E
10! /ﬁ% / @ Q
o % R BT
&% \% o -~
2102 °s 7. T ] B
< \ 10* "o
g N ¥ o
c 1073 |+ A *: - . ! asase 105
3 (b) ('Li,' Be*(7/27) (d) Elastic
5= 10° 3 Sl 0
B — o+ He)
© RS E
St/ = o 10" %
¥ et ] Ch
-o ’\Q \
1073 it 10
40 60 80 100120 40 60 80 100120140

Ocm (deg)

FIG. 5. Cross sections for direct and sequential breakup of
"Be — a + >He for its 7/2~ and 5/2~ resonances [(a)—(c), respec-
tively] and elastic scattering (d). The results of the coupled-channels
calculations using FRESCO are shown by dashed and dotted lines
considering "Be continuum states as °Li(0%) + p and SLi(1*) + p,
respectively.
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TABLE II. Structure information and spectroscopic amplitudes
(SAs) for the overlaps A = C 4 x corresponding to different states of
the nuclei A, C, and x used in the CRC calculations for the (°Li, "Be)
reaction.

Nucleus BE

A) C x (MeV) nlj(x) SA
"Be(7/27) °Li(0%) p 46990 1f;, 1.000
"Be(5/27) SLi(0%) p 24390 1fsp 0572
128n(0™) U (g.s., 9/2%) p 7.5541 gy 1.000
"28n(0*)  "'In (0.537 MeV, 1/27) p 7.0181 2p;,, 0.680
128n(0*)  '"'In (0.803 MeV,3/27) p 6.7521 2ps;;,  0.680
"28n(0*)  '"'In (1.101 MeV,5/2%) p 6.5371 2ds;, 0.680

elastic and inelastic scatterings) and "Be + '''In (for the +1p
transfer) have been considered. In the first mass partition, L
has been considered to be in ground state as well as in the
0" excited state, and '2Sn has been considered to be in the
ground state. In the second mass partition corresponding to
1p pickup, i.e., the (°Li, "Be) reaction, the outgoing channels
included in the couplings correspond to: (i) 15 nonresonant
states of "Be (five each with relative angular momentum of
L = 0-2) up to an excitation energy of 1.2 MeV, (ii) two reso-
nant states (7/2~ and 5/27) of "Be, and (iii) the ground-state
(9/27%) plus three excited states of '''In. It is assumed that
"Be in its resonant states is formed as °Li(0") 4 p [28] via
the +1 p-transfer reaction. The details of the states (n, [, s, j)
coupled and the spectroscopic amplitudes for the overlaps
Be |SLi(0") + p) and ("'>Sn|"'In+p) used in the CRC
calculations for the resonance states of 'Be and the target
states are given in Table II. The values of spectroscopic am-
plitudes required for the present calculations are not available
in the literature. So, new values of spectroscopic amplitudes
are assigned to the states coupled to reproduce the observed
cross sections. For nonresonant states up to excitation energy
of 1.2 MeV above breakup threshold, each energy bin (in steps
of 0.4 MeV) with every possible spin-parity corresponding to
L = 0-2 is taken as an independent channel. The same value
of spectroscopic amplitude (SA = 0.26) has been assumed for
all these channels to reproduce the measured direct breakup
cross section.

The real and imaginary potentials of the Woods-Saxon
volume form with Vy = 17.85 MeV, ry = 1.255 fm, a¢ =
0.700 fm, Wy = 19.47 MeV, r, =1.265fm, and a, =
0.750 fm, obtained from the optical model fit to the measured
elastic-scattering angular distribution have been used for
the elastic-inelastic mass partition. For the transfer mass
partition, the real part of the optical potential was the same
as that of the entrance channel mass partition, but the
imaginary part was taken to be of short-range Woods-Saxon
square form with W, = 10.00 MeV, r, =1.10 fm and
a, = 0.4 fm. The binding potentials for p4°Li are
taken to be real and also of Woods-Saxon volume form
with  Vp =30.0 MeV, ry =1.20 fm, a9 = 0.60 fm, V,, =
6.20 MeV, r, =1.18 fm, and a,, = 0.720 fm where the
subscript “so” corresponds to the spin-orbit term. The depth
is automatically varied to reproduce the binding energy.
Similarly, the binding potential parameters used for p 4+ !''In
are Vo = 30.0 MeV, ry =1.20 fm, ay = 0.60 fm, V,, =
6.20 MeV, r, = 1.18 fm, and ay, = 0.72 fm. The FRESCO
calculations, represented by dashed lines in Fig. 5, reproduce
the experimental data reasonably well. The dotted lines
represent calculations assuming 'Be as SLi(1*)+p
which underestimate the experimental data suggesting
the importance of the consideration of "Be continuum states
as °Li(0%) + p.

To understand the overall reaction mechanism of breakup
of °Li in the field of target nucleus ''>Sn at Epeam = 30 MeV,
a comprehensive list of experimental and theoretical cross
sections for different breakup channels obtained from the
present Rapid Communication along with the data available
in the literature [3] has been compiled in Table III. The cross
sections for inclusive breakup « (given in the table) are found
to be much larger than all the known noncapture breakup
channels combined together that make up only ~15%. It
indicates the existence of other possible sources of o produc-
tion, such as incomplete fusion (where one of the breakup
fragments which is complementary to « is captured by the
target) and new noncapture breakup modes that need further
investigations.

To summarize, exclusive measurements for both direct and
resonant breakup modes of radioactive nuclei of 'Be have
been carried out. The cross sections for breakup of "Be into
o + He through its first (7/27) and second (5/27) resonance

TABLE III. Experimental and theoretical cross sections for different breakup channels of ®Li in the field of target nucleus ''2Sn at Eyeyn =

30 MeV.
aexpl G,theory
Reaction channel (mb) (mb) Reference
Li* > a+d (resonant) 34.0+4.0 34.6 [3]
SLi* — o + d (direct) 12.0£2.0 12.0 [3]
°Li > Li* > a+p 28.1+4.0 19.2 [3]
°Li — %Be* > a +«a 42+£0.8 4.79 [3]
°Li — "Be* — a + *He (direct) 0.63 £0.06 0.64 Present Rapid Communication
°Li — "Be* — « + >He (first resonance state) 1.58 £ 0.10 1.55 Present Rapid Communication
®Li — "Be* — a + *He (second resonant state) 0.09 £ 0.01 0.09 Present Rapid Communiication
Inclusive breakup o 592 £+ 35 [3]
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states along with the direct breakup mode have been measured
for the first time. Coupled-channels calculations explain the
measured data reasonably well. The experimental and theoret-
ical results on direct and resonant breakup of 'Be presented
here provide information on new breakup modes leading to
an improved understanding of projectile breakup mechanism.
The inclusive «-particle production cross section is found to
be much larger compared to the combined cross sections of all
the known noncapture breakup channels with « as one of the
outgoing particles, indicating the existence of other possible

sources of o production, such as incomplete fusion and new
breakup modes. Measurements of present noncapture breakup
channels opens up the possibilities of finding new breakup
modes contributing to the total cross sections for noncapture
breakup, be it resonant or nonresonant.
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