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D. Chattopadhyay,’>" S. Santra,"? A. Pal,’»?> A. Kundu,"? K. Ramachandran,' R. Tripathi,>>
B.J.Roy,"? T. N. Nag,>? Y. Sawant,' B. K. Nayak,"> A. Saxena,":? and S. Kailas'?
'"Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India
2Homi Bhabha National Institute, Anushakti Nagar, Mumbai 400094, India
3RadioChemistry Division, Bhabha Atomic Research Centre, Mumbai 400085, India

® (Received 12 April 2018; published 31 May 2018)

Direct and sequential breakups of the projectile in the Li 4 !!2Sn reaction have been measured at a beam energy
of 30 MeV. Cross sections for sequential breakup of "Li into « and ¢ cluster fragments via its second resonant
state of 5/27 (6.68 MeV) in the continuum have been measured for the first time along with the first resonant
state (7/27, 4.63 MeV). Probabilities of sequential breakup proceeding through —1n and —2n transfer channels,
i.e., ("Li,°Li) and ("Li,’Li) reactions followed by breakup, into o + d and « + p, respectively, were found to
dominate over « + ¢ breakup. Measured cross sections for the above breakup channels and elastic scattering have
been compared with coupled-channel calculations to understand the reaction mechanism involving the weakly
bound projectile ’Li. Significant cross section for direct breakup of ’Li — ®He + p has also been measured for
the first time, indicating the importance of the new (‘He + p) cluster configuration that may be necessary to
understand the complete structure of "Li and its energy levels.
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Study of projectile breakup in the field of a target nucleus
is a topic of increasing interest [1-4], particularly due to
recent advent of the availability of weakly bound exotic beams.
Measurements for direct and sequential breakup cross sections
in reactions involving weakly bound stable projectiles having
o + x cluster structures like ®’Li and °Be are available in the
literature [S—17] but on very few heavy and light targets. Inves-
tigation of sequential breakup in the above reactions through
new resonance states and/or transfer channels is a matter of
great interest for detailed understanding of the breakup reaction
mechanism. In our recent work [5], systematic measurement of
direct as well as sequential breakup cross sections for different
outgoing channels in a reaction involving °Li with a medium
mass target ''2Sn has been reported. In addition to several
well-known breakup channels, a new breakup channel for
OLi breaking into « and d via its third resonance state (1%,
5.65 MeV) was observed. The use of large detector array with
wide angular coverage has made it possible to measure the
higher resonance states. With similar motivations and using
even a bigger detector array, a reaction involving the same
1281 target but with a different weakly bound projectile, i.e.,
"Li was chosen for the present work.

The cluster structure of a light nucleus plays an important
role in predicting possible breakup channels. The "Li as a
cluster of @ and ¢ with a binding energy of only 2.47 MeV
is very well known. Direct breakup of 'Li into o + ¢ and
sequential breakup via the first resonance state (7/27, 4.63
MeV) of the cluster have been measured for several systems.
But there is no measurement available on the sequential
breakup corresponding to the second resonance state (5/27,
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6.68 MeV). The study of this state is, however, very important
because various studies on elastic scattering show a significant
effect of coupling of the 5/2~ state of "Li [18,19]. So, it would
be interesting to measure this new channel to better understand
the mechanism of o + ¢ resonance breakup.

Cluster models of the structure of light nuclei frequently
provide a rather simple description of some of the energy
levels which are difficult to access in the usual shell-model
framework. The model described in Ref. [20] is used to study
the low-lying energy levels of "Li, whose structure is treated as
a superposition of the clusters « + ¢ and °Li + n with binding
energies of 2.47 and 7.25 MeV, respectively. Other possible
cluster structures like ®He + p were not considered because
of its high binding energy (~9.96 MeV). Investigation of
the breakup channel 'Li — ®He + p will shed light on the
possibility of the third cluster structure of "Li.

In addition, the transfer breakup channels are known [21]
to play a very important role in understanding the large cross
sections for inclusive o particles. Apart from « + ¢ breakup,
the « particles can be produced by transfer triggered breakup.
For example, the transfer reactions of ("Li,°Li), ("Li,’Li),
("Li,®Be), ('Li,®He), and ("Li,He) followed by breakup into
oa+d, o+ p, a+o, o+ 2n, and o + n, respectively, can
contribute individually to the inclusive « production.

In this Rapid Communication, we report the results of
experimental investigation of the existence of (i) "Li breakup
into « + ¢ via its second as well as first resonance state and (ii)
direct breakup of "Li into *He + p. In addition, the breakup
induced by —1n transfer and —2n transfer has also been
investigated. Experimental cross sections have been compared
with the results of coupled-channel calculations.

Coincidence measurements have been carried out for the
"Li+ '"2Sn system at a beam energy Epeam = 30 MeV,
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FIG. 1. Typical two-dimensional (A E vs E, ) energy-calibrated
spectrum acquired in one of the vertical strips at 6 = 70° for a beam
energy of 30 MeV. The inset shows the total coverage in 6 and ¢ by
the strip detector array, and the intensity represents the number of «
particles detected in coincidence with 7, d, or p in any two vertical
strips.

using the 14-UD Pelletron-Linac facility in Mumbai. A
self-supporting enriched (>99%) ''>Sn foil of thickness
~540 pg/cm? was used as a target. The corrected beam
energy with the loss in half target thickness is ~29.8 MeV
(Ecm./ Vb ~ 1.37). An array of five strip telescopes (S;—Ss)
with large angular coverage, ~93°, was used to detect two
breakup fragments (e.g., -, «-d, a-p, or ¢-) in coincidence
produced by either direct or sequential breakup events. Each
telescope consists of two Si strip detectors, with thicknesses
of ~60 um (as AE) and ~1500 um (as E). Each detector has
16 vertical strips in its front side and 16 horizontal strips in the
back, with 256 pixels, covering an active area of 50 x 50 mm?,
with length and breadth of each strip being 50 and 3.1 mm,
respectively. Two Si-surface barrier (SSB) detectors kept at
+20° were used to monitor the incident flux. In addition,
there were five single telescopes (77—Ts) of SSB detectors
(with AE ~ 50 um, E ~ 1000-2000 pum) to measure the
elastic scattering at additional angles. The typical inclusive
two-dimensional energy-calibrated spectrum of AE vs Ejyy
obtained from a strip telescope, given in Fig. 1, shows a
good separation of the particles with different masses (A =
1-7) and charges (Z = 1-3) produced by different reaction
mechanisms. An o was detected in one pixel in coincidence
with any of ¢, d, p, and « particles in another pixel indicating
the presence of direct or resonant, —1n transfer, —2n transfer,
and +1p transfer breakup, respectively. The —1n and —1p
transfer reactions that survive post breakup produce °Li and
®He, respectively. However, both °Li and ®He can also be
produced from the direct breakup of 'Li into °Li +n and
®He + p fragments respectively.

The inset of Fig. 1 shows the effective range of 6
(~51°-142°) and ¢ (~=£7°-+£ 11°) coverage of the strip
detector array and the distribution of events corresponds to
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FIG. 2. [Left panel] For o +t breakup: (a) E, distribution
without efficiency correction, (b) efficiency of the detector array, and
(c) efficiency-corrected E, distribution. [Right panel] The efficiency-
corrected E, distributions corresponding to (d) « + d breakup, (e)
o + p breakup, and (f) *He + p breakup. The E, bin size in the
histogram (f) is 0.1 MeV which is double of that in (d) and (e).

the number of « particles detected in coincidence with either
t or d or p in any two vertical strips.

The relative energy E of two breakup fragments [22]
of each reaction event was reconstructed using the measured
energies and emitting angles of two breakup fragments. The
corresponding efficiencies of the detector array were obtained
by a Monte Carlo simulation. The E, distribution enables
the excitation energy of the projectile-like nucleus above its
breakup threshold through which the breakup occurs to be
inferred.

Monte Carlo simulations have been performed to find the
efficiency of detecting two breakup fragments in coincidence
by any two strips as a function of E. The breakup fragments
were assumed to be emitted isotropically in the rest frame of
the outgoing projectile-like nucleus 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 Ey distribution.

For "Li breaking into « and ¢, the E, distribution without
efficiency correction, the E\.-dependent efficiency of the de-
tector array, and the E distribution with efficiency correction
have been shown in Figs. 2(a), 2(b) and 2(c), respectively. In the
E.. distribution of « + ¢ breakup, it is interesting to observe
that in addition to the direct breakup at low energy, there are two
dominant peaks at ~2.23 and ~4.28 MeV which correspond
to the first and second resonance states at 7/2~ (4.63 MeV) and
5/27 (6.68 MeV), respectively. The shape of the distribution
and the relative intensities of the two states are similar to the
ones observed in Refs. [23,24]. The comparison of the peak
positions and widths of resonances with literature values in
Table I confirms the observation of "Li breakup into « + ¢ via
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TABLE I. Comparison of the observed energies and widths of
the resonance peaks in relative energy distributions with the literature
[25].

State Present work Literature
Ere] r E,-e] r

(MeV) (MeV) (MeV) MeV)
7Li(7/2‘) 2.23 0.20 2.16 0.09
TLi(5/27) 4.28 1.20 4.21 0.88
SLi(31) 0.68 0.14 0.71 0.024
5Li(21) 2.93 1.06 2.84 1.30
°Li(1T) 4.50 1.29 4.18 1.50
SLi(3/27) 2.15 1.50 1.97 1.23

its 5/27 resonance for the first time along with 7/2~ resonance
and direct breakup.

The efficiency-corrected E distributions have also been
obtained for o +d, o + p, and SHe + p breakup as shown
in Figs. 2(d), 2(e), and 2(f), respectively. It can be observed

that for the "Li—56Li — « + d reaction, the breakup mainly
proceeded with three relative energies around 0.71, 2.84, and
4.18 MeV corresponding to three resonances (31, 21 and 1)
of ®Li (see Table I). In the E, distribution shown in Fig. 2(e)
corresponding to the ('Li,’Li — « + p) reaction, the breakup
was found to have proceeded only with E. ~ 1.97 MeV
which is equal to the Q value of 5Lig,s, — « + p reaction. The
measured positions and widths of the peaks in E') distributions
corresponding to the breakup of "Li, °Li, and Li have been
compared with the literature data [25] as shown in Table I to
identify the respective resonance states.

Despite a very high breakup threshold (~10 MeV) for
"Li — ®He + p channel, it was interesting to observe a sig-
nificant number of °He- p events as shown in Fig. 2(f). For this
breakup channel, the E, distribution does not have any well-
defined peak and hence it can be taken as a direct (nonresonant)
breakup. The "Li structure as a cluster of ®He + p is not well
investigated. However, there is evidence of this structure in
the observation of transfer or capture of ®He from ’Li by the
target nuclei [26]. So, the present exclusive measurement of
®He in coincidence with a proton that provides direct evidence
of the ®He + p cluster structure of ’Li is very important in
understanding the possible cluster structures of "Li.

Next, to find out the excitations of the residual target
nuclei, the Q-value distributions were also obtained using the
expression of Ref. [7]. Two-dimensional plots of E. vs Q
value can reveal the excitations of both projectile-like and
target-like nuclei as shown in Fig. 3(a) for « 4+ p, o + ¢, and
®He + p breakup and in Fig. 3(b) for a + d breakup. In the
case of & + ¢ breakup and ®He + p breakup, most of the events
are centered around Q values equal to ~—2.5 and ~—10
MeV, respectively, corresponding to the ground state of '2Sn.
However, for o + p breakup, there are two distinct peaks at
~7.1and ~5.8 MeV in the Q-value distribution corresponding
to the ground state and first excited state (2%, 1.3 MeV) of
114Sn followed by a broad peak at Q ~ 4.3 MeV corresponding
to an average excitation of ~3 MeV of ''*Sn due to many
closely spaced energy levels of '*Sn in this region. The relative
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FIG. 3. Two-dimensional plot of E.; vs Q value showing the
distribution of events with different projectile-like and target-like

excitations for (a) @ + p, @ + ¢, and °He + p breakup reactions and
(b) o + d breakup reaction.

energies for these a-p events with different Q values are all
centered around 1.97 MeV which is the same as the energy
released in the *Ligs. — o + p breakup.

In the case of o + d breakup [see Fig. 3(b)], the maximum
events were observed at Q ~ —1.0 MeV corresponding to
the ground state of ''*Sn accompanied by three resonance
states (37, 21, and 17) of °Li. However, there are events with
excitation of '3Sn up to 11 MeV which are accompanied
by only the 3" resonance excitation of °Li. In addition there
are direct (nonresonant) breakups with relative energies in the
range of 0—1.5 MeV and ''*Sn excitation up to ~10 MeV. The
breakup via 2" and 17 resonances are found to occur only with
138n in its ground state.

For 'Li — ®He + p breakup, since the breakup threshold
is very high (~10 MeV) the number of breakup events was
found to be small and they primarily occur with no excitation
of target-like nuclei.

The differential cross sections for each of the measured
breakup channels have been obtained as follows. Using events
reconstruction for a particular breakup channel, for example,
a + t, a distribution of events corresponding to different 6,¢
of the outgoing cluster particle just before breakup, i.e., 'Li*
was generated. Now, for each o('Li*) bin, the efficiency-
corrected relative energy distribution [Yieff(é) = Y™ (0)/&]
was obtained by summing over all ¢(’Li*) coverage of detector
array corresponding to the same A(’Li*) bin. Here, Y™(o)
represents the yield of the i th bin of the relative energy between
€; and ¢; + de; without efficiency correction, and ¢; is the
efficiency of the detector array for the same relative energy bin.
For a particular 6 bin, the coincidence yields under the peaks
corresponding to 7/2~ and 5/2~ resonances in E distribution
have been extracted individually by integrating Yfff (0) in steps
of de; over the respective Ey range (Ae = Nde;). Differential
breakup cross sections for each of the resonance states are
extracted from the following relation:

do.br(e) 3 ZlN:] Yieff(e) do®!
aQ " Ye®)  dQ
where Y (0) is the yield of elastic scattering in the solid angle
corresponding to the elements AG(’Li*) and A¢(’Li*), and

‘%‘(0) is the differential elastic scattering cross section. The
latter was obtained by normalizing (i) Y (f) to the monitor

@), ey
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FIG. 4. Cross sections for sequential breakup of "Li — « + ¢ for
its (a) 7/2~ and (b) 5/2~ resonances, respectively; (c) direct breakup
of "Li — « 4+ 7 and (d) direct breakup of ’Li — ®He + p. The lines
represent the results of CDCC calculations.

yield Y,,(6,,) corresponding to Rutherford scattering and (ii)
their solid angles. Thus, the cross sections for the i—>a+rt
breakup via7/2~ and 5/2 resonances have been obtained and
shown as hollow circles in Figs. 4(a) and 4(b). The cross section
for the direct breakup of "Li — « + ¢ with relative energy in
the range of 0-0.5 MeV is shown in Fig. 4(c). Although the
breakup cross section via 7/2~ resonance has been measured
and described earlier using different targets, the cross section
for 5/2~ resonance is measured for the first time.

Similarly, the cross sections for direct breakup of "Li into
®He and p, which is again measured for the first time, has
been shown in Fig. 4(d). The cross section for the ("Li,°He)
transfer reaction corresponding to Q. = —6.9 MeV has also
been shown as an inset to Fig. 4(d), and found to be much
larger than for the ®*He + p breakup.

The cross sections for the breakup of "Li ) § RN +p
via the ground state of °Li are shown in Fig. 5(a). Similarly, the
ones for 1n stripping followed by breakup into « + d through
3+, 2+, and 1% resonances of SLi are shown in Figs. 5(b),
5(c) and 5(d), respectively. The elastic scattering angular
distribution used for obtaining potential parameters (required
for coupled-channel calculations) has also been shown as an
inset of Fig. 5(b). The lines in Figs. 4 and 5 represent the results
of the coupled-channel calculations described in the following
section.

Breakup cross sections for 'Li — « + ¢ have been calcu-
lated by the continuum discretized coupled-channel (CDCC)
method using FRESCO [27], similar to Ref. [28]. The cluster-
folded (CF) interaction was used, where Sao-Paolo potentials
[29] multiplied by 0.65 were taken as the real parts of the
fragment-target (o + ''>Sn and ¢ + !'2Sn) potentials. The
imaginary potential for o + ''>Sn was taken from Ref. [30]
including both volume and surface terms, and for 7 + '">Sn
it was calculated from global optical model [31]. The «-t
binding potentials of Ref. [32] were suitably modified for
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FIG. 5. Cross sections for (a) sequential breakup of
LA 5L > « +p and (b-d) sequential breakup of

TLiZA 0Li — o +d through 3%, 2% and 1" resonance states
of Li respectively. The elastic scattering data are shown as an inset
of panel (b). Solid lines represent the results of CRC calculations.

resonances. The spectroscopic amplitude of «-t was taken
to be 0.7 for each of the excited states of 'Li. The CDCC
calculations for « + ¢ breakup using the above parameters,
shown as solid lines in Fig. 4(a)-4(c), reasonably reproduce
the experimental cross sections for the 7/2~ resonant state
and direct breakup (with E; < 0.5 MeV). However, the cross
sections calculated for 5/27 resonant state at 6.67 MeV (solid
line) are much smaller than the experimental values. Using the
a-t binding potentials from Ref. [17] the cross sections for the
5/27 state are even smaller (dash-dot line) though the 7/2~
state and elastic scattering are explained well. The enhanced
experimental cross section for the 5/2~ state could be due
to the contribution coming from other states overlapping with
the same excitation energies. The width of the 5/27 state being
much larger (~1.2 MeV) than for the 7/2~ state (~0.2 MeV),
the yield under the 5/2~ peak can have some contributions
from nonresonant breakup with the same relative energies but
different L values. In addition, the contribution from another
5/27 resonant state at 7.46 MeV [25,33], though small, could
be present. In fact, a larger cross section for the 5/27 state
than for the 7/27 state has also been observed in the case of
resonance scattering of “He from *H by Spiger and Tombrello
[23] and Ivanovich et al. [24].

For —1n and —2n transfer induced breakup channels, the
coupled reaction channel (CRC) calculations using FRESCO
have been compared with the measured o +d and o + p
breakup cross sections, respectively. After 1n stripping from
the projectile "Li to the target ''>Sn, when Li is formed in an
excited state above the a-d breakup threshold, it immediately
breaks up into an a-d pair. So only the resonance states
of SLi were considered. For the entrance channel of the
CRC calculation scheme, the real and imaginary potentials of
the Woods-Saxon volume form with Vy = 25.33MeV, ry =
1.185fm, ap = 0.75 fm, W = 25.38 MeV, ry = 1.17 fm, and
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TABLE II. Experimental and/or calculated cross sections for
different outgoing channels in "Li+ '"2Sn reaction at Epeum =
30MeV (Ecn/ Vs = 1.37).

Reaction channel o “*P'(mb) o(mb)
Li — °Li*(3") > a + d (res.) 2.36+0.24 2.49

Li — °Li*(2T) —» a + d (res.) 0.87+0.10 0.80
"Li —» *Li*(1") —> «a +d (res.) 0.54+0.06 0.55
TLi*(7/27) — a + 1 (res.) 0.77+0.20 0.822(0.72%)
TLi*(5/27) — a + t (res.) 1.734+0.20 0.69(0.16")
"Li — SHe + p (direct) 0.74+0.10
Li—->Lis>a+p 3.71+£0.37 3.10
("Li,°He) for g.s. 3.11+0.3

Inclusive o 288 +25

Fusion (Bass model) 864
Reaction (from OM fit) 1230420 1208

“a-t binding potential [32].
-t binding potential [17].

aw = 0.787 fm, obtained from the fit to the measured elastic
scattering, were used. For the exit channels, the real potentials
are the same as above but the imaginary potentials were taken
to be of short-range and Woods-Saxon square forms. The 3™
state of °Li was coupled to the ground plus six excited states
of '3Sn, whereas the 2% and 17 states of Li were coupled
only to the ground state of ''>Sn because experimentally
it was observed that the breakups of 27 and 17 states are
accompanied by only the ground-state excitation of ''>Sn. The
spectroscopic amplitudes for (!'2Sn + n|'*Sn) corresponding
to seven states of '3Sn with E, = 0-1.556 MeV are taken from
Ref. [34]. Spectroscopic amplitudes for (7Li|6Li2_lgMeV + n),
("Li|®Lis 31 mev + 1), and ("Li|%Lis ¢5mev + 1) are optimized
at 0.605, 0.905, and 1.205, respectively, to reproduce the
experimental cross sections.

For dineutron stripping, the ejectile *Li being a quasibound
nucleus breaks into o and p. Hence, the cross section for
—2n transfer calculated from CRC calculations is equal to the
o + p breakup cross section. From the Q-value distribution it

was observed that a one-step transfer process is dominating,
so only direct stripping of 2n from "Li has been considered
in the calculations. Again, the entrance and exit channel real
potentials are the same. The imaginary potential in the exit
channel is short ranged. In the couplings, the g.s. of °Li and
g.s. plus first excited state of ''*Sn have been included. The
spectroscopic amplitudes (’Li|°Li 4 2n) and ('*Sn|''?Sn +
2n) are taken to be 1.0. The calculations represented by solid
lines in Fig. 5 reproduce the experimental data reasonably well.

A comprehensive list of experimental (estimated from angu-
lar distribution) and/or theoretical cross sections corresponding
to different channels, along with total reaction cross sections
obtained from the optical model fit to elastic scattering, is given
in Table II.

In summary, exclusive measurements for various breakup
channels consisting of both direct and sequential modes have
been carried out using a large strip detector array for the
"Li + '"?Sn system at a bombarding energy of 30 MeV. The
sequential breakup of "Li into « + ¢ through its second reso-
nance state (5/27) has been measured for the first time along
with its first resonance state (7/27). Two more dominating se-
quential breakup modes were found to proceed through transfer

channels, i.e., (i) "Li— OLi — & + d and (i) "Li —5% SLi —
o + p, where one of the breakup fragments is «. Thus, the
results on direct, resonant, and transfer breakup of Li by
11280 presented here provide a good foundation toward the
comprehensive understanding of the reaction mechanisms of
the projectile breakup as well as the production of large
inclusive « in a reaction involving a weakly bound stable or
unstable light projectile.

Further, the observation of direct breakup of "Li into
®He and p for the first time provides direct evidence of a
®He + p cluster structure for 'Li. The present result will initiate
refined theoretical modeling by including an additional cluster
combination to understand the complete structure of ’Li and
its energy levels.
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through the DAE-SRC Project No. “2012/21/11-BRNS/1090”.
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