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Effect of the breakup process on the direct reaction with a 6Li projectile
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We investigate the effect of the breakup process on the direct reaction (DR) for 6Li. In order to study this effect,
we introduce the experimental and semiexperimental ratio factors Rexpt and Rth by using the semiexperimental
and experimental α-production cross sections and DR cross sections. The average values of the ratio Rexpt (Rth)
for the 6Li + 208Pb and 6Li + 209Bi systems are 0.90 (0.91) and 0.86 (0.85), respectively. From these results, it
can be seen that the α-production cross sections are the main contribution to the DR cross sections.
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Over the last few decades, many groups have experi-
mentally performed and theoretically calculated heavy-ion
collisions of loosely bound projectiles such as 6He, 6Li,
and 9Be [1–7]. In particular, the characteristic features of
loosely bound projectiles at incident energies around the
Coulomb barrier have been widely studied. However, breakup
processes such as α production and so on are very complicated
although the loosely bound projectiles are able to break up in
princile.

Because loosely bound projectiles easily break due to their
low separation energies (for example, 0.98 MeV for 6He,
1.47 MeV for 6Li, and 1.57 MeV for 9Be), these projectiles
are not, in the main, transferred by elastic scattering but
by the breakup process. It is necessary when considering
the breakup reactions of these projectiles to include various
reaction mechanisms such as elastic breakup (EBU), transfer
reactions (TR), incomplete fusion (ICF), and complete fusion
(CF). The loosely bound nuclei usually produce one or more
α particles in the heavy-ion reaction process. Therefore, it
is important to investigate the contribution of α-production
channels on the direct reaction (DR).

For the 6Li + 208Pb reaction at Coulomb barrier energies,
the authors in Ref. [4] concluded that a strong stripping
breakup process is exhibited due to the large difference
between the inclusive and exclusive breakup cross sections.
In the same system, Wu et al. [5] showed that the effects of
6Li breakup suppress the fusion cross sections at above barrier
energies, but the effects of breakup are not clear below the
barrier.

On the other hand, for the 6Li + 209Bi system, the exclusive
breakup cross sections have been measured at Elab = 36 and
40 MeV, and the sequential breakup is dominant for the total
α + p breakup process as seen by comparing with a resonant
state, such as the (3+, 2.18 MeV) state of 6Li [13]. In particular,
in Ref. [8], the high precision CF and ICF cross sections has
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been measured for the 6Li + 209Bi, 7Li + 209Bi, and 9Be +
208Pb reactions near and below the Coulomb barrier energies.
In this paper, a separation of CF from ICF (and TR) is shown
to be important for the effect of the breakup of the projectile
nuclei on fusion. In our previous paper [9], we calculated α

single and α-α coincidence cross sections for the 9Be + 144Sm
system by using extended optical model analyses. As a result,
it was shown that a large proportion of the DR cross section
comes from the α-α coincidence cross sections.

In the present work, we investigate the effect of the breakup
process on the DR for 6Li by using two different target nuclei,
208Pb and 209Bi. After we study different breakup processes,
the theoretical ratios of α production to DR cross sections are
obtained and compared with the experimental ratios.

For the typical reaction mechanism processes of a 6Li
projectile, the total reaction cross sections can be written as
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represent EBU, one-neutron TR, one-proton TR, one-deuteron
capture, one-α capture, CF, and α-production cross sections,
respectively. The EBU process (6Li + A

ZX → α + d + A
ZX

or → α + p + n + A
ZX) is the breakup process such that no

particles are captured by the target. The TR cross sections can
be written as the sum of a one-neutron transfer [6Li + A

ZX →
α + p + (n + A

ZX)] and a one-proton transfer [6Li + A
ZX →

α + n + (p + A
ZX)]. The ICF cross sections are composed

of one-deuteron capture [6Li + A
ZX → α + (d + A

ZX)] cross
sections and α-capture cross sections [6Li + A

ZX → d + (α +
A
ZX) or → p + n + (α + A

ZX)]. The CF cross sections are
the sum of (α + 1p)-capture cross sections [6Li + A

ZX →
n + (α + p + A

ZX)] and (α + 1p + 1n)-capture cross sections
[6Li + A

ZX → (6Li + A
ZX)].

067602-10556-2813/2011/83(6)/067602(4) ©2011 American Physical Society

http://dx.doi.org/10.1103/PhysRevC.83.067602


BRIEF REPORTS PHYSICAL REVIEW C 83, 067602 (2011)

TABLE I. Measurements of α-production, DR, and total reaction cross sections for complete fusion, and extracted semiexperimental
α-production, DR, and total reaction cross sections for the 6Li + 208Pb system. σ expt

F and σ
expt
α-prod are obtained from Refs. [4] and [5], respectively.

Note that the α-capture cross sections, σ
expt
α-capt, are extracted from σ

expt
α-capt = σ

expt
d − σ

expt
excl [12]. Also, σ

expt
d and σ

expt
excl are obtained from Fig. 6 in

Ref. [12], and σ
semiexpt
R are obtained from Ref. [3].

Ec.m. σ
expt
F σ

expt
d σ

expt
excl σ

expt
α-capt σ

expt
α-prod σ

expt
D σ

semiexpt
D σ

expt
R σ

semiexpt
R σ

semiexpt
α-prod

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

30.1 120 81 66 15 249 264 311 384 431 296
32.1 234 111 94 17 397 414 432 648 666 415
34.0 335 144 94 50 467 517 562 852 897 512
37.9 507 260 119 141 594 735 796 1242 1303 655

According to Ref. [4], tritium cannot be produced by a
breakup process but only by evaporation because tritium has
a breakup threshold of 15.8 MeV, which is much larger
than for the other processes in Eq. (1) for loosely bound
projectile systems. However, it is well known that tritium can
be produced by evaporation from a compound nucleus [10].
The authors in Ref. [11] claimed that inelastic processes are
not important for a loosely bound projectile system due to the
low binding energy of the projectile. In this work, hence, it
is not necessary to include tritium production and inelastic
processes.

For the α-production cross sections, the α particle is
detected through various processes and the measurement of
the α particle is defined as

σ
expt
α-prod = σ

expt
EBU + σ

expt
tr + σ

expt
d-capt

= σ
expt
R − (

σ
expt
F + σ

expt
α-capt

)
. (2)

From Eqs. (1) and (2), we can obtain the experimental DR
cross sections as

σ
expt
D = σ

expt
R − σ

expt
F

= σ
expt
α-prod + σ

expt
α-capt. (3)

To study the breakup processes, it is necessary to obtain the
experimental total reaction cross sections σ

expt
R . However, it is

experimentally difficult to measure all of them because there
are many reaction channels. Instead of the experimental total
reaction cross sections, we introduce the semi-experimental
total reaction cross sections σ

semiexpt
R calculated from the

measured elastic scattering cross section as

σ
semiexpt
R = σC − σE, (4)

where σC and σE are the angle-integrated total Rutherford and
the experimental elastic scattering cross sections, respectively.
Since this approach of generating σ

semiexpt
R was proven in

Refs. [16,17], we use σ
semiexpt
R instead of σ

expt
R . As a result,

the values of σ
semiexpt
α-prod in Table I are obtained from

σ
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R − (

σ
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F + σ
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α-capt

)
. (5)

If the experimental CF cross sections are available, we generate
σ

semiexpt
D as follows:

σ
semiexpt
D = σ

semiexpt
R − σ

expt
F (6)

using σ
semiexpt
R extracted from Eq. (4).

In Tables I and II, we present for measured and extracted
fusion (CF and ICF), α production, DR, and total reaction cross
sections for the 6Li + 208Pb and 6Li + 209Bi systems. For the
6Li + 208Pb system, since the cross sections σ

expt
F obtained

from Ref. [5] fluctuate with respect to the incident energies,
we extract their experimental cross sections using Wong’s
formula [18]. In this work, one needs to know the α-capture
cross sections generated by σ

expt
α-capt = σ

expt
d − σ

expt
excl , where the

values of σ
expt
d and σ

expt
excl are obtained from Ref. [12]. σ

expt
d

and σ
expt
excl represent the deuteron-inclusive and the α-exclusive

cross sections, respectively. In particular, σ
expt
excl is a mix of the

α-d and α-p coincidence cross sections. The values of σ
semiexpt
D

TABLE II. The same as in Table I, but for the 6Li + 209Bi system. σ
expt
F and σ

expt
α-capt are obtained from Ref. [8], σ

expt
α-prod are obtained from

Refs. [13,14], and σ
semiexpt
R are obtained from Ref. [15].

Ec.m. σ
expt
F σ

expt
α-capt σ

expt
α-prod σ

expt
D σ

semiexpt
D σ

expt
R σ

semiexpt
R σ

semiexpt
α-prod

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

29.2 38 11 190 201 208 239 246 197
31.1 113 32 280 312 356 425 469 324
31.9 169 47 360 407 359 576 528 312
33.1 226 62 440 502 341 728 567 279
35.0 345 94 493 587 565 932 910 471
36.9 451 125 470 595 564 1046 1015 439
38.9 558 149 500 649 655 1207 1213 506
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and σ
semiexpt
R deviate from those of σ

expt
D and σ

expt
R by about 10%

for the 6Li + 208Pb system.
For the case of the 6Li + 209Bi system, the α-capture cross

sections are related to the production of Po and At isotopes. In
Table VI of Ref. [8], the 215At isotopes are due to xn evapora-
tion and 1p evaporation after the α + 209Bi → 213At∗ process,
which is an α-capture process. However, 212Po isotopes are
obtained from 1p + xn evaporation and xn evaporation after
α + 209Bi → 213At∗ or d + 209Bi → 211Po∗. Thus, the ICF
cross sections for 210Po and 211Po are mixed up in the α-capture
cross sections and the d-capture cross sections. In fact, a large
fraction of the inclusive α-production cross sections are from
the ICF cross sections due to the d-capture ones [14]. As a
result, we take the explicitly defined α-capture cross sections,
σ∑

At+212Po, as α-capture cross sections and we regard the
rest of the incomplete fusion cross sections, σ∑

210Po+211Po, as
α-production cross sections in this work. For the 6Li + 209Bi
system, the values of σ

semiexpt
D and σ

semiexpt
R deviate from those

of σ
expt
D and σ

expt
R by about 10% except for Ec.m. = 33.1 MeV.

For the case of Ec.m. = 33.1 MeV, the experimental
α-production cross section is relatively large compared
with others [14] and our value of σ

semiexpt
R shows this big

difference.
On the other hand, since a 6Li nucleus breaks into one

α particle and one deuteron in the reaction process, it is
important to investigate the contribution of the breakup
channels, especially that of the α-production channel on the
DR process. To investigate the effects of breakup on the direct
reaction quantitatively, we introduce the experimental ratio
factor given by

Rexpt = σ
expt
α-prod/σ

expt
D . (7)

Although the resultant values of σ
semiexpt
α-prod show some

deviation from σ
expt
α-prod, we replace the new theoretical ratio

factor Rth for the experimental ratio factor Rexpt as follows:

Rth = σ
semiexpt
α-prod

/
σ

semiexpt
D

≈ Rexpt = σ
expt
α-prod

/
σ

expt
D . (8)

Actually, we present the average of the Rexpt (Rth) values over
the whole energy range, and the values of Rth are almost the
same as the values of Rexpt in Table III and as shown in Fig. 1.
This means that most of the α particles emitted by the breakup
process of 6Li are not captured by the target nuclei. Therefore,
a large proportion of σ

expt
D (σ semiexpt

D ) is due to σ
expt
α-prod (σ semiexpt

α-prod ).
One of the most interesting things about these ratios is

that the Rexpt or Rth values in the above barrier region are

TABLE III. The average values of the theoretical and experimen-
tal ratio factors, Rth = σ

semiexpt
α-prod /σ

semiexpt
D and Rexpt = σ

expt
α-prod/σ

expt
D .

Also, we show the Coulomb barrier energies, VB , for the 6Li + 208Pb
and 6Li + 209Bi systems.

System Rexpt Rth VB

6Li + 208Pb 0.90 0.91 30.10 [5]
6Li + 209Bi 0.86 0.85 29.71 [19]
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FIG. 1. (Color online) The experimental and theoretical ra-
tio factors Rexpt and Rth as functions of Ec.m. − VB for the
6Li + 208Pb and 6Li + 209Bi systems. The value of the solid line
is 0.87.

slightly suppressed in comparison with those in the below and
near barrier region as shown in Fig. 1. This suppression arises
from the capture of an α particle. In particular, Signorini and
his colleagues [20] measured α-particle, deuteron, and proton
energies emitted by the 6Li + 208Pb reaction at the incident
energy Elab = 35 MeV. The average energy of the α particles
emitted by the 6Li + 208Pb reaction peaks at 21 MeV, which
corresponds to 2/3 of the incident energy of 6Li. The energies
of the emitted α particles increase with higher incident energies
of 6Li. Consequently, α particles with an emission energy
greater than the Coulomb barrier energy easily fuse with the
target. This means that the contribution of α-production cross
sections at below barrier energies is larger than that of those
at the above barrier energies. Hence the suppression of α-
production cross sections takes place above the barrier. Note
that the Coulomb barrier energy for the α + 208Pb reaction is
about Elab = 20 MeV [21].

In this report, we investigated the effect of the breakup
process for the DR of a 6Li projectile. In order to study this
effect, we introduced the semiexperimental and experimental
ratio factors by using the semiexperimental and experimental
α-production cross sections and DR cross sections. Since
most α particles emitted by the breakup process of 6Li are
not captured by the target nuclei, the values of Rth and Rexpt

are smaller than unity. The values of Rexpt or Rth in the above
barrier region are gradually suppressed since α particles
above the Coulomb barrier energy are able to fuse easily
with the target. In conclusion, the α-production cross sections
are the main proportion of the DR cross sections. From our
Rth, one may deduce the contribution of experimental α

production.
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