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Investigation of large o production in reactions involving weakly bound "Li
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The origin of the large a-particle production cross sections in systems involving weakly bound "Li projectiles
has been investigated by measuring the cross sections of all possible fragment-capture as well as complete fusion
using the particle-y coincidence, in-beam, and off-beam y-ray counting techniques for the ’Li 4+ **Nb system
at near Coulomb barrier energies. Almost all of the inclusive «-particle yield has been accounted for. While the
t-capture mechanism is found to be dominant (~70%), compound nuclear evaporation and breakup processes
contribute ~15% each to the inclusive a-particle production in the measured energy range. Systematic behavior
of the ¢ capture and inclusive & cross sections for reactions involving "Li over a wide mass range is also reported.
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I. INTRODUCTION

Investigation of the mechanisms responsible for the large
inclusive «-particle production cross sections observed in
systems involving weakly bound projectiles with & + x cluster
structure, e.g., 68He, ®7Li, and "°Be, compared to that of
the complementary fragments is of current interest [1-5].
Different reaction mechanisms, e.g., breakup (direct and se-
quential), nucleon transfer followed by breakup, cluster trans-
fer, incomplete fusion (only part of the projectile fuses), and
compound nuclear (CN) evaporation, contribute to the « yield.
It is difficult to separate the contributions of these individual
reaction mechanisms from an inclusive «-particle spectrum.
Exclusive measurements are therefore needed to investigate
the origins of the large o production and to study the role of
the weakly bound cluster structure in the reaction dynamics.

The present work aims to study the sources of the large
o yields for reactions induced by ’Li nuclei by extensive
measurements of different reaction channels. Most of the
data for "Li are for inclusive « cross sections [1,2]. Also,
simultaneous measurements of all processes leading to «
particles in the outgoing channel are not available for the
same system. In our recent work on the 'Li+”*Nb system
[6], contributions to the « yield originating from the breakup
of 'Li (Li* — a +1) together with 1p pickup followed
by breakup (®Be — o + «) and 1n stripping followed by
breakup (°Li — o 4 d) were disentangled by performing
exclusive measurements. The sum of these cross sections could
account for only ~8% of the inclusive « yield. To understand
the remaining part, we have now extended the cross section
measurements of o producing channels to the ¢ stripping and/or
capture reaction, which was suggested as one of the main
sources of «-particle production in Ref. [6].
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This paper reports measurements of prompt y rays in
coincidence with « particles in the outgoing channels to
identify the dominant reaction mechanism contributing to
the a-particle production for the 'Li+ *Nb system near
Coulomb barrier energies. The absolute cross sections of
residues arising from ¢ capture were extracted by measuring
the characteristic y-ray transitions employing the in-beam
and off-beam y-ray counting methods. The two processes, ¢
capture after breakup of "Li and direct ¢ stripping, are difficult
to separate experimentally, although it has been reported that
the #(d)-capture reaction dominates over one-step stripping for
"Li(°Li) projectiles [7—10]. In this work, the mixture of these
two processes is referred to as ¢ capture. The 2n-stripping
channel, contributing to the « particle yield via breakup of
the unbound 5Li, has also been obtained by counting the y
rays corresponding to radioactive decay of >Nb. The cross
sections of residues from complete fusion were measured
to optimize the statistical model parameters used to predict
the «-evaporation probability. The «-capture cross sections
were also measured to compare with those for ¢ capture. A
systematic study of the 7-capture and inclusive o cross sections
for reactions involving "Li on various targets over a wide mass
range has also been performed.

The paper is organized as follows. Experimental details
are given in Sec. II. The analysis and results are presented
in Sec. IIl. Details of the statistical model calculations
for compound nuclear decay and distorted wave Born
approximation (DWBA) calculations are described in Sec. I'V.
A systematic study of ¢-capture and w«-particle production
cross sections is discussed in Sec. V followed by a summary
and conclusions in Sec. VIL.

II. EXPERIMENTAL DETAILS

Two independent experiments were carried out for in-beam
and off-beam y-ray counting, using the 'Li beam from the
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Pelletron-Linac facility, Mumbai. Both measurements were
performed at beam energies of 24, 26, 28, and 30 MeV, some
of which are common to the previous measurement of breakup
fragments in coincidence [6]. Self-supporting **Nb foils of
thickness ~1.6 mg/cm? were used as targets.

Prompt y -ray transitions were detected using the Indian Na-
tional Gamma Array (INGA) [11], consisting of 18 Compton
suppressed high purity germanium (HPGe) clover detectors. In
this particular array configuration the detectors were arranged
at six different angles with three detectors each at +40°,
—65°, and —23°, two detectors at +65° and four detectors
at 90°. Three Si surface barrier telescopes (thicknesses AE ~
15—-30 um, E ~ 300—5000 nwm), were placed inside the scat-
tering chamber at 35°,45°, and 70° for the detection of charged
particles around the grazing angle. One Si surface barrier
detector (thickness ~300 pum) was fixed at 20° to monitor
Rutherford scattering for absolute normalization purposes. The
time stamped data were collected using a digital data acquisi-
tion system with a sampling rate of 100 MHz [11]. Efficiency
and energy calibration of the clover detectors was carried out
using standard calibrated '**Eu and '**Ba y-ray sources.

The off-line y-ray counting was carried out using an
efficiency calibrated high-purity germanium (HPGe) detector.
Low background was achieved by using graded shielding (Cu,
Cd sheets of thickness ~2 mm each followed by 5 cm of Pb).
Aluminum catcher foils of thickness ~1 mg/cm? were used
together with each target foil to stop the recoiling residues.
The target and catcher foil assemblies were irradiated for ~6 h
(beam current ~50 nA) at each bombarding energy and
counted together at a distance of 10 cm from the detector.
A CAMAC scaler which recorded the integrated current in
intervals of 1 min duration was used to monitor beam current.

III. ANALYSIS AND RESULTS

A typical in-beam y-ray add-back spectrum is shown in
Fig. 1(a). The residues populated by ¢ capture, complete
fusion (CF), and nucleon transfer identified by detecting
their characteristic y rays are labeled. The «-particle gated
y-ray spectrum shown in Fig. 1(b) gives a snapshot of the
major reaction processes contributing to the «a-particle yield.
The relative yields of y-ray transitions from the residues
of ¢ capture (°***Mo) are found to be greater than the
others. The other reaction mechanisms contributing to the o
yields, namely, 1p pickup (7Li,8Be — o+ a)922r, inelastic
excitation (7Li,7Li* — o+ 1)93Nb, 1n stripping (7Li,6Li* —
o + d)**Nb, and 2n stripping ('Li,’Li — o + p)*’Nbare also
marked in the figure. An off-beam y-ray spectrum is shown in
Fig. 2 at a beam energy of 28 MeV.

A. t-capture reaction

The cross sections for the residues from the #-capture mech-
anism, **°>Mo, were obtained using the prompt y-ray transi-
tions shown in Fig. 1(a). For **Mo, the yrast y-ray transitions
built on the ground state up to the J* = 10% excited state were
considered [12]. The cross sections for *Mo were obtained by
adding the y-ray transitions feeding directly to the ground state
[13]. The **Mo nucleus has a 21/27" isomeric state at Eex =
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FIG. 1. A typical in-beam y-ray spectrum for the "Li + **Nb
reaction at Eye,m = 28 MeV. (a) Inclusive spectrum with photopeaks
from residues populated in the ¢-capture, CF, and nucleon transfer
reaction processes marked. (b) Coincidence spectrum of y-ray
transitions with an o particle selected as the outgoing fragment.
The y-ray transitions from **°*Mo nuclei due to ¢ capture followed
by 1n and 2n evaporation are labeled. The photopeaks of y rays
from *2Zr, °**Nb, and *>Nb formed by 1p pickup followed by
breakup ®*Be — « + «), inelastic excitation followed by breakup
(Li* — a + 1), 1n stripping followed by breakup (°Li* — o + d),
and 2n stripping followed by breakup CLi — « + p), respectively
are also labeled.

2.425 MeV with half-life 77, = 6.85 h. The cross section for
93mMo was obtained by following the radioactive decay of the
isomeric state. The y-ray transitions from the decay of **"Mo
can be seen in Fig. 2. The extracted cross sections for *>~> Mo
are shown in Fig. 3(a). Sources of error on the data points
are due to statistics, y-ray detection efficiency, and available
spectroscopic information of the residues. For off-beam mea-
surements uncertainty in the target thickness was also included.

B. a-capture and 2n-stripping reactions

The a-capture and 2n-stripping mechanisms lead to *>**°Tc
and ®Nb. These nuclei are radioactive with reasonable half-
lives for decay from their ground states [T} /2(95 Tc) =20.0 h,

044616-2



INVESTIGATION OF LARGE o« PRODUCTIONIN ...

100 E v97Ru
£ O96Tc
L v >$<96Tcm
> 5 L ° OQSTC
g 107 Xo0 = Bpfom
[V C v 95
O. r ; [} me
— 4 D o
8-410 E i °
|2} r
= [
3 3 L i .; ¥
8 10% ¢ *
C O (o)
102 £
ll | | | | .

200 400 600 800 1000 1200
Ey (keV)

FIG. 2. A typical off-beam y-ray spectrum for the "Li + *Nb
reaction obtained after the end of the irradiation at E\,;, = 28 MeV for
a counting time of 5 h. The y-ray transitions from residues following
CF ("Ru), « capture (*>%Tc), ¢ capture (**Mo), and 2n transfer
(>>Nb) are labeled.

Tip(*%Tc) =4.28 d, Tip(>Nb) =34.99 d] as well as
from metastable states [T1/2(95Tc) =61 d, T1/2(96Tc) =
51.5 m, T1/2(95Nb) = 3.61 d]. The y-ray transitions cor-
responding to decay of °>%Tc and *Nb are labeled
in Fig. 2. The cross sections were extracted follow-

ing the half-lives of each transition and are shown in
Fig. 3(b).

C. Complete fusion

The complete fusion of “Li with **Nb forms the compound
nucleus (CN) '®Ru, which decays predominantly by neutron
and proton emission. The characteristic prompt y-ray tran-
sitions of the evaporation residues (ERs) %-%8Ru and ?Tc
are labeled in Fig. 1(a). The cross sections of 9%6-%Ru and
97Tc were obtained using the in-beam method taking the level
schemes from Refs. [14—16]. The cross sections for °*’Ru were
also extracted using the off-beam y-ray counting method
and found to be consistent with the in-beam measurements
and with the values reported in Ref. [17]. The weighted
average values of the cross sections obtained from the in-
beam and off-beam methods are shown in Fig. 3(c). The
cross sections for ****Ru and *’Tc are plotted in the same
figure.

IV. CALCULATIONS

Statistical model calculations were carried out using the
code PACE [18] to estimate the contribution from complete
fusion to the residues resulting from « and ¢ capture. The
angular momentum distribution obtained from the coupled-
channel code CCFULL [19] was used as input at each energy
to obtain the cross sections of the decay channels. The
estimated ER cross sections explain the measured values as
shown in Fig. 3(c). The calculated cross sections for 949 Mo
are found to be smaller by an order of magnitude relative
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FIG. 3. The measured cross sections for residues arising from
t-capture, a-capture and CF for the ’Li + **Nb reaction. (a) The cross
sections for *>°*%Mo nuclei are denoted by filled triangles, filled
circles, and open circles, respectively. (b) The filled triangles, open
boxes, filled circles, and filled boxes correspond to the cross sections
for the ground states and isomeric states of *>*Tc, respectively.
(c) The cross sections for the 2n, 3n, 4n, and p2n evaporation channels
following CF are denoted by filled triangles, open diamonds, filled
diamonds, and open circles, respectively. The lines are the statistical
model (PACE) estimates for the corresponding residues.

to the measured cross sections at all energies, as shown in
Fig. 3(a). This observation suggests that the dominant reaction
mechanism responsible for production of **~*>Mo nuclei is not
compound nuclear fusion but # capture. Similarly, the predicted
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FIG. 4. The measured cross sections for 7 capture, o capture, CF,
a-incl (from Ref. [6]) are denoted by filled triangles, open squares,
filled circles, and filled squares, respectively. The dashed line is
the estimated «-evaporation cross section from the statistical model
calculations. The calculated reaction cross sections from Ref. [6] are
shown by the solid line.

cross sections for **Tc are found to be far smaller than the
measured values, implying that *>°°Tc nuclei are produced
mainly by the «-capture mechanism. The cross sections of
individual residues from « and ¢ capture were corrected for
the contribution from the compound nucleus. The #-capture,
a-capture, and complete fusion cross sections were obtained
by taking the sum of individual residue cross sections and are
presented in Fig. 4. The cross sections for # capture are found to
be larger than those for o capture at all energies, in agreement
with the results reported in earlier studies with ’Li projectiles
[10,20,21]. The estimated «-particle evaporation cross sections
are also plotted in Fig. 4 as well as the calculated reaction cross
sections from Ref. [6].

The **Nb(’Li,”He)*Mo and >*Nb(’Li,°He)**Mo stripping
processes may also contribute to the production of ***>Mo
nuclei. A meaningful estimate of the d-stripping cross section
is not possible due to the lack of suitable nuclear struc-
ture information concerning the (>Mo | **Nb + d) overlaps.
However, an estimate of the p-stripping cross section was
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performed using the code FRESCO [22]. The entrance channel
optical potentials used the global ’Li parameters of Ref. [23]
which give a satisfactory description of the elastic scattering
data of Ref. [6]. The exit channel potentials employed the
global ®Li parameters of Ref. [23], the comparative study of
Ref. [24] suggesting that for a **Mo target at these energies
the °Li optical potentials should describe ®He elastic scattering
equally well. The (’Li | ®He + p) overlaps were calculated
with the transferred p bound in a Woods-Saxon well of radius
1.25 x 6!/3 fm and diffuseness 0.65 fm with a spin-orbit
term of Thomas form and depth 6 MeV, the depth of the
central part being adjusted to give the correct binding energy.
The spectroscopic factor was taken from Ref. [25]. The
(®*Mo | ®*Nb + p) overlaps were taken from the SNb(*He,d)
study of Ref. [26] and transfers to all the %Mo states in
Table VIII of that work were included in the calculations.
The estimated cross sections for p stripping are ~2 mb at
the incident ’Li energies studied here. This value will be
something of a lower limit since the optimum Q value for
this reaction is about —8 MeV, favoring population of **Mo
levels at about 6.5 MeV, whereas the maximum excitation
energy of the **Mo states included in the calculations was
~3 MeV. We may estimate the actual values to be around a
few mb (i.e., less than 10 mb). The d stripping cross section
is expected to be smaller than that for p stripping, from
the semiclassical trajectory matching condition. Thus, neither
process is expected to contribute significantly to the observed
Mo residue cross sections.

V. DISCUSSION

The cross sections of all important reaction mechanisms
contributing to the « yield [as seen in Fig. 1(b)] from
the present measurement and earlier work [6] are listed in
Table I for comparison. The statistical model predictions for
a-particle evaporation (UO?N) from the compound nucleus
are also given. The #-capture process is found to be the
dominant reaction mechanism, which accounts for ~62—73%
of o™, whereas the combined contribution of the breakup
and nucleon transfer followed by breakup channels is ~
15%. The cumulative contributions from all these measured
reaction processes and estimated CN contribution are also
tabulated in Table I, which explain ~ 95% of the measured

made through distorted wave Born approximation calculations 0;“1.

TABLE 1. The cross sections of all possible reaction mechanisms contributing to the c«-particle yield. ¢ capture: oy.c,p, 21 stripping
(Li,’Li — a + p)*’Nb: 627, inelastic excitation ("Li,’Li* — a + #)**Nb: 0%, 1n stripping ('Li,°Li* — & + d)**Nb: 02, 1p pickup
("Li,®Be — o+ a)?Zr: 02, and a-particle evaporation from the compound nucleus estimated using the code PACE: o are presented.
The cumulative contribution '* along with the inclusive & yield (o"") from Ref. [6] are also given.

Elab Orcap O.Ozzt-p O.Ozzt-t o,;x-d Us{-a 0¢$N O.Ottotal O‘;nd J;O‘al/(f;"d
(MeV) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (%)
23.6 199 + 34 17.3 + 3.0 151° £ 14 52 £05 20 £ 0.2 27 266 £ 39 273 + 40 97
25.6 202 £ 37 175 £ 2.8 159° + 14 5.5 £ 0.5 22" £ 0.2 39 282 £ 42 296* + 50 95
27.7 206 £ 33 20.1 £ 25 16.8 &+ 1.2 58 +£04 26 £0.2 53 304 + 38 321 £ 48 95
29.7 210 £ 35 18.8 + 3.0 18.0° £ 1.2 6.2 + 04 3.0 £ 04 69 325 £ 41 340 £ 52 96

#Interpolated value.
"Extrapolated value.
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FIG. 5. (a)z-capture and (b) inclusive «-production cross sections
after the subtraction of the compound nuclear contribution, for "Li
projectiles incident on several targets including **Nb (present data)
as a function of Eg = EC_,,,_/[Z,,Z,/(A}/3 + A*)]. The solid lines

represent the best fit to the 7-capture data.

A systematic study of the 7-capture and inclusive « cross
sections was carried out for reactions involving 'Li over a
range of lighter to heavier targets including the present system.
The measured oy.cqp for the "Li+ *Nb (present work), Li+
209Bi 201, "Li + ""Au [27], "Li + '8Pt [10], "Li + '®Ho
[28], "Li + '¥Tb [29], "Li + '**Sn [30], and "Li + *Ni [31]
systems are presented in Fig. 5(a). The x axis in Fig. 5 is
defined as Eg = Ecin /[Z,Z,/(A,'? + A,'/?)], where E¢ .,
Z,,7Z;,A,, A, are the beam energy in the center of mass frame,
"Li and target atomic numbers, 7Li and target mass numbers,
respectively. The o;.c,p are found to follow the Wong formula
[32], slightly modified to obtain a better fit at energies above
the Coulomb barrier:

2 —b
Ofocap = % In |:1 + exp {%(d — b)tanh <ZTb) ” (1)

where x = Eg, and a, b, ¢, and d are adjustable parameters.
The inclusive « cross sections (0&“1) after subtraction
of the compound nuclear component (c-N) estimated using
the statistical model code PACE for the "Li + 2%®Pb [33],
"Li+ 98Pt [34], "Li + '"8Sn [35], 'Li + **Nb [6], "Li + ©°Cu
[36], "Li+ *®Ni [35], and "Li + 2®Si [37] systems are pre-
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sented in Fig. 5(b). The curve obtained after fitting oy.cap
is replotted in Fig. 5(b) as the solid line and is found to
explain the general trend observed for 0" — oSN as well.
This observation also suggests that the main contribution to
o<l is 0y cap. For the light mass targets '*C, ?’Al, and *Si
[37-39], there is a substantial contribution from «-particle
evaporation from the compound nucleus. However, for the
heavier targets the ¢-capture mechanism is the main source of
a-particle production. For °Li d capture is reported to be the

dominant mechanism of « production [2,35,40,41].

VI. SUMMARY AND CONCLUSIONS

In summary, the origin of the large inclusive « cross sections
for the "Li 4+ **Nb system at energies around the Coulomb
barrier was investigated. The reaction processes leading to o
particles in the exit channels were identified using particle-y
coincidence measurements. The relative yields of y rays from
the residues of # capture were found to be greater than those
from the other processes. The absolute cross sections for ¢
capture, « capture, and 2n stripping along with the complete
fusion were also measured using the in-beam and off-beam
y-ray counting methods. Statistical model calculations were
performed to estimate the compound nuclear contribution
to the cross sections of residues populated in ¢-capture and
a-capture reactions. The measured z-capture cross sections
are found to be greater than the a-capture cross sections
at all energies. The present study shows that the ¢-capture
mechanism is the dominant reaction channel for the production
of o particles and accounts for 62—73% of the measured
inclusive « cross sections. The 2n stripping CLi — o + p)
cross sections together with earlier data on the 1p pickup
(®Be — « + ), inelastic excitation ("Li* — « + 1), and 1n
stripping (°Li* — o 4 d) from Ref. [6] explain ~ 15% of the
inclusive o cross sections. The statistical model predictions
of the compound nuclear contributions from «-evaporation
account for 10—20% of the inclusive o cross sections.
The combination of « production due to: (a) ¢ capture,
(b) evaporation from the compound nucleus, and (c) breakup
and nucleon transfer followed by breakup, explains almost
all the measured inclusive « cross sections for the 'Li 4+
%Nb system over the measured energy range. The present
measurements, together with a systematic study of ¢ capture
and inclusive o cross sections for different systems, suggest
that the main o-production mechanism is ¢ capture, although
at present it is still not possible to say exactly how the capture
takes place. An analysis of the present complete data set
on « production using stochastic breakup and other model
calculations [4,42,43] could shed light on whether the observed
t capture is a direct and/or two-step process.
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