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Results are reported on experimental. measurements of total cross sections for ( "Li,xn),
(~' Li, f), ('Li, O. xn), ('Li, txn), and {7Li, np) reactions on a 209Bi target at bombarding en-
ergies in the range 25-34 MeV. At Li bombarding energies of 32 and 30 MeV, the cross
sections for transfer reactions are 57 and 70%, respectively, of the total measured cross
section. At energies below the Coulomb barrier, the cross section for transfer reactions
becomes considerably larger than those for compound nucl. eus reactions.

NUCLEAR REAC'LIONS 0~Bi(6 ~ 7Li, xn), (6 7Li,f), ('Li, exn), ( Li, txn), ('Li, o'p),
E = 25—34 MeV; measured o ( E).

INTRODUCTION

There have been a variety of previous experi-
ments' ' performed to investigate the interactions
of 'Li and 'Li projectiles with targets in the gold
through bismuth region and, in one case, ' with
actinide targets, In most cases these measure-
ments study direct reactions by observing the
emission of a, d, or I; particles. Hence it is
difficult to differentiate between reactions involv-
ing the breakup in the Coulomb field of 'Li('Li}
into a+d(t) where both particles are emitted with

high energy and those two-body reactions where
only one particle is emitted and the residual piece
of the projectile is captured. However, a recent
experiment' where both n particles and tritons
were observed from the 'Li+'~Pb reaction at 30
MeV showed a very much larger cross section for
a than for triton production. These results sug-
gest that most of the a particles come from reac-
tions where an excited "'Bi nucleus was formed.
A reaction of this type could proceed by either a
direct stripping reaction or by a two step reaction
where the "Li first breaks up into n+t and then
the triton is captured. Experimentally it is very
difficult to tell the difference between these two
processes and in this paper we will refer to a
two-body reaction such as 'Li+'~Pb- e+"'Bi as
a "transfer" reaction even though we cannot rule
out the possibility that there may be some con-
tributions from two-step processes, i.e., breakup
+ capture. At energies near the Coulomb barrier
for Sn isotopes, recent measurements' indicate
that direct a particle emission cross sections are
much larger for 'Li than for 'Li projectiles at the
same bombarding energy. This result might in-
dicate that the Coul. omb breakup mechanism is
more important for 'Li than for 'Li which would

be consistent with the binding energy differences
for the two projectiles.

In this paper we report experimental results on
the cross sections for producing various isotopes
of Rn, At, Po, and Bi following the bombardment
of '"Bi by 'Li or 'Li projectiles in the laboratory
energy range 25-34 MeV. In addition, fission
cross sections were measured and the branching
ratios I'z/I'„were obtained from ratios of

cd/P, o,„as a function of energy. A detailed anal-
ysis of the I~/l„results in terms of the fission
barrier properties of the compound nucleus '"Rn
has been given in a previous publication. '

EXPERIMENTAL PROCEDURE

Because of their proximity to the N=126 and
Z = 82 closed shells most of the residual nuclei
formed in "Li+' Bi reactions are short-lived 0
particle emitters. The a decay characteristics
for nuclei which can be formed following various
Li reactions are shown in Fig. 1. For nuclei with

¹
12'7 (except for 2'DBi) it is seen that the o. decay

half-lives are generally short compared to a typ-
ical accelerator bombardment time of a few hours
and the 0. decay energies are reasonably well
spaced in the energy region of 6-9 MeV.

Cross sections for the formation of nuclei with
N» 127 and for "2Rn were obtained by bombarding
a '"Bi target with pulsed "Li beams and observing
the n particle decays between beam pulses. The
beam was pulsed with a repetition time of 400 nsec.
In order to eliminate prompt background only a
particles were accepted in a semiconductor detec-
tor placed at 90' to the beam which occurred in a
100 nsee interval beginning 200 nsec after the
beam pulses. Corrections in the yield were made
for the decay of the shorter-lived activities during
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the 200 nsec period after the beam pulses and

prior to coun mg.t' . Absolute cross sections were
obtained by measuring the rate of n particle emis-
sion relative to elastic scattering in the same

scattering cross sec onsti ns at 90' mere determined
m a sepa0 arate experiment where angu lar distribu-

red. Theof the elastic events were measured. etions o e e
ibrated b ob-absolute cross section scale was cali r y

Rutherford scattering at forward angles.serving u er o
The absolute solid angle of the n e ec or
termined from a comparison of the count ratio
from an n source or if this detector and a reference
detector with a small known solid angle.

At 'Li energies of 30 and 32 MeV, the cross sec-
tion for forming "'Po was also measured by bom-

d' a target for severa1. hours with a dc beambar mg a
and then counting the 5.31 MeV decay z pa n articles
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FIG. 2. n particle spectra observeed at various bom-
barding energies for the 'Li+ 0 Bi system.

off 1' '
known geometry. Again measurements

were made re a ave od 1 t' to an absolute elastic scatter-
0

ing cross section at 90 .
Finally, measurements of the fission cross sec-

in millibarns for various compound nuclenucleus reactions.TABLE I. Measured cross sections in mi L arns

Laboratory
energy
(MeV) o(7Li, 2n) o(7Li, 3n) o('Li, 4n) o('Li, f) o (~Li, 2n ) o (6Li, 3n ) ('Li f)

33
32
31
30
29
28
27
26
25

4.6 + 1.6
4.7 + 1.6
4.1+0.9
4 4y0 6
3.3 + 0.7
2.0~ 0.4
1.1 ~ 0.3
0.5 + 0.11
0.3+ 0.07
0.4 + 0.013

187 + 19
189 + 19
134 + 13

89 +10
41 + 4
16 + 2

4.7 + 0.5
1.0 ~ 0.1
0.14 + 0.04
0.026 + 0.013

77 +15
51 +15
ll + 3
1.4+ 0.7

1.77 ~ 0.03
1.05 + 0.05
0.58 + 0.03
0.24 + 0.01
0.086 + 0.008
0.020 + 0.002
0.0064 + 0.0008
0.0014 + 0.0009

1.0+ 0.2 5.8 + 0.6

1.9 ~ 0.4 43 ~4

2.25 + 0.05
1.34 + 0.04
0.75 + 0.02
0.29 + 0.01
0.12 + 0,006
0.32 + 0.002
0.0094 ~ 0.0010
0.0015~ 0.0003
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to other systematic and statistical errors.
Targets were produced by vacuum evaporation of

deposits of -200 pg/cm on carbon backings of
thickness 20 p, g/cm' and 100 pg/cm'. The targets
with 20 y, g/cm' gave the best energy resolution for
the a particle observation so that weak peaks and
close doublets could be resolved but not all of the
recoil nuclei were stopped in the target plus back-
ing so that a correction was necessary for nuclei
which recoiled out of the target. This correction
was determined from the observation of the large
cross section group using targets with 100 gg/cm'
backings.
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FIG. 3. Measured excitation functions for various re-
actions from 6'YLi bombardment of ~09Bi, The excitation
function labeled by 9.22 MeV is that of an unidentified
isomer discussed in the text.

tion were made using dc beams of 6'Li projectiles
by measuring coincident fission fragments at 90'.
The coincidence requirement was found necessary
to eliminate pileup of elastically scattered beam
particles. Again, measurements were made rela-
tive to elastic scattering at 90' in the same detec-
tors. Absolute cross sections were obtained as-
suming that the fragment emission is isotropic and
later experiments showed that the error due to the
neglect of anisotropy effects was small compared

RESULTS AND DISCUSSION

n particle spectra obtained in the 'Li pulsed
beam experiments at several energies are shown
in Fig. 2. The results show cy groups at known en-
ergies" for all of the nuclides shown in Fig. 1 ex-
cept '~ 2'6Rn. These nuclei result from ('Li, n) and
('Li, y) reactions and are expected to have very
small cross sections at our bombarding energies
due to the large excitation energies in the com-
pound system. In addition to the peaks identified
in Fig. 2, an e particle group with energy 9.22
+ 0.03 MeV was observed with a small cross sec-
tion. This does not correspond to a reported ener-
gy decay for any of the nuclei shown in Fig. 1.
This group probably results from the decay of a
previously undiscovered isomer in one of these nu-
clides but from the present experiment it is not
possible to tell which one. Also, we do not know
the half-life of this transition and in converting to
total cross sections we assumed that it was of the
order or longer than our pulse repetition time (400
nsec). If the lifetime of this decay were less than
100 nsec then the cross section estimate would be
significantly low.

The excitation functions for the various reactions

TABLE II. Measured cross sections in millibarns for various transfer reactions.

Laboratory
energy
(MeV) o( Li, o.') o(YLi, en) o('Li, a2n) o('Li, t) o('Li, tn) o( Li, OP) o(~Lj, 9.20 MeV) o(6Lj, n) o( Li, d) g( Li, dn)

34
33
32
31
30
29
28
27
26
25

1.6 + 0.2
2.0 ~0.2
1.2 + 0.1
0.9 + 0.2
0.4 ~0.08
0.27 + 0.10
0.11+0.06
0.04+ 0.04

44 +4
47 ~5
40 +4
35 +4
24 +3
17 +2
9.2+ 0.9
4.6+ 0.7

2.1 + 0.7
0.8 ~ 0.4

3.9~2.0 23 +2
4.4+ 2.2 18 + 2

140+20 2.7+1.3 13 +2
1.3 ~ 0.6 7.1*1.4

71 + 10 1.8+ 0.8 4.1 + 0.8
1.3 + 0,6 1.3 + 0.6
0.5+ 0.3 0.4+ 0.2

1.8 + 0.4
1.8*0.4
1.0+ 0.2
0.4 + 0.2
0.3 + 0.15

0.82 + 0.09
0.98 +0.10
0.97 + 0.10
O. S6 + 0.14
0.49 + 0.10
0.27 + 0.10
0.011+ 0.005
0.007 + 0.005

0.8 + 0.2 1.6 + 0.8 11 + 2

0.5 + 0.2 0.25 + 0.15 1.9 + 0.4
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FIG. 4. Angular distributions and excitation functions
for elastic scattering of 7Li on 209Bi.

are shown in Fig. 3 and the actual cross sections
obtained are listed in Tables I and II. Elastic an-
gular distributions and excitation functions at 90'
are shown in Fig. 4 for 'Li. In Figs. 1 and 3 the
excitations of particular final nuclides have been
labeled with particular reactions that could lead to
these nuclides. In some cases these reactions are
not unique and for example ' Po could be populated
either by the ('Li, o2n) or ('Li, 'He) reactions.

The most remarkable features of these results
are the large cross sections associated with trans-
fer reactions relative to the fusion reactions and
the much steeper slope for the fusion excitation
function. For example, at 32 MeV the total cross
section to Po and At isotopes is 200 mb compared
to 150 mb for Rn isotopes. At 30 MeV the transfer
cross section (Po+At) has decreased by a factor
of 2 to 100 mb but the fusion cross section has de-
creased by a factor of 3.4 to 44 mb. Thus, at all
energies equal to and below 32 MeV the transfer

reactions make up the major part of the total reac-
tion cross section.

The results appear consistent with a picture that
the total reaction cross section has two major
components. The first component is fusion with
the subsequent evaporation of several neutrons to
form the Rn isotopes. The second component con-
sists of ('Li, a) reactions to highly excited states
followed by neutron evaporation to form Po iso-
topes and ('Li, t) reactions to highly excited states
followed by neutron evaporation to form At iso-
topes. Calculations" with a standard equilibrium
evaporation code indicate that the contributions to
the At and Po yields from evaporation of protons
and e particles should be very small compared to
measured yields.

Average excitation energies associated with the
transfer reactions can be estimated from the opti-
mum @values" determined from reaction kinemat-
ics. For E» =34 MeV, transfers at the optimum Q
value lead to initial excitation energies of -16 and
-10 MeV for the residual nuclei ' Po and 2 At
formed in the ('Li, o) and ('Li, t) reactions, re-
spectively. This prediction suggests that the most
likely residual products should be '"Po from the
('Li, n2n) reaction and "'At from the ('Li, tn) reac-
tion. This prediction is consistent w'ith the present
data although it is still possible that we are miss-
ing a fraction of ('Li, n) and (7Li, t) cross sections
by not observing the decays of the '"Po and '"At
activities which are formed by ('Li, a2n) and
('Li, t2n) reactions, respectively.

The present results can also be compared to the
direct o. particle and triton measurements from
the 'Li+'~Pb reaction at 30 MeV by Hfusser
et gl, ' At 30 MeV we measure total cross sections
of 95 and 6 mb for populating Po and At isotopes,
respectively. This represents a large fraction of
the direct z particle and triton emission cross
sections of -150 and -17 mb, respectively, which
were determined from the angular distribution
measurements of Hausser et al. , ' and tends to con-
firm their postulate that the 'Li reactions are
dominated by transfer reactions.

The limited 'Li results shown in Tables I and II
are consistent with the 'Li measurements. The
present technique is not as useful for 'Li because
one would expect greater populations of nuclides
with N ~ 126 which are not short-lived n particle
emitte rs.
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