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Production of neutron-rich Bi isotopes by transfer reactions
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Production of neutron-rich Bi isotopes was investigated by irradiating Hg, T1, and Pb targets with
130 jons in the 5—10 MeV/nucleon range. Following irradiation, bismuth was chemically separated
and the yields of *!!~23Bi isotopes were determined via a-emitting Po daughters. Effective residual
transfers of 3~5H to 2Pb, “$He to 2°Tl, and ®Li to 2**Hg were observed. Cross sections generally
peaked in the 7—8 MeV/nucleon region and ranged from a high of ~2 mb for 3He absorption to
~0.6 nb for *He absorption. Total a- and B-decay branches of the J”=9~, 25 min isomer of 2Bj
were measured to be 67% and 33%, respectively, (3.2+0.2)% of the decays being associated with -
delayed a-particle emission. Production yields for the J7=1~ ground state and 9~ and 15~ isomer-
ic levels for 2'2Bi were extracted. The ratio of isomeric states to the ground state increased by more
than two orders of magnitude over the energy range studied. However, the maximum value of the
cross section ratio o(J"=157)/0(J"=9") was only 0.04, implying a low angular momentum
transfer. The reactions were analyzed using the Wilczynski “sum rule,” which gave a rather poor
fit to the results with respect to both the yield and the implied angular momentum transfer. The ob-
served relatively high cross sections, modest angular momentum transfer, and broad excitation func-
tions indicate that transfer processes provide a viable method for reaching neutron-rich nuclides in
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the heavy element region.

I. INTRODUCTION

The production of neutron excess isotopes is, in general,
very difficult. Experimental results on the fission proper-
ties of the heavy isotopes in the Fm region!—3 have shown
very anomalous decay properties. Extended access into
this interesting region will depend on developing tech-
niques to produce these neutron-rich species. A possible
method for reaching the desired products is through the
use of transfer reactions in which more neutrons than pro-
tons are transferred to the heavy element target. Such
transfers are not generally favored by the potential energy
surface and therefore have small probability amplitudes.
However, these reactions, when they do occur, have large
negative Q values and can result in a relatively cold for-
mation of the heavy element products which helps mini-
mize the disastrous fission-neutron decay competition
which occurs in most compound reaction processes in the
region. On the other hand, a disadvantage for transfer re-
actions is that they are nonselective and result in a large
variety of products which have to be disentangled with
physical and/or chemical procedures.

The purpose of the current measurements is to study
the production mechanism for these rather rare reaction
processes. These reactions are not expected to be dom-
inated by statistical effects, and therefore, we have at-
tempted to study the excitations functions over a wide en-
ergy interval. To avoid the difficulties associated with the
handling and analysis of the heavy actinide region we
have chosen to produce isotopes of 2!'~213Bi formed in
the bombardment of Hg, Tl, and Pb targets with 30
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beams. This is a convenient system for analysis since the
produced neutron excess isotopes have half-lives in the
minutes range and can be identified by characteristic a-
particle emission in their decay sequence. High sensitivity
can be obtained through chemical isolation of the desired
products in rapid off-line analysis of reasonably thick ir-
radiated targets. By studying the production properties in
this more accessible region it is hoped that we can obtain
systematic information on the mechanisms associated
with the rare neutron excess production processes and
thus gain a possible technique to enable future production
of neutron-rich heavy actinides. In addition, these studies
provide nuclear spectroscopic information regarding the
region in the vicinity of the doubly magic 2®Pb.

II. EXPERIMENTAL PROCEDURE

A. Irradiations and targets

Irradiations of Hg, T1, and Pb targets were performed
at the Lawrence Berkeley Laboratory 88-inch cyclotron
with 99—195 MeV 30 ions. Irradiation times were typi-
cally 1—2 h, and the beam intensity ranged from 1.5 to 4
euA but for each irradiation was kept approximately con-
stant. The lead targets were enriched in 2%®Pb (98.7%)
with thicknesses ranging from 3.4 to 4.0 mg/cm?, and the
thallium targets were enriched in 2°°T1 (99.4%) with
thicknesses ranging from 4.3 to 4.8 mg/cm?® In the case
of mercury, targets of both natural isotopic composition
and those enriched in *™Hg (98.2%) were used. The
thicknesses of the natural targets were 0.6—0.8 mg/cm?
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and those of enriched targets 0.2—0.8 mg/cm? In both
cases the values refer to the chemical compound HgS, the
form in which Hg was used. All the targets had thin Al
coatings of 0.4—0.7 mg/cm? and thicker Al backings
(2.17 mg/cm?) to stop the recoiling reaction products.

B. Chemical procedures

The chemical procedure used to separate bismuth iso-
topes after irradiation was similar for all of the targets.
The targets were dissolved in ~0.5 ml warm acid con-
taining a known quantity of 38-yr 2°’Bi for chemical yield
determination. Concentrated HCI containing a few drops
of 6M HNO; was used to dissolve the Pb and TI targets,
and aqua regia was used for the HgS targets.

Following target dissolution the samples were evaporat-
ed to dryness. The residues were taken up in ~+ ml 1M
HCIl. PbCl, formed from the lead targets and Hg,Cl, pre-
cipitated from the mercury target solutions after addition
of a couple of drops of SnCl, (2—5 mg) solution. A major
At contamination, observed after processing of the T1 tar-
gets, was substantially reduced by coprecipitation with
PbCl,.

After centrifuging and removing the precipitate(s)
formed, ~100 mg of Ag powder was added to the 1M
HCI solution which was kept warm and stirred for ~3
min to remove Po. The sample was centrifuged and the
supernate was transferred into an electroplating apparatus
consisting of a 9 mm inner diameter glass chimney
mounted on a plastic gasket above a Ni foil. The plating
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FIG. 1. Two consecutive 30-min a-particle spectra resulting
from bombardment of a 2®Pb target with 152 MeV '®0 ions.
The chemical procedure outlined in the text was used to separate
Bi isotopes immediately following a 28 min irradiation. The
counting of the sample was started 21 min after the end of the
irradiation. Major a groups are labeled by the parent isotope
and associated a-particle energy.
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apparatus was warmed on a hot plate while the solution
was mixed with a small Teflon coated magnetic stirring
bar for ~5 min. Bismuth was removed from solution by
self-deposition on the Ni foil. After removing the solu-
tion, the Ni foil was washed with 1M HCl. The foil was
dried and mounted on an Al plate for counting. The
chemical procedure took an average of 14 min and gave
Bi yields of 60—80 %.

C. Measurement of alpha-activity and data analysis

The radiochemically separated Bi samples were mea-
sured with an a-spectrometer system consisting of four
independent Si(Au) surface barrier detectors allowing four
samples to be counted simultaneously. Counting of a
sample was typically started 20—30 min after the end of
an irradiation and continued for a period of several hours.
Data were stored in an event by event mode, each event
being tagged by detector identification, event time, and
energy.

The sample plates faced the detectors in a very close
geometry, the solid angle subtended by the detector being
about 5 sr. As a result, because of B-a summation, ab-
sorption in the source, and the dead layer of the detector,
the overall a energy resolution was poor (FWHM ~80
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FIG. 2. Measured absolute cross sections for production of
2Bj (@), 2’Bi (A), and *"°Bi (M) in bombardment of 2%Pb by
180 ions. The three dashed curves give the individual excitation
curves for the ground state (A), the J"=9" isomer (V), and the
J7=15" isomer (O) of *?Bi. The dotted curve shows the shape
of the excitation function of the compound nuclear reaction
208pp(180,3n)?Th for comparison (Ref. 16) (not in absolute
scale). The arrows indicate observed upper limits for production
of 2“Bi. Overall errors are estimated to be <50% for all points
(see the text for additional discussion).
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keV) and varied somewhat from sample to sample. A
typical a-particle spectrum is presented in Fig. 1. The a-
particle spectra were dominated by a activity from decay
of Bi (Po) isotopes. However, in most of the samples,
some contamination from the 7.2 h 2!'At and its daughter
nuclide 2!'Po was present. The 7.44 MeV a group of
211pg then reduced the sensitivity for detection of the 7.68
MeV a group of >'*Po, the B-decay daughter of 19.8 min
214Bi. We found no conclusive evidence of the presence of
214Bj in our samples.

The absolute cross sections were calculated by integrat-
ing the peak intensities in all counting intervals in which
they were clearly observed. These data were then decay
curve analyzed to obtain the half-lives and production
yields. The integrated current was averaged over the
period of the irradiation and transformed into a particle
fluence by correcting for the charge state of the accelerat-
ed ion.

Because the 2.15 min half-life of 2!'Bi was short rela-
tive to the time between the end of an irradiation and the
beginning of the counting, 2!'Bi was only seen in 2**Pb
bombardments where it had a high abundance. In the es-
timation of upper limits of cross sections a limit of three
times the standard deviation of the number of counts in
the pertinent energy interval was used. Results of the
cross section measurements are presented graphically in
Figs. 2—4. The overall uncertainties in the measured
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FIG. 3. Measured absolute cross sections or upper limits of
cross sections for production of Bi isotopes (A =211 to 214) in
bombardments of 2°T1 by '®0 ions. The symbols have the same
meaning as in Fig. 2. The symbols with downward pointing ar-
rows mark an upper limit based on counting statistics. Overall
errors are estimated to be <50% for all points (see the text for
additional discussion).

K. ESKOLA et al. 29
1627 T T T T T 3
: 204y, 4 180 v 3
1628~ ' =
< E s 28I 3
j, C * s 2259 3
Z ol ¢ 212gim _”
S 10 E Q 2i2gjm2 -f:_
8 - ] 213g; 3
@ r 214p; 7
2 16%k- ; e
(@] = -3
& £ ¢ 3
o E ? 3
- v -
w a
= v
¥ o =
o E 3
= T -y b=
§ F 9 T T
Q L 4
1032 Y Z =
) N
|0‘33 1 1 1 1 1 1
80 100 120 140 160 180 200

LABORATORY ENERGY OF '80 (MeV)

FIG. 4. Measured absolute cross sections or upper limits of
cross sections for production of Bi isotopes (4 =211 to 214) in
bombardments of **Hg by '®0 ions. The symbols have the
same meanings as in Figs. 2 and 3. Overall errors are estimated
to be <50% for all points (see the text for additional discus-
sion).

cross sections are estimated to be less than 50% and are
composed of the following incoherent factors: counting
statistics <20%, target thickness and beam integration
<20%, chemical yield < 10%, alpha particle counting ef-
ficiency for the closely mounted diffuse samples <20%,
beam intensity fluctuations and timing uncertainties (only
applicable for the short lived 2!'Bi) <20%. Error bars
are not included in Figs. 2—4 to avoid unnecessary
cluttering but the scatter of the experimental points are
consistent with our overall error estimate. Conclusions
drawn from the extracted cross section values are not af-
fected by variation of measured values within estimated
error limits. The laboratory energies of '30 ions are aver-
age energies at the target corrected for energy losses in the
Havar window, cooling gas, and in the target itself. The
corrections ranged from 7 to 12 MeV.

Our measured absolute cross sections for production of
the ground state (J"=17) and two isomeric states
(J™=9~ and 157) of 2!?Bi also provide isomer ratios
Om,/Og> Om,/0g; and 0, /Oy, 3S 2 function of the bom-

bardment energy. The isomer ratios resulting from bom-
bardments of 2°*Pb with 130 are presented in Fig. 5. It is
seen that both 0, /o, and oy, /0y increase rapidly and

smoothly as a function of the projectile energy. As a re-
sult of the similar behavior of these two ratios, 0y, /0m,

increases relatively slowly as a function of energy. It is to
be noted that even at the highest bombarding energy the
ratio 0,,, /0y, is only about 0.04, implying a rather low
angular momentum in 2?Bi. Because of the poorer count-
ing statistics in Tl and Hg bombardments the isomer ra-
tios of 21?Bi are presented only at a couple of bombarding
energies and these values have large statistical errors.
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FIG. 5. The experimental isomer ratios for the J”"=9" (m,)
and J™=15" (m,) states of ?'’Bi plotted as a function of the
30 projectile energy. The points joined by eye-guiding lines are
associated with bombardments of 2°Pb targets. The individual
points relate to 2°°T1 (M) and ***Hg (@) targets, and measured
values of the ratio o,, /0,. Isomer ratio uncertainties are es-
timated to be <20% for the *°®Pb bombardments and < 50%
for the 2%5T1 and *"Hg targets.

III. RESULTS AND DISCUSSION

A. Decay of the 9~ isomer of 2!?Bi

Baisden et al.* discovered the 25 min (J"=9") and 9
min (J”=15") isomers in 2!*Bi. The decay properties of
these isomeric states were only investigated by a-decay
studies. Subsequently, Lemmertz et al.’ performed a de-
tailed study of the decay of the 9~ isomer to levels of
212Po by means of a-y spectroscopy. Relative decay
branches for direct a-emission leading to levels of 2%8Tl,
for B-delayed a emission from excited states of 2!?Po to
208pp, and for B-delayed ¥ emission to the ground state of
212py were not given in either of the previous studies of
the decay of the J"=9" 2!?Bi. Because the knowledge of
the branching ratios was necessary for the determination
of both the production cross section of 2!?Bi and of the
isomeric ratios, an effort was made to extract the branch-
ing ratios from the measured data. Due to poor energy
resolution in the measured a-particle spectra close lying a
peaks could not be resolved.

An analysis of the multiple peak at 6.3 MeV and the
structure below resulted in assignment of four a peaks
with energies (and intensities) of 6.34 (35+1%), 6.30
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(26+1%), 6.01 (5+1%), and 5.75 (0.5+0.2%) MeV to the
decay of the J"=9" state to levels of ®T1. The ratio of
the intensity of the two stronger peaks was taken from the
work of Baisden et al.* The intensity of the two weaker
peaks are relative to the sum of the 6.34 and 6.30 MeV
peak being 61%. These two less intense peaks represent
hitherto unobserved fine structure in the a decay of the
isomer. It appears that the 6.01 MeV peak is also clearly
visible, although unassigned, in the a spectrum presented
by Lemmertz et al.’> Branchings of (67+1)%, (30+1)%,
and (3.240.2)% were obtained for direct a decay to levels
of 298T1, for B-delayed a emission to 2Pb, and for -
delayed y emission leading to the ground state of 2!*Po.
These values are based on the observed ratio of counts in
the multiple a peak at 6.3 MeV, in the energy interval
9.6—10.9 MeV and in the 8.78 MeV peak. The contribu-
tion of the decay of the 60.6 min 2!’Bi to the 8.78 MeV
peak was eliminated by taking the difference of two con-
secutive 75 min spectra, the latter spectrum being multi-
plied by a factor of 2.36 to allow for the decay of the 60.6
min component. The half-lives of the J"=9~ and 15~
isomeric states were measured to be 25.0+0.2 min, and
7.010.3 min, respectively. A schematic decay scheme of
212Bj including information pertinent to this study is
presented in Fig. 6.

Low lying excited states of 212Bj are most likely to be
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FIG. 6. Schematic decay scheme of '?Bi. Only details per-
tinent to this study are presented. All energies are given in keV.
The location of the shown levels of 2Tl has been shifted up-
wards relative to those of 2?Bi and ?'?Po for convenience.
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dominated by the (w1hy,,)(v2gg,,) configuration. This is
known to be the case for 21°Bi, in which all the members
of this n-p multiplet have been found to appear as dom-
inant configurations in one of the nine lowest-lying lev-
els.® Thus the J”=9" isomeric state of >!?Bi is character-
ized by the (mlhg/)(v289/2),- (V289 )(2)+ configuration,
as suggested by Baisden et al.* A conversion of this con-
figuration by a g9,, neutron to hos2 proton transition
would lead to the (71h,,, )§+(v2g9 ) )(Z)Jr configuration of
212pg assuming a first-forbidden unhindered 8 transition.
The logft value associated with this transition could be
used as a measure of the purity of the suggested initial
and final configurations. Unfortunately, because detailed
information on the a- and y-decay widths of the pertinent
excited states of 2!Po is lacking, B-decay branchings to
individual states cannot be deduced from the available
data. However, on the basis of our measured value
(33.2%) of the total 8 branching to levels of 2!*Po from
the 9~ isomer of 2!?Bi, we can set a lower limit logft=5.9
to a 3 transition leading to the J"=8", 1474-keV level of
212po, A logft value of this magnitude is rather close to
other similar transitions, e.g., the ground state S transi-
tions of 2®°Pb (logft=5.5) and 2!'Bi (logft=6.0). If one
assumes that the 8 transition from the J"=15" isomer of
212Bj to the J™=16" isomer of 2!*Po also has a logft of
6.0, the J™=15" state should be at about 2.65 MeV above
the ground state of 2'?Bi. This could be taken as a lower
limit on its excitation energy, unless the main decay chan-
nel of the isomer is other than the said 3 transition.

The B-delayed a emission from the excited states of
212pg seems to be worthy of a more detailed study. It is
unique because 3 decay from three long-lived states of
212B; with widely different spin values (1=, 97, and 157)
feed excited states of 2'?Po. Detailed a-y spectroscopic
study should yield life times as well as a- and y-decay
widths of pertinent excited states. As a result one would
have a set of excited states of widely different nature feed-
ing a well defined final state, the ground state of 2°°Pb.
These data should be of great value in application of shell
model calculations to a decay in the vicinity of the doubly
closed shell.

B. Isomer ratios

The observed isomer ratios are directly related to the
excitation energy (E) and angular momentum (J) distri-
butions in the (E,J) space prior to y-ray cascade leading
to one of the three long-lived states in 2>Bi. Because we
do not have an adequate understanding of the reaction
mechanisms leading to production of ?!*Bi in its different
states, a detailed calculation of isomer ratios on the basis
of (E,J) distributions at various stages of the process lead-
ing to the final states of 2'?Bi is unwarranted. However, a
useful framework for a qualitative discussion of the ob-
served isomer ratios is provided by the “sum rule model”
of Wilczyniski et al.”® The calculations based on this
model were done using the program coded by Beene at
Oak Ridge National Laboratory.” !

The calculated angular momentum distributions and
average angular momentum values for the incom-
plete fusion reactions 2%°Pb('%0,'“N)*?Bi  and
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208pp( 180, 13N )?13Bi are presented in Fig. 7. It is seen that
according to the model only a relatively narrow window
of J values dominates at a given energy. This is because
lower [ values are almost fully exhausted by the complete
fusion channel, while the critical angular momentum
value [, for fusion of the target and the captured frag-
ment sets an upper limit at high [ values. Empirical evi-
dence for localization of incomplete fusion reactions in /
space has been deduced from y-ray multiplicity measure-
ments in coincidence with charged particles associated
with a given reaction channel ®!!

Of all the states populated in 2!2Bi only the ones that lie
roughly between the yrast line E,(J) and the entry line de-
fined by E,(J)=E,(J)+ B, will eventually decay either to
the ground state or the two isomeric states. The availabil-
ity of many high spin proton and neutron orbitals close to
the Fermi level gives rise to a large number of low-lying,
high-spin states in 2!’Bi. This can be concluded on the
basis of the observed level structure in the neighboring
odd-odd isobaric nuclide 2'?At (Ref. 12) or by considera-
tion of coupling an odd neutron in one of the orbitals
89,2, i11,2, OF jiss to states in 2!'Bi.1* The yrast line in

Bi may thus be expected to rise relatively slowly as a
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FIG. 7. In the upper part the calculated angular momentum
distributions prior to particle emission for the binary reactions
208pp(180, N ??Bi  (solid curves) and Pb('30,"*N)*Bi
(dashed curves) are plotted for projectile energies of 100, 140,
and 180 MeV. In the lower part average angular momentum
values (J) for the same reactions are plotted as a function of
projectile energy. The following values were used for the empir-
ical model parameters: T =3.5 MeV, R /(AP +4)3)=1.5
fm and A=2.07% (Ref. 8).
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function of J and states of J =20#—25% should be avail-
able at about 3—4 MeV. The neutron binding energy of
212B; is 4.34 MeV. The population of the isomer depends
on reaching a sufficient spin while still maintaining an ex-
citation energy at that angular momentum so as to pre-
clude neutron emission. Thus the region of population for
the three long-lived states in 2!’Bi is a relatively narrow
zone in the E-J plane.

Let us assume that the J distributions depicted in Fig. 7
roughly represent the entry state angular momentum dis-
tributions. The statistical y-ray cascade will broaden the
spin distributions and shift the distribution in the direc-
tion of J values with the highest level density. The
overall effect is for the sharply peaked J distributions to
spread out slightly with an overall shift to lower J values.
The rapid rise of the o, ,/0g and 0, /04 as a function of

the projectile energy is consistent with the fast increase in
the average angular momentum brought into the system.
However, on the basis of the calculated J distributions one
would expect that at higher bombarding energies Om,

would exceed 0, whereas the maximum observed ratio of
Om,/0m, value is only 0.04. The states corresponding to

the higher upper tail of the J distribution are at, or close
to, the yrast line and deexcite by a cascade of y rays
through yrast states. The actual population of the
J7=15" isomeric state depends on the relative number of
the cascades reaching the yrast line with J > 15%. In addi-
tion, the relative population of this state may also critical-
ly depend on the availability and location of other discrete
levels with J =15 or 151 at about the same excita-
tion. 41

C. Reaction cross sections

A large number of both experimental and theoretical
studies of cross sections for heavy ion induced multinu-
cleon transfer reactions have been carried out during the
last few years (see, e.g., recent review papers'”!®). Much
attention has been paid to binary processes, in which pro-
jectilelike and targetlike fragments are formed. These
studies have focused on different aspects of incomplete
fusion reactions, such as energy and angular distributions
of the projectilelike particles,'® excitation functions,?%2!
angular momentum transfer,>!! and associated light parti-
cle emission.”?” A number of models have been used to in-
terpret the accumulated data. A commonly used model is
the sum-rule model proposed by Wilczynski et al.” The
model leads to definite predictions of absolute cross sec-
tions for all possible incomplete fusion channels and their
localization in the [ space as already discussed in Sec.
IIIB.

Up to now most of the incomplete reaction studies have
dealt with the major reaction channels and very little in-
formation is available about weak, highly asymmetric
transfer channels of the type studied in this work. How-
ever, in a recent paper by Lee et al.,?! excitation curves
for production of heavy actinides from interactions of 20
with 2®Cm and 2*’Cf were measured. Although the ob-
served peak cross sections for an effective transfer of the
same number of protons and neutrons from the projectile

2165

to the target are rather comparable to our values there is a
striking difference in the behavior of the excitation curves
as a function of energy. In the actinide region the reac-
tion cross sections reach their peak value typically some
20—30 MeV above the Coulomb barrier and then decrease
steadily as the bombarding energy is increased. The rate
of decrease seems to be roughly proportional to the num-
ber of transferred protons and the total number of
transferred nucleons. In contrast, the cross section curves
for production of Bi isotopes are relatively flat over the
range studied. A possible cause for the seemingly dif-
ferent behavior of the cross sections at higher bombarding
energies is the large difference in fission barrier heights.
In the former, the barrier heights are typically 5—6 MeV
(Ref. 23) and in the latter about 20 MeV,?* with shell ef-
fects playing a dominant role in shaping the barriers in
both cases. The critical question with regard to the heavy
actinide region is what will happen to the fission barrier
as a function of angular momentum. The underlying
liquid drop will only decrease on the order of 0.5 MeV
with spins even up to 207 (Ref. 25) (greater than the spins
implied for the isomer ratio analysis as discussed in Sec.
II for the Bi isotopes). However, since the barrier is pri-
marily shell stabilized, the more important question is
how the shell effects vary with angular momentum. We
do not have an explicit calculation of this quantity but be-
lieve it will vary among the heavy actinides and make pre-
cise predictions of the location of the production cross
section maxima difficult.

The very different shape of the target nuclei in the Pb
and Cf regions may also influence the reaction cross sec-
tions as suggested by recent experiments of Tricoire
et al.?® (see also Ref. 17) in which it was found that the
localization of the entrance channel angular momentum
window depends on the target deformation. An indica-
tion of such an effect may also be the large peak cross sec-
tion, about 1.5 ub, for an effective transfer of "He to
29Cf, while the peak cross section for the same transfer to
208p is only about 0.04 ub.

The calculated sum rule cross sections'® for the incom-
plete fusion reactions 2%Pb('%0,5—*N)?!!+*Bj (x =0, 1,
2, and 3) are shown in Fig. 8. The predicted cross sections
fall steeply when the calculated excitation energy of the
residual nuclide exceeds the neutron binding energy. It is
seen that the measured excitation functions (Fig. 2) do not
behave as predicted, but stay relatively constant over the
studied energy range. It is apparent that the sum rule
model prediction cannot give a satisfactory explanation
for the observed cross section data.

A comprehensive study of transfer reactions induced by
heavy ions in 2®Bi has been carried out by Gardés
et al.’®?" They have measured excitation functions for
the production of 2!°Bi, 21%Po, 2!1A¢t and 2!'Rn corre-
sponding to an effective transfer of 1n, 1p, 2p, and 3p-1n
from the projectile to the target, respectively. All the ex-
citation functions exhibit a sharp increase at low energy
and a relatively constant value at high incident energy.
The positions of the thresholds are strongly influenced by
the reaction Q values. These experimental results are
qualitatively similar to our results dealing with more com-
plex reaction channels. The energetics can be character-
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FIG. 8. The calculated “sum rule” cross sections for the
208pp(180, 15—*N )211+*Bj (x =0, 1, 2, and 3) reaction (Ref. 10).
The dashed curves indicate the calculated cross sections prior to
particle evaporation from the excited targetlike fragment.

ized by the expression Qg —AB, where Qg is the mass
balance in the reaction and AB=V/(R)—V;(R) is the
difference between the maxima of the interaction poten-
tials in the exit and entrance channels. The values of
—AB are given in Table I for reaction channels lead-
ing to 2!''~2!*Bi nuclides from 2**Hg, 2°°T1, and 2**Pb tar-
gets. The interaction potentials V(R)=V(R)+ Vn(R),
where V(R) and Vy(R) are the Coulomb and nuclear
potentials (ro=1.0 fm, Vy=—30 MeV),?® were used to
calculate the Qp, —AB values. The effect of increasingly
negative Qg —AB values for the 2°Pb('%0,'5—*N)?!!+*Bj
reactions with x =0, 1, 2, and 3 causes a shift of reaction
thresholds upwards in energy as seen from Fig. 2. The
fact that only an upper limit was observed for production
3212:& is consistent with the highly negative Qg —AB
ue.

TABLE 1. Values of the expression Qg —AB, in MeV for the
reaction channels leading to 2!1~21Bi.

Product
Target

211Bi 212Bi 213Bi 214Bi
208pp —2.1 —8.9 —14.7 —31.2
20511 4.0 —10.8 -19.2 —36.7
204 g 3.5 -39 —7.6 —225
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Gardes et al.?® explain the constant cross sections ob-
served for the high energy part of excitation functions by
assuming that the optimum distance of approach,

Rop=ro(41”+457),

is independent of energy for the higher bombarding ener-
gies. The range of R values, AR, for which the transfer
probability is significant is also taken to be constant. In
addition, the shape and amplitude of the transfer proba-
bility for a partial wave [ are taken to be independent of
incident energy. With these assumptions the cross section
for a given transfer reaction can be written in the form

12

o(E)=P(hmA* 3 21 +1),
II

where E is the c.m. incident energy and /, and [, are the /
values corresponding to the edges of the R window, AR.
The above discussed two concepts: the energy balance of
the reaction at the distance of approach where the transfer
occurs, and the optimum distance of approach for
transfer, are quite successful in explaining the behavior of
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FIG. 9. The observed maximum cross sections for an effec-
tive transfer of X nucleons from the projectile to the target for
180 induced transfer reactions on 2°*Pb, 2°5T1, and ***Hg targets.
The arrows indicate measured upper limits. The symbols refer
to various targets and effective particle transfers as indicated in
the figure.
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the observed cross sections at low incident energies and
also the appearance of the “high energy plateau” for the
reactions studied by Gardes et al.?® The same qualitative
features are apparent also in the case of the more complex
transfer reactions studied in this work. However, a slid-
ing ! window that maintains the constant cross section
may not be consistent with the low angular momentum
transfer inferred from our observed isomer production ra-
tios. The large variations of absolute cross sections for in-
dividual reactions could in the above model be associated
with a dependence of the P (/) factors on other parameters
characterizing the transfer reactions, e.g., the effective
number X of nucleons transferred from the projectile to
the target nucleus. The dependence of the transfer reac-
tion cross sections on X has been discussed by Karp
et al.”® and by Lee et al.?"? for reactions of the type
under discussion. In Fig. 9, we present as a function of X
the maximum cross sections for transfer reactions studied
in our experiment. The dependence of the cross sections
on X show, in general, a rapid decrease in yield with in-
creasing mass transfer. However, other variables beside X
can be important in determining the yield. We note the
81 transfer cross section is ~500 times greater than the
8He transfer. This increased yield could be due to the
more favorable energetics, as presented in Table I, of the
SLi (Qp—AB =-3.9) vs that for *He (Q,—AB
=—14.2). The general rapid decrease is similar to what
has been observed in the 30 reaction with 2*Cm, 24Cf,
and 2*Es.2? However, as pointed out previously, the
cross section for (2p,5n) transfer and possibly also for oth-
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er (2p,xn) transfers are much larger for a >*°Cf target than
for a 29°T1 target. This puzzling feature is, of course,
beneficial for production of neutron excess actinides.

IV. CONCLUSION

These experiments have demonstrated the viability of
using the transfer mechanism to produce substantial
quantities of neutron excess isotopes. The measured exci-
tation functions are much flatter than predicted by, e.g.,
the sum rule model. Also the angular momentum
transferred in these reactions as determined from isomer
production ratios appears to be smaller than predicted by
the model. The consequence of both the relatively high
production yield and the low angular momentum are
favorable for the production of neutron excess heavy ac-
tinides. Low residual excitation energy and angular
momentum will help these systems survive fission decay
competition.
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