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Transfer Products from the Reactions of
Heavy Ions with Heavy Nuclei
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ABSTRACT

86

Production of nuclides heavier than the target from ° Kr and

136 h lalTa and 238U has been investi-

Xe induced reactions wit
gated. Attempts were made to produce new neutron excessive nieptunium
and plutonium isotopes via the deep inelastic mechanism. No evidence

was found in this work for 242Np or 247Pu.
£ 242Np, 247P

Estimates were made
for the production o u, and 248Am from heavy ion
reactions with uranium targets.

Comparisons of reactions of 86Kr and 136XE ions with thick

181“ targets and 86I(r, 138

Ye and 238y ions with thick 238U

targets indicate that the "most probable" products are not dependent
on the projectile. The most probable products can be predicted by the
equation

-7 = 0.43 (A-A

target target) *+ 1.0

The major effect of the projectile is the magnitude of the production
cross-section of the heavy products. Based on these results, esti-

mates are made of the "most probable* mass of element 114 produced

48

from heavy ion induced reactions with 2 Cm and 254Es targets.
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These estimates give the mass number of element 114 as ~287 if
produced in heavy ion reactions with these very heavy targets.

Excitation functions of gold and bismuth isotopes arising from

86 136 181

Kr and Xe induced reactions with thin Ta targets were
measured. These results indicate that the shape and location {in 2
and A above the target) of the isotopic distributions are not strongly
dependent on the projectile incident energy. Also, the nuclidic
cross-sections are found to increase with an increase in projectile
energy to a maximum at approximately 1.4-1.5 times the Coutomb
barrier. Above this maximum, the nuclidic cross-sections are found to
decrease with an increase in projectile energy. This decrease in
cross-section is believed to be due to fission of the heavy products

caused by high excitation energy and angular momentum.
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1. INTRODUCTION
A. Background

Since the first particle accelerators were built, a major effort
has been made to produce new elements and new isotopes of known ele-
ments. The synthetic elements beyond element 101 ware produced by
light heavy jon! (z< 10) reactions. 1In these reactions, two
predominant mechanisms are cbserved--direct interaction and compound
nucleus formation. Direct interaction or direct reactions involve the
transfer of a few nucleons and, consequently, small transfers of
energy. In compound nucleus formatien the target "absorbs® the pro-
jectile to form an excited compound system which is statistically
equilibrated. The compound system then deexcites by particle emission
and fission.z Compound nucleus formation was the basis of the
production of the elements Z = 101 to Z = 106.

As heavier projectiles are used anc¢ the compound nucleus is
pushed beyond the known elements, fission of the compound system
becomes more important. As the projectile mass r=aches beyond that of
argon, not only is fission of the compound system observed hut also a
new reaction mechanism is observed. The mechanism has become known by
several names—-deep inelastic transfer, strongly damped collisions and
quasi-fission. This new mechanism has been observed in the reactions

3 40Ar, 63Cu, 84 4-10

of very heavy ions™ such as Kr, an- i Lr.

It now appears that incomplete fusion reaction or massive transfer may

11,12

occur with projectiles lighter than argon. Deep inelastic



reactions have been observed to compete with compound nucleus forma-
tion more and more as the projectile becomes heavier. When the
projectile is as heavy as Xe, no indication of compound nucleus
formation is found.la’14

When compound nucleus formation using the reaction
48Ca + 2486n35'17 failed to produce superheavy elements with
half-lives greater than several seconds, ather methods had to be
considered. One possibility is that the half-lives of the superheavy
elements produced in the reaction 48Ca + 248Cm are too short to be
observed in previous experiments. Future experiments may be designed
to search for shorter half-lives. Another possibility is tha* all of
the superheavy elements undergo fission at the excitation energies
available in the compound nucleus reaction. The deep inelastic
transfer mechanism may aliow significant mass transfer with Tow enough
excitation energy to produce observable amounts of superheavy ele-
ments. For this reason the deep inelastic process has been considered
a possible pathway to the superheavy elements.la'21

A wide range of projectile and target combinations has been used
to study deep inelastic transfer reactions since this mechanism was
first observed. It is beyond the scope of this work to attempt a
summary or review of all of this effort. However, much of the work is

discussed in several recent reviews and '!ectur-és.z’la’zz'25

The
most attractive feature of deep inelastic transfer reactions for new
element and new isotope production is the possibility of transferring

large numbers of nucleons from the projectile to the target.



Deep inelastic processes have several distinguishing
characteristics. The initial kinetic energy of the projectile is all
or partially dampad into internzl excitation and collective degrees of
freedom. This yields product kinetic energies ranging down to the
Coulomb energies of the products. A transfer of nucleons takes place
while the target and projectile are in contact. However, the product
masses are observed in distributions centered around the target and
projectile. For heavy target-heavy projectile systems the transfer of
mass is mainly toward symmetry of the system. There is evidence that
the degree of mass transfer is related to the dissipation of the
kinetic energy.26 The angular distributions of deep inelastic
products show side peaking for light products whose kinetic energy is
s1lightly above the Coulomb energy. Those light products resulting
from a more direct reaction process are forward peaked. Products of
various degrees of energy dissipation fall between these extremes.
Further, large amounts of angular momentum transfer can result from
deep inelastic collisions.

Most studies of the deep inelastic process have been performed
using in-beam methods such as the E-aE te1escopes.27 These methods
are limited to observation of products of Z < 60. Much important
information about the kinematics of deep inelastic reactions has been
gained through this work. However, only limited direct information
about the heavy partner--particularly products heavier than a heavy
element target--is gained in this manner. Several experiments have

been performed to observe production of elements heavier than the



target. Much of this work has been performed with uranium

28-32 33 and tantalum targets.34 In order

targets, gold targets,
to determine the best reactions to use in order to produce new ele-
ments and new heavy isotopes, it is helpful to map out production of
nuclides abuve the target by observation of known nuclides. If trends
in heavy nuclide production are observed, perhaps .hese trends can be
applied to synthesis of new elements and new heavy isotopes from other
target-projectile combinations.
B. Proposed Study

This work is presented in two parts. The first deals with
attempts to produce new neutron excessive isotopes in the actinide
region. The second deals with production of nuclides heavier than the
target in a mass region where fission does not play as irportant a
role in the deexcitation of primary products from deep inelastic
collisions.

28-32 have shown that

Heavy ion experiments with uranium targets
fairly broad isotopic distributions of the heavy actinide elements
result from these reactions. [t seems likely that previously unknown
neutron excessive nuclides could be produced by deep inelastic reac-
tiops with sufficient cross-section to allow observation and identi-
fication. Because cross-sections drop fairly rapidly as Z is

increased above the target, a good place to start a search for new

nuclides is near the target.



(4]

Uranium was chosen as the target for the initial work in the new
isotope production studier. Uranium foils are readily available and
can be obtained in e;sentially monoisotonic composition (99.8 percent
2380). Further, most other studies of actinide production in heavy
jon reactions have been performed with uranium targets. For this
reason any information peripheral to new isotope production from heavy
jon reactions with uranium targets can be compared and added to
existing data. Uranium requires no special handling as do other
heavier actinide targets, and uranium can be obtained in thick foils
to maximize the number of target atoms and thus the production of
heavy nuclides.

Having chosen 238U as the target, possible new heavy nuclides
include 242Np, 247Pu, and 248Am. A1l of these are predicted to
be beta-particle emitters and the half-lives are predicted to be

~20 minutes, ~15 minutes, and ~25 minutes, respectively.35 (Shortly

242Np was produced through use of a

after this work was initiated,
different type of reacton.)36 In order to observe any beta-

particles emitted by these nuclides, it is necessary to chemically
separate them from all other activities. If this work proved success-
ful the experiments would be extended to other elements and oiher
target-projectile combinations. If it did not prove successful (as
was the case) astimates of production cculd be made and other possible

reactions to produce these isotopes could be suggested. This region

of the Chart of the Nuc1idesa7 is shown in Figure 1.



The second part of this study deals .i..i heavy element production
from tantalum targets. Tantalum was chosen as the target for this
study for several reasons. First, it is essentially monoisotopic

181Ta); this alleviates any ambiguity as to which

(~99.99 percent
target isotcpe the projectile reacted with to give a particular
product. Second, use of tantalum as the target allows a range of Z of
approximately ten over which to observe products heavier than the
target. Since the cross-sections of most of these nuclides are
expected to be less than one millibarn, chemistry is almost certainly
required to observe these products and the chemistries of these ele-
wents are fairly simple. Third, tantalum is of high atomic number
(Z = 73) so one would expect some similarity with reactions involving
other high atomic number targets (with the exception of fission in the
case of 209Bi and 2380 targets). Finally, tantalum is a good
target material. This means that tantalum has a high' melting point
( 3000°C) and can thus withstand kigh beam intensities and therefore
high temperatures. It also is a strong metal and can be rolled into
thin self-supporting foils and can be obtained in high purity.
Experiments using thick tantalum targets were planned to map out
the region of iridium to bismuth. This region of the Chart of the
lluclides38 is shown in Figure 2. Chemical separations are r.equired
in order to cbserve the small amount of activity due to these nuclides
as opposed to bulk activity due to all other reaction products. The
samplus are analysed for gamma-ray activity to identify individual

isotopes. Nuclidic cross-sections are determined and plotted versus



nuclidic mass number to obtain locations of the peaks in the isotopic
distributions. Also, the decrease in cross-section with increase in Z
above the target is observed. These results are compared with results
from other heavy ion-heavy target systems to get an idea of trends in
product‘ion above the target and to observe any differences caused by
fission.

Also, as a part of this study, a series of thin target experiments
were performed. The term "thin target™ refers to a foil whose thick-
ness is such that the beam energy is degraded a relatively small
amount as compared to the term “thick target® which refers to foils
which are thick enough to degrade the beam from the incident energy to
the Coulomb barrier for the reaction. In other words, the energy of
the beam as it exits a thin target is above the Coulomb barrier.
Recoiling reaction products that escape from the thin target are
stopped in aluminum. From the work of Otto, et al.,39 ~10 mglcm2
of aluminum should be sufficient to stop essentially all recoils which
might escape from the target. This series of experiments was per-
formed to obtain information about the dependence of nuclidic cross-
sections and of the shapes of isotopic distributions on the energy of
the projectile. This, too, involved the use of chemical separations
and gamma-ray analysis. Both the target and the aluminum catcher foil
were dissolved in the separation procedure to insure the observation

of ail products from the reaction.



8

86l(r and 13GXe were chosen as the projectiles for this study
for several reasons. First is a practical reason--these beams are
"readily" available at the SuperHilac at beam intensities high enough
(>100 namps. d.c.) to allow radiochemical studies. Also, both of
these projectiles have been used in numerous reactions with tantalum
and uranium targets and other ncavy eiement targets, thus facilitating
comparisons. Also, any differences in the reactions of the two
projectiles are to be observed.

C. Other Heavy Ion Experiments with Tantalum and Uranium

A wide range of experiments has been performed with uranium
targets. These include reactions induced by Kr and Xe ion projectiles

at energies near the Coulomb barrier to detesmine the extent of

40-42 attempts to produce superheavy

63Cu,43

Coulomb fission of uranium;

elements via compound nucleus formation with via fission

of the compound system in the reaction of xenon with uranium,44 and

via the deep inelastic reactions of 86I(r, 136)(e. ard 238U with

45-49

uranium. Also, numerous experiments have been performed using

heavy ion reactions with uranium to study the mass distributicms,6'll
and to study characteristics of deep-inelastic processes by measure-

ments of charge distributions, angular distributions and kinetic

50,51

energy spectra of fragments. Several reactions with thick

targets to measure heavy product yields have been reported as

28-32,34

well. These last experiments will be discussed further at

the end of this work.



In contrast to uranium targets, tantalum has not drawn much

52

attention. Investigation of one reaction with 86I(r- ions”“ and one

with 136xe igns33

are the major works. These experiments were
designed to measure charge distributions, kinetic energy spectra and
angular distributions of the projectile-like fragments to characterize
the deep inelastic process. One set of experiments has been performed
using the reaclion of 34Kr jons with tantalum targets (as well as
other target-projectile combinations) to identify products heavier
than the 1:«1|r-get.34 Numerous other heavy ion reactions have been
performed with targets such as 2ogBi, 208Pb and 197Au. Some of

this work will be mentioned later in this paper. The reference list

in Reference 22 will lead to descriptions of most of the work.
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11. EXPERIMENTAL METHOOS

In this section and the two which follow, a broad range of
procedures will be discussed. These procedures may be classed as
irradiations, chemical processing of targets, and data collection and
analysis. Each of these will be discussed in detail in the following
sections. Where necessary, the discussion will branch to consider the
differences in the procedures for the handling of tantalum and uranium
targets.
A. Irradiations

All irradiations performed as a part of this work took place at
the Lawrence Berkeley Laboratory SuperHﬂac.s4 The Supertilac is a
linear accelerator which can deliver projectile ions as heavy as
Zoan at energies up to 8.5 MeV per nucleon. Work is currently in
progress to extend this capability to uranium beams.55 The irradia-
tions took place at the end of the 0° beam 1ine-£32. More recently,
this area has been enclosed and modified and is now #-rmed the SHEIKS
cave.

Energy measurements were performed by insertion of a Si-Au surface
barrier detector into the beam-line just forward of the tarset
system. Typical energy spectra are shown in Figure 3. The lower of

136xe

these is for a 86Kr beam and the upper spectrum is for a
beam; the measured energies are shown on the spectra. There is a
crystal defect involved with this type of measurement which shifts the
measured energy spectrum approximately 30 MeV below the actual beam

energy. Because of the locati- - of the targets, there could be
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problems with ®contamination® of the desired beam with lower enéFgy
jons. Special care was taken to see that these lower energy peaks in
"the heam energy spectrum were rémoved or kept to a minimm. This was
checked before and after each irradiation as well as pericdically
throughout each irradiation. When extraneous energies exceeded
approximately 10-20 percent of the total beam, the target was
discarded. In all experiments reported on in this work, beam
contaminants did not exceed a few percent.

Projectiles used in this study included BBKr and 136Xe. The

85Kr was +22 and that of the xenon ions

average charge state of the
was *29, These values were arrived at by the beam studies group56
and were checked once during the experiments.

A listing of all irradiations performed in this work is given in
Table 1. Each irradiation is designated by a code for identifica-
tion. This code is read as experiment number two for the reaction of
xenon with tantalum for the code XT2., A "K' used in this code

Bskr as the projectile. A letter representing

represents the use of
the chemical fraction would follow this code.

B. Target Systems

A1l of the uranium target experiments used the copper TAG target
system which has been in use at both the 88" cyclotron and the Super-
Hilac for many years. The target is mounted onto the face of a large
copper block and held in place with an aluminum ring. The block and
target arrangement fit into an adapter which in turn is connected to

the beam line. A carbon collimator is located within the adaptor
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Table 1. Irradiation Information

Incident

~Target Length of Average
Experiment* Thickhess  Enerqy (1ab)  Powbardhent Intensity
Ku3 23.8 mg/cm? 731 Mev 419 min 1600 nA d.c.
Ku4 23.8 731 1 1660
XUs 20.1 1156 600 1290
KT3 21.6 731 355 940
KT4 4.77 506 206 250
KT5 4.70 394 193 360
KT6 4.68 731 255 400
KT7 21.6 731 443 1350
KT8 4.58 620 268 350
12 19.6 1156 287 870
xT4 19.6 1156 354 1120
X7 5,24 1156 190 390
XT8 4.85 980 248 330
XT9 5.00 a01 201 360

*Experiment code: K = 86kr; X = 136Xe; U = uranium, T = tantalum;
nunber represents experirient number of t!. ~ reaction.
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upstream from the target. The collimator used in these ,exger;__i,men"cg is
1.2 om diameter. Figure 4 gives a diagram of this system. MWater is
circulated through the copper block for cooling. The copper block
serves as part of the Faraday cup for determining integrated beam
intensity.

The tantalum experiments were carried out in the new SHEIKS cave
area at the SuperHilac using a target system designed by Matti Nurmia
and modified by Kenton Mocdy. This 's,ystem is similar to the TAG
system but with the capability of also handling gas-cooled thin
targets. It is a modular system allowing easy removal of targets. A
diagram of the system.is given in Figure 5. Figure 6 is a photograph
of the target system. Targets and catcher foils are mounted on an
aluminum slug and held in place ¢a the stainless steel, water-cooled
beam stop with a copper ring. The inner diameter of this copper ring
is larger than the diameter of the ~ollimated beam. Water is circu-
lated through the tail-piece cooling the target from the back. The
tail-piece twistlocks onto a teflon ring which serves as an electrical
insutator t.>etween the target and the collimator. The teflon ring, in
turn, is mwunted to the copper housing of a carbon collimator.
C411imator sizes used in these experiments vary between 0.95 cm and
1.6 cm diameter. The copper housing is mounted to a second teflon
ring which is mounted to the beam-line adaptor. The target tail-piece
unit is used as a Faraday cup for beam integration. The beam flux is
monitored and integrated by a Brookhaven Instruments Corporation

electrometer in all irradiations.
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€. Targets
The uraiiim targets used in this work were obtained from Lawrence

Livermore Laboratory. Thesé weré: depleteéd uranium disks 2.5 cm or
1.9 cm in diameter and 1.0 mm thick. From experiencé, this material
was found to be free of impurities which would interfere with the
chemistries. No eleméntal analysis was performed since it {s not
possible to produce the transuranium nuclides in significant amounts
other than from the reactions with uranium.

The thick tantalum targets were obtained from Orion Chemical Co.,
Huntington Beach, Ca. This foil was approximately 0.076 mm thick.
Table 2 gives the analysis of the material performed by Orion
Chemical., Also, a sample of the foil was given to Dr. Walter Loveland
of Oregon State University for neutron activation analysis. He
observed no impurities in the material; Table 3 gives upper limits
which were determined for a range of elements.

Thin tantalum foils of 0.0030 mm thickness were obtained from
A.D. McKay, Darien, Ct. These are pin-hole free unsupported metal
foils. An analysis of the foil is given in Table 4. The major
contaminant is niobjum. The compound nucleus from the reactior of
krypton with niobium is iridium. This is lower in Z than the products
of interest--gold and bismuth—and thus is no problem in the reactions
studied. However, in the reaction of xenon with niobium this is not
the case. Gold and bismuth would not arise from a compound nucleus
type reaction between niobium and xenon, but could conceivably arise

from a transfer of mass to xenon (see, for example, Ref. 57 and 5C'.
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Table 2. Analysis of 0.076 mm 99.99"% Tantalum {in ppm). Reported
by Orion Chemical Co. (Lot 1715)

Pb + Bi <10 Ni 5
Nb 25 Si 5
W 25 all other <10
Fe 30

Table 3. Analysis of 0.076 mm 99.99% tantalum (in ppm). Reported by
Walter Loveland. (Upper limits only - no impurities observed)

a1 45 Sb 1.2
Ba 330 Ce 1.3
Dy 0.44 Sm 0.54
Mn 1.1 Eu 0.11
Lu 0.24 Tb 0.25
Cr 7.2 Yb 2.8
Hg 1.6 Sc 48 ppb

In 15 Co 0.086 ppb




Table 4. Analysis of 0.0030 mm Tantalum (in ppm). Reported by A. D.

McKay, Co.
Al 5 Mo 100 v 5
Ca 2 Na 10 W 100
Co 1 Nb <500 r 10
Cu 2 Ni 3 C 2
Fe 30 Si 10 H 2
Mg 5 Sn 2 N 25
Mn 2 Ti 20 0 50
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However, since a sizeable mass transfer is involved to produce gold
and bismuth from xenon, the cross-section for this reaction would be
extremely small, This fact combined with the relatively small amount
of 1iobium present renders the contribution to gold and bismuth from
this source insignificant. This same argument should hold for any
impurity of lower mass than tantalum. The only real problems would
arise from significant quantities of impurities heavier than tantalum
and these are absent in both the thick and the thin tantalum targets.

The aluminum foil used as a recoil catcher in the thin target
experiments was also obtained from Orion Chemical Co. This material
had a thickness of 0.015 mm and was 99.999 percent pure. An analysis
of the foil ic given in Table 5.

Target thicknesses were determined by two different methods
depending on whether the beam stopped in the foil or was only degraded
in energy when passing through the foil. The thin tantalum targets
were obtained pre-cut into one inch square pieces. These measurements
were checked and the foil was then weighed. The thickness in mg/cm2
was determined by dividing the weight in mg by the area of the foil in
cmz. The foil was assumed to be of uniform thickness.

The thicknesses of the thick targets were determined by the
following method. The thickness used in cross-section calculations
was determined by calculating the thickness of tantalum or uranium
required to degrade the beam energy from its incident energy down to
the Coulomb barrier. The range-energy tables of Northcliffe and
Schillin959 were used in these estimations. The Coulomb barrier was

determined using the relation:
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Table 5. Analysis of 0.015 mm 99.999% Aluminum (in ppm). Reported by
Orion Chemical Co. (Lot 4119)

Ca 0.1 Mn 1
Cu 1 Si 3
Fe 4 A1l Others <l
Mg 0.2
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144 (2,) (7))
B = p
L2 (af3+ A;/3) + 2.0

obtained from Reference 604, B. From this equation the energies of
the projectiles (in the laboratory frame) required to overcome the

Coulomb barrier are:

136y, , 161
86

Ta . 652.8 MeV

181y, 389.1 MeV

Kr +
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11I. CHEMISTRY
A. General

This cection is devoted to the chemical procedures used in this
work. As a part of the discussion the chemical properties upon which
the separations are based will be considered briefly. The procedures
themselves are a combination of numerous procedures and methods used
elsewhere. These methods are tied together in & smoothly flowing
chemistry which is a compromise of time and purity. The goal of most
of the work is to obtain as pure a sample as possible within a rela-
tively short timescale (about 2 hours, at most). The procedures
discussed here were arrived at through numerous trials and uses and
represent the best procedure used. Certainly there are alternate
methods which could be used and numerous revisions can improve upon
the separation procedures used here. Following the separa%ion proce-
dures will be a discussion of chemical yield determination and a
summary of samples obtained from each experiment.

The neptunium-plutonium chemical procedure was designed purely for
observation of new beta-particle emitters. A consequence of this was
that steps which may have increased chemical yield were ignored in
order to shorten the separation time. Later, this chemistry was used
in combination with gamma-ray analysis to determine the cross-s<ctions
and thus isotopic distribution of those nuclides produced in order to
explain why no new beta-particle emitters were observed. The trans-
plutonium separation was originally designed for alpha-particle

analysis of transplutonium samples from heavy ion reactions with
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31,32 This was modified to follow the neptunium-plutonium

uranium.
chemistry in this work. The goal of this procedure was to obtain
cross-sections for the production of americium isotopes via gamsa-ray
analysis in order to determine the feasibility of new americium
isotope production. Therefore, the sample did not need to be as clean
as that for beta-particle counting.

Similarly, it is not necessary to have absolutely pure fr.ctions
for samples from the tantalum target chemical procedures. However,
the cleaner the fraction is, the easier and more reliable the analysis
will be.

A1l chemicals in this work are standard reagent grade chemicals
obtained from numerous chemical supply firms. Saturated HC1 solution
is preparéd before use by bubbling HC1 gas into reagent grade concen-
trated HC1 solution. Solutions are prepared by dilution of the appro-
priate reagent with purified water obtained from a Millipore Water
Purification System. This system contains two mixed-bed ion-exchange
cartridges, an activated carbon cartridge, and two filters.

Ion-exchange resins were obtained from 8i0 Rad Laboratories. No
further sizing of the resins was performed. All columns packed with
resins were prepared by slurrying the resin in water and adding small
amounts of the slurry to the column full of water. As each aliquot
settled, another was added until the column of resin was the appro-
priate length. Next, a series of sslutions of various HC1 and NaOM
concentrations was cycled through the column followed by a water

wash. Finally, the column was equilibrated with the appropriate



22

solution before use. Columns used to contain the resin were thick
glass-walled tubes ending in a platinum tube tip and having a
reservoir at the top. Pressure was supplied via tygon tubing and a
regulator valve from a cylinder of compressed nitrogen.

The pH was determined using a Corning Digital 109 General Purpose
pH meter and a Ag/AgCl1 electrode.

8. Uranium Targets

The following discussion and procedure is based on information and
procedures contained in References 61-63. No single part of the
procedure comes exclusively from a given reference but represents the
use of a mixture of information from several references. Further
details of chemical properties and procedures may be obtained from the
sources contained within this reference list.

Uranium metal is readily soluable in numerous reagents including
nitric acid and aqua-regia. However, there is very Tittle control
over the dissolutisn using these reagents alone. In this work it is
necessary to have a fast, reproducible, controlled dissolution of the
target. A uranium-hydrochloric acid electrochemical cell allows
this. The major reactions employed in this cell are:

Uru* v e

2e"+ 24 >,

Theoretically, the dissolution should be a function of time

governed by the equation

- el
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where N = moles of uranium
i = current in amperes
t = time in seconds
F = 96,400 Coulombs/mole of electrons

n = moles of electrons

Figure 7 shows examples of calibration curves for hydrochloric
acid and nitric acid media. Deviations from the theoretical curve are
due in part to competing oxidation-reduction reactions; however, the
method allows a rough estimate and some degree of control of the
dissolution of the uranium metal target.

Once the uranium is dissolved, the problem becomes one of
obtaining samples pure enough for counting by the appropriate me*hod.
Since plutonium and neptunium are to be analysed for beta-radiation
emission rate, an extremely high degree of purity is required. The
transplutonium sample is to be analysed for gamma-ray activity arising
from the decay of americium isotopes, so extreme purity is not
necessary in the preparation of this sample.

For neptunium and plutonium it becomes necessary to achieve high
separation factors from the large mass of uranium, extremely high
activities of lanthanides, zirconium, hafnium, and the elements
between lead and uranium. The first separation to be performed is
removal of uranium and the bulk of radioactivities. A lanthanum
fh;oride precipitation performed with lanthanum and zirconium carriers

will co-precipitate all +3 lanthanides and actinides as well as
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neptunium {IV and V), plutonium (111 and 1V) and thorium. Most other
activities including zirconium, hafnium, protactinium, and uranium
(present as uo;z) do not precipitate. Washing of the precipitaie
will remove residual contaminants trapped in the precipitate.

Anion-axchange chromatography mzy be employed for separation of
neptunium and piutonium from all other activities precipitated by
lanthanum fluoride. If the dissolved fluoride precipitate is loaded
onto an anion-2xchange column in approximately 8M HN03, thorium,
neptunium, plutonium (IV) and any residual uranium are adsorbed and
the +3 actinides and lanthanides can be eluted with clean 8W HN03.
Thorium can be removed from the anion-exchange column by elution with
9M HC1. Because of “tailing" of the thorium band, further purifica-
tion from thorium is required. WNeptunium and plutonium are only
slightly adsorbed onto anion-exchange resin from 1M HC1 and can thus
be removed from the colum and the residual uranium which will remain
on the resin.

Upon further treatment on a clean anion-exchange column, neptunium
and plutonium can be completely separated from thorium and then from
each other. Loading the column in 9M HC1 minimizes adsorption and
tailina of thorium. Neptunium-plutonium separation is achieved by
reduction of plutonium (IV) to plutenium (III} using hydroiodic acid.
Plutonium (III) is not adsorbed by an anion-exchange column.
Neptunium is not adsorbed from a dilute «CI-HF solution and can be

removed from the column with this mixture.
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Returning now to the actinide-lanthanide fraction, it is necessary
to remove the bulk of the activity in order to detect the relatively
low levels of activity of americium. This fraction is not to be
counted to determine beta-particle activity so extremely high purity
is not necessary. Separation of actinides from lanthanides can be
partially achieved through the use of a cation-exchange column and
elution with saturated HC1 solution. The sample is prepared for this
step by precipitation of the +3 lanthanides and actinides as the
hydroxides using lanthanum carrier. After dissolution of L;(OH)3
with HC1 gas, radium can be precipitated onto BaCl2 using barium
carrier. Following these steps the sample can be loaded onto a
cation-exchange celumn. The +3 actinides exhibit lower adsorption
than most of the +3 lanthanides when the HC1 concentration is greater
than approximately 12M. Elution with saturated KC1 solution (~13M)
brings the transplutonium ions and ions of the heaviest lanthanides
off of the column in the first fraction. Actinium and the bulk of the
lanthanides are retained on the column at this point. Depenrding on
where the cut is taken for the first fraction, some of the residual
radium may still be in the sampie. This procedure is discussed in
greater detail in Reference 70.

A final clean-up step is required, particularly if the sample is
ever to be analysed for alpha-particle activity. Up to this point, ro
effort has been made to remove the lead and bismuth daughters which
have been growing in from their thorium and actinium parents since tie

initial precipitations. The final step makes use of the adsorption of
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ledd and bismuth onto ari-afiion-exchange column from dilute HC1. Under
tHEse'canﬁTtiohsb the ‘transplutoniim ions are not adsorbed. The
sample obtained after this step should be "clean” enough for alpha-
particle analysis and gamma-ray analysis but is not clean enough for
beta-particlé detection due to the presence of lutetium and possibly
ytterbium activities.

An attempt was made to obtain a pure americium sample for
beta-particle detection. The procedure attempted was based on the
methods of Moore.71’72 The prosedure called for oxidation of
americium (III) to americium (V) followed by either s>lvent extraction
or extraciton chromatography using bis(2-ethylhexyl) orthophosphoric
acid (HDEHP) as the extractant. Although the step involving extrac-
tion chromatography was relatively short and gave a high chemical
yield, it was necessary to use it as part of the existing transplu-
tonium chemical procedure or develep a similar chemistry in order to
obtain a high purity americium sample. Because of the length of time
involved in separation and the Tow cros;—sections predicted for any
new beta-particle emitting americium isotope, this approach was
abandoﬁed.

Thé details of the chemical procedure discussed above can be
described as follows. The dissolution procedure is one developed for
use with thick uranium targets.61 A drawing of the dissolver
apparatus is shown in Figure 8. A flow scheme of the separation is

given in Figures 9 and 10.
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Prior to ifradiation. the uraniuni foil is cleaned of oxidés in 8M
HNO,, rinsed in water and then in.ethanol and drigd. The tirgét is
stored in vacuum until the irradiation. After irradiation the target
is placed in a teflon cup on top of a copper electrode (see
Figure 8). The irradiated side of the target should be face up. A
teflon tube is screwed down firmly-on top of the uranium and the
entire apparatus is adjusted so that a platinum coil electrode is just
above the metal target. The platinum electrode is connected to an
oscillator and electrically connected to the negative lead of a
voltage source. The copper electrode is connected through an ammeter
to the positive lead of the voltage source.

At this point in the procedure, 2 ml1 of 2.5M HC1 is added to the
teflon holder. The oscillator source is turned on and the teflon
holder is further adjusted so that the platinum electrode gives
adequate stirring of the sclution. The voltage source is now turned
on and the voltage is adjusted so that the ammeter reads 1.5 ampere.
The timer is started at the instant the power is turned on and timed
for approximately ninety seconds. During this time the voltage will
periodically have to be adjusted to maintain a 1.5 ampere current. At
tre end of the dissolving period, the voltage source is turned off and
the platinum electrode is removed.

The black uranium-hydrochloric acid solution is removed from the
teflon holder and transferred to a 15 m1 centrifuge cone containing
tracers and carriers. The target and holder are rinsed with two 752

washes of water which are added to the uranium-hydrochloric acid
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mixture. Fingj!y% the sglutioq‘is heated in an oi1 bath and concen-
trated nitric acid and hygrochlgrig’gpiqigre’added dropwise until the
solution turns to thg,;léﬁr yellow ofAUQZz.

Using the above dissolution procedure it is possible to dissolve
about 120 mg from the face of the target. This translates to approxi-
mately 60 mglcm2 which is sufficientl& greater than the range of the
projectiles so as to capture all recoiling reaction products within
the target.

The centrifuge cone into which the uranium solution is transfered
contains approximately 500 micrograms of lanthanum and 500 micrograms
of zirconium as solutions of the nitrates. The tracers used are
237Np and 238Pu. After treatment of the solution with nitric
acid, the yeilow solution is cooled in an ice-bath and approximately
3001 of concentrated hydrofluoric acid is added (enough to yield a
roughly 2M solution of HF). The solutfion is allowed to stand for 3-5
minutes—-long enough to transport the 1iquid from the SuperHilac to
the Nuclear Science Building. The test tube containing the fluoride
solution is then centrifuged for 1 minute at high speed and the yellow
solution is then removed from the lanthanum fluoride precipitate.

The lanthanum fluoride precipitate is now washed with two 500x
aliquots of 2M HC1-HF solution to remove any trapped target solution.
Next, three drops of saturated boric acid solution and 150a of con-
centrated nitric acid are added to the precipitate. The soluticn
obtained from dissolution of the precipitate is roughly BM in HN03.
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It is transferred to the top of an aniofi-exchahge ¢olumn

(2.5 cm » 3 mm i.d.; Dowex 1x8, 400 mesh; flow rate = 6 drops per
min.) in the nitrate form. The solution is forced info the column
using pressurized Nz. The test tube is rinsed with one drop of 8M
HNO5 and this solution is transferred to the column and forced in.
Next, the top of the column is washed with one drop of 8M HNO3 and
this, too, is forced into the column. The column walls above the
resin bed are dried with a cotton swab. (Note: These added column
preparation steps were found to be necessary to prevent cross-
contamination of fractions.)

The anion-exchange column s rinsed with 20 drops (~0.02 m1/drop)
of 8M HND3 to remove the +3 lanthanides and actinides for further
processing (to be described later). The next step is to remove
thorium from the column by elution with 25 drops of 9M HC1. Finally,
neptunium and plutonium are removed from the column in 30 drops of 1M
HC1. This solution is taken to dryness and tﬁen taken up in two drops
of 9M HC1.

The two drops of 9M HC1 are added to the top of a fresh
anion-exchange column simﬂtar to the one used above. The performance
of this column is shown in Figure 11A. The solution is forced into
the column and followed first by a one drop wash of the test-tube and
then a one drop wash of the top of the column with 9M HC1. Again, the
top of the column is dried with a cotton swab. The column is now
washed with an additional 15 drops of 9M HC1 to remove any residual

thorium; this effluent is discarded. Plutonium is now eluted from the
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column by reduction to. the +3 oxidation state with 0.2M HI/12M HC1; 15
drops are collected and eviporated onto a 0.05 mm thick platinum disk
as the plutonium sample. Finally, neptunium is obtained by elution
with 0.1M HF/4M HC1; 10 drops are collected and evaporated onto
another 0.05 mm platinum disk as the neptunium fraction.

The samples are then mounted onto aluminum counting cards and
covered with one thickness of saran wrap. The samples are finally
placed in the beta-particle detectors for periods up to 1 month after
the end-of-bombardment. Table 6 gives an example of the times
involved for various steps in this chemical procedure.

At this point, some comments are necessary concerning the purity
of the neptunium and plutonium samples. Separation factors were
measured for separation of uranium, thorium, americium, and protacti-
nium from neptunium and plutonium. A1l separation factors (the ratio
of the initial count-rate to the count-rate in the chemical sample)
were at least 165 and most 1ikely much higher. It is expected that
the +3 lanthanides would exhibit separation factors similar to that of
americium. Analysis of the gamma-ray spectra of the experimental
samples showed no cerium contamination and no unidentified gamma-ray
energies. The plutonium-neptunium separation proved equally effective
with decontamination of the plutonium sample being greater than
105. Decontamination of the neptunium fraction was not measured
directly but is believed to be greater than 103 on the basis of

low-level tracer results.
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Attention is now turned to the transplutonium fraction.
Separation times are given at the bottom of Table 6. These times are
applicable when one person performs the full chemistry. The time
required for the transplutonium chemistry can be shortened substan-
tially and that for the neptunium-plutonium chemistry can be shortened
slightly by drafting a second person to perform one of the chemical
procedures.

After removal from the first anion-exchange column, the 8M HNO3
solution is neutralized with concentrated ammonium hydroxide by adding
the reagent dropwise until the solution turns cloudy, and then two
drops more are added. The mixture is cooled in an ice~bath and the
precipitate, La(OH)3, is centrifuged out. This is primarily a
volume reduction step. Following centrifugation and removal of the
supernatant, the precipitate is washed with two 5001 aliquots of cold
water. HC1 gas is then bubbled into the precipitate for 3 to 5
minutes after the precipitate disﬁolves. Following this, 1 mg of
Ba(N03)2 solid is added to the solution, the mixture is cooled in
an ice-bath, and more HC1 gas is bubbled in. The mixture is then
centrifuged and the solution is removed from the BaC’l2 precipitate,

The saturated HC1 solution containing the lanthanides and
actinides is placed on the top of a cation-exchange column (6 cm x
3 mm i.d.; AG MP-50 resin; flow rate = 3 drops/min) in the hydrogen
form. The solution is forced into the cSIumn and a drop of saturated
HC1 is added to the top of the column. This, too, is forced in and

the top of the column is dried with a cotton swab. The transplutonium
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Table 6. Chemical Separation Times (Time after end-of-bombardment) for
Neptunium-P lutonium and Transplutonium Separations.

Beam off : 0.0 miy
D'issqution complete 2.5
LaF3 and wash complete 17
on 1st anion-gxchange column 18
An-Ln off column 26
Th off column 32
Np—Pu off column 37
on 2nd anion-exchange column 50
Th off column 55
Pu off column 59
Np off column 62
La(OH)3 and wash complete 68
Balt'l2 precipitation 82
on MP-50 column 84
TP off MP-50 column 93
on 1.5M HC1 column 106

TP off 1.5M HC1 column 110
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elements are eluted from the column with 35-40 drops of saturated

HC1. The perfermance of the MP-50 column is sﬁamn in Figure 118. The
effluent is taken to dryness in a centrifuge cone and taken up in two
drops of 1.5M HC1.

The 1.5M HC1 solution is placed on the top of a third
anion-exchange column similar to the other two mentiomed above. The
test-tube is rinsed and the column prepared as before. The transplu-
tonium elements are eluted in the first 15-20 drops and this fraction
is evaporated onto a 0.05 mm thick platinum disk for analysis.

The only major contaminants in this fraction are ytterbium and
lutetium. These could have been removed as well by use of a longer
MP-50 column or using an alchohol saturated HC1-solution. However,
both of these procedures would have increased the required time for
separation considerably by taking longer to elute the transplutonium
ions from the column and by yielding larger volumes of effluent to be
evaporated. Alpha-particle pulse~height analysis showed no
contaminating alpha-particle peaks.

C. Thick Tantalum Targets

In this section will be discussed the separations performed.on
thick irradiated tantalum foils. The information and procedures are
contained in References 73-84. Two separation procedures are . .
discussed here. The first is designed to remove a gold fraction, a
platinum-iridium fraction, and a mercury fraction. The sacond is
designed to separate out thallium, bismuth, and lead into jndividu&f

fractions. : Lo i
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Tantalum has the quaiities of a good target but its chemical
properties cause problems with the separations of all the elements of
interest. The metal is only readily soluble in mixtures of strong iF
and HN03. The dissolution of 300-350 mg of tantalum requires rather
large amounts of HF. The presence of such high concentrations of
fluoride complicates most of the normal subsequent separation proce-
dures. Because of this, instead of separating the other elements from
the tantalum, it was decided to remove tantalum from the solutions
before further separations. The presence of fluoride (or some other
strong complexing agent) is required for tantalum to remain in
solution. If sufficient boric acid is added to complex all fluoride,
tantalum will precipitate out as the oxide. This then allows the use
of "normal" separation procedures. However, the large amounts of near
colloidal precipitate and high concentrations of fluoroborate cause
significant reductions in chemical yields by trapping and adsorption
in the precipitate.

Platinum and iridium both form salts with cesium of the form
CszMCl6 where M represents the metal ion. This will occur if the
me.al dons are in the +4 state but not ir the lower oxidation states.
Under the conditions existing in solution, iridium has a tendency to
reduce to the +3 state; hydrogen peroxide added to the solution can
oxidize iridium to the +3 state.

Both gold and thallium can be extracted into ethyl acetate from
solutions with an HC1 concentration greater than about 1.5M or an

HNO3 concentration of ~8M. AL somewhat ‘iigher HC1 concentrations,
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various other metals are extracted as well. Mercury is the only other
metal showing any extraction at low HC1 concentrations and its
affinjty for the organic phase is small and approaches zero at about
1.5M HC1. 1In order to obtain gold or thallium in reasonably pure
form, it is first necessary to extract them from solutions of approxi-
mately 3M HC1 to separate them from bulk activity. Then, the organic
phase can be washed with 1.5M HC1 to remove most other metal contami-
nants including mercury. For further purification, gold metal can be
precipitated or plated onto copper powder. Thallium can be reduced to
+]1 with sodium sulfite solution and then precipitated as the iodide.

Mercury can be reduced to the metal or to mercurous chloride with
stannous chloride solution. Mercury can also be plated onto copper
powder from 1M HC1.

Both bismuth aid lead are extracted from agueous solution by
diphenylthiocarbazone (dithizone) in an organic solvent. Bismuth is
extracted from a solution of pH ~2 into a CCI4 phase containing
dithizone. Silver will also extract at this pH; therefore, steps such
as silver chloride precipitation or plating of silver onto copper
powder are necessary clean-up steps. Bismuth can then be precipitated
as BiOC1 by dilution of an HC1 solution with water. Lead is best
extracted with ChCl3 as the organic phase from a solution of pH ~8
using citrate ion to stabilize the metal jon at this pH and using
cyanide ion to prevent the extraction of some t.;ontaminants. Once

back-extracted into a weak acid solution, Tead can be precipitated as
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PbCr04. (Note: Even with the cyanide ion present, enough con-
taminating activity followed the lead in this procedure so as to make
the lead fraction too impure to be useful.) l

_ Flow schemes for chemical procedures I and II used for thick
tantalum targets are given in Figures 12 and 13. The dissolution
procedure for both chemical procedures is the same. Approximately
300 mg of 0.076 mm tantalum foil is placed in the bottom of a plastic
centrifuge cone. The cone contains tracers and appropriate carriers
{~1 mg of each). To the cone, 1 ml of 4:1 concentrated HF: concen-
trated HNO, is added. Once bubbles begin to form the reaction
becomes extremely violent and produces a large amount of heat. As the
reaction slows, concentrated HNG3 is added dropwise until all of the
tantalum dissolves. The solution is beoiled in an oil bath for several

minutes in order to boil away excess HF and HNO3. The solution is

diluted to ~2 m) with water, approximately 300 mg of 3203 powder
is added, and the solution is heated for another 5 minutes. Next, the
solution is cooled and as much white Ta205 precipitate as possible
is centrifuged out. The solution is removed from the precipitate,
placed into a clean glass centrifuge cone, and allowed to siand for a
few minutes. Another centrifugation is performed and the solution is
transferred to a new tube. The solution is usually still cloudy at
this point but most of the Ta,0; has been removed.

To the approximately 2 ml of cloudy solution, roughly 1 ml of
ethyl acetate is added with vigorous shaking for 1 minute. (In

chemical procedure II, approximately 100a of concentrated HC1 are
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added during this extraction to enhance the thallium yield.) The
mixture is centrifuged and the organic phase transferred to a clean
centrifuge cone. Another aliquot of ethyl acetate is added to the
aqueous phase and the extraction repeated; the two organic phases are
combined for processing for gold or thallium. The aqueous phase is
set aside for further treatment. At this point the two procedures
begin to differ.

The carriers used in chemical procedure I (Figure 12) include 1 mg
each of platinum, iridium and mercury all added prior to dissolution
of the target. The organic phase from chemical procedure I is
processed for gold. It is evaporated to near dryness and 1M HC1 is
added. The solution is heated further until all ethyl acetate has
evaporated and then the solution is nncied. Approximately 1 mg of
copper powder is added and the mixture is shaken for 1 minute. The
mixture is then filtered and the powder washed with IM HC1 and then
water. The sample is then mounted for counting.

The aqueous phase from the extraction is processed for platinum,
iridium and mercury using chemical procedure I. Approximately 500x of
30 percent HZO2 and 5001 of concentrated HC1 are added to the
aqueous phase and the solution is heated in an 0il bath for a few
minutes. Tie solution is centrifuged to remove any Ta,0g which
may have precipitated, transferred to a clean centrifuge cone, and
then ~50 mg of CsC1 solid is added to the solution. The solution is
again heated, then cooled in an ice bath. The mixture is centrifuged

and the supernatant is transferred to a clean test-tuve. The




Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

15,
16.

17.

18.

19.
20

21.
22

23.

24.

25.

128

Detection efficlency calibration curve for g~ detectors.
Detection efficiency calibration curves for several counting
arrangements of Ge(Li)3.

Detection efficiency calitration curves for several counting
arrangements of Ge(Li)4.

g~ decay curve for neptunium fraction from experiment KU4.
g~ decay curve for plutonium fraction from experiment KU4,
Flow scheme for gamma-ray spectra data analysis.

Gamma-ray spectrum of thallium fraction from experiment KT7.
TAUZ display from analysis of the thallijum fraction from
experiment KTZ.

Isotopic distributions for Np, Pu, and Am from the reaction of

86Kr ions with a thick uranijum target. Incident energy is

731 MeV (8.5 MeV/A). Dashed curves are intended to aid the
eye and are only approximations. The No distribution is a
result of quasi-elastic transfer and deep/inelastic transfer.
Isotopic distributions for Np, Pu, and Am from the reaction of
136Xe jons with a thi;k uranium target. Incident energy is
1156 MeV (8.5 MeV/A).

Isotopic distributions for products heavier than tantaium from
the reaction of 86Kr jons with a thick tantalum target. The
incident energy is 731 MeV (8.5 MeV/A). Solid points
represent measured cross-sections. Open points represent

cross—-sections corrected for feeding from the parent where the

two cross-sections differ. The curves are "eyeball" fits to

the corrected cross-sections.
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The dissoiution and extraction steps of chemical procedure II -
{Figure 13) are the same as in procedure I. The only carrier used
initially is lead (0.5 mg) as a solution of the nitrate; --
carriers are added later. After the extraction with ethyl acetate,
the organic phase is washed with two 500x aliquots of 1.5M HC1.
Thallium is then back-extracted from the ethyl acetate into an aqueous
solution of sodium sulfite. At this point, 1 mg of thallium carrier
(as an aqueous solution of thallous chloride) is added to the sodium
sulfite solution used for back extraction. Roughly 500a of saturated
potassium iodide solution is now added and the solution is heated for
a short time. Next, mixture is cooled in an ice-bath, then centri-
fuged, and the supernatant is discarded. The precipitate is washed
with a small amount of ice water and filtered, and then the sample is
mounted.

The aqueous phase from the ethyl acetate extraction is carefully
adjusted to pH 2.5 by dropwise additions of concentrated NH40H and
6M NH40H. The pH must not be allowed to become greater than 4. A
large amount of white precipitate will form; this is the remainder of

the Ta20 After centrifuging out the Tazos. the pH is

5
checked and readjusted as necessary. Two extractions using 500x
aliquots of dithizone (DTZ) solution (25 mg OTZ/50 wi CCI4) are
performed; the two organic phases are combined. A back-extraction is
then performed on the DTZ solution using two 5001 aliquots of 2M HC1.
At this point, either silver carrier for silver chloride precipitation

or copper powder for reduction and plating of silver ion is added to
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remove silver (the copper powder was found to be more effective).
Finally; 1 mg of bismuth carrier (as an aqueous solution of the
chloride) i$ added to thé HC1 solution, the solution is diluted to
about 20 ml with water and a few drops of dilute NH40H are added to
precipitate BiOC1, The solution is heated for a short time then
cooled in an ice-bath and filtered. The filtered precipitate is
washed with cold water and then mounted.

Turning attention now to the aqueous phase from the DTZ
extraction, the final task is to remove lead. To the solution are
added 600a of saturated sodium citrate solution and 100a of saturated
potass ium cyanide solution. The pH of the solution is now adjusted to
8.5 with 6M NHQOH. Three 1 ml aliquots of DTZ/CHCI3 (300 mg
0TZ/50 ml cnc13) are used to extract lead. The organic phases are
combined and back-extractions are performed using three 1 ml aliguots
of 0.5M HC1. Roughly 500x of saturated Na20r04 solution is added
to the aqueous phase and then 1M NH40H is added dropwise until the
formation of PbCroq. The precipitate is filtered, washed with cold
water and mounted.

The thallium fraction from chemical procedure II is very clean
with the only contaminants being osmium and a small amount of iodine.
Even with steps to remove silver there is a large amount of contamina—
tion due to silver and other activites near silver in the bismuth
fraction. The lead fraction is so heavily contaminated that lead
activities are not observable. Examples of the separation times

involved in chemical procedures I and Il are given in Tables 7 and 8.
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Table 7. Chemical Separation Times for Tanzaism Chemistry 1

Beam off 0.0 min.
Ethyl acetate extraction 30

* Gold plating 45
t:szmil6 precipitation 6d
Hg precipitation 105

Hg pl ati-ng 120
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Table 8. ‘Chienical Separation Times for Tantalum Chemistry II

Beam off . 0.0 min
Ethyl acetate extraction 40
5052 back-extraction 50
T11 precipitation 55
pH = 2.7 70
DTZ extraction 75
Back-extraction 80
810C1 precipitation 90
pH =9 110
DTZ extraction 120
Back-extraction 125

Ph(:rO4 precipitation 130
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D. Thin Tantalum Target

The chemical procedure for the thin tantalum foil-aluminum catcher
foil combination is similar to the previous two procedures. Tne
dissolution procedure is different to make provision for the smaller
amount of tantalum and a small amount of aluminum. The separation
procedure is designed to obtain bismuth and gold in a relatively short
period of time. No carrier is used initially; however bismuth and
silver carriers are added later in the procedure where qecessary. The
flow scheme for this separation procedure is shown in Figure 14.

The roughly 30 mg of tantalum and 65 mg of aluminum are placed at
the bottom of a plastic centrifuge cone. First, 250a of 4:1
concentrated HF: concentrated HNO3 is added followed by 250x of
concentrated HC1. When the reaction slows, the volume is increased to
1 ml with water. Dropwise addition of concentrated HC1 continues
until all of the aluminum dissolves (the tantalum dissolves
“instantly" upon addition of the HF—HNO3 solution). Next, 100 mg of
8203 powder are added to the solution in the cone and the mixture
is diluted to 2 ml with water. After heating for 5 to 10 minutes and’
then cooling in a ice.bath the mixture is centrifuged and the
supernatant is transferred to a glass test-tube. .

Two extractions are now performed using 1 ml of ethyl acetate for
each extraction. The two organic phases are combined for processing
for gold. The organic phase is washed twice with 500x of 1.5M HC1.
Finally, the organic phase is boiled down in volume and then

evaporated onto a platinum disk for counting.
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The aqueous phase from the ethyl acetate extraction is boiled down
to ~1 m] then cooled and any remaining TaZO5 centrifuged out. The
supernatant is transferred to a clean cone and the pH is adjusted to 3
with concentrated NH40H and 6M NH40H; Again, any precipitate is
centrifuged out and the pH is readjusted as necessary. A dithizone
extraction is performed using two 5001 aliquots of DTZ/CC]4 (25 mg
DTZ/50 ml CC14). The organic phases are combined and a back-
extraction is performed using two 5001 aliquots of 2M HC1. This is
followed by either a silver chloride precipitation by addition of
silver carrier or plating of silver onto copper powder (without
carrier). Following this step, 1 mg of bismuth carrier (as an aqueous
solution of the chloride) is added, the solution is diluted to
20-30 m1 with water, and a few drops of 1M NH40H are added. The
BiOC1 precipitate is filtered out of the solution and washed with cold
water. The sample is then mounted.

The gold fraction contains iodine and rhenium as contaminants but
neither are of high enough activity to obscure the gold gamma-ray
lines. The bismuth fraction contains substantial contamination from
silver and silver-like products. This complicates the bismuth
analysis in the thin target experiments particularly in experiments
where bismuth isotopes are produced with low cross-sections. Plating
silver onto copper powder does a better job of silver removal than the

silver chloride precipitation. Separation times are given in Table 9.
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Table 9. Chemical Separation Times for Thin Tantalum Chemistry

Beam off 0.0 min
Ethyl acetate extraction 29
Sample evaporation 34
pH = 2.8 47
DTZ extraction 54
Back-extraction 57
Ag plating 59

Bi0C1 precipitation 64
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E. Chemical Yield Determinations

Two methods are used in determining chemical yields in the uranium
and tant2lum experiments: addition of tracers and X-ray Fluorescence
Analysis. For tracer chemical yields, alpha-particle, X-ray, and
gamma-ray analysis techniques are used where necessary. A known
volume of tracer is added to the centrifuge cone to be used in the
dissolution step of the chemistry and another equal volume aliquot of
the same tracer solution is evaporated onto a platinum disk. The use
of mercury is the exception; evaporation of the tracer solution can
cause the mercury to be volatilized away. Therefore, the mercury
tracer aliquot is absorbed onto a stack of two or three pre-cut filter
papers and the stack is taped onto a counting card.

All tracers emitting gamma—ﬁays are counted on the same Ge(Li)
detector as their corresponding chemical fractions. The tracer
activity is determined by summing the counts in a peak and subtracting
out a background determined from the regions just above and just below
the peak. The count-rate is then corrected for detection efficien-
cies. Sample activities are obtained from SAMPO and TAUZ (see Data
Collection and Analysis); the TAU2 results have been corrected for
detection efficiency. The chemical yield is determined by taking the
ratio of these two activities. Errors in the chemical yields
determined by the above method are generally less than 5 percent.

Thallium chemical yield is determined by X-ray analysis of 204Tl
tracer. X-ray counts of the chemical fraction and the tracer sample

are performed on the same detector at the same distance from the face
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of the detector. Under these conditions, no detection efficieﬁc_y
corrections are necessary. The determinations are made suff{cien'tly
long after bombardment (~1 month) to eliminate the possibility of

2021 Chemical yield is

contribution to the sample activity due to
determined by taking the sum of the counts of the appropriate X-ray
energy for each sample, correcting for background, and taking the
ratio of corrected count-rates for the sample ar the tracer. Errors
in this method are genera]]jless than 10 percent.

Alpha-particle pulse-height analysis is performed on the uncovered
chemical sample and tracer sample using the same detector for each.
This is to determine the presence¢ of contaminating alpha-particle
activities--none were observed. Following this step, both samples are
counted in the same proportional counter to obtain bulk count-rates.
The chemical yield is determined by taking the ratio of the sample and
tracer activities——each of which has been corrected for the appro-
priate background (typically 1-2 cpm}). The error 11 the chemical
yield is generally less than 10 percent.

The chemical yields of platinum and lead are determined by X-ray
Fluorescence Analysis. This analysis was performed by R. B. Giauque
of Lawrence Berkeley Laboratory. Standards are first evaporated onto
pre-cut filter papers approximately the same size as the chemical
sampie spot, then mounted on an aluminum counting card as closely as
possible to the same arrangement as that used for the chemical
sample. No precipitations or other chemistries are performed or the

standard so differences do exist between the standard and the chemical
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sample. The counting cards of the standard and sample are arranged as
closely as possible to the same position within the spectrometer. The
chemical yield is determined by taking the ratio of the counts from
the sample uand standard for equivalent measurements. It should be
noted that there is a substantial undeterminable error involved in
this method. This arises both from differences between sample and
standard preparation and, in the platinum-iridium samples, possible
iridium “contamination® of platinum X-rays due to difficulties in
resolving iridium and platinum X-rays. This error will not affect the
relative yields within platinum or lead but may shift the measured
cross-sections as a whole up or down in magnitude by some
indeterminant factor (see Results section).

The tracers and methods used in the determination of chemical
yield for each 2lement are shown in Table 10. Also shown is a typical
activity level used. For detection of alpha-particles, this activity
represeats 51 percent counting geometry. For X-ray and gamma-ray
analysis, the activity is for the energy (or energies) given and for
counting on shelf “one" with no efficiency correction.

F. Summary

A listing of all samples generated is given in Table 11. The code
contains a letter representing the projectile ion (K or X), a letter
representing the target (U or T) and a number representing the experi-
ment number for that target-projectile combination. The fourth
character in the sample code designates the chemical fraction: N for

neptunium, P for plutonium (in uranium experiments only), TP for



Table 10.

Chemical Yield Methods used in Uranium and Tantalum Experiments

Sample

Neptunium
Plutonium
Americium
Iridium
Platinum
Gold
Mercury
Thallium
Lead
Bismuth

Method
a
a
a
Y
X-ray Fluorescence
Y
Y
Ky X-ray
X-ray Fluorescence

Y

Tracer Energy (MeV) Count-rate (cpm)
Np-~237 4.79 100
Pu-238 5.50 20
Am-241 5.48 50
1r-192 0.316, others 10,000
Au-195 0.099 1000
Hg-203 0.279 1000
T1-204 0.078, 0.069 7000
Bi-207 0.569, others 5000

60
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Table 11. Chemical Samples Generated in Each Experiment.

Experiment
Ku3
Ku4
Xus
KT3
KT4
KT5
K76
KT7
KT8
XT2
XT4
XT7
XT8
XT9

KU3N,
KU4N,
XUSK,
KT3A,
KT4A,
KTSA,
KT6A,
KT?7T,
KT8A,
XT2A,
XT4T,
XT7A,
XT8A,
XT9A,

Samples
Ku3P, Ku3te

Kuap

Xusp, XUsTP
KT3H, KT3P
KT4B

KTS5B

KT6B

KT7L, KT78B
K788

XT2H, XT2P
XT4L, XT4B
XT78

X188

XT98
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tranplutonium, P for platinum-iridium (in tantalum experiments), A for
goid, H for mercury, T for thallium, L for lead, and B for bisﬁuth.

A listing of typical chemical yields is given in Table 12. These
values represent average chemical yields. Chemical yields of samples
varied primarily with-the difficnlty of forming the Tazo5

precipitate,
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Table 12. Average Chemical Yeilds for Chemical Fractions.

Sample Yield (x)
Np 75
Pu 25
TP 20
Ir . 20
Pt 35
Au (thick target) 30
Au (thin target) 25
Hg 35
Ti : 25
Pb 35
Bi (thick target) 20

Bi (thin target) 45
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IV. DATA COLLECTION AND ANALYSIS

A. Beta-Particle Detection

Beta-particle detection is performed with gas-flow proportional
counters contained within one inch thick lead caves. The detectors
are end window type with 1 mglcmz, 2.5 cm diameter gold plated mylar
used as the window. The central filament is 0.018 mm diameter gold
plated tungsten wire. The chamber is made of aluminum. The power
supply scaler system is a Model DS-2 Decade Scaler from Nuclear
Measurements Corp., Indianapolis, Indiana. Operating voltages are
found to he 1900-2000 volts; this is reasonably stable over perijods of
one to two weeks.

From exper' ~nt to experiment and within the counting periods of
the samples, the voltage is adjusted to maintain a constant count rate
for a 36C1 source. This allows rough comparisons from experiment to
experiment. In order to obtain cross-sections and allow more reliable
comparisons, an efficiency calibration is necessary. Rigorous
calibrations for self-absorption was not considered very important
since all samples are weightless. Further, correction of efficiencies
for differences in sample diameter are not performed. A1l samples are
kept to a minimum size--usually 1.5 cm or less in diameter.

An approximate efficiency calibration was performed as follows.
g~ calibration sources were obtained from New England Nuclear,

Boston, Mass. (See Tabie 13). These are thin samples evaporated onto
1 mg{cm2 aluminized mylar and covered with another piece of

aluminized mylar. This arrangement is supported by a thin metal ring
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Table 13. g~ Calibration Sources”

e gl G gy, e
c-14 5730 0.1€ 0.138 12/76
Cl-36 3.0x10° 0.74 0.0189 04/01/76
Sr-90, Y-90 28.5 0.55, 2.27 0.0210 04/09/76
Tc-99 2.1x10° 0.29 0.037 04/02/76
Pm-147 2.6 0.22 0.077 04/01/76

*obtained from New England Nuclear, Boston, Massachusetts.
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of 24 mm outer diameter and is not secured to a backing, allowing use
in the experimenter's counting systems. Source calibration is
performed to an error of less than 6 percent by New England Nuclear,
using National Bureau of Standards references. To allow equivalent
backscattering from the samples and the standards, the sources are
mounted in the same manner as the experimental samples and are counted
on the same shelves used in the experiments. After these data have
been obtained, efficiencies are determined by taking the ratio of the
observed count rate versus the disintegrations per minute on the date

90Sr-gOY source, an

that count was taken. In the case of the
efficiency for “OSr is interpolated from the graph of the efficien-
cies calculated from data obtained from the remaining g-calibration

90Y.

sources. This allows the estimation of the efficiency for
Once efficiencies are calculated as a function of energy, this infor-
mation is plotted; efficiencies for isotopes in experimental sanples
were obtained by reading from the graph the efficiency corresponding
to the tabulated g energy. An example of such an efficiency curve

is shown in Figure 15. Admittedly, this is a rather simplistic
approach to obtaining beta-particle detection efficiences and
significant errors can be introduced. However, it should be kept in
mind that the primary purpose of the detection of beta-radiation in
these experiments is the observation of an unknown beta-particle

activity with cross-section determination being a secondary objective

and subject to comparjson with gamma-ray analysis.
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A1l samples for beta-particle detection are prepared in the same
manner. The counting cards used are flat aluminum plates,
8.8 x 6.3 x 0.16 cm, with 2 cross-hair marking representing the center
of the card. To the center of this card is secured a piece of double
backed adhesive tape. The sample itself is prepared by evaporation
onto a 0.051 mm thick,‘2.57cm diameter platinum dis'. followed by
heating to red-heat in the flame of a Bunsen burner. The platinum
disk is placed, sample side up, onto the adhesive tape so that the
sample spot is centered on the plate. The sample is then covered by
one thickness of approximately 1 mg/cm2 saran wrap. No further
coverings or absorbers are placed either above or below the sample and
card.

B. Gamma-Ray Counting

A1l gamma-ray analysis is performed using one of two ORTEC
coaxial-germanium 1ithium drifted diode (Ge(Li)) detectors. Ge(Li)3
has an active volume of 60 cm3 and Ge(Li)4 has an active volume of
90 cm3. Detector resolutions are given in Table 14. Each detector
is housed in an ~1 m3 volume "cave" to lessen natural background
contributions and prevent contamination of the spectra by other
samples in the counting room. The cave is constructed of 5 cm of lead
lined with 0.3 cm of steel and 0.3 cm of aluminum to reduce the con-
tribution due to induced fluorescence in the lead. Each detector and
its respective pre-amplifier are connected to linear amplifiers and
then to a pulse-height analysis system built at Liwrence Berkeley

Laboratory. These pulse-height analysis systems consist of a Texas

Instruments 960A minicomputer, Northern Scientific NS-621 or NS-623
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Table 14. Detector Resolution (FWHM) for Ge(Li)3 and Ge(Li)4

Detector 122.1 keV 661.6 keV 1332.5 ke¥
Ge(Li)3 1.37 1.71 2.09

Ge(Li)4 0.9 1.39 1.83
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analog-to-digital convertor, 4096 channels of memory for storage and
an Ampex magnetic tape deck. A1l measurements of a given sample are
performed on only one detector.

In ordef to use the computer based analysis system it is necessary
to have accurate energy and efficiency calibrations. These calibra-
tions are determined using a National Bureau of Standards Mixed
Radionuclide Gamma-Ray Emission Rate Point-Source Standard (SRM-4215F,
1978). The nearly point source contains the activities shown in
Table 15, This source is counted on each shelf of each detector for

periods of time long enough to give less than 10 percent error in

" count-rate.

These calibrations are processed using the computer program

85.86 1pis program determines photopeak centroids in the

SAMPO.
calibration spectra and calculates peak shape information for use in
later analysis of experimental data by SAMPO. The centroid locations
of the gamma-ray peaks are fit to a third-degree polynominal by least-
squares analysis to obtain the energy-channel calibration. The
pulse-height analysis system is particularly linear with only small
contributions arising from the second and third degree terms in the
polynominal. A sample energy calibration is shown in Table 16.
Efficiency calibrations are carried out for all possible
geometries for each detector using the NBS standard. The resulting
fits of the gamma-ray peaks from SAMPQ give the count-rate for each
gamma-ray line in the standard. This information combined with the

reported activity of the standard reference material gives absolute

efficiency as a function of energy for each shelf of each detector.



59

Table 15. Gamma-Ray Calibration Source Informationilr

Nuclide t1/2 Energy (MeV) Activity ( /min)
Cd-109 463.9d © 0.088 3.34x10%
Co-57 272.4d 0.122 5.96x10%
Ce-139 137.7d 0.166 3.58x10%
Hg-203 26.6d 0.279 1.13x10°
Sn-113 115.0d 0.392 1.07x10°
Sr-85 64.9d 0.514 1.79x10°
Cs-137 30.0y 0.662 9.24x10%
v-88 106.7d 0.898 6.64x10°
Co-60 5.27y 1.173 2,35x10°
Co-60 5.27y 1.332 2.36x10°
Y-38 106.7d 1.836 6.95x10°

" )
obtained from National Bureau of Standards, dated 09/01/78
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Table 16. Sample Energy Calibration

Spectrum channel X and energy E (keV)

E = -1.1975 + 0.49953X + 1.82201-10

E(gamma
88.03
122.06
165.80
279.21
391.7
513.98
661.64
895.0
1173.21
1332.48
1836.1

-7 x2 + 1.06606.10" x°
x E(Cate)

178.53 87.99
246.65 122.02
334.31 166.82
561.09 279.14
786.22 391.66
1030.9 513.97
1326.2 661.62
1798.8 898.00
2348.7 1173.2
2666.9 1332.5
3672.1 1836.1
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The efficiencies for each shelf are fit using least-squares analysis

to the following equation:

Efficiency = P(1) x (EP(Z) + P(3) « eP(4)XE)

as in Reference 85. This method of enalysis yields errors in
efficiencies of less than 3 percent. Efficiency parameters for shelf
1 of each detector are given in Table 17 and efficiency curves for
several geometries of each detector are given in Figures 16 and 17.

It should be noted here that sample placement corresponding to the
same shelf numbers of the two detectors are not the same distance from
the detector face. For example, shelf 1 of Ge(Li)3 is 0.4 cm and
shelf 1 of Ge(Li)4 is 1.5 cm from the detector face. For this reason,
even though Ge(Li)4 has the higher intrinsic efficiency, Ge(Li)3
allows closer placement of the sample to the detector and therefore
higher practical efficiency. This is partly compensated for in
Ge(Li)4 by the higher resolution.

Experimental samples for the measurement of the intensities of
gamma-rays are mounted in the same manner as wich the beta-particle
counting. Samples were placed at distances from the detector so that
ADC dead-time was <15 percent, and moved to closer shelves when dead-
time is <5 percent. Most samples are of very low count-rate allowing
placement near the detector. For most samples this means that the
first counts are taken on shelf 2 or 3 followed by movement to shelf 1

as soon as possible. The errors due to counting this close to the
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Table 17. Efficiency Parameters for Shelf 1.

Detector P(1) P(2) P(3 )
Ge(Li)3 35.84 -1,144 -0.06420 -0.03400
Ge(Li)4 11.30 -1.005 -0.01703 -0.03757

for Efficiency = P(1) x (EF(2) + p(3) x P(8) x Ey
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detector are deemed acceptable when compared to the advantages of
having the higher efficiencies. The details of the counting procedure
and errors invelved in the methods mentioned above are discussed in
somewhat more detail in References 58 and 83. Samples are counted for
a maximum of one to two weeks after the irradiation for the chemically
pure fractions and for as long as a month after irradiation for the
more complex fractions. As many as 15 to 30 counts are made of a
given sample, depending on its complexity, with count times ranging
from 10 minutes to 24 hours.

Typically, samples in this study were of low activity. For this
reason, the background of each system was checked by a two day count
with no sample inside the cave. The gamma-ray lines ob<eryzd due to
background were assigned to the natural thorium and uranium chains,

22 178m2ye 40y and 1375, wherever

6Ra and daughters,
necessary, the radiation due to these activities was subtracted from
that in the samples.

C. Alpha and X-ray Counting

Most chemical yield determinations are performed through the use
of the gamma-ray spectra of samples containing gamma-ray emitting
tracers. However, three chemical samples contain t-acers with no
suitable gamma-rays for use in chemical yield determinations, i.e. no
gamma-rays, or a gamma-ray of very low intensity or insufficient
energy (<100 keV) to allow distinction from X-rays that may be
present. In these cases, Ka X-rays or alpha-radiation are observed

for the tracer.
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237Np and 238Pu are used as

For neptunium and plutonium,
tracers. Their primary radiations are alpha-particles. For chemical
yield determination, a combination of pulse-height analysis and
proportional counting is used. At some long time after bombardment
(typically greater than one month to allow decay of all other possible
alpha-particle emitters that might contribute to activity in the
sample) the sample is analysed by pulse-height analysis using gold
plated surface barrier detectors from ORTEC, Inc. These detectors
have an active area of approximately 100 mmz. The detectors are
comnected through a pre-amplifier to a TranLamp-linesr amplifier, then
to a biased amplifier and a Northern Scientific NS-610, 1024 channel
pulse-height analyser. An energy calibration is obtained through use

241Am, 244Cm, and 233U sources. Efficiency calibrations are

of
not necessary since only ratios of integrated counts in the peaks in
the spectra are used. In counts ranging from two to eight hours in
length, no contaminating activity has been observed. The chemical
yield is determined by taking the ratio of integrated counts in a
given peak from analysis of the tracer and the sample. This ratio is
checked by use of a Fission Alpha Preset Counter, a windowless propor-
tional counter, which gives the bulk count-rate of the sample. Ratios
obtained in this manner are in good agreement with those from puise-
height analysis. The samples are prepared for alpha-particle analysis
by remuving the saran wrap cover and removing the platinum disk from

the counting card. As mentioned earlier, all samples are essentially

weightless.
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The chemical yield of thallium is determined by X-ray analysis of
the tracer, 204T1, through observation of the mercury X-rays from
the 2.6 percent electron capture branch of the decay. The detector

used for this is a 0.5 cm3

intrinsic germanium detector. The

detector is routed through its associated ampl{fier to another
Northern Scientific NS-610 pulse-height analyser. The energy calibra-
tion is adjusted through use of various sources to approximately

0.1 keV per channel. An efficiency calibration is mot necessary since
only the ratio of identical lines is of interest. Chemical yield is
determined by taking the ratio of integrated counts adjusted for back-
ground of a given line in the spectra of the experimental sample and
the tracer sample. The samples are prepared for counting as similarly
as possible to allow reproducible conditions for the X-ray detection.
The only observable X-ray activity in the thallium fraction is a

204T1 decay. Due to the relatively large amount of

result of
2°4T'| used and the 1gngth of time after irradiation that the X-ray
count was performed, there is no significant contribution to the

mercury X-rays from the 12.2 day decay of 202T'I.

D. Data Analysis

The data from beta-particle counting are the easiest to analyse.
Once all the data has been accumulated, decay curves of logarithm of
count-rate versus time-after-bombardment are constructed. Examples of
the decay curves for neptunium and plutonium samples from the reaction
of 86Kr with uranium are given in Figures 18 and 19, The plutonium

sample activity is observed to decay to a constant background. This
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background is composed of natural or detector background {~10 cpm),
counts due to alpha-particles from the 238Pu tracer {~20 cpm), and

241Pu. Therefore, the usual

any counts due to the g -decay of
successive subtractions are performed (see, for example, Reference 87)
starting with the observed background. This analysis yields reliable

£
23py with some indication of decay of 2455, (see

results for
Results section). There is no indication of any other component.

In the case of beta-particle counting of neptunium samples, the
count-rate due to 239Np nearly obscured all other activities. In
one experiment, the decay of 239Np was followed for up to eight
half-lives before any contribution due to background was observed. In
all other experiments, counting was terminated after one to two weeks
and the subtractions were performed starting with the 2.36 day decay
of 239Np. The only other activity observed repeatedly via this
method was 240Np. In some experiments, conditions were such that

240mNp. No other

there was indication of the decay of 7.4 minute
activities were observed in any of the experiments.

No corrections are made in beta-particle decay curve analysis for
detector dead-time. Experience with the system used here has shown
that no corrections are necessary at count-rates below approximately
5x105 counts per minute. A1l samples from irradiations for
short-lived activities had count rates lower than this value.

Analysis of the gamma-ray spectra generated in this work is

somewhat more involved. A flow chart of the procedurz used is shown

in Figure 20. The following paragraphs will give a brief description
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of the procedures used; however, more detailed descriptions of the
various computer programs méy be found in References 58 and 88.

Following each gamma-ray count, the gamma-ray spectrum, a forty
character label, the count time, and the start and stop time and day
of the count are recorded onto magnetic tape This magnetic tape

8 fFrom ten to

serves as input adata for the computer program SAMPO.
thirty spectra each for two to six samples are Stored on tape for
future processing with SAMPO.

A sample gamma-ray spectrum is shown in Figure 21. The energy
calibration, as mentioned earlier, is about 0.5 keV per channel with
the maximum energy at about 2 MeV. This spectrum represe:ts a 30
minute count of a chemically separated thallium sample from the
reaction of 86Kr with tantalum. The count was taken approximately
three and one-half hours after the end-of-bombardment.

A modified version of the computer program SAMPO is used for most
gamma-ray data analysis. All spectra are checked for correct input
information prior to computer analysis. Card input to SAMPO includes
peak fit information, energy calibration, efficiency calibration, time
of end-of-bombardment, and information concerning each spectrum. This
information includes shelf number of the count, code word for the
sample and any corrections to the magnetic tape information that may
be necessary.

Given this information, the automatic version of SAMPO reads each
spectrum from tape and searches the spectrum for possible peaks. The

code then fits these peaks with a Gaussian and with independent
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exponential tails on the high and low energy ends of the Gaussian.
The peak shape information as a function of energy is placed intp the
program by punched card so that the shape of a given gamma-ray peak is
determined by linear interpolation between the calibratjon points.
Also, the code applies a smoothly varying background to the region.
Having done this, the code determines the peak area giving the total
counts in the peak corrected for background contributions. For each
spectrum, a table of results is generated which contains the peak
centroid channel'and energy, total counts in the peak, peak area
corrected for background, and count-rate corrected for detection
efficiency for each gamma-ray Tine. Furthermore, the error associated
with each determination is listed. This table of results can be
obtained on paper if desired. SAMPO automatically generates micro-
fiche output containing results of the peak search, a picture of the
fitting of each peak, and the table of resu1t§ for each spectrum,

SAMPO also generates a magnetic tape output for use in further
data analysis. A file containing elapsed time after the end-of-
bombardment to the midpoint of the count period, peak energy and
count-rate {previously corrected for efficiency), and the sample code
word is generated for each spectrum. This magnetic tape is then
submitted for analysis by the computer program TAUl.

TAUL is a sort program resulting in data for decay curves. Since
the spectra are collected in chronological order, no further sorting
by time-after-bombardment is necessary. The code first sorts by

sample code collecting all datz for the same sample. -Once this is
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accomplished, the program sorts by energy, keeping data for any'energy
peak which was found in two or more spectra of that sample. Having
completed this, a decay curve is constructed and estimates are made of
the half-life and initial activity for a one and two component decay.
This procedure is followed for each sample. A summary of th~ results
is written to paper and the decay curve construciion is written to
magnetic tape for further analysis.

The next step of the analysis is to identify each gamma-ray line
in the sample. This is done by use of the interactive computer code
TAU2. The program combines the results from TAUl with the gamma-ray
table prepared by Binder, gg_gl.,ag both of which are on magnetic
tape. The Binder table is a combination of an earlier version

90 1ay2

compiled from the literature and the Bowman-MacMurdo table.
then displays a semilogarithmic plot of the count-rate (in gamma-rays
per minute) versus the time-after-bombardment on a Tektronix 4014
graphics terminal. Also listed on the display is a segment of the
gamma~-ray table containing twenty gamma-ray lines nearest in energy to
the energy of that represented by the decay crrve. An example of one
of these displays is shown in Figure 22, TAU2 allows the user to
choose one, two, or thiee of these lines for use in fitting the decay
curve. Decay curves may also be Fit with background plus one half-
life, growth and decay of a single gamma-ray line, or a half-life not

listed in the gamma-ray table. In this work, choice of components is

relatively easy since all samples have been chemically separated.
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Once a suitable fit to the decay curve has been found and
accepted, the display is recorded on microfiche and punched cards are
generated. A punched card is generated for each half-life used in the
fit. This card contains the designation of the izaotope, half-1life,
known energy and abundance of the gamma-ray line, the observed eneray,
the sample code, the initial activity (Ao)’ and the error in Ao'

The Ao value has been corrected for the gamma-ray abundance and thus
is in decays per minute. After all decay curves for a given sample

have been analyzed, all cards are combined for use in the final step
of the analysis.

The final step of the analysis involves calculation of
cross-sections. First, all TAUZ cards from a given sample are sorted
by energy, and cross-sections are calculated for each line observed.
This is more ¢f a bookkeeping step to allow cbservation of multiple
identifications. Finally, the TAU2 cards are sorted by nuclide and
the weighted average Ao is determined. The cross-sections are

calculated from the average Ao values by the equation:

n _‘,\tbi n
o= AOIN Z]di(he ) {exp - A(j=Z] thj)}

This allows for fluctuating beam intensity. N %s the number of target
atoms per cmz. bi is the beam intensity in the ith period of

length e The summation over tbj is the time remaining between

the end of the ith interval and the end of the irradiation. The

error in the cross-section is calculated as well.
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Error in the cross-section is determined by standard methods of
propagation of errors. The only value in the cross-section calcula-
tion which has an error associated with it is the value of Ay- The
error in Ay results from error in count-rate, error in detection
efficiency, and error in the decay curve analysis. The details of the
error calculations may be found in References 58, 85, 86, and 88.

A review of the results of this calculation is made to account for
multiple uses of the same gamma-ray line and to account for individual
lines of each nuclide which vary significantly from all other lines of
the same nuclide. Also, a check is made of the gamma-ray intensities

against those in the Table of the Isotopesg1 and the GSI Gamma-Ray

Tab]e.92 Corrections of intensity, and therefore count-rate, are
made as necessary. (Since this work was completed, the Binder table
has undergone major revisions as necessitated by the more recent
compilations,) When all "bad" identifications have been accounted for
or removed, the cross-section calculation is performed again. The
final results are corrected for chemical yield and the error in the
cross-section is adjusted for the error in the chemical yield.

In this work, most nuclide cross-sections are based on the
observation of two or more ganma-ray lines. The largest number of
lines observed for a given nuclide is approximately thirty-five for
191Au. Isotope identifications relying on one observed gamma-ray

line are based on one component or obvious two component fits to the

decay curves. Also, other possible lines for that nuclide are
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searched out and explanations as to why they were not observed are

found. Other such identifications that did not meet these criteria
are rejected. Results of the above analysis will be shown later in
this work.

In some cases, particularly in low activity samples, SAMPO can not
fit many of the gamma-ray lines of interest due to low activity or
poor peak shape. Hand analysis of these data is necessary. Here, the
number of measured counts in the energy region of the spectrum repre-
senting the gamma-ray are summed. An average background is determined
from the number of counts in a few channels above and below this
region; this background is subtracted from the summed counts in the
region and a count-rate is determined. A, values are determined
graphically by extrapolation of the decay curve due to the gamma-ray
line back to the time of the end-of-bombardment. Cross-sections are
calculated in the usual manner. This method proves useful in the
count-rate range of approximately 0.5 to 1.5 counts per minute.
Count-rates much lower than this are used primarily for the determina-

tion of upper-limits unless a very definite decay is observed.
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V. RESULTS

A. Uranium Targets

86Kr and 136Xe ions

Experimental results from the reactions of
with uranium nuclei are given in Tables 18 and 19 respectively.
Experimental production cross-sections, in millibarns, are given for
the indicated nuclides. Error in the cross-section is given in
millibarns. Also listed is the method of determination of each
nuclide production cross-section. A1l identifications from gamma-ray
analysis are based on chemical fraction {Z identification), gamma-ray
energy, and half-life. Identifications from beta-particle detection
data are based on chemical fraction and half-life and are confirmed by

238

gamma-ray analysis wherever possible. Np and 240mNp are not

included in the tables or figures due to the large contribution to
their measured radioactivity from their radicactive parents-—239u
and 240U. 237Pu is determined by observation of the Ku X-rays

of neptunium in the gamma-ray spectra. The energy of the 60 kev

237Pu is below the threshold of the analyser

gamma-~ray line of

system and consequently is not observed. For calculation of a cross-

section, an intensity of 20 percent is used91 for the Ku1

neptunium X-ray arising from the electron capture decay of 237Pu.
Analysis of the decay curves from detection of beta-particles

emitted by plutonium isotopes in the plutonium chemical fraction gave

no indication of a short-lived or unidentified radiocactivity. Due to

high levels of activity in the neptunium fraction from 239Np and

240Np decay, no other activities were clearly identifiable from the
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Table 18. Thick Target Cross-Sections for 86kr + 238), 1Incident
Energy = 731 MeV (lab) (from Experiments KU3 and KU4).

Method of Cross-Section Error

Nuciide Determination (mb) {mb)

Np-234 ¥ 5.0 x 102 1.6 x 102

Np-236m ¥ 6.6 x 10-1 1.¢ x 10-1

Np-238 ¥ 4.4 x 100 0.5 x 100

Np-239 Y, 87 (a)

Np-240 v {87) 6.8 x 10-1 1.3 x 10-1
(2.2 x 10-1)

Np-240m Y, 8- (b)

Pu-237 y 2.3 x 10-2(c) 5.0 x 10-3

Pu-243 v, (87) 3.7 x 1073 1.2 x 10-3
(6.1 x 10’3)

Pu-245 8- ~10-4(d)

An-239 M 6.4 x 1073 1.6 x 10-3

Am-240 ¥ 1.8 x 10-2 2.5 x 10-3

An-244 . 3.0 x 1073 1.0 x 10~3

(a) Cross—sec}}gn not calculated due to large contribution due to feed-
ing from Cross-section estimated at 10-20 mb.

(b) Cross-section not calculated due to growth from parent 240y,
{c) Kq X-rays observed in gamma-ray analysis.

(d} Upper-limit.
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Table 19. Thick Target Cross-Sections for 136xe + 238y, Incident
Energy = 1156 MeV (lab) (from Experiment XU5)

Method of Cross-Section Error
Nuclide Determination {mb) ()
Np-234 Y 1.3 x 1072 4,0 x 10-3
Np-238 Y 1.2 x 109 1.1 x 10-1
Np-239 v {87) (a)
Np-240 v, {87) 4.5 x 10-1 5.0 x 102
Np240m ¥, (87) ~(b)
Pu-243 v, (87) 1.0 x 102 2.2 x 1073
Pu-245 Y 3.6 x 10-4(c) 1.8 x 1074
Am-239 M 5.1 x 10-3 1.5 . 1073
Am-210 - 1.3 x 10-2 2.2 x 1073
Am-244 - 2.8 x 10-3 1.0 x 1073

(a) Cross-section ggt calculated due to unknown (but large) amount of
feeding from 239y,

(b) Cross-section not calculated due to Teeding from 240y,

(c) Use only as an upper-limit.
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detection of beta—part(c!es. Under the best of conditions, 240'&7
was observed. For thes§ reasons, it was essentially impossible to
detect a new neptunium k;\:ta-particle emitter with a half-life of less
than one hour from these 1'!exper'imentsg.

Graphs of mass number of a nuclide versus the measured
cross-section for that nuclide are shown in Figures 23 and 24, The
dached curves have been drawn to aid the eye and are approximations
only. The true distribution of neptunium should be a superposition of
two distributions—that from quasi-elastic transfer and that from deep
inelastic. There are not enough data in this work to resolve such a
distribuiion.

B. Thick Tantalum Targets

Experimentally determined production cross-sections for the

13SXe jons with thick tantalum targets are

reactions of 85r and
given in Tables 20 and 21. Cross-sections in millibarns are tabulated
by nuclide. Errors in the cross~sections are also given in milli-
barns. Also listed for each nuclide is the number of gamma-ray
energies ohserved which could be clearly identified as due to that
nuclide. For many nuclides, other gamma-ray energies are observed
which are not clearly identifiable as due to that particular
radioactivity.

The last column in each of these tables contains a cress-section
which has been corrected for feeding from the parent during the

irradiati  and between the end-of-bombardment and the time the

daughter is separated from the parent. Equations from Reference 93
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Table 20. Thicklgfrget Cross-Sections from the Reaction of 80kr ions

with
experiments KT3 and KT7).

Ta. Incident Energy = 731 MeV (lab) (from

Corrected
No. Lines Cross-Section Error Cross~Section
Nuclide Observed (mb) (mb) {mb)
Ir-183 2 Observed(a)
Ir-184 5 1.25 x 100 1.26 x 10-1 1.2 x 100
Ir-185 4 1.18 x 100 1.20 x 10-1 1.2 x 100
Ir-186 6 9.86 x 10-1 9.99 x 10-2 9.1 x 1071
Ir-186m 6 1.40 x 100 2.33 x 1071 {e)
Ir-187 4 2.70 x 100 2.84 x 10-1 1.8 x 100
Ir-188 3 1.97 x 10-1 5.57 x 10-1
Ir-190 3 6.46 x 101 4.92 x 10-1 6.4 x 10°1
Ir-190m2 1 1.44 x 1002 3,55 x 103 (e)
Pt-1854 2 Observed{(a)
Pt-186 2 Observed(a)
Pt-187 3 6.21 x 100 1.87 x 100(b} 1.8 x 100(c)
pt-188 4 6.99 x 100 2.09 x 100(b) 1.8 x 100(c)
Pt-189 6 1.05 x 10*1  3.14 x 100(b) 2.2 x 100(c)
Pt-191 3 1.12 x 100 3.37 x 10-1(b) (d)
Au-189 3 Observed(3)
Au-190 5 1.61 x 100 1.62 x 10-1 1.5 x 100
Au-191 36 8.77 x 101 8.78 x 10-2 5.3 x 1071
1.5 x 102

Au-192 12 4.2x1001 4,29 x 10°2



78

Table 20. (continued)

Corrected

No. Lines Cross-Section Error Cross-Section
Nuclide Observed (mb) (mb) (mb)
Au-193 4 2.22 x 10-1 2.25 x 10-2 5.2 x 10-2
Au-194 1 2.23 x 10-2 4.41 x 103 (e)
Hg-191 3 3.45 x 10-1 5.69 x 102 3.4 x 10-1
Hg-192 3 6.31 x 10-1 8.09 x 102 6.2 x 101
Hg-193m 9 1.52 x 10-1 1.57 x 10-2 {e)
Hg-195 5 9.91 x 10~2 1.27 x 102 1.4 x 10-2
Hg-195m 1 2.87 x 10-2 5.74 x 10-3 (e)
Hg-197m 1 4.42 x 10-1 2.84 x 10-1 {e)
T1-192 2 Obser.ed(2)
T1-193 4 Observed(2)
T1-194 2 5.83 x 10-2 7.05 x 10-3 5.0 x 10-2
T1-194m 2 5.77 x 10-2 6.01 x 10-3 (e)
T1-195 6 1.22 x 10-1 1.22 x 10-2 1.1 x 10-1
T1-196 4 6.30 x 102 6.45 x 10-3 4.8 x 10-2
T1-196m 2 4.49 x 102 4.60 x 10-3 {e)
Ti-197 8 1.02 x 10-1 1.03 x 10-2 6.8 x 102
T1-198 8 4.29 x 10-2 4.34 x 10-3 4.6 x 10-3
T1-198m 2 1.83 x 10-2 2.00 x 10-3 (e)
Ti-199 ] 3.44 x 1002 3,47 x 10-3 7.9 x 10-4(d)
T1-200 2 3.47 x 103 3,49 x 1074 9.7 x 10-4(d)

T1-201 1 5.83 x 10-3 7.21 x 10-4 (d)
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Table 20 ({continued)

Corrected
No. Lines Cross-Section Error Cross-Section

Wuclide  Observed (mb) (mb) (mb)
Bi-200 2 1.67 x 1002 1.78 x 1073 1.2 x 10-2
8i-201 2 Observec
Bi-202 3 1.94 x 102 2.03 x 10-3 1.7 x 1672
Bi-203 3 1.15 x 10-2 4.09 x 10-3 8.4 x 103
Bi-204 4 5.22 x10-3  5.41 x 104 2.8 x 103
Bi-205 3 3.75 x 102 1.83 x 10~2 (d)
8i-206 1 1.71 x 10-2 1.26 x 10-2 (d)
{a) Absolute gamme-ray intensities for these nuclides are not known.

(b)

(c)

(d)

{e)

Howaver, decay of each nuclide’'s gamma-ray energies was observed
with the reported half-life.

Reported errors in platinum isotope cross-sections are based on an
assumed 30% error in the chemical yield as determined by X-ray
Fluorescence Analysis.

Values of the experimentally determined cross-sections for platinum
isotopes have been multiplied by 0.29 before calculation of feeding
correction to conform with cross-sections for gold and iridium iso-
topes. See text for explanation.

Value of the experimental cross-section is consistent with all
observed radiation of this nuclide arising from decay of its

parent during the irradiation and before separation from its parent.
Corrected cross-sections have values near or below zero.

to feeding correction due to stable parent, very long-lived parent,
or no known parent.
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Table 21. Thick Tgrget Cross-Sections from the Reaction of 136xe ions
with 181Ta.  Incident Energy = 1156 MeV {1ab.)(from
experiments XT2 and XT4).

No. Lines Cross-Section Error Crgggggz?‘.gon
Nuclide Observed (mb) . (mb) {mb)
Ir-183 2 Observed{a)
Ir-184 3 1.44 x 10-1 1.48 x 10-2 1.4 x 10-1
Ir-185 3 3.30 x 10-} 3.51 x 10-2 3.3 x 107!
Ir-186 5 2,28 x 1071 2.38 x 10-2 1.4 x 10-1
Ir-186m 2 9.44 x 10-1 9.59 x 10-2 {e)
Ir-187 7 9.47 x 10-1 9.49 x 10-2 6.2 x 1071
Ir-188 4 4.18 x 10-1 4.86 x 10~2 4.0 x 1071
Ir-189 1 6.10 x 10-2 1.33 x 10-1 (d)
Ir-190m2 1 3.41 x 10-3 1.27 x 10-3 (e)
Pt-185A 2 Observed(a)
Pt-1858 3 Observed(2)
Pt-186 2 Observed(3)
Pt-187 3 1.51 x 10-1  4.81 x 10-2(b) 1,9 x 10-1(c)
Pt-188 4 2.99 x 101 9.00 x 10°2(b) 4.1 x 10-c)
Pt-189 5 3.94 x 10-1 1.18 x 10-1(b) 4,2 x 10-1(c)
Pt-191 3 1.48 x 1001 4.74 x 10-2(b) 7.5 x 10-2(c)
Au-189 4 Observed{(a)
Au-190 5 6.44 x 101 .45 x 10-2 4.7 x 10-1

Au-191 26 4.47 x 10-1 4.60 x 102 3.7 x 1071
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Corrected
No. Lines Cross-Section Error Cross-Section

Nuclide Observed (mb ) {mb) (mb)
Au-192 8 2.47 x 10-1 2.48 x 10-2 1.4 x 10}
Au-193 5 1.57 x 10-1  1.58 x 10-2 1.5 x 10-1
Au-194 2 6.73 x 10~2 6.78 x 1073 {e)
Au-196 2 8.33 x 10-3 8.62 x 10-4 7.5 x 10-3
Au-196m 1 6.06 x 10-3 6.30 x 104 (e)
Hg-191 4 1.5 x 10~ ©  1.52 x 10-2 1.1 x 10-1
Hg-192 3 3.01 x 101 3.15 x 10-2 2.66 x 10-}
Hq-193m 10 1.19 x 10-1 1.20 x 10-2 (e)
Hg-195 ' 3 6.31 x 10-2 1.04 x 10-2 (d)
Hg-195m 3 5.71 x 102 6.20 x 1073 (e)
11192 2 Ohserved(a)
T1-193 3 Observed{a)
T1-194m 2 5.41 x 10-2 6.09 x 10-3 (e)
T1-195 4 2.29 x 10-1 2.30 x 102 2.2 x 10-1
T1-196 2 9.44 x 10-2 9.50 x 10-3 1.6 x 1072
T1-196m 2 9.92 x 10-2 1.14 x 10-2 (e)
T1-197 5 2,08 x 10-1 2.10 x 102 1.1 x 107}
T1-198 3 9.09 x 10-2 9.09 x 10-3 9.0 x 10-2
T1-198m 3 2.79 x 102 3.00 x 1073 {e)
T1-199 4 7.87 x 10-2 7.88 x 10-3 6.6 x 102
T1-200 2 1.28 x 10-2 1.30 x 10-3 1.0 x 10-2
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Table 21 (continued)

Corrected

No. Lines Cross-Section Error Cross-Section
Nuclide Observed (mb) (mb) (mb)
T1-201 1 5.02 x 102 1.51 x 10~2 3.9 x 10-2(f)
Bi-201 3 Observed(a)
Bi-202 1 1.16 x 10-! 1.20 x 10-2 (9)
Bi-203 2 7.25 x 10-1 7.29 x 102 (g)
Bi-204 2 2.35 x 102 2.97 x 1073 (9)
Bi-205 3 3.18 x 10-2° 4,12 x 10-3 (9)

(a) See footnote (a) in Table 20.

(b) See footnote (b) in Table 20.

(c) Values of the experimentally determined cross-sections for platinum
isotopes have been multiplied by 2.1 before calculation of feeding
contributions in order to conform with cross-sections measured for
iridium and gold isotopes (see text).

(d) See footnote (d) in Table 20.

{e) See footnote (e) in Table 20.

(f) Upper-limit only.

(g) Attempts at correction of Bi isotope cross-sections failed due to
inability to approximate Po isotope cross-sections correctly.
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are used for these calculations. The corrected cross-section given in
the table anly represents an estimate of the true production cross-
section of the nuclide. This is because cross-sections for most of
the parent radioactivities could not be determined experimentally.

In order to make these corrections for feeding, it is necessary to
assume that the parent is not fed by the grandparent. This assumption
is approached in this work by making initial cor:ections to the
highest Z within a mass chain and then successively making corrections
to the next lower Z. Corrections are first made for bismuth isotopes
by assunina a polonium isotopic distribution. This distribution is
assumed to have a shape similar to the experimentally determined
bismuth isotopic distribution. Further, t':2 polonium peak cross-
section is assumed to be "5x10'3 miliibarns located at mass 204 (for
86p + Ta) and -'1)110_1 millibarns at mass 204 (for 136Xe + Ta).

These values are arrived at by rough extrapolation of trends observed
for isotopes of gold, mercury, thailium, and bismuth. These assump-

86

tions prove to be rasonable for the = Kr reaction but appear to be

very bad for the 136Xe reaction (Polonium cross-sections seem to be
overestimated). A similar procedure is followed for estimation of
lead cross-sections for the calculation of feeding to thallium
isatopes. The lead isotopic distribution is again assumed to resemble
the bismuth distribution and it is assumed to be located, in peak
cross-section and mass, half the difference between the apparent

Tocation of the distribution of thallium and bismuth isotopes.

Corrections of mercury and gold isotope cross-sections are based on
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estimates or parent cross-sections determined directly from the
corrected parent isotopic distribution or extrapolation of that
distribution to the appropriate mass number.

Feeding corrections for platinum isotopes require an additional
adjustment. As can be seen in Tables 20 and 21, platinum isotope
cross-sections are quite different from iridinm and gold isotope
cross-sections. This is almost certainly due to the inaccuracy of the
chemical yield (see chemical yield determination in the chemistry
section), Prior to corrections for feeding, all platinum isotope
cross-sections are multiplied by an arbitrary factor which has the
effect of shifting the entire isotopic distribution of platinium
higher or lower in cross-section. This factor is chosen such that the
peak platinum cross-section is between the peak cross-sections of
iridium and gold. Following this, calculations are performed vor
platinum and iridium isotopes in the same manner as for gold and
mercury isotopes.

For all of the above reasons, these corrected cross-sections
should be taken only as estimates. The errdrs for these cross-
sections a e quite large duc to the ectiimation procedure and no
attempt is made to determine errors.

Graphs of nuclidic cross-section versus nuclidic mass number for
both thick target reactions are shown in Figures 25 and 26. The solid
points represent the actual data. The open points represent the

corrected cross-sections where these differ from the experimental
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cross-sections. When an isomeric pair is observed, the sum of the two
cross-sections is plotted. The curves represent an "eyeball® fit to
the corrected cross-sections.

C. Thin Tantalum Targets

Tables 22-28 contain experimen:ally determined cross-sections for
the reactions of 86Kr and 136Xe with thin tantalum targets. These
tables are set up in the same marner as Tables 20 and 21 for thick
tantalum targets. The results for 86Kr + 181Ta are shown graph-
ically in Figures 27 and 28. Th:se are plets of nuclidic cross-
section versus mass number of.the nuclide for each energy. Figure 27
is the graph of gold isotopic cross-sections and Figure 28 is the
graph of bismith isotopic crots-sections. Results for the reaction
136Xe + 181Ta are shown in the same manner in Figures 29 and 30.

Energies ii1stcd on these graphs are incident energies in the
‘ laboratory frame.

Excitation functions for gold and bismuth isotopes from these
reactions are shown graphically in Figures 31-34. The energv informa-
tion for these plots is given in Tables 29 and 30. In these graphs,
the cross-section for a given nuclide is plotted versus the energy at
which the cross-section is measured. Two energy scales are used. The
scale at the bottom is the difference between the Coulomb barrier and
the average energy of the beam as it passes through the target in the
center-of-mass frame. The scale at the top of the graph is the ratio
of the average projectile energy in the target and the Coulomb

barrier. The horizontal lines drawn at the bottom of the graphs
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Table 22. Thin-Target Cross-Sections 86Ky + 18115 ‘at an Incident
Energy of 731 MeV (lab.) (from experiment KT6).

No. Lines Cross-Section Error
Nuclide Observad (mb) (mb)
Au-190 3 4.53 x 10-1 5.08 x 102
Au-191 7 2.89 x 10-1 5.31 x 102
Au-192 3 9.66 x 10-2 1.29 x 10-2
Au-193 2 2.04 x 10-1 2.54 x 10-2
Au-194 1 1.85 x 10-2 2.92 x 10-3
Bi-200 2 2,15 x 102 2.21 » 10-3
Bi-202 3 1.02 x 10-¢ 4.51 x 1073
Bi-203 2 6.89 x 10-3 1.31 x 10-3

8i-204 2 2.53 x 10-3 5.45 x 10-%
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Table 23. Thin Target Lross-Sections for 86kr + 18175 at an
Incident Eneryy of 620 MeV (lab.) (from Experiment KT8).

No. Lines Cross-Section Error
Nuclide Observed (mb) (mb)
Au-190 2 9.65 x 10-1 9.75 x 102
Au-191 8 7.59 x 10-1 7.95 x 1072
Au-192 3 2.93 x 10-1 3.90 x 10-2
Au-194 1 3.26 x 10-2 3.90 x 10-3
Bi-20C 2 6.41 x 10-2 © 9,32 x 1073
Bi-202 2 3.90 x 10-2 3.99 x 10-3
Bi-203 2 1.51 x 102 9.34 x 1073

Bi-204 - 2 9.78 x 10-3 1.38 x 10-3
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Table 24. Thin Target Cross-Sections for 86kr + 18113 at an
Incident Energy of 506 MeV (lab.) (from experiment KT4).

No. Lines Cross-Section Error
Nuclide Observed {mb) {mb)
Au-190 2 2.80 x 10-1 3.22 x 10-2
Au-191 2 3.18 x 10-1 3.18 x 102
Au-192 2 1.43 x 10-1 1.44 x 10-2
Au-193 2 2,91 x 10-1 3.81 x 102
Au-194 1 3.26 x 10-2 6.50 x 10-3
Bi-200 2 3.09 x 102 6.01 x 10-3
Bi-202 3 1.79 x 1072 2.70 x 10-3
Bi-203 1 6.34 x 10-2(a) 6.82 x 10-3
Bi-204 1 1.29 x 10-2(a) 6.85 x 103

{a) Use as upper-limits.
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Table 25. Thin Target Cross-Sections for 86k + 18lTa at an
Incident Energy of 394 MeV (lab.) (from experiment KTs)*.

No. Lines Cross-Section Error
Nuclide Observed {mb) (mb)
Au-190 1 4.04 x 10-2 1.11 x 1072
Au-191 2 1.29 x 100 2.58 x 10-1
Au-192 1 1.43 x 10! 4.82 x 10-2
Bi-202 2 4.86 x 1072 1.29 x 10-2

* Cross-sections determined as for thick targets since Coulomb
barrier is at 389 MeV and target is ~100 MeV thick. See text for
explanation.
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Table 26. Thin Target Cross-Sections for 136xe + 18173 at an
Incident Energy of 1156 MeV (lab.) (from experiment XT7).

No. Lines Cross—Section Evror
Nuclide Observed {mb) {mb)
Au-190 6 1.57 x 10-1 .38 x 102
Au-191 10 a.88 x 10-1 8.54 x 102
Au-192 3 3.21 x 10-1 3.22 x 102
Au-193 3 2.08 x 10-1 2.15 x 10°2
Au-194 3 1.43 x 10} 6.71 x 102
Bi-200 4 6.56 x 102 1.31 x 1072
Bi-202 3 7.95 x 1072 1.62 x 102
Bi-203 2 7.15 x 10-2 2.02 x 1072
Bi-204 3 2.92 x 102 5.75 x 10-3
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Table 27. Thin Target Cross-Sections for 136ye + 18175 3t an
Incident Energy of 980 MeV (lab.) (from experiment XT8).

No. Lines Cross-Section Error
Nuclide Observed (mb) (mb)
Au-190 3 6.82 x 10-1 6.95 x 10-2
Au-191 13 6.10 x 101 6.13 x 1072
Au-192 4 3.94 x 10-1 3.96 x 1072
Au-193 3 3.89 x 107! 4.02 x 102
Au-194 2 1.15 x 10-1 2.51 x 10-2
Bi-200 3 7.97 x 102 1.44 x 102
Bi-202 3 1.35 x 10-1 3.65 x 102
Bi-203 1 1.92 x 10-1 7.86 x 10-2

Bi-204 2 5.52 x 102 1.68 x 102




Table 28. Thin Target Cross-Sections for 136ye + 18173 at an
Incident Energy of 801 MeV (lab.) (from experiment XT9}.
No. Lines Cross--Section Error
Nuclide Observed {mb) {mb)
Au-150 1 5.11 x 102 5.72 x 10-3
Au-191 2 6.27 x 102 6.48 x 1073
Au-192 2 5.22 x 10~2 5.82 x 103
Au-193 2 4.14 x 102 7.38 x 1073
Au-194 1 4.38 x 102(a) 3.92 x 102

No bismuth isotopes observed.

(a) Use as upper-Tinmit.
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Table 29. Energy Information for 86Ky Irradiations of Thin 18lTa
Targets (Coulomb barrier (B) = 389 MeV (1ab)).

Incident Energy Energy Drop Average Energy EAvg'B EAvg/B
MeV (lab) Mev (lab) MeV (1ab) MeV(c.m.)
731 69 697 209 1.79
620 70 585 132 1.50
506 82 465 51.5 1.20
394 s(a) 391.5 1.69 1.0l
(a) Energy drop is from incident energy to the Coulomb barrier.
Table 30. Energy Information for 136xe Irradiations of Thin 18lTa
Targets (Coulomb barrier (B) = 653 MeV (lab)).
Incident Energy Energy Drop Average Energy EAvg'B EAvg/B
MeV (lab) MeV (1ab) MeV (lab) MeV(c.m.)
1156 120 1096 253 1.68
980 130 916 150 1.40

801 137 733 45.7 1.12
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(1abeled Target Thickness) represent the energy range of the
projectile for each experiment.
One final point should be made about the thin target experiments.

lalTa was run at an incident energy

One of the reactions of 86Kr +
slightly above the barrier. The target in this case must be treated
as a thick target. The number of target atoms used in cross-cection

86y,

determinations for thick targets is represented by the range of
from the incident energy to the Coulomb barrier. Since the incident
energy is only slightly above the Coulomb barrier, the cross-section
becomes extremely sensitive to the calculated value of the Coulomb
barrier. The cross-sections listed in Table 25 are calculated using
the value of the Coulomb barrier as determined through use of the
equation given in the Targets section of the Experimental Methods
Chapter. This gives values for cross-sections which seem too high
and, therefore, these cross-sections are not shown in the graphs.
This will be discussed further in the Discussion section.

No corrections for feeding from parents have been made in thin
target cross-sections since there is no information on parent
production.

D. Rhenium and Osmium Yields

Table 31 Tlists relative rhenium and osmium isotope yields from the
reactions of both 86Kr and 136Xe with tantalum. Osmium isotopes
appear as contaminants of the thallium fraction from the thick target

experiments. Rhenium isotopes are observed as contaminants of the



95

e L the Reactions of Boky. ana TIte" Tons with Tanteron
Targets at 8.5 MeV/A ran e fons i ankatm
86Kr
Nuclide Cross-Section Error Cross-Section Error
Re-179 - —_ 1.37 x 10-2 3.52 x 1073
Re-181 1.00 x 100 1.32 x 101 1.00 x 100 2.00 x 10-1
Re-182 2.93 x10-1 1,76 x 102 5.7 x 10-! 6.5 x 102
Re-182m 1,13 x 10-1 3,40 x 10-2 — -
Re-184 8.7 x102 9.1 x10-3  1.74 x 10-] 2.01 x 10-2
0s-18lm  2.12 x 1071 3.00 x 102 7.13 x 10-2 1.50 x 10-2
0s-182 1.00 x 100 8.69 x 10-2 1,00 x 109 1.1 x 101
0s-183 8.64 x 1001 7,75 x 1002 6.54 x 10~} 5.32 x 102
0s-183m  7.34 x 10-1  9.28 x 102 8.29 x 10! 8.10 x 102
0s-185 - - 8.55 x 10-1 9.02 x 10-2
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gold fraction from the thin target experiments. However, only cross-
sections for rhenium isotopes from the 8.5 MeV/A incident energy
projectile experiments are given in the table since these yields are
to be compared with thick target experiments at the same incident
energy. Since chemical yields are not determined, absolute cross-
sections cannot be calculated. For this reason, relative yields are
determined for each isotope of the elements. The magnitud= of these
cross-sections cannot be compared with cross-sections of any other
element--only with other isotopes of the same element from the same
experiment. Most importantly, however, is that ncne of this changes
the location of the isotopic distribution in Z and A so that peak
position may be obtained. Finally, graphs of the rhenium and osmium

yields are shown in Figures 35 and 36.



97

VI. DISCUSSION

A. Uranium Targets

Preliminary experiments indicated the presence of an unidentified
short-lived beta-particle emitting activity iu the plutenium fraction
but this proved to be thorium contamination. Pure plutonium fractions
showed no indications of any unknewn activities. There was some
indication of the presence of 245Pu decay in the beta-particle
counting of the plutonium fraction, although no clear 10.5 hour decay
was observed. This was the basis for the upper-limit cross-sections

245

given in Tables 18 and 19 for Pu. Gamma-ray analysis yielded

. . : 237 243 <
information on production of Pu and Pu which allowed an

estimation of the isotopic distribution of plutonium.

Observation of new activities in the neptunium sample was
virtually impossible using a heavy ion reaction with uranium. This
was due to a combination of two factors. First, any new isotope would
have been produced in relatively small cross-section. Second, the

240m 240

large count-rates of 7.4 rinute Np, 65 minute Np and 2.35

day 239Np would have effectively ubscured any other half-life

occuring at small count-rates. Gemma-ray analysis confirmed the
240mNp’ 240 and 239

2 2

presence of Np, Np as well as allowed identi-

fication of 34Np and 38Np allowing an approximation of the
isotopic distiibution of neptunium.

The isotopic distribution of neptunium should be a superposition
of two distributions. One distribution would be due to quasi-elastic

transfer--the transfer of a very smaitl number of nucleons. This
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distribution would be very narrow and have a relatively high cross-
section. The second distribution, due to deep inelastic reactions,
would be a broader distribution with a sémewhat lower cross-section.
This has been observed for gold isotopes from the reactions of heavy
ions with gold.38’58'94 The effect observed is smaller for a one
proton pick-up and even smaller still for a two proton pick-up. Not
enough data were obtained in this work to resolve the two components,
However, the data did allow estimation of cross-sections.

No attempts were made to find new americium isotopes. Isotopic
distributions of americium were determined by gamma-ray analysis.
Based on the isotopic distributions, it would be highly unlikely tc
observe any americium isotope heavier than mass number 244 hy beta-
particle detection. Cross-section limits for beta-particle detection
are roughly 1 microbarn. The situation only becomes worse for obser-
vation of actinides isotopes up to mendelevium since the products are
increasingly more neutron deficient as can be seen in Figure 37.95
(This figure is a compilation of actinide yields from various heavy
ion-heavy target reactions performed by the Berkeley, Livermore,

Argonne and GSI groups. The 238U + 2380 results are from the GSI

48 248Cm results are all from the Hulet group ot

group and the ""Ca +
Livermore.) Beyond mendelevium, any new heavy isotopes would decay by
alpha-particle emission nr spontaneous fission allowing lower detec~
tion limits; however, the peaks of the isotopic distributions would

still occur to the neutron deficient side of heta-stability.
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From the isotopic distributions of neptunium, plutonium and
americium, the estimates given in Table 32 can be made by simple
extrapolation of the curves shown in Figures 23 and 24. A1l count-
rates are for the first count taken of that chemical fraction after
chemical separation. Beam fluxes and irradiation times used in the
estimates are those given in Table 1. Beta-particle count-rates have
been corrected for detection efficiencies by use of the curves in
Figure 15 (Pu counted on shelf 1; Np counted on shelf 5). Gamma-ray
count-rates have not been adjusted for detection efficiency or gamma-
ray intensities except as noted. Cross-section values represent
upper-limits. It can be seen from these estimates that there is
little possibility of observation of new neutron excessive nuclides
near the target from a uranium target. Significantly lower detection
limits are required for observation of new beta-particle emitting
nuclides from these reactions.

As the Z of the products is increased, the products become more
neutron deficient. This makes observations of new beta-particle
emitting isotopes of elements removed by several Z units from the
target even more difficult due to the extremely low production cross-
sections. For elements heavier than atomic number 101, new heavy
isotopes would most likely decay by alpha-particle emission or
spontaneous fission. Detection limits for these types of decay are in
the nanobarn range. However, in this mass region cross-sections of
new heavy isotopes will probably be lower than the detection limits by

several orders of magnitude.
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Table 32. Cross-Section and Count-Rate Estimates for Neutron
Excessive Nuclides Produced from Uranium Targets.
(Predictions based on isotopic distributions.)

Noclide - Observation oy e e ey
. u n 1st Count
Np-241 8=(y-135 keV) 50 15 (120)
Np-242 8- 1 0

Pu-246 g~ (4=270 keV) 10-1 0.1 {0.5)(b)
Pu-247 B~ 5 x 102 1(c)
An-246 'S 10-2 0

Am-247 8~ <5x10-3 0

(a) No adjustments for detection efficiency {for gamma-rays).
{b) Adjusted for gamma-ray intensity.

(c) Half-life assumed to be 15 min.
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Ore further point about using deep inelastic processes to make new
isotopes—heavy ion reactions are extremely non-spacific. Virtué]]y
every element in the periodic table is produced either by direct
reaction with the target or contaminants in the target or by fission
of the heavy fragment. This poses a problem in observatior of beta-
particle emitters because of the chemical separations and
decontamination factors required to produce pure samples.

If the deep inelastic process is to be applizd to new actinide
isotope production, the choice of the target is very important. As
can be seen in Figures 23 and 24 the isotopic distributions are very
steep near the target. The distributions become broader as the Z
increases but cross-sections are dropping very rapidly with Z.
Observation of new beta-particle emitters requires greater than
microbarn cross-sections. This forces the choice of target to be one
within ~3-4 charges of the nuclide that is sought and the target mass
number to be within ~6 mass units from the "new isotope." Under these

constraints, it would be reasonable to choose 244Pu or 248Cm as

targets for use in producing 247Pu. 248

252

Cm could also be used tc
produce Bk. If the "new isotope" is expected to be an alpha-
particle emitter, the Timits in added charge and mass of detectable
nuclides may be extended somewhat because nf the greater sensitivity
for detection.

To this point, no comment has been made concerning identification

of the Z and A of the new activity. The use of chemical s« sarations

can lead to the identification of the atomic number of the new
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activity provided the separation is clean and specific. Perhaps the

most conclusive evidence ~ to the Z and A is the identification of a

known daughter activity. ...s can be almost impossible if the parent
is 2528!(, 252(:m or 248, .. 0 the long half-lives of the

daughters. There is some possibility of identifying 247Pu through
observation of growth and decay of 247An. Harvey, et al. .96 have
proposed criteria for discovery of new elenents;% presumably,
similar criteria would apply for identification of new isotopes of
existing elements.

More direct methods of synthesizing new isotepes may be more
appropriate than deep inelastic reactions. These methods include fast

neutron irradiations of heavy targets as was used by Katcoff,

242 242

et al.,36 in the production of U and Np. The (t,p}

reaction has been useu to produce 259F- from a 257Fm tar-get.97

256mEs from an 254&; target,98 and to produce 2560f

from a 25t‘(:f target..99 The (e,n} reaction with an 255Es target

to produce

has been used to produce the 43 minute isomer of 258&1.99 Neutron

50 52, 100 I

capture by 250¢q, has been used to produce 2520,
poassible, methods such as these should be attempted before resorting
to heavy ion ceactions on heavy targets.

Comparison of isotopic distributions in Figures 23 and 24 reveals
two points. First, the cross-sections of neptunium and pTutonium
isotopes are somewhat higher from the 86l(r reaction than from the
136Xe reaction, and the americium cross-sections are about the same

from the wwo reactions. As can be seen in Figure 37 this trend is
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reversed beyond americium. Second, the peak in each distribution
seems to occur at roughly the same mass number—238 for neptunium

239Np from the distribution), 239.5 for plutonium,

(this excludes
and 241.5 for americium. These facts will be discussed further in
relation to the thick tantalum target experimental results later in
the discussion. No conclusions can be drawn about the widths of the
distributions because of the lack of data; however, as a first
approximation, the distributions of isotopes of elements near the
target are similar.

To conclude this section of the discussion, the implications of
the last paragraph to new isotope production should be pointed out.
If the target is within ~3 charges from the “new isotope* there is
little difference which projectile is used for the reaction. In
general, the cross-sections of isotopes near the target are slightly
higher with 85Kr than with 136Xe but no advantage is gained in the
width of the distributions. However, roughly an order of magnitude is

k!
gained in cross-sections if 2380 is used as the projet:ti]e."0

B. Thick Tantalum Targets

The discussion in this section will center on the data presented
in Tables 20 and 21 and Figures 25 and 26. Three general trends can
be observed. First, the cross-sections from the 86Kr induced
reaction drop rapidly with an increase in Z above the target whereas
the cross-sections from the 136Xe induced reaction drop more slowly
with Z. This is similar to, but somewhat more dramatic than, that

observed in reactions with a uranium target. Table 33 lists the



Table 33. Peak Isotopic Distribution Cross-Sections of

Products Heav

ier than the

Target.
Cross-Section (mb)
(a) (b) (c)

1 86,18l 136, 181, 86,238, 136,238 238,238,
2 - — ~1,5x10-1 ~1x10-1 -
3 - — 3.1x10-2 3.0x10-2 -
4 3.0x100 1.2x100 3xio-3 3.5x10-3 1.2x10-1
5 -— — - — _
6 1.6x100 4.4x10-1 2x10-5 4x10-5 4x10-4
7 6.6x10-1 2.6x10-1 ~5x10~7 ~3x10-6 1.5x10-8
8 1.3x10-1 1.6x10-1 5x10-8 - 2x10-6
9 - — - _ _—

10 1.8x10-2 ~1.1x10-} - — -

(a) Reference 95 and this work.

{b) Reference 30 and 95 and this work.

(¢} Reference 30 and 102.

voL
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cross-section at the peak of the isotopic distributions for a given
number of charges transferred to the target. These data are shown in
graphical form in Figure 38. Tha references are given in the figure
caption. These data are presented to compare peak cross-sections for
the same number of charges transferred to the target. The results

136

from the Xe + Ta reaction show a nearly linear decrease in

cross-section with increased proton transfer to the target. For
comparison purposes, the results of thick target reactions of 86Kr‘,

136 d 238U with uranium are shown on the same graph. The

Xe, an
decrease in crass-section with increase in Z is much more rapid from
the uranium target experiments and also, as would be expectes, the
cross-sections are much lower from the uranium reactions. The primary
factor in this difference is almost certainly the loss of cross-
section due to fission of the uranium-1ike fragment from the reactions
with uranium. Other factors affect cross-sections as well since the
choice of projectile affects cross-sections for the same Z from the
came target. Comparison of cross-seciions for the same charge

£
transfer to a tantalum target shows that the 8“i(r reaction yields

136

higher cross-sections than the Xe induced reaction rear the

target but at about 7-8 charge transfers the trend is reversed.

86, 4 136

Within the uranium target experiments, the ~ Kr an Xe reac-

tions show similar ur-oss-sections to about a 5-6 charge transfer then
86Kr reaction cross-sections drop significantly below the 136Xe
reaction cross-sections. The results from the 2380 + 238U

reaction are quite different possibly due to the symmetry of the



P S s

106

reaction since the mass and the charge do not have to equilibrate in

86 136Xe with heavy

the reaction. In the reactions of = Kr and
targets the trena is for mass to flow from the heavy target to the
lighter projectile.

The second trend is that in general the widths of the isotopic
distributions appear broader for the 13GXe reactions with tantalum
than for the 86Kr reactions. The width of the distribution is
governed by the primary fragment distribution width and the range of
excitation energies of the primary fragwents.30’101 So, the
differences in widths can result not only from differences in the
primary fragment distributions but also in differences in excitation
energies of the p-imary fragments. Since almost ail of the data in
this work fall on one side of the isotopic distributions, nothing
quantitative can be obtained from the widths of the distributions,

The third trend is the location of the peaks in the isotopic
distributions. 7able 34 contains a list of the peak pcsition as a
observed_ztarget) “1d aA (Aobserved_Atarget)
for this work as well as several other reactions with heavy targets.

function of aZ (Z

These data are plotted in Figure 9. The results show a linear
increase in mass with an increase in Z transferred to the target. The
slope of this line (%%) in all cases is greater than the slope of the
line of beta-stability and so heavy products from these reactions will
always be more neutiron deficient than the target It should be noted
that the slopes of all of these lines excebt that for the 486a +

2480m reaction are very similar (if the Bi point is removed from the



Table 34, Location of the Peak of the Isotopic Distributions Relative to the Targzt
for Heavy Ion - Heavy Element Reactions

aA for

g el 8,238, 136, e 136, 23(P) 238, , 238,(¢) as,, , 248, (¢
1 - =0 — 0 - - _
2 0 1.5 1 2 2.5 2.0
3 2 3.5 2.5 3.5 4.5 ~4
a 5.5 " s 5.5 6.0 6 7
5 7.0 - 7.5 - 11.3 -
6 9.0 11 9 11.0 13.4 -
7 1.5 o 11.0 <14 15.5 -
8 13.7 -14 15.0 — - -
9 — _ _ _ — _—
10 20.2 - -20 — - -

{0l

{a) Reference 95 and this work.
(b) References 30 and 95 and this work.
(c) References 30 and 102,

(d) Reference 15.
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86Kr + 181Ta graph, vk slope is 0.437). The only difference in

these lines is the Z at which the net mass transfer is zero. For all
of the uranium experiments and for the curium experi- ment, this Z is
~1.1 charges above the target; for the tantalum experiments this Z is
~2.0 charges above the target. This leads one to believe that the
primiry effect of the projectile on production of nuclides heavier
than the target is its influence on cross-section. The final products
observed in these reactions appear to be in the same position in Z and
A relative to the target for any projectile used. The only difference
in positioning seems to be dependent on the target—the change in Z at
which the net mass transfer is zero. The Z/A of the isotope at the
peak of the isotopic distributions (~0.42) does not correspond to the

38 238

Z/A of the compound system of the reaction (0.387 for 2 U+ U

86, 181

to 0.408 for ~Kr +

{f the above relation is assumed to hold for all heavy ion-heavy

Ta).

target reactions, then it is interesting to apply this to superheavy
element production. Using a slope of 0.43 and a AZ with no mass
transfer of 1.0, the "most probable" mass of elements above the target
can be predicted from the equation:

= 0.43 (A-A

4 )+ Lo .

- Ztarget target

This equation would yield estimations of the "most probable" mass of

element 114 as 288 (N = 174) for the reaction of heavy ions with a

2480y, target and 287 (N = 173) for the reaction of heavy ions with
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254Es. Depending on which theories are used, this leads to isotopes
of element 114 whose half-lives would be on the order of milliseconds
to minutes.103’104 Cross-sections for production of superheavy
elements cannot be predicted from data presented in this paper;
however, an estimate of 0.1 mb for a primary product of Z = 114 from
238 + 238 i< given by Schidel, et a1.%0

C. Thin Tantalum Targets

The discussion in this section will focus on the excitation

functions of the heavy products from the reactions of 86Kr and

136Xe with 181Ta. The results of these experiments are given in

Tables 22-28 and are shown graphically in Figures 25-34. The bombard-
ment energy and the thickness of the targets (in MeV} for these
reactions are given in Tables 29 and 30.

The isotopic distributions of bismuth isotopes from both heavy ion
induced reactions do not show any change in shape with a change in

£ 190

energy of the projectile. I Au is ignored, the shapes of the

gold isotope distributions do not change with energy either. This

result is in agrezucnt with the results obtained for heavy actinide

products from the reaction 238U + 238U performed at various

2 The results of those experiments showed that

incident energies.lo
the shape and location of the distributions of californium, einstein-
ium, and fermium isotopes remain the same at incident energies ranging

190Au is the exception to this trend.

from 6.5 MeV/A to 8.7 MeV/A.
The discrepancy does not seem to arise from problems in detection and

identification of this nuclide since in most cases the cross-section
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is based on the identification of several gamma-ray energies.
Possibly, the change in the cross-section may be due to tross-section
for mass number 190 being “lost" due to an unknown isomer. This might
arise from changes in angular momentum transfer. In either case, the

behavior of 150

Au is the only indication that the shapes or
positions of the isotopic distributions change with projectile energy.

It seems reasonable to conclude from this that. within roughly one
mass number unit, the position of the isotopic distributions of
elements heavier than the target does not change with a change in the
heavy ion incident energy. Further, the shape (width) of the distri-
butions does not show a major change with projectile energy. One
possible reason for this benavior may be that the net effect of mass
and energy transfer at different projectile energies is to give the
same final products at all energies. That is to say, if more neutrons
(for the same charge transfer) are transferred to the target at the
higher projectile energy, then enough extra excitation energy is given
to the primary fragment to evaporate the additional neutrons with the
net effect of yielding the same final products. Correlation of
nucleon transfer and kinetic energy loss has been demonstrated.zs

The excitation functions for the production of individual isotopes
of gold and bismuth are shown in Figures 31-34. MWithin the errors
shown, the excitation functions of all isotopes of the same element
are the same. This would be expected if the shape and position of the
isotopic distributions remain the same at all energies. However, the

190

unusual behavior of Au is again observable showing a completely
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vifferent behavior from all other gold isotopes from the 86Kr
induced reaction. Although the behavior of 190Au in the 136Xe
induced reaction is not the same as that for the 86¢y induced reac--
tion, the cross-section for the production of 190Au seems to change
more drastically than that for the other gold isotopes. The curves
drawn in these figures represent smooth fits to the data and therefore
appear different in shape; however, when the errors are considered,
the same curve may be drawn for excitation functions for all isotepes
of the same element. The shape of the excitation functions for gold
and bismuth isotopes from the same heavy ion reaction are very similar.
The excitation functions show a peak at a projectile energy of
1.4-1.5 times the Coulomb barrier (B) in all excitation functions

except 190Au from 86 181

Kr + Ta. When viiwed as a function of

the ratio of the incident energy to the Coulomb barrier energy, E/B,
the drop in cross-section at higher energy shows little dependence on
the projectile. If viewed in terms of the available energy above the
Coulomb barrier, 86Kr induced reactions show a more dramatic drop in
cross-section with an increase in energy. In either case, the drop in
cross-sections exhibited for the production of gold and bismuth
isotopes from the same reaction is nearly the same in all cases. The
decrease in cross-section of products heavier than the target with an
increase in projectile energy has also been observed by Sch'éde].102
He has observed a decrease in cross-section of heavy actinide products
from the reaction 238U + 238U. The peak in the excitation

functions for the production of actinides occurs near 6.7 MeV/A
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(projectile energy) with a fairly rapid decrease in cross-section
above this energy.

The decrease in cross-section at the higher energies observed with
the tantalum targets could be due to the fission of the heavy frag-

ment. Russo, et a].,105,106 have observed secondary fission of

136y, , 197, 107

heavy products in the reaction Wozniak, et al.,

lo8 have observed this in the reaction

and Rajagapalan, et al.,
86Kr + 197Au. At the high excitation energy and angular momentum
available in heavy ion reactions, it is possible to cause a substan-
tial fraction of products heavier than the target in the gold region
to undergo fission. Above ~1.4 times the Coulomb barrier, the combi-
nation of excitation energy and angular momentum may be enough to
cause an overall decrease in cross-section due to fission.

One other point needs to be considered in the reaction of 86Kr
with thin tantalum targets. An experiment was performed in which the
incident energy of the projectile was very close to the Coulomb
barrier in which unusually high cross-sections were obtained for gold
isotopes. Because the energy was so close to the Coulomb barrier, the
cross-section will be strongly affected by the value of the barrier
used to calculate the thickness of the target over which the reactions
occurred. The cross-sections obtained by use of the Coulomb barrier
as calculated using the equation in the Experimental Methods section
appear too high by about one order of magnitude. Values of the

109-111

Coulomb barrier calculated by other methaods will only differ

by a few percent from t-=t used in this paper. This change in the
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coulomb barrier will not change the cross-sections enough to yield
reasonable values. Extrapolations of the excitation functions would
indicate measurable cross-sections near the Coulomb barrier but not to

the extent indicated by the low energy 86kr data.



14

VII. CONCLUSIONS

From the results obtained in attempts to produce new actinide
isotopes, it is reasonable to state that except in certain cases the
deep inelastic mechanism should be used as a last resort. Other
methods can present a much more direct route to new isotopes and yield
a more limited number of products. Although cross-sections from the
deep inelastic reaction in the best cases may be comparable to cross-
sections obtained via other reactions, additional problems of chemical
separation and identification arise due to the wide ranae of nuclides
produced. Unless the "new isotope” is near lhe peak of the isotopic
distributions, the cross-section is likely to be lower than the
detection limits.

Results from heavy ion reactions with thick tantalum targets have
indicated a lack of sensitivity of the heavy reaction products on the
heavy ion projectile. Products from all heavy target-heavy projectile
combinations investigated show the same positioning in change in Z and
change in A above the target. The "most probable" mass of a
particular element heavier than the target may be predicted by the
equation:

z = 0.43 (A-A

'Ztarget target) *1.0 .

From this, the most probable mass number of a superheavy element with
Z = 114 can be predicted. The predicted values of the mass number are

288 from a heavy ion reaction with a 248Cn| target and 287 from the
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254Es target. The projectile appears to primarily

reaction with an
govern the cross-sections of the heavy nuclide and has a small effect
on the widths of the isotopic distributions.

Results from the reactions of heavy ions with thin tantalum
targets have indicated that there is little if any change in shape or
position of the isotopic distributions with a change in projectile
energy. Nuclidic cross-sections rise with energy to a maximum at ~1.4
times the Coulomb barrier then decrease at higher energies. Presum-
ably this decrease in cross-section is due to the fission of the heavy
fragment, caused by additional excitation energy and angular momentum
transferred to the target at the higher projectile energies. Based on
these observatiens and similar observations for heavy actinide

238U + 238U, one must choose carefully

products from the reaction
the projectile energy for production of nuclides heavier than the
target since the higher cross-sections for these products occur at

lower energies.
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FIGURE CAPTIONS

Chart of the Nuclides for the region Po-Lr.
Chart of the Nuclides for the region Lu-Po.
Beam energy spectra for 86Kr and 136Xe. The 86Kr beam
is actually 731 MeV and the actual energy of the 13%xe is
980 MeV.
Diagram of TAG target system showing collimator, Faraday cup
arrangement, and copper target holder.
Diagram of Nurmia target system in use at the SuperHilac. The
target assembly is shown on the lower left.
Photograph of Nurmia target system., Target holder-beam stop
is hand held. Collimator housing is seen mounted between the
teflon riﬁgs.
Calibration curves for electrolytic dissolution of uranium
targets. »
Diagram of the electrolytic dissolution apparatus for dissolu-
tion of uranium targets.
Flow scheme for neptunium-plutonium separation chemistry.
Flow scheme for transplutonium separation chemistry.
(A) Anion-exchange column performance.
(B) Cation-exchange column performance. See text for

descriptions of columns. ‘
Flow scheme for thick tantalum target chemistry I.
Flow scheme for thick tantalum target chemistry II.

Flow scheme for thin tantalum target chemistry,
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19.
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21.
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25.
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Detection efficlency calibration curve for g~ detectors.
Detection efficiency calibration curves for several counting
arrangements of Ge(Li)3.

Detection efficiency calitration curves for several counting
arrangements of Ge(Li)4.

g~ decay curve for neptunium fraction from experiment KU4.
g~ decay curve for plutonium fraction from experiment KU4,
Flow scheme for gamma-ray spectra data analysis.

Gamma-ray spectrum of thallium fraction from experiment KT7.
TAUZ display from analysis of the thallijum fraction from
experiment KTZ.

Isotopic distributions for Np, Pu, and Am from the reaction of

86Kr ions with a thick uranijum target. Incident energy is

731 MeV (8.5 MeV/A). Dashed curves are intended to aid the
eye and are only approximations. The No distribution is a
result of quasi-elastic transfer and deep/inelastic transfer.
Isotopic distributions for Np, Pu, and Am from the reaction of
136Xe jons with a thi;k uranium target. Incident energy is
1156 MeV (8.5 MeV/A).

Isotopic distributions for products heavier than tantaium from
the reaction of 86Kr jons with a thick tantalum target. The
incident energy is 731 MeV (8.5 MeV/A). Solid points
represent measured cross-sections. Open points represent

cross—-sections corrected for feeding from the parent where the

two cross-sections differ. The curves are "eyeball" fits to

the corrected cross-sections.



Fig. 26.

Fig. 27

Fig. 28.

Fig. 29

Fig. 30.

Fig. 31.

Isotopic distributions for products heavier than tantalum from
the reaction of 1156 MeV 30X ions with a thick tantalum
target. A description of this type of graph is given for
Figure Z5. .

Isotopic distributions for gold isotopes from the reactions of
731 MeV, 620 MeV, and 506 MeV BGKr ions with thin tantalum
targets. Each curve represents the isotopic distribution for
the indicated energy.

Isotopic distributions for bismuth isotopes from the reactions
of 731 MeV, 620 MeV, and 506 Mev 5%r ions with thin

tantalum targets.

Isotopic distributions for q0ld isotopes from the reactions of

136Xe jons with thin tantalum

1156 MeV, 980 MeV, and 801 MeV
targets.
Isotopic distributions for bismuth isotopes from the reactions

136y¢ jons with thin tantalum

of 1156 MeV and 980 MeV
targets. Bismuth isotopes were not observed at 801 MeV.
Excitation functions for gold isotopes from the reactions of
731 MeV, 620 MeV and 506 MeV 86Kr ions with thin tantalum
targets. Each curve is the excitation function of a different
isotope. The target thicknesshis illustrated by the
horizontal lines near the bottom of the figure (labeled Target

Thickness). Two horizontal scales are used for energy. The

Tower scale is the excess energy above the Coulamb barrier (in



Fig. 32.

Fig. 33.

Fig. 34

Fig. 35.

Fig. 36
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the center-of-mass system). The upper scale is the ratio of
the average energy in the target and the Coulomb barrier.

lgoAu {dashed curve)

Note the difference in the curve for
and the similarity of the other curves.

Excitation functions for bismuth isotopes from the reactions
of 731 MeV, 620 MeV and 506 MeV askr ions with thin tantalum
targets. A description of the graph is given for Figure 31.
Note similarity of curves.

Excitation functions for yold isotopes from the reaction of
1156 MeV, 980 MeV, and 801 Mev 13%xe ions with thin tantalum
targets. The graph is described in Fig. 31.

Excitation functions for bismuth isotopes from the reactions
of 1156 MeV and 980 Mev 13%Xe ions with thin tantalum
targets. No bismuth isotopes were observed at 801 MeV. The
graph is described in Fig. 31.

Relative cross-sections for rhenium and osmium isotopes from

86Kr with tantalum. The rhenium

the reaction of 731 MeV
isotopes were observed in the reaction with a thin target.

The osmium isotopes were observed in the reaction Qith a thick
target.

Relative cross-sections for rhenium and osmium isotopes from

136)(e ioas with tantalum. The

the reactions of 1156 MeV
rhenium isotopes wore observed in a thin target reaction and

the osmium isotopes were cbserved in a thick target reaction.



Fig. 37.

Fig. 38

Fig. 39.
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Susmary of heavy target experiments performed by the Berkeley,
Livermore, Argonne and GSI groups. From Peference 95.
Cross-sections of the peak of the isotopic distributions
plotted against the number of charges transferred to the
target for several heavy ion-heavy target reactions.
References are given in the figure caption for Figure 39.
Graph of the location of the peaks of the isotopic distribu-
tions as a function of the change in Z and A above the

target. References are as follows:

880, + 248g, Ref. 15

238 , 238 Ref. 30, 102

8y + 238y Ref. 95 (Fig. 37) and this work.
136y, ., 238, Ref. 30, 95 (Fig. 37) and this work.
86, + 181y, This work.

136, . 181

Xe + Ta This work.
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Uranium target dissolution apparatus
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