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Summar®

We hive measurad the production craoss sections
for 233 and 231 from ths bombardment of 238y with
34e fons at 46-, 53-, and 60-MeV at the Brookhaven
60-1in. isochronous cyclotron. We have also attempted
to observe the decay of 233, produced via
238[!(3&.95) or equivalent reactions using 61 MeV E:
ions by firat separating thorium from actiniua and
then perforaing chemical purifications on the second
thorium sample into which the actinium has decayed.
In tha four experiments we performed, three gave
results consistent with the B half-life of 233ac
somevhat longer than 120 s and the production cross
saction from this target-projectile combination in
the order of 1-2 ub.

Introduction

Among the commonly used methoda to produce
neutron-rich cuclidea outaide the fission product
regfons ars photonuclear ructional. aedium= or
high-ensrgy proton induced reactions=> and
medium-energy neutron induced reactions.6~7 There
are distinct advautages and drawbacks for each.
Photonuclear raactions yield relatively simple
nroduct mixtures but only a limitad number of
products cen be expescted. The madina- and
high-energy proton inducad reactious reault in
complex product mixture in which the more-fsvored
nautrop—deficient miclidas tend to mask the
less~favorad neutroun-rich uuclides. High-enargy
proton inducad reactions, however, have baen used
successfully in the smdz of neutron-rich nuclides
among the light elamants +5 where the valley of
stebility is narrovw and the on-line particle
identification technique could be employed.
Medium-energy weutron induced reactiocns have besn
shown® to be effective for producing neutron~rich
nuclides if there is an adequate neutron flux.

Heavy-ion induced reaction have generally bean
used to produce neutroo—-deficient muclides mainly via
(HI,xn) reactions because of the neutron-to-proton
ratio of the compound muclaus and the Coulomb barrier
for charged particle emissions. There are, howaver,
special examplea to produce neutrou-rich miclides in
the light-element region by sultinucleon transfer
or by tuguanution of the heevy ion beam.l0
Although “Hs is not usually coneidered as a typical
heavy fon, being the most nsutron-deficient complex
muclide (by virtue of ite neutron-to- proton ratio of
0.5), it has been uaed mainly to produce
neutron—deficient nuclides. BHBowever, exotic
reactions aay lead to products on tha neutron-rich
side of astability. Fashy ot al.ll have used a
756 MaV 3Ha _beam to produce the highly neutron-rich
43¢1 and 5 via a five-nucleon pickup reaction.
They measured the masses of 3¢l _and n by
recording the energy spectra o# 8 fons and eatiasted
the cross saction for the five-nucleon pickup
(3Be,BB) resction to be in the order of a fev ob/er.

Since these neasvremerta were made by uaing vary
thin targate for this particular raaction channel, we
thought it might be feasible to observe other
ageutron-rich nuclides produced via such exotic
nuclear reactions by using a radiochemical method.

As a continuation of recent ianvestigations at
Brookhaven, our interest hes been centered on the
heavy-clement region. A quick survey of this region
revesls that 233Ac is a prise candidate for esuzh
study. It has never been observed in the laporatory,
it has an estimated partial g half-life of 80 el2
and it can be produced by 2380(3He.83) or equivalent
ouclesr r:actious.

Since the highest available energy of the Ige
ifons at the Brookhaven cyclotron is only 62 MeV, one
should ask whether this energy is high enough to
surmount the Coulomb barrier for the 238U(3Ee,85)233.'.«c
reaction. Depending on the value for r, used, the
calculated Coulomb barrier varies from 52.4 MeV for
r, = 1.5 f to 65.5 MeV for ry = 1.2 f. However,
unlike the observation msde in Ref. 11, the sample
prepared the radiochemical astliod should also
include 2335¢ produced in all other equivalent
reaction channels where the barrier is less. This
will enhance the probability af observing 233Ac using
this target-projectile combination.

The next question then is even if 2335¢c were to
be produced, vhat is the chance of observing and
identifyirg it. Since the bulk of the reaction
products ia expected to consist of fission products
with cross sections meny orders of magnitude higher
then that of 3Ar.'.i exhaustive chemical rification
would be required and the short-lived 233, might
decay away before the purification is completed. A
methcd often used to ifantify a ahort-lived ouclide ias
through the observati- i of its known descendent(s).
In the case of 3Ac. ita daughter nuclide 3Th haa a
half-14fe of 22.2 m, sufficiently long to perait
thorough chemical purification procedures. 1In fact,
the exhau tive purification of thorium froam the
mixture of large amount of fisaion products has
recently been worked out.l

There is also the need to separate thorium froa
actinium initially before 233ac 1s allowed to decay
iato 2331:!1. because in addition tc the 8 decay of
2335, 2331 could also be produced directly by
238[1(581.20) or equivalent reacticns. The croas
sections for thesae lacter reactions may very well be
auch higher than those of the 2380(311:,85) or
equivalent resactions. Therafore, during the early
part of this invectigution ve _mesneured the production
cross sections for 233Th and 23Th from 2380 via
he,2a) and (3Be,202n) reaction et three different
He energies between 46~ and 60-MeV. Later, we
atteapted to observe the decay of 233ac prcduced in
238y(3pe,88) or equivalent reactiots from the thorium
sauples into which actinium has decayed. For the
rapid thoriums and actinium ssparation we have chosen
the vary selective solvsat extraction with
HDZHP/toluene from 8.0 M HC1 solution.l?

Experimentsl

Ircadiations

All the irradiations were carried ocut at the
Brookhavan 60-in. ieochranous cyclotron, vith a JHe
energy of ~ 62 MeV. After the besam psssed through 2
collimator window, it wvas alloved to impinge on the
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target which was mounted oa a water-cooled aluminum
block. For the irradiations at the highest energy,
the collimator window (0.00%15-in. thick Dural foil)
was removed and the target blcck became an integral
part of the cyclotron vacuum system. The beam
current (1.0-3.5 uA) was measured with a Faraday cup
and it was later used to calculate the production
croas sections. Irradition timc varied from 5 to
2C minutec.

Both uranium oxide and uranium foil (0.0015-in.
thick) were used ~s targets. To prepare the oxide
sample, uranium metal was dissolved in 10 M HNOj3;
after passicg through two MPl anion exchange columms,
the peroxide was precipitated at pH 2-3 with NH,OH;
HpOp was added ia excess and the sample chilled.
After filtration and drying, the peroxide was
converted into oxide at 8500C and then pressed into

a pallet.

Chemical Procedures

Imiediately after the irradiation, the target
was reuoved for chemical processing. It was
dissolved in con. HCl with a few drops of conc. HNOj3
and conc. HC10,; and 2-3 mg of thorium carrier. The
initial steps varied depending on the purpose of that
particular experiment. If it was to measure the
cross gections of the thorium ruclides produczd
directly in the irradiation, then the purification of
thorium began. If it was an attempt to observe
2 Jae, then a separation of thorium from actinfum was
performed first. This was accomplished by extracting
thorfum from a 8 M HCl solution into a 50% HDEHP in
toluene. According to the data given in Ref. l4,
thorium should be extracted into the organjc phase
quantitatively (Kg = 105) while actinium should
remain in the aqueous phase (X4 = 10‘5). (The
actual decontamination factor of thorium from
actinium under ocur experimental conditions —-— that
is, to perform the snparation within the shortest
possible time, was found to be at least several
orders of magnitude worese than the literature value.
This point will be discussed more in detail later.)
The desired thorium sample was extracted into HDEHP
again several minutes after the initial separation to
allow 233ac to decay into 33Th and then
back-extracted with 6 M HCl and 0.5 M HF solution.

The purification of thorium began with the
retention of thorium on an MPl anion exchznge column
from 10 M HNO3 solution, conditions under which the
bulk of uranium and some fission groducts would be
eluted. Then thorium was eluted with conec. HCl;
extracted into 0.2 M TTA Iin benzene from 0.01 M HC1
solution; waghed four times with 0.01 M HCL
contalning ytterium carrier and NH9OH°HC1l and
back-extracted with 1 M HCl. After another pass
through an MP1l anion exchange columa in conc. HC1
8. Zutlion, thorium was finally precipitated as oxalate
.rom strong HCL solution for radiocactivity assay.

The entire purification procedure usually took about
40 minutes.

Counting

The gsamples were counted either on a calibrated
Ge(Li) detector (50 em? in size with FWHM of 2.0 keV
at 1332 keV) or on a standard gas-flow proportional
counter for y- or B-measurements, respectively. The
Y-measurements were made only on those samples having
a sufficiently high level of y-activity. This
included mainly the samples grepated for measuring
croas sections of 233th and 231y directly produced
in.the irradiation. The thorium samples prepared
from the growth of actinium were usually too weak to
be counted on the Ge(Li) detector and were therefore
only counted on the gag=flow proportiomal counter.

The y-ray spectra were recorded on magnetic tapes
using a 4096 chennel analyzer system and were
analyzed later with the INTRAL code.'3 The least
squares code CLSQ'® was ugsed for decay curve
analyses.

Results and Discussion

Production Cross Sections for 231Th and 233t

Production cross sectionms for 23lTh and 233Th at
three different energi2s were measured in this
investigation. Uranium oxide of two differenc
thickneszeas and 0.0015-in. thick uranium foll were
used in these measurements. Range data for heavy
ions!/ were used to estimate the energy degredation
through the target and the mean energy of JHe througn
the target was calculated and used as the bombarding
energy. Table 1 ligts the relevant muclear proper-—
ties of 23lth and 7-33'1‘h; these were used together
with the beaw current and the target thickness to
calculate the production cross sections.

Table 1. Some Relevant Properties of 2317h and 2331H

Nuclide Half-Life Abundance®
(keV)

2317h 5.5 h 84.5 6.5
163.0 0.16

2337h 22.2m 162.0 0.31
169.0 0.34
459.4 1.35
670.1 0.65

* Numher of photons per 10D disintegrations.

The results are listed in Table 2 with the mean
energy for helium—3 through the target given in the
first column. The errors of the cross sections

Table 2. Production Cross Sections of 23lTh and 233th

Efe-3 onlub)

(MeV) 238y(3ge,20)233th  238y(3ge,2a20)23lTh
46.3 1.3 £ 0.2 2.8 + 0.3
53.0 3.8 £ 0.5 10.6 % 1.1
59.6 6.3 % 0.6 16.2 + 2.0

reflect the larger quantity of either the combination
of counting statistics, detector efficiency ‘and
chemical yfeld uncertainties or the standard
deviation of the individual meagurements fram the
mean. The excitaticn functions for 23Th and 233Th
are shown in Fig. 1.

Tue Attempt to observe 233pc by assaying the Thorium
Sampies into which the Actinium has decayed

We have performeua four segarate experiments to
gearch for the the decay of 233pc into 23%h. Al
these experiments followed the same procedure: first
thorium was separated from actinium by HDEHP solvent
extraction; after allowing actinium to decay into
thorium, a second therium sample was extracted;
following chemical purification, a sample way
prepared for B counting. In one of the experiments,
two extractions wers performed as the fnitial
separution. The time elapsed from the end of
bombardment to the separation of phases in the
solvent extraction was between 3.6 min and 4.2 min
for one extraction and 5.5 min for two oxtractions.
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Because of the low activity of the samples, they
were assayed on the gas—flow proportional counter.
As it turmed out, there was the additional problem of
the background from thorira carrier in 8 counting.
Since in the thorium samples, 281h always exists
together with 232Th, when a thorium szmple is
purified, the descendents of 2287h begin to grow in,
thus contributing to a gradually increasing
background observed in the 8 counting. We have
performed carrier-free chemical geparations for
thorium using Th tracer and separations with small
amounts of thorium carrier (< 0.5 mg), and have
always found very low chemical yields. Therefore for
the purification steps in these four experiments, we

Table 3.

Run Ts . t1/2=605 80s 100s
310 4.2 min. 93.4 35.0 18.9
311 5.5 ain. 28.4 B.6 4.1
313 3.6 min. 16.8 6.8 3.8
314 3.9 min. 11.6 5.6 2.6

have used 2-3 mg of thorium carrier each tice. 1In
order to simulate the background in the 8 counting
due to the decay of 2281h and descendents, we have
prepared a blark thotium sample following exactly the
same chemical procedure as the real samples. The
sample was fcllowed on a proportiomal counter over a
long period of time to egtablish a standard shape for
background subtraction.

The counting results from each sample were
analyzed first by subtracting the normalized
background contribution from 228Th and descendants.-
In all sar "=2g there is unmistakably z 22.2 min.
component in the rem2ining counting data.

In order to compare the results from these four
experiments, one must assume certain values for the
half-life of 233Ac. We have listed in Table 3 the
calculated apparent cross sections for 233Ac based on
the ohgerved 233Th activity and the different values
agsumed for the half-life of 233sc. Note that Rum il
was the only experiment that had twn solvent
extractions for the initial thorium-actinium
separation. Column 2 lists the time of separation of
phases of the initial solvent extraction after the
end-of-bhombardment. The next seven columns list the
calculated appareat cross sections in ub for 233ac
based on counting rates, counter efficiency, time of
initial separation, chemical yields and that
particular assumed half-life for 233ac at the head of
that colum. We have used values between 60 s and
180s wicth 20 s increments. The last column lists the
cross sections calculated using the value of the
half~life of 233Th, 22.2 min.

In addition to the expected decrease in
calculated cross section with increasing value of the
assumed half-1ife for 233Ac within each experiment,
another trend emerges from the data listed in Table
3. That 1is, the results of the last three
experiments converge tc each other as the asgumed
half~life for 233Ac increases. The result from the
first experiment remains very different from the
other three regardless vhat is the assumed half-life
for 233pc. This inconsistency may suggest serious
contamination occurred in the first experiment.

Since two solvent extractions were performed as the
initial separation in the second experiment and only
one was used in the last two experiments, the
convergence of the data for these three experiments
at longer assumed half-lives for 3Ac seems to be
significant.

However, the magnitude of 1-2 ub as the
production cross section for 233Ac geems to be
surprisingly high in view of the estimate given in
Ref. 11. Even taking the generous assumption that
the sawe estimate applies here (using the excitation

Calculated apparent cross sections for 233pc baged on the observed 233Th activities
and different values assumed for the half-life of

3ac
o (ub)
120s 140s 160s 180s 22.2m
12.4 9.1 7.2 6.0 1.5
2.5 1.7 1.3 1.1 g.23
2.5 1.8 1.4 1.2 0.26
1.8 1.3 1.1 0.9 0.26

8 Tg is the time of separation of phases of the initial solvent extraction

for the thorium-actinium separation from the end of bombardment.

Only one

solvent extraction for initial separation was performed in all runs except 311,
where two successive solvent extractions were performed as initial separation,
and Tg is the time for the second extraction.



function results Jor (3He,2u) reaction liste. 1irn
Table 2, a five-fold decrease in cross sectic: i3
expected when the projectile energy decreaves by 13
MeV; furthermore, the estimate given in Ref. 1l was
for medium elements and not for heavy elements), the
cross section for 238U(3He,88)233Ac is only expected
to b2 less than 100 nb.

Therefore it is important to addreas the
question of contamination wore in detail. Although
the data given in Ref. 14 suggest a decontamination
factor of 10!l hetween thorium and actinium, under
actuzl experimental cornditions, trying to sgeparate
the phases irmmediately after the solvent extraction
may lead to a decontamination factor wany orders of
magnftude less than thig factor. In a separate
experiment, we have uged about 100 mg of thorium and
performed the initial thorium-actinium separation
under similar conditions and found about 0.01Z of
thorium left behind in the aqueous phase after one
solvent extraction. Therefore one caa conclude based
on these observationsg that in the first experiment
the unusually high cross section probably resulted
from the iacomplete extractiom of thorium.
Furtherzora, the general agreement of the other three
experimente under rather different experimental
conditions (the length of bombardment, the beam
current, the number of initial separations, and the
time of the initial separation) seems to suggzest that
these data are consistent with the half-life of 233ac
somewhat longer than 120 g and with the production
cross section from this target-projectile combination
to be of tha order of 1-2 ub. This means the
contributioas from other equivalent reaction cnannels
must be much higher than that of the (3He,85)
channel.

It does not seem feasible for us cto improve
these measurements at the Brookhaven cyclotron with
the available emergy and beam current of 3He 1oms.
However, we are planning to continue this
investigation at the AGS (Alternating Gradient
Synchrotron), using 28=GeV protons instead of 62-MeV

He ions. Based on the results of Pate and
Poskanzerl8 and some recent exploratory
measurements'?, we are hopeful that We can confirm
the tentative conclusion arrived at in this
investigation.
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