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Bismuth was bombarded by the 380-Mev proton beam of the Nevis Cyclotron to determine production
cross sections of various spallation products. Products isolated and assayed were radioactive isotopes of
polonium, bismuth, lead, thallium, mercury, gold, and platinum. Each of these elements was separated [rom
the bismuth targets, carefully purified, and counted using a NaI(TII) crystal scintillation counter having
47 geometry and 99_4+19%, efficiency for photons between 20 and 100 kev.

A mass-yield curve was constructed from these results and compared to the mass-yield curve constructed
from available Monte Carlo calculations. The calculated data fit the experimental data quite well for
products within about 20 mass number units of the target. A lower limit to the total spallation cross section

of 1.144-0.05 barns was obtained.

I. INTRODUCTION

REVIOUS investigations'™ of the spallation of
bismuth suffered from the lack of detailed infor-
mation on the decay schemes of the product nuclides
and the concomitant uncertainty in the counting
efficiencies of the detectors that were employed. With
the present availability of detailed information on more
decay schemes and through the use of a 4= scintillation
counter, it became possible to obtain a clearer picture
of the spallation of the heavy element bismuth. The
results of this investigation may then be compared with
recent calculations*=® designed to simulate the two steps
postulated for high-energy reactions: the intranuclear
cascade generated by the incident proton followed by
the evaporation of particles from the excited residual
nucleus,

II. EXPERIMENTAL
A. Irradiations

Bismuth targets were irradiated for times varying
from one to thirty minutes by placing them directly in
the circulating beam of the Columbia University Nevis
Synchrocyclotron at a radius corresponding to an
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incident proton energy of 380 Mev. Two types of
targets were used : BiOCl powder wrapped in aluminum
foil, and bismuth metal foil in a stack of aluminum foils.
From the latter bombardments, the cross section for
the production of an internal monitor, Bi*%, was deter-
mined with respect to the known cross section of 11
mb for the Al*"(p,3pn)Na* reaction.

B. Chemical Procedures

The target was dissolved in concentrated HNO; and
divided into aliquots from which polonium, bismuth,
lead, thallium, mercury, gold, and platinum fractions
were isolated.

Polonium was extracted from a 6N HCI solution
with an 809, dibutyl ether-209, tri-n-butyl phosphate
mixture. Concentrated HNO; was used to return the
polonium to an aqueous layer to which was added
Bit++ carrier. Bismuth phosphate was then precipi-
tated, carrying some of the polonium which was counted
in this form.

Bismuth purification consisted of the precipitation
of BiPO, from 1V HNO;, solution in HCI, and reduc-
tion with nickel powder. The bismuth-nickel mixture
was then dissolved in concentrated HNO;, and the
above steps were repeated often enough to produce a
radiochemically clean sample. Bismuth was counted as
the phosphate.

The precipitation of PbCrO; and its subsequent
conversion to PbSO,4 were the steps used to clean lead,
which was finally counted as the chromate.

Thallium was oxidized with bromine water and nitric
acid and extracted into diisopropyl ether. The ether
was evaporated, the thallium reduced to TI*+ with
hydrazine hydrate and precipitated as TII, in which
form it was counted.

Mercury and gold were extracted together into ethyl
acetate from the original nitric acid solution, to which
was added a trace of chloride. Mercury was removed
from the organic layer with 3N HC], precipitated as
HgS, and counted. The remainder of the organic layer
was evaporated, the gold was taken up with aqua regia,
then carefully reduced with hydrazine hydrate and
counted as the metal.
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TABLE 1. Decay schemes.
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8-yr Bi?? ——— (.8-sec Pb*7” ——— stable Pb*7¢

(0.47 eff)
0.9 0.
9-day Po%® ——— 8-usec Bi%6m» ——— 6.4-day Bi%6¢ —— 125-usec Ph06m—
(0 eff) (1.0 eff)
0.6
0.1a ———> stable Ph%60¢——

.1
————> 3.62-hr Pb202” ——— (0-usec T1202m —— 12.5-day TI2020
(0.60 eff)
0.9
———> 105-yr Pb20

1.5-hr Po25 ——— 14.5-day Bi2% —— 107-yr Pb25

0.99 0.06
3.8-hr Po?* ——— 12.5-hr Bi?® ———— 68-min Pb247—
(0.60 eff)
0.94
0.01e ————> stable Pb2%0¢—

———> 20-hr Ph?0 —— 25.6-hr T2

47-min Po?8 ———— 12.4-hr Bij?% ———— 6-sec Pb2%” ——— 52-hr Ph203

(0.25 eff)
0.1
56-min Po® — 5 95-min Bjx2 — 3.62-hr Pb*m — 5 60-usec TI2m —— 5 12.5-day TI2%
(0.60 eff)
0.9

5 105-yr Pbe

18-min Po%! —— 111-min Bi?! ———— 60-sec Pb2l" ——— 9 4-hr Pb21¢ ———— 72-hr T2
(0.61 eff)

35-min Bi2® ——— 20-hr Pb?0 ————» 25.6-hr TI200

25-min Bi'*® ———— 12.2-min Pb!¥™ > 1.5-hr Pb19%¢ ——— 7.4-hr TI¥

1.8-hr TPes=m

05 | o5
7-min B! ——— 2 3-hr Pb1¥® ———— 5.3-hr TI1%%¢ » stable Hg!%®
0.24
42-min Pb¥¥"” — short Pb19%0 ——— 2.7-hr TI®¥7¢ ——— 65-hr Hg¥70¢—
0.76
———— 0.6-sec TI¥7™ 23-hr Hglo7m—

2.4-hr TI19 —— stable Hg!9¢
14-hr Au¥%m ——» 5.6-day Aul%¢ —— stable Pt1%
1.2-hr TI1% ———— 9.5-hr Hg!9% —— 186-day Aul%

0.
40-hr Hg!%m ——— 30-sec Au!%™
0.5

130-day Hg'¥s ———— 39-hr Au'*

0.16
(35-min TI1%3) 12-hr Hg!%” —— 4-hr Hg!%0 —— 17.4-hr Aul%¢ ———— Ptl%0
0.84

————> 4-sec Aul%”.

5.7-hr Hg'%2 — 4.8-hr Au'*

57-min Hg!¥®! —— 3-hr Au¥®! —— 3.0-day Pt

25-min Hg!® ——— 42-min Au'® ——— 11-hr Pt1% ——— 11.5-day Ir'® —— 6-h(r Ogt8om—
0 eff)

table Osl897¢—
10.3-day P18 —— 41-hr Trls8 stable Os

2.5-hr Pt18 ——— 15-hr Ir1®
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Gold and mercury were removed from'the platinum
fraction by extraction into ethyl acetate. The platinum
was then reduced with SnCl; to PtCly=, which was
extracted into ethyl acetate. The organic layer was then
evaporated to dryness, the platinum was taken up in
aqua regia and precipitated as RbyPtClg, in which form
it was counted.

The samples were prepared for counting by filtering
onto retentive filter paper in a chimney arrangement
which gave an evenly distributed sample of about £-in.
diameter. This sample was then covered on both sides
by small circles of cellophane, and Scotch brand tape
was used to seal in the entire filter paper circle. This
prevented the loss of any sample during the counting,
and the use of cellophane allowed the sample to be
easily recovered for chemical yield analysis. Colori-
metric analytical procedures found in Sandell” were
used in the chemical yield determinations.

C. Counting

Radionuclides that are expected to be produced in
the spallation of bismuth are all on the neutron-
deficient side of stability and, therefore, decay by
electron capture. Each electron capture is often ac-
companied by a group of gamma rays, each with its
own conversion coefficient, so that any counter other
than one with a 1009, counting efficiency for every
electron capture will have a different efficiency for each
one. This would lead to an insurmountable counting
problem. Therefore, we have used a well-type double-
crystal scintiallation counter, which was designed to
have a 4w geometry, and which has a 99_49, counting
efficiency for a photon with energy between 20 and 100
kev.

D. Decay Curve Analysis

Serious difficulties arose in the analysis of the com-
plex decay curves found in this work. These curves
contained contributions from up to 10 independent
decay chains of 1 to 4 members each. The several
methods of attack employed were ordinary graphical
resolution, least squares resolution over small parts of
the total decay curve for 2 to 4 components, and an
analytical method for curves in which only two activities
of similar half-life were present. All of these methods,
however, depend quite heavily on the assumed decay
schemes, branching ratios, and half-lives. The decay
schemes, half-lives, branching ratios, and counting
efficiencies for the isomeric transitions without internal
conversion that are listed in Table I are those used in
this study. Most of the information comes from Table
of Isotopes,® but many of the half-lives that were used
are those found in this work.

"E. B. Sandell, Colorimetric Determination of Traces of Metals
(Interscience Publishers, Inc., New York, 1950).

8 Strominger, Hollander, and Seaborg, Revs. Modern Phys. 30,
585 (1958).
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TasLE II. Experimental and calculated cross sections.

Experimental Number of Calculated

cross section determi- cross section
Nuclide (in mb) nations (in mb)
Po27? 0 3 123+ 4.8
Bij2? 15.7 &£ 3.6 . 9 15.3+ 8.3
Po20s 7.7 £ 5.6 2 7.0£ 3.6
Bj206 493 &= 59 20 339+ 7.9
Po25 129 4= 94 2 16.8+ 5.6
Bj2s 500 &= 7.0 11 21.6+ 6.3
Po2t 89 &£ 6.5 2 199+ 6.1
Bj¢ 371 & 3.2 6 16.9+ 5.6
Po23 12,5 &= 9.1 2 13.3% 5.0
Bizos 476 £ 7.6 6 25.0= 6.8
Pps 140 £+ 2.7 4 16.24 5.5
Po202 52 £ 3.8 2 21.14 63
Bie2 55.8 + 9.4 3 36.6+ 8.2
Ph2o2m 0 2 20.5+ 6.2
T]202 4424 0.59 3 6.1+ 3.4
Pot 13.3 &+ 9.7 2 16.04& 5.5
Bij21 49.6 + 4.4 3 27.54 7.1
Ph2ot 24.5 £ 6.6 3 19.0% 6.0
T2t 15.1 &= 34 3 9.0+ 4.1
Hgl® ~7 1 8.7+ 4.0
Aul# ~0.6 &= 0.6 3 0.74 1.2
Pt1osm 191 ~9 3 114 14
Hgl2 a 22.0 1 61.617.8
Au? 142 £+ 1.3 2 34+ 2.5
Hglt a 219 1 55.6%18.6
Ayt 17.0 1 10.54 4.4
Hglo a 39.8 1 51.2417.3
Hg'® a 1.05 - 1 39.7415.7
Au® 7.8 1 11.74 4.7
P18 16.8 1 1.8+ 1.8
Pt1ss a 208 + 5.9 3 47.6419.6
Pt186 a 28.1 1 32.6415.6
Pox0 100 &= 7.3 1 21.8+ 64
Bj2o 64.4 1 302+ 7.5
Pp2o 75 &£ 5.0 4 211+ 6.3
‘T1200 13.5 £ 0.8 3 7.3x 3.7
Bjle a 68.6 1 38.9+11.8
Pplee 13.7 1 30.1£ 7.5
TP 2.52+ 1.37 2 12.6= 4.9
Bjles a 60.1 1 34.24:11.0
Pbies 26.9 1 35.6+ 8.1
T]iosm 258 & 3.2 3 123+ 4.8
Pplotm a 12.5 1 62.6£17.8
T1w7 ~0 3 25.6+ 6.9
Hgo? 4,65+ 2.83 3 38+ 2.7
T]196 & 62.5 £18.4 3 77.82:22.5
Aul® 0.49+ 0.07 3 0.1+ 0.3
T]ws a 62.3 £15.2 3 79.2:£22.2
Hglosm 3.894 1.87 2 7.3+ 3.7
Aul® ~0 3 0.84 1.2
Tie43.2 8 73.3 £21.1 2 190 +52
Hgo <0.5 3 7.7+ 3.8
Au 1.30£ 0.17 3 1.1+ 14

a Cumulative cross section.

III. RESULTS

The cross sections for the production of various
nuclides in the irradiation of bismuth with 380-Mev
protons are listed in Table II. The errors quoted are
root-mean-square errors based upon multiple deter-
minations.

Several different cross sections were observed for the
production of Bi?® and Po*’ in samples with various
separation times of Po from Bi. These observed cross
sections were, therefore, equal to ogit+ap[ f(4,7)],
where f(¢,7) is a known function of the time of irradi-
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Fic. 1. Number of nuclei in various excitation energy intervals
as a function of the number of nucleons, #, knocked out in the
prompt cascade.

ation, 7, and the time elapsed between the end of
irradiation and chemical separation, f. Solving these
equations (one for each sample) by least squares for
opizes and opores gave values of 50.04£7.0 and
12.94-9.4, respectively. The cross sections for the pro-
duction of the other polonium isotopes were all deter-
mined relative to that of Po%?; therefore, their errors
are at least that for Po?®.

A low yield of TI¥" has also been observed by
Metzger® in another investigation and is possibly the
result of an unobserved long-lived isomer. If it were the
result of an unobserved short-lived isomer, the apparent
cross section of Hg” should be much higher than it is.

A 35-minute activity observed in the thallium frac-
tion is probably a mixture of activities from TI!94.1%.---
for which there are no data as to half-lives or decay
schemes. The apparent cross section of 73.3£21.1 is
therefore assigned to the production of this mixture.

Only the sum of the cross sections for the production
of Pt®! and Pt may be obtained since these nuclides
have similar half-lives and could not be resolved.

Pb* has a 3.62-hour isomeric state and a 105-year
ground state. An unobservably small cross section is
found for the isomeric state; because of the long hali-
life, nothing could®be learned about Pb*2¢. Therefore,
for this nuclide and for several others with quite long
half-lives no cross sections could be obtained.

% A. E. Metzger, Nevis Cyclotron Laboratory Report No. 66
(to be published).
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IV. DISCUSSION

Spallation reactions in this energy range are con-
sidered to occur in two stages by the mechanism
proposed by Serber'®: a prompt intranuclear cascade
initiated by the bombarding particle in a knock-on
type process followed by a much slower de-excitation
of the residual nucleus by the evaporation process. The
results of this experiment may be compared with the
results of Monte Carlo calculations designed to simulate
the two independent steps of this mechanism.

About 1000 intranuclear cascades representing the
irradiation of Bi?® with 450-Mev protons have been
followed by the Monte Carlo method.* The mass,
charge, and excitation energy of each residual nucleus
were tabulated. Figure 1 shows histograms of the
number of nuclei in various excitation energy intervals
as a function of the number of nucleons knocked out in
the prompt cascade.

The subsequent de-excitation of each of these residual
nuclei either by evaporation or by evaporation and
fission must then be considered. Both of these processes
have also been studied by the Monte Carlo method.
Evaporation calculations have been made® which give
the average number of neutrons, protons, alpha par-
ticles, deuterons, and tritons that are evaporated from
Ta'® with various initial excitation energies. These
evaporation results for stable Ta'® are used as an
approximation to the actual situation in which the
residual nuclei are probably not all stable. In the total
mass-yield curve which will be constructed from these
calculated results, this difference in the nuclei prior to
evaporation will have little effect because the mass lost
by evaporation is rather insensitive to the isotopic
number of the initial excited nucleus. However, as the
starting nucleus becomes further removed from sta-
bility, the relative probabilities of losing neutrons and
protons are altered considerably, and, therefore, the
further that starting nuclei are removed from stability,
the less reliable will be the calculated isotopic yields
shown with the results in Table II. By use of the
available data for the evaporation of particles from
excited Ta'®! the product nucleus that results from the
evaporation of particles from each excited nucleus
remaining after the prompt cascade was found and was
tabulated by A and Z. These results must then be
corrected for the fission-evaporation competition.
Monte Carlo calculations for this fission-evaporation
competition have been made® and from them it is
possible to obtain a rough correction for each of the
evaporation chains. The final mass-yield curve obtained
from these calculations is shown in Fig. 2 along with
the abserved experimental results. The fact that the
Monte Carlo data refer to 450-Mev protons rather than
380-Mev incident protons is probably the main cause
of the deviation between the experimental and calcu-
lated curves at A4 greater than about 20. But in the

10 R, Serber, Phys. Rev. 72, 1114 (1947).
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F16. 2. Mass-yield curve from Monte Carlo calculations
compared with experimental results.

main, the Monte Carlo calculation of the mass-yield
curve fits the data quite well. However, the agreement
between experiment and theory for individual product
cross sections is not as satisfactory reflecting their
greater sensitivity to the assumptions that were made.

The formation of stable nuclei in the spallation of
bismuth is not probable because of the large neutron to
proton evaporation ratio from the excited nuclei
remaining after the fast cascade®; however, the lighter
stable isotopes of elements such as mercury and
platinum may be formed to some extent. As a result of
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this formation of stable nuclides, of nuclides having
very long half-lives whose cross sections therefore
cannot be determined, and of elements with Z less than
78, which were not investigated in this work, the total
observed cross section is a lower limit to the true
spallation cross section. This experimentally observed
value is 1.1440.05 barns. This is to be compared with a
geometric cross section of 1.86 barns (r,=1.3X10"1
cm), a Monte Carlo value of 1.58 barns (total inelastic
cross section minus fission cross section), and a value
of 1.35 barns reported by Steiner and Jungerman! for
the spallation cross section of bismuth with 350-Mev
protons.

These results are also of interest in connection with
the analysis of the high-energy fission process.® From
this analysis it is found that several nuclei are the
predominant fissioning species in the high-energy
fission of bismuth. Therefore, the spallation cross
sections for the production of nuclides near these should
be of the same order as their contribution to the fission
cross section. These fissioning nuclei have cross sections
for fission of 5 mb or less which is consistent with the
general pattern of spallation cross sections.
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