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Introduction:  In any gamma-ray spectrometer 
(GRS) with bismuth germanate (Bi4Ge3O12, or BGO), 
many reactions are made in the BGO [1], producing 
many gamma rays. These background gamma rays 
affect spectra in a BGO detector (such as on Lunar 
Prospector [2] or Dawn [3]) and in Ge detectors sur-
rounded by BGO (such as Kaguya [4]).  

Some of the gamma rays made in BGO were re-
ported in [1]. Many come for the Bi of BGO. Gamma 
rays from Ge and O have been well-studied [e.g., 5]. 
Here, work on relative rates with reactions in Bi is 
presented. The cross sections for nuclear reactions with 
209Bi (the only stable nuclide of Bi) were compiled and 
evaluated to make excitation functions (cross sections 
as a function of energy). These excitation functions 
and relative fluxes of neutrons and protons are used to 
estimate relative rates for making product nuclides 
from Bi.  

Neutron and Proton Fluxes at Bi in a GRS:  The 
fluxes of neutrons and protons calculated for meteor-
ites in space were used to estimate fluxes on Bi in a 
detector. Fig. 1 shows the particles fluxes for the 45 
cm diameter meteorite Knyahinya [6], which are simi-
lar to the calculated fluxes in [7]. Because of their 
short ranges in matter, fluxes of protons below ~100 
MeV are much lower than neutron fluxes.   

 
Fig. 1. Neutron and proton fluxes calculated for the 
surface and center of the Knyahinya meteorite [6].  
 

Nuclides Made from Bi:  Both prompt and decay 
gamma rays can be made in Bi [1]. The cross sections 
for making product nuclei by reactions with Bi were 
compiled from the literature and evaluated. The main 
source of data was the Cross Section Information Stor-

age and Retrieval System (CSISRS). The version of 
CSISRS at Brookhaven National Laboratory’s 
National Nuclear Data Center was used. The CSISRS’s 
archive often has detailed cross sections not in pub-
lished papers, such as the large number of cross sec-
tions of [8], or values revised after publication. For 
each reaction, the compiled cross sections were com-
pared among data sets and an evaluated excitation 
function was determined. All nuclei made by neutron- 
or proton-induced nuclear reactions were studied.  

209Bi(n,xn) reactions. Cross sections for neutrons 
with energies up to ~100 MeV and protons of all ener-
gies were used to determine excitation functions for 
209Bi(n,xn) reactions, with proton data used to estimate 
(n,xn) cross sections above ~100 MeV. There are good 
cross sections for (n,x) reactions up to x=10, see Fig. 2.  

The reaction threshold energies increase by about 
8-9 MeV for each additional neutron emitted. The 
highest cross sections get progressive lower, going 
from a peak cross section of 2200 mb for 
209Bi(n,2n)208Bi to 90 mb for 209Bi(n,10n)200Bi. The 
peaks are not very wide, with the full width at half the 
maximum (FWHM) going from ~10 MeV to ~50 MeV 
with increasing x (which is hard to see on the log-log 
plot in Fig. 2).   

 
Fig. 2.  Evaluated cross sections as a function of neu-
tron energy for (n,xn) reactions with 209Bi.   
 

209Bi(p,xn) reactions.  Protons with energies less 
than a few hundred MeV made polonium nuclei by 
(p,xn) reactions. The maximum cross sections increase 
to 1000 mb for x=4 and then decrease. The FWHMs 
increase from ~10 to ~40 MeV for x=1 to x=10. Be-
cause of the low proton fluxes, these (p,xn) reactions 
are only a minor source of nuclei from Bi.   
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209Bi(p,x) reactions. Excitation functions for 
209Bi(p,x) reactions (where x can be any combination 
of nucleons or nuclear particles) other than (p,xn) reac-
tions were determined for product nuclei having many 
measured cross sections and with peak cross sections 
above ~100 mb. The production of Bi isotopes by 
209Bi(p,x) reactions below about 100 MeV are about 
0.6-1.1 of those for 209Bi(n,xn) reactions, with the ratio 
increasing with x. Because of the much higher fluxes 
of neutrons up to ~100 MeV, the production of Bi nu-
clei by (p,x) reactions are only ~0.1 to 4% (increasing 
with x) of those by (n,xn) reactions.  

The production of elements lighter than Bi were 
studied using (p,x) reactions whenever cross sections 
were available.  There is very little data for prompt 
production to the stable or long-lived isotopes of Pb 
from mass 204-208. Pb isotopes with lighter masses 
are radioactive and can be made directly or by the de-
cay of Bi isotopes. For the higher masses (above about 
200), decay from Bi is the main production mecha-
nism, being higher than direct production. The produc-
tion of a nuclide like 200Pb by both direct reactions and 
the decay of isotopes of the same mass but higher Z is 
dominated by decay of heavier isotopes of the same 
mass. For lighter masses, decay from Bi, then Pb, etc., 
become less important. The many stable isotopes of Hg 
end most decay chains for A of 196 and higher. Many 
lighter products have been observed [8].  

The better measured sets of excitation functions for 
isotopes below Z=83 are shown in Fig. 3. The higher 
the  mass of the product nuclide, the higher is the peak 
cross section and the narrower is the peak. The width is 
relevant at such energies because the proton flux, 
which is important above ~100 MeV, drops slower 
with increasing energy than the neutron flux (see Fig. 
1).  Although the total particle flux is continuously 
decreasing with energy, the rate of decrease is less 
above ~100 MeV because protons are more important.  
 

 

Fig. 3. Evaluated cumulative cross sections as a func-
tion of neutron energy for reactions with 209Bi. 

Particles above ~100 MeV can fission 209Bi, mak-
ing many products around mass 100 [8]. However, 
cross sections for these fission products are ~10 mb or 
less [8], and their production of individual gamma rays 
is negligible.  

Estimated Relative Production Rates:  Using the 
evaluated excitation functions reported here and the 
particles fluxes in Fig. 1, the ratio of rates for making 
nuclides from Bi can be estimated. Production rates 
below are relative to the reaction with the highest rate, 
209Bi(n,2n)208Bi. The production rates of 209Bi(n,xn) 
reactions are the highest, dropping from 1 (for x=2, by 
definition) to ~0.01 for x=12. (Adding 209Bi(p,x) for 
these Bi products is a small effect.) Relative rates for 
209Bi(p,xn) to Po isotopes are low (~0.001). Relative 
rates for 209Bi(p,x) reactions to Pb and lighter elements 
are also small (less than ~0.01). However, production 
with wide peaks in their excitation functions, such as 
195Au, 191Pt, and 188Pt, could be a few per cent.  

Decay Processes:  Radionuclides made from Bi 
decay almost entirely by electron capture (EC). As for 
Ge [5], EC decays result in peaks that are the sum of 
the gamma ray(s) involved (individual or sums) and 
the binding energy of the captured electron. For this 
region of the periodic table (Z=82 to 77), the K and L 
electron binding energies are about 76-88 and 13-15 
keV, respectively. The ratios of K to L capture tend to 
be about 2.0-2.5. The summing of these electron-
binding energies will move the peaks above the energy 
from these gamma ray(s) and result in a wider peak 
with the lower and higher part about 14 and 80 keV 
higher in energy. As noted in [1], summing makes 
identification of backgrounds peaks more difficult.   

Summary:  Most backgrounds from Bi in BGO 
GRS detectors are from nuclei made by 209Bi(n,xn) 
reactions. Other Bi reactions can make a large variety 
of products, but their contributions are much less. Most 
decay gamma rays will be summed with the binding 
energies of the captured electrons.  

These excitation functions and fluxes calculated for 
the BGO of GRaND on Dawn [3] can get rates for 
nuclide production. Other calculations with gamma-ray 
data then can give the spectrum due to backgrounds.  
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