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Abstract 

A measurement of the polonium production in a solid Bi target, placed in a high 
thermal neutron flux of 2.3 1013 n/cm2 /s, was performed. Two different activation 
methods, based on a and f spectroscopy, were used to cross check the results. Values 
of (16.08 ± 1.8) mb and (18.4 ± 0.9) mb for the 210 Po (i.e. 21Og8 Bi) formation cross 
section were obtained and a recommended value of (17.9 ± 0.8) mb was proposed. 
Our results are in disagreement with adopted cross section values in the main nuclear 
data libraries, namely smaller by 25% for 21Og8 Bi. These new values will account 
for more precise evaluations of 210 Po formation in moderated spallation targets 
containing 209 Bi. 
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1 Introduction 

In the prospect of the development of accelerator-driven systems (ADS) for 
nuclear waste transmutation, energy production or intense neutron sources, 
reliable data are essential for a correct estimate of the radiotoxicity produced 
in the conversion target. In particular, the use of eutectic Pb-Bi (LB) for 
spallation neutron-production target is directly related to the production of 
a-radioactive emitters of which 210 Po and 210m Bi are the most important. In 
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such a target, due to an effective conversion of the incident proton energy into 
many neutrons (Letourneau et al., 2000) with energies distributed with a non 
negligible thermal component, 2lO Po and 2lOm Bi are mainly produced via the 
radiative neutron capture on 209 Bi: 

{r 

209 Bi(n, ,)2lOgs Bi 2lO Po 
5.013 d 

209 Bi(n, ,?lOm Bi 

Recently, an estimate of the effect of 800 MeV energy protons on a 1 MW 
power LB target (Gai et al., 2000) shows that at the end of the operation time 
(6 months) a total specific coolant activity of 500 Ci/kg could be reached. 
This activity reduces after 5 years to 2.7 Ci/kg and reaches the radiotoxicity 
of natural uranium (69 mCi/kg) only in 300 years. Among the wide spectrum 
of radionuclides produced by the multiple reactions involved in the intra- and 
inter-nuclear cascade of the incident proton, the most dangerous are gaseous 
and volatile radiotoxic nuclei which can evaporate from the target in case 
of accident and confinement rupture. 2lO Po with a half-life of T1/ 2 = 138.4 
days, is one of the most dangerous because of its ability to evaporate from the 
LB target in the form of PbPo molecule for instance, whereas 210m Bi with a 
half-life of T1/ 2 = 3.04 106 years, is non-volatile but will contribute to the long
term radiotoxicity. It should be stressed that the contribution of 2lO Po to the 
total activity depends drastically on how the neutron energies are distributed 
in the target because the radiative cross section decreases with increasing 
energy. Thus in the presence of a D20 moderator surrounding the target, i.e. 
with about 40% of thermal neutrons, the radiative neutron capture process 
is enhanced as compared to the case without moderator. For this reason, the 
210 Po activity at the end of the operation time and after 6 months of cooling 
contributes to about 2% and 40%, respectively, of the total activity in presence 
of a moderator, whereas it contributes to only 2% after 6 months of cooling, 
in absence of moderator. 

In this context, the precise determination of 209 Bi(n, r)2lOg s Bi and 209 Bi(n, r)21Om Bi 
thermal neutron capture cross sections is essential to estimate the radiotoxic
ity in an ADS, in particular when moderated neutrons are used as in the case 
of the MEGAPIE project (Salvatores et al., 1999). In the data-bases, only 
three measurements of the 209 Bi(n, r)21Ogs Bi cross section have been reported 
with discrepancies larger than the error bars of the measurements. A value 
of (15 ± 3) mb was found by Seren et al. (1947), (20.5 ± l.5) mb was found 
by Colmer et al. (1950) and finally Takiue et al. (1978) have reported a value 
of (24.2 ± 0.4) mb. All these measurements were based on a direct counting 
of the (3- particles issued from the decay of 210gs Bi. In contrary no direct ex
perimental measurement exists concerning the 209 Bi(n, ,)21Om Bi cross section. 
This observation has lead us to start an experimental program of which 210 Po 
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thermal formation cross section is a part. 

In this paper we report the results of two independent integral measurements 
to obtain the 210 Po production value in a high thermal neutron fiux and the 
209 Bi(n, ,)21O

g
8Bi cross section. These measurements are based on an a and 

,-spectroscopy of 210 Po. The a-spectroscopy technique has already been used 
by Igashira et al. (2001) to measure the values of the latter cross section at 30 
keY and 450 keY. However, it is the first time that such a technique is used 
to measure the thermal neutron capture on this element. 

Description of the method 

The principle of an activation method to measure neutron capture cross sec
tions is to determine the number of atoms of interest produced in the sample 
during the irradiation and to determine the neutron fiux characteristics (en
ergy distribution and absolute intensity). For integral measurements, as we 
have performed in both experiments, the knowledge of the latter quantity is 
essential in order to determine the differential cross sections from the average 
values measured. But as we will see in the forward development, within our 
experimental conditions, this precise knowledge was not very essential and 
could be bypassed. The experiments have consisted in measuring the num
ber of 210 Po atoms produced after irradiation of 209 Bi samples. The thermal 
neutron fiux was monitored by the standard 59Co(n, ,)60 Co reaction. 

As shown on Fig. 1, 210 Po is formed via the ,B-decay of the ground state of 
210 Bi, created by the neutron capture on 209 Bi. This channel is responsible for 
100% of the 21Og8 Bi decays, whereas the a-decay channel contributes to less 
than (l.34 ± 0.1) 10-4% of the decays (Harmatz, 1981). We can then assume 
that all 210g8 Bi nuclei formed during the irradiation are transmuted into 210 Po 
nuclei. The decay of 210 Po nucleus takes place through the emission of 5304.38 
keY and 4516.58 keY a-particles (Browne, 1992) with respective intensities of 
99.9988% and (l.22 ± 0.04) 10-3 %, forming 206 Pb in its ground state and first 
excited state. The latter level deexcitates integrally to the fundamental state 
via the emission of a 803.1 ke V ,-ray so that this transition has an absolute 
intensity of (1.21 ± 0.04) 10-3 % per 210 Po decay. 

The number of 210 Po atoms contained in the sample after the irradiation 
is proportional to the activity measured through the a or ,-ray rates. In 
experimental conditions, where the burn-up of the sample as well as secondary 
captures on 210g8 Bi and 210 Po can be neglected, the 210 Po activity Po(t), as a 
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Fig. 1. Formation and decay scheme of 210 Po nuclei after a neutron capture on 
209Bi. 

function of irradiation time T and cooling time t, is given by : 

where Ap and AB are the decay constants of 210 Po and 21Og8 Bi, N209 the 
number of 209 Bi atoms in the target and (fg8 the average cross section for 
the formation of 21Og8 Bi (i.e. 210 Po). In this equation we have neglected the 
a-decay of 21Og8 Bi which is negligible compared to the /3-decay. 

The neutron flux introduced in Eq. 1 is measured separately with a standard 
59CO flux monitor. Because the half-life of the 60Co isotope (T1/2 = 1925.1 
days) is long enough compared to a typical irradiation and cooling time, its 
decay could be neglected. By applying the same assumptions as before, the 
activity equation of 60Co is reduced to : 

(2) 


where N59 refers to the initial concentration of 59CO atoms in the target and 
(jea to the average capture cross section. 

4 



3 

If the sample and the monitor are irradiated in the same flux conditions, then 
from Eq. 1 and 2 we can extract the 210gs Bi formation cross section: 

_ _ N59 Po(t) (AB - Ap)(1 - e-ACoT)e-Acot 


(Jgs = (Jeo N
209 

Co(t) {AB(1- e-APT)e-APt _ AP(1 _ e-ABT)e-ABt} (3) 


It should be noticed that the proportionality between (jgs and (jeo, in Eq. 3, is a 
direct consequence of the assumption that the burn-up for both elements could 
be considered as negligible. Another important point that should be stressed 
is that the average cross section values (jgs and (Jeo could be replaced by 
differential values if resonances are sufficiently far from the region of interest, 
which makes the measurements independent of the neutron gas temperature. 
For 209 Bi and 59Co elements, resonances are distributed above 800 eV and 150 
eV, respectively, so that the g-factors are very similar for both elements (1.0004 
and 1.0005). Therefore, from our integral measurements, the extraction of cross 
sections corresponding to discrete neutron energies (En=0.025 eV for instance) 
was allowed. 

The sources of errors associated with the activation method appear clearly in 
Eq. 3. The main terms are the error on the cross section of the monitor ((Jeo) 

and the errors associated to the determination of the activities. Then come 
the errors on the number of atoms in the samples and finally, the errors on 
the half-lives, the irradiation and cooling times. In principle, the latter errors 
are negligible in con1parison with the previous ones. 

Description of the experiments and data taking 

We have performed two independent irradiations in the T4 irradiation posi
tion located at the top level of the high flux reactor at ILL (Laue-Langevin 
Institute, Grenoble) during two distinct cycles. The T4 position is outside the 
heavy water reactor vessel at about 1.3 meters from the fuel element and gives 
access to a perfectly thern1alized neutron flux of 2.3 1013 n/cm2/s. 

As shown in Fig. 2, which are the results of calculations with Monte-Carlo 
code (MCNP Briesmeister, 1993), the thermal neutron flux accessible in the 
T4 position follows a pure maxwellian distribution corresponding to a tem
perature of 20 °C. Moreover, it is very similar to the thermal component of 
the neutron flux inside a 1 MW LB target operating with 800 MeV incident 
protons and surrounded by moderator. 

5 



._ Lead-Bismuth target 

- T4 position at ILL 

~~~~~~~~~~~ 

1 10 10 
2 

10 
3 

10 
4 

10 
5 

10 
6 

10 
Neutron energy (eV) 

7 

Fig. 2. Comparison of a typical neutron flux distribution produced by 800 MeV 
protons impinging on a 1 MW spallation Pb-Bi target, surrounded by moderator 
(dashed line), with the neutron flux distribution available in the T4 position at ILL 
(solid line). Both distributions are the results of calculations with MCNP (Bries
meister , 1993). 

3.1 a-spectroscopy measurement 

The determination of the 210 Po concentration via its a-decay is the most direct 
way to get access to this quantity. It requires the use of a very thin target of 
209 Bi in order to avoid absorption and important degradation of the peak 
resolution due to the very short range (15 /Lm) of the a-particles in the 209 Bi 
foiL 

Thus we have used a very thin 209 Bi-target of 1.1 /Lm in thickness obtained by 
the evaporation of 1 mg of pure 209 Bi (99.99%), with an uniformity of 2%, on 
a thick (0.125 mm) Ni backing. A Ni ring with 0.125 mm thick and 8 mm in 
diameter was stacked on the deposit in order to collimate the a-emission from 
the target and thus to define an exact emission surface and volume. With this 
geometry, an equivalent mass of (0.539 ± 0.01) mg of 209Bi was in direct sight 
of the detector. The sample was placed in an Al container (22 mm in diameter 
and 62 mm in height) together with a (7.71±0.01) mg foil of AI-0.1% Co alloy 
to monitor the neutron flux. The container was filled with He gas to limit a 
possible evaporation of Po by oxidation from the target. The ensemble was 
irradiated for 3 days and the measurements were performed 84 days after the 
end of the irradiation. Thanks to the high neutron flux, 3 days of irradiation 
were sufficient to get a good statistic. 

The a-particles coming from the Po decay were collected at different distances 
from the target with a 300 /Lm thick Passivated Silicon Detector. The energy 
resolution of the detector given by the constructor was 15 keY at 5486 keY. 
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All the measurements were done in the Mini-INCA vacuum chamber (10-5 

bar) installed at ILL (Marie et al., 2005). 
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Fig. 3. a) Left: Energy spectra collected with the silicon detector positioned at a 
distance of 5 cm from the Bi target. b) Right: zoom-in on the 5304-keV a-ray. The 
experimental data are fitted with a function resulting from the convolution of a 
gaussian function with a parabolic decreasing step function (solid line). The dashed 
line is the same function but by replacing the parabolic curve with a constant step 
function (see text). 

The a-energy spectra collected by the detector at a distance of 5 cm is shown 
on Fig. 3a. The peak corresponding to the most probable a particle (5304.38 
ke V) is clearly well separated from the low energy background originated from 
the interaction of {i-decay particles with the detector. In Fig. 3b a zoom-in 
on the a-energy spectra shows the shape of the spectra with a resolution of 
250 keY which is much higher than the resolution of the detector (15 keY) 
and a decreasing slope. The enlargement of the resolution is a consequence 
of the degradation of the energy when the a-particle goes through the target 
(energy-straggling) and depends on its thickness: the larger the distance trav
elled by the particle, the wider its energy distribution. Thus, when converted 
in distance, the resolution reflects the thickness of the target. In absence of 
degradation of the trajectory, the probability to detect particles in a given 
solid-angle should be equal whatever the depth of the emission. Thus the en
ergy spectra should be enlarged but flat. The decreasing slope could then be 
attributed to a loss of detected particles due to a trajectory-straggling in the 
target. The energy-straggling has the effect to damage the gaussian resolution 
of the detector and could be modelled by an asymmetric gaussian function with 
a variance depending on the energy (Eq. 4). The detected energy spectra in ab
sence of trajectory-straggling should then be modelled by a function resulting 
from the convolution of this asymmetric gaussian function (G( E' - E, Cf(E'))) 
and a step function. In order to introduce the trajectory-straggling we have 
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replaced the step function by a parabolic-decreasing step function: 

Emax 

f(E) = J G(E' - E, (Y(E')) . (1 - aE' - {3E,2)dE' , (4) 
Emin 

where 

with (Yo the intrinsic resolution of the detector. Emax , Emin , a, (3 and 1 were 
the free parameters of the fit. 

An evaluation of the particle loss has been done for all the distances by fitting 
the function f(E) on the data (solid line in Fig. 3b) and by switching off 
the parabolic decrease (dashed line). By this procedure, the counting rate 
does not depend on the depth of the a-emission. The difference between the 
solid and dashed surfaces gives the yield of a-particles lost, which amounts to 
(19.67 ± 0.5)% of the total recorded a yield at 5 cm. 
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Fig. 4. Width of the a-energy spectra obtained at different distances from the fit 
of the experimental data with the function described by the Eq. 4. The errors are 
contained within the symbol size. The dashed lines indicate the mean boundaries 
E min and Emax . 

As shown on Fig. 4 which is one result of the fit as a function of the distance, 
the width of the a-energy spectra is unchanged beyond 5 cm. Below this 
limit, the a-collimator is less efficient and additional contributions appear 
in the spectrum (enlargement of the spectrum at low energy). This can be 
understood as a contribution of a-particles coming from the collimated region 
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and which become "visible" because of the trajectory-straggling. The same 
conclusions could be applied concerning the slope of the spectra which becomes 
independent of the distance beyond 5 cm so that the value given previously is 
representative of the correction factor applied at each distances. 
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Fig. 5. Measured (symbols) and calculated (line) a-ray counts in the detector as 
a function of the distance from the target. Experimental error bars are contained 
within the size of the symbols. The calculated line is a fit to the data, with only the 
activity as a free parameter. 

Due to the large value of the correction factor and the causes of the lost not 
fully established a correction factor of 10 ± 10 % was applied on measured 
activities. The Po activity was then deduced from the adjustment of the a
counting rate measured at different position (d ~ 5 cm) and corrected for 
the particle loss, with a point-like emission solid angle function (solid line on 
Fig. 5) given by : 

(5) 


where v = 1.13 cm is the diameter of the detector. A, the activity of the 
sample, is the only free parameter of the fit. This procedure, described in 
(Deruelle et al., 2002), allows to reduce statistical errors associated with each 
measurement at a given position. Thanks to a MontE}-Carlo simulation where 
particles were equally emitted from the surface of the target defined by the 
collimator, it has been shown that beyond 5 cm the solid angle deduced from a 
point-like emission is comparable within less than 0.01% error to the emission 
from the surface of the target. The result, with the above adjustments, gives 
an activity of (5179 ± 518) Bq. 
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3.2 ,-spectroscopy measurement 

A less direct method to determine the 210 Po concentration in the target is 
by counting the ,-ray coming from the deexcitation of 206 Pb (see previous 
section). Due to the low intensity of the 803.1 keY ,-ray, this method required 
more masses and longer irradiation time as compare to the previous described 

measurement. 

A 146 mg wire of pure 209Bi was enclosed in a 3 mm in diameter sealed quartz
capillary in order to avoid any mass loss of Po. The dimension of the wire 
was 1 mm in diameter and 10 mm in length what makes the, self-shielding 
negligible. The capillary was placed in an Al container, as described in the 
previous section, with a (7.58 ± 0.01) mg foil of AI-O.l %Co alloy encapsulated 
in an identical quartz-capillary. The dimension of the alloy in the capillary was 
1 mm in diameter and 6 mm in length. The irradiation was done for 7 days 
and followed by 184 days of cooling. Measurements were performed during 14 
days to gather enough statistics in the ,-peak of interest. 
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·~0.009 -
t;:: 

WO.008 

0.007 

O.OOl 

f 
OL...' ~2.LOO~· ~4....L00~ 600 800 1000 1200 1400 1600 

Energy (keV) 

Fig. 6. Efficiency (intrinsic efficiency + solid angle) curve of the Ge-detector mea
sured with 152Eu (open circles) and 60Co sources (full circles). Interpolation of the 
efficiency has been done by adjusting a logarithmic polynomial function on the data 
(line). A coaxial Ge-detector mounted in front of our detector was responsible for 
the decrease of the efficiency below 300 keV. 

The 803.1 keY ,-ray has been collected with a Ge-detector which has an 
intrinsic efficiency of 10% for the 1173 keY ,-ray and an energy resolution 
of 2.5 keY. For this special low counting-rate measurement, the detector was 
completely shielded with lead bricks to reduce the background-counting rate 
to 0.03 counts/s at 800 keY. The total efficiency of the detector (intrinsic 
efficiency and solid angle) has been calibrated with 152 Eu and 60Co standard 
point-like sources (Fig. 6) placed in front of the Ge--detector at approximately 
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3 cm from the Ge-crystal. The exact position of the sources was not precisely 
determined but strictly respected for both calibration sources, flux monitor 
(see section 3.3) and Bi-sample. As shown on Fig. 6 the total efficiency was 
sufficiently low to consider each hit involving a single ,-ray. This assumption 
was validated by looking at the peak-sum of the two ,-rays emitted by the 
60Co calibration source counting for less than 0.3% of the single rates. 

Q~600 1U 

1400 
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200 
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Jr~, , , , ,. ~, 
400 

200 400 600 800 1000 1200 1400 1600 °7~O 7~0 770 780 790 800 810 820 830 840 
Energy (keV) Energy (keV) 

Fig. 7. a) Left: ,-energy spectrum collected with the Ge-detector after 7 days. b) 
Right: Zoom-in on the peak of interest. 

The energy spectra, obtained after 7 days of measurement, is shown on Fig. 7a 
with a zoom-in on the 803.1 keY energy region (Fig. 7b). As shown on the 
figures, impurities contained in the sample are responsible for the majority 
of the counting rate and of the high compton background which amount to 
about 3/4 of the counts under the peak of interest. A sum of two asymmetric 
gaussian functions with a linear background was used to determine the number 
of counts in the peak. All the parameters were adjusted on neighboring peaks 
except the energy and the height of the peak. The result of the adjustment 
with this function on the 210 Po data gives an activity of (2140 ± 42) kBq. 

3. 3 Neutron flux measurements 

The neutron flux was determined (Eq. 2) from the activities of the 59CO moni
tors irradiated in exactly the same conditions as samples. In both experiments, 
the two 1173.24 and 1332.50 keY ,-rays accompanying the decay of the 60Co 
nucleus were collected with high purity Ge detectors. 

In the a-spectroscopy measurement, we have used the Ge detector from the 
Mini-Inca set-up (Marie et al. ,2005) with an intrinsic photopeak efficiency of 
9.8% and an energy resolution of 1.8 keY for the 1173 keY ,-ray. Measurements 
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have been done at different positions from the target to reduce statistical errors 
on the determination of the solid angle. 

In the ,,-spectroscopy measurement, we have used the same Ge detector than 
used for the measurement of the Bi-sample. The monitor was placed exactly 
at the same position as the Bi-sample (in closed contact to the crystal of the 
detector) so that the difference in the solid angles was negligible. 

Activities of (62.7±1.2) kBq and (140.4±2.8) kBq were found for the monitors 
after 3 and 7 days of irradiation. When corrected for the masses of the monitors 
and assuming a maxwellian distribution corresponding to a temperature of 20 
°C ((Yco =(32.96±0.06) b, Marie et al., 2005), we found values of (2.32±0.06) 
1013 n/cm2 Is and (2.34 ± 0.06) 1013 n/cm2 Is, respectively, for the fluxes. The 
main errors on the flux determination were due to the errors on the mass 
fraction of 59CO in the Al foil (2%) and the measured activities (2%). We 
have to stress that the compatibility of these flux measurement results with 
previous measurements (Fioni et al., 2001) confirms a very good stability of 
the neutron flux at the T4 position. 

4 Results and discussions 

4.1 210 Po flOgs Bi) formation cross sections 

The 210 Po formation cross section was obtained from the Eq. 3 by identifying 
it with the 209 Bi (n, ,,)210g

S Bi cross section with a small error being less than 
0.2%. Taking (J'Co =(37.18 ± 0.06) mb (Vonach et al., Zolotarev, 2002) at 
0.0253 eV, we obtained values of (fgs =(16.08 ± 1.8) mb and (fgs =(18.4 ± 
0.9) mb for the a and ,,-spectroscopy methods respectively. The two results 
are compatible within the error bars. One possible explanation for the small 
difference could lie in a small release of 210 Po from the 209 Bi target in the case 
of the a-spectroscopy method, whereas in the case of the second measurement, 
the release was forbidden by the sealed quartz-capillary. The processes on 
how polonium can evaporate from a solid Bi target have been studied and 
described in Pankratov et al., (2003). In this paper, where a specific calculation 
was done for our work, it was shown that, in our experimental conditions of 
expected temperature (less than 250 OC), pressure (less than 1.8 bar) and gaz 
composition, not more than 1% of the created 210 Po could be lost even in the 
most penalising scenario. The results of these calculations, for three conditions 
of temperature during the irradiation, are presented in the Table 1. 

We have to stress here that polonium evaporation is one of the main uncer
tainty in a LB target in operation. From our experiment we can not conclude 
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Parameters Irradiation temperatures 

150 °C (423 K) 200°C (473 K) 250 °C (523 K) 

< G(T» (Bq/s) 1.5 10- 9 1.0 10-6 1.05 10-4 

€(T) (%) 4.5 10-6 2.9 10-3 3.1 10- 1 

Table 1 


Average evaporation rate «G(T») and relative loss (€(T)) of polonium as a func

tion of the target temperature during 3 days of irradiation and 84 days of cooling. 


on the absence of evaporation of polonium but only say that the relative loss 

is smaller than error bars of the two experiments and confirm the calculations 

in a temperature range where a small quantity of polonium is expected to be 

loss. These calculations should be tested in more realistic experimental condi

tions with a temperature closed to the nominal temperature of a LB loop (i.e. 

350 ° C) and a longer irradiation time. 


We have adopted a mean value of (17.9 ± 0.8) mb for the 209 Ei(n, ,)210g
8 Bi 


cross section (i.e. 210 Po formation cross section). For this evaluation, we have 

increased the uncertainty on the cross section obtained from the first method, 

to take into account the uncertainty on the release of 210 Po. 


Element T1/ 2 O"work(mb) O"old(mb) 0"eval(mb) 

210pO 138.376 (0.002) d 17.9 (0.8) 

210gsBi 5.013 (0.005) d 17.9 (0.8) 15.0 (3) Seren et al., (1947) 

20.5 (1.5) Colmer et al., (1950) 

24.2 (0.4) Takiue et al., (1978) 

24.2 (0.4) 

Table 2 

Formation cross sections obtained in this work (O"work) and compared with old mea

surements (O"old) and evaluated value (O"evaz) from ENDF-BVI. Errors are indicated 

in brackets. 


Our results are summarised in Table 2 and compared with evaluated values 

and old measurements. It appears that the value obtained in this work for 

the 210gs Bi (i.e. 210 Po) formation cross section is compatible, with respect to 

the error bars, with very old activation measurements done by Seren et al., 

(1947) (15 ± 3 mb) and Colmer et al., (1950) (20.5 ± 1.5 mb). But, it is by 

25% smaller than the most recent measurement done by Takiue et al (1978) 

(24.2 ± 0.4 mb) and therefore by 25% smaller than the evaluated partial cross 
section based on this latter measurement. We do not have found any satisfying 
explanation about the discrepancy between their measurement, based on a 
direct collection of the ,a-decay of 210g8 Bi, and our present work. Recently, 
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two direct measurements of the branching ratio between the ground and the 
metastable states by ,-spectroscopy (Letourneau et al., (2002) and Borella et 
al., (2004)) have confirmed the present value and shown also a subestimation 
of the 210m Bi production branch by evaluations. 

4.2 Po production in a Bi target 

As a consequence of the difference between the evaluated and our recom
mended cross section, we could expect a reduction of at least 25% in the 
assessment of the 210 Po production in a LB spallation target when using the 
new value. 
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Fig. 8. Assessment of 210Po activity (expressed in Ci for 1 kg of 209 Bi) for a Bi target 
irradiated in our experimental conditions of flux, as a function of cooling time and 
for different irradiation times (T). For each irradiation time our recommended cross 
section (continuous line) is compared with the evaluated one (dashed line). Our 
experimental points are also printed out (symbols). Error bars are contained within 
the size of the symbols 

In order to check this hypothesis and the impact of our new value on the 
210 Po activity in a Bi(PbBi)-target, we have made an extrapolation from our 
experimental activities to the long-term irradiations. The calculated results, 
using Eq. 1, are presented in Fig. 8 as a function of cooling time, for different 
irradiation times (T) and values of cross section (continuous lines are our 
recommended value while dashed lines are evaluated ones). Calculations have 
been made for a thermal neutron flux of 2.33 1013 n/cm2 Is (at 20 DC) and the 
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5 

activity has been normalised to 1 kg of Bi. We think that the study presented 
in this section could be easily applied to a LB-spallation target surrounded by 
a moderator (with a non-negligible thermal component) in return for simply 
a scaling of the fiux intensities. 

It appears, on Fig. 8, that the impact of our new recommended cross section 
on the Po-activity assessment is even better than a reduction of 25%. After 
one year of irradiation, the activity deduced from the new value is almost 
the same than the activity estimated with the old value after 6 months of 
irradiation. This increasing in the gain factor, which appears after 30 days 
of irradiation, is due to the non-linearity in the relation between the time of 
irradiation and the quantity of 210 Po produced. The origin of the non-linearity 
lies in the compensation effect between the feeding and the decay of the 210Po 
nuclei. On Fig. 8, this effect is visible after 30 days of irradiation when the 
evolution of the activity as a function of the cooling time becomes fiat, showing 
a saturation in the production of 210 Po. 

We have to stress that the importance of the new recommended partial cross 
section to estimate the radiotoxicity of a LB target depends drastically on 
the neutron energy spectra and on the importance of the thermal component. 
Thus, in order to get a precise evaluation of the production of 210 Po in a LB
target, a more precise simulation should be done with more realistic geometries 
for the target and for the moderator surrounding the target. 

Conclusion 

In this work, the cross section for the 210 Po production in the irradiation of a 
solid 209 Bi target in a pure thermal neutron flux has been measured by two 
distinct and direct experimental methods. The two methods give comparable 
results compatible with the older measurements, showing that experimental 
bias are small and in particular the evaporation of 210 Po from the target. The 
new value measured in our work is by 25% smaller than the used data-library 
values for the 210 Po production. As a consequence we can suspect that the 
evaluation of 210 Po production in a moderated Pb-Bi spallation target using 
these data-libraries will be over-estimated by at least 25% (we have shown 
that it could reach 50% for long-term irradiations). In order to complete this 
work and to check the validity of this hypothesis in a Pb-Bi spallation target, 
cross section measurements will be extended soon over the full energy range 
encountered in a spallation target at the Gelina facility (in Geel, Belgium). 
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