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Abstract

This note describes systematic investigations of isotope production channels in thick targets exposed to
the PS Booster (PSB) beam at ISOLDE. Recent experimental results have shown that new important
radionuclide beams could be produced such as Pb-nat(p,x)Hg-208 in thick lead targets. We introduce in
this note calculations of the production yield of isotopes generated from the creation and re-interaction of
a particles in thick lead, bismuth, thorium and uranium targets irradiated by the 1.4 GeV proton beam
delivered from the CERN PS Booster at ISOLDE. It gives the production yields of several isotopes that
are not directly predicted with FLUKA and its RESNUCLEI production card while keeping a reasonable
CPU time. These isotopes are particularly produced from (o, xp) and (*H, yp) reactions, withx =4, 5, 6
and y = 3, 4, 5. The production yields have been calculated for Pb-208, Bi-209, Th-232 and U-238 target
nuclei. The TENDL-2019 library has been used to recover the production cross-sections together with the
afore-mentioned version of FLUKA to score the o and *H fluences. The calculation method was verified
with the FLUKA predictions for the Bi-209(a,2n) reaction and the At-211 production yield, an isotope of
high interest in nuclear medicine, as well as with the radionuclides which are produced via (*H,3p) and
(0,2p) reactions. The computation and experimental data are in good agreement, providing an alternative
method to evaluate the inventories of radionuclides of potential interest for target waste management, and
for the physics and medical programs at ISOLDE and MEDICIS.

This is an internal CERN publication and does not necessarily reflect the views of the CERN management.
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1 Introduction

This work is motivated by the detection of Hg-208 beams (B- emitter, Ti» = 41 min) produced at
ISOLDE during the irradiation of a thick lead target with the 1.4 GeV proton beam delivered by the PS
Booster in 2014 and 2016, for which the results have been recently published [1]. This radionuclide can
be produced by (a,4p) and (*H,3p) reactions on Pb-208 (52.4% in Pb-nat). The o and *H particles are
produced as secondary particles from the interaction of the proton beam with the thick lead target.
However, the FLUKA code [2, 3, 4] does not predict the production of Hg-208 in lead since this isotope
has a too low production rate to be estimated with a Monte Carlo code with reasonable CPU time. The
production of nuclei through secondary particle re-interaction (such as *H, *H, *He and a particles) was
included in FLUKA test version 2006.3 and triggered by the experimental identification of Bi-
209(p,x)At-211 and Pb-nat(p,x)At-211 new reaction channels at ISOLDE [5]. However, such
production yields cannot be computed presently even with a very high number of primary particles and
high statistics. This note proposes an alternative method to calculate the production yield of
radionuclides produced by the re-interaction of secondary particles'. The CERN FLUKA code version
4.1 has been used to generate the results presented in the following sections’.

2 Methodology applied to the calculation of the Hg-208 yield

It is possible to produce Hg-208 from two nuclear reactions on Pb-208, the most abundant lead stable
isotope (52.4%) [7]. Possible reaction channels were previously reported as possible mechanisms such
as photonuclear reactions, double-neutron captures, the re-interaction of secondary pions and the
implication of secondary reactions induced by *He and “He. Reaction channels such as (p,m —xn),
(*He,xn), (*He,xn) were already considered for the production of Po-210 and At-211 from LBE (liquid
Lead Bismuth Eutectic) targets, the latter two reactions being only considered for the production of
radionuclides located in the east part of the nuclide chart with respect to the target nucleus (see Fig.1).
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! A preliminary study on the Hg-208 yield calculation was performed in 2014 [6]

2 At the time of the publication of this note (February 2023) the current released version is 4.3. While several
important improvements of different physics processes have been included since version 4.1, none of them
impact the o and *H fluences shown in Fig. 3 beyond the depicted statistical uncertainties.
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Fig. 1: Region of interest for different heavy target materials such as Pb, Bi, and U, populating
radionuclides of interest for physics, medical or waste handling aspects such as Po-210, Hg-208,
At-211, Pa-239.

Figure 2 shows the production cross-section of Hg-208 from Pb-208(*H,3p) and Pb-208(a.,4p) reactions,
given by the TENDL-2019 library that is based on the output of the TALY'S nuclear model code [8].
Both cross-sections show a decreasing tendency at 200 MeV. The Q-value of the Pb-208(*H,3p) reaction
is -15.40 MeV and the Q-value of the Pb-208(0,4p) reaction is -35.21 MeV.
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Fig. 2: Hg-208 production cross-sections from *H and o interaction with Pb-208 extracted from
TENDL-2019

In the absence of the possibility of directly evaluating the Hg-208 yield with FLUKA, an
alternative approach is to calculate the *H and o particle fluences resulting from the
interaction of the 1.4 GeV proton beam impinging on a lead ISOLDE target (cylinder, r =
0.7cm,L=19.6 cm, V=302 cm®, p=10.7 g.crn'3) and subsequent convolution with the
cross-section data depicted in Figure 2. This is performed by scoring the *H and o particle
track-lengths inside the entire lead target volume with the USRTRACK card of FLUKA.
This is performed by scoring the *H and o particle track-lengths in a discrete energy bin
structure, with bins ranging from 0.1 MeV to the primary beam energy using 320
logarithmic spaced intervals for sufficient bining. Providing the respective region volume
for normalization this detector eventually yields the differential distribution of the fluences
in cm™.GeV™' .primary.. By integrating the differential distribution of the fluences dd®/dE
over the respective energy bins (dE), one gets the total fluences per bin in cm™ primary™
(see Figure 3). The energy range for which both fluences and cross-section data are
available is shaded in blue in Figure 3. This range represents 28% of the total *H fluence
and 35% of the total o fluence. One has also to consider that 43% of the total *H fluence is
below the energy threshold of the Pb-208(*H,3p) reaction. Also, 54% of the total o fluence
is below the energy threshold of the Pb-208(a,4p) reaction. Therefore, in both cases, half
of the total fluence does not contribute to the production of Hg-208.
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alpha and tritium fluences in a lead target
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Fig. 3: °H and a particle fluence spectra (in lethargy) per primary in the lead target. The shape of
the o fluence reflects the behaviour of the (p,a) reaction cross sections on the stable Pb isotopes.

The Hg-208 yield per primary can be calculated by solving the following equation:

Yield.primary™ = NAA' by f;r;?ixi%) o(E) dE (1)
With N, the Avogadro number (in mol™), p the target density (in g.cm™) (see Table 1), A the molar
mass of the target material (g.mol"), V the target volume (cm?), & the fluence (in cm™.primary™) and 6
the cross section of the reaction of interest (in cm?).

While cross-section data are commonly available as a point-wise continuous function of energy, the
differential fluence obtained from Monte Carlo calculations is given in a discrete structure of n energy

. AD(E; E; . . .
bins as % where ®(E; E;11) denotes the total fluence in the corresponding energy interval.

Therefore, the production cross-section data 6(E) extracted from TENDL-2019, and shown in Figure 2,
have been transformed into mean values given per discrete energy interval & (E i E i+1)» which
correspond to the particle fluence’s energy bins as given by FLUKA. As a consequence, the yield per
primary has numerically been calculated as:

Yield primary” = =-£ v 377 % (B Eis1) AF )

From this calculation, the Hg-208 yield is 1.5E-11 nuclides per primary on Pb-208, with 92.5% of the
production coming from the Pb-208(°*H,3p) reaction (see value in Table 1). However, when irradiating
a Pb-nat target and considering that such target is composed of 52.4% Pb-208, one can expect to produce
7.8E-12 Hg-208 atoms per primary on natural lead. The maximum relative uncertainty on this value is
0.7%. The uncertainty is only due to the statistical errors on the fluence spectra since no errors are given
with the TENDL-2019 cross section values, which explains the low uncertainty on this value.
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Figure 4 shows the distribution of the Hg yields in the lead target including the new yield value of 7.8E-
12 nuclides.primary™' extracted for Hg-208 on Pb-nat. The relative uncertainties on the production yields
given by FLUKA RESNUCLETI are ranging from 0.3% (Hg-200) to 12.9% (Hg-207).
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Fig. 4: Hg yields extracted from FLUKA (version 4.1) in a natural lead ISOLDE target between
Hg-200 and Hg-207 (in black), with the addition of the Hg-208 yield value (in red) calculated in
the present study.

However, one has to take into account that the production cross-section data for both reactions are
available only up to 200 MeV. Our simulations shows that a particles can be produced in the lead target
with an energy up to 840 MeV and the *H particles with an energy up to 1 GeV. Both cross-sections
show a decreasing tendency at 200 MeV (see Figure 2). In order to compensate for the lack of data one
can therefore consider as an upper estimate that the cross-sections will remain constant for both reactions
from 200 MeV onwards. The cross-section value at 200 MeV is 3.1E-5 mb for Pb-208(*H,3p) and 1.1E-
5 mb for Pb-208(a,4p). Based on that assumption, an upper value of the Hg-208 yield in natural lead is
obtained which is equal to 9.5E-12, with 89% of the yield coming from the Pb-208(*H,3p) reaction. This
shows that 82% of the total yield is already reached with *H and a particles with an energy up to 200
MeV.

3 Results

Table 1 summarizes the yields which have been calculated for twelves radionuclides produced by (a,
xp) and (*H, yp) reactions — with x ranging from 4 to 6 and y ranging from 3 to 5 - on lead, bismuth,
thorium oxide and uranium carbide, by using the same methodology as the one presented in section 2.
Column 3 and column 4 give the total o and *H fluences obtained in the target material presented in
column 1 by considering the density given in column 2 and a target cylinder of 30.2 cm® irradiated by
1.4 GeV protons. The production yields presented in the last column are given for the corresponding
nuclear reaction in column 6. One can see that the production of these radioisotopes is mainly dominated
by the *H induced reactions. The contribution of the a reactions for such production is less than 10%.
However, one should note that the values given in Table 1 have been calculated from the cross sections
given by the TENDL-2019 library, which provides data only up to 200 MeV. Therefore, one should
consider that these values are underestimating the experimental production yield that could be achieved
for such isotopes.
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Table 1: calculated yields (nuclei.primary™) in lead, bismuth, thorium and uranium thick ISOL targets

. Total a fluence Total *H fluence . . Calculated yield from
Target Density Radionuclide Nuclear Q-value .
material | (gem?) From 1E-4 _to 1.4 GeV From 1E-4 _to 1.4 GeV of interest reactions (MeV) TENDL crgss S.CCtIOI‘_l values
(cm?.primary™") (cm?.primary™") (nuclei.primary™!)

Hg 208 Pb-208(a,4p) -35.21 5.86E-13 +/- 0.44%

Pb-208(°H,3p) | -15.40 7.19E-12 +/- 0.73%

Lead 10.7 7.61E-4 +/- 0.42% 1.14E-3 +/- 0.68% Au-207 Pb-208(a,5p) | -45.00 1.92E-18 /- 0.46%

Pb-208(*H,4p) | -25.10 1.01E-14 +/- 0.87%

PLOOG Pb-208(a,6p) -53.40 1.41E-26 +/- 0.56%

Pb-208(°H,5p) | -33.60 6.12E-20 +/- 0.94%

T1.209 Bi-209(a,4p) -31.35 1.52E-12 +/- 0.09%

Bi-209(CH,3p) | -11.53 2.14E-11 +/- 0.16%

. Bi-209(a,5p) -39.01 1.49E-17 +/- 0.09%

Bismuth 9.8 7.78E-4 +/- 0.09% 1.15E-3 +/- 0.16% Hg-208 Bi-209CHAp) | -19.20 4.09B-14 +/- 0.20%

Au207 Bi-209(a,6p) -48.80 6.82E-25 +/- 0.10%

Bi-209CH,5p) | -28.90 1.25E-18 +/- 0.23%

Ra232 Th-232(a,4p) -31.78 2.08E-12 +/- 0.52%

Th-232(H,3p) | -11.97 3.48E-11 +/- 0.79%

Thorium Th-232(a,5p) -40.65 1.85E-18 +/- 0.55%

oxide 9.9 6.02E-4 +/- 0.48% 9.98E-4 +/- 0.72% Fr-231 Th-232CHdp) | -20.84 6.75E-14 +/- 0.95%

R0.230 Th-232(a,6p) -47.91 3.22E-22 +/- 0.65%

Th-232(°H,5p) | -28.10 1.59E-19 +/- 1.03%

Tho38 U-238(a,4p) -31.90 5.69E-13 +/- 0.66%

U-238(°H,3p) -12.10 6.45E-12 +/- 1.28%

Uranium U-238(a,5p) -40.70 2.98E-19 +/- 0.69%

carbide 3.5 8.17E-4 +/- 0.66% 1.07E-3 +/- 1.05% Ac-237 U-238CH.4p) 20.90 L S1E-14 +/- 1.57%

Ra236 U-238(a,6p) -49.90 1.49E-26 +/- 0.79%

U-238(°H,5p) -30.08 1.24E-20 +/- 1.76%

4 Validation of the approach and with experimental data

These simulations were first validated by using data available from previous studies, notably with
assessment of the production of the Bi-209(a,2n)At-211 reaction and by comparing the resulting yield
with the one obtained from the FLUKA (version 4.1) predictions. The cross-section values of this
reaction are high, reaching 1 barn at 30 MeV, which make easily possible the comparison with FLUKA.
In this case, a bismuth target (cylinder radius = 0.7 cm, length = 19.6 cm, volume = 30.2 cm®, p = 9.8
g/cm’) irradiated with a 1.4 GeV proton beam has been considered. The o particle fluences have been
retrieved together with the production cross section values from the FLUKA models and the yields given
by FLUKA MC simulation. Both methods led to the same At-211 yield with a value of 3.9E-5
nuclei.primary”, which shows the consistency of the proposed approach with the FLUKA MC
framework. When performing the same calculation with the TENDL-2019 library one gets a value of
3.3E-5 nuclei.primary™, which is due to the slight differences in the cross section data of 18%.

Additional verifications were performed on the (o.,3p) and (*H,2p) reactions on natural lead, bismuth,
thorium and depleted uranium (see Table 2). However, large differences can be observed between the
yield retrieved from the FLUKA MC simulations (using the RESNUCLEI card) and the calculated yield
from TENDL-2019 cross-sections. When retrieving the cross sections used in FLUKA, one can find
back the FLUKA yields obtained using the RESNUCLEI card and observe large differences between
the cross sections estimated by FLUKA models (BME) and by TENDL-2019 (from TALYS) — see
Figure 5. Therefore, one should note that the in-target production yields (Eq. (2)) presented in Table 1
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and Table 2 are strongly dependent of the models and cross sections used. Please note that the TENDL
cross sections are not given with any uncertainty which explains the low uncertainties reported in the
last column of Table 2. However the FLUKA cross sections, generated by Monte Carlo, are provided
with uncertainties which are directly related to the number of primaries that have been used (1E6
primaries in our case), which justifies the uncertainties given in the 4™ column of Table 2. Table 2 shows
that the discrepancies observed between FLUKA RESNUCLEI and the calculated yield from TENDL
cross section are coming from a difference in the cross sections between FLUKA’s models and TENDL-
2019 (as clearly illustrated on Figure 5).

Table 2: simulated and calculated yields (nuclei.primary™) in lead, bismuth, thorium and uranium thick ISOL
targets for (a,3p) and (*H,2p) reactions

Calculated Yield from Calculated Yield from
i i Yiel . .
Targc?t Radl.onuchde FLUKA. © (?1 FLUKA cross sections TENDL cross sections
material of interest (nuclei.primary™) .. 4 . 1
(nuclei.primary™) (nuclei.primary™)
Lead T1-209 1.9E-7 +/- 20.7% 2.2E-7 +/- 4.3% 1.4E-9 +/- 0.55%
Bismuth Pb-210 6.4E-7+/- 13.7% 6.0E-7 +/- 5.8% 4.1E-9 +/- 0.12%
Thorium Ac-233 4.8E-7+/-18.1% 4.3E-7 +/- 5.7% 3.0E-9 +/-0.61%
Uranium Pa-239 1.3E-7+/-27.7% 1.5E-7 +/- 6.1% 7.9E-10 +/- 0.96%
1.0E+00 .
Bi-209(a,3p)Pb-210
1.0E-01
1.0E-02
= 1.0E-03
E
.g 1.0E-04
3]
2 1.0E-05
& LOE-06
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10E-09 Lo o v
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Fig. 5: example of discrepancies between FLUKA and TENDL-2019 cross sections on the
reaction Bi-209(a,3p)Pb-210

Additional comparison was done with the assessment of the radionuclide inventory measured recently
in LBE (lead bismuth eutectics) thick targets, notably to assess o and *H re-interaction with the thick
target, through Bi-209(*H,3n)At-209 and Bi-209(c,4n)At-209 [9].

Experimental rates of 5 to 25 pps (4.0E-12 nuclei.primary™ at 1 uA) have been detected for Hg-208 [1]
after evaporation, diffusion, effusion, ionization, mass separation and transport to the experimental IDS
station [10]. From our in-target production yield calculation using TENDL’s cross section, one can
expect to produce from 48 to 60 atoms of Hg-208 per pA (or 6.25E12 protons per second) during the
irradiation of a natural lead target for one second, if the cross sections up to 200 MeV or over the full
spectrum are considered. Release, diffusion and effusion can be estimated at 100% owing to the long
half-life of this isotope as compared to the characteristic times of these different processes [11]. The
ionization efficiency for Hg isotopes in VADIS ion sources [12] used with these molten lead targets has
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been measured between 5 and 20%, and transport to the experimental stations of 70%, giving rates of
between 2 to 10 pps, consistent with the experimental figures.

5 Impact of a 2 GeV proton beam energy on these reaction channels

Table 3 gives the comparison between the FLUKA yields obtained by MC simulations using a 1.4 GeV
proton beam and a 2 GeV proton beam. One can see that in average an in-target production yield two
times higher can be reached by increasing the PS Booster energy to 2 GeV and using the same ISOLDE
target design has being currently used.

Table 3: comparison of the FLUKA yields (nuclei.primary!) between 1.4 GeV and 2 GeV in lead, bismuth,
thorium and uranium thick ISOL targets for (a,3p) and (*H,2p) reactions

Target Radionuclide of | FLUKA Yield at 1.4 GeV | FLUKA Yield at 2 GeV Ratio
material interest (nuclei.primary™) (nuclei.primary™) 2 GeV/1.4 GeV

Lead T1-209 1.88E-7 +/- 20.7% 3.97E-7 +/- 20.6% 2.1
Bismuth Pb-210 6.41E-7+/-13.7% 1.10E-6 +/- 9.5% 1.7
Thorium Ac-233 4.75E-7 +/- 18.1% 7.53E-7 +/- 16.6% 1.6
Uranium Pa-239 1.33E-7+/-27.7% 2.32E-7 +/- 28.0% 1.7

6 Conclusions

A computational method combining FLUKA with TENDL cross sections has been implemented to
estimate the isotopes produced in thick targets from secondary particle re-interaction. Our method has
been tested both with the production of At-211 which can be easily assessed with FLUKA due to the
high values of its excitation function and with existing experimental data. These different comparisons
provided a stringent test to show the consistency of our approach. We have applied this method for the
production yield calculation of twelve isotopes induced by o and *H secondary reactions on lead,
bismuth, thorium and uranium targets irradiated by 1.4 GeV protons at ISOLDE and MEDICIS [13].
New isotopes can thus be evaluated and become relevant for nuclidic inventories or for secondary beam
production. However, significant differences have been observed between the cross sections used in
FLUKA and the cross sections available in the TENDL-2019 library, for some isotopes evaluated here.
New experimental measurement data would help in solving this issue.
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