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Abstract 

 
 
In a beta-beam facility, a pure beam of electron neutrinos or their antiparticles is produced through the 
decay of fully stripped radioactive ions (6He and 18Ne) circulating in a storage ring. Since the beam is 
not extracted from the ring, all the particles will eventually be lost somewhere in the machine and thus 
activate the machine components and the surrounding concrete and rock. In particular, as nuclei 
change their charge in beta-decay, a large part of the particles will be lost in the arcs of the decay ring 
and mainly irradiate the magnets. The density of inelastic interactions of hadrons in the magnets, 
concrete and rock and the track-length distribution of secondary hadrons were calculated by means of 
the FLUKA Monte Carlo code. These values were used to estimate the induced radioactivity in the 
facility, the dose rates expected in the decay ring and the consequences for the environment. 
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1. Introduction 
 In a Beta-beam facility, a pure beam of electron neutrinos or their antiparticles is produced 
through the decay of radioactive ions circulating in a storage ring [Lin02]. At present, 6He and 18Ne 
are being considered. The beta-emitting radioactive ions will be produced in an particle separator on-
line (ISOL) system using the proposed Superconducting Proton Linac (SPL) as a driver [Bon02]. The 
ion beam is first accelerated in two cyclotrons and then transferred to the Proton Synchrotron (PS) and 
Super Proton Synchrotron (SPS) for further acceleration. As they reach their final kinetic energy 
(139 GeV/u for 6He and 55 GeV/u for 18Ne) the ions are stored in a decay ring, where they decay 
emitting electron neutrinos. 
 Since no beam is ejected from the ring, these particles will eventually be lost somewhere in the 
machine and thus activate the magnets and the surrounding concrete and rock. Beam-gas interactions 
of the ions circulating in the ring will also contribute to beam losses and thus to material activation. 
The cascades induced by the lost particles have been simulated by the Monte Carlo code FLUKA 
[Fas00a, Fas00b]. This paper describes the determination of parameters of radiological interest 
(residual nuclei, star density, particle tracklength) normalized to a loss of one particle per metre 
[Ste92]. Finally, these parameters are applied to a specific possible configuration of the decay ring 
[Lin02], to obtain the dose rates expected during maintenance and the consequences for the 
environment. 

2. The decay ring and beam losses 
 A possible layout of the decay ring is shown in figure 1. The ring consists of two straight 
sections and two bending sections (arcs). The straight sections are supposed to be 2,500 m long; the 
length of the arcs depends on the dipole design. Because electron neutrinos from ions decaying in the 
arcs cannot be collected and used for experiments, the neutrino-production efficiency depends on the 
arc length versus straight section length. A strong magnetic field in the magnets would allow using 
short arcs and therefore obtaining good neutrino-production efficiency in the decay ring. In the 
proposed scenario [Lin02], the arcs have a radius of 300 m. 
 

 
Figure 1. A possible layout of the decay ring. 

 
 Losses in the decay ring can be estimated using the fact that the beam is not extracted and thus 
all injected beam is essentially lost somewhere in the machine. The beam power lost in the ring during 
operation is supposed to be 157 kW for 6He and 10.6 kW for 18Ne [Lin02]. With the proposed scenario 
and assuming that the ions decay uniformly in the ring, 14% of the ions decay in each arc and 36% in 

Straight section 
20% magnets 

L = 2,500 m 

Arc 
2·R = 600 m 
90% magnets 

Dump 
(for ions decaying in 
the straight section) 

Dump 
 



EDMS No. 404386 

 3

each straight section. The ions change their charge in the decay: beta decay products have a different 
trajectory in the magnets with respect to the parent radioactive ions and thus are lost. This leads to a 
uniformly distributed power deposit in each arc of 21.980 kW for 6He (i.e., 23.3 W m-1) and 1.484 kW 
for 18Ne (i.e., 1.57 W m-1). In this report, by ‘standard conditions’ we mean 6He and 18Ne beams 
circulating simultaneously and uniformly-distributed beam losses in the arcs of 23.3 W m-1 and 
1.57 W m-1 for 6He and 18Ne, respectively. Ions decaying in a straight section end up in a dump placed 
downstream of the first bend. Such dump copes with a beta-decay product beam of 56 kW for 6He and 
3.8 kW for 18Ne parent ions. 
 In both arcs and straight sections, some ions interact with the residual gas in the vacuum 
chamber. Even if a good estimate of the beam-gas interactions requires a detailed study, in a first 
approximation one can use expression (1) below suggested by Eggert [Ste92] for estimating the beam-
gas proton loss rate in one ring of the LHC: 
 

 ,1 N
dt
dN

gτ
−=          (1) 

 
where N is the number of particles circulating in the ring and τg is the life-time of the beam due to 
beam-gas interactions which is equal to 1/(ρ·σtg·c), where ρ is the sum of the number densities (i.e., the 
number of atoms per unit volume) of carbon and oxygen atoms in the residual gas, σtg is the total 
particle-gas cross-section and c is the velocity of light. In the following analysis, in order to have a 
first approximation of the rate of particle loss, we assume that a nucleus of 6He (18Ne) will interact 
with a molecule of gas with the same probability of 6 (18) single protons; that is, a total cross-section 
of 465 mbarn is taken for σtg [Ste92]. The equivalent oxygen atom density expected in the vacuum 
system is assumed to be 9.5·107 atoms per cubic centimeter, as in the LHC vacuum system [Ste92]. 
According to this analysis, the life-time of the beam is 7.5·105 s, a value which is extremely high if 
compared with the half-life of 6He (0.80 s). For this reason, in the arcs beam-gas losses are negligible 
with respect to decay losses. However, before inferring that beam-gas losses are also negligible in the 
straight sections, where fewer decay products are deposited, one should estimate the number of beam-
gas interactions per second. According to expression (1), beam-gas losses are proportional to the 
number N of ions circulating in the ring, that is 2.0·1014 ions of 6He and 9.1·1012 ions of 18Ne [Lin02]1. 
The number of beam-gas interactions is thus 2.66·108 s-1 (34 W, 4.9 mW m-1) for 6He and 1.21·107 s-1 

                                                 
1 The value N may be calculated from the lost power (6He: 157 kW, 18Ne: 10.6 kW) in the ring, the ion mean lifetime at 
rest (6He: 0.8/log2 s, 18Ne: 1.67/log2 s) and the rest energy per ion (Lorentz gamma of 6He: 150, 18Ne: 60) using expression 
(2) [Jan03]: 
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From these data, one obtains ~2.0·1014 ions of 6He and  ~9.6·1012 ions of 18Ne stored in the ring, values which are 
consistent, within the rounding errors, to those estimated in [Lin02]. 
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(1.91 W, 0.3 mW m-1) for 18Ne. Under the assumptions made for estimating the beam life-time, beam-
gas losses give a contribution to the material activation which is three orders of magnitude lower than 
the contribution of decay losses. In the following chapters, beam-gas losses will thus be neglected in 
the calculations of the induced radioactivity in the magnets and vacuum chambers of the arcs and in 
the concrete wall and rock. Star densities per unit lost power in magnets and vacuum chambers due to 
beam-gas interactions are provided for completeness, in case more accurate values of gas density will 
in the future lead to a different beam life time, and for estimating the dose rates expected in the 
straight sections, where no contribution to material activation is supposed to come from decay losses.  

3. FLUKA simulations 
 For this preliminary study of the material activation, magnets and vacuum chambers in the 
decay ring of a Beta-beam facility are assumed to be similar to those of the main ring of the Large 
Hadron Collider (LHC), as suggested by Lindroos [Lin03]. Because at the present design stage there is 
no detailed layout of the ring, the same simplified geometrical models for the LHC main ring [Ste02] 
were used in these simulations. In particular, different simulations were run for two possible 
configurations: a tunnel with a vacuum chamber inside a magnet, and a tunnel with a vacuum chamber 
only. In the former model the vacuum chamber plus magnet were represented by an iron cylinder of 
2 cm inner radius and 20 cm thickness, placed at the centre of a cylindrical tunnel of 1.8 m radius. A 
concrete wall-thickness of 30 cm was assumed and the tunnel was embedded in a 270 cm thick layer 
of rock. In the latter model, the magnet was replaced by a vacuum chamber of the same internal radius 
and of 2.2 cm outer radius, also made of iron. A total length of 50 m was assumed in both simulations. 
 Experimental data on neutron emission from the interaction of heavy ion beams with matter are 
far less abundant than data on neutron production from protons. In addition the generalized Monte 
Carlo codes applicable for radiation protection calculations, such as FLUKA, MCNPX [Pra89] and 
MARS [Mok98], do not generally treat secondary particle production from ions with masses larger 
than one atomic mass unit. Development work is under way to implement ion transport in both 
FLUKA and MARS, but the new versions of the codes have not yet been released. In FLUKA ion 
transport above a few GeV is well advanced [And02], and a model to transport ions down to energy of 
about 50 MeV per nucleon is presently under implementation.  
 Measurements of the spectral fluence and the ambient dose equivalent of secondary neutrons 
produced by 250 GeV/c protons and 158 GeV/c per nucleon lead ions were performed at CERN 
around a thick beam dump [Ago01]. These measurements showed that the spectral fluence of the 
secondary neutrons outside a thick shield is similar for light (protons) and heavy (lead) ions of 
comparable energy per nucleon stopped in a thick target [Ago02]. Because a great contribution to star 
density production and material activation come from secondary neutrons, this model has been applied 
to estimate the induced radioactivity in the decay ring. In particular, 139 GeV/u 6He ions were 
simulated as a group of 6 independent 139 GeV protons, and 55 GeV/u 18Ne ions as 18 independent 
55 GeV protons.  
 In order to simulate interactions of beta-decay products, a 139 GeV (55 GeV) proton beam was 
sent onto the inner surface of the magnet (or the vacuum chamber) with an angle of incidence of 1 deg. 
Beam-gas interactions were simulated by filling the vacuum chamber with graphite and sending the 
proton beam into the system on the axis of the cylinders at a depth of 5 m. This ensured that all 
protons interacted in the system and that the cascade would be completely developed within the 
dimensions of the simulations. The longitudinal development of the cascade is shortened and 
secondary interactions which might have taken place in the coils of the magnet in the real case will 
rather occur in the graphite in the simulations. However, since one is mainly interested in 
longitudinally integrated parameters near the outer part of the magnet, this and the lateral attenuation 
provided by the graphite should not affect the results to a significant extent [Ste92]. 
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 Because only hadronic interactions are of interest in the present study, electrons, photons and 
neutrinos were discarded. Hadrons were transported down to 50 MeV, except neutrons, which were 
followed down to the thermal range (<0.41 eV). To improve calculation efficiency, a survival 
probability factor of 0.7 was applied for neutron collisions below 0.1 MeV. Because the total length of 
all magnets is about 90% of the length of the arcs (20% of the length of the straight sections), 
quantities of radiological interest in the air and rock can be estimated by taking 9/10 of the appropriate 
quantity estimated from the ‘with-magnet’ simulations for the arcs (2/10 for the straight sections) and 
1/10 (8/10) of the same quantity estimated from the ‘without-magnet’ simulation. 

4. Inelastic-interaction scoring 
 The spatial distribution of the number of stars (inelastic interactions of hadrons having kinetic 
energies greater than 50 MeV) was recorded in the form of star density distributions in cylindrical bin 
structures and as the total numbers of stars occurring in the different regions. The number of stars 
scored with FLUKA per single proton was multiplied by 6 (18) to obtain the number of stars produced 
by a nucleus of 6He (18Ne); the results are shown in table 1. As already mentioned magnet, vacuum 
chamber, concrete wall and rock shield were given a length of 50 m in order to absorb the whole 
hadronic cascade. However, because the vacuum chamber is thin (2 mm) when compared to the 
magnets (20 cm) and due to the high energy and little angle of incidence (1 deg) of the beam, only a 
fraction of the secondary particles (30.4% in the case of 6He, 39.1% in the case of 18Ne) were actually 
deposited in the components. Because the radial distribution of stars produced by beam particles 
striking the vacuum chamber strongly depends on the longitudinal distance from the point of 
interaction, the definition of an average radial distribution requires some assumptions. Here it was 
assumed that all secondary particles generated by particles striking the vacuum chamber and escaping 
the system would be absorbed in the concrete wall and in the surrounding rock with an average radial 
distribution which is similar to the average over the first 50 m length only. Because only 30.4% and 
39.1% of the secondary particles produced by 6He and 18Ne, respectively, were actually deposited in 
the simulated geometry (i.e., vacuum chamber and surrounding concrete and rock), values found with 
FLUKA relative to concrete and rock were normalized to the total number of secondary particles 
produced (i.e., they were multiplied by a factor 1/0.304 and 1/0.391 for 6He and 18Ne, respectively). 
Because only ~10% of the arcs of the decay ring will be without magnets, small discrepancies from 
the values found with this simplified model should not have severe consequences on the final results.  
  
Table 1. Inelastic interactions per primary ion scored in the components of the decay ring due to decay losses. 
Values in rows labeled with ‘m.’ refer to sections with vacuum chamber and magnet, values in rows labeled 
with ‘v.c.’ refer to sections without magnets (vacuum chamber only). π are charged pions. The total is the sum 
of the three previous columns plus all other secondary particles. 

Inelastic interactions (stars) per primary ion (decay losses) 
6He, Ekin=834 GeV 18Ne, Ekin=990 GeV  

π p n Total π p n Total 
Vacuum chamber 7.81 5.30 2.24 16.91 30.38 35.81 11.83 83.5 
Magnet 417.6 165 785.4 1420.2 529.2 250 1079 1917 

327.8 123.1 477.4 939.76 447.9 198.4 723.2 1396 Concrete (v.c.) 
(m.) 18.34 10.44 196.8 226.8 23.76 15.04 270.9 311.4 

56.18 29.21 383.8 472.1 81.48 46.91 586.5 719.5 Rock (v.c.) 
(m.) 5.46 7.188 209.6 222.9 7.2 10 289.8 307.8 

 
 On average, 18Ne particles generate more stars than 6He, mainly because of their higher total 
kinetic energy. In the components close to the beam (e.g., vacuum chambers and magnets), pions and 
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protons strongly contribute to the star production; in the rock surrounding the facility, most of the 
inelastic interactions are due to neutrons. Table 2 shows the stars produced in the components of the 
ring per beam particle interacting with the residual gas. The number of inelastic interactions induced 
by a particle striking the magnet (or the vacuum chamber) is larger if the particle has full energy 
(table 1) and smaller if the particle has lost part of its energy by interactions with a molecule of gas 
(table 2). This is particularly true for 18Ne, which has a lower kinetic energy per nucleon. 
 
Table 2. Inelastic interactions per primary ion scored in the components of the decay ring, due to beam-gas 
interactions. Values in rows labeled with ‘m.’ refer to sections with vacuum chamber and magnet, values in 
rows labeled with ‘v.c.’ refer to sections without magnets (vacuum chamber only). π are charged pions. The 
total is the sum of the three previous columns plus all other secondary particles. 

Inelastic interactions (stars) per primary ion (beam-gas interactions) 
6He, Ekin=834 GeV 18Ne, Ekin=990 GeV  

π p n Total π p n Total 
Vacuum chamber 11.94 3.34 4.2 21.42 14.76 5.382 6.44 28.6 
Magnet  363.6 136.8 697.2 1236.6 473.4 199.8 964.8 1683 

292.8 119.4 457.8 889.2 390.6 178.4 649.8 1240.2 Concrete (v.c.)  
                (m.)  17.46 10.08 179.4 208.2 23.04 14.4 247.6 286.2 

56.34 30.48 376.8 466.8 76.68 45.9 534.6 660.6 Rock (v.c.)        
          (m.)        5.22 6.72 190.2 202.8 6.84 9.72 262.8 280.8 
 
 The longitudinally integrated star density rate in the magnet is given as a function of radius in 
table 3. The star density in this table is normalised to a beam loss of 1 W m-1, i.e. the star density 
averaged over 50 m length has been normalised to one proton per metre and eventually multiplied by 
the number of nucleons per second striking the magnet per 1 W (6He: 1 W ~ 4.49·107 nucleons s-1; 
18Ne: 1 W ~ 1.13·108 nucleons s-1).  
 
Table 3. Star density rate in magnets per unit lost power (cm-3 s-1)/(W m-1) for decay losses and beam-gas 
interactions, as a function of radius. 

Radial star density rate (cm-3 s-1)/(W m-1) in the magnets, decay losses. 
 1-5 cm 6-10 cm 11-15 cm 16-20 cm 

6He 3.52·105 8.98·104 3.86·104 1.93·104 
18Ne 3.98·105 1.01·105 4.38·104 2.20·104 

Radial star density rate (cm-3 s-1)/(W m-1) in the magnets, beam-gas interactions. 
6He 2.87·105 8.23·104 3.52·104 1.77·104 

18Ne 3.28·105 9.43·104 4.06·104 2.04·104 
 

 Because of the different decay modes of 6He (β-) and 18Ne (β+), the decay products have a 
different trajectory in the dipoles. In particular, 6He ions will be lost inwards whilst 18Ne ions will be 
lost outwards with respect to the reference orbit. Although this feature may have some consequences 
on the distribution of induced radioactivity in the magnets, it has no noticeable effect on the induced 
radioactivity in the concrete wall and the surrounding rock, as shown in figure 2. The star density 
distribution in concrete and rock is thus only a function of the radial distance from the beam axis. 
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Figure 2. Star density rate per unit lost beam power (cm-3 s-1 W-1 m) of 6He in magnets (left) and rock (right). 
Scales are in cm and colour scales are different in the two pictures. 
 
The variation of the star density in the concrete and in the rock in the arcs is plotted in figures 3,4 as a 
function of radius. Data are presented for the simulations with and without magnets; the combined 
distribution (dashed line) of the two geometries is taken to represent the real situation. Ions lost in 
sections with vacuum chamber only give a higher contribution to the activation of the rock, if 
compared to sections with magnets. This happens because a magnet absorbs a larger part of the 
secondary particles with respect to a vacuum chamber.   
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Figure 3. Star density rate per unit lost beam power of 6He in the concrete and in the rock in the arcs as a 
function of radial distance from the beam axis. 
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Figure 4. Star density rate per unit lost beam power of 18Ne in the concrete and in the rock in the arcs as a 
function of radial distance from the beam axis. 
 
 Because heat deposition may affect the properties of the magnets, the deposited energy 
distribution in the arcs was studied with the USRBIN option of FLUKA. Figure 5 shows the 
distribution of 6He and secondary particles deposited in the magnets of the arcs. Although in the inner 
layer the highest value of deposited energy (0.42 mW g-1) is found inwards (i.e., right side of figure 5), 
particles are distributed in the outer layer with almost cylindrical symmetry. 
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5. Induced radioactivity 
 The specific activity expected in the magnets after the shutdown of the facility increases 
linearly with increasing beam losses. The production rates of particles in iron were scored using the 
RESNUC option of FLUKA. The data were analysed by means of a specific program (rusrsuw) to 
obtain specific activities after an irradiation cycle consisting of 10 years of operation (6 month 
irradiation + 6 month decay each year), followed by different waiting times. The results are shown in 
table 4; contributions from different primary particles (6He, 18Ne) through different activation modes 
(decay losses, beam-gas interactions) are shown separately. One can also estimate the saturation 
activity in the magnets from the star production rate (tables 1 and 2) and the number of particles lost 
per second, averaged over 1 year of operation (i.e., the number of particles lost per second, divided by 
365 days and multiplied by the number of days of operation per year). Neglecting the contribution of 
beam-gas interactions, this procedure leads to a saturation activity of 4,565 (Bq g-1)/(W m-1) from 6He 
and 5,118 (Bq g-1)/(W m-1) from 18Ne. These values, when compared to those of table 4, show that 
after 10 years of operation the induced radioactivity in the magnets is still relatively far from 
saturation. This means that the specific activity expected in the magnets strongly depends on the 
period of operation. Even 10 years after the shutdown of the facility, the induced radioactivity 
(~2,500 Bq g-1) is above the Swiss Exemption Limits. These components should thus be disposed of as 
radioactive waste. 
 
Table 4. Specific activity in the magnets per unit lost power (Bq g-1)/(W m-1) after 10 years of operation, as a 
function of waiting time.  

Specific activity (Bq g-1)/(W m-1) in the magnets after 10 years of operation 
 
Waiting time 

6He  
(decay losses) 

18Ne 
(decay losses) 

6He 
(beam-gas) 

18Ne 
(beam-gas) 

1 month 2.38·103 2.71·103 2.13·103 2.43·103 
1 year 1.26·103 1.42·103 1.12·103 1.28·103 
10 years 100 113 85.7 97.6 
100 years 0.7 0.79 0.56 0.64 

 

6. Dose rates 
 The star densitie rates in the outer layers of the magnets can be related to the dose rate using a 
so called ω-factor [Hoe75]. This factor converts the star production rate averaged over the outer 5 cm 
of a large object into the dose rate in contact with the object. For iron the ω-factor after 30-day 
irradiation and 1-day decay is 5.0·10-6 mSv h-1 cm3 s. Multiplying the ω-factor by the values of table 3, 
one obtains the contact dose rate per unit lost power (table 5).  
 
Table 5. Dose rates in contact with the magnets (after 30-day irradiation and 1-day decay) per unit lost power 
(mSv h-1)/(W m-1), due to decay losses and beam-gas interactions. 

Contact dose rate (mSv h-1)/(W m-1)  
Decay losses Beam-gas interactions 

6He 0.10  0.09  
18Ne 0.11  0.10  
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 As an example, under standard conditions after 30 days of continuous irradiation and 1 day 
waiting time the dose rate in contact with the magnets in the arcs is ~2.5 mSv h-1. Although the dose 
rates strongly depend on the unit lost power (i.e., on the arc length), from this value one can conclude 
that any maintenance operation, if not remote-handled, must be carefully planned to reduce exposure 
to radiation. In the straight sections, if beam-gas interactions only are responsible for material 
activation, after 30-day irradiation and 1-day decay the dose rate in contact with the magnets is 
0.4 µSv h-1 (6He) and 0.03 µSv h-1 (18Ne). 
 Because the ω-factors only apply to large objects, the dose rate expected at some distance from 
the vacuum chamber was estimated with the software package MicroShield [Mic96]. For a given 
source of radioactivity and a defined geometry, MicroShield calculates numerically the dose rate 
expected at a given point from the source, only taking into account photons from gamma-emitters (in 
particular, gammas produced by annihilation of positrons are not considered). The dose rates from the 
vacuum chamber, normalized to unit lost power, are shown in table 6; these values were estimated 
taking into account γ-emissions from 52Mn, 48V, 46Sc and 54Mn (particles contributing to 90% of the 
total energy emitted through gamma radiation). The ambient dose equivalent rate H*(10) expected at 
10 cm from the vacuum chamber in the arcs after 30 days of irradiation and one day waiting is 
1.5 mSv h-1, under standard conditions. In the straight sections, if only beam-gas interactions are 
responsible for material activation, after 30-day irradiation and 1-day decay the dose rate in contact 
with the vacuum chamber is 0.4 µSv h-1 (6He) and 0.03 µSv h-1 (18Ne). 
 
Table 6. H*(10) at 10 cm from the vacuum chamber (after 30-day irradiation and 1-day decay) per unit lost 
power (mSv h-1)/(W m-1), due to decay losses and beam-gas interactions. 

Dose rate at 10 cm distance (mSv h-1)/(W m-1)  
Decay losses Beam-gas interactions 

6He 0.06  0.09  
18Ne 0.095  0.10  

 
 The dose rates expected in the arcs of the decay ring after 10 years of operation and one month 
waiting time, under standard conditions, were also calculated with MicroShield. Dose rates due to the 
concrete wall were calculated taking into account the specific activities of 22Na and 7Be (which are 
responsible for more than 95% of the gamma emissions) averaged over a 30 cm thick layer and 
combining the results of the configuration with and without magnets. The results are given in table 7; 
values are taken at one metre from the magnets and the vacuum chamber and at 10 cm from the wall. 
However, because the tunnel is long with respect to its diameter (942 m length, 3.6 m diameter), the 
dose rate due to the concrete only slightly depends on the distance from the wall. One month after the 
shutdown of the facility, the expected H*(10) is ≈0.8 mSv h-1 in sections with magnets and 
≈0.2 mSv h-1 in sections without magnets. 
 
Table 7. H*(10) (µSv h-1) expected in the arcs of the decay ring, after 10 year operation and 1 month waiting 
time, under standard conditions. The dose rates due to the concrete wall were calculated combining the results 
of the configuration with and without magnets. 

Dose rate from concrete  
With 

magnets 
Without 
magnets Combined 

Dose rate  
from magnets 

Dose rate from vacuum 
chambers 

6He 20 92 27.2 690 170 
18Ne 1.5 7.8 2.13 54 5.7 
Total                                           29 744 176 
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7. Radioactivity in the rock 
 The decay ring is supposed to be built underground. The 30 cm thick concrete wall is 
surrounded by a thick layer of rock, which is assumed to be molasse (the typical rock of the Geneva 
area). In this section attention will be restricted to the rock surrounding the arcs and to those nuclides 
that have actually been detected and measured in the molasse at CERN [Ren83, Sul87]. Most of these 
particles are produced by spallation. However, the europium nuclides are produced by the absorption 
of thermal neutrons. Nevertheless, the experimental data of Sullivan [Ren83, Sul87] suggest that since 
the neutron spectrum in molasse is probably independent of position, a single number can be quoted 
representing the production probability of these nuclides. The activity of each nuclide after 10 years of 
operation can be calculated by estimating the activity produced each year and multiplying it by the 
appropriate decay factor. The acceptability of induced radioactivity in the rock could be judged by 
comparing the specific activities of the produced nuclides with the Exemption Limits (LE) of the 
Swiss legislation [ORaP]. It shall be noted that for a mixture of radionuclides, the value obtained with 
the additive rule given in Annex 1 of ref. [ORaP] should be smaller than 1. The specific activities of 
the most important radionuclides scored in the first 10 cm thick layer of rock after 10 years of 
operation (standard conditions) are shown in table 8.  
 
Table 8. Specific activities (Bq g-1) of the most important radioactive nuclides scored in the first layer of 
molasse after one year and ten years of operation, their saturation activities (Bq g-1) and the Swiss Exemption 
limits (Bq g-1). 

Nuclide T1/2 1 year operation 10 year operation Saturation LE 
3H 12.4 y 4.4 34.6 57.8 200 

7Be 53.3 d 8.6 8.7 9.5 400 
22Na 2.6 y 4.4 17.4 34.9 3 
45Ca 163 d 10.3 13.1 19.1 10 
46Sc 83.8 d 1.2 1.3 1.6 7 

54Mn 313 d 4.2 7.6 12.7 10 
60Co 5.27 y 0.6 3.6 9.5 1 
152Eu 13.3 y 0.8 6.6 31.8 7 
154Eu 8.8  0.07 0.5 1.9 5 

  
 After 10 years of operation a 1.5 m thick layer of concrete and rock will have a radioactivity 
exceeding the Swiss Exemption limits. The number of years to wait before molasse could be 
considered as ‘non-radioactive’ is shown in figure 6 as a function of depth in the rock. Values 
referring to concrete were actually calculated assuming the same chemical composition of molasse, 
and are only given as a reference for thinner concrete layers. 
 The production of radioactive nuclides in the concrete wall of the decay ring, if suitably 
isolated, is of little consequence for the public water supplies, because the nuclides are relatively 
immobile. However, the radionuclides created in the rock could represent a danger, because they may 
leach into the ground water (indirect production) and transfer from the site of activation to the ground 
water table. Of all radioactive nuclides produced in the rock, it is likely that only 3H will move freely 
in ground water without significant absorption on rock surfaces. However, 22Na also has to be taken 
into account in assessing the contamination risk, because about 20% of its activity is produced in a 
chemical form that is extremely soluble in water [Tho88]. To this one must add the direct production 
of tritium by spallation reactions in the oxygen of the water, which can be estimated from the star 
density in the rock [Ste92] knowing that the interaction mean free path in water is approximately twice 
that in the rock and the proportion by volume of water in molasse is estimated to be 10% [Ste89]. 
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Figure 6. Waiting time (years) before the induced radioactivity in molasse decreases below the Swiss 
Exemption limit, as a function of depth in the concrete and rock. 
  
 The highest concentrations of 3H and 22Na produced in ground water (direct and indirect 
production) during operation are 7.4·10-3 and 1.4·10-3 Bq l-1 s-1, respectively. These values may be 
used to estimate the highest concentration of radioactive nuclides that may be expected in the public 
water supply, once the site of the facility is known. 
 The models and scenarios for calculating the dose due to releases of radioactivity from nuclear 
installations, recommended in the Swiss directive HSK-R-41 [HSK97], were used by P. Vojtyla as 
guidelines for the calculation of the effective dose per unit release for long-term water releases for two 
critical groups (the so-called ‘near’ and ‘far’ groups) of the population located near the CERN area 
[Voj98]. From these data and from the annual releases of 3H and 22Na (7.3·1010 and 3.9·1011 Bq, 
respectively) in the groundwater surrounding the arcs, it was possible to estimate the annual dose to 
the critical groups through the water pathway (table 9). 
 
Table 9. Effective dose to the two critical groups of the population during one year of operation, water pathway 
(µSv per year). The effective dose limit for the public to which CERN adheres is 300 µSv per year [CERN96]. 

Effective dose, 
µSv per year Near group Far group 

Infants 17 0.05 
Adults 52 0.03 

Total: 69.1 

8. Conclusions 
 The intention of this work was to obtain initial values of the parameters of radiological interest 
for the decay ring of a Beta-beam facility. Although there is still no detailed layout of the decay ring 
and the material activation strongly depends on the beam intensities and operation time, some 
preliminary conclusions can be drawn under the hypothesis made. In particular, it has been assumed 
that no material activation is expected from decay losses in the straight sections. The arcs are assumed 
to be 300 m in radius. 
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 After 10 years of operation and 10 year decay time, magnets and vacuum chambers in the arcs 
still have a level of induced radioactivity exceeding the Swiss Exemption Limits and should be 
disposed of as radioactive waste.  
 The dose rate in contact with magnets in the arcs after 30 day operation and one day cooling is 
2.5 mSv h-1. Any maintenance operation in the arcs just after irradiation, if not remote-handled, must 
be carefully planned to reduce radiation exposure of personnel (High-radiation Area, >2 mSv h-1 
[CERN96]). The dose rate in contact with magnets and vacuum chambers in the straight sections after 
30 day operation and one day cooling is 0.4 µSv h-1. This value is low enough for the tunnel to remain 
supervised area (<2.5 µSv h-1), if magnets were to be the only radioactive components in the ring and 
beam-gas interactions the only source of radioactivity. However, it may be prudent to designate these 
parts of the ring as Controlled Radiation Areas (>2.5 µSv h-1), in particular if decay losses will prove 
to give a non-negligible contribution to material activation also in the straight sections.  
 After 10 years of operation and one month decay time, the highest dose rate expected in the 
decay ring from magnets, vacuum chambers and concrete wall is 0.8 mSv h-1. Arcs will still be 
designated as Limited-stay Areas and the access will have to be supervised by RP staff (Limited-stay 
Areas, >25 µSv h-1). 
 After the final shutdown of the facility, the induced radioactivity in a 1.5 m thick layer of 
concrete and rock will be above the Swiss Exemption Limits. The induced radioactivity in ground 
water shall not represent a danger for the public, unless the site of construction of the facility is close 
to a public water supply. 
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